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The capability of a cobalt-phosphorous [Co(P)] layer, which was grown via the
electroless plating process, to serve as the diffusion barrier of lead-tin (PbSn)
solder was investigated in this work. The Auger electron spectroscopy (AES)
and energy dispersive spectrometry (EDX) indicated that the phosphorous
contents in Co(P) films decrease with increasing film thickness and that the
average contents are no less than 8.7 at.% for the specimens prepared in this
work. X-ray diffraction in conjunction with composition analyses revealed that
the electroless Co(P) layer was a mixture of amorphous and nanocrystalline
structures; however, the AES depth profile and subsequent analyses indicated
that the first-formed Co(P) layer should be amorphous because it contains as
much as 18 at.% P. This implied a good barrier capability for electroless Co(P)
because, as revealed by EDX line scan, the Sn and Cu atoms could not pene-
trate the Co(P) layer after the PbSn/Cu/Co(P)/Cu/Ti/Si sample was subjected
to annealing at 250°C in a forming gas ambient for 24 h. The fact that Sn and
Cu underlayers could not penetrate the Co layer after such a liquid-state
annealing step was evidence that the Co(P) layer may simultaneously serve
as a diffusion-barrier interlayer dielectric and as an under-bump metallization
for flip-chip copper (Cu) ICs.
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INTRODUCTION

Under bump metallization (UBM) provides good
adhesion between the bonding pads and the bumps
and serves as a diffusion barrier, a wetting layer,
and a protective layer for flip-chip bonding. There
are mainly four types of diffusion barrier layer: sac-
rificial barriers, stuffed barriers, passive compound
barriers, and amorphous barriers.1 The most com-
mon materials used in UBM as diffusion-barrier
layers are refractory metals, such as titanium (Ti),
tungsten (W), molybdenum (Mo), and alloys thereof.
All of these metals have superior diffusion-barrier
capability at high temperatures and are in general
deposited by physical vapor deposition (PVD). How-
ever, when PVD is used as in the recently described
deep-submicron Cu-IC processes, the PVD suffers
from poor step coverage.2 Much effort has been
expended to solve this difficulty, and one idea that
has surfaced is that of the diffusion-barrier layer in
the Cu-IC process being formed by an electroless
plating method;2,3 presently, the electroless plated
nickel (Ni) is most commonly adopted for UBM.4–7

Nickel has relatively low diffusion and reaction
rates with solder, and a Ni layer 5 mm thick pro-
vides suitable reliability for UBM applications. Fur-
ther, the low stress status of electroless Ni is more
advantageous than that of Ni prepared by sputter-
ing.8 Because the plating baths for electroless Ni in
general contain sodium hypophosphite (NaH2PO2)
as the reducing agent, phosphorus (P) atoms are
deposited simultaneously so that electroless Ni is
in fact a nickel-phosphorous alloy [Ni(P)]. It is
known that the phosphorous content in Ni(P) can
be adjusted by the pH value of the plating bath
and that the crystalline structure of Ni(P) changes
with phosphorous content.7,9 The mixture of micro-
crystalline and amorphous grains constitutes the
Ni(P) when phosphorous content is in the range
of 7–10 wt.%; when phosphorous content exceeds
10 wt.%, the Ni(P) layer becomes amorphous. The
amorphous electroless Ni(P) possesses good barrier
properties due to the nonexistence of fast diffusion
paths, such as grain boundaries.

Electroless cobalt-phosphorous alloys [Co(P)]
serving as diffusion barriers of Cu and polyimide
dielectrics in multilayer microelectronic structures(Received October 28, 2005; accepted February 13, 2006)
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have been studied by O’Sullivan et al.10 Their inves-
tigation showed that electroless Co(P) is highly
effective in inhibiting Cu diffusion at elevated tem-
peratures, even at Co(P) thickness as low as 50 nm.
The electroless Co(P) also exhibited a better diffu-
sion-barrier effectiveness in comparison with Ni(P)
and pure metals (Co, Ni). Study of electroless Co(P)
further indicated that phosphorous co-deposition
behaviors and its effects on the crystalline structure
of Co(P) are similar to those of electroless Ni(P).
Binary phase diagrams revealed relativity low sol-
ubility of Sn or Pb in Co;11 it can thus be speculated
that electroless Co(P) should possesses good barrier
capabilities for UBM applications.

Studies have been made investigating the use
of electroplated or PVD Co in UBM for the solder
bump.12,13 Because the Co layers prepared by these
methods are polycrystalline, either W or P elements
were doped into the Co layer to clog up the grain
boundaries, thereby improving their ability to
retard diffusion. For instance, the Co0.9W0.02P0.08

alloy exhibited better barrier properties in compar-
ison with Co0.9P0.1 and was capable of withstanding
annealing at 450°C.14,15 However, electroplating is
not suitable for ceramic or organic substrates in the
UBM process. PVD methods, such as sputtering, are
costly. Electroless plating is a selective chemical
deposition method; it can reduce the bumping cost
significantly because it does not require masking or
metal sputtering.6 This technique easily allows par-
allel processing of multiple wafers so that it can
offer high throughput. As the capability of electro-
less Co(P) as a barrier layer in UBM structure
remains to be explored, we carried out this study
in order to investigate its feasibility to serve both
as the barrier layer in interlayer dielectrics and in
UBM for flip-chip Cu-ICs.

EXPERIMENTAL PROCEDURES

Specimen Preparation

After the simulated Ti/Cu circuit layer on the Si
substrate had been formed by e-beam evaporation
and then processed by roughening/sensitization/
activation, the specimens were subjected to electro-
less plating of different periods of times for deposit-
ing Co(P) layer. Table I lists the methods and
solutions for roughening, sensitization, and activa-
tion. After the catalytic layer was formed on the
specimens, a Co(P) layer was deposited thereon by
means of the electroless plating solution defined in
Table II, the pH of which was regulated by 3 M
NaOH. In this experiment, plating conditions were as
follows: pH value 5 7.8 6 0.3, temperature 5 75 6
2°C, V/A (mL/cm2) � 20, and plating time was ad-
justable with respect to the required thickness. A
surface profiler (KLA-TENCOR P-10, California)
measured the thickness of the Co(P) layer on sub-
strates subjected to different plating times, and the
plating rate was obtained. After the specimens were
washed by DI water and then blown dry by a nitrogen

jet, a Cu wetting layer of 800 nm and eutectic PbSn
solder layer were sequentially deposited thereon. The
PbSn/Cu/Co(P)/Cu/Ti/Si specimens were then annealed
in a furnace at 250°C in an ambient of forming gas (5%
H2/95% N2) for 0, 0.5, 6, 18, and 24 h, respectively. The
procedure for specimen preparation is summarized in
Fig. 1.

Table I. Solution for Roughening, Sensitization,
Activation, and Immersion Time

Step Composition Concentration
Immersion

Time

Roughening H2SO4 5 wt.% 10 min
Sensitization SnCl2�2H2O 10 g/L 10 min

HCL 40 mL/L
Activation PdCl2 0.1 g/L 45 sec

HCL 8 mL/L

Fig. 1. Flowchart of specimen preparation.

Table II. Compositions of Electroless Plating Bath

Composition Concentration (g/L)

CoSO4�7H2O 35
NaH2PO2�H2O 40
Na citrate 35
(NH4)2SO4 70
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Structure, Morphology, and
Composition Characterization

The crystal structures of electroless Co(P) films
were characterized by x-ray diffractometry (M18
XHF, MacScience). The x-ray source was Cu Ka

radiation of wavelength 0.154 nm, operated at
200 mA and 50 kV, with a scan rate of 4°/min.
Scanning electron microscopy (SEM, FE-SEM

JSM-6500F or FE-SEM Hitachi S-4700) was used
to examine the morphology and cross-sectional
structures of each specimen. Composition analysis
was performed using Auger electron spectroscopy
(AES, VG350) and energy dispersive spectrometry
(EDX, Oxford Inca Energy 300) attached to the
SEM. In addition, the EDX line scan was adopted
to analyze the composition change for cross-sectional
specimens subjected to different durations of ther-
mal treatment. The line scan started from the Cu
layer of the substrate and continued toward the
PbSn solder, adopting at least four points of each
specimen for analysis so as to obtain the averages
thereof for further discussion.

RESULTS AND DISCUSSION

Deposition Rate of Electroless Co(P) Layer

Figure 2 is a profile showing plating time vs.
thickness of electroless Co(P). At the beginning of
the plating process, the deposition rate was faster
because the concentration of the plating bath is
higher; the thickness could reach 100 nm in the first
30 s, while the average plating rate is 130 nm/min.
The chemical reaction formula of electroless plating
Co(P) indicates that the deposition rate increase
with the increase of pH value because an alkaline
environment is preferred for electron release.10

Table III shows average thicknesses of plated layers
under conditions of different pH values at 75°C.
Note that the thickness of the plated layer increases

as the pH value increases, which reveals that the
alkaline environment is beneficial for increasing the
deposition rate. In addition, chemical reactions can
be enhanced by increasing the temperature, such
that the higher the temperature, the faster the dep-
osition rate.

Morphologies of Electroless Co(P) Layer

The number and size of palladium (Pd) granules
formed on the sample were affected by the time that
the sample was immersed in the activation solution.
If the activation time was too short, the Pd granules
were insufficient to cover the sample completely. If
the activation time was too long, the size of each Pd
grain might exceed 100 nm and too many Pd precip-
itates could be formed and left in the plating bath. It
was found that an experimental activation time of
;45 sec could produce Pd granules of size 20–30 nm
uniformly covering the substrate surface.

In addition to the phosphorous content of the
plated layer, variation of pH values also affects
the clustering of Co(P) nucleation. Figure 3 shows
the morphologies of Co(P) layers deposited on the
polished Cu plate after immersion in plating baths
of different pH values for 60 sec each. Noted that the
size of Co(P) clusters increases as the pH increases,
whereas surface coverage is best at pH 5 8.5. The
structure of Co(P) clusters changes into conifer-leaf
shape at pH 5 9.0. Because the Co(P) layer was
formed by replacing the activated Pd atoms, the
density and the continuity of the electroless Co(P)
layer were affected by the cluster condition of Pd
atoms and the condition of the substrate surface.
As revealed by subsequent SEM and XRD analyses,
the many particles formed on the specimen surface
were not caused by the crystallization during elec-
troless plating, but rather by clustering effects.
Clusters grew as deposition time increased, and
eventually the clusters became large particles.

Composition Analysis of Electroless
Co(P) Layer

It is known that the amount of phosphorous con-
tent in Co(P) film affects the structure and surface
morphology of the plated films. When the phospho-
rous content in Co(P) film is within the range of 8–
10 at.%, the formed crystal grain is nanocrystalline.
When the phosphorous content inCo(P) film iswithin
the range of 10–12 at.%, the electroless Co(P) layers
are mixtures of amorphous and nanocrystalline
structures. When the phosphorous content in Co(P)Fig. 2. Thickness of electroless plating Co(P) layer vs. deposition time.

Table III. Average Thickness of Plated
Co(P) Layer

pH value
Average Thickness

for 30 sec (nm)

7.5 100
8.0 160
8.5 250
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filmexceeds 12 at.%, the electrolessCo(P) layershave
an amorphous structure.16 The amorphous structure
starts to crystallize into a-Co at ;290°C, and ortho-
rhombic crystals of Co2P appear at 420°C.15 Thermal
treatment of the present experiment occurred at
250°C, so that the two types of Co crystals would
not appear in the sameexperiment.According to com-
position analysis of the Co(P) thin film, the phospho-
rous content in the Co(P) film varied with changes in
the deposition time. As seen inTable IV, the phospho-
rous content in the Co(P) film decreases as deposition
time increases, but theminimumamount is still.8.7
at.% at any deposition time. Therefore, specimens of
this experiment had nanocrystalline and amorphous
structures, which was proven by subsequent XRD
analysis.

Figure 4 shows an AES analysis depicting the
depth profile of a 600-nm electroless Co(P) layer
with 5-min. deposition time. The horizontal axis
represents the depth of the Co(P) layer from the

surface down, and the vertical axis represents the
average phosphorous content of a 100-nm thick
Co(P) film. As seen in Fig. 4, the phosphorous con-
tent increases with the depth of the Co(P) layer,
and, at the interface between the Co(P) and the
Ti/Cu layers, the phosphorous content reaches its
maximum, i.e., ;18 at.%. To sum up, the phospho-
rous content is the highest at the beginning of the

Fig. 3. Surface morphologies of Co layers deposited at different pH values: (a) 7.5; (b) 8.0; (c) 8.5; (d) 9.0.

Table IV. EDX Phosphorous Contents with
Respect to Different Deposition Times

Deposition
Time (sec) Co (at.%) P (at.%)

30 85.0 15.0
60 86.0 14.0
120 86.7 13.3
240 89.7 10.3
600 91.3 8.7
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electroless plating and decreases gradually as dep-
osition time progresses. It was speculated that, with
the increase of deposition time, the electroless Co(P)
structure is in transition from amorphous to nano-
crystalline or even polycrystalline structure.

XRD Analysis of the Plated Layer

As seen in Fig. 5, the 30-sec Co(P) layer has no
obvious Co peak, but it does have has only two Cu
(111) and (200) peaks; therefore, in conjunction with
previous AES analysis, it can be concluded that, at
the early stages of plating, the electroless Co(P)
layer formed is amorphous. With increasing deposi-
tion time, the height of Co peaks increases while
that of the Cu peaks decreases relatively. For a

specimen being plated for 600 sec, the peak corre-
sponding to ð01�10Þ is significant compared to those
corresponding to (0002) and ð01�11Þ. Therefore, the
nanocrystalline structure grows as the phosphorus
content decreases. With an increase in deposition
time, the nanocrystalline area was gradually ampli-
fied, and thereby significant Co peaks were observed
in the XRD pattern. Figure 6 shows the XRD pat-
tern of Co(P) films deposited for 30 min., whose
thickness is ;2.5 mm. As seen in Fig. 6, the pro-
nounced Co peaks corresponding to ð01�10Þ; (0002),
and ð01�11Þ reveal that the 30-min. Co(P) film has a
polycrystalline structure.

The grain sizes in the Co(P) film can be estimated
by using Scherrer’s formula17 incorporating the
XRD peak information:

t 5
0:9l

Bcosu
,

where t corresponds to the grain size of crystal, l is
wavelength of the x-ray (0.154 nm), B represents
the half-height width of the XRD peak, and u repre-
sents the Bragg angle. The calculated grain sizes of
the 60-s and 30-min. Co(P) layers were ;8.42 nm
and ;34 nm, respectively. Moreover, the 600-s
Co(P) layer formed a nanocrystalline structure with
a grain size of 20–30 nm. According to the EDX
analysis (Table IV), the phosphorous content of the
30-sec deposition film reaches 15.0 at.%. The phos-
phorous content decreases as the deposition time
increases, and the structure of the Co(P) film varied,
too. Because the concentration of (HPO2

�)ads was at
its maximum at the beginning of the electroless
plating, the driving force for the reduction was also

Fig. 6. XRD analysis performed on Co(P) films with 30-min. deposi-
tion time.

Fig. 4. Average phosphorous content of electroless Co(P) analyzed
by AES.

Fig. 5. XRD analysis performed on Co(P) films with different depo-
sition times.
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at its maximum and thus the amount of phosphorus
being deposited was at its relative maximum.10

Because the plating process is a chemical reaction
rather than a physical change, the phosphorous con-
tent in the plated film changes during the chemical
reaction. The fact that the phosphorous content in
the plated film decreases with a decrease in the con-
centration of (HPO2

�)ads hence causes the micro-
structural changes in the electroless plating film.
It can thus be speculated that a Co(P) layer of amor-
phous structure formed at the beginning of the plat-
ing process can retard the diffusion of Sn and Cu
atoms.

Interfacial Reactions of Electroless Co(P)
Layer and Pb-Sn Solder

Because the specimens were treated at 250°C,
which is higher than the eutectic temperature of
Pb-Sn solder, the interfacial diffusion of present
experiment progressed in the liquid state. The Cu
wetting layer reacted with the Pb-Sn solder first,
and the intermetallic compounds (IMCs) were pro-
duced. The IMCs produced under different dura-
tions of thermal treatment were subjected to EDX
analysis, and the results are shown in Table V.
Noted that the ratio of Cu and Sn falls in the range
of 1.5–2.0, such that the IMCs could be a mixture of
Cu6Sn5 and Cu3Sn. This emergence of a Cu3Sn
phase could result from prolonged thermal treat-
ment at a temperature relatively higher than the
eutectic temperature of the Pb-Sn solder.

Figures 7a and b present the cross-sectional
SEM micrographs and results of EDX line scan
for the 6- and 24-h annealed specimens, respec-
tively. In either case, the peak representing Sn
abruptly decays when it reaches the Co(P) layer.
This evidences that Sn could not penetrate the

Co(P) layer after such a liquid-state annealing,
and hence the Co(P) layer clearly serves as a good
diffusion barrier for UBM structures. In the fore-
going XRD analysis, it was speculated that the
first-formed Co(P) layer is high in phosphorous
content and thus should be amorphous. The fact
that Sn could not penetrate the Co(P) layer
revealed in the EDX line scan analysis further
proves the speculation. Moreover, it is noted that
peaks representing Co and Cu underlayers are sep-
arated without overlapping. Hence, Cu could not
penetrate a Co(P) layer, either. Thus, the electro-
less Co(P) layer can serve as a good diffusion bar-
rier of UBM structure for both Cu interconnects
and solder bumping of flip-chip Cu-ICs.

CONCLUSIONS

This work studies the electroless plating of a
Co(P) layer and its feasibility in UBM structures.
At the beginning of the plating process, the deposi-
tion rate of Co(P) layer was at its fastest because the
concentration of the plating bath was relatively
high. The chemical reactions of electroless plating
Co(P) indicated that the deposition rate increased
with increasing pH values. AES and EDX analyses
indicated that the phosphorous contents in Co(P)

Fig. 7. Cross-sectional SEM view of specimen interfaces and corresponding line-scanning EDX analyses after annealing at 250°C for (a) 6 h and
(b) 24 h.

Table V. EDX Analysis of IMCs Produced under
Different Durations of Thermal Treatment

Thermal
Duration (h) Ratio (Cu/Sn)

0.5 2
6 1.65
18 1.73
24 1.56
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films decreased with increases of film thickness and
that average contents are no less than 8.7 at.% for
the specimens. Although XRD in conjunction with
composition analyses revealed that the electroless
Co(P) layer prepared in this work was a mixture of
amorphous and nanocrystalline structures, the AES
depth profile analysis revealed that the phospho-
rous content in Co(P) film formed at the beginning
of the plating process could reach a concentration as
high as 18 at.%. This implied that the first-formed
electroless Co(P) layer is amorphous, and that it
would possess a good ability to retard diffusion. As
revealed by the EDX line-scan analysis, neither Sn
nor Cu underlayers could penetrate the electroless
Co(P) layer in the PbSn/Cu/Co(P)/Cu/Ti/Si sample
subjected to annealing at 250°C in a forming gas
ambient for 24 h. The EDX analysis also indicated
that, in addition to the formation of Cu6Sn5 and
Cu3Sn phases, diffusion of Co atoms into the solder
region was negligible, and no metallurgical reaction
could be observed. Hence the electroless Co(P) layer
may simultaneously serve as a diffusion barrier of
Cu interconnects and as an UBM structure in flip-
chip Cu-ICs.
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