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Quick fabrication of appropriate morphology
and composition CoFe films with desirable
microwave properties

A methodology to quickly prepare CoFe nanofilms with
large magnetic permeability and resonance frequency from
simple salt solutions is demonstrated. As the microwave
properties of thin films are largely determined by their sur-
face morphology and composition, CoFe film with unique
morphology and composition is proposed based on theo-
retical analysis and subsequently electrodeposited with
suitable parameters. This approach reveals that FexCo1-x
(0.3 < x < 0.5 in atomic ratio) films consisting of sub-
30 nm spherical nanoparticles, even in the form of bigger
aggregated-nanoparticles, usually show a low coercivity
(£4240 A · m–1), moderate magnetic anisotropy (2900–
8580 A · m–1), and high magnetic moment (‡1.4 T), per-
meability (>200) as well as resonance frequency
(>1 GHz). Further experimental analyses show root causes
of the phenomena. This methodology also provides useful
references to rapidly identify microwave properties of thin
films from their surface morphologies and main electrode-
position parameters.

Keywords: Nanofilm electrodepostion; Synthesis design;
Permeability and resonance frequency; GHz microwave ap-
plication; Morphology and composition

1. Introduction

As one type of functional materials, thin soft ferromagnetic
films are intensively used in numerous advanced areas,
such as in ultrahigh density data storage and ultrathin giga-
hertz (GHz) frequency devices, due to their achievable
compact and light-weight core-elements with excellent per-
formance [1–3]. To cater to rapid development and produc-
tion of the devices, investigating effective simple methods
to prepare thin films with appropriate properties and prob-
ing the internal microwave properties from the surface mor-
phology and fabrication parameters of the films are in de-
mand and interesting to researchers and engineers [4, 5].
Thin films prepared from different tools or parameters
usually exhibit diverse morphologies, such as smooth or
rough surfaces, irregularly or regularly (e. g., spherical)
shaped particles contained, etc. [6–8]. The surface mor-
phology of the thin film is representative of its crystallo-
graphic structure and composition [9–11]. Since magnetic
microwave properties are determined by the particle size,

composition, and lattice constant of crystals [12–14], thin
films with different morphologies may exhibit different un-
ique magnetic microwave properties. Previous investiga-
tions on electrodeposited thin Fe-based films demonstrate
that the deposition parameters (e. g., composition, pH, and
additive of plating solution, plating current) and substrate
affected both the surface morphologies and internal physi-
cochemical or magnetic microwave properties [15–18].
As such, through theoretical analysis to determine the ap-
propriate morphology and composition as well as selecting
suitable deposition parameters, it is possible to develop a
quick and cost-efficient process to fabricate thin soft ferro-
magnetic films with desirable microwave properties. Pre-
vious study results also supply some background on the
theoretical analysis of static magnetism and dynamic mi-
crowave properties [19–22]. By using this simple practical
fabrication route, excess characterization and process time
required in conventional development approaches or indus-
trial mass-productions [1, 2] can be avoided. In addition,
through analyzing the experimental results from fine tuning
the deposition parameters for in-depth understanding of the
relationships between the morphology and physicochem-
ical, static magnetism as well as dynamic microwave prop-
erties, a convenient method to quickly determine the prop-
erties of thin films from their deposition parameters and
surface morphologies may also be established.

Herein we demonstrated thin FexCo1-x (0.3 < x < 0.5 in
atomic ratio) nanoparticle films, quickly synthesized from
simple sulfate/chloride-based solutions, possessing desir-
able static and dynamic magnetic properties, such as large
saturation magnetization (Ms, up to 2.2 T), magnetic perme-
ability (l, real part >200), and resonance frequency (fr,
>1 GHz). As opposed to conventional fabrication methods
via the selection of final fabricated products, the rapid pre-
paration of the thin films with desired properties was based
on initial suggestion of their ideal morphology and compo-
sition from theoretical understandings, as well as subse-
quent selection of suitable fabrication process and parame-
ters. The effects of plating current density Id, solution
composition, and temperature on the morphology were
further investigated as well.

2. Experimental methods

In this investigation, CoFe films were electrodeposited on
Si wafers. A seed layer of Ta 5 nm/Au(110) 30 nm was first
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deposited on each Si wafer using a sputter system (MPS-
6301-SP, ULVAC, Japan). This seed layer acted as an elec-
trical conducting layer for the electrodeposition. The CoFe
films were fabricated from a 1.3l Paddle-Cell (Technic,
Singapore) with a DC power supply using our previously
developed simple salt solution, containing 0.095 M
FeSO4 · 7H2O, 0.10 M CoSO4 · 7H2O, 0.90 M NH4Cl,
0.5 M H3BO3 at 40 8C or room temperature (RT) [23]. An
organic additive of dimethylamine borane [(CH3)2NHBH3,
DMAB, Bayer, Germany] was added to the solution during
the electroplating process. During the electrodeposition of
the CoFe films (with 100–400 nm in thickness), a range of
plating current density (Id) from 7.5 to 25.0 mA · cm–2 was
adopted, and a magnetic field of 22400–24000 A · m–1

was applied parallel to the substrate surface to induce an
in-plane uniaxial anisotropy (Hk), which energy effect is
usually connected to the existence of only easy direction
and allows magnetization direction of any domain along
the easy axis of hysteresis loop.

The thickness of the films was measured using a surface
profiler (Taylor Hobson, FormTalySurf 50, UK) or an
atomic force microscope (AFM, Dimension 3100, USA).
The morphologies of the films were examined with a field
emission scanning electron microscope (FESEM, JSM
7401F, JEOL, Japan) or AFM. The stoichiometry of the
electrodeposited films was determined by means of energy
dispersive X-ray spectroscopy (EDX), which was attached
to the FESEM. The crystallographic texture of the films
was evaluated from X-ray diffraction (XRD, UltimaIV,
Rigaku, Japan) using a Philips X’pert diffractometer (k =
1.5406 Å, Bragg–Brentano geometry, PW3088/60 (line fo-
cus) Cu MRD PFX mirror, without filter and monochroma-
tor), and recorded at a scanning rate of 0.028 s–1 in the 2h
ranging from 30 to 808. The bulk resistivity q of the film,
calculated by dividing the sheet resistance with the film
thickness, was measured using a four point probe head
(RT-70, NAPSON, Japan). A vibrating sample magneto-
meter (VSM, EV-7, USA) was used to measure the satura-
tion magnetization (Ms) and coercivity (Hc). The Ms was
obtained from the non-normalized saturation magnetization
(M0) indicated in the measuredM–H loop. The permeability
frequency spectra from 0.9 to 10 GHz were measured with
a vector network analyser (Agilent 5230A, USA). All the
calculation methods after the measurements can be found
in previous works [15, 23].

3. Results and discussion

Ferromagnetic CoFe nanofilms with desirable microwave
properties were fabricated from different simple sulfate/
chloride-based solutions with optimized parameters.

3.1. Ideal morphology and composition of thin film
from theoretical analyses

Based on theoretical analyses as follows, thin FexCo1-x
(0.3 < x < 0.5 in atomic ratio) films, consisting of fine sphe-
rical nanoparticles, could display desirable microwave
properties, such as high complex magnetic permeability
(l) and large linear resonance frequency (fr). As prepared
under an induction of the applied magnetic field, the thin
films exhibited a uniaxial in-plane anisotropy. The relation-
ship between their static and dynamic magnetic properties

could be explained using Acher’s law (1) [24] and the stan-
dard Lorentzian equation (Eq. (2)) [25], as shown in the fol-
lowing:

ðls � 1Þf 2r ¼ ðc0MsÞ
2 ð1Þ

lðxÞ ¼ 1þ ðls � 1Þ=½1þ ix=xa � ðx=xrÞ
2� ð2Þ

Where the static permeability, ls = 1 + 4pM0/Hk = 1 +Ms/

Hk, c’ is the gyromagnetic factor (a constant coefficient,
*3 MHz Oe

–1 for ferromagnets, such as the CoFe), x, xr,
and xa represent the circular, resonance, and characteristic
relaxation frequencies of the incident wave, respectively.
For ferromagnetic materials with high Ms (e. g., CoFe),
since Hk << Ms, ls is expected to be >> 1 (viz., ls & Ms/

Hk). Substituting it into (1) and (2), gives equations as fol-
lows:

fr ¼ c0ðMsHkÞ
1=2 ð3Þ

lðxÞ ¼ 1þMs=½Hkð1þ ix=xa � x2=x2
r Þ� ð4Þ

Therefore, to achieve desirable microwave properties with
large l and fr, thin film must exhibit a high Ms, low Hc,
and moderate Hk.

CoFe has been selected as the material of interest as it
displays the highest saturation magnetization or magnetic
moment (Ms*2.45 T) theoretically and low Hc (down to
<1600 A · m–1) [25, 26]. Previous works show that for a
CoFe film with a relatively high Fe content of 30–70%,
the largeMs can be realized [23, 26]. In addition, a film con-
taining higher Co levels demonstrates a larger crystallinity
and magnetic anisotropy Hk (>3200 A · m–1) than lower
Co-content materials [27, 28]. Intuitively, the Co content
in the CoFe film should ideally be higher than that of Fe
(viz. x < 0.5 for FexCo1-x film). Previous reports have also
shown that thin magnetic soft films consisting of uniform
fine spherical nanoparticles typically display a lower coer-
civity Hc, as there is existing strong exchange-coupling
among these fine nanoparticles with homogeneous grain
domain structures [23, 29]. As such, to achieve films with
desirable static magnetism and dynamic microwave pro-
perties, besides optimizing the Fe and Co content in thin
FexCo1-x films to be in the range of 0.3 < x < 0.5 (in atomic
ratio), the fabrication process should be geared towards pro-
ducing uniform fine spherical nanoparticles. High Ms CoFe
alloy films with such morphology have been obtained by
optimizing DMAB concentration in our previous work
using a similar plating solution. However, the effects of
other plating parameters and the associated microwave
properties were unclear and not investigated [23].

3.2. Preparation of CoFe films with unique morphology

Electrodeposition was also chosen to quickly prepare the
unique morphology films due to its short processing time,
cost-effectiveness, and flexibility to manufacture large
sheets of magnetic films [22, 30, 31]. Figure 1 schemati-
cally illustrates the rapid preparation process to achieve
the thin CoFe films, consisting of uniform fine nanoparti-
cles, from the simple solution with similar concentration
of Fe2+ and Co2+ with suitable higher Id. During electro-
depositions of Fe-series alloys, as anomalous co-deposition
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usually exists [32, 33] and similar concentrations of Fe2+

and Co2+ can lead to a co-deposited CoFe alloy with similar
ratio of Fe and Co [34], a plating solution with similar
[Fe2+] and [Co2+] of 0.095 M and 0.10 M, respectively
[23], was thus selected for achieving the FexCo1-x films with
the desired composition (0.3 < x < 0.5). Moreover, from the
kinetics viewpoint of crystal growth, intensive initial crys-
tallite nucleation was critical for achieving uniform particle
films. Although substrate surface conditions, component
type and concentration of the electrolyte, and other factors
can affect the crystal growth (e. g., suitable organic addi-
tives reducing surface tension of the substrate and leading
to easier crystallite nucleation), plating current density is a
generally effective means to control the crystal growth for
different plating solutions and substrates [7, 35]. Thus, a re-

latively high Id (e. g., reaching the middle range of the plat-
ing Id window where shiny silver surfaces are obtained for
the films) during electrodeposition was used to achieve the
high density of initial crystallite nucleation, and subse-
quently led to the desirable unique morphology films.
Based on these suggested plating parameters, a series of
thin CoFe films were subsequently synthesized from the
simple sulfate/chloride-based solutions at different tem-
peratures, in the presence and absence of the organic addi-
tive. For comparison, different values of Id were also used.

As shown in Fig. 2, CoFe films with different morpholo-
gies were prepared from four simple solutions at various Id.
The different nanomorphologies of the thin films were at-
tributed to the solution component (e. g., additive) and pH,
solution temperature and plating Id [17, 23]. Notably, the
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Fig. 1. Schematic illustration of preparation of thin CoFe film with desirable microwave properties through electrodeposition from a simple sulfate
and chloride salt solution.

Fig. 2. FESEM images of the four series of thin CoFe films, electrodeposited from the solution: without additive at RT (a1–a3) or 40 8C (b1–b3) and
a current density Id of 7.5, 16.3, and 25.0 mA · cm–2, respectively. The inset image of (b2) is the corresponding 0.6 · 0.6 lm AFM magnification
image; (c1–c3) and the inset of (b3) containing 1.2% DMAB additive at RT and an Id of 7.5, 16.3, 20.0, and 25.0 mA ·
cm–2, respectively, while the insets of (c1–c3) and (d3) are the corresponding 3 · 3 lm AFM film images; (d1–d3) containing 1.2% DMAB additive
at 40 8C and an Id of 7.5, 16.3, and 20.0 mA · cm–2, respectively. The scale bars in the FESEM images are 100 nm.
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pH value of the solution was largely determined by the
H3BO3 buffer-acid and DMAB additive, and a value of
*3.0 or 4.0 (due to the hydrolysis of DMAB [36]) for the
H3BO3-contained solution in the absence and presence of
1.2% DMAB, respectively, was obtained. When comparing
Fig. 2a–d series films, which were deposited at the same Id
from the different solutions – without additive at RT

(pH*3.0) or 40 8C (pH*3.0), containing 1.2% DMAB at
RT (pH*4.0) or 40 8C (pH*4.1), respectively, although
the addition of DMAB additive and change of solution tem-
perature could slightly vary CoFe particle sizes in the films
(e. g., from Fig. 2a1–a3 to d1–d3, respectively) via slightly
changing Fe2+ and Co2+ reduction potentials on the cathode
electrode [15, 36], the changes in plating Id exerted the most
influence on the CoFe particle size and surface morphol-
ogy, just as reported in Refs. [7, 35]. In particular, the vary-
ing trends of the particle shape and size in the CoFe films
with Id for all four plating solutions were consistent.

The morphologies in Fig. 2a1–d1 show that the CoFe
films prepared at lower Id were made up of non-uniform, ir-
regularly-shaped particles. With the increase in Id, the
nanoparticles in the films (Fig. 2a2–d2) became relatively
more uniform in size (about 20–30 nm) and increasingly
spherical in shape. This change was consistent with the sug-
gestion from the above theoretical analysis. At a lower Id,
fewer initial nuclei were produced on the substrates. This
subsequently resulted in non-uniform crystal growth where
the different non-uniformly distributed nuclei merged with
increasing deposition time. In contrast, a higher Id gener-
ated much more nuclei initially, higher overpotential and
reduced ion diffusion thickness on the substrate surface,
which contributed to more even current distribution and fi-
ner grain particles [33, 35] on the substrates. As a result,
this led to a more uniform growth of CoFe crystals or parti-
cles. The inset of Fig. 2b2, a magnified image obtained
using the high resolution of the AFM system, shows some
fine nanoparticles aggregating into bigger nanoparticles
(>30 nm) as well. When the Id was further increased, both
the aggregated and fine particle sizes grew in size. For ex-
ample, for the series (c) films, both FESEM and AFM
images showed such similar observations. When the Id was

increased from 16.3 to 20.0, and finally to 25.0 mA · cm–2,
the aggregated particle size increased from approximately
50 to 90, and finally to 110 nm (depicted in Fig. 2c2, c3,
and inset of b3), respectively, while the size of the elemental
fine particles also slightly increased. For the series (a), (b),
and (d) films deposited from other three different solutions,
similar trends of particle size against Id are also illustrated
in Fig. 2a1–a3, b1–b3, and d1–d3, respectively. Therefore,
despite the different morphologies and particle sizes pre-
pared from different solutions due to the diverse effects of
additive and solution temperature, a thin CoFe nanofilm
comprising relatively uniform fine spherical nanoparticles
could be readily and repeatedly prepared from the different
simple sulfate/chloride-based solutions by tuning the plat-
ing current density Id.

3.3. Morphology implication and experimental
clarification of magnetic microwave properties

Since CoFe films with desirable unique morphology have
been rapidly electrodeposited by using the selected suitable
ratio of [Fe2+]:[Co2+] and relatively high Id, these thin CoFe
nanofilms were further examined to test if they possessed
appropriate magnetic microwave properties. Comparison
analyses for all the CoFe films, including those consisting
of the irregular shape particles, from the four plating solu-
tions were also carried out to understand the relationship
between the film morphology and microwave properties.
The results are given in Table 1. In accordance with the
above theoretical analyses, the thin magnetic films consist-
ing of uniform fine spherical nanoparticles, such as in
Fig. 2a2–d2, would display lower coercivity, Hc. The CoFe
films with slightly larger spherical nanoparticles (e. g., in
Fig. 2a3–d3) were also expected to have lower Hc compared
to those films with irregularly-shaped particles in Fig. 2a1–
d1. The characterization results showed that a low Hc
of down to 640 A · m–1 was obtained for the films in
Fig. 2a2–d2, while the Hc (880–10320 A · m–1) for the
films in Fig. 2a3–d3 was lower than the Hc (1840–
10560 A · m–1) of the films in Fig. 2a1–d1. Moreover, as
the [Fe2+] and [Co2+] concentrations were similar in each
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Table 1. Static magnetism and dynamic microwave (shaded part) properties of CoFe films prepared using different current densities in
four different solutions.

Plating
solution

Id
(mA · cm–2)

Co :Fe
(atom)

Hc-easy
(A · m–1)

Hc-hard
(A · m–1)

Ms
(T)

Hk
(A · m–1)

l’max l@max fr
(GHz)

frEsti
(GHz)

a) Without
additive, RT,

pH3.0

7.5
16.3
25.0

68 :32
62 :38
60 :40

4400
1120
1760

4240
900

1680

0.6
1.6
1.4

4640
3000
290

72
455
356

40
323
171

1.1
1.9
1.6

1.7
2.3
2.1

b) Without
additive,

40 8C, pH3.0

7.5
16.3
25.0

70 :30
63 :37
59 :41

10560
4240

10320

10560
2000

10320

0.3
1.5
0.7

0
6240
0

24
318
61

N.A.
241
58

N.A.
3.1
N.A.

N.A.
3.3
N.A.

c) 1.2%
DMAB, RT,

pH4.0

7.5
16.3
20.0
25.0

67 :33
57 :43
56 :44
55 :45

4400
880

1600
1680

4000
640

1760
1360

1.4
2.2
1.8
.6

6600
7360
6000
4800

101
441
303
225

62
355
210
162

2.6
3.9
3.1
2.3

3.2
4.3
3.5
2.9

d) 1.2%
DMAB,

40 8C, pH4.1

7.5
16.3
20.0

62 :38
58 :42
56 :44

2640
1600
880

1840
880

1040

1.6
2.2
1.9

6160
8580
6400

159
250
121

125
186
79

2.6
4.5
3.3

3.3
4.6
3.7
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plating solution, the anomalously co-deposited films from
the solutions should possess a relatively high atomic ratio
of Fe (e. g., >25%), particularly for the films prepared from
a middle and higher range of Id [2, 33] (e. g., in Fig. 2a2–d2
and a3–d3). As such, these CoFe films should display high
Ms if the Fe and Co atoms were closely and uniformly dis-
tributed across the entire alloy films.

The experimental data in Table 1 demonstrate that all the
films from the four plating solutions contained a relatively

high Fe atom-ratio (30–48%). The thin CoFe films, which
were made up of fine or aggregated particles and fabricated
using a relatively high Id (shown in Fig. 2a2–d2, a3, c3, inset
of b3, and d3), exhibited high Ms of 1.5–2.2 T. Despite ex-
isting anomalous co-deposition for the Fe2+ and Co2+ reduc-
tions, the individual standard electrode potential of the
metal-ion couple, representing the driving force extent in
reduction, is still the main factor to determine the reduced
Fe :Co ratio in the CoFe alloy [7, 11]. Since Fe2+ and Co2+

B. Y. Zong et al.: Quick fabrication of appropriate morphology and composition CoFe films
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Fig. 3. (a) static M–H loops and (b) dynamic l–fr curves of the CoFe films electrodeposited at RT from a solution containing 1.2% DMAB and a
current density Id of (1) 7.5, (2) 16.3, (3) 20.0, and (4) 25.0 mA · cm–2, respectively.
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concentrations were similar and the individual standard
E8Co

2+
/Co (–0.28 V) is higher than E8Fe

2+
/Fe (–0.44 V) in the

acidic solution, the atomic Co-ratio was usually larger than
Fe-ratio in the anomalously co-deposited CoFe alloys, even
from a plating solution containing slightly higher [Fe2+]
[33]. This implied that despite the relatively high Fe content
(‡ 30%), the Co content in the as-deposited films was abso-
lutely higher than Fe from the solution with similar [Fe2+]
and [Co2+]. This was further confirmed by the EDX mea-
surement results, which indicated a 55–70% Co content in
the as-prepared films (Table 1). Due to the high Co content,
the films, such as in Fig. 2a2–d2, a3, c3, and d3, possessed a
relatively large but moderate anisotropy Hk of 2900–
8580 A · m–1. Therefore, as predicated theoretically and
demonstrated experimentally, the films consisting of fine
nanoparticles which were prepared using the relatively high
Id displayed lower Hc, higher saturation magnetization Ms,
and moderate anisotropy Hk.

Furthermore, as all the deposited thin CoFe nanofilms
possessed in-plane anisotropy, their static and dynamic
magnetic properties should be closely related in the unique
way according to previous theoretical illustrations. For ex-
ample, the films in Fig. 2a2–d2, a3, c3, inset of b3, and d3
with larger Ms, moderate Hk and lower Hc should display
desirable microwave properties. The curves in Fig. 3 show
the experimental comparison of the static magnetism prop-
erties ofM–H loops and the dynamic microwave properties
of l–fr curves for the CoFe films, prepared from a series of
Id (shown in Fig. 2c1–c3, and inset of b3). These curves
clearly indicate the detailed responses of the complex per-
meability (l’max (real part) and l@max (imaginary part)) and
resonance frequency fr to the Ms, Hc, and Hk of the CoFe
films. For the film fabricated at a low Id of 7.5 mA · cm–2,
which was made up of irregularly shaped particles
(Fig. 2c1), its large Hc-easy (4400 A · m–1), Hc-hard
(4000 A · m–1) and low Ms (1.4 T) (Fig. 3a1 and Table 1)
corresponded to the poorer dynamic property (Fig. 3b1),
where the l’max, l@max, and fr are only *101, 62, and
2.6 GHz, respectively. With an increase in Id to
16.3 mA · cm–2, theM–H loop in Fig. 3a2 demonstrates that
the Hc-easy and Hc-hard decrease to the lowest values of 880
and 640 A · m–1, respectively, while the Ms increases to
2.2 T. These changes resulted in the increases in l’max and
l@max to the largest values of 441 and 355, respectively.
The fr also peaks at 3.9 GHz (Fig. 3b2) as the Hk increased
to 7360 A · m–1. Thus, these results evidently show that
the fr and l of the ferromagnetic films were greatly affected
by the Ms, Hk, and Hc values, and confirmed the relation-
ships between l, fr, Ms, and Hc, as illustrated in Eqs. (1)–
(4). When the Id was further increased to 20.0 mA · cm–2,
despite the decline of l’max, l@max, and fr to 303, 210, and
3.1 GHz, respectively (due to the slight increase in Hc and
decreases in Ms and Hk), these values were still consider-
ably high. However, with the continuous increase in Id to
25.0 mA · cm–2, the Hc-easy and Hc-hard slightly changed
from 1600 and 1760 A · m–1 correspondingly to 1680 and
1360 A · m–1, while the Ms and Hk decreased to 1.6 T and
4800 A · m–1, respectively (Fig. 3a4 and Table 1). This
change led to a further decline of l’max, l@max, fr and to
225, 162, and 2.5 GHz, respectively (Fig. 3b4). Hence the
saturation magnetization Ms and anisotropy Hk were the
two more critical static magnetism properties affecting the
dynamic microwave properties.

Further experiments indicated that the continuous in-
crease in Id would lead to burnt CoFe films, which surface
changed from a shiny silver to dull-gray or black color, with
much poorer microwave properties. Therefore, the above
experimental results corroborated the theoretical under-
standing of the relationships between the morphology, de-
position parameter, static magnetism and dynamic micro-
wave property of the thin films. For a magnetic soft CoFe
film with fine nanoparticles which was prepared from a re-
latively high (e. g., the middle range of) Id, the higher Ms
and moderate Hk were associated with larger magnetic per-
meability l and resonance frequency fr. The examination
results in Table 1 and Fig. 2 from the four plating solutions
also revealed that each CoFe film with a unique morphol-
ogy possessed a distinct magnetic microwave property and
the films with similar morphologies exhibited comparable
properties. Although the obtained largest Ms, Hk, l, and fr
values varied with different solutions, the changing trends
of the static and dynamic magnetic properties with the mor-
phology were similar.

3.4. Further mechanism analysis and experimental
verification

Further mechanism analysis was carried out to elucidate the
poorer microwave properties of the CoFe films with the ir-
regular nanoparticles or bigger uniform spherical nanopar-
ticles, produced from both low or high (beyond the middle
range of) Id, respectively. For every pre-assigned plating
system or solution, changes in Id would alter the plating
bath potential and over-potentials (increased with Id) of the
ion reductions on the cathode [11, 33], which consequently
influenced the behavior and delivery speeds of the metal
ions and deposition rate of CoFe crystals. For instance, the
measured deposition rate increased from 0.7 (Fig. 2b1) to
1.0 nm · s–1 (Fig. 2b2) when the Id increasing from 7.5 to
16.3 mA · cm–2. As a result, the change in Id directly influ-
enced the morphology, crystallinity, particle and grain sizes
of the CoFe film. The XRD spectra in Fig. 4 depict the crys-
tallographic structures of the films (Fig. 2c1–c3) prepared
from the different plating Id of 7.5, 16.3, and
20.0 mA · cm–2, respectively. As the XRD peak intensities
have been normalized based on the CoFe film thickness,
the peak density indicated the extent of crystallization
(viz., crystallinity) for each film. All the films prepared
from the solution containing 1.2% DMAB at room tem-
perature consisted almost entirely of CoFe (110) crystals.
However, residual traces of Fe2O3 (214) crystals were also
observed. From the downward trend of the ratio of the sharp
to the broad peak intensity at different Id, it appears that the
crystallinity for the CoFe film at higher Id was poorer than
that at lower Id. From the viewpoint of electrochemical de-
position, the decrease in crystallinity is due to the greater
extent of vacancies or other crystal defects at higher depos-
iting rate [11, 35], which arose from the higher Id. A reduc-
tion in crystallinity would result in lower anisotropy.

To compare the changes of grain and particle sizes with
the increase in Id, the mean grain sizes (s) for this series of
films fabricated at different Id were calculated using the
Scherrer equation. [37], which is shown as follows:

s ¼ kk=ðb cos hÞ ð5Þ
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where k is X-ray wavelength (0.15406 nm), k is a constant
related to grain shape (typical value 0.9), h is the Bragg an-
gle (half of 2h, which corresponds to the tip of the peak),
and b is the peak width at the half maximum height. The
values of h and b for the Fe33Co67, Fe43Co57, and Fe45Co55
films (Fig. 4a–c) are summarized in Table 2, along with
the corresponding calculated grain sizes (s) of 22.9, 21.5,
and 22.1 nm, respectively. Though the plating Id varied for
the films, the calculated grain sizes remained similar. This
shows that the films with relatively uniform fine nanopar-
ticles (e. g., in Fig. 2a2–d2, a3–d3 and inset of b3) contained
fine homogeneous grains, hence possessing the lower Hc
[13, 23]. In addition, for varying Id, the trend in the grain
size was unlike that of the particle size observed in the

CoFe films. This implied that with the increase in particle
size (or the increase in Id) and the decrease of crystallinity,
a greater extent of amorphous CoFe components wrapped
or combined with the CoFe grain domains in the films. This
led to the decrease in crystalline anisotropy (Hk) and the sa-
turated magnetization (Ms), as more vacancies or other
crystal defects were present and the extent of compact pil-
ing of CoFe atoms was weaker in the amorphous phase. As
such, a much higher current density Id resulted in relatively
lower Ms and Hk. This explains the fact that although the
films produced at the high Id consisted of uniform spherical
particles with low Hc (e. g., down to 880 A · m–1) (Table 1),
they displayed poorer microwave properties than those pro-
duced at the middle range of Id. In the case of films fabri-
cated at low Id, even though a higher crystallinity (Fig. 4a)
was obtained, the resultant lower Fe atom-ratio led to lower
Ms. In addition, the irregular CoFe particles also led to the
inhomogeneous size grains and poorer exchange coupling
[13, 29], and subsequently higher Hc as well as the nearly
negligible magnetic anisotropy between easy and hard axes.
These factors caused the deterioration of the microwave
properties of the films. The results were further verified by
the theoretically estimated ferromagnetic resonance (frEsti)
in hard axis from Eq. (3) for these in-plane anisotropic fer-
romagnetic thin films, as listed in Table 1. The calculated
values for frEsti are obviously higher than the measured
ones. This should be caused by the damping effect, which
is neglected in Eq. (1) and (3) [25]. As a larger damping ef-
fect resulted from more inhomogeneity of the thin films,
which was caused by the crystal–amorphous phase mixture,
foreign oxides, and different particle or grain sizes, the dif-
ference between measured fr and frEsti for the films from
the low and high Id was usually larger than that for the films
from the middle Id in all series solutions. Therefore, be-
cause of the drawbacks of both high and low Id, only the
CoFe films, made up of uniform fine spherical particles
with higher crystallinity which were produced from the
middle range of Id, possessed the lowest Hc, moderate Hk
and largest Ms, as well as the best microwave properties.

Previous studies indicated that suitable annealing treat-
ments can improve the particle uniformity and crystallinity
of the thin deposited films [15, 38]. The FESEM images of
Fig. 5a–d illustrate morphologies of the CoFe films, which
previous corresponding images are Fig. 2a3–d3, after va-
cuum annealing at 250 8C for 1 hour under an in-plane mag-
netic field of 1 T (Fig. 1). More uniform nanoparticle
morphologies and increased crystallinity (Fig. 4d) were ob-
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Fig. 4. 2h XRD results of (a) Fe33Co67, (b) Fe43Co57, and (c) Fe45Co55
films on 30 nm Au(111)/5 nm Ta/Si substrates. The films were electro-
deposited from the solution containing 1.2% DMAB additive at RT
and an Id of (a) 7.5, (b) 16.3, and (c) 20.0 mA · cm–2, respectively. (d)
Annealed Fe45Co55 film at 250 8C for 1 h under in-plane easy-axis
magnetic field of 1 T.

Table 2. The measured parameters and calculated mean grain
sizes according to the Scherrer equation from the XRD peaks of
three CoFe films.

Film Bragg angle h Peak width b Grain size, s
(nm)

Fe33Co67 22.78 0.758 (or
0.00654)

22.9

Fe43Co57 22.78 0.808 (or
0.00698)

21.5

Fe45Co55 22.68 0.788 (or
0.00681)

22.1
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served after the annealing process. As such, an improve-
ment of microwave properties for the films can be expected
after annealing based on the above analyses. For instance,
the data in Table 3 show the significantly improved dy-
namic microwave properties for the \c" series of CoFe
films (Fig. 2c) at all Id after annealing. For the films pre-
pared from the middle range Id, all the complex permeabil-
ity l increased significantly. In the case of the films pre-
pared at the low and high Id, both the l and resonance
frequency fr were increased. A largest l’max value of 592
was also obtained from the aggregated fine nanoparticle
film. In particular, for the film prepared at the high Id of
25.0 mA · cm–2, the l’max, l@max, and fr increased signifi-
cantly from pre-annealed values of 225, 162, and 2.3 GHz
to correspondingly post-annealed values of 318, 224, and
3.9 GHz, due to the increased crystallinity, Ms and Hk after
the annealing. As shown in Table 3, these annealed films
also possess other desirable physical and electrical proper-
ties, such as shiny surfaces without micro-cracks and rela-
tively high resistivity q. Therefore, the preparation of sphe-
rical granular films using suitable deposition parameters
and annealing process produced the desirable properties
for different microwave applications in the high frequency
of GHz range.

4. Conclusions

In summary, based on theoretical analyses, CoFe films,
consisting of uniform fine spherical nanoparticles and large
magnetic permeability (real part up to*600) as well as re-
sonance frequency (up to *5 GHz) have been rapidly pre-
pared. The films could be obtained from different simple
sulfate/chloride-based solutions at similar Fe2+ and Co2+

concentrations by tuning the plating current density at the
higher middle range. Annealing under a magnetic field with
easy-axis direction could further enhance the microwave
properties of the thin films through improving the crystalli-
nity. From the experimentally revealed relationships be-
tween the surface morphology, deposition parameters, and
static magnetism as well as dynamic microwave properties,
identifying the microwave properties of thin CoFe films
from their nanomorphologies and electrodeposition param-
eters became possible. These methodologies are practical
in the quick development and fabrication of thin CoFe or
other soft ferromagnetic films for gigahertz microwave ap-
plications.

The authors thank Dr C. R. Deng and Mr S. K. Ting for the kind help
and instructions.
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