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A simple methodology to fabricate soft magnetic FeCoNi granular films from cheap salt solutions via

electrodeposition at room temperature is demonstrated. With the addition of a small quantity of

organic and inorganic additives into the solutions, the FeCoNi nano-granular films possess ultra-high

permeability, large resistivity, and other desirable magnetic properties for gigahertz microwave

applications. Typically, the films have a coercivity of less than 10 or 20 Oe along the hard or easy axis,

respectively, with a saturation flux density of up to 2.43 T. The magnetic permeability and resistivity are

correspondingly up to a magnitude order of about 103 and 10�4 U cm. These soft FeCoNi films also

show a big anisotropic field of more than 50 Oe and a very small magnetostriction of <10�5. They can be

potentially applied to microwave absorption as well as other applications.
1. Introduction

Magnetic soft materials possessing high microwave permeability

are useful for high frequency microwave applications.1–3 Currently,

they are widely used in commercial and military devices, such as

domestic microwave ovens, satellites, mobile phones, messaging

apparatuses, palmtops, organizers, as well as fighter planes,

rockets, and warships via military stealth technology.4–6 For the

construction of these highly compact, precise or mobile devices,

thin-films instead of bulk absorbers are required.1,7,8To achieve this

type of thin soft magnetic film, different sputtering systems are

usually employed.9–11 However, such systems are expensive and

possess a limited chamber space due to the stringent requirement of

very high vacuum (e.g. <10�6 Pa). As such, they are deemed

unsuitable for mass production of large area films for microwave

absorbers. In order to solve this issue, ferrite powders and

composites have been developed.12–14 For these materials, the issue

lies in the complex and large energy-consuming processes, which

are required for the preparing and coating the materials on the

device surfaces. For instance, the powders have to be ground to

small particles with uniform size, calcined or sintered at high

temperature (>500 �C) in non-air ambiance, andmixed with special

adhesives before coating.13,15 Thus, the search for a simple and low

cost method, which can mass-produce large areas of thin films with

high permeability (m) as well as other desirable properties [e.g., high

saturation flux density (magnetization) (Bs), resonance frequency
aData Storage Institute, DSI Building, 5 Engineering Drive 1, Singapore,
117608, Republic of Singapore. E-mail: zong_baoyu@dsi.a-star.edu.sg;
Fax: +65 6777 1349; Tel: +65 6874 8411
bNational Junior College, 37 Hillcrest Road, Singapore 288913
cTemasek Laboratories, National University of Singapore, #09-02, 5A
Engineering Drive 1, Singapore 117411

16042 | J. Mater. Chem., 2011, 21, 16042–16048
(fr), anisotropy field (Hk), resistivity (r), low coercivity (Hc), etc.] is

interesting and demanded. Electrodeposition is a simple, cheap,

and quick method for thin magnetic film preparation.16 It can also

prepare large area films with various compositions and morphol-

ogies. Furthermore, it also allows the films to be deposited on

substrates of different shapes or materials.17 Therefore, the use of

this simple electrodeposition tool can greatly reduce the cost of

commercial and military equipment. However, despite the large

number of soft magnetic films fabricated using this tool18–21 and

attractive progresses achieved (such as ultra-high Bs films22–25 and

large magnetic permeability26 or frequency27 alloys have been

prepared for magnetic recording devices), there has been few films

prepared for more microwave applications (e.g. microwave

absorption). In addition, the limited films reported for this function

have either a low magnetic permeability (m < 50)27,28 and resonance

frequency (fr < 1GHz),29 or a low anisotropy field (Hk# 25Oe)22–25

and resistivity (r< 10�5U cm2),18 as it is a great challenge to achieve

a film possessing high resistivity r, large permeability m and

anisotropy Hk, as well as high resonance frequency fr simulta-

neously via electrodeposition.18,28 Some groups report using metal

nanowires electrodeposited as granular films for increasing the

resistivity but this type of film only has a low m (usually <50).

Moreover, porous membranes have to be used for the preparation

of the nanowires.28,29

In this work, FeCoNi-based films with ultra-high permeability

are directly prepared through electrodeposition via careful

selection of additives and plating parameters. The morphology

and property of the deposited film can be tuned with different

organic and inorganic additives. The uniform nano-columnar

granular films (with large permeability) possess a higher resis-

tivity in comparison to other granular films with different

morphologies.
This journal is ª The Royal Society of Chemistry 2011
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2. Experimental

FeCoNi-based films were electrodeposited on glass and SiO2

wafer substrates. A thin seed layer with the structure of Ta

(10 nm)/FeCo(110) (20–30 nm) was first sputtered on the non-

conductive substrates as an electrical conducting layer for the

subsequent electrodeposition process. It is noted that electroless-

deposition can be alternatively used for large area seed-layer

deposition. The FeCoNi-based films were fabricated at room

temperature from a cheap solution containing 0.114 M FeCl2,

0.153 M CoCl2$6H2O, 0.011 M NiCl2$6H2O, 0.010 M

NiSO4$6H2O, 0.94 M NH4Cl, 1.0 M H3BO3, and different

additives. First, a little organic sodium dodecyl sulfate (SDS)

surfactant (1.1 g l�1) was added to the plating solution for

enhancing the wettability of the substrates. Next, a suitable small

quantity (5–15 g l�1) of organic dimethylamine borane

[(CH3)2NHBH3, B-reducer] was dissolved in the solution to

increase the saturation flux density Bs, permeability m, and

anisotropy Hk, as well as to decrease the coercivity Hc of the

resultant films. Lastly, a little inorganic additive (1.0 g l�1 AlK

(SO4)2 or 2.2 g l�1 MnCl2) was mixed into the solution for

improving the resistivity r of the film by changing the particle

morphology in the films from granular to columnar. The elec-

troplating current density was controlled within the range of 1.8–

50 mA cm�2. The electroplating system used was a 1.2 or 57 l

Paddle-Cell with DC power supply. During the electrodeposition

of the FeCoNi films with a thickness from 100 nm to 1.2 mm,

a magnetic field of 280–300 Oe was applied parallel to the

substrate surface to induce an in-plane uniaxial anisotropy.

The morphologies and thicknesses of the films were measured

using an Atomic Force Microscope (AFM) and Field Emission

Scanning Electron Microscope (FESEM). The stoichiometry of

the electrodeposited films was determined by the Energy

Dispersive X-ray (EDX), which was attached to the FESEM.

For Bs and coercivity (Hc) measurements, a vibrating sample

magnetometer (VSM, EV-7) was used. All the measurement

methods were the same as previously reported.16 The saturation

flux density Bs values were calculated from the formula Bs(T) ¼
m0Ms ¼ 4p� 10�4 M (emu)/film volume (cm3), whereM refers to

the saturated magnetic moment in the M–H loop. The crystal-

lographic texture of the films was evaluated from X-ray

diffraction (XRD) by using a Philips X’pert diffractometer [l ¼
1.5406 �A, Bragg–Brentano geometry, PW3088/60 (line focus) Cu

MRD PFX mirror, without a filter and a monochromator] and

recorded at a scanning rate of 0.02� s�1 in the 2q ranging from 25

to 95�. The bulk resistivity r of the film, calculated from sheet

resistance by dividing the film thickness, was measured using

a four point probe head (RT-70). The permeability frequency

spectra from 0.1 to 4 or 7 GHz were characterized with a vector

network analyzer (Agilent 5230A), using a shorted micro-strip

transmission-line perturbation fixture.30
3. Results and discussion

The FeCoNi-based nano-/micro-films with large permeability

were cost-effectively prepared via electrodeposition using

selected organic and inorganic additives in the plating solutions.

The properties of the films largely depended on the additive type

and concentration as well as the plating current density.
This journal is ª The Royal Society of Chemistry 2011
3.1 Effects on the film property for organic and inorganic

additives

As for microwave applications in the gigahertz (GHz) range,

magnetic films with low coercivity Hc, high saturation flux

density Bs and permeability m are required, hence FeCoNi based

materials, which possess the highest Bs (up to 2.45 T theoreti-

cally), were chosen for the preparation of the required thin films.

However, it was observed experimentally that the FeCoNi films

deposited from a usual salt solution without any additive, typi-

cally possessed largeHc (>40 Oe), low Bs (<1.5 T), high magneto-

crystalline anisotropy and magnetostriction (ls > 10�4), which

were similar to the sputtered films.31,32 For soft magnetic films,

high permeability benefits from those possessing a high satura-

tion flux density Bs.
2 In our previous work, high Bs and low Hc

films were obtained using the organic B-reducer as an additive in

the plating solution.33 However, the resultant films were verified

to have a relatively low resistivity (<10�5 U cm), making them

unsuitable for microwave applications in the high frequency

(GHz) range.2 Hence in this work, FeCoNi films were electro-

deposited using different organic and inorganic additives in the

plating solution. In the initial make-up of the plating solution,

a small quantity (1.1 g l�1) of organic SDS surfactant was added.

Through the reduction of surface tension between the substrate

and the plating solution, SDS largely increased the deposition

coverage of the films on the substrates as well as widened the

range of the current density during electroplating. In addition,

SDS also slightly reduced the Hc of the films as illustrated in

Table 1. B-Reducer [(CH3)2NHBH3] was then used to increase Bs

as well as further decrease Hc of the films. Being an effective

reductant,34 it can prevent Fe2+ from oxidizing

(Fe3þþe�
��������!B-reducer

Fe2þ) in the plating solution.25 It is also an

effective additive for uniform deposition by reducing the particle

size of the deposited film and improving the potential of the

cathode (substrate) via cathode polarization.33 By optimizing the

concentration of B-reducer and the plating parameters, very

magnetically soft FeCoNi films with high Bs were prepared. In

order to obtain both high Bs and low Hc values, larger atomic

ratios (40–60%) of Fe (Bs ¼ 2.2 T)1,22 and Co (Bs ¼ 1.8 T), and

lower ratio (1–5%) of Ni (Bs¼ 0.6 T) in the films were maintained

by using the optimized salt concentrations and the current

density range (12–35 mA cm�2). With the suitable electrodepo-

sition parameters, coupled with the appropriate addition of B-

reducer (6–10 g l�1), the coercivities in both the hard (Hc-hard) and

easy (Hc-easy) axes could be reduced to less than 10 Oe, while the

saturation flux density was increased to 1915 emu cm�3

(�2.40 T), as shown in Fig. 1a and 2a. The relationship between

the microwave permeability and the B-reducer concentration or

plating parameters was further investigated. The characteristic

results (depicted in Fig. 1b and 2b) demonstrate that an effective

decrease in Hc and improvement in Bs of the film were accom-

panied by a large increase in the microwave permeability m. Thus,

the addition of B-reducer in suitable quantity and the electro-

deposition at a moderate current density not only largely

decreasedHc and increased Bs but also significantly improved the

microwave permeability m of the deposited films. However,

excessive addition of B-reducer (>15 g l�1) or too high current

density (>60 mA cm�2) produced an unstable plating solution or

a burnt rough film, which resulted in the reduction in Bs and m.
J. Mater. Chem., 2011, 21, 16042–16048 | 16043
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Upon achieving significant improvements in the magnetic

permeability and other properties of the deposited thin films via

the addition of SDS andB-reducer, the resistivity r of the filmwas

further improved by the addition of inorganic Al3+ and Mn2+

additives through obtaining uniform nano-columnar granular

films.Nano-columnar films in a uniformmannerwere expected to

have larger resistivities, which can cater to the requirements of

GHz microwave absorption.1 In the acidic plating solution, Al3+/

Al (–1.7 V) and Mn2+/Mn (–1.0 V) have much lower electrodepo-

sition potentials compared to those of Fe2+/Fe (–0.4 V), Co2+/Co

(–0.3 V), and Ni2+/Ni (–0.2 V).19Hence when Fe2+, Co2+, and Ni2+

were co-deposited into the FeCoNi alloy, only a small number of

Al andMn atoms might be doped in the alloy film. As Al andMn
Table 1 Magnetic properties of FeNiCo films from types of additives

Additive Hc-easy/Oe Hc-hard/Oe Bs/T

NA $45 $45 <1.2
SDS 45 36 1.85
SDS and B-reducer 8.0 7.1 2.43
SDS, B-reducer and Al3+ 8.0 10.1 2.28
SDS, B-reducer and Mn2+ 17.5 14.1 2.30

Fig. 1 (a)M–H loops and (b) microwave permeability of the FeCoNi films e

(1) 0, (2) 4, (3) 8, and (4) 16 g l�1 of B-reducer, respectively, at a current den

16044 | J. Mater. Chem., 2011, 21, 16042–16048
are very active metals in aqueous solutions and exist as hydrate

complex ions [e.g., Al3+ (H2O)3$xH2O], during electroplating

under their high concentration or large current density, they

existed as oxides in the resultant films instead of pure metals after

their deposition from the solution. For instance, for Al3+ deposi-

tion, the electrochemical reaction was shown as follows:

2Al3+ (H2O)3$xH2O + 6e� / 2Al(OH)3$xH2O + 3H2

(Note that the Al(OH)3 gel was transformed into amorphous

AlOx after being dried).35

Due to the large different physical and chemical properties of

AlOx and MnOy compared to FeCoNi, their presence during
Hk/Oe m0
max m0 0

max fr/GHz r/�10�5, U cm

150 393 184 3.8 1.8
80 143 98 3.6 6.0
55 1115 831 1.7 8.6
51 426 261 1.4 16.8
50 511 645 0.6 11.1

lectrodeposited on SiO2 from the solution containing 1.1 g l�1 of SDS and

sity of 12 mA cm�2.

This journal is ª The Royal Society of Chemistry 2011
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electrodeposition or minor doping resulted in the formation of

numerous crystal defects in the FeCoNi alloy,19 thus enhancing

the FeCoNi growth in both in-plane and out-of-plane directions.

As a result, the uniform nano-columnar granular FeCoNi films

(shown in the following images) were formed. The films might

contain low ratios of Al, Mn, and O atoms (depending on the

additive concentration and plating current density). Accordingly,

upon the subsequent addition of a small quantity of Al3+ or Mn2+

in the solution, Table 1 describes that the resistivity of the

granular FeCoNi film was significantly increased to a value in the

order of 10�4 U cm. This is much higher than those of FeCoNi

films reported from other solutions18 and the resistivity could

also be further increased to 10�3 U cm by functionally doping

more oxides. The resistivity is similar to that of semiconductor

materials.2 It is known that a higher resistivity of the magnetic

films can reduce the effects of eddy-current by suppressing the

eddy current and also increasing the skin depth during high

frequency applications (e.g., microwave absorption).1,2
3.2 Comparisons of the additive effects

Despite the atomic ratio in the FeCoNi film being largely decided

by the plating current density and each salt concentration,16,22,23

(instead of additives, as shown above), the organic and inorganic

additives possessed different functions and effects in influencing

the different properties of the deposited films. For detailed

comparisons, Fig. 3a and b show the VSM and magnetic perme-

ability results of the deposited films, respectively. The films were

deposited from the plating solutions with different additives using

the optimized concentrations and current densities. Under the

optimized conditions, the largest permeability could be achieved
Fig. 2 (a) M–H loops and (b) microwave permeability of the FeCoNi films

8 g l�1 at current densities of (1) 5, (2) 25, and (3) 50 mA cm�2, respectively.

This journal is ª The Royal Society of Chemistry 2011
by using the same formula plating solution. Without using any

additives, Fig. 3a1 and b1 show the prepared filmhaving a largeHc

of 51 Oe and a poor m–fr curve, respectively. After the addition of

SDS,Hc of the film decreased to <50Oe (shown in Fig. 1a1), while

the film permeability remained low (m < 150) (depicted in Fig. 1b1
and Table 1). The shape of the poor permeability curve in Fig. 1b1
is similar to that in Fig. 3b1, in which the real part of the perme-

ability is much larger than the imaginary part when the resonance

frequency fr is less than 4.0 GHz, while they almost overlap when

the fr is more than 4.0 GHz. These curves suggest a poor film

property for microwave absorption both before and after the

addition of SDS. Upon subsequent addition of the B-reducer and

electrodepositing at the optimized B-reducer concentration (�9 g

l�1) and a current density of �18 mA cm�2, the Hc of the film

decreased to 8 Oe (depicted in Fig. 3a2) and Bs increased to�2.43

T (shown in Table 1). In addition, the soft film (verified to be

Fe48C50Ni2 by EDX) displayed a large anisotropic field (Hk) of

�52 Oe. As compared to Fig. 1b, 2b, and 3b1, Fig. 3b2 illustrates

an increase in film permeability to the maximum values of 1115

and 831 for the real (m0) and imaginary (m0 0) part curves, respec-
tively. This permeability value is much larger than those of

reported monolayer films by means of sputtering, electrodeposi-

tion, or other methods.14,28,36,37 Above the fr (�1.7 GHz), the

imaginary curve becomes much higher than the real curve up till

the measurement limitation of the apparatus. These curves indi-

cate that the film is potentially capable of absorbing microwaves

effectively in a wide range of high frequencies. In particular, with

the additionof SDSandB-reducer in the plating solution, the data

in Table 1 show that the resistivity r of the prepared film was also

increased, which was different from the scenario in which only the

B-reducer was added.35 The increased r is attributed to the effects
electrodeposited on glass from the solution which contains B-reducer of

J. Mater. Chem., 2011, 21, 16042–16048 | 16045
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of both the SDS and B-reducer additives, which changed the

morphology of the prepared films (to be discussed in the following

paragraph). Although the addition of a small quantity of Al3+ or

Mn2+ into the plating solution led to a slight increase in Hc, and

a slight decrease in Bs (Fig. 3a3 and a4) and m (Fig. 3b3 and b4), it

significantly increased the r of the films (shown in Table 1).

Moreover, the films were verified to have a very small magneto-

striction of <10�5. All these properties indicate that these films are

very promising for the applications in a wide range of high

frequency devices.
3.3 Morphology and texture structure of FeCoNi films

Fig. 4 shows the morphologies of the electrodeposited granular

films with different additives. The film deposited from a solution

without any additives obviously exhibited a non-uniform

granular morphology (Fig. 4a). When viewed in a larger area of

5 � 5 mm2, the surface of the film was micro-cracked. The

morphology was the result of randomly mechanical-cracking due

to the large build-up of internal stress within the film. After the

addition of the SDS and B-reducer, the size of the granular

particles in the Fe48Co50Ni2 film was reduced significantly and
Fig. 3 (a)M–H loops and (b) microwave permeability of the FeCoNi films ele

additives of 1.1 g l�1 SDS and 9 g l�1 B-reducer, and further addition of (3) 1.

densities of 15, 18, 14, and 16 mA cm�2.

16046 | J. Mater. Chem., 2011, 21, 16042–16048
became relatively uniform under the effects of the additives

(mentioned above), as depicted in Fig. 4b. Thus, the exchange-

coupling effects amongst the magnetic particles increased largely,

which led to the decrease inHc as well as the increase in Bs. This is

similar to the situation when only the B-reducer was used as the

additive.35 Fig. 4c and d illustrate that with the further addition

of Al3+ or Mn2+, the columnar particles in the prepared films

became more uniform despite a slight increase in the particle size.

Because of a low quantity of Al3+ or Mn2+ addition and

a moderate current density used in the plating, the prepared

columnar films did not contain Al and Mn (from EDX results).

Instead, the films were found to be doped with some oxygen, and

the compositions were Fe46Co49Ni1O4 and Fe46Co50Ni1O3,

respectively. The uniform columnar particles and doped oxides

led to the significant increase in the granular film resistivity. The

reason is that the non-conductive metal oxides were formed and

much more air (with a very high resistivity of 3 � 1015 U cm) was

filled in the grain boundaries. As the formed oxides usually

terminated the growth of FeCoNi crystals, when one FeCoNi

column particle in the film was analyzed with EDX under a high

FESEM magnification, the oxides were found to be mainly

distributed at the particle boundary positions (shown in the
ctrodeposited on glass from the solutions (1) without additive, (2) with the

0 g l�1 AlK(SO4)2 or (4) 2.2 g l�1 MnCl2 at the respective optimal current

This journal is ª The Royal Society of Chemistry 2011
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Fig. 4 AFM (a, b, and the inset of c) and FESEM (c, d and the inset of b)

images of the FeCoNi films electrodeposited from the solutions: (a)

without additive, (b) with the additives of 1.1 g l�1 SDS and 9 g l�1 B-

reducer, (c) further addition of 1.0 g l�1 AlK(SO4)2, or (d) 2.2 g l
�1 MnCl2

at current densities of 15, 18, 14, and 16 mA cm�2, respectively. The inset

of (c) is a 3 dimensional image of the film in (c). The scale bars of FESEM

images are 100 nm.

Fig. 5 2q XRD results of 0.6 mm (a) Fe46Co50Ni1O3 and (b)

Fe30Co52Ni3Mn1O14 films on 30 nm CoFe(110)/10 nm Ta/glass

substrates. The films were deposited at current densities of 16 and 70 mA

cm�2, respectively, in the presence of SDS/B-reducer/Mn2+ additives.
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Appendix). The non-conductive oxides at the grain boundaries

could well form a resistive layer, which contributed to the

increased film resistivity.

The XRD result in Fig. 5a shows the (110) texture structure of

the columnar film, prepared from the plating solution containing

SDS, B-reducer, and Mn2+ additives. Further investigation

indicated that the similar texture structures [FeCoNi(110)] were

displayed by all other thin FeCoNi nano-/micro-films, which

were deposited from the plating solutions in the absence or

presence of a small quantity of additives. These results revealed

that the metal-crystal structure of the thin films depended largely

on the structure of the seed layer [CoFe(110)]. However, the

addition of too large a quantity of the additives [such as AlK

(SO4)2 > 3 g l�1 and MnCl2 > 6 g l�1] or applying a too high

plating current density (>50 mA cm�2) could lead to amorphous

particle films (shown in Fig. 5b). Furthermore, the resultant films

were also doped with a high ratio of AlOx or MnOy, which led to

the obvious decreases in microwave permeability and saturation
This journal is ª The Royal Society of Chemistry 2011
flux density, despite a high resistivity (of the order of�10�2U cm)

being obtained.
4. Conclusions

Soft magnetic FeCoNi based granular films were electro-

deposited from cheap salt solutions. With the appropriate

choices of organic and inorganic additives as well as plating

parameters, the FeCoNi films, with a uniform nano-granular

particulate morphology, were achieved with large magnetic

microwave permeability, high resonance gigahertz frequency, as

well as relatively high resistivity. These properties indicate that

the fabricated films can be potentially used in the high-frequency

applications of microwave absorption, magnetic data storage,

portable wireless and biotechnology devices, etc.38
Appendix

Comparison of FeCoNi compositions at different film positions.

Note: the FeCoNi film was prepared from the solution con-

taining 1.1 g l�1 SDS, 9 g l�1 B-reducer, and 2.2 g l�1 MnCl2 at

a current density of 20 mA cm�2.
J. Mater. Chem., 2011, 21, 16042–16048 | 16047
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