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Abstract

Mn ions were implanted to n-type Si(0 0 1) single crystal by low-energy ion beam deposition technique with an energy

of 1000 eV and a dose of 7.5� 1017 cm�2. The samples were held at room temperature and at 300 1C during

implantation. Auger electron spectroscopy depth profiles of samples indicate that the Mn ions reach deeper in the

sample implanted at 300 1C than in the sample implanted at room temperature. X-ray diffraction measurements show

that the structure of the sample implanted at room temperature is amorphous while that of the sample implanted at

300 1C is crystallized. There are no new phases found except silicon both in the two samples. Atomic force microscopy

images of samples indicate that the sample implanted at 300 1C has island-like humps that cover the sample surface

while there is no such kind of characteristic in the sample implanted at room temperature. The magnetic properties of

samples were investigated by alternating gradient magnetometer (AGM). The sample implanted at 300 1C shows

ferromagnetic behavior at room temperature.
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1. Introduction

Diluted magnetic semiconductors (DMSs) com-
bine the electronic transport properties of semi-
conductors and the memory characters of
d.

www.elsevier.com/locate/jcrysgro


ARTICLE IN PRESS

L. Liu et al. / Journal of Crystal Growth 273 (2005) 458–463 459
magnetic materials and are important to develop
spin-controlled electronic devices and integrated
magnetic device applications. Nowadays, the in-
vestigation of diluted magnetic semiconductors has
received a great deal of attention. The most
extensively studied and most thoroughly under-
stood materials of diluted magnetic semiconductors
are A1�x

II MnxB
VI and A1�x

III MnxB
V, in which

Mn replaces a fraction of group II or III sublattices
randomly [1–4]. But, group IV (such as Si and Ge)-
based diluted magnetic semiconductors may result
more practical for applications since present
semiconductor technology may be used [5–7].
It is well known that the maximum solid solubility

of transition metal ions in silicon at thermal
equilibrium is very low. Therefore, the non-equili-
brium doping process is necessary to realize the high
doping concentration. Silicons heavily doped with
transition metal manganese at the doping levels
more than 5% have been successful grown by using
gas–source molecular beam epitaxy (GSMBE) [8,9]
and laser-ablation molecular beam epitaxy
(LAMBE) [10]. Hwa-Mok Kim et al. reported on
the growth of ferromagnetic MnxSi1�x films by
vacuum evaporation method, in which the Curie
temperature of Mn0.07Si0.93 is 21075K [11]. Yokota
et al. reported the fabrication of single-phase
CexSi1�x films and their magnetic and electrical
transport properties, and also examine the annealing
effects, which vary the crystallographic state of the
host Si and the coordination of Ce [12]. However,
Si-based DMSs have not been fully investigated.
In this paper, the characteristics of Mn-implanted

n-type Si by low-energy ion beam deposition were
investigated. The structure and surface morpholo-
gies of samples were analyzed by X-ray diffraction
(XRD) and atomic force microscopy (AFM) while
the atomic concentrations of samples dependence
on the depth were studied by Auger electron
spectroscopy (AES). The magnetic properties of
samples were investigated by alternating gradient
magnetometer (AGM) at room temperature.
2. Material preparation

The samples were prepared by low-energy dual
ion beam deposit system with the mass selection
function, which can purify the ions and even select
isotopes to implant into the substrate. Mn ion
beams were produced by Bernas-type ion source.
More detailed information was elaborated about
this apparatus in Ref. [13]. Only one ion beam
system was employed to implant Mn ions into the
substrate in this experiment. N-type Si (0 0 1) were
used as substrate, which were cleaned in ethanol,
acetone, and deionized water for 5min each with
ultrasonic vibration, then they were etched in FH/
H2O solvent. Finally, they were rinsed in deionized
water and loaded into the growth chamber. The
vacuum was o10�6 Pa in the chamber. The
substrate was annealed at 800 1C for 30min before
growth in order to further eliminate the oxidation
layer. Through mass-selection in magnetic field
and acceleration in electric field, Mn ions were
uniformly implanted into silicon substrate at high
dose of 7.5� 1017 cm�2 with low-energy of
1000 eV. The samples were held at room tempera-
ture (sample A) and at 300 1C (sample B) during
the implantation.
3. Measurements and analyses

3.1. Compositional analyses

AES was employed for analyzing the surface
composition of samples and their compositional
variation along the cross section. The AES system
used in this experiment is SAM PHI-610.
Fig. 1 is the AES spectra of the samples surfaces,

which show that there are manganese, silicon,
carbon and oxygen at the samples surfaces. The
samples depth profiles are shown in Fig. 2. It can
be seen from Fig. 2 that the concentrations of the
oxygen and carbon are very high at the samples
surfaces and decrease rapidly along the depth. The
reason for the existence of carbon is that the
samples surfaces were contaminated after the
samples were taken out from the growth chamber.
The element oxygen is introduced by oxidation of
manganese after the samples were removed from
the growth chamber. The manganese atomic
concentration of sample A reaches the maximum
of 18% at the depth of 6 nm, and quickly drops
down from the maximum point, whereas that of
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Fig. 1. AES spectra at the samples surfaces: (a) sample A and

(b) sample B.
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Fig. 2. AES depth profiles for samples: (a) sample A and (b)

sample B.
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sample B reaches the maximum of 23% at the
depth of 12 nm, and slowly drops down. It
indicates that the Mn ions reach deeper in
sample B than in samples A. The dose of
manganese ions in samples A and B is identical.
They were held at different temperature during
implantation. So, the substrate temperature
affects the implantation depth of manganese ions.
During the analyzed depth area, the manganese
atomic concentration of sample A is fluctuant
after the maximum while that of sample B
monotonically decreases. It shows that there is a
segregation of manganese atoms in sample A. The
segregation of manganese atoms is suppressed in
sample B.
3.2. Structural analyses

The structural properties of samples were
studied by X-ray diffraction measurements. The
XRD patterns of samples were measured with a
Rigaku diffractometer using Cu Ka radiation for
structural analyses. The wide range of the XRD
(20–801) patterns are shown in Fig. 3. The XRD
spectra of samples A and B are shown in Figs. 3(a)
and (b), respectively. In sample A, only Si(0 0 1)
substrate peak is observed. The forbidden peak of
Si(0 0 2) appears in sample B. The structure of
sample A is amorphous due to the heavily Mn ions
implantation at room temperature. As the sub-
strate temperature is elevated to 300 1C in sample
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Fig. 3. XRD spectra of samples: (a) sample A and (b)

sample B.
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B, the crystal structure of sample is restored.
Stacking faults are introduced by the recrystalliza-
tion process and result in the appearance of
Si(0 0 2) forbidden peak [14]. There are no addi-
tional diffraction peaks except for Si in both
samples A and B. We have carefully searched for
secondary phases such as Mn or Mn silicides.
However, no such phases are observable.
Fig. 4. AFM morphologies of samples: (a) sample A and (b)

sample B.
3.3. Morphological analyses

AFM is a noninvasive technique to deliver
three-dimensional realistic impressions of the
measured sample surface. It is an easy and fast
method to show the change in the amplitude of the
surface roughness. The surface morphologies of
samples were observed by AFM. Figs. 4(a) and (b)
show the surface morphology of samples A and B,
respectively. It can be seen that the surface
morphology of samples A and B is quite different.
There are many island-like humps on the sample B
surface with a RMS of 12.231 nm on a 5� 5 mm
surface scanning area. There is no such kind of
characteristic on sample A surface. The surface of
sample A is much smooth with a RMS of
0.635 nm. The surface roughness is in close
relationship with the sample structure. The AFM
results indicate that the crystal structure of sample
A is amorphous while that of sample B is
crystallized. The AFM results are consistent with
the XRD profiles.

3.4. Magnetic analyses

The magnetic properties of samples were mea-
sured on a Model 2900 MicroMagTM AGM at
room temperature. The results of the magnetiza-
tion measurements by AGM reveal room-tem-
perature ferromagnetism for sample B while no
ferromagnetism can be observed for sample A.
Fig. 5 shows the ferromagnetic hysteresis loop of
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Fig. 5. Ferromagnetic hysteresis loop of sample B measured by

Alternating gradient magnetometer at room temperature.
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sample B. The magnetization curve is obtained
with the applied field parallel to the sample plane.
The diamagnetic background contribution due to
Si is subtracted from the data. The coercivity HC
and saturation magnetization MS of sample B are
about 75.68Oe, and 1.298� 10�6 emu, respec-
tively.
Pure Si does not have a net magnetic moment,

resulting in diamagnetism. Metallic Mn is anti-
ferromagnetic, with a Néel temperature of 100K
[15]. In addition, nearly all of the possible Mn-
based binary and ternary oxide candidates are
antiferromagnetic. Only the Mn3O4 is ferromag-
netic with a Curie temperature of 42K [15].
Furthermore, only one of all the Mn–Si com-
pounds is ferromagnetic with a Curie temperature
of 38K [16]. However, they could not account for
the room-temperature ferromagnetic behavior of
sample B due to low Curie temperature. Diluted
magnetic semiconductor MnxSi1�x is ferromag-
netic. The Curie temperature of ferromagnetic
MnxSi1�x film by vacuum evaporation method
has reached 21075K [11]. The magnetic pro-
perties of MnxSi1�x have not been fully investi-
gated until now. From the XRD result of sample B
no new phases are found. It is possible that
MnxSi1�x structure is formed in sample B. But,
we cannot make sure if the room-tempe-
rature ferromagnetism of sample B is related to
MnxSi1�x structure before making further investi-
gation on it.
4. Summary

The characteristics of Mn-implanted n-type
silicon were investigated. The structure of sample
A is amorphous while that of sample B is
crystallized. There are no new phases found except
silicon in all the samples. Sample B has island-like
humps that cover the sample surface while sample
A has a much smoother surface. Samples AES
depth profiles show that the Mn ions reach deeper
in sample B. Room-temperature ferromagnetic
behavior shows in sample B though further
investigation is still needed.
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