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a b s t r a c t

Si1�xMnx diluted magnetic semiconductor films were deposited on the p-Si (100) single crystal wafer
using magnetron sputtering method. Post-rapid thermal annealing treatments were performed at
temperatures of 700 �C, 800 �C, and 900 �C in an argon atmosphere for approximately 5 min. Alternating
gradient magnetometer, scanning electron microscope, atomic force microscope, X-ray diffraction and X-
ray absorption near-edge structure spectra were employed to characterize magnetic properties and
structure of the as-grown and annealed films. The films were about 2.8 mm thick and the RMS roughness
of the surface was about 5e10 nm. All samples exhibit ferromagnetism at room temperature and the
saturation magnetization reaches at the maximum value for the sample annealed at 700 �C. The silicide
MnSi1.7 was observed in the annealed samples. X-ray absorption near-edge structure spectra indicated
that Mn atoms preferred to occupy substitutional or interstitial sites instead of precipitating to form
silicide when annealing at 700 �C. It is inferred that the observed ferromagnetism is attributed to the
interstitial and substitutional Mn dimers, which existed mostly in the sample annealed at 700 �C. The
weaker ferromagnetism of the 900 �C annealed sample was closely related to the increased content of
Mn4Si7 compound.

� 2012 Elsevier Ltd. All rights reserved.
1. Introduction

Diluted magnetic semiconductors (DMSs) have attracted much
attention because of their potential application in electronic devices
that utilize both charge and spin of electrons [1e8]. It is highly
desired that ferromagnetic semiconductors be fabricatedwithmost
widely used conventional elemental semiconductors by appro-
priate doping with transition metal ions such as Mn. Spintronic
devices based on conventional elemental semiconductors are
believed to be significant due to thematured processing technology
in modern electronics and compatibility between the spintronics
devices and the active electronic devices. Most of these investiga-
tions involving DMSs have been focused on Mn-doped IIIeV [9] or
IIeVI [10] group materials. On the other hand, despite the techno-
logical importance of Si-compatible materials, less effort has been
directed toward the synthesis of transition-metal-doped Si [11e15].
chnology, Wuhan University,
; fax: þ86 27 6875 2569.
hu.com (L. Guo).

All rights reserved.
Because the equilibrium solubility of transition metals in Si is
extremely low, nonequilibrium techniques have been used to
induce Mn atoms into the silicon crystal lattice [16e18]. Silicon
heavily doped with Mn at the doping levels more than 5% have
been grown by using magnetron sputtering [19e21], with a curie
temperature above 250 K. It was found that the ferromagnetism
was affected by concentration of Mn atoms, thermal annealing
conditions, and carriers of the Si substrate. Although it is recog-
nized that the doping Mn atoms play a key role in ferromagnetism,
the location of Mn in Si substrate and local surroundings around
Mn atoms in Si1�xMnx DMSs films still keep unresolved.

X-ray absorption near-edge spectroscopy (XANES) is a unique
technique for probing the locations of magnetic ions in the semi-
conductor. This technique has beenwidely used to identify the role
of Mn in magnetism of IIIeV and IIeVI group DMSs, and recently
was used by Wolska et al. to investigate local structure around Mn
in Mn implanted Si [22,23].

In the present paper, DMS Si1�xMnx films were deposited by
magnetron sputtering and annealed at 700 �C, 800 �C, and 900 �C.
By analyzing the results of XANES together with scanning electron
microscope (SEM), atomic force microscope (AFM), and X-ray

mailto:guolp@whu.edu.cn
mailto:guolp99@sohu.com
www.sciencedirect.com/science/journal/0042207X
http://www.elsevier.com/locate/vacuum
http://dx.doi.org/10.1016/j.vacuum.2012.01.001
http://dx.doi.org/10.1016/j.vacuum.2012.01.001
http://dx.doi.org/10.1016/j.vacuum.2012.01.001


Fig. 1. EDS spectrum of the as-grown Si1�xMnx sample.

Fig. 2. Cross-section SEM image of the as-grown Si1�xMnx sample.
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diffraction (XRD), microstructure of the as-grown and annealed
samples was investigated and the possible origin of magnetism in
the Si1�xMnx films was discussed.

2. Experiments

Si1�xMnx thin films were deposited on p-typed Si (100) wafer at
room temperature by radio frequency (RF) magnetron sputtering
method. Prior to the deposition, the silicon substrates were ultra-
sonically cleaned in acetone and alcohol in sequence. The thin films
were sputtered from a Mn/Si composite target, in which small Mn
pellets were uniformly distributed on single crystalline Si (100) disk
with a Si/Mn area ratio of 19:1. The purity of Mn pellets was 99.9%.
During the deposition, the Ar pressure and the RF sputtering power
were controlled at 1 Pa and 10 W, respectively. The sputter time
was 10 h, and the average deposition rate was slightly less than
300 nm/h.

In order to understand the effect of annealing on Si1�xMnx films,
rapid thermal annealing (RTA) was carried out after deposition. The
films were annealed in an argon atmosphere at temperature of
700 �C, 800 �C, and 900 �C for 5 min.

Cross-section micrograph was observed using a SEM (FEI
SironMP SEM system) and the composition of Si1�xMnx films was
determined by using an energy dispersive spectroscopy (EDS)
system (EDAX genesis 7000) operated at 12 kV. Surface
morphology was analyzed using an AFM (Shimadzu SPM-
9500J3) operated in contact mode. Magnetic hysteresis loops
were measured at room temperature using a high-sensitivity
(10�11 A$m2 sensitivity) alternating gradient magnetometer
(PMC 2900-04C). Structure of the deposited Si1�xMnx films was
characterized by XRD (Bruker-axs D8 advanced) with a Cu Ka
radiation.

XANES spectra were measured for all investigated samples at
the U7C station, National Synchrotron Radiation Laboratory (NSRL),
Hefei, China. The double-crystal Si (111) monochromators at the
U7C station ensures a resolution of dE/E ¼ 3 � 10�4. The storage
ring was operated at 800 MeV with a typical current of
100w300 mA. Measurement was carried out at the Mn K edge
using the X-ray fluorescence detection method.

3. Results and discussion

The relative content of manganese in the as-grown Si1�xMnx

film is 8% (x ¼ 0.08), determined by EDS system (Fig. 1). Annealing
as-grown samples could result in the diffusion of Si from the
substrate into Si1�xMnx film. However, since we used the single
crystalline Si (100) wafer as the substrate, only minute quantity of
Si was expected to diffuse from the substrate into films upon
annealing, which would give little contribution to the change of Mn
concentration. Consequently, we consider that all the annealed
samples are showing the same Si/Mn composition with the as-
grown sample. The cross-section SEM micrograph of the as-
grown Si1�xMnx sample is shown in Fig. 2. The image indicates
that the film is about 2.84 mm thick. Fig. 3 shows the surface
morphology, for which small difference is present for different
samples. Some big island-like humps can be recognized in the
samples annealed at 700 �C and 900 �C.

For the as-grown and all annealed samples, room-temperature
ferromagnetism was observed with magnetic hysteresis (Fig. 4).
The value of mean square roughness (RMS) and the saturation
magnetization (Ms) of the samples are given in Table 1. The results
indicate that the sample annealed at 700 �C has the maximum RMS
and Ms values. Given the similarity of the AFM images of the as-
grown sample and the sample annealed at 800 �C, we suspect
that the difference of the surface morphology for the samples is due
to the variation of sputtering condition in the preparation process,
rather than an effect of annealing.

Fig. 5 shows q-2q scan of samples by Lab-XRD. The spectra have
been normalized according to the intensity and position of Si (200)
peak. They clearly indicate that the annealed films were crystal-
lized, while the unannealed sample was amorphous. A set of weak
peaks marked in the figurewere originated from highermanganese
silicides with Si composition of around 1.7 [24], such as Mn4Si7,
which exhibits weak ferromagnetism at 47 K [25]. These rich
varieties of Mn silicides are extremely difficult to identify [26]. For
that reason, all different compositions are named as MnSi1.7 here.
The amorphous MnSi1.7 phase was found in the as-grown sample.
No other mixed phase existed in the annealed films except the
silicon and a small amount of MnSi1.7 phase. The content and the
exact compositions of MnSi1.7 phase change with the increase of
annealing temperature. This is confirmed by the observation that as
annealing temperature increased from 700 �C to 800 �C, there is
a shift in diffraction peak and peak intensity changes in XRD
spectrum. Liu et al. [20] suggested that it is possible for manganese
atoms to incorporate into the silicon lattice, which could be verified
by XANES.

The FEFF 8.2 code [27] enabling theoretical calculation of the
XANES spectra for different models was used to determine
possible surrounding environments of Mn atoms. The measured



Fig. 3. AFM images of (a) the as-grown sample, the samples annealed at (b) 700 �C, (c) 800 �C, and (d) 900 �C.
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XANES spectrum of standard Mn foil and the calculated XANES
spectra of Mnint (Mn atoms in interstitial position, including the
tetrahedral position Mnt-int and the hexagonal position Mnh-int),
Mnsub (Mn atoms in substitutional position), and Mn4Si7 models
are shown in Fig. 6. The illustrations of Mn4Si7, Mnh-int, Mnt-int, and
Mnsub models are shown in Fig. 7. In the calculated models,
a perfect silicon matrix was used as a basis for the Mnint and Mnsub
cases. About 8 percent doped Mn atoms were placed in a silicon
cluster with 148 silicon atoms (i.e., 10 shells). The
HedineLundqvist exchange correlation potential, the self-
consistence-field (SCF), XANES, and full multiple scattering (FMS)
cards were applied in all cases.

As shown in Fig. 6, the spectrum of standard Mn differs signif-
icantly from that of Si1�xMnx samples. The Mnh-int spectrum also
Fig. 4. Magnetic hysteresis loops of the as-grown and annealed samples measured at
room temperature.
does not resemble the observed shape of the experimental spec-
trum. Therefore, the assumption that Mn atoms formedMn clusters
or Mnh-int structure can be ruled out. The shoulder peak A in the
samples was devoted to the Mn4Si7 compound, which indicated
that silicide Mn4Si7 existed in the annealed samples. Peak B in the
700 �C annealed sample was attributed to the Mnt-int model. As the
annealing temperature increases, peak B is shifted toward higher
energy, close to the peak of Mn4Si7, suggesting that more Mn4Si7
formed in the samples annealed at 800 �C and 900 �C. Peak C for the
samples annealed at 700 �C and 800 �C was attributed to the Mnsub
model, implying that annealing promoted the motion of Mn atoms
to the substitutional position. On the other hand, in the sample
annealed at 900 �C, more MnSi1.7 phase was precipitated from the
silicon lattice. This led to a decrease of the Mnt-int and Mnsub atoms,
evidenced both by XANES spectrum and XRD patterns. As for the
as-grown sample, the XANES spectrum indicates that there exist
clusters with short-range order structure close to Mn4Si7 and
Mnsub. This is consistent with the XANES spectrum and XRD
patterns where broad diffraction hump of Mn4Si7 was observed for
this sample (Fig. 5), showing amorphous structure for the sample.
In summary, the XANES results suggest that Mnsub and Mnint atoms
existed mostly in the 700 �C annealed sample.

It has been found, by the model calculation, that the pairs of
Mn spins coupled to the matrix valence band states have a lower
Table 1
RMS roughness and Ms values of the as-grown and annealed samples.

Sample As-grown Annealed
at 700 �C

Annealed
at 800 �C

Annealed
at 900 �C

RMS (nm) 8.722 10.855 5.686 9.645
Ms (Am2/kg) 1.3 � 10�2 5.5 � 10�2 1.9 � 10�2 1.6 � 10�2



Fig. 5. Comparison of XRD spectra for the as-grown and annealed samples.

Fig. 7. Illustrations of Mn4Si7, Mnh-int, Mnt-int, and Mnsub models.
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energy in the ferromagnetic configuration than they would have
in the antiferromagnetic one [28]. The formation energy of Mn
and Mn dimers is lower than the sum of the separate constituents,
and in p-typed Si the most stable configuration involving up to
two Mn atoms is the Mnsub-Mnint complex, which shows a ferro-
magnetism spin alignment that allows a net magnetization of
material [29].

The above theoretical prediction is in good agreement with our
experimental results. As indicated by the XANES spectrum, with
less content of MnSi1.7 precipitated in the sample annealed at
700 �C, Mnsub and Mnt-int atoms largely coexisted. The Mnsub-Mnint
dimer was relatively dominating and the sample showed strongest
ferromagnetism among all samples. On the other hand, the
increased content of Mn4Si7 in other annealed samples could be
a factor weakening the ferromagnetism. With the increase of
annealing temperature, the content of Mn4Si7 phase increased and
the numbers of Mnsub and Mnt-int atoms decreased, preventing the
formation of Mnsub-Mnint dimers with a ferromagnetism spin
alignment.
Fig. 6. Comparison of XANES spectra for the as-grown and annealed samples, as well
as calculated models: Mn standard (metal Mn), Mn4Si7, Mnt-int model (Mn atoms in
tetrahedral interstitial position), Mnh-int model (Mn atoms in the hexagonal position),
and Mnsub model (Mn atoms in substitutional position).
4. Summary

In summary, Si1�xMnx films deposited by magnetron sputter-
ing and post-annealing exhibited ferromagnetism property at
room temperature. After annealing, the Si1�xMnx films crystal-
lized and MnSi1.7 precipitated in the samples. Among the as-
grown and annealed samples, largest value of saturation magne-
tization was found in the sample annealed at 700 �C. Mnsub and
Mnt-int atoms were detected by XANES to coexist mostly in this
sample. This evidence supported the theoretical prediction that
the ferromagnetism in Si1�xMnx system originated from the
ferromagnetic interaction between the interstitial and substitu-
tional Mn atoms. Weaker ferromagnetism in the samples
annealed at 900 �C was closely related to the increased content of
Mn4Si7 compound.
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