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Introduction

The procedures for the electrodeposition of Co-Mo alloys have been intensively developed because
these alloys possess premium hardness, high melting point, reasonable resistance to corrosion and wear of
these coatings [1-5]. Some of them also show catalytic properties and might be used for hydrogen generation
[6—12]. Introduction of 5 to 11 wt % molybdenum into cobalt electrodeposits leads to obtaining of materials
with good low-coercitivity properties [13—16]. The magnetic and mechanical properties of Co-Mo alloys
make them promising for application in the microelectronics, e.g. in microelectromechanical systems
(MEMS) applications. The electrochemical forming of MEMS have many advantages over other physical
processes, such as a room temperature operation, low energy requirements, fast deposition rates, fairly uni-
form deposition over complicated shapes, low cost, simple scale-up and easily maintained equipment.
MEMS are integrated micro devices or systems combining electrical and mechanical components fabricated
using integrated circuit (IC) compatible batch-processing techniques and range in size from micrometers to
millimeters. The properties of the deposit can be “tailored” by controlling solution compositions and deposi-
tion parameters [17]. In this case the deposition processes have to be compatible with other MEMS process-
ing operations. The magnetic deposits must have good adhesion, low stress, corrosion resistance and thermal
stability at operating temperatures without contaminating I1Cs. In addition, the stresses in deposit is important
factor, because may result cracks or deformations of electroformed MEMS devices.

Several types of baths are used for the electrodeposition of Co—Mo films. Co—Mo alloys are depos-
ited from citrate and citrate—ammonium electrolytes [13-16]. The theoretical model proposed in [18] of
deposition from citrate baths allow to describe the behavior of cobalt-molybdenum electrodeposition process.
Different hypotheses presented in [18] that deduced the theoretical expressions and compare the theoretical
and experimental i-t curves are available. Also a mathematical model of the induced co-deposition of molyb-
denum and the iron family metals from citrate—ammonia baths was proposed in [19, 20].The appearance of
obtained coatings from a citrate - chloride bath was worse than in the case of the coatings obtained from a
citrate— sulphate bath. Probably, it was the result of chloride ions adsorption on the Co—-Mo deposit during
electrodeposition process [21]. The citrate and citrate ammonia bath are widely used [13, 14, 22, 23]. The
amount of Mo in alloys electroplated from these baths contains about 20 at % of molybdenum. The pH of the
solution has effect on the current efficiency, morphology and composition of the alloys. The alloy composi-
tion is just slightly dependent from solution pH, but at higher pH values powder-like coatings are formed
[24]. The ammonia salts is used to intensify the process, but for Co alloys instead of ammonia salts the hy-
drazine could be used [25]. Weakly alkaline pyrophosphate baths are also used for electrodeposition of mo-
lybdenum alloys [26—28]. Comparative characteristics of the Co—Mo alloys electroplating from citrate, pyro-
phosphate and mixed citrate—pyrophosphate baths are given in [29]. The research of current efficiency influ-
ence on composition, morphology and microhardness of Co-Mo alloys deposited from citrate bath with
Na,EDTA is available for e.g. in [30]. Also investigation on practical use of the electroplating of ternary al-
loys containing molybdenum and phosphorus from the same type of baths has been carried out. The relation
between the composition, morphology, corrosion resistance and physicomechanical properties of CoMoP
coatings has been studied in [31, 32].

The aim of the present study is to investigate the electrodeposition of Co-Mo and Co-Mo-P alloys
from the weakly acidic citrate bath and clarify factors influencing the deposition rate and composition of ob-
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taining alloys, as well as their structure. The values of pH are concerned taking into account the potential
applicability of the bath for template-assisted electroforming of devices using photoresist layers unstable in
alkaline media, e.g. AZ4562.

Experimental

Electrodeposition was carried out from the electrolytes of the following composition:

Solution 1: CoSO, (0.3 M) + NasCitr. (0.2 M) + Na,MoO, (0,005 M);

Solution 2: CoSO, (0.3 M) + NasCitr. (0.2 M) + Na,Mo0O, (0,012 M);

Solution 3: CoSO4 (0.3 M) + NasCitr. (0.2 M) + Na;MoO, (0,012 M)+ NaH,PO, (0,1M);

Solution 4: CoSO, (0.3 M) + NasCitr (0.2 M).

All experiments were carried out at the temperature of 20 °C and in the range of current densities of
2.5 — 25 mA/cm? pH 3-5. For the deposition a plating cell with two separated anodic compartments was used.
The substrate was made of pure copper foil of working area 2—-8 cm?. Before the electrodeposition the sur-
face was mechanically polished, degreased and then activated in dilute sulfuric acid. A platinum plated tita-
nium mesh was used as the counter electrode. The total current density was controlled using AUTOLAB302
system.

The coating morphology was investigated by scanning electron microscopy (Philips XL 30 FEG).
Qualitative elemental analysis of the obtained alloys was carried out by energy-dispersive X-ray spectros-
copy (EDS). X-ray diffraction analyses were performed to characterize the electrodeposited coatings. A Dron
(type 3.0) instrument with Ni filtered Cu-Kal radiation operated at 30 kV and 30 mA (A=1.54056 A) was
used at a continuous scan speed of 0.02° 26 s-1. The obtained XRD patterns were filtered from Cu signals.

Results and discussions

1.1. Co-Mo alloys study

1.1.1. Current Efficiency and Deposition Rate. Figures 1 and 2 show the dependences of current
efficiency and the deposition rate on the current density of Co-Mo alloys obtained from Solution 1 and 2. For
comparison, the Fig. 3 and 4 show the dependence of the current efficiency and the deposition rate of pure
Co coatings from electrolyte: CoSO4 (0.3 M) + NasCitr (0.2 M) at the same current densities. One can be
seen that the deposition rates for cobalt—-molybdenum coatings are sufficiently lower; this is chiefly due to
lower hydrogen overvoltage on Mo-containing electrodes. It is also obvious that the investigating solution
have a high throwing power, because in a wide range of applied current densities the current efficiency fal-
ling down with the increase in current density at pH 4 and 5 (Fig. 1). At pH 5 (Fig. 2) this dependence give
the practically identical rate of deposition that is favourable for electrodeposition in recesses where local cur-
rent density can be different at this is usually effect the uniformity of deposit grow. From this point of view
the deposition of pure Co should give worse results (Fig. 4), nevertheless that deposition rate is higher for
this process.

The change of electrodeposition potential by ~0.1-0.15V is evident at the higher current densities and
at the beginning of electrodeposition (see Fig. 5). The rise of electrodeposition potential is caused probably
by the enrichment of Mo in the depositing alloy after Cu substrate had been covered by first layers of Co-Mo.
Further, the electrodeposition potential becomes stable enough, and compositionally uniform alloys can be
obtained through entire film thickness of Co-Mo.
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Fig. 1. Influence of current density on current efficiency at various pH for Solution 1 (a) and Solution 2 (b),
1-pH3,2-pH4,3-pH>5
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Fig. 2. Influence of current density on deposition rate at various pH for Solution 1 (a) and Solution 2 (b),
1-pH3,2-pH4,3-pH5
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Fig. 3. Influence of current density on current effi- Fig. 4. Influence of current density on deposition rate
ciency at various pH for pure Co electrodeposition at various pH for Solution 4, 1 — pH 3, 2 — pH 4,

form Solution4,1-pH 3,2-pH 4,3-pH5 3-pH5
150 -E, V P 165 -E, V
C & —_—— ]
1351 1.50 r——k 4 —O— ;
—8— 3
135} —o— 4
1.20 | —.—§
120}
1.05} 1,05
0.90 | 090}
- " - . 075
075}
0 6 12 18 24 30 0-60 =3 6 12 . 24 30
t, min £, min
a b

Fig. 5. The changes of electrodeposition potential during electrodeposition from Solution 1 (a) and 2 (b) at
pH 4 and different current densities: 1 — 2.5 mA/cm? 2 — 5 mA/cm? 3 — 10 mA/cm?, 4 — 15 mA/cm?,
5 — 25 mA/cm?
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1.1.2 Morphology, Composition, and Structure of the Coatings. Figure 6 shows the morphology
of the obtained coatings and illustrates the influence of molybdenum content on the morphology. An increase
in pH from 3 to 5 causes the increase in Mo content from 0.4 to 4.9 at.% (Solution 1). The same trend was
obtained in Solution 2 where concentration of sodium molybdate is higher, that results a higher amount of
Mo in the alloys. At relatively high (~5) pH and low amount of Mo in alloy, the deposits obtained at low cur-
rent densities have needle- shaped surface (Fig. 6, Solution 1). The surface becomes more flat when current
density increases even at the similar amount of Mo in alloys (pH 4, Solution 1). The increase of Na,MoO,
concentration up to 0.012 M results in a flat surface even at low current densities and low amount of Mo in
alloy (Fig. 6, Solution 2). Noticeably, the obtained “needle” - shaped structure of Co-Mo alloys also is typi-

cal for pure Co electrodeposited from citrate baths (see Fig. 7).
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Fig. 6. SEM images, current efficiencies and molybdenum content of Co-Mo alloys electrodeposited on cop-

per substrate from Solution 1 and 2, at different pH and current densities
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Fig. 7. SEM image of pure Co electrodeposited Fig. 8. XRD patterns for the electrodeposited from citrate

from the citrate baths baths pure Co (at 5 mA cm™) and Co-Mo alloys. Lines mark
positions of peaks attributed to the hexagonal Co in accor-
dance with JCPDC data base. 1 — electrodeposited Co, 2 -
Co-1.8 at.% Mo,3 — Co-4.9 at.% Mo, 4 — C0-9.8 at.% Mo

The metallurgic Co has a structure of cubic lattice, whereas Co electrodeposited from citrate solu-
tions has a hexagonal structure (see Fig. 8). As follows from the XRD patterns obtained for Co-Mo and pre-
sented in Fig. 8, positions of XRD peaks may be attributed to the structure of hexagonal Co of dominating
planes {100} and {110} as well. At higher concentration of Mo in the alloy (9.8 at. %) the XRD peaks shift
to lower angles that is caused by the increase of interplanar distance of formed lattice from 2.16 A (pure Co)
to 2.18 A (C0-9.8 at.% Mo) for texture {100}, and from 1.25 A (pure Co) to 1.26 A (Co-9.8 at.% Mo) for
texture {110}. Also, Co-Mo alloys may form an own structure, and in accordance with JCPDC data base
such alloy with lowest content of Mo has a stoichiometry CosMo. However, the positions of peaks for ob-
tained Co-Mo alloys notwithstanding remain shifted by more than one degree from the positions characteris-
tic for the stoichiometric CozMo alloy. Thus, the solid solution of Co in CozMo does not form at the contents
of Mo in the alloys below 10 at. %, and mixture of Co and Mo in solid state is formed.

As it is shown in Fig. 8 and elsewhere [33], the broadening of peaks for the electrodeposited Co and
electrodeposited Co-Mo alloys is similar; therefore the values of grain size for mentioned metals may be
close to the values obtained for pure Co, i.e. ~40 nm.

1.2. Co-Mo-P alloys study concerning template-assisted electrodeposition

The hydrogen overvoltage on Mo and Mo-containing alloys is lower than that for W and W-
containing alloys, therefore the current efficiency and deposition rate for Mo-containing alloys is lower than
that for corresponding W-containing alloys. Therefore, in some cases accelerators are used for the electrode-
position of Mo alloys, e.g. hydrazine [31, 34-35]. The accelerating rate of electrodeposition is important
when template-assisted electrodeposition is concerned especially in the porous membranes or wafers with
high aspect ratio. In this study we selected sodium hypophosphite as accelerator, because introduction of
some amount of phosphorous into alloys does not have adversary effect on the surface morphology and cor-
rosion properties of alloys even if the introduction of phosphorous occurs in cost of molybdenum [28, 31].

The effect of NaH,PO, on the polarization at various pH is shown in Fig. 9. It can be seen, the accel-
erating effect in the presence of NaH,PO, is more evident at lower values of pH although at pH 8 the accel-
eration takes place. It is caused probably by the easier reduction of hypophosphite ion at lower pH [36]:

H,PO; +2H" +&” — P+2H,0 1)

and incorporation of P into alloy, that change kinetics of the Co and Mo codeposition. The similar effect was
obtained in case of the electrodeposition ternary and quaternary tungsten alloys with Co, Ni and P [37].

The plateau is obtained on the polarization curves determined in acidic solutions at current density
4-5 mA/cm?. The origin of plateau obtained on the polarization curves needs further investigations. Based
on the simple estimations of limiting diffusion current taking into account that concentration of Co(ll) is
0.3M, the values of the diffusion limiting current have reach values 45-50 mA/cm?. Preliminary study by
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means of electrochemical impedance spectroscopy also does not show the slow diffusion stage because War-
burg impedance does not appear in spectra. Most probably, the plateau is caused by the adsorbed intermedi-
ate compounds participating in the charge transfer reaction.
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Fig. 9. Polarization curves registered on Co electrode from Solution 2 without NaH,PO, (black curves) and
from Solution 3 with NaH,PO, (grey curves) at various pH. Potential scan rate 5 mV s™

In all cases the currents are higher for electrodeposition in the present of NaH,PO; that is more fa-
vorable for electrodeposition in wafers that require long time, but quality of deposits obtained at pH 4 is
worse than obtained at higher pH. The summation of the influence of the electrodeposition parameters and
presence of hypophosphite on the quality of the obtained coatings at pH 6 is following:

e the presence of phosphorous in the alloys obtained at direct current do not influence on the surface
morphology (Fig. 9 a, b), but the deposition rate of ternary alloy is sufficiently higher than binary
with molybdenum (table 1);

o ternary alloys containing P and electrodeposited in pulse current mode have less stress and cracks
especially electrodeposited at low average current density (Fig. 9 ¢ and d).

1.3. Electrodeposition into wafers

The thickness and content uniformity of electrodeposited metals and alloys applied in interconnect
metallization of semiconductor wafers is of importance. Variations must be typically kept below ~ 3%, with
only a few mm edge exclusion. A number of process parameters, including the resistive copper seed and the
wafer and anode configurations that are controlled by practical design considerations, adversely affect the
current distribution [38]. An important issue during MEMS processing is the ability to plate and fill high as-
pect ratio structures evenly, and void free filled trench. Conformal plating is an even growth from all sur-
faces resulting in a deposit of equal thickness at all points.
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Fig. 10. SEM images of Co-Mo (a) and Co-Mo-P (b-d) alloys electrodeposited at pH 6 as mentioned in
table

Table. The deposition parameters and composition of Co-Mo-P alloys obtained from Solution 3

C M iava, in, torr, Composition at.%
Sample | pH | mA/f:m2 mA;)cm2 fon. $ OSFF um\ll;nin Co : Mo P
a 0 4 - continuous | 0O 0.170 73.9 26.1 -
b 6 4 - continuous | 0 0.287 81.9 12.6 55
c 0.1 4 12 5 10 0.226 86.1 8.5 5.4
d 1.3 4 5 10 0.141 87.7 7.6 4.7

The wafers used in this study have photoresist layer over copper and patterned by the mask. This
mask had opening squares whose size is 100 x 100 um. Finally the Co-Mo-P alloys were plated under such
optimal conditions: pH 6, averaged current density i.y= 4 mA/cm2, pulse current density, i, = 12 mA/cm2
and tON/ tOFF is 5s/10s. These conditions correspond to the electrodeposition on bulk samples as shown in
Fig. 9,c and table 1, sample c. As follows from the data presented in Table 1, As the amount of phosphorous
in the alloys increases, the ratio of Mo:Co is reduced sufficiently, i.e. content of Mo in the alloy decreases
sufficiently. The same effect was obtained also during electrodeposition W alloys with P, Co, and Ni, and
was explained by surface blocking of adsorbed NaH2PO2 intermediate that blocks available sites for the Mo
or W intermediate [37].

The general and detailed SEM images of filling recesses after photoresist had been dissolved are
shown in Fig. 11. As it is seen, the filling of the recesses is reasonable; the height of obtained posts is the
same (Fig. 11,a and b); the surface is flat and consists on the fine crystallites (Fig. 11,e and f). The evenness
of alloy composition distribution was estimated by measuring the composition in different places. It was
found that for the resulting alloy with composition (in at. %) Co-9.3Mo-3.5P, the variation of analysis data
does not exceeds + 5% of determined value.
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Fig. 11. SEM images of the big fragment of wafer (a), and detailed images of wafer with recesses filled by
Co-Mo-P alloy (b, ¢c and d), and the morphology of tops (e and f). Content of alloy Co-9.3 at.% Mo-3.5
at.% P

Conclusions

1. The peculiarities of the Co-Mo and Co-Mo-P alloys electrodeposited from the citrate solutions at
pH 4-6 was studied. Sodium hypophosphite was used as a source of phosphorous. The deposition rates for
cobalt-molybdenum coatings are sufficiently lower than that for pure cobalt; this is chiefly due to lower hy-
drogen overvoltage on Mo-containing electrodes. The alloys containing up to 10 at.% of Mo were electrode-
posited. The deposition rate increases sufficiently when ternary Co-Mo-P alloys are electrodeposited. The
increase in deposition rate in the presence of NaH2PO2 is more evident at lower values of pH. It is caused
probably by the easier reduction of hypophosphite ion at lower pH and incorporation of P into alloy that
change kinetics of the Co and Mo codeposition.

2. At relatively high (~5) pH and low amount of Mo in alloy, the coatings deposited at low current
densities have needle- shaped surface. The surface becomes more flat when current density increases even at
the similar amount of Mo in alloys (pH 4). The increase of Na2MoO4 concentration up to 0.012 M results in
a flat surface even at the low current densities and the low amount of Mo in alloy.

3. Positions of XRD peaks obtained for Co-Mo alloys are attributed to the structure of hexagonal Co
of dominating planes {100} and {110}. At higher concentration of Mo in the alloy (9.8 at. %) the XRD
peaks shift to lower angles that is caused by the increase of interplanar distance of formed lattice. The broad-
ening of peaks for the electrodeposited Co and electrodeposited Co-Mo alloys is similar; therefore the values
of grain size for mentioned metals may be close to the values obtained for pure Co, i.e. ~40 nm.

4. For the electrodeposition in wafers the low frequency current pulse mode was chosen. The alloy
having composition (in at. %) Co-9.3Mo-3.5P was electrodeposited. The filling of the recesses is reasonable,
and the height of obtained posts is the same, and the surface is flat and consists on the fine crystallites.
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Summary

The aim of the present study is to investigate the electrodeposition of Co-Mo and Co-Mo-P alloys
from the weakly acidic citrate bath and clarify factors influencing the deposition rate and composition of ob-
taining alloys, as well as their structure. Sodium hypophosphite was used as a source of phosphorous. The
deposition rates for cobalt-molybdenum coatings are sufficiently lower than that for pure cobalt. The alloys
containing up to 10 at.% of Mo were electrodeposited. The deposition rate increases sufficiently when ter-
nary Co-Mo-P alloys are electrodeposited. The increase in deposition rate in the presence of NaH,PO; is
more evident at lower values of pH. It is caused probably by the easier reduction of hypophosphite ion at
lower pH and incorporation of P into alloy that change kinetics of the Co and Mo codeposition. Based on
XRD data it is concluded that Co-Mo alloys has a structure of hexagonal Co of dominating planes {100} and
{110}. At higher concentration of Mo in the alloy (9.8 at. %) the XRD peaks shift to lower angles that is
caused by the increase of interplanar distance of formed lattice. The broadening of peaks for the electrode-
posited Co and electrodeposited Co-Mo alloys is similar; therefore the values of grain size for mentioned
metals may be close to the values obtained for pure Co, i.e. ~40 nm. For the electrodeposition in wafers the
low frequency current pulse mode was chosen. The alloy having composition (in at. %) Co-9.3Mo-3.5P was
electrodeposited. The filling of the recesses is reasonable, and the height of obtained posts is the same, and
the surface is flat and consists on the fine crystallites.
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