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Copper electrodeposition is a crucial process in the fabri
cation of high density build-up multilayer printed circuit

boards (PCBs), thus the effects of additives and platin
waveforms would provide useful information for future

production of PCBs. The effect of additives AC90 and
chloride ion on the redox potential and polarization resis-
tance of copper electroplating were evaluated. This re
vealed an interesting synergistic effect of chloride ion anc
additive AC-90 with a substantial increase in the polar-

modified waveforms is that the double layer or diffusion
layer next to the cathode is altered by the waveform, which
ywill subsequently influence the mechanism of
electrocrystallization. As the complexity of the waveform
increases, it is more difficult to understand how a particular
waveform affects the electrodeposition process. There have
- been many studies regarding the effect of special waveforms
I on the electrodeposit characteristics, including reduction of
deposit porosity, higher purity, finer grain deposits, lower

ization resistance. Moreover, copper electrodeposition electrical resistance deposits, improved mechanical proper-

obtained by direct current, periodic pulse current and
periodic pulse reversal current plating in the presence
and absence of additive AD-90 were investigated. Th
thickness, surface morphology, texture, elongation per
centage and tensile strength of the copper deposits we
evaluated. The copper electrodeposit obtained by peri
odic pulse reversal current plating exhibited the best
macroscopic throwing power among the three protocols
based on thickness studies. The X-ray diffraction pattern
of this copper deposit was a non-textured random de
posit. In addition, this deposit showed desirable proper
ties when compared to Class | copper foil (percent elon
gation 5.20 %; tensile strength 20.34 kgf/m#). With the
presence of additive AC-90 in the plating solution, the
microscopic throwing power of the copper deposit is
improved and a smooth surface morphology of coppe
depositwas obtained. Copper electrodeposits obtained b
periodic pulse reversal current plating would therefore
be ideal for future manufacturing of PCBs.

Acid copper sulfate electroplating solutions are the pred
nant copper electroplating solutions used in the printed
cuit industry and in the plating-on-plastics industry after
electroless striké As the size of electronic devices continy
to shrink, high macroscopic throwing power copper elec
plating is required to plate the blind microvias in the fabri

ties and enhanced throwing poviét1®Y’In particular, vari-

ous aspects of pulse plating have been investigated, such as
elimiting current density, power consumption, and the effect
of pulse current on deposit propertiéd3Also, many studies
rehave focused on periodic pulse reversal current plating,
- including the cathode efficiency, the polarization behavior
and the mass transfer of copper depositidhAlthough the
basic principles governing the mechanism of pulse plating
and periodic pulse reversal current plating remain controver-
- sial, we have previously demonstrated the utilization of
periodic pulse reversal current plating for generating high
- macroscopic throwing power deposits in the plating of

microvias*

As miniaturization of electronic device continues, the
importance of the copper deposition process increases be-
cause the copper deposit becomes a higher percentage of the

yfinished laminate when compared to resin or glass, as the
dielectrics become thinner. The production of high-quality
electronic devices relies heavily, therefore, on the electrical
and mechanical properties of the copper deposit. The texture
rof- the deposit influences both electrical and mechanical
giroperties, while the surface morphology is related to the
alownstream processing of the device. Thus, the texture,
esurface morphology, percent elongation and tensile strength
trof the electrodeposition of copper from acid copper sulfate
calectroplating baths by direct current plating, periodic pulsed

tion of high density build-up multilayer printed circuit boards;urrent plating, and periodic pulse reversal current plating are

PCBs?”

To achieve high throwing power electroplating, the f
lowing basic operation conditions are required: (a) unifg
air agitation; (b) equal anode and cathode distance
chemical constituent control; (d) regular carbon treatm
(e) temperature control; (f) contaminant elimination;
current density contrélThere has been a number of stud
on the use of modified waveform techniques in presend
certain additives for improving throwing powef.

Moreover, employment of modern electronics and mig
processor control has permitted great flexibility for progra
ming of the applied waveform in plating techniques. Sev
such modified waveforms have been available: supe
posed alternating current, interrupted direct current, peri
reverse current, pulsed current, periodic pulse reversal

presented in this report. Because additives such as sulfur- or
ohitrogen-containing organic compounds and chloride have
rbeen widely used in copper electroplating, the polarization
(eistance of electroplating solutions containing chloride and
estgmmercially available AC-90 were also studied as an indi-
gator for the throwing power of the deposition and effective-
igmess of the corresponding additives.
e of

BExpeiimental Procedure

rThe copper electroplating solution employed in this experi-
iIMaent consisted of 75 g/L Cu$O5H,0, 95 g/L of 1.84 sp.
eav. HSO, and 20 ppm chloride ion, purified by charcoal
ramd dummy plated at 0.3 A/drfor three hr. The additive
Ddised was 2.5 mL/L of AC-90.
CurAll the electrochemical studies were performed by a

rent etct*** The general underlying theory for the effect
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obotentiostat interfaced with a personal computer. For cyclic
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voltammetry and polarization resistance studies, the workisity of 3. The percent elongation and tensile strength of the
electrode was a copper disk of one?csurface area, the test specimen were measured according to the standard test
reference electrode was an SCE and the counter-electrodthods of ASTM E-35-87 with a testing machiifiée load

was of platinum. The cyclic voltammograms were taken logll used was 2500 kgf and the speed of testing was 5.8 mm/
scanning between -1.0 V and +1.0 V referred to open-circmitn.

potential, with 100 mV/sec scan rate. The reduction pote
of copper electroplating at fixed current density of 30
cn? was recorded by chronopotentiometry during di
current electrodeposition.

Deposition of copper was performed at room temper
for one hr in a 267-mL Hull Cell, using a copper an
(containing 0.03% phosphorus) and an aluminum cath

tial

Adesuls  &Discussion

eEfectrochemical Study of Copper Electroplating Solution
The redox potential and polarization resistance of copper
Wectroplating solutions in the absence and presence of addi-
d#&ve AC-90 and chloride ion were measured. The reduction
@eak potential of the copper ion (-0.35 V) was not affected by

by direct current, periodic pulse current, or periodic reverssloride ion, but this potential was shifted to -0.42 V with the

pulse current (Table 1). The direct currentwas 2 A. The

period of the periodic pulse plating was 21 msec, the
cycle was 0.952, the cathodic current density was 2 A/
with dimensionless pulse current density of 3. The p
period of the periodic reversal pulse plating was 21 mse
cathodic duty cycle was 0.952, the cathodic current de

was 2A/dni, with dimensionless anodic reversal pulse ¢
rent density of 3. During deposition, the plating solution
stirred by air agitation. After deposition, the copper foil W

separated from the aluminum cathode and divided into
equal sections. The thickness of each section was meds
The measurement was made using a magnetic indu

probe¢ Each sample was measured more than four timeg

the average value was reported. The surface morpholo

each section was examined by scanning electron micro%a
The texture of each section was investigated by scan

from 40 to 140 at a scan rate of°’Min with an X-ray
diffractometert

The samples prepared for tension test were deposit
room temperature using an aluminum cathode and a 0
phosphor copper anode. The direct current was 3 A/tne

pulse period of the pulse plating was 21 msec, the duty ¢

was 0.952, the cathodic current density was 3 A/avith
dimensionless pulse current density of 3. The pulse peri

the periodic reversal pulse plating was 21 msec, the cath

duty cycle was 0.952, the cathodic current density was

uls@sence of additive AC-90 in the electroplating solution.
Utiie oxidation peak potential of copper was more positive and
Mhe oxidation current was higher in the presence of chloride
I& (no chloride: 0.60 V, -0.73 A; with chloride: 0,65V, -0.82
, e This indicates that the chloride ion affects the copper
sityidation thermodynamically and kinetically. Interestingly,
Wirhen both chloride and AC-90 were present in the copper
vagectroplating solution, the reduction peak potential and the
asxidation peak potential of copper were shifted and the
faidation current also increased (Fig 1). The average reduc-
utksh potential of copper electroplating at a fixed current
Cliflghsity of 30 mA/criwas -0.4 V with no chloride or AC-90,
dud the average reduction potential was shifted to -0.52 V
gyvben AC-90 was added to the plating solution.
opeAccording to Ohm’s law, the current distribution in plating
nis@ffected by the polarization resistance of the double layer
as well as the relative position of anode and cathode. When
the polarization resistance increases, the current is more
e@wadnly distributed, which would result in higher throwing
Ogétver. The polarization resistance of the acid copper sulfate
electroplating solution with no additive was approximately
yt®0 Q. The polarization resistance remained unchanged
with the addition of chloride ion in the electroplating solu-
bdioh, but the polarization resistance increased significantly
agiten AC-90 was added to the plating solution (58)7
BWhen both chloride ion and AC-90 were added, the polariza-

dnv, with dimensionless anodic reversal pulse current defon resistance increased to 102.2The synergistic effect of

chloride ion and AC-90 re-
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sulted in a large increase of the
polarization resistance of the
double layer. This drastically

improved the microscopic

throwing power and yielded a

bright deposit.

Thickness  of Copper

Bedrodepost

Direct currentplating, periodic
pulse current plating and peri-
odic pulse reversal current plat-
ing were employed separately
in the presence and absence of
additive AC-90 for generating
the copper deposits (Table 1).
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Fig. 1—Cyclic voltammogram of copper plating solution containing: (a) G&8@,SQ; (b) CuSQ & H,SQO,

+Cl; (c) CuSQ & H,SQ, + CI + AC-90.
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The average thick-
ness of the coppe
electrodeposits is
summarized in
Table 2. The thick-
ness of the coppers
deposits increase

for all deposition &
schemes, which is
consistent with &&

the same current-g
density section us
ing the same plat
ing solution, the
order of thickness
for copper elec-
trodeposits was as
follows: periodic ¥
pulse > direct > pe- b&
riodic pulse rever-
sal. This trend was

the pulse current g
increased the thick
ness of the deposi
during the pulse §
period by deposit-
ing more copper

current, and the pe-§
riodic pulse rever- &
sal current de-;
creased the thick-
ness of the deposi
during the pulse re-
versal period by
dissolving some of
the copper deposit.
As anticipateda priori, the difference between the depdsitFig. 2e). Moreover, the grain size increased with increasing
thickness on the high-current-density section (80 mAycnturrent density. Additionally, the copper grains were hemi-
and the low-current-density section (10 mA#follows the| spherical and nodular when plated in the current density
trend: periodic pulse reversal current plating (scheme |1pection of 40 mA/ci(Fig. 2e). With additive AC-90 in the
direct current plating (scheme 2) < periodic current platindating solution (scheme 5), the direct current plating depos-
(scheme 3). These results indicated that the periodic putsewvere bright in the current density range of 10 to 60 mA/
reversal current increased the macroscopic throwing ppveer. A smooth surface morphology for the copper deposit
of the copper solution and the periodic pulse current deas obtained by scheme 5 in the current density section of 40
creased it compared to direct current in the current densitp/cn¥ (Fig. 2f), corroborating that the influence of additive
range of 10 to 80 mA/ctn Further, for the same currentAC-90 on throwing power is microscopic.
density and method of deposition, a brighter and thinnerWith periodic pulse current in the absence of additives
deposit was obtained with the presence of additive AC-90(stheme 3), the copper grain size increased considerably with
the plating solution. This suggests that addition of AQ-90creasing current density. The individual crystals of the
improves the throwing power microscopically (see belowopper deposit from scheme 3 in the current density section
of 10 mA/cnt were imperfect (Fig. 2g). Also, the copper
Surface Momphology of Copper Electrodeposit deposit from scheme 3 with current density of 40 mA&/cm
The surface morphology of the electrodeposits was studihtained loose spherical grains (Fig. 2h). Additive AC-90
by scanning electron microscopy to assess the microscaio modified the surface morphology of the copper deposit
throwing power (Fig. 2). Compact imperfect crystalline denicroscopically. With additive AC-90 in the plating solution
posits were observed for the surface of samples depositeddgeme 6), the pulse current deposits were bright with a
direct current plating in the absence of additives (schemecgyrent density between 10 and 60 mAfcifhe surface
with a current density of 10 mA/é&tFig. 2d) and 40 mA/cfny morphology of the copper deposit by scheme 6 with a current

. -
bl %~ Ay, v

Fig. 2—Surface morphology of copper electrodeposits from:
At 10 mA/crh (a) scheme 1; (d) scheme 2; (g) scheme 3
At 40 mA/cr (b) scheme 1; (c) scheme 4; (e) scheme 2; (f) scheme 5; (h) scheme 3; (i) scheme 6.
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Table 1
Schemes for  Copper Electrodepasition

Additive AC-90 in Plating

Scheme Solution (2.5 mL/L) Method of Copper Plating
1 None Periodic Pulse Reversal Platin
2 None Direct Current Plating
3 None Periodic Pulse Current Plating
4 Yes Periodic Pulse Reversal Platin
5 Yes Direct Current Plating
6 Yes Periodic Pulse Current Plating
Table 2
Average Thickness of Copper Electrodeposits
K m
Current Density Scheme
(mA/cm?) 1 2 3 4 5 6
10 33 42 44 33 37 43
20 40 46 55 36 43 51
40 48 60 67 46 56 60
80 61 76  N/A* 59 72 82
* Powder
Table 3
Average Percent Elongation &Tensie  Strength
Scheme of Class 1
Deposition 1 2 3 4 5 6  Copper
Percent 520 465 — 516 419 271 3.00
Elongation
Tensile 20.34 3162 — 17.89 30.06 25.55 21.14

Strength (kgf/mm?)

density of 40 mA/crhis shown in Fig. 2i. There were son
pinholes on the smooth surface and hemispherical g
beneath could also be noticed.

With periodic pulse reversal current, the individual cr
tals of the deposits were more perfect than those obtaing
either direct or periodic pulse current plating using the s
solution. In the absence of additives (scheme 1), there w
significant difference in the size of the crystallite between
deposit from the 10 mA/chsection (Fig. 2a) and the depo
from the 40 mA/crhisection (Fig. 2b), indicating that sug
deposits have a higher microscopic throwing power ¢
pared to those obtained by direct or pulse current pla
Additionally, both hemispherical and secondary nuclea
of copper deposits were observed. With the presenc
additive AC-90in the plating solution (scheme 4), the surf
of the periodic pulse reversal current deposit was dull
concave when it was obtained with a current density bety
10 and 80 mA/crh The surface morphology of the copp
deposit obtained by scheme 4 in the 40 mAtznrent
density section is shown in Fig 2c. The deposit was smod
than those obtained from the plating solution without a
tive. This again supports the conclusion that additive AC
serves to modify the surface morphology of the cop
electrodeposit and influence the throwing power microsc

current plating exhibit the highest microscopic throwing
power compared to direct or periodic pulse current plating.

Texture of Copper Elecrodeposit

To determine the degree of preferred orientation, all the
y relative intensities of the X-ray diffraction patterns were
acquired and compared with the Powder Diffraction File
(PDF) number 4-836 of the Joint Committee on Powder
Diffraction Standards (JCPDS) diffraction data card for ran-
domly oriented powder copp&The X-ray diffraction pat-
terns were similar for the same scheme of electrodeposition
used in the 267-mL Hull Cell at various different current
density sections except that the degree of preferred orienta-
tion for scheme 2 and scheme 4 were stronger at the higher-
current-density section.

When there was no additive in the plating solution, direct
current plating resulted in a textured deposit (scheme 2). The
X-ray diffraction pattern of this deposit showed that the
major preferred grain orientation was 220, and the minor
preferred orientation was 331. The copper deposit obtained
from periodic pulse reversal current plating in a plating
solution without additive (scheme 1) was random, probably
because in the pulse reversal interval, the copper deposit was
redissolved, mostly at the high-current-density sectian, (
the crystal fast-growing, low-resistance section). The deposit
obtained from periodic pulse current in a plating solution
without additive (scheme 3) was also random, possibly
because during pulse periods, the electron transfer rate was
much faster than the mass transport rate. The crystal could
not, therefore, be grown continuously in a certain direction.
The adsorption of additives on the high-current-density site
increased the polarization resistance, thus slowed deposition
at the high-current-density site, resulting in a randomly
oriented copper deposit for direct-current plating and pulse
plating (schemes 5 and 6, respectively). In other words, the
leveling effect of the additive resulted in randomly oriented
copper deposits for periodic reversal current and pulse cur-
neent. With additive in the plating solution, however, adsorp-
atizh of the additive on the high-current-density site prohib-

ited the redissolution of copper from that site during the pulse
ygeversal interval (scheme 4), resulting in a textured deposit.
>dTbye major preferred grain orientation was 220, and the minor
apeeferred orientation was 331 for this deposit.
as No

tiepost .
51Tn the production of high-density multilayer PCBs, the higher
helongation and tensile strength of a copper electrodeposit can
Piprovide more fatigue resistance to copper cracking during
INBermal cycling or thermal shock of the board and improve
IQRe process window for manufacturing. The average percent
eefdngation and tensile strengths of the various copper elec-
ag®deposits are listed in Table 3. The properties of Class 1,
apde-ounce, traditional electrodeposited copper foils that
VefBet the requirements of IPC-ML-150 are also listed for
eEomparisort.

The percent elongations of copper obtained by different
ﬂpﬁting schemes exhibit the following trend: periodic pulse
ddieversal current plating (schemes 1 and 4) > direct current
-Yfhating (schemes 2 and 5) > periodic pulse current plating
P@cheme 6). The copper electrodeposit obtained by periodic
DPJulse current plating without additive in the plating solution

J

cally. These results indicate that the copper plating solutiqggheme 3) was extremely fragile. The percent elongations of

used for electrodeposits obtained by periodic pulse rev

2raflthe copper electrodeposits obtained from periodic pulse
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reversal current plating and direct current plating were highet. Y. Tsukada, S. Tsuchida & Y. MashimoRroc. 42nd
than that of Class 1, one ounce traditional electrodeposited Electronic Comp. & Technol. CanfEEE, 22 (1992),
copper foils. The tensile strengths of copper electrodeppsifs H. Holden,Printed Circ. Fab, 16(5), S10 (1995).

obtained from periodic pulse reversal current plating (schem&s P.D. Knudsen, R.L. Brainard & K.T. Sche@jrcuit

1 and 4) were comparable to that of Class 1 one-olince
traditional electrodeposited copper foils. The tensile strengths
of copper electrodeposits obtained from direct-current pla8.
ing (schemes 2 and 5) and periodic pulse current plating

World, 21(3), 5 (1995),

E. Clark,Printed Circ. Fab, 16(2) 69 (1993).

N.M. OseroPlat. and Surf. Fin 73, 20 (March 1986).
T. Pearson & J.K. Dennigrans. Inst. Metal Fin69(3),

(scheme 6) were greater than Class 1 one-ounce traditional 75 1991.

electrodeposited copper foils. In comparison with the prope.
erties of such foils, the high throwing power copper elec-
trodeposits obtained from periodic pulse reversal curfekit.
plating are potentially useful for the manufacture of hi
density PCBs.

Condusions
Periodic pulse reversal current improved the macroscppic
throwing power of the plating solutions and periodic pulskb.
current decreased it, compared to direct-current plating in the
current density range of 10 to 80 mAfrfihe synergistic| 16.
effect of chloride ion and additive AC-90 resulted in a large
increase of polarization resistance of the double layer. Moig-
over, with the presence of additive AC-90 in the plating
solution, the microscopic throwing power of the solution Ww&s$.
improved and a deposit with brighter and smoother surfat®
morphology was obtained in the current density range df 20.
to 60 mA/cni for all methods of electrodeposition. The
copper deposit obtained from periodic pulse reversal cufr@at
plating in the plating solution without additive was a non-
textured random deposit. Addition of additive AC-90 (e22.
sulted in a textured deposit with a major preferred orient]tion

of 220. The percent elongation and tensile strength of the
deposit obtained from periodic pulse reversal current plating
was 5.20 percent and 20.34 kgffgmespectively. Thus, the
high throwing power copper electrodeposit obtained by g

O. Chene & D. Landolfl. Appl. Electrochem19, 188
(1989).

G. Devaraj & S.K. SeshadR]at. and Surf. Fin 79, 72
(Aug. 1992).

. D.S. Stoychev & M.S. Aroydhid., 84, 26 (Aug. 1997).
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odic pulse reversal current would be ideal for the manufa
ing of high density PCBS.
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