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Abstract—In this paper, we present the results of experimental investigations of the diffusion layer formed at
the film—substrate interface upon the electrodeposition of zinc films on a copper substrate. The investigations
have shown that, in the transient layer, the deposited metal is diffused into the material of the substrate. The
depth of the diffusion layer and, consequently, the concentrations of the incorporated zinc atoms depend
strongly on the conditions of electrocrystallization, which vary from 1.5 pm when using direct current to 4 pm
when using direct current in combination with laser-stimulated deposition (LSD). The X-ray diffraction
investigations of the transient layer at the film—substrate interface have shown that, upon electrocrystalliza-
tion using pulsed current in rigid regimes with the application of the LSD, a CuZn, phase is formed in the
diffusion layer. This indicates that the diffusion of zinc into copper occurs via two mechanisms, i.e., grain-
boundary and bulk. The obtained values of the coefficient of diffusion of zinc adatoms in polycrystalline cop-
per are equal to 1.75 x 10~!5 m?/s when using direct current and 1.74 x 10~'3 m?/s when using LSD.
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INTRODUCTION

The formation of a new phase on a substrate upon
electrocrystallization is of significant interest from the
point of view of studying diffusion processes in binary
systems. The initial stages of electrocrystallization
mainly affect the formation of the texture; size of crys-
tallites; amount of defects; and, consequently, the
mechanical properties of electrodeposited films [1]. In
particular, the corrosion resistance and adhesion
mainly depend on the nature of the transient layer
between the substrate and the film, the structure of
which is completely determined by the initial stages of
crystallization [2]. Therefore, the study of diffusion
processes at the film—substrate interface is of interest
from both the theoretical and practical viewpoints.

Among the known mechanisms of diffusion [3]
upon electrocrystallization, two main mechanisms
can be distinguished, i.e., diffusion along the grain
boundaries (grain-boundary diffusion) and diffusion
through vacancies, via the mechanism of atomic
exchange. Usually, the bulk diffusion is accompanied
by the formation of new phases in systems in which
they are possible. However, currently, there is no com-
mon viewpoint in the literature on many problems
concerning the occurrence of diffusion processes in
crystalline materials.

In most works devoted to the direct measurements
of diffusion parameters, a large spread is observed in

the experimental data on the diffusion coefficients and
activation energies for diffusion in metals. This is
related to differences in the technological regimes of
the formation of the structure, different concentra-
tions of uncontrollable impurities, and other factors.

The majority of works are devoted to investigating
the mechanisms of diffusion that occur upon isother-
mal annealing. Upon electrocrystallization, the diffu-
sion processes occur upon the formation of the grow-
ing film at the initial stages of nucleation. In this case,
an adatom can diffuse into the substrate [4], thereby
forming a new phase, which consists of atoms of the
substrate and atoms of the metal that crystallizes on
the substrate.

In this paper, we give the results of experimental
investigations of the diffusion layer at the film—sub-
strate interface for zinc films electrodeposited on a
copper substrate. The values of the coefficients of dif-
fusion of zinc adatoms in the polycrystalline copper
have been determined.

EXPERIMENTAL

The zinc films were prepared using direct and
pulsed electrical current, as well as by applying the
method of laser-stimulated deposition (LSD). For the
electrodeposition of zinc films, an aqueous electro-
lytic solution of the following composition was used:
ZnSO, - 7TH,0, 250 g/L; Na,SO, - 5H,0, 75 g/L;
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Al(SO,);, 30 g/L (pH 4; T'=300 K). The frequency of
the repetition of current pulses (f) varied from 30 to
1000 Hz. The relative pulse duration (period of the
pulse to the duration of the pulse) varied in the range
of 2—32. The average density of the direct and pulsed
current (j) was 1—3 A/dm?, which made it possible to
change the overvoltage at the cathode (1) in the limits
0of0.1to0 0.3 V. The laser—electrochemical setup for the
LSD was constructed based on a ruby solid-state laser
radiating in the pulse-periodic regime with a wave-
length of 694 nm at the intensity of 70 kW/cm? [5].

As the substrates for the electrodeposition, plates of
polycrystalline copper were used. The substrates were
subjected to mechanical and chemical polishing. As
the solution for chemical polishing, the 5% aqueous
solution of nitric acid was taken. After polishing, the
substrates were degreased in a solution of Vienna lime
and washed in distilled water. The thickness of the
films deposited was 5—20 um. The choice of copper as
the substrate material was caused by the fact that zinc
forms intermediate phases with copper [6].

The chemical composition of the film—substrate
transient layer was determined by electron microprobe
analysis using a PEMMA-102-02 scanning electron
microscope with a resolution of 5 nm. The butt ends of
the substrate with the deposited film were subjected to
mechanical and chemical polishing. At the last stage of
the chemical dissolution, treatment by backward
pulses of current was added, which not only polished
the butt surface, but also removed particles of the other
metals that could fall onto it in the course of the chem-
ical polishing. This made it possible to enhance the
reliability of the electron microprobe analysis.

To investigate the phase composition of metallic
films, a DRON-2.0 diffractometer was used with a
scintillation detector of X-rays. The survey was per-
formed in copper radiation.

RESULTS AND DISCUSSION

Electron Microprobe Analysis
of the Film—Substrate Transient Layer

To study diffusion in solids, a large number of phys-
ical and physicochemical methods have been devel-
oped to date [7]. These methods are based mainly on
the measurements of the distribution of concentration
of the diffusing substance in the sample under study
depending on the time and temperature of diffusion
annealing or some other external action.

To determine the structure of the transient layer at
the film—substrate interface, the elemental chemical
analysis for the presence of atoms of the deposited
material and atoms of the substrate material has been
performed. The investigations were carried out in the
direction perpendicular to the interface with a step of
0.5 um. The region of the investigation became
extended for 4—6  into both directions from the inter-
face, depending on the conditions of the deposition of
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Fig. 1. Photos of the transverse section and paths of scan-
ning the substrate—film transient layer.

the films. Figure 1 displays the photo of the boundary
of the transient layer and the line along which the
investigations of the elemental composition were per-
formed.

The results of the qualitative integral analysis of the
film—substrate transient layer are shown in Fig. 2.
Spectra of the electron microprobe analysis of zinc
films obtained by deposition onto copper substrates
using direct current are given for different coordinates
x of the probe. The analysis was performed for two
main elements of which the growing film and substrate
consisted. The scanning started from the deposited
film and continued into the substrate. The origin x =0
corresponds to the film—substrate interface.

It can be seen from the figures that the spectra con-
tain lines corresponding to two elements, i.e., the crys-
tallizing material Zn and substrate material Cu. Near
the interface, on the side of the growing films, lines are
present in the spectra that correspond only to zinc
atoms (Fig. 2a). Upon the further scanning of the
film—substrate transient layer into the depth, the
intensity of the lines that correspond to the material of
the substrate increases in the spectra (Figs. 2b, 2c¢).
This indicates an increase in the concentration of
atoms of the substrate material and a decrease in the
concentration of atoms of the film material. At a depth
of 2 um, no zinc atoms have been revealed in films
deposited using the direct current (Fig. 2d). The analy-
sis of the above spectra suggests that, upon electrodepo-
sition, a diffusion interaction takes place between the
elements of the coating and the surface of the main
metal; as a result, the zinc atoms diffuse into the metal
of the substrate to form a transient diffusion layer.

Table 1 gives the results of the chemical analysis of
the transient diffusion region of the zinc films on cop-
per substrates obtained under different deposition
conditions. The averaging was performed on five sam-
ples obtained under identical conditions; in addition,
each sample was scanned along three directions in the
transient layer.
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Fig. 2. Spectra of the electron microprobe analysis of the film—substrate transient region of the zinc films on copper substrates
obtained using direct current (j = 1 A/dmz, N=02V):(a)x=—-0.5um; (b)x=1pum; (¢) x=1.5 um; and (d) x =2 pm.

It can be seen from the results presented in Table 1
that the zinc atoms penetrate to a depth from 15 pm in
the case of the electrocrystallization using direct cur-
rent (j=1A/dm?,n=0.2V) to 2.5 um upon deposi-
tion using the pulsed current in the rigid regime (j =
1 A/dm?, f=30 Hz, Q= 64, = 0.4 V). The use of the
LSD leads to an extension of the diffusion layer at the
film—substrate interface to 4 um. This is explained by
the increase in the energy of the zinc adatoms due to
the absorption of the monochromatic light of the laser
radiation.

According to the phase diagram [6], various solid-
solution phases can be formed in the Zn—Cu system.
According to [8], B and € phases are clearly revealed in
the diffusion layer upon the thermal diffusion of zinc
into copper. Based on the data on the concentration
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(C, at %) of zinc that diffuses into the copper substrate
(Table 1), different phases can be formed at the film—
substrate interface. To check this, X-ray diffraction
studies of zinc films on the copper substrate have been
performed. For these investigations, 5-pum-thick zinc
films have been prepared. At this thickness, the X-ray
diffraction patterns contain lines of the material of the
substrate (Cu) and of the material of the film (Zn).
The X-ray diffraction patterns of the transient layer
formed at the film—substrate interface upon the depo-
sition of zinc onto a copper substrate are given in
Fig. 3.

It can be seen from the figures that, when deposit-
ing zinc onto a copper substrate using the direct cur-
rent, the X-ray diffraction patterns contain lines cor-
responding only to copper and zinc (Fig. 3a). This
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Table 1. Concentrations C (at %) of zinc diffusing into the copper substrate under various deposition conditions
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Deposition conditions X, um -1 | -0.5 0 0.5 1 1.5 2 2.5 3 3.5 4 4.5
Direct current, Zn, at % 100 99.5] 99 | 40 2 0.5 0
j=1A/dm* =02V [Cy, at % 0 05 1 [50 98 |99.5 [100
Pulsed current, Zn,at % 100 | 99 9 |835| 42 2 04| 0
j=1A/dm?,
J=1000 Hz, Cu,at % 0 1 1 [ 165 58 |98 99.6| 100
0=2,h=03V
Pulsed current, Zn, at % 100 99 99 |1 925 | 56 | 13 5 0.5 0
j=1A/dm?,
f=30Hz, Q =64, Cu,at % 0 1 1 7.5 44 | 87 95 99.5| 100
n=04V
LSD, Direct current, |Zn, at % 100 99 99 | 94 60 | 17 12 6 3 1 0.5 0
J=1A/dm*, n=02V [Cy at % 0 1 1|6 40 | 83 88 | 94 | 97 | 99 [99.5| 100

indicates that no intermetallic compounds are formed
in the diffusion layer at the film—substrate boundary
and the diffusion occurs exclusively via the grain-
boundary mechanism. These results were obtained
upon deposition using pulsed current in a soft regime.
Figure 3b shows an X-ray diffraction pattern obtained
from the diffusion layer grown via LSD); it can be seen
that it contains lines that do not belong to either cop-
per or zinc. The identification of phases that can
appear in the diffusion layer is difficult, first of all,
because of the small amount of these phases and, sec-
ond, because of the coincidence of the interplanar
spacings [9]. However, the additional lines present
make it possible to identify them as lines obtained
from the CuZn, phase [10]. Similar results were
obtained from the films deposited using pulsed current
in a rigid regime; in this case, the CuZn, phase was
also found in X-ray diffraction patterns. These results
indicate that, at the film—substrate interface, the dif-
fusion of zinc into copper occurs not only through the
grain-boundary mechanism, but bulk diffusion also
takes place, which leads to the formation of the above
phase.

Coefficients of Diffusion upon Electrodeposition

The experimental determination of the diffusion
coefficients D usually is reduced to an analysis of the
dependence of the concentration of a diffusing ele-
ment C on the depth of penetration x [7]. To determine
the diffusion coefficient D, we have constructed the
dependences of the distribution of atoms of the grow-
ing film in the diffusion zone as a function log C = f{x?).
The diffusion coefficients were determined by the
method suggested in [11] by the formula

1
4ttano’

(1)

where 7 is the time of the action that stimulates diffu-
sion; and o is the slope of the logC = f{x?) dependence.
The angle o was determined experimentally. In our
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case, the time t of the stimulating action was deter-
mined experimentally as the time in which the grow-
ing film covered the entire surface of the cathode.
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Fig. 3. X-ray diffraction patterns of the transient layer formed
at the film—substrate interface upon the deposition of zinc
onto a copper substrate: (a) direct current, j = 1 A/dm*, n =
0.2 V; (b) LSD, direct current, j =1 A/dm“, 1 =0.2 V.
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Table 2. Values of the coefficient of diffusion of zinc in copper

D, m?/s
Deposition conditions T,8 D, m?/s ref
[3] [12]
Direct curren, j = 1 A/dm?, =02V 140 (1.75£0.2) x 10°13
Pulsed current, j= 1 A/dm?, f =1000 Hz,Q=2,1=03V| 60 (7.25+£0.7) x 1071 10-19_10-12| 4% 10-15
Pulsed current, j =1 A/dmz,f= 30Hz,0=64,1=04V 15 (4.53+04)x 10714
LSD, direct current, j = 1 A/dm?>, 1 =0.2V 10 (1.74 £0.2) x 10713

Figure 4 displays the logarithmic dependences of
the concentration of zinc atoms in the diffusion layer
of the copper substrate for different conditions of dep-
osition on x? (Table 1).

log(C) [Zn, at %]

0 2 4 6 8 10 12 14 16
xz, Hm2

Fig. 4. Logarithmic dependences of the concentration of
zinc in the diffusion region: (/) direct current, j =
0.5 A/dmz,n =0.1V; (2) pulsed current, j=0.5A/dm~, f=
1000Hz, ? =2, n = 0.2V, (3 pulsed current, j =
0.5A/dm*, f= 50 Hz, 0 =32, m = 0.3V, and (4) LSD,
direct current, j = 0.5 A/dm2, n=0.1V.

Table 2 contains our values of the coefficients of
zinc diffusion in copper calculated by formula (1) for
different conditions of deposition and the results
obtained by other researchers.

CONCLUSIONS

The investigations of the transient layer at the film—
substrate interface, which is formed upon the elec-
trodeposition of zinc films on a copper substrate, have
shown that, in the transient layer, the diffusion of the
deposited metal into the material of the substrate
occurs. The depth of the diffusion layer and, conse-
quently, the concentration of the incorporated zinc
atoms strongly depend on the conditions of electroc-
rystallization. It changes from 1.5 um when using a
direct current to 4 um when using direct current with
the application of LSD.

The X-ray diffraction studies of the film—substrate
transient layer have shown that upon the electrocrys-
tallization using a pulsed current in rigid regimes and
LSD, a CuZn, phase is formed in the diffusion layer.
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This indicates that the diffusion of zinc into copper
occurs via grain-boundary and bulk mechanisms. The
application of direct and pulsed currents using soft
regimes of deposition does not lead to the formation of
additional phases in the diffusion layer, which indi-
cates the occurrence of only a grain-boundary mecha-
nism of diffusion.

The obtained values of the coefficients of diffusion
(1.75 x 1073 to 1.74 x 10~13 m?/s) agree well with the
results of other investigations (10~'° to 102 m?/s [3]
and 4 x 10~ m?/s [11]).
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