
5 – Morphology and 

microstructure of electrodeposits
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Effects of electroplating conditions
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Zeta-potential: 𝜁

Determining factor 
in electrophoresis

1) Electrode in an electrolyte: development of an electrical double layer
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𝑧2+

1) Electrode in an electrolyte: development of an electrical double layer

2) Equilibrium characterized by the Nernst equation
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𝑖0 = 𝑧𝐹𝛽𝑅𝑒𝑑 𝑅𝑒𝑑 ∙ 𝑒𝑥𝑝
−∆𝐺𝜒, 𝑅𝑒𝑑

∗

𝑅𝑇 ∙ 𝑒𝑥𝑝
−𝛼𝑧𝐹Δ𝜙𝑒𝑞

𝑅𝑇 = 𝑧𝐹𝛽𝑂𝑥 𝑂𝑥 ∙ 𝑒𝑥𝑝
−∆𝐺𝜒, 𝑂𝑥

∗

𝑅𝑇 ∙ 𝑒𝑥𝑝
(1−𝛼)𝑧𝐹Δ𝜙𝑒𝑞

𝑅𝑇

1) Electrode in an electrolyte: development of an electrical double layer

2) Equilibrium characterized by the Nernst equation

3) At equilibrium, there exists an exchange current
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1) Electrode in an electrolyte: development of an electrical double layer

2) Equilibrium characterized by the Nernst equation

3) At equilibrium, there exists an exchange current

4) If the electrode potential is forced to a value E < Eeq then electrons will be
transfered from the cathode to metal cations → electrodeposition
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1) Electrode in an electrolyte: development of an electrical double layer

2) Equilibrium characterized by the Nernst equation

3) At equilibrium, there exists an exchange current

4) If the electrode potential is forced to a value E < Eeq then electrons will be
transfered from the electrode to metal cations → electrodeposition

5) Electrodeposition may involve five steps:

• Mass transfer to the interphase

• Chemical reactions

• Adsorption on planar surfaces

• Adion diffusion and dehydration

• Charge transfer/electrocrystallization
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1) Electrode in an electrolyte: development of an electrical double layer

2) Equilibrium characterized by the Nernst equation

3) At equilibrium, there exists an exchange current

4) If the electrode potential is forced to a value E < Eeq then electrons will be
transfered from the electrode to metal cations → electrodeposition

5) Electrodeposition may involve five steps

6) 3D or 2D Nuclei can be formed instantaneously or progressively:

3D/2D related to the interplay between η and Δσ

Density of nuclei N(t) related to η and the density of surface defects
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1) Electrode in an electrolyte: development of an electrical double layer

2) Equilibrium characterized by the Nernst equation

3) At equilibrium, there exists an exchange current

4) If the electrode potential is forced to a value E < Eeq then electrons will be
transfered from the electrode to metal cations → electrodeposition

5) Electrodeposition may involve five steps

6) 3D or 2D Nuclei can be formed instantaneously or progressively

7) Deposit characteristics result from nucleation and growth regime

low η: low nuclei density, coarse grain compact coating

medium η: high nuclei density, fine grain structure

high η: oriented growth (dendrites) or powdery deposit



II) Effect of electroplating parameters
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Effect of the overpotential

Final morphology and microstructure is determined by:
- Nucleation rate and nucleation mechanism
- Growth rate and growth orientation



II) Effect of electroplating parameters

13

Effect of the overpotential
|i|

η
η = 0

H+/H2

Linear scan voltammetry of an electrodeposition system

Mz++ze-
→M0

Mz++S+ze-
→MS
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Effect of the overpotential
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Influencing parameters

Mz+ concentration

Temperature

Polarization

Current density

Agitation

Supporting electrolyte

Additives  _ _ _ _ _ _ _ _ _ _  Inhibits or accelerates electrocrystallization

Dopants _ _ _ _ _ _ _ _ _ _ _  Modify the electrodeposit properties

pH _ _ _ _ _ _ _ _ _ _ _ _ _ _  Ion type and solvation, ionic conductivity, surface tension  

Substrate _ _ _ _ _ _ _ _ _ _  Induction process, adhesion, epitaxy

Affects electrocrystallization kinetics
Affects j/jlim

Others: sound waves, electromagnetic waves, magnetic field

II) Effect of electroplating parameters
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Influencing parameters

II) Effect of electroplating parameters

Simultaneous effects of inhibition and current density



17

Influencing parameters

II) Effect of electroplating parameters

Simplified diagram
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Additives: Brighteners

II) Effect of electroplating parameters

✓ Brighteners: weak inhibitors → increases micro-throwing power

2-Methylsulfanylethyl sulfite: C3H7O3S2-

Organosulfur molecules

(e.g. thioethers, phenolsulfonic acid)

Adsorb and inhibit low
overpotential regions

Micro-leveling: reduces surface roughness
Grain refining: hardness but tensile stress
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Additives: Levelers

II) Effect of electroplating parameters

✓ Levelers: strong inhibitors → increases macro-throwing power

Adsorb on low overpotential regions, the lower the potential the stronger the inhibition

Quaternary amines, amino compounds, macro molecules (e.g. polyvinylpyrrolidone)

Th
ro

w
in

g
p

o
w

er
 ↗



20

Additives: Wetting agents

II) Effect of electroplating parameters

✓ Wetting agents: decreases the surface tension

Ensure a good wetting of the substrate

Prevent trapping of gas bubbles (e.g., H2 evolving at the cathode)

Reduces the compressive stress in ultra-thin coatings

Typically, anionic and non-ionic surfactants (e.g., SDS, polyethylene glycol) 
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Additives: Accelerators & Suppressors

II) Effect of electroplating parameters

✓ Accelerators: 

Decreases the electrochemical activation energy via intermediate states

Catalysts

✓ Suppressors: 

Increases the electrochemical activation energy by stabilizing cations

Complexing agents (e.g., EDTA, citrates)
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Additives: Stress suppressors

II) Effect of electroplating parameters

✓ Stress suppressors: 

Chemisorption and incorporation in the metal lattice — induce compressive stress

Compensate for tensile stress

Typically, saccharine, acetates, salicylates…

But also inorganic additives
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Origin of internal stress

II) Effect of electroplating parameters



24

Origin of internal stress

II) Effect of electroplating parameters

Primary contributions to internal stress:
Heterogeneous nucleation – substrate-deposit interactions

▪ Difference of lattice parameters:

▪ Capillary forces:

as > ad

Compressive
as < ad

Tensile

Compressive Less compressive

Prevailing for ultrathin deposits
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Origin of internal stress

II) Effect of electroplating parameters

Secondary contributions to internal stress:
Growth – internal structure of the deposit

▪ Interstitial incorporation/elimination:

▪ Grain overlapping (tensile) ∝ N(t) (Nuclei density)

▪ Thermal expansion/contraction

▪ Other point and plane defects

Prevailing for thick deposits

Incorporation:
Compressive

Elimination:
Tensile
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Pulse and reverse pulse plating

II) Effect of electroplating parameters

Application of a periodic electrical signal between two electrodes

Typically: a succession of rectangular pulses in the millisecond-second ranges

Alternatively: any other type of wave shapes (e.g., square, triangular, sine, steps) 
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Some important characteristics
Frequency: 𝑓 = σ𝑖 𝑡𝑖

−1

Duty cycle: 𝛾 = 𝑓 ∙ 𝑡𝑐
Average I:   𝐼𝐴 = σ𝑖 ׬ 𝐼𝑖(𝑡) 𝑑𝑡 ∙ 𝛾

Average η: 𝜂𝐴 = σ𝑖 ׬ 𝜂𝑖(𝑡) 𝑑𝑡 ∙ 𝛾
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Pulse and reverse pulse plating

II) Effect of electroplating parameters

What happens during a cathodic pulse?

ic

t

icp

i0

ηc

t0 tDL

η0

EDL charging
tDL≈ 1 ms

tno

Nucleation
Induction time

τc

Nuclei overlapping

Charge transfer → mass transfer

tc

Nuclei reached their max size
Cel

min and δmax
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Pulse and reverse pulse plating

What happens during the off-time?

ic

t

icp

i0

ηc

t0 tdlc

η0

EDL charge
tDL≈ 1 ms

tno

Nucleation
Induction time

Nuclei overlapping

Charge transfer → mass transfer

tc

Nuclei reached their max size
Cel

min and δmax

tdld

EDL discharge Interphase relaxation:
Surface (subcrit. nuclei, adions)

Diffusion layer, Cel ↗

II) Effect of electroplating parameters

Slowly returns to equilibrium

tmax
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Pulse and reverse pulse plating

Effect of pulse parameters

Off-time:
- long: δ ⟶ 0 and 𝐸 ⟶ 𝐸𝑒𝑞 very slow growth rate

- short: Interphase is only partially relaxed

Cathodic peak current density or overpotential: 
- high: instantaneous nucleation: 𝑁𝑐 = 𝑁0 for 𝑡 = 𝜏

short transition between charge, mix, and mass control
- low: progressive nucleation: 𝑁𝑐(𝑡) = 𝑁0𝑘𝑛𝑡

deposition is controlled by charge transfer

Cathodic pulse time:

- long: 𝑁𝑐 ⟶𝑁0 and/or δ ⟶ 𝜋𝐷𝑡
- short: 𝐶𝑒𝑙 ≲ 𝐶𝑠𝑜𝑙 and/or 𝑁𝑐 < 𝑁0
- 𝑡𝑐 < 𝜏: no critical nuclei is formed → no deposition

II) Effect of electroplating parameters
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Pulse and reverse pulse plating

II) Effect of electroplating parameters

Two consecutive cathodic pulses:

ic

t

icn

i0

t0 tn tn+tg

icg

High i/η
instantaneous

nucleation

Lower i/η
Compact growth
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Pulse and reverse pulse plating

II) Effect of electroplating parameters

Reverse pulse plating:

ic

t

icn

ia

t0

icg

i0

tc ta

Electrocrystallization

Electrodissolution → overgrowth (edges and apex)

Relaxation
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Pulse and reverse pulse plating

II) Effect of electroplating parameters

Advantages of pulse plating:

More parameters to control the morphology and microstructure

Possible to tune the micro- and macrothrowing powers: leveling without levelers

A way to simultaneously control grain size and internal stress

Drawbacks of pulse plating:

More parameters = more complexity

Slow electrodeposition

Lower efficiencies


