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In order to improve the corrosion resistance of CoPtP film in 3.5% NaCl solution, the effects of
deposition current, temperature and perpendicular magnetic field (PMF) in the film preparation process
were investigated. Results indicated that corrosion process of CoPtP film in 3.5% NaCl solution was
controlled by cathodic process. At the condition of deposition current 0.08 A, temperature 60 ‘C and
PMF intensity 0.5 T, the deposited film displayed good corrosion resistance and lowest corrosion
current density 1.995x10° A/cm?. The increase of deposition current, temperature and PMF intensity
were beneficial to refine grains and enrich CoPx substances in CoPtP film. However, higher deposition
current and temperature resulted in higher uneven stress and severer hydrogen evolution. Cracks on
surface of films made corrosion resistance deteriorated.
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1. INTRODUCTION

Recently cobalt-based magnetic thin films (Cow, CoPt, CoPtP, CoMoP, etc.) have been
researched and applied in micro-electromechanical systems (MEMS) [1-9]. Electrodeposition is an
attractive technique for shaped film fabrication, owing to its simplicity, low temperature and fast
deposition rate. Cobalt (Co)-platinum (Pt) alloy has a high coercivity without high temperature
annealing, since the Pt atom insert to the hcp structure of Co and result in a strong magnetic
anisotropy. Small amount of P added into CoPt film can not only significantly increase the coercivity
of film but also display some similar properties with the Co/Pt multilayer, such as strong perpendicular
magnetic anisotropy, high coercive, and anti-oxidation [10].

The effect of magnetic field on film structure and magnetic performance has been researched in
recent years [11]. Remsen [12] was the first to investigate the effect of magnetic field on the course of
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chemical reactions and the effect of magnetic field on the electrode potential has been reported by
Gross [13]. With the application of a permanent perpendicular magnetic field (PPMF) forces such as
paramagnetic force (F,), field gradient force (Fg), Lorentz force (F.), electrokinetic force (Fg) and
magnetic damping force(Fp) can become prominent in an electrode reaction [14]. Studies show that the
magnetic field can affect bath property, film surface state, microstructure, alloy compositions and the
crystal growth direction of electrocrystallization. Moreover, with the presence of magnetic field, Co
electrodeposition rate is clearly enhanced due to an increase magnetic moment of Co®* ions in solution
influenced by the field gradient force and paramagnetic force. The CoPtP film deposited in magnetic
filed with particular properties has been researched and reported in our lab [15, 16].

However, from the previous work of our research, it is found that if CoPtP film exposed to
humid air at room temperature for several months, the bright film surface will be oxidized and lose
metal luster. Corrosion of magnetic film in environmental conditions was usually an electrochemical
process. For ample supply of oxygen and the presence of inorganic contaminants dissolved in the
adsorbed water, an electrolyte was formed and enhanced the corrosion rates substantially. As the
corrosion of CoPtP film carried out, the magnetic property weakened. Therefore, preparation CoPtP
film with good corrosion resistance should be fully considerated during the deposition process.

The present study focus on the relationship of deposition conditions (deposition current,
temperature and PMF intensity) and the corrosion resistance of CoPtP films, with the aim to provide
longer service life of magnetic film applied in the fabrication of ULSI devices and MEMS.

2. MATERIALS AND METHODS

Electrodeposition of CoPtP films were performed in an alkaline bath. The components of the
solution were summarized in detail in Table 1. Copper was used as the substrate, which was cut into
2x2 cm? with a diamond saw. A polish machine (MP-1A) was used to polish the surface of the copper.
After the copper was polished, an alkaline solution (12 g/L NaOH, 60 g/L Na,CO3 and 60 g/L NasPO,)
was utilized to remove the oils in the copper surface. Then, the copper was dipped into H,SO, (10%)
solution to remove any oxides.

Table 1. Components and operating conditions of CoPtP film electrodeposition solution

Component Concentration (mol/L)
Co(NH,S03), 0.10

Pt(NH;)2(NO,), 0.01

NaH2POZ'Hzo 006

(NH,),CsHsO- 0.20

NH,CH,COOH 0.10

Temperature (C) 30-80

pH 8.0

Current (A) 0.06-0.1

Magnetic field (T) 0.1-0.5

Ultrasonic (W) 60
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Finally, the substrate was immerged into 100 mL electrolyte to perform electrodeposition
reaction for about 20 min. After the deposition was over, the CoPtP film was washed with a jet of
deionized water and dried by a blower.

Electrochemical measurements, including potentiodynamic polarization curves and
electrochemical impedance spectroscopy (EIS) were performed on electrochemical working station
(PARSTAT®2273) with the conventional three electrode cell. The CoPtP film specimen was used as
the working electrode, a platinum foil as counter electrode and a saturated calomel electrode (SCE) as
reference electrode. The test solution was 3.5% NaCl aqueous solution. EIS was carried out at range of
10 mHz ~ 100 kHz with 5mV perturbation signal at the corrosion potential. To test the reliability and
reproducibility of the measurements, duplicate experiments were performed. All tests are performed
after the CoPtP film immersed in the 3.5% NaCl aqueous solution for 2 h.

Surface morphology of each specimen was observed using scanning electron microscopy (SEM,
Hitachis-4800). And the microstructure was analyzed by X-ray diffractometer (XPert Philips PW1830)
using a CuKa radiation as an incident beam at 40 kV and 150 mA.

3. RESULTS AND DISCUSSION

3.1 Influence of electrodeposition current
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Figure 1. Polarization curves of CoPtP film prepared in solutions with different deposition currents
(PMF 0.1 T, Temperature 50 C)

In electrodeposition process, the current destiny has a significant impact on the alloy
composition and structure. According to diffusion theory, the metal electro-deposition rate has an
upper limit. With the current density increased, deposition rate of metal with more negative potential
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can be promoted, while deposition rate of metal with more positive potential is easier access to the
limit [17]. Fig. 1 shows polarization curves of CoPtP films prepared in solutions with PMF 0.1 T,
Temperature 50 ‘C and different deposition currents (0.06A-0.10A). The corrosion process of film in
3.5% NaCl solution is controlled by cathodic process. Corrosion current densities (lqorr) Of films are
calculated by Tafel extrapolation method shown in Table 2. Corrosion potential (Ecor) increases first
and then decreases as deposition current value changes from 0.06 A to 0.10 A. CoPtP film displays
best corrosion resistance with lowest corrosion current density 2.995x10° A/lcm? at the preparation
condition of deposition current 0.08 A.

Table 2. Corrosion current densities of CoPtP films prepared in solution with different deposition
currents (PMF 0.1 T, Temperature 50 C)

Electrodeposition current(A) 0.06 0.07 0.08 0.09 0.10

Parameters
Ecorr (V) -0.291 -0.253 -0.156 -0.197 -0.248
leorr(10°Alcm?) 7.011 6.667 2.995 3.495 4.026
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Figure 2. Nyquist plots of CoPtP films prepared in solution with different deposition currents (PMF
0.1 T, Temperature 50 C)

Nyquist plots of CoPtP films prepared in solution with different deposition currents are shown
in Fig. 2. There is only one capacitive semicircle, which states one time constant in the Nyquist plot. In
this study, R; is only determined by the faradic process of the charge transfer controlled corrosion
while Ry is affected simultaneously by charge transfer and mass transfer processes. The reciprocal of
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the charge transfer resistance R; is taken as a parameter to characterize the corrosion rate. As the
deposition current increases, the charge transfer resistance R; and surface film resistance R; increase
first and then decrease (see Table 3). When deposition current is 0.08 A, R; and R are highest,
exhibiting the best corrosion resistance of film in this experiment series.

Figure 3. Equivalent circuit model of fitting EIS data (R is the solution resistance; Ct and Ry is the
surface film capacitance and resistance; R; is the charge transfer resistance; and Cq is the double
layer capacitance.)

Table 3. Electrochemical parameters values of CoPtP films prepared in solution with different
deposition currents (PMF 0.1 T, Temperature 50 C)

Deposition current(A) 0.06 0.07 0.08 0.09 0.10

Parameters

Rs (Q2) 4,092 4.018 4.197 4.018 4.041
Ct (uF) 272 224 213 223 193
Rf (Q) 17.33 20.23 27.65 22.23 21.21
Cq (uF) 24,76 10.14 20.52 10.14 39.82
Ri(Q) 569 1592 1668 1472 1232

Fig. 4 shows X-ray diffraction (XRD) patterns of the CoPtP films prepared in solution with
different deposition currents. A diffractogram of the substrate shows a peak with high intensity at 26
around 43.33°, which is due to copper with a preferred crystal orientation of [111]. Cobalt normally
has a hexagonal structure at room temperature [18]. There are Co,P (36.4° and 48.2°) and CoP3 (72.8°)
detected in the film. The increase of deposition current can enhance the deposition rate of metal with
more negative potential. As the deposition current increases, content of these CoP substances (Co,P
and CoPg3) increase. However, the content of PtsP, (40.1°) in the film decreases slightly and CoPt
(48.1°) changed little. The enrichment of Co and P elements in the film are beneficial to corrosion
resistance enhancement [19-21]. The Co substance can make the film structure denser by forming
cobalt oxide or passive film, which prevented the penetration of external corrosion factors and reduced
the release of metal ions [19, 20]. The possible segregation of P in the grain boundaries or the
enrichment of P on the surface seems to minimize the corrosion process of the film [21].
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Figure 4. XRD patterns of CoPtP films prepared in solutions with different deposition currents (PMF
0.1 T, Temperature 50 C)
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Figure 5. Surface morphology of CoPtP films prepared in solution with different deposition currents
(@) 0.06 A; (b) 0.08 A; (c) 0.10 A (PMF 0.1 T, Temperature 50 C)

Fig. 5 shows the surface morphology of CoPtP films prepared in solution with different
deposition currents. The lower deposition current results in lower deposition rate of film. When
deposition current is 0.06 A, grains on film are relatively sparse and uneven distribution. Fast
deposition current apt to promote reaction and deposition rates, and result in more grains generating on

surface of film with smaller size. According to the results of XRD shown in Fig. 4, the average grain
sizes of crystalline films can be calculated using the Debye-Scherrer equation [22]:

D =kA/(fcosb) 1)

Where D is the grain size, K is the Scherrer constant, A is the wavelength of X-ray and f is the
diffraction angle. As the deposition current increases, grain sizes decreases: 64-78 nm (deposition
current 0.06 A), 57-69 nm (deposition current 0.08 A) and 45-62 nm (deposition current 0.10 A)
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respectively. However, since the increase of uneven stress generated in the deposition process, full of
cracks emerged on the film deposited with current 0.10 A. It is in favor of the wicked environmental
factors such as CI" penetrated through cracks and caused substrate corrosion. This phenomenon is the
same with that detailed in Meritxell’s study [21]. It is the reason that corrosion resistance of film
deposited with current 0.10 A is worse than that of film deposited with current 0.08 A.

3.2 Influence of deposition temperature
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Figure 6. Polarization curves of CoPtP film prepared in solution with different deposition
temperatures (PMF 0.1 T, Current 0.08 A)

Table 4. Corrosion potential and current of CoPtP film prepared in solutions with different deposition
temperatures (PMF 0.1 T, Current 0.08 A)

Temperature ('C) 30 50 60 70 80

Parameters
Ecorr (V) -0.225 -0.242 -0.352 -0.312 -0.301
leorr(10°Alcm?) 6.981 6.309 2.365 3.162 5.011

The polarization curves of CoPtP film prepared in solution under different deposition
temperatures are shown in Fig. 6. Corrosion potentials and currents are calculated by Tafel
extrapolation method shown in Table 4. As the deposition temperature increases from 30 ‘C to 60 C,
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potentials of CoPtP film in 3.5% NaCl solution moved to the negative direction, and corrosion current
is the lowest 2.365x10™° A/lcm?. While as the deposition temperature increases from 60 ‘C to 80 C, the
change rules of potential and corrosion rate are the opposite, that is, corrosion potential moves of the
positive direction and corrosion rate increases. Therefore, the deposition temperature 60 C is the
proper parameter in the preparation of CoPtP film.

-700
-600F ./.\
-500} o/ o

U———n

@400} /

% ./DI//.\.\D

£ -300} g \

N z */*\*\* n
200l ?V/V\v\ N —m—80°C

i % Vgook —0—70°C
-100}k / —e—60°C
. v —*—50°C
ok —v—30°C

1 M 1 M 1 M 1 M 1
0 300 600 900 1200

Zre(ohms)

Figure 7. Nyquist plots of CoPtP film prepared in solution with different deposition temperatures
(PMF 0.1 T, Current 0.08 A)

Table 5. Electrochemical parameters values of CoPtP films prepared in solution with different
deposition temperatures (PMF 0.1 T, Current 0.08 A)

Temperature ('C)

30 50 60 70 80
Parameters
Rs (Q2) 3.574 3.854 4102 3.274 3.707
Ct (uF) 472 3.11 6.892 1.02 1.65
R (QQ) 22.371 2444 2788 26.75 25.65
Cq (LF) 25.71 25.30 3525 33.23 28.90
Ri(Q) 525.7 564.3 898.1 823.1 788.3

Fig. 7 shows Nyquist plots of CoPtP films prepared in solution with PMF 0.1T, deposition
current 0.08A and different deposition temperatures (30-80°C). It reveals the change regulation of
membrane and charge transfer resistances, membrane and double layer capacitances. The equivalent
circuit model of fitting EIS data are the same with that shown in Fig. 3. Table 5 presents
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electrochemical parameters values of CoPtP films prepared in solutions with different deposition
temperatures. As the deposition temperature increases from 30 °C to 80 °C, surface film resistance R;
and charge transfer resistance R; increase first and then decrease. When deposition temperature is 60 °C,
R¢ and R; reach to the highest values and the film displays better corrosion resistance.
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Figure 8. XRD patterns of CoPtP films prepared in solution with different deposition temperatures
(PMF 0.1 T, Current 0.08 A)

Fig. 8 shows the XRD patterns of CoPtP films prepared in solution with different deposition
temperatures. The strong peaks at 43° and 50° demonstrates the (111) and (002) texture of basement
Cu. As the deposition temperature increases, contents of substance CoP3; and Co,P increase, while
PtsP, decreases slightly. The rise of deposition temperature has little effect on content of CoPt. This
change rules are same with that of deposition current.
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Figure 9. Surface morphology of CoPtP films prepared in solution with different deposition
temperatures (a) 50 °G; (b)60 °C; (c)70 °C (PMF 0.1 T, Current 0.08 A)
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Fig. 9 shows the surface morphology of CoPtP films prepared in solution with different
deposition temperatures. As the increase of deposition temperature, film become compact and uniform
gradually. According to the results of XRD shown in Fig. 8, the average grain sizes of crystalline films
are calculated using the Debye-Scherrer equation. When deposition temperature is 60 ‘C, the film
surface was uniformity with moderate grain sizes (55-67nm). Finer grains (44-59nm) are obtained
when deposition temperature is 70 ‘C. In the process of electrodeposition, electrolyte temperature has a
significant impact on the deposition rate of film. Within a suitable range for plating, the increase of
temperature can promote the deposition rate of film, e.g. if the deposition temperature increases 10
degree, the deposition rate increased from 2 to 4 times [17]. Higher deposition temperature may lead to
fast reaction rate, and give rise to obvious effect of hydrogen [23]. When deposition temperature was
70 °C, many small cracks emerge on the film surface and result in deterioration of corrosion resistance.

3.3 Influence of perpendicular magnetic field (PMF)

Since cobalt is a ferromagntetic element, in magnetic field, the magnetizing force will affect
the deposition of CoPtP film. Lorentz force makes the charged particles do spiral movement in the
magnetic field and finally get to the cathode surface sideways. The tangential movements of ions near
the cathode make the diffusion layer thinner, which can stir the bath, improve the mass transfer rate
and reduce the concentration polarization of electrode surface [24]. Magnetizing force can make some
changes on film magnetic performance, surface morphology and corrosion resistance [25].
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Figure 10. Polarization curves of CoPtP film prepared in solution with different PMFs (Current 0.08
A, Temperature 60 C)
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Polarization curves of CoPtP film prepared in solution with deposition current 0.08 A,
temperature 60 C and different PMFs (0.1-0.5 T) are shown in Fig. 10. The corrosion process
controlled by cathodic reaction can be seen obviously. Corrosion potentials and currents are calculated
by Tafel extrapolation method and shown in Table 6. As the PMF intensity increases from 0.1 T to 0.5
T, corrosion potential of film has a trend of negative movement and the corrosion current density
decreases from 8.913x10°° Alem? to 1.995x10° Alem?.

Table 6. Corrosion potential and current of CoPtP films prepared in solution with different PMFs
(Current 0.08 A, Temperature 60 C)

MF(T) 0.1 0.2 0.3 0.4 0.5
Parameters

Ecorr (V) -0.191 -0.214 -0.249 -0.281 -0.305
lor (10°A/cm?) 8913 7.709 4.169 3.162 1.995

Nyquist plots for CoPtP films deposited with different PMFs in 3.5%NaCl solution for 2 h are
shown in Fig. 11. The general trend of the impedance measurements is in agreement with expectation.
The impedance spectra of the Nyquist plots are analyzed by fitting to the equivalent circuit model
shown in Fig. 3. As PMF intensity increases, the double layer capacitance C4 declines, which indicate
that it is influenced by the state of electrode/solution interface and the real contact area between
electrode and solution; while the surface film resistance Ryincreases from 14.9 Q to 78.71Q and charge
transfer resistance R; increases from 466.0 Q to 1147.0 Q (shown in Table 7). These changes
demonstrate that the modified CoPtP film influenced by PMF is denser and compact, as well as, has
better property against the penetration of external corrosion factors.
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Figure 11. Nyquist plots of CoPtP film prepared in solution with different PMFs (Current 0.08 A,
Temperature 60 C)
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Table 7. Electrochemical Parameters values of CoPtP film prepared in electroplating solutions with
different PMFs (Current 0.08 A, Temperature 60 ‘C)

PMF (T) 0.1 0.2 0.3 0.4 0.5

Rs(Q) 3.296 3.253 3.0047 2571 2171
Ct (uF) 4141 2425 2117 2236 2361
R¢ (Q) 149 1951 28.05 3527 78.71
Ca (UF) 21.25 33.83 3453 2949 15.25
Re(Q) 466 5453 677.6 8321 1147

The structures of CoPtP films prepared in solution with different PMFs analyzed by XRD are
shown in Fig. 12. Co was a ferromagnetic metal and then the trajectory of Co ions will be changed by
the obvious effects of field gradient force, electric field force and Lorentz force in the PMFs. Co ions
are driven to reach the cathode surface earlier and proceeded reduction reactions. The effects of PMF
on Pt-substance are not obvious. Therefore, as the PMFs intensity increase, the content of Co,P, CoPt

and CoP, increased.
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Figure 12. XRD pattern of CoPtP films prepared in solutions with different PMFs (Current 0.08 A,
Temperature 60 C)

PMF applied in the deposition process of CoPtP film can change the precipitation mode and the
film morphology. The morphology of CoPtP films deposited under different PMF is shown in Fig. 13.
According to the results of XRD shown in Fig. 12, the average grain sizes of crystalline films are
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calculated. The grains formed in PMF 0.1 T are large (72-89 nm) and some little voids are formed. As
the intensity of PMF increases, it is very conspicuous to observe that the grains size become smaller
(0.3 T, 62-83 nm; 0.5 T 53-69 nm), the film surface appeared compactly. Moreover, the holes affected
by hydrogen evolution reaction on the surface disappeared gradually.

@017 (b) 0.3 7T (€) 05T

Figure 13. Surface morphology of CoPtP films prepared in solutions with different PMFs (a) 0.1 T,
(b) 0.3 T; (c) 0.5 T (Current 0.08 A, Temperature 60 C)

The reason is that [26] the existed PMF restrains the convection and diffusion of ions in
electrolyte, thus the diffusion of ions reduced and the structure of deposits refined.

4. CONCLUSIONS

In this paper, effects of deposition conditions on CoPtP film’s corrosion resistance in 3.5%
NaCl solution were discussed, and some optimal parameters of deposition were obtained. At the
condition of deposition current 0.08 A, temperature 60 ‘C and PMF intensity 0.5 T, the deposited film
displayed good corrosion resistance and lowest corrosion current density 1.995x10°® Alcm?. The
increase of deposition current, temperature and PMF intensity were beneficial to refine grains and
promote the contents of CoPx substances in CoPtP film. The enrichment of Co and P elements in the
film can enhance its corrosion resistance. However, since the cracks resulted by uneven stress and
hydrogen separation, corrosion resistance of film deteriorated.
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