Improved Copper Plating Through the Use of Current

Pulsing & Ultrasonic

By Peter Kristof

High-frequency and high-current pulse plating, as well ag
ultrasonic agitation, have been used toimprove the smooth
ness and microhardness of copper coatings produced b
electroplating from a sulfate bath in the absence of bright-
ening agents. By carrying out pulse reversal plating a
higher pulse frequencies (200 kHz) than have previousl
been reported for copper plating, coatings have bee
produced with VHN microhardness values (50 g load
slightly above 200, normally achievable only with the
addition of brightening agents. Pulse reversal plating has
consistently been found to produce a smoother and harde
deposit than pulsed current plating. The best results have
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of minimizing the number of cracks in the microstructure
-and producing a more uniform deposit thickrfess.

y The conditions that typically have been used in pulsed
plating of copper are pulse lengths on the order of millisec-
onds or longer and peak currents only slightly higher than

y those used in d-c plating. Previous work has shown that the
n copper deposits still remain relatively rough at low frequen-

cies on the order of 10 Hz. If frequencies on the order of 10
kHz can be reached, however, then very smooth deposits can
be producedThe greater the frequency of the applied pulse,
rthe thinner becomes the diffusion layer adjacent to the cath-

> ode. This transforms the entire surface from a microprofile

been achieved by combining an ultrasonic field having a into a macroprofile so that regions that would otherwise

strength of 60 watts with current reversal plating at 200
kHz, 80 percent duty cycle and 10 A/drh average ca-
thodic current density. This yielded a deposit with a
microhardness of 230 VHN and a mirror smooth finish
without having to do any mechanical polishing.

The use of pulsed current for copper electrodeposition

develop into protrusions and recesses are always equally
accessible for transport, inhibiting any roughreatso, as
frequency increases, it is possible to plate at higher peak
current densities, thereby achieving a greater nucleation
rate and a finer grain structut@o date, the highest fre-
guencies that have been reported for use in copper plating
treesve been 10 kHZ.

received much attention in recent years for improvement ofThe benefits of electroplating in an ultrasonic field have

some of the mechanical propertigsf the deposit as a resu
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ltbeen known since the 1950s, when the first reports showing
the potential of sonically assisted electroplating were pub-
lished!*!!Since that time, the influence of ultrasonic energy
on the d-c and electroless plating of siltfecpppetr**° and
zinc” and many other metafs® has been investigated. It is
generally accepted that the agitation caused by an ultrasonic
field can significantly affect deposition in the following
ways?%2L (i) increase in the current efficiency, rate of depo-
sition and limiting current density, (ii) minimization or elimi-
nation of edge build-up of the deposit on the cathode, (iii)
production of uniform and well-bonded coatings, (iv) reduc-
tion in deposit porosity and (v) decrease in grain size of
deposits.

This paper reports the results of a systematic study of the
deposition of copper onto copper electrodes from a sulfate
bath without brightening or leveling agents, at much shorter
pulse widths (on the order of microseconds) and much higher
current densities (above 10 A/@nthan have been reported
previously. In addition to greatly extending the range of these
parameters, we have also introduced ultrasonic energy dur-
ing the plating process to further improve the hardness and
smoothness of copper deposits. It is thought that the combi-
nation of ultrasound and pulse plating has not been previ-
ously reported.

Method

A glass electrochemical cell 8.5 cm in diameter and 4.5 cmin
height was used in the experiments reported below. When an
ultrasonic field was applied during plating, it was necessary
to continuously cool the plating bath. Consequently, the bath
temperature was controlled to 20 by use of a water jacket
connected to a circulating constant temperature bath.

Fig. 1—Pulsed current and pulse reversal waveforms used.
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Fig. 2—Effect of pulse frequency on VHN microhardness (50-g loa
copper deposits produced at 80% duty cycle and 10 7ddenage cathodic
current density: (A) pulse reversal and (B) pulsed current plating. S
micrographs for deposits obtained by pulse reversal plating at 50, 10Q
200 kHZ are also shown.

The standard plating solution consisted of a CH8(30,
electrolyte with the concentration of the copper sulfats
0.05 M and the sulfuric acid at 1.0 M. No brightening age
were added to the solutions, all of which were prepared
deionized water that was triply distilled and pre-electroly
using a copper cathode and a platinum anode at 0.2
overnight to further purify the solution of contaminants. T
latter procedure was found to be necessary in order to o
reproducible results.

The most common way to apply an ultrasonic field is fr

Pulse duty cycle, 5

i) Faf. 3—Effect of pulse duty cycle on VHN microhardness (50 g load) of

copper deposits produced at 200 kHz via pulse reversal plating. SEM
EMicrographs for deposits obtained at 20, 80 and 90 % duty cycle are also
asttbwn.

cathodically pre-polarized in 0.10 M,$O, for several sec-
> @nds at 25 A/dihand finally rinsed with distilled water.
ntsThe pulse plater used in this set of experiments was capable
rafgenerating a pulse width from 100 nsec to 1 msec, with rise
eand fall times of 10 nsec. The output of the plater supplies up
/den5 A average current to the load with a peak current that can
gafely reach 30 A. Experiments made use of two types of
gadvanostatic pulse waveforms (Fig. 1): (i) pulsed current,
where a cathodic square wave pulse was immediately fol-
fowed by a complete current cut-off during the interval

a source placed within the electrolyte at a location remdtetween pulses and (ii) pulse reversal current where a ca-
from the working electrode. The acoustic energy delivergdttmdic rectangular pulse was immediately followed by a less
the electrode depends strongly, however, on its distance frimtense anodic square wave pulse. The range over which the
the source and on the geometrical configuration within|te&perimental parameters were varied in this study is given in
electrochemical cell. These factors introduce additional yaFiable 1.

ables into the interpretation of experimental data and canjleaurface quality and roughness of copper coatings were
to difficulties in obtaining reproducible results. In order|tevaluated using both a scanning electron microscope (SEM)
eliminate these variables, we have followed the approac¢haofd a profilometer with a maximum resolution of 0.@éd
Reisseet al,'® in which the ultrasound originates at thdhe Vickers hardness with a 50-g load was determined with
working electrode rather than from a remote location. Thasmicrohardness tester. In order for the microhardness probe
involved designing a working electrode that vibrates in suoht to penetrate the deposited layer to the substrate, all
a way that cavitation occurs directly at its tip. The work|ngamples were plated with at least a 1d@-thick layer of
electrode was a 3-mm-diameter copper electrode (coppepper.

99.99% pure) mounted in the titanium probe of a sonic horn
operating at the standard frequency of 20 kHz and fts  &Discussion

designed as described previouZlBy varying the amplitudg Pulsed Current and Pulse Reversal Plating

of the vibration of the tip, we were able to vary the ultrasagnitie effect of pulse frequency on the VHN of the deposit
field strength. The counter electrode was a 2 cm diamepeoduced by pulsed current and pulse reversal plating is
copper (99.99 % pure) disk mounted in an epoxy holgdshown in Fig. 2. In each case, the duty cycle and the average
Before a deposition experiment, the copper cathode tip|vegplied cathodic current density were held at 80 percent and

mechanically polished with 600-grade emery paper,

h&@ A/dn?, respectively. The SEM micrographs of the depos-
its formed after pulse reversal plating at 50, 100 and 200 kHz
are also included in Fig. 2. The quality of the deposits is
strongly dependent on the pulse frequency in both pulsed
current and pulse reversal plating. Pulse reversal plating
always produces a harder deposit than the pulsed current
mode for any given frequency. As shown in Fig. 2 for pulsed
current plating, the VHN value increases with pulse fre-
guency up to approximately 150 kHz before leveling off to
about 160 VHN. On the other hand, the results show that
VHN values greater than 200 can be attained by using pulse
reversal mode at high pulse frequencies.

Comparison of the hardness values with the micrographs
shows that, not surprisingly, there is a strong correlation

Table 1
Range of Pulse Plating &

Ulrasonc  Imadiation Variables
Parameters Range
Cathodic on-time (ms),o‘r[for 0.001-100
Anodic on-time (ms), AT 0-50
Pulse frequency (kHz) 0-300
Cathodic peak current density (A/amp,for 1-25
Anodic peak current density (A/dmp,back 1-20
Ultrasonic field strength (watts) 0-125
Temp €C) 20
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between the surface morphology and hardness of the depos-
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Fig. 4—Effect of average cathodic current density on VHN microhard

(50-g load) of copper deposits produced at 200 kHz: (A) pulse reversg

(B) pulsed current plating. SEM micrographs for deposits obtained by

reversal plating at 5, 10 and 15 A/élaverage cathodic current density a

also shown.

its. The smoother the deposit, the harder it is. From
experimental results shown in Fig. 2 for a duty cycle o
percent and an average cathodic current density of 10%A
the plated samples with the hardest and smoothest su
have been obtained with pulse reversal mode at 200

a1s - B . i . I . . . i ' i
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Fig. 5—Effect of average cathodic current density on the surface roughness
R, of copper deposits produced by pulse reversal plating at 200 kHz.

nation for the lower smoothness and microhardness below 80

hdaercent duty cycle is that the off-time is larger than necessary

| dad activate growth centers on the electrode surface. Small
ulgeains are thermodynamically less stable than large ones
©pecause of high surface energy, and so recrystallization into
larger grains may be occurring during the off-time portion of
a cycle. At an 80 percent duty cycle, the off-time is relatively
thleort compared to that found at lower duty cycles and there
86less time available for growth of grains that have nucleated
dduring the on-time. Thus, finer grains are favored at such a
fgmdse duty cycle. If the duty cycle is increased too high to 90
kidercent, however, the waveform begins to approach that of d-

Because pulse reversal plating preferentially removes metgblating at extremely high current density. The process
from areas that tend to overplate during the cathodic parteicomes mass transfer limited and the off-times (or anodic-

the cycle, this mode is able to yield greatly improved
phology over that produced by pulsed current plating.
best results reported previously for copper plating sh
that coatings with VHN values above 200 (during d-

dimes) are too short for protrusions in the deposit formed
Hering the cathodic portion to be smoothed out. The result is
agorous spongy deposit.

or Figure 4 shows the effect of the average cathodic current

pulsed current plating) can be produced at low frequencaeEnsity on the microhardness and surface morphology of
only if brightening agents were add&dBy using the highet electrodeposited copper produced by both pulsed current and
frequencies in this study, we have been able to increasephkse reversal plating. The SEM micrographs of the deposits
hardness of copper deposits slightly beyond 200 VHN. Whismmed by pulse reversal plating at 5, 10 and 15 A/dra

the frequency is increased beyond 200 kHz for both platiatso included in Fig. 4. In the cases shown, current density has
modes, however, it was found that only powdery and pdodystrong effect on the microhardness and surface morphol-

adhering deposits can be formed, presumably resulting
the increasing importance of double-layer charging a
electrode/solution interfaceé.

Figure 3 shows the influence of the pulse duty cycle o
VHN (50-g load) at a frequency of 200 kHz for pulse reve
plated samples. The VHN value increases markedly
approximately 160 at a duty cycle of 20 percent to above
at 80 percent before dropping slightly with further increas
90 percent duty cycle.

The difference between samples pulse plated at the d
ent duty cycles is easily observed in the SEM microgra
presented in Fig. 3. The deposit formed at 80 percent

rogy. In the range of current densities (5-15 Afdmvesti-
tbated, 10 A/dh has been found to be the optimum for
obtaining reproducible hardness and smoothness. Interest-
timgly, at average current densities above 10 A/dine
sahotomicrograph for the deposit formed by pulse reversal
rgotating reveals a blade-like grain structure, although the
Jaedividual grain boundaries are hard to determine.
e toFigure 5 provides supporting evidence for what is seen in
Fig. 4. The surface roughness, Ris measured by the

Mg Table 2

lg Pulse Reversal Plating and Ulrasonic

cycle is decidedly smoother and more uniform than tho  Imadiaton Condiions ~ for Copper Deposits
produced at 20 or 90 percent. The samples plated at low ¢ From a CuSQ-H,SQ, Bath

cycles appear powdery and dull. These observations :
consistent with those made by G. Devaapl? that the| ~ Larameters _ Optimum Value
smoothest and hardest deposits were obtained at 80 per  E'ectrolyte concentration (M): CuSO 0.05
duty cycles. During the on-time (or cathodic portion) of th e L
pulse, the formation of new nuclei is favored. Moreover,|tl  Cathodic on-time (msec), [, 0.004
grain size and the resulting smoothness and hardness w( Anodic on-time (msec), ;J .. 0.001
be expected to increase at higher peak currents sinc Pulse frequency (kHz) 200
known that the nucleation rate increases exponentially Cathodic peak current density (A/gn, 22
overpotentiaf. During the off-time, recrystallization may  Anodic peak current density (A/dn ... 18
occur and previous reseaftthas shown that grain size  yiasonic field strength (watts) 60
increases with overlong off-times. The most plausible exp! Temperature°C) 20
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Fig. 6—Effect of ultrasonic field strength on surface roughngsgd®pper

deposits produced by combined ultrasonic irradiation and pulse reve &

plating at 200 kHz, 80% duty cycle and 10 A7drerage cathodic current
density.

profilometer is plotted over the entire range of current de
ties studied for pulse reversal and shows that the su
becomes smoother as the average current density i
creased. This is in agreement with the benefits of a shor
intense anodic pulse discussed previously.

Effect of Ulrasonication

The smoothest and hardest deposits obtained during
study have been produced by applying an ultrasonic f
during pulse reversal plating. The effect of ultrasonic fi
strength on surface roughness for pulse reversal at 200
80 percent duty cycle and 10 A/daverage cathodic currer
density is shown in Fig. 6. The surface roughness decre
continuously from approximately 0.23 to 0.0& as the

Fig. 7—SEM micrographs at 200 kHz, 80% duty cycle and 10 ?A/dm

average cathodic current density: (A) copper deposit produced by pulse
rd yersal plating in the absence of an ultrasonic field; (B) copper deposit
produced by combined ultrasonic irradiation at 60 watts field strength and
pulse reversal plating.

naiduced by ultrasound. Very little research on such an inter-
facgion has been done, however, so it is not well understood.
s Mwore work in this area is warranted.

and

Conclusions

The influence of current pulsing and an ultrasonic field on the
morphology and microhardness of copper deposits plated
tiniso copper cathodes from a sulfate bath without the addition
iafl brightening agents has been investigated. Higher pulse
efdequencies and peak current densities were applied than
kihtye been previously reported for copper plating. Pulse
treversal plating has been found always to produce a smoother
amad harder deposit than pulsed current plating. Comparison
of SEM images with profilometer and microhardness mea-

ultrasonic field strength is increased from 0 to 60 watts.
deposit obtained at 60 watts field strength is the smoo
obtained during this study. This deposit also has the hi
measured microhardness value (230 VHN at 50 g load).
remarkable leveling effect is demonstrated by the fact t
near-mirror-smooth surface is produced without having t
any mechanical polishing, even though the surface pri
plating was polished only with 600 grade emery paper.
SEM images clearly show a compact grain structure
individual grains smaller than that shown before when ul
sound is not used (Fig. 7). Grain sizes appear to be o
order of 0.5um. If the ultrasonic field strength is raised ab
60 watts, however, plating produces a rougher deposi
cause of pitting of the surface caused by the presenc
stronger field. Table 2 summarizes the pulse reversal pl
and ultrasonic conditions found in this study to produce
smoothest and hardest deposits.

Most of the above effects can be ascribed to cavitation
involves the formation and sudden collapse of bubbles wi
a liquid medium exposed to an ultrasonic field. Dependin
the position of the bubbles with respect to a solid surface,
modes of cavitation are known. If a cavitation bubble is
from a surface, then itimplodes symmetrically. If itis nea
at a solid surface during its collapse phase, the solid su
exerts a drag force on the portion of the void neares
surface. This asymmetry leads to a net inward force in
form of a liquid jet oriented toward the surface. The la
mode of cavitation produces intense mixing at the cat
surface and significantly improves mass transfer. Ano
possible effect which may only be significant during pu
plating is the interaction (destructive or constructive)
tween the oscillation of the diffusion layer resulting from
pulsing of the current and the oscillation of the diffusion lal
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Therements has shown that the smoother the deposit, the
hbatder it becomes. By applying pulse reversal plating at 200
hieldz, 80 percent duty cycle and 10 Aftlaverage cathodic
Thwerent density, we have been able to produce coatings with
aveN microhardness (50 g load) slightly above 200, hereto-
ftare achievable only with the addition of brightening agents.
r tcEven better results of 230 VHN microhardness have been
bbtained, however, by applying an ultrasonic field strength of
B0 watts in combination with the pulse reversal conditions
rdescribed above. Moreover, the deposits have a mirror-
gh®oth finish without any mechanical polishing being re-
vquired. This has the practical advantage of producing not
bely extremely hard and smooth surfaces, but also may lessen
tiiainfluence that the initial state and history of the substrate
thregs on the final deposit that is formed. This may ease the
thequirements of the pre-treatment steps prior to plating.

tEalitor’'s note: Manuscript received, February 1998.
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