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Magnetic semiconductors with Curie temperatures higher than room temperature show potential for developing spintronic
devices with combined data processing and storage functions for next-generation computing systems. In this study, we present an
n-type Co19.8Fe8.6Nb4.3B6.0O61.3 magnetic semiconductor with a high Curie temperature of ~559 K. This magnetic semiconductor
has a room-temperature resistivity of ~2.10 × 104 Ω cm and a saturation magnetization of ~76 emu/cm3. The n-type
Co19.8Fe8.6Nb4.3B6.0O61.3 magnetic semiconductor was deposited on p-type silicon to form a heterojunction, exhibiting a recti-
fying characteristic. Our results provide the design principles for discovering high Curie temperature magnetic semiconductors
with determined conduction types, which would play an essential role in realizing nonvolatile spin-based transistors that break
free from the confines of currently established Si-based information technology.
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1 Introduction

Magnetic semiconductors (MSs) allow the electrical ma-
nipulation of ferromagnetism via spin-charge interaction
[1,2]. This phenomenon paves the way for the development
of spintronic devices with integrated memory and logic
functionalities [3]. To make these revolutionary device
concepts a reality, tremendous effort has been put into the
development of diluted magnetic semiconductors (DMSs) by
introducing magnetic elements into nonmagnetic semi-

conductors [4-8]. Due to their lower Curie temperatures, few
DMS have been reported to display room-temperature
electric-field controlled ferromagnetism [9,10].
In contrast to the way for making nonmagnetic semi-

conductors ferromagnetic, making ferromagnetic metallic
glasses (MGs) semiconducting is proven to be effective for
creating high Curie temperature MSs [11,12]. Furthermore,
voltage control of ferromagnetism was performed in these
amorphous MSs (AMSs), further confirming their in-
trinsically mutual interaction between ferromagnetism and
electricity [11]. On the other hand, there exist many MG
systems with strong ferromagnetism and Curie temperatures
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much higher than room temperature [13]. As a result, they
may serve as precursors for the development of new AMSs
mediated by oxygen-induced metal-semiconductor transi-
tions, which could aid in the development of room-tem-
perature MS-based spintronic devices. However, most
investigations on this new approach to discovering high
Curie temperature MSs have so far concentrated on a single
Co-Fe-Ta-B alloy system, although there exist tens of fer-
romagnetic MG systems [14-26]. Meanwhile, the mechan-
isms underlying the oxygen induced metal-semiconductor
transition and the resultant conduction type remain unknown.
Clearly, determining the parameters that influence the

conduction types of these AMSs is imperative for the design
and synthesis of new MSs with predicted semiconducting
properties. To accomplish this, there is an urgent need to
develop more AMSs by appropriately choosing different
ferromagnetic MG systems. Similar to the previously re-
ported Co-Fe-Ta-B MG system, a Co-Fe-Nb-B MG system
was found to exhibit high thermal stability and a high Curie
temperature [27-29]. In order to make a comparison with the
existing p-type Co-Fe-Ta-B-O AMS for understanding how
oxygen mediates the changes in the conduction mechanism,
the Co-Fe-Nb-B MG system was therefore selected as a host
to form Co-Fe-Nb-B-O glasses with electrical conduction
ranging from metals to insulators. Particularly, a new Co-Fe-
Ta-B-O AMS was produced, and its optical, electrical, and
magnetic properties were investigated.

2 Experimental

The Co-Fe-Nb-B-Ox (CFNBOx) thin films were fabricated
via magnetron sputtering from an alloy target with a nominal
composition of Co43Fe20Nb6B31 (at.%) in a pure argon or an
argon-oxygen environment. Prior to deposition, the base
pressure was of the order of 10−5 Pa. The substrate tem-
perature for preparing all the samples is room temperature.
The oxygen content of the as-prepared thin films was con-
trolled by adjusting the oxygen partial pressure ratio of the
working gas mixture, while the deposition time was con-
trolled at 30 min. We began by conducting systematic ex-
periments to investigate the effects of the oxygen partial
pressure ratio and deposition rate on the sample oxygen

content. Table 1 contains the detailed experimental para-
meters, including the oxygen partial pressure ratio and de-
position rate. An atomic force microscope (AFM) was used
to measure the thickness of the as-prepared thin films. The
compositions of the as-deposited thin films, including their
oxygen contents, were determined using auger electron
spectroscopy. The oxygen content of the sample increases as
the oxygen partial pressure ratio and deposition rate increase,
as shown in Table 1. Even at zero oxygen partial pressure
ratio, the thin film has an oxygen content of ~21.6 at.%,
owing mostly to the alloy target sintered with metal powders.
Based on these experimental results, we created two addi-
tional high-oxygen-content thin films with compositions of
Co19.8Fe8.6Nb4.3B6.0O61.3 and Co16.0Fe7.4Nb3.8B8.1O64.7. Their
thickness values are 302.1 ± 2.9 and 315.8 ± 12.8 nm, re-
spectively.
The structures of the thin films were investigated using an

X-ray diffractometer (XRD). The optical, electrical, and
magnetic properties were measured by using a UV/VIS
spectrophotometer (UV-2802PC), a physical property mea-
surement system (PPMS-9T), and a scanning super-
conducting quantum interference device-vibrating sample
magnetometer (SQUID-VSM), respectively.

3 Results and discussion

Figure 1 depicts the XRD patterns of the CFNBOx samples,
documenting their structural evolution with the oxygen
content x. The first broad diffraction peaks of all the XRD
patterns originate from the substrate SiO2, as indicated by the
red arrows in Figure 1. At oxygen contents less than
36.4 at.%, the CFNBOx samples exhibit a broad diffraction
peak located at 2θ of ~45°, as indicated by black arrows in
Figure 1, indicating the formation of a single MG phase. The
CFNBOx samples exhibit a second broad diffraction peak
situated at 2θ of ~34° at oxygen contents ranging from 36.4
to 53.8 at.%, as indicated by blue arrows, suggesting the
emergence of an extra oxide glass (OG) phase. Namely, dual-
phase structures of MG and OG are formed in these CFNBOx
thin films. At oxygen contents above 53.8 at.%, the CFNBOx

samples show only one broad diffraction peak arising from
the OG phase. This indicates that the CFNBOx samples

Table 1 Detailed experimental parameters, thicknesses, and compositions of the as-prepared thin films

Oxygen partial pressure ratio Deposition rate (nm/min) Thickness (nm) Element contents (at.%)

0.00 6.6 ± 0.1 198.1 ± 3.5 Co39.1Fe14.0Nb6.0B19.3O21.6

0.10 7.1 ± 0.1 213.6 ± 4.0 Co31.8Fe12.2Nb8.6B21.4O26.0

0.17 7.5 ± 0.1 225.0 ± 3.8 Co28.4Fe10.3Nb10.1B14.8O36.4

0.23 8.3 ± 0.1 249.0 ± 2.0 Co28.5Fe8.6Nb6.8B9.1O47.0

0.24 9.2 ± 0.2 277.2 ± 5.0 Co29.2Fe9.9Nb2.5B4.6O53.8

0.25 10.1 ± 0.4 304.5 ± 10.9 Co20.4Fe8.2Nb4.0B8.7O58.7
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eventually transform into single-phase OGs at high oxygen
content levels of 58.7-64.7 at.%.
The structural changes with the oxygen contents in the

CFNBOx samples lead to their property changes. Optically,
their transmittance in the visible light range increases with
increasing oxygen content to 64.7 at.%, as demonstrated in
Figure 2(a) and (e). For the transmittance of the as-prepared
thin films with different thicknesses, we normalized the data
to the transmittance of thin films with a thickness of 100 nm.
According to the structural evolution depicted in Figure 1,
the optical bandgap gradually opens due to the formation of
the OG phase as the oxygen content increases. The volume
percentage of this OG phase increases monotonically as the
oxygen level increases. Eventually, a single-phase OG is
formed when the oxygen content reaches ~58.7 at.%. Hence,
the optical transmittance increases monotonically with in-
creasing oxygen content.
The magnetic properties of these CFNBOx samples are

also adjustable with the oxygen contents, in addition to the
optical properties. The saturation magnetization (Ms) initially
increases with the oxygen content, as seen in Figure 2(b) and
(e). When the oxygen content exceeds 36.4 at.%,Ms drops as
the oxygen content increases. At the oxygen content of
64.7 at.%, the CFNBO64.7 becomes paramagnetic. The
magnetization-applied field (M-H) curves of these samples at
low field parts, as indicated by black arrows in Figure 2(b)
and (c), are shown in Figure 2(c) and (d), respectively. At
oxygen contents below 64.7 at.%, the CFNBOx samples
show almost unchanged coercivity values of ~30 Oe (Figure
2(c) and (d)). The reason for the changes in their Ms values
with increasing the oxygen content can be understood from
two aspects. One is the oxygen addition induced dilution
effect, which causes the relative contents of the ferromag-
netic metals Co and Fe in the system to decrease. As a result
of this dilution effect, the overall ferromagnetism would be
reduced. The addition of oxygen, on the other hand, affects
local atomic configurations, especially short-range ordering

clusters in the system. At low oxygen contents, the added
oxygen atoms tend to be attracted by Nb and B due to their
higher affinities to oxygen compared with Co and Fe [30]. As
a result, the interaction of Nb/B with Co/Fe decreases, en-
abling more Co-Co, Fe-Fe, and Co-Fe to interact and thereby
leading to an increase in their Ms. At an oxygen concentra-
tion less than 36.4%, such an increase inMs prevails over the
decrease inMs due to the dilution effect. As a result,Ms rises
to its maximum value, as shown in Figure 2(e). Note that a
dual-phase structure starts to emerge in the CFNBO36.4

sample, as illustrated in Figure 1. The formation of an OG
phase indicates that partial Co and Fe are also starting to
oxidize. The contribution from metallic Co and Fe to the
ferromagnetism decreases. Hence, the overall ferromagnet-
ism starts to decrease with further increases in the oxygen
content.
Increasing the oxygen content increases the room tem-

perature resistivity (ρ) of the CFNBOx samples from
~7.43 × 10−4 to ~1.88 × 107 Ω cm (Figure 2(f)), giving a
significant resistance differential of 10 orders of magnitude.
The optical bandgap (Eg) of the single-phase OGs increases
as oxygen content increases (Figure 2(f)). These results in-

Figure 1 (Color online) XRD patterns of the as-prepared samples
showing the structural evolution with the oxygen contents.

Figure 2 (Color online) (a) Optical transmittance in the visible light
range; (b) the magnetization curves; (c) hysteresis loops at low fields as
indicated by an arrow in (b); (d) hysteresis loops at low spontaneous
magnetization parts as indicated by an arrow in (c); (e) optical transmit-
tance at the wavelength of 555 nm and the saturation magnetization (Ms);
(f) room-temperature resistivity and optical bandgaps varying with different
oxygen contents in the figure.
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dicate that introducing oxygen into the ferromagnetic CFNB
MG opens the energy bandgap and enables the formation of
various glasses with tunable optical, electrical, and magnetic
properties.
When the electrical and magnetic properties of the

CFNBOx samples are combined, it is discovered that the
CFNBO58.7 and CFNBO61.3 OGs are both semiconducting
and ferromagnetic. The CFNBO61.3 OG is deposited on both
p-type Si (P-Si) and n-type Si (N-Si) to form heterojunctions,
respectively. The heterojunction of the OG/P-Si is found to
show a rectifying feature, confirming its n-type conduction
(Figure 3(a)). In comparison, the heterojunction of the OG/
N-Si presents a symmetric and slightly nonlinear current-
voltage relationship (Figure 3(b)), indicating electrical re-
sistance behavior. Such a nonlinear feature is due to the
Schottky barrier formed at the contact between the thin film
and the electrode.
Aside from electrical transport properties, the CFNBO61.3

OG exhibits negative magnetoresistance (MR) behavior
(Figure 3(c)), similar to that seen in a (Ga, Mn)As DMS [31].
The local magnetic moments are gradually aligned by ex-
ternal magnetic fields, which reduces the scattering strength
of conduction electrons and therefore decreases the re-
sistance.
The magnetization-temperature relationship determines

the Curie temperature of the CFNBO61.3 OG to be 559 K.
Increasing the temperature over 735 K leads to an increase in
the magnetization due to crystallization of the CFNBO61.3

OG, comparable to that of the Co-Fe-Ta-B-O MS [11]. De-
spite having a higher Tc and stronger ferromagnetism, the
crystallized Co-Fe-Ta-B-O evolved into a metallic ferro-
magnet due to a semiconductor-metal transition [16]. This is
also quite interesting because such phase transition may
enable them to be employed for phase change materials. As a
result, it is worth investigating the crystallization behavior of
this CFNBO61.3 OG as well. As our next step in research, we
shall choose such a topic to further our investigation in the
future. With its electrical, magnetic, and magnetoelectrical
transport properties, the CFNBO61.3 OG is confirmed to be an
n-type MS with a Curie temperature of ~559 K.
Amorphous metal oxides do have local short-range or-

dering, despite the lack of long-range order. These non-
stoichiometric, short-range ordering clusters exhibit local
atomic arrangements over a range of atomic bond lengths
and coordination numbers. They could be regarded as a mix
of local atomic configurations akin to those of the first-
nearest neighboring shells of various metal oxides with the
transitional metal cations in various valence states. As a re-
sult, the conduction type is controlled primarily by the local
atomic structure and valence states of these transition metal
cations [32]. In contrast to covalent amorphous semi-
conductors such as amorphous Si and Ge, the majority of
amorphous metal oxides are ionic semiconductors. Their

conduction bands, like those of crystalline metal oxides, are
primarily dominated by these transition metal orbitals,
moving Fermi levels toward the conduction band minima
[33]. As a result, the majority of them exhibit n-type con-
duction, as seen in the CFNBO61.3 MS developed in this
study. However, replacing Nb with Ta enabled the formation
of a p-type Co28.6Fe12.4Ta4.3B8.7O46 (CFTBO46) MS [11].
Although Nb and Ta have similar atomic radii, they have
different outer electronic configurations (Figure 4(a)). It is,
therefore, reasonable to believe that Ta and Nb could be the
key factors that determine their conduction types.
The primary elements involved in these two systems have

different affinities to oxygen due to their various electronic
configurations (Figure 4(a)), resulting in different heats of
oxide formation, as illustrated in Figure 4(b) [30]. As a re-
sult, selective oxidization would occur. The constituents such
as the nonmagnetic B, Nb, and Ta in these two systems
possess higher heats of oxide formation and prefer to be
oxidized first. Normally, the higher heat release results in the
formation of more stable oxides. As illustrated in Figure 4(b),

Figure 3 (Color online) (a) The current (I)-voltage (U) curve of the
heterojunction based on the CFNBO61.3 MS and p-type Si; (b) the current
(I)-voltage (U) curve of the heterojunction based on the CFNBO61.3 MS and
n-type Si; (c) the magnetoresistance (MR) effect of the CFNBO61.3 MS; (d)
the magnetization-temperature curve of the CFNBO61.3 MS, showing the
Curie temperature and crystallization temperature.

Figure 4 (Color online) (a) Outer electronic configurations of the con-
stituents in the Co-Fe-Ta-B and Co-Fe-Nb-B systems; (b) the heats of
different oxide formations and their optical bandgaps.

246111-4Y.-Z. Jiao, et al. Sci. China-Phys. Mech. Astron. April (2023) Vol. 66 No. 4



the most stable oxide states of these three elements have the
widest bandgaps, close to or larger than 4 eV. Because of the
insulator nature of these B2O3, Ta2O5, and Nb2O5 wide
bandgap oxides as denoted by I-B2O3, I-Ta2O5, and I-Nb2O5

[34-36], the conduction types of the Co-Fe-Ta/Nb-B-O sys-
tems could be determined primarily by a competition be-
tween the local atomic configurations similar to those of p-
type Co/Fe oxides and/or n-type Nb oxides [37-39]. As a
result, the local atomic structures similar to those of p-type
Co oxides (P-CoO/Co3O4) and p-type Fe oxides (P-FeO) are
supposed to contribute to p-type conduction for the CFTBO46

MS, whereas those similar to metallic NbO (M-NbO) and n-
type NbO2 (N-NbO2) are thought to be the key to switching
the p-type CFTBO46 MS into the n-type CFNBO61.3 MS.
Based on the above discussion, several design principles

for producing high Curie temperature MSs with determined
conduction types are proposed as follows.
Rule 1 Selecting ferromagnetic MGs with Curie tem-

peratures far above room temperature favors the develop-
ment of MSs with high Curie temperatures far above room
temperature. The intrinsic ferromagnetism, including Curie
temperatures and Ms in these MSs, is mediated by charge
carriers and is thus dependent on the charge carrier con-
centration. The addition of oxygen to the ferromagnetic MGs
reduces the charge carrier concentration, thereby decreasing
the Curie temperature and Ms. As a result, selecting a fer-
romagnetic MG with a sufficiently high Curie temperature is
required for developing an MS with a Curie temperature
greater than room temperature. Transition metals such as Co,
Fe, and Ni are intrinsically ferromagnetic, based on which
ferromagnetic MGs can be formed. Most of them show high
Curie temperature values [40-43].
Rule 2 Depending on their valence states, the metal

oxides of Co, Fe, and Ni, particularly Fe and Ni, may be
either p- or n-type. In order to develop MSs with determined
conduction types, the nonferromagnetic metals and me-
talloids in these ferromagnetic MGs based on Co, Fe, and Ni
should be carefully selected. The metal oxides of certain
nonferromagnetic metals and metalloids can be classified as
insulators, n-type semiconductors, and p-type semi-
conductors according to their electrical properties, including
energy band gaps and electrical resistivity. These elements
work in conjunction with the ferromagnetic base metals to
affect the conduction types of the amorphous metal oxide
semiconductors.
Rule 3 In order to possibly create a p-typeMS, it is better

to choose nonferromagnetic metals or metalloids, which
easily form stable oxide insulators with wide band gaps (see
Ta2O5 and B2O3 in Figure 4(b)). In this situation, the con-
duction type of the MS would be mainly determined by the
ferromagnetic base metals Co, Fe, or Ni. As a result, ap-
propriately altering the atomic ratios of Co, Fe, or Ni could
induce p-type conduction in the MS.

Rule 4 To make an n-type MS, it is better to choose
nonferromagnetic metals or metalloids, which easily form n-
type oxide semiconductors with relatively small band gaps
(see NbO and NbO2 in Figure 4(b)). In this case, it is plau-
sible to presume that the produced MSs could be n-type if the
dominating metal valence states of the local atomic config-
urations are similar to those of the corresponding n-type
metal oxides.
Nonferromagnetic semiconductors can be designed using

nonferromagnetic MGs in addition to these MSs produced
from ferromagnetic MGs. Taking into account the superior
mechanical and physical properties of these MGs [44-47],
the developed nonferromagnetic semiconductors may pos-
sess unique functionalities that can be utilized in electronics
as well.

4 Conclusions

In this study, a novel n-type CoFeNbBO61.3 MS was devel-
oped. This n-type MS exhibited a high Curie temperature of
~559 K, room-temperature resistivity of ~2.10 × 104 Ω cm,
and saturation magnetization of ~76 emu/cm3. In addition,
four empirical rules were proposed for designing advanced
MSs with known conduction types. Our findings shed light
on the conduction mechanisms of these amorphous oxide
semiconductors and facilitate the development of room-
temperature MS-based spintronic devices.

This work was supported by the National Natural Science Foundation of
China (Grant No. 51922053).
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