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Abstract

High electroless copper deposition rates can be achieved using hypophosphite as the reducing agent. However, the high deposition rate alsc
results in dark deposits. In the hypophosphite baths, nickel ions (0.0057 M ithO\f+ mole ratio 0.14) were used to catalyze hypophosphite
oxidation. In this study, additives (e.g. 2dpyridyl) were investigated to improve the microstructure and properties of the copper deposits
in the hypophosphite (non-formaldehyde) baths. The influence 6Hgridyl on the deposit composition, structure, properties, and the
electrochemical reactions of hypophosphite (oxidation) and cupric ion (reduction) have been investigated. The electroless deposition rate
decreased with the addition of 2@ipyridyl to the plating solution and the color of the deposits changed from dark brown to a semi-bright
with improved uniformity. The deposits also had smaller crystallite size and higher (11 1) plane orientation with the usdipyrgl.

The resistivity and nickel content of the deposit were not affected Bydgridyl additions to the bath. The electrochemical current—voltage
results show that 2/2ipyridyl inhibits the catalytic oxidation of hypophosphite at the active nickel site. This results in a more negative
electroless deposition potential and lower deposition rate.

© 2004 Elsevier Ltd. All rights reserved.
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1. Introduction [6,7]. The autocatalytic surface results in a high deposition
rate. It was shown that electroless copper plating occurred at

Electroless copper plating using sodium hypophosphite asa low deposition rate in the absence of the accelerators in the
the reducing agent in place of formaldehyde is attractive be- bath, even though adequate nickel(Il) was in the bath. When
cause of its low pH, low cost, and relative safety, compared the NF*/Cl?*t mole ratio in the bath is low, the deposition
with high pH formaldehyde-based solutigis2]. However, rate of the copper plating decreased with time and finally
the hypophosphite-based electroless copper plating processtopped because the surface catalytic activity was not re-
is complicated because copper is not a good catalyst for theplenished. Thus, it was necessary to maintain tHe Miv?+
oxidation of hypophosphite resulting in little or no plating mole ratio above a critical value in the bath to sustain the de-
on a pure copper surface. One approach to catalyze the oxposition rate. However, the copper deposit properties were
idation of the reducing agent is to add nickel ions (or other degraded and the deposit appearance became darker with
metal ions) to the bath, resulting in a very small amount of increased Nit/Cu?t mole ratio in the bath. Consequently,
co-deposited nickel in the copper deposit. The nickel servesit is important to improve the microstructure and properties
to catalyze the oxidation of hypophosphite enabling contin- of the copper deposit while maintaining the nickel(ll) con-
uous copper depositidi2—5]. centration in the electroless copper plating bath.

Previous studies have shown that accelerators, such as for- 2,2-Dipyridyl has been used in formaldehyde-based
mamidine disulfide, and nickel are essential to the electro- electroless copper plating baths to improve the physical
less copper plating bath to maintain an autocatalytic surfaceproperties of the copper deposi®8]. When an optimum

amount of 2,2dipyridyl was added into the solution, the
copper deposit had a glossy appearance and good duc-

* Corresponding author. Tek: 1-40-48942893; fax:-1-40-48942866.  tility [9]. 2,2-Dipyridyl has also been used as a stabi-
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because it can inhibit the autocatalytic deposition process3. Results and discussion

[10]. In this study, the influence of 2:@ipyridyl on the o N
hypophosphite-based electroless copper process has been in- The effect of 2,2dipyridyl on the deposition rate and
vestigated. The microstructure and properties of the copperCOPPer properties were investigated. The change in depo-
deposits obtained at different 2@ipyridyl concentrations ~ Sition rate of the electroless copper plating as a function

in the bath are reported along with voltametric analysis of ©f 2,2-dipyridyl concentration is shown ifFig. 1 The
its role. nickel ion concentration in the bath was 0.0057 M and the

NiZ+/Cu2t mole ratio was 0.14. The deposition rate of the
electroless plating in the absence of ZJbyridyl was high

2. Experimental and the deposits were dark. 2[2ipyridyl had a significant
affect on the copper deposition rate. The deposition rate

The electroless copper plating bath contained: 0.04 M decreased from 18 to wm/h (as measured after 30 min
copper sulfate, 0.0057 M nickel sulfate, 0.28 M sodium hy- plating) as the concentration of 2@ipyridyl was increased
pophosphite, 0.051 M sodium citrate, 0.485M boric acid, from 0 to 20ppm. The decrease in deposition rate with
250 ppm accelerators (formamidine disulfidg)7], and further additions of 2,2dipyridyl occurred more gradually.
0-50 ppm 2,2dipyridyl. Deionized water was used to pre- A similar effect on the deposition rate with 2@pyridyl
pare the solutions. The pH was adjusted using NaOH or _addition to a formaldehyde-pased elect_roless copper plat-
H,SOy to a final value of 9.0-9.3. The temperature was N9 bath was observed previsoudBj. It is possible that
held at 70+ 0.5°C. the reduction in the deposition rate with the addition of

Plating was performed in a 200ml electroless copper 2,2-dipyridyl results from its adsorption on the electrode
solution with continuous stirring. Epoxy boards (area: surface causing a lower rate of electron transfer or nucle-
6cn?) or alumina sheets (area: 2&mwere used as the ation. The effect slows with further added 2¢dtpyridyl as
substrates for the electroless copper plating. The substrate$€ surface adsorption reaches saturation.
were activated by palladium in the sequence described in The color of the deposits changed from dark brown to a
the Shipley procesfb]. Copper deposition rates were de- semi-bright with the addition of 2/&lipyridyl to the plating
termined by the change in weight of the epoxy boards after Path. AFM images and root mean square (RMS) roughness
30 min plating assuming uniform plating and bulk density. Of the deposits versus 2-8ipyridyl concentration are shown
For via-hole plating, the copper surface was activated in a In Figs. 2 and 3respectively. The topography of the cop-
dilute acidic PdG solution for 1min. The copper thick-  Per deposit in the absence of 2dipyridyl in the bath was
ness was determined using a DekTeck profilometer andough. The deposits became smooth, and the RMS rough-
via cross-sections were observed using optical microscopy.ness of the deposits dropped from 398 to 200 nm with the
The resistivity of the as-deposited and annealed copper@ddition of 2,2-dipyridyl to the bath. A corresponding im-
were measured using a four-point probe. The copper wasProvement in color of the deposit also occurred. The bright
deposited on alumina sheets for annealing at high tempera-2Ppearance of the deposit usually indicates better mechani-
ture. The annealing of the copper deposits was carried outcal and physical properties. The XRD patterns of the copper
in a tube furnace with nitrogen ambient. The temperature deposits obtained at different 2,@ipyridyl concentrations
inside the furnace was controlled t81.0°C. The crys- are shown inFig. 4 The deposits exhibited the character-
tal structure of the copper deposits was investigated usingStic peaks corresponding to (11 1) orientation. The copper
X-ray diffraction (XRD, Cu Kx radiation and graphite fil- oxide p_hasg was not detected in the deposits. The effective
ter at 40kV and 30 mA). Atomic force microscopy (AFM) crystallite size of the copper er05|ts can be estimated from
was used to characterize the roughness of the deposits. Théhe broadening of the diffraction peak from the (11 1) planes
chemical composition of the copper deposits at the sur- Py the use of Scherrer’s equatifihi, 12}

face was determined by X-ray photoelectron spectroscopy 0.89.
(XPS). The analysis was performed after a brief sputter D= m (1)
cleaning. .
An EG & G PARC model 263A potentiostat was used for < 20
electrochemical measurements. The linear sweep voltam- 5 15 -
metry (LSV) and cyclic voltammetry (CV) experiments &
were carried out at 70C and at a scan rate of 10 mV/s. % 10
The working electrode was pure copper with 0.2% sur- = 5
face area; the counter electrode was a platinum wire, and u%
the reference electrode was a saturated calomel electrode o 0 ‘ ‘ ‘ ‘ ‘ ‘

(SCE). Prior to each test, the electrolyte was deaerated 0 o 20 30 4 %0 60

with nitrogen gas and the electrodes were immersed in the 2,2- dipyridyl concentration (ppm)

electrolyte until a steady open circuit potential (OCP) was Fig. 1. The change in deposition rate of the electroless copper plating as
reached. a function of 2,2-dipyridyl concentration.
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(c)

(d)

Fig. 2. AFM images of copper deposits from different’fyridyl concentration bath: (a) 0 ppm; (b) 5ppm; (c) 10 ppm; (d) 20 ppm.
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Fig. 4. XRD patterns of copper deposits from different’2ipyridyl
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concentration bath: (a) 0ppm; (b) 20 ppm; (c) 40 ppm.

wherex is the wavelength of Cu &, 81> the half width of
diffraction line, andd the diffraction angle. The calculated
effective crystallite size of the copper deposits and relative
intensities of the diffraction peaks from the (111), (200),
and (220) planes are listedTable 1 It can be seen that the
copper deposit has a decreased crystallite size and intensified
(111) plane orientation with the addition of 2@pyridyl

to the plating bath. The concentration of impurities at the
surface of the copper deposits as a function of-8igyridyl
concentration in the bath was investigated using XPS. The
deposit surface consisted mainly of copper with a trace of
nickel as given inTable 2 The nickel concentration was
4-7 at.% and was unaffected by 2dipyridyl in the plating
bath.

Table 1
Characteristic peak relative intensities and crystallite size of the copper
deposits from the bath with different 2;&ipyridyl concentrations

Copper 2,2-Dipyridyl  Crystallite 1(111) 1(200) 1(220)
deposits concentration size
(ppm)
1 0 5.272 100 25.5 9.6
2 20 5.271 100 21.2 9.3
3 40 3.076 100 14.4 6.2
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Table 2 to the plating bath, even though the deposit microstruc-

The nickel content in the copper deposits from the bath with different e improved with addition of 2/2:lipyridyl. Normally.

2,2-dipyridyl concentrations . PR p . Lo

the deposit resistivity increases with decreasing crystallite

Copper deposits 2Dipyridy! Ni (at.%) size due to electron scattering from grain boundaries. The
concentration (ppm) resistivity of the copper deposits (20 ppm 2¢Bpyridyl)

1 0 6.19 annealed at different temperatures for 1.5 h in nitrogen am-

2 10 4.04 bient is shown inFig. 5h The reduction in the resistivity

3 20 6.99 . o

4 20 515 occurred with a 300C anneal and the resistivity reached

a minimum (47 x 10~ cm) with a 400C anneal. The
reduction in the resistivity after the 30CQ anneal is caused

Nickel ions are required in the hypophosphite-based by recrystallization in the deposit, which is accompanied
electroless copper plating bath to maintain the deposition by crystallite growth, and crystal defect and micro-void
rate. Nickel catalytically participates in the oxidation of annihilation.
hypophosphite. The copper deposition rate increased with According to the mixed potential theory of electroless
nickel ion concentratiori7]. At 0.0057 M nickel ion con-  plating [15,16] the overall reaction of the electroless pro-
centration in the bath without 2:Blipyridyl, the copper cess is determined by the two half-reactions on the same
deposition rate was very high resulting in large crystallite €lectrode, i.e. the reduction of cupric ions and the oxidation
with poor microstructure due to the rapid nucleation and Of the reducing agent. Consequently, studying the effects of
growth[13]. This poor microstructure is consistent with the  2,2-dipyridyl on the half-reactions can help understand the
high RMS roughness of the copper deposit observed whenfunction of 2,2-dipyridyl in the electroless copper plating
2,2-dipyridyl was absent from the bath. In addition, nickel bath.
atoms in the copper lattice increase the crystal defects Fig. 6shows the LSV (from OCP positively t60.100 V)
with the copper deposit. Consequently, the poor quality for hypophosphite oxidation on the copper electrode in
copper deposits produced in the absence of@i@ridyl an electrolyte containing 0.28M sodium hypophosphite,
in the bath have higher resistivity. The resistivity of the 0.051M sodium citrate, 0.485M boric acid with and with-
as-plated copper deposits Versus/.ﬁibyridw concentra- out 0.0057 M nickel ions. It can be seen that the addition
tion is shown inFig. 5a It can be seen that the resistivity
of the copper deposits were higher than those deposited

from formaldehyde-based electroless copper plating baths 1200
(2.0 to 30 x 105 cm) [14]. The resistivity of the copper @ 20ppm di(?yrid-§| .
. . . oy . 4 o m dipyri
deposits did not change with the addition of jpyridyl 1000 41 2 20 hom dinyricy
& soodl - 40 ppm dipyridyl
1S
L
12 < 600 A
1 =1
. 10 -\/‘\’/0\‘ ~ 400
25 s
s 2 200 |
= € 6
n T
20 0 ‘ ‘ ‘ ‘
Q 4
®s 300 -250 -200 -150 -100  -50 0
27 (@) E (mV)
0 ' ' 2000
0 20 40 60 0 ppm dipyridy!
a 2,2'- dipyridyl concentration m © 10 ppm dipyridy!
@ pyndy (bpm) 1600 - x 20 ppm dipyridy! o
= 40 ppm dipyridyl &
10 o
< = 1200 -
8 L
T <
25 6 S 800
Z £ °7 =
n <
8o 41 400
T g
- 2
0 ‘ ‘ ‘ ‘
0 . . . . . 300 250 200 -150 -100  -50 0
0 100 200 300 400 500 600 (b) E (mV)
(b) Annealing temperature ('C)

Fig. 6. Current—potential curves for the oxidation of hypophosphite with
Fig. 5. Resistivity of the copper deposits: (a) dependence of the resistivity different 2,2-dipyridyl concentrations in the electrolyte containing 0.28 M
of copper deposits on Z;8lipyridyl concentration; (b) dependence of cop-  sodium hypophosphite, 0.051 M sodium citrate, 0.485M boric acid: (a)
per deposit resistivity (20 ppm 2Z;@ipyridyl) on annealing temperature. without nickel ions; (b) with 0.0057 M nickel ions.
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Fig. 7. Current—potential curves for the reduction of cupric ion with different-@®ridyl concentrations in the electrolyte containing 0.04 M copper
sulfate, 0.051 M sodium citrate, 0.485M boric acid: (a) without nickel ions; (b) with 0.0057 M nickel ions.

of 2,2-dipyridyl to the electrolyte without nickel ions had the cupric ion reduction was not dependent on the presence
little effect on the oxidation of hypophosphit&ig. 63. of nickel ion in the electrolyte.

The presence of 0.0057 M nickel ions in the electrolyte  The cyclic voltammograms of a copper electrode in the
facilitated the oxidation of hypophosphite in the absence electroless copper plating bath containing’2ipyridyl

of 2,2-dipyridyl (Fig. 6b). The oxidation of hypophos- are shown inFig. 8a The cyclic voltammetry was per-
phite on the copper electrode was lowered by the addition formed starting from 0V and going negative 4c1.000 V.

of 2,2-dipyridyl resulting in a decrease in the oxidation For comparison, the cyclic voltammetry of the electroless
current with 2,2dipyridyl. Thus, 2,2-dipyridyl effects the copper plating bath without nickel ions or 2@pyridyl
oxidation of hypophosphite in the presence of nickel ions is also shown irFig. 8h In the bath containing 0.0057 M

in the plating bath. The reduction of cupric ions on the nickel ions fig. 89, an oxidation peak at-0.95V was
copper electrode was also investigated versus nickel ionobserved on the positive-going scan. It is interesting that
and 2,2-dipyridyl concentration by LSV in an electrolyte the oxidation peak at —0.95V occurred at a more negative
containing 0.04 M CuS@5H,0, 0.051 M sodium citrate, potential than the reduction peaks-a0.54 and—0.90V,
0.485M boric acid, as shown iRig. 7. The addition of respectively. This indicates that some of the nickel ions
10 ppm (or greater) 2/Aipyridyl to the electrolyte caused were reduced and co-deposited with copper on the electrode
a decrease in the magnitude of the cathodic current at theduring the negative-going sweep, and the deposited nickel
more negative potentials. There was little difference in the then catalyzed the oxidation of hypophosphite-&L95 V.
cathodic current at higher Z:8ipyridyl concentrations.  The peak current density for the oxidation of hypophosphite
This shows that 2;2dipyridyl increases the overpotential on the co-deposited nickel was higher in the absence of
for the reduction of cupric ions or hydrogen evolution. The 2,2-dipyridyl and decreased with 2;8ipyridyl concentra-
presence of nickel ions in the electrolyte had no effect on tion. Fig. 9 shows the current versus time on a copper elec-
the cupric ion reduction and the effect of 2¢ipyridyl on trode at—0.95V in the electroless copper plating bath as a
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Fig. 8. Cyclic voltammograms for a copper electrode in the electro-
less copper plating: (a) with different 2;@ipyridyl concentrations and (b)

0.0057 M nickel ions; (b) without 2/ipyridyl and nickel ions. . ) ) . ) )
Fig. 10. Cross-section of via: (a) before plating; (b) after plating with

total of 21wm copper deposit.
function of 2,2-dipyridyl concentration. The net current in
the absence of 2 Rlipyridyl was anodic, indicating the ox- ] ]
idation rate of hypophosphite was higher than the reduction "€ €lectroless copper plating bath with 20 ppm’-2,2
rate of cupric and nickel ions. When 10 ppm’2doyridyl dipyridyl was used in via-hole plating on a printed circuit
was added to the bath, the oxidation rate of hypophosphiteboard- Formaldehyde-based electroless copper plating baths

was lower and the net current became cathodic. The cathodic@'€ Often operated at a pH value above 11 and are not com-
current increased slightly with 2;8lipyridyl concentration.  Patible with some photoimagiable materials used in the fab-

The adsorption of 2/ipyridyl on the electrode inhib- rication of high density printeq circgit boards. Sinc_e the
ited the oxidation of hypophosphite presumably by decreas- €/€ctroless copper plating solution using hypophosphite as a
ing the catalytic effect of nickel. The decrease in the oxida- '€ducing agent with 20 ppm 2:@lipyridyl can be operated
tion of hypophosphite by 22lipyridyl was larger than the &t pH of 9, a_nd hqs a high deposition rate, it can be_used for
corresponding decrease in the reduction of cupric ions. The Vid-hole platingFig. 10shows a cross-section of a via-hole
electroless deposition rate thus decreased significantly withP€fore and after plating. The thickness of the plated copper
the addition of 2,2dipyridyl in the solution and the copper Was 21um. It can be seen that the photoimagiable mate-
crystallites became finer grain. _rlal was stable during plating. The copper deppfsn in the via

is uniform and compact. The average deposition rate was

10 3—4pm/h.
—— a. 0 ppm dipyridyl
7.5 1 —— b.10 ppm dipyridy!
,\__if ——c. 20 ppm dipyridyl.r .
€ 57 —— d. 40 ppm dipyridy! 4. Conclusions
3 25
= od b 2,2-Dipyridyl improves the microstructure and properties
&}——ﬂ,—;’ of copper deposits obtained from electroless copper plating
25 474 using hypophosphite as reducing agent. With the addition of
5 : : : : : 2,2-dipyridyl to the plating bath containing 0.0057 M nickel
0 100 200 300 400 500 600 ions, the color of the deposit changed from dark brown to a
Time (s) semi-bright and the deposits became uniform and compact.

Fig. 9. Current-time curves on the copper electrode-@195V in the The deposits had a smaller crystallite size and higher (111)
electroless copper plating with different 2dipyridyl concentrations. plane orientation with the addition of 2;8ipyridyl.
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The electroless deposition rate decreased significantly [2] A. Hung, K.M. Chen, J. Electrochem. Soc. 136 (1) (1989) 72.
with the addition of 2,2dipyridyl to the bath. Electrochem- [l Ségb OChluiz“;- Sakairi, H. Takahashi, J. Electrachem. Soc. 147 (4)
ical m?asur,em(,ants showed that/aj_Epyridyl inhibi,ted the [4] I(—I Ho)nma, T Fujinami, Y. Terashima, S. Hayahsi, S. Shimizu, US
catalytic oxidation of hypophosphite at the active site of Patent 6,193,789 (2001).
nickel on the deposit surface and increased the overpoten- [5] A. Hung, Plat. Surf. Finish. 75 (1) (1988) 62.
tial for reduction reaction (copper deposition or hydrogen [6] J. Li, P.A. Kohl, J. Electrochem. Soc. 149 (12) (2002) C631.
evolution) by adsorption on the electrode, thus reducing the [71J- Li. PA. Kohl, J. Electrochem. Soc. 150 (8) (2003) C558.
deposition rate and making the deposit finer in structure. [ M43%'ta’ M. Matsuoka, C. wakura, Electrochim. Acta 42 (9) (1997)

The resistivity and nickel content (4—7 at.%) of the deposit [9] K. Kc;ndo, S. Amakusa, K. Murakawa, K. Kojima, N. Ishida, J.
was not effected by the addition of 2@ipyridyl in the Ishikawa, F. Ishikawa, US Patent 5,965,211 (1999).
plating bath. The resistivity of the as-plated deposit was [10] P. Andricacos, S.H. Boettcher, F.R. McFeely, M. Paunovic, US Patent
higher than that of the deposits from formaldehyde-based 6416812 (2002).
electroless copper plating due to the presence of nickel. Thelttl M: Matsuoka, J. Murai, C. Iwakura, J. Electrochem. Soc. 139 (9)

ctrot : _ , (1992) 2466.
resistivity of the deposit from baths with 0.0057 M nickel can [12] B.D. Cullity, Elements of X-ray Diffraction, Addison-Wesley, London

=

be lowered to 4 x 10-% © cm by annealing at 300-40C. (1978).
[13] W.T. Tseng, C.H. Lo, S.C. Lee, J. Electrochem. Soc. 148 (5) (2001)

C333.
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