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We report on the ferromagnetic characteristics of homoepitaxial Mn,Si;.« (0.02<x<0.10) thin films grown
on Si(100) substrates using laser molecular-beam epitaxy. The influence of Mn doping concentration on the
structural and magnetic properties of Mn-doped Si thin films was investigated in detail using both synchrotron-
radiation x-ray diffraction and a superconducting quantum interference device magnetometer. With the addition
of a Mn-Si-related secondary phase, Mn-doped Si thin films showed ferromagnetic behavior above room

temperature.
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Spintronics has captured the attention of many researchers
in recent years. Using both the charge and spin properties of
carriers, spintronic devices can be made more functional by
combining standard microelectronics with spin-dependent
effects allowing for many potential applications."* Transi-
tion metal (TM) doped semiconductors, which demonstrate
room temperature ferromagnetic behavior, are important for
the fabrication of spin-controlled electronic devices and inte-
grated magnetic devices. For applications, it is highly desir-
able to investigate TM doping of the most common
semiconductors. In spite of the widespread use of Si and Ge-
based electronics, TM doping of group-IV semiconductors
has not been attractive, due to the low solubility of TM in
these semiconductors as compared to II-VI and III-V semi-
conductors, such as ZnO, GaN, and GaAs semiconductors™ ™",

Ferromagnetic properties of TM-doped group-IV semi-
conductors have recently been reported; however, whether
these properties originate from secondary phases is still con-
troversial. For example, although Park er al.'® have argued
that Min,Ge,  thin films grown at low temperature (~300 °C)
showed ferromagnetic behavior, the observed behavior may
have resulted from Mn;;Ges secondary phases precipitated in
the Ge host matrix. Yokota et al.”" also reported that spin
glass behavior appears in Ce-doped Si bulk single crystals

*Corresponding author: gcyi@postech.ac.kr

with Ce-related secondary phases embedded, such as CesSis
and CeSi. Recently, Zhang et al.* have found that Mn osSios
thin films showed ferromagnetic behavior above room tem-
perature; however, structural investigations of Mng,sSio.es thin
films were not carried out in detail. Generally, Mn-rich Si
phases would not be easily detected in thin films with conven-
tional x-ray diffraction (XRD) measurements. Therefore,
more detailed structural characterizations assisted by synchro-
tron radiation x-ray diffraction (SR-XRD) and transmission
electron microscopy (TEM) should be carried out. In this
research paper, we focus on the magnetic and structural prop-
erties of Mn,Si; (0.02<x<0.10) thin films with various Mn
concentrations.

Mn-doped Si thin films were homoepitaxially grown on Si
substrates using laser molecular beam epitaxy (LMBE)".
The base pressure of the ultrahigh vacuum chamber was as
low as mid-10" torr. Meanwhile, a polycrystalline Mn-
doped Si target was made via the standard arc melting
method with a base pressure of 4.0x107 torr in a high
vacuum chamber using Si (99.999%) and Mn (99.999%)
powders. We used different Mn concentrations in the Mn,Si; «
target in the range of 2-10 mol%. The Si substrates were
chemically cleaned using standard HF/H,O etching and H,O»/
H,O rinsing solutions. Final cleaning was accomplished by
raising the substrate temperature to approximately 750 °C in
the LMBE chamber for desorption of the hydrogen
passivated layer on the Si substrate, as indicated by in situ
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reflection high energy electron diffraction (RHEED). For
film growth, the stoichiometric Mn,Si,  targets were ablated
using the third harmonics of a pulsed Nd:YAG laser. The
fluence of the laser beam was 1 J/cm”. The growth tempera-
ture investigated in this research was in the range of 400-
700 °C, and the typical film thickness was 1 pm. The
compositions of as-grown thin films were measured using

1.0 T T
(a) 5K
2 osf P
s "
5 "
L2 o0
= . s
[ b
ko Ofﬁﬁﬁ
c e
o L":'-:""’B
o -05
=
MnO.OZSiO.QB
-1.0
-4000 -2000 0 2000 4000
Magnetic field (Oe)
1.0 T :
(C) 5K
> L —
g 0.5 Joﬁo =
=3 o o
S 0.0 Py °/
= p
8 g
[ o et
c g _d-—"'&
@ 05 k=mHtTT
=
Mn0.058i0.95
-1.0 1 1
-2000 -1000 0 1000 2000
Magnetic field (Oe)
1.0 T
5K "
(e) O,-/g ﬁ,&f—f’i
o 05 o/"’/
p= A
= o
c &
S o0 -
3 J
g 7
& -05¢f %
. et
= e
e Mn__Si
0.10 ~ 0.90
-1.0 . .
-2000 -1000 0 1000 2000

Magnetic field (Oe)

induced coupled plasma mass spectroscopy (ICPMS).

The crystal orientation and magnetic properties of the Mn-
doped Si thin films were investigated using SR-XRD and a
superconducting quantum interference device (SQUID)
magnetometer. The SR-XRD measurements were performed
using a four-circle diffractometer, which is part of the 3C2
synchrotron x-ray diffraction beam line at the Pohang Light
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Fig. 1. M—H curves of thin films measured at 5 K and room temperature: (a), (b), Mng 12Sios; (€), (d), MngosSioos; and (e), (f), Mng 10Sio.e. Mag-
netization curves were measured with the applied magnetic field parallel to the surface of the substrate.
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Source (PLS). To investigate the magnetic properties of the
films, temperature-dependent magnetization (M-T) and
magnetic hysteresis curves (M-H) were measured using a
SQUID magnetometer. Both field and temperature-dependent
magnetization curves were measured with the applied mag-
netic field parallel to the surface of the substrate. The M-T
curves were measured both in zero-field cooled (ZFC) and
field-cooled (FC) modes with an applied magnetic field of
100 Oe. The M-H curves were measured at 5 K and at room
temperature in the range of — 2000 < H'<2000. Diamagnetic
background from the Si substrates was subtracted for the
data presented here.

Figure 1(a) and (b) shows the magnetic hysteresis curves
for a MngSipes thin film measured at 5 and 300 K. The
magnetization curve has a steep slope below 0.1 T and zero
values for M, and H.. The M-H curve at 300 K did not show
any saturation, even at high magnetic fields (~5 T). As will
be discussed later, this magnetic behavior presumably results
from superparamagnetism. Similar superparamagnetic
behavior in Ce-doped Si films has previously been reported
by Yokota et al"”

Furthermore, the M-H curves for a MngsSipes thin film
measured at 5 and 300 K exhibit ferromagnetic behavior, as
shown in Fig. 1(c) and (d). The M-H curve at 300 K was
saturated at 5100 Oe. The H. and remanence ratio values
were 148 Oe and 42.1%, respectively. The M-H curve at 5 K
showed magnetic saturation at 2T, and the H. and
remanence ratio values were 146 Oe and 20%, respectively.
The observation of a remanence ratio at 5 K that was smaller
than that at room temperature suggests that weak non-
ferromagnetic ordering appears at low temperatures."
Figure 1(e) and (f) show the M-H curves for a Mng,10Sio90
thin film measured at 5 and 300 K. The magnetization for
the Mny.16Si0.90 thin film at 300 K was saturated at 5000 Oe.
The H. and remanence ratio values were 37 Oe and 7.9%,
respectively. For the M-H curve at 5 K, the H. and
remanence ratio values were 58 Oe and 10.3%, respectively.
This indicates that a clear hysteresis loop is apparent at room
temperature.

The superparamagnetic behavior of the Mng,Sipos thin
film observed in Fig. 1(a) and (b) was investigated in detail
with magnetic susceptibility measurements. Figure 2(a)
shows FC and ZFC magnetization curves for the Mng pSip s
thin film. Magnetization, M, as a function of temperature
was measured from 5 to 350 K with an applied magnetic
field of 100 Oe. The differences between the ZFC and FC
values of M at different temperatures below 155 K are
probably due to spin glass behavior'', whereas the ZFC and
FC values of M coincide above 155 K.

In contrast to the MIlo_ozSio_gs thin ﬁ]m, the MIlo_osSio_gs thin
film shows ferromagnetic behavior at room temperature, as
shown in Fig. 2(b). For the FC M-T curve, magnetization
decreases with increasing temperature up to 66 K; between
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Fig. 2. M-T curves measured at a magnetic field of 100 Oe applied
parallel to the substrate surface: (a), FC and ZFC magnetization
curves as a function of temperature for the Mny ,Sig s thin film; (b),
FC magnetization curves for the MnggsSioes thin film; (c), FC
magnetization curves for the Mny 10Sio.o thin film.

this temperature and 250 K, it increases slightly and then
decreases as the temperature is further increased to 350 K.
From this observation, 7 for the MngsSigos thin film is esti-
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mated to be higher than 350 K. However, the distinct slope
change at around 66 K indicates that antiferromagnetic com-
ponents affect the M-T curve in the low temperature range.
Accordingly, the non-ferromagnetic ordering at low temper-
atures in Fig. 1(c) may originate from antiferromagnetic
components in the Mn-doped Si thin film. This antiferro-
magnetic component presumably results from the MnsSis
phase, which has a Néel temperature of 66 K. Meanwhile, as
shown in Fig. 2(c), the Mnyg 0Sipe0 thin film exhibits ferro-
magnetic behavior in which the Curie temperature is higher
than room temperature.

Further attempts were made to identify the secondary phases
in Mn,Si; (0.02<x<0.10) by SR-XRD measurements. Figure
3 shows a logarithmic scale SR-XRD 0-20 scan of a
Mny,0>Sip.0s homoepitaxially grown thin film on a Si(100) sub-
strate. From the XRD data, only Si related peaks were
observed without any significant XRD peaks, due to Mn
related secondary phases within the noise signal range of these
measurements. As shown in Fig. 3, the strong XRD peak from
the Si(100) plane and weak peaks from Si(111), Si(220), and
Si(311) planes are also shown at 68.94°, 28.43°, 47.27°, and
56.10°, respectively. However, increasing the Mn concen-
tration up to 5 mol% caused Mn;sSi,, Mng, 5Sis5, and MnsSi;
related phases to appear abruptly at 26.98°, 32.37°, 33.98°,
46.35°,53.91°, and 32.12°, in contrast to the Mng 1>Sigog thin
film. The formation of a MnsSi; phase is consistent with the
antiferromagnetic behavior of the Mnyg sSip o5 thin film at low
temperatures in Fig. 1(c) and (d).

When increasing the Mn concentration to 10 mol%, dom-
inant XRD peaks were observed at 25.96°, 32.49°, 42.21°,
46.45°, 47.65°, 50.20°, 50.97°, 54.19°, and 54.45°, due to the
Si-related phases and phases of Mn abundant silicides, such
as MnsSi, and MnsSis. This is consistent with a report by
Nakayama ef al.™ on epitaxial Si thin films heavily doped
with Mn, which showed that Mn abundant MnsSi; phases
are formed beyond the Mn solution limit in a Si matrix at
close to 10 mol% doping of Mn atoms.

The formation of secondary phases affects the magnetic
properties of Mn-doped Si thin films as is evident from the
M-H curves. It is well known that in Mn-Si systems, ferro-
magnetic behavior is only exhibited in MnSi intermetallic
compounds, which have a 7. of 29 K. Other Mn-Si silicides
such as Mn;Si, MnsSi;, and Mn;;Siy indicate antiferromag-
netic behavior below 100 K, and MnsSi, shows non-mag-
netic behavior''. The formation of a Mn-Si secondary phase
suggests some kind of inhomogeneity of Mn atoms in the Si
matrix. In contrast, Zhang et al. have reported that polycrys-
talline Mny5Sip s thin films grown on Si(100) substrates do
not have any secondary phase. Yet, an uncertain peak is vis-
ible around 42° in the XRD data compared to the Joint Com-
mittee for Powder Diffraction Studies (JCPDS) files. Zhang
et al. argued that the XRD peak around 42° resulted from
Si(210). However, there should be no Si(210) peak originat-
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Fig. 3. SR-XRD diffraction patterns of Mn,Si; (0.02<x<0.10)
homoepitaxial thin films grown on Si(100) substrate at 700 °C. The large
peak belongs to the Si structure, while the small peaks originate from Si
( @), and Mn-related secondary phases: MnsSi, ( O ), Mng; 5Siigs ([ ),
and Mn;sSi; (B ). By increasing Mn concentrations, Mn-rich secondary
phases become dominant due to the inhomogeneity of Mn atoms in the
thin films.

ing from the face-centered cubic (FCC) or the hexagonal
crystal structure marked around 42°, because the /k/ param-
eters of the Si(/4l) plane should be either all even or all odd
for FCC crystal structures. We presume that the XRD peak
around 42° in the previous report by Zhang et al. resulted
from the MnsSi,(223) peak of a MnsSi, secondary phase in
the film and that the ferromagnetic behavior of the Mn-
doped Si films may also be related to a secondary phase
which formed in the heavily Mn doped films.

In conclusion, MnySi; . (0.02 <x<0.10) homoepitaxial films
were grown on Si(100) substrates via LMBE. The Mny,,Sio.os
thin film shows superparamagnetic behavior, as demonstrated
by the M-H and M-T curves. However, magnetic hysteresis
curves showed (1) that increasing the Mn concentration, first
to 5 mol% and then to 10 mol%, causes the Mn-doped Si thin
films to become ferromagnetic and (2) that the value of 7.
obtained from temperature-dependent magnetization curves
was above room temperature. Furthermore, secondary phases
were observed even in homoepitaxial films using SR-XRD,
which suggests that the ferromagnetic behavior in Mn-doped
Si films may be related to Mn rich secondary phases.
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