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ABSTRACT 

 This dissertation describes the growth of nano films by electrochemical methods 

in an ultrahigh vacuum system (UHV) that is compatible with electrochemical deposition 

process. The UHV system was equipped with surface analysis techniques such as Auger 

electron spectroscopy (AES), low energy electron diffraction optics (LEED) and X-ray 

photoelectron spectroscopy (XPS). The first part of this dissertation deals with the 

eletrodeposition of copper (Cu) nanofilms as seed layers on ruthenium (Ru) barrier layer 

for the metallization of integrated circuits. The Cu nano film was deposited by using lead 

(Pb) as a sacrificial element. A Pb UPD was deposited and this UPD was exchanged for 

Cu by flowing a solution of Cu
+2

 ions at open circuit potential in a redox replacement 

reaction. Since Cu is more noble than Pb, the Cu ions take electrons from Pb to be 

deposited as Cu atoms. The process should ideally result in the formation of only an 

atomic layer of Cu. This constituted one deposition cycle and the cycle was repeated 

several times to grow the Cu nano film. As a continuation of this study, Cu surface 

passivation was investigated by depositing atomic layers (AL) of different elements on 

Cu(111). The elements investigated for the passivation of Cu from oxidation included 



selenium (Se), iodine (I) and tellurium (Te). The purpose of this study was to protect Cu 

surface from contamination between solutions in a Fab line. The Se, I and Te modified 

Cu(111) was exposed to ambient air, solution vapors and oxygen and it was concluded 

that an atomic layer of Te protects the Cu(111) surface the best out of the investigated 

elements.  

The second part of this dissertation deals with electrodeposition of germanium 

(Ge), a semiconductor, from an aqueous solution of Ge. The composition of the deposits 

was studied using AES and the surfaces were characterized using STM. Analytical 

techniques such as cyclic voltammetry (CV) and electrochemical quartz microbalance 

(EQCM) were used to follow the electrodeposition process. It was concluded that the 

electrochemical deposition of Ge from an aqueous solution was self-limiting even though 

bulk deposition potentials were used. At very negative potentials Ge forms a germanium 

hydride passivating layer. 
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CHAPTER 1 

INTRODUCTION AND LITERATURE REVIEW 

 The main focus of this dissertation is electrochemical atomic layer 

deposition (EC-ALD) of Cu on 10 nm e-beam sputtered Ru on silicon and EC-ALD of 

Ge on Au(111) single crystal from aqueous solutions. Chapter 2 introduces Cu nano-film 

formation on Ru by EC-ALD. In this study the growth of Cu films on 10 nm of e-beam 

sputtered Ru on Si was performed using EC-ALD [1-3] [4-8].  ALD is the layer by layer 

formation of nano-films, using surface limited reactions in a cycle [9-13].  Underpotential 

deposition (UPD) is a name for an electrochemical surface limited reaction, a 

phenomenon where an atomic layer of one element can form on a second element at a 

potential prior to or under that needed to deposit the element on itself [14-19].  This 

results from the free energy of formation of a surface compound or alloy.  

The deposition of Cu films in this study started with direct UPD of Cu on the 

10nm Ru nano-film on Si as the first cycle in the Cu EC-ALD.   A second atomic layer of 

Cu could not be formed by the same method given the definition UPD above. In order to 

form the second and subsequent atomic layers of Cu, monolayer galvanic displacement 

[20, 21], also referred to as surface limited redox replacement [8, 22-26] was used.  Since 

UPD Cu cannot be formed on Cu, an atomic layer of a less noble element was first 

formed via UPD (the sacrificial layer). Next, a solution containing Cu
2+

 ions was 

introduced at open circuit potential (OCP) and allowed to exchange by redox replacement 

for the sacrificial element.  The limited nature of this process comes from the amount of 
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the sacrificial element deposited which can only deliver a finite number of electrons.  

According to Faraday’s 1
st
 law of electrolysis that number of electrons stipulates the 

maximum amount of Cu that can be formed in a cycle.  

In the present study, Pb UPD was used to form the sacrificial layers.  The Pb
2+ 

solution was then replaced with a Cu
2+ 

solution at OCP, facilitating exchange of Pb for 

Cu. This constituted one ALD cycle and was repeated up to seven times in these studies. 

Figure 1.1 shows the cartoon of this process. This concept of surface limited redox 

replacement was inspired by the work of Adzic, Brankovic, and Wang [27] who were 

using “monolayer galvanic replacement” to form fractions of a monolayer of Pt in studies 

of fuel cell catalyst reactions. Mike Weaver et al. repeated this process up to 8 cycles in 

what appears to be the first example of EC-ALD of a pure element [21]. The process of 

surface limited redox replacement has been described in more depth elsewhere [28-30]. 

The present investigation made use of an ultra-high vacuum (UHV) surface 

analytical instrument, equipped with AES and LEED, in combination with 

electrochemical experiments performed within a UHV compatible ante-chamber in a 

process referred to as UHV-EC [31, 32]. Figure 1.2 shows the picture of the UHV-EC 

system that was used for these studies. The main and ante chambers were maintained at 

UHV by a combination of ion and cryo-pumps. Prior to any electrochemical studies, the 

working electrode was cleaned by Ar
+
 ion bombardment inside the ion bombardment 

cage (Figure 1.2B) by leaking Ar gas (~10
-5

 torr) into the main chamber. The surface of 

the working electrode roughens after bombardment with Ar
+
 ions and could be smoothed 

by resistive heating. In addition to smoothing the rough surface, the resistive heating was 

also useful in getting rid of the impinging primary ions which tend to implant themselves 
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in the electrode. Hot ion bombardment could also be performed in which the electrode 

was cleaned and annealed at the same time. The electrode could be transferred through a 

4.5” gate valve to the ante-chamber and then isolated from the main chamber and back 

filled with ultrapure Ar gas to bring it to atmospheric pressure for electrochemical 

studies. The solutions were being continuously purged with Ar gas for at least 30 minutes 

before the electrochemical process to remove any dissolved oxygen. The electrochemical 

studies were performed in a three electrode configuration electrochemical cell and the 

potentials were controlled by an Autolab potentiostat. After the electrochemical studies 

the electrochemical cell was withdrawn from the ante-chamber and the ante-chamber was 

pumped down to UHV. The electrode was then transferred back to the main chamber for 

characterization. 

AES and LEED were used for studying the composition and the orientation of the 

deposits respectively. AES is a three electron process in which primary high energy 

electrons (~3 KeV) are used to eject a core electron creating a hole. Since this is an 

unstable state a valence electron drops down to fill the hole by releasing energy which is 

enough to eject another valence electron into vacuum, the Auger electron [33]. Figure 1.3 

shows the schematics of a KL2L3 Auger process. The ejected Auger electron is then 

deflected to a cylindrical mirror analyzer (CMA) multiplied by passing it through an 

electron multiplier and detected. Auger electrons have kinetic energies which are 

characteristic to an element and are functions of the binding energies of the electrons. 

The kinetic energy of the Auger electron can be described by: EK.E = EK –EL2 – EL3, 

where EK, EL2, and EL3 are the binding energies. The collected Auger electrons were 

plotted as a function of energy against a broad secondary electron background spectrum 
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and therefore AES was run in the derivative mode to enhance the signals. Figure 1.4 is an 

example of a Ru AES after it has been cleaned by Ar
+
 ion bombardment. Since AES is a 

three electron process hydrogen and helium cannot be detected by using AES. 

LEED is a surface analytical technique which can be used for the determination of 

surface structures. It can be used qualitatively to obtain information on the size, 

symmetry and rotational alignment of the adsorbate unit cell with respect to the substrate 

unit cell [34]. Low energy electrons in the range of 20 -200 eV are emitted from a 

filament which is held at a negative potential and these electrons are focused by 

electrostatic lenses and are then accelerated towards the grounded sample. The impinging 

primary electrons on the sample are then backscattered either elastically or inelastically 

off the sample surface [35]. Figure 1.5 shows a LEED display set up. The backscattered 

electrons are accelerated towards grid 1 which is kept at ground and a retardation 

potential is applied to grid 2 to allow only the elastically scattered electrons to accelerate 

towards grid 3 which is kept at ground. Finally the elastically scattered electrons 

accelerate towards the phosphor screen which is held at a positive potential of 5 KV. The 

elastically backscattered electrons form a pattern when they hit the phosphor screen if the 

surface of the sample is ordered. 

The Damascene process for deposition of Cu interconnects must scale down 

according to Moore’s law [36].   Damascene Cu deposition for the Back End of ultra-

large system integration (ULSI) requires a liner to prevent inter-diffusion of Cu into the 

Si/SiO2 and to facilitate Cu electrodeposition [37-39].  Presently, Ta/TaN diffusion 

barriers are used to isolate Cu from the dielectric material.  Direct electrodeposition of Cu 

on such barrier layers is difficult due to high electrical resistance of the barrier layers so a 
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seed layer of Cu, formed by physical vapor deposition (PVD), is generally inserted 

between the barrier layers and the Damascene Cu [37-39] to complete the liner. However, 

obtaining a conformal Cu seed layer by PVD can be difficult in very low dimensions or 

high aspect ratios, resulting in problems such as uneven filling of trenches and vias and 

defects in the deposit. The use of Cu in the Back End was adopted to enhance IC 

performance by reducing RC delay times [40].  However, as the feature size decreased, 

and aspect ratios increased, new challenges were created to the deposition of conformal 

liners [37]. 

Ruthenium has lower thermal and electrical resistivity when compared to Ta/TaN 

and its low solubility in copper makes it a candidate for Cu metallization barrier layers. 

Perng et al. reported that ultra-thin ruthenium is stable as a barrier layer up to 300
0
C and 

suggested that doping the ruthenium with phosphorus may help its barrier properties at 

higher temperatures, even though the sheet resistance increases slightly [40].  Another 

advantage of ruthenium as a barrier layer is that it has strong adhesion to Cu, which can 

then be directly plated. Chan et al reported that a 20 nm ruthenium barrier layer can 

prevent copper diffusion up to a temperature of 450
0
C [41] and Arunagiri et al. 

demonstrated that 5nm ruthenium can act as a platable Cu diffusion barrier up to 300
0
C 

[42]. According to Wei et al. Cu starts to diffuse through 1nm ruthenium around 300
0
C 

[43].  Soo et al. reported that ALD-Ru (4nm)/ALD-TaCN (2nm) prevented copper 

diffusion up to 550
0
C and increasing the ALD-Ru to 12nm prevented the diffusion of 

copper up to a temperature of 600
0
C for 30 minutes [44]. 

Moffat et al. claim that the presence of an oxide results in weak Cu-Ru adhesion 

and may even prevent copper under potential deposition (UPD) [37, 45]. They also claim 
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that the deposition of copper occurs competitively with oxide reduction, which may 

control its deposition kinetics. They suggest that the 3-D oxide can be reduced by 

polarizing the ruthenium near the hydrogen evolution region [37] prior to exposure to the 

Cu solution.  

It was demonstrated by Stickney et al that adsorbing I atoms on some metal 

surfaces can prevent surface contamination and oxidation under ambient conditions [46]. 

Kelber et al. reported that adsorbing I atoms from I2 at 300K passivated a ruthenium 

surface against oxidation.  In addition, during overpotential Cu electrodeposition (OPD),  

the I atoms floated on top of the depositing Cu, thus maintaining the protection as the 

deposit grew [47]. The Stickney group has also studied the adsorption of Cl on Cu single 

crystal surfaces, where it was also shown to protect the surface, while forming a well 

ordered atomic layer [48-50].   

In Chapter 3 the passivation of copper by the adsorption of single atomic layers 

(AL) of elemental surfactants is discussed. Electrochemical deposition of selenium, 

tellurium or iodine atomic layer on Cu(111) surfaces were studied using cyclic 

voltammetry to investigate the potential dependence, AES to follow surface composition, 

and LEED to indicate surface order. 

Copper is one of the most important elements in microelectronics and is used on 

the back end of ULSI as the on-chip wiring material [51-55]. Due to its lower electrical 

resistance and susceptibility to electro-migration, copper replaced aluminum in integrated 

circuits as the interconnect material of choice [38, 56]. The electrochemical process for 

Cu on chip wiring is referred to as the Damascene process and its ability to achieve 
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bottom up filling of vias and high aspect ratio trenches is particularly important to present 

ULSI designs [38, 55].  

Copper is a relatively active metal and readily oxidizes in ambient air, forming a 

mixture of oxides and hydroxides (i.e. Cu2O, CuO and Cu(OH)2) which can build up 

tensile stress [56]. The oxide layer can result in poor electrical conductivity of the copper 

and can cause material degradation.  It is therefore of interest to minimize the oxidation 

of copper between steps on the fab floor.  Oxidation can easily be avoided if the wafer is 

in solution and under potential control. However when the wafer is moved from one 

plating bath to the next it can lose potential control (go open circuit) and oxidize to some 

extent in the aqueous electrolyte plating solutions, unless the surface is protected from 

oxidation during transfer.   

Adsorption of halides on metal surfaces has been extensively studied over the 

years [47, 57-60]. UHV-EC studies by Kim J.Y. et al. [44] have shown that an adsorbed 

layer of chloride protects copper after emersion (withdrawal) from solution, before 

pumping to UHV and transferring to the analysis chamber for surface characterization. 

Iodine adsorbed on metal surfaces can also protect the surfaces from contamination while 

at the same time acting as a surfactant which allows electrodeposition to proceed [47, 61].  

Chapter 4 describes the electrochemical deposition of Ge on Au(111) single 

crystal. The purpose of this study was to investigate electrodeposition of germanium on 

Au(111) single crystal from aqueous solutions and study the interaction between the first 

layer of germanium and the gold single crystal. If the first atomic layer can be deposited 

and its growth controlled, then this phenomena can be used for growing atomic layers of 

germanium which can be used for optoelectronic materials.  
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The success of Si for electronic applications was due to its almost perfect 

interface with its thermally grown oxide which acts as an effective mask in device 

manufacturing and an extremely low surface state density at the Si/SiO2 interface [62]. 

But further scaling down of Si/SiO2 based transistors is at an end for future high 

performance devices.  

Germanium is of interest because it has high hole and electron mobility as 

compared to silicon [63, 64]. In Si based devices, germanium has possible applications as 

a photo-detector and high mobility channel field effect transistors and it can also be used 

as a substrate for growing III-V compound semiconductors in multi-junction photovoltaic 

cells [65, 66]. Some of the limitations of germanium are that it is expensive [67], has 

higher density of states and a narrower band gap when compared to silicon and its 

thermally grown oxide is not as perfect and as good a dielectric as silicon dioxide [62]. 

The deposition of high-k dielectric materials such as HfO2, Al2O3, and ZrO2 on 

germanium substrate have been reported [68] and these materials could improve to 

alleviate the not so perfect GeO2. 

The electrochemical deposition of germanium has mainly been achieved from 

ionic solutions due to high hydrogen evolution rate (low hydrogen over-potential) in 

aqueous solutions [69, 70]. Epitaxial growth of germanium by molecular beam epitaxy 

(MBE) and ultrahigh vacuum chemical vapor deposition (UHV-CVD) [65] have been 

reported. 

Conclusion of the work and future studies are discussed in Chapter 5. 
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Figure 1.1. A cartoon of surface limited redox replacement reaction of Pb with Cu, in 

which UPD Pb is replaced by Cu at open circuit potential. 
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Figure 1.2. (A) UHV-EC system, (B) Ion bombardment cage, (C) Reverse view LEED 

optics and (D) Ante-chamber with electrochemical cell and three electrode configuration. 
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Figure 1.3. Auger KL2L3 transition (J. C. Vickerman, Surface analysis – the principal 

techniques, John Wiley & Sons, 1997) 
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Figure 1.4. AES spectra of a clean cold ion bombarded 10 nm Ru nano-film on Si. 
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Figure 1.5. Schematic of LEED display set up (Ranke, Surface Analysis, Dept. AC, Fritz 

Haber Institute of the MPG, Berlin, Germany). 
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Abstract 

As ULSI scales to smaller and smaller dimensions, it has become necessary to 

form layers of materials only a few nm thick.  Substrates now support trenches, while 

deposits of some materials must be conformal.  Atomic layer deposition (ALD) is being 

developed to address such issues.  ALD is the formation of materials layer by layer using 

self-limiting reactions.  This article describes the formation of Cu seed layers (for the Cu 

Damascene process) on a Ru barrier layer. The deposit was formed by the 

electrochemical analog of ALD, using electrochemical self-limiting reactions which are 

referred to as underpotential deposition (UPD).  A linear dependence was shown for Cu 

growth over 8 ALD cycles, and STM showed a conformal deposition, as expected for an 

ALD process.  Relative Cu coverages were determined using Auger electron 

spectroscopy, while absolute Cu coverages were obtained from coulometry during 

oxidative stripping of the deposits. Use of a Cl
-
 containing electrolyte results in Cu 

deposits  covered with an atomic layer of Cl atoms, which have been shown to protect the 

surfaced from oxidation during various stages of the deposition process.  The 10 nm thick 

Ru substrates were formed on Si(100) wafers, and were partially oxidized upon receipt.  

Electrochemical reduction, prior to Cu deposition, removed the oxygen and some traces 

of carbon, the result of transport.  Ion bombardment proved to clean all oxygen and 

carbon traces from the surface. 

 

Key Words: UPD, ALD, electrochemical-ALD, seed layers, liners.   

 

 



 

25 

 

Introduction 

The Damascene process for deposition of Cu interconnects must scale, as does 

everything else in microelectronics, according to Moore’s law [1].   Damascene Cu 

deposition for the Back End (everything except the first layer of transistors in ULSI) 

requires a liner to prevent inter-diffusion of Cu, and to facilitate Cu electrodeposition [2-

4].  Presently, Ta/TaN diffusion barriers are used to isolate Cu from the dielectric 

material.  Direct electrodeposition of Cu on such barriers is difficult, so a seed layer of 

Cu, formed by physical vapor deposition (PVD), is generally inserted between the barrier 

layer and the Damascene Cu [2-4] to complete the liner. However, obtaining a conformal 

Cu seed layer by PVD can be difficult in very low dimensions or high aspect ratios, 

resulting in problems such as uneven filling of trenches and vias: holes and defects in the 

deposit. The use of Cu in the Back End was adopted to enhance IC performance by 

reducing RC delay times [5].  However, as the feature size decreased, and aspect ratios 

increased, new challenges were created to the deposition of conformal liners [2]. 

Ruthenium has lower thermal and electrical resistivity when compared to Ta/TaN 

and its low solubility in copper makes it a candidate for Cu metallization barrier layers. 

Perng et al. reported that ultra-thin ruthenium is stable as a barrier layer up to 300
0
C and 

suggested that doping the ruthenium with phosphorus may help its barrier properties at 

higher temperatures, even though the sheet resistance increases slightly [5].  Another 

advantage of ruthenium as a barrier layer is that it has strong adhesion to Cu, which can 

then be directly plated. Chan et al reported that a 20 nm ruthenium barrier layer can 

prevent copper diffusion up to a temperature of 450
0
C [6] and Arunagiri et al. 

demonstrated that 5nm ruthenium can act as a platable Cu diffusion barrier up to 300
0
C 
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[7]. According to Wei et al. Cu starts to diffuse through 1nm ruthenium around 300
0
C 

[8].  Soo et al. reported that ALD-Ru (4nm)/ALD-TaCN (2nm) prevented copper 

diffusion up to 550
0
C and increasing the ALD-Ru to 12nm prevented the diffusion of 

copper up to a temperature of 600
0
C for 30 minutes [9]. 

One problem with ruthenium is that it is susceptible to oxidation in air and aerated 

water, if not passivated with copper. Moffat et al. claim that the presence of an oxide 

results in weak Cu-Ru adhesion and may even prevent copper under potential deposition 

(UPD) [2, 10]. They also claim that the deposition of copper occurs competitively with 

oxide reduction, which may control its deposition kinetics. They suggest that the 3-D 

oxide can be reduced by polarizing the ruthenium near the hydrogen evolution region [2] 

prior to exposure to the Cu solution.  

Stickney et al have demonstrated that adsorbing I atoms on some metal surfaces 

prevents surface contamination and oxidation under ambient conditions [11]. Kelber et al. 

reported that adsorbing I atoms from I2 at 300K passivated a ruthenium surface against 

oxidation.  In addition, during overpotential Cu electrodeposition (OPD),  the I atoms 

floated on top of the depositing Cu, thus maintaining the protection as the deposit grew 

[12]. The Stickney group has also studied the adsorption of Cl on Cu single crystal 

surfaces, where it was also shown to protect the surface, while forming a well ordered 

atomic layer [13-15].   

In the study reported here, the growth of Cu films on 10 nm of electron beam 

evaporated Ru (on a Si(100) wafer) was performed using the electrochemical form of 

atomic layer deposition (EC-ALD) [16-18] [19-23].  ALD is the layer by layer formation 

of nanofilms, using surface limited reactions in a cycle [24-28].  Underpotential 
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deposition (UPD) is a name for an electrochemical surface limited reaction, a 

phenomenon where an atomic layer of one element can form on a second element at a 

potential prior to, under, that needed to deposit the element on itself [29-34].  This results 

from the free energy of formation of a surface compound or alloy. The potential can be 

selected so that only an atomic layer of the first metal is formed, and no more, no bulk 

deposit of that element.  The electrochemical form of ALD results from the combination 

of UPD with ALD, although it was originally referred to as electrochemical atomic layer 

epitaxy (EC-ALE) for historical reasons [35].  

The deposition of Cu films in this study started with direct underpotential 

deposition (UPD) of Cu on the 10nm Ru film, on Si, as the first cycle in Cu ALD.   A 

second atomic layer of Cu could not be formed by the same method, UPD, given the 

definition above, as there would is no energetic advantage for the formation of a Cu layer 

on a Cu layer, relative to bulk Cu deposition.  In order to form the second and subsequent 

atomic layers of Cu, monolayer galvanic displacement [36, 37], also referred to as surface 

limited redox replacement [23, 38-42] was used.  That is, since UPD Cu cannot be 

formed on Cu, to obtain a limited reaction an atomic layer of a different element (less 

noble, or more reactive) was first formed via UPD (the sacrificial layer). Next, a solution 

containing ions of the desired element, Cu
2+

, was introduced, and allowed to exchange by 

redox replacement for the sacrificial element.  The limited nature of this process come 

from the amount of the sacrificial element deposited an atomic layer from UPD, which 

can only deliver a fixed and finite number of electrons.  That number of electrons 

stipulates the maximum amount of Cu that can be formed in a cycle:  Faraday’s 1
st
 law of 

electrolysis.  
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In the present studies, Pb UPD was used to form the sacrificial layers.  The Pb
2+ 

solution was then replaced with a Cu
2+ 

solution, facilitating exchange of Pb for Cu. This 

constituted one ALD cycle and was repeated up to seven times, in these studies. This 

concept of surface limited redox replacement was inspired by the work of Adzic, 

Brankovic, and Wang [43] who were using “monolayer galvanic replacement” to form 

fractions of a monolayer of Pt, in studies of fuel cell catalyst reactions.    The late Mike 

Weaver et al. repeated that process, performing up to 8 cycles, in what appears to be the 

first example of electrochemical ALD of a pure element [37].    The process of surface 

limited redox replacement has been described in more depth elsewhere [44-46]. 

The present investigation made use of an ultra-high vacuum (UHV) surface analytical 

instrument, in combination with electrochemical experiments performed within an ante-

chamber of the instrument, in a process referred to as UHV-EC [47, 48].   This study 

demonstrated that a Cu seed layer can be formed by electrochemical ALD directly on a 

Ru diffusion barrier.  

Experimental 

The Si(100) wafer coated with 10nm Ru, formed by electron beam evaporation, 

was obtained from LETI (Grenoble, France).   The as received substrate was cleaned 

using cyclic voltammetry in degassed 10mM HClO4 (Aldrich, doubly distilled), to 

remove the oxide layer formed in transit.  The electrochemical experiments were 

performed in a SS ante-chamber on the UHV instrument.  The ante-chamber was back 

filled to atmospheric pressure with high purity Ar-gas (99.999%) while the 

electrochemical experiments were performed. Subsequently, the electrochemical cell was 

removed from the ante-chamber through a 4.5” gate valve, and the ante-chamber was 
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pumped down so the sample could be transferred to the main analysis chamber for 

characterization, without exposure to air.  The substrate was further cleaned by Ar
+
 ion 

bombardment to remove any remaining contaminants.   The analysis chamber was also 

equipped with optics for low energy electron diffraction (LEED) (Princeton Research 

Instruments, Inc.) and a cylindrical mirror analyzer for Auger Electron Spectroscopy 

(AES) (Perkin-Elmer).   Scanning tunneling microscopy (STM) studies were performed 

in solution, using a Nanoscope 3 (Veeco).   

The solutions used were 0.1mM Cu(ClO4)2 (Aldrich, 98%) in 2.5 mM HCl 

(Sigma Aldrich)  and 1.0 mM Pb(ClO4)2 (Aldrich, 99.995%) in 2.5 mM HCl, where the 

pH was adjusted to 4.4 using NaOH (J. T. Baker). The electrochemical reactions were 

performed in a Pyrex cell with an Au-wire counter electrode and an Ag/AgCl (3M KCl) 

reference electrode (BioAnal). A µAutolab Type III Potentiostat/Galvanostat was used 

for potential control. All potentials were reported vs Ag/AgCl (3M KCl).   

The solutions were degassed with high purity Ar-gas for one hour prior to the 

electrochemical studies. Cu UPD was performed, for 1 min, to form the first Cu atomic 

layer. It was followed by the deposition of Pb UPD @ -0.475V for 1min, to form the 

sacrificial atomic layer. Pb UPD on Cu UPD was then exposed to the Cu
2+

 solution, at its 

open circuit potential (OCP) for the redox exchange, completing one ALD cycle.  That 

cycle was used to grow Cu nanofilms using 2, 3, 5 and 7 cycles. Cyclic voltammetry, 

current time transients, scanning tunneling microscopy (STM) and Auger electron 

spectroscopy (AES) were used to investigate the deposition process.   

  



 

30 

 

Results and Discussion 

Cleaning the substrate 

Auger electron spectra (AES) of the as received 10nm Ru film, on the Si(100) 

substrate, indicated the presence of oxygen (Figure 2.1). Figure 2.2 shows CVs of the as 

received sample in 10 mM HClO4, at a scan rate of 5mV/s. The scans began with 

immersion of the sample at 0.353 V, its OCP.  It was initially scanned negative to -0.4V, 

where the scan direction was reversed and the potential scanned to 0.4V (dotted curve).  

A broad reduction feature that started at 0.1V and peaked at -0.1 V, during the first 

negative going scan, corresponds to Ru surface oxide reduction [2]. That feature was not 

present in subsequent scans, suggests that the surface oxide layer was reduced on the first 

scan, and was not reformed by oxidation to 0.4 V.  The substrate was emersed 

(withdrawn from solution) at -0.22V, and transferred to the analysis chamber. AES of the 

sample (Figure 2.1) showed nearly complete loss of the oxygen signal, consistent with 

electrochemical reduction of the oxide.  The substrate was then bombarded with Ar
+
 ions 

to remove any remaining contaminants, and the cleanliness was confirmed using AES 

Figure 2.1.  There is a problem with measuring the coverage of C on a Ru surface with 

Auger.  That is, both C and Ru have essentially the same transition energy.     However, 

by taking the ratio of the positive (p) to the negative (n) excursions of the 270eV Ru 

Auger feature, a measure of the extent of C contamination can be determined, according 

to Goodman et al.[49], so that this ratio can be used to determine when the surface is 

clean.  Because the carbon 273eV peak overlaps that for ruthenium, the p excursion tends 

to be smaller when the surface is dirty.  When it is clean, the ratio is generally over 0.7, 

as it is in Figure 1. for the “after cold ion bombardment” spectrum, where it is measured 
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as 0.75.  The presence of C is clearly evident, by this measure, for the as received sample 

and that after electrochemistry, although the electrochemistry did appear to clean it 

significantly.    

Electrochemical Deposition of Copper 

The clean Ru sample was then transferred to the ante-chamber where a first 

atomic layer of copper was deposited in two ways: First; Pb UPD was formed on the Ru, 

and then redox replaced using a Cu
2+

 solution at OCP.  Second; Cu UPD was formed on 

the clean Ru by immersing it in a solution of 0.1mM Cu(ClO4)2 and 2.5mM HCl, at -

0.2V, for 1 minute.  Auger of these two first atomic layers, after transfer back to the 

analysis chamber, showed the presence of Cu, Cl, and Ru, as well as a small amount of O 

on the surface.  Slightly more oxygen was evident if the first Cu layer was formed by 

redox replacement of Pb, rather than Cu UPD, so Cu UPD on the Ru surface was used in 

subsequent deposits as the first Cu atomic layer (Figure 2.3, 1
st
 cycle).   However, the 

amount of oxygen observed was very low, given that Cu reacts rapidly with oxygen, even 

the traces in the high purity Ar or in solution, as oxygen’s sticking coefficient is close to 

1 for the first monolayer [50].  However, significant oxygen was not observed, in the 

present study because of the presence of Cl
-
 in solution.  It is well known that Cl adsorbs 

strongly on Cu in solution, and can protect it from oxidation by ambient oxygen [9, 13, 

15, 51].   

Different supporting electrolyte concentrations, as well as solution pHs were 

investigated.  With low pH, acid, the Ru nanofilms were easily delaminated during the 

deposition process.  Higher pH solution did not appear to delaminate, and a pH of 4 – 4.5 
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was selected for the deposition process.   For pH values above 5, both Cu
2+

 and Pb
2+

 

tended to precipitate as the hydroxides.   

Figure 2.3 displays a series of Auger spectra, as a function of the number of Cu 

ALD cycles performed.  Figure 2.4 displays plots of the AES ratios for Cu/Ru and O/Ru 

as a function of the number of cycles.  Overall, the signal for Cu increased steadily, as 

expected, suggesting an increasing Cu layer thickness.  The small amount of the O/Ru 

signal remained nearly constant (Figure 2.4).  Neither of the ratio plots in Figure 4 was 

smooth, partly because the Ru signal, used to normalize both the Cu and O signals, 

decreasing as the Cu coverage increased: the Ru Auger electrons were scattered by the 

increasing Cu film.   

On the other hand, the AES ratio of Cu/Cl (Figure 2.5), showed a very monotonic 

increase with increasing numbers of cycles.  It is known that the Cl forms an essentially 

close packed layer on a Cu surface [13, 14, 51], and that only a single atomic layer will 

be present. It has also been shown that the Cl will stay on top as the film as it grows, so 

the signal from that top layer of Cl can be used as an internal standard for Auger analysis.  

Thus the ratio of Cu/Cl (Figure 2.5) is an accurate relative measure of the deposit 

thickness, up to a couple of Cu monolayers.  At that point, the Cu Auger electrons begin 

to undergo self-scattering in the thickening Cu layer.  

STM images (Figure 2.6) of the clean substrate and after 6 ALD cycles (Cu UPD 

followed by five cycles of Pb UPD replaced by Cu) show no evidence of a change in 

morphology, at this scale.  The deposit looks essentially the same as the substrate, 

suggesting a conformal Cu deposit, as expected for an ALD process.  The absolute 

coverage of the deposit was determined by performing anodic stripping in a blank 
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solution (10mM HClO4) at 0.15V.   The average deposited amount of Cu per cycle was 

0.5 ML for each cycle as can be seen from Figure 2.7.   

The OCP was used to monitor the exchange of Cu for Pb, each cycle (Figure 2.8).  

The steady state OCP was generally reached when the Pb had been completely replaced.  

It can be seen in Figure 2.8 that the steady state OCP shifted to lower potentials over the 

first few cycles, as the controlling equilibrium shifted from Cu
2+

 ions in equilibrium with 

Cu UPD to Cu
2+

 ions in equilibrium with bulk Cu.  In Figure 2.8, the OCP appears to 

stabilize between -0.07 and -0.08 V after the first three cycles.  This is consistent with the 

deposition of only about 0.5 ML per cycle, so that equilibrium vs. bulk Cu takes three 

cycles.   

Conclusion 

This paper reports the growth of Cu nanofilms on 10nm Ru films, formed on Si 

(100), by electrochemical ALD.  In this study, monolayer galvanic displacement or 

surface limited redox replacement was used to form the atomic layers.  Pb UPD was used 

to form the sacrificial layers, which were then replaced with Cu from a Cu
2+

 solution. A 

linear dependence was shown for Cu growth over 8 ALD cycles, and STM showed a 

conformal deposit, as expected for an ALD process.  Relative Cu coverages were 

determined using Auger electron spectroscopy, while absolute Cu coverages were 

obtained from coulometry during oxidative stripping of the deposits. Use of a Cl
-
 

containing electrolyte resulted in Cu deposits covered with an atomic layer of Cl atoms, 

which have been shown to protect the surfaced from oxidation, which proved helpful at 

various stages of the deposition process. 
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Figure 2.1. Auger spectra of (a) as received 10nm Ru on Si, (b) after CV in 10mM HClO4 

at 5mV/s and (c) after cold ion bombardment for 10 minutes 
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Figure 2.2. CV of 10nm Ru on Si in 10mM HClO4 at a scan rate of 5mV/s 
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Figure 2.3. Auger spectra of Cu deposition at different cycles 
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Figure 2.4. Auger peak to peak ratio of atoms vs. the number of cycles 

 

  



 

39 

 

 

Figure 2.5. Auger ratio of Cu and Cl vs. the number of cycles 
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Figure 2.6. STM images of (a) clean 10nm Ru on Si and (b) Cu UPD and 5 cycles of Cu 

on 10nm Ru on Si 
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Figure 2.7. Auger peak to peak ratio of Cu to Cl and coverage of Cu vs. number of cycles  
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Figure 2.8. Average OCP after successive Cu replacement cycles in  

0.1mM Cu(ClO4)2 solution 
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Abstract 

Efforts are described to identify an atomic layer (AL) passivating agent for Cu, 

allowing it to be transferred from solution, between solutions, or from solution into 

vacuum without oxidation. Atomic layers investigated included tellurium, selenium and 

iodine.    Potentials and pH used to form the AL were investigated.  Elemental ratios from 

auger electron spectroscopy (AES), such as O/Cu, and low energy electron diffraction 

(LEED) patterns were used to characterize the Te, Se and I AL before and after exposure 

to oxygen.   The AL for all three elements resulted in 1/3 ML coverage (√3x√3)R30
0
 

structures.   

The ability of an AL to passivate the Cu(111) surface was investigated by 

exposing it to solution vapor in 1 atm of UHP Ar for 5 minutes within the EC ante-

chamber. The resulting surface was then characterized in the analysis chamber. The intent 

was to mimic transfer between tools in a FAB. In addition, AL coated Cu(111) substrates 

were exposed to atmospheric oxygen for over 10 minutes, followed by characterization. 

Exposure to solution vapor and 1 atm UHP Ar resulted in no significant oxygen uptake, 

though small oxygen signals were detected for the Se AL and the I AL.  However, only 

the Te AL provided passivation to atmospheric oxygen for 10 minutes.   
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Introduction 

Copper is of immense importance in microelectronics, being used for 

interconnects on the back end of ULSI, as the on-chip wiring material [1-5]. Copper 

replaced aluminum in integrated circuits as the interconnect material of choice because of 

its decreased electrical resistance and lower susceptibility to electro-migration [6, 7]. The 

electrochemical process for Cu on chip wiring is referred to as the Damascene process.  

Its ability to achieve bottom up filling of vias and high aspect ratio trenches is 

particularly important to present ULSI designs [5, 6].  

Copper is a relatively active metal and readily oxidizes in ambient air, forming a 

mixture of oxides and hydroxides (i.e. Cu2O, CuO and Cu(OH)2) which can build up 

tensile stress [7]. This oxidation can compromise the deposit’s electrical conductivity, 

causing material degradation.  It is therefore of interest to minimize the oxidation of 

copper between steps on the fab floor.  While a wafer is in solution, and under potential 

control, oxidation is easily avoided, however, when that wafer is moved from one plating 

bath to the next, it can lose potential control (go open circuit), generally oxidizing to 

some extent in the aqueous electrolyte plating solutions, unless it is protected from 

oxidation by passivation during transfer.   

Adsorption of halides on metal surfaces has been extensively studied over the 

years [8-12]. UHV-EC studies by Kim J.Y.  et al.[13] have shown that an adsorbed layer 

of chloride protects copper after emersion (withdrawal) from solution, before pumping to 

UHV and transferring to the analysis chamber for surface characterization. Iodine 

adsorbed on metal surfaces can also protect the surfaces from contamination while at the 

same time acting as a surfactant which allows electrodeposition to proceed.[12, 14]. 
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This paper discusses the protection from oxidation by passivation of copper by adsorption 

of single atomic layers (AL) of elemental surfactants. Electrochemical deposition of 

selenium, tellurium or iodine atomic layer on Cu(111) surfaces were studied using cyclic 

voltammetry to investigate the potential dependence,  AES to follow surface 

composition, and LEED to indicate surface order. 

Experimental 

The electrochemical experiments were performed in a SS ante-chamber on a 

UHV surface analysis instrument. The ante-chamber was back-filled to atmospheric 

pressure with high purity Ar-gas (Air Gas 99.997%) prior to the introduction of the 

electrochemical cell. Electrochemical reactions were performed in a Pyrex glass cell, 

using a three electrode control configuration. The working electrode was a Cu(111) 

single crystal, the counter electrode was Au-wire and an Ag/AgCl (3M KCl) (Bio 

Analytical Systems) reference electrode was used. A µAutolab Type III 

Potentiostat/Galvanostat (Eco Chemie B.V.) was used to control the potentials.  All 

potentials were reported vs Ag/AgCl (3M KCl). Solutions were degassed with high purity 

Ar (99.997%) for one hour prior to electrochemical studies. The Cu(111) was sonicated 

in acetone for 30s and rinsed with 18MΩ nanopure DI water prior to insertion into the 

UHV-EC instrument, and further cleaned by Ar
+
 ion bombardment prior to 

electrochemical experiments.  Figure 3.1 is a typical Auger spectrum after cold and hot 

ion bombardment.  No oxygen signal (500 eV) is evident.  The corresponding LEED 

pattern (60 eV) for the clean Cu(111) surface is displayed in Figure 3.2.   

Solutions were all formed using research grade chemicals and 18MΩ nanopure DI 

water, and were as follows: 
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1. The acid Te deposition solution consisted of 0.1mM TeO2 and 50mM H2SO4. 

2. The basic Te deposition solution consisted of 0.1mM TeO2 and 20 mM NaOH. 

3. The Se deposition solution was 0.1mM H2SeO3, formed using SeO2, and 20mM 

NaClO4. 

4. The iodine deposition solution was 10 mM KI solution. 

After electrochemical studies, the cell was retracted and the ante-chamber 

pumped down to UHV. The substrate was then transferred to the analysis chamber for 

characterization, without exposure to ambient air. The analysis chamber was equipped 

with optics for LEED, (Princeton Research Instruments, Inc.), a cylindrical mirror 

analyzer for AES (Perkin-Elmer) and an X-ray source (Staib Instruments) and a 

hemispherical analyzer (Leybold Heraeus) for X-ray photoelectron spectroscopy (XPS).  

Results and Discussion 

This report describes a study of Cu surface protection from oxidation by 

passivation during transfer from aqueous solution by the adsorption of atomic layers (AL) 

of Te, Se, and I.  An AL is a homogeneous distribution of ad-atoms, no more than one 

atom thick.  The term AL does not specify coverage (atoms/cm
2
), though by its nature an 

AL is a monolayer (ML) or less. A ML is defined as one adsorbate atom for each 

substrate surface atom in this study.   The proposed benefit of using an atomic layer, 

rather than a thicker layer, is that it should provide a minimum perturbation to subsequent 

processing. Ideally, it would be removed before subsequent deposition, or become 

incorporated into the deposit without affecting device structure or performance. The 

electrochemical formation of an AL of one element on a different element in a surface 

limited reaction is known as underpotential deposition (UPD) [15-20].  In general, UPD 
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takes place when a less noble element is deposited on a more noble one, at a potential 

prior to (under) the formal potential (E
o’

) for deposition of the less noble element on 

itself. 

  Tellurium 

Based on standard potentials (E
o
), vs. SHE, for Te (0.529V) and Cu (0.340V), Te 

UPD on Cu is not expected or found, as Te is more noble than Cu. At potentials where 

Cu is stable, bulk Te is as well.  Te can be electrodeposited on Cu at an overpotential, 

however a homogeneous Te AL does not result. If Te is stable on clean Cu, Te will cover 

the surface after overpotential deposition of a few ML, though not homogeneously.   

Figure 3.3 is Te cyclic voltammetry (CV) on a clean, well ordered, Cu(111) single 

crystal immersed into the basic Te solution. The scan starts negative at 5 mV/s from open 

circuit potential (OCP), -0.43 V, and is reversed at -1.6 V.  Several reduction features are 

evident in the scan, beginning with a peak near -0.55 V.   Previous UHV-EC studies of 

Cu single crystal substrates by this group have shown that OCP immersion results in the 

spontaneous generation of some Cu ions as the electrode equilibrates with the near 

surface solution [8].  The peak at -0.55 V is reduction of near surface Cu ions onto the 

surface.   

Figure 3.4 is a graph of O/Cu and Te/Cu Auger peak height ratios for 1 min 

immersions of the Cu(111) at different potentials.  The relative amounts of adsorbates 

were inferred from these peak height ratios.  This ratio is not an elemental ratio.  Each 

element in Auger has its own peak energy, allowing identification of the element, and its 

own sensitivity factor, preventing the use of peak ratios as a measurement of the surface 

atomic ratio.   However, the Auger peak ratio for an adsorbate to the substrate can be 
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used as a relative indication of adsorbate coverage, assuming the substrate peak height is 

nearly constant, for adsorbate coverages below a ML. 

The emersed (withdrawn) Cu(111) was than rinsed at OCP in water, to remove 

emersed electrolyte before its transfer to the analysis chamber.  From Figure 3.4, oxygen 

was present on the surface at potentials above -0.7 V, though no Te was observed. 

Immersion of the Cu(111) into a basic solution at OCP results in the formation of a 

copper oxide/hydroxide layer [21, 22]. It appears that the peaks between -0.6 and -0.8 V 

correspond to reduction of the copper oxide/hydroxide layer to elemental Cu (Figure 3.3).  

That is, below -0.7 V the oxygen has been reduced away.  In addition, Te was deposited, 

as evidenced by the increase in the Te/Cu AES ratio to more negative potentials.  At -1.1 

V the Te/Cu AES ratio maximizes, then drops at more negative potentials the Te/Cu AES 

ratio has a plateau at 0.75, at still more negative potentials.  The drop was coincident with 

the reduction peak at -1.2 V (Figure 3.3), associated with bulk Te reduction to soluble 

telluride (Te
2-

) [23-25].   

The results in Figure 3.3 and 3.4 indicate that above -0.7 V the surface is oxidized 

before Te can deposit and that Te does not deposit on the oxide.  From the Nernst 

equation, Ag/AgCl, pH 11 and 10
-4

 M HTeO2
+
, the E

o’ 
for Te formation should be 

around -0.6 V.  Te deposition is known to be a kinetically slow process, and the oxide 

layer may further slow Te deposition till -0.7 V.   

Figure 3.5 is a graph of O/Cu and Te/Cu AES ratios for the Cu(111) after 1 

minute immersions in the acidic HTeO2
+
 solution, as a function of potential, to be 

contrasted with Figure 3.4 for the basic solution.   No oxygen was observed on the 

Cu(111) substrate emersed from the pH 1 solution, at any potential, consistent with the 
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pourbaix diagram [26].  On the other hand, Te was present at all potentials studied.  The 

Te/Cu ratio at -0.2 V (Figure 3.5) was 0.65, similar to the plateau value of 0.75 for the 

basic Te solution below -1.2 V (Figure 4).  The Te/Cu ratio increased to 1.35 (Figure 3.5) 

at -0.6 V then drops to a plateau near 0.8 at potentials below -1.0 V, similarly to that 

observed in Figure 3.4.   So for both the acidic and basic tellurite solutions, the Te/Cu 

AES ratios at the most negative potentials (Figure 3.4 and 3.5) were between 0.75 and 

0.8.   

LEED patterns observed for the Te deposits were (√3x√3)R 30
o
-Te (Figures 3.6A 

and 3.6B).    Previous work by this group on Au(111) substrates also resulted in 

(√3x√3)R 30
o
 patterns, produced by 1/3 ML hexagonal arrays of Te atoms, identified 

using both STM and UHV-EC with similar solutions and potentials[27, 28].    The 

previous Te on Au results showed that the last Te AL on the Au surface was more stable 

than bulk Te [29]. The Te/Cu AES ratio plateaus in Figures 3.4 and 3.5 suggest also 

increased stability for the last Te AL on the Cu(111) surface.  It is proposed that 

immersion of the Cu(111) into either Te solution at negative potentials results in the 

formation of a 1/3 ML Te AL, with all other tellurite reduction resulting in soluble 

telluride ions.   

Figure 3.7E is the Auger spectrum of a clean Cu(111) after confinement in the 

EC-ante-chamber with the electrochemical cell present and full of solution.  The ante-

chamber was back filled with an atmosphere of UHP Ar prior to insertion of the cell and 

solution vapor.  It is proposed that this environment is similar to that encountered by a Cu 

wafer during transfer from one bath to the next at OCP inside a deposition tool. The 
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Cu(111) was held in the chamber for 5 minutes and resulted in an O/Cu AES ratio of 0.76 

(Figure 3.7E).   

The Cu(111) was then coated with a Te AL (Figure 3.7B) by electrodeposition 

from the basic TeO2 solution at -1.32 V.  The Auger spectrum showed the characteristic 

doublet for Te at 480 eV, and no signal for O at 503 eV. The Te modified Cu(111) was 

again exposed in the stainless steel EC-ante-chamber to atmospheric UHV Ar and 

solution vapor for 5 minutes (Figure 3.7C), resulting in no detectable oxygen AES signal.  

The tellurium modified Cu(111) was then exposed to ambient air for 12 minutes and 

transferred back to the main chamber for surface characterization (Figure  3.7D). A trace 

of oxygen, near the limit of detection, was evident, however, the results indicate that the 

Te AL effectively protected the Cu(111) surface from oxidation under ambient air 

conditions.              

Selenium 

Figure 3.8 shows Se/Cu and O/Cu AES ratios for the Cu(111) immersed into the 

pH 4.7 Se solution, as a function of potential. The Auger yield for Se is relatively low, 

making the Se AES signal difficult to measure at low coverage. The presence of oxygen 

and absence of Se at potentials positive of -0.7 indicate that a Se protective layer was not 

formed under those conditions.  However, the absence of oxygen and presence of Se for 

potentials below -0.7 V indicates that Se has adsorbed and protects the surface from 

oxidation by passivating during emersion.  Figure 3.6C is a (√3x√3)R 30
0
 LEED pattern 

for the Se layer, though with significant diffused intensity, indicating some disorder in Se 

modified surface.   
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After AES and LEED, the Se modified Cu(111) was transferred back to the UHV-

EC ante-chamber, and exposed to 1 atm of UHP Ar and solution vapor for 5 minutes.  

The resulting AES spectrum of the Se modified Cu(111) revealed the presence of oxygen, 

resulting in a O/Cu AES ratio 0.06, to be compared with 0.8 in the absence of the Se 

(Figure 3.7E).  Evidently, a Se AL was not as good at protecting from oxidation by 

passivating the Cu(111) as a Te AL, but was still effective.    Exposure of the Se modified 

Cu(111) to 1 atm of oxygen, by purging industrial grade oxygen (99.99%) into the ante-

chamber for 11 minutes, resulted in an O/Cu AES ratio of 1.2, indicating a failure to 

protect from oxidation by passivation.  

Iodine 

The adsorption of Cl, Br, and I have been studied on many metal surfaces [30]. 

For many metals, I atoms adsorb most strongly, relative to Br and Cl [31-33].  For 

example, iodine adsorption resulted in formation of both a (√3x√3)R 30
o
 [34] and  (3x3) 

[35] structures on Au(111) at higher and lower potentials respectively. In the present 

study, the Cu(111) was immersed in 10 mM KI solution at OCP, then scanned to -0.73V 

to prevent formation of multiple ML of CuI [2]. The Cu(111) was then emersed, rinsed 

with DI water and transferred to the analysis chamber for characterization. The Auger 

spectrum of the surface (Figure 3.9A) showed the characteristic doublet for iodine, while 

the LEED pattern (Figure 3.6D) was a clear (√3x√3)R 30
0
, believed to result from 1/3 

ML of I atoms on the Cu(111) surface.      

Figure 3.9 shows a comparison of the AES spectra for the iodine modified 

Cu(111) as formed (A), after exposure to solution vapors in UHP Ar for 10 min (B), and 
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after 12 minutes in 1 atm of oxygen (C).  The absence of an oxygen signal in the Auger 

spectra has been used in the Te and Se studies as an indication of protection of the 

Cu(111) from oxidation by passivation. However the AES signals for oxygen and iodine 

overlap, making quantification of the O AES signal difficult.  The best indication of the 

absence of oxygen is the resolution of the iodine doublet at 510 eV.  The doublet 

becomes less resolved the greater the oxygen signal.  The doublet in Figure 3.9A is for 

iodine in the absence of oxygen.  However, after exposure to the solution vapor, Figure 

3.9B, the depth of the doublet has noticeably decreased due to a small amount of oxygen 

pick-up.  After exposure to 1 atm of O2, the doublet is still present, but the oxygen signal 

has a similar magnitude to that for iodine, indicating breakdown of the passivating I atom 

layer.  

Conclusion 

Te, Se, and I atomic layers were deposited on Cu(111) surfaces. Adsorbed layers 

of all three elements showed (√3x√3) R 30
0 

unit cells, via LEED, pattern though the Se 

pattern displayed significant diffuse intensity, suggesting some disorder in the layer. 

Upon exposure to solution vapors in 1 atm of UHP Ar, no significant uptake of oxygen 

was measured, though small increases in oxygen were detected with the Se AL and the I 

AL (Table 1).  Upon exposure to oxygen at atmospheric pressures for over 10 minutes, 

only the Te AL provided protection of the Cu(111), from oxidation by passivation while 

significant oxygen uptake was detected on both the Se and I treated surfaces (Table 1).   

The success of the Te AL in preventing oxygen uptake on the Cu(111) 

recommends it as a possible atomic layer passivating agent.  The next question was how 

to remove the layer prior to subsequent process steps.  A range of electrochemical 
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treatments were investigated, as a function of the potential and pH, and none were 

successful in removing the layer.  However, it has been shown that conformal deposits of 

a range of metals can be electrodeposited on an AL of Te.   
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State Te (basic/acidic) Se I 

As deposited No oxygen No oxygen No oxygen 

After exposure to solution 

vapors (10 minutes) 

No oxygen O/Cu = 0.06 O/Cu ~ 0.1 

After exposure to ambient air 

(10 minutes) 

No oxygen O/Cu = 1.2 O/Cu ~ 0.4 

 

Table 3.1. Comparison of AES peak to peak O/Cu ratios of modified Cu(111) surface 

before exposure and after exposure to solution vapors and ambient air. 
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Figure 3.1. Clean Auger spectra of Cu(111)  
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Figure 3.2. LEED pattern of Cu(111) at 60eV beam energy 
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Figure 3.3. CV of Cu(111) in 0.1mM TeO2 and 20mM NaOH solution at a scan rate of  

5mV/s 
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Figure 3.4. Auger ratio of Te/Cu and O/Cu at different deposition potentials of Te on 

Cu(111) from a basic solution of Te. 
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Figure 3.5. Auger ratio of Te/Cu and O/Cu at different deposition potentials of Te on 

Cu(111) from an acidic solution of Te. 
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Figure 3.6. LEED patterns at 55eV beam energy of: (A) Te on Cu(111) from an acidic 

solution of Te at -1.0V, (B) Te on Cu(111) from a basic solution at -1.32V, (C) Se on 

Cu(111) at -0.73V, (D) I on Cu(111) at -0.73V 

  

 A B 
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Figure 3.7. AES spectra of: (A) Clean Cu(111), (B) Cu(111) after the deposition of Te, 

(C) Te on Cu(111) after exposure to solution vapors, (D) Te on Cu(111) after exposure to 

ambient air and (E) Clean Cu(111) after exposure to solution vapors. 
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Figure 3.8.  Auger ratio of elements after Se deposition on Cu(111)  at different potentials 

in 0.1mM SeO2 and 20mM NaClO4 . 
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Figure 3.9.  AES of: (A) Cu(111) after iodine deposition at -0.73V, (B) I on Cu(111)  

after exposure to solution vapors for 10 minutes, (C) I on Cu(111) after exposure to  1 

atm of oxygen for 12 minutes. 
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Abstract 

Germanium was deposited on a clean Au(111) single crystal from a 0.1 mM aqueous 

solution of GeO2 and 2 mM K2SO4 solution. Different deposition potentials ranging from 

-0.765 V to –1.4 V were investigated. In order to understand the electrochemical 

processes taking place during these studies, analytical tools like cyclic voltammogram 

(CV), Auger electron spectroscopy (AES), electrochemical quartz microbalance (EQCM) 

and scanning tunneling microscopy (STM) were used. Surface analysis of the deposits 

using AES showed that the Ge/Au peak to peak Auger ratio increased as more negative 

potentials were investigated but no clear LEED patterns were observed in this potential 

range which were used for the deposition of Ge. This may be the result of oxidation of 

the Ge upon emersion of the electrode from the solution. In-situ STM studies showed that 

Ge forms a (√3√3)-Ge structure at -0.45 V and both (√3√3)-Ge and distorted (3x3)-Ge 

structure at -0.60 V. It appears that Ge formed a layer of hydroxide around -0.70 V and 

this was confirmed by the presence of an oxygen signal in the AES. EQCM data showed 

that there was a significant mass increase between -0.2 V and -0.7 V which further 

confirms that the Ge was oxidized since there was no significant increase in the Auger 

signal of the Ge. There was a significant decrease in the oxygen Auger signal at -1.3 V, 

and this could be the result of a germanium hydride formation before the onset of 

hydrogen evolution at more negative potentials.  
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Introduction 

Si has almost a perfect interface with its thermally grown oxide which acts as an 

effective mask in device manufacturing. It has also an extremely low surface state density 

at the Si/SiO2 interface. These properties makes it important in the electronics industry 

[1]. But further scaling down of Si/SiO2 based transistors is at an end for future high 

performance devices.  

Germanium is of interest because it has high hole (1900 vs. 500cm
2
/V-s) and 

electron (3900 vs. 1400cm
2
/V-s) mobility as compared to silicon [2, 3]. In Si based 

devices, germanium has possible applications as a photo-detector and high mobility 

channel field effect transistors and it can also be used as a substrate for growing III-V 

compound semiconductors in multi-junction photovoltaic cells [4, 5]. Some limitations to 

using Germanium is that it has higher density of states as compared to silicon, it has a 

narrower band gap and its thermally grown oxide is not as perfect and as good a dielectric 

as silicon dioxide [1]. Germanium is also very expensive when compared to silicon 

($3900 vs. $54/kg) [6].The deposition of high-k dielectric materials such as HfO2, Al2O3, 

and ZrO2 on germanium substrate have been reported [7] and these materials could be 

used to replace the not so perfect GeO2.  

The electrodeposition of germanium has mainly been achieved from ionic 

solutions due to its low over potential for hydrogen evolution in aqueous solutions [8, 9]. 

Epitaxial growth of germanium can also be achieved by molecular beam epitaxy (MBE) 

and ultrahigh vacuum chemical vapor deposition (UHV-CVD) [4]. 

The purpose of this study was to investigate electrodeposition of germanium on 

Au(111) single crystal from aqueous solutions and study the interaction between the first 
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layer of germanium and the gold single crystal. If the first atomic layer can be deposited 

and its growth controlled, then this phenomena can be used for growing atomic layers of 

germanium which can be used for optoelectronic materials.  

Experimental 

Reagent quality K2SO4 (J.T. Baker), GeO2 (Johnson Mattey) and Barnstead 

Nanopure 18 MΏ-cm water were used to prepare the solutions. The electrochemistry was 

carried out in an electrochemical cell with three electrode configuration inside a UHV 

compatible stainless steel ante-chamber in which Au(111) single crystal disc was the 

working electrode, Au wire was the auxiliary electrode and Ag/AgCl (3 M KCl) (Bio 

Analytical Systems) was the reference electrode. A µAutolab Type III 

Potentiostat/Galvanostat (Eco Chemie B.V.) was used to control the potentials.  The 

solutions were degassed with high purity Ar (99.998%) for one hour prior to 

electrochemical studies. The ante-chamber was back filled to atmospheric pressure with 

high purity Ar-gas (99.998%) while the electrochemical experiments were performed. 

After the electrochemical reactions were performed the cell was removed from the ante-

chamber through a 4.5” gate valve and the ante-chamber was pumped down so the 

sample could be transferred to the main analysis chamber for characterization, without 

exposure to air.  All potentials in this study were reported versus Ag/AgCl (3 M KCl) 

reference electrode.    

The analysis chamber was equipped with optics for LEED (Princeton Research 

Instruments, Inc.) and a cylindrical mirror analyzer for AES (Perkin-Elmer).   STM 

studies were performed in solution, using a Nanoscope 3 (Veeco). EQCM studies were 
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performed using gold working, gold wire auxiliary and Ag/AgCl (3 M KCl) reference 

electrodes.  

The Au (111) single crystal electrode was cleaned by ion bombardment and 

annealed in a UHV chamber prior to any electrochemical reactions. LEED pattern of the 

cleaned Au(111) showed a clear (1x1) pattern (Figure 4.1), indicating a well ordered 

surface. Figure 4.2 shows the Auger spectra of clean Au(111) after cold Ar
+
 ion 

bombardment and annealing. Germanium was then deposited on the Au (111) single 

crystal electrode from an aqueous solution of GeO2 in 2mM K2SO4 solution, at different 

potentials between -0.765V and –1.4V.  

Results and Discussion 

Figure 4.3 shows a cyclic voltammetry of Au(111) single crystal in 0.1 mM GeO2 

and 2 mM K2SO4 solution with a pH of 4.5 at a scan rate of 5 mV/s. The clean Au(111) 

single crystal was immersed in the solution at open circuit potential (0.173 V). Initially 

the potential was scanned in the negative direction to -1.4 V and then was reversed and 

scanned in the positive direction to 0.4 V. Several reductive and oxidative features were 

observed both during the negative and positive scan of the potential.  

The reductive feature at ~ -0.800 V could be associated with the deposition of the 

first layer of Ge on Au(111). The Auger spectrum of this deposit shows the presence of 

Ge and oxygen (Figure 4.4) and this might be due to the formation of an oxide of the Ge 

at this potential. This is in agreement with the work of Maroun et. al. [10, 11] on 

reversibility of GeH/GeOH and hydrogen adsorption/desorption at germanium electrodes. 

The feature around -1.300 V could be associated with the reduction of the germanium 

oxide layer or the formation of a germanium hydride layer. Gerischer et. al. also 
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suggested that germanium hydroxide slowly converts to the hydride form during cathodic 

polarization [12] which was confirmed by the work of Kepler et. al [13].  Scanning the 

potential beyond -1.400 V in the negative direction resulted in hydrogen evolution 

reaction. The features in the positive going scan were the results of anodic dissolution of 

the germanium.  

Based on the CV from Figure 4.3, the potential was stepped to different 

deposition potentials and was held at that potential for 180 s and the deposits were 

characterized by AES. Figure 4.4 shows the AES spectra of the deposits at different 

deposition potentials. As can be seen from the AES, the germanium signal increased 

whereas the oxygen signal decreased as more negative deposition potentials were 

investigated. No clear LEED patterns were observed in the potential range used for the 

deposition of germanium (Figure 4.1B). This may be the result of oxidation of the 

electrode upon emersion from the solution. 

EQCM mass change measurements (Figure 4.5) were taken while recording the 

CV of gold in 1mM GeO
2
 and 0.5M Na

2
SO

4
, at a scan rate of 5mV/s. There was a 

significant mass increase between -0.2V and -0.7V but the fact that there was no 

significant Ge/Au AES ratio increase (Figure 4.4) support that a germanium 

oxide/hydroxide was formed in this potential range. The EQCM measurements did not 

show significant mass change between -0.7V and -1.0V and this could be attributed to the 

change in oxidation state of germanium from +4 to +2. In scanning the potential negative 

of -1.0 V there was significant change in the mass of the EQCM. The oxygen AES signal 

decreased while the Ge AES signal increased and this could be due to increased Ge 

deposition at more negative potentials. In the positive going scan no significant mass 
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change was observed before -0.2V during oxidative stripping and this could be an 

indication that only change in the oxidation state of germanium was taking place. 

In-Situ STM studies were performed to understand the deposition process of Ge 

on Au(111) single crystal. The In-Situ STM image taken at -0.45 V (Figure 4.6A) showed 

a (√3x√3)-Ge R30
0
 structure with a 1/3 monolayer (ML) coverage and when the potential 

was scanned towards more negative potentials a mixture of both (Figure 4.6B and 4.6C) 

(√3x√3)-Ge R30
0 

and (3x3)-Ge R30
0
 were observed at -0.60 V indicating an increase in 

the coverage. At -0.80 V a Moiré pattern with coverage of 0.8 ML was observed (not 

shown here). The surface formed at this potential was atomically flat over a large surface 

[14] of about 300 nm.    

Figure 4.7 shows the AES peak to peak ratio of atoms at different deposition 

potentials. The amount of germanium increased as more negative potentials were 

investigated. The presence of an oxygen signal agreed with the idea of the state of 

germanium as the oxide/hydroxide on the surface. At about -1.30 V there was a sudden 

decrease in the AES signal of oxygen and this was ascribed to the formation of a surface 

germanium hydride. There was a small increment in the germanium signal at -1.40 V but 

scanning in the negative direction beyond -1.40 V there was only hydrogen evolution 

reaction as was evident from the CV of Au(111) in germanium solution (Figure 4.3).   

In order to quantify the amount of germanium deposited anodic stripping of the 

deposits was performed by holding the potential at 0.40 V for 60 s and as can be seen 

from Figure 4.8 the germanium coverage increased as the deposition potentials 

investigated became more negative. These coverages were plotted against the peak to 

peak ratio of Ge/Au and there was a linear relationship. The time for deposition at -1.40V 
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was varied and the observation was that after 180 s the amount of germanium deposited 

did not increase and this was confirmed by the charges from anodic stripping of the 

deposits. This was an indication that germanium electrodeposition from the aqueous 

solutions was self-limiting.  

Conclusion 

Germanium was deposited on Au(111) from an aqueous solution of 0.1mM GeO
2
 

in 2mM K
2
SO

4
. The deposits were analyzed by Auger spectroscopy. From the Auger 

spectra it can be seen that the amount of germanium deposited increased as more negative 

potentials were investigated. The deposition was self-limiting because no increase was 

observed in the amount of Ge deposited negative of -1.40 V or increasing the deposition 

time at -1.4 V. In-situ STM measurements showed that a (√3x√3)-Ge R30
0
 structure was 

formed at ~ -0.45 V with 1/3 ML coverage and a mixture of both (√3x√3)-Ge and 

distorted (3x3)-Ge R30
0
 structures at lower potentials. EQCM data showed that there was 

a significant mass increase between -0.2 V and -0.7 V and the presence of oxygen in the 

Auger spectra at these potentials was indicative that germanium exists in the form of an 

oxide/hydroxide. There was a significant decrease in the oxygen Auger signal at -1.3V 

and this was the result of formation of a germanium hydride, before the onset of 

hydrogen evolution, at more negative potentials.  
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Figure 4.1. LEED pattern of Au (111) after cold Ar
+
 ion bombardment and annealing (A) 

and Au(111) after Ge deposition at -1.4 V (B) in 0.1 mM GeO2 solution at a beam energy 

of 50 eV. 
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Figure 4.2. Auger spectra of a clean Au(111) after cold Ar
+
 ion bombardment and 

annealing of the single crystal. 
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Figure 4.3. CV of Au(111) in 0.1 mM GeO2 and 2 mM K2SO4 solution with a pH of 4.7 

at a scan rate of 5 mV/s. The OCP was 0.173 V. 
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Figure 4.4. AES spectra of Ge deposited on Au (111) from a 0.1 mM Ge solution, pH 4.7, 

at different potentials. 
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Figure 4.5.Simultaneous EQCM mass change measurements taken while recording the 

CV of Au(111) in 1mM GeO
2
 and 0.5M Na

2
SO

4
, at a scan rate of 5 mV/s. 
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Figure 4.6. In-situ STM images of Ge on Au(111) at -0.450 V vs. Ag/AgCl exhibiting a 

(√3√3)-Ge structure (A) and at -0.600 V vs. Ag/AgCl exhibiting both (√3√3)-Ge and 

distorted (3x3)-Ge structure (B and C). 
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Figure 4.7. Relative AES peak to peak ratio of O/Au (triangles) and Ge/Au (diamonds) 

atoms at different potentials. 
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Figure 4.8. Plot of Ge coverages as a function of the relative AES peak to peak ratio of 

Ge/Au. 
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CHAPTER 5 

CONCLUSION 

 The main topic of this dissertation is UHV-EC studies of metal and 

semiconductor deposition. In Chapter 2 the growth of Cu nanofilms on e-beam sputtered 

10nm Ru on Si(100) by electrochemical ALD was investigated. Since UPD of an element 

on itself is not possible, Pb was chosen as the sacrificial element to be exchanged for Cu 

in a process known as surface limited redox replacement reaction (galvanic 

displacement).  Pb UPD was deposited onto a Cu UPD (UPD layer on Ru) and when a 

Cu
2+

 solution was flashed in at OCP the Pb UPD was replaced with Cu. This constituted 

one cycle. A linear dependence for Cu growth over 8 ALD cycles was shown and STM 

images showed a conformal deposit, as expected for an ALD process.  Auger electron 

spectroscopy was used to show the relative Cu coverages and the charges for copper 

deposition were determined by using coulometry during oxidative stripping of the 

deposits. Using Cl
-
 containing electrolyte resulted in the adsorption of an atomic layer of 

Cl atoms, which have been shown to protect the surfaced from oxidation and this proved 

to be helpful at various stages of the deposition process. 

Copper is a relatively reactive metal and it is susceptible to oxidation or 

contamination in ambient air. In Chapter 3 studies were carried out to investigate the 

passivation of Cu surface by depositing atomic layers of different elements. Te, Se, and I 

atomic layers were among the elements deposited on Cu(111) in an attempt to passivate 

the surface. Adsorbed layers of all three elements showed (√3x√3) R 30
0 

unit cells LEED 
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patterns although the Se LEED pattern displayed significantly diffuse intensity, 

suggesting some disorder in the layer. Upon exposure to solution vapors in 1 atm of UHP 

Ar, no significant uptake of oxygen was measured although small increases in oxygen 

were detected with the Se AL and the I AL.  Upon exposure to oxygen at atmospheric 

pressures for over 10 minutes only the Te AL provided protection of the Cu(111) from 

oxidation while significant oxygen uptake was detected on both the Se and I treated 

surfaces.   

The success of the Te AL in preventing oxygen uptake on the Cu(111) 

recommends it as a possible passivating agent.  A range of electrochemical treatments 

were investigated, as a function of the potential and pH to remove the AL Te but none 

were successful in removing the layer.  However, it has been shown that conformal 

deposits of a range of metals can be electrodeposited on an AL of Te.   

 Chapter 4 investigates the electrochemical deposition of Ge from an aqueous 

solution. Germanium was deposited on Au(111) from an aqueous solution of 0.1mM 

GeO
2
 in 2mM K

2
SO

4
. The deposits were analyzed by Auger spectroscopy. From the 

Auger spectra it can be seen that the amount of germanium deposited increased as more 

negative potentials were investigated. The deposition was self-limiting because no 

increase was observed beyond -1.40 V deposition potential. In-situ STM measurements 

showed that a (√3x√3)-Ge R30
0
 structure was formed at ~ -0.45 V with 1/3 ML coverage 

and a mixture of both (√3x√3)-Ge and distorted (3x3)-Ge R30
0
 structures at lower 

potentials. EQCM data showed that there was a significant mass increase between -0.2 V 

and -0.7 V and the presence of oxygen in the Auger spectra at these potentials was 

indicative that germanium exists in the form of a hydroxide. There was a significant 
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decrease in the oxygen Auger signal at -1.3V and this was the result of formation of a 

germanium hydride, before the onset of hydrogen evolution, at more negative potentials. 

 The metallization of back end of integrated circuits involves the deposition of 

seed layer of Cu on the barrier layer. This deposition is carried out by PVD but getting a 

conformal layer is very difficult especially if high aspect ratio vias and trenches are 

involved. EC-ALD can be a cheap alternative to PVD with the added advantage of 

conformal deposits in the vias and trenches. This might solve the issues associated with 

electrical resistance due to differences in the thickness of the seed layer formed by PVD 

at the top and bottom of the vias and trenches in damascene process. Therefore 

developing a cycle for the deposition of a seed layer of copper on barrier materials which 

are not good electrical conductors such as TiN/Ti and TaN is a good future prospect.      

  

 


