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Abstract In this study, thin cobalt films were electrode-

posited directly onto n-Si (100) using two different

electrodeposition techniques: galvanostatic and potentio-

static. The morphological difference between galvanostatic

and potentiostatic deposits was observed by atomic force

microscopy (AFM) and X-ray diffraction (XRD). Analysis

of the deposits by an alternating gradient field magnetometer

(AGFM) showed the influence of the electrodeposition

process on the magnetic properties of the film.

Introduction

In the last 30 years the attention of research has moved

from micro to nanosized materials. On a nanosized scale

the properties suffer the quantum phenomenon influence

that enables obtaining properties different from those

gained with the same bulk material [1–3].

An important class of nanosized materials that has been

investigated intensively is that of thin magnetic films and

their multilayers. Their unusual properties, such as perpen-

dicular magnetic anisotropy and giant magnetoresistance

promoted a major technological advance. Perpendicular

magnetic anisotropy enables the high recording density

besides favoring the reading of the recorded data. Giant

magnetoresistance has a potential application in magnetic

data recording and magnetic field sensing.

Thin films are commonly obtained through physical

methods like physical vapor deposition (PVD), chemical

vapor deposition (CVD), sputtering, and others [4–7].

Despite the adequate film quality, these techniques have a

relatively high cost and requirements like a vacuum system.

An older technique, electrodeposition, which historically

emphasized decorative applications and corrosion protec-

tion began to be used effectively for thin film production

[8–17]. A promising future can be expected for this tech-

nique thanks to physical methods, such as its operation

under normal conditions of pressure and temperature, at a

relatively low cost and with thickness control by charge

transfer in the process [2, 3, 18]. Furthermore, a number of

parameters like pH, bath composition, stirring, additives,

external magnetic field, continuous or pulsed current elec-

trodeposition, can be adjusted in order to improve film

quality and properties [9, 19–24]. With respect to the

electrochemical deposition advantages, it is possible, as

shown by Spoddig et al. [25], to perform in situ deposition

during the ferromagnetic resonance (FMR) measurements

with further information about the anisotropy and magne-

tization distribution.

Usually, the substrate used as a cathode is a conducting

substrate. An insulating or semiconductor substrate

requires a conducting seed layer to allow electrodeposition.

However, if an n-doped semiconductor is used which

conducts through the conduction band, the preparation step

of the seed layer can be suppressed because the substrate

may conduct sufficiently well to allow the electrodeposit-

ion directly onto it. Electrodeposition onto semiconductors

also allows a selective growth of metallic films directly on

pre-structured semiconductor substrates either by scratch-

ing the native oxide layer [26, 27], or using a focused ion

beam [28]. Also focused light beam illumination of a

semiconductor substrate has been reported to induce
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selective metal deposition at the illuminated regions of the

substrates [29–31]. The electrolytic deposition directly on a

semiconductor substrate, by forming a layer or dots, can

promote integration between the semiconductor micro-

electronic technology and the electrodeposition technique.

Many studies used the potentiostatic technique [10, 12,

16, 23, 24, 32–38] in order to obtain electrodeposition of

films onto silicon, while the galvanostatic technique [11,

29, 39] has been less frequently reported in the literature. In

a previous work [40], we have predicted the nucleation

behavior and shown the influence of n-type semiconductor

resistivity on the potentiostatic and galvanostatic deposi-

tion, as well as on the cobalt films morphology. For the

potentiostatic deposits the silicon resistivity plays a role,

while for the galvanostatic deposits it was not observed

significant influence on cobalt nuclei morphology, possibly

because in the galvanostatic method the deposition is

constrained to occur at an imposed rate. By adding sac-

charin to the electrodeposition solution the morphology,

crystallographic structure, and magnetic behavior of

potentiostatically deposited cobalt films showed a finer

morphology, a single hexagonal close-packed phase and an

in-plane magnetization [20].

In the present work, we compare potentiostatic and

galvanostatic cobalt deposition in the early stages of

deposition onto silicon. Cobalt was chosen because this

metal and its alloys are ideal for digital recording since

they can present uniaxial symmetry, even if this attribute

strongly depends on preparation conditions which define

the deposits crystallographic structure and consequent

magnetic properties [41, 42].

Experimental

Monocrystalline n-silicon (100) wafers with resistivity

\0.005 Xcm were used as substrate. The 8 9 8 mm sili-

con samples polished on one side were obtained by

cleaving from silicon wafers and passed through the RCA

cleaning technique [43]. Prior to each experiment the

samples were successively cleaned in acetone, methanol,

and bi-distilled water. The ohmic contact of each sample

with a 316 stainless steel holder was made through a

metallic indium back contact. A hydrofluoric acid (HF)

resistant polypropylene adhesive tape was used to deter-

mine an exposed area of 0.246 cm2. The native surface

oxide was removed before deposition by immersing the

sample for 30 s in a 10% HF solution, followed by rinsing

in bi-distilled water. After oxide removal, the surface was

hydrophobic and H-terminated [44, 45].

The electrodeposition was performed in an aqueous

solution containing 10 mM CoSO4 � 7H2O, 10 mM

K2SO4, 1 mM H2SO4, 0.1 mM KCl. The solution was

prepared from bi-distilled water and analytical grade

reagents and its pH value was 2.8. The temperature of the

bath was 298(±1) K. A platinum wire was used as counter

electrode and a saturated calomel electrode (SCE) as ref-

erence electrode. All the experiments were performed in a

dark Faraday cage in order to avoid the light and possible

electromagnetic interferences.

Cyclic voltammetry was performed to characterize the

system and establish the appropriate potentials or currents

for deposition. The deposits were obtained from galvano-

static and potentiostatic techniques. For potentiostatic

deposition a Gill AC potentiostat (ACM Instruments) was

used and galvanostatic deposits were obtained using a

EG&G PAR 273A potentiostat/galvanostat. The morphol-

ogy of deposits was verified by an atomic force microscope

(AFM) from SHIMADZU (model SPM-9500J3). X-ray

diffraction (XRD) measurements were performed in order

to determine the crystallographic structure. Magnetic hys-

teresis loops of the deposits were obtained using an

alternating gradient field magnetometer (AGFM).

Results and discussion

A typical cyclic voltammogram of the system studied,

performed by sweeping the potential first in cathodic then

in anodic direction is shown in Fig. 1. A cathodic peak

related to cobalt reduction can be seen, indicating that the

deposition of cobalt becomes diffusion limited after

nucleation has occurred. At more negative potentials,

hydrogen evolution becomes considerable and the current

increases again. Hydrogen evolution occurring concomi-

tantly with cobalt reduction is reported by other authors

[36] and was confirmed by cyclic voltammogram

Fig. 1 Cyclic voltammetry in cobalt solution. Scan rate: 1200 mV/min
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performed in a cobalt ion-free electrolyte that shows a high

hydrogen evolution at potentials more negative than

-1200 mV. Furthermore, it can be seen (Fig. 1) that the

anodic charge is lower than the cathodic charge, which

may be associated to a Schottky-barrier formation. The

lower anodic charge and visual inspection of the surface

after the cyclic voltammetry experiment allow the infer-

ence that some cobalt remains on the silicon surface.

Figure 2 shows chronogalvanometric transients for cobalt

electrodeposition at -1000 mV, -1050 mV, -1100 mV,

and -1150 mV. The curves for -1000 mV and -1050 mV

show in the first moments a current peak that can be related to

nucleation and growth mechanisms. For lower potentials the

nucleation and growth became very fast and could not be

recorded due to limitations of the equipment. The deposition

rate increases with overpotentials and for longer times the

current for all potential approaches to the same value, indi-

cating that the growth is diffusion controlled.

Figure 3 shows an AFM image of the cobalt morphol-

ogy obtained by potentiostatic deposition at -1150 mV

during 39 s. Cobalt deposits as three-dimensional nuclei

that are homogeneously distributed over the silicon surface.

Nuclei are similar in size, possibly because after the initial

nucleation, cobalt atoms prefer attaching to these nuclei

instead of forming new ones. An idea of quantity can be

obtained from the fact that nuclei show a diameter of about

230 nm and are 80 nm high. Some scarce smaller nuclei

can be seen in the right corner that should have been

formed latterly as preferential attachment of cobalt atoms

to an existent nucleus do not exclude the possibility to form

rare new ones. When the overpotential of deposition was

decreased, it was observed an increase in the nuclei size

and a decrease in the nuclei quantity.

To achieve galvanostatic depositions, five different

current densities were used and the acquired chronopo-

tentiometic curves are shown in Fig. 4. At higher cathodic

current densities, 4 mA/cm2 and 8 mA/cm2, the system

imposes a high overpotential in which the hydrogen evo-

lution is very expressive, as observed in the cyclic

voltammogram. The curves, except for the applied current

density of 1 mA/cm2 present a ‘‘transition time’’ that

indicates the beginning of the deposition controlled by

diffusion. As expected, the higher the current density, the

lower the ‘‘transition time’’.

In Fig. 5 are shown the galvanostatic deposits obtained

at a cathodic current density of 1.5 mA/cm2 after 30 s. This

charge transferred during 30 s in galvanostatic deposition

is equivalent to the charge transferred in the potentiostatic

one at -1150 mV during 39 s; however, the thickness

Fig. 2 Chronogalvanometric transients for cobalt electrodeposition

at -1000 mV, -1050 mV, -1100 mV, -1150 mV

Fig. 3 AFM image of potentiostatic cobalt deposit obtained at

-1150 mV for 39 s onto silicon

Fig. 4 Chronopotentiometric transients for cobalt electrodeposition

at cathodic current densities of 1 mA/cm2, 1.5 mA/cm2, 2 mA/cm2,

4 mA/cm2 and 8 mA/cm2
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probably is not the same as the deposition processes are

different. It can be clearly seen that the deposits present

basically two different-sized nuclei groups; the smaller

ones being about 30 nm in diameter while the larger are

about 130 nm. However, when the depositions were carried

out during only 15 s, time inferior to the ‘‘transition time’’,

the deposits present just one size nuclei group. In order to

investigate this occurrence, deposition was carried out

during 30 s with a current density with which the ‘‘tran-

sition time’’ is not observed. Figure 6 presents a deposit

obtained at 1 mA/cm2 where just one size of nuclei being

about 160–180 nm in diameter is to be found. Probably, by

these observations, the smaller nuclei are formed after the

‘‘transition time’’ when the driving force for nucleation is

higher.

The determination of the potentiostatic deposits struc-

ture by XRD revealed that both hexagonal close-packed

(hcp) and faced-centered cubic (fcc) phases are formed

under potentiostatic deposition conditions (Fig. 7). Due to

the small thickness of the deposits, which is about 70 nm, a

widening of the diffraction peaks is observed because there

is no long-range periodicity. Furthermore, some peaks of

hcp and fcc phases are located at angles that are very close

together; therefore they appeared as only one peak in the

spectrum, which presented as wider and stronger due to this

superposition. In the XRD spectrum the peaks (100), (002),

(101), (110), and (112) from the hcp phase and the (100),

(111), (200), (220), (311) peaks from the fcc phase are

identified. Some peaks are not present and others differ in

intensity from the peaks of a random distribution as can be

seen by the preferential fcc [111] and hcp [002] textures, as

compared to the other textures. Vicenzo and Cavallotti [21]

suggest a progressive formation of hcp cobalt as pH

decreases and the presence of hcp (002) and fcc (111)

reflections were found in buffered solutions just at

pH \ 3.2. The preferential orientation in the electrode-

position process is a very well-known occurrence and is to

be related to the operative conditions like solution com-

position and concentration, pH, temperature, and material

substrate [8, 9, 46–48].

In galvanostatic deposits obtained at a cathodic current

of 1.5 mA/cm2, with a mean calculated thickness about

200 nm, only one peak from the fcc phase was found with

(111) orientation (Fig. 8). According to the XRD spectrum

results, the galvanostatic deposits are characterized by the

absence of periodic scatter centers, consisting mainly of an

amorphous structure.

Magnetic hysteresis loops of potentiostatically deposited

films, which present the two crystallographic modifications

of cobalt: hcp and fcc, were measured applying magnetic

field parallel and perpendicular to the plane of the film at

room temperature. These two phases are very different with

respect to their ferromagnetic properties, hcp cobalt having

Fig. 5 AFM image of galvanostatic cobalt deposit obtained at a

cathodic current of 1.5 mA/cm2 for 30 s

Fig. 6 AFM image for galvanostatic cobalt deposit obtained at a

cathodic current of 1 mA/cm2 for 30 s

Fig. 7 X-ray spectrum of potentiostatic cobalt deposit obtained at

-1150 mV
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only one axis of easy magnetization [001], whereas fcc

cobalt has four easy axis [111]. Figure 9 presents the

characteristic M-H curves for a potentiostatic deposit, with

a mean calculated thickness about 70 nm. The magnetic

curve in the parallel configuration shows an absence of

hysteresis and has a linear response at small fields. The

almost complete absence of remanence (Mr = 0.025 a.u.)

is well-related to a superparamagnetic behavior. However,

the nuclei size of the potentiostatic cobalt deposits, about

230 nm, is too large to justify this kind of behavior [49].

One possibility of explanation, is that the plane magnetic

moment components of different domains cancel one each

other in absence of an external field (H = 0). Nevertheless,

when the magnetic field was perpendicularly applied to the

plane of the film a ferromagnetic response was obtained

and the M-H loop shows a Mr about 0.1. The magnetic

behavior shows that the cobalt films potentiostatically

deposited are well-related to an anisotropic material.

Bubendorf et al. [23] have found in ultrathin cobalt films

electrodeposited on Au (111) that the magnetic behavior is

related to the film thickness and potential deposition. Films

obtained at -180 mV have a strongest magnetization

component along the parallel direction of the film, while

films obtained at -680 mV have a strongest magnetization

component along the perpendicular direction similarly as

presented by our films deposited at -1150 mV. For very

thin films (\7 atomic layers) deposited at -680 mV, the

authors verified a clear magnetization perpendicular to the

films plane which is expressed by the rectangular shape of

the hysteresis loop. As the film thickness is increased the

opening of the loop is stretched out.

In a recent report [20], we have shown that the presence

of saccharin additive to the electrodeposition solution, on

the contrary of the dual-phase structure, produces cobalt

films with a single hcp phase structure. The magnetic

response to an applied magnetic field parallel to the film

plane was also changed from the behavior presented in the

Fig. 9 to a rectangular shape of the hysteresis loop as the

Fig. 8 X-ray spectrum of galvanostatic deposit of cobalt obtained at

a cathodic current of 1.5 mA/cm2

Fig. 9 Magnetization curve for cobalt film deposited potentiostati-

cally. The magnetic field applied was parallel (k) or perpendicular

(\) to the deposit

Fig. 10 Magnetization curves for cobalt films deposited galvanostatically. The magnetic field applied was parallel to the deposit. Times of

deposition: (a) 15 s; (b) 30 s; (c) 40 s
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concentration of saccharin was increased indicating an in-

plane magnetization.

Figure 10 shows the magnetic behavior for the different

galvanostatic deposits; the measurements were performed

applying magnetic field parallel to the plane of the film at

room temperature. Figure 10a shows the magnetic behav-

ior for a deposit obtained during 15 s of deposition, time

just before the ‘‘transition time’’ and which corresponds to

an ‘‘equivalent’’ thickness of just 32 nm. Figure 10b and c

shows the magnetic behavior for galvanostatic deposits

obtained during 30 and 40 s, corresponding to about 64 nm

and 85 nm calculated film thickness, respectively. The

magnetic behavior of the galvanostatic deposits is different

from that presented by the potentiostatic ones. For galva-

nostatic deposits Fig. 10b and c, the hysteresis loop

presents a central region with a different inclination from

the rest of the loop while the hysteresis loop presented in

Fig. 10a, does not present this different inclination. The

central differentiated inclination region becomes more

important, as the film thickness increases, i.e., as the small

nuclei grow at higher overpotentials. Thus, comparing the

magnetic behavior with the AFM images and current

transients, it can be proposed that the small nuclei forming

after the ‘‘transition time’’ are responsible for the central

inclination region in the magnetic curves. The occurrence

of two different regions in the hysteresis loop may be

ascribed to the existence of two different nuclei sizes.

As observed by the magnetic measurements, magnetic

behavior is strongly dependent on the electrodeposition

technique, what can be associated to the crystallographic

and morphological structure of the deposits.

Conclusions

The present work shows the great influence exerted by the

electrodeposition technique (galvanostatic or potentiostatic)

on the morphology, microstructure and magnetic properties

of cobalt films on silicon.

Cobalt deposits as tridimensional nuclei and concomi-

tantly with the deposition hydrogen evolution occur.

Comparing the film morphology, the potentiostatic deposits

present more uniform-sized nuclei, while the galvanostatic

deposits show two main groups of nuclei sizes.

The microstructure of potentiostatic deposits presents

preferential orientation and both hexagonal close-packed

(hcp) and faced-centered cubic (fcc) phases. The galva-

nostatic deposits are mainly amorphous.

Thus, like the morphology and the microstructure, the

magnetic behavior is also different for galvanostatic and

potentiostatic deposits. While the potentiostatic deposits

present linear behavior in a small field and almost an

absence of remanence when the applied magnetic field was

parallel to the plane of the film, the galvanostatic deposits

show a magnetic hysteresis loop with two different incli-

nations on the loop, associated with two different sizes of

metallic nuclei.
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