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Abstract

The formation mechanism of electroless deposited Co(W,P) films is investigated. Co(W,P) films, containing 88–90 at% of Co and

10–12 at% of W and P, are deposited directly onto p-type Si(100) substrate via Pd wet activation. Co(W,P) initially nucleates around Pd

activation sites and this is followed by a strong lateral growth. Uniform Co(W,P) thin films can be obtained after 2min deposition. Fast

immersion measurement shows that the mixed potential of Co(W,P) is �0.78V versus Ag/AgCl electrode. XRD examination shows that

the Pd layer has a domination of (111) texture and the principle microstructure of the as-deposited Co(W,P) film is the hcp phase of

nano-sized e-Co. The inelastic mean free path of diffused Cu in Co(W,P) is determined to be 7.37 Å which is significantly smaller than

that (9.9 Å) in pure Co, indicating that Co(W,P) is a very effective barrier layer.

r 2006 Elsevier Inc. All rights reserved.

Keywords: Scanning tunneling microscopy (STM); Thin films; Co(W,P); Deposition; Crystal growth
1. Introduction

Complete Cu metallization is regarded to be the next
generation of ultra-large-scale-integration (ULSI) and
micro-electro-mechanical system (MEMS) since it offers
significant improvements in both performance and relia-
bility compared to the presently used Al and Al–Cu
metallization. However, difficulties of implementing Cu
metallization include the drift of Cu ions into the inter-level
dielectrics (ILDs), the fast diffusion of Cu in Si as well as
the creation of electrically active deep level in the energy
band gap [1]. Therefore, developing a new diffusion barrier
layer between Cu and Si or a new ILD is technologically
important [2–5].

Although TaN is currently established as the best
material for use in the barrier layer, it suffers from several
drawbacks. First, the conductivity of TaN based materials
is relatively low (ca. 2700 mO cm of resistivity) and with the
e front matter r 2006 Elsevier Inc. All rights reserved.
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line-width narrowing in the integrated unit, a barrier layer
material with higher conductivity is required. Secondly,
TaN is comprised of several equilibrium phases and
metastable structures [6,7], hence changing the N/Ta
atomic ratio can consequently alter the film structure and
its properties. Furthermore, TaN-based films can only be
deposited by physical vapor deposition (PVD) and
chemical vapor deposition (CVD) methods which cannot
produce the conformality in via and trench. Atomic level-
deposition (ALD) is the latest method developed for TaN
deposition but it is still in its infancy. Electroless deposition
is the currently favored technique for semiconductor
manufacturing not only because it is simple and economic-
al, but also because it provides the conformal uniformity of
deposition in via and trench as well as the controllable film
thickness (o10 nm) as required in industry. However, this
method cannot yet be applied for preparing TaN-based
materials because of the difficulty of finding a suitable
deposition solution recipe.
Co(P) was examined as an effective barrier against Cu

diffusion up to 400 1C [8,9]. The presence of an amorphous
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Table 1

Composition of the solutions for substrate treatment prior to deposition

Bath I Bath II

H2O2:HCl:H2O H2O2:NH4OH:H2O

Volume ratio 1:1:5 1:1:6

Temperature (1C) 80 80

Time (min) 5 5

Table 2

Composition of a Pd activation solution in a 1L solution

Component Concentration

PdCl2 2.2mM

HCl (36%) 2ml

Glacial acetic acid 16.7M

HF (48%) 10ml

Table 3

Composition of an electroless Co(W,P) deposition solution

Component Concentration

CoSO4 � 7H2O 0.082mol/l

Na3C5H5O7 �H2O 0.492mol/l

H3BO3 0.502mol/l

Na2WO4 � 2H2O 0.03mol/l

NaH2PO2 � 2H2O 0.169mol/l

KOH Adjusted pH to 8.9–9.0

RE-610 (surfactant) 0.05 g/l

Note: Na3C5H5O7 �H2O is sodium citrate di-hidrate, RE-610 is the

commercial name of a wetting agent made by Roche company (USA).
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phase or Co(P) intermetallics in the microstructures of such
material can play a key role in preventing the diffusion of
Cu into Si. Nevertheless, its resistivity (ca. 80 mO cm) and
adhesive features are not satisfactory. The discovery of the
barrier properties of thin electroless Co(W,P) films with
lower resistivity (ca. 30 mO cm) presents new opportunities
in Cu passivation and barrier technology [10–12]. Co(W,P)
films demonstrate good adhesion to Cu and many other
ILD films [3,4,11,12]. Additionally, Co(W,P) can be
electroless deposited and has a very good conformal ability
in filling the high-aspect-ratio via/trench. Co(W,P) can also
be deposited directly onto Si, yielding uniform films with
strong adhesion to the substrate and this could be
promising for application of making contacts for Si MEMS
devices.

Co(W,P) has been recently tested by American and
Japanese semiconductor manufacturers (e.g. Sony, Intel,
Applied Materials, etc.) and their feedback indicates that
the initial deposition control in the formation of Co(W,P)
metal coatings have a profound impact on their micro-
structure as well as their overall functional properties.
Properties of Co(W,P) thin films such as adhesion, strength
and microstructures are dependent upon the deposited
metal nucleus characteristics. In order to improve the
performance of Co(W,P) in commercial products, a
detailed, nano-scaled investigation on the initial formation
stages of Co(W,P) should be pursued.

Scanning tunneling microscopy (STM) and atomic force
microscopy (AFM) are extremely powerful analysis tools
for atomic-scaled studies. In-situ tracing of electroless
deposition of metal via STM/AFM is not available since
the spontaneously deposited metal particles would block
the end of the tip, making it impossible to realize imaging.
However, STM and AFM were successfully utilized for ex-
situ observations of the initial formation stage of the
electroless deposited metal materials [13–16]. Thus, in this
work, the study of nucleation sites and film growth, the
changes of grain size influenced by a modified electroless
deposition bath, the study of successive nucleation
processes of electroless Co(W,P) alloying onto Pd-activated
Si wafer surface as well as a fundamental evaluation of
Co(W,P) are presented. These studies were conducted via
STM in conjunction with high resolution scanning electron
microscopy (HRSEM), signal enhancement X-ray diffrac-
tion (SEXRD), scanning auger microscopy (SAM) and
electrochemical fast immersion microscopy (EFIM).

2. Experimental

2.1. Sample preparation

Analytical reagent grade chemicals (Alfa Products) and
double de-ionized water (DDW, Milli-Q, 18.3MO cm)
were used for bath preparation. The samples were ca.
1 cm2 single-crystal Si substrates that were cut from the
standard p-type Si(100) wafers (B doped, 1.5� 1015 cm�3,
eWafer International) with 10O cm resistivity. Prior to
electroless plating, the substrates were dipped in the
standard bath 1 then in bath 2 described in Table 1 for
5min in each bath for cleaning and degreasing. The
degreasing effect was occasionally examined by X-ray
photoelectron microscopy (XPS). Next, the samples were
treated in a mixture of HF (49 vol%) and NH4F (40 vol%)
in a volume ratio of 1:10 at room temperature (2min) to
improve adhesion. The Si surface then was dipped in Pd
activation solution (Table 2) for 2–10min. Samples were
rinsed in DDW after each step. Electroless Co(W,P) plating
was conducted at 90–91 1C for periods of 1 s–45min in the
chemical bath (Table 3).

2.2. Electrochemical fast immersion measurement

Co(W,P) electroless depositions on Pd was studied in-
situ by measuring the mixed potential of the oxidation/
reduction system as a function of time because the
establishment of mixed potential is directly related to the
thermodynamics and kinetics of the deposition process.
The so-called fast immersion (FI) technique, a process
where the sample is quickly dipped into the solution with
its potential measured, was selected for this investigation.
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Scheme 1. Set-up of Fast Immersion measurement. Legend: (1) jacketed

glass cell; (2) reference electrode compartment; (3) the sample; (4) bubbler

for deaeration; (5) sample holder; (6) microswitch for triggering the

oscilloscope; (7) pulling out this pin allows the sample to fall into the

solution and the measurement starts.

Fig. 1. Auger elemental line scan superimposed on the SEM image as

obtained from scanning auger microscopy (SAM) of (a) Pd deposited on

etched Si wafer surface and (b) Pd distribution at the Pd/Si lateral

interface.
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FI chronovoltametry is the unique in-situ approach to
synchronously monitor the electroless deposition process
and this provides the true thermodynamic and kinetic
information of deposition evolution. FI measurements are
required to avoid interference between the build-up
electrolytic double-layer on the electrode/solution interface
and the deposition process. All the potential values
mentioned in this paper were referenced to the commercial
Ag/AgCl reference electrode (EG&G, USA). To monitor
the potential changes of working electrode during deposi-
tion, a TDS 430A 12-bit digitizing oscilloscope (Tektronix,
USA) was employed. A sampling frequency of 100 samples
s�1 was used, and 60,000 samples were collected thus
leading to a measuring time of 600 s. Experimental setup of
FI is shown in Scheme 1.

2.3. Instrumentation

The crystalline structure and orientation of Co, Pd and
Co(W,P) films were determined by a signal enhancement
powder X-ray diffraction (SEXRD, Sintag) using CuKa1
radiation on a Sintag diffractometer equipped with the
Bragg–Brentano y–2y configuration. A NanoScope II
(Digital, USA) scanning tunneling microscope (STM) was
used to ex-situ monitor the evolution of Co(W,P) film
deposition. The final film morphology was examined by
both STM and high-resolution scanning electron micro-
scope (HRSEM, Jeol JSM-800 and LEO Gemini 982 with a
field emission gun were used respectively). scanning auger
microscopy (SAM) and X-ray photoelectron spectroscopy
(XPS) in the PHI 590A system were used to detect the
initial growing sites of Co(W,P) on Pd wet-activated silicon
substrate as well as to measure the inelastic mean free path
of diffused Cu in the Co(W,P) barrier layer. Prior to the
experiments, all instruments were calibrated using standard
methods. A Tencor alpha step profilometer (Tencor, USA)
was employed to measure the thickness of sample surface
steps that were made by the etching technique developed in
our laboratories.

3. Results

3.1. Co(W,P) nucleation and growth on Pd

3.1.1. Observation of nucleation and early stages of

deposition

In order to perform an observation somewhat like an in-
situ monitoring prior to deposition, a crush mark was
made by using AFM in the examined area of Si wafer
surface. From scanning auger microscope (SAM) analyses,
an electron micrograph of an etched p-type Si(100) surface
was identified to have two distinct zones of Si and Pd
(Fig. 1a) while an Auger elemental line scan (lateral
resolution of 100 nm) across the interface showed its Pd
profile distribution (Fig. 1b). The etched Si surface (area
left of the interface in Fig. 1a) is rough and irregular and
this is confirmed by STM (Fig. 2a). On the other hand,
STM showed that the etched Si surface that is activated
with Pd (area right of the interface in Fig. 1b) contains
shallow deposition rows with grains that are more spherical
and more densely packed (Fig. 2b taken from the right
border of the interface). Ex-situ high resolution SEM
images of Pd activated Si wafer surfaces before and after 1 s
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Fig. 2. STM morphologies of (a) etched p-Si(100) surface and (b) Pd activated Si surface. The images were taken from the both sides of the interface of

Fig. 1(a). Scanning scale: 200� 200 nm.
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of Co(W,P) deposition were shown in Figs. 3a and b
respectively and, SAM measurement confirms the existence
of Co. This clearly indicates that Co(W,P) nucleates at Pd
sites but not at the area between the Pd seeds. An STM
image (10� 10 nm) of the Pd activated Si surface (for
distinguishing the different deposit features, the STM
detective area was taken in a flat area very close to a
‘‘ball’’ shown in Fig. 3b) after 1 s Co(W,P) deposition is
seen in Fig. 4. In order to resolve the deposits, the original
images were filtered and reconstructed using a three-step
filtering process that was integrated into the software of the
NanoScope II STM (Digital Instruments) [17]:
1.
 The 2D spectrum of the image was calculated by fast
Fourier transformation (FFT).
2.
 Peaks containing periodic structural information were
selected by using low-pass filtering twice.
3.
 The improved original image was calculated using the
2D auto-correlation function.

This resulted in processed 5� 5 nm and 2� 5 nm images
(Figs. 5a and b respectively) from which an arrangement
between Pd and Co(W,P) was derived. Areas with atomic
spacings of 0.4070.02 nm and 0.2570.02 nm were found.
From SAM analyses, areas with the atomic spacing of
0.4070.02 nm primarily have Pd seeds while Co nuclei are
conspicuous in the areas with the atomic spacing of
0.25 nm. Two additional STM experiments were performed
to the two electroless deposited samples of which one was
deposited only Pd while another has solely Co. The
analyses to the processed images using the three-step
filtering procedure mentioned above suggested that
0.40 nm d-spacing is surely dominant in the sample with
only Pd whereas 0.25 nm d-spacing can only be found in
the sample with only Co. Therefore, Co(W,P) nucleation
seems to initiate at the periphery of Pd, which means that
the reduction of Co2+ occurs at the surrounding sites of
the previously precipitated Pd clusters. Thus, Co(W,P)
electroless deposition is most likely to be electrochemical in
nature as it follows the electrochemical reaction mechanism
proposed by Hwang et al. and Osaka. et al. [14–16]. No
other characteristic atomic spacings were found in the
Co(W,P) samples and this indicates that Co first deposits
onto the surface in Co(W,P) electroless deposition.
After 2 s of deposition, SEM shows agglomeration of the

deposits (Fig. 6a). The corresponding STM morphology
depicts some fine fluctuation zones containing 3D depos-
ited particles 2–4 nm in diameter (Fig. 6b). Agglomerated
grains in these zones are compact, indicating that
continuous nucleation has occurred. The deposition time
of 3 s is characterized by the growth evolution similar to
that of 2 s as STM showed Co nuclei coalescing in the
horizontal direction to form a very thin but still
discontinuous metal deposit (Fig. 7). The grain size of the
3 s deposit (0.35–0.9 nm as measured by STM) shows a
marked decrease compared with that of the 2 s deposit and
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Fig. 3. Quasi in-situ SEM morphologies of the Pd activated Si surface (a)

before Co(W,P) deposition and (b) after 1 s Co(W,P) deposition.

Fig. 4. Original morphology (10� 10 nm) of the Pd activated Si surface

after 1 s electroless deposition of Co(W,P).
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this phenomenon implies that continuously fine nuclei are
being created.

Fig. 8 represents the Enhancement Signal X-ray spec-
trum of 10 s deposited Co(W,P). Even though the in-halo
Co signal is weak from the thin film, it can be still
distinguished from the signal of the Si substrate. From
XRD spectral analysis, the in-halo Co signal is consistent
with nano-sized Co in the hcp structure. The related STM
image (Fig. 9) demonstrates that some new nodule clusters
have emerged. SAM element analyses to the area with these
nodules indicate that those nodule clusters areas contain
about 0.8 at% W and 1–2 at% P.

3.1.2. Observation of thin film growth

After 45 s of deposition, the film is ca. 100 nm thick while
growing agglomerates completely merge and form a
continuous film as observed by STM (Fig. 10). Strong
grain growth of varying degrees is observed. Upon further
inspection, typical layer-by-layer growth (Frank–van der
Merwe growth mode) is revealed since the preceding
deposited layer acts as an underlayer for the following
one. The newly deposited layer then adopts a relatively flat
appearance and spreads layer-by-layer until it covers the
whole surface. When grains developing along two different
orientations meet each other, a splice is formed. This
restrains the grains from propagating along their original
directions. Thus, the edges of deposited layer appear in the
form as presented in Fig. 10. Further prolongation of
deposition time to 10min leads to the formation of cracks
and voids as well as the distorted arrangement of grain
rows in the film as observed from Fig. 11. This indicates
that the formation process of Co(W,P) coating is accom-
panied by increasing surface strains and stress.

3.2. Fundamental evaluation of Co(W,P) in MOS structure

3.2.1. Effect of underlayers on kinetics of deposition-fast

immersion measurement

The fast immersion (FI) curve on Pd activated Si surface
(Fig. 12) illustrates that the mixed potential drops
dramatically from 0.0 to �0.37V within the first 5 s of
deposition. This indicates the change in surface energy is
caused by electrochemical wetting and Pd activation. The
energy barrier was observed to decrease by 0.74 eV (since
the potential changes from 0.0 to �0.37V and two
electrons are transferred in the reaction of Co2++2e�-
Co0). A marked spike was observed in the FI afterwards
and this is followed by a short fluctuation plateau
characterizing the inhomogeneous Co(W,P) electroless
deposition at different sites of the Pd activated surface.
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Fig. 5. STM images and profiles of Si surface after 1 s electroless deposition of Co(W,P) (a) in scanning scale of 5� 5 nm. Two atomic spacings of 0.40 nm

(A–A0 profile) and 0.25 nm (B–B0 profile) can be found respectively, (b) processed STM image of a 2� 5 nm area of Pd clusters and Co(W,P) nuclei.

Fig. 7. Strong lateral coalescence of Co(W,P) nuclei after 3 s deposition.

Fig. 6. Surface morphology of 2 s Co(W,P) nuclei: (a) SEM image, and (b)

STM image in scanning size of 100 nm2.
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This inhomogeneity is attributed to the wet chemically
activated Si surface that is not fully and uniformly covered
by Pd (refer to Fig. 1). The deposition does not initiate at
every available site simultaneously on Si surface and this
causes different rates of initial nucleation and film growth.
Between 5 and 70 s, the mixed potential curve decreases
from �0.37 to �0.70V, and this indicates the full growth of
Co layers may be associated with other deposition
processes, probably involving the deposition of W and P
species. The FI curve of Co(W,P) deposition gradually
reaches a steady state (70 soto500 s). This flat slope of FI
curve implies a slower deposition rate. This may be
somewhat connected to the continuous nucleation mode,
which is consistent with STM observations. The mixed
potential is stabilized at �0.78V and this implies that
Co(W,P) is more easily deposited onto the Pd activated
surface. From the viewpoint of electrochemistry, the
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Fig. 8. Enhancement signal X-ray diffractogram of 10 s (CoW,P) deposit.

Fig. 9. Surface-view of Si surface after 10 s Co(W,P) deposition. New

nodule nuclei, probably W and or P, start to emerge on the surface.

Fig. 10. Si surface after 45 s deposition of Co(W,P) showing continuous

thin film layer by layer growth of Co(W,P), scanning scale is 100� 100nm.

Fig. 11. Surface morphology of Si surface after prolonged deposition

(10min) of Co(W,P).
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underlayer does not change the mixed potential of a
reaction unless it is involved in the reaction. The relatively
high negative value of mixed potential of Co(W,P)
electroless deposition on Pd also reveals that Pd is actively
involved in assisting Co deposition onto the Si substrate.

3.2.2. Morphology characterization and microstructure

detection

Nakahara and Okinaka [18] reported that the seed
layer determines the morphology of electroless deposit.
Therefore, HRSEM and signal enhancement XRD were
employed in this investigation to provide valuable in-
formation concerning the orientation and crystalline phase
of Pd as well as its effect on the Co(W,P) thin film. High
resolution SEM image of Co(W,P) deposited on Pd
exhibits the obvious gap between the agglomerated grains
and a fairly smooth feature (Fig. 13) and this is somewhat
consistent of amorphous or multi-orientations of grain
growth. The XRD pattern of a 2min wet-deposition Pd
underlayer sample (Fig. 14a) shows only one weak peak
representing cubic Pd(111) at 401 around, along with a
very pronounced (220) Si peak (561, 2y). The intensity
of the unique Pd peak changes when the sample was
rotated, revealing a domination of (111) texture of Pd
deposits. A sharp peak located at 54.231 results from the Si
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Fig. 12. Fast immersion curve of Co(W,P) deposited on Pd activated Si

wafer surface.

Fig. 13. High resolution SEM image of deposited Co(W,P) on Pd

activated Si surface.

Fig. 14. (a) X-ray diffractogram of Si wafer surface after wet deposition of

Pd for 2min. (b) X-ray diffractogram of Co(W,P) electroless deposited on

Pd activated Si surface for 2min.
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substrate. This peak can be attributed to Bremsstrahlung
continuum radiation emitted from the X-ray source, which
produces a diffracting deviation to the Si crystallographic
planes. The X-ray diffractogram of 2min electroless
Co(W,P) on Pd activated Si surface (Fig. 14b) is assigned
with three Miller indexes of Co crystalline planes (0002),
(1010) and (1000). This signifies that the microstructure of
the as-deposited film is the hcp phase of e-Co with a
different orientation and that is consistent with results
from morphology characterization. The full width half
maximum (FWHM) values of XRD peaks are of several
degrees of nano-sized grains. The intensity ratio of the
three X-ray peaks is: I(0002):I(1010):I(1000) ¼ 7:2:1. Thus, the
strongest peak originating from (0002) is the result of the
high degree of preferred orientation in the /0001S
direction or c-axis perpendicular to the substrate.

3.3.3. Mean free path measured by XPS

Since Co has been tested as a barrier layer in
semiconductor manufacturing [8], it is used here as a
standard reference. The samples used in this XPS
measurement have a metal-oxide-semiconductor (MOS)
structure. The details of Co(W,P) MOS structure design
were reported elsewhere [19,20]. The Co(W,P) deposition
bath temperature during Co(W,P) electroless deposition
was kept within the range of 90–91 1C [21,22] and
the composition of Co(W,P) deposition bath is listed in
Table 3. The inelastic mean free path of the diffused Cu
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into Co(W,P) is introduced as a sensor to evaluate the
barrier property of a novel material. The inelastic mean
free path of electron of Co(W,P) layer was calculated using
the following equation [23]:

ICo

ICu
ðdÞ ¼

I0Co
I0Cu
½expðd=l sin yÞ � 1�.

Here, d is the Co(W,P) thin layer thickness, y is the angle
between the sample surface and the XPS analyzer. For our
measurements, y ¼ 901 while I0Co and I0Cu are the XPS
signal intensities from a clean Co and Cu substrates
respectively. ICo is the Co signal intensity from the thin
Co(W,P) film. By using STM combined with alpha-step
method, the deposited Co(W,P) layer is about 3 nm thick.
ICu is the XPS signal intensity from the clean Cu substrate
which is covered by the thin Co(W,P) layer. I0Co/I

0
Cu and

ICo/ICu are calculated to be 1.087 and 1.383 respectively.
Consequently, l was calculated to be 7.37 Å, which is
significantly smaller than the inelastic mean free path value
of 9.9 Å in the case of Cu diffused into Co [24]. This
signifies that the Cu is more difficult to go through
Co(W,P) without energy loss, and therefore Co(W,P) is a
very effective barrier layer.

4. Discussion

4.1. The existence of W and P and their influence on the

diffusion barrier quality

From XRD (Fig. 14), only Co peaks are observed. As
measured by EDX, XPS and RBS (Rutherford back-
scattering spectroscopy, not shown here), the film contains
about 2–4 at% and 8–10 at% of W and P, respectively.
These concentrations are not beyond the detection limit of
XRD instrument used in this work. XPS and TOF-SIMS
(time-of-flight secondary ion mass spectroscopy) measure-
ments also indicate that W can be found in the thin film.
This implies that W is truly present in the sample despite
the fact that there are no XRD peaks indicating the
existence of P and W. Two tentative explanations of these
observations could be as follows:
1.
 P and W are enriched at boundary.
It is well known that elements located at the grain
boundary are difficult to detect by XRD. Moreover, Hono
and Laughlin [25] provided the most direct proof of the
‘‘boundary effect’’. An EDX probe analysis conducted on a
Co(P) sample showed that the center of individual large
grains did not exhibit any evidence of P. Nevertheless, P
was detected when the electron beam was focused on the
triple point of grain boundaries. Our repeated SAM
measurements with sputtering confirm that Co2P can exist
at or near boundary (not presented here) and this result is
consistent with literature [26]. In addition, about 1.5 at% of
W was found in the 400 nm thick Co(W,P) film via SIMS.
All of this indicates that Co2P and W could be present at
the boundary and could play a major role in blocking the
diffusion of Cu via the boundary.
2.
 P and W exist in the form of an amorphous phase.
This proposition could raise an argument since it is
known that amorphous structure is expected to appear
only when the P content in the thin films is more than
12 at% [27,28]. This P concentration has not been reached
in electroless deposition of Co(W,P) (in our thin films, the
maximum concentration of P is ca. 10 at%). Shacham-
Diamand et al. have carefully studied the Co(W,P) crystal
structure using both fine material and electronics meth-
odologies [29] and reported that Co(W,P) matrix as-
deposited can contain Co(W,P) amorphous structure and
the o-Co2P enriched grain boundaries. STM profiles
measured on the small scales, 10� 10 nm and 30� 30 nm,
also showed some typical amorphous regions in which the
nano-sized grains were randomly distributed with obvious
separation gap between each other. It can therefore be
assumed that to a certain degree, W and P are amorphous.
For W, TOF-SIMS and XPS confirmed that the oxygen
concentration in the Co(W,P) film itself is about 1–2 at%.
This excludes the possibility that W is present as an oxide
inside the film. In addition, WO3 and WO2 at the surface of
the top Co(W,P) layer could result from the oxidation of W
[30]. The best known example is the oxidation of freshly
prepared tungsten STM tip. When the fresh STM-tip is
exposed to air for several hours, an amorphous layer
consisting of oxidized tungsten (WO3 and WO2) can be
detected [31]. It should be noted that the amorphous
domain in the Co(W,P) film is expected, since it eliminates
the short-circuit paths of the grain boundaries, improving
the barrier properties.

5. Concluding remarks

The initial stage, comprising of nucleation and growth of
electroless Co(W,P) deposition on Pd activited p-type
Si(100), is studied by using STM, SAM, HRSEM and
XRD. At the initial stages of deposition, Co(W,P)
nucleates around the sites of Pd activating particles,
followed by a strong lateral growth. Full coverage occurs
after a short time (ca. 10 s), followed by a uniform vertical
growth. Induced co-depositions of P and W take place in
the period of vertical growth. The uniform thin Co(W,P)
film can be obtained after 2min of deposition. Prolonging
the deposition time could cause high strain stress and
defects in such films.
The mixed potential (MP) of Co(W,P) electroless

deposited on Pd is �0.78V versus Ag/AgCl as shown in
the fast immersion curve and this indicated that it is
easier to deposit Co(W,P) on Pd. XRD measurements
show that the Pd seed layer has a domination of (111)
texture and the microstructure of the as-deposited Co(W,P)
film is mainly based on the hcp phase of e-Co in several
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degrees of nano-sized grains. The arrangement of Co(W,P)
grains demonstrates the high degree of preferred orienta-
tion of the /0001S direction or c-axis perpendicular to the
substrate.

The inelastic mean free path of diffused Cu in Co(W,P)
thin films has been found to be 7.37 Å.This is significantly
smaller than the value of 9.9 Å in pure Co, signifying that it
is more difficult for Cu to go through Co(W,P) without
energy loss. This feature makes Co(W,P) to be a very
effective barrier layer.
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