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Abstract

A review on pulse and pulse reverse techniques for electrodeposition have been attempted. Pulse electrodeposition (PED) of some metals and
alloys are reported. The effects of mass, transport, electrical double layer pulse parameters and current distribution on surface roughness and
morphology are presented. Applications, advantages and disadvantages of PC and PRC techniques are discussed along with theoretical aspects
and mechanism.
© 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

In pulse electrodeposition (PED) [1-3] the potential or cur-
rent is alternated swiftly between two different values. This
results in a series of pulses of equal amplitude, duration and
polarity, separated by zero current. Each pulse consists of an
ON-time (ToN) during which potential and/current is applied,
and an OFF-time (Topr) during which zero current is applied as
shown in Fig. 1.

It is possible to control the deposited film composition and
thickness in an atomic order by regulating the pulse amplitude
and width [4-7]. They favor the initiation of grain nuclei and
greatly increase the number of grains per unit area resulting
in finer grained deposit with better properties than convention-
ally plated coatings. Process and circuitry for generating current
pulses for electrolytic metal deposition are dealt in literature [8].
In the present paper the authors summarize the recent advance-
ments in PED and PRC plating of metals, alloys, composites
and semiconductors.

2. Types of pulse waveform

Modern electronics and microprocessor offers the flexibility
of programming, of the applied current waveform. The latter
is of two groups: (1) unipolar, where all the pulses are in one
direction (with no polarity) and (2) bipolar, where anodic and
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Fig. 1. Typical pulse-current waveform [1-3].

cathodic pulses are mixed. There are many variants on these [9],
but the number of variables increases with complexity of the
waveform, which makes it more difficult to understand how a
particular waveform affects the deposition. Typical waveforms
include: (1) cathodic pulse followed by a period without current
(or an anodic pulse), (2) direct current (DC) with superimposed
modulations, (3) duplex pulse, (4) pulse-on-pulse, (5) cathodic
pulses followed by anodic pulses—pulse reverse current (PRC),
(6) superimposing periodic reverse on high frequency pulse, (7)
modified sine-wave pulses and (8) square-wave pulses. Among
these, the square wave pulses have the advantage of an extensive
duty cycle range [10].

3. Concepts of pulse and pulse reverse techniques

(a) In electroplating, a negatively charged layer is formed
around the cathode as the process continues. When using
DC, this layer charges to a defined thickness and obstructs
the ions from reaching the part. In PED, the output is period-
ically turned off to cause this layer to discharge somewhat.
This allows easier passage of the ions through the layer and
onto the part.

(b) High current density areas in the bath become more depleted
of ions than low current density areas. During Tofg, ions
migrate to the depleted areas in the bath. When pulse
Ton occurs, more evenly distributed ions are available for
deposition onto the part. The effects of PC & PRC vari-
ables on electrodeposition are summarized in literature
[11].

Permaloy Corporation [12] has studied pulses superimposi-
tion on DC [13]. Duplex pulse systems feature a burst of pulses
at one level followed by a burst at another, all in one direction.
Pulse-on-pulse systems offer complex wave shapes that have
pulses at amplitude riding on top of those of lower amplitude. In
PRC technique (Fig. 2) [14], plating current is interrupted and a
stripping time is introduced into the plating cycle. PRC have the
same effect of replenishing the diffusion layer like PC and selec-
tively dissolves the protrusions of the metal surface to ensure
a uniform deposit. The introduction of high frequency PRC
reduces the use of additives, which limits the deposit ductility
and electrical conductivity [15,16]. PRC avoids the drawbacks
of additives while the superimposed pulsation keeps control of
the crystal structure [17,18].
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Fig. 2. A typical pulse reverse waveform [14] where, Tax is the anodic time, ¢
is the cathodic time, /o4 is the anodic current density, Ic is the cathodic current
density, 14 is the average current density, T is the cycle time.

The introduction of PRC, in PCB manufacturing, eliminates
the passive layer formation on the copper anode. The distribution
of the electroplated metal is improved when PCB becomes tem-
porarily anodic. The adsorbed additives on the PCB’s surface
will shield the current and deposit copper during the forward
pulse, forming “dog-boned” deposits (Fig. 3). During reverse
pulse, the additives were attracted (“electroplated”) to the edges
of the drilling hole and results in dog bone additive layer (Fig. 4).
The unshielded areas electroplated with organic layer are par-
tially removed (Fig. 5). The last forward pulse finishes without
dog-boned deposits (Fig. 6).

Superimposing periodic reverse on high frequency pulse
results in a series of pulses with controllable amplitude, fre-
quency and duration that influences deposition characteristics
differently compared to PC/PRC technique. This sine-wave
pulse system is cheap and consists of output pulse with fast
turn-Ton and a slow sinusoidal turn-Topg. Square-wave pulse
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Fig. 3. Copper deposition during forward pulse.
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Fig. 4. Barrier-layer deposition during the reverse pulse.
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Fig. 5. Shrinking barrier-layer deposition during the forward pulse.

system applied in electronic applications is independent of the
power-line frequency facilitating a wide range (>10 kHz).

The double-pulse technique is characterized with two pulse
potentials and the corresponding pulse durations [19]. The first
pulse, being more negative than critical nucleation potential
(EcriT), is used to initiate the nuclei formation and the sec-
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Fig. 6. Copper deposition during the second part of the forward pulse.
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ond pulse, more positive than Ecryt but more negative than the
reversible potential, is used to control its growth. It is conve-
nient and easy way to produce custom cluster and tailor-made
distributions of surface enhanced Raman effect active materials
on inert electrode like indium—tin oxide [20,21].

4. Advantage of pulse and pulse reverse techniques

(i) While PED significantly raises the limiting current den-
sity (IL) by replenishing metal ions in the diffusion layer only
during Torr, PRC does it continuously [22]. (ii) In PED, by
modifying pulse parameters, deposits with desired composi-
tion, structure, porosity and hydrogen content could be obtained
[23-29]. (iii) Pulse plating reduces the additive requirement by
50-60%. PRC enhances the bath stability and efficiency with
negligible additive consumption [30]. (iv) PRC eliminates thick-
ness build up at high current density areas during current reversal
and improves step coverage without pores reaching down to the
substrate.

5. Pulse and pulse reverse current parameters

In the conventional DC plating there is only one parameter,
namely current density (/), which can be varied. But in PED
(Fig. 1), we have three independent variables, viz, (i) ON-time
(Ton), (ii) OFF-time (Topr) and (iii) peak current density (Ip).

In PC, the duty cycle (y) corresponds to the percentage of
total time of a cycle and is given by [31,32]:
duty cycle = =Tonf 1)
where fis frequency, defined as the reciprocal of the cycle time
(D).

1 1
Frequency = ——— = — )
Ton+Torr T

In practice, pulse plating usually involves a duty cycle of
5% or greater and ToN from ps to ms. PC will deposit metal
at the same rate as DC provided the average pulse current den-
sity equals the latter. The average current density (/a), in pulse
plating is defined as [33]:

14 = peak current (Ip) x duty cycle (y) A3)

In case of PRC technique, the average current (1) is as given
below [34]:
- IcTc — IaATAA

IN=——""—— 4
A Tan + Tc @

In PRC, the duty cycle (y') is given as below
Y = L with Taa = Tc (@)
Tan + Tc

where I is the cathodic current density, /s is the anodic current
density, Taa is the anodic (reverse) time, and Tc is the cathodic
(forward) time. The current efficiency of PRC is always less than
that of PC [35].

6. Pulse electrodeposition—deciding factors

6.1. Charging of the electrical double layer (EDL) at the
metal—electrolyte interface

The charges are provided to EDL, to raise its potential to
the value required for metal deposition at the rate correspond-
ing to Ia. The Ip supplied consists of two parts, (1) a capacitive
current, which charges the double layer and (2) a faradic cur-
rent (Ig), which corresponds to the rate of metal deposition.
The charging time (tc) of EDL is the time required for the /¢
to reach 99% of Ip [36] while discharge time (fp) is the time
required to decrease Ir to 1% of Ip. The rapid method for selec-
tion of 7c and fp values in relation to the applied Ip [9] is given
below,

17 120

tc=— and mH=—
C IP D IP

6.2. Mass transport

Mass transport plays an important role in limiting the depo-
sition rate, influences the morphology, deposit properties and
the macro- and micro-throwing power. The important factor for
mass transport in PC plating is pulse limiting current density
(IL). The value of I, depends on pulse parameters, particularly
Ton. Longer the Ton, smaller would be the value of I.. The
pulse Ton must be short to stay below the I, but sufficiently
long to fully charge the double layer. The value of the pulse I,
might far exceed DC limiting current density (Ig) [37,38]. Two
conditions: (a) Ia/lg <1 and (b) Ip/l1. < 1, are required to obtain
compact non-dendritic deposit [39].

In DC plating, powdery deposits are obtained at or near Ig
and the allowed applied current density is 10-20% of Ig. In PED,
smooth deposits may result even at the Ir,, provided pulsating
diffusion layer is very small. In PRC, applying short anodic
pulses between cathodic pulses allows preferential redissolution
of dendrites that might have grown during the cathodic pulses
[39-43].

7. Pulse current and deposit properties

Crystallization involves incorporation of adatoms or adions
in crystal lattice either by (i) formation of new crystals or (ii)
building up of old crystals. The factors affecting case (i) include
(a) high adatoms population, (b) high overpotential and (c) low
surface diffusion rate and vice versa for case (ii) [9,44]. The
factors (a) and (b) can be achieved through high Ip. In PED,
high Ip enhances the adatoms population and nucleation rate
during Ton. PC can affect the electrocrystallization mechanism
and controls the physical and mechanical properties of the elec-
trodeposited metal.

The rate of nuclei formation (v), is given by [9,45]:

_K2
v = K[ eXp (ln') (6)
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Fig. 7. A simplified illustration of the diffusion system obtained when current
pulses are applied to a plating electrolyte [50].

where K| is proportionality constant, K> including Ip is the
amount of energy needed for nucleation and 7 is the crystal-
lization overpotential. From above equation, it can be inferred
that as Ip increases the overpotential increases, which in turn
increases the nucleation rate resulting in finer crystals. In PED,
fine-grained deposition depends upon what happens during Ton.
Current interruption during Topr encourages re-nucleation due
to desorption of impurities.

8. Pulse current and duty cycle/frequency

For the same /4, the rate of metal deposition in PC could be
same as DC plating. At low duty cycle, high Ip is required to
obtain the same average deposition rate as DC. With increasing
duty cycle PC approaches DC [46-48] and so duty cycle of
33-50% is taken as the minimum value [49].

At high frequency (f), the double layer does not have time
to charge fully during the Ton or fully discharge during the
Torr. The PC diffusion layer (Fig. 7), [36,37,50] consists of
a stationary layer and a pulsating layer [36]. The total diffu-
sion layer thickness is equivalent to that obtained in DC plating
thereby limiting the maximum frequency to ~500Hz. How-
ever, at very high Ip, higher frequencies can be employed as
charging and discharging of the double layer becomes shorter.
The enhanced PC plating rates are mainly due to its effect on
electrocrystallization.

9. Pulse current and current distribution

Current distribution depends on potential distribution and the
local concentration of electroactive species at the electrode sur-
face [51,52]. At increased current density, the throwing power
deteriorates due to dominating primary current distribution [53].

Higher Ip during Ton results in less uniform current distri-
bution irrespective of pulse waveform [36—45,49,51-53]. PC
may improve the throwing power by altering the electrolyte’s
efficiency, hydrogen discharge and deposition mechanism.

10. Pulse current and power consumption

In PED, as discussed under Section 6.2, employing high Ip
during Ton reduces the electrode resistance and hence its aver-
age cathode potential is lower than in DC. The average cathode
potential cannot be used for power calculations because higher
peak cathode potential is required during Ton for PC. The greater
power consumption in PC can reduce bills for heating elec-
trolytes but may cause overheating, particularly at low duty
cycles. [50].

11. Pulse current and additives

The pulse Torr is important for the enhancement of additive
mass transfer [54]. For electrolyte without additive, the deriva-
tive of potential with time during Toy is always positive due to
the continuous increase of concentration overpotential, while in
the presence of an additive, this depends on the latter’s specific
adsorption kinetics.

In PED of nickel, with increasing amounts of 2-butyne-1,4-
diol (BD), the deposit’s hardness (220-420 Hv) increases due
to reduction in grain size [55]. The concentration of adsorbed
BD during Ton is increased due to its replenishment during
Torr. The dendritic morphology of Sn—Ag alloy obtained with
increase in Ip between 40 and 60 A dm~2 [56] is avoided by
adding triethanolamine. Addition of sodium dodecyl sulfate
during pulse Cu—Co deposition, led to cobalt-rich columnar
structure [11,57], suggesting the possibility to produce con-
trolled 3D nanostructures [58].

12. Pulse plating of alloys

PC can influence the structure and composition of an alloy.
Uniform composition can be obtained at high frequency pulses
(>10Hz). The alloy deposit may exhibit a composition modu-
lation during Ton and Topr producing multi-layered coatings
(composition modulated alloys) [49,59]. For some applications,
a small cathodic or anodic Topf current may be applied (Fig. 8),
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Fig. 8. Schematic of current density pulses: application of anodic off-time cur-
rent density, Iorr >0. The thin line represents the average current density /4.
Also shown are the Ton, Torr and Ip [49].
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and the corresponding average current density (I’ A) is given as

Iy = (Ip x y) + Iopr(l — y) (N

where Iopr is the current density at Topr (taking anodic current
as positive and cathodic current as negative). Ternary alloys can
be produced readily using PC than DC [49].

The advantages of PRC technique in alloy plating include: (a)
adjustment of reverse pulse current density to obtain alloys of
a specific composition/grain size at a constant temperature, (b)
in situ modification of applied current waveform enabling the
production of patterned nanostructures and (c) produce quality
deposits over entire composition range.

13. PC and PRC deposition of individual metals and
alloys

13.1. Chromium and its alloys

The current efficiency of chromium deposition from the con-
ventional sulfate baths were increased to 38% under low and
high frequency PC plating when the anodic to cathodic charge
ratio lies between 0.002 and 0.0085 [60]. The unipolar pulses
and PRC technique reduces the stress enabling the production
of crack-free deposits [50,61-63]. PC plated chromium deposits
were observed to have refined grains with enhanced hardness
(~1000 Hv), surface crack density and corrosion resistance than
that plated with DC at same current density [64,65].

The HCP structured chromium deposits obtained at
60 A dm~2 and pulsating frequencies between 0.05 and 1kHz
[66] were changed to BCC at higher frequencies (5-50kHz)
possessing superior mechanical property [63]. The size of the
nodules and the wear resistance depends on the chrome growth
kinetics and Ton/ToFr [67,68]. Multilayer Cr—Ni, with alternate
amorphous chromium-rich layer and equiaxed grains of ~7 nm
in nickel-rich layer were produced using PC [69].

13.2. Cobalt alloys

Ni—Co alloy deposits having a compact oxide film with
twice the cobalt content could be obtained at low Ip and high
pulse Torr [70]. The composition of Co-Fe alloys shows some
variation at low current density with PRC due to preferential dis-
solution of iron during the anodic pulse whereas it is independent
of I with DC and PC.

PRC technique can produce pure Ni—Co and Co-Ni-Fe
deposits with relatively low residual stress [71] without
additives. This technique enhances the deposit’s hardness
(~220 Hv) by reducing the cobalt content [29]. Molybdenum-
rich (35-40wt.%) Co—Mo alloys with improved mechanical
properties can be obtained using PC [72].

13.3. Copper and its alloys

Nanocrystalline, ultra-fine grained (8—100 nm) [73] and poly-
crystalline copper foils (~25 wm thick) were produced at 10 kHz
[74,75]. Presence of numerous big grains (~550 nm) on the cop-

per surface and many small clusters of ~50 nm diameter were
reported [76]. Addition of polyethylene glycol and EDTA during
pulse copper deposition increases thickness, current efficiency
and throwing power [77]. PRC enables release of trapped hydro-
gen in deposits leading to softer coating than those obtained with
PC and DC [18].

In PED of Cu-Sn alloy deposition, the metal ratios can be
easily varied by varying pulse parameters [31]. A mixture of
CugSns and pure Sn can be obtained for a tin-rich alloy [78]
and CuygSny; is favored instead of CuzSn [79] for a copper-
rich alloy. A mixed granular copper alloy phase and cobalt can
be obtained at 1 kHz whereas a coherent super lattice structure
with 50% copper at 0.2kHz and 80% cobalt at 0.4 kHz can be
obtained using PC [80].

In PED of Mn—Cu, decreasing Topr results in uniform
and homogeneous films with improved mechanical properties
[81,82]. In PED of Cu—Ni [83], the films produced are predom-
inantly copper at low Ip, copper and nickel at moderate /p and
nickel at high Ip [84,85] due to the deposition of copper at the
limiting current while nickel is deposited during Ton [86,87].

13.4. Gold and its alloys

PED of gold on aluminum produce deposits with smaller
grain size with less porosity [88], high surface density and better
corrosion resistance than the DC plated gold [89]. At 5 A dm™2,
nanocrystalline gold (23 nm) were obtained [90] due to desorp-
tion of gold adatoms and adsorption of inhibitor as sulfur—gold
complexes. As mentioned in Section 6.2, for phosphate, citrate
and cyanide gold electrolytes the I, were higher than Ig [38].
Between 0.5 and 1kHz [91] deposits with improved strength
[92], purity and hardness [93] were produced. PC enhances the
deposition rate at higher Ip and temperature [94] and reduces
the required thickness leading to gold savings [89].

PED could produce polymer-free semi-bright Au—Co [95]
and Au-Ni [93] alloy deposits. The straight walled gold bumps
were produced at 5 A dm~2, as the photo-resist would deform
at high Ip. The cathode diffusion layer sufficiently recovers at
long Torr, producing smooth gold films [96].

13.5. Nickel and its alloys

Nickel deposits with improved morphology and mechanical
properties [97—-104] could be produced by altering pulse param-
eters. As seen under Section 8, pulse frequency between 100
and 200 Hz [59] permits higher Ip (300Adm_2[105]) leading
to fine-grained deposits [104,106,107].

At the same Ip, Ton and electrodeposition time, either ramp
or triangular pulsed waveform produced best surface finish
in electroforming of nickel [108]. PRC technique produced
ultra-thin and void-free nickel films at 1.2 A dm~2, 90% duty
cycle and 400 kHz [109]. Their excellent precision, durability
and surface smoothness make them suitable for high-resolution
applications.

PED of Ni-Mo alloy at 0.04 A dm~2 and 0.1 kHz resulted in
nanocrystalline (7-10nm) crack-free deposits [110]. Between
0.05-0.1kHz, 20-40 Adm~2 and 10% duty cycle, nanocrys-
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talline Ni—Cu deposits (26-36 wt.%Cu) with superior corrosion
resistance better than Monel-400 could be obtained [111]. In
PRC deposition of Fe-Ni alloy [34], the variation of iron content
with Ip is less compared to PED and DC plating [12,112,113].
Pulse timings in Ni-W alloy, must be such that they operate on
each monolayer, producing a homogeneous alloy with reduced
tungsten level [114,115].

13.6. Platinum

The most warranted research on platinum and its alloy deposi-
tion is for fuel cell applications. Of various techniques available,
electrodeposition particularly using PC is considered to be the
most viable one to minimize the platinum content without sac-
rificing the catalytic activity.

Vilambi etal [116] and Taylor etal. [117] used PED to deposit
2-3.5 nm platinum on Nafion membrane in regions of ionic and
electronic conductivity. The catalyst produced 320 mA cm~2 at
0.7V with 0.05 mgp, cm~? loading [118]. PED was performed
directly (H2PtClg impregnated carbon) on a glassy carbon [119]
and within active layer of Nafion depositing 20% Pt (of 2—4 nm)
[120]. However, the chloride ions, in the precursor reduced the
metal’s catalytic activity [121]. PEM fuel cell cathode prepared
by PED [122] containing only 62% of platinum used in the
conventional E-TEK electrode [123] generated 0.33 A cm~2 as
against 0.2 A cm ™2 by the latter at the same voltage (0.8 V).

During PED, the amount of platinum loading can be varied
with the total charge used and the concentration of platinum
precursor. Lee et al. [124] obtained 0.25 mgp; cm~2 with 3-5 nm
size platinum particles [125] at 300 mA cm™2 and 10/100 ms of
Ton/Torr- PED from aqueous platinum salt led to a particle size
of 70 nm [126,127] whereas in presence of glycerol the size got
reduced to <10nm [128].

13.7. Silver and its alloys

PC plated Ag—Sn alloys had enhanced tarnish resistance [9].
Pure silver deposits and 97% pure cobalt deposits in the pores of
track-etched membranes were obtained for giant magneto resis-
tance applications [129]. In Pd—Ag deposition, an increase of
either Ton, Ip or duty cycle led to a decrease in current efficiency
of silver with its concentration in the deposit [130]. Unsym-
metrical square wave current was employed to prepare poly
aniline-silver (PANI-Ag) nanocomposite film having a fibrous
structure with silver nanoparticles dispersed in the PANI matrix
[131]. The nodular structure of silver disappears with increased
Iaa and at low Topp with PRC technique [132].

13.8. Zinc and its alloys

PC produced nanocrystalline zinc deposits at 200 A dm >
[133-135]. With additives [135,136], deposits with 56 nm grain
size with remarkable hardness [4] and corrosion rate 60% lower
than electrogalvanized steel could be produced [137]. Ye et
al. [138] related the ductility of zinc coatings to the percent-
age of crystallites that lie at inclined angles with respect to the
basal planes. Pulse technique resulted [139] in leveling off the

DC growth-dependent habits and a [00.2] texture at 20 A dm™>
resulted in compact zinc deposit.

In PED of Zn—Co alloy, the cobalt content increased with Ton
and Ip [140]. In PRC technique, the cobalt content is higher
for a given Ip [14] due to the selective dissolution of zinc in
the alloy during the cathodic cycle [17]. The deposits obtained
were smooth with reduced internal stress due to the removal of
hydrogen during reverse current [141]. Due to the existence of
v-phase and a homogeneous compact structure, pulsed Zn—Ni
deposit exhibited better corrosion properties [142—146]. Pulse
deposited Zn (25-40%)—Mn alloys had a single e-phase [147] at
0.02 Adm™2,0.01-0.05 kHz and 25-50% duty cycle. While PC
and PRC led to very low current efficiency despite uniform depo-
sition, superimposed pulse produced the above alloy with max-
imum corrosion resistance and highest current efficiency [148].

13.9. Composites

PED improved the hardness (~500kgfcm~2) of Ni/SiC
composite coatings at longer Torr [149] that favored grain
refinement of nickel and SiC incorporation [150]. PRC tech-
nique improved SiC content in the composite by six times [151].
The tribological behavior of the Ni-P-SiC composite was bet-
ter than that of DC plated deposits [152]. Microhardness of PC
plated Ni-diamond composite (611 Hv) is higher than that of DC
plated composite (540Hv) [153]. The grain size and hardness
of PRC plated Ni—-Co/nanoalumina composite [154] were better
than those of DC plated composites due to enhanced nucleation
rate. Due to partial dissolution of nickel in the anodic cycle, Ni-C
nanofiber composite obtained by PRC technique had 5-6 wt.%
higher fiber content [155,156].

13.10. Semiconductors

The grain size of CdSe films decreased at 6.25% duty cycle
[157]. PED of ZnSe produced zinc and selenium elemental
phases at low frequency (0.0001kHz) and much improved
coatings in the range of 0.001-0.01 kHz while at frequencies
exceeding 0.01 kHz, the film quality declined, since too short
pulses induced a strong capacitive effect [158]. In PED of CdTe,
increase in Ip produced a mixture of cubic and hexagonal struc-
tures. The deposit’s pre-band gap transmission value decreased
due to oxide formation. Hexagonal CdTe deposits obtained at
long Torr and short Ton showed better optical properties [159].
Richoux et al. [160] reported that Ton affects the morphology
and the composition of the BipTe3 deposits. In PED of GaAs
[161], increase in duty cycle (10-50%), decreased the band
gap due to decrease in grain size suggesting that the film can
be used as a solar cell [162]. The best quality of pulsed TiB»
deposit [163,164] is produced at 3:1 (Ton/ToFF ratio) and at
0.005-0.1 kHz [165].

14. Technological applications

Pulse plating is used to a large degree for plating on elec-
tronic connectors and switch contacts. Less stressed pulse plated
deposits made it easy to stamp and form contacts after plating.
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The economic gains surpass the relatively high cost of pulse
power supplies.

Manufacturers of semiconductor lead (Pb) frames are using
PC to increase the reliability of wire bonds and to enhance
deposition rate. High-speed gold and silver-plating solutions
specially formulated for pulse deposition are available commer-
cially.

In Printed Circuit Boards (PCB) industry, there is a need
for miniaturization of high-density interconnections. The use
of PRC for the deposition of copper from acidic electrolytes
containing additives, produce enhanced throwing power espe-
cially in the holes [165-167]. Circuit traces can be positioned
closer together without shorting one another with the use of pulse
technology, for high-density circuitry applications in microelec-
tronics industry [168,169].

15. Disadvantages of pulse and pulse reverse techniques

The disadvantages of pulse current and pulse reverse tech-
nique, although minimal are:

1. Inmost cases, the cost of a pulse rectifier is much greater than
a DC unit. It is a highly regulated and sophisticated design
that costs more to manufacture.

2. The technology requires one to think and plan ahead with
a series of procedures to follow in order to obtain the best
results.

3. For the chemical manufacturers, the requirement for addi-
tives is reduced.

16. Conclusion

This review indicates the advantages and disadvantages of
employing PC and PRC technique in plating. Pulse current
produces invariably fine-grained structures so that physical,
chemical and mechanical properties are changed advantageously
for many metals and alloys. Pulse and the related techniques
enable the production of newer types of deposits, which were
considered impossible so far. Pulse technique might become a
commonly used tool for other electrochemical processes also
in future (e.g., electro-discharge machining, electro-etching and
electro-cleaning).
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