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Chapter 1 

General Introduction 

 

1.1 Copper deposition in industrial applications 

1.1.1 Technological trends for electronic devices 

Electronic devices such as mobile phones and computers must have their sizes 

reduced and their performance improved year by year as information-oriented society 

progresses.  Therefore, high integration is required for the components of semiconductor 

devices like large-scale integration (LSI) chips and printed circuit boards (PCBs). The 

demand for interconnects with characteristics such as reduced size, shape control, and low 

resistance has thus been increasing year by year.  LSI refers to integrated circuits containing 

devices such as transistors, resistors, and capacitors on a semiconductor chip. Most 

electronically controlled products such as computers, smartphones, home appliances, and 

vehicles use LSI technology. It should be possible to achieve high performance and low cost 

for these products through continued progress in downsizing and high integration of LSI 

devices.  Figure 1.1 shows the increase in the number of transistors in an LSI circuit over 

time, a relationship known as Moore's law.  According to Moore's law [1], the density of LSI 

circuits doubles about every 18 to 24 months.  Until the year 2000, the LSI was reduced to 

about 70% in processing size, and about 50% in chip area in 3 years.  LSI technology has 

thus kept up with Moore's Law for about 40 years, although the pace of advancement has 

slowed since 2000.  As a result, the minimum pitch of a metal interconnect was 36 nm in 

2018 [2].  
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Fig. 1.1 Graphical representation of Moore's law [1]. 

 

Packaging technology for connecting highly integrated electronic devices is also 

important for developing high-performance products while downsizing LSI devices.  

Production of highly integrated packaging requires downsizing the wiring pitch of PCBs.  

Figure 1.2 shows examples of electronic components and interconnects. These components 

use various sizes of interconnects in LSI devices, capacitors, interposers, and PCBs.   

 

1.1.2 Copper electrodeposition for electronic applications 

Copper is used as a wiring material in many electronic components such as LSI 

devices and PCBs.  Table 1.1 lists the main properties and price of each metal used in such 

wiring.  Copper is widely used because its electrical conductivity is second only to that of 

silver, and because it is inexpensive compared to gold and silver, which have high electrical 
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conductivity, excellent thermal conductivity, and high corrosion resistance. Copper is also 

easy to process chemically and mechanically.  

 

 

Fig. 1.2 Metal interconnects in various electronic devices. 

 

Table 1.1 Properties and price of various metals for industrial applications. 

Metal Resistivity 

[×10-8Ωm] 

Thermal 

conductivity 

@300K 

[Wm-1K-1] 

Density 

[g/cm3] 

Price* 

[USD/g] 

Copper 1.68 401 8.94 0.0063 

Gold 2.44 318 19.32 43.2 

Silver 1.59 429 10.49 0.51 

Nickel 6.99 90.9 8.908 0.011 

Aluminum 2.82 237 2.70 0.0019 

* London Metal Exchange price on November 22, 2018 

 

In the copper wiring technology used for manufacturing electronic components, 

electrochemical copper deposition plays an important role.  Table 1.2 compares copper 

deposition methods.  Electrochemical deposition is an essential technology for manufacturing 

processes requiring high throughput, because it has a high deposition rate at room 

temperature and atmospheric pressure.  Furthermore, characteristics like the grain size, 

Interposer
0.02 - 10 μm

1 - 100 μm

20 - 1000 μm

LSI

Printed circuit boards

Electronic devices

1 μm
20 μm
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conductivity, and surface roughness can be controlled by adjusting the plating conditions, 

such as the current density, stirring conditions, electrolyte composition, and use of additives 

in the electrolyte solution. 

 

Table 1.2 Methods and typical conditions for copper deposition. 

Method Temperature 

[ºC] 

Pressure  

[Pa] 

Deposition rate 

[μm/min] 

Electrodeposition 20 - 80 Atmospheric pressure 0.1-10 

Electroless deposition 40 - 90 Atmospheric pressure 0.01-0.1 

Physical vapor deposition 20 - 500 10-8-10-3 10-3-0.1 

Chemical vapor deposition 20 - 500 10-1-102 10-5-10-3 

 

Generally, the deposition and dissolution reactions in wet processes proceed 

isotropically.  A photoresist mask is required for etching or plating to make wiring at a 

specific part of an LSI device or PCB.  Figure 1.3 shows three process issues in making fine-

pitch copper wiring.  The process of masking with photoresist is costly and has a large 

environmental impact.  Therefore, methods such as printing of fine metal particles have been 

studied as novel wiring techniques.  It is difficult, however, to make copper wiring with a 

high aspect ratio by printing with metal inks because of their low viscosity. In contrast, a 

printing method using copper plating is a promising process for making thick copper wiring.  

As mentioned before, the plating process is isotropic, so it is difficult to maintain the spaces 

between lines.  Hence, if it is possible to deposit copper anisotropically, it is expected that 

fine-pitch wiring can be made.  

 



5 

 

Fig. 1.3 Process issues for fine-pitch copper wiring. 

 

 1.1.3 LSI manufacturing process  

The importance of the wiring techniques in LSI fabrication processes has increased 

with the shrinking sizes of LSI devices, because the signal delay of the interconnects cannot 

be ignored [3].  When the cross-sectional areas of interconnects decrease because of 

miniaturization, the performance of an LSI device is limited by the signal transmission delay 

due to the increase in electrical resistance.  In addition, as the current density increases, 

breakage of interconnects due to electromigration occurs, which degrades their reliability.  

Electromigration is a phenomenon in which metal atoms move because of interactions with 

electrons flowing through interconnects.  The number of moving atoms increases with the 

current, eventually leading to disconnection.  To solve this problem, copper has been used for 

LSI interconnection, because it has higher electromigration resistance as compared to 

conventional interconnects using aluminum and its alloys [4].  

Copper-based LSI interconnection technology using an electrochemical deposition 

process was developed by IBM in 1998 [4, 5].  Figure 1.4 shows overhead and cross-

sectional scanning electron microscopy (SEM) images of interconnects made with this 

process [6].  The copper electroplating technique is a method of growing copper 

anisotropically from the bottoms of trenches and vias to a groove pattern width of under 1 μm 

on the substrate surface. This enables formation of reliable interconnects with no defects by 
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anisotropic growth of copper. There are many studies on the copper LSI interconnection 

process, including analyses of its mechanism.   

 

 

Fig. 1.4 SEM images of copper interconnects [6].  

 

Copper LSI interconnection techniques are divided into two methods: (a) the etching 

method, in which metal is etched to form interconnects and insulating material is then 

embedded between lines; and (b) the damascene method, in which trenches or vias are 

formed in an insulating layer, the resulting features are filled with metal, and the excess metal 

is finally removed by chemical-mechanical polishing (CMP) to isolate lines. The etching 

method is used for Al-alloy interconnects, while the damascene method is used for copper 

interconnects.  Figure 1.5 shows schematic diagrams of each interconnection process. The 

etching method cannot be used with copper, because it has a low vapor pressure with respect 

to the halide produced during etching, making it difficult to form copper interconnects by a 

dry etching process [7, 8].  Meanwhile, the damascene method is a much newer process but 

has advantages.  First, it is advantageous for multi-layer interconnection, because the surface 

is flat after the CMP process. Second, it can make trenches and vias of copper 

simultaneously. The specific process called the dual damascene process can reduce the 

number of process steps, so it has become the mainstream approach for copper 

interconnection technology.  
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Fig. 1.5 Metal interconnection process flows for (a) Al etching and (b) Cu damascene. 

 

In the damascene process, it is important to fill features without creating defects.  

Figure 1.6 shows the shape changes of electrodeposited copper under different conditions.  

As shown in the figure, when copper is deposited uniformly, a void or seam remains inside 

the feature. It is thus necessary for deposited copper to grow preferentially from the bottom of 

a feature.  

 

 

Fig. 1.6 Shape changes of deposited copper. 
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There are various methods for filling features with copper: (a) sputter-reflow, in 

which copper is sputtered and then annealed to cause it to flow into features; (b) chemical 

vapor deposition (CVD), in which copper is deposited directly into features by using an 

organometallic gas; and (c) electrochemical deposition, in which copper is sputtered onto the 

surface to form a seed layer and then electrochemically deposited by a solution.  The sputter-

reflow process uses the same sputtering process that is widely and conventionally used in LSI 

fabrication. The process is relatively simple and can make films with high purity.  Also, it is 

advantageous in terms of cost, as existing facilities can be used.  Unfortunately, it is difficult 

to fill features with high aspect ratios by using the sputter-reflow process.  In contrast, the 

CVD process has better filling capability, but the costs of the apparatus and reagents are high, 

and the deposition rate is slow [9, 10].  Compared to these dry metallization processes, the 

electrochemical deposition process can be operated at room temperature and pressure, which 

is also advantageous in terms of cost. Copper electrodeposition is also advantageous for its 

filling capability and process controllability. Therefore, a damascene process using copper 

electrodeposition has been used for mass LSI production.   

The copper damascene process needs a barrier layer, which prevents diffusion of 

copper atoms into transistors, and a sputtered copper seed layer with a thickness of several 

hundred nanometers, which is necessary for electrochemical deposition.  Copper easily 

diffuses into insulating layers of SiO2 or low-k dielectric materials.  When it diffuses into a 

transistor from interconnects, it reduces the performance and reliability because of 

degradation of the insulating layer and leakage from the transistor junction. A barrier layer to 

prevent diffusion of copper is thus essential at the interface with the insulating layer.  The 

materials used for the barrier layer, like Ta, TaN, and TiN, have higher electrical resistance 

and easily form an oxide layer on the surface, however, which makes it difficult to deposit 
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copper directly onto the barrier layer surface by electrochemical deposition.  Therefore, it is 

also necessary to form a metal seed layer with low resistance as a power-supply layer by 

ionization sputtering.  As seed layer materials, noble metals such as Ru have been studied 

[11].  A copper seed layer made by electroless copper plating has also been reported [12].  

 

1.1.4 PCB manufacturing process  

A PCB is a part that supports and electronically connects components such as LSI 

devices, resistors, and capacitors. PCBs are classified into three types.  The first is a rigid 

substrate made of hard, insulating resin. The second is a flexible printed circuit (FPC), which 

uses a thin, flexible resin film as an insulating material. The third type is a “rigid-flexible” 

substrate, which combines a rigid substrate and a flexible substrate. The key characteristic of 

an FPC is that it can be embedded in a narrow space because of its high flexibility. Therefore, 

FPCs are used in small, thin electronic devices such as mobile phones, hard disk drives, and 

flat-panel displays. 

In general, the structure of a PCB consists of either a single-sided board, with wiring 

on one side of an insulating substrate; a double-sided substrate with wiring on both sides; or a 

multilayer substrate with multilayer wiring implemented by stacking insulating and wiring 

layers [13]. A build-up substrate, which is one type of multilayer substrate, is manufactured 

by repeated formation of an insulating layer, interlayer connections, and copper wiring. As 

with LSI technology, PCBs require downsizing, and processes for finer metal wiring have 

thus been studied.  Figure 1.7 shows a comparison of typical PCB wiring processes, which 

are classified into six methods: the (a) subtractive method, (b) semi-additive method, (c) full-

additive method, (d) printing method, (e) imprinting method, and (f) anisotropic plating 

method.  
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The subtractive method is the most commonly used copper wiring manufacturing 

method for PCBs.  In the subtractive method, circuits are patterned with an etching resist by 

photolithography to form the desired wiring pattern on a copper foil on the substrate, and then 

the copper is etched to fabricate the circuit pattern.  The challenge in making fine-pitch 

wiring by the subtractive method is to inhibit side etching.  Because the dissolution reaction 

of copper by the etching solution progresses isotropically, the wiring cross sections become 

trapezoidal under the photoresist, as shown in Fig. 1.7(a).  This side etching decreases the 

cross-sectional area of the copper.  Suppression of side etching is thus one of the most 

important issues in the subtractive method.  The width of the copper pattern is determined not 

only by the size of the resist but also by variations in the thickness of the copper foil and the 

flow velocity distribution of the etching solution.   
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Fig. 1.7 Process flows for manufacturing wiring on a PCB. 
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 In contrast, additive methods first apply resist for plating on the insulating substrate 

and then deposit copper after exposing the resist.  There are two types of additive methods, 

the semi-additive method and the full-additive method.  In the semi-additive method, a thin 

metal layer is formed as a conductive seed layer over the surface of the substrate, resist for 

plating is patterned by photolithography, and copper is deposited and filled into the patterned 

area, as shown in Fig. 1.7(b).  After plating, the resist is peeled off and the underlying seed 

layer is removed by etching to make the final wiring pattern.  Although the semi-additive 

method is a somewhat more complicated process, it can take advantage of copper 

electrodeposition, with its high deposition rate.  The challenge in making fine-pitch wiring by 

the semi-additive method is to diminish variations in the thickness of the deposited copper, 

which are due to the influence of the local pattern density of the resist.  In addition, because 

the seed layer is removed by etching, the underlying film is as thin as possible and requires 

using a material that can be selectively etched with respect to copper.  In the full-additive 

method, shown in Fig. 1.7(c), after pattern formation by a photoresist film without forming a 

seed layer, copper is deposited by electroless deposition only in areas of the wiring pattern.  

The full-additive method uses fewer materials for processing and is simple.  The issue is that 

it is difficult to form copper with superior physical properties and good adhesion by thick 

electroless copper plating.  

For formation of fine-pitch wiring, an additive process is theoretically better than the 

subtractive method.  The subtractive method is influenced by the precision of resist 

formation, etching variation, and side etching, whereas the additive method is affected only 

by the precision of resist formation.  When a photoresist is used, the shape of the resist film 

can be largely rectangular, and the copper then grows according to this shape, so that copper 

wiring with a rectangular cross section can be obtained.  It is difficult, however, to expose the 

resist by photolithography, because a thick resist film of the same thickness as the wiring is 
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necessary, as shown in Fig. 1.7(b).  In addition, as wiring becomes finer, it is expected to 

become more difficult to remove the resist between wires.  Furthermore, when the 

photolithography method is used, the exposure apparatus necessary for forming finer patterns 

is expensive, and it is becoming difficult to reduce the cost of this process.  On the other 

hand, the thinner the resist film is, the easier fine processing becomes. In a typical plating 

process, however, the portion of the plating film beyond the thickness of the resist film grows 

isotropically, not only perpendicular but also parallel to the surface. This makes the space 

between wires narrower, so it is difficult to reduce the thickness of the resist.  

To solve these issues of wiring processes using photolithography, new wiring 

processes without photolithography have been studied.  The metal ink printing method, 

shown in Fig. 1.7(d), is one such promising technology.  In the printing method, an ink with 

fine metal particles is printed to the substrate surface by screen or inkjet printing, and then the 

printed pattern is sintered to convert the metal ink into metal wiring.  By using the printing 

method, it is possible to directly form wiring on an insulating substrate without a resist, and 

the method is suitable for producing small quantities of various kinds of wiring.  Because of 

some issues in wiring processes using the printing method, however, its applications for mass 

production are quite limited.  One issue is that the metal for printing is limited to silver, 

which has low electromigration resistance.  Although copper is preferable from the 

viewpoints of reliability and cost, it is difficult to make stable copper ink because of the 

difficulty in suppressing the oxidation of fine copper particles.  Nevertheless, copper inks 

have been developed, and some have been commercialized.  Another issue is a tradeoff 

between the ink viscosity and wiring thickness.  Reducing the viscosity of the ink makes 

printing easier but reduces the wiring thickness after sintering. On the other hand, increasing 

the ink viscosity makes the wiring thicker, but it becomes more difficult to print because of 
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problems like nozzle clogging. Furthermore, wiring formed by printing methods has low 

adhesion to the substrate.   

An alternative printing method using ink with fine metal particles is the imprinting 

method shown in Fig. 1.7(e).  In this method, features corresponding to a wiring pattern are 

formed on the substrate, and the ink is then filled into the pattern and sintered to form wiring.  

If a pattern with a high aspect ratio was formed, it would be possible to make thick wiring.  

Unfortunately, the available insulating resins for patterning such high-aspect-ratio features 

are limited.   

As another potential approach, if it was possible to anisotropically deposit metal only 

in the direction perpendicular to the substrate, as shown in Fig. 1.7(f), then wiring could be 

formed with a thin resist film or even without resist. This would make it possible to decrease 

the width of the wiring by using a fine-pitch seed layer. As mentioned above, however, wet 

processes such as plating and etching generally involve isotropic reactions.  Therefore, it is 

difficult to make a specific structure such as a copper wire on a PCB without masking by 

using a resist film.  Because the photolithography step in resist formation is a major factor 

determining both the limit of miniaturization and the cost, if plating growth could be 

controlled entirely in the substrate-depth direction without using a resist mask, it would be 

advantageous for both downsizing wiring and achieving a low-cost process.  Figure 1.8 

shows wiring processes with their major applications and ranges of wiring widths.   
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Fig. 1.8 Wiring processes and their applications for electronic devices. 

 

1.2 Electrochemical metal deposition  

1.2.1 Surface reactions  

The surface reactions in electrochemical deposition of metals in solution were studied 

from the 1950s to the 1970s. The reactions of single-metal deposition have already been 

studied systematically [14-17].  Figure 1.9 shows the growth process of the metal layer, 

which consists of three steps: (1) movement of metal ions to the surface, (2) adsorption of 

atoms, and (3) surface diffusion of the adsorbed atoms and subsequent crystallization.  
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Fig. 1.9 Surface reaction model for electrochemical single-metal deposition [14]. 

 

The metal surface has linear defects called steps and point defects called kinks.  When 

the overvoltage in the deposition process is low, the adsorbed atoms diffuse along the step, 

and the crystal grows at the kink site.  The crystal grows epitaxially because it reflects the 

crystal structure of the underlayer.  In this process, when impurities are adsorbed at the step, 

the crystal growth parallel to the surface is inhibited, but the growth rate perpendicular to the 

surface becomes faster.  As shown in Fig. 1.10, the deposited metal can have a variety of 

shapes, such as dendrites, triangular pyramids, or spirals, according to the effects of epitaxial 

growth and preferential growth on specific crystal planes [18].  The shape thus changes 

depending on the deposition conditions as well as the composition of the solution, including 

additives.   

 

 

Fig. 1.10 Electrodeposition forms appearing in growth: a (a) pyramid, (b) burning pyramid, (c) cubic 

crystal, and (d) layered crystal, where the symbol ● represents adsorbed impurities [18]. 
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In contrast, when the overvoltage is high, adsorbed atoms combine with each other to 

form crystal nuclei, which become sites for crystal growth.  For deposition from an aqueous 

sulfuric acid solution containing CuSO4, Fig. 1.11 shows the shapes of the deposited Cu as a 

function of the overpotential.  

 

 

Fig. 1.11 Current-potential curve showing the correlation between overpotential and the growth forms 

of electrodeposited Cu from CuSO4 and H2SO4 at 25°C [14]. 

 

It is necessary to investigate the reaction at the atomic scale to understand the 

elementary process at the initial stage of metal deposition. For that purpose, it is useful to 

study the reaction on a single crystal whose surface structure is well known.  Before the 

1980s, preparation of a clean, single-crystal electrode required an ultra-high vacuum 

environment, and it was difficult to fabricate a single-crystal electrode that could be used in 

solution.  By the method developed by Clavilier et al. in 1980, however, single crystals of 

noble metals such as Pt, Au, Pd, Ir, and Rh could easily be prepared [20, 21].  By using this 

technique, a single crystal with a size of several millimeters can be produced by heating and 

melting a noble metal wire in a hydrogen-oxygen flame.  By cooling this single crystal with 
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ultrapure water while heating it, it is then possible to obtain a clean, single-crystal surface 

covered with water.  Also, Cu is easily oxidized, but a single-crystal Cu surface can be 

prepared by electrolytic polishing [22-24]. Studies of electrode surface reactions at the atomic 

or molecular level with single crystals have been reported [25].  To understand these 

electrode reactions, however, it is also important to understand the roles of ions, solutions, 

and organic molecules adsorbed on the surface, in addition to the electrode structure.  

Scanning probe microscopy (SPM) techniques, such as scanning tunneling 

microscopy (STM) and atomic force microscopy (AFM), are widely used to observe metal 

deposition processes and surface adsorption species at the atomic level [26].  SPM was 

developed in the 1980s and is a powerful technique that can investigate the atomic-level 

structure of atoms and molecules adsorbed on a solid surface in solution as well as in ultra-

high vacuum.  At the early stage of SPM development, reaction analysis at the atomic level 

was performed for underpotential deposition (UPD) of metals on the surface of a single 

crystal of a noble metal such as Au or Pt.  The Cu electrodeposition reaction has been 

examined on single-crystal surfaces of Pd, Au [27, 28], Pt [29, 30], and Rh [30].  

In addition, a study of the adsorption structures of anions and organic molecules on 

Cu single-crystal electrodes has been reported [31].  Other studies have examined the 

adsorption structures of halide ions such as Cl-, Br-, and I- [23, 32, 33] and of organic 

molecules [34], including simple aromatic molecules such as benzene [35] and benzotriazoles 

[36].  Regarding the adsorption of additive molecules on Cu in a sulfate solution, Sugimasa et 

al. reported on the adsorption of phenanthroline [37], and Bae et al. reported on the structures 

of additive molecules adsorbed on Cu (100), as shown in Fig. 1.12 [38].  
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Fig. 1.12 In situ electrochemical STM images of a Cu (100) surface obtained at -0.30 V in ca. 0.4 M 

SPS + 0.1 M HClO4 solution. The images were obtained 120 s (a) and 6576 s (b) after 

addition of bis (3-sulfopropyl) disulfide (SPS). The image sizes are 5 nm x 5 nm (a) and 8 

nm x 8 nm (b). The respective tip potentials and tunneling currents were -0.29 V and 44 nA 

(a) and -0.28 V and 40 nA (b) [38].  

 

As another measurement tool, a quartz crystal microbalance (QCM) can quantitatively 

measure metal deposition and molecular adsorption on an electrode surface.  An 

electrochemical quartz crystal microbalance (EQCM) is specifically applied to study the mass 

change of an electrode and obtain current-potential curves at the same time. An EQCM can 

thus be applied to investigate the underpotential deposition of metals and the reactions of 

adsorbed molecules on the surface.  While SPM and EQCM measurements are essential 

experimental methods for electrode surface analysis in a solution, however, it is still difficult 

to identify surface species.  

On the other hand, spectroscopy is a suitable method for identifying surface-adsorbed 

species.  Spectroscopy techniques for in situ observation of electrode surface reactions 

include ultraviolet-visible (UV-vis) spectroscopy, ellipsometry, infrared spectroscopy, and 

Raman spectroscopy. Other spectroscopic techniques use nonlinear optical phenomena, 

namely, second-harmonic generation and sum-frequency generation [39].  These 

spectroscopy techniques can observe an electrode surface and the molecules adsorbed on it 

by using light transmitted through the solution.   
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 1.2.2 Kinetics and mechanisms  

Electrochemical deposition of metals involves complicated reactions, because the 

state of the electrode varies with the progress of deposition, while in the solution, various 

ions and additive molecules influence each other. Therefore, analysis of the actual reaction 

system is difficult.  On the other hand, the reaction mechanisms used for practical 

applications such as Cu electroplating have been widely studied in terms of the shapes of 

deposited Cu and the adsorption and consumption of additives [40, 41].  

Figure 1.13 shows general cathodic polarization curves in an aqueous solution 

containing metal ions.  As the overpotential increases, the current for metal deposition begins 

to flow.  At this time, the current density is determined by the activation reaction and 

increases in proportion to the exponential of the overpotential.  When the overpotential 

becomes higher than a certain level, the diffusion of metal ions to the surface becomes the 

rate-limiting step, and the current density becomes constant regardless of the overpotential.  

When the overvoltage is further increased, hydrogen is generated by electrolysis of water.  

 

 

Fig. 1.13   General current-overpotential relationship in a solution containing metal ions. 
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The Cu deposition reaction in a solution containing CuSO4 proceeds in the two steps 

shown below [42, 43, 44].  

Cu (II) + e- → Cu (I)  (1-1)  

Cu (I) + e- → Cu  (1-2)  

The former reaction (1-1) is relatively slow and becomes the rate-determining step 

[42]. Cu (I) can also be formed from Cu (II) by the following disproportionation reaction.  

Cu (II) + Cu → 2Cu (I) (1-3)  

The equilibrium constant of this reaction is 5.6 × 10-7 at 25 °C, and hardly any Cu (I) 

exists in the solution [45].  When Cl- or thiourea is present, however, Cu (I) forms a complex 

with these ions or molecules and thus exists in a monovalent state [46, 47].  

Higher current density is desirable for industrial applications of Cu plating.  As 

mentioned above, the reaction is greatly affected by diffusion in the solution when the 

overpotential is increased.  In particular, when irregularities are present or a specific resist 

pattern is formed on the surface, the diffusion layer near these irregularities or patterns 

changes.  Figure 1.14 shows the time-dependent change of the diffusion layer for electrodes 

having different surface morphologies [18].  In Fig. 1.14(b), the diffusion of ions to the 

protrusion becomes faster, leading to a faster deposition rate.  On the other hand, in Fig. 

1.14(c), the difference in deposition rates between the convex and flat portions is small.  The 

deposition shape change due to the surface morphology becomes remarkable when the 

surface roughness of the electrode is equal to or larger than the thickness of the diffusion 

layer.  Therefore, it is necessary to determine the deposition conditions according to the 

roughness of the electrode surface.  

 

 



22 

 

 

Fig. 1.14 Change over time of non-steady-state diffusion layers on different electrode surface 

morphologies. The solid lines denoted by "t" show the Nernst layer after a long time [18]. 

 

1.2.3 Additives for copper electroplating  

A Cu plating solution usually contains one or more additives in addition to the Cu 

ions and electrolyte.  The additives are compounds added in small amounts in the plating 

solution to obtain desired characteristics such as specific shapes and physical properties of 

the deposited Cu.  These additives adsorb and react on the surface, affecting the deposition 

rate, crystal growth, and surface shape of the deposited metal [14].  To obtain the desired 

properties, it is important to appropriately select the deposition conditions and control the 

additives.   

Various organic compounds and inorganic ions have been used as additives for a 

CuSO4 plating solution, including gelatin [48], thiourea [49, 50, 51, 52, 53], benzotriazole 

[54], and chloride ions (Cl-) [55, 56].  The additive currently used widely in practice is a 

combination of chloride ions and two or three kinds of organic compounds [57].  Because the 

specific compositions of additives on the market have not been disclosed, each additive is 

frequently described by its expected effect, such as an accelerator, a suppressor, or a leveler.  

Despite this classification by the effect of the additive, note that an additive may have 

multiple effects and be composed of multiple compounds, and additives with the same effect 

may be described differently.  This section describes four representative additives for a 

CuSO4 plating solution: the suppressor, accelerator, leveler, and Cl-.  

(a) Flat surface (b) Large protrusion (c) Small protrusion
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A suppressor is an additive that suppresses the plating reaction by adsorbing on the 

Cu surface.  In other contexts, it is called a polymer, inhibitor, or lubricant.  Two well-known 

suppressor compounds are polyethylene glycol and polypropylene glycol [58, 59, 60, 61].  

An accelerator is an additive that enhances the Cu plating reaction in the presence of 

suppressors. In other contexts, it is called a catalyst or brightener.  Widely known accelerator 

compounds include bis (3-sulfopropyl) disulfide (SPS) and 3-mercapto-1-propane sulfonate 

(MPS) [62, 63]. SPS is a dimer to which the thiol group of MSP is bound. Moffat et al. 

reported mutual change between SPS and MPS in a CuSO4 plating solution [64]. MPS 

changes to SPS through oxidation by the following reaction.  

2Cu (II) + 2MPS- → SPS2- + 2Cu (I) + 2H+    (1-4) 

The resulting Cu (I) is immediately oxidized by dissolved oxygen through the following 

reaction.  

4Cu (I) + O2 + 4H+ → 4Cu (II) + 2H2O    (1-5)  

On the other hand, for the case of a Cu anode, it has been proposed that Cu (I) forms on the 

surface of the anode, and that MPS and Cu (I) then form a complex [62].  

4Cu (I) + SPS2- → 2Cu (I) - (MPS2-) + 2Cu (II)   (1-6) 

This complex is oxidized to MPS by the following reaction.  

4Cu (I) (MPS2-)n + O2 + (4+4n) H+ → 4Cu (II) + 4n MPS- + 2H2O (1-7)  

When Nafion film is placed between the substrate (cathode) and the anode to prevent the 

movement of additives in a plating solution, the oxidation from SPS to MPS does not occur.   

Therefore, if Cu metal is not present in the plating solution, reaction (1-5) proceeds rapidly as 

reaction (1-4) becomes dominant.  

A leveler is an additive that has a leveling effect to smooth surface roughness. It 

works by adsorbing more to convex areas by diffusion and increasing the overpotential of 

those areas to suppress plating deposition.  Known levelers include some dyes such as Janus 
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Green B, cationic surfactants, and alkyl ammonium salts. Zheng et al. reported the result of 

calculating the adsorption energy on the Cu surface of Janus Green B and 1-vinyl imidazole 

by using density functional theory (DFT) [65]. Both of these molecules have a nitrogen-

containing aromatic ring, and the adsorption on the Cu surface is considered to mainly 

involve nitrogen atoms [66]. Molecules with large adsorption energies are expected to have 

structures such as adsorbable polar groups and planar structures with π-conjugated rings. This 

information can be considered as a guide for selecting additives to suppress the Cu deposition 

reaction. 

Lastly among the four additive types considered here, Cl- affects the deposition 

reaction of Cu by adsorbing on the surface.  It is particularly effective in combination with 

organic compounds such as thiourea [51].  

These additives are believed to react in a composite manner, and their specific roles 

and reaction mechanisms are not understood well. To meet various requirements for Cu 

plating, it is important to understand the roles of additives and the Cu deposition process in 

detail, and to clarify the reaction mechanisms.  In addition, it should be possible to develop a 

new Cu wiring process based on these mechanisms.  

 

1.2.4 Structure and properties of deposited copper  

The physical properties of electrochemically deposited copper depend greatly on the 

plating conditions. The strength of the deposited film can be improved by refining the crystal 

grains. As described in section 1.2.1, by increasing the overpotential to promote nucleation, 

crystal grains can be miniaturized. The overpotential can be increased by using an additive 

that inhibits the crystallization reaction, making it possible to refine the crystal grains. On the 

other hand, additives can become impurities in the deposited film, which may lead to an 

increase in electrical resistance and a decrease in ductility [67, 68, 69].  
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1.2.5 Electroless copper deposition  

Electroless copper deposition is a method of reducing copper ions chemically with a 

reducing agent in a plating solution to deposit copper on a substrate [70]. Although the 

copper ions and reducing agent coexist in the solution, they do not directly react with each 

other. By selecting proper compounds and conditions to allow reaction only on a copper 

surface, copper can be deposited only on the substrate.  The greatest advantage of electroless 

copper plating is that it enables deposition on an insulating substrate without an external 

power supply.  Another advantage is that copper can be deposited with uniform thickness 

even on a substrate having a complicated shape, because there is no influence from the 

current density distribution, which is one issue in electrochemical deposition.  The 

disadvantage of electroless copper plating is that the deposition rate is slow, at several 

micrometers per hour, versus several micrometers per minute for electrochemical deposition. 

Other disadvantages are that it is difficult to maintain the solution conditions and that the 

solution contains formaldehyde, a harmful compound, as a reducing agent.  To solve these 

issues, a solution with a deposition rate of over 5 μm/h has been developed [71], while other 

reducing agents, including dimethylamine borane [72], hypophosphite [73], glyoxylic acid 

[74, 75], and a Co (II) compound [76], have been investigated as substitutes for 

formaldehyde.   

 

1.3 Anisotropic metal deposition  

1.3.1 Metal deposition for trench filling  

There are two types of anisotropic deposition at a macroscopic scale: preferential 

growth from the bottom in a recess, and formation of a convex shape from a flat area on the 
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substrate. The former type of deposition is known as a leveling effect. In 1957, Watson et al. 

reported a phenomenon in which the thickness of electroplated nickel in a recess becomes 

thicker than in flat portions of the substrate surface [77]. Figure 1.15 shows a cross-sectional 

optical image of a substrate after electrodeposition of nickel in a solution containing thiourea 

as a leveler.  The surface roughness is reduced by nickel electroplating, thus smoothing the 

substrate surface and improving its appearance.  

 

 

Fig. 1.15 Optical image of nickel deposited on a substrate from a nickel plating solution containing 

thiourea [77].  

 

A similar leveling effect is also obtained by using additives in electrolytic copper 

plating. Figure 1.16 shows cross-sectional SEM images of a copper-plated substrate under 

changing deposition conditions in a solution containing Janus Green B as a leveler [78]. The 

thickness ratio between the recesses and convex areas is changed by the plating conditions.  

Assuming that the leveler reacts on the substrate surface and its concentration decreases, the 

deposition rate in the recesses varies depending on the balance between consumption and 

diffusion of the leveler because of its deposition-inhibiting effect.  
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Fig. 1.16 Cross-sectional SEM images of deposited copper from a solution of 0.24 M CuSO4・5H2O 

+ 1.8 M H2SO4 + 300 mg/L PEG3350 +50 mg/L Cl- + 1 mg/L SPS + 1 mg/L Janus Green B 

[78].  

 

Preferential growth from the bottom of a recessed feature, which includes trenches 

and vias, is applicable to the damascene process in LSI copper interconnections. To fill 

features completely, it is important to balance the suppressor and the accelerator for 

preferential growth from the bottoms.  Two models of preferential growth using additives 

have been reported.  In one model, an accelerating additive is concentrated in the bottoms of 

features as the deposition process proceeds. In the other model, a suppressing additive is 

consumed on the surface, causing the concentration in the bottoms to decrease. In both 

models, however, the phenomenon by which the additive is concentrated or the concentration 

decreases cannot be directly observed, and the reaction mechanism is not clear.  
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Fig. 1.17 Trench and via filling mechanisms with additives in the damascene process.  

 

Electrochemical deposition of copper is used for the damascene process because an 

accelerator and suppressor in a copper sulfate solution can play the role described above to 

promote preferential deposition from the bottoms of features. This type of preferential 

deposition is called "superfilling" or "bottom-up filling."  Figure 1.17 shows the difference in 

the growth of deposited copper in a feature because of a suppressor or an accelerator.  In a 

conventional copper plating solution, the deposited copper grows almost uniformly in a 

feature, and defects called voids or seams remain in the center of the feature, as described 

previously. On the other hand, in the bottom-up filling process, the inside of the feature is 

filled with copper without defects, because the deposition rate is faster at the bottom than on 

the sides.  Figure 1.18 shows cross-sectional SEM micrographs of fine-pitch trench patterns 

deposited from a sulfuric acid solution with a suppressor and an accelerator [79]. It can be 

seen that the copper grew preferentially from the bottoms of the trenches for widths ranging 

from 0.2 to 1.7 μm. 

These results lead to a proposed model, represented by the formula below, of an 

accelerator concentrated on the surfaces inside a trench. Here, A is the local surface area, t is 

the time, k1 is a rate constant, Θsps is the surface coverage of the accelerator, and Θsps, eq is 

the equilibrium surface coverage of the accelerator.   

(a) Suppressor concentration 
decreases in the feature

(b) Accelerator is concentrated 
in the feature

Suppressor Accelerator
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   (1-8)  

From this model, Fig. 1.19 shows the calculated results for the growth process of the 

deposited copper in a trench. The results shown in Figs. 1.18 and 1.19 are in good agreement.  

In addition, when electrochemical copper deposition continues after filling is 

complete by using a solution containing an accelerator, the phenomenon called overgrowth or 

overplating is observed. In this phenomenon, the metal deposited on filled features becomes 

thicker than that in flat areas. This occurs because the accelerator is concentrated on the 

patterned feature just after filling. Because the overgrowth increases the surface roughness, 

this is disadvantageous to planarization during the subsequent CMP process. Thus, the copper 

damascene process requires as much prevention of overgrowth as possible. A leveler is useful 

for inhibiting the overgrowth. Figure 1.20 shows cross-sectional SEM images of features 

obtained from solutions with and without dodecyltrimethylammonium chloride (DTAC) as a 

leveler [80]. Without DTAC, the deposited metal on the patterned features became thick, but 

the overgrowth was suppressed with DTAC.  

 

 

Fig. 1.18 Cross-sectional SEM images showing the results of fill experiments for five widths of 

trenches with nominal thicknesses of 80, 130, 195, and 240 nm [79].  
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Fig. 1.19 Simulated fill results for two larger trenches. The bottommost lines show the approximate 

shapes of the original features, and the lines above correspond to deposited thicknesses of 

80, 130, 195, and 240 nm [79].  

 

 

 

Fig. 1.20 Cross-sectional SEM images of copper deposited at -0.250 V vs. SCE for 30 s from an 

electrolyte of 0.16 mol/L CuSO4 + 1.8 mol/L H2SO4 + 88 μmol/L PEG + 1 mmol/L NaCl + 

50 μmol/L SPS + 60 μmol/L DTAC [80].  
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1.3.2 Anisotropic metal deposition  

The formation of a convex shape from a flat area on a substrate by anisotropic 

deposition perpendicular to the surface has hardly been reported, as it is difficult to deposit 

metal patterns without any defined structure. Nevertheless, Putten et al. made a square 

pyramidal structure by electroless nickel deposition [81].  Figure 1.21 shows an SEM image 

of deposited nickel (Ni-P) on an Al pad.  As illustrated in Fig. 1.22, the mechanism of the 

anisotropic growth of such deposited nickel is considered to be the diffusion of inhibiting 

additives. The electroless reaction takes place on the catalyzed surface, while at the same 

time, the inhibiting additive is incorporated into the film or consumed. At this time, the 

supply of the inhibiting additive by diffusion is faster at the edges of the pattern than in flat 

portions. Therefore, the reaction at the edges is suppressed, and the plated film becomes thin 

there.  Lin et al. also investigated anisotropic growth using electroless nickel plating with lead 

acetate as an additive [82].  They proposed that lead acetate acts as an inhibitor to suppress 

the reaction at the edges of the pattern.   

 

 

Fig. 1.21 Practical achievement of bevel plating: SEM image of a NiP pyramid deposited onto an Al 

bond pad of an IC [81].  

 

 

Fig. 1.22 Comparison of mass transport at the edges and to the center of a substrate [81].  
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1.4 Objectives and outline of this dissertation  

The objectives of this work are to clarify the influence of additives on the shapes and 

properties of deposited copper in an anisotropic electrodeposition reaction and to develop a 

novel copper wiring method based on this anisotropic growth.  The dissertation investigates 

two anisotropic growth methods for copper deposition: (1) anisotropic deposition from the 

bottom of a feature in a sub-micrometer pattern on the substrate surface, and (2) anisotropic 

deposition for the formation of a micrometer-scale convex shape on the surface by using a 

difference in surface roughness.  This work then considers the application of electrolytic 

copper plating in the manufacturing processes of semiconductor devices and PCBs used in 

various electronic devices. The dissertation also provides detailed discussions of the proposed 

method to deposit copper anisotropically by using additives in solution, and of the reaction 

mechanism of the anisotropic deposition, including the role of additives.  

Chapter 1 has described manufacturing processes using copper plating for electronic 

components and the reaction mechanism of copper deposition with additives. It has also 

described anisotropic deposition of metals from a solution and models of this phenomenon.  

Next, chapter 2 describes the details of the materials, substrate preparation method, 

electrochemical measurements, spectroscopic measurements, and simulation method used in 

this work.   

Chapter 3 then describes anisotropic deposition of copper from the bottoms of 

trenches and vias on the surface, which are used for manufacturing copper wiring in LSI 

devices. The mechanisms of preferential copper growth from the bottom of a feature are 

proposed by using the results of electrochemical measurements, observations of the shapes of 

deposited copper, and simulations of the reaction, including additives. The characteristics of 

deposited copper on fine features under changing deposition conditions are also described.  
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Chapter 4 describes the feasibility of forming a convex shape with a width of several 

tens of micrometers for copper wiring on a PCB by using the surface reaction of additives in 

the copper plating solution and the surface roughness of the substrate.  It was found that 

convex shapes of copper could be formed in areas with fine-pitch trench patterns by selecting 

proper deposition conditions and a solution with inhibiting additives. Under these conditions, 

copper was anisotropically grown perpendicular to the surface. In addition, a mechanism is 

proposed for the effect on the reaction of the concentration gradient of additives in the 

solution.  

Then, chapter 5 proposes a reaction mechanism for anisotropic copper deposition 

using additives, according to the results of electrochemical measurements and in situ surface-

enhanced Raman spectroscopy (SERS). The SERS measurements showed that the additive 

adsorbs on the electrode surface, and cathodic potential scans by voltammetry found that the 

copper deposition rate increases. These results indicate that the additive desorbs or 

decomposes on the surface during copper electrodeposition. Therefore, the concentration of 

inhibiting additive decreases more on the patterned area than on the flat area. This 

inhomogeneity of concentration leads to preferential growth of copper on the patterned area.  

Finally, chapter 6 summarizes the results of this work and describes future prospects.  
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Chapter 2 

Experimental 

 

2.1 Materials 

The chemicals, involving copper sulfate pentahydrate (CuSO4 5H2O), sulfuric acid 

(H2SO4, 98%), hydrochloric acid (HCl, 36%) are all from Wako Pure Chemical Industries, 

Ltd., Japan. The additives for an electrodeposition were Janus Green B (Aldrich), Basic Blue 

3 (Aldrich), Basic Red 12 (Hodogaya Chemical), NK-3212 (2-[(1,3-Dihydro-1,3,3-trimethyl-

2H-indol-2-ylidene)-methyl]-1,3,3-trimethyl-3H-indolium perchlorate), NK-529 (2-[5-(1,3-

Dihydro-1,3,3-trimethyl-2H-indol-2-ylidene)-1,3-pentadienyl]-1,3,3-trimethyl-3H-indolium 

iodide), NK-125 (2-[7-(1,3-Dihydro-1,3,3-trimethyl-2H-indol-2-ylidene)-1,3,5-heptatrienyl]-

1,3,3-trimethyl-3H-indolium iodide) (Hayashibara Biochemical Laboratories Inc.) . 

Structures of additives are shown in Fig. 2.1.  

All the chemicals were used without further purifying, and all the solutions used in 

the experiments were prepared with 18 M cm deionized water.  

 

2.2 Electrochemical measurements  

In section 3.2, the electrochemical measurement system (Model 100W type, BAS 

Inc.) and rotating disk electrode equipment (AFMSR type, PINE INSTRUMENT) shown in 

Fig. 2.2 were used. The working electrode was a platinum rotating disk electrode (5 mm) for 

polarization curve measurements. It was plated with copper at 1.0 A/dm2 for 2 min (about 

400 nm thick) in the electrolyte before each measurement. A glassy carbon disk electrode (3 

mm) was used for cyclic-voltammetry of additive reactions. A platinum microelectrode (15 
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m) was used to determine the diffusion rate and the reaction rate of additives. The reference 

electrode was Ag/AgCl (saturated KCl) and the counter electrode was a platinum wire. The 

basic electrolyte composition included 0.30 mol/L CuSO4 (Wako Chemical) and 1.8 mol/L 

H2SO4 (Wako Chemical) and 1.7x10-3 mol/L HCl (Wako Chemical). Janus Green B (Aldrich) 

and Basic Blue 3 (Aldrich) were used for additives. The electrolyte and experimental 

conditions are shown in Table 2.1.  

 

Fig. 2.1 Molecular formulas of additives. 
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Fig. 2.2 Electrochemical measurement system. 

 

Table 2.1 Electrodes and composition of electrolytes.  

Working electrode 
Cu  

(5.0 mm) 

Glassy Carbon 

 (3.0 mm) 

Platinum  

(15 m) 

Reference electrode Ag|AgCl|satd. KCl 

Counter electrode Platinum 

Concentration, 

C / mol L-1 

Copper sulfate 0.30 0 0 

Sulfuric acid 1.8 1.8 1.8 

Chloride ion  1.7x10-3 0 0 

Additive 10 mg/L 2x10-3 2x10-3 

Temperature, T / ºC 24 

Scan rate, v / mV s-1 0.5 or 2 10 10 

 

An electrochemical measurement system (Model 100W type, BAS Inc.) and rotating 

disk electrode equipment (AFMSR type, PINE INSTRUMENT) were used for measuring the 

electrochemical characteristics of organic additives in a plating bath. The working electrode 

was a platinum rotating disk electrode (5 mm) for polarization curve measurements. It was 

plated with copper at 1.0 A/dm2 for 2 min (about 400 nm thick) before each measurement. 

A
V

Electrolyte

Counter
electrode

Reference
electrode

Rotating electrode
(working electrode)

Ar gas

Potentio-galvano stat. PC

Controller
Rotator
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The reference electrode was Ag/AgCl (saturated KCl) and the counter electrode was a 

platinum wire.  

In chapter 5, electrochemical measurements were performed by using an electrochemical 

measurement system (Model 100W, BAS).  Working electrode was polycrystalline Cu and 

Au disks (1.6 mm). A Ag/AgCl (saturated KCl) electrode and a Cu wire were used as a 

reference and a counter electrode, respectively.  

 

2.3 Filling experiment 

2.3.1 Substrate preparation 

In section 3.2, a 200 mm Si wafer with 1um thick SiO2 on which the trenches were 

formed was used for the substrate. A tantalum barrier layer was first deposited on the 

substrate to 50 nm thickness and then 150 nm thick Cu seed layer was deposited by 

sputtering.  

Figure 2.3 (a) is a cross-sectional schematic representation of the type of trench used 

for this investigation in section 3.3. Trenches were fabricated in a SiO2 dielectric layer by 

electron beam lithography and reactive ion etching (RIE). They were from 80 to 220 nm wide 

and 500 nm high. The Ta/TaN barrier and Cu seed layers were 10/10 and 60 nm thick, 

respectively. These layers were sputter deposited by long-throw sputtering in the same 

chamber. Figure 2.3 (b) is an SEM image of a trench with 80 nm width and 500 nm height 

before electroplating.  
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Fig. 2.3 Cross-sectional schematic representation of trench and SEM image of trench with 80nm 

width.  

 

In section 3.4, trenches in a four-point probe geometry of 50-, 60-, 70-, 80-, 100-, 

180- and 280-nm width and 300-nm height were patterned in silicon dioxide dielectric films 

using electron beam lithography and reactive ion etching. Figure 2.4 shows 50-nm and 80-

nm-wide damascene trenches after ultrathin TaN/Ta (TaN: 7.5 nm; Ta: 7.5 nm) barriers and a 

55-nm-thick Cu seed layer were sputter-deposited on trenches in that order. The thickness of 

the TaN/Ta barrier layer was estimated from the TEM images and was reduced to 5–8 nm 

(nominal 15 nm) due to sidewall shadowing during deposition in the Cu trenches.  

 

 

Fig. 2.4 SEM images of as-etched 50-nm and 

80-nm-wide damascene trenches after 

ultrathin TaN/Ta (TaN: 7.5 nm; Ta: 

7.5 nm) barriers and a 55-nm-thick 

Cu seed layer were sputter-deposited 

into trenches prior to electroplating. 
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 In section 3.5, trenches in a four-point probe geometry of 50, 80, 100, 180, and 280 

nm width with 180, 300, and 500 nm height were patterned in silicon dioxide dielectric films 

using electron-beam lithography and reactive ion etching. Ultrathin TaN/Ta (TaN: 10 nm; Ta: 

10 nm) barriers and 60 nm thick Cu seed layer were sputter-deposited into trenches in that 

order.  

In chapter 4, before electroplating, Ta/TaN layers up to 20 nm thick were deposited 

on the patterned wafer, and then a 150 nm Cu seed layer was deposited by physical vapor 

deposition.  Fig. 2.5 schematically shows the patterned wafers that had a trench pattern 0.25 

m wide and 0.5 m deep at a 0.5 m pitch.  The pattern regions are 100 m wide and are 

separated by 5-m-wide flat regions.  The pattern regions consist of 0.25-m-wide trenches.  

The Cu thickness at the sidewall of the pattern is about 20 nm due to the step coverage. The 

wafer was covered with masking tape to define a plated area of 10 mm x 20 mm.  Current 

density was calculated by this plated area.  The patterned area accounted for 91 % of the total 

plated area.   

 

 

Fig. 2.5 Schematic representation of patterned wafer.  Pattern region was 100 m wide and had a 

series of 0.25 m wide trenches.  Cu thickness was measured at patterned region and flat 

region.  

 

 

100 m 5 m

patterned region flat regionflat region
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Deposited Cu
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2.3.2 Electrochemical deposition conditions 

In section 3.2, the substrate was plated at a constant current density 1.0 A/dm2 for 20 

seconds during which time the growth process of Cu in the trench in the solutions of  0.30 

mol/ dm3 CuSO4, 1.8 mol/ dm3 H2SO4 and 1.7x10-3 mol/dm3 HCl and additives. The 

additives, 20 x 10-6 mol/dm3 Janus Green B, 25 x 10-6 mol/dm3 Basic Red 12, 12 x 10-6 

mol/dm3 NK-3212, 12 x 10-6 mol/dm3 NK-529, and 12 x 10-6 mol/dm3 NK-125 were added in 

the electrolyte. A commercial additive for printed circuit boards (CC-1220, Japan Energy) is 

added to improve the Cu surface morphology. Copper which contained phosphorous was 

used for the anode.  

In section 3.3, DC and pulse waves were used for Cu electroplating. The electrolyte 

used was Enthone’s viaform. The electrolyte includes additives that have some inhibition 

effects before applying a voltage, and during plating, it is consumed in the plating reaction, 

leading to the loss of the inhibition effect [1]. Figure 2.6 shows pulse electroplating and DC 

electroplating conditions. DC density was fixed at 15 mA/cm2. In the case of the pulse wave, 

the application time of the peak current density (current-on) was fixed as 3 ms.  The interval 

(current off) time and the peak current density were varied, as shown by the open circles in 

the table of Fig. 2.6 (b). During electroplating, the specimen was set on a rotating electrode, 

which moved at 1000 rpm.  

 

 

Fig. 2.6 DC electroplating and pulse electroplating conditions.  
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In section 3.4, the Cu interconnects were made by the DC electroplating process using 

a pure Cu electrolyte at room temperature with a current density of 5 mA/cm2. The bath 

compositions were composed of commercial CuSO4 5H2O, HCl and H2SO4 solution with 

additives. After DC electroplating, the resulting fine-grained Cu film deposition was found to 

be under a high degree of intrinsic stress due to an excess of vacancies and dislocations [2]. 

This condition is unstable and this strain energy can only be remedied by recrystallisation. 

Thus, to expedite recrystallization of the electroplated Cu, these substrates were annealed at 

400C for 0.5 h in pure H2 ambient and then subjected to chemical mechanical polishing 

(CMP) to remove excess Cu film from the trenches. The substrate-annealed pre-CMP had an 

overburden of Cu film with a thickness of 300 nm, i.e., the line height of the Cu trenches. The 

as-deposited Cu interconnects had a smaller grain size and a higher resistivity than those that 

were annealed. Thus, coarsening the grain size in the narrow Cu interconnects is very 

important to reducing the resistivity. After annealing, the grains are larger and the grain 

boundary scattering is smaller, reducing the resistivity of the Cu interconnects. However, the 

coarsening of the Cu grains may be restricted by the sidewalls of very narrow trenches [3].  

 In section 3.5, the Cu interconnects were made by the DC electroplating process using 

a pure Cu electrolyte at room temperature with a current density of 1– 5  mA/cm2. The bath 

compositions were consisted of CuSO4.5H2O, HCl, and H2SO4 solution with additives. After 

DC electroplating, the substrates were annealed at 400 C for 0.5 h in H2 ambient, followed by 

a chemical mechanical polishing (CMP) to remove the excess Cu and Ta/TaN layers from the 

trenches. The substrates annealed pre-CMP consisted of an overburden Cu film with a 

thickness as same as the line height of the Cu trenches. The electrical resistance in the Cu 

interconnects were measured by the four-probe method.  
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In chapter 4, Cu was deposited at the current density range 0.5-1.5 A/dm2 for 6.7-20 

min.  All experiments were performed at no solution agitation.  The specimens were 

immersed for 1 min. in the electrolyte before electroplating.  It was found that the immersion 

time affected the shapes of deposited Cu. Sufficient immersion time over 1 min. was needed 

to obtain reproducible results. The conditions of agitation during plating and immersion 

before plating were constant and are not discussed in detail.  Cu plate was used for the anode.  

HCl was added to improve Cu anode dissolution and form a uniform and adherent anode film 

[4].  

 

2.4 Characterization of deposits 

In section 3.2, Cross-sectioned Cu images were taken with a scanning electron 

microscope (S-900, Hitachi).  

In section 3.3, the cross-sectional microstructures of Cu in the trenches after 

electroplating were evaluated using a scanning electron microscope (SEM) and a 

transmission electron microscope (TEM). Samples for the TEM observation were fabricated 

using a focused ion beam (FIB) system.  

 In section 3.4, To clarify the grain sizes and their distributions inside the Cu 

interconnects with line widths of 50 nm, the cross-sectional microstructures in the 

longitudinal direction of the Cu wires was investigated using a focused ion beam (FIB) 

instrument (Hitachi FB-2000A) [5]. Before FIB milling, 100- nm-thick carbon films were 

evaporated onto the samples to protect the Cu wires from damage during milling. Ga ion 

beams accelerated at 30 kV were rastered long the Cu wires to cut holes on both sides 

precisely at the object portion. The resulting freestanding Cu films were placed into a field 

emission transmission electron microscope (FETEM) to observe the longitudinal 
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microstructures. The observed Cu interconnect wires were about 4-mm long with a thickness 

of approximately 40 - 50 nm. 

In section 3.5, As-deposited Cu interconnects have a smaller grain size and a higher 

resistivity. After annealing, the grain size grows and the effect of grain boundary scattering 

on the resistivity is reduced, resulting in the reduction of the resistivity of Cu interconnects. 

However, the coarsening of the Cu grains may be restricted by the sidewall of a very narrow 

trench. In order to clarify the actual grain sizes and their distributions inside the Cu 

interconnects for line widths less than 100 nm, it was necessary to investigate the cross-

sectional microstructures in the longitudinal direction of the Cu wires by using a FIB 

instrument (Hitachi FB-2000A) [5]. Before FIB milling, 100 nm thick carbon films were 

evaporated onto the samples to protect the Cu lines from damage during milling. Ga ion 

beams accelerated at 30 kV were rastered along the Cu lines to cut holes on both sides at the 

precise object portion. The resulting free-standing Cu films were placed into an FETEM to 

observe the longitudinal microstructures. 

In chapter 4, Plated Cu was evaluated with a scanning electron micrograph (SEM).  

Cu thickness was measured as a distance between flat surface and the top of the plated Cu in 

the cross-sectioned images. 

2.5 Simulation method 

The Laplace equation for potential in the Cu electroplating bath was coupled with the 

diffusion equation for both the concentration of cupric ion (=C) and the concentration of an 

additive (=G) as shown in Fig. 2.7.  These were solved by the boundary element method. 

Then the current density distribution on the Cu surface was calculated and the form of the Cu 

film was predicted. The boundary moves according to the current distribution given by a 
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string model. The boundary condition of G in the diffusion equation of the additive on the Cu 

surface is  

 

D dG / dn = k G (2-1) 

 

where D, n, k, and  are the diffusion coefficient of the additive, position vector normal to 

the surface, the consumption rate constant of additive on the Cu surface, and the surface 

coverage of the additive, respectively. This equation is balanced between the incident flux of 

an additive and the consumption rate over the unit area. The D/k value determines the 

distribution of an additive concentration in the trench. Therefore, the D/k value influences the 

bottom-up filling profile. All the parameters used in the present method were determined by 

electrochemical measurements. 

 

 

Fig. 2.7 Model of bottom-up filling: additives adsorb on Cu surface and inhibit crystal growth (Ψ, 

potential; C, Cu2+ concentration; G, additive concentration) 
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List of Symbols 

D diffusion coefficient of the additive, m2 /s 

n position vector normal to the surface 

k reaction rate of additive on the Cu surface 

k0 reaction rate of additive on the Cu surface at standard condition 

 additive coverage on the Cu surface 

G additive concentration, mol/m3 

C Cu concentration, mol/m3 

i current, A 

F Faraday’s constant, C/mol 

A electrode area, m2 

 overpotential, V 

b constant 

n electrons transferred 

ilim diffusion limiting current, A 

a electrode radius of microelectrode, m 

 

2.6 In situ SERS measurements 

The Cu-working electrode for SERS measurement was prepared by electrodepositing Cu 

in a 0.3 M CuSO4 solution at -0.3 V for 100 s on a polycrystalline Au electrode, which was 

electrochemically roughened by oxidation/reduction cycles between -0.75 and + 1.05 V with 

the scan rate of 1 V/s in a 0.1 M KCl solution for 2 hr. A Pt wire was used as a counter 

electrode in the in situ SERS measurement. A home-built inverted Raman microscope system 

was used to observe Raman signals [6]. The working electrode was illuminated through an 

objective lens (40x, 0.6 N.A.) by 632.8 nm radiation from a He-Ne laser (0.02 mW), and 

backscattered Raman signals were collected with the same objective lens and monitored by a 

CCD-polychromator system (PIXIS 400B, Princeton Instruments) after Rayleigh scattering 

light was filtered by an edge filter (LP02-633-RU, Semrock). Potential dependent SERS 

spectra were obtained with the acquisition time of 10 s during the continuous potential sweep 
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with a scan rate of 1 mV/s.  The observed Raman spectra were compared with the results of 

density functional calculations using GAUSSIAN 03 Revision E01 at the B3LYP  level with 

6-31G** basis set. 
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Chapter 3 

Anisotropic Deposition of Copper to Fill Trenches and 

Vias 
 

 

3.1 Introduction 

 The damascene process developed by IBM Corporation in 1998 enabled application 

of copper interconnection in LSI devices. In the damascene process, it is necessary to fill 

trenches and vias formed in the substrate with copper. Electrochemical copper deposition is a 

powerful technique that can grow copper preferentially from the bottom of a feature.  As the 

demand for downsizing LSI technology increases year by year, finer interconnection is also 

required with copper deposition technology. For such interconnects with a width below 100 

nm, the crystal size of copper is limited to the line width, and there is a possibility of 

increased electrical resistance.  

This chapter investigates the mechanism of copper anisotropic growth in fine features 

and the characteristics of the deposited copper. Specifically, section 3.2 examines the 

mechanism of anisotropic copper deposition in features by using an inhibiting additive. Then, 

section 3.3 explains the proposed filling method for a trench with a width of 100 nm or less, 

which works by controlling the current waveform in a solution containing the additive. The 

characteristics of the deposited copper are also evaluated. Finally, section 3.4 investigates the 

grain size in a 50-nm-wide copper interconnect formed by electrodeposition.  
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3.2 Trench filling mechanisms in the copper damascene electroplating process 

Electroplating offers an excellent filling capability and is the most attractive process 

for copper wiring. Typically, copper electroplating baths which were sulfuric acid-based 

contain some additives to facilitate filling of sub-micrometer trenches and to improve deposit 

properties. There are various classes of additives, brighteners (or accelerators), carriers (or 

suppressers or polymers), and levelers. Typical acid-based copper electroplating baths 

contain two or three organic additive components. They are accelerators (or brighteners), 

suppressors (or carriers or polymers), and levelers (or week suppressors). A typical 

accelerator is bis (3-sulfopropyl) disulfide. A typical suppressor is polyethylene glycol or 

polypropylene glycol. The proper concentration of each additive optimizing the plating 

conditions results in a higher deposition rate at the bottom of the feature, which is called 

“bottom-up filling”. The bottom-up filling effect requires the use of at least two organic 

additive components such as accelerators and suppressers [1]. Curvature enhanced 

accelerator coverage model developed by Moffat and Josell have been accepted to explain the 

bottom-up filling mechanism [2, 3, 4]. The typical third component of additives is a leveler. 

The leveler is a weak suppressor. The main role of the leveler is to mitigate momentum 

plating after the trench is filled. On the other hand, some substances used as the leveler effect 

the trench filling profile [5, 6, 7, 8]. Andricacos et al. propose the bottom-up filling model by 

additives [9]. This model is due to depletion of inhibitor at the bottom of the trench. The 

filling capability of the plating bath is important in fabricating copper interconnects without 

voids. The minimum wiring pitch continues to scale to ever finer dimensions in the coming 

generation. It is becoming more difficult to fill trenches without voids. So it is important to 

find organic additives that have a good filling capability. Finding a new leveler substance for 

improving a filling capability is one of the methods to fill fine features. 
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In this section, the bottom-up filling model which was confirmed using experimental 

and numerical simulation results was proposed. Then, the electrochemical characteristics and 

trench filling profiles of some organic molecules was investigated to find new additives 

suitable for the Cu damascene electroplating process.  

Some models for bottom-up filling have been reported [10, 11, 12, 13, 14].  They 

can be divided into two types. In one type, the additive has a promotional effect on copper 

deposition and it is concentrated in the bottom of the trench. In the other, the additive has an 

inhibition effect on copper deposition and deposition reaction is diffusion-controlled. If 

additives react electrochemically on the copper surface, the diffusion coefficient and the 

reaction rate constant of the additives can be evaluated by using electrochemical 

measurements. When the additive is consumed on the copper surface, a concentration 

gradient of the additive due to its diffusion is formed. If this concentration gradient is 

maintained steadily, the concentration of additives at the bottom of the trench drops. This 

leads to a decrease in the inhibition effect on copper deposition at the bottom of the trench. 

Therefore, the deposition rate at the bottom of the trench becomes higher than that at the top 

and bottom-up filling is realized. 

 

3.2.1 Electrochemical Characteristics of Additives 

Based on our model, additives must have some characteristics to realize bottom-up 

filling. 1) It must have an inhibition effect of the plating reaction. It must be adsorbed on a 

copper surface and include atoms, such as sulfur, nitrogen and so on. 2) It must be consumed 

in the plating reaction which means the inhibition effect is lost. Two candidate additives, 

Janus Green B which was to have an effect on bottom-up filling was selected [15, 16] and 

Basic Blue 3. It has some functional groups that are the same as Janus Green B.  
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(1) Inhibition effect on the plating reaction 

Figure 3.1 shows the current-potential curves for the electroplating bath with and 

without additives. When potential was scanned from the rest potential in the negative 

direction, reduction current due to the copper deposition began to flow. In the positive 

potential region from -100 mV, reduction current in the plating bath that contained Basic 

Blue 3 or Janus Green B was small compared to the value when the bath contained no 

additive. These compounds inhibited a deposition of copper in this potential region. There 

was a difference in the inhibition effect between Basic Blue 3 and Janus Green B. It was 

thought that the inhibition effect reflected the adsorption condition and the amount of 

adsorption of each additive.  

 

 

 

Fig. 3.1 Polarization curves for the electroplating bath with and without additives: 24 ºC, scan rate 

0.5 mV/s, 1000 rpm.  
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(2) Consumption on the Cu surface 

Consumption of the additive on the copper surface was evaluated by an 

electrochemical method. It was assumed that additives lost their inhibition effect on the 

plating reaction when they were electrochemically reduced. Figure 3.2 shows cyclic 

voltammograms measured in sulfuric acid that contained Basic Blue 3 or Janus Green B. A 

one-step reduction peak was observed for the Basic Blue 3 containing solution and a two-step 

peak was observed for the Janus Green B one. This meant that Basic Blue 3 and Janus Green 

B were reduced electrochemically in acidic solution.  

Basic Blue 3 and Janus Green B both had an inhibition effect on the plating reaction 

and they were consumed on the copper surface. Therefore, both Basic Blue 3 and Janus 

Green B were thought to possibly have the characteristics required for bottom-up filling. 

Fig. 3.2 Cyclic voltammograms of 1.8 mol/L sulfuric acid on the glassy carbon electrode (a) with 

2x10-3 mol/L Basic Blue 3 (b) 2x10-3 mol/L Janus Green B: scan rate 50 mV/s.  
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3.2.2 Filling capability 

Figure 3.3 shows cross-sectional SEM images of partially filled 0.25 m wide 

trenches prepared in baths containing no additive, Basic Blue 3 and Janus Green B. Copper 

grew uniformly using the baths with no additive and Basic Blue 3. On the other hand, copper 

grew preferentially from the bottom of the trench using the bath containing Janus Green B. 

Janus Green B resulted in bottom-up filling. Bottom-up filling was expected for both 

additives from characteristics discussed above. However, conformal growth was observed for 

addition of Basic Blue 3 under the present plating conditions. It was thought this might be 

explained as follows. Each additive had the required characteristics qualitatively. The 

difference in filling capability depended on whether the concentration gradient of the additive 

was maintained properly in the trench. The balance between the supply of the additive by 

diffusion and the consumption of the additive by the reaction on the copper surface was 

inappropriate in the bath which contained Basic Blue 3. 

 

 

Fig. 3.3 SEM cross-sectional views showing the effect of additives (a) no additive (b) 10 mg/L Basic 

Blue 3 (c) 10 mg/L Janus Green B.  

 

(c) (a) (b) 
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Fig. 3.4 Polarization curves for the electroplating bath (a) no additive (b) with 10 mg/L Basic Blue 3  

(c) with 10 mg/L Janus Green B: 24 ºC, scan rate 2 mV/s.  

 

The diffusion of additives in plating baths was investigated using a rotating disk 

electrode. Figure 3.4 shows the current-potential curves of the copper deposition while 

changing the rotation speed of the electrode from 0 rpm to 2000 rpm. The deposition current 
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increased with the increase in the rotation speed of the electrode in the bath that contained no 

additive. When the diffusion layer on the surface of the electrode became thin, the supply rate 

of cupric ion to the copper surface increased. The deposition current in the bath containing 

Basic Blue 3 also increased with the increase of rotation speed. On the other hand, in the 

plating bath containing Janus Green B, the deposition current decreased with the increase of 

rotation speed in the potential range from 100 mV to -120 mV. This was because the decrease 

in the current due to the inhibition effect of additives became larger than the increase in the 

current due to the increase in the supply rate of cupric ion. The inhibition effect of each 

additive was different though they had the same functional groups and similar characteristics 

would be expected. 

 

3.2.3 Simulations 

The model was confirmed by the comparison with results from experiments and 

numerical simulations and the difference between Basic Blue 3 and Janus Green B was 

explained quantitatively. The concentration distribution of the additive in the trench was 

influenced by a balance between the diffusion coefficient, D and the reaction rate constant, k. 

As mentioned above, D and k are important parameters for bottom-up filling. These 

parameters were determined by electrochemical methods. 

 

3.2.3.1 Experimental determinations of the parameters for simulations 

(a) Reaction rate constant of additives, k 

 The current-potential curves of additives in sulfuric acid were measured using the 

microelectrode. The reaction rate constant of additives on the copper surface k was calculated 
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from the slope of the current-potential curves. If the charge transfer reaction is the rate 

determining step, the current against the overpotential  is given by [17] 

 

i = n F G A k = n F G A k0 exp( /b)  (3-1) 

 

where i, current; F, Faraday constant; A, electrode area; k0, standard rate constant of additive 

on the copper surface. 

 

 

Fig. 3.5 Polarization curves for 1.8 mol/L sulfuric acid on the platinum microelectrode (a) with 2x10-3 

mol/L Basic Blue 3 (b) 2x10-3 mol/L Janus Green B.  
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Figure 3.5(a) shows the current-potential curve of Basic Blue 3 in the sulfuric acid 

solution. The slope of the straight part of the curve gave, i = 8.8x10-1 exp (-59). When G=2 

mol・m-3 and A= 1.8x10-10 m2 was substituted in Eq. 2 and n = 1 was assumed; k0 for Basic 

Blue 3 was 2.6x104 m/s. The overpotential  was -8.1 x 10-2 V from Fig. 3.4 when the plating 

current density was 1.0 A/dm2. The reaction rate constant of Basic Blue 3 ka was 3.1x106 m/s. 

Figure 3.5(b) shows the current-potential curve of Janus Green B. Janus Green B 

reacted in two steps. The second step was considered the rate determining step from the slope 

of the curve. The k value was calculated for the second step and at 1.0 A/dm2, kb was 1.8x10-4 

m/s. 

 

(b) Diffusion coefficient of additives: D 

The diffusion coefficient of additives was calculated from the diffusion limiting 

current of current- potential curves. The diffusion coefficient D is given by [18] 

 

D = ilim/ (4・n・F・G・a)  (3-2) 

 

where ilim, the diffusion limiting current, a, electrode radius. 

The diffusion limiting currents are also shown in Fig. 3.5. The diffusion limiting 

current in the Basic Blue 3 containing solution was 1.0x10-8 A. The diffusion limiting current 

in the Janus Green B containing solution was 1.7x10-9 A for the second-step reaction. 

Therefore, the diffusion coefficient of Basic Blue 3 and Janus Green B were 1.7x10-9 m2 /s 

and 2.9x10-10 m2 /s respectively.  
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3.2.3.2 Comparison of experimental and simulation results 

Figure 3.6 shows trench filling profiles obtained by simulations and experiments. 

The experimental profiles were in good agreement with calculated profiles. For Basic Blue 3, 

copper thickness was equal at all points of the trench for both experiment and simulation. For 

Janus Green B, copper grew preferentially at the bottom of the trench. This suggested our 

model was reasonable.  

 

Fig. 3.6 Comparison of filling profiles between experiments and simulations.  
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Fig. 3.7 Predicted filling profiles and the concentration distribution of additives in the trench against 

D/k.  

 

 Figure 3.7 shows the predicted filling profiles and the distribution of the additives in a 

trench against D/k value. Filling profiles changed with D/k value. 

Case (a) The D/k value was too small for bottom-up filling. The distribution of the 

additive concentration was uniform. This was because the reaction rate of additive was so fast 

relative to the diffusion rate of additive that almost all additives were consumed around the 

top of a trench. The filling profile of the bath without additive was the same as that with 

additive. 

Case (b) D/k value was suitable for bottom-up filling. The diffusion rate and the 

reaction rate of the additive were in the appropriate range. In this case, the reaction of 

additives was diffusion-controlled and the concentration gradient of additives along the 

trench was formed. The concentration of the additive decreased toward the bottom of the 
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trench, and because of this decreases, the inhibition effect on the copper deposition at the 

bottom dropped. Therefore, preferential growth from the bottom of the trench was realized. 

Case (c) D/k value was too large for bottom-up filling. A large D/k value meant that 

the reaction rate of additives was slow and the diffusion rate was fast. In this situation, the 

concentration of additives in the trench was high and had less concentration gradient. 

Therefore, the filling profile was conformal. 

The D/k values for Basic Blue 3 and Janus Green B was 1.8x10-16 and 1.8x10-6, 

respectively. Thus, Janus Green B fit case (b) and had a suitable D/k value for bottom-up 

filling. Basic Blue 3 fit case (a) and its D/k value was too small. We concluded for bottom-up 

filling to occur, the diffusion rate and the reaction rate of the additive must be in appropriate 

ranges. The filling profiles of the trench would be predicted by calculating the D/k value. 

 

3.2.4 New leveler materials for improving a filling capability 

Some dyes, Basic Red 12, NK-3212, NK-529, NK-125 were selected for the leveler 

that were expected to inhibit copper deposition. These levelers were investigated by 

electrochemical and filling experiments. According to the filling model with a leveler, the 

leveler is required to have an inhibiting effect on the copper deposition reaction, simultaneous 

with consuming properties. The balance between the supply rate to the surface by diffusion 

and the consumption rate on the surface of the levelers is important to the filling property.  

First, we investigated the inhibition effect of the levelers on the plating reaction 

using the polarization measurements. Figure 3.8 shows the current-potential curves for the 

electroplating bath with Basic Blue 3, Janus Green B, Basic Red 12 and no levelers. The 

negative current associated with copper deposition was observed. The negative current in the 

plating bath that contained levelers was small compared to the current in the bath with no 
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leveler. This means these levelers inhibit the deposition of copper. There was a difference in 

the inhibition effect of Basic Blue 3, Janus Green B and Basic Red 12. Basic Red 12 had a 

strongest inhibition effect. The current in the bath with Basic Red 12 at -100 mV was ten-

thousandth part of that in the bath without leveler. This difference reflects the adsorption 

condition and the amount of adsorption of each leveler. 

 

 

Fig. 3.8 Polarization curves for the electroplating bath: scan rate of 0.5 mV/s, rotation speed of 1000 

rpm (a) no additive (b) Basic Blue 3 (c) Janus Green B (d) Basic Red 12.  
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Fig. 3.9 Polarization curves for the electroplating bath: temperature 24 ºC, scan rate of 0.5 mV/s, 

rotation speed of 1000 rpm.  

 

Secondly, we investigated the effect of supply rate of the levelers to the copper 

surface with electrochemical measurements using the rotating disk electrode. The rotating 

disk electrode is one of the best methods for controlling the supply rate of materials on the 

electrode surface. Figure 3.9 shows the polarization curves of the copper deposition while 
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levelers. The copper deposition current increased with the increase in the electrode rotation 

speed in the plating baths that contained Basic Blue 3 and no levelers. In contrast, the 

deposition current decreased with the increase in rotation speed over the specific potential 

range in the plating baths containing Janus Green B and Basic Red 12. This was because the 

current decrease due to the inhibition effect of levelers became larger than the current 

increase due to the increase in the supply rate of Cu2+ to the electrode surface. It showed that 

the inhibition effect of Janus Green B and Basic Red 12 changed according to the amount 

supplied to the electrode surface.  

The trench filling profiles for each leveler were investigated. Figure 3.10 shows the 

cross-sectional SEM images of the partially filled 500 nm-wide trenches after electroplating 

at 1.0 A/dm2 for 20 seconds. The copper grew uniformly using baths that contained 

commercial additive without levelers. In this plating condition, the commercial additive 

doesn't improve the filling capability. In the bath that contained Basic Blue 3, copper grew 

uniformly as in the case of that without levelers. However, it grew preferentially from the 

bottom of the trench using baths that contained Janus Green B or Basic Red 12.  

 

 

Fig. 3.10 SEM cross-sectional views showing the effect of additives for filling profiles: (a) without 

leveler (b) Basic Blue 3 (c) Janus Green B (d) Basic Red 12.  
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Figure 3.11 shows the correlation between the current density ratio Ri and the plated 

Cu thickness ratio Rt using levelers in the plating baths. Ri is the current density ratio at the 

potential at which Dj becomes the biggest. Dj is the difference of current density in the 

polarization curves between 0 rpm and 1000 rpm. Rt is the ratio of the plated copper 

thickness at the bottom of the trench against the sidewall. Preferential growth rate of copper 

from the bottom of the trench increased as Rt increased. Levelers that had a large Ri value 

were suitable for trench filling. This indicates that the electrochemical characteristics of the 

levelers affected the filling capability. The capability of improving bottom-up filling for the 

leveler relate to the current decrease with the increasing the supply rate of the leveler to the 

surface. Strong inhibition effect change of leveler is effective in improving the filling 

capability in the presence of accelerator and suppressor. This shows that some leveler has a 

possibility to improve the filling capability of the bath by adding those to a general two 

additive components.  

 

3.2.5 Conclusions 

The role of additives in the copper electroplating bath and the effects of the 

electrochemical characteristic of additives to improve the trench filling capability in the 

damascene process has been investigated. We proposed a bottom-up filling model with 

leveler additives. Filling profiles change with characteristics of additives. The continuous 

concentration gradient of the additive in the sub-micron trench was necessary to achieve 

bottom-up filling. There was a suitable balance between the diffusion rate and the reaction 

rate of the additive on the copper surface. We estimated the filling profile by numerical 

simulation using parameters that were electrochemically determined. The predicted filling 

profiles agreed very well with the experimental results. This suggested that the diffusion 
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coefficient and reaction rate constant of an additive played important roles in bottom-up 

filling and that our model was reasonable. An electrochemical measurement with a rotating 

disk electrode is an effective tool for evaluating the filling capability of additives. Using 

some substances, we observed that the Cu deposition current decreased with increasing 

rotation speed of electrode over a specific potential range. The quantity of the current 

decrease is closely related to the trench filling capability. This electrochemical behavior of 

the additives could be a useful guideline when searching for new levelers to improve the 

filling capability. 

 

 

Fig. 3.11 Correlation between electrochemical characteristics and filling profiles, where Ri is the 

current density ratio at the potential at which Dj becomes the biggest; Dj is the difference of 

current density in the current-potential curves between 0 rpm and 1000 rpm; Rt is the ratio 

of the plated copper thickness at the bottom of the trench versus that on the sidewall.  
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3.3 Trench filling with high-aspect-ratio trench using pulse wave Cu electroplating 

Cu is used as an interconnect material for high-performance ultra-large scale 

integration (ULSI) circuits. Cu offers advantages of low electrical resistivity and high 

reliability [19]. The dual damascene process is widely used for Cu wiring. In this process, Cu 

wiring is fabricated by repeatedly burying Cu in narrow trenches followed by chemical 

mechanical polishing (CMP). Electroplating is a mainstream method of fabricating Cu 

interconnections in trenches [20]. Electroplating, in comparison with electroless plating, can 

provide a higher deposition as well as enable the use of electroplating solutions for copper 

deposition that is more stable and easier to control. 

However, unexpected phenomena have occurred in Cu interconnects of less than 100 

nm. The resistivity of Cu wires increases substantially with decreasing wiring width. This is 

attributed to the wiring width being comparable to the mean free path of an electron (39 nm), 

which causes electron scattering to increase at the surface, sidewall, and grain boundaries of 

the Cu wires. In addition, the effect of high resistivity barrier metals on the resistance 

increase of wires multiplies as their size is reduced [21, 22]. Electromigration (EM) and 

stress-induced migration (SM) resistances in Cu wires are also degraded with reduced wiring 

size. There are two reasons for this: voids are very difficult to avoid when dealing with very 

narrow trenches with high aspect ratios, and also, grains in the trenches are very fine. Hence, 

the development of processes for Cu filling with no voids and with a larger grain size by 

electroplating is, therefore, essential for producing Cu wiring with a low resistivity and high 

reliability [23-24].  

Furthermore, the quality of Cu wires made by electroplating is strongly dependent on 

additives in the plating bath and on electric current conditions. 

In this section, we investigated the influence of electroplating-conditions when using 

pulse waves on the bottom-up filling of high-aspect-ratio trenches of 80 nm width. Then, we 
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investigated trench microstructures to compare the quality of these Cu wires with Cu wires 

formed by conventional DC plating.  

 

3.3.1 Filling capability with a direct current plating and a pulse wave plating 

 Figure 3.12 shows cross-sectional SEM images of partially filled 200-nm-wide 

trenches prepared by (a) DC electroplating and (b) pulse electroplating. For DC 

electroplating, Cu grew uniformly in the trench, as shown in Fig. 3.12 (a). On the other hand, 

Cu grew from the bottom of the trench preferentially during pulse wave electroplating, as 

shown in Fig. 3.12 (b). We see that pulse wave electroplating is more efficient for bottom-up 

filling than DC plating. Hence, we investigated the influence of pulse wave plating conditions 

on Cu-filling characteristics in the trench. 

 

 

Fig. 3.12 Cross-sectional SEM images of partially filled 200-nm-wide trenches prepared by (a) DC 

electroplating (15 mA/cm2) and (b) pulse electroplating (100 mA/cm2).  

 

We defined the bottom-up rate using a partially filled trench, as shown in Fig. 3.13, to 

evaluate the effect of pulse wave conditions on the bottom-up filling characteristics 

quantitatively. A line along the trench and a line along the surface of the Cu film were drawn, 

and the angle between them was measured as a function of the Cu line width. This value was 

defined as the bottom-up rate. Hence the bottom-up rate is almost zero when Cu is plated 

almost uniformly in the trench and, it becomes high when the bottom-up preferential growth 

becomes dominant.  
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Fig. 3.13 The bottom-up filling rate definition.  

 

Figure 3.14 shows cross-sectional SEM images of trenches partially filled by pulse 

wave electroplating with different peak current densities. The current-on time was 3ms and 

current-off time was 300 ms for all samples. We see that Cu grows preferentially from the 

bottom of the trench for all samples. However, bottom-up rates differ among samples, i.e., the 

bottom-up rates at 100 mA/cm2 are higher than those at 20 mA/cm2.  

 

 

Fig. 3.14 Cross-sectional SEM images of partially filled trenches plated at different peak current 

densities.  
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Figure 3.15 shows plots the bottom-up rates of trenches of 140, 160, 180, 200, and 

220 nm width against peak current density. The bottom-up rates of the trench at each width 

were measured for two trenches. It is clear that the bottom-up rate increases with peak current 

density from 20 to 100 mA/cm2. Hence, we adopted the 100 mA/cm2 peak current density for 

filling the trenches. 

 

 

Fig. 3.15 Bottom-up rates for trenches with widths from 140 to 220 nm as a function of peak current 

density.  

 

Figure 3.16 shows cross-sectional SEM images of 140 nm wide trenches partially 

filled by pulse wave electroplating when the current-off time was varied. Current-on time and 

peak current density were fixed at 3 ms and 100 mA/cm2, respectively, for all samples. Cu 

grows preferentially from the bottom of the trench for each sample. However, the bottom-up 

rate also varies with current-off time, i.e., the bottom-up rate decreases with increasing 

current-off time.  
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Fig. 3.16 Cross-sectional SEM images of partially filled 140-nm-wide trenches plated with 100 

mA/cm2 and using different current-off times; (a) 300 ms, (b) 1000 ms, (c) 2000 ms. 

 

Figure 3.17 shows the bottom-up rate of trenches of 140, 160, 180, 200, and 220 nm 

width against the current-off time. The bottom-up rate of the trench of each width was 

measured for two trenches. We see the bottom-up rate increases with decreasing current-off 

time.  

 

 

Fig. 3.17 Bottom-up rates for trenches from 140 to 220 nm width as a function of current-off time. 

 

3.3.2 Filling mechanisms of a direct current plating and a pulse wave plating 

We considered the bottom-up filling mechanism when using pulse waves of different 

current densities and frequencies.  Figure 3.18 shows schematic cross-sectional 

representations of the change with time in the filling process for plating with (a) low current 

density and long current-off time, and plating with (b) high current density and short current-
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off time. For the high-current-density application with short current-off time, additives in the 

bottom part of the trench are consumed and compensation does not occur, leading to bottom-

up filling, as shown in Fig. 3.18 (b). This is because current-off time is short, and hence, 

additive supply from outside the trench through diffusion is not expected. For the low 

current- density application with long current-off time, a small amount of additives in the 

bottom part of the trench are consumed and their distribution is uniform in the trench owing 

to the long current-off time allowing diffusion. As a result, the bottom-up rate decreases.  

 

 

Fig. 3.18 Schematic cross-sectional representations of change in filling processes with time for plating 

with (a) low current density and long current-off time, and plating with (b) high current 

density and short current-off time.  

 

3.3.3 Copper microstructures deposited with direct current plating and a pulse wave 

plating 

We compared the microstructures of 80-nm-wide and 500-nm-deep trenches after 

pulse wave plating (density: 100 mA/cm2, current-off time: 100 ms) with those after for DC 

plating. Figure 3.19 shows cross-sectional microstructures of 80- nm-wide and 500-nm-high 

Cu trenches after (a) DC and (b) pulse wave plating before annealing. The trench is 

completely filled with Cu deposited by pulse wave plating, whereas voids are seen in the 

trench deposited by DC plating. This is due to the fact that Cu grows uniformly in the 

trenches during DC plating, as expected from Fig. 3.18 (a). On the other hand, we found that 
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the average grain sizes are 42 nm for DC plating and 38 nm for pulse wave plating. The 

resistivity of Cu interconnects strongly depends on the grain size. Hence, we investigated the 

grain size coarsening upon annealing for two samples made by DC and pulse wave plating.  

 

 

Fig. 3.19 Cross-sectional TEM images of 80-nm-wide trenches after (a) DC electroplating and (b) 

pulse electroplating.  

 

Figure 3.20 shows TEM images of trenches after (a) DC and (b) pulse wave plating 

after annealing at 673 K for 30 min in H2. After annealing, the grain size of both samples 

grow, and grains cross the trench width. Seams in the trench formed by DC plating disappear. 

Furthermore, the average grain size formed by pulse wave plating is 96 nm, i.e., 

approximately the same level as that for DC plating (101 nm). Pulse wave electroplating is, 

therefore, promising as a step in the dual damascene process for fabricating very narrow 

high-aspect-ratio Cu wiring.  
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Fig. 3.20 Cross-sectional TEM images of 80-nm-wide trenches after (a) DC electroplating and (b) 

pulse electroplating after annealing. 

 

3.3.4 Conclusions 

In order to completely fill 80-nm-wide trenches with high aspect-ratio (>6) Cu, we 

investigated the influence of pulse wave electroplating conditions on preferential Cu growth 

in the trenches. The following results were obtained. 

1) Peak current density and current-off time in pulse wave plating were found to affect the 

bottom-up filling. 

2) Bottom-up filling occured when peak current density and current-off time were 100 

mA/cm2 and 300 ms, respectively. 

3) The 80-nm-wide-trenches (aspect ratio > 6) could be completely filled using the above 

pulse wave conditions. 

4) Grain sizes formed by pulse wave plating before and after annealing were 37.5 and 96 nm, 

respectively. These values were similar to those of DC plating. 
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3.4 Aspect ratio dependence of the resistivity of fine line Cu Interconnects 

 Copper is the usual interconnect material for high performance ultra large-scale 

integration circuits (ULSIs) due to its low electrical resistivity and high reliability. However, 

the significant increase in the resistivity of Cu with line widths of less than 100 nm is a 

critical issue [25-30].  

This increase is mainly attributed to line widths being comparable to the mean free 

path of an electron (39 nm) which causes the electron scattering to occur at the grain 

boundaries of Cu interconnects [30]. In order to create nanoscale Si devices, the development 

of narrow copper interconnects with low resistivity is essential. Thus, coarsening the grain 

size in narrow Cu interconnects is essential for controlling the resistivity. 

We previously reported the microstructures of 80 nm wide Cu interconnects in the 

longitudinal direction which were prepared by focused ion beam (FIB) milling and field 

emission transmission electron microscope (FETEM) techniques. In these papers, we 

discussed that larger grains were dominant in the upper part of Cu trenches, while smaller 

grains were predominant in the bottoms of the trenches [31-32]. These results suggest that the 

resistivity may change with the aspect-ratios of Cu interconnects.  

In this paper, we will demonstrate the effect of varying the aspect-ratio of Cu trenches 

on grain growth behavior and resistivity changes of the Cu interconnects. These studies will 

provide a guideline for developing low resistance Cu interconnects with a suitable aspect-

ratios. 

 

3.4.1 Copper electroplating for features of 50 and 80 nm width 

 Figure 3.21 shows the cross-sectional scanning electron microscope (SEM) images of 

50 and 80 nm wide with 300 nm high Cu interconnects before Cu electroplating. At the two 

edges of the trenches, the TaN/Ta/Cu layer is highlighted to distinguish it from the SiO2. The 
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non-uniform thickness of the TaN/Ta/Cu layers results from sidewall shadowing during 

deposition on the trenches. A TaN/Ta barrier thickness was found to be 5 – 8 nm (nominal 20 

nm) from TEM images.  

 

  

Fig. 3.21 Cross-sectional SEM images of 50 

and 80 nm wide Cu interconnects 

with ultrathin TaN/Ta/Cu layers 

before Cu electroplating. 

 

Figure 3.22 shows the cross-sectional SEM images of the Cu electroplated trenches of 

(a) 50 and (b) 80 nm widths after annealing. The SEM images revealed by FIB milling are 

also shown in (c) (50 nm width) and (d) (80 nm width). The DC electroplating of copper 

deposition was carried out at process conditions using 1 mA/cm2 at room temperature. 

Representative SEM images show that both the narrow trenches with line height of 300 nm 

were completely filled with electroplated copper, but seams are observed at the center of the 

trenches. Based on the above observation, DC electroplating was then performed at a higher 

current density using the same process parameters. It was observed that electroplating at a 

current density of 5 mA/cm2 resulted in super-bottom-up filling of 50 nm Cu interconnect 

with neither seams nor voids as shown in Fig. 3.23  It is evident that the current density for 

the formation of Cu interconnects can effects the filling characteristics.  
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Fig. 3.22 Cross-sectional SEM images of Cu electroplated trenches of (a) 50 and (b) 80nm widths 

after annealing. SEM images revealed by FIB milling are shown in (c) 50 and (d) 80 nm 

widths. The DC electroplating was carried out using 1 mA/cm2 and, seams were observed at 

the center of trenches. 

 

 

Fig. 3.23 Cross-sectional SEM images of Cu electroplated trenches of (a) 50 and (b) 80nm widths. 

SEM images revealed by FIB milling are shown in (c) 50 and (d) 80nm widths. DC 

electroplating was performed at a higher current density of 5 mA/cm2 and resulted in 

complete filling with no seams or voids. 
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3.4.2 The resistivity and grain size of copper interconnects  

The resistivities were obtained through multiplying the measured resistances by the 

cross-sectional areas of the Cu interconnect and dividing by the line length. Resistivity values 

were obtained from the measured resistances using dimensions obtained directly from the 

substrates. The CMP process is very important for the removal of excess Cu film from the 

trenches, and the non-uniformity of the CMP process results in different trench heights over 

the experimental substrates. Therefore, only approximate values for cross-section geometries 

can be given. 

The resistivities of Cu interconnect after annealing at 400 ºC for 0.5 h obtained for 

180, 300, and 500 nm height are plotted against line width in Fig. 3.24.  We clearly see that 

the resistivity of Cu interconnects increases significantly with decreasing line widths less than 

100 nm, and the resistivity also increases with decreasing line height, i.e., the average value 

of 80 nm Cu interconnects is 2.85 μΩ cm for 500 nm height, 3.22 μΩ cm for 300 nm height, 

and it reaches an average value of about 3.75 μΩ cm for 180 nm height.  

 

 

Fig. 3.24 Experimental resistivity data of Cu interconnects of 180, 300, and 500nm heights plotted 

versus the line width. The resistivity of Cu interconnects increases significantly with line 

widths less than 100 nm, and the resistivity also increases with decreasing line height. 
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Figure 3.25 shows the microstructural TEM images in the longitudinal direction of 

300 and 500 nm high Cu interconnects with 80 nm width after annealing at 400 ºC for 0.5 h. 

From these TEM images, many very small grains were observed at the bottom of the trench. 

This indicates the fact that grain growth is restricted by the sidewall at the bottom of the 

narrow trenches during annealing and, therefore, the grains at the bottom are much smaller 

than those in the upper part of the trench.  

 

 

Fig. 3.25 Average grain size distribution of 80-nm-wide and 500-nm-high Cu interconnects after 

annealing at 400 ºC for 0.5 h. The grain size increased with the distance from bottom of 

trench. 

 

 To quantify the grain length distribution in the depth direction of trenches, the average 

grain length was obtained by the following procedures as shown in Fig. 3.26: horizontal 

straight lines were drawn from the bottom of the trenches in 10-nm steps, and the length of 

the intercepts at the same depth was averaged and defined as the average grain length.  
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Fig. 3.26 Longitudinal cross-sectional TEM image of 80-nm-wide and 500-nm-high Cu interconnects 

after annealing at 400 ºC for 0.5 h. Many very small grains are observed at the bottom of the 

trench.  

 

Figure 3.27 shows the average grain length distribution plotted against the depth of 

the Cu trench from the above TEM images. We can observe that the grain length increases 

with distance from the bottom of trench, and larger grains are predominant in the upper part 

of the trench. The plot further shows that an average grain length of 500 nm height was found 

to be similar to 300 nm high Cu interconnects at the same depth, and the average grain length 

is becoming larger toward the surface part of 500 nm wide Cu interconnect.  

 

 

Fig. 3.27 A schematic representation of how to quantify the grain lengths of the narrow Cu 

interconnects cross-sectional microstructures in the longitudinal direction.  
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3.4.3 Copper resistivity dependence on the aspect ratio of lines 

Figure 3.28 depicts the resistivity dependence on the reciprocal of line height H for 

the line widths of 50, 80, 100, 180, and 280 nm. The line heights are 180, 300, and 500 nm. 

From this figure, the resistivity ρ is expressed by 

 

ρ = ρ0 + k/H  (3-3) 

 

where ρ0 is the resistivity of line height of infinity, and k is a coefficient calculated from the 

gradient of straight lines varying with the line widths. As the interconnect line heights are 

reduced when the line widths remain constant, the aspect-ratios of trenches are reduced, and 

therefore, the grain sizes in the upper part of Cu interconnect might then be reduced, resulting 

in the increase of resistivities.  

 

 

Fig. 3.28 Resistivity dependence on the reciprocal of line height, H. The resistivity ρ is expressed by ρ 

= ρ0 + k/H, where ρ0 is the resistivity of line height of infinity, and k is a coefficient.  
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Fig. 3.29 Coefficient, k as plotted vs line widths. Observe that k increases dramatically as the line 

widths decrease. 

 

The coefficient, k as plotted against the line widths as shown in Fig. 3.29. The value 

of k increases dramatically with the decrease in the line widths. The predictions in eq. (3-3) 

are illustrated in Fig. 3.30 as a function of the line widths for aspect-ratios of 2, 3, and 5. In 

this figure, the resistivity is normalized by that of an aspect ratio of 1. It can clearly be seen 

that resistivity decreases significantly with the increasing aspect-ratio in very fine line Cu 

wires of less than 100 nm. We can observe that the resistivity of Cu wires with an aspect-ratio 

greater than 3 reduces significantly with decreasing line widths. For example, in the 50 nm 

wide Cu interconnects, a larger aspect-ratio of greater than 3 generates lower resistivity, 

which in turn causes 45% lower resistivity compare to an aspect-ratio of 1. Thus, the effect of 

aspect-ratio on resistivity control becomes very effective to compensate the resistivity 

increase of very narrow wires.  
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Fig. 3.30 Resistivity versus line widths for the aspect-ratios, AR of 2, 3, and 5. The resistivity was 

normalized by an aspect-ratio of 1. Observe that the resistivity of an aspect-ratio of 3 is 

significantly reduce with decreasing line widths. 

 

As mentioned above, the effect of the aspect-ratio on resistivity control is extreme at 

narrower line widths. This can be attributed to grain size distributions where larger grains 

exist in the upper part of the Cu interconnects with higher aspect-ratios. Further, the H2 

annealing conditions of the Cu interconnects may induce additional grain growth, but the 

grain size will still be restricted by the side walls of the trench. Our experimental results show 

that Cu wires with high aspect-ratios greater than 3 are one of the most powerful candidates 

for lowering resistivity in very narrow Cu interconnects of less than 50 nm. 

 

3.4.4 Conclusions 

 The effect of aspect-ratios of very narrow Cu interconnects less than 100 nm on the 

resistivity has been discussed. The resistivity of Cu interconnects increases significantly with 

decreasing line widths less than 100 nm, and the resistivity also increases with decreasing 

line height. These results coincide with the longitudinal cross-sectional TEM observation data 

that many very small grains were observed at the bottom of the trench, while larger grain 
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sizes are predominant in the upper part of the Cu interconnects. The predictions indicated that 

resistivity decreases dramatically with aspect-ratios of greater than 3 in fine line Cu wires due 

to the larger grain size distributions in the upper part of the Cu interconnects. This result 

demonstrate that the aspect ratio of Cu wires are effective for controlling the resistivity in 

future Cu interconnects with very narrow and shallow dimensions. 

 

 

3.5 Microstructures of electrodeposited Cu Interconnects 

In recent years, the continuous progress in fabrication of high performance ultralarge-

scale integration circuits (ULSIs) has been driven by the desire to increase circuit speed, 

broaden chip functionality, and improve reliability of electronic interconnects. In response to 

these technical demands, a high integration LSI using the 65-nm technology node (90-nm line 

width) has already been commercialized, and Cu interconnects for a 45-nm technology node 

(70-nm line width) LSI are under development, and will be in use by the 2010, according to 

the International Technology Roadmap for Semiconductors (ITRS) [33].  

However, there is a significant increase in resistivity in copper interconnects when 

line widths are less than 100 nm [33-39]. This is becoming a critical issue and is mainly due 

to the fact that the line widths are comparable to the mean free path of an electron (39 nm), 

which causes an increase in resistivity by electron scattering occurring at the grain boundaries 

of the Cu interconnects. Therefore, it is necessary to develop a grain coarsening process to 

achieve low resistivity in very narrow Cu interconnects. 

Researchers have recently investigated cross-sectional microstructures and the 

resistivity of Cu films and interconnects [40-44] and reported experimental results for the 

microstructure have, e.g., an investigation of the grain sizes from the surface plane of Cu 

interconnects using an orientation imaging microscope (OIM) [40] or TEM (planeview 
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measurement) [42]. However, this investigation did not clarify the longitudinal grain size 

distribution that control resistivity. 

Microstructures in the longitudinal direction of Cu interconnects with line widths 

greater than 170 nm that use electron backscattered diffraction (EBSD) have also been 

investigated [45]. But there have been no reports on grain size distribution in the longitudinal 

direction of Cu interconnects of less than 100 nm. This is because the fabrication of Cu 

interconnects of less than 100 nm in the longitudinal direction is very difficult. We have 

succeeded in fabricating 80-nmwide Cu interconnects along the longitudinal direction using 

focused ion beam (FIB) milling. Observations using field emission transmission electron 

microscopy (FETEM) techniques revealed that larger grains are predominant in the top part, 

and smaller grains are predominant in the bottom part of Cu trenches [46-47].  

We assume sidewall-restricted grain growth at the bottom of narrow trenches, 

resulting in grain size distributions in the depth direction of the trench. The grain growth 

processes of a Cu interconnect strongly depend on trench widths, so the resistivity of next 

generation Cu interconnects using the 32- nm technology node (50-nm line width) is 

expected to increase further. 

In this section, we statistically investigated the longitudinal grain size distributions of 

50-nm-wide Cu interconnects and compared them with those of 70- and 80-nm-wide Cu 

interconnects. The resistivity of 50-nm wires was then compared with those of the 70- and 

80-nm-wide Cu wires. After presenting our findings, we will discuss the possibility creating 

low resistivity Cu interconnects narrower than 50 nm. 

 

3.5.1 SEM and TEM observations of fine copper interconnects  

 Figure 3.31 (a) and (b) show cross-sectional SEM images of Cu electroplated trenches 

of 50- and 80-nm widths after annealing, as revealed by FIB milling. Representative SEM 
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images show that the 50- and 80-nm-wide trenches with line heights of 300 nm were 

completely filled with electroplated copper. Figure 3.31 (c) and (d) show a surface view SEM 

image of 50- and 80-nm-wide Cu interconnects after CMP. It can be seen that the wires were 

not dished or eroded during the CMP.  

 

 

Fig. 3.31 Cross-sectional SEM images of (a) 50-nm, (b) 80-nm, and top surface of (c) 50-nm, (d) 80-

nm-wide Cu interconnects with heights of 300nm were completely filled with electroplated 

copper leaving neither seams nor voids. 

 

Figure 3.32 shows the resistivity of Cu interconnects with heights of 300 nm after 

annealing at 400 ºC for 0.5 h. The resistivity of the Cu interconnects increases significantly as 

line widths decrease to less than 100 nm, i.e., the average value is 3.23 μΩ cm for an 80-nm 

width, 3.48 μΩ cm for a 70-nm width, and reaches an average value of about 4.18 μΩ cm for 

a 50-nm-width.  
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Fig. 3.32 Resistivity data of 300-nm-high Cu interconnects plotted versus line width. Resistivities 

increase significantly as line widths decrease to less than 100 nm. 

 

 Two methods were used to quantify grain sizes and grain size distributions of the 50-

nm-wide Cu interconnects in the longitudinal direction in comparison with those of 70- and 

80-nm-wide interconnects, as shown in Fig. 3.33. For grain length distribution in the trench 

depth direction, straight horizontal lines were drawn from the bottom to the surface of 

the trenches in 10-nm steps, and the length of intercepts between the horizontal lines and each 

grain at the depth of the trenches was obtained and averaged. This grain length exhibits grain 

size distribution in the depth direction. To obtain grain sizes, a line was drawn around the 

grain boundary of each grain in the trench, the sizes of the grains were computed assuming 

the grains to be circular, and the diameter of each grain was calculated from the circular grain 

area.  
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Fig. 3.33 Schematic representation of how to quantify grain sizes and average grain lengths of cross-

sectional microstructures in longitudinal direction of 100-nm-wide Cu interconnects after 

annealed. 

 

Figure 3.34 shows TEM images of the longitudinal microstructures for 50- and 80-nm 

Cu interconnects. The wires were 1 mm long. Figure 3.34 (a) shows an as-deposited 50-

nmwide Cu interconnect. Many very small grains can be seen throughout the longitudinal 

dimension of the Cu wire. It was found that most grains were extremely small (approximately 

20 nm), and were about one-third of the line width of the Cu interconnects. The resistivity of 

the interconnect is 4.96 μΩ cm, which is about 18% higher than that of the 50-nm-wide Cu 

interconnects (4.18 μΩ cm) after annealing.  

After annealing, the grain sizes of the annealed Cu interconnect with line widths of 50 

nm are significantly different from that of the as-deposited Cu interconnect, as shown in Fig. 

3.34 (b). Differences in grains sizes between the top and bottom parts of the trenches can also 

be seen. In particular, the Cu grain size in the bottom of the trench is significantly smaller 

than that at the top part of the Cu interconnects. The same tendency can be seen for the 80-

nmwide Cu interconnects, as shown in Fig. 3.34 (c). 
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Fig. 3.34 TEM images in longitudinal direction of (a) as-deposited 50-nmwide Cu interconnects, (b) 

50- and (c) 80-nm-wide Cu interconnects with line heights of 300nm after annealing. 

 

As pointed out in the introduction, these results indicate that the Cu grain size and 

grain size distribution within the Cu trenches cannot be elucidated by inspection from the 

direction of the normal to the surface plane of the narrow Cu interconnects using OIM [40] or 

TEM (plane-view measurement) [42].  In the case of EBSD, the detectable grain size was 

estimated to be greater than 100 nm. Hence, transmission electron microscopy is the only 

technique that can measure individual grain sizes in the longitudinal direction of Cu wires of 

less than 80 nm.  

 

3.5.2 Grain size distribution of fine copper interconnects  

Figure 3.35 shows the average grain length distribution of 50-and 80-nm Cu 

interconnects as a function of distance from the bottom of a trench, as estimated from the 

images shown in Fig. 3.34 (b) and (c). It can be seen that both average grain lengths increase 

with distance from the bottom of trench. However, the average grain length of a 50-nm Cu 

wire is much smaller than that of an 80-nm wire. 
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The above results are explained as follows. It has been reported that grain growth 

originates in overburdened Cu film during annealing and extends into the Cu interconnect 

Trenches [49].  However, Cu grains inside the trench do not grow well because of the strong 

restrictions imposed by trench width [35].  This restriction increases as line width decreases. 

As a result, grain length distributions in the depth direction of the trench were formed, as 

shown in Fig. 3.35. The same tendency was observed for all of the samples after Annealing 

diameter of each grain was calculated from the circular grain area. 

 

 

Fig. 3.35 Average grain length distribution of 50- and 80-nm-wide, 300-nm high Cu interconnects 

after annealing at 400 oC for 0.5 h. Grain length increased as distance from bottom of trench 

increased. 

 

Figure 3.36 shows a normal distribution of grain sizes of 50-, 70- and 80-nm-wide Cu 

interconnects plotted as a histogram before and after annealing at 400 ºC for 0.5 h. The grain 

sizes were obtained from the identified grain boundaries and computed assuming the grains 

to be circular, as shown in Fig. 3.33. The observed length is 4 mm for each interconnects. 

More than 240 grains were measured from the as-deposited 50-nm Cu interconnect, and 188, 

58, and 45 grains were measured for annealed 50-, 70-, 80-nm-wide Cu interconnects, 

respectively. Twins were not considered to be grain boundaries.  
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Fig. 3.36 Normal distribution of grain sizes for as-deposited 50-nm Cu interconnect and 50-, 80-nm-

wide Cu interconnects are plotted as a histogram. Observed length is 4 mm for each 

interconnect. 

 

The grain size distribution in the trench of each interconnect can be determined by 

comparing the standard deviation of normal distributions. The value of standard deviation for 

as-deposited 50-nm-wide Cu interconnects is 11.1 with a sharp normal distribution. After 

annealing, the standard deviation increases to 27.5 in the 50-nm Cu interconnects, and 

achieves a larger grain size microstructure than in the as-deposited Cu interconnect. As the 

line widths increase, the standard deviation of 70- and 80-nm Cu interconnects increases to 

49.9 and 71.9, respectively. This indicates that the normal distributions become broader and 

that there are larger ranges of grain size as line width increases. That standard deviations 
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decrease as line width decreases can be attributed to the fact that grain size is constrained by 

the narrower line width. 

Figure 3.37 shows the average grain size of 50-, 70- and 80- nm-wide Cu 

interconnects obtained from the measurements shown in Fig. 3.56. Average grain size 

increases as line width increases. The average grain size of the 50-nm-wide Cu interconnects 

grew to 80 nm and was 2.5 times the size of the grains in the 50-nm as-deposited Cu 

interconnect.  

 

 

Fig. 3.37 Average grain sizes of 50, 70- and 80-nm-wide Cu interconnects 

 

The resistivity of 50-, 70- and 80-nm-wide Cu interconnects was plotted against 

average grain size in Fig. 3.38. It can be seen that resistivity increases linearly with 

decreasing line width. This increase is mainly attributed to the density of grain boundary 

increasing with line widths that are comparable to the mean free path of electron (39 nm), 

which causes the electron scattering to occur at the grain boundaries of narrower Cu 

interconnects. To develop Cu interconnects with low resistivity, coarsening the grain size in 

narrow Cu interconnects is essential to lowering the resistivity.  
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Fig. 3.38 Resistivity data versus average grain size are plotted for 50-, 70- and 80-nm-wide Cu 

interconnects. 

 

3.5.3 Conclusion 

 The grain sizes, grain size distributions and resistivity of 50-nm-wide Cu 

interconnects in the longitudinal direction were evaluated and compared with those of 70- 

and 80-nmwide Cu interconnects to develop a grain size coarsening process. Grain length 

increases with distance from the bottom of the trench, and Cu grains inside the trench may 

have difficulty growing because of the strong restrictions created by the trench geometry. The 

value of standard deviation in the normal distribution histogram for 50-nm wire was found to 

be much smaller than those for the 70- and 80-nm Cu wires after annealing. This implies that 

sufficient grain growth should not be expected in the very narrow Cu interconnect (less than 

50 nm) of the future if conventional annealing process is used. 

 

3.6 Conclusions 

 This chapter has investigated the mechanism of anisotropic copper growth in fine 

features and the characteristics of the deposited copper. The additives in the solution play an 

important role in anisotropic deposition at the bottom of a feature. A model for bottom-up 
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filling was proposed and confirmed by comparison of experimental and simulation results. 

Some kinds of dyes that adsorb on the copper surface and suppress copper deposition acted as 

additives for bottom-up filling. A trench with a width of 100 nm or less could be filled by 

using additives and controlling the current waveform for electroplating.  The resistivity and 

microstructure of very narrow copper interconnects with a width of less than 100 nm were 

also investigated. The resistivity was found to decrease significantly with increased aspect 

ratio because of the larger grain size distribution in the upper part of copper interconnects 

with higher aspect ratios. After annealing, the average grain size was larger than that of the 

as-deposited 50-nm interconnects. The standard deviation of the grain sizes, however, was 

found to be much smaller after annealing for a 50-nm wire than for 70- and 80-nm 

interconnects. This implies that grain growth is necessary for very narrow copper 

interconnects (below 50 nm) to decrease the resistivity.  
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Chapter 4 

Anisotropic and Selective deposition of Copper to Make 

Bumps and Wirings1 
 

 

4.1 Introduction 

Selective or anisotropic metallization is often desired to fabricate fine structures such 

as bumps and interconnects in electronic applications [1-6]. Metal can be selectively 

deposited using resist masks with a photolithographic process by galvanic or electroless 

deposition.  However, the process that uses no resist masks normally results in lateral growth 

because the plating process is generally isotropic.  A selective and anisotropic metallization 

process has an advantage that the process does not use a resist mask.  A resistless process is 

expected to be a lower cost, more environmentally friendly process.  The process can reduce 

the use of environmentally harmful chemicals, such as a developer solution, a resist stripper, 

and the metal-etching solution.   

Several methods have been reported to deposit metal selectively or anisotropically 

without the resist mask.  Anisotropic deposition of electroless Ni has been reported in the past 

[7, 8]. A Pb2+ additive is added to the electroless bath and suppresses the deposition of Ni on 

the edges of a pattern.  The presence of the Pb2+ inorganic additive leads to anisotropic Ni 

metallization.  Anisotropic deposition of copper is known as bottom-up filling (BUF) or 

superfilling [9, 10]. Organic additives are important to achieve anisotropic electroplating in 

the BUF process.  Three types of additives are typically used to achieve the BUF process: 

                                                 
1 Chapter 4 was reprinted with permission from Electrochem. Solid-State Lett., Vol. 13, No. 5, 

pp. D23-D25 (2010). Copyright 2010, The Electrochemical Society. 
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suppressors, accelerators, levelers.  Suppressors are usually polyether molecules that inhibit 

copper deposition.  Accelerators are usually sulfide molecules that act to depolarize the Cu 

surface in the presence of inhibiting additives.  Levelers are molecules such as dyes, cationic 

surfactants, and alkyltrimethylammonium salts, which inhibit Cu deposition and prevent 

bump formation on the filled features [11, 12]. Two mechanisms of the BUF process have 

been developed.  The first mechanism is curvature enhanced accelerator coverage (CEAC) 

[13]. In CEAC, BUF is attributed to a local coverage increase in accelerating additives in the 

feature by decreasing the surface area of the feature.  Accumulation of the accelerating 

additives results in an undesirable overburden [12, 14]. The second mechanism is diffusion-

adsorption consumption of an inhibiting additive [15, 16]. In this mechanism, the inhibiting 

additives make their concentration field by their adsorption and/or consumption on the Cu 

surface.  Akolkar and Dubin have shown the effects of pattern-density-dependent modulation 

of the suppressor concentration field in the BUF process [17]. Both mechanisms are 

important to explain the BUF process.   

In this paper, we demonstrate that copper can be selectively and anisotropically 

electroplated using an inhibiting additive and the feature on the substrate.  Then, we clarify 

the role of an inhibiting additive, Basic Red 12, for selective electrodeposition of Cu surface 

in sulfuric acid solutions by using linear sweep voltammetry (LSV), cyclic voltammetry (CV) 

and in situ SERS measurements.   

Our basic concept is to use Cu overburden to fabricate micrometer copper structures.  

Cyanine dye was used as an inhibiting additive and was not classified as one of the typical 

three types of additives described above.   We have shown that Basic Red 12, which is a 

cyanine dye, strongly suppressed Cu deposition and affected the BUF process [18]. When 

this additive was added, Cu overburden was observed on the surface to have features without 

accelerators.  Moffat et al. proposed a curvature enhanced accelerator coverage (CEAC) 
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model to explain the origin of Cu overburden in solution containing accelerating additives.  

According to the CEAC model, Cu overburden is attributed to the increase of a local 

coverage of accelerating additives in the vicinity of the feature. The CEAC model, however, 

cannot be applied to the Cu overburden in solution containing inhibiting additives such as 

Basic Red 12 and we proposed that diffusion-adsorption consumption of Basic Red 12 is the 

origin of the selective deposition of Cu [19]. The detailed mechanism of the role of Basic Red 

12 is, however, not clear yet.  

It is essential to understand the role of additives in the electrochemical deposition 

process to control the selective deposition. For that purpose, potential dependent 

adsorption/desorption behavior of Basic Red 12 on electrode surfaces should be understood. 

Vibrational spectroscopy is indispensable for obtaining detailed information on structures and 

orientations of adsorbed molecules. Among several types of vibrational spectroscopic 

techniques having monolayer sensitivity, surface enhanced Raman spectroscopy (SERS) is a 

powerful tool for obtaining detailed information on adsorption structures and orientations of 

molecules [20, 21, 22, 23, 24].   

 

4.2 Results 

4.2.1 Anisotropic copper deposition with varying an additive concentration 

Figure 4.1 shows the tilted SEM images of electroplated Cu surfaces on the features 

with varying Basic Red 12 concentrations.  Figure 4.1 also shows a substrate surface before 

plating, which had the 0.25 m wide trenches and was completely covered by Cu seed layer.  

The corresponding Cu thicknesses on the feature and on the flat surface are indicated in Fig. 

4.2.   
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Fig. 4.1 SEM images of patterned wafer surface as function of Basic Red 12 concentration in 

electrolyte.  (a) Before plating (b) 0 mol/dm3 (c) 0.6 x 10-5 mol/dm3 (d) 1.3 x 10-5 mol/dm3 (e) 

1.9 x 10-5 mol/dm3 (f) 2.5 x 10-5 mol/dm3. Copper was electroplated at 1.0 A/dm2 for 10 min.  

 

 

Fig. 4.2 Basic Red 12 concentration dependence of Cu thickness on patterned region and flat region at 

1.0 A/dm2 for 10 min.  
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In the concentration range of 1.8-2.5 x 10-5 mol/dm3, Cu growth was suppressed on 

the flat surface, and flattened pyramid-like Cu bumps were grown on the feature.  Copper 

thickness on the feature was 4 m in the concentration range of 1.8-2.5 x 10-5 mol/dm3.  

Copper thickness on the flat surface was less than 0.1 m.  As described above, the ratio 

between the Cu thickness on the feature and on the flat surface was approximately 40:1.  

Despite the all of the surface being electrochemically active, the ratio of the copper thickness 

was very large.  Lateral growth of Cu from the Cu bump on the feature was eliminated.  

When the Basic Red 12 concentration decreased to 5 mg/dm3, Cu thickness on the features 

was thicker than on the flat surface.  In the case of a low concentration of Basic Red 12 (0-0.6 

x 10-5 mol/dm3), the plated surface was flat.  Copper thickness on the feature was equal to the 

flat surface.  Adding more than 1.3 x 10-5 mol/dm3 Basic Red 12 made selective deposition 

feasible.  The angle of the bevel at the plated Cu on the feature decreased as Basic Red 12 

concentration increased in the bath.   

 

 

Fig. 4.3 SEM images of patterned wafer surface as function of plating current density (a) 0.5 A/dm2, 

20 min (b) 1.0 A/dm2, 10 min (c) 1.25 A/dm2, 8 min (d) 1.5 A/dm2, 6.7 min, in electrolyte 

containing 1.8 x 10-5 mol/dm3 Basic Red 12. 

 

(a) (b)

(c) (d)
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4.2.2 Anisotropic copper deposition with varying an additive concentration 

Figure 4.3 shows the tilted SEM images of electroplated Cu surfaces on the features 

with varying plating current density in the solution containing 1.8 x 10-5 mol/dm3 Basic Red 

12.  The charge at each plating process remained constant.  The shapes and thickness of 

plated Cu changed with the current density.  For 0.5 A/dm2, plated Cu was pyramid-like.  

When the current density increased to 1.25 A/dm2, Cu deposition was observed on a part of 

the flat surface.  At the current density of 1.5 A/dm2, plated Cu was flat over the surface and 

no selective deposition was observed.  The selectivity of plating between patterned surface 

and flat surface decreased as current density increased.  Meanwhile, Cu thickness on the 

feature varied over the plated area, especially at lower current density.   

 

4.3 Discussion 

Copper overburden is caused by accelerators that adsorb on the Cu surface without being 

incorporated into deposited Cu and accumulate over the feature.  Cu overburden was 

observed in the electrolyte with Basic Red 12 that has only an inhibiting effect on Cu 

deposition [18].  This phenomenon is not simply explained by the accelerator model. In 

CEAE, Cu overburden is formed by enrichment of accelerators on the deposited Cu surface.  

The extent and magnitude of overburden is a function of the feature size and pattern density.  

The differences in Cu thickness on the feature and on the flat surface, which correspond to 

selectivity of plating, depend on the surface coverage of accelerators as determined by pattern 

size and density of the feature. One plausible explanation for the selectivity of plating is the 

inhomogeneity of the inhibiting additive concentration enhanced by the patterned regions on 

the surface. The inhomogeneity of the additive concentration can be explained on the basis of 

the diffusion-adsorption consumption of an inhibiting additive mechanism. The consumption 

of additives on the patterned surface has been previously reported [16-17].  In this 

mechanism, Cu overburden may be formed by maintaining the inhibiting additive depletion 
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over the feature. The morphology of the deposited Cu was varied by the Basic Red 12 

concentration and current density. The shape-change dependence of Basic Red 12 

concentration in Fig. 4.1 indicates that the concentration of 6 mg/dm3 in the electrolyte is 

necessary to suppress the Cu deposition on the flat surface. Current density-dependent 

selectivity of plating is interrupted by the change in the inhibiting effect of Cu deposition. At 

the lower current density in Fig. 4.4, the inhibiting effect was maintained on the flat surface 

but not the patterned region. At the higher current density, inhibiting additives cannot 

maintain a strong enough inhibiting effect to selectively deposit Cu. It is difficult to suppress 

the Cu deposition on all surfaces including the flat surface by using inhibiting additives since 

the Cu deposition overpotential increases at higher current densities.  For this reason, 

selective deposition was not observed at the higher current density, although the additive 

concentration field enhanced by the patterned regions was expected to be formed. The 

difference in Cu thickness on the feature and the flat surface is determined by an inhibiting 

additive concentration field and suppressing effects of additives. The suppressing effect of 

additives varies with additive molecules.  The strong suppressing effect on the surface and 

the relatively high concentration depletion on the feature compared to the flat surface are 

desirable to selectively deposit Cu.  The diffusion-adsorption consumption of an inhibiting 

additive mechanism has an advantage to achieve high selectivity of plating.  In this 

mechanism, we can keep a low plating rate on the flat surface to use additives that strongly 

suppress Cu deposition, such as Basic Red 12.  In the CEAE, it is difficult to suppress the Cu 

deposition on the flat surface to achieve high selectivity between the patterned and flat 

regions.  The morphology of the deposited Cu was controlled by the Basic Red 12 

concentration and current density.  A pyramid array could be fabricated with this process.  

The diffusion-adsorption consumption of an inhibiting additive mechanism cannot explain 

the shape of deposited Cu as shown in Fig. 4.3.  The shape variation of plated Cu with current 
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density is similar to that of electroless deposited Ni bump with a Pb2+ additive.7 These results 

indicate that additive adsorption affects the shape variation of Cu. The mechanism of the 

selectivity of plating is unclear in this section. Further experimental studies are required to 

explain the shape change of deposited Cu and a roll of the additives in the deposition process.  

Further experimental studies are required to explain the change in shape of deposited Cu and 

the role of the additives in the deposition process. Electrochemical and spectroscopic studies 

are currently under way.  

 

 

Figure 4.4. Schematic diagrams of additive distribution on the surface and in the electrolyte during 

deposition by the diffusion-adsorption consumption of an inhibiting additive model.   
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4.4 Conclusions 

Copper was selectively and anisotropically electroplated using an inhibiting additive 

Basic Red 12 and features on the substrate.  We used Cu overburden to selectively and 

anisotropically deposit the copper.   When Basic Red 12 was added to the electrolyte, Cu 

overburden was observed on the surface to have features without accelerators.  The shapes of 

the deposited copper varied as a function of the additive concentration and plating current 

density.   This process is applied in fabricating micrometer copper structures without a 

patterned resist layer.   
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Chapter 5 

Electrochemical and In Situ SERS Studies on the Role of 

Inhibiting Additives in Selective Electrodeposition of 

Copper in Sulfuric Acid 
 

 

5.1 Introduction 

Cu electrodeposition from acidic sulfate solution has been widely investigated because of 

its technological importance [1-3] and selective and anisotropic Cu deposition is one of the 

most important technologies in device processing as copper interconnects can be fabricated 

without resist mask. Various additives in a solution have been used to control the shape of Cu 

deposits as accelerator, suppressor or leveler [4]. Selective and anisotropic Cu deposition is, 

however, difficult to achieve since electrodeposition process is generally non-selective and 

isotropic.  

Recently, we demonstrated that the selective and anisotropic Cu electrodeposition can be 

realized using an inhibiting additive, 2-[3-(1, 3-Dihydro-1, 3, 3-trimethyl-2H-indol-2-

ylidene)-1-propenyl]-1, 3, 3-trimethyl-3H-indolium chloride (Basic Red 12) [5-6]. Figure 5.1 

shows the SEM images of the Cu deposit, which was electrodeposited in an acidic CuSO4 

solution containing Basic Red 12 as an additive on the patterned wafer surface.2 Preferential 

deposition of Cu, i.e., Cu overburden, took place on trench arrays of sub-micron line width 

and space. According to a curvature enhanced accelerator coverage (CEAC) model, the origin 

of Cu overburden in solution containing accelerating additives is attributed to the increase of 

                                                 
2 The patterned Si wafers covered with sputtered Cu had a trench pattern of 0.25 m wide 

and 0.5 m deep at a 0.5 m pitch. The patterned regions are 15 m wide and are separated 

by 15 m wide flat regions. 
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a local coverage of accelerating additives at the feature. The CEAC model, however, cannot 

be applied to the Cu overburden in solution containing inhibiting additives such as Basic Red 

12 and we proposed that diffusion-adsorption consumption of Basic Red 12 is the origin of 

the selective deposition of Cu [5]. The detailed mechanism of the role of Basic Red 12 is, 

however, not clear yet.  

In this section,  potential dependent adsorption/desorption behavior of Basic Red 12 on 

electrode surfaces is studied to clarify the role of an inhibiting additive, Basic Red 12, for 

selective electrodeposition of Cu surface in sulfuric acid solutions by using linear sweep 

voltammetry (LSV), cyclic voltammetry (CV) and in situ surface enhanced Raman scattering 

(SERS), which is a powerful tool for obtaining detailed information on adsorption structures 

and orientations of molecules [7-11], measurements.   

 

 

Figure 5.1 SEM images of the electrodeposited Cu on the patterned wafer surface covered with Cu 

seed layer (a) top view (b, c) cross-sectional views of two different magnifications. Cu was 

deposited in a solution containing 2.5 x 10-5 mol/dm3 Basic Red 12 at 2.5 mA/cm2. Carbon 

coating was deposited on Cu prior to focused ion beam milling. 
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5.2 Results and Discussion 

5.2.1 Electrochemical measurements 

Figure 5.2 shows CVs of an Au electrode in a solution containing 0.3 M CuSO4, 1.8 M 

H2SO4, 1.6 x 10-3 M HCl and various concentrations of Basic Red 12 in the potential range 

between +0.2 V and -0.5 V. While the deposition of Cu started at + 0.1 V in the solution 

without Basic Red 12, it started from more negative potential with Basic Red 12, showing the 

inhibition effect of Basic Red 12 on Cu deposition. The higher the concentration, the more 

negative the onset for Cu deposition. The current reached limited current, which flowed up to 

very positive potential in the backward scan, showing that although Basic Red 12 inhibits the 

Cu deposition at the initial stage of deposition, inhibition effect is lost once copper deposition 

has started.  

 

 

Figure 5.2 CVs of a Au electrode in a solution containing 0.3 M CuSO4, 1.8 M H2SO4, 1.6 x 10-3 M 

HCl and Basic Red 12 (0 to 2.5 x 10-5 M) of an. Scan rate: 1 mV/s. 
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Figure 5.3 In situ SERS spectra of Basic Red 12 on a Cu electrode in a solution containing 1.8 M 

H2SO4, 1.6 x 10-3 M HCl and 2.5 x 10-5 M Basic Red 12 at potentials from 0 V to -0.5 V.  

 

 

Table 5.1   List of major SERS bands of Basic Red 12 and corresponding assignments 
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5.2.2 In situ SERS measurements 

Figure 5.3 shows in situ SERS spectra at various potentials for a Cu electrode in a 

solution containing 1.8 M H2SO4, 1.6 x 10-3 M HCl, and 2.5 x 10-5 M Basic Red 12. Well-

characterized spectra of Basic Red 12 were obtained for the entire potential region. Table 5.1 

summarizes the band assignments. The peak intensity was dependent on the potential, but the 

relative peak intensities and peak positions were not, showing that the potential did not affect 

the orientation or structure but rather the surface coverage of Basic Red 12 on Cu. 

Because the SERS peak intensity change is affected not only by the coverage of Basic 

Red 12 but also by the morphology of the electrode surface, the latter contribution was 

removed by normalizing the SERS spectra with the intensity of the background plasmonic 

emission [9]. Figure 5.4 shows the potential dependence of the normalized intensity of the 

611-cm-1 peak during a potential scan from +1.0 to -0.5 V at a scan rate of 1 mV/s. The SERS 

peak intensity continuously increased at first as the potential became negative but then started 

to decrease around 0 V at the Cu electrode. Similar potential dependence was observed at a 

Au electrode in a solution with 0.3 M CuSO4, but the signal started to decrease at +0.4 V 

without the CuSO4. The presence of Cu on the Au surface seemed to increase the peak 

intensity. The peak intensity was also smaller during the positive scan than in the negative 

scan. The coverage of Basic Red 12 decreased after Cu deposition in the potential range from 

0 to -0.5 V. Both the Cu deposition current in the CV results and the peak intensity of the in 

situ SERS spectra showed hysteresis. After Cu deposition, the deposition current increased, 

while the SERS peak intensity decreased. In the negative potential range from -0.3 to -0.5 V, 

the roughness of the deposited Cu surface had to increase, because the rate of the Cu 

deposition reaction is limited by the diffusion of Cu2+ ions. Consequently, decreases in the 

peak intensity mean decreases in the surface coverage of Basic Red 12.  
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Basic Red 12 strongly adsorbs over the surface before Cu deposition and then inhibits the 

deposition. This inhibiting effect increased with the Basic Red 12 concentration. Once Cu 

electrodeposition starts on some areas, the Basic Red 12 desorbs or decomposes on those 

areas. The decreased Basic Red 12 concentration on those specific areas leads to preferential 

growth of Cu over other areas. This demonstrates that a difference in surface roughness and a 

proper current density and Basic Red 12 concentration are necessary for selective deposition 

of Cu [5]. These results further indicate that Basic Red 12 generates a concentration gradient 

due to its consumption on a Cu surface having features. In the diffusion-adsorption 

consumption of the inhibiting-additive mechanism, a Cu overburden may be formed by 

depletion of the inhibiting additive near features in the plating solution.  

The peaks at 311 and 358 cm−1 were assigned to the Cu-Cl bonds of adsorbed Cl- ions. 

Figure 5.5 shows the potential-dependent peak position shift of the Raman spectra. The peaks 

attributed to Basic Red 12 did not change, whereas the Cu-Cl peaks shifted to lower values. 

This suggests that Basic Red 12 does not change its structure during the Cu deposition 

reaction, and that the adsorption state of Cl- ions changes with the electrode potential. These 

results suggest a reaction model for Basic Red 12 on the surface, as shown in Fig. 5.6. Basic 

Red 12 adsorbs to the Cu surface via Cl- ions and suppresses the Cu deposition reaction. As 

the overvoltage increases, the Cu deposition rate increases, while at the same time the 

interaction between the Cl- ions and Basic Red 12 weakens. As a result, the Basic Red 12 

desorbs from the surface, and a decrease in its peak intensity is observed. Further 

investigation is necessary to clarify the role of the Cl- ions.  

 

5.3 Conclusions 

The role of Basic Red 12, an inhibiting additive, in selective Cu deposition was clarified 

by LSV, CV, and in situ SERS measurements. The normalized SERS peak intensity of Basic 
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Red 12 varied with the potential, but no change in the peak position was observed. Both the 

SERS peak intensity and the current for Cu deposition showed hysteresis in the potential 

range between +0.1 and -0.5 V. These results indicate that the coverage of Basic Red 12 

varied with the potential, leading to inhomogeneity of the inhibition effect of Basic Red 12 on 

the Cu surface, thus enhancing the difference in thickness of the deposited Cu.  

 

 

 

Figure 5.4  Potential dependence of  the normalized SERS intensity of the 611-cm-1 band during a 

potential scan (scan rate: 1 mV/s) in a solution containing 1.8 M H2SO4, 1.6 x 10-3 M HCl, 

and 2.5 x 10-5 M Basic Red 12 at (a) a Au electrode, (b) a Cu electrode, and (c) a Au 

electrode with 0.3 M CuSO4. 
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Figure 5.5 Potential dependence of the peak position shift for in situ SERS of Basic Red 12.  

 

 

Figure 5.6 Schematic diagrams of Basic Red 12 on the Cu surface in the electrolyte during Cu 

deposition.   
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Chapter 6 

General Conclusion and Future Prospects 

 

6.1 General conclusion 

 This dissertation has investigated the mechanisms of an anisotropic electrochemical 

copper deposition reaction with an additive in solution, by using electrochemical 

measurements, numerical simulation, shape observation of deposited metal by scanning and 

transmission electron microscopy (SEM and TEM), and in situ surface-enhanced Raman 

spectroscopy (SERS).  

In section 3.2, the role of additives in the copper electroplating bath of the damascene 

process was investigated. A bottom-up filling model was proposed and confirmed by 

comparing experimental and simulation results. Janus Green B and Basic Blue 3, two dyes 

that adsorb on the copper surface and suppress copper deposition, were examined for use as 

additives to improve the filling capability. Damascene copper grew uniformly in a bath that 

contained Basic Blue 3, but it grew preferentially from the bottom of a trench with Janus 

Green B. Addition of Janus Green B thus produced a continuous concentration gradient in a 

sub-micrometer trench when its diffusion and consumption rates on the copper surface were 

well balanced. Filling profiles were estimated by numerical simulation using parameters 

determined by an electrochemical method. These profiles agreed well with the experimental 

results.  

 In section 3.3, to completely fill 80-nm-wide trenches with a high aspect ratio (>6) by 

copper electroplating, the influence of pulse-wave electroplating conditions was investigated. 

The peak current density and current-off time during pulse-wave plating were found to affect 

bottom-up filling. Specifically, bottom-up filling was confirmed to occur when the peak 
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current density, current-on time, and current-off time were 100 mA/cm2, 3 ms, and 300 ms, 

respectively. The microstructure of the trench was observed by TEM before and after 

annealing at 673 K. After annealing, the grain size increased and grains could span the trench 

width. The sizes of grains formed by pulse-wave plating were 37.5 and 96 nm before and 

after annealing, respectively. These values were similar to those for DC plating. Pulse wave-

electroplating is, therefore, promising as a step in the dual damascene process for fabricating 

very narrow, high-aspect-ratio copper wiring. 

 In section 3.4, the effect of the aspect ratio of very narrow copper interconnects less 

than 100-nm wide on the resistivity was discussed. From longitudinal and cross-sectional 

TEM observation, many very small grains were observed at trench bottoms, while larger 

grain sizes were predominant in the upper portions of the interconnects. The resistivity was 

found to decrease significantly with increased aspect ratio for fine-pitch copper wiring 

because of the larger grain size distributions in the upper portions of the interconnects with 

higher aspect ratios. This result demonstrates that control of the aspect ratio will be effective 

for controlling the resistivity in future copper interconnects with very narrow and shallow 

dimensions. 

 Section 3.5 evaluated the grain size distributions and average grain sizes along the 

longitudinal direction of 50-, 70- and 80-nm-wide copper interconnects and compared the 

resistivities. After annealing, the standard deviation of the grain sizes in the 50-nm copper 

interconnects increased to 27.5 nm, and the average grain size grew larger than that of the as-

deposited interconnects. Furthermore, the standard deviation of the grain sizes in the normal 

distribution histogram for the 50-nm wires was found to be much smaller than those for the 

70- and 80-nm wires after annealing. This implies that adequate grain growth should not be 

expected in the very narrow (less than 50 nm) copper interconnects of the future if they are 

made by the conventional annealing process. 
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 Next, chapter 4 described selective, anisotropic electroplating for a resistless 

metallization process using a copper overburden with an inhibiting additive.  A dye, Basic 

Red 12 (2-[3-(1, 3-Dihydro-1, 3, 3-trimethyl-2H-indol-2-ylidene)-1-propenyl]-1, 3, 3-

trimethyl-3H-indolium chloride), was used as the inhibiting additive in the electroplating 

bath.   When this additive was added, the copper overburden was observed on the surface to 

form features without an accelerating additive.  The shapes of the deposited copper varied as 

a function of the additive concentration and the plating current density.   This process shows 

significant advantages for fabricating micrometer-scale copper structures without a patterned 

resist layer. 

 In chapter 5, the role of the inhibiting additive in selective copper deposition was 

investigated with linear sweep and cyclic voltammetry and in situ SERS measurements. The 

SERS peak intensity for Basic Red 12 was normalized. The copper deposition current showed 

hysteresis, indicating that the coverage of Basic Red 12 varied with the potential. This leads 

to inhomogeneity of the inhibition effect of Basic Red 12 on the copper surface.  

 

6.2 Future Prospects 

 This dissertation has examined the influence of additives on the shapes and properties 

of copper deposited by an anisotropic electrodeposition reaction. Application of these results 

should enable progress in developing manufacturing processes using anisotropic deposition 

for fine copper wiring.  

The downsizing trend of current LSI technology is steadily approaching its physical 

limit, so the development of novel devices is necessary. Although copper interconnects have 

been used for LSI devices for 20 years, the increase in the resistance of copper interconnects 

is becoming too large to ignore. Therefore, we should be trying to develop new materials and 

processes for interconnection by applying electrochemical methods.  
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