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Laser-enhanced electrodeposition of local zinc coatings
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The study presents the developed method of obtaining local zinc coatings without masks
using a pulsed laser, the beam of which is focused on a cathode located in a galvanic
bath. We observe an acceleration of the process of electrodeposition of zinc films by 9.4
times at a laser power density of 70-10° W/m’. Scanning of the cathode surface by laser
radiation leads to the localised formation of a metallic coating whose configuration
corresponds to the trajectory of the laser beam.
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Introduction

Recently, the electrodeposition process stimulated by laser irradiation to
accelerate the electrometallisation process has been the subject of increased
interest of the metal coatings industry [1—5]. In the manufacturing process of
microelectronic devices, existing processes for creating complex metallised
structures require several particularly complex steps for mask fabrication,
photolithography process, etc. This increases the complexity of process control
and production cost. The development of laser-enhanced metal coating process
is a very promising technology for fast maskless selective film deposition.

The application of local electrolytic zinc coatings is promising for
microelectronics in order to protect critical components from corrosion and to
apply microdoses of zinc-containing solder for small-sized parts.

The purpose of this work was to determine the optimal conditions of local
laser-enhanced electrodeposition of zinc in the form of spots and lines for the
formation of contact pads or images of integrated circuit topology.

Materials and methods
Electrodeposition of zinc films was carried out from a standard sulfuric acid
electrolyte of the following composition (g/l): ZnSO4 7H,0 — 250, Na,SO4 —
75, Al(SO4); — 30, pH — 4. The experimental facility (Fig. 1) was assembled
on the basis of a solid-state ruby laser KVANT-12. Generation on ruby was
carried out in pulse-periodic mode at the wavelength of laser radiation A equal
to 694 nm, at the generation frequency f— 10 Hz with the energy of radiation in
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Fig. 1. Schematic diagram of the experimental
facility: 1 — radiation source (solid-state ruby
laser KVANT-12: A = 694 nm, o =
= (70—95)-10" W/m®); 2 — focusing lens; 3 —
electrolytic cell; 4 — cathode; 5 — anode; 6 —
constant current source; 7 — coordinate table.

a pulse W—2,2—3,0J, pulse duration #, — 2—>5 ms, radius of focused laser
beam rp — 0,5 mm. At the energy of radiation 2,2 J the intensity of laser radiation
o was 70-10" W/m’. The working table served for fixing and positioning of the
cathode surface relative to the fixed focussed laser beam. The scanning speed v
of the laser beam during the deposition of zinc tracks was 3 mm/s.

Copper substrate was used as a cathode during process of electroplating.
The substrate was pre-processed in the following way. At first it was polished
mechanically by polishing paste based on chromium oxide and a diamond paste.
5% nitric acid solution was used for chemical polishing. Chemical polishing
reduced roughness and removed strain hardening resulted from mechanical
polishing. After that substrates were degreased in Vienna lime to remove
etching sludge and washed with distilled water. Anode was represented by a of
pure zinc plate that allowed maintaining invariable concentration of zinc ions
that gave a positive effect on repeatability of tests.

The temperature of the aqueous electrolyte solution was determined using a
copper-constantan thermocouple. The steady-state value of thermo—emf was
established for a time of 150—200 s and measured with a digital voltmeter.

The polarization dependences were recorded in the potentiodynamic mode
on a P-5827M potentiostat at a potential sweep rate of 10 mV/s. The
measurements were carried out in a three-electrode electrolytic cell. A copper
plate was used as the working electrode (cathode). The reference electrode was
a silver chloride electrode, and the auxiliary electrode was a platinum electrode.

Transmittance spectrum of electrolyte water solutions in the ultraviolet and
visible range were recorded by spectrophotometer NIR 61.

Metallographic studies of structure were fulfilled using microscope Neophot-21".

Results and discussion
According to the results of the study of transmittance spectra of a number of
aqueous solutions of electrolytes (Fig. 2) the zinc electrolyte has a relatively high
transmittance (55,8%) at the length of the used laser radiation (A = 694 nm).
The analysis of cathodic polarisation curves (Fig. 3) showed that with
increasing cathodic potential the curve of zinc reduction at switched off
source of laser radiation (curve 2) is located below the curve of laser-enhanced
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Fig. 2. Transmittance spectral curves of  Fig. 3. Potentiodynamic volt-ampere
aqueous electrolyte solutions: 1 —  dependence obtained in the zinc plating
copper-plating electrolyte; 2 — zinc- electrolyte: 1 — laser-enhanced elec-

plating electrolyte; 3 — nickel-plating
electrolyte.

trodeposition mode; 2 — direct current
electrodeposition mode.

electrodeposition process (curve 1). In the laser-enhanced electrodeposition
mode, an increase in the current density and a shift of the cathode potential
towards positive values are observed in comparison with the deposition mode
using direct current without laser irradiation.

The efficiency of laser influence can be estimated by means of the laser
acceleration coefficient K= J, which is also a measure of the selectivity of the

JO

process and is equal to the ratio of the current density of the laser-
enhancedelectrodeposition mode (J) to the current density when the laser
radiation source is switched off (Jy). From the cathodic polarisation curves
(Fig. 3) we can see that the highest value of K = 9,4 falls on the value of the
cathode potential £ = —0,97 V for the laser power density of 70-10” W/m®.

Studies have shown that at potential £ > —0,97 V zinc electrodeposition at
switched off source of laser radiation is not visually observed. At £ <—-0,99 V,
which corresponds to the cathode current density at laser irradiation of 0,8 A/ dm’,
uniform coverage of the entire surface of the copper cathode with a layer of
metallic zinc is observed.

Analysis of electrodeposited zinc surface morphology showed that use of
external laser exposure of cathode area in the process of electrodeposition
resulted in transformation of surface morphology in comparison with coatings
produced by direct current (DC) application without laser exposure.

Process of cathodic zinc reduction from sulphate electrolyte is accompanied
by release of hydrogen which passivates cathode surface due to adsorption
across its whole surface. Analysis of electroplated coatings (Fig. 4, a), showed
formation of surface blisters which look like “frozen” gas bubbles and represent
such superficial defects.

In laser-enhanced electrodeposition mode zinc coating internal stress in the
radiation field decreases, coating has a developed surface (Fig. 4, b).

According to the experimental data the process of local laser-enhanced
electrodeposition of zinc on the copper base is most expediently carried out at
E= —0,97 Vand J= 4,6 A/n’.



Fig. 4. Morphology of laser-enhanced electroplated zinc surface: ¢ — in
radiation zone; b — out of radiation zone.

The increase in the deposition current density under laser irradiation is
associated with local heating of the solution-electrode interface and a
concomitant increase in mass transfer, which is caused by mixing of the solution
near the cathode surface [6—9]. Laser acceleration of the zinc deposition process is
due to the thermal effect, which was established by probing the laser irradiation
zone using a copper-constantan thermocouple, which showed heating of the central
region of the focused laser beam with radius o = 0,5 mm from 296 to 332 K.

Current density and laser acceleration coefficient of the electrodeposition
process are functions of the electrolyte solution temperature (Arrhenius-type
dependences):

j=exp[W /R(T,+AT)], (D)
K, ~exp[WAT / (R(T, + AT)T})], 2)
where T, — temperature of the aqueous electrolyte solution; AT —

temperature change of the aqueous electrolyte solution; W — energy of
metal ions.

The energy of discharging metal ions is determined by the following
expression [10, 11]:

W =—0zF(E — E,, 3)
where E — the current potential value; £y — the equilibrium potential
value (Eo = —0,96 V relative to the silver chloride electrode).

Table presents the energy values of the discharging zinc ions
calculated by formula (3).

Based on the data on the stationary radial temperature distribution in
the laser irradiation zone (Fig. 5, curve 1), we can calculate the radial
distribution of zinc electrodeposition current density:

E, -At(r)
T =S e A T @
where J, = 1 A/m> — current density of zinc electrodeposition at Ty = 296 K;
At(r) — temperature counted from 7y; £, = 39 kJ/mol — activation energy of
zinc electrodeposition; R — universal gas constant.

The values of current density calculated by expression (4), taking into
account the data on the temperature in the laser irradiation zone (Fig. 5, curve 1)
and the value of the metal ion discharge energy (Table), are close to the
values of current density for the laser-enhanced process in the central part of




the laser irradiation zone. However, at »>ry (where r is a radial variable, 7
is a laser beam radius) the temperature decreases, so the following
modification of the equation is proposed to describe the radial
dependence of the current density of laser-enhanced electrodeposition:

e Xy T oo WATE) %)
J(r)= jll-X(r ro)r*-ro] e"p[Rn[%+AT(r)l

where y(,_ r) = {?r <0 and »* — stationary radius of the local coating
S r > 7y
of the deposited metal.

The application of expression (5) at temperatures corresponding to
the course of the curve (Fig. 5, curve 1) and the value of the metal ion
discharge energy (Table) gives a radial profile of the current density
(Fig. 5, curve 2), from which we can see a decrease in the current
density from the centre to the edge of'the laser irradiation zone.

In connection with the practical application of laser-enhanced electro-
deposition in the technology of protective coatings [12—17], it is important to
find out the radial profile of the local coating thickness of zinc films under
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Fig. 7. Local coatings in the form of: @ — spot; b — lines (x20).

the selected optimum conditions. The local coating thickness d is proportional
to the current density and electrodeposition time:

d(r) =~ jrye =L jrrs (©6)
p pF

where k& — electrochemical equivalent (kz, = 0,34:10° kg/A's); p — metal
density (pz, = 7130 kg/m’); 4 — atomic mass (4z, = 65,3710 kg/mol); T —
time of the electrodeposition process; F'— Faraday constant.

The results of the calculation of the local coating thickness as a function of
the radial variable are shown in Fig. 6.

From the calculated data (Fig. 6) the thickness of the local coating decreases
with increasing distance r from the centre (» = r¢) to the boundary of the focused
laser beam and sharply decreases beyond it (r > ry).

At local laser-enhanced electrodeposition of zinc, the average rate of zinc
deposition in the area of the focused laser beam is 6,1 pm/h under optimal
conditions of laser-enhanced electrodeposition (J = 4,6 A/m’, E=-0,97 V), and
the coating with a thickness of 0,08 pum, obtained at this potential at direct
current, is deposited at laser-enhanced mode for a time T = 47 s.

In order to form a local metallic coating, the surface of which exceeds the
diameter of the focused laser beam (Fig. 7, a), it is necessary to apply scanning,
which was realised with translational movement of the cathode relative to the
stationary laser beam (Fig. 7, b).

If v is the linear velocity of uniform scanning, the formula for calculating
the thickness of the local zinc line is as follows:

Y .
puFz

where ry — radius of the focussed laser beam:; N — number of beam passes
along the line route. At N = 30 and v = 0,1 mm/s, the thickness of the local
zinc coating is 0,05 pum, which corresponds to 188 atomic monolayers of zinc (zinc
atom diameter d,, = 0,266 nm).

At high values of radiation power, the temperature of the electrolyte solution
in the near-cathode region significantly exceeds the temperature of the main
volume of the electrolyte solution. As a result, the heated layers of the irradiation
region are replaced by cooler nearby layers of the electrolyte solution and intensive
mixing of the solution occurs. Convection flow leads to a decrease in the thickness
of the diffusion layer at the cathode surface and to a reduction in the concentration
of metal ions. Due to this, the film growth rate is significantly increased.



Conclusions
The optimal conditions for local laser electrodeposition of zinc on copper

from sulfuric acid electrolyte were found, the parameters of local zinc spots and
lines were calculated, and the speed of the electrodeposition process was
estimated.

After technological elaboration the obtained results can be used in maskless

processes of local galvanic deposition of zinc for repair of microdefects of
protective coatings of the conductive elements of printed circuit boards.
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Tpedcmasneno pospobrenutl mMemoo OMpPUMAHHS JOKATbHUX YUHKOBUX NOKpUmmie 0Oe3
MACOK 3a OONOMO20I0 IMHYILCHO2O Ja3epd, MPOMIHb AK020 (OKYCYEMbCA HA Kamooi,
POSMAUIOBAHOMY 8 2ATbEAHTUHIL 6aHHI. JlazepHe NPUCKOPEHHS npoyecy 0CAONCEHHS YUHKY
3YMOGNIeHe  MeniosUM — eeKmoM. 30HOY6aMHA 30HU  MEPMIUHO20 6NIUGY  MIOHO-
KOHCTAHMAHOBOK — MEPMONAPOI)  HOKA3AN0, WO MeMnepamypd  600HO20 — PO3YUHY
eNeKmponiny Yy NpuKamooHitl 001acmi  ONPOMIHIOBAHHSL JIA3EPHO20 NPOMEHSL PAOLYCOM
0,5 mm 3pocmae 6i0 293 00 356 K. Ananiz kpusux kamoonoi nonspuzayii nokazas, uwjo nio
4ac CIMUMYIb0BAHO20 ENEKMPOOCAONCEHHS CHOCIMEPI2AeMbCsl 301TbUIEHHS 2YCIMUHIL CIRPYMY
ma 3¢y NOMeHYiany Kamooa 00 NO3UMUBHUX 3HAYEHb NOPIGHAHO 3 PEHCUMOM OCAONHCEHHS
30 0ONOMO2010 NOCMIlHO20 cmpymy 6e3 J1as3epHoeo  onpoMioeants. Dikcyembes
NPUCKOPEHHSI Npoyecy eleKmpOOCAONCEHHA YUHKOBUX NIi6oK V 9,4 pasu npu eycmuni
nomyarcnocmi nazepa 70-10” Bm/w’. Pospaxosaro napamempiu 10KambHO20 YUHKYEAHHS Md
oyiHeHo wsuoKicms npoyecy enekmpoocaodicentist. CepeoHst UGUOKICHb OCAONCEHHSL YUHKY
6 0bnacmi ChoKYCO8AHO20 NAZEPHOO NPOMEHS CTNAHOBUMb 6,1 MKM/200 30 ONMUMATILHUX
VMO8 JIA3EPHO-CIUMYIbOBAH020 eneKmpoocaddcenns (J = 4,6 Aw’, E = -0,97 B), a
nokpumms  moswunoro 0,08 mxm, ompumane 3a Yb02O NOMEHYIATY 3d OONOMO0K)
NOCMIHO20 CMPYMY, OCAONCYEMbCA NPU JA3EPHO-CIMUMYTILOBAHOMY DPENCUMI NPOMA2oM
47 c¢. Ckaunysauma MNOGEpXHI KamMood J1a3epHUM GURPOMIHIOBAHHAM NPU3BOOUNb 00
DopMy6anHs  TOKATbHO2O Memane8oe0 NOKpUmMms, KoHizypayis sAKoeo 8ionosioae
MpacKmopii 1a3epHo20 NPOMEHsL.

Kntouosi  cnosa:  eiekmpoocaldiceHHs, — la3epHe  GUNPOMIHIOBAHHA,  KAMOOHA
nepeuanpyea, 30Ha MEPMIUHO20 6NIUBY, JIOKAIbHE eIeKMPOIMUiHe NOKPUMMAL.



