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ABSTRACT
We prepared Fe-Ni thick-films (> 1 μm) using an electroless deposition method and evaluated the magnetic properties and the crystal struc-
tures. The deposition rate depended on the concentration of dimethylamine-borane (DMAB), which is a reducing agent used in the present
study, and we obtained a high deposition rate (> 10 μm/h) for Fe30Ni70 films when the DMAB concentration is higher than 3 g/L. From struc-
tural analyses of the films, we found that the films have very fine fcc Fe-Ni crystals in the amorphous magnetic phase. From the investigation
of Co additives for the improvement in the surface conditions, we confirmed that a small amount of Co effectively works to obtain the smooth
surfaces. As a result, we could obtain the Fe-Ni-system thick-films with low coercivity (50 A/m) and smooth surfaces.

© 2020 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/1.5130446., s

I. INTRODUCTION
In recent years, driving-frequency of electric devices has

increased for improvement in their performance, and the develop-
ment of magnetic devices, which can be used under a high frequency,
is strongly required. For high-frequency driving of magnetic materi-
als in the devices, we need to reduce eddy current losses, and one
of the effective methods to reduce the loss is a reduction in the
thickness. Fe-Ni alloys are well-known as a superior soft magnetic
material owing to their low coercivity and high permeability, and
film-shaped Fe-Ni alloys are preferable to operate under a high fre-
quency. Various fabrication processes of soft magnetic films have
been reported, and electrodeposition techniques are one of the pop-
ular methods to obtain Fe-Ni films1–5 due to their high deposition
rates.

Electroless deposition is also attractive methods since they have
high selectivity of substrates and high uniformity of film thick-
ness.6,7 In fact, electroless deposition of Ni films is widely used in
the industrial field. Focusing on the fabrication of Fe-Ni films using
electroless deposition methods, some researchers have reported the
films using dimethylamine borane (DMAB) as a reducing agent.8–10

Although good soft magnetic properties have been reported for
electroless-deposited Fe-Ni films, the deposition rate is not high

(< 10 μm/h) and discussion about the magnetic properties for Fe-
Ni thick-films (> 5 μm) was not enough. In the present study, we,
therefore, fabricated the Fe-Ni thick-films using an electroless depo-
sition method and evaluated the magnetic properties and the crystal
structure.

II. EXPERIMENTAL PROCEDURE
A. Electroless deposition

The plating bath conditions are shown in Table I. The DMAB
was employed as a reducing agent, and its concentration was
changed from 3 to 10 g/L. To evaluate the effect of Co addition on
the surface conditions (related to Figs. 6–7), CoSO4-7H2O (Cobalt
sulfate) was added by the replacement of NiSO4-6H2O.

The electroless deposition conditions are summarized in
Table II. In the present study, we employed Cu plates as substrates
since we can directly obtain the Fe-Ni films (Fe < 45 at.%), indi-
cating that we don’t need an imparting catalyst process before the
deposition. The pH of the bath was adjusted with KOH.

B. Measurements
The thickness and the surface roughness Ra of the as-deposited

films were measured with a micrometer (Mitutoyo, CPM15-25MJ)
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TABLE I. Bath conditions.

Components Concentration

NiSO4⋅6H2O (Nickel sulfate) 50 - x [g/L]
FeSO4⋅7H2O (Iron sulfate) 70 g/L
CoSO4⋅7H2O (Cobalt sulfate) x = 0 - 40 g/L
Na3C6H5O7⋅2H2O (Tri-Sodium citrate) 110 g/L
(NH4)2SO4 (Ammonium sulfate) 60 g/L
NH4NH2SO3 (Ammonium amid sulfate) 25 g/L
H3BO3 (Boric acid) 25 g/L
(CH3)2NH⋅BH3 (DMAB) 3-10 g/L

TABLE II. Electroless deposition conditions.

Conditions Value

Bath temperature 85○C
Substrate Cu (thickness 500 μm)
Deposition area 25 mm × 5 mm
Deposition time 5 - 60 min
pH 7.5

and a surface roughness meter (Mitutoyo, Surf Test SV-400), respec-
tively. We evaluated the coercivity from the dc B-H loops (f = 50
mHz) using a B-H curve tracer (Riken Denshi, BHS-40). The film
composition and the microstructure were analyzed by an energy dis-
persive X-ray spectrometry (Hitachi High-technologies S-3000) and
a transmission electron microscope observation (JEOL, JEM-2010),
respectively. Thermomagnetic curve and X-ray diffraction pattern
(Rigaku, Miniflex600-DX) were used to discuss magnetic phases
in the film and the change in the structure over the composition,
respectively.

FIG. 1. Thicknesses of the Fe-Ni films as a function of the deposition time.

III. RESULTS AND DISCUSSION
Figure 1 shows the thickness of the Fe30Ni70 films as a function

of the deposition time. The results for the DMAB concentrations of
3, 5, and 7 g/L are shown in Fig. 1. The thickness increased with
increasing the deposition time, and we confirmed that much thicker
films could be obtained by the increase in the DMAB concentrations.
The deposition rate for 7 g/L is approximately 20 μm/h, and this
value is higher than that of Ref. 9.

To confirm the film structures, we evaluated the microstruc-
ture using TEM. Figure 2 shows TEM images of the Fe30Ni70 film
(FeSO4: 70 g/L) and the Fe45Ni55 one (FeSO4: 90 g/L). The obtained
diffraction pattern could be indexed as an fcc Fe-Ni, and the bright
and dark field images imply that the films have very fine structures.
Figure 3 shows the thermal magnetization curve of the Fe30Ni70
film. As shown in Fig. 3, we confirmed two Curie points, and the
higher point (approx. 600○C) is attributed to the fcc Fe-Ni crystalline
phase. Since only the fcc Fe-Ni crystalline phase was confirmed in
the diffraction pattern of the TEM observation, we considered that
the lower Curie point (approx. 300○C) is attributed to an amorphous

FIG. 2. Electron diffraction pattern, and bright and dark-field TEM images of (a) the Fe30Ni70 film and (b) the Fe45Ni55 one prepared at the DMAB concentration of 5 g/L.
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FIG. 3. Thermal magnetization curve of the Fe30Ni70 film.

magnetic phase. From the structural analysis, we found that the fcc
nanocrystals exist in the amorphous matrix phase. As the boron in
the DMAB is incorporated into the Fe-Ni films,8 we considered that
the small amount of the boron effectively worked to obtain the fine
structures.

It is well-known for nanocrystalline soft magnetic materials
that the reduction in the grain size is effective to improve the soft
magnetic properties.11 As our films have very small grains as men-
tioned above, superior soft magnetic properties are expected. To
confirm the soft magnetic properties, we evaluated the coercivity of
the Fe30Ni70 films as a function of the DMAB concentration and the
result is shown in Fig. 4. The evaluated result of the surface rough-
ness Ra is also shown in Fig. 4. As shown in Fig. 4, both Hc and Ra
increased with increasing the DMAB concentration. Figure 5 shows
the SEM images of the surface for the films prepared at the DMAB
concentration of 5 and 10 g/L. The surface for 10 g/L was obviously
rough compared with that for 5 g/L. For soft magnetic materials, as
the surface roughness is one of the factors to determine their mag-
netic properties, we need to improve the surface conditions to obtain
good soft magnetic properties.

FIG. 4. The coercivity Hc and the surface roughness Ra of the Fe30Ni70 films as a
function of the DMAB concentration.

FIG. 5. SEM images of the Fe30Ni70 films prepared at the DMAB concentration of
(a) 5 and (b) 10 g/L.

As shown in Fig. 4, the decrease in the DMAB concentration
is effective to improve surface conditions. However, high DMAB
concentration is important to obtain a high deposition rate, and
we, therefore, investigated Co additives as another improvement
method of the surface. Since the standard electrode potential of Co2+

is less than that of Ni2+, the slight reduction in the reducing rate
is expected.12 Consequently, we expected the improvement in the
surface roughness by the partial replace of Ni to Co in the Fe-Ni
films.

Figure 6 shows the coercivity Hc and the surface roughness Ra
as a function of the Co content of the films. In this experiment,
the DMAB concentration was fixed at 5 g/L and the thickness was
adjusted at 5 μm. As shown in Fig. 6, Hc dramatically increased
when the Co content was higher than 30 at.%, and Ra decreased with
increasing the Co content. Figure 7 shows the SEM images of the
surface of Fe30Ni50Co20 film and Fe30Ni30Co40 one. Compared with
Fe-Ni films in Fig. 5 (b), we confirmed that the Co additive improves
the surface conditions.

As discussed in Fig. 4, low Ra is one of the factors to obtain
low coercivity. The Fe30Ni30Co40 film in Fig. 6 did not show low
coercivity despite low Ra. This result implies that another factor
increases the coercivity. To clarify the reason for the high coer-
civity of the Fe30Ni30Co40 film, we evaluated the structures of the
films using X-ray diffraction patterns. Figure 8 shows the XRD pat-
terns of Fe30Ni70-xCox films. The diffraction peaks of the films with
x < 25 were identified as the fcc Fe-Ni crystalline phase. In high

FIG. 6. The coercivity Hc and the surface roughness Ra as a function of the Co
content of the Fe-Ni-Co films.
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FIG. 7. SEM images of the surface of the (a) Fe30Ni50Co70 film and (b) the Fe30-
Ni30-Co40 film.

FIG. 8. X-ray diffraction patterns of Fe30Ni70-xCox films.

Co content films, the diffraction peak of bcc (211) was observed
together with the peaks of fcc. In our experimental conditions, the
bcc structure was observed when the Co content is higher than
30 at.%. As shown in Fig. 6, the coercivity dramatically increased
around the Co content of approximately 30 at.%. Therefore, we con-
sider that the effect of the structural change (formation of the bcc
structure) is much stronger than that of the reduction in Ra on the
coercivity.

From these results, we found that a small amount of Co (< 20
at.%) is effective in improving the surface condition of the electroless
deposited Fe-Ni films without deterioration of good soft magnetic
properties.

IV. CONCLUSION
We invested the structure and the magnetic properties of the

Fe-Ni-system films prepared by the electroless deposition method.
The obtained results are summarized as follows:

(1) The increase in the concentration of DMAB increases the
deposition rate, and we obtained a high deposition rate (> 10
μm/h).

(2) The grain with the amorphous matrix phase was very fine (<
10 nm).

(3) One of the factors to increase the coercivity was rough sur-
face, and a small amount of Co was effective in improving the
surface condition keeping good soft magnetic properties.
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