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In this study, an attempt was made to quantify the contribution of the surface diffusion process to mass transfer
during electrochemical deposition of metals. The maximum density of nucleation centers is calculated, at which
only diffuse overgrowth of a continuous layer of a new phase is possible. The time of diffusion overgrowth of a
continuous monomolecular layer of a new phase is calculated. The results of independent experiments on the
determination of boundery diffusion coefficients in a two-layer platinum-nickel thin-film system are analyzed. The
value of the boundery diffusion coefficient of nickel at a temperature of 393 K was found. The part of mass transfer
due to surface diffusion of physically adsorbed atoms in relation to the total mass transfer during electrochemical
deposition of metals has been quantified. It is proved that the role of the surface diffusion process in the formation
of the coating during electrochemical deposition of metals is insignificant. It is shown that this is an indirect proof
of the formation of an amorphous coating structure during electrochemical deposition of metal.
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Introduction

In numerous works on the theory of electrochemical
deposition of metals, the whole process is divided into
stages: 1) the transfer of metal ions through the electric
double layer; 2) the formation of neutral atoms of the
metal that deposition on the surface of the base metal;
3) surface diffusion of deposited atoms on the surface of
the base metal to the most energetically advantageous
places (nucleation centers) and the growth of supercritical
nuclei of the new phase. (Even when the deposition metal
is the same as the base metal, the new phase will be called
the formation on its surface of supercritical nucleus, which
grow, overlap and turn into a continuous monomolecular
layer).

Surface diffusion is a separate stage in the chain of
successive stages of mass transfer. It would seem that,
being the slowest, surface diffusion will limit the whole
process of electrochemical deposition, and, as a

335

consequence, will determine all the growth kinetics of the
new phase. However, this is not the case, at least for the
reason that the formation of neutral atoms on the surface
of the base metal goes hand in hand with the process of
surface diffusion of atoms that have been physadsorbed
before. In addition, if the layer of the new phase
overgrown as a result of only surface diffusion, then this
layer would be closer to the crystal structure because it is
the most energetically beneficial for the atom that diffuses
on the surface. At the same time, it was experimentally
proved [1, 2] that during electrochemical deposition the
layer of the new phase has an amorphous structure, which
can later turn into crystalline under the action of thermal
fluctuations.

Therefore, it can be argued that the process of surface
diffusion is not limiting. However, it is necessary to know:
how significant is the share of mass transfer, which is
carried out by surface diffusion.

To date, there is no quantitative estimate of surface
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diffusion Kinetics at lower 0.3 Ty, temperatures. There is
no method of appropriate calculation. The problem is
complicated by the lack of data on surface diffusion
coefficients at the temperature of electrochemical
deposition of metals. Therefore, in the current study, an
attempt was made:

1) to develop an algorithm for calculating mass
transfer in the process of surface diffusion;

2) predict the value of the surface diffusion coefficient
at the temperature of electrochemical deposition of metals;

3) evaluate the contribution of surface diffusion in the
process of mass transfer during electrochemical
deposition of metals.

I. Diffusion overgrowth of layer of the
new phase

The appearance of nuclei of a new phase and their
growth occurs [3] in the transverse direction along the
interfacial boundary in the absence of normal growth. At
large concentration gradients [4], normal nucleus growth
outside the critical thickness is prohibited. Thus, the nuclei
of a new phase grow only along the deposition surface and
do not grow in a direction perpendicular to the latter

The dependence of the part X of the surface occupied
by the nuclei of a new phase on time tshoulde described
by the Kolmogorov-Avrami equation [5]:

X =1-exp[-kNt'], €))

Here k - coefficient determined by the growth rate of
the nuclei of a new phase; N - concentration of nucleation
centers; n - Avrami index, which is determined by the
dimension of the system and the nature of the distribution
of nucleation centers.

We assume that the nucleation centers are dristributed
randomly, the nuclei have the shape of a disks, the growth
rate of each nucleus is constant, and the interphase
boundary is two-dimensional.

In this case, as shown in [6], the Kolmogorov-Avrami
equation takes the form:

C(t) = exp(—NnG?t?), )
that is the Avrami index n = 2.

Let the degree of overgrowth of the new phase exceed
99 % of the total surface area. Then equation (2) will be
written: exp(—NmG2t2) = 0.01.

Or, after logarithmization:

NmG?t? = 4.605 , (3)
here t; - the time of the whole overgrowth of layer of the
new phase as a result of surface diffusion..

First, determine the order of magnitude of the
concentration of nucleation centers. In order to be able to
speak about of surface diffusion as a result of accidental
wandering of atoms on the interphase surface, it is
necessary that the minimum diffusion path be at least
about interatomic distances of the crystal lattice of the
metal [7].
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It follows that the average distance between the

centers of neighboring nucleus should be at least:

1 > 404, (4)

Here § - the interatomic distance (crystal lattice
parameter).

If the concentration of nucleation centers is equal

N, then on average one center has a surface area % This

means that the average distance between the centers is

equal to:

A

1

=7 ()

Then from (4) and (5) we have:

1
L==—-
~ 22 1600582

If we take & =5-1071%n, the maximum density
N,.qx Of nucleation centers, at which exclusively diffuse
overgrowth of a continuous layer of a new phase is
possible, will be equal to:

Npax = 2.5 -10%5m2, (6)

Then, on the one hand, the diffusion path (value [7] of

about \/DtZ), according to the above considerations, is
equal to half the average distance between the centers of

the nuclei - %

On the other hand, if the growth rate G of nuclei is
constant, then during the time t; (the time of the whole
overgrowth of layer of the new phase as a result of surface
diffusion) the interphase boundary will pass on average
Gt;, which is also equal to half the average distance

. A .
between nuclei centers s Then you can write:

Gty = |/Dts, Q]

Substitute (7) in (3) and take into account (6). Then
we have: N, mDt; = 4.605.

Hence, for the time of diffusion overgrowth of the
whole layer of the new phase, we finally have:

4.605

TNmaxD '

®)

here D - the surface diffusion coefficient.

According to (8), the time of diffusion overgrowth of
the whole layer of the new phase is greater, the lower the
density of the nucleation centers and the lower the surface
diffusion coefficient.

I1. Estimation of the value of the surface
diffusion coefficient

In volume diffusion [8], atoms move only through
defects (exchange of places, vacancies, internodes) by the
mechanism of random wanderings. Boundary diffusion is
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similar to "... street traffic on the street, which is limited
by fixed walls..." [8]. Surface diffusion is limited only by
the surface on which it is carried out. As shown in [8], the
coefficients of volume diffusion
Dy, grain boundary diffusion Dy and surface diffusion Dg
must satisfy the inequalities: D, < Dg < Dp.

Fisher [9] made a number of assumptions that
simplify the problem, and obtained an equation to describe
surface diffusion:

Here C° - the average value of concentration at the
moment t = 0; C - the concentration of atoms that have
diffused over time t; § - the thickness of the surface
diffusion layer.

In the assumption that 6§=5-10"1"m (a
monomolecular layer is formed on the surface), an
estimate was performed which showed that the boundary
diffusion coefficient can exceed the volume diffusion
coefficient by 10° times.

Diffusion coefficients in a two-layer thin-film system
Pt — Ni were determined by Auger spectroscopy [10], by
directly measuring the amount of substance accumulated
on the free surface of the film during diffusion annealing.
According to the model adopted in [10], the diffusion of
nickel from one layer to another proceeds along the grain
boundaries, followed by a more accelerated transfier of
diffusing atoms on the free surface.

In this case, the solution for the surface concentration
of the component has the form:

Here Cs,- the average surface concentration of the
diffusing component; D - the average boundary diffusion
coefficient of the component; t - annealing time of the
sample at constant temperature; [ - the thickness of the
layer of material in which the diffusion is studied; L - grain
size; &' - the thickness of the analyzed layer; § - the
thickness of the grain boundary.

k’ = CB/CS

Here Cg- the he concentration of the diffuser in the
investigated layer; Cs- the concentration of diffuser on the
free surface.

The volume diffusion coefficient of nickel (for the
temperature range 1314 K — 1674 K) can be determined
[10] by the formula:

D,=49- 1072. exp (_ 55700)

RT

Extrapolation of this dependence to the temperature
range 523 - 623 K gives the value of the volume diffusion

2
coefficient D, = 2,2 - 10725,

N
As shown by the results of the experiment [10], the
value of the boundary diffusion coefficient in the
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temperature range 523 -623 K (see Table 1) is much
higher than the value of the volume diffusion coefficient.

Table 1
Dependence of the boundery diffusion coefficient of
nickel from the temperature.

mZ
T,K DV'T
523 8-1018
573 2-107Y
623 3,16 - 1077

The activation energy of the boundery diffusion of
nickel in the temperature range 523 - 623 K is equal to
Q = 41400 ]/ mol [10].

The more detailed account of the peculiarities of this
diffusion experiment carried out in [11] allowed to obtain
a more correct formula for calculating the boundery
diffusion:

8'L (D, L, 1
Dylq

Here H - the value calculated from the slope of the
experimental curves at small values t; D, D, - diffusion
coefficients in the first and second films, respectively;
l;,1, - the thickness of the first and second films,
respectively. The calculation of the boundery diffusion
coefficient according to this formula allowed to obtain the

following data: Dy = 5,6 - 10‘187"7z at 523 K.

The dependence of the diffusion coefficient on the
temperature according to Arrenius is:

D = Dyexp (— %) .

Here D - the diffusion coefficient at temperature T;
D, - coefficient; Q - activation energy; R - universal gas
constant.

After logarithming the Arrenius equation we have:

Q-lne
R

1
P

Then in the coordinates lg D —% the dependence of

Arrenius will look like a straight line.
We use the value of the boundery diffusion coefficient
of nickel at temperatures 523K - 623 K, as well as the

activation energy of boundery diffusion Q = 41400 /

for quantitative estimate of the boundery diffusion
coefficient of nickel at a temperature (T 393 K)
characteristic of electrochemical deposition of metals
(Fig. 1).

Extrapolation of the Arrenius dependence to the
region of low temperatures (393 K), carried out on the
basis of experimental data of [10] and [11], gives the
values of the coefficients of boundery diffusion of nickel,
which are equal to 2.28-1071° m?s to 3.22:10*° m?s. These
values will be used as a basis for quantitative estimate the
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role of surface diffusion in mass transfer during
electrochemical deposition of metals.

lg(D)

-16,50

-17,25

18,00

D=3,22-101" m?/c

! | D=2,2810"m?/c [T
18,75 ' ; 1
16 118 20 22

623K 573K 523K

Fig. 1. Dependence of the boundery diffusion coefficient
of nickel on temperature: 4 - data [10];® - data [11];
@ - values of extrapolated by [10] and [11] coefficients
of boundery diffusion at the temperature o f the process
of electrodeposition of metals (T = 393 K).

I11. Calculation the part of the mass
transfer carried out by surface
diffusion during electrochemical
deposition of metals

The density of electric current in electrolytes during
electrochemical deposition of metals is equal to:

j=etntut+enu".

Here e',e™ - the absolute value of charge carriers
positive and negative, respectively; n*,n~ - the number of
positive and negative charge carriers per unit volume,
respectively; u*,u” - speeds of the directed movement
which have positive and negative charge carriers under
action electric field, respectively.

It follows that in the electrochemical deposition of
metals, the flow of metal ions creates a current density
equal to half the density of the electric current j.
Consequently, the number n, of metal atoms that are

deposited per unit area per unit time is equal to: n, = =

Here e = 1.6-10%° C - the magnitude of the elementary
charge.

During the time ¢t of electrochemical deposition on the
unit area of the base metal deposited N, atoms:

jt
N, =nyt ==
a 0 2e’

9)
The time of diffusion overgrowth of the whole layer
of the new phase is determined by equation (8). According
to the calculations given in paragraph I, the layer of the
new phase can be considered a monomolecular layer. And
if the distance between the atoms is equal

8§ =5-1071%n, then the unit surface area of the
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monomolecular layer will consist N,,, of atoms, ie:

1

Np =5 =4-10"%m™2, (10)

Thus, (8) determines the time t,of diffusion
overgrowth of the whole layer of the new phase on the
surface of the base metal at the selected density of
nucleation centers N < N,,,, (see paragraph Il ), as well
as using the value obtained in paragraph Il of the
boundery diffusion coefficient. During this time, the
process of surface diffusion transferred N,, atoms. The
value N,, is defined in (10). Substituting the time t5 in (9),
we can determine the number of atoms N, that were
deposited during the diffusion overgrowth of the
monomolecular layer of the new phase. As part of the
formalism of the current review, N,,,atoms participated in
the process of surface diffusion from the place of their
deposition to the interphase boundaries of the growing
nuclei of the new phase. At the same time, (N, — N,;,)
atoms "did not participate” in the process of surface
diffusion.

Then the part of mass transfer carried out by surface
diffusion during electrochemical deposition of metals can
be defined as € = II\\’I—’" .

Taking into account (8) - (10) the last equation is
finally written:

N

N,  4.605

1.28 ©ND _ ND (1)

= 0.873—
]

As can be seen from (11), the role of surface diffusion
will decrease with decreasing density of nucleation centers
of the new phase and increasing the density of electric
current of the process of electrochemical deposition of
metals.

We make quantitative estimates of the magnitude ¢ of
the traditional for the process of electrochemical
deposition densities of electric current and different
densities of nucleation centers of the new phase.
According to [8], the surface diffusion coefficient at

2
temperature (T =393 K) willbe D < 2,28 - 10712 The

N
results of calculations according to formula (11) are
shown in Table 2.

The dependences of the part & of mass transfer carried
out by surface diffusion on the current density during
electrochemical deposition of nickel are shown in Fig. 2
and are hyperbolas.

The first of them (curve 1-2) is based on the diffusion
coefficient calculated in this paper, and shows that part of
the surface diffusion in the total mass transfer during
electrochemical deposition of nickel does not exceed 2,1 -
107*%. Even if we use the value of the diffusion

coefficient Dy = 5,6-10718 mTz obtained in [11] for a
temperature of 523 K (curve 3-4), the value £ does not
exceed 2,4 - 1073%. Domain between curves 1-2 and 3-
4 in Fig. 2 is the range of possible values & within the
values of the diffusion coefficient from the calculated
obtained in this work at 393 K, to deliberately inflated
(because it corresponds to a temperature of 523K),
obtained independently [11].
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Table 2

The part & of mass transfer, which is carried out by surface diffusion during electrochemical deposition of nickel
for different densities of nucleation centers of the new phase and different current densities.

i, Am?

125 250

500 625 750

3.98:10“ % 1.99-10%%

9.95-10°% 7.96:10°% 6.63-10°%

1.59-10°% 7.96:10°%

3.98:10°% 3.18:10°% 2.65:10°%

1.59-10°% 7.96:107 %

3.98:107 % 3.18:107% 2.65:107%

€10%%
16,00

12,00 Q

8,00 —— -
\

4,00 >

— 4

T —

2
———
0,00

750 j,A/m?

Fig. 2. Quantitative estimate of the contribution of the
surface diffusion process to mass transfer during
electrochemical deposition of metals.

Conclusions

1. At the temperature of electrochemical deposition of
metals, the role of the surface diffusion process was
negligent. The part of mass transfer, which is carried out

by surface diffusion, in comparison with the total mass
transfer during electrochemical deposition of metals does
not exceed the value £ < 2,5 - 1073%.

2. The value of the coefficient of boundery diffusion
of nickel at a temperature of 393 K is in the range from
2.28-10m?%s t0 3.22-10° m?s.

3. As follows from item 1-2 of the Conclusions, the
formation of the coating during electrochemical
deposition of metal occurs at speeds that significantly
exceed the speed of diffusion processes at this
temperature. But it is the diffusion growth of the new
phase that creates an ordered (crystalline) structure.
Therefore, the negligibly small role of diffusion processes
may be one of the evidences of the formation of the
amorphous structure of the coating during electrochemical
deposition of metal.
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O.1. Hecrepenko?!, M.I". Hectepenko?!, B.M. Caxuo?

KinbkicHa oniHKa BHECKY Ipollecy NOBepPXHeBOI qu(y3ii B MaconepeHeceHHSs
NPH eJIEKTPOXIMIYHOMY OCA/IK€HHI MeTAJIiB

YVxpaincoruii Oeporcasnuii ximiko-mexnono2iunuti ynieepcumem, m. Auinpo, Vipaina, nesko@ukr.net
2[Tuinposcokuti deporcasnuii azpapro-exonomiunutl yniepcumem, m. Jninpo, Yipaina, sakhno1960@gmail.com

VY mpomy nocmimkeHHI 3poOneHa chpoba KiTBKICHO OLIHUTH BHECOK IpOIeCy MOBEpXHEBOI nudysii B
MaCOIIEPEHECEHHS TIPH EJIEKTPOXIMIYHOMY OCaJKeHHI MeTaiiB. Po3paxoBaHa MakcHMalbHa I'yCTHHA LEHTpIB
3apOJUKEHHS, IIPHU SIKiH MOXKIIMBO BUKJIIIOUHO IUQY3iifHEe 3apoCcTaHHs CyniIbHOro mapy HoBoi (asu. PozpaxoBaHo
yac anudy3iifHOro 3apocTaHHs CYIUIBHOTO MOHOMOJICKYJISIPHOTO IIapy HoBoI (a3u. IIpoananizoBaHO pe3yibTaTH
HE3aJeKHUX EKCIIEPHMEHTIB 10 3HAXO/PKEHHIO KOe(imieHTIB rpaHudIHol Audys3ii B JBOMAPOBiil TOHKOILTIBKOBIH
CHUCTEMI IUTaTHHA — HiKelb. 3HalIeHO 3HaYCHHS KoedilieHTa rpanudHoi Audys3ii Hikemo mpu TemmepaTypi 393 K.
3po0ieHa KibKicHa OLliHKA YaCTKU MAaCOIIEPEHECEHHS 3a paXyHOK MoBepXxHeBoi audys3ii ¢izagcopOboBaHUX aTOMIB
BIJHOCHO 3arajJbHOrO MAaCONECPEHECCHHS NPH EIEeKTPOXIMIYHOMY OCaKeHHI MeTaniB. [loBemeHO, M0 poib
mpo1iecy moBepxHeBoi audy3ii B popMyBaHHI OKPUTTS MPH €ICKTPOXIMIYHOMY OCAKCHHI METaNiB € HEXTOBHO
Mmanow. Iloka3aHo, W0 i€ € HENpAMHM J0Ka3oM (opMyBaHHA aMOp(GHOI CTPYKTYpU IIOKPHTTS IpH
CJIEKTPOXIMIYHOMY OCaJDKEHHI METaIy.

KnrouoBi cioBa: moepxHeBa 1udysis, mpomec 3apoKeHHs, KoeQilieHT IoBepXHeBoi audysii,
MOHOMOJICKYJISIDHUH IIap, IIBHUIKICT POCTY 3apoAKiB HOBOi (ha3H, 4yac 3apOCTaHHS IIapy, eIeKTPOXIMidHe
0CaIKECHHSI.
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