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1. Introduction 
 

 

An Italian chemist, Luigi Brugnatelli was the one who invented electroplating in 1805. 

He performed electrodeposition of gold using the voltaic pile, discovered by Alessandro Volta 

in 1800. 

Electrodeposition as an industrial activity has been practiced for over 150 years, one of 

its first applications having been the copper electroplating of printing press plates [Lan02]. 

Since then, electrochemical metal deposition, especially from aqueous electrolytes, became 

the basis for a significant number of industrial applications such as surface finishing for 

corrosion and wear protection, for decorative applications, electroforming of three-

dimensional objects, metal winning and refining. Fabrication of printed circuit boards and 

electrical contacts was one of the first applications of electroplating and electroless plating in 

the electronics industry.  

A number of key industries, such as the automobile industry, adopted the methods of 

electrochemical deposition even when other methods, such as evaporation, sputtering, 

chemical vapour deposition (CVD), and the like, are an option. The reason for which 

electrodeposition started to replace more and more the competing vapour phase technologies 

is that the electrochemical processes are relatively cheap and they are highly selective in that 

metal is deposited only on those places where it is needed.  

Copper is the second most common metal plated, behind nickel. Major uses of 

electroplated copper are plating on plastics, printed wiring boards, automotive bumpers, 

rotogravure rolls, electrorefining, and electroforming [Din00].  

Because copper has excellent leveling properties and very high throwing efficiency, it 

makes an excellent undercoat for most other metals. In addition, because copper is ductile, it 

polishes easily to a high shine so that it supports a bright, shiny finishing metal above it. 

Copper makes an excellent undercoat on aluminium, which is a base metal that most other 

electrodeposited metals will not attach to. Copper is also about the only metal that can be 

electroplated onto zinc die casts. 

In the 1990s an enormous increase in the number of studies on copper 

electrodeposition has been observed, stimulated by its use in electronics packaging. Since 
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1997, electroplated copper is used in advanced IC chips for wiring, replacing the vapour 

deposited aluminium used previously. The electrochemical manufacturing process relies on 

the so-called damascene plating technology [And98]. The process depends on the use of 

electrolyte additives that affect the local deposition rate, the result being the “superfilling” of 

trenches and vias. 

So many different applications require a wide range of mechanical and physical 

properties which cannot be achieved without the presence of additives in the electrolytic 

solutions. Additives are organic and inorganic molecules which introduced in the plating 

baths affect deposition and crystal building processes as adsorbates at the cathode surface. 

The first generation of electrolytes contained numerous components, and therefore general 

knowledge of both the chemistry and processing conditions was significantly constrained by 

proprietary concerns. The success of plating operations depended on the empirical know-how 

of the electroplaters. In the last decades, electroplating evolved from a “black art” into an 

exact science, with a lot of new applications [Pau98, Lan02]. 

Simplification of electrolyte additive packages to three (accelerator, suppressor, 

leveller) and two (accelerator or brightening agent, suppressor) components [Mof00, Tae01] 

as well as the development of new experimental techniques and devices opened the way for 

detailed studies of the action of each additive. 

Especially the invention of the scanning tunnelling microscope (STM) in the early 

1980s marked a forward step in the study and understanding of the initial stages of the 

electrochemical phase formation. The scanning probe techniques in general became in the last 

years very important tools for investigating adsorption on metallic surfaces and 

electrochemical deposition. The value of this technique lies in its ability to provide local 

information concerning the metal deposit, which is unsurpassed by any other technique in 

terms of resolution. However, there are also some limitations of this technique, STM being 

suitable only for studying relatively slow electrodeposition phenomena.  

STM provided new insight into the role of defects such steps, kinks, and screw 

dislocations on nucleation and growth of electrodeposits. The use of single crystals as 

substrates, as well as the development of reproducible preparation methods for acquiring good 

quality surfaces, provided the requirements for obtaining images with atomic resolution. STM 

has been used from several groups for studying the effect of additives on the formation and 

growth of electrodeposits. However, the number of additives which have been studied so far 

by means of STM was limited. As scanning probe and other sensitive in situ techniques 

become more widely used, one should expect that more additives will be investigated and that 
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the understanding of their synergistic and antagonistic effects will improve.  

The damascene copper plating process uses a thin Cu seed which covers the complete 

wafer surface, including trench and via openings, and acts as a cathode for electroplating the 

copper [Ver05]. When introduced in the proper concentrations, additives can increase the 

deposition rate in the features (i.e. trenches and via openings) relative to the planar surface. 

The observed differential plating kinetics are known in the literature as superfilling, 

superconformal, or bottom-up plating [Ver05]. Studies have proven that even a rather simple 

electrolyte (called two-component plating system, suppressor and accelerator), consisting of 

chloride, PEG (as a suppressor), and a sulphur-based organic molecule such as a thiol 

(MPSA) or a disulfide (SPS), can achieve superfilling behaviour through the competition 

between PEG and thiol/ disulfide for adsorption sites [Wes01, Mof01, Jos01, Whe03, Mof04, 

Mof05]. Therefore the selection of the additives for the present work was not made by 

accident, but it was trying to follow the trend of implementing Cu plating more and more in 

the electronics manufacturing. Despite the advanced state in the plating technology, detailed 

studies concerning the role of each individual additive are lacking. For this reason, the 

influence of each singular additive has been investigated in the present work, starting with the 

adsorption of the different additives and continuing with Cu nucleation and growth. The 

employed experimental techniques were cyclic voltammetry and in situ STM. 

Studies on Cu electrodeposition in the Department of Electrochemistry at the 

University of Ulm have been carried out already more than 15 years. There were two different 

research directions: metal deposition in the presence of different additives and metal 

deposition on SAMs deposited on Au single crystal substrates. The present work brings its 

contribution to a better understanding of the additive action in the Cu deposition onto Au(111) 

substrates. Moreover, Cu(111) single crystals as substrates for Cu deposition were for the first 

time used, in an attempt to bring fundamental research more close to the industrial 

applications. This second part of the study has been carried out in cooperation with Atotech 

Deutschland. 

Chapter 2 covers some fundamental aspects of adsorption phenomena and 

electrochemical deposition. It also briefly discusses the industrial aspects of metal deposition.  

In Chapter 3 a short overview of the theoretical aspects of the experimental techniques 

used in the present work is given. Also the details of the experiment are described, which 

include cleaning procedures, sample preparation methods, description of the electrochemical 

and STM cell, as well as of the STM device, and a list of used chemicals. 

Chapter 4 is devoted to the characterisation of the substrate surface, for both Au(111) 
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and Cu(111) single crystals. 

Chapter 5 presents the results on the influence of additives on Cu deposition onto 

Au(111). First, the deposition from the additive-free electrolyte has been shown. The 

investigated additives were chloride, PEG, MPSA, SPS, and the combination PEG and 

chloride. 

Chapter 6 discusses the results for the adsorption and the effect on Cu deposition onto 

Cu(111) of MPA, MPSA and SPS. Additionally to this, the effect of the MPSA-chloride 

combination has been as well presented. 
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2. Theoretical Part 
 

 

2.1. Metal-solution interphase – brief description of the electrical 

double layer 

 
 

Electrochemistry deals with the structures and processes at the interface between an 

electronic conductor (electrode) and an ionic conductor (the electrolyte). The interface 

between the electrode and an electrolyte is the place where charge transfer takes place and 

where changes in the electrical and chemical potential are the driving forces for the 

electrochemical reactions, and therefore is considered as the “heart” of electrochemistry. A 

large number of important reactions take place at the interface between a metal and a solution: 

metal deposition and dissolution, electron and proton transfer reactions, corrosion, film 

formation, and electro-organic synthesis. A detailed knowledge of the structure of the 

interface, the distribution of the particles of which it is composed, and the variation of the 

electric potential, which acts as a driving force for all charge transfer reactions is required for 

understanding and controlling these processes. 

The term “electrical double layer”, or just “double layer”, is used to describe the 

arrangement of charges and oriented dipoles constituting the interphase region at the 

boundary of an electrolyte. The simplest model of the structure of the metal-solution 

interphase is the Helmholtz compact double layer model (1879), which considers the double 

layer as a parallel-plate capacitor, with one plate being the metal with its excess charge and 

the other plate built up by the hydrated ions at closest approach (the “non-specifically 

adsorbed” ions). The centres of the hydrated ions, held in place only by electrostatic forces, 

define the outer Helmholtz plane (OHP). 

This simple model of a parallel-plate capacitor needed to be improved in order to 

explain the experimental findings. A schematic diagram of the metal/ electrolyte interface, as 

presented in most of the electrochemistry books nowadays, is shown in Fig. 2.1.1. The model 

takes into account that ions with weakly bound solvation shells (e.g., anions, particularly ions 

like Cl-, Br- and I-) could give away part of their solvation shells to form a chemical bond with 
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the electrode surface. These ions are called “specifically adsorbed”. Their centres define the 

inner plane of closest approach (IHP; inner Helmholtz plane). The fully hydrated ions cannot 

approach the electrode closer than the outer plane of closest approach (OHP). Because the 

chemical interactions between specifically adsorbed ions and electrode surface causes more 

charge to be accumulated at the surface than required by electrostatics, countercharge (cations 

in the case of specifically adsorbed anions) is incorporated in the double layer for charge 

compensation.  

 

 

 
Fig. 2.1.1. Model of the metal/ electrolyte interface, with the metal positively charged. From 

[Kol01]. 

 
 

2.2. Adsorption at electrode surfaces 
 
 

The study of adsorption of organic substances at electrodes attracts wide interest 

because of its impact on the understanding of the structure of the double layer [Par80, Tra92], 

the kinetics of electron transfer [Lip86], the general field of corrosion (inhibition) [Wal80a, 
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Ker01], and the mechanism of electrode processes [Sun87, Sol88]. Most solutions used in 

electrodeposition of metals and alloys contain one or more inorganic or organic additives that 

have specific functions in the deposition process. These additives affect deposition and crystal 

formation processes as adsorbates at the surface of the cathode. Hence, the adsorption of each 

additive on the substrate appears to be an essential step in the action of that additive on the 

deposition.  

Based on the energy of the adsorbate-surface interaction, adsorption can be classified 

in: chemisorption (chemical adsorption, also called specific adsorption) and physisorption 

(physical adsorption). In chemisorption there is a chemical bond between the adsorbate and 

the substrate (usually covalent bonds), and new electronic configurations are formed due to 

the electron sharing/ transfer. In the case of physisorption there is no electron sharing or 

transfer, and the forces manifested between the adsorbate and substrate are either van der 

Waals or pure electrostatic forces. The adsorption energy for chemisorbed species is greater 

than that for physisorbed species (20-100 kcal mol-1, in comparison with 5 kcal mol-1) 

[Pau98].  

The amount of adsorbed species is usually given in terms of the coverage θ, which is 

the fraction of the electrode surface covered with the adsorbate. When the adsorbate can form 

a complete monolayer, θ equals the ratio of the amount of adsorbate present to the maximum 

amount that can be adsorbed. In some systems which involve the adsorption of organic 

molecules the area covered by a single molecule changes with the coverage; some organic 

molecules lie flat at low coverage and stand up at higher coverages. Therefore one has to 

specify to which situation the coverage refers [Schm96a]. Another definition of the coverage, 

often used in surface science, is the following: θ is the ratio of the number of adsorbed species 

to the number of surface atoms of the substrate. 

Adsorption isotherms describe the relationship between the coverage θ and the 

concentration of the adsorbate in the bulk solution, cb, at a given temperature. There are 

several adsorption models, but the most common is the Langmuir adsorption isotherm model. 

This model assumes that the adsorbent (substrate) has N sites per unit area, of which N0 are 

unoccupied and N1 are occupied by adsorbate molecules. This implies that there is a limit to 

the amount that can be adsorbed, i.e. a saturation value of adsorption. The surface coverage is 

defined as θ = N1 / N. Further it is assumed that the rate of adsorption ra is proportional to N0 

and also to cb, and the rate of desorption rd is proportional to N1. At equilibrium, ra = rd. The 

Langmuir isotherm can be represented as:  
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θ =
)Kc1(

Kc
b

b

+
                                                                                                           (2.2.1) 

 
where K = ka / kd is the equilibrium constant for adsorption. 

The Langmuir isotherm is based on a very simple model which assumes that the 

adsorption energy of all sites is the same and is not affected by adsorption on neighbouring 

sites. Other models take into account the interaction between the adsorbed particles           

(e.g. Frumkin isotherm).  

Equation (2.2.1) is valid for adsorption without dissociation. In many cases, adsorption 

occurs with dissociation of the molecule into n fragments (e.g. adsorption of H2). The 

Langmuir isotherm has then the following form [Pau98]: 

 

θ = 
n/1b

n/1b

)K(c1

)K(c

+
                                                                                                                 (2.2.2) 

 
If a molecule is being adsorbed on m sites on the surface, without to dissociate, the 

following equation holds: 

 

( )
b

m
Kc

1
=

−θ

θ
                                                                                                                   (2.2.3) 

    
 

2.3. Electrochemical deposition 
 
 

Metal electrodeposition has attracted special attention over the years mostly because 

of its great technological importance, one of the first applications being the electroforming of 

printing plates. Subsequently, electroplating gained major importance as a cheap and versatile 

surface finishing process for decorative applications and for corrosion and wear protection. 

Other processes based on electrodeposition are metal winning and refining, not to mention the 

applications of electroplating in electronics [Lan02].  

Electrodeposition denotes nucleation and crystal growth in electrochemical systems 

under the influence of an electric field. For 3D metal (Me) bulk phase formation and growth 

on native substrate Me and dissolution of the 3D Me bulk phase, the overall reaction of the 

Me/ Mez+ electrode is: 
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Me ↔ +z

solvMe  + ze- (2.3.1) 

 
where +z

solvMe  are solvated metal ions in the electrolyte phase. The electrode potential of the 

metal in equilibrium with its ions is described by the Nernst equation: 

 

Me

Me0

Me/MeMeMe/ a

a
ln

zF

RT
EE

z

zz

+

++ +=                                                                                       (2.3.2) 

 
0
Me/MezE +  represents the standard potential of the Me/ Mez+ electrode, R the gas constant, F the 

Faraday constant, and +zMe
a  the activity of  +z

solvMe  in the electrolyte. For a pure 3D Me bulk 

phase, Mea  is equal to 1. The actual electrode potential, E, determines the direction of reaction 

(2.3.1). When E < +zMeMe/ 
E , 3D Me bulk phase can be deposit cathodically, while at                

E > +zMeMe/ 
E  it dissolves anodically. The difference E- +zMeMe/ 

E  is called overpotential 

(overvoltage), η. 

In the case of Me phase formation on a foreign substrate S, the reaction of the S/ Mez+ 

electrode is: 

 
Me(on  top of S) ↔ +z

solvMe  + ze- (2.3.3) 

 
The potential difference E- +zMeMe/ 

E  in this case is defined as [Kol78, Jüt80]: 

∆E (underpotential) > 0 for E > +zMeMe/ 
E   E- +zMeMe/ 

E =  

η (overpotential)     < 0 for E < +zMeMe/ 
E  (2.3.4) 

 
Underpotential deposition (UPD) occurs when E > +zMeMe/ 

E , while overpotential 

deposition (OPD) takes place at E < +zMeMe/ 
E . The process of Me OPD on S becomes identical 

with that of Me OPD on Me if the metal deposit on the foreign substrate S reaches a certain 

thickness, thus behaving as 3D Me bulk phase. The critical thickness ranges usually between 

one and 20 metal monolayers on S [Bud96]. 
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2.3.1. Metal deposition mechanisms 

 
The most important parameters which determine the mechanism of UPD and OPD of a 

metal Me on a foreign substrate S are the binding energy Meads-S, S-Meads
Ψ , and the 

crystallographic misfit between S and Me [Bud96]. The latter is given by ( Me 0,d - S 0,d )/ S 0,d , 

with Me 0,d  and S 0,d  representing the lattice constants of Me, respectively S. If one considers 

the deposition process occurring at nearly equilibrium conditions, and disregards Me-S alloy 

formation, two different growth modes can be distinguished, which are represented in Fig. 

2.3.1: 

 

 
 

Fig. 2.3.1. Schematic representation of the three growth modes in metal Me deposition on 

foreign substrate S: a) Volmer-Weber; b) Frank-van der Merwe and c) Stranski-Kranstanov 

growth mode. 

 
(1) If the energy of Meads on the foreign substrate S, S-Meads

Ψ , is lower than that of 
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Meads on the native substrate Me, Me-Meads
Ψ , the deposition occurs on an unmodified substrate 

surface according to the Volmer-Weber or 3D island growth mode, which is independent on 

the crystallographic misfit. 

 (2) If S-Meads
Ψ  is higher than Me-Meads

Ψ , then deposition can occur in the UPD range 

and the surface concentration of the Meads at the Nernst potential can reach one or more 

monolayers, depending on S-Meads
Ψ . Depending on the crystallographic misfit, two different 

subcases can be distinguished: 

(2.1) In systems with negligible crystallographic misfit, ( Me 0,d - S 0,d )/ S 0,d ≈0, 

the deposition occurs epitaxially, following the Frank-van der Merwe or layer-by-

layer growth mode up to the disappearance of the strong Me-S interaction. Further 

metal growth continues in a layer growth mode as on the native substrate. 

(2.2) In systems with significant crystallographic misfit, ( Me 0,d - S 0,d )/ S 0,d < 0 

(negative misfit), or > 0 (positive misfit), the metallic phase formed in the UPD range 

has a different structure than the bulk metallic phase and contains significant internal 

strain. The formation of unstrained Me crystallites on top of the strained UPD layer 

follows the Stranski-Krastanov growth mode. The misfit between the UPD phase and 

the Me bulk phase is mainly removed by misfit dislocations [Bau86]. 

 
 

2.3.2. Atomistic aspects of metal electrodeposition 

 
In the metal electrodeposition, a metal ion Mez+ is transferred from the electrolyte to 

the metal lattice. This can be simply represented as: 

 
Mez+ (solution) → Mez+ (lattice) (2.3.5) 

 
The reaction is accompanied by the transfer of z electrons from an external electron source to 

the electron gas in the metal M [Pau98, Pau00]. 

Metal deposition on an solid electrode is a very complex process which can be 

considered as a sum of different elementary processes, such as: transport of the metal ions to 

the substrate surface, adsorption of the hydrated ions on the surface, electron transfer, surface 

diffusion of the adsorbed atoms (adatoms), incorporation of the adatoms at an energetically 

favourable place (i.e. kink site), or formation of a stable nucleus on a terrace, and growth of 
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the nuclei through the incorporation of new adatoms. Each one of these elementary reactions 

could become the rate determining step.  

The first step in the metal electrodeposition is the adsorption of the metal ions on the 

substrate surface, and thus the formation of Me adatoms [Obr93]. Metal ions in aqueous 

solutions are hydrated, their structure being represented as [Me(H2O)x]
z+. Basically, a 

transition from this initial state (i.e. hydrated ion) to a final state (i.e. Me adion/ adatom) 

should occur. The final state is Me adatom/ adion at the kink site, in conformity with the 

theories introduced independently by Kossel and Stranski [Bud96]. Kink sites (or half crystal 

positions) are defects in the crystal surface, their density giving (together with other defects 

such as adatoms, vacancies and step edges) the degree of surface roughness. The kink site has 

some salient features: (1) if an atom will be removed from this position, the next atom in the 

row will find itself in the same position; (2) an atom in the kink position is bonded to the 

crystal with exactly half of the bonds of a bulk atom; (3) it represents the final stage of the 

transfer of an atom from the ambient to the crystal [Bud96]. Therefore, a kink site can be 

considered as a site of growth/ dissolution of the crystal. In Fig. 2.3.2 some defects of a 

singular face of a crystal with a simple cubic lattice are shown.  

The transition from the initial to the final state can proceed via two mechanisms:      

(1) step-edge site ion transfer mechanism or (2) terrace-site ion transfer mechanism [Pau98].  

In the first one, the ion transfer takes place either directly to the kink site, or first to a step 

edge and then to the kink site. In the second mechanism, the ion is first transferred to a 

terrace, from this position diffusing on the surface until it reaches the final position at a kink 

site.  

 

 

 
Fig. 2.3.2. Model of a real metal surface showing different defects. 
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2.3.3. Nucleation  

 
Nucleation is a very important process in metal deposition. The competition between 

growth and nucleation determines the deposit granularity. The higher the nucleation rate is the 

finer grained are the crystallites. Moreover, the forms of the growing crystals determine the 

general appearance and structure of the deposit [Bud96]. Thus, nucleation can play a 

dominant role in determining the appearance, structure and properties of metallic coatings.  

If nucleation takes place on terraces (ideal crystal surface), where all adsorption sites 

are identically, one can speak about homogeneous nucleation. The adatoms diffuse on the 

terrace until they form together with other adatoms a nucleus. Real crystal surfaces present 

defects (as described before) and thus a variety of growth sites. The adatoms can accumulate 

at the defects and form there nuclei. This is the so-called heterogeneous nucleation. 

In the formation and growth of nuclei (or adion clusters), two processes are of 

fundamental importance: (1) the arrival and adsorption of ions (atoms) at the surface and     

(2) the motion of these adatoms/ adions on the surface. The Gibbs energy change of the 

system associated with the formation of a cluster of N atoms has two terms: 

 
∆G(N) = -Nze η +Φ(N)                                                                                                      (2.3.6) 

 
with the first term related to the transfer of ions from the solution to the double layer, under 

the influence of the overpotential η  and the second term being an excess energy connected 

with the formation of the interface boundaries of the cluster [Bud96]. ∆G(N) is also known as 

Gibbs energy of cluster formation. Both terms are functions of the size of the cluster N. When 

plotting ∆G as a function of N, one can see an initial increase until reaching a maximum, 

followed by a decrease with increasing N. At the maximum the cluster size is Ncrit, the critical 

cluster or the nucleus of the new phase. Ncrit is characterized by equal probability for growth 

and dissolution [Bud96]. 

The nucleation law for the probability of converting a site on the metal electrode into 

nuclei, in the time t, is given by [Pau98]: 

 
n = n0 ⋅ (1 - e-kt) (2.3.7) 

 
where n is number of sites per unit area converted into nuclei, n0 is the total number of sites 

per unit area (the maximum possible number of nuclei on the unit surface) and k is the 

nucleation rate constant. Equation (2.3.7) represents the first-order kinetic model of 
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nucleation.  

There are two limiting cases for the initial stages of nucleation: 

• instantaneous nucleation: kt >> 1; n ≅ n0 

• progressive nucleation: kt << 1; n ≅ n0⋅kt 

In the case of instantaneous nucleation all available electrode sites are converted to 

nuclei instantaneously. For small k and t the number of nuclei n is a function of time and the 

nucleation is termed progressive. One can distinguish between these two modes of nucleation 

experimentally, e.g. by the use of potentiostatic current-time transients. 

The rate of the 2D or 3D-nucleation processes, and hence the number of formed nuclei 

is strongly dependent on the overpotential.  

 
 

2.3.4. Growth of nuclei 

 
The problem of growth forms is quite complicated. Theoretically, the growth form is 

confined by the faces having the lowest normal growth rate. Crystal defects, particularly 

screw dislocations, can enhance the growth rate of singular faces, while adsorption of 

inhibitors decreases their growth rate. In electrodeposition diffusion and electric fields effects 

can also influence the growth forms of crystals [Bud96].  

Four simple models of nuclei are usually considered: (a) 2D cylinder; (b) 3D 

hemisphere; (c) right-circular cone; and (d) truncated four-sided pyramid [Pau98]. In the 

initial stages of growth, one can assume that nuclei grow independently of each other. As an 

example, only the rate of growth of a single 3D hemispherical nucleus is shown in the present 

work, given by [Pau98]: 
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                                                                                                            (2.3.8) 

 
where k is the rate constant of 3D nucleus growth, M is the molecular weight, and ρ  is the 

density of deposit. 

In the succeeding stages of growth it is necessary to consider the overlap between 

diffusion fields around growing nuclei. As a result, local concentration and overpotential 

distribution around the growing nuclei will develop. The nuclei cannot grow freely in all 

directions and the growth will stop at the point of contact. Overlap regions are characterized 
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by reduced concentration and nucleation rate. Taking overlapping into account, the time 

development of the surface part covered by the propagating islands is given by the well-

known Kolmogorov-Avrami equation [Avr39, Avr40, Avr41], which can be written as: 

 
S(t) = 1 – exp[-Sext(t)] (2.3.9) 

 
where Sext represents the surface part related to extended growth without overlapping. The 

larger the extended surface Sext(t) the lower the probability of finding a surface part, [1 - S(t)], 

not covered by the growing islands [Bud96]. 

Two mechanisms are accounted for the formation of a monolayer: (1) instantaneous 

nucleation mechanism, with the monolayer spreading out on the substrate from nuclei formed 

at t=0; and (2) progressive nucleation mechanism, in which nuclei appear randomly in time 

and space on the substrate surface. 

In the case of multilayer growth on an ideal or quasi-ideal surface, two different 

mechanisms were described: (1) mononuclear layer-by-layer growth and (2) multinuclear 

multilayer growth [Pau98]. The first mechanism occurs at low overpotentials, where the 

nucleation rate is lower than the nucleus growth rate and thus each individual nucleus spreads 

over the entire surface before the next nucleus is formed. At higher overpotentials the 

nucleation rate increases and the deposition of each layer proceeds with the formation of a 

large number of nuclei, this being the multinuclear multilayer growth. Scharifker and Hills 

developed the theory of the potentiostatic current transient for 3D multiple nucleation with 

diffusion controlled growth [Scha83].The expressions resulting from the analysis of the 

current for instantaneous and progressive nucleation are as following: 

 

• instantaneous nucleation: ( )[ ]{ }2
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• progressive nucleation: ( )[ ]{ }22
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where Im represents the current maximum and tm the time corresponding to the maximum. 

Equations (2.3.10) and (2.3.11) are used in the analysis of experimental data. The 

current-time curves often do not obey a simple theoretical model, but they appear rather as a 

combination of different nucleation mechanisms.  
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2.3.5. Formation of compact 3D metal deposits 

 
With the deposition of the second layer the 3D metal deposition begins. Depending on 

the growth mode, films (deposits) with different morphologies can be formed. The process of 

electrochemical crystal growth cannot be realized under “ideal” conditions, due to the 

crystallographic properties of both substrate and metal deposit. Models of the mechanism of 

crystal growth under “real” electrochemical conditions distinguish: (a) a discontinuous 

mechanism of crystal growth induced by nucleation phenomena forming macrosteps and (b) a 

continuous mechanism initiated by screw dislocations forming spirals with macrosteps 

[Bud96].  

Texture and morphology of compact 3D metal deposits determine their physical, 

mechanical and chemical properties. 3D metal phase formation includes the formation of 3D 

isolated crystallites, their further growth, overlapping, and finally the formation of a compact 

metal deposit. One of the most important features of an electrodeposit is the texture, i.e. the 

preferred orientation of the crystallites with a particular crystal axis aligned along the growth 

direction. The texture depends mainly on the cathodic potential (or current density) and on the 

pH of the electrolyte. Barnes et al. found a correlation between the overpotential η and the 

growth forms of electrodeposited Cu on Cu single-crystals surfaces near the (100) face: below 

10 mV ridges, 40-70 mV platelets, 70-100 mV blocks, and above 100 mV polycrystalline 

deposit [Bar60]. 

The OPD of a metal Me on a foreign substrate S in the case of a strong Meads-S 

interaction follows either the Frank-van der Merwe or the Stranski-Krastanov growth 

mechanisms, depending on the crystallographic misfit between Me and S (see section 2.3.1). 

In the first case, a layer-by-layer growth mode was observed, which made possible the 

deposition of ultrathin metallic films. In the case of the significant crystallographic misfit 

(Stranski-Krastanov), the structure and morphology of the films deposited in the OPD range, 

on top of the Me UPD modified S are strongly determined by the structure of the UPD layer 

as well as by nucleation and growth kinetics involving the internal strain due to the 

crystallographic Me-S misfit. After depositing a finite number of Me monolayers (2 < n < 20), 

the strain associated with the crystallographic misfit is compensated by the formation of 

misfit dislocations [Bud96]. 

Single crystals are often selected as substrates for two main reasons: (1) to eliminate 

heterogeneity of the substrate caused by the presence of grains of various orientation and thus 

different current densities and (2) to eliminate effects of grain boundaries. 
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2.4. Some aspects of the industrial metal deposition 
 
 

Compared to competing vapour phase technologies, electrodeposition offers several 

advantages. First of all, electrochemical processes are relatively cheap and they are highly 

selective in that metal is deposited only on those places where it is needed. Electrodeposition 

has a better throwing power than physical vapour deposition (PVD) and it allows one to 

produce high aspect ratio structures with good precision [Lan02].  

Traditional applications of electrodeposition include decorative and functional 

coatings, electroforming of three-dimensional objects and plating of circuit boards. Many 

metal wining and refining processes are based on electrodeposition. One of the first 

applications of electroplating and electroless plating in the electronics industry involved the 

fabrication of printed circuit boards and electrical contacts. In the 1980s and 1990s 

electrodeposition has found new applications in electronics manufacturing, notably in 

packaging and magnetic recording. Overviews discussing specific aspects of electrochemical 

technology in electronics and microsystems manufacturing can be found in [Rom97, And98, 

Dat00, Osa00, Hon01]. Another application of electroplating in electronics is through mask 

plating of thin film magnetic heads. Packaging of advanced electronic systems represents 

another important application of electroplating. Since 1997, electroplated copper replaced the 

vapour deposited aluminium for wiring in advanced IC chips [And98].  

Copper is probably the most widely studied metal in electrodeposition, because of its 

industrial importance and because of its noble equilibrium potential which makes it suitable 

for fundamental studies without interference by hydrogen formation [Lan02]. Major uses of 

electroplated copper are plating on plastics, printed wiring boards, zinc die castings, 

electrorefining, and electroforming [Din00]. The number of studies on copper 

electrodeposition increased very much in the last years, since it is used in electronics 

packaging.

Copper is electrodeposited for numerous applications, each one requiring different 

mechanical and physical properties which could be achieved only in the presence of different 

additives in the electroplating baths. Additives consist typically of small amounts of chloride 

in combination with two or three organic compounds. They are widely used in the industrial 

copper plating from acid sulphate solutions [Leu00]. Actually, from the acid copper solutions 

at the present time only sulphate and fluoborate solutions are commercially used. The 

additives are not only used for leveling and superfilling, but they also affect the structure and 
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roughness of the deposits. 

Copper sulphate (CuSO4⋅5H2O) and sulphuric acid are the main constituents of a 

sulphate solution. Table 2.4.1 contains formulations for conventional and high-throw 

solutions. 

The concentration of CuSO4 is not particularly critical, although the resistivity of the 

solution is greater when the concentration is increased. Concentrations above 1 M (250 g l-1) 

increase the cathodic polarization, while concentrations under 60 g l-1 result in a decreased 

cathodic efficiency [Din00]. Changes in the concentration of CuSO4 have little effect on the 

grain size, but some grain refinement results when increasing the H2SO4 concentration 

[Din00]. The sulphuric acid concentration has a bigger influence than copper sulphate 

concentration on anode and cathode polarization, as well as on solution conductivity. 

 
Table 2.4.1. Formulations of acid copper solutions 

Bath Constituents Conventional Solutions High-Throw Solutions 

CuSO4⋅5H2O, g l-1 200-250 60-100 

H2SO4, g l-1 45-90 180-270 

Cl-, mg l-1 - 50-100 

 
The effect of chloride is to reduce anode polarization and to eliminate striated deposits 

in high current density areas [Din00]. A minimal amount of chloride was essential to the 

ductility of the deposit. The effect of chloride on the Cu electrodeposition will be discussed in 

detail in Chapter 5, section 5.2. 

 
 

2.4.1. Effect of additives  

 
Addition agents for brightening, hardening, grain refining, surface smoothing, and 

increasing the limiting current density are frequently added to acid copper sulphate solutions 

[Din00]. Different mechanisms were suggested for explaining the action of different additives 

[Fra87, Fra94]. The mechanisms proposed to explain the action of additives in metal 

electrodeposition differ, not only from one metal to the other, but also from certain working 

conditions to others during the deposition of the same metal [Oni91]. These mechanisms can 

be classified, by taking into account the rate determining step (rds) of the process, in:           

(a) diffusion controlled mechanisms (rds is the diffusion of the metal ions or of the additives 
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to the electrode) and (b) non-diffusional mechanisms (with the rds being either the charge 

transfer or the incorporation of the adatom in the crystal lattice) [Oni91]. Among the non-

diffusional factors which could be involved in the action of additives are the curvature of the 

surface, the complexing properties of the metallic ions, etc. Oniciu and Mureşan classified the 

non-diffusional mechanisms in: mechanisms based on electrosorption, mechanisms implying 

complex formation, ion-pairing mechanisms, mechanisms with changing interfacial tension, 

and mechanisms based on chemical filming of the electrode [Oni91].  

There are many additives used in electrodeposition and therefore it is difficult to 

classify them. Different criteria should be chosen when trying to make a classification 

[Oni91]. Many of the present-day, commercially available additives contain three components 

designated as leveller, brightener and carrier. 

 
Levellers 

 
Leveling has been defined as the progressive reduction of the surface roughness during 

deposition. During leveling more metal is deposited in recessed areas than on peaks (bumps). 

There are two types of leveling processes: (1) geometric leveling which is produced by 

uniform current distribution, in the absence of specific agents and (2) true or electrochemical 

leveling which appear in the presence of additives because of larger current densities on 

recess areas than on protrusions of a microprofile [Oni91]. 

Geometric leveling, produced by uniform current distributions is achieved when the 

thickness of the deposit is at least equal to the depth of the groove. Leveling in the presence of 

leveling agents is achieved much earlier.  

 

 

 
Fig. 2.4.1. The two types of leveling: a) geometric leveling, in the absence of specific agents 

and b) true leveling, in the presence of levellers. 
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Theories of leveling are based on the correlation between an increase in the cathodic 

polarization produced by the leveling agents and the preferential adsorption of a leveling 

agent on elevations rather than recesses, which drives the metallic adatoms to migrate over the 

surface into the recess areas until they find free sites available for incorporation into the lattice 

[Oni91].  

A strong influence of the additives on the polarization curves was actually used as 

selection criteria for efficient leveling agents, although a large slope of the polarization curves 

is not always associated with good levelling properties of the additive. 

Substances with leveling behaviour in acidic copper electrolytes include compounds 

containing thiocarbamide groups [-C(S)-NH-] such as thiourea and many of its derivatives, 

and certain cationic polymers and soluble derivatives of dithiocarbamic acid [Jen03]. 

Phenazonium dyestuffs, both in their monomeric and polymeric forms, have been reported as 

very strong levellers [Tae01]. They are known commercially under names as Janus Green, 

Janus Black, Neptune Blue, etc.  

 
Brighteners 

 
It is well-known that there is no clear definition of the term “brightness of a surface”. 

The brightness of a metallic surface is usually defined as the optical reflecting power of that 

surface [Nik01]. Brightening can be also defined as the ability of an electroplating solution to 

produce fine deposits which consists of crystallites smaller than the wavelengths of visible 

light, i.e. smaller than 0.4 µm, and having oriented grain structure [Oni91]. A small grain size 

is a necessary but not sufficient condition for brightness; likewise not all fine-grained deposits 

are bright. Brightness depends on the degree to which morphological components of the 

surface of electrodeposits are in the same plane. There are three possible mechanisms 

accounting for bright deposition: (1) diffusion-controlled leveling, (2) grain refining, and     

(3) randomization of crystal growth. A refinement of the deposit is found in all cases of 

brightening, as well as leveling. The grain dimensions are determined by the number of grain-

producing dislocations and by the number of nuclei which appear during metal 

electrodeposition. The larger the density of grain precursors the finer grained will be the 

deposit. The factors contributing to reduction of grain size are the high overpotential            

(or current density) and foreign molecules (additives or impurities) adsorbed at the surface 

which can inhibit surface diffusion of adatoms towards growing centres. The theory of 

random electrodeposition (proposed by Hoar) considers that there are two basic mechanisms 
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of deposition: selective and random. Selective deposition occurs when atoms deposit on 

favourable surface sites, such as kinks, steps, or surface ends of screw dislocations. In the 

other mechanism deposition occurs randomly on all available surface sites. Random 

deposition can be achieved by the use of additives which produce random distribution of 

isolated surface sites uncovered by the additives and available for deposition. With large 

surface coverage of additives many favourable sites will be blocked and random deposition 

will be favoured. Random coverage of a surface is considered to be essential for bright 

deposition. Random deposition can also be promoted by an increase in the current density. 

Organic sulfides, disulfides, thioethers, and thiocarbamates belong to the group of 

brighteners.  

 
Carriers 

 
Often carriers are included in the Cu electrolyte. These compounds improve the 

performance of other additives but also provide uniform, small grained, bright deposits. They 

also ensure good wetting between the electrolyte and the cathode surface (therefore they are 

also called wetting agents). Carriers have also stress-reducing properties. When used in an 

appropriate concentration, this type of additives may improve the appearance of Cu deposits. 

Carriers include oxygen-containing high-molecular-weight compounds (molecular 

weights typically 1000-20000 g mol-1). Examples are polyvinyl alcohol, polyethylene glycol, 

and polypropylene glycol [Mof00, Tae01]. 

 
 

2.4.2. Current density and distribution 

 
The distribution of current density along the electrode is of great industrial importance 

since it may cause in electroplating a local variation of the thickness of the deposited metal, 

thus determining the quality of the final deposit.                                                                   

The main factors which influence the current distribution are [Wen99]: 

(1) geometry of the cell system; 

(2) conductivity of the electrolyte and the electrodes; 

(3) charge transfer overpotentials and slope of the current-voltage curve; 

(4) concentration overpotentials which are mainly controlled by mass-transport processes. 

Depending on which of these factors are dominant three types of current distribution 
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can be distinguished: primary, secondary and tertiary current distribution.  

In homogeneous bulk phases without space charge the fundamental equation which 

describes the potential distribution is the Laplace equation. Neglecting charge-transfer 

kinetics and mass-transfer limitations leads to the primary current density distribution. For 

two parallel electrodes embedded into insulating walls, the primary current density 

distribution becomes non-uniform with infinite current density at the edges and steadily 

decreasing, but more and more uniform distribution in going towards the centre of the 

electrodes. Infinite current densities are obviously not realistic in cells or any electronic 

device, due to mass transfer limitations and electrode kinetic [Wen99]. 

In secondary current distributions, which are in generally more uniform than the 

primary ones, the influence of an additional charge transfer overpotential is considered. In the 

case of an electrode with a serrated surface profile, the ratio of peak to valley current density 

is given as: 
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with Rvalley, Rpeak representing the electrolyte resistance to the peaks and respectively valleys. 

If an additional polarization resistance Rc is taken into account in series to the electrolyte 

resistance, then Eq. (2.4.1) becomes: 
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Tertiary current density distributions take into account additional current density limitations 

due to mass transfer. If the electrode roughness is big compared to the diffusion layer 

thickness, the so-called macroprofile arises. The diffusion resistance enhances the polarization 

resistance resulting in a more uniform current distribution than the secondary one. The so-

called microprofile is given if the electrode roughness is smaller compared to the diffusion 

layer thickness. In this case, the peaks are better accessible to diffusive mass transfer than the 

valleys, and this means that highest current densities are obtained at the peaks. In order to 

reduce mass transport limitations the electroplating baths contain the electrodeposited metal 

salt in highest possible concentrations. In high current density metal deposition, mass transfer 

has to be enhanced for instance by vigorous stirring or by moving the substrate through the 

plating bath [Wen99]. 
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3. Experimental Section 
 

 

3.1. Basic concepts of the experimental techniques 

 
 
In this section a short overview of the theoretical aspects of the techniques used in the 

present work is given. Cyclic voltammetry is an ideal technique for a first characterization of 

metal/ electrolyte interfaces. Current-potential curves can be used as fingerprints and allow to 

quickly get a general idea of the surface quality. 

The Scanning Tunneling Microscopy (STM) is based on the exponential dependence 

of the tunneling current, flowing from an electrode (the tip) onto another electrode               

(the sample), on the distance between the tip and the sample. Combination of the STM with a 

bipotentiostat and an electrochemical cell allows one to investigate in situ the adsorption on 

metal surfaces and the electrochemical phase formation.  

 
 

3.1.1. Cyclic voltammetry 

 
To receive preliminary information about a new system cyclic voltammetry (CV) is 

almost always a technique of first choice. With the help of this method, it is possible to get 

information about the type of reactions observed in a certain system and the potentials at 

which they occur. Although cyclic voltammetry is a method which averages information 

about the entire surface, it is indeed very sensitive [Kib00]. By means of CV the cleanliness 

of an electrochemical system can be checked and the structure of the electrode surface can be 

qualitatively judged, if reference curves are available. CV can be as well used to determine 

the charge by integration of the cyclic voltammogram.  

CV involves sweeping of the electrode potential between two limits at a known sweep 

rate, ν. At the beginning, the working electrode is held at some potential, IP (initial potential), 

if possible where no electrode reactions occur. Negative and positive potential limits, A and B 

are often chosen in aqueous electrolytes to lie between the hydrogen and oxygen evolution 
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potentials, which has the advantage that any adsorbed impurities that might otherwise block 

the electrode process of interest can be removed either by oxidation or reduction [Ham98]. 

Plotting the measured current density against the electrode potential gives typical cyclic 

voltammograms.  

Cyclic voltammograms are usually obtained in a three-electrode (working, counter and 

reference electrode) arrangement, in special designed electrochemical cells. The working 

electrode (WE) is the electrode whose properties are being studied. Current is passed between 

the working electrode and another electrode immersed in the solution, called the auxiliary or 

counter electrode (CE). The potential of the working electrode is measured with respect to a 

reference electrode (RE), whose potential remains usually constant with time. Common 

reference electrodes are the saturated calomel electrode (SCE), prepared from mercury in 

contact with mercurous chloride and saturated KCl solution, or a silver/ silver chloride 

electrode in contact with saturated KCl. If a current is passed between CE and WE, a voltage 

drop (also called “ohmic drop” or “IR – drop”, caused by the resistance of the electrolyte) 

between both electrodes arises. For minimizing the voltage drop a so-called Luggin capillary 

will be introduced in the electrochemical cell, with its end placed immediately (0.5 to 1 mm) 

in front of the working electrode.  

 
 

3.1.2. Scanning Tunneling Microscopy 

 
The invention of the scanning tunneling microscope (STM) and of the atomic force 

microscope (AFM) in the early 1980s [Bin82a, Bin82b] opened up entirely new possibilities 

for the observation of the structure of the metal/ electrolyte interfaces on the microscopic and 

atomic scales and thus marked a decisive step forward in the study and understanding of the 

initial stages of electrochemical phase formation.  

 
Principle of STM   

Scanning tunneling microscopy is based on the quantum-mechanical effect of electron 

tunneling. A sharp metal tip is brought very close to the conducting surface under study and 

by applying a bias voltage between them, a tunnel current will flow (typically on the order of 

a few nA). Tunneling occurs when the wave functions of tip and sample electronic states 

overlap. The arising current depends exponentially on the tip-sample distance. This property 

of the tunnel current plays the crucial role in the STM and allows controlling the sample-tip 
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separation with high vertical resolution. Topographical images of the surface are obtained by 

monitoring the tip-sample distance (at constant tunneling current) or the magnitude of the 

tunneling current (at fixed tip-sample distance) as the tip is drawn across the sample. The 

STM images correspond quite closely to the topography of the surface electron density. 

Schematically, the principle of the STM is shown in Fig. 3.1.1. 

 

 

 
Fig. 3.1.1. Principle of operation of the scanning tunneling microscope [Kol96, Dak97]. 

 
The very high resolution of the STM relies on the strong dependence of the tunneling 

current on the distance between the two tunnel electrodes, i.e. the tip and the scanned surface. 

The tunneling current through a potential barrier with the height ΦT and width s is given by: 
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TTT Φ−⋅∝                                                                                                     (3.1.1) 
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where IT is the tunnel current, UT is the tunnel voltage, s represents the tip-sample distance 

(the width of the potential barrier), me the free-electron mass, and ℏ = h/2π, with h being the 

Planck constant. With barrier heights (work functions) of a few electronvolts (1-3 eV [Eng98, 

Nag02]) a change of the tunnel barrier width by a single atomic step (2-5 Å) modifies the 

tunneling current up to three orders of magnitude. 
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Operating modes of STM 

The data collection with the STM is performed generally in one of two ways: constant  

current or constant height mode [Chr92, Fri99]. In the first case, the most used operating 

mode, the current is held constant while the tip scans in the (x, y) plane. The current is kept 

constant through readjusting the vertical position of the probe (tip) by applying an appropriate 

voltage on the vertical piezoelement. This voltage is used to trace the surface topography. In 

this mode rough sample surfaces can be imaged with a minimum risk of destroying the 

sample with the tip or vice versa. However, low scan rates are required in this mode to allow 

appropriate height readjustment by the feedback loop. In the constant height operating mode 

the absolute vertical position of the tip remains constant during scanning. Thus, the tip-

surface separation changes according to the sample topography resulting in a varying signal of 

the tip. The image in this case reveals changes of the tunneling current. The advantage of this 

mode is a faster scan rate, which is not limited now by the time response in z-direction. 

However, this is useful only for flat surfaces, or very small areas. Otherwise, the risk of tip 

crashes, which may result in damage of either tip or sample surface, is higher in this mode.  

 
STM under electrochemical conditions 

Sonnenfeld and Hansma [Son86] were the first to use the STM for imaging a surface 

immersed in a liquid, their study on HOPG being followed by a series of rapid advances 

yielding to high-resolution images, obtained in solution and under potential control. The 

development of the in situ electrochemical STM imaging contributed to a better 

understanding of the processes occurring at the solid/ liquid interface, thus having a great 

impact on a large number of areas of interfacial science. For performing STM measurements 

in an electrochemical environment, some changes have proven to be necessary. The major 

difference between STM under vacuum and in an electrolyte is that the tip behaves also as an 

electrode. Electrochemical control of a sample is usually provided via a three-electrode 

potentiostat and the potential of the sample (or working electrode) is maintained and 

monitored with respect to a reference electrode, faradaic currents flowing only between the 

working and the counter electrode. The appearance of a new electrode, namely the metallic tip 

immersed in the electrolyte, requires the use of a bipotentiostat, which allows one to control 

both the sample and the tip as two separate and independent working electrodes [Chr92].    

The tip can produce currents which approach several mA, while the tunneling currents are 

typically on the order of some nA. A consequence of this fact is that the tip should be 

insulated by coating all but its very end so that the tunneling current will not be overcome by 
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the electrochemical background. Therefore for in situ electrochemical STM the crucial steps 

were to develop methods and materials for coating the tip and for coupling the STM with a 

bipotentiostat [Gew97]. 

 
 

3.2. Experimental procedures and devices 
 
 

This section is devoted to the details of the experiment, which include cleaning 

procedures, sample preparation methods, description of the electrochemical and STM cell, as 

well as of the STM device, and a list of used chemicals. 

 
 

3.2.1. Glassware cleaning 

 
Proper cleaning is necessary in order to avoid the problems associated with impurities 

during the experiment, especially in the case of the STM measurements. All the parts which 

are coming directly into contact with the electrolyte during the measurements or assembling 

of the cells have to be very carefully cleaned to prevent the adsorption of impurities on the 

electrode surface. 

The first step of the cleaning was an overnight soaking of the STM cells and of all the 

glassware used to prepare solutions in an acid bath composed of sulphuric acid and hydrogen 

peroxide (caroic acid, with the ratio H2SO4:H2O2 being 3:1). Before each measurement, the 

STM cells were removed from the acid bath, rinsed with plenty amounts of ultrapure water 

(Sartorius, Germany, toc <3 ppb, 18.2 MΩ cm) and then cooked in a cleaned glass for 

approximately 2 h. The Teflon tubes for the flow cells were also cleaned in the caroic acid 

bath, then rinsed with the help of a glass syringe and cooked in a separate glass beaker.      

The water was changed every 30 min. The cells used for electrochemical measurements were 

cleaned only with ultrapure water, several times and their cleanliness has been checked by 

recording a cyclic voltammogram of a Au(111) electrode in 0.1 M H2SO4. When necessary, 

they were also cleaned by soaking in the caroic acid bath and cooking in ultrapure water.  

The solutions were prepared with the highest grade of chemicals available, in 

glassware cleaned with the procedure described above. 
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3.2.2. Sample preparation methods 

 
In this work two different substrates were used: Au(111) and Cu(111), for both 

electrochemical and STM experiments.  

The Au(111) working electrodes for STM experiments were commercially single 

crystals, oriented to better than 1° and polished down to 0.03 µm and they had the shape of 

discs with a diameter of 10 mm and a thickness of 2 mm. They were prepared by annealing in 

a hydrogen flame at yellow heat to yield a surface with large terraces [Kle01]. After 

annealing, the crystals have been cooled down to room temperature under a strong nitrogen 

stream for approximately 5 min and then quickly mounted in the STM cell. Annealing is also 

effective for freeing noble metal crystals from organic impurities [Kib00]. After Cu bulk 

deposition, the crystals were electropolished for removing the eventual traces of Cu or Cu-Au 

alloys. The Au surface was oxidized in 0.1 M H2SO4 for about 20 s at +10 V (with graphite as 

counter electrode). The gold oxide was then dissolved in 1 M HCl.  

The Au(111) crystals (oriented to better than 1° and polished down to 0.03 µm) for 

electrochemical experiments were cylinders with 4 mm in diameter and 4 mm thickness.    

The preparation method was the same as in the case of the STM crystals, the annealing, 

however with some small differences. The crystals were annealed in a Bunsen burner flame 

and cooled for 1 min in a water-containing glass, very close to the water surface. After 1 min, 

a drop of ultrapure water was attached to the surface for further protection, without the danger 

of inducing surface defects. The crystal had to be brought as quickly as possible into the 

electrochemical cell.  

The Cu(111) electrodes were commercially available single crystals as well, oriented 

to better than 1° and polished down to 0.03 µm with 10 or 12 mm diameter and 2 mm 

thickness (STM crystals) or 4 mm diameter and 4 mm thickness (electrochemical crystals). 

Two methods of preparation have been used. First method was the classical one: 

crystals were electropolished in a separate cell for about 20 s in 66% orthophosphoric acid at 

an anodic potential of +2.5 V, using a Pt wire as counter electrode. After that, the sample was 

rinsed with ultrapure water, covered with a droplet of water in order to protect the surface and 

then introduced in the cell, in contact with the electrolyte (for the electrochemical 

measurements). For the STM measurements, the electropolishing has been either carried out 

directly in the STM cell, or in a separated glass. In both cases, the crystal was rinsed with 

plenty of ultrapure water. In the second case, the crystal with a drop of water attached at the 

surface was introduced in a box filled with Ar and mounted as quickly as possible in the STM 
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cell.  

The other method was annealing in the induction coil. The procedure using the 

inductive heating for preparing surfaces has been first described by Kleinert [Kle01] and it 

has been used in our department for annealing various single crystals under an inert gas 

atmosphere [Kib00, Sch03, Sch04]. 

 Before each experiment, the crystals were annealed in a quartz tube, under an inert 

atmosphere (N2), with the addition of H2, in order to prevent surface oxidation.  The tube was 

inserted in an induction coil. For producing the inductive heating, a high frequency generator 

has been used (HU200, Himmelwerk, Germany). 

 

 
 

Fig. 3.2.1. Schematic draw of the induction coil equipment [Kle01]. 

 
With the help of a pyrometer and a laser pointing at the crystal walls, the temperature 

could be exactly measured. The annealing has been performed up to a maximum temperature 

of 900°C. After cooling the crystal for approximately 1 min in the N2/ H2 atmosphere, the 

crystal was transferred under a strong flux of N2, in a special closed holder, into the 

electrochemical cell. The transfer of the STM crystal into the cell was more complicated, 

since it was not possible to keep it in a closed holder. The crystal has been removed from the 

quartz glass stamp, its surface covered with a drop of water, and then it has been introduced in 
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the Ar box and mounted in the STM cell. 

Fig. 3.2.1 shows a schematic draw of the equipment necessary for annealing the 

Cu(111) crystal. From the power controller one can adjust the annealing temperature. One can 

also see the two kinds of electrode holder, depending whether the crystal is used for 

electrochemical or for STM measurements. 

 
 

3.2.3. Electrochemical cells 

 
The electrochemical measurements were performed in a conventional three-electrode 

cell (Fig. 3.2.2).  

 

 

 
Fig. 3.2.2. Conventional three-electrodes glass cell for classical electrochemical 

measurements. The working electrode forms a meniscus with the electrolyte.  

 
Only the oriented and polished surface of the working electrode has been brought in 

contact with the electrolyte, by the so-called “dipping technique” [Dic76]. The reference 

electrode was in all of the measurements a saturated calomel electrode (SCE). The counter 
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electrode was a Pt wire, connected to the main compartment of the cell through a glass frit. 

The current has been measured by using a potentiostat. 

Before each measurement, the electrolyte was bubbled with an inert gas, either 

nitrogen or argon, for approximately 30 min, for removing the oxygen.  

 
 

3.2.4. STM device 

 
The in situ STM experiments were performed with a Topometrix TMX 2010 

Discoverer in the constant current mode. The system consists of the following subsystems: 

computer, electronic control unit (ECU), microscope stage, and video monitor. The ECU 

provides the electronic signals that control the scanner, positioning devices, and amplifiers in 

the microscope stage. It contains the link decoder PC board, connectors and 5 power supplies. 

A computer program (Topometrix SPMLab NT version 5.0) allows one to modify the 

tunneling current, the feedback parameters (PID settings) and the potentials applied on the 

sample and on the tip in the electrochemistry modus. The probe stage is suspended with 

vibration dampening materials from the pylons at the front of the microscope chassis.            

It includes: a z-motor for coarse vertical positioning of the probe (tip) relative to the sample, a 

sample holder disk with connector, a piezoelectric scanner mount, focusing optics for the 

optical microscope and a sample positioner for moving the probe to different parts of the 

sample. The scanner used in this work had a maximum scan area of 3 µm × 3 µm (x-y) with a 

1-µm z range. The optical microscope allows one to visualise the tip while it approaches the 

surface. A front round section of the chassis houses the STM microscope stage, and the rear 

rectangular section houses the optical microscope. The probe stage is protected by a heavy 

cover shroud [Top92]. 

The bipotentiostat, which allows one to control the sample and the tip as two separate 

working electrodes, is connected with both the electrochemical cell on the STM stage and the 

ECU.  

Vibrations are the greatest source of noise in a scanning probe microscope and can 

cause a substantial decrease in resolution. Noise is generated because vibrations cause 

unwanted motions of the probe/ tip relative to the sample. In order to obtain the highest 

resolution images, one has to take care to maintain the microscope in a “vibration-free” 

environment. Since this is not possible, a system consisting of a massive block suspended 

with springs has been developed [Hag00] for damping the external oscillations.  
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All of the STM images in this work were acquired in the constant-current mode.     

The scanner has been from time to time calibrated through the atomic imaging of a graphite 

surface or of the ( 3 × 3 )R30° Cu UPD structure.  

 
 

3.2.5. STM cells 

 
The major problem for the in situ STM measurements is the presence of impurities, 

especially due to the very small electrochemical cell, which cannot accommodate more than 

200 µl electrolyte. In such small volumes, even traces of contaminants can have a significant 

influence on the measurements by adsorbing on the electrode surface. Since it is not possible 

in the available setup to work under an inert gas atmosphere, it is very important to shorten as 

much as possible the time spent for assembling the sample in the electrochemical cell. 

Through the development of the STM cells by Kleinert [Kle01], the time necessary for 

assembling the cell was considerably reduced. For a detailed description of the cells, see 

[Pet03a]. 

The cleaning procedure was described in section 3.2.1. Before to mount the cells on a 

magnetic basis plate, they were dried in a strong nitrogen stream.  

The potential control could be maintained only in the case of Au(111), the inertness of 

the surface allowing one to introduce the electrolyte in the cell after contacting the electrodes. 

In the case of Cu(111), the electrode surface had to be covered with water/ electrolyte before 

mounting in the STM cell.  

Except for the common cells, in this work the so-called flow-cells (see Fig. 3.2.3) have 

been as well used. These special cells permit the electrolyte exchange in the STM, under 

functioning conditions. They were developed and first used by Petri [Pet03a]. The flow cell 

with auxiliaries (glass capillaries, screws, sealing rings for the glass capillaries), the cleaning 

procedures and the assembling in the STM are described into detail in [Pet03a].  

In the present work, the inlet and outlet cables were made of Teflon (Petri used glass 

capillaries) and they were connected to a push-pull syringe pump KDS 120, supplied by KD 

Scientific Inc., USA. It was the first time to use such a device for electrochemical 

measurements. The pump provides simultaneous infusion and withdrawal of the electrolyte at 

the same rate with opposing syringes on the same drive screw (see Fig. 3.2.4). Using the 

push-pull pump, it was possible to replace the electrolyte containing Cu ions with an 

electrolyte consisting only of H2SO4 (see Chapter 5, section 5.1.1). One of the syringes was 
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filled with the pure sulphuric acid electrolyte, while the other (for the withdrawal) was empty. 

Glass syringes with a glass luer slip tip were used, because of their resistance in the acid bath 

which allows a thorough cleaning. 

The flow rate, depending on the syringe volume, could be adjusted, as well as the 

volume of electrolyte which should be replaced. 

 

 

 
Fig. 3.2.3. Detailed drawing of an electrochemical STM flow-cell: a) 3D view; b) cross 

section through the cell; c) longitudinal section of the cell, showing the Teflon tubes. From 

[Pet03a]. 

 
Several cycles of infusion and withdrawal of the electrolyte have been performed in 

order to remove (almost) completely the Cu ions. The use of the pump induced vibrations in 

the STM, as it would be expected, but even when the pump was not operating, one could 

detect noises in the STM images due perhaps to the rigid inlet and outlet Teflon cables.  
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The geometry of the STM cell, together with the flow rate didn’t always allow an 

optimum exchange of the electrolyte. The consequences are discussed in detail in Chapter5, 

section 5.1.1). 

 

 

 
Fig. 3.2.4. Push-pull syringe pump KDS 120, which allows the electrolyte exchange during in 

situ STM measurements.  

 
The reference and counter electrode were usually Pt wires, cleaned by annealing in a 

hydrogen flame. In some cases (mentioned in the text), a Cu wire was used as reference 

electrode. All potentials are quoted versus saturated calomel electrode (SCE), although a Pt 

wire was used as a reference electrode (EPt=+0.55 V ± 0.05 V vs. SCE). 

 
 

3.2.6. Preparation of the STM tips 

 
The most used materials for STM tips are tungsten (W) and platinum/ iridium (Pt/ Ir). 

For the present study, the W tips were the mostly used. They were prepared from a 0.25 mm 

diameter W wire by etching in a 2 M NaOH solution. The piece of wire was passed through a 

gold ring and fixed with a crocodile clip. It is important to position the W wire in the centre of 

the gold ring; otherwise the future tip could have an asymmetrical form of the apex. Then a 

lamella of NaOH solution was created on the gold ring and a voltage of 2.5 V was applied 
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between the ring and the wire. The W wire was etched until its bottom part fell down in a 

special designed device. Both parts – upper and lower – can be employed for an STM 

experiment. The tips were then rinsed with ultrapure water and insulated in order to minimize 

the faradaic currents at the tip (fewer than 50 pA). For this purpose, the freshly prepared tips 

were first completely coated with an electrophoretic paint (ZQ 84 3225, BASF, Ludwigsburg) 

by immersing them in the paint at a voltage of 80 V (applied between the tip and a Pt plate) 

for a time period of 3-4 min. Subsequent opening of the very end of the coated tip occurred 

after heating in the oven at 200°C for 10 min. 

 
 

3.2.7. List of chemicals and materials 

 
All of the electrolytes have been prepared with ultrapure water (Sartorius, Germany, 

toc <3 ppb, 18.2 MΩ cm) and with the highest grade of chemicals available. The list of the 

chemicals and materials used in this work is presented in Table 3.2.1. 

 
Table 3.2.1. Chemicals and materials used in this work. 

 
Chemical Producer Purity Use 

H2SO4 Merck p.a., 95-97% caroic acid 

H2SO4 Merck suprapur, 96% electrolyte 

H2O2 Merck med. reinst., 35%  caroic acid 

HCl Merck p.a., 30% Au electropolishing 

HCl Merck suprapur, 30% electrolyte 

H3PO4 Merck suprapur, 85% Cu electropolishing 

CuO Merck >99% electrolyte 

CuSO4·5 H2O Merck p.a. electrolyte 

MPA, HSC2H4COOH Sigma-Aldrich 99+% additive 

MPSA, HSC3H6SO3H Acor Company 98+% additive 

SPS, (HO3S-(CH2)3-S-)2 Raschig  additive 

PEG 20000 Fluka for GPC additive 

PEG 1000 Sigma-Aldrich microselect additive 

NaOH Merck p.a. tips etching 

Electrophoretic paint BASF ZQ 84 3225 tips coating 
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Nitrogen MIT 5.0 purge gas 

Argon MIT IndustrieGase 5.0 purge gas 

Hydrogen MIT IndustrieGase 5.0 purge gas, annealing 

Propane MIT IndustrieGase 5.0 annealing 

Material Producer Purity Use 

W wire ABCR 99.98 % tips 

Pt wire Götze 99.99 % electrodes 

Cu wire Sigma-Aldrich 99.99 % electrodes,  

Cu electropolishing 

Kel-F Heute & Comp.  material for STM cells 

Teflon tube Bohlender  flow cell 

Kalrez Sahlberg  sealing ring 

Viton Sahlberg  sealing ring 

Au single crystals SPL, NL 

MaTeck, D 

≤0.03 µm, <1° substrate 

Cu single crystals SPL, NL 

MaTeck, D 

≤0.03 µm, <1° substrate 
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4. Characterisation of the Substrate Surface 
 

 

In order to see the changes caused by the additive adsorption, the substrate has to be 

characterised in the additive-free electrolyte. In this work, two different substrates were used 

for the Cu electrodeposition: Au(111) and Cu(111) single crystals. Before starting to study the 

influence of additives, both substrates have been characterised in pure sulphuric acid 

electrolytes by means of cyclic voltammetry and in situ STM. 

 
 

4.1. Au(111) in sulphuric acid 
 
 

Au(111) substrates are widely used in many fields of electrochemistry because of the 

inertness and the easy preparation of their surface. Gold is a very noble metal (its standard 

potential is E0=+1.498 V vs. NHE), and therefore is unaffected by air, water, acids (except for 

aqua regia) and alkalis. Preparation doesn’t require special precautions, the simple annealing 

in a propane (Bunsen burner) or hydrogen flame leading to clean and well-ordered single 

crystal surfaces.  

A detailed characterization of the three different low-index Au faces by means of  in 

situ STM measurements is given by Kleinert, the STM images in Fig. 4.1.1 for Au(111) being 

taken from [Kle01]. 

The surface top layer of a 3D crystal lattice often deviates from the corresponding bulk 

lattice plane. When the interatomic distances between surface atoms and underlying bulk 

atoms, the surface structure, and the lateral distances in the top layer are changed compared to 

these within the bulk crystal, the phenomenon is called surface reconstruction [Bud96].     

The reason for this phenomenon is the minimization of the specific surface energy of the 

system. Surface reconstruction can be induced either thermally or by electrode potential. 

Reconstruction of the Au(111) surface involves ca. 4% compression along one of the three 

[110] directions, which yields to the so-called ( 3 × 23) structure. Freshly flame-annealed 

Au(111) electrodes are completely reconstructed, and this can be observed in situ, with the 

STM, if the electrode is brought in contact with an electrolyte consisting of 0.1 M H2SO4 at 
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potentials negative of +0.20 V. Fig. 4.1.1 b shows the reconstructed Au(111) surface at           

-0.20 V with atomic resolution. If the crystal is annealed at high temperatures (yellow heat), 

the well-known herringbone structure is obtained, with a regular alternation of uniaxial 

domains rotated by 120° to each other, separated by so-called elbows [Kle01]. These elbows 

represent defects in the surface and they will act in consequence as nucleation centres for 

metal deposition [Cha91]. At lower annealing temperatures (read heat), the ( 3 × 23) 

structure features less elbows, the domains running parallel in the direction of only one main 

crystallographic axis being bigger [Kle01].  

At potentials positive from the peak P1 at +0.34 V (see the CV in Fig. 4.1.1 a), the 

reconstruction of the surface is lifted by the adsorption of sulphate ions.  

  

 

 
Fig. 4.1.1. Electrochemical behaviour of a Au(111) electrode in 0.1 M H2SO4: a) CV,       

ν=10 mV/s; b) atomic resolution of the ( 3 × 23) structure; c) atomic resolution of the (1 × 1) 

structure; d)Au(111) surface after the lifting of the reconstruction; e) transition from the 

ordered ( 3 × 7 )R19.1° structure to the unordered sulphate adlayer; f) potential-induced 

reconstruction. From [Kle01]. 
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The surface is covered with islands (Fig. 4.1.1 d). Fig. 4.1.1 c shows the hexagonal    

(1 × 1) structure of the unreconstructed Au(111) surface, with atomic resolution. Although the 

(bi)sulphate anions adsorb at this potential (+0.55 V) on the Au(111) surface, they cannot be 

imaged with the STM because of their high mobility. Sulphate is known to form a 

( 3 × 7 )R19.1° structure (Fig. 4.1.1 e) at potentials more positive than the spike P2 in the 

cyclic voltammogram (Fig. 4.1.1 a) [Cue00, Mag02]. The phase transition within the sulphate 

adlayer from an unordered to an ordered ( 3 × 7 )R19.1° structure is manifested through the 

pair of spikes P2/ '
2P  in the CV [Mag92, Ede94, Cue00, Mag02] (see Figs. 4.1.1 a and e). 

Scanning further to more negative potentials causes the sulphate desorption at +0.20 V, and 

the surface reconstruction will be again induced, this time by the potential. The formation of a 

complete reconstructed Au(111) surface will be in this case slower.  

Both the peak P1 at +0.34 V corresponding to the lifting of the reconstruction and the 

pair of sharp spikes P2/ '
2P  at +0.78 V can serve as sensitive indicator of the surface quality. 

With increasing the defect density, the peak P1 will get smaller and it will be shifted towards 

more negative potentials. The height of the spikes is related to the average width of the 

Au(111) terraces [Kib00].  

 
 

4.2. Cu(111) in sulphuric acid 
 
 

The study of the electrochemical behaviour of copper in solution is of great 

technological and scientific importance because it is related to the electrodeposition and 

electrodissolution, electroless deposition, electropolishing, corrosion and etching of copper. 

The electrochemical interface between copper and aqueous electrolytes (e.g. HClO4, NaF, 

H2SO4, HCl) was intensively studied. The literature about the double-layer properties of 

copper electrodes is quite vast, but the published data are surprisingly inconsistent. Thus, 

while in the case of the single crystals of the noble metals (Ag, Au, Pt) the pzc data are more 

or less consistent, for copper they can differ sometimes by more than 0.50 V. Probably, these 

inconsistent data result from the great tendency of copper electrodes to surface oxidation 

[Chu89, Cou90]. More than this, it seems that the pzc of Cu depends on the method of surface 

preparation as well.  

Classical electrochemical methods have been applied in order to investigate the 
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behaviour of copper in different solutions. Surprisingly, not even the CV data are consistent in 

the literature. For the case of Cu(111) in H2SO4 a current-potential curve featuring 2 peaks 

corresponding to the sulphate adsorption/ desorption has been described [Wil98a, Wil98b, 

Ran99, Li00, Bro99, Bro01, Pol99, Bro03, Len99, Szı04] with the cathodic and anodic limits 

defined by hydrogen evolution, respectively by copper dissolution. Li et al. first measured a 

featureless CV in the potential window between hydrogen evolution and copper dissolution 

[Li98]. Later on, they published a CV with two peaks for the sulphate adsorption/ desorption 

[Li00]. More than this, they found in their experiments that the appearance and separation of 

this pair of peaks was very sensitive to surface preparation. 

The behaviour of Cu(111) in H2SO4 has been investigated by means of cyclic 

voltammetry and STM. Two preparation methods have been used for the Cu(111) surface: 

electrochemical polishing (the classical one) and annealing in the induction coil.  

 
 

4.2.1. Electropolished Cu(111) in sulphuric acid 

 
The most used method of preparing copper surfaces is electropolishing in ortho-

phosphoric acid. Fig. 4.2.1 shows a typical cyclic voltammogram of an electropolished 

Cu(111) in 0.1 M H2SO4, recorded with a scan rate of 10 mV/s. The scan was started at           

-0.20 V, in negative direction. The cathodic limit of this curve (ESCE=-0.70 V) is defined by 

hydrogen evolution at the bare copper surface, while the anodic limit (ESCE=-0.05 V) is 

determined by the copper dissolution. Further characteristics in the CV are features which are 

correlated with the adsorption and desorption of the sulphate anions. The extremely broad 

anodic current peak in the positive potential sweep of the CV (between -0.45 and -0.15 V) has 

been assigned to the specific adsorption of sulphate anions and the subsequent formation of a 

sulphate stabilized reconstructed topmost copper layer. Characteristic for the Cu(111)/ 

sulphate system, the potential ranges of anion adsorption and desorption are widely separated 

on the potential scale indicating a strong kinetic hindrance of the above mentioned processes. 

More than this, the cathodic desorption peak at -0.61 V is significantly larger than the anodic 

adsorption feature (the charges under the two peaks are 244 µC cm-2 and 58 µC cm-2, 

respectively) and this was explained as an additional hydrogen evolution current at the 

(bi)sulphate-covered copper surface [Wil98a, Wil98b, Bro99].  

Broekmann et al. pointed out that the difference between the cathodic and anodic areas 

can be explained only by the enhancement effect of the adsorbed anions on the hydrogen 
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evolution reaction (Frumkin effect) [Bro99, Bro03]. 

 

 

 
Fig. 4.2.1. Cyclic voltammogram of a Cu(111) electrode in 0.1 M H2SO4. The electrode 

surface has been prepared by electrochemical polishing in 66% H3PO4. ν=10 mV/s. 

 
Hence, in the negative scan of the cyclic voltammogram, we first observe the 

exponential increase of the adsorbate-induced hydrogen evolution current. The subsequent 

-2
4SO  desorption reduces this current but causes an anion desorption peak until the hydrogen 

evolution current on the free Cu surface begins to dominate. The larger cathodic peak is thus 

explained by a superposition of the adsorbate-induced hydrogen evolution with the adlayer 

desorption current.   

Li et al. found the appearance and separation of the adsorption/ desorption peaks 

depending on the surface preparation [Li98, Li00]. The steep increase of the cathodic current 

near the lower limit of the voltammogram is caused by the beginning of the hydrogen 

evolution reaction on the bare Cu(111) surface. The anodic limit of the curve is defined by the 

copper dissolution.  

In the STM images a well-ordered Moiré pattern, characteristic for Cu(111) can be 

seen in a wide potential range (Fig. 4.2.2). This Moiré structure has been attributed to a 

(bi)sulphate adlayer on Cu(111) [Wil98a, Bro99, Bro03, Li00]. It has been proposed that the 

Moiré pattern for (bi)sulphate adsorbed on Cu(111) arises from the reconstructed Cu(111) in 

the presence of (bi)sulphate [Wil98b, Li98]. The very strong interaction between the copper 
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substrate and the (bi)sulphate anions causes an expansion of the first copper layer in order the 

sulphate adlayer to fit commensurably on the copper surface. Thus, the origin of the Moiré 

pattern is the mismatch between the first reconstructed and the second with a (111) structure 

copper layer [Wil98b, Bro03].  

Fig. 4.2.2 a shows the anisotropy of the Moiré structure: the periodicity is not the same 

in all three directions. Different domains of the Moiré can be found on the surface, rotated by 

120° with respect to each other (Fig. 4.2.2 b). 

 

 

 
Fig. 4.2.2. Moiré structure of the sulphate adlayer; a) anisotropy: periodicity is not the same in 

all 3 directions: 1, 2: 2.9 nm; 3: 3.6 nm; b) rotational domains (1, 2) of the Moiré structure. 

 
The reconstruction of the Cu(111) surface in the presence of sulphate is very different 

from the reconstruction of Au(hkl). In the later case sulphate lifts the reconstruction, while the 

proposed reconstruction on Cu(111) occurs in the presence of sulphate. This indicates very 

different driving forces for the formation of these reconstructions. The Cu(111) reconstruction 

is very much driven by the adsorption of the anion. In other words, the metal atoms of the 

Cu(111) surface undergo a substantial motion parallel to the surface in order to best adopt 

themselves to the sulphate adsorbate.        

 There is a significant mass transport out of the copper surface during the Moiré 

formation, which manifests itself by the nucleation and growth of many small copper islands 

on the (bi)sulphate-covered Cu terraces as it can be seen in Fig. 4.2.3. 
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Fig. 4.2.3. STM image of Cu(111) in 0.1 M 

H2SO4, showing the islands coming from the 

expansion of the first copper layer. 

 

 
Fig. 4.2.4 a shows another characteristic of the (bi)sulphate-covered Cu(111) surface: 

the orientation of the steps, which is parallel to the symmetry axes of the Moiré structure and 

not parallel to the adsorbate rows.  

 

 

 
Fig. 4.2.4. In situ STM images of a Cu(111) in 0.1 M H2SO4 showing: a) steps orientation on 

the sulphate-covered surface; b) formation of kinks at the end of a chain of complete Moiré 

units. 

 
Fig. 4.2.4 b shows that the kinks correspond to the end of a chain of complete Moiré 
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units, which demonstrates that the Moiré unit is the stable building block.    

At potentials more negative than ESCE=-0.50 V, the desorption of the (bi)sulphate layer 

occurs. If waiting long enough, the adsorption of a further species leads to the formation of an 

ordered adlayer, which is not commensurate with the underlying copper substrate. Similar 

results have been obtained only by Broekmann et al. [Bro03]. Based on measurements carried 

out in many other acidic electrolytes, they concluded that the adsorbate species at negative 

potentials is independent of the anionic species in the electrolytes. They also implied that this 

adsorbed species is due to a constituent of the solvent, i.e. water and that a cationic species 

may be involved in the adlayer formation in acidic electrolytes at negative potentials.        

Figs. 4.2.5 a and b show in situ STM images of this cationic adsorbate.  

 

 

 
Fig. 4.2.5. In situ STM images of Cu(111) in 0.1 M H2SO4 at ESCE=-0.55 V for: a) Itunnel=25 

nA; b) Itunnel=30 nA. c) The long range periodicity along the yellow line in b. 

 
The imaging properties change drastically with tunnelling conditions for Itunnel=25 nA 

(Fig. 4.2.5 a) and Itunnel=30 nA (Fig. 4.2.5 b). Panel (c) shows the long range periodicity along 



4. Characterisation of the Substrate Surface  

 45 

the white line in 4.2.5 b.  The adsorbate shows a vertical modulation of the adsorbate particle 

positions with a periodicity corresponding to three interatomic distances within the close-

packed adsorbate rows. The nearest adsorbate-adsorbate distance is 0.35 ± 0.02 nm. Thus, the 

adsorbate structure can be described by a simple c(4×4)-superstructure. The results are in 

good agreement with those obtained by Broekmann et al. The authors reported also another 

more compressed cationic adlayer with a c(5×5) structure. 

 
 

4.2.2. Annealed Cu(111) in sulphuric acid 

 
Cyclic current-potential curves have been recorded for Cu(111) in 0.1 M H2SO4 after 

annealing in the induction coil for approximately 1 min, in an N2-atmosphere, with the 

addition of H2 in order to reduce the traces of oxygen. Fig. 4.2.6 shows a CV started at            

-0.20 V in negative direction. In comparison with the curve of an electropolished crystal, the 

peaks assigned to the (bi)sulphate adsorption/ desorption are smaller, especially the second 

one.  

 

 

 
Fig. 4.2.6. Current-potential curves of a Cu(111) electrode in 0.1 M H2SO4, annealed in the 

induction coil up to 900°C. ν=10 mV /s. 

 
The charges under the two peaks (for the anion adsorption and desorption) are 32, and 
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140 µC cm-2 respectively (without applying any corrections). The charge under the cathodic 

peak is quite difficult to estimate, since the reaction is overlapped by the hydrogen evolution 

reaction.  

Figs. 4.2.7 and 4.2.8 show the results of a “window-opening” experiment.               

The Cu(111) electrode, prepared by annealing in an inert atmosphere, has been immersed in 

the electrolyte under potential control, at -0.50 V. The cycles were all started at this potential, 

in negative direction. The cathodic limit (potential A) was always the same, i.e. -0.65 V, while 

the anodic limit (potential B) was extended from -0.45 V to -0.15 V. Fig. 4.2.7 shows the 

second cycle in all three cases. 

 

 

 
Fig. 4.2.7. Cyclic current-potential curves illustrating a window-opening experiment for an 

annealed Cu(111) electrode in 0.1 M H2SO4. The cathodic limit (A) was for all three curves    

-0.65 V, the anodic limit (B) was extended from -0.45 V to -0.35 V. ν=10 mV/ s. 

 
When scanning only up to -0.45 V (solid line in Fig. 4.2.7), no peaks for the 

(bi)sulphate desorption/ adsorption can be seen, only an exponential increase in the current. 

When extending the anodic limit to -0.40 V (dotted line in Fig. 4.2.7), an increase in the 

current can be observed at around -0.44 V, which can be assigned to the (bi)sulphate 

adsorption. On the cathodic branch one can see a small peak at -0.50 V. The third curve 

(dashed-dotted line in Fig. 4.2.7) shows the (bi)sulphate adsorption on the anodic branch, and 

an increase in the cathodic current, together with a shift in the small peak, to -0.53 V.         
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The experiment continues in Fig. 4.2.8, where the anodic limit in extended up to -0.15 V. 

 

 

 
Fig. 4.2.8. Cyclic voltammograms illustrating a window-opening experiment (continuation 

from Fig. 4.2.7) with further extension of the anodic limit from -0.30 to -0.15 V; ν=10 mV/s. 

 
When the anodic limit reaches -0.30 V (see solid line in Fig. 4.2.8), one can see a 

small peak at about -0.60 V (or rather an increase in the cathodic current), which becomes 

more significant with the increase in potential B.  The peak is followed by an exponential 

increase in the cathodic current, due to the hydrogen evolution reaction. The anodic current 

corresponding to the (bi)sulphate adsorption reaches a maximum at around -0.30 V and then 

starts to decrease.  

In principle, the cyclic voltammogram of the annealed Cu(111) in sulphuric acid 

electrolytes does not differ essentially from the curve recorded on an electropolished crystal. 

It shows the same features, with the peaks and the charges corresponding to the (bi)sulphate 

adsorption/ desorption being smaller.  

Knowing that repeated electropolishing procedure leads to a rough surface, with a lot 

of defects and a smaller terrace size, annealing could be a way to improve the surface quality 

of Cu single crystals. Further investigations are required in order to establish under which 

extent annealing by inductive heating produces good-quality Cu surfaces. Improvement in the 

transferring method of the crystal from the induction chamber into the STM cell could 

implement this method for the preparation of reactive single-crystal surfaces. 
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In the case of Au(111) single crystals, the peaks in the cyclic voltammogram can serve  

as an indicator for the surface quality. For Cu(111), there are not enough available data in the

literature to allow one to make assumptions about the quality of the surface.  

 
 

4.3. Cu(111) in perchloric acid 
 
 

For the system Cu(111) in HClO4, the literature is even more controversial than in the 

case of Cu(111)/ H2SO4. Most of the authors are describing a basically featureless CV, with a 

rather large double-layer region (approximately 0.5 V) and the cathodic/ anodic limits 

ascribed to the hydrogen evolution, respectively copper dissolution [Wan97, Inu98, Łuk01, 

Łuk04, Wan02, Sug03]. However, it has been reported in the literature a CV showing a pair 

of peaks indicating the formation of a passivating oxygen-containing adlayer [Fri04]. This 

pair of peaks has been found in a potential region close to the anodic copper dissolution. More 

than this, at negative potentials close to hydrogen evolution, another cathodic current peak 

appears [Fri04]. The origin of this peak which has no correspondent anodic peak could not be 

explained until now. Vilche et al. and Wong et al. published similar CVs, featuring two 

clearly distinguishable peaks, one anodic and one cathodic, with the cathodic peak close to the 

region where hydrogen evolution occurs [Vil87, Won92]. The charge under these peaks and 

the relatively large potential difference between the anodic and cathodic processes were found 

to be dependent on the scan rate [Vil87, Won92]. The features in the CVs were associated 

with the formation (anodic) and reduction (cathodic) of an oxygen-containing surface film 

[Vil87, Won92]. The potential region of this oxygen-containing layer was found to be 

dependent on pH and electrolyte solution in a complex manner.  

However, there are some differences between the results published by Friebel et al. 

and those from Vilche, respectively Wong et al.: the potential difference between the anodic 

and cathodic peaks, which is much lower in the results of the first, and the charge under the 

peaks, which is much lower also in the case of Friebel et al.  

Han et al. contested the results obtained by Friebel, implying that the cathodic peak, 

which will be denoted from now on as the “X” peak, appears as a consequence of the Cl- 

contamination, coming from the commercial H3PO4 electropolishing solutions [Han04].         

It should be mentioned that Friebel used electropolishing as preparation method.  

In the present work experiments have been carried out in 0.1 M HClO4, the Cu(111) 
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single crystals being prepared by annealing in the induction coil. This preparation procedure 

has been chosen in order to avoid the possible Cl- traces present in the electropolishing 

solution. The single crystal has been annealed at 900°C under an inert atmosphere consisting 

of nitrogen, with a hydrogen flux added for reducing the traces of oxygen. The crystal has 

been then cooled for 1 min in a strong flux of N2 and H2, then transferred with the help of a 

closed holder (see the experimental section) in the electrochemical cell and immersed in the 

electrolyte. The cyclic current-potential curves were all started at -0.50 V in negative 

direction. The cathodic limit was for all four curves the same (i.e. -0.70 V), while the anodic 

limit was extended from -0.45 to -0.15 V, similar to the experiments described in section 

4.2.2. The results are depicted in Fig. 4.3.1. 

 

 

 
Fig. 4.3.1. Cyclic voltammograms of an annealed Cu(111) crystal in 0.1 M HClO4. The 

anodic limit (potential B) was extended progressively from -0.45 V to -0.15 V. ν=10 mV/s. 

 
The first curve (solid line in Fig. 4.3.1) is almost featureless, except for the slight 

increase in the cathodic range, between -0.50 and -0.60 V and the exponential increase in the 

current corresponding to the hydrogen evolution reaction. With extending the anodic limit, a 

clear peak, designated as “X” in Fig. 4.3.1, appears at around -0.55 V, its height increasing 

with increasing the potential B. The last curve (dashed-dotted line in Fig. 4.3.1) is similar to 

the one described in the literature by Friebel et al. [Fri04]. The features of this curve are, as 

described in the literature, the following: a pair of peaks O/ O’ near the region where anodic 
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Cu dissolution occurs (D), at -0.21 V and -0.25 V, indicating the formation of a passivating 

oxygen-containing layer; the hydrogen evolution region, H and the “X” peak, at -0.56 V, 

whose origin is still unclear. The peak separation in the case of O/ O’ points out to a kinetic 

hindrance of the process. Peak X has no correspondent anodic peak and could correspond to 

the adsorption of some oxygen-containing species. 

From the results of Wan et al., which described a featureless double layer region 

between hydrogen evolution and anodic copper dissolution one could conclude that Cu(111) 

exposed to 0.1 M HClO4 can be considered as an inert metal/ electrolyte interface, which is 

not the case. The results presented in this work, similar to those of Friebel et al. show that the 

Cu(111)/ HClO4 system presents a complex potential dependent behaviour. 
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5. Influence of Different Additives on Copper Deposition 

onto Au(111) 
 

 

In this chapter the results regarding the influence of different additives on the 

deposition of Cu onto Au(111) will be discussed. First, the deposition in additive-free 

electrolytes will be presented, as a starting point for further investigations of different 

additives action on the Cu deposition.   

Copper is electrodeposited for numerous engineering and decorative applications. 

These require a wide range of mechanical and physical properties which cannot be achieve 

without the presence of additives in the electroplating bath. 

Therefore most electrolytes used in the industrial electroplating baths contain one or 

more inorganic or organic additives in order to improve the quality of the final deposit. Each 

one of them has a specific function in the deposition process. Additives affect deposition and 

crystal building processes as adsorbed layers at the substrate surface. 

The scientific interest in addition agent action is manifested in the big number of 

published studies and patents. It is obvious that there is no single explanation that can account 

for the action of addition agents, and each individual addition agent and plating solution 

presents a separate electrochemical “problem”. 

There are many electrochemical studies in the literature dealing with the influence of 

additives on the copper deposition [Pra64, Cro89, Hea92a, Hea92c, Wu92, Roy93, Mic93, 

Yoo94, Far95, Höl95b, Wün95, Alo98, Obe98, Abd00, Sce00, Tae01, Bon02, Ver05, 

Mof05]. Structure-sensitive methods such as X-ray diffraction [Nat96, Jia99], SEM [Wün96, 

Chi00, Koz00, Por01] and AFM [Iwa93, Rub93, Váz97, Men98] were mainly carried out ex-

situ. Even the in situ SPM studies are in generally limited to the later stages in the copper 

deposition, while the initial stages (nucleation) and the adsorption of additive molecules are 

seldom shown.  

Over the last years STM has proven to be a very valuable technique for examining 

bulk metal deposition. The value of this technique lies in its ability to provide local 

information concerning the metal deposit, which is unsurpassed by any other technique in 

terms of resolution. 
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High-resolution STM work by Kolb and co-workers showed that in the absence of 

additives, deposition of Cu occurs first at the surface defects (step edges, dislocations) of the 

Au(111) substrate, followed by deposition on terraces [Nic91, Bat92, Wil95]. In the presence 

of an organic additive, the deposition mechanism changes considerably.  

Until now, only a limited number of additives have been studied with scanning probe 

techniques and the different interaction mechanisms between additives are not yet well 

understood.  

 As scanning probe and other sensitive in situ techniques become more widely used, 

one may expect that the scientific understanding of how synergistic and antagonistic effect of 

additives influence electrochemical phase formation will significantly improve. This could 

open the prospect of formulating plating electrolytes on a more rational basis in the future. 

Therefore, more comprehensive investigations of different additives systems, starting 

with the adsorption of the molecules, continuing with the effect of the additive on the 

nucleation and growth of copper are necessary. 

Addition agents for brightening, hardening, grain refining, surface smoothing, 

increasing the limiting current density, and reducing trees are frequently added to acid copper 

sulphate solutions [Din00].  

The first generation of electrolytes contained numerous components, and general 

knowledge of both the chemistry and processing conditions was significantly constrained by 

proprietary concerns. Simplification of electrolyte additive packages to three (accelerator, 

suppressor, leveller) and two (accelerator or brightening agent, suppressor) components 

opened the way for detailed studies of the action of additives [Mof00, Tae01]. 

A typical copper-sulphate-based electroplating solution contains small amounts of 

chloride in combination with two or three organic compounds, such as: polyethers 

(polyethylene glycol PEG, or polypropylene glycol PPG) as suppressor additives, sulphur-

based organic molecules such as thiols or disulfides as brightening agents (which can 

sometimes act also as accelerators) and in most cases aromatic nitrogen-based molecules or 

polymers as levelling agents [Ver05]. 

Since 1997, electroplated copper is used in advanced IC chips for wiring, replacing the 

vapour deposited aluminium used previously. The electrochemical manufacturing process 

relies on the so-called damascene plating technology [And98]. The process depends on the 

use of electrolyte additives that affect the local deposition rate, the result being the 

“superfilling” of trenches and vias. In the case of the more recently used two-component 

(suppressor and accelerator) copper plating system, it has been found that competition 
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between the accelerator and suppressor for adsorption sites can describe the superfilling of 

submicron features [Wes01, Mof00, Jos01].  

Although in the literature there are studies regarding these systems, the individual 

mechanisms of the deposition are not yet clear. In the following chapter the results of the 

influence of Cl, PEG+Cl, and MPSA on Cu deposition on Au(111) in sulphuric acid 

electrolytes are presented.  

 
 

5.1. Copper deposition from additive-free sulphuric acid 

electrolytes  
 
 

The system Cu/ Au(hkl) has been studied in great detail over the past and it has been 

developed as a model for investigating electrode processes involved in metal deposition, due 

to the inertness of Au and to the ease of its preparation [Kol91, Wil95, Schn99a, Ton95, 

Cap96]. 

In the case of metal deposition on a foreign metal substrate an interesting phenomenon 

can occur, i.e. the formation of a monolayer at potentials positive from the reversible Nernst 

potential, that is, before bulk deposition can occur. This is the so-called underpotential 

deposition, UPD, and it results from a strong interaction between monolayer atoms and 

substrate. An overview of different systems in which UPD can occur is given in [Kol78, 

Sch76, Jüt80, Adž84, Bud96, Her01]. Cu UPD on Au(111) is presented more into details in 

section 5.1.1. 

It is believed that metal adatoms at submonolayer coverages have properties which can 

deviate substantially from those of the bulk material. Taking into account the fact that further 

growth of the deposit occurs on top of this first monolayer, one can realize the importance of 

the initial stages of deposition in the structure of the final deposit.  

Section 5.1.2 will present the deposition of Cu which occurs at potentials negative 

from the Nernst potential (in the over-potential region, overpotential deposition, OPD). Also 

the influence of the substrate properties on the deposition will be discussed.  

As a result of the epitaxial growth of Cu on Au(111), crystallites with a Cu(111) 

orientation are formed at the substrate. Their properties will be described in section 5.1.3. 
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5.1.1. Copper UPD onto Au(111) 

 
Copper UPD onto Au(111) in sulphuric acid electrolytes has been subject of several 

investigations, and results were frequently reported in the literature [Höl95a, Nak84, Zei87,

Mag90, Mag91, Hac91, Bat92, Ike94, Mel88, Bor94, Shi94a]. Basically, all available 

techniques have been applied for studying Cu UPD, such as pure electrochemical methods 

(voltammetry [Sch76, Kol86b, Oma93, Höl95a, Cap96], chronocoulometry [Shi94a, Shi94b, 

Shi95a,Shi95b], chronoamperometry [Höl94]), in situ STM [Mag90, Mag91, Kol91, Hac91, 

Bat92, Mat93, Mat94], AFM [Man91, Ike94], X-ray techniques (surface scattering [Ton95, 

Gor95, Her98], SEXAFS/ XANES [Mel88, Abr88, Tad91], and X-ray standing waves 

[Abr93]), EQCM [Bor94, Wat95], SHG [Koo92], and ex-situ UHV techniques [Nak84, 

Zei85, Kol87, Zha96] (LEED, AES, and RHEED).  

A typical CV for Cu UPD onto a Au(111) electrode in an additive-free sulphuric acid 

electrolyte is shown in Fig. 5.1.1.  

 

 

 
Fig. 5.1.1. Cyclic voltammogram of Cu UPD on a Au(111) electrode from 0.1 M H2SO4 +  

10-3 M CuSO4. ν=10 mV/s. 

 
The cycle has been started at +0.50 V, in negative direction. Briefly described, the 

formation of a copper monolayer on Au(111) in aqueous sulphuric acid solutions occurs in 

two energetically separated steps which result in two pairs of peaks A/ A’, respectively B/ B’. 
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In the first step, reflected by peak A at about +0.20 V, an ordered layer of Cu atoms and 

coadsorbed (bi)sulphate anions, with a ( 3 × 3 )R30° structure is formed. The structure 

consists of a honeycomb of Cu atoms with a coverage of 2/3 of a monolayer (ML) and 

(bi)sulphate anions adsorbed at the centres of the honeycombs with 1/3 of a coverage. This 

structure has been first observed in ex-situ LEED and RHEED experiments [Nak84, Zei85, 

Kol86b, Kol86a], and later confirmed by in situ XRD [Ton95], STM [Mag90, Mag91, Hac91, 

Bat92] and AFM [Ike94]. 

In the second step, reflected by peaks B at about +0.04 V and b at +0.02 V, a full 

monolayer of copper (1 × 1), in register with the Au(111) substrate, is formed [Nak84]. The 

structure has been confirmed by EXAFS [Mel88], STM [Wil95] and AFM [Man91, Ike94] 

studies. The corresponding dissolution peaks are found at +0.22 V (peak A’) and +0.09 V 

(peak B’), respectively +0.11 V (b’).  

Although the general features in the voltammogram for Cu UPD on Au(111) are seen 

in all cases, the pair of peaks B/ B’ (at lower underpotentials) is clearly correlated with the 

single cristallinity of the surface, namely it splits in two for high-quality Au(111) crystals 

[Höl95a, Hac91]. The peak B at +0.04 V has been assigned to nucleation at steps and other 

surface defects, while the other peak, b, at +0.02 V is most likely due to nucleation on terraces 

and is a sign of a high surface quality [Höl95a]. 

The deposition and dissolution of a copper monolayer on Au(111) has been described 

by a model which combines the adsorption/ desorption with the nucleation and growth 

processes, both proceeding at different electrode sites [Höl94].  

The first in situ measurements on the system Cu/ Au(111) were done by SEXAFS and 

they confirmed only the (1 × 1) Cu UPD structure [Mel88]. 

The determination of the ( 3 × 3 )R30° structure was in the beginning more difficult 

and, for some time, even controversial. Nowadays it is even used for calibrating STM. First 

STM and AFM measurements interpreted the intensity maxima in the images as Cu adatoms 

and therefore the calculated copper coverage was 0.33 ML. But θCu=0.33 ML was in 

disagreement with the results from chronocoulometry and EQCM, which indicated that the 

copper coverage in the adlayer at these potentials was 0.67 ML and the (bi)sulphate coverage 

value was 0.33 ML [Shi94a, Shi94b, Gor95, Bor94, Wat95]. Toney et al. found that the Cu 

adlayer, at intermediate coverage values, has a honeycomb ( 3 × 3 )R30° structure in which 

θCu=0.67 ML and with (bi)sulphate anions occupying the centers of the honeycomb 

(θanion=0.33 ML) [Ton95]. This meant that the scanning probe techniques (AFM, STM) were 
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not imaging the Cu adatoms but the (bi)sulphate anions that occupied the centers of the 

honeycomb. New SXRD measurements have shown a detailed image of the Cu UPD and 

have proven the arrangement of the 2/3 of a ML of copper, sitting on the 3-fold hollow sites 

of the Au(111) surface and forming a honeycomb, with the 1/3 ML bisulphate anions 

coadsorbed in the centers of the honeycomb [Nak02].  

Hydration water molecules stack on the top site of UPD copper atoms and form 

together with the oxygen atoms from the bisulphate anions a complete (1 × 1) structure 

[Nak02] (see model in Fig. 5.1.2). 

 

 

 
Fig. 5.1.2. Model of the ( 3 × 3 )R30° structure from Nakamura et al. [Nak02]  

 
More recent studies have shown that bisulphate anions forming a ( 3 × 3 )R30° 

structure are adsorbed also on the (1 × 1)-copper adlayer. Why STM is imaging the (1 × 1) 

structure instead of the adsorbed bisulphate anions (like in the case of the other Cu UPD 

structure) was unfortunately not yet clarified. The STM images of the two Cu UPD structures 

on Au(111) in sulphuric acid electrolytes are shown in Fig. 5.1.3. 

Several in situ STM investigations have been carried out in the present work in order 

to observe the formation of the Cu UPD structures as well as the ( 3 × 3 )R30° ↔ (1 × 1) 

phase transition. 



5. Influence of Different Additives on Copper Deposition onto Au(111)  

 57 

 

 
Fig. 5.1.3. STM images of the two structures of Cu UPD on Au(111): a) ( 3 × 3 )R30° 

sulphate structure at +0.10 V from 0.1 M H2SO4 + 5⋅10-5 M CuSO4. b) (1 × 1) Cu structure at 

+0.01 V from 0.05 M H2SO4 + 10-3 M CuSO4. The second image from [Wil95]. 

 
In Fig. 5.1.4 two STM images are presented which show the Au(111) surface at   

+0.10 V, covered with the ( 3 × 3 )R30° structure. Beside the UPD structure, small islands 

with an apparent height of approximately 2.3 Å can be observed, the same as the height of a 

Au(111) step (calculated value: 2.35 Å). 

 

 
 

Fig. 5.1.4. In situ STM images of a Au(111) electrode in 0.1 M H2SO4 + 2⋅10-5 M CuSO4.  
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They are assumed to be Au islands, coming probably from the lifting of the Au 

reconstruction.  

Upon changing the potential to +0.15 V to form the ( 3 × 3 )R30° structure, a 

network which shows up as white lines in the STM images evolved. Fig. 5.1.5 shows the 

formation of such a network on a Au(111) electrode, at +0.15 V, in the presence of copper 

ions (a). The high resolution image of the structure (Fig. 5.1.5 b) reveals that the lines 

correspond to domain walls separating translational domains of the ( 3 × 3 )R30° structure. 

Similar results have been obtained by Xia et al. [Xia00]. 

 

 

 
Fig. 5.1.5. STM images of the Au(111) surface in 0.1 M H2SO4 + 2⋅10-5 M CuSO4, during the 

underpotential deposition of a ( 3 × 3 )R30° structure showing: a) the wall network; b) 

domain boundaries of the ( 3 × 3 )R30° phase. 

 
The apparent height of the phase boundaries is between 0.5 and 1 Å. The domain wall 

network does not represent the thermodynamically stable phase, but is rather a consequence 

of the independent homogeneous nucleation of the ( 3 × 3 )R30° islands [Xia00].  

The potential-induced transition between the ( 3 × 3 )R30° and the (1 × 1) adlayer 

phases on Au(111) is shown in a sequence of STM images in Fig. 5.1.6. In Fig. 5.1.6 a an 

image of the initial surface at +0.10 V is presented (in the upper part), showing extended 

( 3 × 3 )R30° domains separated by domain walls. Between these domains, one can observe 

scattered Au islands, as described above. At this potential no islands of the (1 × 1) adlayer 
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phase are observed.  

When the potential is stepped in the negative direction (to +0.05 V and 0.0 V) islands 

of a new phase emerge, which appear higher in the STM images. They are identified with the 

(1 × 1) Cu adlayer. This phase starts to grow by broadening on the existing domain walls of 

the ( 3 × 3 )R30° phase (Figs. 5.1.6 b, c) until a full monolayer of the (1 × 1) phase is 

formed (Fig. 5.1.6 d). 

 

 

 
Fig. 5.1.6. Series of STM images showing the same area on the Au(111) surface during the 

phase transition between the ( 3 × 3 )R30° and the (1 × 1) adlayer in 0.1 M H2SO4 +     

5⋅10-5 M CuSO4.  
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Beside the ( 3 × 3 )R30° domain walls no additional nuclei of the (1 × 1) phase are 

formed on the imaged terrace. The (1 × 1) phase grows two-dimensionally at the domain 

boundaries between translational domains of the ( 3 × 3 )R30° phase. This means the 

growth rate is certainly dependent on the history of the sample, i.e., the number of these 

domain walls.  

In order to gain further information about the kinetics of the processes involved in Cu 

UPD onto Au(111), CVs were recorded using different scan rates. All curves were started at 

+0.50 V in negative direction, with the scan rate varying between 10 and 2000 mV/s. They 

are shown as pseudo-capacitance curves in Fig. 5.1.7.  

 

 

 
Fig. 5.1.7. Pseudo-capacitance curves derived from cyclic current-potential curves for Cu 

UPD onto Au(111) in 0.1 M H2SO4 + 10-3 M CuSO4 recorded with scan rates between         

10 mV/s and 2000 mV/s.  

 
The peak currents for the deposition and stripping processes exhibit a marked sweep 

rate dependence, as it can be seen in Fig. 5.1.7. Peaks A and B are shifted to more negative 

potentials with increasing the scan rate, with the shift in peak A rather insignificant, when 

compared with peak B. The peaks corresponding to the dissolution of the UPD structures (A’ 

and B’) are significantly shifted to more positive potentials when increasing the scan rate. The 

hysteresis, i.e. the difference between the potentials of the deposition/ dissolution maxima, 

increases more rapidly with the scan rate in the case of the deposition/ dissolution of the       
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(1 × 1) structure. This points to a slow reaction. 

From the literature it is well-known that the peak currents for the Cu UPD processes 

are proportional to the scan rate ν for values below 5 mV/s [Hac91]. However, at higher scan 

rates, the peak currents follow a ν1/2 dependence, this behaviour being the result of very slow 

charge-transfer kinetic processes with instantaneous nucleation and growth kinetics [Höl94]. 

Bosco et al. have shown that a linear dependence of jmax and Emax on the square root of the 

scan rate is characteristic for an instantaneous two-dimensional nucleation process [Bos81]. 

The current maxima jmax and the peak potentials Emax for all four peaks from Fig. 5.1.7 have 

been represented as a function of ν
1/2 in Fig. 5.1.8. The peak potential Emax for A and A’ 

shows a linear dependence on the ν1/2. In the case of the other two peaks (B and B’), the linear 

dependence could not be observed anymore for scan rates higher than 500 mV/s. The 

dependence of the current maximum jmax on ν1/2 shows significant deviations from linearity.  

 

 

 
Fig. 5.1.8. Current density and potential maxima, jmax and Emax, for peaks A, A’, B and B’ 

from the cyclic voltammogram as a function of the square root of the scan rate. 

 
The influence of Cu concentration on the UPD has been investigated in detail for the 

range 5⋅10-4
÷0.1 M CuSO4 by Petri [Pet03a]. From cyclic voltammetric experiments he 

observed that the peaks shift with the copper concentration. In the case of A/ A’, the shift is 

more significant than in the case of B/ B’.  From the regression line, the shift to more positive 

potentials for the pair A/ A’ is 52 mV and 44 mV, respectively, pro decade of Cu 

concentration, while in the case of B/ B’ is only 21 and 24 mV pro decade, also to more 

positive potentials [Pet03a]. Another group found values of 58 mV and 30 mV [Oma93]. 
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Together with the shift of the peaks A and A’ to more positive potentials, when the Cu 

concentration is increased, one can also observe the intensification of them and therewith an 

increase in the maximum current density. These indicates a faster phase formation and 

dissolution for the ( 3 × 3 )R30° structure. In the case of the (1 × 1) structure, the current 

maxima are remaining almost the same.  

Despite of enormous, detailed investigations, the system Cu/ Au(111) is still attracting 

the attention of the researchers. In the present work, especially the influence of lower 

concentrated Cu solutions has been investigated.  

Fig. 5.1.9 shows the CVs of Cu UPD on Au(111) for three different copper 

concentrations: 10-3 M (dotted line), 10-4 M (solid line), and 10-5 M CuSO4 (dashed line).  All 

curves were started at +0.50 V in negative direction.  

For the highest copper concentration (Fig. 5.1.9, dotted line) the shape of the cyclic 

voltammograms is the typical one, with the two pairs of peaks. The CV recorded in 10-5 M 

CuSO4 (dashed line in Fig. 5.1.9) shows only two broad peaks, for the deposition/ dissolution 

of the Cu UPD. The curve corresponding to a concentration of 10-4 M CuSO4, shows a broad 

cathodic peak (between +0.30 V and +0.05 V), corresponding to the formation of the 

( 3 × 3 )R30° structure. Very interesting for this curve, at -0.10 V a pair of very sharp 

spikes can be observed, which has never been reported in the literature before. One can see no 

peak B, for the formation of the (1 × 1), but the dissolution peak, B’, is seen. Even after 

reversing the scan, the deposition of the (1 × 1) structure still continues (see the negative 

current in Fig. 5.1.9 solid line, up to approximately 0.0 V). The anodic peaks around +0.20 V 

(A’) and +0.06 V (B’) correspond to the dissolution of the ( 3 × 3 )R30°, and of the (1 × 1) 

structure, respectively. It is worth to mention that in the case of the first curve (dotted line), by 

scanning the potential to more negative values, up to ESCE = -0.15 V, bulk deposition occured 

and no spike could be observed. 

The spikes are very sharp and they exhibit a low hysteresis, which suggest a phase 

transition. They are quite similar to the peaks observed for Au(111) in the presence of 

sulphate, resulting from a phase transition within the sulphate adlayer [Mag92, Ede94, Cue00, 

Mag02].  

A similar pair of current spikes has been found by Kibler et al. for the Pd deposition 

onto Au(111) [Kib99]. There, the pair of spikes is ascribed to a phase transition within the 

layer of adsorbed [PdCl4]
2- on an uncovered (Pd-free) Au(111) surface.  
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Fig. 5.1.9. Cyclic current-potential curves for the UPD of Cu on a Au(111) electrode in 0.1 M 

H2SO4 with three different CuSO4 concentrations. ν=10 mV/s.  

 
The pair of spikes appeared in the voltammogram only at concentrations lower than 

5⋅10-4 M, when Cu UPD on Au(111) starts to be controlled by the slow diffusion of the 

copper ions, as it can be seen in Fig. 5.1.9.  

The limitation of the UPD process due to the slow diffusion of the copper ions can be 

illustrated by recording cyclic current-potential curves with different scan rates. They are 

depicted as pseudo-capacitance curves in Fig. 5.1.10, for a Au(111) electrode in 0.1 M H2SO4 

+ 5·10-5 M CuSO4. At a scan rate of 10 mV/s (Fig. 5.1.10, solid line) the CV shows the same 

features as the one recorded in 10-4 M CuSO4 and depicted in Fig. 5.1.9 (solid line). More 

than this, the pair of spikes appears at the same potential, -0.10 V. At 5 mV/s (dashed line in 

Fig. 5.1.10) one can distinguish two broad peaks on the cathodic run for the formation of the 

two Cu UPD structures and two anodic peaks for the dissolution of the structures. The spike 

appears only on the cathodic run, at -0.10 V and it is less sharp than in the CV recorded with 

10 mV/s. When scanning with 1 mV/s, the spike is no longer present in the CV. One can only 

see the pairs of peaks corresponding to the adsorption/ desorption of the two Cu UPD 

structures. Additionally to these, if scanning more negative at around -0.10 V bulk deposition 

occurs. 

This shows a strong dependence of the spikes on the scan rate. The spikes appear 

always at the same potential (-0.10 V), independent on the Cu concentration. At higher copper 



5.1. Copper deposition from additive-free sulphuric acid electrolytes 

 64 

concentrations, where diffusion is not the rate determining step, the applied scan rate has to be 

high enough in order to observe the spikes. Otherwise, bulk deposition occurs and the spikes 

cannot be seen anymore. A kinetic inhibition should take place in order to get the spike. 

 

 

 
Fig. 5.1.10. Pseudo-capacitance curves derived from cyclic voltammograms of a Au(111) 

electrode in 0.1 M H2SO4 + 5⋅10-5 M CuSO4, recorded with different scan rates. 

 
Since in the potential range from +0.60 V to 0.0 V two different structures are formed 

- namely ( 3 × 3 )R30° and (1 × 1) - one could assign, theoretically, the spikes to a phase 

transition in the  ( 3 × 3 )R30°- or in the (1 × 1)-adlayer.  

For clarifying the role of the Cu UPD structures, experiments have been carried out in 

which the potential of the electrode has been held at a certain value (+0.10 V, respectively  

0.0 V) for the formation of the two different UPD structures and then CVs have been 

recorded. After depositing a complete monolayer of Cu with a (1 × 1) structure, the spikes 

could not be observed in the CV. This observation, correlated with the absence of the spike at 

enough low scan rates confirms the assumption that the phenomenon does not occur at a 

complete (1 × 1)-UPD monolayer.  

The deposition of the (1 × 1) structure, even in small amounts, makes the spike height 

to decrease drastically, first the anodic and then the cahodic one as well. For making a 

correlation between the spike intensity and the coverage of the ( 3 × 3 )R30°, without any 
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influence of the   (1 × 1), “potential-jump” experiments have been carried out. The potential 

has been jumped from +0.10 V (value where the deposition of ( 3 × 3 )R30° structure 

occurs) to -0.05 V, before to start cycling. By waiting different periods of time at +0.10 V, 

one can obtain different coverages of the UPD structure. The voltammograms recorded during 

these experiments are shown in Fig. 5.1.11.  

 

 

 
Fig. 5.1.11. Cyclic voltammetric curves of a Au(111) electrode in 0.1 M H2SO4 + 5⋅10-5 M 

CuSO4, with different coverages of the ( 3 × 3 )R30° structure obtained at +0.10 V and then 

jumped at -0.05 V. ν=10 mV/s. 

 
The first two curves, corresponding to 55%, respectively 74% coverage (solid and 

dotted lines in Fig. 5.1.11) show no spike, just an increase in both the anodic and cathodic 

currents (current peaks). When reaching the coverage of 80%, both spikes are visible, with the 

anodic spike being sharper than the cathodic one. With increasing the coverage of the 

( 3 × 3 )R30° structure, the cathodic spike increased, in contrast with the anodic one, which 

was decreasing. From the dissolution peaks at around +0.06 V, it is obviously that the 

deposition of the (1 × 1) occurred. The formation of the (1 × 1) phase, even if not complete, 

causes the decrease in the anodic spike, but has less influence on the cathodic one. 

From the above mentioned experiments it is clear that the process (represented as a 

pair of spikes in the CV of Cu UPD) is related to both UPD structures. The increase in the 
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( 3 × 3 )R30° coverage makes the spikes height to increase, while the (1 × 1) formation has 

the opposite effect. When the Cu monolayer formation is complete, the spikes disappear.  

Transfer experiments enabled one to study the effect of the Cu UPD structures 

independent from each other and also to make a correlation between them and the spikes. Fig. 

5.1.12 shows schematically the way these experiments have been carried out.  

 

 

 

 

 

Fig. 5.1.12. Schematically 

draw of the transfer 

experiments for the               

( 3 × 3 )R30° structure. 

 

 
The Cu UPD structures have been deposited in a separate cell, at +0.10 V the 

( 3 × 3 )R30° structure and at 0.0 V the (1 × 1), then transferred under a high flux of N2 into 

another cell, containing only supporting electrolyte (H2SO4 or HClO4) where CVs have been 

recorded.  

First transfer experiments have been carried out in H2SO4. After several tries, the 

potential at which the UPD structures have to be immersed into the 0.1 M H2SO4 electrolyte 

was set 0.10 V more negative than the deposition potential. The scans were started at these 

potentials in negative direction, with a scan rate of 10 mV/s. 

In the case of the (1 × 1) UPD structure, the CV showed no spikes, not even up to        

-0.35 V. The only feature was the anodic peak for the dissolution of the structure. Therefore 

we can finally conclude that the process does not occur on a full monolayer of Cu on 

Au(111). 

The ( 3 × 3 )R30° structure has been deposited at +0.10 V for different periods of 

time in order to obtain different surface coverages. The cyclic current-potential curves 

obtained by transferring the UPD structure with different coverages in 0.1 M H2SO4 are 

shown in Fig. 5.1.13. The surface coverage of the ( 3 × 3 )R30° is calculated as the ratio 
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between the charge under the dissolution peak and the charge corresponding to a full coverage 

of ( 3 × 3 )R30°.  

At a coverage of 48%, one can only see an increase in both anodic and cathodic 

currents as a bump, but not as current spikes. Only when the coverage reaches a value of 

approximately 80% one can see the sharp spikes at -0.10 V. No peak associated to the 

dissolution of the (1 × 1) structure was observed in any of the curves. The height of the spikes 

increases with the coverage, reaching a maximum at 100%. It should be noted that at 

coverages under 45% no increase in the current, neither cathodic nor anodic, has been 

observed, which led us to the conclusion that a certain coverage of the ( 3 × 3 )R30° 

structure needs to be reached in order to obtain the spikes.  

 

 

 
Fig. 5.1.13. Cyclic current-potential curves for different coverages of the Cu UPD 

( 3 × 3 )R30° structure on Au(111), transferred in 0.1 M H2SO4. ν=10 mV/s. 

 
 The charge under the spikes was calculated and correlated with the coverage of the 

( 3 × 3 )R30° structure. The result was a linear correlation which can be seen in Fig. 5.1.14 

for the cathodic spike. A similar correlation has been obtained for the anodic spike.  
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Fig. 5.1.14. Charge of the cathodic spike plotted versus the surface coverage of the 

( 3 × 3 )R30° structure.  

 
Since sulphate plays an important role in the formation of the Cu UPD structures, by 

coadsorbing with Cu to form the ( 3 × 3 )R30° structure, its influence on the appearance of 

the spikes has been also investigated. Transfer experiments have been carried out, this time in 

HClO4 electrolytes with the addition of different amounts of sulphate. The concentration used 

for HClO4 was 10-2 M, in order to decrease the possible contamination with chloride, which 

could appear in this electrolyte. 

Fig. 5.1.15 shows the current-potential curves recorded for a Au(111) electrode, 

covered with the Cu ( 3 × 3 )R30° UPD structure, in 10-2 M HClO4 with sulphate in 

different amounts. The UPD structure has been deposited at +0.10 V in a separate cell, from a 

solution containing 0.1 M H2SO4 and 5⋅10-5 M CuSO4 and then transferred in HClO4. All 

curves have been started at 0.0 V in negative direction.  

First curve (dotted line in Fig. 5.1.15) shows the CV in perchloric acid with no 

addition of sulphate. No spike could be observed, only a slight increase in the current in the 

potential region between +0.05 V and -0.10 V. One can see the ( 3 × 3 )R30° structure 

dissolution peak at around +0.20 V. After adding H2SO4 to obtain a 10-3 M sulphate solution 

(dashed curve in Fig. 5.1.15), a pair of current peaks could be observed, at +0.013 V (the 

cathodic spike) and +0.026 V (the anodic one). The peak corresponding to the dissolution of 
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the UPD was slightly shifted to more negative potentials (+0.18 V; curve not shown). 

 

 

 
Fig. 5.1.15. Cyclic voltammograms of the Cu UPD ( 3 × 3 )R30° structure on Au(111) 

transferred in 10-2 M HClO4, without and with the addition of sulphate in different 

concentrations. ν=10 mV/s 

 
For a higher sulphate concentration (10-2 M, dashed-dotted line) the peaks are getting 

sharper and they are shifted to more negative potentials (-0.057 V for the cathodic peak, 

respectively -0.046 V for the anodic one). The stripping peak for the ( 3 × 3 )R30° structure 

is also shifted to more negative potentials (+0.165 V). For 10-1 M H2SO4 (solid line in Fig. 

5.1.15) the pair of very sharp spikes typical for the sulphate solutions could be again 

observed, however slightly shifted to more negative potentials in comparison with the 

solutions containing only sulphate (-0.15 V, in comparison with -0.10 V). Note that the pH is 

higher than in Fig. 5.1.13. 

In conclusion, the newly-discovered spike is related with some phase transition in the 

( 3 × 3 )R30° structure to (1 × 1), which are normally masked by the bulk deposition or by 

the formation of the (1 × 1) structure. 

The process which leads to the formation of the spikes is assumed to be the desorption 

of sulphate from the centres of the hexagons of the ( 3 × 3 )R30° structure. 

In situ STM measurements have been carried out in order to gain more information 
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about the spikes. A push-pull syringe pump has been used, which allows one to change the 

electrolyte in the STM, under operation, as well as a STM flow-cell, both being described in 

the experimental part (Chapter3, section 3.2.5). First, the ( 3 × 3 )R30° structure has been 

deposited at +0.10 V in an electrolyte consisting of H2SO4 and CuSO4, and then the 

electrolyte has been replaced by the supporting electrolyte (H2SO4) and simultaneously the 

potential has been changed to 0.0 V.  

The geometry of the STM cell, together with the flow rate didn’t always allow an 

optimum exchange of the electrolyte. The copper concentration decreased very much, but it 

did not reach the “zero value”. By changing the potential to more negative values, due to the 

residual copper,  the deposition of the (1 × 1) structure has been observed. Sometimes, even 

bulk deposition occurred. Such a limit situation is presented in Fig. 5.1.16. The first image 

(Fig. 5.1.16 a) shows the Au(111) surface at +0.10 V, covered with the ( 3 × 3 )R30° 

structure (not visible). One can only see the walls separating translational domains of the Cu 

UPD structure as well as some Au islands. After replacing the electrolyte and changing the 

potential to 0.0 V (see Fig. 5.1.16 b), the surface remains almost unchanged with the domain 

walls network still visible. A change in the potential to more negative values (-0.15 V) 

initiated the bulk deposition, manifested through the formation of Cu clusters (Fig. 5.1.16 c). 

 

 

 
Fig. 5.1.16. STM images taken when using a flow-cell and the push-pull syringe pump 

showing: a) the Au(111) surface in 0.1 M H2SO4 + 5⋅10-5 M CuSO4, at +0.10 V; b) and c) the 

surface after replacing the Cu-containing electrolyte by 0.1 M H2SO4.  

 
Fig. 5.1.17 shows another sequence of in situ STM images recorded after replacing the 
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copper ions-containing electrolyte (5⋅10-5 M CuSO4) with 0.1 M H2SO4. First image (Fig. 

5.1.17 a), recorded at -0.05 V, is showing the typical ( 3 × 3 )R30° phase, with the domain 

walls and the Au islands clearly seen. After changing the potential to more negative values, 

islands of a new phase are formed on the surface (Fig. 5.1.17 b, marked with magenta, dashed 

line), which appear higher in the STM images (approximately 0.7 Å). They are assumed to be 

the (1 × 1) structure. Also the formation of small clusters has been observed, with a height of 

about 2.0 Å (marked with a yellow circle in Fig. 5.1.17 b). On top of this cluster a Moiré 

pattern could be imaged (Fig. 5.1.17 c), at -0.13 V. 

 

 

 
Fig. 5.1.17. STM images taken after replacing the Cu-containing electrolyte with 0.1 M 

H2SO4: a) image recorded at -0.05 V; b) image taken after the potential has been changed 

from -0.2 V to -0.13 V; c) Moiré on the Cu cluster marked with the yellow circle in b. 

 
The periodicity of the Moiré was not the same in all 3 directions: 1:2.1 nm; 2, 3:      

2.3 nm (the 3 directions are indicated with white lines in Fig. 5.1.17 c). For the Moiré pattern 

on Cu(111), caused by the misfit between the first reconstructed and the second with a (111) 

structure copper layer, the distances between the Moiré minima are bigger (2.9 and 3.6 nm). 

Another limit situation is shown in Fig. 5.1.18. In this case, the flow rate was too high, 

and the potential control could not be maintained properly. The result was the complete 

dissolution of the UPD structure and a potential-induced reconstruction of the Au(111) 

surface. Image a has been recorded before replacing the electrolyte and shows the 

( 3 × 3 )R30° phase, at +0.10 V. After exchanging the electrolyte, the UPD structure could 

not be seen anymore. Instead, a Au(111) surface with reconstruction rows (visible as stripes) 

could be imaged (Figs. 5.1.18 b and c).  
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Fig. 5.1.18. In situ STM images recorded on a Au(111) surface in: a) 0.1 M H2SO4 + 5⋅10-5 M 

CuSO4; b) and c) in 0.1 M H2SO4, after replacing the Cu-containing electrolyte.  

 
When none of these limit situations (Cu bulk or complete dissolution of the UPD 

structure) has been reached, by switching the potential to more negative values, in the region 

where the spikes could be seen in the CV, a branch-like structure has been observed in several 

experiments. Fig. 5.1.19 shows an STM image recorded at -0.18 V, after replacing the 

electrolyte, in which such a situation is presented. The brighter regions have heights whose 

measured values oscillate between 0.8 and 1.4 Å. The circles in the image are marking the Au 

islands. 

Might be that the spike represents a phase transition in the above mentioned structure, 

but this doesn’t necessarily imply that the transition should be to another ordered structure. 

Until the contrary is proven, we cannot draw a conclusion about the change in the structure 

caused by this process. 

From the early stages of UPD studies it has been noted that anions can have a 

profound influence on the adlayer structure as well as on the deposition kinetics of the metal 

monolayer and this has been explained by a coadsorption with the Cu atoms. The anion is 

structure-determining for Cu on Au(111), the superstructure pattern for medium Cu coverages 

being distinctly different for perchlorate, sulphate or chloride solutions, and differing 
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altogether from the adlayer structure of Cu evaporated onto Au(111) in UHV [Kol91].  

 

 

 

 

 

 

Fig. 5.1.19. STM image of a branch-like 

structure on Cu UPD on Au(111), taken at  

-0.18 V after exchanging the electrolyte. 

The yellow circles mark Au islands.  

 

 
In the latter case (Cu evaporated onto Au(111) in UHV), a pseudomorphic growth, i.e., 

island growth with a (1 × 1) structure from the very beginning to full coverage was reported 

[Nak84]. 

Cu deposition in perchlorate solutions is strongly kinetically hindered and occurs 

energetically in only one step. The structure is an incommensurate (2.2 × 2.2) and the CV 

shows only one dissolution peak in the potential range of Cu UPD. The missing co-adsorption 

of Cu and perchlorate anions is believed to inhibit the UPD phase formation [Kol91]. 

Chloride is a strongly adsorbing anion and its presence shifts the onset of deposition to 

more positive potentials. The CV shows, like in the case of sulphate, two pair of peaks.         

Cu adsorption in chloride-containing electrolytes led to an incommensurate (1.29 × 1.29) 

superstructure. The influence of chloride on the Cu UPD in sulphuric acid electrolytes has 

been investigated in the present work and will be presented in section 5.2.2.  

 
 

5.1.2. Bulk Cu deposition 

  
The reduction of copper has been studied in detail in the literature [Mat59, Bro65, 

Jac68, Tin68, Mol72, Yos88, DeA89] and it should therefore only briefly addressed. It is 

well-known that copper deposition proceeds in two steps:  
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Cu2+ + e- ↔ Cu+ (5.1.1) 

Cu+ +e- ↔ Cu (5.1.2) 

 
Either of the two one-electron charge-transfer steps can be rate-determining, 

depending on the overpotential/ current density. In order to understand the kinetics of 

electrodeposition of copper, it is necessary to consider the following three electrode reactions 

[Gil00]: 

 
Cu2+ + 2e- → Cu 0295.0340.0E rev += log +2Cu

c  (5.1.3) 

Cu2+ + e- → Cu+ 059.0158.0E rev += log +2Cu
c 0.059- log +Cu

c  (5.1.4) 

Cu+ + e- → Cu 059.0522.0E rev += log +Cu
c  (5.1.5) 

 
Cu+ is thermodynamically unstable in aqueous solutions (in the absence of complexing 

agents), and it undergoes a disproportionation reaction, to yield Cu2+ and Cu0: 

 
2 Cu+ → Cu + Cu2+ (5.1.6) 

 
This reaction proceeds spontaneously from left to right, since its standard potential is 

positive (∆E0=+0.364 V), corresponding to an equilibrium constant of [Gil00]: 

 
[Cu2+]/ [Cu+]2 = 10364/59 = 1.48⋅106 (5.1.7) 

[Cu+] = 8.22⋅10-4 ]Cu[ 2+  (5.1.8) 

 
The Cu+ ions can diffuse from the electrode surface into the solution and thus they are 

not available for a further reduction. In order to avoid Cu+ disproportionation reaction, 

chloride ion is usually added to the copper electrolytic bath to combine with generated 

cuprous ion. 

Fig. 5.1.20 shows the cyclic voltammogram for the Cu bulk onto a Au(111) electrode. 

Since UPD of Cu has already taken place on the gold surface prior to bulk deposition, the 

Au(111) surface at the Nernst potential will be covered by a uniform, pseudomorphic 

monolayer of Cu adatoms. Therefore bulk deposition will occur on this Cu monolayer.          

In 10-3 M CuSO4, bulk deposition starts at a potential of about -0.05 V vs. SCE.                  

The calculated Nernst potential is +0.01 V vs. SCE.  
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Fig. 5.1.20. Cyclic current-potential curve of a Au(111) electrode in 0.1 M H2SO4 + 10-3 M 

CuSO4 showing the bulk deposition. ν=10 mV/s.  

 
The overpotential of 60 mV is required for the formation of the first copper nuclei on 

the surface [Pet03a]. At potentials more negative than -0.20 V, the deposition starts to be 

diffusion-controlled and the current decreases up to a constant value, the diffusion-limited 

current density, j lim≈ 40 µA cm-2.  

On the anodic scan of the CV, Cu dissolution starts at -0.04 V and it appears as a sharp 

peak in the CV. The difference between the calculated Nernst potential and the experimental 

(marked with an arrow in Fig. 5.1.20) is due to the depletion of the copper ions in the vicinity 

of the electrode surface during the electrodeposition.  

The integration of the curve under both cathodic and anodic peaks resulted in two 

different values: 4050 µC cm-2 for the deposition and 3850 µC cm-2 for the dissolution. This 

means an average charge of 3950 µC cm-2, which corresponds to a surface coverage of 8 ML 

of copper, additionally to the UPD layer. The difference of 200 µC cm-2 between the two 

charge values (for the Cu deposition/ dissolution) could be explained through the formation of 

Cu(I) as an intermediate in the reduction process [Mat59, Jac68, Tin68, Sch76, Hac91, 

Yoo94, Lán02]. Cu(I) can diffuse from the electrode surface into the electrolyte and thus is 

not reduced to Cu0.  

Due to the lattice mismatch between the pseudomorphic UPD layer and bulk copper 

(about 12%), the further growth follows a Stranski-Krastanov mode, in order to reduce the 
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interfacial stress  [Nic91, Schm96b, Schn99a]. 3D-clusters are formed on the UPD Cu layer 

[Wil94, Wil95]. The morphology of the bulk deposit will strongly depend on the defect 

structure of the substrate, at least during the initial stages of the deposition process, because 

surface defects will provide centers for nucleation and growth. Nucleation takes place almost 

exclusively at the substrate defects, such as step edges, kinks, and screw dislocations [Wil95, 

Bat92, Nic91].  

The cluster-like growth mode is demonstrated in Fig. 5.1.21, where STM images 

(2300 nm × 2300 nm), recorded at different times after the initiation of the bulk deposition, 

are presented. In Fig. 5.1.21 a, taken at ESCE=-0.15 V, different crystallites are seen, all 

nucleated at defects, namely at step edges/ step bunching regions. The triangular shape of the 

clusters is an evidence for the epitaxial relation between the deposit and the substrate. When 

applying a higher overpotential (see Fig. 5.1.21 b, recorded at -0.40 V) new nuclei appear at 

the surface, this time nucleation occurring also on the terrace, not only at surface defects.   

 

 

 
Fig. 5.1.21. Sequence of STM images showing Cu bulk deposition onto Au(111) from         

0.1 M H2SO4 + 10-3 M CuSO4: a) Cu crystallites nucleated at defects, at -0.15 V;                   

b) nucleation occurring at the terraces, at -0.40 V.  

 
In the first image (Fig. 5.1.21 a), recorded 27 min after initiating Cu bulk, the substrate 

is covered with several clusters with an average height of 11 nm. From the volume of the 

crystallites it has been estimated that the Cu deposit had a thickness of approximately 20 ML. 

If the Cu film would be uniform, it would have a height of less than 5 nm. The nucleation 
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density has been estimated as 108 nuclei/ cm2. The second image has been recorded 40 min 

later. The thickness of the Cu film increased to 25 ML. On the top of the crystallites further 

growth follows a layer-by-layer mechanism (Frank-van der Merwe) [Wil94, Eli98]. 

 The first Cu layer which grows at overpotentials spreads across the surface much 

slower than the following layers, thus limiting the lateral growth rate of the crystallite 

[Bat92]. This might be related to the fact that it is deposited on the Cu monolayer, 

pseudomorphic with the gold substrate. This growth behaviour leads to the formation of 

mesa-like clusters. The edges of the crystallites are perfectly aligned with the three main 

crystallographic axes of the Au(111) lattice and the top layers are parallel to the (111) planes 

of Au, as it can be seen from the cross-section in Fig. 5.1.22. 

 

 

Fig.5.1.22. 3D STM image of a Au(111) surface, covered with Cu clusters, in 0.1 M H2SO4 + 

10-3 M CuSO4,. The height of the clusters measured from the cross-section (yellow line in the 

STM image) is also shown. 

 
Not only substrate defects (such as steps or screw dislocations) can play a role in the 

aspect/ morphology of the bulk deposit, but also defects in the Cu UPD layer.  

The Au islands and the walls separating the translational domains of the UPD structure 

are providing centers for the nucleation and growth of Cu. Fig. 5.1.23 shows three in situ 

STM images, recorded at potentials where Cu bulk deposition occurs. The copper 

concentration was rather low for all images (5⋅10-5 M for the first two images, and 2⋅10-5 M 

for the third image). In the first image (a) some clusters can be seen on the surface and 

between them the Cu “decorating” the UPD layer defects. In the second (b) and the third 

image (c), no clusters can be seen, only brighter regions forming a kind of network with 

heights between 2 and 4 Å.  
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Fig. 5.1.23. In situ STM images illustrating Cu bulk deposition starting with decorating the 

UPD layer defects: a) and b) recorded in 0.1 M H2SO4 + 5⋅10-5 M CuSO4; c) taken in 2⋅10-5 M 

CuSO4. 

 
On top of the Cu clusters, a Moiré pattern has been imaged (see Fig. 5.1.24), similar to 

the well-known sulphate-induced Moiré structure on Cu(111) single crystal surfaces [Wil98, 

Li98, Ran99, Bro01].  

  

 

 

 

 

Fig. 5.1.24. STM image of the sulphate 

layer (Moiré pattern) on the top of the 

copper crystallites on Au(111) in 0.1 M 

H2SO4 + 5⋅10-5 M CuSO4. The distances in 

the three directions are: 3.3 nm (for 1) and   

4.4 nm (for 2 and 3). 

 
The line scans in Fig. 5.1.24 along the three main axes show periodicities in the 

nanometer range, namely 3.3 nm (for 1) and 4.4 nm (for 2 and 3). The sulphate is arranged in 

rows with an intermolecular spacing of 0.56 nm and the distance between sulphate particles in 

adjacent rows is 0.71 nm. The internal stress caused by the lattice mismatch between copper 
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and gold is extremely reduced for the thick copper films and thus the crystallites have the 

same properties as the Cu(111) single crystals. This is another evidence for the epitaxial 

growth of fcc Cu(111) on the Au(111) substrate [Ras01].  

The influence of the applied overpotential on the nucleation and on the morphology of 

the copper deposits on Au(111) has been investigated into detail in [Pet03a]. At low 

overpotentials only a small number of nuclei are formed and the film develops a coarse 

grained texture. The higher the overvoltage is, the more nuclei are formed and the deposit will 

be fine-grained. The resulting surface is not smooth anymore. A similar dependence of the 

nucleation density on the overpotential has been also found for Cu onto Pt(111) [Ryn94] and 

onto glassy carbon [Gru02]. 
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5.2. Chloride 

 

 

Chloride ion is one of the most common constituent of the commercial acid-copper 

plating baths and therefore is sometimes not even referred as an additive [Din00]. Cl- ions at 

concentrations between 50 and 100 ppm are often introduced because of their depolarizing 

effect in copper deposition [Ras78] and for their ability to combine with cuprous ions to form 

CuCl, thus reducing the importance of the Cu(I) species. The formation of CuCl reduces the 

significance of side-phenomena such as the formation of unstable metal films at the surface of 

low polarized anodes [Yoo94].  

Chloride introduced in bright and high-throw acid sulphate solutions eliminates 

striated deposits in the regions where the current density is very high. Cl- affects the surface 

appearance, structure, microhardness, crystallographic orientation and it reduces the internal 

stress of the deposits [Wal80b]. Added in small amounts, chloride is essential for the ductility 

of the deposits.  

The chloride concentration plays a very important role. In order to have an optimal 

effect, it should be chosen between 60 and 80 ppm. Below 30 ppm, the deposits will be dull, 

striated, coarse and step-plated [Din00]. Above 120 ppm, the resulted deposits will be coarse 

grained and dull, and the anodes will polarize, thus causing the plating to stop [Din00].  

More than this, chloride is known to exert synergetic effects with other additives 

present in the plating baths, such as thiourea (TU), benzotriazole (BTA) [Yoo94, Sce00, 

Has88], polyethers (such PEG) [Hea92a, Kel98a, Kel98b, Gol98, Mof00, Tae01] or              

3-mercapto-1-propanesulfonate (MPSA)/ bis(3-sulfopropyl) disulfide (SPS) [Hea92c, Kan97, 

Mof00, Kim03] .  

Chloride added in small amounts has an accelerating effect on the copper deposition, 

while excess of chloride can produce insoluble copper chlorides at the anode surface, thus 

inhibiting the deposition process [Cro89, Lán02]. If the Cl concentration is further increased, 

CuCl can be transformed in complexes [CuCln]
-(n-1), with n increasing with the Cl- 

concentration [Yoo94, Lán02].  

In the case of Cu deposition onto Cu single crystals, the addition of chloride in small 

amounts leads to a faceting of the surface and to an increase in the terrace size [Wu97a, 

Wu00]. The results on chloride adsorption on Cu(111), as well as the influence of the 

combination MPSA-Cl on the Cu deposition on Cu(111) will be presented into detail in 
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Chapter 6, section 6.4. 

 
 

5.2.1. Chloride adsorption on Au(111) 

 
Cl- is an anion which shows strong specific adsorption on metal surfaces and its 

adsorption strength is higher than that of sulphate. The surface coverage of specifically 

adsorbed ions can be significantly larger than for the case of non-specific adsorption          

(i.e. 0.1-0.2 ML). As a result, specifically adsorbed anions can form ordered adlayer structures 

on electrode surfaces. More than this, strong specific adsorption involves the presence of an 

excess surface concentration of counterions, which can result in the formation of ordered, 

mixed layers of anions and cations.  

Chloride adsorption on Au(111) has been only briefly investigated, by the means of 

cyclic voltammetry, to show the overwhelming effect of chloride over the sulphate, even at 

concentrations 103 times lower. Fig. 5.2.1 shows the cyclic current-potential curves of a 

Au(111) electrode in 0.1 M H2SO4, with the addition of different amounts of chloride. All 

four curves were started at -0.20 V, in negative direction. For each case is shown only the first 

cycle. The features of the CV in pure sulphuric acid have been discussed in detail in Chapter 

4, section 4.1 and it has been drawn here for the purpose of comparison. In the presence of Cl- 

the reconstruction is lifted at more negative potentials than in sulphate. The shift to more 

negative potentials is approximately 55 mV per decade of concentration. The spikes 

corresponding to a phase transition within the sulphate adlayer are no longer seen in chloride-

containing solutions, at Cl- concentrations higher than 10-5 M. They are replaced by another 

pair of peaks, at more negative potentials, which are also assigned to a transition in the Cl-

adlayer, to an ordered structure. The peaks shift to more negative potentials when increasing 

the concentration, with approximately 40 mV per decade of concentration. Ordered halide 

adlayers were only observed above a critical potential, located in a region with high anion 

coverages (θ ≥ 1/3 ML). X-ray diffraction studies showed that the chloride adlayer forms an 

aligned, hexagonal close-packed structure [Mag95]. In order to calculate chloride surface 

concentrations, Γ, the voltammograms were integrated starting at the potential corresponding 

to the onset of adsorption, and charges between 105 and 120 µC cm-2 have been obtained for 

the anion adsorption/ desorption (for the anodic and cathodic run). Using the Esin-Markov 

coefficient (as suggested in [Lip98]), Γ with values between 6.9 and 7.75⋅1014 ions cm-2 have 

been calculated. The Esin-Markov coefficient for Cl-, which is the reciprocal of the charge 
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number at a constant chemical potential, is -0.95 in electrons per one adsorbed anion [Shi96]. 

Considering that 1 ML coverage corresponds to the surface concentration of gold atoms at an 

ideal Au(111) surface 1.4⋅1015 atoms cm-2 [Shi95c, Lip98], the calculated coverages have 

values between 0.49 and 0.55 ML. The results are comparable with those from the literature 

[Lip98, Mag02]. 

 

 

 
Fig. 5.2.1. Cyclic voltammograms of a Au(111) electrode in 0.1 M H2SO4, and with different 

additions of Cl-: 10-4 M, 10-3 M and 10-2 M. ν=10 mV/s.  

 
Halide adlayers on Au(111) were found to have lattice spacings that decrease with 

increasing potential [Mag02]. This potential-induced compression of the adlattice is usually 

termed electro-compression. A detailed physical model for the electrocompression of the 

halides on Au(111) is given in [Wan98]. 

 
 

5.2.2. Chloride influence on Cu UPD in sulphuric acid electrolytes 

 
Although the main driving force for the UPD processes is the metal-substrate 

interaction, other interactions could also play an important role. The presence of strongly 

adsorbed anions at the metal-electrolyte interface has a particular importance, the interactions 

anion-metal and metal-substrate being able to change UPD processes [Abr98].  
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Cu UPD in additive-free sulphuric acid electrolytes has been already discussed into 

details in section 5.1.1. Knowing that Cl- is an anion which specifically adsorb on metallic 

surfaces, one can assume that it will strongly influence the copper deposition. Moreover, 

(bi)sulphate is known to be less specifically adsorbed than chloride, and thus its effect on Cu 

UPD should be suppressed by the chloride. Indeed, when chloride is added to the solution, the 

cyclic current-potential curve for Cu UPD changes, as does the Cu adlayer structure.          

The change in the CV took place even when the sulphate concentration was 104 times higher 

than that of chloride, a consequence not only of a stronger specific adsorption, but also of the 

high affinity that chloride ions have for copper [Her01]. 

Petri investigated in detail the influence of Cl- concentration on the Cu UPD in 

sulphate electrolytes, especially by means of cyclic voltammetry [Pet03a]. Therefore the CV 

shall be only briefly discussed in the present work. Fig. 5.2.2 shows the CVs for the Cu UPD 

on a Au(111) electrode from 0.1 M H2SO4 + 10-3 M CuSO4, with the addition of Cl- in two 

different concentrations: 10-4 M (solid line) and 10-3 M (dashed line), which have been chosen 

because of their significance for Cu deposition. The cycles were started at +0.50 V, where no 

Cu deposition occurs, in negative direction. The voltammograms are in good agreement with 

those from the literature [Mat94, Pet03a], showing two pairs of peaks, like in the case of 

sulphate. The pair at high underpotentials (A/ A’) appears at potentials more positive than in 

sulphate electrolytes. This is due to the stabilizing effect which comes from the strong 

interaction between the adsorbed metal and the anion [Shi95c]. Peak A, respectively A’ 

corresponds to the (co)adsorption/ desorption of copper ions and chloride. The second pair of 

peaks (B/ B’) is shifted to more negative potentials and it almost overlaps with the bulk 

deposition, effect which can be better seen starting with 10-3 M Cl- (see the dashed line in  

Fig. 5.2.2). Another effect which can be observed is that peak B is no longer split in two, as 

the corresponding peak for sulphate.  Peak B has been assigned to a slight increase in the Cu 

coverage, coupled with Cl- desorption, while B’ corresponds to the contrary process.          

The charges under the peaks are 285 µC cm-2 (for the process A/ A’), respectively              

106 µC cm-2 (B/ B’) [Pet03a], which correspond to 0.88 ML of Cu. Chronocoulometric 

experiments pointed to a complete discharge of 1 ML of Cu, with the coadsorption of 

maximum 0.5 ML of Cl- [Wu97b]. Since the sum of the two surface concentrations (copper 

and chloride) exceeds  1 ML, one can assume that coadsorbed Cu and Cl- form a bilayer.  
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Fig. 5.2.2. Cyclic current-potential curves for Cu UPD on Au(111) from 0.1 M H2SO4 +      

10-3 M CuSO4 without and with Cl- in two different concentrations: 10-4 M and 10-3 M, 

respectively. ν=10 mV/s. 

 
STM measurements in sulphuric acid electrolytes showed how traces of chloride 

(coming from contamination) induce the transformation of the ( 3 × 3 )R30° structure into a 

structure characterized as (5 × 5) [Mag90, Gre92, Mag91, Bat92, Hai92, Wil95].                

The superstructure has been more precisely described as a (1.29 × 1.29) structure, showing a 

slight Moiré pattern with a periodicity varying between 4 and 5. The assumption that the Cu 

atoms are “sandwiched” between the Au substrate and the chloride outer layer has been 

confirmed by XAFS measurements carried-out by Wu et al. [Wu97b]. The Cu layer is 

incommensurate, with the copper atoms occupying adsorption sites of non-equivalent 

geometry. The (1.29 × 1.29) structure could be imaged in situ, with the STM, after the first 

deposition peak, but also at potentials negative of the second peak, however with a markedly 

different corrugation [Bat92].  

Fig. 5.2.3. shows the (1.29 × 1.29) structure of Cu UPD on Au(111) in sulphate 

electrolytes (10-3 M CuSO4) with the addition of 10-4 M Cl-. One can see a clear change with 

the potential in the appearance of the Moiré structure. More than this, the two Moiré 

structures are not in register with each other. 
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Fig. 5.2.3. STM images of Cu UPD on Au(111) from 0.1 M H2SO4 + 10-3 M CuSO4 + 10-4 M 

Cl-. Image a has been recorded at +0.20 V, image b shows a change in the Moiré corrugation 

with the potential jump from +0.20 to +0.10 V, and image c shows the Moiré at +0.10 V. 

 
Based on the measured distances, a model for the 2 UPD structures has been 

suggested, which is shown in Fig. 5.2.4. The next-neighbour as well as the Moiré maxima 

distance is increasing when the potential is decreased from +0.20 V to +0.10 V. This is in 

contradiction with Batina et al., who suggested a compression in this structure when the 

potential was scanned in the negative direction [Bat92]. However, Batina assumed that STM 

imaged the Cu atoms, and not the Cl-. From surface concentration data, Wu et al. suggested 

that the species seen in STM is the adsorbed Cl-, rather than the Cu adatoms [Wu97b]. 

Moreover, at Cl- concentrations lower than 10-3 M, the chloride surface concentration 

increases very much in the presence of Cu adatoms, reaches a maximum in the potential 

region between +0.20 and +0.10 V and then it starts to decrease [Shi95a]. The above 

described behaviour changes at Cl- concentrations higher than 10-3 M. The results presented in 

this work suggest that STM rather images Cl- ions, than Cu, since the next-neighbour 

distances are increasing at more negative potentials, where Cu concentration should increase 

and Cl- should decrease.  

At Cl- concentrations below 10-5 M, a (2 × 2) structure is seen [Mag93, Pet03a]. 
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a) ESCE=+0.20 V 

Nearest-neighbour: 0.35 nm ± 0.02 nm 

Moiré-maxima: 1.62 ± 0.06 nm 

b) ESCE=+0.10 V 

Nearest-neighbour: 0.37 nm ± 0.02 nm 

Moiré-maxima: 1.78 ± 0.05 nm 

 
Fig. 5.2.4. Model of the Cu UPD (1.29 × 1.29) structure in the presence of Cl- anions, at two 

different potentials.  

  
 

5.2.3. Chloride influence on Cu bulk in sulphuric acid electrolytes 

 
Chloride addition in Cu plating baths causes important changes in the deposit 

morphology. The influence of chloride on Cu bulk deposition depends strongly on the 

concentration, as it has been already mentioned in the introductory part. It is known that small 

amounts of chloride have an accelerating effect on Cu deposition, especially in additive-

containing plating baths. In the present work, Cu OPD on Au(111) in 0.1 M H2SO4+10-3 M 

CuSO4 with the addition of Cl- in four different amounts has been investigated. All scans have 

been started at +0.50 V in negative direction. The results are depicted in Fig. 5.2.5. The curve 

corresponding to 10-5 M Cl- has been neglected, since it showed no significant changes: 

neither an accelerating, nor an inhibiting effect on the Cu bulk. It has been reported that up to 

10-3 M, Cl- has little effect on the current-voltage curve recorded in additive-free sulphuric 

acid electrolytes [Din00]. However, in the present study it was observed that also smaller 



5.2. Chloride  

 88 

amounts of Cl- (such 10-4 M, dotted line in Fig. 5.2.5) have a depolarising effect on the copper 

deposition. For 10-4 M (dotted line) and 10-3 M Cl- (dashed line), one can observe a clear 

accelerating effect on the deposition. This effect can be explained through the stabilizing of 

the Cu(I) ions by complexation with Cl- to form -
2CuCl  [Yoo94, Zho95, Abr95, Gol98]. This 

favours the first reduction step (see Eq. 5.1.1), thus having an accelerating effect on Cu 

deposition. For 10-3 M Cl-, a steep increase in the deposition current can be observed. At Cl- 

concentrations higher than 10-3 M, the formation of an insoluble CuCl film on the electrode 

surface has been observed [Yoo94], which had an inhibiting effect on the deposition. The CV 

recorded in 10-2 M Cl- (dashed-dotted line) shows a decrease in the deposition current. At 

higher Cl- concentration CuCl transforms into -
2CuCl , which is soluble. Higher complexes 

([CuCl3]
-2, [CuCl4]

-3) are formed in solutions which contains at least 1 M Cl- [Yoo94]. 

 

 

 

 

 

 

Fig. 5.2.5. Cyclic voltammograms 

recorded on a Au(111) electrode in   

0.1 M H2SO4 + 10-3 M CuSO4 (solid 

line), with the addition of Cl- in 

different concentrations. ν=10 mV/s. 

 
The charges corresponding to the deposition/ dissolution of Cu are presented in Table 

5.2.1 for the chloride-free acid electrolyte and for all three Cl- concentrations. In the presence 

of 10-4 M Cl- the amount of deposited Cu is the highest: 7.4 mC cm-2, in comparison with    

6.4 mC cm-2, corresponding to 10-3 M Cl-. For the highest chloride concentration (10-2 M), the 

amount of Cu is even lower than in the additive-free electrolyte (see Table 5.2.1).  

There is a discrepancy between the charges for the Cu deposition and dissolution in 

the meaning that the second ones are smaller than the first ones (see Table 5.2.1). This comes 
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from the diffusion of the complexed Cu(I) ions from the electrode surface. Therefore the 

charges for the Cu dissolution cannot be used for determining the amount of deposited Cu.  

 
Table 5.2.1. Anodic and cathodic charges for the Cu bulk deposition/ dissolution peaks 

evaluated from the CVs in Fig. 5.2.5. 

 
Cl- conc/ mol l-1 Qdeposition/ mC cm-2 Qdissolution/ mC cm-2 

0 5.4 5 

10-4 7.4 7.1 

10-3 6.4 5.6 

10-2 4.9 4.3 

 
The STM studies dealing with Cu deposition in the presence of Cl- are scarce.   

Randler investigated the structure and morphology of thick Cu films deposited in sulphate 

electrolytes with the addition of chloride in rather high amounts (>10-2 M) [Ran99]. He found 

that Cu growth in the presence of Cl- does not differ essentially from Cu deposition in pure 

sulphuric acid electrolytes.  The nucleation occurs at defects and the shape of the crystallites 

is similar to that obtained in additive-free electrolytes. Also the morphology of the Cu films 

resembles that of the deposit obtained in the pure sulphate solutions [Ran99]. A drastically 

change has been observed only on the structure and dynamics of the Cu surface, this being 

induced by the chloride adsorption. The size of the terraces was not bigger than 100 nm 

[Ran99]. Petri studied the influence of Cl- traces (∼10-6 M) on the appearance of Cu deposits 

and he obtained very big clusters (with the width of almost 1000 nm) [Pet03a]. In the 

following, the results of the influence on Cu OPD of the same Cl- concentrations as in section 

5.2.2 (10-4 and 10-3 M) will be presented. 

Fig. 5.2.6 shows a sequence of in situ STM measurements following the deposition of 

Cu onto Au(111) in a sulphuric acid electrolyte containing 3⋅10-5 M CuSO4 with the addition 

of 10-4 M Cl- (KCl). In the first image (a), the deposition is initiated by stepping the potential 

from -0.05 to -0.10 V. One can see the formation of few clusters which are somehow 

connected and they are broadened in the 0y scan axis. This might be also an effect of the 

inadequate scan rate (see the time difference between the first and the second image). In the 

next image (b), recorded at -0.10 V, one can observe the formation of new clusters in the 

upper part of the image. Remarkable is that nucleation does not occur at defects, as expected. 

The maximum height of the clusters is about 20 nm. In the third image (c) the clusters size 
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increases, their height reaching up to 30 nm.  

 

 

 
Fig. 5.2.6. Sequence of in situ STM images, showing Cu deposition onto Au(111) from       

0.1 M H2SO4 + 3⋅10-5 M CuSO4 + 10-4 M Cl- (KCl). The time difference between image a and 

c is 20 min. 

 
The Cu deposit has been estimated to have a thickness of approximately 15 ML.     

The height of the film would be around 3 nm, if it would be uniform. Especially in the second 

image, one can see the layer-by-layer growth on the Cu crystallites.  

In comparison with Cu deposition in chloride-free sulphate electrolytes, no Moiré 

pattern could be seen on the Cu clusters. Instead, a ( 3 × 3 )R30° structure has been imaged, 

as adsorbed Cl- forms on Cu(111) single crystals [Sti88, Kru97, Bro99, Stu03]. 

 

 

 

 

 

Fig. 5.2.7. Filtered-STM image showing the 

( 3 × 3 )R30° structure of the adsorbed Cl- 

on a Cu film deposited on Au(111) from 0.1 

M H2SO4 + 3⋅10-5 M CuSO4 + 10-4 M Cl-.  
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This shows the predominant effect of chloride over sulphate. Fig. 5.2.7 shows such a 

( 3 × 3 )R30° superstructure, imaged on the Cu deposit. 

The above-presented results showed that Cl- addition leads to a coarse-grained deposit, 

with few clusters growing together. One can also observe a faceting of the crystallites edges. 

The next experiment has been carried out in a more concentrated Cu-electrolyte      

(10-3 M CuSO4), with the addition of 10-3 M Cl- (HCl). The STM images are shown in       

Fig. 5.2.8.  

 

 

 
Fig. 5.2.8. In situ STM images of Cu bulk deposition on Au(111) from 0.1 M H2SO4 +        

10-3 M CuSO4, in the presence of 10-3 M Cl- (HCl): a) recorded 10 min and b) 40 min after 

initiating the deposition. 

 
The first image has been taken short time after initiating the deposition (10 min) and is 

showing few clusters, growing together. The maximum height of the clusters is 20 nm and the 

Cu deposit reached a thickness of approximately 8 ML. The second image (b) shows the same 

surface area, 30 min later, at a more negative potential, -0.35 V. The nuclei density increased 

very much in comparison with the first image. The substrate can hardly be seen. The thickness 

of the Cu film increased up to 45 ML. The crystallites surface is very flat and the further 

growth follows a layer-by-layer mechanism. 

On the Cu clusters, a pyramid-like structure could be seen, produced by successive 

sequences of step flow growth and on top nucleation. Wilms et al. and Broekmann et al. 
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found on Cu(111) in HCl solutions “pyramid”-like features, i.e. small islands with Cu layers 

stacking on top of each other and they studied their decay [Wil98c, Bro99].  The growth of 

such a pyramid-like structure on a Cu cluster deposited on Au(111) from chloride-containing 

electrolytes is shown in Fig. 5.2.9. Both images have been recorded at the same potential:       

-0.35 V. One can see that during deposition the steps/ copper layers move outwards and they 

get broader and broader. The fifth step cannot be seen anymore, because it advanced up to the 

crystallite edge.  

 

 

 
Fig. 5.2.9. Pyramid-like growth on a Cu cluster deposited on Au(111) from 0.1 M H2SO4 + 

10-3 M CuSO4 + 10-3 M HCl. The time difference between the two images is 17 min. 

 
Chloride addition in the electrolyte led to changes in the aspect of the Cu deposits.  

The nucleation density decreased, only a small number of crystallites were formed, with a 

very flat surface. Also a faceting of the crystallites edges has been observed. The Cu clusters 

were observed to grow mostly together. The adsorbed Cl- induced a high mobility and 

therefore “pyramid”-like growth could be observed on the Cu clusters. 
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5.3. PEG + Chloride 

 

 

For the commercial plating baths PEG with a high molecular mass (Mr=10000 g/mol) 

is normally used, although the PEG molecules are degraded in the acidic electrolyte in the 

presence of air. It appears that an average chain length of approximately 20 (approximately 

1000 g/ mol) prevails in the plating bath under normal operating conditions.  

In several articles it was pointed out that the combination of PEG and Cl results in a 

significant inhibition of the copper deposition reaction [Mof00, Tae01, Rei87, Hea92a, 

Kel98a, Kel98b, Bon02]. The effect has been attributed to the strong adsorption of PEG on 

the surface, in the presence of chloride [Kel98a, Kel98b, Fen03]. Other authors assumed that 

the formation of a PEG-Cl-Cu(I) complex blocks the access of Cu(II) to the surface, thus 

inhibiting the Cu deposition [Hea92a, Gol98, Pea90]. In solutions containing polyethylene 

glycols (PEG), the absence or reduced amounts of chloride modify the suppression effect of 

chloride, which causes unwanted changes in the deposit morphology. The inhibiting effect of 

PEG depends on the presence of chloride ions. 

Although PEG and Cl- have been used for some time, a fundamental understanding of 

these additives mode of action is still lacking. Petri investigated the adsorption of PEG with 

different molecular masses (280, 1000, and 10000) onto Au(111), as well as the effect of PEG 

on the Cu UPD and OPD [Pet03a]. He employed mostly cyclic voltammetry and capacitance 

measurements. STM images are only available for the adsorption. The present work 

completes the studies done in the department in the last years [Pet03a], investigating the 

combination PEG and Cl-, with accent on the STM measurements. PEG molecules with two 

different molecular weights have been used: 1000 and 20000 g/mol. First, the adsorption of 

PEG 20000 onto Au(111) in 0.1 M H2SO4 has been investigated in situ, with the STM, in the 

hope that the higher molar mass will allow one to observe the PEG molecules. However, only 

the well-known ( 3 × 23)-reconstruction rows could be seen in the STM images, at potentials 

up to +0.35 V (in 10-4 M PEG 20000). After lifting of the reconstruction, no ordered structure 

was seen on the Au(111) surface at potentials between +0.35 V and +0.70 V. At +0.75 V the 

ordered sulphate layer with a ( 3 × 7 )R19.1° structure could be observed. The PEG 

molecules could not be imaged in situ, with the STM. Cu UPD and OPD in sulphuric acid 

electrolytes with Cl- and PEG additions have been investigated in situ, with the STM.  
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5.3.1. PEG + Cl
-
 influence on Cu UPD from sulphuric acid electrolytes 

 
Petri et al. studied the adsorption of PEG 280, 1000 and 10000 on Au(111) in a 

chloride-containing sulphate electrolyte [Pet03a, Pet04]. No synergetic adsorption effect of 

PEG and chloride on Au(111) could be observed and the formation of a more stable PEG 

adsorbate in the presence of chloride has been excluded.  

Cyclic voltammetry carried out by Petri [Pet03a] showed that PEG has an inhibiting 

effect on Cu UPD, especially on the ( 3 × 3 )R30° deposition and dissolution.                  

The inhibiting effect increases with PEG molar mass. In this work, PEG 20000 influence on 

Cu UPD has been investigated by means of cyclic voltammetry and in situ, with the STM. 

The cyclic current-potential curves of a Au(111) electrode in 0.1 M H2SO4+10-3 M CuSO4 

without and with the addition of 10-4 M PEG 20000 are shown in Fig. 5.3.1.  

 

 

 
Fig. 5.3.1. Cyclic current-potential curves of Au(111) in 0.1 M H2SO4 + 10-3 M CuSO4 

without and with 10-4 M PEG 20000, different times after immersing the crystal in the PEG-

containing electrolyte. ν=10 mV/s. 

 
All cycles are recorded from +0.50 V in negative direction. At around +0.40 V a pair 

of peaks appears in 10-4 M PEG 20000 (both dotted and dashed lines), which has been related 

to the Au(111) reconstruction, stabilized in the presence of PEG [Pet03a]. Short after the 

immersion of the electrode in the PEG-containing electrolyte (2 min, see dotted curve) one 
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can still see the peak corresponding to the formation of the ( 3 × 3 )R30° structure (noted in 

the CV as A*), but broader and shifted to more negative potentials, i.e. +0.085 V, which 

shows that PEG inhibits Cu adsorption. The peak assigned to the formation of the (1 × 1) 

UPD structure appears at the same potential as in the PEG-free electrolyte, split in two, with 

the second peak smaller than in the additive-free electrolyte.  

After longer adsorption time (20 min, see the dashed curve), the peak corresponding to 

the deposition of the ( 3 × 3 )R30° structure disappears and only one peak can be seen on 

the cathodic run of the curve. Petri observed, when using a lower scan rate, that the two peaks 

for Cu UPD appear again, which points to a kinetic inhibition [Pet03a]. On the anodic run, 

two peaks can be seen, assigned to the dissolution of the two Cu UPD structures. A more 

significant influence of PEG can be observed in the case of ( 3 × 3 )R30° dissolution, which 

is inhibited by the adsorbed polymer.  

STM experiments performed in solutions containing Cu ions and PEG 20000 showed 

only the formation of the ( 3 × 3 )R30° structure, at the same potentials as in an additive-

free electrolyte. These results are depicted in Fig. 5.3.2.  

 

 

 
Fig. 5.3.2. a) In situ STM image of a Au(111) electrode in 0.1 M H2SO4 + 10-4 M PEG 20000, 

showing the reconstructed surface at -0.20 V. b)  ( 3 × 3 )R30° structure, obtained after the 

addition of 10-3 M CuSO4, at +0.10 V.  

 
First image (a), recorded at -0.20 V shows the reconstructed Au(111) surface, in a 
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PEG-containing sulphuric acid electrolyte. STM images show no adsorbed molecules. Before 

adding Cu to the electrolyte the potential has been switched to more positive values            

(i.e.  +0.50 V), where no deposition occurs. The reconstruction has been lifted and Au islands 

could be observed with the STM. When changing the potential to more negative values, Cu 

UPD occured. In the second image (b), recorded at +0.10 V, the ( 3 × 3 )R30° Cu UPD 

structure can be seen. At even more negative potentials, Cu bulk has been deposited.  

Cyclic voltammetry, as well as STM measurements on Cu bulk in the presence of PEG 

20000 showed no significant change in comparison with the additive-free electrolyte.         

The results are in accordance with those from Petri et al. [Pet03a, Pet04].  

When Cl- is added to the PEG-containing electrolyte, changes can be seen in the UPD, 

as well as on the OPD of Cu on Au(111). In the case of Cu UPD, the predominant effect of 

chloride led to the formation of the (1.29 × 1.29) (or (5 × 5)) structure, with a slight Moiré 

pattern. Only this structure could be seen in situ, with the STM. Like in the case of chloride-

containing sulphate electrolytes, a change in the appearance of the Moiré with the potential 

has been also observed. Cu UPD on Au(111) in the presence of both PEG and chloride is 

depicted in Fig. 5.3.3.  

 

 

 
Fig. 5.3.3. STM images of Cu UPD on Au(111) in 0.1 M H2SO4 + 10-2 M PEG 1000 +        

10-4 M Cl- (KCl) + 10-4 M CuSO4, showing the change in the UPD structure with decreasing 

the potential.  

 
The electrolyte consisted in the beginning of 0.1 H2SO4, 10-2 M PEG 1000 and         

10-4 M Cl- (KCl), with the purpose to study the adsorption of PEG in the presence of chloride 

ions. Cu ions have been added later to the electrolyte. PEG could still not be imaged with the 

STM, only the Au(111) reconstruction lines were seen. First image in Fig. 5.3.3 (a), recorded 



5. Influence of Different Additives on the Copper Deposition onto Au(111) 

 97 

at +0.10 V, shows the (1.29 × 1.29)-UPD structure, with a nearest-neighbour distance of   

0.36 ± 0.02 nm and a slight Moiré pattern, with a maxima distance of about 1.5 nm. In the 

second image (b, recorded at +0.05 V) the individual adatoms are no longer so clearly visible, 

but the 1.5 nm periodicity becomes more pronounced.  

When changing the potential to more negative values (up to -0.05 V), the surface 

appears less corrugated.  

Cu UPD in an electrolyte containing 5⋅10-4 M PEG 20000 and 10-3 M Cl- (HCl) is 

shown in Fig. 5.3.4. In the first image, recorded at +0.20 V, the individual atoms are clearly 

seen, as well as the Moiré structure. The next-neighbour distance was 0.4 ± 0.02 nm, and the 

distance between the Moiré minima was 1.62 ± 0.05 nm. In the second image, recorded at       

-0.03 V, the adatoms cannot be seen so clearly, but the 1.45 nm periodicity appears more 

pronounced.  

 

 

 
Fig. 5.3.4. In situ STM images of Au(111) in 0.1 M H2SO4 + 5⋅10-4 M PEG 20000 +            

10-3 M Cl- (HCl) + 10-3 M CuSO4 showing the Cu UPD structure at two different potentials: 

+0.20 V (image a) and -0.03 V (image b). 

 
From the STM measurements, one can conclude that for the combination PEG-Cl-, 

PEG has almost no effect, whereas chloride seems to have an overwhelming effect on Cu 

UPD, leading to the formation of the same UPD structures as in the absence of PEG. 

Unfortunately, no cyclic volammetry has been carried out in this system, in order to gain more 

information.    
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5.3.2. PEG + Cl
-
 influence on Cu bulk from sulphuric acid electrolytes 

 
In the absence of chloride, PEG has almost no effect on Cu deposition, as cyclic 

voltammetry experiments have proven. The curve recorded in the presence of PEG 20000 

coincides almost perfectly in the potential region of copper bulk with the curve obtained in 

additive-free electrolytes, independent on the PEG concentration. Petri et al. obtained similar 

results for PEG with lower molecular masses [Pet03a, Pet04]. Chloride effect has been 

already discussed in section 5.2.3. 

A significant change in the bulk deposition behaviour can be seen when Cl- is 

introduced in the plating electrolyte. In Fig. 5.3.5 a comparison between the effects of Cl- and 

PEG + Cl- on Cu deposition onto Au(111) is shown.  

 

 

 
Fig. 5.3.5. Cyclic current-potential curves of Au(111) in 0.1 M H2SO4 + 10-2 M CuSO4, with 

the addition of 10-4 M HCl and with both 10-4 M HCl and 10-2 M PEG 1000. ν=10 mV/s. 

From [Pet04]. 

 
The chloride and PEG 1000 concentrations were 10-4 M and 10-2 M, respectively. First 

curve (solid line in Fig. 5.3.5) has been recorded in the additive-free electrolyte. The second 

one (dotted line) shows the accelerating effect of 10-4 M Cl-, when added alone to the 

electrolyte. The combination of the two additives (third curve, dashed line in Fig. 5.3.5) has 

proven to have an inhibiting effect on Cu bulk, although PEG alone has no effect, and Cl- acts 
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as an accelerator [Pet03a, Pet04]. The deposition starts at more negative potentials and the 

deposition current is lower than in the additive-free electrolyte up to -0.20 V [Pet04].         

The dissolution current rises slower than without additives. Such an inhibiting effect could be 

caused by a film formed on the electrode, consisting of Cu, Cl- and PEG, probably Cu(I)-Cl-

PEG [Pet04]. 

In the present study, the effect of the combination PEG-Cl- on Cu bulk/ OPD has been 

studied in situ, with the STM. In Fig. 5.3.6, a sequence of in situ STM images is shown, 

recorded during Cu bulk deposition on Au(111) in the presence of PEG-Cl- combination. First 

image shows the initiation of bulk Cu deposition by a potential jump from -0.05 to -0.15 V.  

A lot of nuclei are formed (although the over-potential is not that high), which are covering 

the whole surface. The clusters with a maximum height of 20 nm grow together, as it has been 

already observed in the case of chloride alone. In the next two images (b and c), recorded both 

at -0.15 V, one can see a significant increase in the cluster size due to their together growth. 

The adsorbed chloride forces the orientation of steps along certain directions. Especially in 

the third image (c in Fig. 5.3.6) the typical angle of 120° between the step directions is clearly 

visible, which is identically to the behaviour of Cu(111) single crystals in hydrochloric acid 

electrolytes [Bro99, Wil98].  

 

 

 
Fig. 5.3.6. Sequence of in situ STM images showing Cu bulk deposition on Au(111) from   

0.1 M H2SO4 + 10-2 M PEG 1000 + 10-4 M Cl- (KCl) + 10-4 M CuSO4: a) Cu bulk has been 

initiated by a potential step from -0.05 to -0.15 V; b) and c) have been taken at the same 

potential, -0.15 V, 15, and 20 min later, respectively. 

 
The substrate is completely covered with Cu and therefore it is difficult to evaluate the 

height of the clusters in images b and c. The time difference between the two images being 
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only 5 min, the clear increase in the Cu cluster size (especially the one in the second half of 

the image) is quite significant. One can also observe a high mobility of the surface, due to the 

presence of chloride. The increased mobility leads to a gradual smoothing of the surface.   

The combination PEG and chloride seems to have a slightly levelling effect on the Cu 

deposition, as it has been suggested in the literature [Mir82, Yok84]. 

Another STM experiment follows the nucleation of Cu in the presence of PEG + Cl- 

combination. The Cu concentration was lower (5⋅10-5 M), thus allowing one to study better 

the nucleation. In the first image (Fig. 5.3.7 a), the potential has been changed from -0.05 to   

-0.20 V. Only one Cu nucleus is formed on the surface. When decreasing further the potential, 

up to -0.30 V (see the second image in Fig. 5.3.7), the number of nuclei increases, the 

nucleation density being higher than 109 nuclei/ cm2 (3.4⋅109). The maximum height of the 

nuclei was about 9 nm. As it can be seen in Fig. 5.3.7, nucleation occurs at surface defects, 

namely at step edges, as it is energetically favourable.   

 

 

 
Fig. 5.3.7. STM images illustrating Cu nucleation on Au(111) in the presence of 10-2 M PEG 

1000 and 10-4 M Cl- (KCl), in a sulphuric acid electrolyte with 5⋅10-5 M CuSO4. In the first 

image (a), a potential step from -0.05 to -0.20 V has been applied. Image b has been recorded 

at -0.30 V. 

 
Experiments using PEG with a higher molecular weight (20000) have been as well 

carried out. Cu deposition from a sulphate-electrolyte containing 5⋅10-4 M PEG 20000 and  

10-3 M Cl- (HCl) led to the formation of clusters whose size increased with the deposition 
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time, especially due to the phenomenon of coalescence. This can be better observed in       

Fig. 5.3.8. 

 

 

 
Fig. 5.3.8. 3D STM images of Cu bulk deposition on Au(111) from 0.1 M H2SO4 + 5⋅10-4 M 

PEG 20000 + 10-3 M Cl- (HCl) + 10-3 M CuSO4. Both images were recorded at -0.10 V.  

 
Interesting for the present study is to make a comparison between Cu deposition from 

an additive-free electrolyte and from an electrolyte containing different additives, in different 

amounts. Fig. 5.3.9 tries to make a comparison between Cu deposition in an additive-free 

electrolyte, in a Cl--containing and in a PEG and Cl--containing additive, by means of STM 

measurements. All three images have been recorded at the same potential: -0.15 V. 

 

 

 
Fig. 5.3.9. STM images showing Cu deposition on Au(111): a) in an additive-free electrolyte; 

b) in a Cl--containing electrolyte and c) in an electrolyte with both Cl- and PEG. The potential 

for all images is ESCE=-0.15 V.  
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Cu deposition in the absence of additives proceeds by nucleation and growth of a 

limited number of 3D islands/ clusters (Fig. 5.3.9 a). The nucleation density has been 

estimated in section 5.1 as 108 nuclei cm-2. In the presence of chloride (image b in Fig. 5.3.9), 

the nucleation density decreases. Bigger clusters can be seen on the substrate surface, due also 

to their together growth (coalescence). One can also observe a faceting of the crystallites 

edges. In the presence of Cl- the surface mobility has been very much increased and this led to 

big changes in the Cu film aspect. 

When both chloride and PEG are present in the electrolyte (Fig. 5.3.9 c), the number 

of nuclei increases (the nucleation density) in comparison with the above-described situations. 

The coalescence phenomenon could be as well followed, as in the case of Cl--containing 

electrolytes, which led to an increase in the clusters size with the deposition time.               

The combination of the two additives has shown to have a slight levelling effect on the Cu 

deposition in sulphate acidic electrolytes. 

In conclusion, PEG on its own has almost no effect on Cu deposition on Au(111), 

while the addition of Cl- to the copper + PEG electrolyte has a substantial effect on the 

polarization curve, probably causing changes in the deposition mechanism. The synergetic 

effect between the two additives resulted in a more compact copper deposit, without large 

grains as obtained from the additive-free electrolyte or with PEG alone in the plating bath.  
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5.4. Mercaptopropanesulfonic acid (MPSA) 
 

 

Sulphur-containing molecules belong to the group of brighteners as they produce 

bright deposits. Usually, functionalized thiols are introduced in the plating baths, because of 

their better solubility in aqueous electrolytes. A variety of thiols, modified with different 

hydrophilic groups have been used as additives especially for copper deposition [Kar77, 

Bar85, Cla91, Far95, Ras95, Lak82]. An extensive list of various additives and mixture of 

additives used in acid copper plating over the years, including functionalized thiols as 

brighteners is shown in [Din00]. More often the disulphides instead of the thiols are added to 

the electrolyte, although it is widely believed that they are not stable in the electroplating 

baths, but they electro-reduce to form two thiol molecules or some complexes with Cu(I) 

[Kan97, Hea92b, Far95].  

Thiols are known for long to form spontaneous organized adlayers, so-called          

self-assembled monolayers (SAMs), on various substrates [Nuz83, Str88, Bai88]. There is a 

lot of interest in this field and therefore a lot of studies and reviews [Fin96, Ulm96, Poi97b, 

Swa87, Schr00]. Thiols on gold, particularly alkanethiols on Au(111), have become model 

systems for SAMs because of the ease of preparation and the high quality of the resulting 

monolayers. In investigating this system, a variety of different techniques has been applied 

[Bai89b, Pet96, Poi97b, Whe99, Kaw00, Schr00, Yan01]. It is very difficult to make a 

complete literature overview, since there is a lot of interest in this field. For the present work 

the following aspects are significant: the adsorption of the thiol molecule, the formation of an 

ordered adlayer on the surface and the metal deposition in the presence of this molecule. 

Therefore the overview in the literature will be short and with regard to the above-mentioned 

aspects.  

Chemisorption of alkanethiols as well as of di-n-alkyldisulfides on Au leads to the 

formation of Au(I) thiolate species (RS-), and thus to monolayers [Nuz83, Bie94]. In the case 

of alkanethiols, the reaction is possibly an oxidative addition of the S-H bond to the gold 

surface, followed by a reductive elimination of hydrogen, while in the case of disulfides a 

simple oxidative addition of the S-S bond to the Au has been suggested [Bie94, Ulm96]: 

 
R – S – H + 0

nAu  → R – S- Au+ ⋅ 0
1-nAu  + ½ H2 (5.4.1) 

R – S – S – R + 0
nAu  → 2 R – S- Au+ ⋅ 0

1-nAu  (5.4.2) 
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Growth kinetic studies indicated that thiol adsorption on Au occurs in principle in two 

steps [Bai89a, Him00]: in the fast initial step the coverage increases up to 80-90% in only 

some minutes [Sub00], while in the second step (which can take even some hours) the 

maximal coverage of the layer is attained. The first step is related to the chemisorption of the 

headgroup and can be described by a Langmuir-type isotherm [Kar94, Pan96, Qu01, Yan01], 

while the second one is related to the straightening of the hydrocarbon chains and 

reorientation of the terminal groups to give an ordered layer [Ben97, Him00]. The adsorption 

kinetics depends on the chain length of the alkanethiols, the rate of the initial rapid adsorption 

process decreases with increasing chain length [Dan99, Pet96]. It also depends on the 

concentration (c), the initial growth rate increasing with c [Dan99, Bai89a, Buc92], and also 

on the nature of the solvent, which can inhibit or favour the formation of physisorbed layers 

[Pet96]. More studies have proven the existence of a lying-down phase at lower coverages in 

the beginning of the adsorption, which transforms, when the coverage increases, into a 

standing-up configuration [Xu98a, Xu98b, Schr00]. 

In electrochemical environments the thiol adsorption is accompanied by anodic 

currents (oxidative adsorption), according to Eq. 5.4.3 [Wid91a, Kar94]. The reductive 

desorption of the thiols is consistent with the electrode reaction described by Eq. 5.4.4 

[Wid91a]:  

 
RSH + Au0 → RS – Au + H+ + e- Oxidative adsorption (5.4.3) 

AuSR + 1 e- → Au0 + RS- Reductive desorption (5.4.4) 

 
Detailed studies concerning metal deposition on SAM have been published [Cza91, 

Her95, Hag99a, Hag99b, Gil96, Schn99b]. The central question concerns the exact location of 

the deposited metal. A model of the possible configurations in the system metallic substrate/ 

SAM/ deposited metal is shown in Fig. 5.4.1. The resulting configuration depends on the 

transport processes for the metal atoms on the surface and on the type of interaction between 

adlayer and deposit. The following configurations have been proposed [Cza91, Her95]:       

(1) metal located on top of the SAM, with the metal being either bonded or complexed with 

the SAM (spread out on top of the monolayer) or non-bonded, forming clusters on top of the 

SAM; (2) metal penetrating the SAM and connecting to the metal substrate underneath the 

SAM (Me/ Me/ SAM); (3) metal penetrating through SAM defects and forming the so-called 

“mushroom” structure with a thin connective neck and large head. The configuration Me/ Me/ 

SAM is the one with the lowest energy state, the values for the surface free energies of metals 
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exceeding normally those of organic material of the SAMs. 

 

 

 
Fig. 5.4.1. Model showing the possible configurations for the metal deposition on a SAM-

covered metallic surface. 

 
By choosing the right end group, one could increase the interactions between the metal 

ions and the organic film, thus making a deposition on top of the SAMs possible. Different 

investigations showed that this configuration is unlikely to be obtained under electrochemical 

conditions [Hag00, Epp02, Bau02]. However, after many unsuccessful attempts to 

electrodeposit metals on top of a SAM, a novel technique for the electrochemical 

metallization of organic monolayers has been developed [Iva05]. The method is based on the 

complexation of the metal ions (Mz+) with a pyridine moiety of a SAM, followed by the 

electrochemical reduction to M0. In this way, Pd [Iva05] and Pt [Man05] have been deposited 

on the top of a 4, 4’-dithiodipyridine SAM on Au(111). In the case of copper evaporated onto 

mercaptoalkanoic acid monolayers self-assembled on Au, evidences for a deposition on top of 

the SAMs have been found [Cza91, Smi92, Kin94, Her95].  

Thiols in small amounts are added in the industrial plating baths to modifying the 

properties of the deposit [Kar77, Bar85, Cla91, Din00]. The deposition rate being very high 

(several hundreds of monolayers per second), one can assume that the thiol coverage of the 

constant renewed surface is very low. The thiol concentrations used in the present work were 

low, in order to reproduce as much as possible the conditions from the industrial deposition 

electrolytes.   

Thiols or disulfides with a charged sulfonate terminal group yield significant and 

sustained catalysis of the metal deposition rate, while molecules with CH3, OH or COOH as 
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terminal groups show an inhibiting effect [Mof05]. 

The adsorption of two different sulphur-containing molecules has been investigated in 

the present study: 3-mercapto-1-propanesulfonate (MPSA) and bis(3-sulfopropyl) disulfide 

(SPS), SPS being the dimer of MPSA. Both of them are used as brighteners and accelerators 

in the Cu plating baths [Ver05, Bar85, Cla91, Kan97, Mof00, Kim03, Hea92b, Hea92c, 

Kan03, Tan03]. Their structural formulas are shown in Fig. 5.4.2.  

 

 

 

 

 

 

 

MPSA SPS 

Fig. 5.4.2. Structural formulas of the two molecules investigated in the present work. 

 
In combination with PEG and Cl, MPSA (or SPS) can achieve accelerated, bottom-up 

electrodeposition of copper into submicron features, which permits void-free interconnect 

wiring in damascene structures [Ver05].  

In the following only the influence of MPSA on the Cu deposition - both UPD and 

OPD - onto Au(111) will be presented. MPSA has an inhibiting effect on the UPD of Cu, but 

an accelerating effect on the bulk deposition, which decreases with the exposure time.  

 
 

5.4.1. MPSA adsorption on Au(111) 

 
The adsorption of MPSA onto Au(111) has been investigated by means of cyclic 

voltammetry and in situ, with the STM. The cyclic current-potential curves obtained for 

different concentrations of MPSA are basically similar to those obtained by Petri for 

mecaptoethanesulfonic acid (MES) [Pet03a]. The fresh-prepared Au(111) electrode has been 

brought into contact with the electrolyte containing MPSA in different amounts, under 

potential control, at -0.30 V. All cycles have been started at this potential, in negative 

direction. The CVs for three different MPSA concentrations are shown in Fig. 5.4.3.  
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Fig. 5.4.3. a) Cyclic current-potential 

curves for Au(111) in 0.1 M H2SO4 

without and with 10-5 M MPSA,      

1st and 2nd cycle recorded after the 

immersion of the electrode in the 

MPSA-containing electrolyte;  

b) 0.1 M H2SO4 + 5⋅10-5 M MPSA, 

1st and 2nd cycle and 

c) 0.1 M H2SO4 + 10-4 M MPSA, 1st, 

2nd and 3rd cycle. ν=10 mV/s. 

 

 
First, a CV of Au(111) in pure 0.1 M H2SO4 has been recorded, for checking the 

cleanliness of the electrochemical cell and for comparing with the thiol-containing solution. 

For MPSA concentrations higher than 5⋅10-6 M, the curves show basically the same features: 

one peak corresponding to the oxidative adsorption and another one to the reductive 

desorption of the thiol. The cathodic limit of the curves (ESCE=-0.40 V) is defined by the 

hydrogen evolution, while the anodic limit is determined by the thiol oxidation. No peaks for 

the sulphate adsorption (and consequently lifting of the reconstruction of the Au(111) 

surface)/ desorption  can be observed anymore, which means that the MPSA adlayer inhibits 

the sulphate adsorption. Both peaks (for oxidative adsorption and reductive desorption) are 

shifted to more negative potentials with increasing the MPSA concentration. Worth to be 
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mentioned is that the stability range of the MPSA-adlayer is between +0.10 and +0.50 V, 

which means 0.40 V, in comparison with 0.80 V for MES (from [Pet03a]). Interesting is also 

the presence of another current maxima on the cathodic branch of the curve, which can be 

observed before the thiol reductive desorption to occur. The peak becomes more pronounced 

with increasing the MPSA concentration. Hagenström observed the same peak in the case of 

Au(111) electrodes modified with MES, as well as in the case of 2-aminoethane thiol-

modified electrodes, in thiol-free sulphuric acid electrolytes [Hag00]. The question whether 

the peaks are related to the thiolate desorption or to a reduction process of the functional 

group is still open.  

When measuring in a less-concentrated MPSA electrolyte (5⋅10-6 M), the recorded 

CVs show some remarkable features. In Fig. 5.4.4, the cyclic current-potential curves for 

Au(111) in 0.1 M H2SO4+5⋅10-6 M MPSA are depicted.  

 

 

 
Fig. 5.4.4. CVs for Au(111) in 0.1 M H2SO4 without and with 5⋅10-6 M MPSA, 1st, 2nd and 3rd 

cycle. ν=10 mV/s.  

 
All curves, except for the one in pure sulphuric acid (started at -0.20 V, see grey line 

in Fig. 5.4.4) have been started at -0.30 V in negative direction. The first cycle (solid line in 

Fig. 5.4.4), recorded 5 min after bringing the electrode in contact with the MPSA-containing 

electrolyte at -0.30 V, shows a broad peak for the oxidative adsorption of the thiol (between   

-0.20 and +0.20 V) and a more pronounced peak corresponding to the reductive desorption, at 
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about -0.23 V, with a shoulder at -0.07 V. Other features are an anodic peak at +0.40 V, 

which could be assigned to the sulphate adsorption, which also lifts the Au(111) surface 

reconstruction, and a correspondent cathodic peak (for the desorption) at about +0.30 V. One 

could assume that the SAM was not completely formed and therefore sulphate adsorption is 

not yet entirely suppressed. The increase in the anodic current is due to the thiol oxidation, 

which starts at +0.50 V. The second cycle, recorded after waiting 13 min at -0.30 V, is quite 

similar to the first one. When waiting longer times (45 min, 3rd cycle in Fig. 5.4.4), the aspect 

of the CV changes considerably. Two additional peaks, X and X’, appear at +0.57 V           

(the anodic peak, X’) and at +0.52 V, respectively (the cathodic one, X). They are rather 

sharp, which could point out to a phase transition within the MPSA-adlayer.  

In other experiments, the electrode has been immersed at 0.0 V (where MPSA 

adsorption should occur) in the thiol-containing electrolyte and CVs have been recorded after 

different waiting times. The results are depicted in Fig. 5.4.5 and they show a clear influence 

of the adsorption time.  

 

 

 
Fig. 5.4.5. Cyclic current-potential curves for Au(111) in 0.1 M H2SO4 after adding 5⋅10-6 M 

MPSA. All cycles have been started at 0.0 V, in negative direction. ν=10mV/s. 

 
First curve (solid line) has been taken 10 min after the immersion and it shows a peak 

corresponding to the reductive desorption at -0.28 V, while the peak for the thiol                  

re-adsorption is rather insignificant. No peak corresponding to the sulphate adsorption/ lifting 
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of the reconstruction can be seen, only a small peak for the sulphate desorption, however 

shifted at more positive potentials in comparison with the pure sulphuric acid (+0.32 V, in 

comparison with +0.22 V in 0.1 M H2SO4). The peak pair described above appears also in the 

CV, with the anodic peak at +0.56 V more pronounced than the cathodic one, at about     

+0.57 V. Astonishingly, even the peaks assigned to the phase transition in the sulphate 

adlayer can be seen in the voltammogram, although they are not that sharp. In the other two 

cycles, recorded after 30 min (dotted, red line in Fig. 5.4.5), respectively 90 min (dashed line) 

waiting time at 0.0 V, no peaks associated to the sulphate adsorption/ desorption can be seen, 

except for the two spikes accounted for the phase transition within the sulphate adlayer.     

The two current peaks (X and X’) appear higher than in the first curve, and they are slightly 

shifted. In the case of the cathodic peak, the shift to more negative potentials is more 

significant than in the case of the anodic one. The peaks for the reductive desorption appear at 

-0.27 V and -0.25 V (for 30, respectively 90 min waiting time). Only in the third curve 

(dashed line in Fig. 5.4.5) the re-adsorption of MPSA appears as a clear peak, although broad. 

A further experiment has been carried out, which is shown in Fig. 5.4.6.  

 

 

 
Fig. 5.4.6. Cyclic current-potential curves for Au(111) in 0.1 M H2SO4 + 5⋅10-6 M MPSA. 

Both cycles have been started at 0.0 V, in negative direction. ν=10 mV/s. 

 
First the electrode has been brought in contact with the MPSA-containing electrolyte 

at -0.40 V, and after waiting a short time the potential has been changed to 0.0 V and the 
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cycle has been started in negative direction. After recording the first cycle, the electrode 

potential has been set at 0.0 V and 10 min later a second CV has been taken. In the case of the 

first cycle (solid line), the desorption peak at -0.21 V is rather small, since the potential has 

been switched to 0.0 V only short before start cycling and it was therefore not enough time for 

building a complete MPSA-adlayer. The peak for the re-adsorption of MPSA (-0.17 V) is also 

small. The peak at +0.30 V corresponds to the sulphate adsorption and lifting of the 

reconstruction, and the spikes at about +0.80 V are assigned to the phase transition in the 

sulphate adlayer. Surprisingly, there is no peak for the sulphate desorption. Both peaks X/ X’ 

(at +0.52 V/ +0.57 V) are here very clearly, although in the previous experiment, they 

appeared after waiting 10 min at 0.0 V, with X faintly to be seen.  

In the second cycle (dotted line in Fig. 5.4.6), the peaks corresponding to the reductive 

desorption and to the re-adsorption of MPSA are much more pronounced than in the previous 

cycle, as expected. The peak for the sulphate adsorption is this time absent, as well as the one 

for the sulphate desorption. Only the spikes corresponding to the phase transition in the 

sulphate layer are still present, but smaller and slightly shifted in the positive direction.      

The peak pair X/ X’ is more pronounced than in the previous cycle.  

From the different experiments presented above one can conclude that MPSA adlayer 

formation onto Au(111) occurs rather slow, and that sulphate adsorption is not completely 

inhibited by the thiol adlayer, not even 90 min after immersing the electrode in the MPSA-

containing electrolyte, since the spikes assigned to the phase transition of the disordered 

sulphate adlayer into the ( 3  × 7 )R19.1° structure can still be seen. 

The charges for the adsorption and reductive desorption can be calculated from the 

CVs depicted in Fig. 5.4.3. In all three cases (corresponding to the three different MPSA 

concentrations), the charge under the reductive peak is higher than the one for the adsorption. 

The values increase slightly with the MPSA concentration. The charges for the adsorption 

have values between 55 and 63 µC cm-2, while the charges for the reductive desorption were 

between 66 and 87 µC cm-2. These values correspond to coverages between 0.28 and         

0.34 ML, if one assumes a one-electron transfer process. One should however observe that the 

error in calculating these coverages is rather high, if one takes into account the setting in of 

the hydrogen evolution reaction and the increased double layer capacitance. For Au(111) 

electrodes modified with MES, a double layer capacitance of 25 µF cm-2 has been found in 

pure sulphuric acid solutions, which is higher than the capacitance of an uncovered Au(111) 

electrode (approximately 20 µF cm-2) [Hag00].  
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The adsorption of MPSA and the formation of an ordered adlayer have been followed 

in situ, with the STM. Most of the STM studies regarding the adsorption of alkanethiols onto 

Au(111) surfaces were either done ex situ, after different exposure times [Roh95], or under 

UHV, by slowly evaporating the thiols onto the surface [Poi97a, Poi97b]. First in situ STM 

observation of a thiol adsorption in an electrochemical environment, from the very beginning 

stages until the formation of a SAM, has been made by Petri et al. [Pet03b]. 

Characteristic for many alkanethiols SAMs on Au(111) is the development of           

so-called vacancy islands [Son94, Poi97a, Poi97b, Hag00]. It is well-known that these 

monoatomic deep holes are not defects of the SAM, but vacancies in the gold surface, which 

are covered by the thiol molecules as well [Son94, McD95]. The origin of these vacancies is 

not yet completely understood. Poirier suggested that during alkanethiol monolayer assembly, 

the reconstruction is lifted and two Au atoms per (1 × 23) primitive unit cell are ejected from 

the surface layer onto the terrace, thus creating one vacancy per unit cell. The adatoms diffuse 

rapidly and adsorb at ascending step edges while the vacancies nucleate islands in the terraces 

[Poi97a]. Since these investigations have been carried out in UHV, there are doubts that the 

same results could be obtained in electrochemical environments. Another study showed the 

coexistence of (23 × 3 ) Au(111) reconstructed domains with ordered SAM domains 

[Dar02]. Edinger et al. associated the vacancy islands formation with an etching process of 

the Au(111) [Edi93].  

The adsorption of MPSA onto an initially reconstructed surface is shown in Fig. 5.4.7, 

as a sequence of four images recorded in situ, with the STM. The recording of the sequence 

starts almost immediately after adding MPSA to the electrolyte. In the first image (Fig. 5.4.7 

a), recorded at approximately 5 min adsorption time, one can still see the reconstruction lines 

of the Au(111) electrode. 

Some parts of the surface are already covered with a disordered MPSA layer.          

The adsorbed thiol (also on the tip) causes the STM image to appear noisy. Next image, 

recorded 3 min later, shows the same surface area. It is obviously that the adsorption of 

MPSA has lifted the reconstruction, since no reconstruction lines can be observed anymore. 

The resulted MPSA adlayer is disordered. One can observe the formation of several holes in 

the surface (see the upper part of the image), which have a depth of about 2.3 Å, consistent 

with the Au(111) monoatomic step height. One could assume they are vacancy islands, which 

could confirm the observations of Poirier [Poi97a]. Curiously, in the next image (Fig. 5.4.7 c) 

recorded 3 min later, one can only see some very few holes, at the narrow Au step. 
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Fig. 5.4.7. In situ STM images sequence showing the initial stages of MPSA adsorption onto 

Au(111), in 0.1 M H2SO4 + 10-4 M MPSA. The potential for all four images was -0.15 V.  

 
A part of this very narrow step has been dissolved, and the formation of an Au island 

can be observed in the upper part of the image (marked with a coloured cycle). The last image 

in the sequence (Fig. 5.4.7 d) shows a further etching of the Au step and the appearance of a 

new island. Also a slight etching of the Au steps can be observed. The typical vacancy islands 

for thiol SAMs on Au(111) could be observed only when the potential was stepped from the 

cathodic to the anodic region (i.e. from -0.15 V to 0.0 V, see Fig. 5.4.8).  

For lower MPSA concentrations (under 10-5 M), no ordered structure of the adlayer 

could be found in situ, with the STM, in a wide potential range between -0.15 V and +0.60 V. 

Moreover, the reconstruction of the Au(111) surface has been retained up to +0.20 V.          
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No vacancy islands were formed after lifting of the reconstruction. When stepping the 

potential back to the anodic region, the reconstruction lines appeared again. 

 

 

 
Fig. 5.4.8. STM images of Au(111) in 0.1 M H2SO4 + 10-4 M MPSA showing:                       

a) the formation of vacancy islands, after stepping the potential from -0.15 V to 0.0 V;          

b) the increase in the vacancy islands number/size with the step to more positive potentials. 

 
Experiments carried out in 10-4 M MPSA have followed the formation of an ordered 

MPSA-adlayer on Au(111).  

 

 

 

 

 

Fig. 5.4.9. In situ STM image of an ordered 

MPSA-adlayer on Au(111) in 0.1 M H2SO4 + 

10-4 M MPSA, at +0.55 V. Small domains of 

two different structures can be seen, noted 

with 1 and 2. 
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Depending on the applied potential, different structures have been found. In Fig. 5.4.9, 

small ordered domains (approximately 10 nm × 10 nm) of two different structures can be 

seen. The two structures were measured at +0.55 V.  

In the case of functionalized thiols on Au(111), the packing density is significantly 

influenced by the terminal group of the substituted alkanethiol. When this group is 

voluminous, the density of packing and the ordering decrease [Chi90, Lai92a, Son95]. 

Since the sulfonic acid group has a bigger diameter than an alkane chain, one could 

assume that the packing density is lower than in the case of other SAMs, due to sterical 

reasons. For 2-mercaptoethanesulfonic acid, two different structures were found, whose unit 

cells were remarkable large in comparison with other investigated structures [Hag00].        

Fig. 5.4.10 shows the two MPSA structures at +0.55 V with atomic resolution, with the 

suggested unit cells. The calculated structures, assigned to these unit cells are: ( 43 × 5 2 ) 

and (4 2 × 2 13 ). 

 

 

 
Fig. 5.4.10. In situ STM images (with atomic resolution) of the two ordered structures of 

MPSA on Au(111) at +0.55 V, in 0.1 M H2SO4 + 10-4 M MPSA. The suggested unit cells are 

drawn with different colours; a1=1.84 nm, b1=1.93, a2=1.67 nm, b2=2.13 nm (± 0.03 nm). 

 
When stepping the potential to more negative values, domains with a striped structure 

(the so-called in the literature pinstripes) could be seen in situ, with the STM. Fig. 5.4.11 

shows the evolution of such domains.  
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Fig. 5.4.11. STM images showing the evolution of the MPSA pinstripes in 0.1 M H2SO4 +  

10-4 M MPSA. 

 
After the potential step from +0.45 V to +0.35 V, the ordering increases and more 

stripes appear on the surface, while the already existing stripes are getting bigger. Such 

striped structures, typical for low coverages of the thiol, are shown in Fig. 5.4.12, with atomic 

resolution. 

 

 

 
Fig. 5.4.12. (p × 3 )-Striped structures of MPSA on Au(111) in 0.1 M H2SO4 +                   

10-4 M MPSA. 
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The distance between the spots in the close-packed rows is 0.51 ± 0.02 nm for both 

images in Fig. 5.4.12, in accordance with 3 ⋅a (with a being the Au(111) lattice constant, 

0.289 nm). Perpendicular to the stripes, a periodicity of 2.45 ± 0.03 nm was found. Hence, the 

structure can be assigned to a (p × 3 ) structure, with p=8.5. 

However, one can observe that in the first image (a) there is a higher, double row, 

while in the other image (b) there is only a single, higher row.  

The ordering in the MPSA-adlayer is maintained up to +0.15 V. 
  

 

 
Fig. 5.4.13. In situ STM images of Au(111) in 0.1 M H2SO4 + 10-4 M MPSA showing:          

a) the transition from order to disorder in the MPSA-adlayer; b) the reductive desorption of 

MPSA and c) the formation of gold islands. 

 
At more negative potentials the adlayer becomes disordered and at -0.30 V the 

reductive desorption of MPSA could be observed with the STM, leading to the formation of 

gold islands (see Fig. 5.4.13). In the first image (a) the potential has been stepped from   

+0.15 V to +0.05 V, which caused the MPSA-adlayer to get disordered (one can still see the 

striped structure in the upper part of the image). In the next image (b) the reductive desorption 

of the thiol has been initiated by a potential step from -0.20 to -0.30 V. The formation of gold 

islands can be observed in the lower part of the image, and it was further followed in the next 

image (c). 
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5.4.2. MPSA effect on Cu UPD in sulphuric acid electrolytes 

 
There are different studies regarding the SAMs influence on the metal deposition and 

dissolution at underpotentials [Gil96, Cav97, Nis97, Whe98, Epp02]. It was reported that the 

“overpotential” needed for copper deposition onto thiol-covered gold increased with 

increasing chain length. Other authors reported a complete inhibition of the Cu UPD at full 

thiol coverages as well as a significant hindering of bulk deposition, for the case of 

heterocyclic thiols [Whe98], while short thiols did not always completely block the UPD 

process [Nis97, Hag99a, Hag99b]. Kern and co-workers [Gil96, Cav97] observed by in situ 

STM 2D and 3D growth of Cu clusters and nodules on various chain lengths alkanethiols.     

It was shown that the UPD monolayer enhances the stability of the SAM, its reductive 

desorption being shifted negatively [Jen96, Jen97, Oya98].   

The adsorption of MPSA occurs in the whole potential range of Cu UPD on Au(111)  

(see the CVs in Figs. 5.4.3 and 5.4.4). Therefore, one would expect MPSA to exert a 

significant influence on Cu UPD. Cyclic voltammetry experiments as well as in situ STM 

have been employed in order to study the MPSA influence. MPSA in different concentrations 

has been added to the Cu ions-containing electrolyte. The change in the CV with the 

adsorption time has been followed for three MPSA concentrations (Fig. 5.4.14).  

All the cycles were started at +0.50 V, where no Cu deposition occurs, in negative 

direction. The grey curve in Fig. 5.4.14 a was recorded in the additive-free electrolyte and 

shows the typical features for Cu UPD on Au(111), namely 2 pair of peaks for the deposition 

(A, B) and dissolution (A’, B’), respectively. The addition of MPSA, even in small amounts 

(lowest concentration of MPSA, 10-6 M), caused the peaks B and B’ to disappear, only 3 min 

after contacting the Au(111) electrode with the thiol-containing electrolyte. 

With the increase in the adsorption time, one can observe a shift of peak A to more 

negative potentials, while the peak A’, corresponding to the dissolution process is shifted to 

more positive potentials. The hysteresis for the deposition/ dissolution peaks increases with 

the adsorption time (100 mV, corresponding to 60 min adsorption time), which points out to a 

kinetic inhibition as a result of the ordering processes in the MPSA-adlayer. The charges 

under the two peaks, A and A’, have been evaluated from the voltammograms. The saturation 

Cu coverage was around 75%, which is in good agreement with the value obtained for MES 

[Pet03a].  

For higher MPSA concentrations (see the CVs in Fig. 5.4.14 b, c), the hysteresis for 

the Cu UPD deposition and dissolution peaks becomes more significant: 175 mV for 27 min 
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adsorption time, in 5⋅10-5 M MPSA (Fig. 5.4.14 c, dashed-dotted line). 

 

 

 

 

 

 

Fig. 5.4.14. a) Cyclic current-

potential curves for Au(111) in    

0.1 M H2SO4 + 10-3 M CuSO4 

without MPSA and with 10-6 M 

MPSA, recorded different times 

after the immersion of the electrode 

in the MPSA-containing electrolyte, 

at +0.50 V;  

b) 5⋅10-6 M MPSA, and  

c) 5⋅10-5 M MPSA, cycles recorded 

after different adsorption times. 

ν=10 mV/s. 

 

 
For the highest MPSA concentration (5⋅10-5 M, Fig. 5.4.14 c), the shape of the CV 

does not change significantly with the adsorption time, which means that the end-stage of the 

thiol adsorption is reached rather quickly. The charge under the dissolution peak (A’) for 

adsorption times higher than 15 min is around 410 µC cm-2, which is bigger than                

370 µC cm-2, measured for the additive-free Cu electrolyte. The theoretical charge of          

440 µC cm-2 for the deposition/ dissolution of 1 ML Cu cannot be reached in an electrolyte 

containing sulphate ions, since the anions bring a charge of opposite sign. If one assumes that 

Cu UPD occurs under the MPSA-adlayer, the measured charge of 410 µC cm-2 would make 
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sense (probably sulphate ions cannot coadsorb). The anodic current at potentials more positive 

than +0.50 V corresponds to the beginning of the thiol oxidation. When scanning to more 

negative potentials (up to -0.15 V, see the dashed line in Fig. 5.4.14 b and the dashed-dotted 

line in Fig. 5.4.14 c), Cu bulk deposition occurs. On the anodic scan, one can see a peak 

corresponding to the bulk dissolution.  

In situ STM measurements have been also carried out to study MPSA influence on Cu 

UPD onto Au(111). Fig. 5.4.15 shows the Cu deposition through the thiol film at 

underpotentials. MPSA has been added to the electrolyte containing Cu ions, at potentials 

where no deposition occurs (i.e. +0.50 V).  

 

 

 
Fig. 5.4.15. STM image of an MPSA-covered Au(111) electrode, in 0.1 M H2SO4 +             

10-3 M CuSO4 + 10-4 M MPSA showing: a) islands formation after a potential step from  

+0.50 to +0.40 V; b) Cu UPD at ESCE=+0.10 V, approximately 1.5 h after MPSA addition. 

 
Vacancy islands could be observed on the surface. When stepping the potential to 

more negative values (from +0.50 to +0.40 V, Fig. 5.4.15 a) small islands appear on the 

surface. The height of these islands is about 0.23 nm, which corresponds to the monoatomic 

gold step. Also the fact that they appear at potentials where no Cu UPD occurs (see CVs in 

Fig. 5.4.14) points out to gold islands. They do not seem to nucleate preferably at defects 

since they are distributed randomly over the whole surface. Similar islands were found in 

other UPD systems for thiol-covered surfaces [Hag99b, Hag00, Epp02, Pet03c]. The coverage 
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of the surface with islands is around 25% and it remains almost unchanged in time or with 

changing the potential (step to more negative values).  

Other in situ STM experiments have followed the adsorption of MPSA on a pre-

deposited Cu UPD layer. The result of such an experiment is presented in Fig. 5.4.16.  

 

 

 
Fig. 5.4.16. In situ STM images of the ramified growth of MPSA onto a ( 3 × 3 )R30° Cu 

adlayer on Au(111), from 0.1 M H2SO4 + 5⋅10-4 M CuSO4 + 10-4 M MPSA: a) 10 min (with 

the inset b); c) 60 min after MPSA addition. 

 
First, the ( 3 × 3 ) R30° structure has been deposited at +0.10 V from an MPSA-free 

electrolyte. Then MPSA has been added to the electrolyte to yield a concentration of 10-4 M 

and its adsorption onto the Cu UPD adlayer has been observed. First image (Fig. 5.4.16 a) has 

been recorded shortly after adding MPSA to the electrolyte (10 min) and it shows the ramified 

growth of MPSA onto the ( 3 × 3 ) R30° Cu UPD structure. The thiol adsorption does not 

seem to occur preferably at defects, but it is distributed statistically over the entire surface. 

The brighter regions in the image represent the thiol and the darker ones the ( 3 × 3 ) R30° 

structure (see the inset b). The height of the ramified adlayer is between 0.1 and 0.13 nm.    

The area covered by MPSA increases with the adsorption time, but the growth process can be 

considered as slow since the surface is not completely covered with thiol, not even 60 min 



5.4. Mercaptopropanesulfonic acid (MPSA)  

 122 

after the MPSA addition (Fig. 5.4.16 c). Only some few higher islands (see especially 

Fig.5.4.16 a) can be seen, in comparison with the above presented situation (Fig. 5.4.15). 

Their height is around 0.24 nm, corresponding to a monoatomic gold step. When stepping the 

potential to more positive values (up to +0.60 V), the thiol adlayer gets ordered, although the 

domains with an ordered structure are rather small. A potential step from +0.60 to +0.40 V led 

to the formation of a big number of islands, the same as in Fig. 5.4.15. 

The cyclic voltammetric experiments suggest a deposition under the MPSA adlayer. 

Beside the deposition of Cu directly on the Au(111) substrate, under the thiol layer [Tar92], 

another configuration has been described in the literature, with the SAM serving as a 

coadsorbate for the UPD process [Nis97]. From the above described STM experiments it is 

difficult to make assumptions regarding the configuration of Cu UPD in the presence of 

MPSA. 

 
 

5.4.3. MPSA effect on Cu bulk in sulphuric acid electrolytes 

 
The MPSA effect on Cu overpotential deposition has been studied by the means of 

cyclic voltammetry and STM. 

Fig. 5.4.17 shows the cyclic current-potential curves for Cu bulk on Au(111) in the 

presence of MPSA in three different concentrations and after different adsorption times. All 

cycles were started at +0.50 V, in negative direction. The curves recorded in 10-5, respectively 

10-4 M MPSA (Fig. 5.4.17 b, c) show a clear inhibiting effect of the thiol on the Cu OPD, 

which increases with the MPSA concentration and with the adsorption time. For the highest 

MPSA concentration (i.e. 10-4 M, c) the shape of the CV remains almost unchanged, already 

25 min after contacting the electrode with the MPSA-containing electrolyte. 

For the lowest MPSA concentration (10-6 M, Fig. 5.4.17 a), the CV recorded after     

40 min adsorption time shows rather an accelerating effect of the thiol, since the charges 

corresponding to the Cu deposition/ dissolution are significantly higher than for the additive-

free electrolyte, although the deposition starts at more negative potentials. Even after 60 min 

MPSA adsorption, the amount of deposited Cu is higher than in the absence of additive (see 

the charges in Table 5.4.1).  
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Fig. 5.4.17. a) Cyclic current-

potential curves showing Cu bulk 

onto Au(111) from 0.1 M H2SO4 +   

10-3 M CuSO4 without MPSA and 

with  10-6 M MPSA, recorded after 

different adsorption times;  

b) 10-5 M MPSA, and  

c) 10-4 M MPSA, cycles recorded 

after different adsorption times. 

ν=10 mV/s. 

 

 
In the initial adsorption stages MPSA seems to have an accelerating effect on the Cu 

deposition. For longer adsorption times, the amount of deposited Cu decreases significantly. 

This can be very well followed in Fig. 5.4.18, for the case of a low MPSA-concentrated 

solution, different times after contacting the Au(111) electrode with the thiol-containing 

electrolyte, at +0.50 V. The Cu concentration was 10-3 M. All cycles were started at +0.50 V, 

where no Cu deposition occurs, in negative direction. 
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Fig. 5.4.18. Cyclic voltammograms of a Au(111) electrode in 0.1 M H2SO4 + 10-3 M CuSO4 

without MPSA and with 10-6 M MPSA, different times after the immersion of the electrode in 

the MPSA-containing electrolyte, at +0.50 V. ν=10 mV/s. 

 
MPSA conc/ mol l-1 Qdeposition/ µC cm-2 Qdissolution/ µC cm-2 

0 4340 3930 

40 min 10000 8730 10-6 

60 min 5460 4380 

25 min 5260 4600 10-5 

50 min 4160 3960 

25 min 3710 3570 10-4 

50 min 3630 3530 
 

 

 

Table 5.4.1. Anodic and 

cathodic charges evaluated 

from the CVs in Fig. 

5.4.17. 

 
The charges corresponding to the Cu deposition/ dissolution peaks, evaluated from the 

CVs in Fig. 5.4.18, show a strong dependence on the adsorption time (see Table 5.4.2).      

The amount of deposited Cu decreases significantly with the adsorption time, although up to       

60 min it is still higher than in the case of an additive-free electrolyte. 

The results presented in this work are in contradiction with those obtained for MES, 

another sulfonic acid, differing from MPSA with only one –CH2 [Pet03a]. Petri’s results 

suggest an inhibiting effect of MES, although they do not take into account the adsorption 

time. In the present work, a clear inhibiting effect of MPSA has been observed only for long 
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adsorption times (i.e. 75 min) or when recording the CVs for Cu bulk after studying the 

MPSA effect on Cu UPD, without to anneal the Au(111) electrode new. 

 
MPSA conc/ mol l-1 Qdeposition/ µC cm-2 Qdissolution/ µC cm-2 

0 3990 3890 

10 min 12980 12340 

45 min 8760 8480 

60 min 4990 4670 

10-6 M 

75 min 3675 3685 
 

 

Table 5.4.2. Anodic and 

cathodic charges evaluated 

from the CVs in Fig. 

5.4.18. 

 
The Cu deposit’s morphology and particularly the grain size of the film are strongly 

influenced by the defect density of the substrate [Bud96, Bat92, Din00], and hence by the 

nucleation density. The higher the latter is the finer grained the film will be.  

Fig. 5.4.19 shows the initial stages of Cu OPD onto Au(111) in the presence of MPSA.  

 

 
 

Fig. 5.4.19. In situ STM images showing: a) the nucleation and b) the growth of Cu bulk onto 

Au(111) from 0.1 M H2SO4 + 10-3 M CuSO4 + 10-4 M MPSA. 

 
Before adding MPSA to the electrolyte, the ( 3 × 3 )R30° Cu UPD structure has 

been deposited at +0.13 V. First image (Fig. 5.4.19 a) shows the initiation of Cu bulk by 

applying a potential step from -0.05 to -0.15 V. The time between adding MPSA and the 

initiation of the Cu OPD was around 60 min. The growth of the nuclei can be followed in the 

next image (Fig. 5.4.19 b). Although the defects density on the surface is rather high, only 

few Cu clusters are seen to grow and the appearance of the deposit is quite similar to that 

obtained in an additive-free electrolyte. One should point out, however, that the surface of the 

Cu crystallites is quite rough and the tendency of a together growth is higher than in the 

electrolyte without additives. The estimated thickness of the Cu film is about 20 ML, 15 min 
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after starting the deposition.  

The results obtained when MPSA is added before depositing Cu, at +0.50 V are shown 

in Fig. 5.4.20. The nucleation density appears to be higher than in the above-presented 

experiments, with the nuclei being smaller and distributed randomly over the surface.         

The time between adding MPSA and initiating Cu bulk was around 20 min. 

 

 

 
Fig. 5.4.20. STM images of Au(111) in 0.1 M H2SO4 + 10-3 M CuSO4 + 5⋅10-5 M MPSA 

showing: a) Cu UPD; b) Cu OPD initiated by a potential step from +0.10 to -0.15 V. 

 
One should note the triangular shape of the clusters, typical for Cu deposition onto 

Au(111), an evidence for the epitaxial relation between the deposit and the substrate.          

The deposition at a higher overpotential (η≈0.20 V) can be seen in Fig. 5.4.21. MPSA has 

been added at +0.50 V, to yield a concentration of 5⋅10-5 M. The potential has been then 

stepped to +0.05 V, where normally Cu UPD occurs. After waiting approximately 10 min, the 

potential has been decreased to -0.25 V (Fig. 5.4.21 a). The adsorption time for MPSA, before 

to initiate Cu bulk, was about 20 min. The formation of a big number of nuclei can be 

observed. It was not possible to estimate the nucleation density, because the nuclei are 

growing together, forming a dense film. The second image (Fig. 5.4.21 b) has been recorded 

approximately 1 h after initiating the deposition. The Cu crystallites are covering the whole 

surface and their height increased in comparison with the first image. In average, the height 

has been estimated as being 2 nm. 
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Fig. 5.4.21. In situ STM images of a Au(111) electrode in 0.1 M H2SO4 + 10-3 M CuSO4 +   

5⋅10-5 M MPSA showing: a) Cu nucleation, initiated by a potential step from +0.05 to             

-0.25 V; b) growth of the Cu nuclei. 

 
In conclusion, the effect of MPSA on the Cu deposition onto Au(111) can be 

summarized as following: at lower coverages (which can be attained either by using lower 

MPSA concentrations, i.e. 10-6 M, or shorter adsorption times) MPSA acts as an accelerator, 

while at higher coverages an inhibiting effect has been observed. For longer adsorption times, 

a low nucleation density has been obtained, comparable to the case of an additive-free 

electrolyte. The obtained crystallites have however the tendency to grow together and their 

surfaces are rough. A grain-refining effect has been obtained only when applying a higher 

overpotential, which was to be expected, since it is known that the higher the overvoltage is, 

the more nuclei are formed.  

 
 

5.4.4. SPS adsorption on Au(111) 

 
The adsorption of SPS onto Au(111) has been investigated by means of cyclic 

voltammetry and in situ, with the STM. The fresh-prepared (by annealing) Au(111) electrode 

has been brought into contact with the electrolyte containing SPS in different amounts, under 

potential control, at potentials between -0.30 V and -0.38 V. The cycles have been started at 

these potentials, in negative direction. The CVs for 3 different SPS concentrations are shown 

in Fig. 5.4.22. The curves are almost similar to those obtained in MPSA electrolytes, showing 

the same features: one peak corresponding to the oxidative adsorption, another one to the 

reductive desorption, and a pair of peaks X/ X’ (depending on the SPS concentration). There 

are however some observations which should be made. First, SPS shows a higher stability 
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against oxidation in comparison to MPSA. If one takes as an example the curves obtained in 

10-5 M SPS (Fig. 5.4.22 b) in comparison with MPSA at the same concentration (Fig. 5.4.3 a), 

the SPS-adlayer stability range is 0.65 V, while that of MPSA is only 0.4 V. Second, the peak 

pair X/ X’ appears in the CVs, even for the highest concentration of SPS, 10-4 M (Fig. 5.4.22 

c, first cycle). 

 

 

 

 

 

 

Fig. 5.4.22. a) Cyclic current-

potential curves for Au(111) in    

0.1 M H2SO4 without and with       

5⋅10-6 M SPS, 1st, 2nd and 3rd cycle 

recorded after the immersion of the 

electrode in the MPSA-containing 

electrolyte, IP: -0.30 V;  

b) 0.1 M H2SO4 + 10-5 M SPS, 1st 

and 2nd cycle, IP: -0.35 V, -0.36 V 

and 

c) 0.1 M H2SO4 + 10-4 M SPS, 1st 

and 2nd cycle, IP: -0.40 V.        

ν=10 mV/s. 

 

 
In the first cycle recorded in 5⋅10-6 M SPS (Fig. 5.4.22 a) one can still see the features 

corresponding to an uncovered Au(111) electrode, namely the peaks associated to the sulphate 

adsorption (and lifting of the reconstruction)/ desorption, just shifted to more positive 

potentials. There is no clear peak corresponding to the thiol adsorption, only for the reductive 
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desorption, at -0.25 V. The next cycle features no peak for the sulphate adsorption and a small 

peak for the sulphate desorption at +0.30 V. The peaks X and X’ appear at +0.52 V and  

+0.55 V, respectively. In the third cycle, no peaks for the sulphate adsorption/ desorption can 

be seen, but curiously the peaks assigned to the phase transition in the sulphate adlayer appear 

in the CV, although less sharp and slightly shifted to more positive potentials. The same 

features have been found in MPSA. 

For 10-5 M SPS (Fig. 5.4.22 b), the CVs show only three features: the peak 

corresponding to the SPS adsorption (at -0.17 V), the peak corresponding to the reductive 

desorption (-0.25 V) and the peak pair X/ X’, with the later one very much shifted to more 

negative potentials. X appears at +0.32 V and X’ at +0.41 V.  

Even in 10-4 M SPS (Fig. 5.4.22 c) one can still see the peaks X and X’, in the first 

cycle. The SPS oxidation starts at around +0.50 V. 

The same like in the case of MPSA, one can conclude that the SPS adlayer formation 

on Au(111) is rather slow, and that sulphate adsorption is not completely inhibited by the 

adsorbed disulfide, since the spikes corresponding to the phase transition in the disordered  

sulphate adlayer into the ordered ( 3 × 7 )R19.1° structure can still be seen in the CV.  

Dialkyl disulfides are in generally believed to adsorb in the same way as the 

alkanethiols on the surface, forming identical structures. STM, XPS and other methods 

postulate that both species adsorb as thiolate on the surface [Bie93, Lav98, Jun98, Nel98]. 

Dubois et al. suggested that the S-S bond was more efficiently cleaved and that disulfides did 

not exhibit the same activation barrier for adsorption as the thiols [Dub93]. However, the     

X-ray diffraction experiments of Fenter et al. [Fen94] suggested that the sulphurs exist as 

disulfides on the Au(111) surface.  

The adsorption of SPS and the formation of an ordered adlayer on Au(111) have been 

followed in situ, with the STM. In Fig. 5.4.23, the initial stages of the SPS adsorption onto a 

reconstructed Au(111) surface are shown as a sequence of four images. The recording of the 

sequence starts approximately 10 min after introducing the SPS into the electrolyte.               

In Fig. 5.4.23 a, one can see a partly reconstructed (23 × 3 ) Au(111) surface, some regions 

being already covered with SPS. The adsorption of the disulfide lifts the reconstruction, SPS 

molecules removing the individual double rows. 
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Fig. 5.4.23. Sequence of STM images, showing the adsorption of SPS on reconstructed 

Au(111) in 0.1 M H2SO4 + 5⋅10-5 M SPS at -0.20 V. First image (a) was started 

approximately 10 min after the addition of SPS to the electrolyte; last image (d) was taken   

10 min later. 

 
The last image of the sequence (Fig. 5.4.23 d), recorded 20 min after adding SPS to 

the electrolyte, indicates that reconstruction is almost completely lifted by the adsorbed 

molecules  and the resulting SPS layer is not ordered. There is no sign of vacancy islands 

formation. As in the case of MPSA, the typical vacancy islands for thiol SAMs on Au(111) 

were observed only when the potential was stepped from the cathodic to the anodic region 

(i.e. from -0.20 to -0.10 V).  
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In 5⋅10-5 M SPS the same two structures have been measured as in 10-4 M MPSA, 

however at slightly more positive potentials, +0.65 V instead of +0.55 V (see Fig. 5.4.24).  

 

 

 

 

 

Fig. 5.4.24. In situ STM image of an SPS-

adlayer on Au(111) in 0.1 M H2SO4 +      

5⋅10-5 M SPS, at +0.65 V. Small domains of 

two different structures can be seen, noted 

with 1 and 2. The structures are similar to 

those measured in MPSA, at +0.55 V. 

 
No (p × 3 )-striped structures could be found for the SPS adlayer, although the STM 

measurements covered a wide potential range (between -0.20 V and +0.65 V). When using a 

higher concentration (10-4 M SPS), the structures noted with 1 and 2 (Fig. 5.4.24) were no 

longer present. Instead, domains of striped structures have been measured, more complicated 

than those obtained for MPSA, which are shown in Fig. 5.4.25. For the spots in the rows, 

distances between 1.46 and 1.64 nm (± 0.03 nm) were measured, while between the rows the 

measured distances were 3.0 ÷ 3.2 nm (± 0.03 nm). The striped structures cannot be therefore 

assigned to (p × 3 ) structures.  

The sulfonic acid group being voluminous, the density of packing and the ordering 

decrease also in the case of SPS, due to sterical reasons. If one assumes that SPS adsorbs as 

thiolate, it is understandable why the same structures as for MPSA are obtained only in lower 

SPS concentrations. The striped (p × 3 ) structures, which can be found at low coverages, 

were therefore not measured in SPS-containing electrolytes. 

The same striped structures were covering the vacancy islands as well (see Fig. 

5.4.26), thus making them isomorphic with Au step edges [Poi97b]. 
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Fig. 5.4.25. Different striped structures of SPS on Au(111) in 0.1 M H2SO4 + 10-4 M SPS, 

depending on the applied potential. 

 

 

 

 

 

 

Fig. 5.4.26. In situ STM image of an ordered 

SPS-adlayer on Au(111) in 0.1 M H2SO4 + 

10-4 M SPS, showing vacancy islands 

uniformly covered by disulfide.  
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6. Influence of Different Additives on the Cu Deposition 

onto Cu(111) 
 

 

In this chapter the influence of different additives on the deposition of Cu onto 

Cu(111) substrates will be discussed. After investigating Cu deposition without and with 

additives, using the model system Cu/ Au(111), changing the substrate with Cu(111) 

represents a step further in approaching the industrial conditions. In comparison with Au, Cu 

has proven to be a more “difficult” substrate, especially because of its tendency to form an 

oxide layer in the air. There are not many studies in the literature dealing with Cu deposition 

onto Cu single crystals [Bar60, Gor71, Wu97a, Wu00], most of them are using Cu 

polycrystalline substrates. 

Electrolytic Cu deposition, particularly from acidic sulphate solutions, provides the 

basis for numerous industrial applications. Therefore a big interest of the scientific 

community regarding Cu electrodeposition and the influence of additives, manifested in a lot 

of studies, especially electrochemical [Pra64, Cro89, Hea92a, Wu92, Roy93, Mic93, Yoo94, 

Far95, Höl95b, Wün95, Alo98, Abd00, Sce00, Tae01, Bon02, Ver05, and Mof05]. 

Unfortunately, until now only a limited number of additives have been studied with scanning 

probe techniques, in situ STM studies investigating mainly the influence of benzotriazole and 

thiourea on the Cu deposition [Arm91, Nic93a, Nic93b, Ryn94, Schm96b, Eli98, Leu00].  

Perhaps not so well known is the fact that electrodeposition and related 

electrochemical processes have had a decisive impact on the development of computer 

technology [Rom97]. An application of Cu electroplating in electronics with big importance 

is through mask plating of thin film magnetic heads. Its progress has significantly contributed 

to the fast improvement of the performance of modern computers. Packaging of advanced 

electronic systems constitutes another application of electroplating, with copper replacing the 

aluminium for the fabrication of interconnects in electronic packaging. The electrochemical 

manufacturing process relies on the so-called damascene plating technology [And98].  

A two component (suppressor-accelerator) copper sulphate plating bath, used 

especially in electronics manufacturing due to its “superfilling” behaviour [Mof00, Ver05] 

consists of chloride ions, polyethylene glycol (PEG) as a suppressor additive, and MPSA or 
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SPS as a brightening agent (or accelerator). There are a lot of studies regarding this particular 

bath composition [Mof00, Wes01, Tan03, Mof05, Ver05], but none of them presents the 

initial stages of Cu deposition. Moreover, there is still a lack of detailed studies concerning 

the role of each individual additive. 

Because of the industrial significance, especially in microelectronics, this plating bath 

composition represented a starting point for the present work. Beside MPSA, SPS, and 

chloride, another investigated molecule was 3-mercaptopropionic acid (MPA), a 

functionalized thiol known as a brightener and inhibitor for Cu electrodeposition [Kar77, 

Bar85, Cla91]. The measurements were concentrating on the influence of the singular 

additives (MPSA, SPS, MPA) and on the initial stages of Cu deposition onto Cu(111).  

 The influence of an additive on metal deposition usually begins with the adsorption of 

that additive onto the electrode surface, with the adsorption processes inhibiting or 

accelerating the electrochemical reaction steps. Since adsorption appears to be an essential 

step in the action of that additive on the deposition, detailed investigations have been carried 

out on Cu(111) using the different additive molecules.  

In the following sections the results for the adsorption and the effect on Cu deposition 

of MPA, MPSA and SPS are presented. Additionally to this, the effect of the MPSA-chloride 

combination has been as well investigated. Classical electrochemical methods such as cyclic 

voltammetry (CV) and in situ scanning tunnelling microscopy (STM) have been employed.  

 
  

6.1. Mercaptopropionic acid (MPA) 
 
 

Functionalised short chain alkanethiols are used as brighteners for copper plating 

[Kar77, Lak82, Bar85, Cla91, Hea92b, Hea92c, Far95, Ras95, Din00]. SAMs form usually 

blocking films on the electrode surface and therefore thiols act normally as inhibitors for 

metal deposition [Gil96, Schn99b, Hag99b, Epp02]. Thiols with –COOH groups belong to the 

group of inhibitors for Cu electrodeposition [Mof05]. There are however thiols (especially 

functionalized) which could show an accelerating effect, the inhibiting or accelerating effect 

depending on the end group.  

It is well-known that n-alkanethiols form self assembled monolayer films (SAM) on 

metal surfaces [Nuz83, Str88, Bai88]. Most commonly, monolayers of long-chain 

alkanethiols on gold have been studied, especially due to the fact that the Au substrate is 
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relatively inert and may be handled under ambient conditions without the formation of a 

protective oxide layer. In contrast to the extensive STM studies of SAM-coated gold 

substrates, relatively little work has been done on other metals. n-Alkanethiols adsorb from 

solution and form onto copper surfaces densely packed, oriented SAMs [Lai91], with the 

adsorbate species being a thiolate and the binding energy of sulphur much stronger than in the 

case of gold substrates. The dissociative adsorption of the S-H bond on the Cu substrate can 

be described through the following equation [Lai91]:  

 
R – S – H + 0Cu  → R – S- Cu+  + ½ H2 (6.1.1.) 

 
Monolayer deposition on copper substrates faces a special problem because of copper 

tendency to form an oxide layer in the air. The oxidation of copper occurs so rapidly that 

normal precautions during the monolayer deposition step cannot prevent the formation of 

copper oxide on the surface. The oxidation proceeds with a roughening of the copper surface 

and the transformation of the adsorbed thiolates into sulfonates [Lai92b]. By increasing the 

length of the adsorbate by four CH2 units, the rates of oxidations of the substrate and of the 

thiolates can be decreased by approximately 50% and the resulting SAMs can protect the 

metal surface against oxidation [Lai92b]. The ordering of the films prepared on copper 

depends strongly on the exact preparation conditions. It was suggested that the oxide present 

at the copper surface (CuO for the heavily oxidized surfaces and Cu2O for the freshly 

prepared surfaces) seriously complicates the formation of dense organic phases [Lai91]. 

Further oxidation of the surface after the monolayer formation could also contribute to some 

monolayer disorder. SAMs with more polar terminal moieties seem to be less ordered than 

their counterparts on gold and silver, perhaps due to the interactions with the surface oxide 

layer [Fin96]. 

For alkanethiols on Cu(111), the IR spectra were reported to be essentially the same as 

on Ag(111), suggesting at least a similar tilt structure [Lai91]. However, it could be shown by 

NEXAFS that the tilt structure of octanethiol on Cu(111) is not exactly identically to that on 

Ag(111), since the polar angle of the S-C bond with respect to the surface normal is different 

(23 ± 3)° [Rie99]. An STM study of gas-phase deposited octanethiol on Cu(111) revealed that 

after initial formation of a “honeycomb” structure a non-trivial higher-density “pseudo-(100)” 

structure is formed, which requires a significant reconstruction of the substrate, these results 

being interpreted in terms of a stronger interaction for the thiol group on Cu(111) compared to 

Au(111) [Dri00]. The structures of alkanethiols SAMs are governed by the Cu-S interaction, 
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while chain-chain interactions play a less significant role. For alkanethiols on Cu(111), (110), 

and (100), no chemisorbed lying-down phase could be found [Loe99]. In the lying-down 

configuration, only a physisorbed state was found.  

 
 

6.1.1. MPA adsorption on Cu(111) 

 
3-Mercaptopropionic acid (MPA), whose structural formula is shown in Fig. 6.1.1, is 

known as a brightener for the copper electrodeposition [Kar77, Bar85, Mof05]. For studying 

the adsorption of MPA classical electrochemical methods (CV) as well as in situ STM have 

been employed, with the molecule present in the solution.  

 

 

 

 

Fig. 6.1.1. Structural formula of MPA. 

Prior to the STM measurements cyclic current-potential curves of a Cu(111) electrode 

in pure and MPA-containing 0.1 M H2SO4 were recorded, which are shown in Fig. 6.1.2.   

The cycles were started at -0.30 V in negative direction with a scan rate of 10 mV/s. The Cu 

surface has been prepared by electropolishing in 66% orthophosphoric acid at an anodic 

potential of 2.5 V, as it has been described in Chapter 3, section 3.2.2. Characteristics for the 

curve in additive-free sulphuric acid solution (solid line) are an anodic and a cathodic peak, 

which are assigned to the (bi)sulphate adsorption and desorption [Wil98a, Wil98b, Bro99, 

Bro03] (see also Chapter 4, section 4.2.1), with the cathodic peak (at ESCE=-0.64 V) being 

significantly larger than the anodic one (broader, between –0.47 and –0.165 V vs. SCE).    

The steep increase of the cathodic current near the lower limit of the voltammogram is caused 

by the beginning of the hydrogen evolution reaction on the bare Cu(111) surface. The anodic 

limit of the curve is defined by the copper dissolution.  

After recording a CV of the electrode in pure sulphuric acid, MPA was added to the 

solution to yield a concentration of 10-6, respectively 5⋅10-6 M. The Cu(111) electrode, 

prepared again by electropolishing, has been immersed into the electrolyte. In comparison 
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with MPA onto Au(111) [Pet03b], MPA adsorption onto Cu(111) occurs in the whole 

potential range (between hydrogen evolution and copper dissolution). No peaks/ maxima 

which could be assigned to the MPA adsorption/ desorption have been found. The adsorption 

of MPA can be followed through the blocking effect on the (bi)sulphate adsorption/ 

desorption. 

 

 

 

 

Fig. 6.1.2. a) Current-potential 

curves of Cu(111) in 0.1 M H2SO4 

without MPA and with 10-6 M 

MPA, 5, 15 and 45 min after the 

immersion of the electrode in the 

MPA-containing electrolyte;          

b) 0.1 M H2SO4 + 5⋅10-6 M MPA, 

after 1, 5 and 42 min adsorption 

time. ν=10 mV/s. The curves in   

10-6 M MPA from [Pet03a]. 

 
Especially the effect on the (bi)sulphate desorption peak could be very well followed. 

For each of the two MPA concentrations, three curves were recorded at different adsorption 

times. In 10-6 M MPA, one can still see the (bi)sulphate desorption peak, even after 15 min 

adsorption time (dashed line in Fig. 6.1.2 a). After 45 min, no cathodic peak can be seen 

anymore. In 5⋅10-6 M MPA the first curve was recorded almost immediately after immersing 

the electrode in the additive-containing electrolyte (1 min, dotted line in Fig. 6.1.2 b). 

Although the characteristic features are still to be seen, especially the cathodic peak at 

approximately –0.64 V, the charges for both anodic and cathodic peaks are much smaller. 

This indicates that only a small part of the surface is covered with the sulphate adlayer. 

Already 5 min after the immersion (dashed curve) the peaks corresponding to the adsorption/ 

desorption of the (bi)sulphate are almost completely suppressed, this showing that the 

(bi)sulphate adlayer has been almost entirely removed by the thiol molecules. The third CV, 
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recorded 42 min after the immersion (Fig. 6.1.2 b, dashed-dotted line) is featureless. This 

could point to a completely covered surface. From the second and the third curve can be seen 

that the MPA adlayer hinders the hydrogen evolution reaction, and the inhibiting effect 

increases with the immersion time.  

The charges under the (bi)sulphate desorption peak have been obtained by integrating 

the curves obtained in both 10-6 and 5⋅10-6 M MPA solutions. The surface coverage, θ was 

calculated using the following equation: 
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Fig. 6.1.3 shows the variation of θ with the immersion time. 

 

 

 
Fig. 6.1.3. Surface coverage versus adsorption time for Cu(111) in 0.1 M H2SO4 + 10-6 M 

( ), respectively 5⋅10-6 M ( ) MPA. 

 
The adsorption of MPA and the formation of an ordered layer on Cu(111) was 

followed in situ, with the STM. Because MPA adsorbs on the Cu surface in the entire 

potential range (between hydrogen evolution and anodic dissolution) the measurement has to 

be done shortly after the electrode was brought into contact with the MPA-containing 

electrolyte, to follow the initial stages of adsorption. 

It should be noted that - in contrast to the most studies regarding SAMs - the thiol is 
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present in the electrolyte in all of the STM experiments, the same as in the above described 

electrochemical studies. 

The influence of the ordered (bi)sulphate adlayer on the formation of an MPA adlayer 

is illustrated by the sequence of STM images in Fig. 6.1.4, recorded approximately 10 min 

after adding MPA to the 0.1 M H2SO4 electrolyte, at a potential of -0.30 V.  

 

 

 
Fig. 6.1.4. Series of STM images, showing the adsorption of MPA on Cu(111) in                 

0.1 M H2SO4 + 5⋅10-6 M MPA at ESCE=-0.30 V. The first image was started about 10 minutes 

after the addition of the MPA to the electrolyte. 

 
In Fig. 6.1.4 a, an almost completely reconstructed surface is shown, with the Moiré 

structure clearly seen. Some parts of the surface are already covered with a disordered MPA 
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layer. The second image shows the same surface area, approximately three minutes later. 

During this time, the MPA covered regions had increased and the Moiré structure can hardly 

be seen. The next two images indicate that the thiol adsorbs on the whole surface and no 

Moiré structure can be observed anymore. The resulting MPA layer is not yet ordered. 

During MPA adsorption onto the Cu(111) surface the formation and growth of islands 

could be observed. The origin of these islands is not yet well-understood. It is assumed that 

they are thiol islands. MPA is a functionalized thiol and such thiols have the tendency to form 

multilayers. Evans et al. described a method for obtaining multilayers, based on the 

interaction between Cu(II) ions and mercaptoalkanoic acids [Eva91]. Beside this, in the case 

of MPA onto Au(111), the formation of a second layer has been already observed [Pet03b]. 

The heights in two STM images (Figs. 6.1.4 b and c) have been measured. The first one 

represents the apparent height of the MPA adsorbate measured along the white line in        

Fig. 6.1.4 b, its value being 0.05 nm. The other one is around 0.2 nm (along the white line in 

Fig. 6.1.4 c). Interestingly, this value (i.e. =0.2 nm) corresponds also to the height of a copper 

step, the calculated value for Cu(111) being 0.209 nm.  

Fig. 6.1.5 images the same surface area, at the same potential (ESCE=-0.20 V), in an 

electrolyte containing 5⋅10-6 M MPA, different times after the thiol addition. 

 

 

 
Fig. 6.1.5. STM images of a Cu(111) in 0.1 M H2SO4 + 5⋅10-6 M MPA recorded: a) 35 min; 

b) 48 min after adding MPA. 1: 0.206 nm, 2: 0.204 nm, 3: 0.206 nm. 

 
The in situ STM images show a completely covered surface, very mobile, with islands 
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having again a height of approximately 0.2 nm.  

The thiol adlayer is in the beginning unordered, but after a certain time an ordered 

MPA adsorbate is formed. Fig. 6.1.6 shows an MPA adlayer on Cu(111) in different stages of 

the ordering process. The first image (a) was recorded approximately 25 min after adding the 

thiol into the STM cell and is showing a less-ordered adlayer, while in the other two images 

(b and c), recorded both 60 min after the thiol addition, an ordered MPA adlayer can be seen. 

 

 

 
Fig. 6.1.6. In situ STM images of an MPA-covered Cu(111) electrode in 0.1 M H2SO4 +  

5⋅10-6 M MPA showing the thiol adsorption in different stages.  

 
One should however point that the domains of ordered structures are rather small, 

around 5-6 nm and between them areas of disordered structure are often observed.  

Fig. 6.1.7 shows two STM images of the MPA adlayer on Cu(111) in 0.1 M H2SO4+ 

5⋅10-6 M MPA, with two different ordered structures.  

The first image (Fig. 6.1.7 a) was recorded approximately 30 min after adding the thiol 

into the STM cell and is showing a striped structure, while in the other image (Fig. 6.1.7 b) 

recorded 80 min after the thiol addition an area of hexagonal structure can be seen. 

For the stripe-like structure shown in Fig. 6.1.7 a, the measured values for a are        

0.7 ± 0.02 nm and for b, 0.9 ± 0.02 nm. For the hexagonal structure, the measured distance 

was 0.48 ± 0.02 nm. In the case of the disordered structure, the individual molecules appear as 

“blobs” with different heights as it can be seen in Fig. 6.1.8. The distances between two 

nearest neighbours vary between 0.47 and 0.55 nm, which is in good agreement with the 

results obtained from Giz et al. for an MPA SAM on Au(111) [Giz99]. 
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Fig. 6.1.7. In situ STM images of an MPA-covered Cu(111) electrode in 0.1 M H2SO4 +  

5⋅10-6 M MPA.  

 

 

 

 

 

 

Fig. 6.1.8. STM image of an unordered MPA 

adsorbate layer on Cu(111) in 0.1 M H2SO4 + 

5⋅10-6 M MPA. The image was recorded 

approximately 60 minutes after adding the 

thiol. 

 

 
The less-ordered MPA adlayer on Cu(111) can be a consequence of the ordered 

(bi)sulphate adlayer present on the reconstructed surface. The adsorption of MPA involves the 

replacement of (bi)sulphate from the copper surface. In the absence of strong adsorbed 

(bi)sulphate ions, the surface reconstruction (induced and stabilized by the (bi)sulphate ions) 

is removed. The resulting surface is highly defective and this can explain the small domains 

of ordered structure, as Polewska et al. also found in their study using benzotriazole [Pol99].  
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One can conclude that the adsorption and ordering of MPA onto Cu(111) in sulphuric 

acid electrolytes is a rather slow process, and thus it can be followed very well in situ, using 

the STM. The well ordered (bi)sulphate adlayer on Cu(111) has a big influence onto the 

kinetics of adsorption. The replacement of the (bi)sulphate anions with the thiol molecules 

results in a surface with defects and thus in an adlayer with rather small ordered domains. The 

observed islands are assumed to be a second layer of thiol, which cannot be completed 

because of the low-concentrated MPA solution. 

 
 

6.1.2. MPA effect on Cu deposition onto Cu(111) 

 
For the electrochemical studies the working electrode was a copper polycrystalline 

cylinder (a melted Cu(111) crystal, mechanically polished), prepared by electropolishing in 

orthophosphoric acid.  

Cyclic current-potential curves of a Cu polycrystalline electrode in pure and MPA-

containing 0.1 M H2SO4+10-3 M CuSO4 solution were recorded, which are shown in          

Fig. 6.1.9. 

 

 

 
Fig. 6.1.9. Current-potential curves of a Cu polycrystalline electrode in 0.1 M H2SO4 +        

10-3 M CuSO4 without MPA and with the addition of MPA in three different concentrations.       

ν=10 mV/s. 
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The cycles were started at -0.05 V in negative direction with a scan rate of 10 mV/s. 

First cycle (grey line) has been recorded in the additive-free electrolyte. After reaching a 

maximum at -0.20 V, the current starts to decrease, until it reaches a constant value, the 

diffusion-limited current density, j lim≈ 30 µA cm-2. The deposition in this potential region is 

diffusion-controlled.  

The addition of 5⋅10-6 M MPA to the electrolyte shifts the cathodic peak with 

approximately 30 mV to more negative potentials, which can be interpreted as an inhibiting 

effect of MPA on the Cu deposition. Also the charge under the peak is smaller than in the 

additive-free electrolyte (2670 µC cm-2 in comparison with 3270 µC cm-2). 

In a higher concentrated MPA solution (10-5 M, dotted line in Fig. 6.1.9), no peak for 

the deposition can be seen up to -0.50 V. For the second cycle (dashed line) the cathodic limit 

has been increased to -0.70 V. Cu deposition starts at around -0.40 V, with a current 

maximum at -0.49 V. The shift in the cathodic peak is quite significant (almost 300 mV) and 

shows a clear inhibiting effect of MPA on the Cu deposition. The same inhibiting effect can 

be observed in 5⋅10-5 M MPA (dashed-dotted line in Fig. 6.1.9).  

All STM measurements were carried out on Cu(111) single crystals. Prior to the 

adsorption and deposition, the electrode has been characterised in the additive-free electrolyte 

(0.1 M H2SO4). Then, MPA in different concentrations has been added to the electrolyte.   

The additive adsorption has been followed in situ for different periods of time. Figs. 6.1.10 a 

and b show the adsorption of MPA onto Cu(111), in different stages.  

 

 

 
Fig. 6.1.10. a), b) STM images showing the adsorption of MPA on Cu(111) in 0.1 M H2SO4 + 

5⋅10-6 M MPA, 24 and 103 min after the thiol addition; c) STM image recorded after adding 

10-4 M CuSO4. 
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The first image was recorded 24 min after the addition of the thiol to the electrolyte 

and is showing a reconstructed Cu(111) surface, with the Moiré structure clearly seen and the 

thiol beginning to adsorb at the step edges. The next image, recorded approximately 100 min 

after the MPA addition shows an almost completely covered surface although there are some 

small regions in which the surface is still reconstructed (the darker ones). Before the addition 

of copper ions to the electrolyte, the sample potential has been increased up to ESCE=-0.05 V, 

in order to avoid as much as possible Cu bulk deposition. Fig.6.1.10 c shows a partially thiol 

(MPA)-covered Cu(111) surface in the presence of copper ions. 

The deposition has been initiated approximately 2 hours after the thiol addition and it 

can be followed in Fig. 6.1.11. After applying a potential step from -0.05 V to -0.15 V the 

formation of copper cluster on the Cu(111) surface could be observed (see Fig. 6.1.11 a).   

The nucleation rate is rather low, only the growth of some big clusters can be seen. Their 

further growth after a potential step from -0.15 to -0.20 V can be observed in Fig. 6.1.11 b. 

The STM images are shaded in order to enhance the topographic features on the rather rough 

substrate background. It is assumed that the crystallites have a (111) orientation, their top 

layers being parallel to the (111) planes of Cu.   

 

 

 
Fig. 6.1.11. STM images of a partially MPA-covered Cu(111) surface showing the nucleation 

and growth of copper from 0.1 M H2SO4 + 10-4 M CuSO4 + 5⋅10-6 M MPA: a) at -0.15 V, and 

b) at -0.20 V.  

 
Fig. 6.1.12 images the same surface region, just enlarged to 1500 nm × 1500 nm,      

33 min after initiating the deposition. The cluster height increased considerably in comparison 
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to the previous image (Fig.6.1.11 b).  

 

 
Fig. 6.1.12. STM image showing copper deposition onto a partially MPA-covered Cu(111) 

surface at ESCE=-0.20 V from 0.1 M H2SO4 + 10-4 M CuSO4 + 5⋅10-6 M MPA. 

 
In a higher MPA concentration (10-5 M) the Cu(111) surface is completely covered 

already 30 min after the addition. The resulting MPA adlayer is not ordered. In Fig. 6.1.13 the 

adsorption of MPA on Cu(111) in 0.1 M H2SO4 is followed.  

 

 

 
Fig. 6.1.13. STM images of a Cu(111) surface in 0.1 M H2SO4 + 10-5 M MPA, showing:       

a) the initial stages of thiol adsorption, 17 min after the addition; b) island formation after      

108 min adsorption time; c) the appearance of pits at -0.10 V, after adding CuSO4. 
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The first STM image (Fig. 6.1.13 a) was recorded 17 min after adding MPA to the 

electrolyte, at -0.30 V. One can see the initial stages of MPA adsorption, with regions where 

the copper surface is still reconstructed (the darker ones) - Moiré pattern - and regions already 

covered by the thiol adlayer (the brighter ones). The next image (Fig. 6.1.13 b), recorded    

108 min after the addition at -0.20 V shows a completely covered surface. More than this, the 

formation of islands on the copper surface can be observed (see section 6.1.1). In Fig. 6.1.13 c 

one can see the surface 2 hours after the additive was introduced into the electrolyte, in the 

presence of 10-4 M CuSO4. The potential has been switched to -0.10 V before the copper ions 

to be added. One can observe the appearance of pits on the MPA-covered Cu(111) surface. 

The MPA adlayer seems to have an influence on the mechanism of Cu dissolution. In 

the absence of additives Cu dissolution occurs exclusively via a step flow mechanism, while 

in the presence of the adsorbed thiol it seems to proceed predominantly via formation of pits. 

After the addition of copper ions into the STM cell, no significant increase in the 

current could be observed. One can say that no spontaneous deposition occurred. This 

combined with the electrochemical experiments (see Fig. 6.1.9) can be considered as an 

evidence for the inhibiting effect of MPA on copper electrodeposition, as it has been 

described also in the literature.  

The potential step from -0.10 to -0.20 V has been applied approximately 2 hours after 

the thiol addition to the electrolyte. The deposition occurred on a MPA-covered surface and it 

can be followed in Fig. 6.1.14. After the potential step has been applied, the formation of 

copper clusters could be observed (Fig. 6.1.14 a). Fig. 6.1.14 b shows the same surface area, 

some minutes later with the copper clusters covering the whole surface. 
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Fig. 6.1.14. In situ STM images illustrating copper deposition on Cu(111) from                    

0.1 M H2SO4+ 10-4 M CuSO4 + 10-5 M MPA. a) The applied overpotential was 0.10 V 

(potential step from -0.10 V to -0.20 V); b) The image has been recorded at ESCE=-0.30 V. 

 
Another in situ STM deposition experiment is shown in Fig. 6.1.15. The MPA 

concentration was 5⋅10-6 M and Cu deposition was started approximately 3 hours after the 

addition of MPA to the electrolyte. In Fig. 6.1.15 a the initial stages of the additive adsorption 

can be seen. The STM image has been recorded 25 min after adding MPA to the electrolyte.  

 

 

 
Fig. 6.1.15. Series of STM images, showing the adsorption of MPA on Cu(111) in               

0.1 M H2SO4 + 5⋅10-6 M MPA, before (a and b) and after CuSO4
 addition (c), recorded 25, 82, 

and 180 min after the MPA addition to the electrolyte, respectively.  
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The Cu(111) surface is mostly reconstructed, with the Moiré structure clearly seen. 

The MPA adlayer starts to grow at the step edges. The next image (Fig. 6.1.15 b) was 

recorded almost 1 hour after the first one, and shows a completely covered surface. The thiol 

adsorption in the presence of (bi)sulphate ions leads to the formation of islands, as it has been 

discussed above. Fig. 6.1.15 c shows the MPA-covered Cu(111) surface after the addition of 

10-4 M CuSO4. The image was recorded 3 hours after the additive has been given to the 

electrolyte.  

The thiol-covered copper surface is very rough, presenting a lot of defects which will 

act as nucleation centres for the copper electrodeposition as it can be seen in Fig. 6.1.16.    

The deposition has been initiated in the first image (Fig. 6.1.16 a), by applying a potential step 

of 0.10 V. One can see the formation of a lot of nuclei, whose growth can be observed in the 

second image (Fig. 6.1.16 b). 

 

 
Fig. 6.1.16. STM images showing the copper deposition on a Cu(111) surface from             

0.1 M H2SO4 + 5⋅10-6 M MPA + 10-4 M CuSO4.  

 
In comparison with the experiments described above, a profound increase in the 

nucleation density is observed. As a result, a much smaller-grained copper deposit is formed. 

The same grain-refining effect has been obtained in an electrolyte containing 10-5 M 

MPA, after shorter adsorption times, i.e. approximately 25 min (Fig. 6.1.17). 

These results are somehow in contradiction with those obtained on Au(111) [Pet03c], 

where deposition onto a fully SAM-covered surface led to the formation of few, randomly 

distributed copper clusters and a grain-refining effect has been obtained for a low-coverage 

MPA adlayer. In the case of Cu deposition onto Au(111) the MPA-SAM blocked most of the 

defects making them unavailable as nucleation centres for Cu.  
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Fig. 6.1.17. STM image showing copper deposition onto a MPA-covered Cu(111) electrode at 

ESCE=-0.20 V from 0.1 M H2SO4 + 2⋅10-5 M CuSO4 + 10-5 M MPA. 

 
In the case of Cu(111), Cu deposition onto a partially MPA-covered surface occurs 

with the formation of big clusters. On a fully covered surface the emergence of islands 

(probably a second thiol layer) leads to an increase in the number of defects, which will 

provide new nucleation centres for Cu deposition. As a result, more nuclei are formed on the 

Cu(111) surface. Furthermore, MPA inhibits growth at newly formed nucleation sites due to 

preferential adsorption. During deposition surface diffusion and three-dimensional island 

growth are strongly inhibited. This can explain the grain-refining effect of MPA on Cu 

electrodeposition. 
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6.2. Mercaptopropanesulfonic acid (MPSA) 

 

 

The effect of MPSA (3-mercapto-1-propanesulfonate) on acidic copper 

electrodeposition was characterized as an accelerator and brightener [Ver05, Kar77, Bar85, 

Cla91, Mof00, Kan97, Kim03]. MPSA accelerates the electroreduction of Cu(II) to Cu(I), 

which is the rate-determining step (rds) of copper deposition [Kan97, Kim03]. Kim et al. 

implied that MPSA undergoes oxidation in the presence of copper ions to form disulfide, 

which adsorbs at the copper surface with disulfide bond cleavage [Kim03]. 

Moffat et al. examined the rate of copper deposition on various catalyst-derivatized 

electrodes and found out that thiols with a charged sulfonate terminal group yield significant 

and sustained catalysis of the metal deposition rate, while molecules with CH3, OH or COOH 

as terminal groups show an inhibiting effect [Mof05]. MPSA plays also an important role in 

the “superconformal” or “superfilling” plating, by displacing the adsorbed suppressor at the 

bottom of a feature [Ver05]. 

Most research on the role of MPSA in superfilling and bump formation focused on the 

competitive adsorption with inhibiting molecules (such as PEG) and did not consider the 

understanding of chemical reactions with species in the plating bath, including the 

equilibrium between SPS and MPSA. 

In the present work, the adsorption and the influence of MPSA on the Cu deposition 

onto Cu(111) have been investigated by means of cyclic voltammetry and in situ STM. 

 
 

 6.2.1. MPSA adsorption on Cu(111) 

 

Fig. 6.2.1 shows the cyclic voltammograms of a Cu(111) electrode in 0.1 M H2SO4 

with MPSA in three different concentrations and different times after the immersion of the 

electrode. The concentrations used in the present work were in the range of 1 to 100 µM, 

because of the industrial relevance [Kar77, Bar85, Cla91, Mof05]. All cycles were started at  

–0.20 V in negative direction. As in the case of MPA, no peaks for the adsorption/ desorption 

of MPSA have been found. The adsorption occurs in the whole potential range. However, in 

the case of the lower concentration (Fig. 6.2.1 a, 10-6 M), no complete blocking effect on the 
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(bi)sulphate adsorption/ desorption could be observed, not even 50 min after the immersion of 

the electrode in the electrolyte. On contrary, the height of the (bi)sulphate desorption peak 

increased with the exposure time. Additionally, a slightly shift to more negative potentials 

could be observed (15 mV). 

 

 

 

 

 

 

Fig. 6.2.1. a) Cyclic current-

potential curves of Cu(111) in      

0.1 M H2SO4 without MPSA and 

with 10-6 M MPSA, 50 min after the 

immersion; b) 0.1 M H2SO4 + 10-5 

M MPSA, 6, 16 and 45 min;          

c) 0.1 M H2SO4 + 5⋅10-5 M MPSA, 

7 and 15 min after immersing the 

crystal into the MPSA-containing 

electrolyte. ν=10 mV/s.  

 

 
In a 10 times higher concentrated solution (Fig. 6.2.1 b, 10-5 M), an initial increase in 

the desorption peak height, 6 min after the immersion (dotted line) has been observed.        

The next cycle (dashed line), recorded after 16 min adsorption time, shows a decrease of the 

peak height and therefore a blocking effect of the molecule. Again a slightly negative shift of 

the peak maximum could be seen (18 mV). At an exposure time of 45 min no peaks for the 

(bi)sulphate adsorption/ desorption can be seen anymore (dashed-dotted line in Fig. 6.1.2 b).  
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Fig. 6.2.1 c shows the CVs recorded in a 5⋅10-5 M MPSA solution. The behaviour in 

this case is similar to the MPA, with the blocking effect on the (bi)sulphate adsorption/ 

desorption clearly seen. The shift to more negative potentials was about 20 mV. 

The coverage of the surface with thiol has been calculated from the charges under the 

(bi)sulphate desorption peak, using the equation (6.1.2). The variation with the adsorption 

time is shown in Fig. 6.2.2. 

 

 

 
Fig. 6.2.2. Dependence of the surface coverage with the exposure time for Cu(111) in          

0.1 M H2SO4 with MPSA in two different concentrations: 10-5 M ( ) and 5⋅10-5 M ( ). 

 
An interesting effect of MPSA, which could not be observed in the case of MPA 

(where the opposite happened), was the enhancing effect on the hydrogen evolution reaction 

on Cu(111). This increased with the MPSA concentration and with the immersion time. 

The adsorption of MPSA on Cu(111) and the formation of a SAM was followed by in 

situ STM measurements. First, the reconstructed Cu(111) surface in pure sulphuric acid has 

been imaged, with the Moiré pattern clearly seen. MPSA has been added then to the 

electrolyte, to yield a concentration of 5⋅10-5 M. In Fig. 6.2.3, such STM experiments are 

shown as a sequence of four images. The image recording starts about 10 minutes after adding 

the MPSA to the electrolyte. 

Fig. 6.2.3 a shows an almost completely reconstructed surface, with the Moiré 

structure clearly seen. The brighter regions in the image represent the thiol molecules and the 
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darker ones the copper surface with the Moiré structure. The second image (Fig. 6.2.3 b) 

shows the same surface area, some minutes later. 

  

 

 
Fig. 6.2.3. Sequence of STM images (a-d), illustrating the adsorption of MPSA on Cu(111) in 

0.1 M H2SO4 + 5⋅10-5 M MPSA at ESCE=-0.30 V. Image (a) was recorded about 10 minutes 

after the addition of MPSA. 

 
It can be seen that MPSA adsorption starts from the step edges and advances onto the 

upper terrace. Quite surprisingly, it starts at the top level of the step, although the position at 

the top level should be energetically less favourable than that at the lower level. In the next 

image (c) the darker regions, corresponding to the Moiré structure, are getting smaller and 

smaller, while the thiol-covered regions are increasing. The last image in the sequence      
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(Fig. 6.2.3 d) shows a completely covered surface. The resulting thiol adlayer is not ordered. 

The apparent height of the MPSA adsorbate varies between 0.05 and 0.08 nm. 

Polewska et al. followed the adsorption of benzotriazole (BTAH) onto Cu(111) in 

sulphuric acid electrolytes and found that BTAH islands are formed predominantly on the 

upper terrace side of most of the copper steps [Pol99]. More than this, they observed that in 

some of the BTAH-covered areas, the Moiré pattern seemed to be still recognizable. 

On the MPSA-covered surface, the formation and growth of islands could be 

observed, like in the case of MPA adsorption, however after longer adsorption times.         

The height of these islands measures also approximately 0.2 nm, as in the case of MPA.     

Fig. 6.2.4 follows, in a sequence of three images recorded in succession, the formation and 

growth of such islands on a MPSA-covered Cu(111) surface, in an electrolyte containing 

5⋅10-5 M MPSA. 

 

 

 
Fig. 6.2.4. STM sequence showing the formation and growth of islands during the adsorption 

of MPSA on Cu(111) in 0.1 M H2SO4 + 5⋅10-5 M MPSA. The different circles (1, 2, 3, and 4) 

mark the same areas in images a)- c).  

 
In comparison to MPA, no ordered structures of the MPSA adsorbate could be 

observed with the STM, not even 3 hours after adding the thiol to the electrolyte. 
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6.2.2. MPSA effect on Cu deposition onto Cu(111) 

 
Kim et al. and Kanapeckait÷ et al. described the influence of MPSA on the kinetics of 

copper electrodeposition from acid sulphate solutions. Both were characterizing MPSA as an 

accelerator of the electroreduction of Cu(II) to Cu(I), which is well-known as the rate-

determining step of copper deposition [Kan97, Kim03]. Kanapeckait÷ et al. implied that 

modification of a copper electrode surface with MPSA accelerates the rds of copper 

deposition and the acceleration degree increases with prolongation of exposure of copper 

electrode to MPSA solution [Kan97]. 

Prior to the STM measurements, which were all carried-out on Cu(111) electrodes, 

cyclic current-potential curves of a Cu polycrystalline electrode in 0.1 M H2SO4+                

10-3 M CuSO4, without and with the addition of MPSA were recorded, which are shown in 

Fig. 6.2.5. The cycles were started at -0.05 V in negative direction with a scan rate of           

10 mV/s. 

 

 

 
Fig. 6.2.5. Current-potential curves of a Cu polycrystalline electrode in 0.1 M H2SO4 +        

10-3 M CuSO4 without and with the addition of MPSA in three different concentrations.   

ν=10 mV/s. 

 
The CVs were all recorded shortly after the MPSA addition to the copper-containing 

electrolyte. Even very small amounts of MPSA (e.g. 10-6 M, solid line in Fig. 6.2.5) moved 

the cathodic peak in the positive direction (12 mV). The cathodic peak shift became more 
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significant (almost 40 mV) with increasing the MPSA concentration to 10-5 M (see the dotted 

line in Fig. 6.2.5). In a higher MPSA concentrated electrolyte (10-4 M), the shift in the 

cathodic peak decreased up to approximately 20 mV. One can conclude that MPSA has an 

accelerating effect on copper deposition. Similar results have been obtained by Kim et al. 

[Kim03]. Based on the cathodic peak shift, they concluded that adding MPSA affected 

significantly the rate-determining step of the copper deposition process, which is the reduction 

reaction of cupric to cuprous ion. The cathodic charges have been evaluated from the CVs in 

Fig. 6.2.5. The amount of deposited Cu is higher in MPSA-containing electrolytes in 

comparison to the additive-free solution and increases with the MPSA concentration.         

The charge corresponding to the electrolyte without additives is 1.7 mC cm-2, in comparison 

to 2.3 mC cm-2 for 10-5 M MPSA.  

It has been reported that the properties of Cu(II) solution with MPSA vary with the 

time [Kan97]. Therefore, a solution containing both MPSA and copper ions has been 

prepared.  

This solution has been used in electrochemical experiments investigating the influence 

of MPSA on Cu electrodeposition onto Cu polycrystalline electrodes. The results obtained in 

a fresh and 4, respectively 5 days old solution are depicted in Fig. 6.2.6. This time, the shift in 

the cathodic peak is to more negative potentials, the most significant shift corresponding to 

the third curve, recorded in the 5 days old-solution (Fig. 6.2.6, dashed-dotted line).  Although 

the maximum appears at more negative potentials, the charge under the peak, respectively the 

amount of deposited copper increases significantly with the solution ageing. For the fresh 

solution (solid line in Fig. 6.2.6) the evaluated charge was 3.7 mC cm-2, while in the case of 

the 4 days and 5 days old solution the charges were 4.7, respectively 5.0 mC cm-2. This points 

to a possible complex formation. From the electrochemical measurements, one cannot draw a 

clear conclusion. Other techniques should be used, such as spectrometry, to detect the 

presence of the MPSA-Cu complex. In the literature the formation of a Cu(I)thiolate complex 

has been described by [Kan97, Ver05]. Kanapeckait÷ et al. implied that the modification of 

Cu electrode surfaces by MPSA accelerates the electroreduction of Cu(II) due to the 

formation of chemisorbed layers consisting of products from a chemical interaction between 

MPSA and Cu(II) or Cu(I) [Kan97]. As it has been reported in the literature, two deprotonated 

MPSAs form SPS as a consequence of the reduction of cupric ion to cuprous ion according to 

the following simplified reaction [Kim03]:  

 
( ) ( ) ( ) +++ ++→+ H 2  Cu 2  SOCHS-SCHSO   Cu 2  SOCHHS 2 -

33232
-
3

2-
332                       (6.2.1)            
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Therefore, adding MPSA causes the spontaneous reduction of Cu(II) to Cu(I), which is 

the rds of copper electrodeposition. Disulfide is known to react immediately with the metal 

surface to form a self-assembled monolayer. As a result, either a disulfide head group 

structure or S-S bond cleavage forming a metal-thiolate structure is expected [Kim03]. In 

either case, there must be a covalent-like bonding between the surface copper atom and sulfur 

in the thiol group of MPSA. The adsorbed MPSA through Cu-S bonding plays an important 

role in the copper electrodeposition process. The repetition of adsorption/ reductive 

desorption during the deposition process may sustain the catalytic effect of MPSA on the rds 

of Cu electrodeposition. 

 

 

 
Fig. 6.2.6. Cyclic voltammograms of a Cu polycrystalline electrode in 0.1 M H2SO4 +         

10-3 M CuSO4 + 10-5 M MPSA, with the additive and Cu prepared and stored in the same 

solution. The Cu deposition curves were measured different periods of time after preparing 

the solution. ν=10 mV/s. 

 
Fig. 6.2.7 shows Cu electrodeposition from an additive-free electrolyte, from the same 

basic electrolyte with MPSA addition, and from another electrolyte, with MPSA plus Cu 

prepared together. MPSA shows the most pronounced accelerating effect when Cu and the 

additive are dissolved together, probably due to complex formation. 
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Fig. 6.2.7. Current-potential curves of a Cu polycrystalline electrode in 0.1 M H2SO4 +        

10-3 M CuSO4 without MPSA and with 10-5 M MPSA, with the thiol solution prepared 

separately and together with the copper ions. ν=10 mV/s. 

 
The adsorption of MPSA followed by copper deposition on a Cu(111) electrode has 

been imaged in situ, with the STM. Prior to the adsorption and deposition, the surface and tip 

quality have been proved in a pure H2SO4 electrolyte. The reconstructed Cu(111) surface, 

with the Moiré pattern could be seen in the beginning of the each STM experiment. Then, 

MPSA has been added to the electrolyte and the additive adsorption has been followed in situ.  

Fig. 6.2.8 shows the adsorption of MPSA onto Cu(111), in different stages, depending 

on the adsorption time. Due to the slow MPSA adsorption, even 42 min after the addition the 

Moiré structure can be clearly seen (Fig. 6.2.8 a). The brighter regions in the image represent 

the thiol molecules which adsorb at the step edges. The second image (Fig. 6.2.8 b), recorded 

126 min after adding the thiol to the electrolyte, shows an almost completely covered surface. 

Only some small regions are not yet covered by the additive (i.e. the darker ones). The last 

image in the sequence was taken short before the addition of copper ions. The potential step 

from -0.20 to -0.15 V causes a roughening of the surface.  

Before the CuSO4 solution to be added in the STM cell, the potential has been 

increased up to -0.05 V. Even so, immediately after introducing the copper ions in the 

electrolyte, the deposition occurred, as the big increase in the cathodic current showed. 
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Fig. 6.2.8. Sequence of in situ STM images showing the adsorption of MPSA onto a Cu(111) 

in 0.1 M H2SO4 + 10-5 M MPSA, different periods of time after adding MPSA to the 

electrolyte.  

 
The initial stages of copper deposition onto Cu(111) in the presence of MPSA could 

not be followed. Only the aspect of the final deposit could be imaged, which can be seen in 

Fig. 6.2.9. As in the case of copper deposition in the presence of MPA (under certain 

conditions), a grain-refining effect could be observed. 

 

 
Fig. 6.2.9. STM image of an MPSA-covered Cu(111) electrode in 0.1 M H2SO4 + 10-4 CuSO4 

+10-5 M MPSA, after copper deposition at ESCE=-0.25 V. 
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From the appearance of the deposit, with clusters having different heights, one can 

assume that Cu growth occurs in two phases. In the first phase a rather flat deposit is formed, 

consisting of a big number of small nuclei. In the second phase, the formation of small 

“bumps” can be observed, which show the accelerating effect of MPSA on Cu 

electrodeposition. The height of the flat deposit does not increase with the deposition time; 

only the “bumps” are getting higher, causing a rather rough appearance of the Cu deposit. 
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6.3. Bis(3-sodiumsulfopropyl)disulfide (SPS) 
 

 

SPS (bis(3-sodiumsulfopropyl)disulfide; more formally: 4,5-dithiaoctane-1,8-

disulfonic acid, sodium salt) is also known as a brightener in sulphate copper 

electrodeposition baths [Hea92b, Hea92c, Far95, Tan03, Ver05, Mof05].  SPS has been 

proven to have a depolarising effect and thus to act as an accelerator. Mechanisms accounting 

for this generally involve the formation of surface complexes, containing organic ligands 

which reduce more rapidly and at more positive potentials than the corresponding aqua 

complexes, thus lowering the activation barrier [Ver05].  

SPS is able to participate in repeated oxidation and reduction cycles and depolarisation 

takes place because Cu2+ reduction to Cu+ occurs chemically in reactions involving the 

additive, in contrast to a purely Cu2+ to Cu+ electroreduction  process.  

The adsorption of SPS onto Cu(111) in sulphuric acid electrolytes, as well as the effect 

on Cu electrodeposition have been investigated by means of cyclic voltammetry and in situ 

STM. 

 
 

6.3.1. SPS adsorption on Cu(111) 

 
The current-potential curves for Cu(111) in 0.1 M H2SO4 with the addition of three 

different concentrations of disulfide are presented in Fig. 6.3.1. Basically, the behaviour of 

Cu(111) in sulphuric acid electrolytes containing SPS is similar to that in the presence of 

MPSA. The cycles were all started at -0.20 V in negative direction and the scan rate was      

10 mV/s. 

First, a CV of the Cu(111) electrode in a pure H2SO4 electrolyte was recorded        

(Fig. 6.3.1 a, solid line) and then SPS was added to the electrolyte. At a rather low 

concentration (10-6 M), the peaks for the adsorption/ desorption of (bi)sulphate didn’t seem to 

be blocked. The presence of SPS in the electrolyte even caused an increase in the height of the 

(bi)sulphate desorption peak, although the area (and consequently the calculated charge) 

under the peak slightly decreased with the time. Even 45 min after SPS addition, the peak can 

still be seen. The cyclic voltammograms for a 10 times higher SPS concentration (i.e. 10-5 M) 

is shown in Fig. 6.3.1 b. Almost immediately after immersing the electrode into the 

electrolyte (3 min, dotted line), one can see an increase in the (bi)sulphate peak height. 
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Fig. 6.3.1. Current-potential curves 

of Cu(111) in a) 0.1 M H2SO4;     

0.1 M H2SO4 + 10-6 M SPS, 45 min 

after the immersion of the electrode; 

b) 0.1 M H2SO4 + 10-5 M SPS, 3 

and 15 min; c) 0.1 M H2SO4 +  

5⋅10-5 M SPS, 2 and 15 min after 

immersing the electrode into the 

electrolyte containing SPS.    

ν=10 mV/s. 

 

 
The next CV, recorded 15 min later, shows already a clear blocking effect of the 

molecule on the (bi)sulphate adsorption/ desorption. After 60 min adsorption time, no peak 

can be seen anymore.  

At a concentration of 5⋅10-5 M, the inhibiting effect of SPS on the (bi)sulphate 

adsorption/ desorption can be observed already 2 min after the immersion (see the dotted line 

in Fig. 6.3.1 c). The peaks corresponding to the adsorption/ desorption of sulphate 

disappeared almost completely after 10 minutes exposure (dashed curve) and the surface is 

assumed to be completely covered with the disulfide.  

The blocking effect on the (bi)sulphate adsorption/ desorption has been again used in 

order to evaluate the surface coverage. θ has been calculated using Eq. 6.1.2. The dependence 



6. Influence of Different Additives on the Cu Deposition onto Cu(111) 

 

 165 

on the adsorption time for two concentrations of SPS is shown in Fig. 6.3.2.  

 

 

 
Fig. 6.3.2. Surface coverage, θ vs. time for Cu(111) in 0.1 M H2SO4 with two different SPS 

concentrations: 10-5 M ( ), respectively 5⋅10-5 M ( ). 

 
As in the case of MPSA adsorption, an accelerating effect on the hydrogen evolution 

reaction has been observed. 

A lot of studies have been carried out to clarify the mechanism of SPS influence on the 

copper electrodeposition [Mof05, Hea92b, Hea92c, Far95, Kan03]. To the best of our 

knowledge, no in situ STM study on the adsorption of SPS onto copper surfaces has been 

published until know, although the adsorption of an additive onto a metallic surface is an 

essential step in characterizing the influence of that additive on the metal deposition. The fact 

that SPS is a disulfide (the dimere of MPSA) makes the study even more interesting, knowing 

that there are some controversies regarding the existence or not of S-S bonds in the case of 

disulfide SAM formation [Schr00]. In Fig. 6.3.3, in situ STM experiments on the SPS 

adsorption onto Cu(111) are shown as a sequence of two images. The image recording starts 

about 10 minutes after adding the SPS to the electrolyte (Fig. 6.3.3 a). 

The surface is showing the characteristic Moiré pattern; only at the step edges one can 

see the beginning of SPS adsorption. The darker regions represent the reconstructed copper 

surface with the (bi)sulphate adlayer, while the brighter regions are the disulfide molecules. 
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Fig. 6.3.3. STM images showing the adsorption of SPS on Cu(111) from 0.1 M H2SO4 +  

5⋅10-5 M SPS at ESCE=-0.30 V: a)  the imaging was started approximately 10 min after adding 

SPS to the electrolyte; b)  the image was taken 35 min after the disulfide addition. 

 
Very interestingly is that the adsorption of SPS, in contrast with MPA and MPSA, 

leads to the formation of holes on the Cu(111) surface, as one would actually expect from 

lifting of the Cu(111) reconstruction, since the reconstructed Cu surface is expanded.         

Fig. 6.3.3 b shows the SPS adsorption onto the terrace, together with the holes formation. 

More than this, one can observe again the growth of the SPS adlayer starting at the step edges 

and advancing onto the upper terrace, as in the case of MPSA. The adsorption of SPS seems 

to be rather slow, since even after 35 min the Moiré structure could still be seen.  

Fig. 6.3.4 shows another sequence of in situ STM images (a to f). These images were 

selected from a larger number of images recorded in succession. The time difference between 

image a and f is 41 minutes. The brighter regions represent the thiol, while the darker ones 

represent the copper surface on which the Moiré structure is clearly seen. The in situ STM 

sequence of images shown in Fig. 6.3.4 could very well follow how the SPS adlayer grows 

around the holes. The step edges together with the holes are acting as nucleation centres for 

the SPS adlayer growth. 

The apparent height of the SPS adlayer has been measured and it varies between 0.05 

and 0.07 nm. 
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Fig. 6.3.4. Sequence of STM images illustrating the adsorption of SPS on Cu(111) from      

0.1 M H2SO4 + 5⋅10-5 M SPS at ESCE=-0.30 V. First image (a) was recorded 35 min after the 

addition of SPS, and the last one 41 min later. 

 
Approximately 2 hours after the addition of SPS to the electrolyte, a completely 

covered Cu(111) surface was observed. As in the case of MPSA, no ordered structure for the 

SPS adlayer could be observed in situ, with the STM, not even after long waiting times. 

 
 

6.3.2. SPS effect on Cu deposition onto Cu polycrystalline 

 
The effect of SPS on the Cu electrodeposition has been investigated only by means of 

cyclic voltammetry. Cyclic current-potential curves of a Cu polycrystalline electrode in       

0.1 M H2SO4+10-3 M CuSO4, without and with the addition of SPS in two different 

concentrations are shown in Fig. 6.3.5. All three cycles were started at -0.05 V in negative 

direction with a scan rate of 10 mV/s. From the first CV (represented as grey line in           

Fig. 6.3.5), one can see Cu deposition on the Cu electrode in the additive-free electrolyte.   

The other 2 CVs were recorded shortly after the SPS addition. Even small amounts of SPS       
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(e.g. 10-6 M, solid line in Fig. 6.3.5) caused a shift of the cathodic peak in the positive 

direction with 20 mV. The shift became quite significant (75 mV) with increasing the SPS 

concentration to 10-5 M (see the dotted line in Fig. 6.3.5). The charges corresponding to the 

deposition of Cu have been evaluated from the CVs in Fig. 6.3.5. In the presence of 10-5 M 

SPS the amount of deposited Cu is the highest: 2.5 mC cm-2, in comparison with 2.2 mC cm-2 

corresponding to 10-6 M SPS and 1.6 mC cm-2 for the additive-free electrolyte.  

 

 

 
Fig. 6.3.5. Current-potential curves of a Cu polycrystalline electrode in 0.1 M H2SO4 +        

10-3 M CuSO4 without SPS and with the addition of 10-6 M SPS and 10-5 M SPS. ν=10 mV/s. 

 
The accelerating effect of SPS on Cu electroplating ca be explained through the 

formation of complexes, especially with Cu(I) such [Cu(I)S(CH2)3SO3H]ad as adsorbates on 

the surface. Two mechanisms for the formation of cuprous thiolate have been proposed in the 

literature. In the first, SPS is electrochemically reduced to MPSA, which then reacts with 

Cu(II) ions to form a Cu(I)thiolate complex [Far95]: 

 
SPS + 2 H+ + 2 e- ↔ 2 MPSA  (6.3.1) 

4 MPSA + 2 Cu2+ ↔ 2 Cu(I)(thiolate)ad + SPS + 4 H+ (6.3.2) 

 
In the second one, the thiolate formation process is assumed to occur through a redox 

reaction between SPS and Cu(I) [Hea92a, Hea92b]: 
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SPS + 4 Cu+ ↔ 2 Cu2+ + 2 Cu(I)(thiolate)ad (6.3.3) 

 
Vereecken et al. carried out rotating ring-disk experiments and found however no 

evidence for the direct electrochemical reduction of SPS to MPSA. They found the presence 

of SPS in the copper sulphate solutions to increase the amount of soluble cuprous complexes 

near the surface [Ver05]. 

The accelerating effect on copper deposition is more pronounced in the electrolytes 

containing SPS than in those containing MPSA. Fig. 6.3.6 shows the cyclic current-potential 

curves for a Cu polycrystalline electrode in 0.1 M H2SO4+10-3 M CuSO4 with the addition of 

MPSA and SPS at the same concentration of 10-5 M, thus allowing a comparison between the 

two additives.  

 

 

 
Fig. 6.3.6. Cyclic voltammograms of a Cu polycrystalline electrode in the additive-free 

electrolyte (0.1 M H2SO4 + 10-3 M CuSO4) and with the addition of 10-5 M MPSA and        

10-5 M SPS.  ν=10 mV/s. 

 
Both MPSA and SPS show an accelerating effect on the copper deposition, manifested 

through a shift in the cathodic peak. The amount of deposited copper increases in the presence 

of the two additives. The shift is more significant in the case of SPS (75 mV) than in that of 

MPSA (40 mV). This shows that SPS has a stronger accelerating effect on Cu 

electrodeposition  than MPSA. 
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6.4. Mercaptopropanesulfonic acid + Chloride 
 

 

The single action of three additives (MPA, MPSA, and SPS) on Cu deposition onto Cu 

has been discussed in the previous sections with the aim to be used for comparing their 

contribution in different combinations, since it is known that a plating bath usually contains a 

mixture of additives. In the present work the effect of the MPSA + Cl- is shown as an example 

for additive combination. This could open the way for further investigations, of three or 

perhaps four additives combination.  

Chloride is a very common additive in the commercial acid-copper plating bath.        

Its main role is to change the surface properties, such microhardness, ductility and to reduce 

internal stresses. Additionally to this, chloride is known to exert synergetic effects with other 

additives. Thiols (e.g. MPSA) in combination with chloride lead to an acceleration of the 

deposition rate [Hea92c, Kan97, Mof00, Kim03].  

The effect of the MPSA-Cl- combination on the Cu electrodeposition onto Cu has been 

investigated by means of cyclic voltammetry and in situ STM and will be in the following 

presented. Cl- adsorption onto Cu(111) will be also briefly addressed.  

Both polycrystalline and single crystal Cu have been used as substrates for the Cu 

deposition. 

 
 

6.4.1. MPSA + Cl
-
 effect on Cu deposition onto Cu polycrystalline  

 
The classical electrochemical measurements have been carried out on a Cu 

polycrystalline cylinder, prepared by simply electropolishing in H3PO4. The electrolyte 

consisted of H2SO4, MPSA + Cu ions solution, and chloride.   

Fig. 6.4.1 shows two cyclic voltammograms of a copper polycrystalline electrode 

recorded in an electrolyte containing MPSA and Cu ions, before and after adding chloride.   

MPSA and Cu were prepared and stored for 5 days in the same solution. The first curve 

(dotted line in Fig. 6.4.1) was recorded in the absence of chloride. The addition of chloride 

shifts significantly the cathodic peak in positive direction, from -0.142 V to -0.065 V (with  

77 mV). If we compare with the solution containing no additives, the shift is 136 mV. 
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Fig. 6.4.1. Current-potential curves of a Cu polycrystalline electrode in 0.1 M H2SO4 + 10-3 M 

CuSO4 + 10-5 M MPSA without and with the addition of 10-4 M Cl-(solid line). ν =10 mV/ s. 

 
The combination MPSA-Cl- leads to an acceleration of the copper deposition, in 

comparison with the electrolyte without additives, but even in the MPSA presence only.     

The cathodic charges have been evaluated from the CVs in Fig. 6.4.1. In the MPSA-

containing electrolyte the amount of deposited Cu is 5 mC cm-2, in comparison with               

7 mC cm-2, corresponding to the addition of 10-4 M Cl-.  

 
 

6.4.2. MPSA + Cl
-
 effect on Cu deposition onto Cu(111) 

 
The influence of the MPSA-Cl- combination on the copper deposition onto Cu(111) 

has been investigated with the STM. Before to add MPSA, the Cu(111) surface has been 

characterised in an electrolyte consisting of 0.1 M H2SO4 and 10-4 M Cl- (HCl). 

The surface dynamics of Cu(111) is strongly influenced by adsorbed chloride, whose 

effect is predominant over the sulphate. Chloride induces a high mobility of the copper atoms. 

Such a high mobility gives rise to step fluctuation. The fluctuations give a fuzzy appearance 

of the steps in the STM image of Fig. 6.4.2 a. Adsorbed chloride on Cu(111) forms a 

°× R30)33(  superstructure [Sti89, Kru97, Bro99], as it can be seen in Fig. 6.4.2 b. 
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Fig. 6.4.2. STM images of a Cu(111) surface in 0.1 M H2SO4 + 10-4 M HCl showing: a) frizzy 

steps; b) the 0R30)33( ×  structure of the adsorbed chloride. 

 
The increased surface mobility leads to a gradual smoothening of an initially rough 

surface after the electropolishing procedure applied in our experiments. The average terrace 

size increases in comparison with sulphate. The Cl- adsorbate causes a restructuring of the 

surface topography. The terraces change their shape such that the steps run along only a few 

distinct directions that enclose angles of 120° [Wil98c]. Characteristic step orientations are 

stabilised by the chloride adlayer.  

MPSA adsorption on Cu(111) in the presence of both sulphate and chloride ions is 

depicted in Fig. 6.4.3. First, the Cu surface has been imaged in the absence of MPSA        

(Fig. 6.4.3 a). One can see an increase in the terrace size, in comparison with the pure 

sulphuric acid electrolyte, induced by the strongly adsorbed chloride. After imaging the 

Cu(111) surface in the presence of chloride and sulphate, MPSA has been added to the 

electrolyte to yield a concentration of 10-5 M. 

The adsorption of MPSA onto Cu(111) in the presence of chloride ions occurs 

different than in electrolytes containing only sulphate ions. No growth of the thiol adlayer at 

the step edges could be observed and no islands formation occurred during the in situ STM 

experiments. Fig. 6.4.3 c shows that MPSA adopts even a certain order on the copper surface.  

 

 



6.4. Mercaptopropanesulfonic acid + Chloride 

 174 

 

 
Fig. 6.4.3. STM images of a Cu(111) electrode in 0.1 M H2SO4 + 10-4 M Cl-: a) before MPSA 

addition; b) 9 min and c) 33 min after adding 10-5 M MPSA to the electrolyte. 

 
Copper ions were added to the electrolyte approximately 50 min after MPSA. 

Although the potential was increased up to -0.05 V before giving the Cu ions to the solution, 

the cathodic current increased extremely much immediately after the addition. This points to 

copper deposition, as it has been expected since the combination MPSA-Cl- has a strong 

accelerating effect on Cu electrodeposition (see the cyclic voltammograms in Fig. 6.4.1). As 

in the presence of MPSA only, the initial stages could not be followed. The next sequence of 

STM images, presented in Fig. 6.4.4, shows the nucleation and growth of copper onto the 

Cu(111) surface. The different coloured circles mark the same areas in the images a-c.  

 

 

 
Fig. 6.4.4. Sequence of in situ STM images showing nucleation and growth of copper onto 

Cu(111) from 0.1 M H2SO4 + 10-4 M HCl + 10-5 M MPSA + 10-4 M CuSO4. The different 

coloured circles mark nucleation at defects and on the terraces in the images a-c.  
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One can see that nucleation occurs at surface defects (light yellow-coloured circles), 

but nuclei appear and grow also on the terraces (see the darker coloured circles in Figs. 6.4.4 

b and c).   

Approximately 50 min after initiating Cu deposition, the presence of some isolated 

clusters could be observed on the surface, as it can be seen in Fig. 6.4.5.  

 

 
Fig. 6.4.5. STM image of a Cu(111) electrode in 0.1 M H2SO4 + 10-4 M HCl + 10-5 M MPSA 

+ 10-4 M CuSO4 showing formation of clusters during copper deposition. 

 
In the case of Cu deposition onto Cu single crystals, the addition of chloride in small 

amounts leads to a faceting of the surface and to an increase in the terrace size [Wu97a, 

Wu00]. MPSA alone increases the nucleation density and leads to the formation of fine-

grained deposits, however with small “bumps”.  

The Cu deposit in the presence of the MPSA-Cl- combination appears to consist of 

fewer nuclei than that obtained in an MPSA-containing electrolyte. The presence of chloride 

induces a higher mobility of the surface which leads to an increase in the terrace size. 

However, the presence of isolated clusters (see Fig. 6.4.5) makes the deposit to appear rather 

rough.  

Another in situ STM deposition experiment is presented in Fig. 6.4.6. The same as in 

the above-described measurements, Cu(111) has been first imaged in the absence of MPSA, 

to prove the surface quality (Fig. 6.4.6 a). Figs. 6.4.6 b and c show the adsorption of MPSA 

on the copper surface in the presence of chloride ions. One can see a change in the steps 
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aspect, which present indentations, in comparison with the steps in the absence of MPSA. 

 

 

 
Fig. 6.4.6. Sequence of STM images of a Cu(111) electrode in 0.1 M H2SO4 + 10-4 M Cl-:     

a) before MPSA addition; b) 7 min and c) 22 min after adding 10-5 M MPSA to the 

electrolyte. 

 
Copper ions have been added to the electrolyte 45 min after the thiol. Although the 

sample potential has been stepped to -0.05 V before the addition, the increase in the cathodic 

current showed that deposition occurred almost immediately. The initial stages could not be 

therefore followed. In the next series of images, shown in Fig. 6.4.7, one can see the growth 

of copper nuclei on the Cu(111) surface, appeared mostly at surface defects (steps edges, 

steps bunching). 

The lateral growth of the Cu nuclei is not limited as in the case of the first Cu layer 

which grows at overpotentials on Au(111), where deposition occurs on the Cu UPD 

monolayer.  
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Fig. 6.4.7. In situ STM images of Cu(111) in 0.1 M H2SO4 + 10-4 M HCl + 10-5 M MPSA + 

10-4 M CuSO4, showing the deposition of copper onto Cu(111). First image has been taken 

short after adding copper ions to the electrolyte.  

 
The effect of longer adsorption times on the Cu deposition is shown in the next STM 

images. First, the adsorption of MPSA on Cu(111) in the presence of both sulphate and 

chloride ions has been followed (Fig. 6.4.8). First image, taken 11 min after the MPSA 

addition, shows a thiol-covered Cu surface. The MPSA adlayer is not yet ordered. After 

longer adsorption time, one can observe the formation of ordered structures (in Figs. 6.4.8 b 

and c).  

 

 

 
Fig. 6.4.8. Series of STM images of Cu(111) in 0.1 M H2SO4 + 10-4 M HCl + 10-5 M MPSA 

showing MPSA adsorption: a) 11 min; b) 25 min and c) 221 min after giving the additive to 

the electrolyte.  

 
Especially in the third image, recorded approximately 3.5 hours after the thiol 
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addition, the domains of ordered structure can be clearly seen (Fig. 6.4.8 c). One should 

however mention that the domains are rather small, and that islands with height varying 

between 0.05 and 0.07 nm could be observed between them.  

Copper sulphate has been added to the electrolyte approximately 4 hours after MPSA. 

The potential was first increased to ESCE=-0.05 V. Fig. 6.4.9 a shows the Cu(111) surface 

short after the copper addition. This time the current increase was insignificant and therefore 

we can conclude that copper didn’t deposit before the potential to be stepped from -0.05 to     

-0.15 V (Fig. 6.4.9 b).  

 

 

 
Fig. 6.4.9. In situ STM images of Cu(111) in 0.1 M H2SO4 + 10-4 M HCl + 10-5 M MPSA + 

10-4 M CuSO4 showing: a) MPSA-adsorbate 230 min after the MPSA addition, in the 

presence of the newly added copper ions; b) the initial stages of Cu deposition.  

 
In comparison with the MPSA adsorbate, the mixed adlayer consisting of MPSA and 

chloride seems to protect the Cu(111) surface against oxidation. At -0.05 V (Fig. 6.4.9 a)     

no pits can be observed, in comparison with the MPSA-covered surface which became 

rougher even at more negative potentials (-0.15 V, see section 6.2). 

After applying a potential step from -0.05 to -0.15 V the formation of Cu nuclei 

occurred at surface defects as well as at the terraces. Their further growth has been followed 

in Fig. 6.4.10. The Cu deposit is rather rough, with clusters having a maximum height of        

8 nm. No grain-refining effect could be seen in this case.  
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Fig. 6.4.10. STM image of a Cu(111) electrode in 0.1 M H2SO4 + 10-4 M HCl + 10-5 M 

MPSA + 10-4 M CuSO4 showing the growth of clusters during copper deposition. 

 
In conclusion, the combination MPSA-Cl- leads to an acceleration of copper 

deposition, in comparison with the additive-free electrolyte, and only MPSA-containing 

electrolyte. Therefore, in most of the experiments the initial stages of copper deposition could 

not be followed, since this occurred immediately after the addition of the copper ions.        

The deposits obtained in this combination were rather smooth. The formation of big clusters 

has been observed when adsorbing MPSA for a long time (over 3 hours). 
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7. Summary 

 

 

The aim of the present work was to investigate the effect of different additives on Cu 

deposition onto two different substrates: Au(111) and Cu(111). The experimental techniques 

employed in the studies were cyclic voltammetry and in situ STM. The additives affect 

deposition and crystal formation processes as adsorbates at the surface of the cathode. Hence, 

the adsorption of each additive on the substrate appears to be an essential step in the action of 

that additive on the deposition, and it has been investigated in electrolytes without and with 

Cu ions.   

A two component (suppressor-accelerator) copper sulphate plating bath, used 

especially in electronics manufacturing due to its “superfilling” behaviour [Mof00, Ver05] 

consists of chloride ions, polyethylene glycol (PEG) as a suppressor additive, and MPSA or 

SPS as a brightening agent (or accelerator). Because of the industrial significance, especially 

in microelectronics, this plating bath composition represented a starting point for the present 

work. Beside MPSA, SPS, PEG, and chloride, another investigated molecule was MPA,         

a functionalized thiol known as a brightener and inhibitor for Cu electrodeposition [Kar77, 

Bar85, Cla91]. 

The influence of each singular additive (MPA, MPSA, SPS, PEG, and Cl-) has been 

investigated in this work, starting with the adsorption and continuing with Cu nucleation and 

growth. Also the combinations PEG + Cl- and MPSA + Cl- have been investigated. 

 

Cu deposition onto Au(111)  
 

In the case of Cu deposition onto Au(111) the interesting phenomenon of 

underpotential deposition (UPD) occurs, as a result of a strong interaction between monolayer 

atoms and substrate. Although Cu UPD onto Au(111) has been intensively studied, a new 

feature ( a pair of spikes) was discovered in the CV of Cu UPD. The spikes show a strong 

dependence on the scan rate, but they appear always at the same potential (-0.10 V vs. SCE), 

independent on the Cu concentration. The newly-discovered current peak is related to a phase 
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transition in the ( 3 × 3 )R30° structure, which is normally overlaid by the bulk deposition. 

For investigating the role of sulphate, the Au(111) electrode covered with the Cu 

( 3 × 3 )R30° UPD structure was transferred to HClO4, without and with the addition of 

sulphate in different amounts. It has been shown that the spikes appear only in the presence of 

sulphate. Moreover, they increased with increasing sulphate concentration. The process which 

leads to the formation of the spikes is suggested to be the desorption of sulphate from the 

centres of the hexagons of the ( 3 × 3 )R30° structure. In situ STM measurements have 

been carried out, using a push-pull syringe pump which allowed one to exchange the 

electrolyte in the STM under operating conditions. Except for the ( 3 × 3 )R30° structure, 

no other ordered structure could be imaged in situ, with the STM.  

Cu OPD (bulk) on Au(111) from sulphate electrolytes has been studied in great detail 

over the past and therefore has been only briefly investigated in this work, for allowing a 

better comparison with the additive-containing plating solution. It was shown that the 

morphology of the bulk deposit depends strongly on the defects of the substrate. At low 

overpotentials, nucleation takes place almost exclusively at the substrate defects, such as step 

edges, kinks, and screw dislocations, while at higher overpotentials, the formation of nuclei 

occurs also on terraces, not only at surface defects. Also defects in the Cu UPD layer play a 

significant role in the aspect/ morphology of the bulk deposit. It has been shown that Au 

islands and walls separating the translational domains of the UPD structure provide centres 

for the nucleation and growth of Cu.  

The influence of the different additives can be summarized as following: 

 

Chloride 

 
Cu UPD in the presence of chloride ions leads to an incommensurate (1.29 × 1.29) 

superstructure, with a slight Moiré pattern. The appearance of the Moiré structure changes 

with the potential. It has been shown that the next-neighbour as well as the Moiré maxima 

distances increases when the potential is scanned in the negative direction. These results 

suggest that STM rather images Cl- ions than Cu. 

The influence of chloride on Cu bulk deposition depends strongly on the 

concentration. The nucleation density decreases in comparison with the electrolyte without 

chloride. An increase in the Cu cluster size has been observed, which is especially due to their 

tendency to grow together (coalescence). Also a faceting of the crystallites edges was seen in 
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the presence of Cl-. On top of the clusters, the ( 3 × 3 )R30° structure (characteristic for the 

Cl--adsorbate on Cu(111) surfaces) was imaged in situ, with the STM. Cl- induced a higher 

mobility of the surface, and therefore “pyramid”-like growth occurred on the Cu clusters.  

 

PEG + Cl
-
 

 
PEG has an inhibiting effect on Cu UPD, especially on the deposition/ dissolution of 

the ( 3 × 3 )R30° structure. Cu UPD in the presence of PEG has been investigated also with 

the STM, but only the ( 3 × 3 )R30° structure could be imaged, at the same potentials as in 

the additive-free electrolyte. As for the PEG + Cl- combination, one could conclude from the 

STM measurements that PEG has almost no effect, whereas Cl- seems to have an 

overwhelming effect on Cu UPD, the measured structure being the (1.29 × 1.29), the same as 

in the presence of Cl- only.  

The combination of the two additives has proven to have an inhibiting effect on Cu 

bulk deposition, although PEG alone has almost no effect, and Cl- acts as an accelerator. Such 

an inhibiting effect could be caused by a film formed on the electrode, consisting of Cu, Cl- 

and PEG, probably Cu(I)-Cl-PEG. The nucleation density increases in comparison with the 

additive-free electrolyte or with the Cl--containing electrolyte. It was shown that the 

combination of the two additives has a slight levelling effect on the Cu deposition in sulphate 

acidic electrolytes. 

 

MPSA and SPS 

 
MPSA and SPS adsorb spontaneously on the Au(111) surface to form, depending on 

the concentration, disordered or ordered adlayers. The adlayer formation onto Au(111) occurs 

rather slow. For MPSA, different structures depending on the coverage have been found:       

at lower coverages, a striped (p × 3 ) structure was measured with the STM, while at higher 

coverages two other more complicated ( 43 × 5 2 ) and (4 2 × 2 13 ) structures were 

imaged with atomic resolution. For SPS, the same structures described above have been 

found, however in lower-concentrated solutions. For higher concentrations (over 5⋅10-5 M), 

domains of striped structures have been imaged, more complicated than those obtained for 

MPSA. The striped (p × 3 ) structures, which can be found at low thiol coverages, were not 

measured in SPS-containing electrolytes. 
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MPSA has an inhibiting effect on the Cu UPD, especially on the deposition/ 

dissolution of the (1 × 1) structure (the peak pair B/ B’ disappears shortly after immersing the 

electrode in the MPSA-containing electrolyte). The cyclic voltammetric experiments suggest 

a Cu deposition under the MPSA adlayer. In the presence of Cu ions and at potentials where 

Cu UPD normally occurs, holes (vacancy islands) and islands with heights corresponding to a 

monoatomic gold step (0.23 nm) are seen on the Au(111) surface. 

The effect of MPSA on the Cu OPD (bulk) onto Au(111) can be summarized as 

following: at lower coverages (which can be attained either by using lower MPSA 

concentrations, i.e. 10-6 M, or shorter adsorption times) MPSA acts as an accelerator, while at 

higher coverages an inhibiting effect has been observed. For longer adsorption times, a low 

nucleation density has been obtained, comparable to the case of an additive-free electrolyte. 

The obtained crystallites have however the tendency to grow together and their surface is 

rough.  For shorter adsorption times, a grain-refining effect could be observed. 

 

Cu Deposition onto Cu(111) 

 

In comparison with Au, Cu has proven to be a more “difficult” substrate, especially 

because of its tendency to form an oxide layer in the air. 

Two preparation methods have been used for the Cu(111) surface: electrochemical 

polishing (the classical one) and annealing in an inert atmosphere, using inductive heating.    

It was the first time that annealing with inductive heating has been used for preparing Cu 

single crystal surfaces. 

The measurements were concentrating on the first stages of Cu deposition, with the 

additive adsorption representing an essential step in the action of that additive, and therefore 

very carefully investigated. Additive adsorption has been investigated on Cu(111) single 

crystals, by means of cyclic voltammetry and in situ STM. Cu deposition has been studied on 

both single crystals (STM) and polycrystals (the classical electrochemical measurements).  

 

MPA 

 
No peaks for the MPA adsorption/ desorption have been found in the CV. Therefore, 

the adsorption of MPA has been followed through the blocking effect on the (bi)sulphate 

adsorption/ desorption, especially on the (bi)sulphate desorption peak. The MPA adlayer 
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hinders the hydrogen evolution reaction, and the inhibiting effect increases with the 

immersion time. 

The in situ STM measurements have shown that MPA adsorption leads to the 

formation of an ordered adlayer. During MPA adsorption onto the Cu(111) surface the 

formation and growth of islands could be observed. The origin of these islands is not yet well-

understood. It is assumed that they are thiol islands coming from a second layer of thiol, 

which cannot be completed because of the low-concentrated MPA solution. 

The domains of ordered structures are rather small, around 5-6 nm and between them 

areas of disordered structure are often observed. Two different structures have been measured 

for the MPA-adlayer: a striped and a hexagonal one. For the stripe-like structure the measured 

values for a were 0.7 ± 0.02 nm and for b, 0.9 ± 0.02 nm. For the hexagonal structure,         

the measured distance was 0.48 ± 0.02 nm. 

MPA has an inhibiting effect on the Cu deposition onto Cu, as the cyclic voltammetric 

experiments were showing. On a partially MPA-covered Cu(111) surface, the formation of 

big clusters could be observed in situ, with the STM. In a higher MPA concentration (10-5 M) 

the Cu(111) surface was completely covered already 30 min after the thiol addition and the 

formation of islands led to a highly defective surface. As a result, a much smaller-grained 

copper deposit was formed. 

 

MPSA 

 
As in the case of MPA, no peaks for the adsorption/ desorption of MPSA have been 

found in the CV. The adsorption occurs in the whole potential range. MPSA adsorbs slower 

than MPA. 

Another interesting effect of MPSA, which could not be observed in the case of MPA 

(where the opposite happened), was the enhancing effect on the hydrogen evolution reaction 

on Cu(111). This increased with the MPSA concentration and with the immersion time. 

In situ STM could very well follow MPSA adsorption, which starts from the step 

edges and advances onto the upper terrace. Quite surprisingly, it starts at the top level of the 

step, although the position at the top level should be energetically less favourable than that at 

the lower level. In comparison with MPA, no ordered structures of the MPSA adsorbate could 

be observed with the STM.  

MPSA shows a clear accelerating effect on the Cu deposition, which increases with 

the MPSA concentration. The most pronounced accelerating effect was found when Cu and 
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MPSA were dissolved together, probably due to complex formation. As a consequence of the 

accelerating effect, the initial stages of copper deposition onto Cu(111) in the presence of 

MPSA could not be followed in situ, with the STM (Cu deposition occurred almost 

immediately after the Cu ions have been added to the electrolyte, in the STM cell). Only the 

aspect of the final deposit could be imaged. From the appearance of the deposit, with clusters 

having different heights, one can assume that Cu growth occurs in two phases. In the first 

phase a rather flat deposit is formed, consisting of a big number of small nuclei. In the second 

phase, the formation of small “bumps” can be observed, which shows the accelerating effect 

of MPSA on Cu electrodeposition. Since only the “bumps” are growing further this causes a 

rather rough appearance of the Cu deposit. 

 

SPS 

 
The current-potential curves following the adsorption of SPS onto Cu(111) are almost 

similar to those obtained in MPSA-containing solutions. SPS adsorbs slower than MPA, and 

the SPS-adlayer has an accelerating effect on the hydrogen evolution reaction, the same as 

MPSA. In situ STM experiments were revealing however a different adsorption mechanism. 

In contrast with MPA and MPSA, SPS adsorption leads to the formation of holes on the 

Cu(111) surface. The holes, together with the step edges are acting as nucleation centres for 

the SPS adlayer growth. As in the case of MPSA, no ordered structure for the SPS adlayer 

could be observed in situ, with the STM. 

The cyclic voltammetric measurements show a clear accelerating effect of SPS on Cu 

electrodeposition, stronger than that of MPSA. 

 

MPSA + Cl
-
 

 
The effect of the MPSA + Cl- is shown as an example for additive combination.  

The adsorption of MPSA onto Cu(111) in the presence of both chloride and 

(bi)sulphate ions occurs different than in electrolytes containing only (bi)sulphate ions.        

No growth of the thiol adlayer at the step edges could be observed and no islands formation 

occurred during the in situ STM experiments. The addition of MPSA causes a change in the 

steps aspect, which presented indentations, in comparison with the steps in the presence of Cl- 

only. 

The combination MPSA-Cl- leads to an acceleration of copper deposition, in 
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comparison with the additive-free electrolyte, and with the electrolyte containing only MPSA. 

Therefore, in most of the STM experiments the initial stages of copper deposition could not 

be followed, since deposition occurred immediately after the Cu ions addition. The deposits 

obtained in this combination were rather smooth. The formation of big clusters has been 

observed when adsorbing MPSA for a longer time (over 3 hours).  
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8. Zusammenfassung 

 

 

Ziel dieser Arbeit war die Untersuchung des Einflusses verschiedener Additive auf die 

Kupferabscheidung auf zwei verschiedenen Substraten: Au(111) und Cu(111).                    

Als Messmethoden wurden zyklische Voltammetrie und in situ Rastertunnelmikroskopie 

verwendet.  

Ein so genanntes Zwei-Komponenten (Inhibitor-Beschleuniger) Kupfer-

Abscheidebad, das beim Auffüllen von Vertiefungen in der industriellen Anwendung ein 

„superfilling“-Verhalten zeigt [Mof00, Ver05], wurde als Ausgangspunkt für die Messungen 

gewählt. Ein solcher Elektrolyt besteht, neben den Hauptkomponenten Kupfersulfat und 

Schwefelsäure, aus den Additiven Chlorid, Polyethylenglykol (PEG) als Inhibitor, und einer 

Mercaptoalkansulfonsäure (MPSA), bzw. verschiedenen Derivaten (die Disulfide der 

Sulfonsäuren, SPS) als Glanzbildner oder Beschleuniger. Neben MPSA, SPS, PEG und 

Chlorid wurde ein weiteres Molekül - MPA (Mercaptopropionsäure) - untersucht, welches  als 

Glanzbildner und Inhibitor in verschiedenen Glanzkupferbädern eingesetzt wird [Kar77, 

Bar85, Cla91].  

Die Wirkung der einzelnen Additive (MPA, MPSA, SPS, PEG und Cl-) wurde zuerst 

gesondert untersucht, um danach den Einfluss der verschiedenen Kombinationen zu ermitteln 

(PEG + Cl- und MPSA + Cl-).  

 

Kupferabscheidung auf Au(111)  
 

In diesem System tritt das interessante Phänomen der Unterpotentialabscheidung 

(engl. underpotential deposition, UPD) auf. Obwohl Cu UPD auf Au(111) sehr intensiv 

untersucht wurde, konnte ein bisher nicht beobachteter Spike/ Peak bei ESCE=-0.10 V in den 

Strom-Spannungskurven gefunden werden. Der Spike/ Peak kann bei einer 

Potentialvorschubgeschwindigkeit von 10 mV/s sehr gut beobachtet werden und verschwindet 

bei langsameren Sweep rates bzw. wird von der einsetzenden Volumenabscheidung 

überdeckt.  
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Der neu entdeckte Spike wurde einer Phasenumwandlung in der ( 3 × 3 )R30°- 

Struktur zugeordnet. Um den Einfluss von Sulfat zu untersuchen, wurde die mit der Cu 

( 3 × 3 )R30°-Struktur bedeckte Au(111)-Elektrode in HClO4 ohne oder mit verschiedenen 

Sulfatkonzentrationen transferiert. Es wurde gezeigt, dass der Spike nur in Anwesenheit von 

Sulfat auftritt. Man konnte auch eine Verschärfung des Spikes zusammen mit einer 

Verschiebung zu negativeren Potential-Werten bei zunehmender  Sulfatkonzentration 

beobachten. Dies lässt eine Desorption der koadsorbierten Sulfationen aus der UPD-Schicht 

vermuten. Für die in situ STM Untersuchungen wurde eine so genannte „push-pull“ 

Spritzenpumpe benutzt, die einen Elektrolytenaustausch ermöglicht hat. Trotzdem war die 

Abbildung dieses Prozesses mit dem STM nicht möglich. 

Die Volumenabscheidung in schwefelsaurer Lösung ohne Zugabe von Additiven 

wurde in dieser Arbeit kurz untersucht, um eine bessere Vergleichbarkeit mit den 

Additivsystemen zu ermöglichen. 

Es zeigte sich, dass die Morphologie des Kupfer-Deposits stark von den Defekten der 

Unterlage abhängt. Bei niedrigeren Überspannungen erfolgt die Keimbildung fast 

ausschließlich an Defekten der Unterlage, während bei höheren Überspannungen Keime auch 

auf der Terrasse entstehen können. Die Anzahl der Keime (Keimdichte) nimmt bei höheren 

Überspannungen deutlich zu.  

Defekte in der UPD-Monolage - wie z. B. die Grenzen zwischen verschiedenen 

Translationsdomänen – haben auch einen großen Einfluss auf die Morphologie/ äußere 

Erscheinung des Kupferüberzuges. Der Einfluss verschiedener Additive kann wie folgt 

zusammengefasst werden: 

 

Chlorid 

 
Cu UPD in Anwesenheit von Chlorid führte zu der Bildung einer inkommensurablen 

(1.29 × 1.29)-Überstruktur, die mit einem leichten Moiré-Muster abgebildet wird. Das 

Erscheinungsbild der (1.29 × 1.29)-Struktur ändert sich mit dem Potential. Die 

Untersuchungen in dieser Arbeit lassen darauf schließen, dass das STM Cu-Atome eher 

abbildet als Chlorid.  

Der Einfluss von Chlorid auf die Volumenabscheidung hängt stark von der 

Konzentration ab. Geringere Chloridzugaben (10-5
÷10-3 M) beschleunigen die 

Kupferabscheidung, während Cl- in höheren Konzentrationen (ab 10-2 M) eher als Inhibitor 
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wirkt.  

In Anwesenheit von Chlorid bildet sich im Vergleich mit dem chloridfreien Elektrolyt 

eine geringere Zahl an Keimen, jedoch sind die Cluster auf Grund des Koaleszenz-Phänomens 

deutlich größer. Auch eine Facettierung der Kristallite wurde beobachtet. Auf den 

Kupferclustern wurde mit dem STM eine ( 3 × 3 )R30°-Struktur abgebildet, die typisch für 

die chlorid-bedeckte Cu(111)-Oberfläche ist. 

 

PEG + Cl
-
 

 
PEG wirkt als Inhibitor auf die Cu UPD, besonders auf die Abscheidung/ Auflösung 

der ( 3 × 3 )R30°-Struktur. Aufgrund der stark spezifisch adsorbierenden Chloridionen wird 

die UPD vom Kupfer in Anwesenheit von PEG und Cl- vom Chloridion bestimmt. Es bilden 

sich dieselben UPD-Strukturen aus, die man auch in chlorid-haltigen Lösungen vorfindet.  

Es wurde gezeigt, dass PEG in Kombination mit Cl- auf die Kupfer-

Volumenabscheidung inhibierend wirkt, obwohl PEG allein fast keine Wirkung hat und Cl- 

allein als Beschleuniger für die Abscheidung wirkt. Ein solcher Effekt könnte von der 

Bildung eines Komplexes mit Kupfer, Chlorid und PEG - möglicherweise Cu(I)-Cl-PEG - 

verursacht werden.  

Im Vergleich sowohl mit dem additiv-freien Elektrolyt als auch mit dem 

chloridhaltigen Elektrolyt erhöht sich in Anwesenheit von PEG + Cl- die Anzahl der Keime.  

Es wurde gezeigt, dass die Kombination PEG + Cl- einen leicht einebnenden Effekt hat. 

 

MPSA und SPS 

 
MPSA und SPS adsorbieren spontan auf Au(111) und bilden Self-Assembled 

Monolayers. Im Fall von MPSA konnten verschiedene geordnete Strukturen gefunden 

werden, die sich bei unterschiedlichen Bedeckungen ausbildeten. Bei kleineren Bedeckungen 

wurde eine gestreifte (p × 3 )-Struktur gefunden, während bei größeren Bedeckungen (mit 

einer kompletten Monolage) zwei andere, viel komplizierter aufgebaute ( 43 × 5 2 ) und 

(4 2 × 2 13 )-Strukturen abgebildet wurden.  

Für SPS wurden keine gestreiften (p × 3 )-Strukturen gefunden, jedoch die anderen 

zwei, allerdings nur in verdünnten Lösungen. Für konzentrierte Lösungen (über 5⋅10-5 M) 

wurden geordnete Domänen abgebildet, welche eine wesentlich komplizierter aufgebaute 
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Struktur aufwiesen. 

MPSA wirkt als Inhibitor für die Kupfer-UPD, besonders auf die Abscheidung/ 

Auflösung der (1 × 1)-Struktur (das Peakpaar B/ B’ verschwand kurz nachdem die Elektrode 

mit dem MPSA-haltigen Elektrolyten in Kontakt gebracht wurde). Die elektrochemischen 

Messungen deuten auf eine Abscheidung der UPD unter dem Thiolfilm hin. Mit dem STM 

konnten im Bereich der Kupfer-UPD Inseln und Leerstelleninseln abgebildet werden.         

Die Höhe der Inseln entsprach etwa 0.23 nm, die Höhe einer monoatomaren Au(111)-Stufe.   

Der Einfluss von MPSA auf die Kupfer-Volumenabscheidung kann wie folgt 

zusammengefasst werden: Bei geringeren Bedeckungen (entweder geringere MPSA-

Konzentrationen oder kürzere Adsorptionszeiten) wirkt MPSA als Beschleuniger, während 

bei größeren Bedeckungen ein inhibierender Effekt beobachtet wurde. Durch kürzere 

Adsorptionszeiten verfeinerte sich der Kupferniederschlag. 

 

Kupferabscheidung auf Cu(111) 

 

Im Vergleich mit Au hat sich Cu besonders wegen seiner Oxidierbarkeit als ein 

kompliziertes Substrat erwiesen.  

Zwei verschiedene Präparationsmethoden wurden für die Cu(111)-Oberfläche 

verwendet: die klassische Elektropolierung und das induktive Temperverfahren unter einer 

Schutzgasatmosphäre. Die zweite Methode wurde zum ersten Mal auf einem Kupfereinkristall 

angewendet. 

Die Adsorption verschiedener Additive wurde ausschließlich auf Cu(111)-Einkristalle 

mittels Voltammetrie und in situ STM untersucht, während für die Kupferabscheidung 

sowohl Einkristalle als auch polykristalline Kupfersubstrate benutzt wurden.  

 

MPA 

 
Im Gegensatz zu der Adsorption von MPA auf Au(111) zeigten sich im 

Voltammogram keine Peaks, die einer Adsorption bzw. einer Desorption von MPA auf 

Cu(111) zugeordnet werden könnten. Die Adsorption von MPA auf Cu(111) konnte aber 

durch die zunehmende Blockierung der Sulfatadsorption und -desorption beobachtet werden. 

MPA hat eine inhibierende Wirkung auf die Wasserstoffentwicklung, die mit der Zeit deutlich 

sichtbar wird.  
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Mit in situ STM-Messungen konnte gezeigt werden, dass die Adsorption von MPA 

auf Cu(111) zu einer geordneten Schicht führt. Während der MPA-Adsorption wurden 

Bildung und Wachstum von Inseln beobachtet, die vermutlich einer zweiten Lage MPA 

gehören. Die zweite Lage kann sich nicht vollständig ausbilden, da die MPA Konzentration 

zu gering ist (5⋅10-6 M).   

Die geordneten Domänen sind eher klein (5-6 nm), und dazwischen finden sich 

Bereiche ungeordneter Strukturen. Zwei verschiedene Strukturen wurden für die MPA-

Adschicht gemessen, eine gestreifte und eine hexagonale. Die gemessenen Abstände für die 

gestreifte Struktur betragen 0.7 ± 0.02 nm für a, bzw. 0.9 ± 0.02 nm für b. Für die andere 

Struktur wurden Werte von 0.48 ± 0.02 nm gemessen.  

Es wurde gezeigt, dass MPA eine inhibierende Wirkung auf die Kupferabscheidung 

auf Kupfer ausübt. Die Inhibierung durch den Thiolfilm bewirkt eine deutliche Erhöhung der 

Überspannung im Vergleich mit dem thiolfreien Elektrolyten.  

Wenn die Oberfläche mit einer unvollständigen MPA-Schicht bedeckt ist, bilden sich 

nur wenige Keime, die dann zu großen Kristalliten heranwachsen. Eine Erhöhung der 

Keimdichte wurde in konzentrierten MPA-Lösungen (10-5 M) beobachtet.  

 

MPSA 

 
Die Adsorption von MPSA (genauso wie die von MPA) findet im gesamten 

elektrochemischen Stabilitätsbereich des Kupfer-Einkristalls statt. MPSA adsorbiert 

langsamer als MPA.  

Im Gegesatz zu MPA wirkt MPSA als Beschleuniger für die Wasserstoffentwicklung 

auf Cu(111). Diese Wirkung nimmt mit der MPSA-Konzentration und mit der 

Adsorptionszeit zu.  

Die Adsorption von MPSA konnte sehr gut mit dem STM verfolgt werden.              

Die Adsorption fängt an den Stufenkanten an und verbreitet sich auf den Terrassen. 

Erstaunlicherweise wird die obere Terrasse bevorzugt, obwohl die Position direkt am oberen 

Teil der Stufenkanten energetisch ungünstiger sein sollte. Im Gegensatz zu MPA wurden für 

die MPSA-Schicht selbst nach längeren Adsorptionszeiten (über 3 Stunden) keine geordneten 

Strukturen gefunden. 

MPSA wirkt als Beschleuniger für die Kupferabscheidung. Die Wirkung nimmt mit 

der Konzentration von MPSA zu. Am deutlichsten tritt dieser Beschleunigungseffekt ein, 
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wenn MPSA und Kupferionen gemeinsam in einem Kolben aufgelöst werden. Grund ist 

möglicherweise die Bildung eines Komplexes. 

Als Konsequenz daraus konnten die Anfangsstadien der Kupferabscheidung auf 

Kupfer in Anwesenheit von MPSA nicht verfolgt werden. Es war nur möglich, das Wachstum 

der Kupferkristalliten mit dem STM zu verfolgen. Da die Cluster ungleiche Höhen haben, 

kann man vermuten, dass das Wachstum vom Kupfer in zwei Schritten erfolgt. Im ersten 

Schritt bildet sich eine eher flache Schicht, die aus vielen kleinen Keimen besteht. Im zweiten 

Schritt wurde die Bildung kleiner Beulen (engl. “bumps”)  beobachtet. Daher wird der 

Kupferfilm rau erscheinen.  

 

SPS 

 
Die Strom-Spannungskurven für die SPS Adsorption auf Cu(111) sind fast identisch 

zu denen von MPSA. SPS adsorbiert etwas langsamer als MPSA und wirkt auch als 

Beschleuniger für die Wasserstoffentwicklung.  

Die in situ STM-Untersuchungen zeigten allerdings einen komplett verschiedenen 

Adsorptionsmechanismus. Im Gegensatz zu MPA und MPSA, führt die SPS-Adsorption zu 

der Entstehung der Leerstelleninseln, die zusammen mit den Stufenkanten als 

Keimbildungszentren dienen.  

Genauso wie im Falle des MPA konnten für die SPS-Schicht keine geordneten 

Strukturen gefunden werden. 

Die elektrochemischen Messungen zeigten einen deutlich beschleunigenden Effekt 

von SPS auf die Kupferabscheidung, stärker als der von MPSA. 

 

MPSA + Cl
-
 

 
Der Einfluss von MPSA + Cl- wurde als Beispiel für eine Additivenkombination 

gewählt.  

Die MPSA Adsorption in Anwesenheit von Chlorid- und Sulfationen unterscheidet 

sich von der Adsorption in sulfathaltigen Lösungen. Es konnte kein Wachstum der Thiol-

Schicht an den Stufenkanten beobachtet werden. In Anwesenheit von MPSA entstehen  

Einbuchtungen an den Stufenkanten, die in chlorid-haltigen Elektrolyten nicht vorhanden 

waren. 

Die Kombination MPSA+Cl- hat sich im Vergleich mit dem MPSA-haltigen 
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Elektrolyten als stärkerer Beschleuniger erwiesen. Aus diesem Grund konnten in den meisten 

STM-Untersuchungen die Anfangsstadien der Kupferabscheidung nicht beobachtet werden. 

Die erhaltenen Kupferüberzüge waren glatt. Die Entstehung gröberer Cluster wurde nur nach 

längeren Adsorptionszeiten (über 3 Stunden) erreicht. 
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Abbreviations and Symbols 
 

 

Abbreviations 

 

(hkl) Miller indices of crystallographic surface orientation 

2D two-dimensional 

3D three-dimensional 

AES Auger Electron Spectroscopy 

AFM  Atomic Force Microscopy 

CV Cyclic voltammetry/ voltammogram 

CVD Chemical vapour deposition 

EQCM Electrochemical Quartz Crystal Microbalance 

EXAFS Extended X-ray Absorption Fine Structure  

IHP  Inner Helmholtz plane 

IP Initial potential <V> 

IR  Infrared 

LEED Low Energy Electron Diffraction 

ML Monolayer 

MPA mercaptopropionic acid  

MPSA mercaptopropanesulfonic acid 

NEXAFS Near Edge X-ray Absorption Fine Structure 

OHP Outer Helmholtz plane 

OPD Overpotential Deposition 

PEG Polyethylene glycol 

PPG Polypropylene glycol 

PVD Physical vapour deposition 

pzc Potential of zero charge 

PZC Potential of zero charge 

rds Rate determining step 

RHEED Reflection High Energy Electron Diffraction 

S Substrate 
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SAM Self assembled monolayer 

SCE Saturated calomel electrode 

SEM Scanning Electron Microscopy 

SEXAFS Surface Extended X-ray Absorption Fine Structure 

SHG Second Harmonic Generation 

SPM Scanning Probe Microscopy 

SPS bis(3-sodiumsulfopropyl)-disulfide 

STM Scanning Tunneling Microscopy 

SXRD Surface X-ray Diffraction 

UHV Ultra High Vacuum 

UPD Underpotential Deposition 

XANES X-ray Absorption Near Edge Structure 

XPS X-ray Photoelectron Spectroscopy 

XRD X-ray Diffraction 

 

Symbols 

 
cb Concentration of the adsorbate in the bulk solution <mol l-1> 

Me 0,d  Lattice constant of metal Me <cm> 

S 0,d  Lattice constant of substrate S <cm> 

e Elementary charge <C> 

E Potential <V> 

+zMeMe/ 
E  Nernst equilibrium potential of Me/ Mez+ electrode <V> 

0
Me/MezE +  Standard potential of Me/ Mez+ electrode <V> 

ESCE Potential versus SCE <V> 

F Faraday constant <C mol-1> 

h Planck constant <J s> 

i Growth rate/ current 

Im Current maximum <A> 

IT Tunnel current <A> 

j Current density <A cm-2> 

k Rate constant <s-1> 

K Equilibrium constant for the adsorption 
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M Molecular weight <kg mol-1> 

me Free electron mass <kg> 

n Number of sites per unit area converted into nuclei <cm-2> 

n0 Total number of sites per unit area (the maximum possible 

number of nuclei on the unit surface) <cm-2> 

N Number of atoms within a cluster/ adsorbent sites per unit area  

n’ Reciprocal of the Esin-Markov coefficient 

N0 Adsorbent unoccupied sites per unit mass 

N1 Adsorbent sites occupied by adsorbate molecules 

Ncrit Number of atoms in a critical cluster (nucleus) 

R Gas constant <J K-1 mol-1> 

ra Adsorption rate 

Rc Polarization resistance <Ω> 

rd Desorption rate 

S Surface fraction 

s Tip-sample distance <m> 

Sext Surface fraction related to extended growth without overlapping 

UT Tunnel voltage <V> 

z Charge number 

Γ Surface concentration <ions cm-2> 

∆G(N) Gibbs energy of cluster formation <J> 

∆σM Charge <C> 

η   Overpotential (overvoltage) <V> 

θ Surface coverage  

ν Scan rate <mV s-1> 

Φ Total surface energy <J> 

ΦT Work function <eV> 

Me-Meads
Ψ  Binding energy of Meads on Me <J> 

S-Meads
Ψ  Binding energy of Meads on S <J> 
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