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The study presents the developed method of obtaining local nickel coatings without masks using a la-
ser, the beam of which is focused on a cathode located in a galvanic bath. Laser acceleration of the nickel
deposition process is due to the thermal effect. Probing the heat affected zone with a copper-constantan
thermo-couple showed heating of the central region of the laser beam with a radius of 10 mm increases
from 293 K to 371 K. The analysis of cathodic polarization curves showed that with in the laser-enhanced
electrodeposition mode, an increase in the current density and a shift of the cathode potential towards pos-
itive values are observed in comparison with the deposition mode using direct current without laser irradi-
ation. We observe an acceleration of the process of electrodeposition of nickel films by 166 times at a laser
power density of 318.5 kW/m2 of wavelength of 10.6 um. The parameters of local nickel plating were calcu-
lated and the rate of electrodeposition process was estimated. The average nickel deposition rate in the ar-
ea of laser irradiation is 9.6 pm/h at j = 0.77 A/dm2 and E =— 0.63 V. At direct current at the given value of
cathode potential (¥ =— 0.63 V) the nickel deposition rate is 0.06 pm/h, whereas at laser stimulation of the
electrodeposition process the coating reaches this thickness (0.06 pm) in time 22 s.
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electrolytic coating.
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1. 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 [1-4]. In the manufacturing pro-
cess of microelectronic devices, existing processes for cre-
ating complex metallised structures require several par-
ticularly complex steps for mask fabrication, photolithog-
raphy process, etc. This increases the complexity of pro-
cess control and production cost. The development of la-
ser-enhanced metal coating process is a very promising
technology for fast maskless selective film deposition.

Application of local electrolytic nickel coatings is
promising in microelectronics for the formation of con-
ductive tracks, protective or adhesive layers, as well as
for the creation of contact pads and microstructures.

The purpose of this work was to determine the op-
timal conditions of local laser-enhanced electrodeposi-
tion of nickel in the form of spots for the formation of
contact pads or images of integrated circuit topology.

2. MATERIALS AND METHODS

Electrodeposition of nickel films was carried out
from a standard sulfuric acid electrolyte of the following
composition (g/): Ni2SO47H20 — 300, H3BOs — 30,
Na2S04 — 50; pH = 6.

Laser electrolytic installation was used to produce
nickel coatings, Fig. 1. The test installation is based on
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a 25 W power gas discharge continuous wave lasing
COz-laser with wavelength 1= 10.6 microns.
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Fig. 1 — Schematic diagram of the experimental facility: radia-
tion source (gas discharge COs-laser: A= 10.6 microns, P =25
W) (1), rotary mirror (2), electrolytic cell (3), cathode (4), anode
(5), constant current source (6)

Copper substrate was used as a cathode during pro-
cess of electroplating. The substrate was pre-processed
in the following way. At first, it was polished mechani-
cally by polishing paste based on chromium oxide and a
diamond paste. 5 % nitric acid solution was used for
chemical polishing. Chemical polishing reduced rough-
ness and removed strain hardening resulted from me-
chanical polishing. After that substrates were de-
greased in Vienna lime to remove etching sludge and
washed with distilled water. Anode was represented by
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a of pure nickel plate that allowed maintaining invari-
able concentration of nickel ions that gave a positive
effect on repeatability of tests.

The temperature of the aqueous electrolyte solution
was determined using a copper-constantan thermocou-
ple. The steady-state value of thermos-emf was estab-
lished for a time of 150-200 s and measured with a
digital voltmeter.

The polarization dependences were recorded in the po-
tentiodynamic mode on a P-5827M potentiostat at a po-
tential 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 IR range was recorded by spectrophotometer M80.

Metallographic studies of structure were fulfilled using
microscope "Neophot-21” at magnification power x600.

3. RESULTS AND DISCUSSION

Selection of electrolyte water solution for nickel plating
is based on results of investigation of transmission spec-
trum and distributions of temperature through thickness
of solution layer in the field of radiation.

Measurement of transmission capacity of electrolyte
water solutions in the middle IR-range (Fig. 2) showed
that water solution has low transmission capacity in
this optical band, and for COz-laser wavelength
A =10.6 microns transmission factor made 10 %.
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Fig. 2 — Spectral transmission graph of nickel electrolyte
water solution

To prove hypothesis about local thermal effect [5-8],
sounding of electrolyte water solution in conditions of
laser radiation effect was fulfilled with the help of cop-
per-constantan thermocouple (Fig. 3).

On the basis of electrolyte water solution transmis-
sion spectrum study and temperature distribution in
cathode radiation area, the following conditions of elec-
trodeposition were selected:

— nickel was electroplated subject to external en-
hancement by gas discharge COgz-laser operating in
medium IR-band,

— optimum thickness of electrolyte water solution
layer above substrate made 5 mm.
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Fig. 3 — Temperature variation vs. solution layer thickness in
the field of radiation

The analysis of cathodic polarisation curves (Fig. 4)
showed that with increasing cathodic potential the curve
of nickel reduction at switched off source of laser radiation
(curve 1) is located below the curve of laser-enhanced
electrodeposition process (curve 2). In the laser-enhanced
electrodeposition mode, an increase in the current density
and a shift of the cathode potential towards positive val-
ues are observed in comparison with the deposition mode
using direct current without laser irradiation.
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Fig. 4 — Potentiodynamic volt-ampere dependence obtained in
the nickel plating electrolyte: direct current electrodeposition
mode (1); laser-enhanced electrodeposition mode (2)

The efficiency of laser influence can be estimated by
means of the laser acceleration coefficient, which is also a
measure of the selectivity of the process and is equal to the
ratio of the current density of the laser-enhanced electro-
deposition mode (J) to the current density when the laser
radiation source is switched off (Jo). From the cathodic
polarisation curves (Fig.4) we can see that the highest
value of K =166 falls on the value of the cathode potential
E=-0.63V for the laser power density of 318.5 kW/m?2,

Studies have shown that at potential £>—-0.75V
nickel electrodeposition at switched off source of laser
radiation is not visually observed. At E<-0.67YV,
which corresponds to the cathode current density at
laser irradiation of 0.94 A/dm2, uniform coverage of the
entire surface of the copper cathode with a layer of
metallic nickel is observed.

Thus, the process of local laser-enhanced electro-
deposition of nickel on copper base at intensity of laser
radiation of 318.5 kW/m? is most expedient to be car-
ried out at cathode potential E=—0.63 V.

Analysis of electrodeposited nickel surface morphol-
ogy showed that use of external laser exposure of cath-
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ode area in the process of electrodeposition resulted in
transformation of surface morphology in comparison
with coatings produced by direct current (DC) applica-
tion without laser exposure (Fig. 5).

Process of cathodic nickel reduction from sulphate
electrolyte is accompanied by release of hydrogen which
passivates cathode surface due to adsorption across its
whole surface. Analysis of DC electroplated coatings (at
current density 0.5 A/dm?), showed formation of surface
blisters which look like “frozen” gas bubbles and repre-
sent such superficial defects. Fig. 5 (a) shows that fro-
zen hydrogen bubbles are internal stress concentrators
and one of the factors promoting coatings cracking.

In laser-enhanced electrodeposition mode nickel
coating internal stress in the radiation field decreases,
coating has a developed surface (Fig. 5 b). In transition
section from radiated area to non-radiated zone of the
sample cracks occurred in nickel coating that testifies
internal stress increase in (Fig. 5 c).

microns — 100microns |

b c

Fig. 5 — Morphology of electroplated nickel surface: direct
current electrodeposition mode (a); laser-enhanced electrodep-
osition mode: in radiation zone (b); out of radiation zone (c)

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 [5-8]. Laser acceleration of the
nickel 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 laser beam
with radius ro =10 mm from 296 K to 371 K.

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

] = exp[W/R (T, + AT)], )]
K, = exp[WAT/(R(Ty + AT)Ty)], 2

where To — temperature of the aqueous electrolyte solu-
tion, AT — temperature change of the aqueous electro-
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lyte solution, W — energy of metal ions.
The energy of discharging metal ions is determined
by the following expression [9, 10]:

W = —azF(E — E,), 3)

where E — the current potential value, Eo — the equilib-
rium potential value (Eo =— 0.45 V relative to the silver
chloride electrode).

Table 1 presents the energy values of the discharg-
ing nickel ions calculated by formula (3).

Table 1 — Energy of the discharging nickel ions

Deposition T K ®, W, kdJ/mol
modes > kW/m? (eV/ion)
DC — 49.6 (0,51)
Laser-enhanced | 351 | 5,4 5 60.8 (0,63)
electrodeposition

Based on the data on the stationary radial tempera-
ture distribution in the laser irradiation zone (Fig. 6),
we can calculate the radial distribution of nickel elec-
trodeposition current density:

Eq-At(r)
RT, [T0+At(r)]}’ 4

J@) =Jo-exp{

where Jo = 0,308 A/m2 — current density of nickel elec-
trodeposition at To = 293 K; At(r) — temperature count-
ed from 7To; Eo = 42 kJ/mol — activation energy of nickel
electrodeposition, R — universal gas constant.
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Fig. 6 — Radial temperature distribution in the laser irradiation zone

The values of current density calculated by expres-
sion (4), taking into account the data on the tempera-
ture in the laser irradiation zone (Fig. 6) and the value
of the metal ion discharge energy (Table 1), are close to
the values of current density for the laser-enhanced
process in the central part of the laser irradiation zone.
However, at r > ro (where r is a radial variable, ro 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:

r—ry W-AT (1)
r*—ro] " exp [RTO[T0+AT(T)] - 0

J@) = jo [t = X(r =7)

<
where JX(r — 1) = {3’:;2}

of the local coating of the deposited metal.
The application of expression (5) at temperatures

and r* — stationary radius
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corresponding to the course of the curve (Fig. 6) and the
value of the metal ion discharge energy (Table 1) gives a
radial profile of the current density (Fig. 7), from which
we can see a decrease in the current density from the
centre to the edge of the laser irradiation zone.
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Fig. 7 — Radial current density distribution in the laser irradi-
ation zone

In connection with the practical application of laser-
enhanced electrodeposition in the technology of protec-
tive coatings [11-15], it is important to find out the
radial profile of the local coating thickness of nickel
films under the selected optimum conditions. The local
coating thickness (d) is proportional to the current
density and electrodeposition time:

dr) =2j(r)r = 2, ©)

where k& — electrochemical equivalent (kni=0.3010-
6 kg/As), p — metal density (oni=8800kg/m?3), A —
atomic mass (An; =58.71-10-3 kg/mol), 7 — time of the
electrodeposition process, F' — Faraday constant.

The results of the calculation of the local coating thick-
ness as a function of the radial variable are shown in Fig. 8.
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Fig. 8 — Distribution of the coating thickness depending on the
radial variable

From the calculated data (Fig. 8) the thickness of
the local coating decreases with increasing distance r
from the centre (r =ro) to the boundary of the focused

J. NANO- ELECTRON. PHYS. 18, 05003 (2026)

laser beam and sharply decreases beyond it (r > ro).

At local laser-enhanced electrodeposition of nickel,
the average rate of nickel deposition in the area of the
focused laser beam is 9.6 um/h under optimal condi-
tions of laser-enhanced electrodeposition

J=0.77TA/m2, E=-0.63V), and the coating with a
thickness of 0.06 um, obtained at this potential at di-
rect current, is deposited at laser-enhanced mode for a
time 7~ 22 s.

In Fig. 9 shows the surface and cross-sectional im-
ages of the local nickel coating.

Fig. 9 — Local nickel coatings: surface (a); cross section (b)

At high values of radiation power, the temperature
of the electrolyte solution in the near-cathode region
significantly exceeds the temperature of the main vol-
ume 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 signif-
icantly increased.

4. CONCLUSION

The optimal conditions for local laser electrodeposi-
tion of nickel on copper from sulfuric acid electrolyte
were found, the parameters of local nickel spots were
calculated, and the speed of the electrodeposition pro-
cess was estimated.

After technological elaboration the obtained results
can be used in maskless processes of local galvanic
deposition of nickel for repair of microdefects of protec-
tive coatings of the conductive elements of printed cir-
cuit boards.
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JIorkanbHe J1a3€epPHO-CTUMYJILOBAHE €JIEKTPOOCAIMKEHH HiKeIII0
B.B. Turapeuxo, B.M. I'opes, A.M. Typizos

HTY «/Ininposcvrka nonimexuixar, 49005 {rinpo, Yrpaina

B poboTi mpencraBiesHo po3pobieHUE MeTOL OTPUMAHHS JIOKAJIbHUX HIKeJIeBUX IMOKPUTTIB 0e3 Macok 3
BHUKOPHUCTAHHAM Jia3epa, IMPOMiHb SKOro (QOKYCYEThCA HA KATOMl, PO3TAIOBAHOMY B TajbBAHIUHINA BaHHI.
JlasepHe IpPHCKOPEHHS IIPOIECY OCAMMKEHHS HIKeJI0 BiIOyBAE€ThCSA 34 PAXyHOK TEILJIOBOTO ederTy. 30Hmy-
BAHHS 30HM TEPMIUYHOTO BILUIMBY 34 JOIIOMOIOI0 MiJb - KOHCTAHTAHOBOI TEPMOIAPU IOKA3AJI0 HATPIBAHHS
ILIEHTPAJILHOI 00J1acTi sasepHoro myuka pagiycom 10 mum Bim 293 K mo 371 K. Amasis xaTomHux mosspu3a-
IIMHUX KPUBUX IIOKA3aB, 10 B PEIKUMI JIA3ePHOTO eJIEKTPOOCAPKEHHS CIIOCTEPIraeThCsi 301IbIIEHHS T'yCTH-
HU CTPYMY 1 3CYB KATOJIHOTO IOTEHIIay B OIK [I03UTUBHUX 3HAYEHD Yy IIOPIBHAHHI 3 PEIKUMOM OCAJ[PKEHHS 32
JIOTIOMOTOI0 TIOCTIMHOTO CcTpyMy 0e3 jasepHoro BumpoMiHoBaHHsA. CIocTepiraerbCs MPUCKOPEHHS MIPOIIECY
€JIEKTPOOCAPKeHHS TLTIBOK HiKeJI0 B 166 pasiB Ipu I'yCTUHI JIa3epHOro BumpomiaioBauusa 318.5 kBr/m2 1 mo-
BokwHl xBuuti 10.6 mrm. PoapaxoBaHo mapaMeTpu JIOKQJILHOTO HIKEJIOBAHHS Ta OI[IHEHO MIBUIAKICTH IIPOIECY
esrekTpoocapkeHHs. CepelHs MBUIAKICTh 0CAKEHHS HIKEJI0 B 30HI JIA3€PHOTO OIMPOMIHIOBAHHS CTAHOBUTH
9.6 mrm/ron mmpu J = 0.77 A/mm? 1 E = — 0.63 B. Bes s1azepHoro ompoMiHIOBAHHS IPU JAHOMY 3HAYEHHI KaTO-
naoro moteHmiany (K =—0.63 B) mBuakicTh ocapreHHsT HIKEJIO 34 JIOTOMOTOI IOCTIHOTO CTPYMY CTaHO-
Buth 0.06 MEM/TOZ, TOAl AK IIPHU JIA3E€PHIA CTUMYJIALIII IIPOIIECY €JIeKTPOOCAIKEHHS MOKPUTTA JA0CATAE Ifiel
roBmmau (0.06 MEM) 3a gac 22 c.

Kmouori cnosa: Enexrpoocamxenns, Jlasepue BunpominioBanusi, Karogua mepenamnpyra, 30Ha TepMIYHO-
ro BIIuBY, JIOKaIbHE eJIeKTPOIIITHYHE TIOKPUTTS.
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