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Abstract: Recently, amorphous magnetic semiconductors as a new family of magnetic semiconductors have been developed by
oxidizing ferromagnetic amorphous metals/alloys. Intriguingly, tuning the relative atomic ratios of Co and Fe in a Co-Fe-Ta-B-O
system leads to the formation of an intrinsic magnetic semiconductor. Starting from high Curie-temperature amorphous ferro-
magnets, these amorphous magnetic semiconductors show Curie temperatures well above room temperature. Among them,
one typical example is a p-type Co,ggFeq,4Ta43Bg 7046 Mmagnetic semiconductor, which has an optical bandgap of ~2.4 eV, room-
temperature saturation magnetization of ~433 emu/cm3, and the Curie temperature above 600 K. The amorphous
Coyg6Feq2.4Ta,3B5,046 magnetic semiconductor can be integrated with n-type Si to form p-n heterojunctions with a threshold
voltage of ~1.6 V, validating its p-type semiconducting character. Furthermore, the demonstration of electric field control of its
room-temperature ferromagnetism reflects the interplay between the electricity and ferromagnetism in this material. It is sug-
gested that the carrier density, ferromagnetism and conduction type of an intrinsic magnetic semiconductor are controllable by
means of an electric field effect. These findings may pave a new way to realize magnetic semiconductor-based spintronic devices
that work at room temperature.
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The europium chalcogenides are therefore regarded as the
first generation ferromagnetic semiconductors. Despite their
scientific importance, these magnetic rare earth compounds
usually have complex crystalline structures, which are differ-
ent from those of the widely used semiconductor materials
such as Si and GaAs. It is difficult to obtain high-quality inter-
face structure when integrating them with Si or GaAs. In addi-
tion, most of them show Curie temperatures far below room
temperatureBl,

To maintain the most attractive semiconducting proper-
ties used in electronic devices, an approach was proposed to in-
troduce magnetic elements into non-magnetic semiconduct-
ors for creating new type of magnetic semiconductors (MSs)
called diluted magnetic semiconductors (DMSs)*-6l. With the

1. Introduction

The core functions of current-generation computers are
to process, communicate and store information. These opera-
tions are mainly realized by two fundamental components of
microprocessors and hard disks in computers, respectively. Si-
based semiconductors are the key materials in micropro-
cessors to enable the control of charges for transmitting and
processing data, while ferromagnets provide the spin of elec-
trons to be utilized for storing data on the hard disk. Generally,
semiconductivity and ferromagnetism do not coexistin a mater-
ial. However, it was found that europium chalcogenides
showed anomalous optical, magnetic and transport phenom-
enal’» 2. The physics behind this anomaly results from the
strong d-f exchange interaction between the magnetic-ex-

citon electrons of 5d band and the conduction 4f electronst?.,
Asaresult, there exists a relationship between the Curie temper-
ature and the conduction electron concentration of these semi-
conducting europium chalcogenides. Based on these phenom-
ena, Methfessel first proposed the concept of ferromagnetic
semiconductor, whose magnetic properties could be modi-
fied by carrier injection, electrostatic fields or other means that
changed the free carrier concentration in semiconductors!3;
that is, both the charge and spin of electrons can be manipu-
lated simultaneously in these ferromagnetic semiconductors.
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ever growing necessity of miniaturization of future electronic
devices, DMSs have stimulated intense interest due to their po-
tential for realizing new functionalities and revolutionizing
device concepts. The most thoroughly investigated DMSs are
(Ga, Mn)As and (In, Mn)As systems based on IlI-V semiconduct-
orsl7: 8, Chen et al. explored nanostructure engineering to en-
hance the Curie temperature of the (Ga, Mn)As DMS up to 200K,
which has been the highest value recorded for this system[®l,
Further increasing the Curie temperatures of DMSs above
room temperature is a challenging task[%-29], The basic reason
for this is the limitation of the solid solubility for magnetic ele-
ments to dissolve in these DMSs. To keep the original lattice
structure of the host crystal, the solubility of magnetic ele-
ments is very low especially for those with the electronegativ-
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Fig. 1. (Color online) Schematic diagram for including oxygen in crystal-
line and amorphous metals. FM denotes ferromagnetic metals.

ity and valence electron concentrations significantly different
from the base elements[2'-23], This becomes the key barrier to
creating high Curie-temperature DMSs that work at room tem-
perature.

In contrast to the approach for developing the DMSs, we
found a different way to create a new kind of MSs. First, we se-
lected a high Curie-temperature ferromagnetic amorphous al-
loy (AA) as a host. Second, we introduced oxygen into this AA
in a well-controlled manner. AAs are mainly characterized by
non-directional and non-saturated metallic bonds. Their dis-
ordered atomic structures and unique electronic structures en-
able them to be nice hosts to include a large quantity of for-
eign elements24-26], Oxidizing the ferromagnetic AA leads to a
metal-semiconductor transtion and causes the formation of
amorphous MSs (AMSs) with Curie temperatures well above
room temperaturel26],

2. Amorphous magnetic semiconductors

2.1. Metal-semiconductor transition in amorphous
alloys

Crystalline metals and AAs behave quite differently as oxy-
gen is introduced into them, respectively (Fig. 1). The solubil-
ity of oxygen in a crystalline metal limits the maximal amount
of oxygen thatentersits lattice structure, whereas no similar lim-
itation exists for oxygen to be included in an AA. Moreover,
amorphous materials could access to lower energy states
through structural relaxation[27-31, Local atomic rearrange-
ment reduces local strains induced by the oxygen addition,
thereby permiting more oxygen atoms to be included in
amorphous materials. With increasing the oxygen content, the
conduction electrons of the AA are gradually localized due to
the formation of ionic or/and covalent bonds between the con-
stituents of the AA and the included oxygen atoms. One can ex-
pect that the original AA becomes more and more insulating
as the oxygen content continuously increases. As a result, a met-
al-semiconductor transition occurs at a critical value of the oxy-
gen content.

Following the idea of transferring AAs to semiconductors,
an alloy system is selected owing to the following three reas-
ons. First, ferromagnetic alloys are preferred in order to obtain
MSs with a combination of desirable functionalities. Moreover,
the Curie temperatures of the selected alloy systems should
be higher than 500 K, which is required for a ferromagnet to
work in practical applications32. For amorphous ferromag-
nets, it is thus better to select AA systems containing 3d trans-
ition metal elements of Fe and/or Co, contributing to their ro-

bust ferromagnetism. Second, the ferromagnetism of the selec-
ted AA should be sustained even after it is heavily oxidized. To
achieve this, the ferromagnetic metals in the alloy system are
better to have smaller affinity for oxygen than the other con-
stituents. Hence, the ferromagnetic metal elements are least ox-
idized compared with other constitutes in the alloy system.
Third, the selected AA system should be a good glass former
so that it can maintain its amorphous structure even when a
high oxygen content is added. Based on these considerations,
a good glass former Co-Fe-Ta-B system was selected!33.34],

The Co-Fe-Ta-B-O thin films were deposited by radio fre-
quency (RF) magnetron sputtering with an alloy target under a
gas mixture of argon and oxygenl24-26], Varying the oxygen
partial pressure led to the formation of amorphous
Co-Fe-Ta-B-0 thin films with different oxygen contents. Ta
and B were firstly oxidized and diffused out to form the sur-
face oxide. The surface metal oxide increased with increasing
the oxygen content. They contacted with each other by form-
ing a continuous network (Fig. 2). The size of the inner AA nano-
particles became smaller and smaller. At a critical oxygen con-
tent, the AA phase disappeared and a single oxide phase was
formed.

The structure of the (Cog s3Feq23Tag0sBo.16)100xOx (0 < X <
50 at%, abbreviated as CFTBO, hereafter) samples evolved
gradually with increasing the oxygen content. High resolution
transmission electron microscopy (HRTEM) images and selec-
ted area electron diffraction (SAED) patterns were taken for
the CFTBO, system, respectively (Fig. 3). The Cos3Fe,3TagB
AA shows maze-like atomic arrangements typical for amorph-
ous structure (Fig. 3(a)). Its SAED pattern further verifies the
formation of a single amorphous phase in the AA (Fig. 3(b)).
With increasing the oxygen content above 15 at.%, an amorph-
ous oxide (AO) phase emerges in the CFTBO, thin films. Fig. 3(c)
shows the formation of a dual phase nanocomposite in the
CFTBO,, thin film, comprising the nanometer-sized AA
particles embedded in the AO matrix. Its SAED pattern exhib-
its two sets of halos (Fig. 3(d)). One arises from the AA nano-
particles (Figs. 3(b) and 3(d)), while the other originates from
the AO matrix (Figs. 3(d) and 3(f)). Further increasing the oxy-
gen content to 46 at.% enables the formation of a single AO
phase (Fig. 3(e)). The SAED pattern only shows the broad diffrac-
tion halo resulting from the single AO phase, which is semicon-
ducting and ferromagnetic2l,

2.2, Optical, electrical and magnetic properties

Fig. 4(a) shows optical transmittance of the CFTBO,
samples at thickness of ~100 nm. With increasing the oxygen
content, their optical transmittance increases as well. The optic-
al bandgap of the CFTBOyq thin film is estimated to be about
2.4 eV based on the Tauc plot (Fig. 4(b)). In addition, the thin
film exhibits 488 nm-peaked photoluminescence specturm, cor-
repsonding to a photon energy of about 2.5 eV for blue light.
This value is in consistent with its optical bandgap energy.

As the charge carrier concentration decreases with the oxy-
gen content, the bandgap of the CFTBO, samples is gradually
opened. That is, metal-semiconductor-insulator transitions are
induced through this simple oxidization of the ferromagnetic
AA. As a result, the resistivity of the CFTBO, samples increases
with increasing the oxygen content (Fig. 5). The CFTBO,q4 thin
film exhibits a negative temperature dependence of
In(o/p0)-1/T"2 (inset of Fig. 5), characteristic of a semiconduct-
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Fig. 2. (Color online) (a) Schematic diagram for depositing Co—Fe-Ta-B-O thin films. (b)-(j) oxidation process.

Fig. 3. (Color online) High-resolution transmission electron micro-
scopy (HRTEM) images of the CFTBO, system (a) CFTB, (b) CFTBOy,,
and (c) CFTBOge.

or behavior. Further increasing the oxygen content above 60
at.% makes the CFTBO, samples become insulating.

The magnetic properties of the CFTBO, thin films are
shown in Fig. 6. All the thin films are ferromagnetic at the oxy-
gen contents ranging from 16 to 46 at.%. Noted that the satura-
tion magnetization (M) of these thin films measured at room
temperature increases from 728 to 867 emu/cm3 as the oxy-
gen content increases from 16 to 25 at.%. With further increas-
ing in the oxygen content up to 46 at.%, M decreases from

867 to 433 emu/cm3 (Figs. 6(a) and 6(b)). Furthermore, the
zero-field cooling (ZFC) curve of the thin film with a low oxy-
gen content of 16 at.% coincides with its field cooling (FC)
curve, which is similar to that of the Co-Fe-Ta-B AA without
containing oxygen!3> 361, However, the ZFC curves of the CFT-
BO, thin films with the oxygen contents above 16 at.% devi-
ate from their FC curves at low temperatures, demonstrating
spin-glass-like maximum below 100 K. It is suggested that the
spin-glass-like behavior is associated with the formation of the
magnetic AO phase.

The high-temperature magnetization-temperature (M-T)
curve of the CFTBO,4¢ sample shows that its glass transition oc-
curs at about 600 K. The thin film is still ferromagnetic before
the glass transition sets in. Therefore, the thin film should have
a Curiecurie temperature above 600 K. At about 700 K, the mag-
netization increases owing to the apparent crystallization, simil-
ar to that found in CoqgFeggHfyB; alloyB37 381, Together with its
electrical behavior, it can be concluded that the CFTBO,4q4 thin
film is semiconducting and ferromagnetic. A new type of
AMSs has been developed with a high Curie temperature
above 600 K through simply oxidizing an originally ferromagnet-
ic alloy . The conduction type of this AMS is determined to be

p-type[26]_

3. Prototype devices based on the amorphous
magnetic semiconductors

3.1. Fabrication of p-n heterojunctions

Based on the above results, it is suggested that the single-
phase CFTBOy¢ thin film is an AMS with a Curie temperature
above 600 K. Integrated with a heavily doped n-type Si, p-n
and p-n-p heterojunctions were fabricated (Figs. 7(a) and
7(b)). Their current-voltage (/-V) curves are shown in Fig. 7(c).
The threshold voltage (V) is about 1.6 eV for the p-n hetero-
junction, whereas no current flows in the p-n-p heterojunc-
tions.

The voltage difference (V) built inside the p-n heterojunc-
tion can be described by the following equation:
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Fig. 4. (Color online) (a) Optical transmittance of the CFTBO, system. (b) Optical bandgap and (c) photoluminescence spectrum of the CFTBO,4
thin film.
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Fig. 5. (Color online) The normalized resistivity p/pg as a function of temperature (pg is the room temperature resistivity) for the CFTBO, (16< x <
46 at%) thin films. Inset is the plot of In(p/p,) versus 1/T"2 based on the experimental data of the CFTBO,g4 thin film.
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Fig. 6. (Color online) Magnetic behavior of the CFTBO, (16 < x < 46 at%): (a) Magnetic field dependence of the magnetization (M-H) curves meas-
ured at room temperature. (b) Saturation magnetization (M) variation with the oxygen contents. (c) Zero-field-cooling (ZFC) and field-cooling
(FC) curves measured at an external field of 100 Oe. (d) High-temperature magnetization-temperature (M-T) curve measured for the CFTBO,¢
thin film at an external field of 100 Oe.

Vp = 1 Ej» —Ejj +kTIn N.AA.]D . (1) In the equation, g denotes the electron charge, E; and E;
q 2 denote the Fermi energy levels of the intrinsic states of Si and
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Fig. 7. (Color online) Schematic diagrams for fabricating p-n (b) and p—n—p heterojunctions based on the CFTBO,4 thin film and n-type Si. The Si

is heavily doped with phosphorous and has resistivity of order of 103 Q-

was adopted from Ref. [26].
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Fig. 8. The threshold voltage (V) of the p—n heterojunctions increas-
ing with decreasing the resistivity (p) of the n-type Si.

CFTBO, thin films, respectively, k denotes the Boltzmann con-
stant, T denotes the temperature, Ny and Np denote the carri-
er concentrations of the CFTBO,g4 thin film and n-type Si, respect-
ively, nj; and n;, denote the intrinsic carrier concentrations of
the CFTBO, and Si, respectively. Assuming that E,, Eq, Na, ni
and nj, are constants, V increases with Np. A higher Ny indic-
ates a lower p for n-type Si. Meanwhile, V;;, of the p—n hetero-
junction is required to be larger than V;, for the forward conduc-
tion current to flow. As a consequence, V;, decreases with in-
creasing p of the n-type Si as shown in Fig. 8.

3.2. Electric-field control of the ferromagnetism

Magnetic properties of ferromagnets are thought to be
their inherent characteristics of the response to external mag-
netic fields. These magnetic properties are difficult to be

N Chen et al.: Amorphous magnetic semiconductors with Curie temperatures above room

cm. (c) The I~V curves for the heterojunctions of (a) and (b). The figure

changed once they are prepared39. However, the electrical con-
trol provides an alternative route to effectively manipulate the
spin degree of freedom in ferromagnets. The first experiment-
al observation of the electric-field control of the ferromagnet-
ism was reported in the (In, Mn)As DMS®9, triggering intens-
ive research interest in this subject. Hitherto, the electric-field
control of the ferromagnetism has been realized in a variety of
magnetic materials including metals, semiconductors and ox-
ides1-431, which may allow the development of low-power
and non-volatile spintronic devices*¥. The physics behind the
electric-field control of ferromagnetism results from the inter-
play between the carrier spins and local magnetic moments,
which can be correlated with the carrier densities of various
magnetic materials.

Fig. 9(a) shows a schematic diagram of a field effecttransist-
or (FET) with HfO, (2 nm)/ CFTBO4e (25 nm)/Au/Cr/Si hetero-
structure. Through an ionic liquid (DEME-TFSI) dropped on the
surface of the CFTBO,4 thin film, the gate voltage (V) is ap-
plied by forming an electric double layer (EDL) to achieve a
large variation in its carrier density. Such a method has proven
to be effective for realizing the stable modulation of carrier
densities even when the gate voltage is removed#>-48l, In addi-
tion, the EDL transistor technique has been used for the elec-
tric-field control of ferromagnetism in several ferromag-
nets9-51], which works beyond the fundamental limitation of
the charge screening effectl>2. By varying V; from -1.2 to 1.2
V, the room-temperature magnetization of the CFTBO,¢ thin
film is significantly altered by the applied electric field (Fig.
9(b)). When V5 is negative, the electrons of the CFTBO,¢ thin
film move down along the opposite direction of the applied
electric field. As a result, its M, increases. This indicates that its
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Fig. 9. (Color online) Electric-field control of the ferromagnetism in the
CFTBO4 AMS. (a) Schematic diagram of the experimental set-up for ap-
plying gate voltages (V) on the thin films through a drop of ionic li-
quid. The thickness of an insulating HfO, layer is about 2 nm. (b) Vari-
ation of M-H curves with different V; measured at 300 K.
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carrier concentration increases. Correspondingly, a positive Vg
leads to a decrease in its hole concentration. Its M, decreases.
These experimental results indicate that the magnetic behavi-
or of the CFTBO4¢ MS can be modulated by electrical means.
The presence of exchange interaction between the holes and
localized magnetic moments in the thin film affects its ferromag-
netism.

3.3. Development of an intrinsic magnetic
semiconductor

The present CFTBO4 MS is a p-type semiconductor. It is
found that most of the existing AOs are n-type and are notori-
ously doped in p-type. Moreover, the control of their electrical
conduction type remains a challenge. The conduction type of
the AOs is determined by their local atomic configuration and
the valence states of the involved metal cations(>3l,

To alter the conduction type of the present
Co-Fe-Ta-B-0 system, we modified the relative atomic ratios
of Co and Fe in the system. As shown in Fig. 10(a), a new
single-phase AO is developed. Its HRTEM image presents a
maze-like pattern characterizing single-phase amorphous struc-
ture formed in the Co-Fe-Ta-B-O thin film. The electric-field
control of its ferromagnetism is different from that of the p-
type CFTBO,4¢ MS. No matter whether V is positive or negat-
ive, its M; increases. It is suggested that the newly developed
Co-Fe-Ta-B-O sample could be an intrinsic MS. Based on this in-
trinsic MS, we may use Vg to control its electrical conduction
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Fig. 10. (Color online) (a) HRTEM image of the newly developed CFTBO AMS. (b) Schematic diagrams for the electric-field control of carrier con-
centrations at different V. (c) M, increaisng with both positive and negative V.

type of the different parts within the material, which would
form a p-n junction at the interface between the different
parts. To the best of our knowledge, this should be the first
demonstration of an intrinsic MS. Meanwhile, the conduction
type of this intrinsic MS can be tuned to be n-type or p-type by
using an external electric field.

4, Conclusions and future perspectives

A new type of AMSs was developed by oxidizing origin-
ally ferromagnetic AAs. These AMSs showed high Curie temper-
atures well above room temperature. Based on them, proto-
type p—n heterojunctions were fabricated. Owing to the inter-
play between the holes and local magnetic moments, the elec-
tric-field control of ferromagnetism was realized at room tem-
perature in these AMSs. The realization of high-Curie-temperat-
ure AMSs offers an opportunity to create next generation spin-
tronic devices such as spin-diodes and spin-field effect transist-
ors. The carrier mobility of amorphous materials is known to

be very low. Therefore, these AMSs could not be good chan-
nel materials to be used in semiconductor-based devices.
However, new phenomena may emerge at the interface
between two AMSs if they are integrated together to form a
field effect transistor. Therefore, furthering our understanding
of the possible unprecedented interface effects may help to
design and develop high performance spintronic devices
based on these AMSs.

Future research subjects related to this new type of AMSs
will be focused on the following three aspects:

(1) Both p-type and n-type AMSs are important for fabricat-
ing magnetic p-n diodes or spintronic transistors. The control
of electrical conduction type in these AMSs should be pos-
sible through the compositional tuning based on the
Co-Fe-Ta-B-0 system. In this way, n-type AMSs could be de-
veloped to show high Curie temperature well above room tem-
perature.

(2) New kinds of high performance MSs could be de-
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veloped based on various ferromagnetic AAs. For example,
the Co-Fe-Nb-B system is similar to the Co-Fe-Ta-B system.
Oxidizing the Co-Fe-Nb-B AAs may lead to the formation of
new AMSs with different properties. In addition to oxygen, nitro-
gen or sulfur can be used as elemental additions to transfer a
ferromagnetic AA to AMSs. On the other hand, the precise char-
acterization of the amorphous structure remains elusive from
both theoretical and experimental aspects. A spectrum of beha-
vior from ferromagnetic metal to insulator is realized in one
Co-Fe-Ta-B-0 system via continuously compositional adjusta-
bility. Hence, the amorphous structure can be manipulated in
a well controllable manner, leading to tunable optical, electric-
al and magnetic properties over a wide range. This will help to
build a reliable relationship between the amorphous struc-
ture and properties of these amorphous materials.

(3) New design concepts and device structures should be
proposed for this new type of AMSs, aiming to combine logic
functionalities and information storage capabilities in a single
device through manipulating the spin and charge simultan-
eously. This will facilitate the development of next-generation
spintronic devices with low power, rapid response and high
storage density.
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