Copper Eledrooepaosiion

From Norn-Poluing

Agueous Ammonia Baths

Magdy AM

Electrodeposition of copper from aqueous ammonia solu
tions onto steel substrates has been studied. This inves
gation includes detailed studies on the influence of bat
composition, as well as the operating conditions for pro
ducing good quality copper deposits. It was found that the
optimum conditions for producing bright copper depos-
its are: CuSQ,- 5H,0 80 g/L, NH, 100 g/L, (NH,),SO, 50
g/L, KOH 15 g/L and 3.0 x 1@ mol/L SDBS (as an anionic
surfactant) at i = 2.7 A/dn?, pH 10.5, and at 25°C.
Moreover, the study includes potentiostatic current- time
and cyclic voltammetry measurements carried out on 3
rotating carbon disc electrode. The surface morphology
of the as-deposited copper was investigated by usin
scanning electron microscopy (SEM).

Plating of steel parts with copper before nickel and chrom
plating is of commercial importance. Another large scale
of copper plating is in the electronic industry where, beca
of its conductivity, itis used to produce the millions of squ
feet of printed circuit boards used each yelar.addition,
copper is an important metal in contributing to improy
corrosion resistance of plated zinc die cast parts.

Electrodeposition of copper is normally performed us
cyanide-based baths. These baths have the disadvant
being strong pollutants, however, because the cyanide i
among the products obtained. For this reason, altern
baths have been extensively studiééttempts have bee
made to electrodeposit copper and other metals fron
electrolytic bath containing ammonium sait!*The ammo-
nia bath seems to be a good non-polluting alternative
copper electrodeposition from cyanide baths. Moreover

. lbrahim

- presence of ammonia or an ammonium salt not only offers
tihomogeneity and brightne¥dyut also decreases the anodic
h corrosion?®

The aim of this study is to develop baths from which copper
metal can be electrodeposited from ammonia solutions with
good characteristics; also having the advantage of being
more environmentally friendly than traditional cyanide baths.
In addition, the study aims to throw light on the mechanism
of copper electrocrystallization from the copper amine com-
plex baths.

Procedure
0All the plating bath constituents were reagent grade, using
doubly distilled water. The composition of the baths used for
copper electrodepositionis givenin Table 1. For electrodepo-
iusiion, a steel cathode and a platinum sheet anode, each of
ugnensions (2.5 x 3.0 cm) were used. The plating cell used

\Up8S a rectangular Perspex trough (10 x 3.0 cm and 2.5 cm
ame height) provided with vertical grooves on each of the side

walls to fix the electrodes. Before each run, the steel cathode
effas mechanically polished with different grade emery papers

(600, 800, 1000 and 1500), then washed with distilled water,
ninsed with ethanol, and weighed. The cathodic current

aggfieiencies (CCE) were determined with the help of a cou-
Ploiseter, (CCE = W{/Wt, ) where W is the weight of the
aigleosit obtained experimentally, and,\lts the weight of

N the deposit calculated theoretically according to Faraday’s
N law. Most of the experiments were carried out ai23C.

The plating duration was 10 min. The loss of ammonia was
fapt to a minimum by making the measurements within 20
tinén. after the solutions were prepared.
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Fig. 1—Polarization curves during Cu electrodeposition from differ
solutions: curve a, bath No. 6; curve b, bath No. 5; curve ¢, bath No. 3; ¢
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Cathode potential, -E (mV) vs. SCE

1iig. 2—Polarization curves during Cu electrodeposition from different
armmonia solution concentrations: curve a, 190 g/L,Nidrve b, 100 g/L;

d, bath No. 4.
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Potentiodynamic cathodic polarization measurements yveréOn the other hand, decreasing ammonia concentration
performed in the rectangular cell. A potentiostat/galvangstatlow 100 g/L (Cu #3 bath) results in the formation of a dull

controlled by a PC was used for the potentiodynamic

dmick-red colored deposit at low current densities. This dull

surements. All potentials were measured relative to a sattick-red deposit phenomenon was previously obtained for
rated calomel electrode (SCE). To avoid contamination, tthe other baths but only at high current densities (> 4 Aldm
reference electrode was connected to the working steel c&lmilar behavior is also well known for copper deposition
ode via a bridge provided with Luggin-Haber tip and fille6tiom cyanide baths at high current densities.

with the solution under test. The tip was placed very close tdKOH is normally added to increase the electrical conduc-

the electrode surface.
The classic three-electrode cell was used for ¢

tivity of the bath!* The quality of the deposit was rather
limproved by the addition of 3.0 x M SDBS (sodium

voltammetry measurements as well as for the current-potdodecyl benzene sulfonate) into the (Cu #8) bath. The deposit

tial curves measurements. The working electrode w
glassy carbon (area: 0.1963%mod embedded in a PV(
cylinder. The carbon electrode was polished before eac
with diamond paste (0.2m) until a mirror surface wa
obtained, then washed several times with doubly disti
water. The counter electrode was a small piece of plati
(area: 1.0 cA). All the potentials were recorded with respé
to a saturated calomel electrode placed in a Luggin capil
Current transient measurements were performed in the
manner with single potential steps.

The surface morphology of the copper electrodeposit
examined using scanning electron microscopy (SEM).

The microhardness of the copper deposit was measur
means of a microhardness tester. In this test, a 25 gf loa
employed and the hardness was expressed as Vickgiis (
kg-force/mn.

Resuts ~ &Discussion

Preliminary experiments were carried out to achieve suit
concentrations as well as suitable operating conditions
each of the bath constituents, as depicted in Table
produce sound and satisfactory copper deposits. Fo
ample, electrodeposition of copper from a solution cont
ing copper sulfate and ammonia solutions alone (Cu#1b
contains many bare areds( the cathode surface is n

latained from this bath was chosen as the optimum bath for
C producing sound and satisfactory copper deposits.
nrun
5 Potentiodynamic Cathodic Polarization Curves
Iéal general, copper deposition from copper ions can be de-
nearibed by the following reaction:
>t
ary. Q)
usual
Ammonium ions form soluble complexes with copper ions.
whlse complex formed depends on the pH values. In the
interval 7.7 < pH < 11.9, C#@ ions predominate as
eCioyNH,),*2*>1® Copper complexation in the ammonia bath,
| thasefore, is:
_|

Cu?+2e - CU

Cu?+4NH, ~ Cu(NH,),” )
_[CuNH),T
able ~ [CWINHJ]* ®)
for
L, to

®kiere kis the stability constanit.

nigopper deposition from the ammonia bath can therefore be
atyscribed as:

pt

completely covered by copper crystallites). Addition of am- Cu(NH,),” + 2e o~ CW + 4NH 4)
monium sulfate (Cu #2 bath), however, to the previpus
solution greatly improves the compactness of the deposit.
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Fig. 3—Polarization curves during Cu electrodeposition from bath No.
different temperatures.

Cathode potential, -E (mV) vs. SCE

B8 Btg. 4—Polarization curves during Cu electrodeposition with and without
SDBS: curve a, 0.00; curve b, 1.5 x51@; curve c, 3.0 x 1®M; curve d,
7.5x 10 M.
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100 mV tion of free Ct? as a result of
complexation. On the other hand,
addition of either KOH or ammo-
nium sulfate has a very slight ef-
fect on the cathodic polarization
curves (data are notincluded here).
The influence of temperature
onthe cathodic polarization curves
during copper electrodeposition
from Cu #8 bath was examined;
the results are shownin Fig. 3. The
data reveal that an increase in bath
temperature shifts the polarization
to the less negative values and
enhances the limiting current val-
ues. This behavior could be re-
lated to the decrease in the activa-
tion overpotential of both hydro-
gen evolution and copper deposi-
T o T v tion reactions?Moreover, increas-
-16.0 \ \ ( \ i | Scan rate, v'2/(mVisec)' ing temperature enhances the con-
-110 -0.70. -0.30 0.10 0.50 centration of the reducible species
) in the diffusion layer as a result of
Cathode potential, -E (mV) vs. SCE increasing their diffusion rates.
Fig. 5—Cyclic voltammetry recorded at glassy carbon electrode for Cu #8 bath with different scan rat&igure 4 shows the cathodic
Inset is the plot of cathodic peak currenf)(vs. square root of the scan rate’f). polarization curves for copper
deposition, with and without addi-
Reduction of the copper amine complex is not as easy dstthe of different SDBS concentrations. It can be seen that the
reduction of the free Ctiions. This is the reason for the higtpresence of SDBS results in a marked shift in the cathodic
polarization observed during Cu-electrodeposition from bathslarization toward more negative potential values and de-
containing ammonia as shown in Figs—1-4. Moreover,|theeases the limiting current value. The inhibitory effect of
polarization curves show that the current tends to attaif8BBS could be a result of its adsorption on the metal surface,
limited value, especially at low Ction concentration (Fig.1), blocking the sites available for Cu deposition.
that results from the deposition limitation by the diffusion of
Cu?ions.
On the other hand, the copper solutio ~ -10
contains (NH),SO, in addition to NH,
because Hcan be produced according tc -9 .
the following equation:

8.0 —

S
=
]

Current density, mA/cm?

g
=
|

Cathodic peak current ipc

<
E.
NH = NH, + H (5) *1¢ ’
£ 3-
At sufficiently high negative potential « -7 E °
values, therefore, further increase of th L
current density is observed as a result « 6 % e

the simultaneous hydrogen evolution. Thi
reaction could produce a change in growt
morphology of the deposit from an adher
ent deposit to a non-adherent, dull, brick
red deposit?

Increasing the Cécontent in the bath,
as shown in Fig. 1, greatly shifts the depc
sition potential toward the less negativt
values and enhances the limiting currer
values. These results could be attributed
the increase in the relative concentratio
of Cu?, particularly in the cathode diffu- -1
sion layer, and this is reflected in a de
crease in concentration polarization asst 0
ciated with copper deposition. ! : ' ' ' : ! !

In contrast, increasing concentration o 200 400 600 800 1000 1200 1400 1600 1800 2000
the a_mm_onia solution shifts the cathodi Cathode potential, -E (mV) vs. SCE
polarization curves toward the more negé.-

tive values (Fig. 2). This effect could be Fig. 6—Plots of current vs. potential at various rotation speeds for Cu #8 baths on glassy
assigned to the decrease in the concentra- carbon disc electrode, scan rate 5 mV/sec. Inset is the plot of cathodic limiting cunent i
square root of the angular rotatian'?.

Current density, mA/cm
&
|
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130 CCE only at low current density (1.33 A/

dnv¥). With further increase in current den-
-85 sity, CCE decreases gradually in comparison
1.28 with those free from ammonium sulfate. Such
-50 a decrease has been observed as a result of
1.26 - (NH,),SO, addition to a copper solution con-
-45 E taining 1 M NHCL.” Moreover, inspection of
BT the data in Table 2 indicates that increasing
-40 concentration of C# content in the bath
o decreases CCE in all the current density
£ 35 - 1221 ranges studied. These results contradict re-
< sults found for copper deposition from other
E -30 1.20 H——————— T baths?*2'This could be attributed to the fact
= . 084 06 - 072 075 080 054 that increasing Cdin a copper amine bath
-25 - N\ log t increases the stability of the complex formed

(because of the presence of excess ammonia
in the bath). As mentioned above, reduction
from the complex species is not as easy as
that for the free Cldions. On the other hand,
addition of KOH (Cu #7 bath) greatly im-

Lo
[4;] o
! |

10 \'\110_’//"' ______ proves the CCE.
In an attempt to improve the brightness of
5 the copper deposit, SDBS was added (Cu #8
! ! ' ' ' bath). The presence of SDBS in this bath had
0 10 20 30 40 50 60 a slight decreasing effect on the CCE (see
Time, sec Table 2).

The effect of adding different concentra-
dns of SDBS (3.0 x 1®to 4.5 x 16 M) on
the CCEisgivenin Table 3, ati=2.7 A/gm
pH 10.5, and 25C. It is obvious that only at

Fig. 7—Potentiostatic current-time transients from Cu #8 bath at various cathodic potentizfl
Inset is the plot of log i vs. log t. !

Cathodic  Curent Hficency low concentrations range (3.0 xi0 4.5 x 1 M), the CCE
The acid copper sulfate, copper fluoborate and copper pyigslightly increased with
phosphate solutions have a CCE of 100 percent. On the pihereasing SDBS con- Tabe 3
hand, cyanide-type copper plating solutions having G@entration, then de- Efedt of SDBSon Cathodic
ranging from 50-90 percent depends upon the solution ¢ogreases to 79 percent, anc Quet Bty
position: In our present baths, the behavior is similar to 11hf.=mally levels off at about Cu #8 Bath
of cyanide bathsi.e., the CCE depends greatly upon th&6.7 percent.
solution composition and the applied current density| asTable 4 lists the effect  spgs, moliL CCE, %
shown in Table 2). Inspection of the data in this table showfs pH (range 9.5-12.5) 0.0 80.8
that addition of ammonium sulfate to Cu#1 bath increaseg tite the CCE of copper 3.0 x 10° 83.8
electrodeposited fromthe 45x10° 84.0
Tl 1] Cu #g gath. The p())H was ‘75-2 i 18: ;2-2
" ; Soluions raised by using KOH so- : -
Compositon - of Copper Pling lution. The data show that Z'g)’zig ;2';
Bath CuSO,5H0 NH, (NH)SO, KOH SDBS  C the CCE for copper de-! ' '
No. oL gl ol gl moll (Q-cm)t pH posits increases as the pk- ——
1 80 100 _ _ _ 200 112 | of the bath is increased :
2 80 100 50 _ _ 818 99 from pH 9.5 to 10.5, and Effect  of pHo_n Cathodic
3 80 75 50 —  — 793 105 | then levels off with fur- Curert  Hicency
4 100 100 50 — — 856 89 | therincrease of pH. Cu#8 Bath
5 60 100 50 — — 756 10.0 Table 5 shows the ef-
6 40 100 50 — — 703 108 | fectoftemperature onthe pH CCE. %
7 80 100 50 15 — 736 10.1 CCE of copper electrode- 9.5 72.9
8 80 100 50 15 3x1® 740 105 posited from Cu #8 bath, 1(1)2 gg.g
Increasing temperature 125 843
Table 2 from 25 to 40°C greatly
Cathodc Curert  Eficency decreases the CCE from
Percert 83.8 to 53 percent. It Table 5
should be noted that at Effect of Temperaiure on
Current Bath No. temperaturez 50 °C, no Cahodc Curent  Efidency
Aldm? 1 2 3 4 5 6 7 8 deposition Of Copper Cu #8 Bath
13 111 420 — 268 619 643 582 470 | apes place from these
20 632 429 443 550 736 746 833 810 | poo Temp.,°C CCE, %
27 660 60.0 633 550 722 500 830 830 . 25 83.0
33 670 652 770 635 690 412 8L2 8os | rom these results, it 35 58.0
40 980 784 803 73 534 333 802 760 |isfoundthattheoptimum 40 53.3
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Fig. 8—Photomicrographs of deposited copper from various solution
a. CuSQ- 5H,0 80 g/L, NH 100 g/L, (NH),SQ, 50 g/L, KOH 15 g/L, and
3.0 x 1@ mol/L SDBS, at i = 2.7 A/dinpH 10.5, 25°C. 2000X.

b. CuSQ- 5HO 80 g/L, NH 100 g/L, (NH),SO, 50 g/L, KOH 15 g/L, at i
= 2.7 A/dnmi, pH 10.5, 25°C. 2000X.

c. CuSQ- 5H0 80 g/L, NH 100 g/L, (NH),SO, 50 g/L, KOH 15 g/L, and
3.0 x 1@ mol/L SDBS at i = 2.7 A/dinpH 9.5, 25°C. 2000X.

conditions for producing sound and satisfactory copper
posits are: CuSQO- 5HO, 80 g/L, NH solution, 100 g/L,
(NH,),S0,, 50 g/L, KOH, 15 g/L and 3.0 x 20nol/L SDBS
(Cu #8 bath) ati = 2.7 A/dinpH 10.5 and 25C. Although
the CCE of the present alkaline bath is not 100 percent
still higher (83.0 percent) than those reported for other co
alkaline baths, such as pyrophosphatedl cyanide battts.

Cydic  Votammetry

A typical cyclic voltammogram of copper recorded a
glassy carbon electrode using the optimum Cu #8 bath y
the influence of increasing scan rate (10-100 mV/sec
shown in Fig. 5. The voltammetric studies were consiste
performed in the potential range of 0.5 to 0.9 V. The sw
potential was initiated at 0.5 V and proceeded in the neg
direction. The cyclic voltammogram exhibits two distin
voltammetric peaks (I and Il). Peak (l) is associated with

sents the dissolution of Cu deposited on the substrate.
The relationship between the cathodic current pegk (i

and the square root of the scan rat€)((Fig.5) was found to

be linear, indicating diffusion control; the rate of growth is

controlled by mass transfer of copper ions to the growing

center®

Deermingion  of te Difuson  Coefident

To determine the diffusion coefficient for Cu(lyE1* spe-

cies, the rotating disc electrode has been found to provide the
most accurate methdd2®using the Levich equation:

(6)

wherewis the angular rotation rate of the electrode (rad/sec),
v is the kinematic viscosity (9.85 x1@n¥/sec) and c is the
concentration of the electroactive species in the bulk of the
solution. The dependence of the limiting current on the
rotation speeds used in this study is shown in Fig. 6; the
corresponding Levich plot with the limiting currep{inea-
sured at -1.2 V) is also shown in Fig. 6. The slope of the
straight line obtained determines the value: 2.19 % 10
cmé/sec for the diffusion coefficient. Most of the values
recorded for the diffusion coefficient of Cin the literature

are determined from aqueous acidic solutiéfs.

i, = (0.62) nFAD w"arec

Potertiosiaic CurerTime  Transenis
A series of i-t transients for various values of the potentiostatic
potential were performed for the Cu #8 bath on a glassy
carbon electrode; the results are shownin Fig. 7. The decrease
of the current in the first stage of the transient is related to the
charge of the double lay&The transients are characterized
by the presence of a maximum currept, which occurs at
timet . T . isrelated to the time at which full coalescence
of the crystallites occu®. The most interesting part of the i-
t transients is the rising portion of the peak, which corre-
sponds to the density before overlapping of the first mono-
layer of the growth nuclei and therefore can be used to
determine the kinetics of nuclei growftiThe data show that
as the potential is made more negatiyg,increases while
<t decreases. In principle, the dependencg oéind . on
the potential suggests that the rate of growth of nuclei is
controlled by mass transfer. These results are in good agree-
ment with those obtained by cyclic voltammetric technique
(Fig. 5). By plotting log i vs log t for the rising part of the
transient, therefore, the value of the measured slope is a
constant depending primarily on the geometry and type of
dulcleation. An example of plotting log i against log t is also
givenin Fig. 7 (the curve corresponding to -1.20 V in Fig. 7).
The straight line has a slope of 0.45, which is close to 0.5,
indicating instantaneous nucleatifnThis means that the
ifggmation of fresh nuclei is arrested at a very early stage. The
e conclusion is also found during copper deposition from
other, different bath%?'2

Surface  Morphology

t Wisual observation showed that the Cu deposits from the Cu
néi8rbath is bright, smooth, and red in color. The surface
,morphology of the as-deposited Cu was examined by scan-
nfiing electron microscopy (SEM). Some of the SEM micro-
e@faphs of the as-deposited copper under different operating
higanditions are shown in Fig. 8. The microscopic examina-
ciions of the as-deposited copper from the Cu #8 bath (Fig. 8a)
tpki = 2.7 A/dnm, pH 10.5 at 25C, composed of compact, non-

P

Cu?reduction process (deposition), whereas peak (II) re
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pR@rous and very fine grains covering the whole surface of the
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cathode. Fig. 8b, however, shows that the absence of S
in the bath results in an increase in grain size. The ¢
improvement in the uniformity and leveling in the Cu-depc

in the presence of SDBS (Fig. 8a) could be attributed tq t

increase in cathodic polarization (see Fig. 4). It is prob
that the formation of fine grains is enhanced by any factor
increases the cathodic polarizatién.

On the other hand, it was observed that the surface

DBS (1988).
reat J. Crousier & I. BimaghreElectrochim. Acta34(8), 1205
sit  (1989).
T. OteroJ. Appl. Electrochem29(2), 239 (1999).
Lbl& C. Nila & I. Gonzalez,). Electroanal. Chem401(1-2), 71
(1996).
that b FricoteausElectrochim. Actad4(17), 2927 (1999).
9. A. Survila,Soviet Electrochem28(12), 1443 (1992).
M- A. Serruya, B.R. Scharifker, I. Gonzalez, M.T. Oropeza & M.

phology of the deposits varied from a fine grain structure Palomar-Pardave, Appl. Electrochem?26, 451 (1996).
(Fig. 8a) to a coarse grain structure as the pH of the bath wasT.M. Tam & J.S. Zevely). Electrochem. Sacl131, 109

decreased from 10.5 to 9.5 (Fig. 8c).

Microhardness

Copper deposited from the optimum Cu #8 bath ati = 2. ﬁ(
dn? and pH 10.5 show a microhardness of 140 (kghmm g’
while decreasing pH from 10.5 to 9.5 shows a decrease in
microhardness to 90 kg/niniThis result is in good agreeg-

(1984).
12. R. WinandHydrometallurgy 29, 567 (1992).
13. G.T. Burstein & R.C. Newmad, Electrochem. Socl128
2270 (1981).
J. HornerPlat. and Surf. Fin.85, 42 (Nov. 1998).
A. Rojas & |. GonzaleZnal. Chim. Actal87, 279 (1986).
A.Rojas-Hernandez, M.T. Ramirez, J.G.lbanez & |. Gonzalez,
J. Electrochem. Socl38 365 (1991).

Be

ment with the result of the photomicrograph that showg. L.G. Sillen & A.E. Martell,Stability Constant of Metal-lon

relatively coarse-grained copper deposits at pH 9.5.

his ComplexesThe Chem. Soc., London, 1964; p. 152.

could be attributed to the fact that fine-grained depositg & J.R. Roos, J.P. Celis & H. Kelchterma®swder Techno)20,

harder than coarse-grained depo¥itSimilar decrease o
microhardness with lowering of pH was recorded for o
metals®'32 |t is worthwhile to mention here that copp
deposited from pyrophosphate shows hardness ranging
83 to 250 (kg/mr¥), while copper deposited from acid
solutions show hardness ranging from 48-159 (kgfm
This means that the hardness of the as-deposited copper
optimum composition and at pH 10.5 is comparable to th

m

139 (1978).
hép. V.B.Singh & P.K. TikooElectrochim. Acta22, 1201 (1977).
e?O. F.H. Assaf, S.S. Abd El Rehim, A.S. Mohamed & A.M. Zaky,
fr Ind. J. Chem. TechnoR, 147 (1995).

Nz MA. Ahmed, PhD Thesis, Suez Canal University (1997).
C2. Tl Quickenden & Qingzhong X4, Electrochem. Socl43
1248 (1996).
3t3he 1. Quickenden & X. Jianglectrochim. Acta29, 693 (1984).
0B& G. Trejo, A.F. Gil & I. GonzaleZl. Appl. Electrochem26,

of copper deposited from pyrophosphate, as well as from 1287 (1996).

acidic solutions.

Summary

Fine-grained, highly adherent copper plates of red color
be deposited using the optimum b&SQ, - 5SHO, 80 g/L;
NH,, 100 g/L; (NH),SO,, 50 g/L; KOH, 15 g/L; and 3.0 x 10
Smol/L SDBS ati=2.7 A/dfpH 10.5 at 25C and duration
10 min. Under these conditions, the cathodic current
ciency was found to be strongly dependent on bath com
tion, as well as on the operating conditions such as
current density and temperature. The polarization cu
show a remarkable polarization during copper depositio
a result of the formation of a stable Cu-amine comple
value of 2.19 x 10cn?/sec was calculated for the diffusig

coefficient of Cu(NH3)"? by using a rotating disc electrode.

Potentiostatic i-t, as well as cyclic voltammetry measy
ments confirmed that the deposition process takes f
under diffusion control. The microhardness of the cop
deposit under the optimum conditions has a value of 14(
mm?. The surface morphology of the as-deposited coy
was investigated by SEM, with the results revealing that

copper deposits from the optimum conditions are compog

of compact, non-porous, fine grains covering the wh
surface of the cathode.

Editor’s note: Manuscript received, October 1999. Revisio

received, January 2000.
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