3.2 — Kinetics of electroplating



1)
2)
3)
4)
5)

3.1. Electrodeposition mechanism

Overview

Electrodeposition is governed by 5 fundamental processes

Charge transfer kinetics: Butler-Volmer

Mass transfer: migration, diffusion, convection
Coupled chemical reactions

Adsorption and diffusion of adions

Crystallisation: nucleation and growth
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3.2. Electrodeposition kinetics

1) One-step reaction — 15t order kinetics

Write the rate of reduction and the rate of oxidation



3.2. Electrodeposition kinetics

1) One-step reaction — 15t order kinetics

kRed
Ox + ze~ 2 Red
kOx
d[Ox] d[Red]
VRed — — dt = KRea [Ox] Vox = — dt = kred[Red]

Q = nzF = j i(t).dt

where F is the Faraday constant F = e. N, = 96485 C.mol™?!

From the Faraday law, determine the reduction and oxidation currents



3.2. Electrodeposition kinetics

1) One-step reaction — 15t order kinetics

kRed
Ox + ze~ 2 Red
kOx
d[Ox] d[Red]
VRed — — dt = KRea [Ox] Vox = — dt = kred[Red]

dn
Q=nzF=ji(t).dt (=)i=ZFE

where F is the Faraday constant F = e. N, = 96485 C.mol™?!

irea = ZFkpealOx] lox = zFkox|Red]



3.2. Electrodeposition kinetics

1) One-step reaction — 15t order kinetics

irea = ZFkpeqlOx]

kRed

Ox + ze~ 2 Red

kOx

iox = ZFkOx[Red]

kreq and k,, are kinetic constants that satisfy the Arrhenius law

Standard free energy

Standard free energy

Reaction coordinate

(1 — 0)F(E - E%)

Reaction coordinate



3.2. Electrodeposition kinetics
1) One-step reaction — 15t order kinetics

kRed

Ox + ze~ 2 Red

kOx

ired = ZFkpealOx] lox = zFkox[Red]

kreq and k,, are kinetic constants that satisfy the Arrhenius law

_AGl*?ed _AGBJC
kRed = .BRed -exp RT kOx — ﬁOx *exp RT
AG;ed= AG;,Red + azFAg AGSx= AG)’E, ox — (1 —a)zFA¢p
Chemical Electrochemical
Potential independent Potential dependent
_AG)*(, Red —azFA¢p _AG)*(, Ox (1—a)zFAg

irea = ZF[0x]Breq €exp RT exp RT iox = zF[Red]foyexp RT exp RT



3.2. Electrodeposition kinetics

1) One-step reaction — 15t order kinetics

kRed
Ox + ze~ 2 Red
kOx
m —azFA$ _AG)*(, Ox (1—a)zFA¢
lRed = ZF[Ox],BRed exp RT exp RT lox = ZF[Red],BOx exp RT exp RT

Net current: i =g, - Izeq o8

Total current

-200 -300 -400
J | ]

''''''' n, mvV

l | Lmecmm=p=""
400 300 200

y.

At equilibrium potential (Aqb = Aqbeq), lred = lox =1, the exchange current density



3.2. Electrodeposition kinetics

1) One-step reaction — 15t order kinetics

kRed
Ox + ze~ 2 Red
kOx
m —azFAQeq _AG)*(, Ox (1-@)zFAgeq
ig = zF|0x]Breqg €xp RT exp  RT = zF[Red]|By, exp  RT exp RT

Net current: i =g, - Izeq 08

Total current

-200 -300 -400
| | |
——————— n, mv
o

Aa -

I | Lmecmm=p=""
400 300 200

...i[

At equilibrium potential (Aqb = Aqbeq), [rea = lox =1, the exchange current density |



3.2. Electrodeposition kinetics

1) One-step reaction — 15t order kinetics

Ox + ze~ 2 Red

_AG)*(, Red
RT

—azZFAg

irea = ZF[0x]Brea exp exp RT

Net current: i =g, - igaq

-’
-
_-_r__-¢—

kRed
kOx
_AG)*(, Ox (1—a)zFAg
iox = zF[Red]Bp, exp~ RT exp  RT

Total current

400 300 200 100

Out of equilibrium potential (Agb = Ay + r]), express i as a function of i
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i = {ZF [Red]

3.2. Electrodeposition kinetics

1) One-step reaction — 15t order kinetics

kRed
Ox + ze~ 2 Red
kOx
MGy rea  —azFAG ~AGyox  (1-a)zFA$
[Ox]Brea exp RT exp RT iox = zF[Red]Bp, exp RT exp  RT
Out of equilibrium: A¢p = A, + 1
[ = lox — lRed
_AG)*{, Ox (1-a)zFA¢eq (1—-a)zFn _AG)*(,Red —azFAdeq —azFn
Pox-exp RT exp  RT exp RT  —(zF[Ox|freq-exp RT exp RT  JApeqexp RT
| G-@zFn -z i
! [ =1 (exp RT —exp RT ) :
i Butler-Volmer equation i 12

S ¥



3.2. Electrodeposition kinetics

1) One-step reaction — 15t order kinetics

-

Effect of the transfer coefficient a

Y

~

Effect of the exchange current i
jr pAlem? / J, phem?
8- a=o75——I/ =05 8-
/ . jo=10°A.cm?
6__ = I
/ o= 10% Acm? — /
41— / ',af'—a=025 0 ) 4 _ /
') jp=10°Acm? -/
2+ // ————— 2 o
2L """ 400 300 200 100 e
! | | | il | | 1 1 | | | | | e
200 150 100 50 -0 -100  -150  -200 o 100 -200 300  -400
=" /7 2 n, mv < - 1, my
-~ ’ p’
// s 'f
//’ l/ -4 J" =4
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| s |
| Butler-Volmer equation i 13
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3.2. Electrodeposition kinetics

1) One-step reaction — 15t order kinetics

—azFn
RT

Low overpotential approximation: K1 (linearize the exponentials)

(1—a)zFn —azFn
I =Iig\exp RT —exp RT

Butler-Volmer equation

___________________________________________________________
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3.2. Electrodeposition kinetics

1) One-step reaction — 15t order kinetics

Low overpotential approximation: (linearize the exponential)
—azFn (1—a)zFn

—% & 1> exp RT zl—_iipnand%«l%exp RT =~ 1+

RT

. Linear approximation: i = i -

i (1—a)zFn —azFn i
! [ =1y (exp RT  —exp RT !

Butler-Volmer equation

___________________________________________________________

(1-a)zFn

RT
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High cathodic overpotential approximation:

3.2. Electrodeposition kinetics

1) One-step reaction — 15t order kinetics

Low overpotential approximation: (linearize the exponential)
(1—a)zFn

—azFn

K1>exp RT ~1-— —%ZFn nd (1-a)zFn

K 1—-2>exp FT

zFn i

(1—a)zFn —azFn
I =Iig\exp RT —exp RT

Butler-Volmer equation

___________________________________________________________

~1+

(1-a)zFn

RT

(express the Tafel equationn = a + b - log|i|)
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3.2. Electrodeposition kinetics

1) One-step reaction — 15t order kinetics

Low overpotential approximation: (linearize the exponential)

—azF —azFn —azF 1— F (1—a)zFn 1— F
&1 exp BT zl—ﬂandw«l%exp RT o~ 14 2207
RT RT RT RT

i . . . . . zFn i
 Linear approximation: i = i v
High cathodic overpotential approximation: (express the Tafel equationn = a + b - log]i])
—azFn (1—a)zFn —azFn
exp RT >> exp RT [ ~iCc =1Iy-exp RT
: RT ; . : RT | . RT . .
= E(ln ip —Ini.) Tafel equation: 7 = —1Iniy — —Ini. ;
(1—a)zFn —azFn
[ =1y (exp RT  —exp RT )

Butler-Volmer equation

___________________________________________________________

17



3.2. Electrodeposition kinetics

2) Mass transfer limitation

[Red]®  (-a)zFn [0x]¢"  -—azFy
exp RT — [0x]0 exp RT

___________________________________________________________

. [ox]et  zezfn
l exp RT
0 [oxp0 ¢*P

In electroplating : i = i, =

If [0x]%'~ 0, the current density j_is strictly related to the molar flow ¢,: j. = zF ¢,

Cations are transfered to the electrode by convection, migration, and diffusion
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3.2. Electrodeposition kinetics

2) Mass transfer limitation

Cations are transfered to the electrode by migration, diffusion, and convection

Migration: All ions j will contribute to the ionic conductivity: k = F2j|zj|/,¢jCj
where y; is the ion mobility
. . . C
Migration current of cation c: i, = JzelieCe oy large k
Xjlzjluic;

19



3.2. Electrodeposition kinetics

2) Mass transfer limitation

Cations are transfered to the electrode by migration, diffusion, and convection

Migration: All ions j will contribute to the ionic conductivity: k = F2j|zj|/,¢jCj
where y; is the ion mobility

L . . C
Migration current of cation c: i, = JzelieCe o g0 large k
%jlzjlujc;
e . ac
Diffusion: Fick’s laws for molar flows: ¢, =—-D.VC, and 6_tc = D.V3C,

For linear diffusion: j = ZFDZ—)CC
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V) Electrodeposition mechanism and kinetics

2) Mass transfer limitation

The current density j_ is related to the molar flow ¢.: j. = zF ¢,

Cations are transfered to the electrode by migration, diffusion, and convection

Migration:

Diffusion:

Convection:

All ions j will contribute to the ionic conductivity: k = F2j|zj|ujCj
where (i is the ion mobility

S : : C
Migration current of cationc: i, = JzelpcCe | 0 for large k
%jlzjlujc;
. ac
Fick’s laws for molar flows: ¢, =-D.VC. and 6_tc = D_.V?C,
: cep. - . ac
For linear diffusion: j = ZFDE
Forced agitation of the electrolyte Oc = Pdiffusive T Padvective

0. =—D.VC, + vV(C
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V) Electrodeposition mechanism and kinetics

2) Mass transfer limitation

Nernst diffusion layer for a planar electrode

---  Extrapolation of initi
oncentration

Actual concentration
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V) Electrodeposition mechanism and kinetics

2) Mass transfer limitation

Nernst diffusion layer for a planar electrode

t increases

SER

. . el P 4 . EPRs
------------ Extrapolation of initi ) / ‘ ———————— apolk miti
concentration concentration

Actual concentration Actual concentration

O D > O “—> >
S Distance from electrode S Distance from electrode
csol — cel High overpotentials > C¢ — 0
= zFD : -
J S Solution to Fick’s second law: 6 = VmDt



V) Electrodeposition mechanism and kinetics

3) Chemical-electrochemical reactions

C-EC coupling: reduction of a metalorganic complex [ML,]**

1) [ML]™ - M#* + xL™ complexation constant independent of potential

2) M#* + ze- > MO the slower process defines the reaction kinetics

EC-C coupling: polymerization of aniline

NH; — @— NH + 2H* + 2e° Oxidation of aniline monomer

n Q NH — +®7 NHJ( Polymerization
n
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