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Abstract CoWP films were electrodeposited on copper-
coated silicon wafers from citrate electrolyte containing
cobalt sulphate, sodium tungstate and sodium hypo-
phosphite at room temperature potentiostatically. The
effects of electrolyte concentration on thickness, compo-
sition and microstructure of the films were studied. It was
observed that the deposition current density and thickness
increased with increasing cobalt and hypophosphite ion
concentrations, whereas an increase in tungstate ion con-
centration resulted in a decrease in current density and
thickness. Films with larger variations of cobalt (from 64 to
83 at.%), tungsten (from 0.5 to 24 at.%) and phosphorus
(from 6 to 21 at.%) were electrodeposited by controlling
the concentrations of the electrolytes. X-ray diffraction
studies suggested that films containing ~20 at.% phos-
phorus were amorphous while films with lower phosphorus
content were crystalline. SEM and AFM examinations
showed that the size of crystallites and surface roughness
were mainly dependent on the amount of phosphorus
present in the films.
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1 Introduction

CoWP films have promising applications as a barrier/cap-
ping layer of copper interconnections in microelectronic
devices and microelectromechanical systems (MEMS) to
prevent copper from oxidation and diffusion [1-9]. CoWP
films can also be useful for other applications. CoP is
known to have good magnetic properties and has recently
been used in integrated sensors and inductors [10, 11].
CoW films show some promising physical and mechanical
properties such as exceptional hardness, wear and corro-
sion resistances [12, 13]. Therefore, it is envisaged that,
with appropriate composition CoWP films may exhibit
superior and unique properties and can be utilized as
coatings in sophisticated electronic and automobile indus-
tries, rocketry and space technology.

There are some reports in the literature on the fabri-
cation of CoWP films on a copper substrate by electroless
deposition from aqueous solution [1-9]. However, elec-
troless deposition is very selective and requires higher
processing temperature. Sometimes, the copper substrate
needs to be activated by a catalyst to initiate the depo-
sition process. It has been found that phosphorus in the
CoWP layers plays a very important role against the
diffusion of copper by ‘stuffing’ the grain boundaries of
the barrier/capping layers, but layers containing more than
12 at.% phosphorus cannot be plated by electroless
deposition [2]. On the other hand, electrodeposition offers
lower processing temperature, better control over the
deposition technique and thus a wide range of
compositions.
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It has been claimed that tungsten and phosphorus cannot
be electrodeposited individually from aqueous electrolyte
[12]. However, tungsten and phosphorus can be co-
deposited from aqueous electrolyte containing iron group
metals (Fe, Co, Ni), which is termed ‘induced co-deposi-
tion’ [12]. There are also some reports in the literature on
the electrodeposition of CoP [14-19], NiCoP [14, 20] and
CoW [21, 22] films.

The present study aims at the electrodeposition of
CoWP thin films on copper from aqueous solution at room
temperature. Electrochemical aspects of the deposition of
this film have recently been reported [23]. The properties
of ternary films like CoWP are crucially dependent on the
relative amount of the constituent components. For an
effective barrier layer for copper interconnection CoWP
film should contain a small amount of tungsten (<5 at.%)
and a reasonably high amount of phosphorus. On the other
hand, the tungsten content in the film should be as high as
~50 at.% 1if it is intended for use as a hard coating.
Therefore, it is important to control and modulate the
composition of CoWP films for particular uses. One way to
do this is to control the concentration of the electrolyte.
This paper reports the effect of bath concentration on the
composition and microstructure of CoWP films electro-
plated from a citrate electrolyte by a potentiostatic method.

2 Experimental

Polarisation behaviour of induced codeposition of cobalt,
tungsten and phosphorus at a copper disc electrode of
geometrical area of 0.95 cm? and of 99.9999% purity was
studied by cyclic voltammetry and CoWP films were
electrodeposited on copper-coated silicon wafers by a
potentiostatic method. A potentiostatic technique was
preferred because it was found previously that the surface
quality of the deposit plated by this method was better than
that of a surface plated under galvanostatic conditions [23].
CoS0,4-7TH,0, Na,WO42H,O and NaH,PO,-H,O were
used as the sources of cobalt, tungsten and phosphorus,
respectively. Tri-sodium citrate (TSC) was used as a
complexing agent and its concentration was 0.3 M in all
electrolytes. Tri-sodium citrate was chosen because it was
non-toxic and had brightening, levelling and buffering
actions [24-27]. Moreover, citrate electrolyte has recently
been used for precision electrodeposition [27, 28]. The
electrolytes were prepared by dissolving appropriate
amounts of the chemicals in de-ionised water. The pH of
the electrolyte was 6.9, although it varied slightly (£0.1)
depending on the concentration of the solution. Approxi-
mately 200 ml solution was taken in a 250 ml vial. Prior to
cyclic voltammetry experiments and electrodeposition of
CoWP films, the electrolytes were de-aerated by nitrogen
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gas for 5 min. The chemicals were of the highest purity
supplied by Sigma-Aldrich and were used as received.

Electrodeposition was performed using a standard three-
electrode cell where a platinum coated titanium mesh of
2.5 cm? was used as a counter electrode. The substrate was
copper, deposited by sputtering on a silicon wafer. The
wafer was cut into 1 cm X 3 cm sized pieces with a dia-
mond saw and lacquered to expose 1 cm? for plating CoWP
films. The substrate was cleaned by blowing with nitrogen
gas before deposition. A saturated Ag/AgCl electrode was
used as a reference electrode. The deposition was carried
out at a constant potential of —1 V versus Ag/AgCl from
stagnant solution at room temperature (23 + 3 °C) for
5 min. After deposition, the samples were washed with a
water jet and dried by blowing with nitrogen gas. The
surface of the plated films appeared flat and bright.

The electrochemical measurements were conducted
using a computer-controlled potentiostat (VSP-Princeton
Applied Research). The thickness of the films was mea-
sured by a surface profiler (Alpha Step). The compositional
analysis was carried out using energy dispersive X-ray
diffraction (EDX). Structural and morphological studies
were performed using X-ray diffraction (XRD), scanning
electron microscopy (SEM) and atomic force microscopy
(AFM).

3 Results and discussion
3.1 Cyclic voltammetry

Figure 1 shows cyclic voltammograms of aqueous elec-
trolytes containing (i) 0.07 M CoSO, and 0.3 M TSC (ii)
0.07 M CoSO,4, 0.01 M Na,WO, and 0.3 M TSC, (iii)
0.07 M CoSO,, 0.04 M NaH,PO, and 0.3 M TSC and
(iv) 0.07 M CoSO,, 0.01 M Na,WO,, 0.04 M NaH,PO,
and 0.3 M TSC on a copper disc electrode at room tem-
perature. In this case, the potential was scanned negatively
from —0.1 V to —1.5 V at 30 mV s~' and ended at -0.1 V.
The potential was not swept more positive than -0.1 V
because copper is known to dissolve beyond this potential
[28].

On the forward scan the voltammograms show a sudden
increase in current at a potential of approximately —0.95 V
versus the Ag/AgCl reference electrode which is the
starting point of the reduction of the electroactive species.
Peaks develop at a potential of —1.14 V in the case of
hypophosphite containing electrolytes and the evolution of
hydrogen occurs at —1.17 V. Therefore, it can be expected
that there will be little or no hydrogen evolution if CoWP
films are deposited at a potential more positive than —
1.17 V. The polarisation curves of the cobalt, and the
cobalt and tungstate containing electrolytes do not show a
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Fig. 1 Cyclic voltammograms of aqueous electrolytes containing (i)
0.07 M CoSO,4 and 0.3 M TSC (ii) 0.07 M CoSQOy, 0.01 M Na,WO,
and 0.3 M TSC, (iii) 0.07 M CoSO,, 0.04 M NaH,PO, and 0.3 M
TSC and (iv) 0.07 M CoSO,4, 0.01 M Na,WO,, 0.04 M NaH,PO,
and 0.3 M TSC on a copper disc electrode. The scan rate was
30 mv s

peak or plateau to indicate a limiting current. It has recently
been reported that linear sweep voltammetry at various
scan rates suggests that the induced codeposition of cobalt,
tungsten and phosphorus from an electrolyte containing
cobalt sulphate, sodium tungstate, sodium hypophosphite
and tri-sodium citrate occurs via a nucleation process under
mass transfer control [23]. Figure 1 also shows that dis-
solution of the deposits starts at around —0.8 V on the
reverse scan when the electrolytes contain cobalt, and
cobalt and hypophosphite ions. On the other hand, the
stripping potential shifts cathodically (at around —1.0 V) in
the cases of tungstate containing electrolytes.

The polarisation curves in the cathodic region show that
at a given over-potential the highest current is found when
the electrolyte contains cobalt and hypophosphite ions. The
addition of tungstate ions results in a reduction in cathodic
current. This suggests that tungstate ions have an inhibitive
action on the reduction of the species, which might be due
to the fact that the induced co-deposition of tungsten occurs
through both electrochemical and chemical reactions. Ini-
tially an oxide of tungsten is deposited on the substrate,
which is catalyzed by iron group metals (in this case
cobalt) for subsequent reduction to tungsten. Ibrahim et al.
[22] proposed that CoW alloy formation takes place
through electrochemical reduction of tungstate ion to
tungstate oxide and then chemical reduction of tungstate
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Fig. 2 Effect of cobalt ion concentration on (a) deposition current
density and film thickness and (b) composition of CoWP films
electrodeposited by applying a constant potential of —1 V at room
temperature. The concentrations of tungstate and hypophosphite ions
were 0.001 and 0.03 M, respectively. Deposition time was 5 min

oxide to metallic tungsten according to the following
equations,

WO?™ + 4H,0 + 2¢~ — WO,-2H,0 + 40H™ (1)

WO, -2H,0 + 4H-(Co) — Co-W + 4H,0 (2)

where H-(Co) indicates a hydrogen atom bonded to the d-
band vacancy of cobalt.

The deposition of CoWP occurs along with hydrogen
evolution at potentials more negative than —1.17 V in all
cases (Fig. 1). Therefore, from the polarisation curves in
the cathodic region it cannot be concluded definitely in
which case the highest amount of deposition occurs.
Therefore, the stripping charges from the polarisation
curves in the anodic region have been calculated and it has
been found that the stripping charges for the cobalt, cobalt
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Fig. 3 Effect of tungstate ion concentration on (a) deposition current
density and film thickness and (b) composition of CoWP films
electrodeposited by applying a constant potential of —1 V at room
temperature. The concentrations of cobalt and hypophosphite ions
were 0.13 and 0.03 M, respectively. Deposition time was 5 min

and tungstate, cobalt and hypophosphite, and cobalt,
tungstate and hypophosphite ions containing electrolytes
are 4.66, 13.74, 24.59 and 17.54 mC, respectively. These
results confirm that the highest amount of deposition
occurs when the electrolyte contains cobalt and hypo-
phosphite ions.

3.2 Effect of cobalt ion concentration on thickness and
composition

Figure 2 shows the effect of cobalt ion concentration on
current density, deposit thickness and film composition.
The current was recorded at the 1st, 3rd and 5th minute and
the average of these data is presented in the figure. It was
observed that the current density fluctuated about
+0.05 mA cm 2. Figure 2a shows that the current density
increases linearly with cobalt ion concentration which
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Fig. 4 Effect of hypophosphite ion concentration on (a) deposition
current density and film thickness and (b) composition of CoWP films
electrodeposited by applying a constant potential of —1 V at room
temperature. The concentrations of cobalt and tungstate ions were
0.13 and 0.005 M, respectively. Deposition time was 5 min

suggests that the thickness of the deposit increases pro-
portionally. Figure 2a also shows that the thickness
increases almost linearly with increasing cobalt ion con-
centration in the electrolyte.

The composition of the plated CoWP films at various
cobalt ion concentrations is presented in Fig. 2b. The
cobalt content increases from 64 to 83 at.% when its
concentration in the electrolyte is varied from 0.10 to
0.22 M. The increase in the relative amount of cobalt in the
deposit is rather steep when the concentration of cobalt ion
is increased from 0.10 M to 0.16 M. A further increase in
cobalt ion concentration from 0.16 to 0.22 M in the
electrolyte results in a slow increase of its content in the
deposit. The effect of cobalt ion concentration on tungsten
content is opposite. Tungsten content decreases from 15 to
0.50 at.% with increasing cobalt ion concentration. The
relative amount of phosphorus in the film also decreases
from 21 to 16 at.%.
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3.3 Effect of tungstate ion concentration on thickness
and composition

The effect of tungstate ion concentration on deposition
current density, thickness and composition of CoWP thin
films is shown in Fig. 3. Unlike for the cobalt ion, the
current density decreases with increase in tungstate ion
concentration. Figure 3a also shows that the deposit
thickness decreases almost proportionally with decreasing
current density (with increasing tungstate ion concentra-
tion) which is expected, because with decreasing current
density the deposition rate also decreases. As observed in
the cyclic voltammograms (Fig. 1), the addition of tung-
state ions to the cobalt and hypophosphite containing
solution reduces the cathodic current due to some inhibitive
action of this species on the electrodeposition of CoWP, it
is expected that the current density and thickness would
decrease with increase in tungstate ion concentration. This
may be due to the two-step reduction of tungstate ions to
elemental tungsten as explained in Sect. 3.1.

Figure 3b shows the dependence of CoWP film com-
position on tungstate ion concentration in the bath.
Tungsten content in the film increases from approximately
5 to 10 at.% when its concentration in the electrolyte is
varied from 0.001 to 0.02 M. On the other hand, the
amounts of both cobalt and phosphorus decrease slightly.

3.4 Effect of hypophosphite ion concentration on
thickness and composition

The dependences of deposition current density, deposit
thickness and composition of CoWP thin films on hypo-
phosphite ion concentration in the solution are depicted in
Fig. 4. This shows a steep increase in current density and
deposit thickness with increase in hypophosphite ion con-
centration. In this case, the thickness curve is less steep
when the hypophosphite ion concentration exceeds 0.03 M.

Figure 4b shows the effect of hypophosphite ion con-
centration on the composition of CoWP films. Phosphorus
content in the layer increases sharply when the hypo-
phosphite ion concentration is increased from 0.001 to
0.01 M. Further increase in hypophosphite ion concentra-
tion does not increase the phosphorus content in the layer.
This means that there is a saturated situation beyond which
further increase in phosphorus in the film is not possible
under the deposition conditions used.

Figure 4b also shows that tungsten content in the deposit
decreases with hypophosphite ion concentration in the
electrolyte but the relative amount of cobalt in the film
increases. This suggests that hypophosphite in the elec-
trolyte facilitates induced co-deposition, which is in good
agreement with the results of cyclic voltammetry experi-
ments (Fig. 1). Detailed electrochemical studies also show
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Fig. 6 XRD spectra of CoWP films containing various amounts of
constituent elements: (a) C00_69W0_19P0_12 and (b) CO()_79W()_02P0_19.
The films were prepared by varying the concentration of hypo-
phosphite ions in the solution (the deposition conditions have been
given in the caption of Fig. 4)

that it takes less energy to initiate electrocrystallisation of
cobalt (and cobalt-tungsten) from a citrate electrolyte
when hypophosphite ions are present in the solution [23].

3.5 Dependence of microstructures on composition

XRD spectra of the substrate and CoWP films with varied
amount of the constituent elements are shown in Fig. 5. In
this case, the composition of the film was controlled by
varying the cobalt ion concentration in the electrolyte. The
substrate copper has a strong crystallographic orientation
of [111]. There is also a small peak at 20 = 38.4° on the
XRD spectrum of the substrate (Fig. 5a), which is related
to Ti[002] of the seed layer.

XRD spectra of CopesWo.1sPoo1  (Film D),
Coo.80W0.01Po.19 (Film II) and Cog 825Wo.005P0.17 (Film I1I)
samples (Fig. 5b, ¢ and d, respectively) suggest the pres-
ence of hcp cobalt in the deposit. Three small peaks of hep
cobalt with no strong preferred orientation suggest an
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Fig. 7 SEM images of CoWP films containing various amounts of
constituent elements, (a) CO()_64W0_15P0_21, (b) C00>80W0_01P0_19 and
(¢) Cog.825W0.005P0.17- The thicknesses of these films are 143, 430 and
747 nm, respectively

amorphous structure of Film I. The films, however, become
crystalline with strong preferred orientation of ¢Co [100]
with increasing cobalt and decreasing tungsten and phos-
phorus contents in them (Fig. 5c and d). An amorphous
structure of electrolessly deposited CoWP films was
obtained when the phosphorus content in the film exceeded
11 at.%, keeping the tungsten content less than 5 at.% [6,
29]. However, the present study suggests that the electro-
chemically deposited films are crystalline in nature even if
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Fig. 8 Typical 3D AFM images of CoWP films with phosphorus
contents of (a) 8 at.% and (b) 19 at.%

they contain a reasonably high amount of phosphorus with
a tungsten content around 1 at.% (Films II and III).

Although phosphorus and tungsten have a synergistic
effect on the crystallinity of CoWP films, this mainly
depends on the amount of phosphorus present in the
deposit. XRD spectra of the other two samples which were
deposited by varying the concentration of hypophosphite
ion in the electrolyte (Fig. 6), suggest that Cog oW 19P0.12
(Film IV) film is polycrystalline even though it contains
higher amounts of tungsten and phosphorus, but
Co9.79Wo.02Po.10 (Film V) is amorphous although it con-
tains more cobalt than the former one. It is noticeable that
the phosphorus content in Films II and V is the same, but
the tungsten content is just 1 at.% more in Film V, which
makes it amorphous.

3.6 Surface morphology and roughness

The SEM images of the surfaces of Films I, II and III are
shown in Fig. 7. These films were deposited from elec-
trolytes of various cobalt ion concentrations. The images
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Fig. 10 Surface roughness as a function of thickness of CoWP films
produced by varying the concentrations of cobalt (solid line) and
hypophosphite (dashed line) ions

suggest that the films have typical spherical nodular
structure with dense coverage. However, the crystallites get
larger with the increase in cobalt content in the solutions as
well as in the films, which is due to faster growth under the
potentiostatic conditions employed. However, there may
also be some effect of thickness as with increasing cobalt
ion concentration in the electrolyte the thicknesses of the
films also increase. SEM images of the films deposited by
varying tungstate and hypophosphite ion concentrations
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also have typical spherical nodular structures which look
similar to that shown in Fig. 7b.

The roughnesses of these surfaces were measured using
AFM. Figure 8 shows typical 3D AFM images of two
samples with low (8 at.%) (Fig. 8a) and high (19 at.%)
(Fig. 8b) phosphorus contents and Fig. 9 shows the
dependence of roughness on the composition of CoWP
films. Figure 9a shows the roughness of CoWP samples
prepared by varying the concentration of cobalt ions. It
suggests that the roughness increases with increasing cobalt
and decreasing tungsten and phosphorus contents in the
films as well as increasing size of the crystallites. On the
other hand, Fig. 9b shows the dependence of roughness on
composition when the samples were produced by varying
the concentration of hypophosphite ions. It shows a
decrease in roughness with increasing phosphorus and
cobalt contents in the films. The apparent discrepancy of
the dependency of roughness on cobalt content can be
explained in that the increased phosphorus in the films
make them less crystalline with smaller crystallites even
though there is also an increase in cobalt content. There-
fore, it can be concluded that the roughness is mainly
dependent on the crystalline states of the films and
decreases when the films go from crystalline to amorphous.
In electrolessly deposited CoWP films, it was observed that
phosphorus and tungsten mainly accumulated in the grain
boundaries of hexagonal cobalt as the solubility of phos-
phorus and tungsten in ¢Co is less than 1 at.% [2, 29]. More
phosphorus (and/or tungsten) in the films thus help to fill
the grain boundaries and defect points which eventually
decreases the roughness.

It is well-known that the roughness is also dependent on
the thickness of the electrodeposited films. To see if
thickness has a more prominent effect on roughness than
the crystalline states, plots of thickness versus roughness
are given in Fig. 10. In this figure the roughness of two sets
of samples produced by varying the concentrations of
cobalt (solid line) and hypophosphite (dashed line) ions,
respectively, are presented. The roughness increases with
thickness when the cobalt content in the film increases. The
roughness, however, decreases with increase in thickness
when the phosphorus content in the film increases. As
discussed previously, CoWP films become amorphous with
decreasing cobalt or increasing phosphorus content.
Therefore, the crystalline state, rather than the thickness,
has the major influence on the roughness of the electro-
deposited CoWP films.

4 Conclusions

CoWP films were electrodeposited on copper-coated sili-
con wafers from a citrate electrolyte containing cobalt

@ Springer

sulphate, sodium tungstate and sodium hypophosphite at
room temperature. The deposition was carried out by a
potentiostatic method by applying a constant potential of —
1 V with respect to a Ag/AgCl reference electrode. The
effects of electrolyte concentration on thickness, compo-
sition and microstructure of the films were studied. The
deposition current density and thickness increased with
increasing cobalt and hypophosphite ion concentrations in
the electrolytes, whereas increase in tungstate ion con-
centration resulted in a decrease in current density and
thickness. Films with larger variations of cobalt (from 64 to
83 at.%), tungsten (from 0.5 to 24 at.%) and phosphorus
(from 6 to 20 at.%) were electrodeposited by controlling
the concentrations of the electrolytes. X-ray diffraction
studies suggested that CoWP films containing ~20 at.%
phosphorus were amorphous while films with lower phos-
phorus content were crystalline. The crystalline films
contained hcp cobalt with strong preferred orientation of
[100]. SEM images suggested that the films had a spherical
nodular structure with good coverage. The crystallites
became larger with the increase in cobalt content in the
film. AFM examinations showed that the surface roughness
was mainly dependent on the crystalline state and increased
with decreasing phosphorus content in the films.
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