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Electrodeposition





Ag+ +e_ --→ Ag



The process used in electroplating is called electrodeposition and is analogous to 
a galvanic cell acting in reverse. The item to be coated is placed into a container 

containing a solution of one or more metal salts. The item is connected to an 
electrical circuit, forming the cathode (negative) of the circuit while an electrode 

typically of the same metal to be plated forms the anode (positive). When an 
electrical current is passed through the circuit, metal ions in the solution take up 

excess electrons at the item. The result is a layer of metal on the item. 

http://en.wikipedia.org/wiki/Galvanic_cell
http://en.wikipedia.org/wiki/Salt
http://en.wikipedia.org/wiki/Cathode
http://en.wikipedia.org/wiki/Anode
http://en.wikipedia.org/wiki/Ion






Electrodeposition Merits

- Very uniform coverage is obtainable, including the edges and   
corners.

- Greater operating flexibility.
- Superior mechanical and corrosion performance properties.
- Greatly reduced solvent emissions and fire hazards.
- Highly automated and mechanized process.
- Low maintenance and manpower costs.
- Highly efficient with up to 95% of the coating material

being utilized.
- New technology with great potential for future technological

innovations and applications.

Additional advantages of the cathodic electrodeposition

- Significant improvement (3-4 folds) in corrosion performance.
- Superior throwing power (penetration) performance.
- Improved resistance to saponification.
- Reduced conversion coating (zinc/iron phosphate) disruption.
- Inherent stability and chemical resistance 



• It can be used to grow functional material through complex 3D masks.
• It can be performed near room temperature from water-based electrolytes.
• It can be scaled down to the deposition of a few atoms or up to large dimensions.

Electrodeposition : merits

For microelectronics related applications, electrochemical
deposition has the following advantages over vacuum
techniques:
• room-temperature process, thus reducing problems with

thermal stress;
• low cost of equipment, no vacuum required
• high rate of deposition
• artificial material structuring such as multilayers;
• conformal deposition or deposition through resist masks;
• great reliability for high aspect ratio structures and excellent shape fidelity.



Alloys electroplating for anticorrosive 
coatings
electrodeposition of Zn-X alloys for the 
automotive industry, particularly Zn-Ni and 
Zn-Mn alloys. 

Electrodeposition: Applications

Magnetic thin films and multilayers
preparation of metallic coatings with 
possible application in the electronic 
industry.. Coatings preparation requires 
a previous choice of the adequate 
substrate for each application (modified 
silicon substrates, metals, carbon, 
conducting monolayers over glass, ...). 



Electrodeposition:
A Technology for the Future





nanotechnology



Electrodeposition Paint Recovery 

In the electrodeposition paint 

industry, the most important part of the process is the 

one that allows unused paint to be recycled. This allows 

electrodeposition to be cost-effective, and in the long run, 

possible. The process of electrodeposition of paint 

requires that paint solids be concentrated from a rinse 

water bath and returned to a paint tank that will have 

parts submerged into it. The more effective the removal 

of the paint solids from the water, the more effective the 

system. The water removed from the paint bath is then 

used in rinsing the parts after they have been coated.



Synthesis of Nanostructured Materials Using 
Template-Assisted Electrodeposition

Electrodeposition of metallic multilayers: (ca. 10 - 100 Å) layers of 

magnetic (e.g. Co, Ni and Fe-Ni) and non-magnetic (e.g. Ag, Pt 
and Cu) metallic multilayers. This approach has the advantage over 
MBE and sputtering that the capital coast of the equipment is much 
lower, and that it can be used to prepare multilayers in geometries 
inaccessible to other fabrication methods.

High quality silver contacts on ceramic superconductors obtained by
electrodeposition from non-aqueous solvents



Electrodeposition of shape-memory alloys: Certain alloys
of titanium, gold, and copper exhibit shape-memory 
behavior, and this property can be exploited to 
manufacture microvalves, actuators and other devices. A 
number of shape-memory materials (e.g. Cu-Zn, Au-Cd 
and Mn-Cu) can be prepared electrodeposition, 

Electrodeposition of gold on to semiconductor wafers:
the electrodeposition of gold on to patterned lithium 
niobate wafers for use in integrated optical devices..



Basics of Electrodeposition

• The simplest form is : 

– a bath consisting of an electrolyte containing metal-ion 

(ex: CuSO4 solution for the deposition of Copper), 

– an electrode or substrate on which the deposition is 

desired, 

– a counter electrode.

• When a current flows through the 

electrolyte, 

– cations move toward the cathode, 

– anions move towards the anode 

– they may deposit on the electrodes 

after undergoing a charge transfer 

reaction.



Faraday’s law
• The total amount of chemical change produced by an electric current is proportional to 

the total charge passing through the electrolyte 

•

•

• The ratio of the mass electrodeposited to its gram-equivalent weight is constant equal to 

1 faraday or 96500 (C) or 26.8 (Ah)





Metal electrolyte Interface

• Deep in the bulk of the two phases (solid and liquid), the charge carriers are under the influence of 

isotropic forces: 

– The net force on a carrier is thus zero, when averaged over a large volume 

• When a metal electrode is immersed: 

– the anisotropic nature of the forces at the interfacial region results in a new arrangement of 

solvent dipoles and ions of the electrolyte 

•

• A compact double layer known as the Helmholtz double layer adjacent to the electrode is formed 

with: 

– Completely oriented water dipoles and contact adsorbed ions. 

– The electrode-electrolyte interface has the decisive role in the electrodeposition process 

•

S. Soukane (1999)











Steps Involved in  the Electrodeposition process

• Example of a cathodic electrodeposition involving MZ+

ions: 

• The ions can be: 

– In a hydrated form, depositing with the overall cell 

reaction: 

–

OnHMzeOnHM
Z

22. +→++

– Complexed form electrodepositing with the overall cell 

reaction: −−+ +→+ xAMzeAM
xZ

x

Z

• This occur in the following successive steps: 

– ionic transport 

– discharge 

– incorporation of adatoms onto the substrate followed by 

nucleation and growth



Process that occur in the electrolyte bulk

• Ions that are sufficiently removed from the electrode can 

move toward it under the influence of: 

•

– the potential gradient 

–

–

– a concentration gradient 

–

–

– a convective current 

–

–



i
C

UC


S. Soukane (1999)



Processes that occur near the electrode but within 

the electrolyte

Processes that occur on the electrode surface

• Ions species are normally surrounded by a 

hydration sheath 

• They move together as one entity 

• They accept electrons from the cathode or 

donate electrons to the anode This ion 

discharge reaction occurs in the electrolyte 

between 10 and 1000 A from the electrode

• The atoms deposited have a tendency to form either an 

ordered conglomerate of crystalline phase or a disordered 

amorphous phase.

S. Soukane (1999)



Mechanism of ion discharge at the electrode: The 

Butler-Volmer equation

• The total free energy change required for the electronation is the sum 

of two free energies: 

– the free energy change required for the cathodic reaction when the 

interfacial potential drop is zero 

– the free energy change due to the electrical work done by the ion in 

crossing the potential across the double layer 

–

• The interface is made to depart from equilibrium by application of an 

electric field. 

• The potential drop to a new value =e+a

• The net current density is therefore 

•
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S. Soukane (1999)



Compound Semiconductor 

Electrodeposition

• Special considerations: 

– Semiconductor films are relatively resistive (in 

comparison to  metals). Interfacial potential and charge 

distribution may drastically change once the first few 

layers have been formed. 

– Resistivity of a semiconductor is highly sensitive to 

defects, and it may continue to vary during deposition. 

In an extreme situation a non-degenerate semiconductor 

may even become a degenerate semiconductor

• Apart from a few elemental semiconductors, most of the 

semiconductors of interest are compound semiconductors

S. Soukane (1999)



• Most of the compound semiconductors have at least one 

metallic (Ga, In, Cd, Cu, Zn,…) and one non-metallic (S, 

Se, P, As,…) component as in GaAs, GaP, InP,… The 

reduction potential of the nonmetals are widely different 

from those of metal ions

Thermodynamic factors influencing the electrodeposition 

of semiconductors



Thermodynamic factors influencing the 

electrodeposition of semiconductors

• Simple electrodeposition of a compound ArBs 

•

•

• According to Nernst equation, the electrode potentials for 

A and B can be written 

•

•

•

•

• For deposition of either A or B the respective deposition 

potential should be kept more negative than EA or EB

•
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S. Soukane (1999)



• If  EA is not markedly different from EB: 

– EA can be made equal to EB by simply adjusting 

the ionic activities of the constituents.

• EA is widely different from EB; 

– Even in this case deposition is possible by the 

use of a complexing agent

S. Soukane (1999)



• Role of complexant: 

– A complexant that forms a complex ion with 

one of the discharging ions is known to change 

the deposition potential.

• Suppose a complex ion Xp- present in the bath 

complexes with an ionic species Ml+ as: q is the 

coordination number (number of coordinate bonds 

to the complexing ion) The Nernst equation for the 

complex ion can be written as: 
•

•

•
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• Copper plating example: 

• The standard equilibrium potential of Copper(II) is 

0.34V. If the electrolyte contains 1 M Cu2+ and the 

activity coefficient of these ions is 0.5, then 

Ecu(II)=0.257V In the presence of sodium or 

potassium cyanide, a complex ion is formed that 

reduces the activity of the ions to 10-18. 

Simultaneously Cu2+ is reduced to Cu+ for which 

the standard potential is 0.55V. 

• The copper deposition potential is now 
( ) −2

3CNCu

V5.010log59.055.0 18

Cu
−=+= −

+E

)





An+ + ne-→ A
and
Bm+ + me- → B
where the constants n and m are the 
number of electrons
transferred.

Alloy deposition













Electrodeposition of Silicon

• The electrodeposition of Silicon in aqueous 

electrolytes is not possible for one major reason; 

– The standard potential of Silicon at the cathode 

is more negative than that of hydrogen. One 

always obtains hydrogen evolution at the cost 

of silicon deposition.

• Nonaqueous baths have been used for silicon 

electrodeposition: 

– leads to amorphous silicon and the main 

application is for solar cells

S. Soukane (1999)



FUSED-SALT ELECTRODEPOSITION OF THIN-LAYER SILICON



The (a-top) electrolytic deposition of ceramic particles and (b-bottom) 
intercalation of cationic polyelectrolytes into electrolytic deposits.

Electrolytic deposition produces ceramic 

materials and provides their deposition. 

In the cathodic electrodeposition method,4

the following reactions are used to 

generate base at an electrode surface: 

2H2O + 2e– <==> H2 + 2OH–
(1)

NO3
– + H2O + 2e – <==> NO2

–

+2OH–
(2)

O2 + 2H2O + 4e– <==> 4OH–

http://www.tms.org/pubs/journals/JOM/0001/Zhitomirsky/Zhitomirsky-0001.html#Ref4#Ref4




Electroplating Modeling

• Express the flux of species to the electrode: 

– Does the potential has an effect on the concentration 

distribution? 

•

• Nernst-Planck equation for dilute solutions 

•

•

•

• Stephan-Maxwell approach need to be used for 

concentrated solutions.

CvCDFCuzN iiiiii +−−=

S. Soukane (1999)



• The material balance for each minor component (no 

homogeneous reactions):

•

•

• Multiplying ziF and summing over all species leads to the 

charge balance: 

•

•

• Electroneutrality is assumed in all solutions, except in the 

double layer that is usually taken as part of the boundaries 

and is expressed by: 

•

•

• This leads to: 

•

ii
i RN

t

C
+−=




.

−=




i
ii

i
ii NzFCzF

t
.

0=
i

iiCz

0. =
i

ii NzF



• Introducing the flux density gives: 

•

•

• Introducing conductivity, which is defined as 

•

•

• we arrive at 

•

•

• The current i is given by 
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S. Soukane (1999)



• the flow of current is entirely due to electrochemical 

reactions of the metal ions. Therefore, the normal 

derivatives of the potential and the metal ion concentration 

at the electrode surface are related by

•

•

• The potential of the electrolyte is related to the total 

overpotential

•

•

• Which can be split into a concentration overpotential and a 

surface overpotential related to the current density i, by the 

Butler-Volmer equation for electrode kinetics

totE −=

nCnFDn MM .. =

S. Soukane (1999)



•

• The activation overpotential 

•

•

• The concentration overpotential 

•

•

•

• For the metal-ion species, since the flow of current is 

entirely due to the electrochemical reactions we can write

ninCnFD MM .. =
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Leveling
• Additives are used to provide: 

– Smoother surfaces 

– Completely filled trenches

Same processing time (675s)

Subconformal plating Superfilling
S. Soukane (1999)





Dealing with additives

• How are the additives being consumed. 

•

• Mass transfer limited regime 

– Use of inhibition models. 

•

•

•

• kinetic regime 

– Chemical mechanism using an adsorption model for the 

species involved 

•

•
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a: Andricacos et al



Superconformal

(superfilling)

Conformal Seam

Defect Free

VoidSubconformal

Taken from, P. C. Andricacos et al., IBM J. of Res. and Dev.42(5),567 (1998).

Leveling Agents In Cu ECD

• Simple Cu plating 

often results in 

deposits with voids or 

seams. Deposits with 

such defects, lead to 

early failure of ICs.

• Void-free profile, can 

be obtained using 

leveling agent.



•We focus on additives that are polymer

molecules, which can occupy vacant surface sites,

introducing competition for surface sites. ‡

•Diffusion generated concentration gradients of

additive, and depletion of additives in the interior of

features (by consumption) can yield higher Cu

deposition rates at feature bottoms than at their

tops, resulting in superfilling.†

Leveling Action
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