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Abstract: Soft magnetic properties of Fe-Co-Ni-Al-Cr-Si thin films were studied. As-deposited
Fe-Co-Ni-Al-Cr-Si nano-grained thin films showing no magnetic anisotropy were subjected to
field-annealing at different temperatures to induce magnetic anisotropy. Optimized magnetic and
electrical properties of Fe-Co-Ni-Al-Cr-Si films annealed at 200 ◦C are saturation magnetization
9.13 × 105 A/m, coercivity 79.6 A/m, out-of-plane uniaxial anisotropy field 1.59 × 103 A/m, and
electrical resistivity 3.75 µΩ·m. Based on these excellent properties, we employed such films to
fabricate magnetic thin film inductor. The performance of the high entropy alloy thin film inductors
is superior to that of air core inductor.

Keywords: high-entropy alloys; magnetic sputtering; thin films; magnetic property;
electrical resistivity

1. Introduction

Conventional design of a thin film inductor is an air-core spiral. However, two disadvantages
pronouncedly degrade the performance of air-core spiral in high working frequency. The first is
parasitic coupling effect arising from the silicon substrate, and the second is the incompatibility with
manufacturing processes for semiconductor-magnetic integrated circuits. The natural ferromagnetic
resonance frequency (f FMR) for a magnetic thin film in zero applied field, assuming pure rotation, is
proportional to the saturation magnetization (Ms) and the anisotropy field (Hk) [1]. For a magnetic
thin film inductor, the higher Ms and Hk, the higher f FMR and the better the performance at high
working frequency conditions. The requirement of thicker magnetic thin films is essential to reduce
the reluctance of the magnetic circuit and to increase device impedance. Simultaneously, an increased
thickness results in high eddy current loss, and degraded quality factor of the devices [2]. Eddy current
loss is inversely proportional to electrical resistivity (ρ) [2]. High ρ efficiently decreases eddy current
loss and increases the quality factor of the devices. Besides, processing temperature can be several
hundred degrees in Celsius, structure and property stability is important to keep the performance
well after processing. In brief, magnetic thin films are considered as the potential candidate for
thin-film inductors with an aim to improve their Ms, Hk, ρ, and also compatibility with semiconductor
manufacturing processes. Therefore, tremendous efforts have been devoted to developing better
magnetic thin films over past decades [3–19].

High-entropy alloys (HEAs) have been defined as those having at least five major metallic
elements in which each has an atomic percentage between 5% and 35% since 2004 [20]. HEAs are also
known with their tendency to have inherently high electrical resistivity and structure stability due to
severe lattice distortion and sluggish diffusion [21–23]. In consideration of these merits, the present
study designed the HEA Fe40Co35Ni5Al5Cr5Si10 with high saturation magnetization 9.5 × 105 A/m in
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the as-cast state. The target made thereof was used for fabricating nano-structured magnetic thin film
by magnetron sputtering. The variations of magnetic and electrical properties with field-annealing
at different temperatures were investigated. Optimized magnetic and electrical properties of the
Fe-Co-Ni-Al-Cr-Si thin films were determined. On the basis of this optimization, standard VLSI
process was employed to fabricate the magnetic thin film inductor to evaluate its inductance and
quality factor (Q factor). Improved performances on inductance and Q factor were expected.

2. Experimental Procedures

The sputtering target of Fe40Co35Ni5Al5Cr5Si10 was prepared with Fe, Co, Ni, Al, Cr, and
Si elemental raw materials (purity > 99.9%) via vacuum arc-melting in a water-cooled crucible.
The melting and solidification were repeated at least five times to ensure the chemical homogeneity.
The solidified slab was cut into a disc with a diameter of 2 inch. It was then lathed and polished.
N-type silicon substrate with 200 nm-thick SiOx layer was selected for the deposition of thin films.
The deposition method was rf magnetron sputtering operated at a target power of 53 W, under a base
pressure better than 9 × 10−6 Torr and a working pressure at 5 × 10−3 Torr fixed with an argon gas
flow of 18 sccm. The sample was rotated with 10 rpm during sputtering and deposition rate was
12.5 nm/min. In order to induce magnetic anisotropy, the as-deposited samples were subjected to
field-annealing at temperatures 100 ◦C, 200 ◦C, 300 ◦C, 400 ◦C, and 500 ◦C, respectively for one hour
under a magnetic field of 7.96 × 104 A/m applied parallel to the film plane.

Chemical composition of Fe-Co-Ni-Al-Cr-Si thin films was analyzed using an electron probe
microanalyzer (EPMA, JAX-8800, JEOL, Peabody, MA, USA). The results confirmed that the film
compositions were very close to that of Fe40Co35Ni5Al5Cr5Si10. The crystallographic structures of thin
films were characterized utilizing a glancing incident angle X-ray diffractometer (GIAXRD, MXP18X,
MAC Science, Tokyo, Japan) with Cu Kα radiation at 40 kV, 150 mA and at the incident angle of
0.5◦. Film thickness fixed at 250 nm was measured with an atomic force microscope (AFM, Model:
Dimension ICON, Bruker, Billerica, MA, USA). A vibration sample magnetometer (VSM) was used to
measure magnetization curves, from which the characteristic magnetic properties could be determined.
Electrical resistivity was measured using a four-point probe measurement system (Keithley Model 224,
Tektronix, Beaverton, OR, USA).

Spiral-type planar Fe-Co-Ni-Al-Cr-Si inductors were fabricated using standard VLSI processes.
The planar inductor was based on the structure presented by Yamaguchi et al. [24]. The inductor
consisted of four turning spiral coils. The spiral coils were 0.5 µm thick, 13 µm wide, and 20 µm
apart. In order to obtain uniaxial anisotropy, inductors were field-annealed at 200 ◦C for one hour in
a vacuum better than 5 × 10−6 Torr. After this thermal treatment, their inductance and Q factor values
were subsequently measured by the distributed parameter method employing a network analyzer HP
8610C using the microstrip line with an impedance of 50 Ω.

3. Results and Discussion

3.1. Microstructure Identification of Fe-Co-Ni-Al-Cr-Si Thin Films

Figure 1 shows the XRD patterns and Scherrer grain sizes of Fe-Co-Ni-Cr-Al-Si thin films at the
as-deposited and post-annealing states. From Figure 1a, as-deposited films display the simple BCC
structure. The BCC structure remains unchanged even after 1-h annealing at 400 ◦C. The structure
transforms to partially ordered BCC with the evidence of a small peak at around 30◦ after 1-h annealing
at 500 ◦C. Nonetheless, no other structures, such as silicides, form in the films having 10 at% Si.
This indicates that thermal stability of the BCC solid-solution phase with multiple elements is high.
Such a stability is in fact enhanced by high entropy effect [22]. In Figure 1b, the average grain size,
around 7.1 nm, is almost identical for all states. This suggests that grain coarsening is highly suppressed
as a result of severe lattice distortion and sluggish diffusion [25–27].
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Figure 1. (a) XRD patterns of as-deposited Fe-Co-Ni-Cr-Al-Si films and those field-annealed at 
temperatures shown; (b) average grain size versus annealing temperatures. 
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Figure 2 shows hysteresis loops of the as-deposited and post-annealed Fe-Co-Ni-Cr-Al-Si thin 
films. No magnetic anisotropy is observed in the hysteresis loop of as-deposited film. The 
corresponding saturation magnetization (Ms) and coervicity (Hc) are 7.98 × 105 A/m and 1.83 × 103 A/m, 
respectively. However, magnetic anisotropy is induced by field-annealing at 100 °C–400 °C. Magnetic 
anisotropy becomes insignificant after annealing at 500 °C. The formation of ordered BCC phase at 
500 °C (Figure 1) is thought to be responsible for this phenomenon. Chikazumi scrutinized the 
variation of magnetic anisotropy in Fe-Ni alloys via field-annealing [28]. He found that the magnetic 
anisotropy of Fe-Ni alloys becomes less pronounced after annealing at 500 °C. The deterioration of 
magnetic anisotropy was attributed to the formation of ordered Fe3Ni phase [28].  

Figure 3 shows the saturation magnetization (Ms), coercivity at hard axis (hHc), and coercivity at 
easy axis (eHc) of Fe-Co-Ni-Cr-Al-Si films versus field-annealing temperature. The Ms increases with 
increasing annealing temperature and reaches the maximum value of 10.8 × 105 A/m. It is found that 
present Ms values are comparable to those reported in literature [5,6,8]. The magnetic anisotropy 
takes place under field-annealing at 100 °C and corresponding hHc is 159 A/m, being one order 
reduced from the as-deposited value. With increasing annealing temperature from 100 °C to 300 °C, 
hHc value is further decreased to 79.6 A/m at 200 °C and then increases to 135 A/m at 300 °C. It can be 
seen that hHc value drastically increases when annealing temperature exceeds 400 °C. The variation 
trend of eHc is akin to that of hHc though the value is much larger. Figure 3 also depicts that optimized 
soft magnetic properties of a minimum hHc of 79.6 A/m and a high Ms of 9.13 × 105 A/m can be attained 
after field-annealing at 200 °C. In addition, the anisotropy field (Hk) 1.59 × 103 A/m is extracted from 
the field of magnetic saturation along the hard-axis in Figure 3c. The corresponding uniaxial 
anisotropy constant, Ku is thus estimated to be 912 J/m3 [29,30] which is higher than those of 
permalloy or mumetal [31–34]. Such magnetic properties are in fact very promising as compared to 
those reported in literature [5–8]. 

Figure 1. (a) XRD patterns of as-deposited Fe-Co-Ni-Cr-Al-Si films and those field-annealed at
temperatures shown; (b) average grain size versus annealing temperatures.

3.2. Magnetic Properties of Fe-Co-Ni-Al-Cr-Si Thin Films

Figure 2 shows hysteresis loops of the as-deposited and post-annealed Fe-Co-Ni-Cr-Al-Si
thin films. No magnetic anisotropy is observed in the hysteresis loop of as-deposited film.
The corresponding saturation magnetization (Ms) and coervicity (Hc) are 7.98 × 105 A/m and
1.83 × 103 A/m, respectively. However, magnetic anisotropy is induced by field-annealing at
100 ◦C–400 ◦C. Magnetic anisotropy becomes insignificant after annealing at 500 ◦C. The formation
of ordered BCC phase at 500 ◦C (Figure 1) is thought to be responsible for this phenomenon.
Chikazumi scrutinized the variation of magnetic anisotropy in Fe-Ni alloys via field-annealing [28].
He found that the magnetic anisotropy of Fe-Ni alloys becomes less pronounced after annealing at
500 ◦C. The deterioration of magnetic anisotropy was attributed to the formation of ordered Fe3Ni
phase [28].

Figure 3 shows the saturation magnetization (Ms), coercivity at hard axis (hHc), and coercivity at
easy axis (eHc) of Fe-Co-Ni-Cr-Al-Si films versus field-annealing temperature. The Ms increases with
increasing annealing temperature and reaches the maximum value of 10.8 × 105 A/m. It is found that
present Ms values are comparable to those reported in literature [5,6,8]. The magnetic anisotropy takes
place under field-annealing at 100 ◦C and corresponding hHc is 159 A/m, being one order reduced
from the as-deposited value. With increasing annealing temperature from 100 ◦C to 300 ◦C, hHc value
is further decreased to 79.6 A/m at 200 ◦C and then increases to 135 A/m at 300 ◦C. It can be seen
that hHc value drastically increases when annealing temperature exceeds 400 ◦C. The variation trend
of eHc is akin to that of hHc though the value is much larger. Figure 3 also depicts that optimized
soft magnetic properties of a minimum hHc of 79.6 A/m and a high Ms of 9.13 × 105 A/m can be
attained after field-annealing at 200 ◦C. In addition, the anisotropy field (Hk) 1.59 × 103 A/m is
extracted from the field of magnetic saturation along the hard-axis in Figure 3c. The corresponding
uniaxial anisotropy constant, Ku is thus estimated to be 912 J/m3 [29,30] which is higher than those of
permalloy or mumetal [31–34]. Such magnetic properties are in fact very promising as compared to
those reported in literature [5–8].
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Figure 2. Hysteresis loops of the Fe-Co-Ni-Cr-Al-Si thin films: (a) as-deposited, and those field-
annealed at (b) 100 °C; (c) 200 °C; (d) 300 °C; (e) 400 °C; and (f) 500 °C. Black dashed and red solid 
curves represent easy axis (in-plane) and hard axis (out-of-plane), respectively. 

 

Figure 3. The saturation magnetization (Ms), coercivity at hard axis (hHc) and coercivity at easy axis 
(eHc) of Fe-Co-Ni-Cr-Al-Si thin films versus field-annealing temperature. These values are extracted 
from Figure 2. 

Figure 2. Hysteresis loops of the Fe-Co-Ni-Cr-Al-Si thin films: (a) as-deposited, and those
field-annealed at (b) 100 ◦C; (c) 200 ◦C; (d) 300 ◦C; (e) 400 ◦C; and (f) 500 ◦C. Black dashed and
red solid curves represent easy axis (in-plane) and hard axis (out-of-plane), respectively.
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3.3. Electrical Resistivity of Fe-Co-Ni-Al-Cr-Si Thin Films

Electrical resistivity (ρ) of Fe-Co-Ni-Cr-Al-Si thin films versus field-annealing temperature is
shown in Figure 4. By and large, electrical resistivity (ρ) decreases from 4.36 µΩ·m of the as-deposited
film to 1.40 µΩ·m of the films field-annealed at 500 ◦C. Electrical resistivity of films field-annealed at
200 ◦C remains as high as 3.75 µΩ·m. This is of most interest since the optimal magnetic properties
are also achieved after the same annealing. This ρ value is even higher than those of amorphous
NdFeB ribbons (3.15 µΩ·m) [29], and amorphous Al-Ti alloy films (1.86–2.78 µΩ·m) [35,36]. It is even
higher than that of the N-type Si substrate (~1 µΩ·m). Such a high ρ value is sufficient to reduce eddy
current loss in applications under ultrahigh frequency conditions. Therefore, in combination with
aforementioned optimal magnetic properties, Fe-Co-Ni-Cr-Al-Si film becomes very promising in use
as thin film inductors. Electrical resistance could be elucidated via the scattering of drifting electrons
with scattering centers (e.g., defects) during electrical conduction processes [37]. The higher the degree
of scattering, the higher the electrical resistance [37]. The observed high ρ of Fe-Co-Ni-Cr-Al-Si thin
films values could be attributed to several factors. First, eminent atomic size differences among the
six elements and unbalanced bonds around an atom result in severe lattice distortion. These effects
raise the degree of electron scattering with lattice [22]. Second, there are inherent highly-concentrated
point defects in HEAs, resulting from multi-principal elements in a pseudo-unitary lattice (PUL)
cell [38]. Third, a large number of grain boundaries due to nano-grained structure, which act as
scattering centers [36]. Fourth, extra point- and line-defects introduced by sputtering deposition
process. Note that the first and second factors could be regarded as intrinsic properties within
HEAs, which allow HEAs to maintain high ρ values irrespective of field-annealing. The third
factor also sustains its contribution in ρ value since the grain size remains almost unaltered after
different annealing processes (Figure 1b). On the contrary, defects introduced by sputtering process are
considerably diminished by annihilation processes during annealing. Higher temperature annealing
would reduce the density of defects and thus decrease the ρ value. This is also the reason why
saturation magnetization Ms and coercivity Hc increase with annealing temperature as the magnetic
dipoles and domain boundaries are less disturbed with reduced defects and thus have better dipole
coupling and boundary movement, respectively. However, the formation of ordered BCC phase
accounts for the greater decrease in ρ value [37] and Hc after annealing at 500 ◦C.
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3.4. Inductance and Q Factor of the Fe-Co-Ni-Al-Cr-Si Magnetic Thin Film Inductor

The magnetic Fe-Co-Ni-Cr-Al-Si thin film after field-annealing at 200 ◦C for one hour showing
optimal magnetic properties of Ms 9.13 × 105 A/m, hHc 79.6 A/m and Hk 1.59 × 103 A/m corresponds
to FMR frequency 1.34 GHz as calculated using Landau–Lifshitz equation [1]. It also has a high
electrical resistivity (3.75 µΩ·m). Hence, it was chosen to fabricate thin film inductor and then
evaluated. For the magnetic materials researched for such an application, their thin films almost have
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lower resistivity (< 2 µΩ·m) and thus higher eddy current loss [2] since the compositions are based
on one or two major components even a significant amount of oxygen are incorporated into some
compositions. As for the Ms and Hk values obtained after 200 ◦C field annealing, the calculated FMR
frequency 1.34 GHz is in the typical range although higher FMR frequency is pursued. Figure 5 shows
(a) the optical image (plane view), (b) inductance, and (c) quality factor (Q factor) of the magnetic
Fe-Co-Ni-Cr-Al-Si thin film inductor as a function of frequency. From Figure 5b the inductance of
Fe-Co-Ni-Cr-Al-Si inductor has a maximum at 800 MHz of 96 nH which is 14% higher than that of air
core inductor. While at 1.15 GHz, the inductance of the thin film inductor, 38.6 nH, is 31% higher than
that of air-core inductor. In addition, Figure 5c depicts the maximum Q factor of Fe-Co-Ni-Cr-Al-Si
inductor at 800 MHz, 2.02, which is much significantly 89% larger than that of air core inductor. While at
1.05 GHz, the peak Q factor of thin film inductor—0.868—is 46% higher than that of air-core inductor.
Both results demonstrate the excellent performance of the inductor fabricated with Fe-Co-Ni-Cr-Al-Si
thin films. Moreover, these performances are comparable to those of other magnetic-based inductors,
again indicating the Fe-Co-Ni-Cr-Al-Si thin film promising for the application in inductors [39–41].
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The variation of inductance and Q factors with frequency for both Fe-Co-Ni-Cr-Al-Si and air
core inductors are quite akin. There are two abrupt drops near 800 MHz and 1200 MHz for the
inductance and Q factor of both thin film inductor and air core inductor. It is reasonable to attribute
the two drops to the structure of inductors and not to the film itself. Insufficient large scales of inductor
(508 × 508 µm2) and silicon substrate with a resistivity of 1 µΩ·m cause leakage current to occur near
800 MHz and 1.2 GHz.

4. Conclusions

High entropy Fe-Co-Ni-Cr-Al-Si thin films have been successfully fabricated to exhibit excellent
soft magnetic properties. The thin film has simple BCC structure under as-deposited and
post-annealing at 400 ◦C and below. An ordered BCC structure forms after annealing at 500 ◦C.
After field-annealing at different temperatures, the average grain sizes, 7.1 nm, are almost unaltered
as compared to the as-deposited one. The high thermal stability of nanostructured BCC solid
solution phase is due to high entropy, severe-lattice distortion, and sluggish diffusion effects.
The optimized magnetic properties of thin films obtained by field-annealing at 200 ◦C for one hour are
Ms 9.13 × 105 A/m, hHc 79.6 A/m and Hk 1.59 × 103 A/m, respectively. Electrical resistivity of the
200 ◦C annealed thin films is 3.75 µΩ·m. The inductance and Q factor of the thin films inductors made
thereof is increased by 14% and 89% at 800 MHz, respectively, as compared with air core inductors.
While at 1.15 GHz, the inductance of the thin film inductor is 31% higher, and at 1.05 GHz the Q factor
is 46% higher than that of air-core inductor. This justifies the excellence of Fe-Co-Ni-Cr-Al-Si thin films
inductors. Most importantly, this study demonstrates that the merits of magnetic HEAs, including
high resistivity and nanostructure stability, are very helpful for designing even better magnetic thin
film inductors.
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