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ABSTRACT

With increasing storage density of hard-disk-drives, the need for recording heads to
write on high-coercivity media has raised new requirements for the write-head core
material that cannot be met by traditionally employed permalloy (NigyFeap). Therefore,
new soft magnetic materials with higher saturation flux density Bs (>>1 Tesla) such as
CoFe alloys, CoFeNi alloys, and other CoFe-based alloys have been developed during
the past decades. With the advantages of simplicity, cost-effectiveness and controllable
patterning, electroplating processes are being employed in the fabrication of thin-film
recording heads. Conventional CoFe or CoFeNi alloy plating baths, which employ low
pH levels (typically 2.0-3.0), suffer from several problems that can limit
commercialization. These include poor stability, i.e., precipitation occurs in plating baths
rapidly with time, low current density efficiency and voids in deposited films due to the
electrodeposition of hydrogen. The voids present in deposits will degenerate film
uniformity and magnetic properties. Therefore, the development of stable baths with
relatively high pH levels is crucial for commercial fabrication of CoFe and CoFeNi thin
films with optimal soft magnetic properties.

In this study, stable electrolytes, with the introduction of ammonium citrate as a
complexing agent and bath stabilizer and relatively high pH levels (natural pH), have

been developed for the electrodeposition of CoFe or CoFeNi alloys. Citrate can
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effectively improve the stability of CoFe and CoFeNi plating baths. Denser and more
uniform deposits can be plated out from the citrate-added baths because of the higher pH
levels. CoFe and CoFeNi thin films with preferred composition, mixed fcc-bee phases,
and 10-20nm grain sizes, which are necessary for achieving optimal soft magnetic
properties, have been electroplated from the citrate-added baths. So far, the saturation
magnetizations of CoFe and CoFeNi films plated from citrate-added baths can exceed 2
Tesla, which is excellent, and the coercivities of the CoFe and CoFeNi films are
acceptable (9 to 17 Oe). The stability diagrams of single metal and alloy plating baths,
with and without citrate addition, have been calculated. Electrochemical study of the
electrodeposition of Co, Fe and Ni single metals and CoFe and CoFeNi alloys, from
citrate-added baths and citrate-free baths, and the corrosion properties of electroplated
CoFe and CoFeNi films have been conducted. The phase formation and grain sizes in
electrodeposited CoFe and CoFeNi films have been investigated using thin film x-ray

diffraction (XRD) and transmission electron microscopy (TEM) methods.

KEYWORDS Co, Ni, Fe, citrate, electrolytes, electrodeposition, nano, crystalline

materials, soft magnetic alloys, thin films.
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Chapter 1 Introduction

CoFe and CoFeNi alloys have been the most studied soft magnetic materials for the
past decades due to their superior properties over FeNi alloys as write head core
materials in hard-disk-drives. [Osaka00-1] Electrodeposited permalloy (NigoFex) was
introduced as the core material for thin film inductive heads by IBM in 1979. [Chiu96]
With increasing storage density, the need for recording heads to write on high-coercivity
media at high frequencies has raised new requirements for the write-head material that
cannot be met by NigoFex. [Andricacos98] Therefore, new soft magnetic materials with
higher saturation flux density Bs (>>1 Tesla) such as CoFe alloys, CoFeNi alloys and
other CoFe-based alloys have been developed.

Vacuum processes (sputtering and evaporation) and electrochemical deposition
(electroless- and electro- deposition) are the major processes employed to prepare CoFe,
CoFeNi and other soft magnetic thin films for fabricating recording heads. Both
evaporation and sputtering processes involve complicated vacuum techniques. Sputtering
processes are not suitable for fabricating thick films (more than 1 micron), and the
topography of small features is difficult to control in vacuum processes.
Electrodeposition processes can be applied to make films with any thickness from <lpm
to >100um. Moreover, electroplating through a mask can easily define and control small
features like yokes and pole tips; and subtractive processes like etching or ion milling
could be eliminated. With the advantages of simplicity, cost-effectiveness and
controllable patterning, electroplating processes are being employed in the fabrication of
thin-film recording heads. Electrodeposition can be well controlled by applying an
external electrical potential, although the surface of the substrate must have an
electrically conducting coating for deposition to occur. As an alternative, electroless

deposition is suitable for depositing uniform films on substrates with fine and complex
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geometries without a pre-deposited electrically conducting layer. However, so far the soft
magnetic properties of electrolessly deposited materials are less ideal compared with
those obtained by electrodeposition.

A stable bath is desired for commercial fabrication of metal or alloy thin films by
electrodeposition. For conventional CoFe or CoFeNi alloy plating baths, low pH levels
(typically 2.0-3.0) are employed to stabilize the plating bath. In these cases, acids (most
often sulfuric acid H,SO, or hydrochloric acid HC!) act as the bath stabilizers. However,
even at low pH, these plating baths still suffer from stability problems. Precipitation
occurs rapidly with time [Liu03], which is a critical issue for commercial production.
Furthermore, the low pH employed in conventional baths leads to significant hydrogen
evolution at the cathode surface, which results in voids in deposited films and low
current density efficiency. The voids included in the deposit will degenerate film
uniformity and magnetic properties. Therefore, the development of stable baths with
relatively high pH levels is crucial and of practical significance for commercial
fabrication of CoFe and CoFeNi thin films with optimal soft magnetic properties.

In this study, stable baths with relatively high pH levels (natural pH) have been
developed for CoFe or CoFeNi alloy plating by introducing ammonium citrate as a
complexing agent and bath stabilizer. The electrodeposition of CoFe and CoFeNi films
with soft magnetic properties from the citrate-added baths has been initially explored.
CoFe and CoFeNi thin films with preferred composition, mixed fcc-bcc phases, and
10-20nm grain sizes, which are necessary for achieving ideal soft magnetic properties,
have been electroplated from the citrate-added baths. The saturation magnetizations of
CoFe and CoFeNi films plated from citrate-added baths can exceed 2 Tesla, which is
excellent, and the coercivities of the CoFe and CoFeN:i films are acceptable (8 to 17 Oe).

In order to present the work conducted in this study clearly and systematically, this

thesis is written in nine chapters. Chapter 2 is a comprehensive review of the
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requirements for new soft magnetic materials with high saturation tlux density Bs, the
magnetic properties of Co-Fe-Ni based alloys and the major processes employed to
prepare CoFe, CoFeNi and other soft magnetic thin films for fabricating recording heads
(including vacuum processes and electrochemical deposition).

The experimental methods, analysis techniques and equipment and the compositions
of electrolytes employed in this work are introduced in Chapter 3.

Chapter 4 presents the development of citrate-added baths for electroplating CoFe
and CoFeNi alloys, the calculation of stability diagrams of single metal and alloy plating
baths with and without citrate addition, the main complexing reactions in citrate-added
plating baths, stability tests of plating baths, and the morphologies of CoFe and CoFeNi
films electroplated from the citrate-added baths and conventional baths. -

The fundamentals of electrodeposition are briefly discussed, and the
electrodeposition of CoFe and CoFeNi films with preferred compositions from the
citrate-added baths are reported in Chapter 5.

Chapter 6 presents the electrochemical study of the electrodeposition of Co, Fe and
Ni single metals and CoFe and CoFeNi alloys from citrate-added baths and citrate-free
baths, and the corrosion properties of electroplated CoFe and CoFeNi films.

The study of phase formation and grain sizes in electrodeposited CoFe and CoFeNi
films, using thin film XRD and TEM methods, are reported in Chapter 7.

Chapter 8 presents the study of the magnetic properties of CoFe and CoFeNi films
electroplated from citrate-added baths and citrate-free baths.

In the final chapter (Chapter 9), the main conclusions and the significance of this

study are summarized, and some general recommendations for future work are presented.
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Chapter 2 Literature Review

2.1 Introduction

Hard disk storage is presently the most important member among the storage
hierarchy in modern computers, which is evidenced by the fraction of system cost
devoted to it. [Thompson00] Progress in this technology is of great economic and
technological interest. CoFe and CoFeNi alloys are the most studied soft magnetic
materials over the past decades because of their superior properties over FeNi alloys as
write head core materials in hard-disk-drives and other magnetic storage technologies. As
shown in Figure 2-1, CoFeNi thin films with high saturation flux density Bs (>>1 Tesla)
have been employed to fabricate the write core in giant magneto-resistive (GMR)

recording heads. [Osaka00-1] [Nonaka00] [Ohashi99]

High Bs CoFeNi film

Upper core (NiFe)

Q Lower shield (NiFe)
GMR element

Figure 2-1. GMR head structure with CoFeNi film as the write head core material.
[Osaka00-1]

There is an almost insatiable need for higher storage density in hard disk drives in the
modern information age (Figure 2-2). By introducing GMR and MR (magneto-resistive)

head technologies, the areal densities in hard disk drives have been allowed to increase at

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



a rate of about 60% per year. [Andricacos98] With the ever increasing storage density,
the bit size on magnetic storage media and the dimension of recording heads have been
decreasing (Figure 2-3). In this case, the superparamagnetic effect becomes a serious
problem (refer to Figure 2-2). In order to overcome the superparamagnetic effect, the
coercivity Hc ot recording media has been increased to more than 3000 Oe (Figure 2-4).
To write on these high coercivity media with the miniaturization of recording heads,

write cores made of films with high saturation flux density Bs are required.
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Figure 2-2. Magnetic disk storage areal density vs. year of IBM product
introduction. [Thompson00]

Electrodeposited permalloy (NigFezg) was introduced as the core material of thin
film inductive heads by IBM in 1979. [Chiu96] The need for recording heads to write on
high-coercivity media at high frequencies has raised new requirements for the write-head

material that cannot be met by NigoFeyo. [Andricacos98] To meet these requirements, it is
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Figure 2-3. a. Cross-sectional SEM images of recording heads manufactured by
the NEC Corporation in the years indicated. [Osaka01]

b. Schematic illustration of magnetic recording system and a cross sectional view
of a magnetic recording head. [Waseda1]

crucial to develop materials with optimal soft magnetic properties. Andricacos and
Robertson [Andricacos98] summarized the magnetic properties required for future write
head core materials, which include: high saturation flux density Bs (>>1 Tesla), low
coercivity He (less than 2 Oe), high resistivity p, large permeability x4 (or low anisotropy
field H;), and close to zero magnetostriction As. High saturation flux density Bs can
supply the necessary magnetic flux with device miniaturization. A low coercivity He is
necessary for fast magnetization and demagnetization of the recording head. High
resistivity p is advantageous for the suppression of eddy currents, which result in an
opposite induction field and magnetic energy loss in thermal form. Eddy current is a
significant factor in high frequency performance. Large permeability x4 ensures the
saturation of the write head under low magnetic field, that is, low write current. Low

magnetostriction As means less strain in the soft magnetic material during the variation of

6
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magnetic field. Only nanocrystalline soft magnetic materials may possess these
properties. In addition, the corrosion resistance and ease of fabrication of materials may

have the same importance as magnetic properties.
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Figure 2-4. Evolution of disk coercivity with time for IBM hard disk products.
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Figure 2-5. Soft magnetic materials with high Bs and high p, mainly developed by
the Waseda group. [Osaka99-1]
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To meet the need for high storage density, new soft magnetic materials with high
saturation flux density Bs such as electroplated CoFe alloys, CoFeNi alloys, CoFeCu
alloys and other CoFe-based alloys, and sputtered FeN films and other Fe-based alloys,
have been developed. Figure 2-5 shows examples of soft magnetic materials with high Bs

and high resistivity p, mainly developed by the Waseda group. [Osaka99-1]

2.2 Magnetic properties of Co-Fe-Ni based alloys

Bi-element and multi-element alloys containing Co, Fe, or/and Ni are the most
studied soft magnetic materials. In order to find or design optimal soft magnetic materials,
it is necessary to understand the origin of magnetism. Magnetism originates from the
orbital and spin motions of electrons and the interaction of electrons with one another,
i.e., it is determined by the electron arrangement in atoms and the crystal structure (atom

arrangement).

2.2.1 Why Co-Fe-Ni based alloys?

The magnetic behavior of materials can be classified into five types in terms of their
magnetic susceptibility y which is the ratio of the magnetization M to the applied field H,
i.e., y = M/H (see Table 2-1): ferromagnetism, ferrimagnetism, antiferromagnetism,
diamagnetism and paramagnetism. Ferromagnetic and ferrimagnetic materials are usually
considered as “magnetic”, whereas the other three types are so weakly magnetic (the
susceptibility y is very low) that they are usually referred to as “nonmagnetic”.

The periodic table in Figure 2-6 shows the magnetic behavior of each element. Most
of the pure elements are diamagnetic or paramagnetic. Only Cr is antiferromagnetic.
These elements are usually referred to as nonmagnetic. Only Fe, Co, and Ni are
ferromagnetic. Table 2-2 lists the saturation polarization and Curie temperature of these

three elements. Ferrimagnetism is not observed in any pure element, it can only be
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obtained in compounds, such as ferrites, from which ferrimagnetism derives its name.

Therefore, alloys and compounds (mainly oxides) made from Fe, Co. and Ni are the most

commonly utilized magnetic materials.

Table 2-1. Summary of types of magnetism. [Birmingham04].

Type of Magnetism

Susceptibility
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Figure 2-6. Periodic table showing the magnetic behavior of each element at
room temperature. [BirminghamO04]

Table 2-2. The saturation polarization (/s) and Curie temperature (7¢) of Co, Fe, Ni.
[Birmingham04]

Element Magnetism | Is at 298K (Tesla) Te (°C)
Fe Ferro 2.15 770
Co Ferro 1.76 1131
Ni Ferro 0.60 358

According to the magnetic field required to demagnetize the materials (i.e., coercivity
Hc), magnetic materials are grouped into soft magnetic materials and hard magnetic
materials. Soft magnetic materials have the characteristics of lower coercivity Hc¢ and
lower hysteresis loss (smaller hysteresis loop area) relative to hard magnetic materials
(Figure 2-7). They are central components in micro-electro-mechanical systems (MEMS)
[Myung03], especially in electromagnetic devices such as magnetic recording heads,

magnetic sensors, step motors and transformers.
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Figure 2-7. Schematic hysteresis loops of “soft” and “hard” magnetic materials.
(Hc and Ms are coercivity and saturation magnetization, respectively.)

[Howard86]

Figure 2-8. Composition-high saturation magnetic flux density Bs diagram for
bulk CoFeNi ternary alloys published by Bozorth. [Bozorth51]

As early as 1951, Bozorth reported the composition-Bs diagram of bulk CoFeNi

ternary alloys (Figure 2-8). [Bozorth51] It is known that many alloys with high Bs (can
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be as high as 2.4 Tesla) have compositions near FeqCoq. However, they do not possess
low coercivity He. Therefore, it has been a challenge to fabricate high Bs (>2 Tesla)

CoFe or CoFeNi films with optimal soft magnetic properties by electroplating.

2.2.2 Concepts of major magnetic properties
The explanation and description of the concepts and units of magnetic properties in
the literature are not uniform, and often cause confusion. Here, the concepts of some

major magnetic properties are briefly introduced. [Electronic 04]

Magnetic moment m

The concept of magnetic moment is the starting point when discussing the behavior
of magnetic materials within a magnetic field. If a bar magnet is placed in a field, it will
experience a torque or moment tending to align its axis in the direction of the field. A
compass needle behaves the same way.

Magnetic (dipole) moment is the torque exerted on a magnet or dipole when it is

placed in a magnetic field.

Magnetization M
Magnetization is the magnetic moment m per unit volume of the substance:
M=m/V

Magnetic flux &
Magnetic flux is a measure of the number of magnetic field lines that pass

perpendicularly through a surface.

Magnetic flux density B
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Magnetic flux density is simply the total flux divided by the cross sectional area of
the part through which it flows - B = ¢/ 4

The magnetic flux density in a substance depends on both the applied field / and the
magnetization M of the substance:

B=uyH+M)=pH+uM

where yis the permeability of vacuum, and uy = 4r x 107.

Magnetic polarization |
Magnetic polarization (also known as intensity of magnetization) is defined as:
I=uyM (units are Wb/m?)

Therefore, B =up H + yg M = pog H + 1

Coercivity He
Coercivity is the magnetic field strength needed to reduce the magnetization of a

magnetic material to zero after it has reached saturation (Figure 2-7).

Magnetic Susceptibility y
The magnetic susceptibility y is the name given to the ratio:
x=1/H
The relative magnetic susceptibility y, is defined by

x=M/H=x/u

Permeability u

The magnetic permeability of a particular material is defined as the ratio of magnetic
flux density to field strength:

u=B/H
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1= pot x = po(l +x)

The relative magnetic permeability #, is defined by

W = [y

The units employed in magnetic systems are very complicated and not uniform. The
change over to the international system of units (SI) has been slower in the field of
magnetism than in other fields. Now Sl is the recommended system of units in many
journals. The conversion of other unit systems to Sl is listed in Table 2-3.

From Table 2-3, it can be seen that in the cgs-Gauss unit system:

B=H+ 4zM

The unit for magnetic field strength / is Oe, and the unit for magnetic flux density B
is G (Gauss), so 10e = 1G. Therefore, Gauss is also used as the unit of magnetic field
strength A in many references.

In MKSA units, B = uyH + I.

Magnetic polarization / has the units of Wb/m?, magnetic flux density has the unit of
Tesla (T), so that | Wb/m?>= 1 T. As a result, T is also often adopted as the unit of
magnetic polarization / in references.

In Sl units, B = uy (H + M).

Both magnetization M and magnetic polarization / have the same units of A/m or
J/T +m?). According to the definition of magnetic polarization /:

I=uyM  (unit Wb/m?)

In SI units, / and M use the same units of A/m, so the factor x,has been taken out from /
in SI units. Therefore, it is not necessary to employ the concept of magnetic polarization
I, or magnetization M and magnetic polarization / can be considered as identical in SI
units. Magnetic susceptibility y and relative magnetic susceptibility y, are identical in SI.

Now the concept of relative magnetic susceptibility y, is rarely used in references.
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Table 2-3. Unit conversion table for magnetism related properties. [Magnetics 04]

Quantity Symbol {cgs-Gauss units| Conversion | MKSA units | Conversion SI
B =H + 4nM | factor to S| (E-H cor.) | factor to SI (E-B cor.)
| B=uyH+1 B= Ho (H + M)
‘Magneticflux | B | G 100 | T Wbin2 - T, Wh/m’
density
Magneticrﬂux & Mx 10" Wb | 1 Wb N
Magnetic field | H Oc wovar | Am |1 A/m
strength 7
Mégﬁétization | M I emur/cm3 N 1(.)3 7 Wb/m2 ol 71/,171,, A/m, J/(rTA'V rrrlj)i
7 Mass o 7 emu/g 7 1 (Wb ;n)/lgg l/,uA,V,V A - mkg)/(T kg
magnetization _ - ,
 Magnetic | m | emu | 10° | Wb'm | g | A mLUT
moment _
Suséépt{bility X -— (enﬁtﬁ(cniﬁ' d4n Hm® | l//;;, L
Oe)) B
Permeability of | 1, 1| 4nx10” | Bm | 1 Hm
vacuum 7
Permeabilty | 4 |  —  @ax107=p] Hm | 1 |  Hm
" Moximum  |(BH)max| G-Oe | 104 | Ym' | 1 | Jwm®

energy product

Energy density | E, K erg/cm’ 10-1 Jim’ 1 Jm®

‘¥ =1/H. x, is defined by x, = y / uy and is equal to y in SI units.
bx = M/ H in SI units.

From B = uy H + py M = uy H + I (paying attention to units), since uyH is a small
amount (up = 41 x 107 and for magnetic materials M >> saturation field H), magnetic
flux density B, magnetic polarization / and magnetization M all have been employed to
express the strength of magnetism of magnetic materials. Usually, Tesla (T) is used as
the unit. The saturation magnetization Ms measured in emuw/cm® can be converted to
Tesla with the factor y x 103, r.e., Ms (in Tesla) = py x 10° x Ms (in emu/cm3). Some

references also use Gauss (G). It is recommended to employ SI units in the field of
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magnetism. However, due to historical reasons, the employment of units in references is

mainly determined by the habits of researchers and commercial standards.

2.3 Soft magnetic thin films developed by various processes
Vacuum processes (sputtering and evaporation) and electrochemical deposition
(electroless- and electro- deposition) are the major processes employed to prepare CoFe,

CoFeNi and other soft magnetic thin films for fabricating recording heads.

2.3.1 Soft magnetic thin films prepared by vacuum processes

Sputtering and evaporation are the main vacuum processes utilized to deposit soft
magnetic films. Schematic sketches of sputtering and evaporation processes are
illustrated in Figures 2-9a and b, respectively. Sputtering is performed by applying a high
voltage across a low-pressure gas (usually argon at about 5 millitorr (:6.67x104 Pascal))
to create a plasma, which consists of electrons and gas ions in a high-energy state.
During sputtering, accelerated plasma ions strike a target (composed of the desired
coating material), and cause atoms from that target to be ejected with enough energy to
travel to, and bond with, the substrate. { Angstrom04] In evaporation, the source material
is heated to boil and evaporate. A vacuum is required to allow the atoms to evaporate
freely in the chamber, and they subsequently condense on all surfaces. The principle for
all evaporation technologies is the same, except for the method used to heat (evaporate)
the source material. There are two popular evaporation technologies: e-beam evaporation
and resistive evaporation. In e-beam evaporation, an electron beam is aimed at the source
causing local heating and evaporation, while in resistive evaporation, a tungsten boat,
containing source material, is heated electrically to make the material evaporate. Because
of its non-selective deposition, preparation of soft magnetic films using evaporation has

been seldom reported.
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Figure 2-9. Schematic sketches of sputtering and evaporation processes.
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Sputter deposited FeN and FeXN (X=Co, Ti, Ta, and Rh, etc.) films, and FeCo-based
films can have saturation magnetic flux densities Bs as high as 2.45 Tesla. They are
promising materials for writer pole applications. These films consistof a dominant a-Fe
phase with slightly expanded lattice parameters. [Chen00]

Hu et al [Hu94] built write heads with sputtered high magnetization (1.94 Tesla)
polycrystalline FeN thin films, which were laminated with Al,Os layers. Despite the
lower permeability of FeN, compared with FeNi, the heads demonstrated superior write
performance on a media with 3800 Oe coercivity. Terada and coworkers [Terada84]
sputtered FeN thin films with various compositions, and investigated the dependence of
crystal structure and magnetic properties on sputtering conditions. Wang et al and other
researchers also made similar studies on the sputtering of iron nitride thin films. [ Wang90]
[Wang03] [ Takahashi90] [Kijima89] [Russak92]

Employing a sputtering process, Wang and coworkers [Wang00] [Sun00] [Sun02]
created soft magnetic films with a sandwich structure,
Nig g1 Feo.19/(Fep.7C00.3)1.xNX/Nig g1Feq 19, in which the FeCoN film was 100 nm thick, and
the Nig g Feo 19 permalloy layer was 5 nm thick, comprising only 4.5% of the volume of
the sandwich. The saturation magnetization of this new material was 2.4 Tesla. Thicker
soft magnetic films with similar properties can be fabricated by laminating
Nig g1Feq.19/(Feg.7C00.3)1.xNx bilayers. The deposited FeCoN single layers have a strong
{110} oriented bcc lattice with a high saturation magnetization of 2.45 Tesla, and a
coercivity of 5 Oe. A lower coercivity of 0.6 Oe was achieved in the sandwiched
material.

Wang et al [Wang99] investigated soft magnetic properties and thermal stability of
FeTiN films prepared by reactive sputtering, which have compositions in the range of

8-10 at % Ti, 10.5-14 at % N, and the balance Fe. The as-deposited films exhibited good
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soft magnetic properties without any post heat treatment, e.g., a low coercivity He of 1.5
Oe and high saturation magnetization Ms of 2.4 Tesla.

Ishiwata et al [Ishiwata91] developed high nitrogen (10.5-14.5 at % N) FeTaN films
as magnetic head core material by a nitrogen reactive sputtering method followed by
appropriate annealing (500-550°C). The deposited films had high saturation flux density
(1.4-1.7 Tesla) and excellent soft magnetic properties: low coercivity (~0.1 Oe), high
relative permeability (3000 at 20 MHz), and small saturation magnetostriction (< 0.5 x
107°). A fine crystal structure (<10 nm) is essential for the soft magnetism of FeTaN films.
Chen [Chen99], Qiu [Qiu93] and their coworkers did similar research.

Chen et al sputtered [Chen00] FeRhN films with a high resistivity of 80-120 pQcm
and saturation flux density Bs of 1.4—1.7 Tesla, using a FeRh target with about 3 at % of
Rh. The films deposited under optimal sputtering conditions consisted of mixed phases of
a-Fe and FesN. It was reported that a small expansion of a-Fe and FesN lattice is crucial
for achieving soft magnetic properties. Jiang et al deposited FeRhN(~50 nm)/NiFe(~5 nm)
laminated thin films by dc magnetron sputtering [Jiang02].

Yu et al [Yu02] deposited 100-nm-thick Fe;sCoss films with a dc magnetron
sputtering system using a Fe;sCogs alloy target at 100-W target power in a 3 mtorr Ar
atmosphere. Films with a saturation magnetization of 2.35 T and coercivity of over 60 Oe
were obtained. It was found that, during the deposition of Fe;sCoss films, an increase in
oxide contamination at the grain boundaries decreased film saturation magnetization and
increased coercivity.

Liao et al summarized the magnetic properties of CoFe films fabricated by
evaporation and sputtering processes (Table 2-4) [Liao88]. Films with a saturation
magnetization of 1.9 Tesla and coercivities around 20 Oe could be deposited by vacuum

techniques.
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Table 2-4. Magnetic properties of CoFe films produced by vacuum techniques.

[Liao88]
Vacuum evaporated Vacuum sputtered

Film thickness 0.1-0.5 microns 0.1-0.5 microns
Operating Over 250 °C Over 250 °C
temperature
Coercivity He 18 Oe 20 Oe
Saturation 19T 19T
magnetization Ms

Tagawa et al [Tagawa0l] sputtered soft magnetic FeCoAlO films using compacted
targets of FesCosy alloy and Al;Os; powders at 2 kW on water-cooled Al,O3-TiC
substrates under an Ar atmosphere. The FeCo alloy concentrations in films were varied
by adjusting the FeCo/Al,O3 mixing ratios in the targets. Film thickness was in the range
of 0.15 to 0.3 um. The deposited FeCoAlO films were claimed to have a high saturation
flux density Bs of 2.4 Tesla and a coercivity less than 1 Oe at the hard axis. Ohnuma et al
[Ohnuma99] [Ohnuma02], lkeda et al [lkeda02] [Ikeda02-1], and Shintaku et al
[Shintaku02] also reported the fabrication of soft magnetic FeCoAlO films by sputtering;
similar results were obtained.

Vas'ko et al [Vas'ko02] deposited (FessCo46)1-Cry thin films (~100nm) by magnetron
sputtering on Si/SiO; substrates. The films consisted of the bce phase with (110) oriented
texture. The FessCoy films had a saturation magnetization of 2.45 Tesla at room
temperature. Doping the FessCogsq films with 0-13 at % of Cr increased the corrosion
resistanée and electrical resistivity, but reduced the saturation magnetization as a function
of added Cr amount. The coercivity of both doped and undoped as-deposited films
decreased substantially from 80-120 Oe to 40 Oe after magnetic annealing at 220°C.
Coercivity in the range 40-90 Oe makes these films feasible for a possible application in

recording heads, as the field generated by a writer coil usually exceeds 200 Oe.
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Hoshiand and Naoe [Hoshiand86] studied the magnetic properties of sputtered
Fe-Co-M (M: Mn, V) alloy films, and found that the substitution of Mn or V is not
etfective in improving the soft magnetic properties of Fe-Co alloy films. The minimum
coercivity He of films attained in their work was 16 Oe. Klemmer et al [Klemmer(00]
tried to sputter FeCoB thin films, while Omata [Omata90-1] fabricated NiFeCo films
through evaporation; no special results were achieved.

Chapman et al [Chapman79] [Chapman81] investigated the effects of oxygen level
and substrate temperature on the magnetic and structural properties of FeNi films
evaporated in ultrahigh vacuum and in ordinary vacuum systems. The differences in
magnetic and structural properties of FeNi films deposited were attributed to the
variation of oxygen levels in the systems. When the oxygen partial pressure reached
about 10" Torr during deposition, the values of film coercivity increased.

Krusch [Krusch86] studied the sputter parameters of depositing permalloy for the
magnetic poles of thin film heads. Argon and nitrogen mixtures were used as the sputter
gas. It was found that the coercivity decreased when the nitrogen content in sputter gas
was raised from 0% to more than 1%. The saturation magnetostriction As was very
sensitive to the target composition. Changing from 76.6 to 82.4 wt% Ni in target caused a
Js variation from +5x10° to -2.5x107°. In addition, 1s could be controlled by varying the
nitrogen content (0-5 %) in sputter gas. Higher bias voltages resulted in more negative As
values. The sputter parameters were optimized in this research. Sputtering of permalloy
for thin film heads was also explored by other researchers. [Collins81] [Yang89]

[Jones95] FeNi films with similar magnetic properties were obtained.

2.3.2 Soft magnetic thin films prepared by electrodeposition
Vacuum processes involve complicated and expensive vacuum operation. Sputtering

processes are not suitable for fabricating thick films (more than 1 micron) needed in

21

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



some applications, where electroplating methods are preferred. Moreover, electroplating
through a mask can supply easier definition and control of small features like yokes and
pole tips in recording heads; and subtractive processes like etching or ion milling could
be eliminated. The early development of processes for plating nickel-iron alloys enabled
thin-film recording heads to be technologically and economically viable. [Ch1u96] With
the advantages of simplicity, cost-effectiveness and controllable patterning,
electroplating processes have major significance in the fabrication of thin-film recording
heads. Many researchers now have turned toward electroplating processes to satisfy new
data-recording requirements.

Electrodeposition, also known as electroplating, is an electrochemical process by
which metal is deposited on a conductive substrate by passing a current through the bath.
In an electroplating system, there is an anode (positively charged electrode), and a
cathode (negatively charged electrode) which is the substrate to be coated (Figure 2-10).
Plating is done with an electrolyte which contains the metal(s), to be plated, in ionic
form. As the external current is applied, positive metal ions from the solution are

attracted to the negatively charged cathode and deposit on it.
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Figure 2-10. Typical setup for electrodeposition. [MEMS04]
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Andricacos and Robertson summarized somc properties of common clectroplated soft
magnetic materials for fabricating recording heads. as listed in Table 2-5. [Andricacos98]
CoFe, CoFeNi and CoFeCu alloys have the highest possible saturation magnetization.
Therefore these materials, especially CoFe and CoFeNi alloys, have attracted the most
attention of researchers. In this part, the literature about electrodeposition of FeNi alloys,

CoFe alloys, CoFeNi alloys and other alloys, will be reviewed sequentially.

Table 2-5. Main propertics of some clectroplated  soft magnetic  materials.

[Andricacos98]
Material |[Coercivity| Anisotropy field | Magnetostriction Saturation
Hc (Oe) Hi (Oe) coefficient 4 magnetization relative
to NigoFeaq
NigoFea 0.3 2.5 -0+ 1
NigsFess 0.4 9.5 + 1.6
NiFeCo 1 6-10 -0+ 0.8-2.4
NiFeCoB | 0.6 14 1.5
CoNiFeS | | 20 + 1.7
CoFe 3 7-14 -0+ 1.9
CoFeCr 0.3 20 - 1.7
CoFeNiCr | 0.5 + 1.7
CoFeP 1 15 -0+ 1-1.5
CoFeCu 1 13-18 -0+ 1.7-2.2
CoB 1 40 1.2

* ] can be negative, zero, or positive depending on alloy composition. For NiFe alloys, 4
is negative below about 19 wt% Fe and positive above about 19 wt% Fe.
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2.3.2.1 Electrodeposition of FeNi alloys

The first studied soft magnetic alloys for thin film inductive heads were FeNi alloys.
Electrodeposited permalloy (NigoFe) was introduced as the core material of thin film
inductive heads by IBM in 1979. [Chiu96] Therefore, many studies have been made on
the electrodeposition of FeNi alloys. Low pH baths are usually employed in FeNi
electroplating.

Electrodeposition of FeNi alloys is regarded as anomalous codeposition because the
less noble metal (Fe) is deposited preferentially. In the earlier studies, the anomalous
behavior was assumed to be due to the precipitation of iron hydroxide on cathode
surface, which blocks nickel reduction, instead of iron reduction. [Krause97] However,
this hypothesis could not explain some experimental work. Vaes et al [Vaes00]
investigated the role of hydroxyl compounds during the anomalous electrodeposition of
NiFe alloys. It was found that the Ni-H, and Fe-H; systems also exhibit anomalous
codeposition behavior. The inhibition of Ni and H reduction in the Ni-Fe-H, system
cannot be explained in terms of metal hydrolysis reactions. They concluded that metal
hydrolysis does not play a determining role in anomalous NiFe codeposition.

Zech and coworkers [Zech99-1] [Zech99-2] studied the codeposition behavior of
three alloy systems, FeNi, FeCo, and CoNi in acid sulfate electrolytes using rotating
cylinder electrodes to control mass transport conditions. Their work confirmed that Ni
deposition is inhibited by the presence of Fe** and Co®* ions, while the Fe deposition rate
is enhanced by the presence of Co”" and Ni*" ions. The anomalous codeposition of iron
group metals involves both inhibiting and accelerating effects. The anomalous
electrodeposition of nickel-iron was also discussed by Gangasingh and Talbot.
[Gangasingh91]

Gao et al [Gao95] [Gao97] electroplated permalloy films with a composition of

81at% Ni and 19at% Fe at a voltage of —1.2 V (versus the saturated calomel electrode
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(SCE)) trom a bath containing 0.5 M NiSOy, 0.02 M FeSO4 and 0.4 M H3;BO; with a pH
of 3. Transmission electron microscopy analyses demonstrated that these films consisted
of fcc Ni-Fe nanocrystalline grains (10-50 nm) embedded in an amorphous matrix.

Yin et al [Yin 95] studied FeNi plating bath solution chemistry by determining the
Fe-Ni equilibrium concentrations at various pH levels. They found that the alloy
composition was determined by solution equilibria, mass transfer of the electroactive
species within the diffusion layer and by the surface coverage of organic additives on the
electrode. The effects of rotation speed of the disc electrode and the presence of organic
additives on the deposition of Fe-Ni alloys were observed. Boric acid increased the
absolute iron deposition rate, but inhibited the rate of nickel reduction. Saccharin and
ethylene diamine influenced the metal deposition rate but were not as effective as boric
acid.

Venkatasetty [Venkatasetty70] plated out NigFey thin films from a
citrate-complexed nickel-iron electrolyte. The magnetic properties, like the coercivity He
and the anisotropy field H;, were investigated as a function of current density, pH,
temperature and the concentration of citrate ion. The ferromagnetic domain patterns
observed as a function of thickness showed the same behavior as those observed in
evaporated films. It was found that both the current density and the temperature had
significant effect on film stress.

Harris et al [Harris99] found that complexing agent ethylenediamine (EDA) greatly
affected the phenomenon of anomalous codeposition observed in the nickel-iron
electroplating system. EDA increaéed the Ni/Fe ratio in the deposit when the bath was
chloride-based and the pH was at least 5. lon microprobe analysis indicated that EDA
was incorporated in the deposit. They hypothesized that EDA adsorbs on the deposit

surface and serves as a bridge for Ni** deposition in preference to that for Fe*, which
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torms less stable complexes with EDA. Chloride ion in the bath is necessary for the
adsorption of EDA and, thus, the relative increase in the nickel deposition rate.

Afshar et al [Afshar02] analyzed the electrodeposition of nickel, iron and nickel-iron
alloys at pH 3.0 using electrochemical techniques in the presence of complexing
compounds citrate and glycolic acid. Cyclic voltammetry and transient time (7)
measurements were employed to characterize the system. Potentiostatic /¢ transients
were recorded to obtain the nucleation and growth mechanism. The cyclic voltammetry
results demonstrated that the electrodeposition of nickel, iron and nickel-iron alloys was
a diffusion-controlled process with a typical nucleation mechanism. The redox potentials
of Ni and Fe shifted to more cathodic values in electrolytes with the addition of
complexing agents. The number of nucleation sites increased with increasing
overpotential and nickel concentration. It was found that with the addition of glycolic
acid to the sodium citrate solution, both the number of nucleation sites and the nucleation
rate were increased for Ni—Fe alloy deposition. A large number of equally sized spherical
grains were observed in spherical clusters. The spherical particles became finer and the
surface roughness was decreased. Therefore, the microstructure of the Ni-Fe deposits
was changed dramatically in the presence of glycolic acid.

Many mathematical models have been developed to simulate the electrodeposition of
FeNi alloys. Yin developed a mathematical model to describe the electroplating of FeNi
alloys in the presence of an organic inhibitor. [Yin97] The model includes the mass
transport of participating ionic species, homogeneous chemical reactions within the
diffusion layer, the metal hydroxyl ion and inhibitor adsorption, and the associated
electrochemical kinetics. The model can be used to predict the iron-nickel deposition rate
(iron and nickel content in the alloy) as a function of the disk rotation speed, solution pH,
and the bulk concentrations of the electroactive species and the organic additive. Their

model results indicated that in the presence of an organic additive (saccharin), higher
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ferrous ion and nickel ion concentrations could be preserved at the interface without
concentration depletion within the diffusion layer. The model also predicted that iron
content in the alloy increases by increasing the concentration of organic additive and by
increasing the electrolyte pH and disk rotation rate. Ramasubramanian et al
[Ramasubramanian96] developed a mathematical model to describe the electrodeposition
of Fe-Ni alloys and Fe-Ni-SiO, composites under potentiostatic conditions. The model
predictions were found to agree well with the experimental observations for the Fe-Ni
and Fe-Ni-Si0O, systems. The model could predict the polarization behavior, partial
current densities, and alloy composition as a function of the applied potential. Other
workers have also done exploratory studies in this area. [Baker97] [SasakiO0]
[Grande93-2]

In 1997, Robertson and coworkers [Robertson97] reported high magnetic moment
NissFess alloy deposited by electroplating, and employed it to replace NigyFey for
fabricating high performance write heads. The NissFess alloy has a saturation
magnetization Ms of 1.6 Tesla and resistivity p of 48 p-Q/cm. These are much higher
than those of NiggFey, which are only 1 Tesla and 24 p-Q/cm, respectively. It was stated
that the recording performance of a write head built with NigsFess alloy demonstrated
marked improvement.

General studies on the electroplating of nickel-iron alloy films were also conducted
by other researchers. [Wolf57] [Romankiw75] [Romankiw78] [Lehman80] [Bielifiski79]
[Biallozor84) [Lieder85] [Andricacos89] [Grande93-1] [Yin96-1] [Yin96-2] [Matlosz93]
[Kieling97] [Leith99] [Sasaki95]

2.3.2.2 Electrodeposition of CoFe alloys
The electroplating of CoFe alloys has been studied by many researchers. Usually a

low pH sulfate-based or chloride-based bath is utilized. Electrodeposited CoFe alloys
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have much higher saturation magnetization Ms than electrodeposited FeNi alloys, but
also have larger coercivity He.

Liao et al {Liao87] [Liao88] investigated the electrodeposition of CyoFe;y alloys,
which have a saturation flux density Bs of 1.9 Tesla and a coercivity Hc of about 9 Oe.
They found that the overwrite performance of a thin film head fabricated with this alloy
was superior to that of a thin film head built with permalloy. The composition of the
plating bath employed by them is shown in Table 2-6. The sodium lauryl sulfate (also
referred to as sodium dodecyl sulfate) acts as a surfactant to suppress pitting. Sodium
saccharin is used to decrease film stress, and boric acid acts as a pH buffer for

maintaining a low bath pH.

Table 2-6. Composition of bath for electroplating CoFe alloys. [Li1ao88]

Chemical Concentration, g/l. | Chemical Concentration, g/L
CoSO47TH,O 100-120 H;BO; 25-35

FeSO47H,O 7-10 Sodium lauryl sulfate | 0.1-0.5

Sodium saccharin | 1-3 Bath pH 3.0-4.0

Osaka and coworkers [Osaka03-1] [Imai02] reported the electrodeposition of
CossFeqs alloy with high saturation flux density Bs (2.4 Tesla). The electrolyte
composition they employed is listed in Table 2-7. It consisted of almost the same
components as the bath utilized by Liao et al, except for the introduction of NH4Cl to
improve bath conductivity, different metal salt concentrations and a lower pH. The
deposition of films with a Bs of 2.4 Tesla can be realized by using a separated
compartment dual cell system to reduce the oxidization of Fe** to Fe’" at the anode
(Figure 2-11). The coercivities of plated films are around 15 Oe, which are a little high.

According to the researchers, film coercivity can be lowered to less than 10 Oe by
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annealing at 350 - 400°C with the Bs remaining at 2.4 Tesla.

Table 2-7. Composition of electrolyte for depositing CoFe alloys. [Osaka03-1]

Chemical Concentration | Chemical Concentration
CoSO,47HO 0.047-0.050 M | H;BO; 04M
FeSO,-7H0 0.050-0.053 M | Sodium lauryl sulfate | 0.01 g/L
NH,Cl 0.4M Bath pH 2.3
Power source
Power souxce

——— Oy

] Electrolyte Plating bath
Plating bath (Diluted sulfuric acid)
a. Conventional system b. Separated compartment dual cell system

Figure 2-11. Models of systems for electroplating CoFe thin films. [Waseda2]

Bertazzoli and Pletcher [Bertazzoli93] studied the electrodeposition of FeCo alloys
onto vitreous carbon from a sulfate bath at pH 4. It was found that the composition of the
alloy was mainly determined by the ratio of Fe(I)/Co(II) in solution and only slightly by
temperature or potential/current density. The Fe content in the deposits was always
higher than the ratio of Fe(II)/Co(lI) in solution, although the observation from studies of
the single Fe(II) and Co(lI) solutions demonstrated that the Fe(II) was more difficult to

reduce than Co(II) at 200 mV. The kinetics of nucleation and early growth of the metal
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lattices, as well as the kinetics of the M/M** couples, were also investigated by them. The
equilibrium potentials of the alloys in the plating solutions were close to that for Co/Co™
couple. However, the presence of Fe(ll) in solution changed the mechanism for cobalt
deposition, as well as inhibited the early stages of nucleation and growth.

Lallemand and coworkers [Lallemand04-1] [Lallemand04-2] [Lallemand02] [Ricq01]
conducted comparative studies of the influence of organic additives saccharin,
phthalimide (PHTA), and o-toluene sulfonamide (0TOL) on CoFe alloy electrodeposition
at pH around 3. The chemical structures of these organic compounds are shown in Figure
2-12. 1t was noted that saccharin influenced strongly the electrode kinetics in contrast to
oTOL and PHTA. The use of saccharin resulted in smoother, more compact and more

leveled deposits as compared with PHTA or oTOL.
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Figure 2-12. Chemical structures of (a) saccharin, (b) phthalimide (PHTA) and (c)
oTOL. [Lallemand04-2]

Kim et al [Kim03] plated out iron group binary (CoFe and NiCo) and ternary
(CoFeNi) alloy thin films from sulfate and chloride baths, and related film magnetic
properties to their chemical composition, grain size and corresponding crystal structure.
It was found that anions influenced current efficiencies, magnetic properties, and phases
of electrodeposited films. Higher current efficiencies in chloride baths, relative to sulfate
baths, were observed for CoFe, NiCo and CoNiFe alloy plating. The higher deposition
current efficiencies in chloride baths were attributed to a catalytic effect. Anion types in

CoFe and CoFeNi alloy plating baths influenced the film microstructures and resulting
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magnetic properties (coercivity). CoFe deposits exhibited relatively smooth surface
morphology and turned into fine crystallites with increasing Fe'? concentration in the
plating solution. The Fe content in CoFe deposits linearly increased with increasing Fe*
concentration in plating bath tor both chloride and sulfate baths.

Bai et al [Bai03] [Hu02] deposited FeCo alloy nanowires from acidic metal chloride
solutions (pH 3.0) by means of cyclic voltammetry (CV) and pulse-reverse (PR)
electroplating processes. The anodic dissolution process in the CV or reverse
electroplating period was found to be the key factor influencing the formation of metal
nanowires. They studied the morphology and crystalline phase formation of the deposits
with field-emission scanning electron microscopy (FE-SEM) and X-ray diftraction
(XRD).

Chang et al [Chang90] studied CoFe plating from a chloride electrolyte and observed
a strong dependence of coercivity on alloy composition. A minimum coercivity of 3 Oe
was obtained at about 11.5 wt% Fe. A variation of Fe content by 1% on either side of this
composition caused the coercivity to double. Microstructural analysis revealed that the
minimum coercivity was associated with the codeposition of fcc and bee phases.

Yu et al [Yu00] electroplated CoFe alloys and composites from a bath with a pH of
about 2.0, and systematically investigated microstructural effects, including grain size,
precipitation, and structural order parameter, on the magnetic and mechanical properties
of FeCo-based alloys. Other researchers also made similar studies on the electroplating

of CoFe alloys. [Shinoura93] [Kakuno97] [Sasaki98] [Myung01] [Liu00-1] [Shao03]

2.3.2.3 Electrodeposition of CoFeNi alloys
Studies on electroplating of CoFeNi soft magnetic materials have been extensively
conducted. CoFeNi alloys can be readily plated from solutions whose compositions differ

from that of a NiFe plating bath only by adding a Co*" salt, usually a sulfate or chloride.
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Similar to FeNi and FeCo plating solutions, low pH levels are usually employed in
CoFeNi plating baths. Table 2-8 lists the composition of a typical sulfate bath for plating
CoFeNi alloys, which has a low pH of 2.5-3.0. [Osaka98-1] [Osaka98-2]

Table 2-8. Composition of bath for electroplating CoFeNi alloys. [Osaka98-1]

Chemical Concentration | Chemical Concentration
CoSOq 0.03-0.0875M | H3BO; 04 M
FeSO4 0.005-0.045 M | Sodium lauryl sulfate | 0.01 g/L
NiSO, 0.2M NH4Cl 0.28 M

Bath pH 2.5-3.0

The optimal soft magnetic properties of CoFeNi thin films are achieved by
controlling their chemical composition, phase formation, grain sizes, and the
electroplating process.

Shinoura et al. [Shinoura94] electrodeposited CoFeNi alloys with compositions of
25-35 wt% Fe and 30-50 wt% Co. Soft magnetic properties were obtained in the entire
range of the above compositions, but magnetostriction was positive. Annealing tests at
300°C and higher temperatures were conducted to improve the magnetic properties. It
was found that a substantial decrease in observed coercivity was correlated to the
coexistence of fcc and bee crystalline phases in the deposited film.

Anderson and Chesnutt [Anderson87] investigated the electrodeposition of soft
magnetic CoFeNi thin films with an emphasis on high Co content. A CogFe;oNijo alloy
with a saturation magnetization of 1.6 Tesla, coercivity of 1.5 Oe, anisotropy field of 10
Oe, permeability of about 1000 at 1-10MHZ, and near-zero magnetostriction was

electroplated from an acidic chloride bath with a pH of 2.5-3.5.
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a. Map showing low-Hc regions (<20e) of CoFeN:i films electroplated in solutions
with saccharin (region I) and without SCA (region Il). Region | is located within the
low Bs (= 1.0—-1.7 Tesla) region. Region |l is in the high-Bs (>1.8 Tesla) region.
b. Map showing fcc-bcc phase boundaries and zero As lines. The fcc—-bcc phase
boundary in the film plated from the no SCA bath is shifted to the left, towards the
lower Ni and the higher Fe region.

Figure 2-13. Three-element maps showing magnetic properties of CoFeNi films.
[Osaka98-1]

Osaka and coworkers [Osaka98-1] [Osaka98-2] [Ohashi98] [Osaka99-1] [Osaka99-2]
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[Osaka99-3] [Osaka99-4] [Osaka00-1] [Osaka00-2] [Osaka00-3] [NakanishiO1] [NamO1]

[OsakaO1] [Osaka03-2] systematically studied the soft magnetic properties of
electroplated CoFeNi alloys using sulfate baths similar to the chloride baths employed by

Anderson and Chesnutt [Anderson87]. The current density and bath pH they employed

were varied from 3 to 20 mA/cm” and from 2.5 to 3.0, respectively. Electroplating was

conducted under ambient temperature (20°C). They drew three-element diagrams

illustrating the magnetic properties of CoFeNi films versus their compositions (Figure

2-13). Favorable magnetic properties (Bs >1.8 T and Hc<2 Oe) could only be achieved

by using a no sulfur-containing-additive (SCA) solution (region II in Figure 2-13a) in the

plating process. Analysis of film composition and microstructure indicated that sulfur (S)

included in the film moved the fcc-bce phase boundary line to the low Bs region

(compare Figure 2-13a and b). The sulfur inclusion in films is due to the sodium

saccharin addition. It is usually added to the plating bath as a stress reducer. Therefore, in

order to move the phase boundary line to the high Bs region, the use of bath without a

SCA was required. One of the films with a composition of CogsFe,3Nij2 (within region II)
was claimed to have the best properties: high Bs = 2.1 Tesla, low Hc = 1.2 Oe, low

magnetostriction s = 1.8X10°®, low anisotropy field H; = 15 Oe, initial permeability u; =

600 at IMHz, and resistivity p=2.1x10> Qcm. [Osaka98-1]

Liu and coworkers [Liu0O-1] [Liu00-2] [Liu01-1] [Liu0O1-2] [Liu02] [Liu03]
electroplated CoFeNi films from sulfate baths similar in composition to those employed
by Osaka and coworkers [Osaka98-1] [Osaka98-2], and found that films with a
composition of CosyFexNix, exhibited optimal soft magnetic properties. These films had
a saturation magnetization of 2 Tesla, coercivity around | Oe, resistivity of 22 pQ2cm and
saturation magnetostriction of about 10°. An iron rich alloy Coj9FesoNiyg plated by them
also showed similar properties. The variety of CoFeNi thin film compositions at which

optimal soft magnetic properties have been achieved by different research groups
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suggests that the exploration of new film compositions for ideal properties is possible.

Bai et al [Bai03-2] [Bai03-1] electroplated CoFeNi alloys from chloride baths with a
pH of 2.0 by means of a cyclic voltammetry process. It was found that the anodic process
in the voltammetric curves completely depressed the anomalous deposition of binary
alloys while the anomaly was still obvious for ternary CoFeNi alloy deposition. From
energy-dispersive X-ray (EDX) analysis, the Fe/Co ratio in the temary CoFeNi deposits
was equal to the Fe?/Co’" ratio in the plating solutions when the Ni** content was
continuously changed. The composition of CoFeNi deposits could be precisely predicted
and controlled by adjusting the Ni**/(Fe*"+Ni**+Co®") concentration ratio in the plating
baths.

Omata [Omata90-1] fabricated CoFeNi films through both evaporation and
electroplating, and investigated variations of magnetic and structural properties with
compositions. The films electroplated were Fe-rich alloys (typical composition was
CoyFessNiss), with satisfactory magnetic properties except for a highly positive
magnetostriction. He and co-workers introduced Cr as a fourth element to decrease the
magnetostriction, and found that small amounts of Cr could cause a substantial decrease
in magnetostriction. [Omata90-2]

Zhuang and Podlaha [Zhuang00] [Zhuang03-1] investigated the kinetics of CoFeNi
alloy electrodeposition and the influence of electrolyte concentration. They also
developed a mathematical model to simulate the deposition process. [Zhuang03-2]

Impurity control in deposits is also very important for obtaining optimal soft
magnetic properties. Generally, impurities can assist in the formation of grain boundaries,
and, therefore, affect the microstructures, corrosion resistance and magnetic properties of
deposited CoFeNi films. Common impurities include sulfur, carbon, hydrogen and
oxygen. They are usually included into the CoFeNi films due to the addition of organic

additives and specific plating conditions. Sulfur is deposited in the films with the
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addition of saccharin, thiourea, or sodium lauryl sulfate to reduce film stress and improve
film smoothness. Researchers found that the inclusion of sulfur will decrease the
corrosion resistance, and affect the Bs and Hc of CoFeNi thin films. Most recent studies
have adopted SCA-free baths.

Osaka et al [Osaka99-2] electrodeposited CoFeNi based films for write head core
materials, and found that the magnetic properties, except for Bs, and corrosion properties
of these films depended on very small amounts of impurities such as S and H. The
increase in resistivity p of the high Bs CoFeNi thin film was realized by controlled
inclusion of very small amount of C.

Osaka and Yokoshima [Osaka00-2] studied the intluence of electroplating conditions
on the microstructures of deposited CoFeNi-based films. The microstructure of thin films
prepared by a wet process differed from that of films prepared by a dry process, and
some of the high-performance thin films were obtained only by plating methods. A very
small amount of impurities, such as H, S, and C co-deposited from the plating bath, was
found to have a large effect on the microstructure of the deposited films.
High-performance soft magnetic thin films were therefore achieved by controlling the
microstructure with co-deposited impurities.

Sogawa et al [Sogawa0O0] investigated the addition of a complexing agent and/or
Na;MoO;4 to a low pH plating bath to increase the resistivity of CoFeNi soft magnetic
thin films. It was found that the electrical resistivity of deposited CoFeNi thin films was
increased by the addition of a complexing agent such as sodium tartrate or sodium
citrate. These films contained a small amount of carbon, i.e., 1 to 2 at%. The addition of
Na,MoOQ;, also increased the resistivity of CoFeNi thin films. A deposited film with a
composition of CosoNi ;Fe;sMo(C; had the following good properties: Bs = 1.8 T, He =
1.6 Oe, p =129 uQ-cm.
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Takai et al [Takai97] prepared soft magnetic CoFeNiS films by electrodeposition. In
their plating system, thiourea was introduced as a stress-reducing additive in the CoFeNi
ternary alloy plating bath. Suitable magnetic properties were obtained at a film
composition of (Co73Fe sNij2)99.1S09 (in at%). These properties include a high saturation
magnetic flux density Bs of 1.7 Tesla, a high resistivity p of 51 pQdcm, and a low
saturation magnetostriction As of 4.4x10°. The film consisted of crystalline grains 5 to 10
nm in diameter. The small sulfur content was believed to result in the formation of fine
crystalline grains responsible for low coercivity and high resistivity.

Osaka et al [Osaka99-3] observed that two common sulfur-containing additives,
saccharin and thiourea, behave differently with respect to the dependence of sulfur
inclusion and coercivity of the deposited film on the additive concentration in the plating
bath. Scanning tunneling microscopy (STM) studies revealed that the nature of
adsorption is fundamentally different for these two additives, i.e., the adsorption of
saccharin 1s physical and reversible, whereas thiourea undergoes irreversible
chemisorption. This finding is consistent with the known behaviors of these two additives
in the electroplating of nickel. Tabakovic et al [Tabakovic00] also investigated the effects
of organic additives on the electrochemical preparation of soft magnetic CoFeNi films.

To increase the resistivity p of electrodeposited high Bs CoFeNi thin films, Osaka
and coworkers [Osaka00-1] [Yokoshima99] introduced diethylenetriamine (DET) into
the plating bath. The carbon content in the deposited films increased with DET
concentration, which led to higher resistivity (Figure 2-14a). However, DET could also
increase the film coercivity He and decrease saturation flux density Bs at high
concentration (Figure 2-14b). The desirable soft magnetic CoFeNi thin films (Bs >1.9 T
and Hc <2.5 Oe) with resistivity p of 25 to 90 pQ-cm were plated out and depended on
carbon content in the deposited films. Additionally, a CoFeNi thin film with high

resistivity p= 130 uQ-cm was obtained at Bs = 1.7 T and Hc <6 Oe.
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Figure 2-14. a) Resistivity of electrodeposited CoFeNi films as a function of DET

concentration.
b) Magnetic properties of electrodeposited CoFeNi films as a function of DET
concentration. [Osaka00-1]

Saito and coworkers [Saito02] also observed the effect of a small amount of sodium
citrate addition (0.1g/L) on the impurity contents of electrodeposited CoFeNi films. The
carbon, oxygen, and hydrogen levels in CoFeNi films increased significantly after
sodium citrate addition.

To achieve ideal soft magnetic properties, grain size control is critical. Smaller grain
sizes generally decrease the coercivity He. According to a model proposed by Herzer
[Herzer90], He is proportional to D° where D is the average grain size. Hoffman
[Hoffmann93] predicts that He changes with D’. Both models predict that coercivity
decreases with grain size. Therefore, only nano-grained alloys may achieve desirable soft
magnetic properties.

Chen et al [Chen03] presented an approach to reduce grain size by incorporating a
CoFeNi alloy matrix with dispersed trace metal oxides, which interrupt grain growth and

enhance nucleation during electrodeposition. The oxides of Mo, W, Cr and Rh can be
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deposited under certain anodic potentials during the reverse current period in a
pulse-reverse plating cycle.

Osaka et al attributed the high Bs values as well as the soft magnetic properties of
electroplated CoFeNi films to the fine grain sizes of 10 - 20 nm. [Osaka98-2]

Phase formation control in deposited CoFeNi films is also necessary for obtaining
ideal soft magnetic properties. Optimum properties are obtained when both bcc and fcc
phases coexist. [Osaka98-1] [Osaka99-1] It is believed that the competitive nucleation
and growth of these two phases could lead to a smaller average grain size. [Liu00-2]
[LiuO1-1]

Osaka et al [Osaka98-1] found that CoFeNi films have close to zero saturation
magnetostriction (As= 0) around the fcc and bce phase boundary (as shown in Figure
2-13b), which ensures that they are not stressed when a changing magnetic field is
applied during writing processes.

Saito and coworkers [Saito02] reported that magnetic properties, such as coercivity
He, saturation magnetostriction As, and saturation magnetic flux density Bs, are affected
by the ratio of bcc to fcc phases. When the ratio of bee to fcc phases was low and the
grain size was small, the coercivity was less than 2 Oe. The As and Bs values increased
with an increase in bece/fec ratio in the film.

The electroplating conditions for depositing optimal soft magnetic CoFeNi films have
been explored by researchers.

To avoid compositional gradients along the film thickness due to diffusion delay of
component metal ions [Liu00-2] [LiuO1-2], pulsed current (PC) plating is usually
employed, which can regenerate the initial ion concentration at the cathode/solution
interface.

To obtain excellent soft magnetic properties, an oriented magnetic field is often

employed during the CoFeNi thin film deposition. Chesnutt [Chesnutt93] found the
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application of an orthogonal switching magnetic field of 50 Oe could reduce the
anisotropy field H; of deposited films, and therefore the saturation write currents. In the
works of Liu and coworkers [Liu00-1] [Liu00-2] [Liu01-1] [Liu01-2] [Liu02] [Liu03], a
pre-oriented magnetic field of about 600 Oe was applied to induce an in-plane uniaxial
anisotropy for ideal soft magnetic properties.

Mizutani et al [Mizutani00] investigated the thermal stability and magnetic properties
of electroplated high Bs CoFeNi thin films. The plated CoFeNi films demonstrated
excellent soft magnetic properties and good thermal stability with up to 350°C annealing.
Annealing in a longitudinal magnetic field enabled the films to achieve an anisotropy
field H; of 35 Oe, while the H; value could be further lowered to less than 20 Oe after
annealing in a transverse magnetic field. By decreasing the core loss and anisotropy field
H;, the effective permeability of high Bs CoFeNi thin films at high frequencies was
markedly improved.

Phan et al [Phan91] investigated the effects of hydrodynamic conditions, current
density and bath temperature on the direct current (DC) electrodeposition of CoFeNi
alloys using stationary planar and rotating cylindrical electrodes. The deposition rate of
Fe showed mass transfer effects. Current efficiency of the codeposition process increased
with increasing current density, while it decreased with increasing rotation rate. Higher
bath temperatures and rotation rates extended the applied current density range where
smooth, adherent, and metallic-looking deposits could be plated out. Higher plating
temperature also decreased anomalous codeposition of Fe-Ni-Co. They [Phan94] also
studied the dependence of CoFeNi alloy electrodeposition on hydrodynamics, current
density and bath temperature using pulse and pulse-reverse currents. The compositions of
deposits plated with pulse current (PC) were similar to those obtained with direct current

(DC). The appearances of deposits obtained by PC and periodic reverse current (PRC)
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were superior to those obtained by DC. Deposits were smoother and brighter at 55°C
than at room temperature, and were smoother and more adherent at higher rotation rates.

The corrosion resistance of soft magnetic films is also an important property to be
considered for the manufacture of magnetic devices.

Osaka and coworkers [Osaka99-4] [Osaka98-1] investigated the corrosion behavior
of electroplated CoFeNi films with different crystalline structures and various sulfur
contents. The corrosion properties of CoFeNi films depend highly on the sulfur content
and also on the microstructure of the film. The film with a low S content (deposited from
SCA-free bath) has high corrosion resistance, and the bcc film is less resistant to
corrosion than the fcc and fee-bee films. With essentially no sulfur inclusion (<0.1 at%),
even though containing more than 13 at% Fe, the CoFeNi film of mixed fcc-bee crystal
structures exhibited high corrosion resistance.

Saito et al [Saito99] found that films electroplated at a high current density (15
mA/cm?) from a bath without saccharin have a sufficient anodic pitting-corrosion
potential (-65 mV). While films plated at a low current density (5 mA/cm?) from
saccharin-free baths have pitting-corrosion potentials of less than—-300 mV, the corrosion
resistance was improved after annealing above 100°C. Films plated from baths
containing saccharin also have pitting-corrosion potentials of less than -300 mV.
However, their corrosion resistance did not improve after being annealed at 250°C. Saito
et al believe that the degeneration of the corrosion resistance is attributed to the defects
that increase the fcc (111) lattice constant. One of the most important characteristics of a
highly corrosion-resistant CoNiFe film is a fine crystal structure with very few defects.
Tanaka et al [Tanaka93] also conducted similar investigations on the corrosion resistance

of CoFeN:i alloys for thin film inductive head.
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2.3.2.4 Electrodeposition of other soft magnetic thin-films

Besides the common FeNi, CoFe and CoFeNi thin films, many other soft magnetic

thin films have also been developed for write head core materials.
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Figure 2-15. (Top) Cross section view (~20K magnification) of a laminated
CoFeCu/Cu film (in the middle) with four CoFeCu layers (each 0.5um thick) and
three Cu layers (each 10nm thick). (Bottom) Schematic showing a pulsed current
waveform applied in plating. [Andricacos98]

Andricacos and Robertson electroplated CoFeCu films with excellent soft magnetic

properties. [Andricacos98] [Andricacos96] The saturation magnetization Ms for the
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CoysFeyCus alloy was about 2.0 Tesla. Magnetostriction was close to zero as long as the
Fe content was around 10 wt%, however, it became positive at higher Fe content and
negative at lower Fe content. It was found that the addition of Cu to the CoFe system
leads to a decreased coercivity He, but increased anisotropy H; for the CoFeCu ternary
system. Microstructural studies demonstrated that Cu addition causes a decreased grain
size; this may be the reason that the coercivity Hc decreases. To achieve a low coercivity,
the same fraction of fcc and bee phases is necessary. CoFeCu alloys can be deposited as
laminated CoFeCu/Cu films by pulse plating, with CoFeCu as the magnetic layer and Cu
as the nonmagnetic layer (Figure 2-15). The number of laminations is equal to the
number of applied pulses. This process was first developed by Romankiw and Olsen in
IBM for the NiFeCu/Cu lamination system. [Romankiw90]

Andricacos and Robertson fabricated recording heads with the CogsFeoCus alloy
replacing Nig)Fexo as the write pole material. Comparison of the two recording heads
showed that overwrite with the CoFeCu ternary alloy was obviously superior to NigyFey,
demonstrating the advantages of applying high Ms materials to improve recording
performance.

Huang and coworkers [Huang02] [Huang04] explored the electrodeposition of
FeCoNiCu quaternary alloys onto a rotating disk electrode from a sulphate bath with a
pH of 2.5. The bath composition utilized is illustrated in Table 2-9. They developed a
model describing the electrodeposition of FeCoNiCu/Cu nanometer scale multilayers to
simulate both steady-state and pulsed deposition onto a ring-disk electrode. The transient
model employed a two-step adsorption mechanism for the description of anomalous
codeposition, convective-diffusion mass transport and a displacement mechanism for
pulses to zero current. Variation in deposit composition was predicted using various pulse

times as a tool for assessing interfacial compositional gradients in multilayer deposits.
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Table 2-9. Bath composition for FeCoNiCu/Cu electrodeposition. [Huang02]

Constituent Concentration, g/L Concentration, mole/L
FeSO47H,O 2.25 0.008
CoS0O47H,0 14.0 0.050
NiSO4:6H,0 15.0 0.057
CuSO45H,0 0.25 0.001

Sodium poassun 75 00266
Sulfamic acid 1.0 0.0103

Sodium saccharin 1.0 0.0041

Triton X-100 0.6

pH 2.5

Chang et al [Chang92] electroplated CoFeCu alloys with a saturation magnetization
Ms around 2.0 Tesla, coercivity He <l Oe and a near-zero magnetostriction. They
reported a ternary phase diagram for the low-coercivity and low-magnetostriction
composition range (about 4-15 wt% Cu and approximately 9-13 wt% Fe). X-ray
diffraction revealed that the coexistence of both fcc and bec phases yields the optimal
soft magnetic properties. The magnetic properties of CoFeCu films with mixed phases
were stable after being annealed at 230°C for two hours.

Shinoura [Shinoura95] investigated the electroplating of soft magnetic Ni-Fe-Mo
multilayers from a tartrate bath. Two alternative layers (100 nm Ni-Fe-4 wt% Mo/20 nm
Ni-Fe-15 wt% Mo) with different molybdenum content were prepared by alternating the

current density during deposition. Multilayers consisting of eight of the above bilayers

had excellent magnetic properties and a resistivity of 78 uQ-cm.
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Other soft magnetic materials have also been explored. Hironaka and Uedaira
[Hironaka90] electroplated CoFeP and CoFeSnP alloys by pulsed current plating. It was
found that incorporation of P caused a drastic decrease in the saturation magnetization of
the alloys, and Sn incorporation (of about 7 wt%) improved their corrosion resistance.
Liao [Lia092-1] tried to fabricate read/write heads using an electroplated CoFeB alloy
with the B content from 0.1 to 2 wt%, and Fe content from 7 to 12 wt%. He and
coworkers [Lia092-2] also electrodeposited high Bs CoFeCr thin films for high

frequency recording applications.

2.3.3 Soft magnetic thin films prepared by electroless deposition processes

Write-head cores have currently been fabricated by electrodeposition processes. With
the ever increasing areal density, the recording heads of hard disk drives have been
decreasing in size. However, it may be difficult to accomplish further shrinkage of the
head core structure fabricated by electrodeposition, because the non-uniform current
density distribution on the structure becomes a serious problem in this situation. It could
cause the non-uniform distribution of thickness and composition in the head core
materials. On the other hand, electroless deposition (also called autocatalytic plating) is
suitable for depositing uniform films on substrates with fine and complex geometries.
Electroless deposition involves reduction reaction(s) of metal ion(s) and is autocatalytic.
No external current is applied, and a reducing reagent is employed as the electron
supplier:

Reducing agent — 2e” — oxidized components

Co*" + 2¢ — Co (deposition)

Fe** + 2¢” — Fe (deposition)

Ni*" + 2" — Ni (deposition)

Therefore, soft magnetic thin films for write core pole have been developed by many
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researchers with electroless deposition processes. [Osaka03-2]

Table 2-10. Bath composition and conditions for electroless deposition of

CoNiFeB thin films. [Yokoshima00]

Chemical Concentration/mol-dm™
DMAB 0.025
C3;H4(OH)(COONa); 0.05
C>H»(OH)2(COONa); 0.20
(NH,)2S04 0.20
H3PO; 0.06
FeSO47H,0 0.01
NiSO,-6H,0 0-0.03
CoS047H,0 0.10-0.07
Bath temperature (°C) 70
Applied magnetic field (Oe) 200
pH 9 (adjusted with NaOH)

Osaka and coworkers [YokoshimaOO] prepared soft magnetic CoNiFeB thin films

with high saturation magnetic flux density Bs and good corrosion resistance by

electroless deposition. The bath composition and operating conditions employed by them

are listed in Table 2-10. In contrast to electroplating baths, the electroless deposition bath

adopted a high pH (= 9). Dimethylamine-borane (DMAB) was utilized as a reducing

agent. Electroless CoFeB thin films had high Bs but poor corrosion resistance compared

with the electrodeposited NiFe (80-permalloy) film. The introduction of Ni to the CoFeB

film improved corrosion resistance without sacrificing its soft magnetic properties. One

of the best CoNiFeB films, with a composition of Co77Ni;3FeysB,, demonstrated excellent
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magnetic and electrical properties (high Bs = 1.5 -1.7 T, low coercivity, Hc = 1.2 Oe, low
magnetostriction, s = 2.0x10™°, and moderate resistivity, p = 40 uQ-cm). They also tried
to increase the resistivity of electroless-deposited high-Bs CoNiFeB thin films by adding
a complexing agent containing f-alanine to the plating bath. [Sobue02]

Osaka and coworkers [Takai95] investigated the magnetic properties and structure of
electroless-deposited NiFeB films compared with those of electrodeposited NiFe films.
An electroless-deposited NiFeB film with 27 at% Fe had the lowest coercivity He of 0.5
Oe with a saturation magnetic flux density Bs of 1.0 Tesla. The crystal structure and grain
size of NiFeB and NiFe films were investigated by X-ray diffraction (XRD),
transmission high energy electron diffraction (THEED) and transmission electron
microscopy (TEM). Both films with low Hc had an fcc structure. The grain size of the
NiFeB film was smaller than 10 nm, while that of the NiFe film was larger, about 20 nm.
They also reported electroless deposition of CoB, CoFeB and NiFeB alloys in the
presence of an external magnetic field. [Osaka91] [Osaka92] [Osaka94] They attributed
the decrease of saturation flux density Bs of CossFeqs alloy to the presence of 0.3 at% of
boron in films deposited from the TMAB bath. [Osaka94]

Kim et al [Kim95] developed an electroless plating solution for preparing soft
magnetic Ni-Co-P thin films. In their plating process, the optimum bath composition and
operating conditions were obtained by investigating the effects of these factors on
deposition rate, film composition, and magnetic properties. Soft magnetic films with low
coercivity (He<l Oe) were prepared from this electroless Ni-Co-P plating process. The
alloy films deposited from the optimum bath condition consisted of fine-grain
crystallites.

In general, the soft magnetic properties of electrolessly deposited materials are less
ideal compared with those of electroplated CoFe, CoFeNi and CoFeCu alloys. Other

problems with electroless deposition include that the baths are usually not stable, and
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there are fewer optional operation parameters to control the properties of deposit
compared with electrodeposition. Operation parameters employed in electrodeposition,

such as current density and t,,, are not available for electroless deposition.

2.4 Summary

Both evaporation and sputtering processes involve complicated vacuum techniques.
Sputtering processes are not suitable for fabricating thick films (more than 1 micron), and
the topography of small features like yokes and pole tips in recording heads is hard to
control in vacuum processes.

In electrodeposition process, the films can be made in any thickness from <lpm to
>100pum. Moreover, electroplating through a mask can easily define and control small
features like yokes and pole tips; and subtractive processes like etching or ion milling
could be eliminated. With the advantages of simplicity, cost-effectiveness and
controllable patterning, electroplating processes are being employed in the fabrication of
thin-film recording heads. Electrodeposition can be well controlled by applying an
external electrical potential, however, it requires that the surface of the substrate must
have an electrically conducting coating before deposition.

As an alternative, electroless deposition is suitable for depositing uniform films on
substrates with fine and complex geometries without a pre-deposited electrically
conducting layer. However, so far the soft magnetic properties of electrolessly deposited

alloys are less ideal compared with those of alloys obtained by electrodeposition.
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Chapter 3 Experimental Methods

3.1 Experimental equipment

In this research, a pulsed current supply manufactured by Dynatronix, Inc. (Model
DuPR10-.1-.3) was employed to supply the plating current in electrodeposition tests. A
50 Q standard resistance Ry was connected in series with the plating bath to monitor the
current density by monitoring the peak voltage on Ry using a Hitachi oscilloscope
(Model V-212 20MHz). Agitation was introduced with a mechanical stirrer (Caframo
BDC3030). A thermo-bath produced by Fisher Scientific International Inc. (Model
Isotemp 202) was applied to maintain plating temperatures higher than the ambient
temperature where necessary. A schematic illustration of the electroplating setup is
shown in Figure 3-1. Silicon wafers coated with a Ti (25nm)/Au (250nm) blanket
metallization were used as the cathode, with Au acting as a seed layer for plating. Wafers
were cleaved along {110} planes with a diamond pen, and a plating area of 0.5 to 1.0 cm®
was defined with lacquer. Platinum foil was used as the non-consumable anode. An
electrolyte volume of 30 ml was used for all plating tests.

Stability diagrams (Pourbaix diagrams) were calculated with OLI Analyzer Version
1.3 software purchased from OLI systems, Inc.

The compositions and microstructures of deposited films were characterized using a
Hitachi S-2700 scanning electron microscope (SEM) equipped with an ultra thin window
(UTW) x-ray detector (intrinsic germanium detector). The film composition was
determined using energy dispersive x-ray spectrometry (EDS) by measuring
characteristic x-rays from areas approximately 300pm x 300pm in size from the upper,
central, and lower part of each film. These values were then averaged. The deviation of a
metal percentage in each part of the analyzed film from the average was observed to be

within +2 at% in this study. The thickness of deposited films was measured through
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freshly cleaved cross-section sample images in the SEM.

Pulsed current
power supply
+ -

Oscilloscope

Stirrer

Figure 3-1. Schematic illustration of the electroplating setup.

A Rigaku Rotaflex XRD system, with a rotating anode and a thin film camera
attachment, was employed to identify specific phases. A Cu anode operating at 40kV and
100mA was used, with an incident angle of 20 = 2° and a scan rate of 0.5°/min.

A JEOL 2010 transmission electron microscope (TEM), equipped with a UTW x-ray
detector, and a Philips EM420 TEM were used to observe the crystallization process and
grain size, and to obtain electron diffraction patterns for crystal structure analysis. The
JEOL 2010 TEM was operated at 200 kV, while the Philips EM420 TEM was operated at
100 kV.

A Superconducting Quantum Interference Device (SQUID) magnetometer (Quantum
Design) was applied to measure the magnetic properties of electrodeposited thin films at
a temperature T = 300K.

Electrochemical analyses of plating processes and corrosion properties of
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electrodeposited films were conducted using a Solartron SI1287 Electrochemical
Interface System. All electrochemical experiments were conducted in a three-electrode
cell without agitation. The working electrode was essentially the same as the cathode
used in electrodeposition. A Pt foil was employed as the counter electrode, and a Corning

saturated calomel electrode (SCE) was used as the reference electrode.

3.2 Bath compositions and electroplating conditions

All the electrolytes employed in this research were prepared with deionized water. All
the chemicals used were of ACS (the American Chemical Society) grade. For the
electrodeposition of CoFe films, the composition of the conventional low pH bath
adopted was similar to that employed by Osaka and coworkers. [Osaka03-1] [Imai02]
The main difference between the citrate-added bath and the traditional bath was the
introduction of ammonium citrate as a bath stabilizer and a relatively high pH, which is
natural without the addition of any acid or base. The compositions of these two baths are
listed in Tables 3-1 and 3-2, respectively. For CoFe deposition, all plating tests were
conducted using a pulsed current (PC) with a duty cycle of 10ms — 6ms of on-time (¢,,)
and 4ms of off-time (), unless specified otherwise. The current density i was
15mA/cm’ and the plating time was 25min, unless otherwise indicated.

For the electrodeposition of CoFeNi films, the composition of the conventional
CoFeNi plating bath was based on the work of Osaka’s group. [Osaka98-1] [Osaka98-2]
Similar to the CoFe plating baths, the main difference between the citrate-added bath and
the traditional bath was the introduction of ammonium citrate as a bath stabilizer and a
relatively high pH level. The pH of the citrate-added bath was natural without the
addition of any acid or base. Tables 3-3 and 3-4 list the compositions of these two baths.
For CoFeNi plating, plating tests were conducted using a pulsed current (PC) with a duty

cycle of 10ms — 0.3ms of #,, and 9.7ms of ¢4 unless specified otherwise. The plating
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time was set by the product of plating time ¢ and current density / to about 300

o 2 . . .
minutes*mA/cm”, unless otherwise indicated.

All plating experiments were conducted at ambient temperature and pressure, and

agitation was introduced at a speed of 600 rpm, unless specified otherwise. After

deposition was completed, the cathode was rinsed with deionized water, air dried and

finally stored in a sample case for later composition analysis and characterization.

Chemical
COSO4'7H20
FeSO47H,O

NH,4Cl

Concentration

0.048 M
0.050 M
0.4 M

Table 3-1. Composition of a traditional CoFe electroplating bath

Chemical Concentration

CHBO, | 04M
Sodium lauryl sulfate | 0.01 g/L
 BahpH-24

Table 3-2. Composition of citrate-added bath for electroplating CoFe thin films

Chemical Concentration Chemical Concentration
CoSO47H,0O 0.120M H;BO; 0.4M
FeSO47H,0O 0.048 M Sodium lauryl sulfate 0.01 g/L

Bath pH= 4.4 (natural) Ammonium citrate 5 g/L (0.0206M)

Table 3-3. Composition of a traditional CoFeNi electroplating bath

Chemical Concentration Chemical Concentration
CoSO47H,0 0.03-0.0875M H3BO;3 04M
FeSO,47H,O 0.005-0.045 M Sodium lauryl sulfate 0.01 g/L
NiSO4-6H,0 02M NH,4Cl 0.28 M

Bath pH =2.5-3.0
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Table 3-4. Composition of citrate-added bath for electroplating CoFeNi thin films

Chemical Concentration Chemical Concentration
CoSO47H,O 0.08 M H;BO; 0.4M
FeSO,4 7H,O 0.015M Sodium lauryl sulfate 0.01 g/L
NiSO4-6H-,0 03 M Ammonium citrate 50 g/L (0.206M)

Bath pH = 5.3 (natural)
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Chapter 4 Development of Stable Citrate-added Baths
and Bath Stability Study

For the commercial fabrication of CoFe and CoFeNi thin films by electrodeposition,
stable, long life baths are desired. Conventional CoFe and CoFeNi plating baths suffer
from stability problems, that is, precipitation occurs rapidly with time [Liu03], which is
undesirable for commercialization. Precipitates can affect the film properties, uniformity
and smoothness, and of course, shorten the bath life. Tabakovic and coworkers
[Tabakovic02] equipped their plating cell with a filtered recirculation system to
compenéate for bath degeneration. Furthermore, the low pH levels (typically 2.0-3.0)
[Osaka03-1] [Imai02] [Osaka98-1] [Osaka98-2] [Liu03] employed in conventional baths
lead to voids in deposited films, which degenerate film uniformity and magnetic
properties, due to the electroplating of H,. Therefore, the development of stable baths
with relatively high pH levels, which means less hydrogen evolution, is important for
commercial fabrication of CoFe and CoFeNi thin films with optimal soft magnetic
properties.

In this study, stable baths with the introduction of ammonium citrate as a complexing
agent and bath stabilizer and relatively high pH levels (natural pH) have been developed
for CoFe and CoFeNi alloy plating.

To understand the stability problems of conventional CoFe and CoFeNi plating baths,
and the stabilizing mechanism of citrate, stability diagrams (also known as Pourbaix
diagrams) have been calculated. Relevant bath stability tests have also been conducted.
The morphologies of CoFe and CoFeNi films plated from conventional low pH baths and

citrate-added baths have been investigated using SEM.
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4.1 Development of citrate-added baths for electroplating CoFe and
CoFeNi alloys

A stable bath is desired for commercial fabrication of metal or alloy thin films by
electrodeposition. For CoFe, CoFeNi, CoFeCu and other Fe-based alloy plating, most
researchers have employed a low pH (typically 2.0-3.0) to stabilize the plating bath. In
these cases, acids (most often sulturic acid H,SO4 or hydrochloric acid HCl) are the bath
stabilizers. However, even at low pH, these plating baths still suffer from stability
problems. Precipitation occurs rapidly with time [Liu03], which is a critical issue for
commercial production. As shown in Appendix 1, the H'/H, electrode has a more positive
equilibrium potential than the Ni**/Ni, Co**/Co and Fe**/Fe electrodes, which means
hydrogen is more easily plated out than the metals. The low pH employed in conventional
baths leads to significant hydrogen evolution on the cathode surface, which results in
voids in deposited films and low current density efficiency. The voids included in the
deposit will degenerate film uniformity and magnetic properties. Therefore, the
development of stable baths with relatively high pH levels is crucial for commercial

fabrication of CoFe and CoFeN:i thin films with optimal soft magnetic properties.

:
CH, —C— ONH,
o
HOC — C — ONH,
o

I
CH, —C — ONH,

Figure 4-1. Molecular structure of ammonium citrate.

To stabilize a plating bath, usually one or more complexing agents are employed. In

this study, stable baths with relatively high pH levels (natural pH) have been developed
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for CoFe and CoFeNi alloy plating by introducing ammonium citrate as a complexing
agent and bath stabilizer. The compositions of these citrate-added baths are listed in
Table 3-2 and Table 3-4, respectively. The bath pHs are natural without the addition of

any acid or base. Figure 4-1 illustrates the molecular structure of ammonium citrate.

4.2 Stability diagrams of plating baths

The stability of plating baths can be studied through stability diagrams. Unfortunately,
no stability diagram calculations have been made in the reviewed references. In this
section, the stability diagrams of single metal and alloy plating systems of interest are
calculated with OLI Analyzer Software. The fundamentals of construction of stability

diagrams are briefly introduced in Appendix 2.

4.2.1 Stability diagrams for single metal plating baths

The main differences in the citrate-added CoFe and CoFeNi plating baths (Tables 3-2
and 3-4), relative to the conventional baths (Tables 3-1 and 3-3), are the introduction of a
complexing agent — ammonium citrate as a bath stabilizer and relatively high pH levels

(natural pH).

4.2.1.1 Stability diagrams for separate Co plating baths

The calculated stability diagrams of single cobalt plating baths with no citrate
addition, 0.08M potassium citrate (K3(C¢HsO;)) and 0.08M ammonium citrate
((NH4)3(C¢H;s05)) are shown in Figures 4-2a, b and c, respectively. The dashed lines a
and b in the diagrams refer to the equilibrium lines for H'/H, and (O, + H')YH,0,
respectively. The same notation is used for the other diagrams. For a cobalt plating bath
open to air with no citrate addition, thermodynamically, the bath stability is controlled by

the precipitation of Co(OH); at pH over 5.8 (Figure 4-2a). With the introduction of
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Figure 4-2. Stability diagrams for cobalt plating baths.

0.08M K;(CsHsO7), the bath is stable until the precipitation of Co(OH); at pH higher
than 6.5 (Figure 4-2b). With the addition of 0.08M (NH4)3(C¢HsO5), the bath stability is
also controlled by the precipitation of Co(OH); at pH higher than 6.5. However, the
employment of ammonium citrate creates an additional stable region of Co(NH_;)(,3 * from
pH 7.9 to 10.5, because of the complexing effect of NH; on Co™ ions (Figure 4-2c).

Therefore, the introduction of citrate can improve the stability of cobalt plating baths.

4.2.1.2 Stability diagrams for separate Fe plating baths

The stability diagrams for single Fe plating baths with no citrate addition, 0.015M
K3:(CsHsO7) and 0.015M (NHy)3(C¢HsO7) are illustrated in Figures 4-3a, b and c,
respectively. For an iron plating bath open to air with no citrate addition,

thermodynamically, Fe(OH); precipitate forms at pH over 3.1 (Figure 4-3a). The addition
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Figure 4-3. Stability diagrams for iron plating baths.

of citrate extends the appearance of Fe(OH); to pH values above 5.8 (Figures 4-3b and c).
Unlike the Co plating bath, the employment of ammonium citrate makes no difference
relative to potassium citrate. No stable complexing ions of NH3 are formed. Apparently,

the introduction of citrate can effectively improve the stability of Fe plating baths.

4.2.1.3 Stability diagrams for separate Ni plating baths

The stability diagrams for single Ni plating baths with no citrate addition, 0.30M
K3(CsHs507) and 0.30M (NH4)3:(CsHs07) are shown in Figures 4-4a, b and c, respectively.
For a Ni plating bath with no citrate addition, the bath is stable until the precipitation of
Ni(OH); at pH over 6.2 (Figure 4-4a). The introduction of citrate extends the appearance
of Ni(OH), precipitate to pH above 7.7 (Figures 4-4b and c). Similar to the Fe plating

bath, the employment of ammonium citrate makes little difference relative to potassium
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citrate. Obviously, the introduction of citrate can improve the stability of Ni plating

baths.
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Figure 4-4. Stability diagrams for nickel plating baths.

4.2.2 Stability diagrams for CoFe and CoFeNi alloy plating baths
4.2.2.1 Stability diagrams for CoFe alloy plating baths

The stability diagrams for CoFe plating baths with no citrate addition, 0.17M
K3(C¢Hs07), 0.17M (NH,;)3(C¢HsO7) and 0.0206M (NH.)3(C¢HsO4), are illustrated in
Figures 4-5a. b, ¢ and d. respectively. The predominant areas of Co species and Fe
species are defined by red and green lines, respectively. For a CoFe plating bath open to
air with no citrate addition, thermodynamically, the bath stability is controlled by the
precipitation of Fe(OH); at pH over 3.1 (Figure 4-5a). The addition of 0.17M K3(CcHs0-)
or (NH4)3(CsHsO7) extends the appearance of Fe(OH); precipitate to pH above 5.8
(Figures 4-5b and c). The employment of ammonium citrate creates an additional stable
region of Co(NH;3)¢™* from pH 7.4 to 11.1, because of the complexing effect of NH; on

Co™ ion (Figure 4-5c). The addition of 0.0206M (5g/L) (NH.)3(CsHs0O7) extends the
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precipitation of Fe(OH);to pH above 5.2 (Figures 4-5d). Comparing Figure 4-5d with

Figure 4-5c, it is clear that the employment of a low concentration of ammonium
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Figure 4-5. Stability diagrams for CoFe alloy plating baths.
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citrate will not create an additional stable region of CO(NH3)63+ for cobalt. Generally, the

introduction of citrate can effectively improve the stability of CoFe plating baths.

4.2.2.2 Stability diagrams for CoFeNi alloy plating baths

The stability diagrams for CoFeNi alloy plating baths with no citrate addition,
0.206M K;3(CgHs07). 0.395M K;3(CsHs07) and 0.395M (NH,)3(C¢Hs0O5), are illustrated in
Figures 4-6a, b, ¢ and d. respectively. The predominant areas of Co species, Fe species,
and Ni species are defined by purple, green, and red lines, respectively. For a CoFeNi
plating bath open to air without citrate addition, thermodynamically, the bath stability is
controlled by the precipitation of Fe(OH): at pH over 3.1 (Figure 4-6a). After the
addition of 0.206M Kj3(CeHsO5). the bath is thermodynamically stable until a pH~4.7
under the given concentrations of metal ions (Figure 4-6b). The addition of 0.395M
K3(C¢HsO7) or (NH4)3(CeHsO7) extends the appearance of Fe(OH); precipitate to pH

values above 5.8 (Figures 4-6¢ and d). The employment of ammonium citrate creates an
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Figure 4-6. Stability diagrams for CoFeNi alloy plating baths.

additional stable region of Co(NH;)s™* from pH 6.8 to 10.05 because of the complexing
effect of NH; on Co™ ions (Figure 4-6d). Therefore, the introduction of citrate can
effectively improve the stability of CoFeNi alloy plating baths.

From Figures 4-5d, 4-6b and 4-6c, it can be seen that citrate has the strongest
complexing power for Fe ions, followed by Ni** ions, and the weakest complexing effect
for Co™" ions.

The calculated stability diagrams demonstrate that, the stability of CoFe and CoFeNi
plating baths open to air is dominated by the appearance of Fe(OH); precipitate at a pH
around 3.1. Therefore, it is easy to understand the selection of bath pH in the range of 2.0
to 3.0 by most researchers. [Osaka03-1] [Osaka98-1] [Osaka98-2] [Liu03]

Thermodynamically, citrate additives can effectively stabilize the single metal, CoFe and
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CoFeNi alloy plating baths, preventing the precipitation of metal hydroxides at higher pH

levels.

4.3 Main complexing reactions in citrate-added plating baths

The distribution of ion species in citric acid solution at different pH values was
calculated with OLI Analyzer (see Figure 4-7). At pH <3.0, citric acid (C¢HgO,) is the
dominant form, with some [H.C¢HsO4] 1ons:

C(,H307 = [H3C6H5O7]— + H+

"
! /
oo - ﬁ‘ A ) .“ - —Catnic acid - A ol
*".  ? \“-. *' —@—Citrate jond- 3 [rmol]
as | '.I"A ‘I.."'. '."-A”." a  Dlepdvogen atrate wond 1) rool]
'1] ] e Py cileate ioni- 2 rool]

Citric acid - Aq, Citrate ion(-3), etc.

Figure 4-7. Distribution of ion species in citric acid solution (0.30 M ) vs pH.

For 3.0<pH<4.1. [H:Ce¢HsO7]™ is the dominant species, with some citric acid and
[HC6H507]2' ions coexisting:

[H2CsHs07]™ = [HCsH507]* + H
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For 4.1<pH<S.1, [HC6H507]2' is the dominant species, with the coexistence of
[H2CeHsO7] ions and [CeHsO4]* ions:

[HCeH507)* = [CeHsO7)> + H
At pH >5.1, [C6H507]3' is the dominant species, with the coexistence of [HC(,H507]2'
ions. Thermodynamically, the complexing reaction between a citrate ion species and a
metal ion is dominated by the complexing power of the citrate ion species to the metal
ion, which can be represented by the equilibrium constant of corresponding complexing
reaction.

From the above calculated stability diagrams and distribution of ion species in citric
acid solution at different pHs (Figures 4-5, 4-6 and 4-7), the main chemical and
electrochemical reactions involved in citrate-added baths for CoFe and CoFeNi
deposition can be analyzed. Generally, according to Figures 4-5b, 4-6¢ and 4-7, for
citrate-added baths open to air, the reduction of oxygen will occur.

1/404(g) + H'(aq) + € = 1/2H,0(1)

For iron ions, the following reactions can occur:

At pH<0.5, Fe*" - e =Fe’

For 0.5<pH<2.8, Fe*" + C¢HsO; - € = 3H" + FeCeHs01(aq)

For 2.8<pH<4.2, Fe’* + [HCeH;s07]* = Fe[HC¢H507](aq) or
Fe?* + [HaCeHs0]" = Fe[HC(Hs0](aq) + H'
Fe[HCsH50,] - € = H" + FeCsHs0+(aq)

For 4.2<pH<5.8, Fe’" +[C¢Hs07]> = Fe[CsHsO] or
Fe** + [HCeHs07)* = Fe[C¢HsO7] + H*
Fe[C¢HsO4] - e = FeC¢HsO4(aq),

At pH>5.8, Fe(OH); precipitates out.

Therefore, FeC¢HsO(aq) contributes to stabilizing the iron species.

For cobalt ions, the following reactions can occur:
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At pH<3.0, Co*" is stable

For 3.0<pH<4.3, Co®™" + [HCsHs07]* = Co[HCH;0)(aq) or
Co®" + [H2CeHs07] = Co[HCH;sO7](aq)+H"

For 4.3<pH<6.5, Co®' + [C¢Hs07]* = Co[CsHs04] or
Co*" + [HCeH;s07])* = Co[CeH507] + H

At pH>6.5, Co(OH); precipitates out.

For nickel ions, the following reactions can occur:

At pH<2.9, Ni*" is stable

For 2.9<pH<4.0, Ni*"+ [HCeHs07)* = Ni[HCH;01](aq) or
NiZ* + [H2CeHs07] = Ni[HC,Hs07](aq) + H'

For 4.0<pH<7.5, Ni** + [C¢Hs07]’ = Ni[CcH507] or
NiZ* + [HCeHs01]* = Ni[C¢HsO] + H*

At pH>7.5, Ni(OH), precipitates out.

With the employment of ammonium citrate at high concentration (Figures 4-5¢ and
4-6d), in the pH region higher than that for the appearance of Co(OH); precipitate, the
following reactions can occur:

NH;" + OH™ = NH40H

NH,4OH = NH;3; + H,0

Co(OH)s(s) + 6NH; = Co(NH;)s**(aq) + 30H

For specific plating baths, the expected reactions are described in the following
paragraphs.

The main complexing reactions in CoFe alloy plating baths, with high
citrate-additions at pH ~4.4 according to Figures 4-5b, 4-5¢ and 4-7, can be summarized
as:

Fe** + [HCeHsO7]* = Fe[C¢Hs07] + H"

4Fe[C¢Hs0] - 4e = 4FeC¢Hs0(aq), Oa(g) + 4H'(aq) + 4¢” = 2H,0(1)
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Co*" + [HCH507)* = Co[CsH507] + H'

For CoFe plating baths, with low citrate dosage (0.0206M citrate) at pH ~4.4 (refer to
Figures 4-5d and 4-7) the reactions will be:

Os(g) + 4H'(aq) + 4e = 2H,0(1)

4Fe*" + 4[HC¢Hs07] % - 4e” = 4FeC(Hs0(aq) + 4H"

Co* + [HCHs07]* = Co[CeHs07] + H*

The main complexing reactions in CoFeNi alloy plating baths, with high
citrate-additions at pH ~5.3 according to Figures 4-6¢c, 4-6d and 4-7, can be summarized
as:

Fe®* + [CeHs07]* = Fe[CeHs07]"

4Fe[C¢HsO] - 4e” = 4FeCcHsO7(aq), Oa(g) + 4H"(aq) + 4e” = 2H,0(l)

Co*" + [CeH507] > = Co[C¢H501]

Ni** + [CeH507] > = Ni[C4HsO7]

4.4 Stability of plating baths

The calculated stability diagrams demonstrate that, thermodynamically, citrate can
effectively improve the stability of CoFe and CoFeNi alloy plating baths, preventing the
precipitation of metal hydroxides at higher pH levels. To verify the results of stability
diagram calculations, stability tests on CoFe and CoFeNi plating baths with and without
the addition of ammonium citrate have been conducted. The results are summarized in
Tables 4-1 and 4-2, respectively.

It can be seen that conventional CoFe and CoFeNi plating baths are not stable; their
useful lifetime is less than 48 hours. Ammonium citrate can significantly improve the
stability of both CoFe and CoFeNi plating baths, i.e., the citrate-added CoFe and CoFeNi
plating baths are much more stable than the conventional ones. For citrate-free baths, a

bath with a lower pH level is more stable.
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Table 4-1. Stability tests for CoFe plating baths with and without the addition of

ammonium citrate.

Bath composition

0. 17201\/71 CoSOy4
0.050M FeSO4
0.4M H;BO;
0.01g/L sodium laury! sulfate
5 g/L ammonium citrate
 0048MCoSOy
0.050M FeSOy4
0.4M H;BO;
0.01g/L sodium lauryl sulfate
0.28M NH4Cl

0 g/L ammonium citrate

0.048M CoS04
0.050M FeSO,
0.4M H;BO;
0.01g/L sodium lauryl sulfate
0.28M NH4Cl

0 g/L ammonium citrate

pH

~44

(natural)

3.8

(natural)

Stability

Plated bath was transparent
after more than 2 weeks.
Plating results were repeatable

after 2 days.

Precipitate appeared in plated

bath within 20 hours.

24
(pH adjusted
with dilute

H,S0y)

Precipitate appeared in plated

bath after less than 24 hours.
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Table 4-2. Stability tests for CoFeNi plating baths with and without the addition of
ammonium citrate.

Bath composition | pH 7 Stability
~ 0.08M CoSO; o
0.015M FeSO, Plated bath was transparent
0.3M NiSOy 53 atter more than one month.
0.4M H3;BOs3 (natural) Plating results were repeatable
0.01g/L sodium lauryl sulfate after 6 days.

50 g/l ammonium citrate

0.08M CoSOq
0.015M FeSOq4

0.3M NiSO4
4.2 Precipitate appeared in bath
0.4M H;BO;
(natural) within 2 hours during plating.
0.01g/L sodium lauryl sulfate
0.28M NH4ClI
0 g/L ammonium citrate
0.08M CoSO4
0.015 M FeSO4
2.7
0.3M NiSOq,
(pH adjusted Precipitate appeared in plated
0.4M H;3;BO;
with dilute bath after less than 48 hours.
0.01g/L sodium lauryl sulfate
H,SO04)

0.28M NH4Cl

0 g/L ammonium citrate

4.5 Morphologies of CoFe and CoFeNi films electroplated from the

citrate-added baths and conventional baths

Besides the stability problems, conventional CoFe and CoFeNi plating baths suffer
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from low current density efficiency and voids in deposited films, because of the
employment of low pH levels which favor the electroplating of H,. The voids in
deposited films will degenerate film magnetic properties and uniformity. As listed in
Appendix 1, H'/H, has a more positive equilibrium potential than the metal electrodes,
which means hydrogen can be more easily reduced than the metals. The H" concentrations
in the citrate-added baths are hundreds of times lower than those in the conventional baths
(pH = 2.0-3.0). [Osaka03-1] [Osaka98-1] [Osaka98-2] [Liu03] Therefore, more uniform
and denser films should be plated out. The morphologies of films plated from

citrate-added baths and conventional baths were investigated using SEM.

4.5.1 Morphologies of CoFe films

4.5.1.1 Plan views
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b. Magnification of circled part in a.
Figure 4-8. Plan view SEM SE images of CoFe film plated from a bath with 0 g/L

ammonium citrate and pH 2.4 at i = 15mA/cm?; top, = 6ms; toff = 4ms; agitation of

600rpm.
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Figure 4-9. Plan view SEM SE images of CoFe film plated from a bath with 5 g/L

ammonium citrate and pH 4.4 at i = 15mA/cm?; top = 6ms; ton + toff = 10ms;

agitation of 600rpm.

Plan view images of representative CoFe films plated from a conventional low pH
bath (Table 3-1) and citrate-added bath (Table 3-2) are illustrated in Figures 4-8 and 4-9,
respectively. It can be seen that the film deposited from the conventional low pH bath is

porous, while the film plated from citrate-added bath is much more uniform.

4.5.1.2 Cross-section views

The cross-section views of the above CoFe films are illustrated in Figures 4-10 and
4-11, respectively. Similar to the plan views, the cross-section of the film deposited from
the conventional low pH bath looks porous, while the cross-section of the film plated

from citrate-added bath is denser.
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3 micrometers

CoFe
deposit

Figure 4-10. Cross-section SEM SE image of CoFe film plated from a bath with 0

g/L ammonium citrate and pH 2.4 at i = 15mA/cm?; tyn = 6ms; typ + toff = 10ms;
on on ™ loff

agitation of 600rpm.

CoFe ,
deposit: '

Figure 4-11. Cross-section SEM SE image of CoFe film plated from a bath with 5

g/L ammonium citrate and pH4.4 at i = 15mA/cm?; top, = 6ms; top, + toff = 10ms;

agitation of 600rpm.
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The morphology studies demonstrate that the CoFe film plated from citrate-added

bath is more uniform and denser than that deposited from conventional low pH bath.

4.5.2 Morphologies of CoFeNi films
4.5.2.1 Plan views

Plan view images of representative CoFeNi films plated from a conventional low pH
bath (Table 3-3) and citrate-added bath (Table 3-4) are shown in Figures 4-12 and 4-13,
respectively. Similar to CoFe films, the CoFeNi film deposited from the conventional
low pH bath are porous. The high magnification figure (Figure 4-12b) illustrates the
microstructure of the holes. However, the CoFeNi film plated from citrate-added bath is

much smoother and more uniform (Figure 4-13).
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. »

N S
b. Magnification of circled part in a.

Figure 4-12. Plan view SEM SE images of CoFeNi film plated from a bath with 0

g/L ammonium citrate and pH 2.7 at i = BmA/cm?; top, = 0.3ms; ton + toff = 10ms;

agitation of 600rpm.
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B - . S
.15 micromsters -

b
Figure 4-13. Plan view SEM SE images of CoFeNi film plated from a bath with 50

g/L ammonium citrate and pH 5.3 ati = BmA/cm?; ton = 0.3ms; ton + toff = 10ms;
on on ™ loff

agitation of 600rpm.

3 micrometers

Figure 4-14. Cross-section SEM SE image of CoFeNi film plated from a bath with

0 g/L ammonium citrate and pH 2.7 at i = 6mA/cm?; top, = 0.3ms; top, + toff = 10ms;

agitation of 600rpm.
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3 nicrometers

CoFe
deposit

T~

Figure 4-15. Cross-section SEM SE image of CoFeNi film plated from a bath with

50 g/L ammonium citrate and pH 5.3 at i = 6mA/cm?; top = 0.3ms; toff = 9.7ms;

agitation of 600rpm.

4.5.2.2 Cross-section view

Cross-section views of the corresponding CoFeNi films are illustrated in Figures 4-14
and 4-15, respectively. The cross-section of the film deposited from the conventional
bath is porous and corresponds to the plan view image (Figure 4-12b). The cross-section
of the film plated from citrate-added bath is much denser.

The morphology analysis demonstrates that the CoFeNi film plated from the
citrate-added bath is more uniform and denser than that deposited from the conventional

low pH bath.

4.6 Summary
The calculated stability diagrams demonstrate that the stability of conventional CoFe

and CoFeNi alloy plating baths open to air is dominated by the precipitation of Fe(OH);
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at a pH above 3.1. Thermodynamically, citrate additives (ammonium citrate or potassium
citrate) can effectively stabilize the single metal, CoFe and CoFeNi alloy plating baths,
preventing the precipitation of metal hydroxides at higher pH levels. The employment of
ammonium citrate creates an additional stable region of Co(NH3)e**, because of the
complexing effect of NH; on Co>* fon.

The calculated stability diagrams also show that citrate has the strongest complexing
power for Fe ions, followed by Ni** ions, and the weakest complexing effect for Co**
ions.

The main complexing reactions in CoFe and CoFeNi alloy plating baths with citrate
addition have been discussed.

Bath stability tests verify that the conventional CoFe and CoFeNi plating baths are
not stable; ammonium citrate can significantly improve the stability of both CoFe and
CoFeNi plating baths.

The morphology studies demonstrate that CoFe and CoFeNi films plated from the
citrate-added baths are more uniform and denser than those deposited from the
conventional low pH baths. Therefore, the introduction of ammonium citrate into the
CoFe and CoFeNi plating baths can effectively stabilize the plating bath, elongate the

bath life and improve the film morphology.
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Chapter 5 Electrodeposition of CoFe and CoFeNi thin films

Due to the advantages of simplicity, cost-effectiveness and controllable patterning,
electrodeposition processes have major significance in the fabrication of thin-film
recording heads. The introduction of electrodeposited permalloy (NigyFes)) as the core
material of thin film inductive heads by IBM in 1979 made thin-film recording heads
technologically and economically viable. Write-head cores are currently fabricated by
electrodeposition processes. [Chiu96] The need for recording heads to write on
high-coercivity media has raised new requirements for the write-head material that
cannot be met by NiggFe. [Andricacos98] CoFe and CoFeNi alloys have been the most
studied soft magnetic materials over the past several decades, because of their superior
properties over FeNi alloys as write head core materials in magnetic storage
technologies.

In this chapter, the fundamentals of electrodeposition are briefly introduced based on
the literature [Gileadi93] [Bockris67] [Brenner 63] [Sun98], and the electrodeposition of

CoFe and CoFeNi alloy films from citrate-added baths is studied.

5.1 Fundamentals of electrodeposition

Electrodeposition, also referred to as electroplating, is an electrochemical process by
which metal is deposited on a conductive substrate (i.e., cathode) by passing a current
through the bath (see Figure 2.10). The plating bath, also known as the electrolyte, is a
liquid solution containing the desired metal ions or suspended particles to be deposited.
The anode is connected to the positive terminal of the current supply. Usually it is a foil,
net, or wire made of a noble metal such as platinum, or sometimes the metal to be
deposited (assuming that the metal will dissolve into the electrolyte). The cathode, the

substrate to be plated, is submerged into the plating bath. The cathode should be

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



electrically conductive and connected to the negative terminal of current supply. As the
current is applied, positive metal ions in the solution are attracted to the negatively
charged cathode and deposited on it.

Electroplating is govemed by Faraday's Laws. The mass of metal deposited on
cathode is proportional to the amount of current passed through the cell. When 96,485
coulombs of electrical charge passes through an electrolytic solution, one equivalent of
substance is produced on an electrode. The gram equivalent weight (GEW) is the number
of grams of substance per equivalent. The GEW of a chemical in an oxidation-reduction
reaction is equal to its atomic or molecular weight divided by its valence change (number
of electrons gained or lost) in the reaction. The weights of different substances produced
at an electrode by the same amount of current are proportional to their GEW:

Weight produced at an electrode = (Current in amps)*(time in sec)*(GEW of
substance deposited) / 96,485 grams

Of course, 100% plating efficiency is assumed in the above calculation.

5.1.1 Electrodeposition of single metal
5.1.1.1 Electrode reactions

A cathode reaction for metal deposition can be expressed as:

M™ +ne — M (5.1
where 7 is the number of electrons that a metal ion needs to be reduced to a neutral atom,
and M™ is a simple aquo ion such as hydrated Co**, Fe**, or Ni*". For conventional
CoFeNi plating baths, without the addition of complexing agents, the deposition of

metals from simple aquo ions involves (refer to Appendix 1, electrode potential vs.

SHE):
2+ - 0
Fe™'(aq) +2¢ — Fe(s) €t pe =041V
3+ - 0
Fe'"(aq) + 3¢ — Fe(s) €t pe =-0.04V
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0

Co**(aq) + 2¢" — Co(s) &t 1co

=-0.28V

Ni**(aq) + 26" — Ni(s) 8‘,)wz. oy =023V

If the metal ion M"" is complexed, the reduction of metal from a complexed metal ion
can be expressed as:

M" [complex” ]+ ne’ — M + m[complex”] (5.2)
where [complex”] represents the functional ion of a complexing agent, such as citrate ion
[CoHsO7]* or cyanide ion CN’; M™[complex”],, is a complexed metal ion, such as
Co[C¢Hs07], Fe[CqHsO07]" or Ni[CoHsO7]. According to the existing theory, the
deposition of metal from a complexed metal ion is a process whereby the metal is
deposited by direct discharge from the complex ion, without first dissociating the
complex ion to give a metal ion [Gileadi 93] [Tan 93]. The metal ion is stripped from its
distorted sheath as the complex ion passes through the electrical double layer to the
metal/solution interface, is neutralized by accepting electrons and then deposited on the
cathode.

For the citrate-added baths, reduction reactions of metals from citrate-complexed ions
include:

Fe[CsHs07] (aq) + 2¢" — Fe(s) + [CsHs07]" (aq)

Fe[CeHsO7](aq) + 3¢ — Fe(s) + [CsHs07]™ (aq)

Co[CHs07] (aq) +2¢” — Co(s) + [CeHsO1]” (aq)

Ni[CeHs07](aq) + 2 — Ni(s) + [CeHs07)” (aq)

The most common secondary reaction at the cathode is hydrogen reduction,

especially in acidic electrolytes:

0
2H"(aq) + 26" — Ha(g) €1, =0.00V

In this research, an inert anode (Pt foil) is employed. The anode reaction involves
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oxygen evolution:

0
2H,0(l) - 4¢” — Os(g) + 4H'(aq) € 0,/H,0 =123V

The metal ions may also be oxidized at the anode, such as:

, 0
Fe™'(ug) - € — Fe’’(aq) € F Fer =071V

Fe[C6H507]‘ -¢ — Fe[C6H507](aq)
If metallic cobalt is employed as the anode as in some of the literature [Liu00-2]

[Liu03], the preferred anode reaction will be the dissolution of cobalt:

0
Cof(s) - 2¢ — Co**(aq) € oo =-028V

From the Nernst equation, the actual potential of an electrode can be calculated:

o _RT | Ta(Red)

€=¢ n (5.3)
nF  Tla(Ox)
or a=s°+ﬂln—M (5.3a)
nF  Tla(Red)

where R is the universal gas constant (8.314J mol! K"), T is the absolute temperature (in
K), n is the number of moles of electrons involved in the electrode reaction as written,
and F is the Faraday constant (96,485 C:mol™). The notation ITa(RED) represents the
product of the chemical activities of all species which appear on the reduced side of the
electrode reaction, and the notation [1a(OX) represents the product of the chemical
activities of all species which appear on the oxidized side of the electrode reaction. For
pure solid substances, such as Fe(s), Co(s) and Ni(s), or pure liquid substances, like
H,O(1), their activities are constant, so in the Nernst equation as elsewhere in chemical
thermodynamics their values are considered to be 1. As a reasonable estimate, the
activities of gases are usually taken as their partial pressures and the activities of solutes

such as metal ions are usually taken as their molar concentrations.
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For the electrodeposition of Fe(s) from 0.053M FeSO4-7H>O solution at 7" = 293K,

the actual electrode potential € ..., -, can be calculated:

\] R T !
8 2 - = 8 s, 2t ) - ln
Fe~' [ Fe Fe I Fe 2 F C 2
Felt
8.314x293 ]
& .. —(04l. In V =-0447V
Fetire = 2%96485 " 0,053

Table 5-1 lists the calculated potentials for single metal electrodes at 293K (20°C) at
different metal ion concentrations. Since the stability constants for the complexing
reactions between the citrate ions and the metal ions are not available, the potentials for

single metal electrodes involving metal-citrate complexing ions have not been calculated.

Table 5-1. Calculated potentials of single metal electrodes at 293K for different metal ion

concentrations.
Cathode Reaction (Reduction) Standard Metal ion Calculated
Potential €’ (V) | conc. (M) | Potential € (V)
Fe?*(aq) + 26 — Fels) 041 0.053 -0.447
e (aq e — Fe(s -0.

0.015 -0.463
- 0.120 -0.307

Co“"(aq) + 2e'— Co(s) -0.28
0.050 -0.318
- _ 0.30 -0.245

Ni“"(aq) + 2" — Ni(s) -0.23
0.20 -0.250
R ) pH=25 -0.145

2H (aq) + 2¢" — Ha(g) 0.00
pH=5.3 -0.308

Theoretically, the more positive the reduction potential, the easier the metal (or
element) can be reduced (deposited). From Table 5-1, it can be seen that the employment
of a relatively high pH level (pH = 5.3) will decrease the potential of the H'/H, electrode.

Therefore, the evolution of H, gas can be more effectively suppressed at higher pH levels.
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The adoption of higher metal ion concentrations will increase the reduction potential of

the metal electrode and benefit the metal reduction.

5.1.1.2 The electrical double layer

In the discussion of electrode reactions, it is important to understand the nature of the
electrode/electrolyte interface. A charged ion species in solution tends to be attracted to
or repelled from the electrode-solution interface. This results in a separation of charge
and the formation of a layer of solution with a different composition from the bulk
solution, which is known as the electrical double layer. As a result of the charge
separation, the electrical double layer has an apparent capacitance (known as the double
layer capacitance). There are several theoretical descriptions of the structure of electrical
double layer.
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Figure 5-1. Models of the electrical double layer. [Cartage04]

The first model to use the term 'electrical double layer' was presented by Helmholtz
in the 1850's. [Cartage04] In his model, the interactions between the ions in solution and
the electrode surface were assumed to be electrostatic in nature, and resulted from the
fact that the electrode holds a charge density which arises from either an excess or
deficiency of electrons at the electrode surface. The charge held on the electrode is
balanced by an ion layer with opposite charge attracted to the electrode surface. The
overall result is two electrical layers (the double layer) and a potential drop which is
confined to this region (named the outer Helmholtz Plane, OHP) in the solution. The
OHP position is assumed to be within the radius of an ion, or the solvation sphere around

an ion, from the electrode surface. The Helmholtz electrical double layer model is shown
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in Figure 5-1a.

The Helmholtz model does not account for many factors, such as diffusion/mixing in
the solution, the possibility of adsorption onto the electrode surface and the interaction
between solvent dipole moments and the electrode. A later model presented by Stern
addresses some of these limitations (Figure 5-1b). The electrostatic interactions are in
competition with Brownian motion, so the attracted ions are assumed to be able to move
in solution. The potential drop occurs over the region called the diffuse layer, which is
~100x10" m from the electrode surface. Many modifications and improvements have
been made to these early models using numerical modeling approaches to simulate the

ion redistribution around the electrode.

5.1.1.3 Overpotential

Overpotential is the deviation of an electrode potential from its equilibrium value as a
current flows across the electrode/solution interface, i.e., overpotential = € ypplicd - g,
[t represents the extra energy needed to drive the electrode reaction to proceed at a
required rate (or its equivalent current density). There are three major types of
overpotentials: activation overpotential, concentration overpotential, and ohmic
overpotential. [Electrochem04]

Ohmic overpotential is simply associated with the ohmic loss which results from the
IR drop in an electrochemical cell, where I and R represent current and resistance,
respectively.

Activation overpotential is the overpotential associated with the charge-transfer
reaction elementary step in the overall electrode reaction. It is positive for anodic
polarization (n>0) and negative for cathodic polarization (n<0). The kinetics for an

activation-controlled process can be generally expressed by the Butler-Volmer equation:
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u,{exp(ﬁRT ) - exp(~ “‘BY)”P >} (5.4)

where i, = nFk,C exp(ERnTFs“) (5.5)

In the above formulas, ky is a constant; i, is the exchange current density; C is the bulk
concentration of the metal ion, and €’ is the equilibrium potential of the electrode. /3 is
the charge transfer barrier or symmetry coefficient for the anodic or cathodic reaction.
values are typically close to 0.5. To describe a multi-step process, # must be replaced by
an experimental parameter, o, which is called the transfer coefficient.

Equation (5.4) retains a form which states that the measured current density at a
certain overpotential is the sum of the partial cathodic and anodic current densities. When

n is very low, such as 1<10 mV, a limiting form of current density can be expressed as:

nF
i=i— 5.6
vl (5.6)
Equation (5.6) demonstrates that i depends linearly on . Another limiting form can be
obtained when n< -50 mV and the first term in the Butler-Volmer equation becomes

negligible compared with the second. In this region, the equation can be simplified as:

BnF
1 =logip- —— 5.7
og(-i) = logiy S 3RT (3.7)

This equation is known as the cathodic Tafel equation. Similarly, positive overpotentials
greater than 50 mV will give the anodic Tafel equation. More generally, the Tafel
equation can be expressed as:

n=a+b logi| (5.7a)

Figure 5-2 illustrates a logl|i] vs. n curve for an electrochemical cell. The exchange
current density iy and transfer coefficients a are obtained from the intercepts and slopes,

respectively.
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Figure 5-2. log|i] versus n plot. [Gileadi 93]

Concentration overpotential is the overpotential associated with the mass transport of
the reactants to the electrode surface from the bulk of the electrolyte and the reverse
transport of the products. There are three different modes of mass transport, i.e.,
convection, migration and diffusion. Migration is the movement of charged species in
response to an electric field. Convection is the physical movement of the solution in
which the electroactive species is dissolved. It is the most efficient mode of mass
transport. Diffusion is driven by a concentration gradient in the solution, and is the most
common and important mode of mass transport. Diffusion of the electroactive species to
the electrode surface is an elementary step in the overall electrode reaction.
Concentration overpotential is also called "diffusion overpotential" or "mass-transport
overpotential." Under the condition of mass transport control, the rate of electrode
reaction is controlled by the diffusion of the electroactive species to the electrode surface.

Due to diffusion delay, the concentration of the electroactive species near the cathode
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surface is lower than that in the bulk solution. The concentration overpotential T, can
be expressed as:

Neone = 2.3(RT/nF)log(1- i/i}) (5.8)
where ; is the limiting current density.

Theoretically, a fundamental limiting current density can be reached if the current
density is increased to a large enough value, leading to no metal ions at the cathode
surface. Metal ions are consumed at a faster rate than they can be supplied. However,
before this point is reached, usually alternative electrode reactions such as the reduction
of hydrogen at the cathode, that is, hydrogen overpotential, will take place. The limiting
current density i;, which is independent of potential can be expressed as:

i, =nFDC% (5.9)
where D is the diffusion coefficient and C” is the bulk concentration of metal ions. J is
the Nernst diffusion layer thickness, which depends on the diffusion and convection
conditions in the plating bath. To obtain a uniform deposited film with smooth
morphology, the applied plating current density should be lower than about one half of i;.

In quiescent solutions, J is time ¢ dependent and can be given by

o) = (xby)"* (5.10)

For a rotating-disc electrode, d can be estimated by

d=161"D" w!"? (5.11)
where v is the kinematic viscosity (i.e., viscosity/density) of the solution and w is the
angular rotation rate of the electrode in radians per second. The essence of mass transport
relies on the quantity 0. Decreasing o will increase i;. Agitation will lower the value of ¢.

When the electrode process is dominated by mixed control, the activation and
mass-transport processes occur in series and combine to determine the overall reaction
rate. As current density represents the reaction rate, its reciprocal expresses the resistance

for the process. If i represents the current density under mixed control, i, represents the
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current density under activation control and /; represents the limiting current density
controlled by mass transport, the overall resistance //i is the sum of the resistance of
every step in series, that is:

17i = lVig. + 1/i; (5.12)
Therefore the smaller of the two current densities dominates the overall current density i.
A qualitative description of the relationship between current density and potential is

illustrated in Figure 5-3. [Gileadi 93]
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Figure 5-3. A qualitative description of the relationship between current density
and potential. Curve a is the pure activation-controlled current i; and curve b is
the actual current which will be measured, having a mass-transport-limited value
ir. [Gileadi 93]

5.1.1.4 Underpotential deposition
Underpotential deposition (abbreviated as "UPD") is the electrodeposition of a metal
on a foreign metal substrate at potentials less negative than the equilibrium potential of

the deposition reaction. The discharge process in UPD is energetically unfavorable, and it
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can occur only because of a strong interaction between the two metals, which makes the
overall energetics favorable. Consequently, only one (rarely two) monolayer can be
deposited this way, and this gives rise to a convenient way to produce well-controlled
monolayer deposits. It is likely that the underpotential-deposited layer forms an epitaxial

layer, i.e., taking on the crystal structure of the underlying substrate.
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Figure 5-4. Underpotential deposition of lead on gold from a solution containing
0.001 M Pb(ClO4); and 1.0 M HCIO,4. Two underpotential deposition (UPD) and
dissolution peaks were observed. [Gileadi93].

An example of underpotential deposition is the deposition of lead on gold from a
Pb(Cl0,),/HC10; solution. As shown in Figure 5-4, two UPD peaks (UPD-1 and UPD-2)
correspond to the underpotential deposition of two different monolayers of lead on a gold
substrate. [Gileadi93] The equilibrium potential for lead deposition refers to the free
energy change for the reaction:

Pb** + 2¢" — Pb(-Pberysial) (5.13)

where Pb(-Pbcrysat) means that the lead ion is reduced and incorporates into the lead
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crystal lattice. This free energy change and corresponding equilibrium potential refer to
the formation of Pb-Pb bonds.

In underpotential deposition:

Pb> + 2€ + AUcrysa— Pb(-Aucrysial) (5.14)
where Pb-Au bonds have been formed. The reason that lead can be deposited on gold at a
less negative potential than on lead is that Pb-Au bonds are more stable than Pb-Pb bonds.
As might be expected, the UPD peaks occur at different potentials, e.g., UPD-l and
UPD-2, which demonstrates the underpotential deposition of lead on different gold
crystal planes, with different atomic density and Pb-Au bonding strength. The bulk
deposition of lead on gold, after the underpotential deposition of lead has finished, starts
at a more negative potential than the equilibrium potential of lead deposition. The

potential difference is referred to as the crystallization overpotential.

5.1.1.5 Electrocrystallization

There are two competing processes in electrocrystallization: the growth of existing
crystals (grain growth) and the formation of new ones (nucleation). The elementary
reactions and steps in electrocrystallization have been summarized by Bockris et al
[Bockris67], as illustrated in Figure 5-5.

If the cathode is different to the metal to be deposited, the first step will be the
formation of an atomic layer of this metal. Then the layer is thickened into a macroscopic
deposit. Nucleation is achieved at an electrode surface by the application of a large
overpotential. Once formed, the nuclei can grow rapidly at relatively low potentials, and
under constant-current operation, the potential will decrease significantly after nucleation
has occurred. The crystals grow by incorporating individual metal atoms into the formed
crystal lattice. Of the possible sites for new atom incorporation in the formed crystal

lattice, a kink where the atom can interact (bond) with three neighbors is the most
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favorable position. Sometimes incorporation occurs at an edge site which has two
neighbors. Adatoms contacting with only one neighbor atom may diffuse and migrate to
more favorable sites or dissolve into the solution, although only a few will expand into

new nuclei.

Concentration

Cation

Mt
diffusion
layer

Convection and migration in bulk

Co

Depasition stage
mass transfer in the Nernst
diffusion layer

distance from electrade
>

Crystallization stage

electrode kinetics

nucleation

surface kinetics - diffusion and migration
adion lattice incorporation andcrystal growth
adsorption - desorption reactions

Figure 5-5. Elementary reactions and steps in electrocrystallization. [Bockris67]

The structure of the growing layer is determined largely by the relative rates of
electron transfer to form an adatom, diffusion of the adatom across the surface to a
position in the lattice, and the electrodeposition conditions, such as bath additives which
may radically affect the electrocrystallization process. At low current densities, the
diffusion and migration of an adatom on the surface is fast compared with electron

transfer; therefore, the adatom is likely to fit into a favored site in the lattice to form a
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perfect structure. At higher current densities, adatom diffusion is relatively slow
compared with electron transfer and further nucleation is more favorable, so that the

layer will be less ordered.

t
¢« - Dispersed powders
120 H+e - /2H, with increasing
oxide or hydroxide
content
1'0‘ 4
Powders (poorly adherent to surface)
Nodules, dendrites and whiskers M+ neeM
Polycrystalline
Bunched layers, ridges
o Spirals, layers, blocks (well formed) 1
-E

Figure 5-6. Microstructure dependence on current density. [Gileadi 93]

During the deposit thickening stage, a critical parameter is the current density. At low
current densities, adatom diffusion is fast relative to electron transfer; hence, both the
crystal lattice and structures such as screw dislocations can be well formed. At high
current densities, it is difficult for adatoms to reach their equilibrium positions in the
lattice, and nucleation of additional growth centers becomes the more favorable event.
Therefore, the lattice formed will be less ordered, and macro irregular features, such as
steps, ridges and polycrystalline block growth, become more probable. With further
increase in current density, outward growth of the layer becomes more prominent, and
problems resulting from mass transport control will occur, e.g., dendrites. Once this form
of growth starts, it will predominate because of the enhanced rate of mass transport to the
tip and the minimal IR drop to the tip as it is the closest point to the anode. A powdered

texture usually results from an applied potential region of complete mass-transport
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control. Figure 5.6 summarizes the way in which the structure depends on current density.

[Gileadi93]

5.1.1.6 Deposition rate and current efficiency

The average rate of metal deposition V), is obtained by measuring the film thickness x
during the plating time /:

V,=x/t (5.15)

Cathode current efficiency @ is the proportion of the total cathode current which is
used in metal deposition. It is obvious that hydrogen evolution at the cathode lowers the
current efficiency. The cathode current efficiency for metal deposition @ (<1) can be
estimated by assuming or measuring the deposit density y. If the molar mass of plated
metal is M, the applied current density is / and the surface area of deposited film is 4,
the number of moles of plated metal is:

(xAYYM,, = (Pi A )/(nF) (5.16)

Rearranging the above equation, will give a formula for the cathode current efficiency

& = (xy-nF)i-tM,) (5.16a)

5.1.2 Electrodeposition of metal alloys

A wide variety of binary and multi-element alloy coatings have been fabricated
commercially using electrodeposition. The most common ones include noble metal
alloys in the jewelry industry, zinc alloys for corrosion resistance, and iron group alloys
as functional thin films.

Traditionally, alloy electrodeposition has been described as a simultaneous deposition
of two or more components from the electrolyte. [Bockris67] [Bockris70] [Gileadi93]
The components are reduced at the cathode surface and the alloy composition is

determined by the relative ratios of the fluxes of the various components at cathode. The
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galvanic potential between the cathode and the solution is the same for all the deposited
components. Therefore, the various fluxes of the deposited components can be estimated
from the current—potential curve of each component separately according to the current

value at the applied potential (Figure 5-7). [Shacham00]

Potential, E
<
Component |
e Component 2 .
X : : I
Component 3: : : ¢
I Case B Case A

Current, I

Figure 5-7. Current versus potential curves for deposition of three components:
component 1 with the highest equilibrium potential; component 2 with lower Eg
and lower mass transport limited current; and component 3 with lowest E; and
highest transport limited current. (Examples: Case A, I,>1,, ;=0; Case B, >/,>1).
[ShachamO00]

Each of the components follows the conventional deposition process: (a) transport
from the solution to the cathode surface and (b) deposition of the species at the
cathode/solution interface. According to formula (5.9), the limiting current density of the
xth component can be given by:

i = -DWFC/) (5.17)
where D, is the diffusivity, n is the metal ion charge, C_ro is the metal ion concentration in
the solution and J is the diffusion layer thickness. The reaction can also be limited by the
rate of the activation-controlled surface reaction. As the overpotential becomes more

negative, the reverse or anodic current becomes less significant so that the total or net
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current density approaches the condition of a purely cathodic current. For the high-field
approximation, the Butler Volmer equation becomes:

iy= iy vexp(-a.Fv/RT) (5.18)
where iy, is the surface exchange current and «, is the activity. The total current is equal
to the external current in electrodeposition.

The above theory is reasonable as long as all the components are deposited via a pure
electrochemical process on the cathode, which typically occurs when the metals are in an
ionic state in the solution and can be deposited independently. However, this is not
always true, especially when co-depositing with refractory metals or with phosphorous or
boron. In these cases, codeposition is a mixture of an electrochemical process on the
cathode and a chemical reaction accompanying that process.

The composition of electrodeposited alloys depends on a number of factors and
differs from that of the electrolyte. [Brenner 63] Brenner distinguishes codeposition
behaviors as ‘normal’ or ‘abnormal’. In the first category, the relative proportions of the
metals in the electrodeposited alloy can be qualitatively determined on the basis of the
equilibrium potentials of the corresponding metal electrodes, as mentioned above.
Normal codeposition is further subdivided into ‘regular’ codeposition (diffusion
controlled), ‘irregular’ codeposition (activation controlled) and ‘equilibrium’
codeposition. In abnormal codeposition, the deposit composition cannot be predicted
from equilibrium considerations. This category of deposition includes ‘anomalous’ and
‘induced’ codeposition. In anomalous codeposition, the less noble component deposits
preferentially and its relative concentration in the deposited alloy is higher than that in
the electrolyte. Induced codeposition refers to the condition where a given element can
be codeposited with other elements to form an alloy, but cannot be deposited in pure

form, such as W and Mo.
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Figure 5-8. Evans diagrams representing the partial currents of components A
and B in anomalous codeposition of a binary alloy AB. Figures (a) and (b): both
partial reactions are charge transfer controlled. Figures (c) and (d): one of the
partial reactions is mass transport controlled. [Landolt94]

An approach to explain alloy deposition is based on ‘mixed potential theory’, which

states that the measured current in an electrochemical system is equal to the sum of the

partial anodic and cathodic currents. [Landolt94] Under Tafel kinetic conditions, from

formula (5.7), the logarithm of the ratio of cathodic partial current densities for species A

and B can be given by:

ln(i,;/i[g) =Ry - (Sc,A - Sc,B)E

(5.19)
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where Ry = In(iy+/in5) + (ScAEreva - Se.8Erevs) (5.20)

S.x represents the inverse of the cathodic Tafel coefticient, iy x represents the exchange
current density, and E,.k represents the equilibrium potential of the corresponding metal
electrode.

Formula (5.19) demonstrates that the composition of the deposited alloy is
independent of applied potential E, if S, o = S¢g. Formula (5.20) actually expresses the
effect of the exchange current density ratio to deposit composition. A less noble metal A
may deposit more readily than a more noble metal B (E ;.vg>E \v.a), if its exchange
current density is larger (iy.« > iy ). Landolt discussed four possible situations where a
less noble component A (E .va<E .vg) can deposit preferentially in a given potential

range where In|i,| > Injis| (see Figure 5-8). [Landolt94]

5.1.3 Pulsed current (PC) plating

Since the early 1970s, the application of pulsed current to the electrodeposition of
pure metals and alloys has attracted considerable attention from both researchers and
producers. Common waveforms employed in PC plating are illustrated in Figure 5-9
[Puippe86]. Compared with direct current (DC) plating, one main characteristic of PC
plating is the introduction of a t, (or Togr) time, which allows the recovery or partial
recovery of initial status around cathode/electrolyte interface during electroplating.
Therefore, PC plating can deposit films with more uniform composition and properties.

Due to the introduction of t,p the applied current density i, (i.e., peak current
density) in PC plating is larger than that in DC plating at the same average plating current
density. Hence, hydrogen evolution can be suppressed so that higher current efficiency
and lower deposit porosity can be achieved. PC plating can be used to deposit alloys with

compositions and microstructures not obtainable by DC plating.
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Figure 5-9. Schematic representation and suggested nomenclature for some
square-wave-modulated current systems, and definition of related parameters. (a)
Pulse, (b) superimposed pulse, (¢) duplex pulse, (d) pulsed pulse, (e)
pulse-on-pulse, (f) pulse reverse, (g) pulse reverse (with OFF time), (h) pulsed
pulse reverse and (i) Pulse-on-pulse reverse. [Puippe86]
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For mass transport in PC plating, there is a pulse-limiting current density i;p, at which
the concentration of electroactive species at the cathode surface reaches zero at the end of
a pulse. It is similar to the limiting current density i; in DC electrodeposition. Obviously,
the value of #;» depends on the choice of pulse parameters, such as 7, time.

An approximate model describing the mass transport processes in constant-current
pulse deposition was presented by Ibl. [Ibl80] In his model, the diftusion layer is treated

to consist of a pulsating part 8, and a stationary part 0 as illustrated in Figure 5-10.

c A

S T AN

>

X (distance from the cathode)

Figure 5-10. Concentration profiles of the two diffusion layers in PC plating at the
end of a pulse. &p is the thickness of the pulsating diffusion layer, and &s is the
thickness of the stationary diffusion layer. [IbI80]

Assuming linear concentration profiles in each part, the thickness of the pulsating

diffusion layer &p can be expressed as:

4
5, = \/;Dtm, (1-7) (5.21)

The pulse-limiting current density i;p can be given by:
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w=n{ ;—Bs"i(l—v)"sw] (5.22)

where v is the duty cycle defined as:

t
y=—o (5.23)
: t + ta_”.

on

t.n and t,y are the pulse time (on time) and off time in a cycle, respectively. The average
current density applied in PC plating can be given as

ia\'erage = Y’})ulxe (524)

Periodic reverse-current (PRC) plating

The main difference between PRC plating and common PC plating is the
employment of a reverse (anodic) pulse in the current cycle for PRC plating. It has been
claimed that PRC plating can improve deposit thickness uniformity and reduce internal
stress by periodic inversion of current direction, which leads to partial dissolution of
deposit. [Puippe86] The advantages of PRC plating include: polarization effects are at
least partially reduced; bath impurities which have been discharged on the deposit
surface may be dislodged; and electro-polishing conditions may be established. However,
the periodic reverse current may also result in a lower current efficiency, if the

forward-to-reverse current ratio is not kept at a reasonably high level.

5.2 Electrodeposition of CoFe and CoFeNi films from citrate-added
baths

To fabricate high-performance recording heads, thin films with optimal soft magnetic
properties, especially high saturation flux density Bs, are preferred. These properties can
only be achieved by controlling film chemical composition, phase formation (mixture of
bee and fec phases), grain sizes (nanocrystalline) and microstructure with a suitable

electroplating bath and process.
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It is well known that CoFe and CoFeNi alloys with compositions around FegoCosp
have a high saturation flux density Bs, which can be as high as 2.4 Tesla. [Bozorth51]
They do not possess a low coercivity He, however. Therefore, it is a challenge to deposit
high Bs (>2 Tesla) CoFe or CoFeNi films with optimal soft magnetic properties by

electroplating processes.

5.2.1 Electroplating of CoFe alloys

Yu and coworkers [Yu02] sputtered CoqsFess alloys with a high saturation
magnetization Ms of 2.35 Tesla, but with a coercivity Hc of more than 60 Oe. In this
research, CoFe thin films with a composition around CogsFes;s are plated from the
citrate-added baths. Plating bath composition and several operating parameters are varied,
including citrate dosage, cobalt concentration, iron concentration, current density, f,,
agitation and plating temperature. The composition of the citrate-added bath for CoFe
electrodeposition, used in all plating experiments except where specified, is listed in

Table 3-2, where complexing agent ammonium citrate is introduced as the bath stabilizer.

5.2.1.1 Effect of ammonium citrate

The effect of ammonium citrate dosage on the composition of plated CoFe films is
shown in Figure 5-11. It is interesting to note that there is a linear relationship between
the film composition (in at%) and ammonium citrate dosage. The Fe percentage in
deposited film increases, while the Co percentage decreases, with increasing ammonium
citrate dosage. Therefore, ammonium citrate affects the plating activity of both iron ion
and cobalt ion species.

The effect of ammonium citrate dosage on plating rate is illustrated in Figure 5-12.
Ammonium citrate dosage has a minor effect on plating rate up to a concentration of

~10g/L; however, the plating rate decreases rapidly as the ammonium citrate dosage
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further increases.
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Figure 5-11. Effect of ammonium citrate dosage on the composition of CoFe films

plated at i = 15mA/cm?; top, = 6ms; toff = 4ms; agitation of 600rpm.
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Figure 5-12. Effect of ammonium citrate dosage on the plating rate for depositing

CoFe films at i = 15mA/cm?; top, = 6ms; toff = 4ms; agitation of 600rpm.
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5.2.1.2 Effect of cobalt concentration
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Figure 5-13. Effect of cobalt concentration on the composition of CoFe films

plated at i = 15mA/cm?; top = 6ms; top, + toff = 10ms; agitation of 600rpm.
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Figure 5-14. EDS spectrum from a deposited film with a composition
corresponding to CogsFess plated at i = 15mA/cm?; ton = 6ms; tor = 4ms.

Figure 5-13 shows the effect of cobalt concentration in the electrolyte on the

composition of deposited CoFe films. The Co content in plated CoFe film increases,
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while the Fe content decreases, as cobalt concentration in the plating bath goes up
(Figure 5-13). This reflects the kinetics of electrodeposition, i.e., a higher metal 1on
concentration is beneficial for deposition of that metal.

At a Co concentration of 0.12M, the deposited film has a composition around

CogsFe;s (refer to the EDS spectrum shown in Figure 5-14).

5.2.1.3 Effect of iron concentration
As illustrated in Figure 5-15, the Fe percentage in deposited CoFe films increases,
while the Co percentage decreases with increasing iron concentration in electrolyte,

which is expected from the kinetics of electroplating.
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Figure 5-15. Effect of iron concentration on the composition of CoFe films plated

ati = 15mA/cm?; ton, = 6ms; ton + toff = 10ms; agitation of 600rpm.

5.2.1.4 Effect of Co/Fe concentration ratio
The effect of Co/Fe concentration ratio was studied as a means to further understand

the CoFe alloy plating process from the citrate-added bath. Table 5-2 illustrates the effect
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of Co/Fe concentration ratio in the electrolyte on the Co/Fe content ratio in deposited
CoFe films. The Co/Fe content ratio in the deposit increases with increasing Co/Fe
concentration ratio. When the Co/Fe concentration ratio in electrolyte equals to 1, the
cobalt and iron percentages in deposited film are close to 50 at%, i.e., the Co/Fe content
ratio in deposited film is also close to 1 (i.e., 0.98 in Table 5-2). As the Co/Fe
concentration ratio in the solution increases, it becomes larger than the Co/Fe content
ratio in the deposit, which means Fe is more preferentially deposited than Co. However,
from the standard electrode potentials listed in Appendix 1, the Co'/Co electrode has a
more positive potential than the Fe**/Fe electrode, so Co should be plated out more easily.
Therefore, Fe is anomalously deposited from the citrate-added CoFe plating bath. This is
similar to the abnormal deposition of Fe observed by other researchers when traditional
CoFe plating baths (no citrate addition and a lower pH of 2.0-3.0) are employed.
[Zech99]

Table 5-2. Effect of Co/Fe concentration ratio in electrolyte on the Co/Fe content
ratio in deposit. The Fe concentration is fixed at 0.048M.

Co/Fe conc. ratio in Co content (at%)|Fe content (at%) Co/F fr contenf ratio
electrolyte in deposit
0.5 31.0 69.0 0.45

1 49.6 50.4 0.98
1.33 55.7 44.3 1.26
1.71 60.7 39.3 1.54

2 62.9 37.1 1.70
2.5 65.3 34.7 1.88

3 70 30 2.33

4 71.6 28.4 2.52
12% 87.6 12.4 7.06

* The Fe concentration is 0.01 M.
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For films deposited from baths with the same Co/Fe concentration ratio, but with
difterent metal concentrations as listed in Table 5-3, the film compositions are quite close.
Therefore, the film composition is determined mainly by the Co/Fe concentration ratio in
plating bath under the employed conditions. This implies that the diffusion of cobalt and
iron ions to cathode/solution interface from the bulk is quick enough compared with the
metal deposition rate, i.e., the metal ion concentration ratio around the cathode surface is
consistent with the bulk concentration ratio under the utilized metal ion concentrations.
Therefore, the CoFe plating process is activation controlled, not mass-transport

controlled, under the applied conditions.

Table 5-3. CoFe films deposited from baths with the same Co/Fe concentration
ratio but different metal concentrations.

Co/Fe conc. Ratio | Fe conc. (M) | Co content (at%) | Fe content (at%)
1 0.12 49.0 51.0
1 0.048 49.6 50.4
4 0.048 70.5 29.5
4 0.048 71.6 28.4
4 0.03 72.4 27.6

5.2.1.5 Effect of current density

Current density is always an important factor for electrodeposition. It can affect the
microstructure and properties of deposited films. Figure 5-16 illustrates the effect of
current density on deposit composition. At current densities of 10 and 12 mA/cm?, the
film composition is around CoFes3p. At current densities higher than 15 mA/cmz, the
film composition is about CogsFesq. Therefore, high current density is beneficial for Fe

deposition.
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Figure 5-16. Effect of current density on the composition of CoFe films plated at

ton = 6ms; ton + toff = 10ms; agitation of 600rpm.

5.2.1.6 Effect of t,,
The on time ¢,,, adopted in PC plating, controls the deposition time in a cycle and

affects the pulse current density i, at a given average current density iuerage:

- [w: + [Q[}'
t

on

[ pulse [m'cragc (5 2 5)

The on time also atfects the diffusion of electroactive species at a given frequency (i.e.,
fixed cycle time). A low ¢,, will allow for better diffusion of metal ions, which helps to
maintain the initial ion concentration around the cathode.

As shown in Figure 5-17, the Co content in deposited film decreases slightly from 68
at% to 64 at%, and Fe content increases slightly from 32 at% to 36 at% as ¢,, increases
from 1ms to 6ms. With reference to the test result of current density i, it can be deduced
that the diffusion rate of iron ions is faster relative to that of cobalt ions. The film
composition is around CogsFess as t,, further increases. Generally, ¢,, has a slight effect

on film composition under the employed conditions.
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Figure 5-17. Effect of t,, on the composition of CoFe films plated at i = 15mA/cm?;

ton * toff = 10ms; agitation of 600rpm.

3.2.1.7 Effect of agitation

Agitation will result in convection of the electrolyte, accelerate the mass transport of
metal ions to the cathode, affect the metal ion ratio near the cathode surface and make the
concentrations of metal ions around the cathode surface closer to their bulk
concentrations.

As illustrated in Figure 5-18, with no agitation, the composition of deposited film is
CogyFes. With the introduction of agitation at 100 to 1000 rpm, the film composition
changes to around CogsFess. Therefore, the introduction of agitation benefits iron
deposition, which means the mass transport of the iron ion species to the cathode is more
favorably improved by agitation. In general, the agitation speed has little effect on film
composition. This implies that the metal ion concentrations employed and metal ion
transport are sufficient for obtaining stable film composition under the applied

conditions.

114

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



70 o

) o ) o

60 ° ¢
*
g 50
o
8
c
g 40 u] o a e a] o
g 0
° 30
E iOCOI
b= 20 o Fel

10

0 .

0 200 400 600 800 1000

Agitation, rpm
Figure 5-18. Effect of agitation on the composition of CoFe films plated at i =

15mA/cm?; top = 6ms; ton + toff = 10ms.

5.2.1.8 Effect of plating temperature
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Figure 5-19. Effect of plating temperature on the composition of CoFe fiims

plated at i = 15mA/cm?; ton = 6mMs; ton + toff = 10ms; agitation of 600rpm.
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b. Plating temperature of 40°C

Figure 5-20. Plan view SEM SE images of CoFe films plated at different

temperatures at i = 15mA/cm?; top, = 6ms; ton + toff = 10ms; agitation of 600rpm.
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The effect of plating temperature on film composition is illustrated in Figure 5-19.
Generally, the cobalt content in the deposited film increases as the plating temperature
goes up. For iron content in the plated film, the situation is reversed. Therefore, higher
temperatures are more beneficial for cobalt deposition in contrast to iron.

Increased plating temperature should accelerate the mass transport of metal ions to
the cathode and help overcome the energy barrier for metal deposition. In this case, the
effect is more pronounced for cobalt. Increased plating temperature can also help reduce
stress and cracking in deposited films (see Figure 5-20).

To compare with the CoFe films with high iron content (CossFess) plated by Osaka et
al [Osaka03-1], films with a composition around Cos;Fes; were also plated from a
conventional low pH bath (refer to Table 3-1). A representative EDS spectrum is shown
in Figure 5-2la. At the same times, films with a composition around CossFeqs were
plated from a citrate-added bath (Table 5-4). A representative EDS spectrum is illustrated

in Figure 5-21b.

Fe
Co
Co
Fe
[t ' T Y
0.0 5.0 10.0 15.0

kev

a. CossFeg; film plated from conventional low pH bath
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b. CossFege film plated from citrate-added bath
Figure 5-21. EDS spectra from deposited CoFe films with high iron contents.

Table 5-4. Composition of citrate-added bath for electroplating CojsFeqe films.

Chemical Concentration Chemical Concentration
CoSO47H,0 0.048 M H3;BO; 0.4 M
FeSO47H,0O 0.096 M Sodium lauryl sulfate 0.01 g/L

Bath pH= 4.5 (natural) Ammonium citrate 5g/L

From the above study, in general, bath composition has a more pronounced effect on

the composition of deposited CoFe films than plating conditions.

5.2.2 Electroplating of CoFeNi alloys

CoFeNi films with a composition of CogsFes3Nijs have been reported as having ideal
soft magnetic properties by Osaka and coworkers. [Osaka98-1] [Osaka98-2] It is known
that the CogsFess alloy has a very high saturation magnetization Ms of 2.35 Tesla [Yu02],
so that the effect appears to be related to partial substitution of iron with nickel. The
electroplating of CoFeNi thin films from the citrate-added bath (see Table 3-4), as a

function of bath composition and operation parameters, has been investigated.
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The effect of ammonium citrate dosage on the composition of deposited CoFeNi
films is shown in Figure 5-22. Generally, ammonium citrate has the most prominent
effect on deposit Fe content, followed by Ni content, and only a minor effect on Co
content. The results agree with the calculated stability diagrams (see Figures 4-5d, 4-6b
and 4-6¢), which demonstrate that citrate has the most powerful complexing effect on Fe
ions, then Ni**, and finally Co®". At low citrate dosage, the Fe content in the deposited
films is lowered, while as the citrate dosage is increased, the Fe content goes up. This is
because at low citrate dosage, only Fe ions are complexed; as citrate dosage increases,
the Ni and Co ions will also be complexed. Metals are more difficult to plate out from the
complexed metal ions, due to higher activation energies and lower diffusivities to the

cathode.

Atomic percentage, %

0 e k. B e T |

0 50 100 150
Dosage of ammonium citrate, g/L

Figure 5-22. Effect of ammonium citrate dosage on the electroplating of CoFeNi

films at i = mA/cm’; to, = 0.3ms; tof = 9.7ms; agitation of 600rpm.
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Figure 5-23. EDS spectrum of CogsFez3Niqs film plated from citrate-added bath.

At an ammonium citrate dosage of 50g/L (0.206 M), a film with a composition
around CogsFe23Nij, has been plated out (refer to the EDS spectrum in Figure 5-23). This
film is very close in composition to the film with optimal soft magnetic properties, which

has a composition of CoesFea3Ni;» with a high saturation flux density Bs of 2.1 Tesla and
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Figure 5-24. Effect of ammonium citrate dosage on the plating rate for depositing

CoFeNi films at i = 6mA/cm?; top, = 0.3ms; toff = 9.7ms; agitation of 600rpm.
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a low coercivity Hc of 1.20 Oe, claimed by Osaka and coworkers. [Osaka98-1]
[Osaka98-2]

The effect of ammonium citrate dosage on plating rate is shown in Figure 5-24. The
ammonium citrate dosage has a minor effect on plating rate up to a concentration of

50g/L, after which the plating rate drops rapidly.

5.2.2.2 Effect of cobalt concentration

The effect of cobalt concentration in the plating bath on deposit composition is
illustrated in Figure 5-25. Cobalt content in the deposit increases rapidly, while Fe and Ni
contents decrease as the cobalt concentration increases. This corresponds to the kinetics

of plating process.
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Figure 5-25. Effect of cobalt concentration on the composition of CoFeNi films

plated at i = BmA/cm?; to, = 0.3ms; to + toff = 10ms; agitation of 600rpm.

5.2.2.3 Effect of iron concentration

Iron concentration tests (Figure 5-26) demonstrate that iron content in deposited films
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increases, while cobalt content decreases, with increasing iron concentration in the
plating bath. It is interesting that Ni content is almost constant as the iron concentration is
varied, which may be due to the much lower concentration of iron relative to nickel in
the plating bath.
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Figure 5-26. Effect of iron concentration on the composition of CoFeNi films

plated at i = BmA/cm?, top, = 0.3ms; top + toff = 10ms; agitation of 600rpm.

The effect of nickel concentration on CoFeNi alloy deposition is shown in Figure
5-27. The Ni content in the deposit increases, while Co and Fe contents oscillate, as

nickel concentration in the plating bath goes up.

5.2.2.5 Effect of current density
Tests on the effect of current density (Figure 5-28) demonstrate that, at low current
densities, the composition of deposited CoFeNi films varies as the current density

increases. At current densities higher than 6mA/cm’, the metal contents in deposited

122

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



films are almost constant.
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Figure 5-27. Effect of nickel concentration on the composition of CoFeNi films

plated ati = 6mA/cm?; tg, = 0.3ms; to + toff = 10ms; agitation of 600rpm.
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Figure 5-28. Effect of current density on the composition of CoFeNi films plated

at ton = 0.3ms; ton + toff = 10ms; agitation of 600rpm.
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To obtain uniform composition through the thickness of deposited films, i.e., to avoid
metal content gradients, pulsed current plating is usually employed for maintaining initial
metal ion concentrations around the cathode. Figure 5-29 shows the effect of on-time #,,
of the duty cycle on the plating of CoFeNi alloys. The metal contents in deposits have
very little fluctuation with t,, variation. The deposited films have a composition around

C067F633Ni -
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Figure 5-29. Effect of t,, on the composition of CoFeNi films plated at i =

BmA/cm?; ton + toff = 10ms; agitation of 600rpm.

5.2.2.7 Effect of agitation

The introduction of agitation changes the composition of plated CoFeNi films (Figure
5-30). This is because agitation accelerates the mass transport of metal ions to the
cathode and affects the metal ion ratio near the cathode surface. The Fe and Ni contents

are more affected, with little change in Co content.
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of agitation on the composition of CoFeNi films plated at i =

BmA/Cm?; top = 0.3ms; to + toff = 10ms.
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plated at i = 12mA/cm? ton = 0.3ms; top, + toff = 10ms; agitation of 600rpm.
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The effect of plating temperature on the composition of deposited CoFeNi films is
illustrated in Figure 5-31. Similar to the CoFe alloy plating system, the cobalt content in
deposited films increases, while the iron content decreases, as the plating temperature
increases. Increasing the plating temperature also slightly facilitates the deposition of
nickel.

Higher plating temperatures can help reduce the residual stress in deposited films.
Figures 5-32a and 5-32b illustrate plan view images of films plated at 19°C and 45°C,
respectively. It can be seen that the tilm deposited at higher temperature (45°C) is more
uniform and has much less cracking.

Generally, the effects of plating conditions on CoFeNi film composition are not as

prominent as that of bath composition.

a. CoFeNifilm plated at 19°C
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b. CoFeNi film plated at 45°C

Figure 5-32. Plan view SEM SE images of CoFeNi films plated at different

temperatures at i = 12mAlcm? tgn = 0.3ms; ton + toff = 10ms; agitation of

600rpm.

5.2.2.9 Anomalous phenomenon in CoFeNi alloy plating

Checking the plating bath composition (Table 3-4), it can be seen that the metal
contents in deposited CoFeNi films are not proportional to the metal concentrations in
the plating bath. By referring to Figures 5-22 and 5-25 to 5-32, Ni is the most difficult
metal to plate out. However, from the standard electrode potentials listed in Appendix 1,
Ni?*/Ni has the most positive potential among the three metal electrodes; it should be the
metal plated out first. Therefore, Ni was anomalously deposited from the citrate-added
bath. The anomalous deposition of Ni in alloy plating was also reported previously by
several researchers. [ Vaes00] [Golodnitsky00] [Zhuang03]

Table 5-5 illustrates the effect of Co/Fe concentration ratio in the electrolyte on the
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composition of deposited CoFeNi films. The Co/Fe content ratio in deposits increases
with the Co/Fe concentration ratio in plating bath, but at a proportion lower than 1. For
example, at a Co/Fe concentration ratio of 1.33, the Co/Fe content ratio in the deposit is
about 0.80. Therefore, iron has been preferentially deposited compared with cobalt. This
is similar to the anomalous deposition of Fe observed in CoFe alloy plating. The larger
the Co/Fe concentration ratio in plating bath, the larger the difference compared with the

Co/Fe content ratio in deposit.

Table 5-5. Eftect of Co/Fe concentration ratio in the electrolyte on the composition
of deposited CoFeNi films.*

Co/Fe conc. ratio Co/Fe content ratio in
in electrolyte Co, at% | Fe,at% | Ni, at% deposit

1.33 34.7 43.1 22.2 0.80
2.67 51.5 323 16.2 1.59

4 64.4 21.2 14.4 3.04
5.33 66.5 22.5 11.0 2.96
6.67 71.1 19.8 9.1 3.59

8 74.7 17.0 8.3 438

* The plating current density was 6mA/cm?; Fe and Ni concentrations are fixed at

0.015M and 0.30M, respectively.

Table 5-6. CoFeNi films deposited at the same Co/Fe concentration ratio in the
plating bath but different metal concentrations (Ni concentration is fixed at 0.30M).

Co/Fe conc. ratio | Fe conc. (M) [ Co (at%) Fe (at%) Ni (at%)

4 0.015 64 21 15

4 0.020 61 29 10

For CoFeNi films deposited from baths with the same Co/Fe concentration ratio, but
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different metal concentrations (Table 5-6), the compositions are not similar. This is in
contrast to the CoFe alloy plating system (Table 5-3).

To compare with the magnetic properties of films with the composition of
CogsFex3Nijn deposited by Osaka et al [Osaka98-1] [Osaka98-2], films with a
composition around CoesFe24Ni|; were also plated out from a conventional low pH bath

(refer to Table 3-3). An EDS spectrum is shown in Figure 5-33.
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Figure 5-33. EDS spectrum of CogsFe2sNiyy film deposited from a conventional
bath.

5.3 Summary

The fundamentals of electrodeposition are briefly discussed in this chapter. In terms
of the existing theory, for the deposition of metal from a complexed metal ion, the metal
is deposited by direct discharge from the complex ion, without first dissociation of the
complex ion to give a metal ion.

For the citrate-added baths, the reduction reactions for metals from citrate-complexed
ions include:

Fe[CsHs07] (aq) + 2¢ — Fe(s) + [CsHs01]” (aq)

Fe[CsHs07](aq) + 3¢ — Fe(s) + [CsH:07)* (aq)
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Co[CeHs07] (aq) + 2¢ — Co(s) + [CeHs07]* (aq)

Ni[C¢Hs07] (aq) + 2¢" — Ni(s) + [CsHs0+]* (aq)

The secondary reaction at cathode involves hydrogen evolution, especially in acidic
electrolytes:

2H'(aq) + 2¢” — Ha(g)

Generally, for both CoFe and CoFeNi alloy plating, the metal content in deposited
films increases with increasing metal concentration in the electrolyte, which reflects the
kinetics of electrodeposition. The effects of electroplating conditions on the composition
of deposited films are not as prominent as that of bath composition. Ammonium citrate
has a minor effect on plating rate at low dosages, while the plating rate drops rapidly at
high dosages. The cobalt content in deposited films increases, while the iron content
decreases, at higher plating temperatures. Higher plating temperatures help to reduce the
residual stress in deposited films, which are more uniform and have less cracking.

For CoFe plating, the metal contents in deposited films are linearly dependent on
ammonium citrate dosage. For CoFeNi deposition, ammonium citrate has the most
prominent effect on Fe content, followed by Ni content, and only a minor effect on Co
content.

For CoFe plating, films deposited from baths with the same Co/Fe concentration ratio,
but with different metal concentrations, have almost the same composition. The situation
is different for CoFeNi plating.

Anomalous behaviors for Fe and Ni depositions were also observed during the

electrodeposition of CoFe and CoFeNi films from the citrate-added baths.

130

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Chapter 6 Electrochemical Study of the Electrodeposition and

Corrosion Properties of CoFe and CoFeNi Films

Cyclic voltammetry (CV) and linear sweep voltammetry (actually the negative sweep
in the CV scan) are popular techniques for initial studies of new electrochemical systems
and are very useful for obtaining information about electrode reactions and processes.
Using linear sweep voltammetry, Zhuang and Podlaha [ZhuangOO0] investigated the
polarization behavior for the deposition of Co, Fe and Ni single metals and CoFeNi
alloys from sulphate baths with pH around 3.0. Hu and Bai [Hu02] and Afshar et al
[Afshar02] conducted cyclic voltammetry studies of the codepositon of iron group alloys.
In order to investigate the electrochemical mechanisms for the electrodeposition of CoFe
and CoFeNi films from citrate-added baths and citrate-free baths, linear sweep
voltammetry and cyclic voltammetry studies of the deposition of Co, Fe and Ni single
metals and CoFe and CoFeNi alloys from the electrolytes of interest have been
conducted in this study.

The corrosion resistance of soft magnetic films is also an important property to be
considered for the manufacture of magnetic devices. Osaka and coworkers [Osaka99-4]
[Osaka98-1] studied the corrosion behavior of electroplated CoFeNi films with different
crystalline structures and various sulfur contents. The corrosion properties of CoFeNi
films depended highly on the sulfur content and also on the microstructure of the film. A
film with a low S content (deposited from SCA-free bath) had high corrosion resistance,
and a bee film was less resistant to corrosion than fcc and fec-bee films. Saito et al
[Saito99] observed that films plated at a high current density (15 mA/cm?), from a bath
without saccharin, had a sufficient anodic pitting-corrosion potential (—65 mV). Films
plated at a low current density (5 mA/cmz) from saccharin-free baths had

pitting-corrosion potentials of less than-300 mV; the corrosion resistance was improved
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after annealing above 100°C. Films plated from baths containing saccharin also had
pitting-corrosion potentials of less than -300 mV. However, their corrosion resistance
was not improved after annealing at 250°C. Saito et al believe that the degeneration of the
corrosion resistance is attributed to defects that increase the fcc (111) lattice constant.
One of the most important characteristics of a highly corrosion-resistant CoNiFe film is a
fine crystal structure with very few defects. Tanaka et al [Tanaka93] also conducted
similar investigations on the corrosion resistance of CoFeNi alloys for thin film inductive

heads.

6.1 Linear sweep voltammetry and cyclic voltammetry studies

All electrochemical exﬁeriments were conducted in a three-electrode cell without
agitation. The working electrode was a sectioned Si wafer coated with a Ti (25nm)/Au
(250nm) blanket metallization, with an exposed area of 0.5 to 1.0 cm® defined with
lacquer. The working electrode was essentially the same as the cathode used in
electrodeposition. A Pt foil was employed as the counter electrode, and a Corning
saturated calomel electrode (SCE) was used as the reference electrode. The polarization
curves obtained from linear sweep voltammetry and cyclic voltammograms obtained

from cyclic voltammetry were all measured at a sweep rate of ImVY/s.

6.1.1 Polarization curves for single metal depositions

The polarization curves for the deposition of Co, Fe and Ni single metals from
different baths are shown in Figures 6-1a, b and c, respectively. The compositions of the
employed baths are listed in Table 6-1.

For single Co depositions (Figure 6-1a), Co was first deposited from the citrate-free
bath with natural pH (purple line) at about -0.83V. Then the cathodic current density

(deposition current density) increased sharply, due to the deposition of Co, with a
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negative shift in applied potential. The deposition of Co from the citrate-free bath with a
low pH of 2.5 (blue line) commenced at about -0.86V. Previous to Co deposition,
hydrogen reduction was observed. The minor plateau before Co deposition represents the
reduction of hydrogen under mass transport limiting conditions. The deposition of Co
from the citrate-added bath (dark line) started at a potential of around -1.0V. Therefore,
the addition of ammonium citrate delayed the occurrence of Co deposition to a more
negative potential. This reflects the complexing of citrate ions with Co™, as the
deposition of metal from complexed metal ions needs a higher activation energy, which
corresponds to a more negative potential. After Co deposition was initiated, and the
potential was scanned in negative direction, the cathodic current density for Co
deposition from the citrate-added bath increased faster than those from the citrate-free

baths under the employed experimental conditions.

Table 6-1. Compositions of baths employed in single metal depositions.

Bath | CoSO; FeSO; NiSOs Ammoniumecitrte HsBO; — pH
| O‘OSK/I_ - Og/L N 0.4M“ 4.5 (Natural)
Co bath | 0.08M Og/L 0.4M 2.5
0.08M 50g/L 0.4M 6.2 (Natural)
oM O0gL  04M  40(Nawnl)
Fe bath 0.08M Og/L 0.4M 25
0.08M 50g/L 04M 6.0 (Natural)
a © 008M Oyl 04M 45 (Nawmal)
Ni bath 0.08M Og/L 0.4M 25
L 0.08M 50g/L 04M 6.2 (Natural)
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Figure 6-1. Polarization curves for Co, Fe and Ni single metal depositions.

The deposition of Fe (Figure 6-1b) was similar to the above Co depositions. Iron
deposition commenced at about -0.97V, -1.07V and -1.15V from the citrate-free bath
with natural pH (purple line), the citrate-free bath with a low pH of 2.5 (blue line) and
the citrate-added bath (dark line), respectively. Apparently, the addition of citrate also
delayed Fe deposition. For the deposition of Fe from the citrate-free bath with a low pH
of 2.5, hydrogen reduction was observed previous to Fe deposition. The stage before Fe
deposition represented the reduction of hydrogen under mass transport control. After
deposition started, as the potential was shifted to more negative values, the cathodic
current density for Fe deposition from the citrate-added bath increased faster than those
from the citrate-free bath with pH 2.5 and citrate-free bath with natural pH.

For Ni reductions (Figure 6-1c). deposition started at about -0.89V, -0.91V and -1.1V

from the citrate-free bath with natural pH. the citrate-free bath with a low pH of 2.5 and
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the citrate-added bath, respectively. Hence, the occurrence of Ni deposition was delayed
by citrate addition. The hydrogen reduction from the citrate-free bath with a pH of 2.5
was not as obvious as that observed in Co and Fe depositions. The current density of the
citrate-added bath increased slowly before -1.1V. This may be attributed to the charging
of electrode double-layer. After -1.1V, the cathodic current density for Ni deposition from
the citrate-added bath generally increased faster with a more negative shift in potential
than those from the citrate-free bath with pH 2.5 and the citrate-free bath with natural
pH.

In general, the addition of ammonium citrate delayed the occurrence of deposition of
Co, Fe and Ni single metals to more negative potentials, which reflects the complexing
effect of citrate ions on the metal ions. For the citrate-free baths, the bath with higher pH
(natural pH) was more beneficial for metal deposition, which may be attributed to the
lower H" concentration leading to less competitive reduction of hydrogen. However, as
stated in Chapter 4, the citrate-free baths with higher pH are less stable.

To compare the deposition of Co, Fe and Ni single metals under similar conditions,
the above polarization curves are rearranged and summarized in Figures 6-2a, b and c.

For the single metal depositions from citrate-free baths with a low pH of 2.5 (Figure
6-2a), the starting potential for Co deposition (-0.86V) was less negative than those for
Ni deposition (-0.91V) and Fe deposition (-1.07V). According to the standard potentials
of the metal electrodes (see Appendix 1), the Ni electrode has the least negative potential,
and should be deposited first. The shift of Ni deposition to more negative potentials was
affected by complicated factors. One factor may be related to the selection of the cathode
material. Au-Ni bonding or the formation of Au-Ni bonds may be less favoured, which
results in a more negative overpotential for the deposition of the first Ni layer. Zhuang
and Podlaha also obtained a more negative starting potential for Ni deposition than that

for Co deposition from baths with pH 3.0 using a Cu cylinder as the cathode. [Zhuang00]
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After the depositions started, the deposition behavior for Ni was very close to that for Co.
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a. Polarization curves for depositions of Co, Fe and Ni single metals from
citrate-free baths with pH 2.5.
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b. Polarization curves for depositions of Co, Fe and Ni single metals from
citrate-free baths with natural pH.
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Figure 6-2. Comparisons of polarization curves for Co, Fe and Ni single metal
depositions.

The depositions of Co, Fe and Ni single metals from citrate-free baths with natural
pH are illustrated in Figure 6-2b. The deposition of Co, Ni and Fe started at about -0.83V,
-0.89V and -0.97V, respectively. The deposition of Ni still commenced at a more
negative potential than the deposition of Co, just like the situation in low pH baths.

For the depositions of Co, Fe and Ni single metals from citrate-added baths (Figure
6-2c), the deposition of Co, Ni and Fe started at about -1.0V, -1.1V and -1.15V,
respectively. After the depositions started, as the potential was shifted to more negative
values, the cathodic current density for Fe deposition increased more steeply than the
current densities for Co and Ni depositions.

Generally, the deposition of Ni started at a more negative potential than the

deposition of Co, and the deposition of Fe commenced at the most negative potential
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under the experimental conditions.

6.1.2 Polarization curves for CoFe and CoFeNi alloy depositions
6.1.2.1 Polarization curves for the deposition of CoFe alloys with high Co content

The polarization curves for the deposition of CoFe alloys with high Co content
(compositions around CogsFess) from different baths are shown in Figure 6-3. The

compositions of the employed solutions are listed in Table 6-2.

Table 6-2. Compositions of baths employed in the deposition of CoFe alloys with high

Co content.
Bath CoSOy FeSO; Ammonium citrate H3;BO; pH
Citrate-free 0.12M 0.048M Og/L 0.4M 3.9 (Natural)

Citrate-added | 0.12M 0.048M  5¢g/L(0.0206M) 04M 4.4 (Natural)
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Figure 6-3. Polarization curves for the deposition of CoFe alloys with high Co
content.
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The deposition of CoFe alloys with high Co content from the citrate-free bath (dark
line) and the citrate-added bath (purple line) commenced at about -0.84V and -0.93V,
respectively. Therefore, similar to the deposition of single Co and Fe metals, the addition
of ammonium citrate delayed the occurrence of CoFe alloy deposition to a more negative
potential. After CoFe deposition was initiated, as the potential was scanned in negative
direction, the cathodic current density for CoFe deposition from the citrate-added bath

increased faster than that from the citrate-free bath under the employed experimental

conditions.
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Figure 6-4. Cyclic voltammogram for the deposition of CoFe alioy with high Co
content from the citrate-added bath.

The cyclic voltammogram for the deposition of CoFe alloy with high Co content
from the citrate-added bath is illustrated in Figure 6-4. For the negative sweep (blue line),
from a potential of 0.3V to OV, the anodic current (density) was nearly zero, indicating no

oxidation/dissolution of the Au substrate. When the potential was in the range of 0V to
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about -0.92V, a minor cathodic current density (< O.SmA/cmz) was detected,
corresponding to the charging of the electrode double-layer. As the potential shifted to a
value more negative than -0.92V, the cathodic current (density) increased quickly with a
negative shift in potential due to the codeposition of the CoFe alloy. During the reverse,
positive sweep (purple line), the cathodic deposition of the CoFe alloy continued. The
cathodic current density (corresponding to the deposition rate), during the positive sweep
from -1.5V to about -0.8V, was obviously higher than that for the negative sweep at the
same potential. This could be attributed to the significant effect of CoFe nucleation on
the negative sweep. The anodic current (density), due to the dissolution of deposited

CoFe alloy, started at a potential around -0.50V during the positive sweep.

6.1.2.2 Polarization curves for the deposition of CoFe alloys with high Fe content
The polarization curves for the deposition of CoFe alloys with high Fe content
(around CossFegs) from different baths are illustrated in Figure 6-5. The compositions of

the employed solutions are shown in Table 6-3.

Table 6-3. Compositions of baths employed in the deposition of CoFe alloys with high

Fecontent.
Bath CoSOq4 FeSO4s Ammonium citrate H3;BO;3 pH
Citatefiee | 0048M  0050M  OgL  04M 40 (Natura)
Citatefee | 0048M  0.05M  OgL  04M 24
Citr;te-added | 0.048M  0.096M  5g/L (0.0206M) ‘04—1\;1* 4.5 (Natural)

The deposition of CoFe alloys with high Fe content from the citrate-free bath with
natural pH (dark line), the citrate-free bath with a low pH of 2.4 (blue line) and the
citrate-added bath (purple line) commenced at about -0.87V, -0.95V, and -1.0V,

respectively. Hence, the addition of citrate delayed the occurrence of the deposition of
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CoFe alloys with high Fe content to a more negative potential. Similar to the depositions
of single Co and Fe metals (see Figures 6-1a and b), the reduction of hydrogen was

detected in the citrate-free bath with a low pH of 2.4.

- =20
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—— CoFe no citrate,

Current density, mA/cm?

' H2.4
- -10 P
-5
0.5 0 -0.5 -1.5
—_ C

Potential (voltage vs. SCE)

Figure 6-5. Polarization curves for the deposition of CoFe alloys with high Fe
content.

The cyclic voltammogram for the deposition of CoFe alloy with high Fe content from
the citrate-added bath is shown in Figure 6-6. The plot looks similar to the cyclic
voltammogram in Figure 6-4. On the negative sweep (blue line), the cathodic current
(density) increased sharply after -1.0V, with a negative shift in potential, due to the
deposition of CoFe alloy. During the positive sweep (purple line), the cathodic deposition
of CoFe alloy continued, while the cathodic current density during the positive sweep
from -1.5V to about -0.88V was apparently higher than that for the negative sweep at
same potential. This can be attributed to the significant effect of CoFe nucleation on the

negative sweep. Anodic current (density) due to the dissolution of the deposited CoFe
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alloy commenced at about -0.59V on the positive sweep.
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Figure 6-6. Cyclic voltammogram for the deposition of CoFe alloy with high Fe
content from the citrate-added bath.

6.1.2.3 Polarization curves for the deposition of CoFeNi alloys
The polarization curves for CoFeNi alloy deposition from different baths are shown

in Figure 6-7. The compositions of the employed solutions are listed in Table 6-4.

Table 6-4. Compositions of baths employed in the deposition of CoFeNi alloys.*

yrov
Bath | CoSO,  FeSO; Niso, oMM npel pH

citrate

Citrate-free 0.063M 0.012M 0.20M Og/L 0.28M 4.1 (Natural)

Citrate-free | 0.063M  0.012M 0.20M Og/L 0.28M 2.8

Citrate-added] 0.08M  0.015M 0.30M 50g/L OM 5.2 (Natural)

*0.4M H3BO; in all baths.
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Figure 6-7. Polarization curves for the deposition of CoFeNi alloys from different
baths.

The deposition of CoFeNi alloys from citrate-free baths, with natural pH (dark line)
and a low pH of 2.8 (blue line), commenced at almost an identical potential around
-0.84V, and the deposition of CoFeNi alloy from the citrate-added bath (purple line)
started at about -0.97V. Apparently, the addition of citrate delayed the occurrence of
CoFeNi alloy deposition to a more negative potential. The reduction of hydrogen from
the low pH bath was not as obvious as that observed for CoFe alloy deposition (Figure
6-5).

The cyclic voltammogram for the deposition of CoFeNi alloy from the citrate-added
bath is illustrated in Figure 6-8. The cathodic current (density) increased quickly after
-0.97V during the negative sweep (blue line), due to the deposition of the CoFeNi alloy.
During the positive sweep (purple line), the cathodic deposition of CoFeNi alloy
continued. The cathodic current density, during the positive sweep from -1.5V to about

-0.8V, was obviously higher than that for the negative sweep for same potential. This is
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attributed to the significant effect of CoFeNi nucleation on the negative sweep. Anodic
current (density) due to the dissolution of the deposited CoFeNi alloy started at about
-0.48V during the positive sweep. Since the cathodic charge for CoFeNi alloy deposition
is much larger than the anodic charge for CoFeNi alloy dissolution, the CoFeNi alloy can
be effectively deposited from the citrate-added bath using the cyclic voltammetry method.
This is different from the cyclic voltammograms for the depositions of CoFe alloys

(Figures 6-4 and 6-6). which have large anodic charges.
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Figure 6-8. Cyclic voltammogram for the deposition of CoFeNi alloy from
citrate-added bath.

6.2 Corrosion properties of electroplated CoFe and CoFeNi films

To understand the effect of citrate addition in plating baths on the corrosion behavior
of deposited films, the corrosion properties of CoFe and CoFeNi films plated from
citrate-added baths and citrate-free baths were investigated. The corrosion properties of

electroplated CoFe and CoFeNi films were determined by anodic polarization in 2.5 wt%

145

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



NaCl solution (same solution as used in references [Osaka99-4] [Saito99]) using a ImV/s
potentiodynamic scan. All potentials were referred to the saturated calomel electrode
(SCE). A Pt foil was employed as the counter electrode.

The anodic polarization curves for CoFe films with high Co content (composition
around CogqsFess), electroplated from the citrate-added bath and the citrate-free bath with
natural pH (see Table 6.2 - additional 0.01 g/L sodium lauryl sulfate was added), are
illustrated in Figure 6-9. The curves are similar to the typical polarization curve for a
metal or alloy that displays an active-passive transition as shown in Figure 6-10
[Bradford01]. For a normal metal or alloy, which does not passivate, the polarization
curve only has the straightforward “active” form. Therefore, the anodic current density
increases quickly with a potential shift in the anodic direction. For the anodic
polarization curve of the CoFe film plated from citrate-added bath (blue line), within
relatively low potentials (<OmV), the anodic current density increased almost linearly as
the potential was scanned in anodic direction, as for normal metals and alloys. This range
can be recognized as the “active” region. With increasing potential, the anodic current
density suddenly decreased to a significantly lower value, which indicates the passivation
of the CoFe alloy, i.e., the formation of a passive layer. As the potential was increased to
about 680mV, the anodic current density began to rise again, which indicates the
occurrence of pitting corrosion (as indicated by an arrow in the figure). For a metal or
alloy, a high pitting corrosion potential and low anodic current density represent
excellent corrosion resistance. The CoFe film plated from the citrate-free bath (purple
line), had a polarization curve similar to that for the CoFe film plated from the
citrate-added bath, and also displayed the passivation phenomenon. Its pitting corrosion
potential is around 610mV, which is less anodic than that for the CoFe film plated from
the citrate-added bath. Generally, the corrosion resistance of the two CoFe films is

similar,

146

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Pitting corrosion potential

W goo .- [IIN9corosion pote g
3 S >
¢
>
>
E |
S 200 -
[y
9 .
o
o
4 3 2 2
-300 -

Log current density, i (mA/cm?)

—— FeCo plated from citrate-added bath
—— FeCo plated from citrate-free bath

Figure 6-9. Anodic polarization curves for CoFe films with high Co content, plated

ati = 15mA/cm?; top = 6ms; ton + toff = 10ms; agitation of 600rpm.
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Figure 6-10. Schematic polarization curve for a metal or alloy that displays an
active-passive transition. [Bradford01]
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Figure 6-11. Anodic polarization curves for CoFe films with high Fe content

plated at i = 15mA/cm?; top, = 6mS; ton + toff = 10ms; agitation of 600rpm.

The anodic polarization curves for CoFe films with high Fe content (composition
around CossFess), deposited from the citrate-added bath and the citrate-free bath with a
pH of 2.4 (see Table 6.3 - additional 0.01 g/L sodium lauryl sulfate was added), are
shown in Figure 6-11. They both exhibit the passivation phenomenon. The CoFe film
plated from the citrate-added bath (blue line) has a higher pitting potential (around
730mV) than the CoFe film plated from the citrate-free bath (around 670mV, purple line),
and a much lower anodic current density. This means the CoFe film plated from the
citrate-added bath is more resistant to corrosion than the CoFe film plated from the

citrate-free bath with low pH.
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Figure 6-12. Anodic polarization curves for CoFeNi films plated at i = 6mA/cm?:;

ton = 0.3ms; ton + toff = 10ms; agitation 600rpm.

The anodic polarization curves for CoFeNi films plated from the citrate-added bath
and the citrate-free bath with a pH of 2.8 (see Table 6.4 - additional 0.01 g/L sodium
lauryl sulfate was added) are illustrated in Figure 6-12. Unlike the CoFe films, they both
exhibit an abrupt shift for the passive-transpassive transition. The CoFeNi film plated
from the citrate-added bath (blue line) has a much higher pitting potential (around
550mV) than the CoFeNi film plated from the citrate-free bath (only around 190mV,
purple line), and a lower anodic current density in the transpassive region. Therefore, the
CoFeNi film plated from the citrate-added bath is more resistant to corrosion than the
CoFeNi film plated from the citrate-free bath with low pH.

In general, for all the CoFe and CoFeNi films investigated. passivation phenomena
were observed during anodic polarizations. CoFe and CoFeNi films plated from

citrate-added baths exhibited better corrosion resistance. This may be attributed to the
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denser deposits achieved by plating with citrate-added baths of relatively high pH levels.

6.3 Summary

The addition of ammonium citrate delayed the occurrence of deposition of Co, Fe and
Ni single metals to more negative potentials, which retlects the complexing effects of
citrate ions on the metal ions. For the citrate-free baths, the bath with the higher pH
(natural pH) was more beneficial for metal deposition.

For the deposition of Co, Fe and Ni single metals, the deposition of Ni started at a
more negative potential than the deposition of Co, and the deposition of Fe commenced
at the most negative potential under the experimental conditions studied.

Similar to the deposition of single metals, the addition of ammonium citrate also
delayed the occurrence of the deposition of CoFe and CoFeNi alloys to more negative
potentials.

During CV sweeps, the cathodic charge for CoFeNi alloy deposition from the
citrate-added bath was much larger than the anodic charge for CoFeNi alloy dissolution.
Therefore, CoFeNi alloys can be effectively deposited from the citrate-added bath using
the cyclic voltammetry method. The situation is different for the cyclic voltammograms
for the deposition of CoFe alloys, which have large anodic charges.

Generally, the CoFe and CoFeNi films plated from citrate-added baths exhibited
better corrosion resistance. This may be attributed to the denser deposits achieved by
plating with citrate-added baths of relatively high pH levels. For all the CoFe and

CoFeNi films studied, passivation phenomena were observed during anodic polarization.
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Chapter 7 Phase formation in electroplated

CoFe and CoFeNi thin films

The magnetic properties of electroplated CoFe and CoFeNi films are determined by
their chemical composition, phase formation, microstructure and plating conditions.
According to the studies of many researchers [Osaka98-1] [Osaka98-2] [Tabakovic02]
[Liu03], to obtain optimal soft magnetic properties, the co-deposition of fcc and bee
phases in electroplated CoFe and CoFeNi films is necessary. The competition of
crystallization between different phases will lead to finer grain sizes, which result in
lower coercivity He [Herzer90], i.e., softer magnetic properties. In this study, thin film
XRD and TEM methods were employed to analyze the phase formation and grain sizes

in electroplated CoFe and CoFeNi deposits.

7.1 Thin film X-ray diffraction

According to several studies [Tabakovic02] [Liu03], for electrodeposited CoFe and
CoFeNi alloys, the major XRD peaks for fcc and bee phases are fec (111) at around 20=
44.1° and bce (110) at around 26= 45.2°.

7.1.1 Thin film XRD study of electrodeposited CoFe films
The effects of film composition (Fe content) and electrolyte composition on the phase

formation in deposited CoFe films have been studied using thin film XRD.

7.1.1.1 Effect of Fe content on phase formation in deposited CoFe films
The thin film XRD spectra of CoFe films with different Fe contents (from 29-69 at%),
electroplated from citrate-added baths (refer to Table 7-1) at i= 15mA/cm?, ton=6ms, to, +

torr =10ms and agitation of 600rpm, are shown in Figures 7-1a-d. Under the employed
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conditions, the fcc(111)/bec(110) intensity ratio (corresponding to the fee/bee phase ratio)
increases with Fe content increase in the deposited film. When the Fe content is 69at%
(Figure 7-1d), only the pure fcc phase is detected. Therefore, Fe content affects the phase
formation in deposited CoFe films. The thin film XRD spectra demonstrate that fcc and

bee phases can be co-deposited in electroplated CoFe films at specific Fe contents.

Table 7-1. Composition of electrolyte for plating a Cos,Fe;q thin film whose XRD
spectrum is shown in Figure 7-1a.

Chemical Concentration Chemical Concentration
CoS0O47H,0 0.120M H3;BO; 0.4M
FeSO47H,0 0.030 M* Sodium lauryl sulfate 0.01 g/L

Natural pH~4.4 Ammonium citrate 5¢g/L

* Fe concentration in bath was varied to deposit CoFe films with different Fe

contents.
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a. Coy1Feyg film plated from bath with composition listed in Table 7-1.
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d. Film composition CozsFego.

Figure 7-1. Thin film XRD spectra of CoFe films with different Fe contents
electroplated at i= 15mA/cm?, tor=6ms, ton + tor =10ms and agitation of 600rpm.

The phase diagram for the Co-Fe system is illustrated in Figure 7-2 [Baker92]. At
room temperature, the o phase (CsCl type structure) is stable for Co-Fe alloys with Fe
contents from 29-69 at%. The XRD results obtained here demonstrate that the bee (a(Fe))
and fcc (y(Fe)/u(Co)) phases or the fcc (y(Fe)) phase alone are formed in the
electrodeposited CoFe films containing 29 to 69 at% of Fe. Therefore, phase formation in
the electroplated CoFe films is controlled by kinetic conditions, i.e., phase formation
deviates from equilibrium conditions. This result is not surprising, as the deposition rates
under the current conditions utilized here do not provide sufficient time for ordering of
the Co and Fe atoms on specific lattice positions to form the ordered a’ phase. Other
researchers have also electrodeposited CoFe films with only bec and/or fcc phases, and

without the o’ phase. [Liu00-1] [Myung01]
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Figure 7-2. Phase diagram for the Co-Fe system. [Baker92]
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7.1.1.2 Effect of electrolyte composition on phase formation in deposited CoFe films

The XRD spectrum for a CoFe film with a composition around Cos Fey,
electroplated from a citrate-added bath (bath composition is listed in Table 7-2), is shown
in Figure 7-3. This film has almost the same composition as the CoFe film (see Figure
7-1a) deposited from a bath whose composition is listed in Table 7-1. The main
difference between these two baths is the metal concentrations; however, they have the
same Co/Fe concentration ratio of 4:1. Figure 7-1a has a bee(110)/fec(111) intensity ratio
higher than 1, while Figure 7-3 has a bee(110)/fec(111) intensity ratio lower than 1 and a
small fcc(200) peak. Therefore, the metal concentration in plating bath, i.e., the bath

composition, affects the phase formation of deposited CoFe films.

Table 7-2. Composition of electrolyte for plating a Co7 Fey thin film whose XRD
spectrum is shown in Figure 7-3.

Chemical Concentration Chemical Concentration
CoSO47H,0 0.192 M H3;BOs 04 M
FeSO4 7H,0 0.048 M Sodium lauryl sulfate 0.01 g/lL

Natural pH~4.3 Ammonium citrate 5g/L

Figure 7-4 shows the XRD spectrum for a CoFe film with a composition around
CogFess, electroplated from a bath containing 50g/L ammonium citrate (refer to Table
3-4 - with no NiSOj addition). The plating conditions were 1= 6mA/cm2, ton=0.3ms, t,, +
torr =10ms and agitation of 600rpm. This spectrum is very different from the spectrum for
the CoesFess film shown in Figure 7-1b (the sample in Figure 7-4 has significantly more
fcc phase), even though the two CoFe films have similar compositions. Therefore,
differences in bath composition (such as different citrate dosage) and operation

parameters affect the phase formation in deposited CoFe films.
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Figure 7-3. Thin film XRD spectrum of CoziFezg film plated at i= 15mA/cm?,
ton=6ms, ton + tor =10ms and agitation of 600rpm. Bath composition is listed in

Table 7-2.
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Figure 7-4. Thin film XRD spectrum of CoFe film plated at ammonium citrate
dosage of 50g/L, i= 6mA/cm?, t,n=0.3ms, ton + torr =10ms and agitation of 600rpm.
Film composition is CogoFess.
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7.1.2 Thin film XRD study of electrodeposited CoFeNi films
In this study, the effects of film composition (Fe content) and electrolyte composition
on phase formation in CoFeNi films, electroplated from citrate-added baths and

citrate-free baths, have been investigated.

7.1.2.1 Phase formation in CoFeNi films deposited from citrate-added baths

The thin film XRD spectra of representative CoFeNi films with Ni content of
0-11at%, electroplated from citrate-added baths containing 50g/L ammonium citrate
(refer to Table 3-4 with varied Fe concentration) at i= 6mA/cm’, t,=0.3ms, toy =9.7ms,
and agitation of 600rpm, are illustrated in Figures 7-5a to f. Under the employed
conditions, only the fcc phase is formed in deposited films as the Fe content is low (<20
at%). Fec and bee phases are co-deposited in films with Fe contents higher than 21 at%.
The bee(110)/fec(111) intensity ratio (corresponding roughly to the bee/fec phase ratio)
increases as the Fe content increases in deposited films. This is consistent with the

literature. [Osaka00-1] [Liu03] Hence, the phase formation in CoFeNi films plated
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a. Film composition is CozgFe oNis.
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e. Film composition is CogsFe2aNis.
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f. Film composition is CogiFeggNis4.

Figure 7-5. Thin film XRD spectra of representative CoFeNi films plated from
citrate-added baths, with ammonium citrate dosage 50g/L, at i= 6mA/cm?,
ton=0.3ms, ton + tor =10ms and agitation of 600rpm.

from citrate-added baths is atfected by Fe content. The effect of Fe content in CoFeNi
films is opposite to the effect in CoFe films where the amount of fcc increases with
increasing Fe content.

Figure 7-6 illustrates the XRD spectrum for a CoFeNi film with a composition of
CosiFeasNi) electroplated from a citrate-added bath, with 5g/L ammonium citrate (bath
composition is listed in Table 7-3), at i= 12mA/cm?, to,=9ms, t,; =6ms and agitation of
600rpm. Only the bee phase was detected in this film. The film shown in Figure 7-5f,
with the same composition of Coe FesNij, contains both fcc and bec phases and was
deposited from a bath with 50g/L ammonium citrate at i= 6mA/cm2, ton=0.3ms, ton + tofr
=10ms and agitation of 600rpm. Therefore, changing the bath composition (different
citrate dosage) and operating parameters will affect phase formation in electroplated

CoFeNi films.
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The above study demonstrates that fcc and bee phases can be co-deposited by
controlling the plating bath composition and/or the plating conditions.
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Figure 7-6. Thin film XRD spectrum of CoFeNi film plated from citrate-added bath,
with ammonium citrate dosage 5 g/L, at i= 12mA/cm?, t,,=9ms and to =6ms. Film
composition is CogiFezgNis.

Table 7-3. Composition of electrolyte for plating Coe FepsNij thin film whose XRD
spectrum is shown in Figure 7-6.

Chemical Concentration Chemical Concentration
CoSO47H,0 0.120M H3;BO; 04 M
FeSO47H,0 0.034 M Sodium lauryl sulfate 0.01 g/L
NiSO4-6H,0 03M Ammonium citrate 5g/L

Bath pH 4.2 (natural)

7.1.2.2 Phase formation in CoFeNi films deposited from citrate-free baths
The thin film XRD spectra of CoFeNi films with ~12at% Ni and ditferent Fe contents,

electroplated from citrate-free baths (refer to Table 3-3 with varied Fe concentration)
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under different conditions, are illustrated in Figure 7-7.
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a. CoFeNi film plated from citrate-free bath with natural pH at i= 6mA/cm?,
ton=0.3ms, t,n + tof =10ms and agitation of 600rpm. Film composition is
C066F621Ni13.
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b. CoFeNi film plated from citrate-free bath with pH=2.7 at i= 6mA/cm?, to,=0.3ms,
ton + tof =10ms and agitation of 600rpm. Film composition is CogsFe24Ni2.
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c. CoFeNi fiim plated from citrate-free bath with pH=2.7 at i= 10mA/cm?,
ton=0.3ms, ton + torr =10ms and agitation of600rpm. Film composition CogiFez7Nisa.
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d. CoFeNi film plated from citrate-free bath with pH=2.7 at i= 18mA/cm?, ts=1ms,
ton + tof =10ms and agitation of 600rpm. Film composition is CoggFezgNi1.

Figure 7-7. Thin film XRD spectra of CoFeNi fiims with different Fe contents
electroplated from citrate-free baths under different conditions.
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As other CoFeNi films plated from citrate-added baths, the fcc phase is dominant in
deposited films at low Fe contents (up to 27at%), while the bec phase forms and is
dominant at higher Fe content (29at%). This is consistent with the literature. [Osaka00-1]
[Liu03] Hence, the phase formation in deposited CoFeNi films, plated from citrate-free
baths, is affected by Fe content. Comparison of Figures 7-5f, 7-6 and 7-7d shows that the
XRD spectra are different even though the films have very similar compositions. Bath
composition and operation parameters affect phase formation in deposited films.

The thin film XRD study demonstrates that the fcc (a(Co)/y(Fe)) and bee (a(Fe))
phases can be co-deposited in CoFeNi films, with compositions around CogsFe;3Nij; at
room temperature, by controlling the plating bath composition and/or the plating
conditions. This is not consistent with the binary phase diagrams for the Co-Fe, Co-Ni
and Fe-Ni systems (Figures 7-2, 7-8a and 7-8b). According to these phase diagrams, the
o’ phase (CsCl type structure), (Co) phase (hcp), a(Fe) phase (bec) and FeNis phase are
stable for films with compositions around CogsFes3Nij» at room temperature. Therefore,
phase formation in the electroplated CoFeNi films, as for the electroplated CoFe films, is
controlled by kinetic conditions. The conditions for phase formation in CoFeNi alloy
during electrodeposition deviate from equilibrium. The effect of Fe content on phase
formation in electrodeposited CoFeNi films is opposite to that in electrodeposited CoFe
films. This may be attributed to the introduction of Ni and employment of different

plating parameters.
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To summarize and to compare the phase formation behavior for deposited CoFe and
CoFeNi films in this study with the literature, the ternary Co-Fe-Ni alloy diagram
presented in reference [Osaka99-4] is illustrated in Figure 7-9, and the XRD results for
CoFe and CoFeNi films electrodeposited in this work are superimposed on the diagram.
For CoFeNi films, only the fcc phase is formed at low Fe contents, e.g., Fe content <20
at% for CoFeNi films plated from citrate-added baths. Mixed fcc and bec phases are
co-deposited in films with medium Fe contents, e.g.. 21 at% < Fe content < 28 at% for
CoFeNi films plated from citrate-added baths. Only the bcc phase is formed for high
levels of Fe content, e.g., Fe content >28 at% for CoFeNi films plated from citrate-added
baths. This trend is consistent with the literature. [Osaka99-4] [Osaka00-1] [Liu03] The
bcc phase can be formed at lower Fe contents for CoFeNi films plated from citrate-added
baths (= 21 at% Fe) than for CoFeNi films plated from citrate-free baths (2 27 at% Fe). It

is seen that the deposited CoFe films are different from CoFeNi films.

100 ~ 0 ¢ mixed fce-bee phases (citrate)
A fcc phase (citrate)

O bec phase (citrate)

¢ mixed  fcc-bcc  phases
(citrate-free)
A fcc phase (citrate-free)

O bece phase (citrate-free)

No-SCA —
Saccharin
Thiourea - --

Quenched ribbon - -

Figure 7-9. Ternary Co-Fe-Ni alloy diagram for phase formation as presented in
reference [Osaka99-4]. Data from this work are superimposed on the diagram.
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7.2 TEM analysis

Transmission electron microscopy (TEM) is a characterization method widely used in
materials science and engineering for the study of microstructure and crystallization of
materials. In this research, TEM is employed to study the grain sizes and phase formation

in electroplated CoFe and CoFeNi films.

7.2.1 TEM analysis of electroplated CoFe films

Bright field and dark field images of a CoFe film with composition CoesFess, plated
from a citrate-added bath (refer to Table 3-2) at i= 15 mA/cm?, ton=6ms, to; =4ms and
agitation of 600rpm, are shown in Figures 7-10a and b, respectively. The average grain
sizes in the CoFe deposit are around 10-20 nm, which is very fine and beneficial for
achieving optimal soft magnetic properties. Due to the very small grain sizes of the
deposited CoFe crystals and the thin nature of the TEM specimens, the electron
diffraction pattern is very weak. The strongest reflections are those from the fec (111)
and bee (110) planes, which agrees with the thin film x-ray diffraction results. The dark
field image (Figure 7-10b) was formed from part of the fcc (111) and bec (110)
diffraction rings. All diffracted planes which can be identified from the original pattern
are listed in Table 7-4. The calculated d-spacings are derived from the thin film XRD
spectrum (Figure 7-1b). The lattice constants a for the bce and fcc phases are determined
from the bec(110) and fee(111) peaks, respectively, using the Bragg equation and the
cubic d-spacing formula:

A =2dsin6 (7-1)

1/d* = (h® +k* +1%)/a’ (7-2)
From the obtained lattice constant a, the d-spacing of the (hkl) planes can be calculated

from the above cubic d-spacing formula.
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50nm

b. Dark field image

Figure 7-10. TEM bright field image and dark field image of a CoFe film plated
from a bath with ammonium citrate dosage of 5g/L, at i= 15 mA/cm?, to=6ms, tof
=4ms and agitation of 600rpm. Film composition is CogsFess.

The lattice constants a for the bee and fec phases determined from the XRD spectrum

are 0.28440 nm and 0.35472 nm, respectively. The lattice constant a for bee phase is a bit
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smaller than that for bce Fe, which is 0.28664 nm. This may be attributed to the smaller
radius of Co atom. The lattice constant a for the fcc phase is close to that for fcc Co,

which is 0.35447 nm. [Liu03]

Table 7-4. Diffraction planes identified from electron diffraction pattern.

bee d-spacing d-spacing fee d-spacing d-spacing

planes | measured, nm | calculated, nm | planes | measured, nm | calculated, nm
(110) 0.1985 0.2011 (11 0.2030 0.2048
(200) 0.1381 0.1422 (220) 0.1250 0.1254
(211) 0.1144 0.1161 (222) 0.0994 0.1024
(220) 0.0994 0.1006 (400) 0.0885 0.0887
(222) 0.0820 0.0821

(321) 0.0754 0.0760

The electron diffraction analysis further verifies the co-existence of fcc and bec

phases in CogsFess films plated from the citrate-added bath.

7.2.2 TEM analysis of electroplated CoFeNi films

Bright field and dark field images as well as an electron diffraction pattern for a
CoFeNi film with composition CogeFep3Niy), plated from a citrate-added bath (refer to
Table 3-4) at i= 6 mA/cm’, ty,= 0.3ms, tor =9.7ms and agitation of 600rpm, are shown in
Figures 7-11a, b and c, respectively. The bright field and dark field images (Figure 7-11a
and b) show that the average diameter of crystal grains in this CoFeN:i film is 10-20 nm,
which is close to the grain sizes in the CoFeNi film with the best soft magnetic properties
obtained by Osaka et al. [Osaka98-1] [Osaka98-2] The electron diffraction pattern
(Figure 7-11c) confirms the co-existence of fcc and bec phases. The diffraction rings

from bec planes are wider and more diffuse, which means that the bee phase has a finer
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grain size and is near amorphous in structure. The dark field image was formed from part

of the fcc (111) and bece (110) diffraction rings.
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b. Dark field image
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bee(222)

bee(211)

c. Electron diffraction pattern

Figure 7-11. TEM bright field image, dark field image and electron diffraction
pattern of a CoFeNi film plated, from a solution with an ammonium citrate dosage
of 50g/L, at i= 6 mA/cm?, t,n=0.3ms, ton + tor =10ms and agitation of 600rpm. Film
composition is CogsFez3Niyg.

The lattice constants a for the bee and fee phases determined from the XRD spectrum
are 0.28355 nm and 0.35472 nm, respectively. The lattice constant a for bee phase is a bit
smaller than that for bee Fe, which is 0.28664 nm. The lattice constant a for the fcc phase
is a bit larger than those for fcc Co and fcc Ni, which are 0.35447 nm and 0.35238 nm,
respectively. [Liu03] This is consistent with the larger radius of Fe atom relative to Co
and Ni atoms.

Figure 7-12 illustrates the bright field image, dark field image and electron diffraction
pattern for a CoFeNi film with composition Co7:Fez Niy plated from a citrate-added bath
with 100g/L ammonium citrate dosage. The bright field and dark field images (Figure
7-12a and b) show that, similar to the above CogsFe3Niy; film, the crystal grains in the

Co7FeyNiy film are also 10-20 nm in diameter. The electron diffraction pattern (Figure
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7-12¢) demonstrates the co-deposition of fcc and bee phases in this film. Only the fcc
(111) and bee (110) planes diffract strongly. This agrees with the thin film x-ray
diffraction results. The dark field image was formed from part of the fcc (111) and bee

(110) diffraction rings (Figure 7-12c).

b. Dark field image
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Figure 7-12. TEM bright field image, dark field image and electron diffraction
pattern of a CoFeNi film plated, from a solution with an ammonium citrate dosage
of 100¢g/L, at i= 10 mA/cm?, t,,=0.3ms, ton + tor =10ms and agitation of 600rpm.
Film composition is Co72FezqNi;.

The lattice constants a for the bee and fce phases determined from the XRD spectrum
are 0.28320 nm and 0.35358 nm, respectively. The lattice constant a for the bce phase is
a bit smaller than that for bec Fe; and the lattice constant a for the fcc phase is a bit
smaller than that for fcc Co, but larger than that of fcc Ni. [Liu03]

Generally, the lattice constants a for the bec and fce phases in the CogsFess film are
close to those for the CogeFep3Nij; and CorFeyNiy films even though these films have
different compositions. The lattice constants a for the bcc and fcc phases in the
electroplated CoFe and CoFeNi films are close to those of bce Fe and fce Co,

respectively.

7.3 Summary

For CoFe films electroplated from citrate-added baths under the employed conditions,

the fce/bee phase ratio increases with increasing Fe content in the deposited films. Iron
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content affects phase formation in deposited CoFe films. The thin film XRD study
demonstrates that fcc and bce phases can be co-deposited in electroplated CoFe films
with specific Fe contents. Bath composition (e.g., ammonium citrate dosage) and
operating parameters affect phase formation in deposited CoFe films.

For CoFeNi films, electroplated from citrate-added baths under the employed
conditions, only the fcc phase is formed in deposited films with Fe contents <20 at%. Fcc
and bce phases are co-deposited in films with Fe contents higher than 21 at%. The
bee(110)/fec(111) diffraction intensity ratio increases with increasing Fe content in
deposited films, which is opposite to the trend for electroplated CoFe films. Hence, phase
formation in CoFeNi films plated from citrate-added baths is affected by Fe content. For
CoFeNi films electroplated from citrate-free baths, phase formation is also affected by Fe
content. Bath composition and operation parameters affect the phase formation in
deposited films. Both fcc and bee phases can be co-deposited by controlling the bath
composition and/or the plating conditions.

TEM analysis demonstrated that the average grain size in CogsFess films plated from
citrate-added baths was 10-20 nm, which is quite fine and beneficial for achieving
optimal soft magnetic properties. Electron diffraction confirmed the co-existence of fcc
and bec phases in CoFe deposits. The fcc (111) and bee (110) planes diffracted strongly,
which also agrees with the thin film x-ray diffraction results.

TEM analysis of CoFeNi films plated from citrate-added baths showed that the
average grain size of CoFeNi films was 10-20 nm, which is close to the grain sizes for
CoFeNi films with best soft magnetic properties obtained by Osaka and coworkers.
Electron diffraction patterns demonstrated the co-existence of fcc and bee phases in
CoFeNi films plated from citrate-added baths. Diffraction was strongest from the fcc
(111) and bec (110) planes, which agrees with the thin film x-ray diffraction results.

Generally, the lattice constants a for bee and fec phases in CoFe and CoFeNi films
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are close despite their different compositions. The lattice constants a for bec and fec
phases in the studied CoFe and CoFeNi films are close to those for bce Fe and fec Co,

respectively.
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Chapter 8 Magnetic Properties of Electroplated

CoFe and CoFeNi Thin Films

It is known that many CoFe and CoFeNi alloys, with compositions near FeqCoy,
have high saturation magnetic flux densities Bs (as high as 2.4 Tesla). Bozorth
[Bozorth51] reported the composition-Bs diagram for bulk CoFeNi ternary alloys (see
Figure 2-8) in 1951. However, these alloys usually do not possess low coercivity He, i.e.,
soft magnetic properties. Therefore, it has been a challenge to fabricate high Bs (>2
Tesla) CoFe or CoFeNi films with optimal soft magnetic properties by electrodeposition.
In this study, the magnetic properties of CoFe and CoFeNi films plated from

citrate-added baths and citrate-free baths have been investigated.

8.1 Magnetic properties of electroplated CoFe thin films

Since the soft magnetic properties of deposited films are of concern, the effects of
ammonium citrate dosage, Fe content in film, plating current density and plating
temperature on film coercivity Hc have been studied.

The effect of ammonium citrate dosage in the plating bath (refer to Table 3-2) on the
coercivities Hc of deposited CoFe films is shown in Figure 8-1. The error for Hc
measurement was +1 Oe. For the CoFe film plated from a citrate-free bath with natural
pH, the coercivity Hc was as high as 22 Oe. The film coercivity He dropped abruptly to
around 10 Oe at low ammonium citrate dosages (2 to 20 g/L). This may be attributed to
the low stress in CoFe films plated from citrate-added baths, which results in a low
coercivity He. [Tabakovic02] The deposition of metal atoms may be delayed from
citrate-complexed ions, which leads to more time for the adatoms to fit into favored sites
in the lattice to form a structure with fewer defects and lower stress. The coercivity Hc

increases quickly, however, for higher ammonium citrate dosages (>50 g/L). Therefore, a
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low ammonium citrate dosage (<20 g/L) is beneficial for the coercivity Hc of deposited
CoFe films, and a high ammonium citrate dosage is not favored for plating CoFe films
with optimal soft magnetic properties. The typical ammonium citrate dosage employed in

CoFe alloy plating was 5g/L (refer to Chapter 5).
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Figure 8-1. Effect of ammonium citrate dosage on the coercivity Hc of CoFe films

plated at i = 15mA/cm?; to, = 6ms; to + toff = 10ms; agitation 600 rpm.

The effect of Fe content in deposited CoFe films on coercivity Hc is illustrated in
Figure 8-2. At low Fe content, the coercivity He of deposited film decreases as Fe
content increases reaching a minimum at about 40 at% Fe, with Hc values less than 15
Oe for the composition range of ~30-50 at% Fe. This composition range corresponds to
that where both the bce and fce phases co-exist. Above 50 at% Fe, only the fcc phase is
present.

Figure 8-3 shows the effect of plating current density on the coercivity He of
deposited CoFe films. Generally, the coercivity He of deposited films decreases as the
current density goes up. When the current density is higher than 15mA/cm’, the

coercivity He of deposited film can be lower than 12 Oe, which is good. A higher current

179

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



density is more beneficial for achieving low He. This may be attributed to the finer grain

sizes in films plated at higher current densities, which results in a lower coercivity He.
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Figure 8-2. Effect of Fe content on the coercivity Hc of CoFe films plated at i =

15mA/em?; to = 6ms; toy + toff = 10ms; agitation 600 rpm.
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Figure 8-3. Effect of plating current density on the coercivity Hc of CoFe films

plated at typy, = 6ms; typ + toff = 10ms; agitation 600 rpm.
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The effect of plating temperature on the coercivity Hc ot deposited CoFe films is
shown in Figure 8-4. There is an excellent linear relationship between plating
temperature and the coercivity He of deposited films for the employed experimental
conditions. A high plating temperature is not beneficial for depositing CoFe tilms with

low He, i.e., good soft magnetic properties.
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Figure 8-4. Effect of plating temperature on the coercivity Hc of CoFe films plated

ati = 15mAlcm?® ton = 6ms; toy + toff = 10ms; agitation 600 rpm.

The in-plane hysteresis loops of representative CoFe films plated from the
citrate-added baths and citrate-free baths are illustrated in Figures 8-5 to 8-8.

For the film with a composition of CogsFess, deposited from a citrate-added bath (see
Table 3-2 and Figure 8-5), a coercivity of 8 Oe and a saturation magnetization Ms of 1.96
Tesla were obtained, which are similar to the magnetic properties of CogFejo films
plated by Liao et al [Liao87] [Liao88]. Their films have a coercivity He of about 9 Oe

and a saturation flux density Bs of 1.9 Tesla. The coercivity for the deposited CogsFess
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film is lower than the coercivity for CossFess films plated by Osaka and coworkers
[Osaka03-1] [Imai02], which is about 15 Oe, but the saturation magnetization is also

lower for the CogsFess film deposited in this work.
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Figure 8-5. In-plane hysteresis loop for CoFe film deposited from citrate-added

bath (film composition CogsFess) at i = 15mA/cm?; ty, = 2ms; top + toff = 10ms;

agitation 600 rpm.

The hysteresis loop for the CoFe film (film composition CogFess) deposited from a
citrate-free bath with natural pH (see Table 3-2, 0 g/L citrate) is shown in Figure 8-6. The
film has a coercivity of 22 Oe, and a saturation magnetization Ms of 1.83 Tesla, which
means the soft magnetic properties are somewhat worse than those for the above
CogsFess film deposited from citrate-added bath.

Figure 8-7 illustrates the hysteresis loop of the CoFe film (composition CojsFeqe)
deposited from a citrate-added bath (refer to Table 5-4). The film demonstrates good soft
magnetic properties with a coercivity of 17 Oe and a saturation magnetization Ms of 2.04

Tesla.
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Figure 8-6. In-plane hysteresis loop for CoFe film deposited from citrate-free bath

with natural pH (film composition CossFess) ati = 15mA/em?; top, = 2ms; top + toff

= 10ms; agitation 600 rpm.
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Figure 8-7. In-plane hysteresis loop for CoFe film deposited from citrate-added

bath (film composition CozsFess) at i = 15mA/cm?; to = 2ms; top + toff = 10ms;

agitation 600 rpm.
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The hysteresis loop for the CoFe film (composition CossFeqs7) deposited from a
citrate-free bath with a low pH of 2.4 (refer to Table 3-1) is shown in Figure 8-8. This
film has a coercivity of 26 Oe and a saturation magnetization Ms of 1.91 Tesla, i.e.,
worse soft magnetic properties than those for the CossFeq film deposited from a

citrate-added bath.

G
D T S
= -400 -300 -200 -100 300 400
-0.%
-1.0 -

Magnetic field, Oe

Figure 8-8. In-plane hysteresis loop for CoFe film deposited from citrate-free bath
with a pH of 2.4 (film composition CossFegr) ati = 15mA/cm?; ton = 2ms; top + toff

= 10ms; agitation 600 rpm.

In general, the CoFe films plated from citrate-added baths exhibited better soft
magnetic properties than those deposited from citrate-free baths under the employed
experimental conditions, which means the addition of citrate into the plating baths will
not sacrifice the magnetic properties of the deposited films. The magnetic properties of
the representative CoFe films are further summarized in Table 8-1. The CoFe films

plated from citrate-added baths can have coercivities He of 8 to 17 Oe, which is
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acceptable, and saturation magnetizations Ms of 1.96 to 2.04 Tesla, which is quite good.
The saturation magnetizations Ms are lower than those for CossFeqs films plated by

Osaka and coworkers, who claimed values as high as 2.4 Tesla. [Osaka03-1] [Imai02]

Table 8-1. Magnetic properties of representative CoFe films plated from citrate-free
baths and citrate-added baths.

Plating bath Film composition Coercivity He Saturation flux
& P (Oe) density B, (Tesla)
Citrate-added bath CogsFess 8 1.96
Citrate-free bath
C 22 1.8
(natural pH) OsFess 3
Citrate-added bath CossFeqs 17 2.04
Citrate-free bath
C 2 .
(pH 2.4) 033FC(,7 6 1.91

8.2 Magnetic properties of electroplated CoFeNi thin films

The effects of ammonium citrate dosage, Fe content in deposited film, plating current
density and plating temperature on the coercivity He of electroplated CoFeNi films have
been studied.

The effect of ammonium citrate dosage in the electrolyte (refer to Table 3-4 and
Chapter 5) on the coercivity Hc of deposited CoFeNi films is shown in Figure 8-9. The
coercivity Hc is high for the film plated from bath with 0 g/L ammonium citrate and
natural pH. The coercivity Hc of deposited film decreases for low citrate dosage (30 g/L),
but increases as the ammonium citrate dosage goes up if the ammonium citrate dosage
exceeds 30 g/L. Therefore, a high ammonium citrate dosage is not favored for depositing

CoFeNi films with low coercivity He.
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Figure 8-9. Effect of ammonium citrate dosage on the coercivity Hc of CoFeNi

films plated at i = 6mA/cm?; to = 0.3ms; ton, + toff = 10ms; agitation 600 rpm.
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Figure 8-10. Effect of Fe content on the coercivity Hc of CoFeNi films plated at i =

BmA/cm?; top, = 0.3ms; ty, + toff = 10ms; agitation 600 rpm.
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Figure 8-10 illustrates the effect of Fe content in deposited CoFeNi films on
coercivity He. The coercivity He of deposited films decreases with increasing Fe content,
leveling out at ~15 Oe for Fe compositions between 25 and 35 at%. From the XRD
spectra in Figures 7-5a to f, it is clear that only the fcc phase is formed in deposited films
for Fe contents lower than 20 at%. Mixed fcc-bee phases are deposited in films with Fe
contents higher than 21 at%. Therefore, films with single fcc phase have a higher
coercivity, while mixed fcc-bee phases are beneficial for soft magnetic properties. This is
consistent with the literature. [Osaka98-1] [Osaka99-1] [Liu00-1] [Liu00-2] [Liu01-1]
[Liu01-2] [Liu02] [Liu03]

The effect of plating current density on the coercivity He of deposited CoFeNi films
is shown in Figure 8-11. At low current density (3 mA/cm?), the coercivity Hc of
deposited films is under 20 Oe. As the current density increases, the coercivity initially
increases, peaks out at about 23 Oe (6-7 mA/cmz), and then decreases continually to a

value of about 15 Oe at a current density of 18 mA/cm”.
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Figure 8-11. Effect of plating current density on the coercivity Hc of CoFeNi films

plated at topn, = 0.3ms; to + toff = 10ms; agitation 600 rpm.
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The effect of plating temperature on the coercivity He of deposited CoFeNi films is
illustrated in Figure 8-12. Generally, the coercivity Hc of deposited film decreases with
increasing plating temperature under the employed experimental conditions. The lowest
value obtained was ~16 Oe at 55°C. This behavior is opposite to that for plated CoFe

films.
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Figure 8-12. Effect of plating temperature on the coercivity Hc of CoFeNi films

plated at i = mA/cm?; to, = 0.3ms; to, + toff = 10ms; agitation 600 rpm.

The hysteresis loop for a CoFeNi film with composition CogsFez6Nijg deposited from
the citrate-added bath (refer to Table 3-4) is illustrated in Figure 8-13. This film has a
coercivity of 15 Oe and a saturation magnetization Ms of 2.10 Tesla. Its saturation
magnetization is almost the same as the CogsFea3Nij, films with optimal soft magnetic
properties claimed by Osaka and coworkers [Osaka98-1] [Osaka98-2], while its

coercivity He is higher, but still acceptable.
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Figure 8-13. In-plane hysteresis loop for CoFeNi film deposited from
citrate-added bath (film composition CogsFezeNiqg) at i = 6mA/cm?; ton = 0.3ms;

ton * toff = 10ms; agitation 600 rpm.

|>'|7174"-r"r*1 B e T S B [ e -

300 400

O Tl e e e B T e e e e ST O R §

-400 -300

M/Ms,

-1.0
Magnetic field, Oe

Figure 8-14. In-plane hysteresis loop for CoFeNi film deposited from citrate-free

bath with pH 2.7 (film composition CogaFe24Nis2) at i = 6mA/cm?; topn = 0.3ms; top,

+ toff = 10ms; agitation 600 rpm.
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The hysteresis loop for the CoFeNi film (composition CoeFea4Nij2) deposited from a
citrate-free bath (refer to Table 3-3) with a low pH of 2.7 is shown in Figure 8-14. This
film has a coercivity of 1.5 Oe and a saturation magnetization Ms ot 2.0l Tesla. It is
similar to the film with optimal soft magnetic properties claimed by Osaka and
coworkers, which had a composition of CogsFe23Nij> with a low coercivity He of 1.20 Oe

and a high saturation flux density Bs of 2.1 Tesla. [Osaka98-1] [Osaka98§-2]

Table 8-2. Magnetic properties of representative CoFeNi films plated from traditional
low pH bath and citrate-added bath.

Plating bath Film composition Coercivity Hc  Saturation flux density
(Oe) B; (Tesla)

Low pH bath CogsFeqNipn 1.5 2.01
(pH 2.7)

C065F624Ni|| 5.5 1.91

CO(,()FCQ()Nh 1 18 1.84

Citrate-added bath CoesFergNig 15 2.10
(pH 5.3)

CO(,|F62<)Ni|() 16 1.98

The magnetic properties of representative CoFeNi films plated from conventional
low pH bath and the citrate-added bath are listed in Table 8-2. In general, the most
important magnetic property, saturation magnetization Ms, for CoFeNi films plated from
citrate-added baths is close to that for CoFeNi films deposited from citrate-free baths.
While CoFeNi films plated from citrate-added baths have coercivities He over 15 Oe,
which is acceptable and better than the coercivity for CoFeNi films obtained from a
saccharin-containing bath (~40 Oe) [Osaka00-1] and the coercivity for CoFe films
obtained with vacuum techniques (20-60 Oe) for recording head fabrication [Liao88]

[Yu02], improvement is still needed. Some researchers believe that CoFe-based films
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with coercivity around 40-90 Oe are feasible for possible applications in recording heads,
as the magnetic field generated by a writer coil usually exceeds 200 Oe. [Vas'ko02]

The soft magnetic properties for electrodeposited films are determined by many
factors; they can be affected by bath composition, organic additives and operation
parameters in complicated ways. Currently, it is only known that fine grain sizes (10-20
nm) and fcc-bece mixed phase formation are beneficial for achieving optimal soft
magnetic properties. [Herzer90] [Hoffmann93] [Osaka98-1] [Osaka99-1] [Liu00-1]
[Liu00-2] [Liu01-1] [Liu01-2] [Liu02] [Liu03] [Andricacos98] [ Andricacos96] [Chen03]
From Table 2-2, it is seen that the saturation polarizations Is for pure Fe, Co and Ni are
2.15, 1.76 and 0.60 Tesla, respectively, while the saturation polarization /s of CoFe tilms
can be as high as 2.4 Tesla. [Bozorth51] [Osaka03-1] The variety of CoFeNi thin film
compositions for which optimal soft magnetic properties have been achieved by different
research groups suggests that the exploration of new film compositions for optimal
properties is possible. [Osaka98-1] [Osaka99-1] {Liu00-1] [LiuO1-1] [Liu01-2] [Liu02]
Additional systematic studies on the fabrication of CoFe and CoFeNi films with optimal
soft magnetic properties by electrodeposition from citrate-added baths, and the
correlation between the soft magnetic properties and the composition and microstructure

of deposited films, are needed.

8.3 Summary
For CoFe films electroplated from citrate-added baths, ammonium citrate has a minor
effect on the coercivity He of deposited films at low dosage (less than 20 g/ ammonium
citrate). The coercivity Hc increases quickly, however, as the citrate dosage is increased
further. The coercivity Hc of deposited films decreases as the current density goes up.
Generally, CoFe films electroplated from citrate added baths exhibited better soft

magnetic properties than those deposited from citrate-free baths under the employed
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experimental conditions, i.e., the addition of citrate into the plating baths will not
sacritice the magnetic properties of deposited films. The CoFe films plated from
citrate-added baths have coercivities Hc of 8 to 17 Oe, and saturation magnetizations Ms
of 1.96 to 2.04 Tesla, which means good soft magnetic properties.

For CoFeNi films electroplated from citrate-added baths, a high ammonium citrate
dosage is not favored for plating CoFeNi films with low coercivity He. The coercivity He
of deposited films was lower when a high current density was applied.

The saturation magnetization Ms for CoFeNi films plated from citrate-added baths
was close to that for CoFeNi films deposited from citrate-free baths. They both were
close to or over 2 Tesla, which is excellent. CoFeNi films plated from citrate-added baths
have coercivities Hc over 15 Oe, which need to be improved, but are still acceptable and
better than the coercivities for CoFeNi films obtained from a saccharin-containing bath
and CoFe films obtained with vacuum techniques for recording head fabrication. More
systematic studies on the electrodeposition of CoFe and CoFeNi films with ideal soft

magnetic properties from citrate-added baths are necessary.
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Chapter 9 Conclusions and Recommendations

for Future Work

9.1 Main conclusions

CoFe and CoFeNi alloys have been the most studied soft magnetic materials over the
past several decades due to their superior properties over FeNi alloys as write head core
materials in hard-disk-drives. [Osaka00-1] With increasing storage density, the need for
recording heads to write on high-coercivity media has raised new requirements for the
write-head material that cannot be met by permalloy (NigFey). [Andricacos98]
Therefore, new soft magnetic materials with higher saturation flux density Bs (>>1
Tesla), such as CoFe alloys, CoFeNi alloys and other CoFe-based alloys, have been
developed.

With the advantages of simplicity, cost-effectiveness and controllable patterning,
electroplating processes are being employed in the fabrication of thin-film recording
heads. A stable bath is desired for commercial fabrication of metal or alloy thin films by
electrodeposition. For conventional CoFe or CoFeNi alloy plating baths, low pH levels
(typically 2.0-3.0) are employed to stabilize the plating bath. In these cases, acids (most
often sulfuric acid H,SO4 or hydrochloric acid HCI) act as the bath stabilizers. However,
even at low pH, these plating baths still suffer from stability problems. Precipitation
occurs rapidly with time [Liu03], which is a critical issue for commercial production.
Furthermore, the low pH employed in conventional baths leads to significant hydrogen
evolution on the cathode surface, which results in voids in deposited films and low
current density efficiency. The voids included in the deposit will degenerate film
uniformity and magnetic properties. Therefore, the development of stable baths with

relatively high pH levels is crucial and of practical significance for commercial
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fabrication of CoFe and CoFeNi thin films with optimal soft magnetic properties. In this
study, stable baths with relatively high pH levels (natural pH) have been developed for
CoFe or CoFeNi alloy plating by introducing ammonium citrate as a complexing agent
and bath stabilizer. The main conclusions obtained are summarized here.

The calculated stability diagrams demonstrate that the stability of conventional CoFe
and CoFeNi alloy plating baths, open to air, is dominated by the precipitation of Fe(OH);
at a pH above 3.1. Thermodynamically, citrate can effectively stabilize single metal,
CoFe and CoFeNi alloy plating baths, preventing the precipitation of metal hydroxides at
higher pH levels. The calculated stability diagrams also show that citrate has the
strongest complexing power for Fe ions, followed by Ni** ions, with the weakest
complexing effect for Co®* ions. Bath stability tests verify that the conventional CoFe
and CoFeNi plating baths are not stable; citrate can significantly improve the stability of
both CoFe and CoFeNi plating baths. The morphology studies demonstrate that CoFe
and CoFeNi films plated from the citrate-added baths are denser and more uniform than
those deposited from conventional low pH baths. Therefore, the introduction of citrate
can effectively stabilize the CoFe or CoFeNi plating baths, elongate the bath life and
improve film uniformity.

In terms of the existing theory, for the deposition of a metal from a complexed metal
ion, the metal is deposited by direct discharge from the complex ion, without initial
dissociation of the complex ion to give a metal ion. For the citrate-added baths, the
reduction reactions for the metals from citrate-complexed ions include:

Fe[CsH50] (aq) + 2" — Fe(s) + [CsH5O7]™ (aq)

Fe[C¢H507)(aq) + 3¢ — Fe(s) + [CeHsO7)* (aq)

Co[CsHsO7] (aq) +2&” — Co(s) + [C¢HsO01]™" (aq)

Ni[C¢HsO+] (aq) + 2" — Ni(s) + [CsHsO7]™ (aq)

The secondary reaction at the cathode involves hydrogen evolution, especially in
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acidic electrolytes:

2H"(aq) + 2¢" — Ha(g)

Generally, for both CoFe and CoFeNi alloy plating, the metal content in deposited
films increases with the metal concentration in the electrolyte, which retlects the kinetics
of electrodeposition. The effects of electroplating conditions on the composition of
deposited films are not as prominent as that of bath composition. Ammonium citrate
has a minor eftect on plating rate at low dosages, while plating rate drops rapidly at high
dosages. Higher plating temperatures help to reduce the residual stress in deposited films,
which are more uniform and have less cracking.

For CoFe plating, ammonium citrate has a linear effect on the metal content in
deposited films under the employed experimental conditions. As with CoFeNi deposition,
ammonium citrate has the most prominent effect on Fe content, followed by Ni content,
and only a minor effect on Co content. For CoFe plating, films deposited from baths with
the same Co/Fe concentration ratio, but with different metal concentrations, have almost
the same composition. The situation is different for CoFeNi plating. The anomalous
behavior of Fe and Ni during deposition has also been observed during the
electrodeposition of CoFe and CoFeNi films from the citrate-added baths. CoFe and
CoFeNi films with compositions close to those of films claimed with optimal soft
magnetic properties in references [Osaka03-1] [Yu02] [Osaka98-1] [Osaka98-2] have
been deposited from the citrate-added baths and citrate-free baths in this research.

Linear sweep voltammetry and cyclic voltammetry studies, of Co, Fe and Ni single
metal deposition and CoFe and CoFeNi alloy deposition from the electrolytes of interest,
have been conducted to investigate the electrochemical mechanisms for CoFe and
CoFeNi film deposition from citrate-added baths and citrate-free baths. The addition of
citrate delayed the occurrence of Co, Fe and Ni single metal deposition to more negative

potentials, which reflects the complexing effects of citrate ions on the metal ions. For the
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citrate-free baths, the bath with the higher pH (natural pH) was more beneficial for metal
deposition. For the deposition of Co, Fe and Ni single metals, the deposition of Ni started
at a more negative potential than that for Co, and the deposition of Fe commenced at the
most negative potential under the experimental conditions studied. Similar to the
deposition of single metals, the addition of citrate also delayed the occurrence of the
deposition of CoFe and CoFeNi alloys to more negative potentials. During CV sweeps,
the cathodic charge for CoFeNi alloy deposition from the citrate-added bath was much
larger than the anodic charge for CoFeNi alloy dissolution. Therefore, CoFeNi alloys can
be effectively deposited from the citrate-added bath using the cyclic voltammetry method.
The situation is different for the cyclic voltammograms for the depositions of CoFe
alloys, which have large anodic charges.

Generally, the CoFe and CoFeNi films plated from citrate-added baths exhibited
better corrosion resistance than those deposited from citrate-free baths. This may be
attributed to the denser deposits achieved by plating with citrate-added baths at relatively
high pH levels. Passivation phenomena were observed during anodic polarization for all
the CoFe and CoFeNi films studied.

The thin film XRD study demonstrated that fcc and bce phases can be co-deposited in
electroplated CoFe films with specific Fe contents. Bath composition (e.g., citrate dosage)
and operating parameters affect phase formation in deposited CoFe films. TEM analysis
demonstrated that the average grain sizes in CogsFe3s films plated from the citrate-added
bath are 10-20 nm, which is beneficial for achieving optimal soft magnetic properties.
Electron diffraction also confirmed the co-existence of fcc and bce phases in CoFe
deposits. The fcc (111) and bee (110) planes diffracted strongly, which agrees with the
thin film x-ray diffraction results.

The phase fo‘rmation in deposited CoFeNi films plated from citrate-added baths and

citrate-free baths is affected by Fe content. Both electrolyte composition and operating
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parameters affect the phase formation in deposited films. Fcc and bee phases can be
co-deposited by controlling the plating bath composition and/or the plating conditions.
TEM analysis of CoFeNi films plated from citrate-added baths showed that the average
grain size of CoFeNi films was 10-20 nm, which is close to the grain sizes for CoFeNi
films with the best soft magnetic properties obtained by Osaka and coworkers. Electron
diffraction patterns further demonstrated the co-existence of fcc and bcc phases in
CoFeNi films plated from citrate-added baths. Diffraction was strongest from the fcc
(111) and bee (110) planes, which agrees with the thin film x-ray diftraction results.

Generally, the CoFe tilms electroplated from citrate added baths exhibited better soft
magnetic properties than those deposited from citrate-free baths under the employed
experimental conditions, i.e., the addition of citrate into the plating baths did not sacrifice
the magnetic properties of deposited films. The CoFe films plated from citrate-added
baths have coercivities He of 8 to 17 Oe, and saturation magnetizations Ms of 1.96 to
2.04 Tesla, which means good soft magnetic properties.

The saturation magnetizations Ms for CoFeNi films plated from citrate-added baths
were close to those for CoFeNi films deposited from the citrate-free baths. Both were
close to or over 2 Tesla, which is excellent. CoFeNi films plated from the citrate-added
baths have coercivities Hc over 15 Oe, which needs to be improved, but is still
acceptable and better than the coercivities for CoFeNi films obtained from a
saccharin-containing bath and for CoFe films obtained with vacuum techniques for
recording head fabrication.

In summary, stable electrolytes with the introduction of ammonium citrate as a
complexing agent and bath stabilizer and relatively high pH levels (natural pH) have
been developed for the electrodeposition of CoFe or CoFeNi alloys in this study. Citrate
can effectively improve the stability of CoFe and CoFeNi plating baths. Denser and more

uniform deposits can be plated out from the citrate-added baths because of the higher pH
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levels. CoFe and CoFeNi thin films with preferred composition, mixed fcc-bee phases,
and 10-20nm grain sizes, which are necessary for achieving ideal soft magnetic
properties, have been electroplated out from the citrate-added baths. So far, the saturation
magnetizations of CoFe and CoFeNi films plated from citrate-added baths can exceed 2
Tesla, which is excellent. The coercivities of the deposited CoFe and CoFeNi films are

acceptable but a bit high, necessitating further study.

9.2 Recommendations for future work

The first object of future studies, of course, is to plate out CoFe and CoFeNi thin
tilms with optimal soft magnetic properties, especially low coercivity He (<2.0 Oe), from
the citrate-added baths. This may be realized by exploring the following possible
approaches:

Coercivity Hc decreases with decreasing grain size, so CoFe and CoFeNi films with
finer grain sizes (less than 10 nm) should be deposited and studied. This may be achieved
by employing higher current densities, low t,, time ratio in a plating cycle, and suitable
bath compositions.

The annealing of deposited films in a magnetic field may also be investigated to
reduce the coercivity He and improve magnetic properties. [Vas'’ko02] [Osaka03-1]

The introduction of an additional element such as boron into the CoFe or CoFeNi
films may also be considered. Boron is known to reduce the coercivity of CoFeNi films.
[Chesnutt93]

Films with suitable chemical composition, phase formation and microstructures may
be plated out by controlling bath composition, such as pH and metal ion concentration,
and plating parameters, such as current density, PC plating pattern, plating temperature
and applied magnetic fields. [Liu00-1] [Liu0Ol1-1] The correlation between the
composition and microstructure of CoFe and CoNiFe thin films, plated from
citrate-added baths, and their magnetic properties also needs to be investigated

systematically, which should demonstrate directions for future study.
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Systematic and in-depth study of the electrochemical and chemical reactions
controlling the bath stability and electrodeposition is necessary for understanding the
mechanism dominating the CoFe and CoNiFe plating systems. IR or UV spectroscopy
may be employed to study the complexing reactions between citrate and metal ions, and
calculations with quantum chemistry methods (such as CNDO, MINDO, and ab initio
methods) can be applied to derive stable structures of citrate-metal complexing ions.
X-ray photoelectron spectroscopy (XPS) can be applied to investigate the valence change
of metal ions. Electrochemical analyses, such as cyclic voltammetry, can be employed to
systematically study the electrochemical behavior of electrolytes and metal or alloy

deposition.
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Appendix 1

Standard electrode potentials

In a half-reaction, the standard electrode potential (abbreviated as E® or &° ) is the
electrode potential measured between any electrode under standard conditions, i.e., 298K,
1 mol/L concentration (strictly, activity) and 1 atm pressure, and a reference electrode
such as the standard hydrogen electrode (SHE). Standard electrode potentials may also be
calculated from the chemical and electrochemical reactions of interest. The following

table lists the standard potentials of common electrodes.

Standard electrode potentials (vs SHE) at 25°C in aqueous solution. [The04]

Cathode (Reduction) Half-Reaction Stancll;r:lv(l:l(: :;ential
Li*(aq) + € — Li(s) -3.04 Best
reducing
K'(aq) + & — K(s) -2.92 agents
Ca**(aq) + 2¢ — Ca(s) -2.76
Na'(aq) + & — Na(s) 2.71
Mg**(aq) + 2¢ — Mg(s) -2.38
Al (aq) + 3¢ — Al(s) -1.66
Zn**(aq) + 2¢ — Zn(s) -0.76
Cr**(aq) + 3¢ — Cr(s) -0.74
Fe?'(aq) + 2¢ — Fe(s) -0.41
Cd**(aq) + 2¢" — Cd(s) -0.40
Ni**(aq) + 2¢” — Ni(s) -0.23
Sn**(aq) + 2¢ — Sn(s) -0.14
Pb>*(aq) + 2¢" — Pb(s) -0.13
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Oxidizing
power
increases

!

Fe**(aq) + 3¢” — Fe(s) -0.04
2H(aq) + 2e” — Hy(g) 0.00
Sn*'(aq) + 2¢ — Sn**(aq) 0.15
Cu**(aq) + & — Cu'(aq) 0.16
ClO47(aq) + H,0(1) + 2¢” 017
— Cl05(aq) + 20H (aq) '
AgCl(s) + ¢ — Ag(s) + Cl'(aq) 0.22
Cu’*(aq) + 2¢" — Cu(s) 0.34
ClOs'(aq) + HoO(l) + 2¢” 035
— Cl0,(aq) + 20H (aq) '
10°(aq) + H2O(l) + 2¢ 0.49
— I'(aq) + 20H (aq) '
Cu'(aq) + & — Cu(s) 0.52
I,(s) +2e — 2I'(aq) 0.54
Cl05(aq) + H,0(1) + 2¢” 050
— ClO’(aq) + 20H (aq) '
Fe'*(aq) + ¢ — Fe’*(aq) 0.77
Hg,*"(aq) + 2¢” — 2Hg(l) 0.80
Ag'(aq) + e — Ag(s) 0.80
Hg™(aq) +2¢” — Hg(l) 0.85
ClO'(aq) + H,0(l) + 2¢” 0.90
— Cl'(aq) + 20H (aq) '
2Hg**(aq) + 2¢ — Hg,™(aq) 0.90
NOs'(aq) + 4H'(aq) + 3¢ 0.96
— NO(g) + 2H,0(l) '
Bra(l) + 2" — 2Br(aq) 1.07
0,(g) + 4H'(aq) + 4" — 2H,0(1) 1.23
Cr,0-7(aq) + 14H"(aq) + 6¢ 33
— 2Cr’*(aq) + 7TH,0(1) '
Cly(g) + 2¢" — 2CI'(aq) 1.36

Reducing
power
increases
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Best
oxidizing
agents

Ce*'(aq) + e — Ce’*(aq) 1.44
M1104'(a51) +8H'(aq) + S¢ | 49

— Mn~"(aq) + 4H,0(l)
H,01(aq) + 2H'(aq) + 2¢” — 2H,0(1) 1.78
Co**(aq) + ¢ — Co™"(aq) 1.82
$S,057(aq) + 2¢” — 28047 (aq) 2.01
O3(g) + 2H'(aq) + 2¢" — Ox(g) + H,0(1) 2.07
Fy(g) + 2¢” — 2F (aq) 2.87
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Appendix 2

Construction of stability diagrams

In a plating system, for each reduction-oxidation subsystem, the following steps
should be followed [OLI03]:
® First, all independent equilibrium equations involving species of interest are
constructed.
® Equilibrium lines are calculated for the chemical reactions.
® Equilibrium lines are calculated for the electrochemical reactions.

® Finally, the predominant species and corresponding areas are determined.

Construction of equilibrium equations

Each pair of species X and Y in a particular reduction-oxidation subsystem can be
related with an equilibrium equation:

VyY +ne = VyX+ ‘2 ViA; (1)

i=]

n=0,1,2,3,3Vx=1,2,3,;Vy=1,2,3, -, V=0, 21, £2, £3, -

where X, Y have the general formula:

X =My Hx20x3Cx4DxsExe

Y =My Hy20v3Cy4DysEye

M is the element associated with the reduction-oxidation system.

A, is the basis species containing H, O, C, D, E, etc., but not M. For example,

(a) H' is the basis species that contains H;

(b) H,O is the basis species that contains O;

(c) The basis species containing C, D, E, etc. are the ones with the minimum possible

number of hydrogen and oxygen atoms in addition to C, D, E, -
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The following illustrates two examples:

For a system composed of Cu, NH3 and H,O:

X = CuxH x20 x3N “xq

Therefore X could be Cu, CuO, Cu,O, Cu(OH),, Cu(NH3) 4, -
Basis species: H', OH™, 0", H,0, NHj(aq) , -

For a system composed of Fe, H,O and sulfur-bearing species:
X = Fe xiH x20 x38 “x4 S "xs $"x

X could be Fe, FeO, Fe(OH),, Fe(OH);, FeSOy, FeS, -

Basis species: H', OH™, H»0, $2°, S ? (solid), SO, ", -

In cases where both the metal and ligands are subject to redox equilibria, one
determines which basis species are stable in which area of the stability diagram; then
only the stable species in the basis are retained and the unstable ones are deleted; the

deleted species are not considered for constructing the equilibrium equations.

Construction of equilibrium lines for chemical reactions
The driving force A of a chemical reaction between X and Y expressed in equation (1)

is given below:

- k _ _
A = - AGRreaction = - (V\ G,\'+Z V, Grl,' - Vy Gy ) )

i=l
G: is the partial molar Gibbs free energy:
Gi=G'+RTlna, 3)

and g, is the activity of component i. Substitution of formula (3) into equation (2), and

rearrangement gives:
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- & - - k
A==V, G+ Y VG’ ~V, G")~RT(V, Ina, + Y Vlna, -V, Ina,)  (4)
- i1 '

Reaction

- k - -
where (V, G."+ >V, G -1, G") =AG = -RTInK. Therefore
i=! A

k
A=RTInK -RT(VyInag+) Vlna, ~V, Inay) (5)

i=l

For each reaction, from equation (5), a discrete function of the independent variable

is constructed:

A = f{var)

The root of f{vary) = 0 is determined.  (at equilibrium A =0)

According to the negativity of A, the species which is stable at var < varg or var >
vary is determined. From the chemical reactions, the boundary lines parallel to the axis of
equilibrium potential are determined, that is, those reactions do not depend on

electrochemical potential.

For the electrochemical pair of species X and Y:

A = -AGReaetion = nFe (6)

Reaction

- I‘ - -
V.G + ZlV G -V, G,") =AGy.yuion= - DFE’ (7)
From formulas (4), (6) and (7), the equilibrium potential can be obtained

k
g=g' —%(V\. Ina, +» Vlna, -¥ Ina,) (8)

i=l

k
or g=¢' +£FY:(V,, Ina, -V, Ina, =Y Vina,)
n !

i=1
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For the electrochemical reaction of interest, from equation (8), a discrete function of
the independent variable is constructed:

E = g(var)

Finally, the function E = g(var) is approximated using splines. Usually, the pH is

selected as the independent variable.

Determination of predominance areas

For each species:

Firstly, the boundaries are determined:

a) Upper boundaries: equilibria with species in higher oxidation states;

b) Lower boundaries: equilibria with species in lower oxidation states;

e) Right-hand side boundaries: Other species which are more stable at higher values
of the independent variable (such as higher pH);

d) Left-hand side boundaries: Other species which are more stable at lower values of
the independent variables (such as lower pH);

Intersections between boundaries are determined and finally, active boundaries are

determined.
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