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Heavily Mn-doped SiGe thin films were grown by radio frequency magnetron sputtering and then treated by post-
growth thermal annealing. Structural characterizations reveal the coexistence of Mn-diluted SiGe crystals and Mn-rich
nanoclusters in the annealed films. Magnetic measurements indicate the ferromagnetic ordering of the annealed samples
above room temperature . The data suggest that the ferromagnetism is probably mainly contributed by the Ge-rich nan-
oclusters and partially contributed by the tensile-strained Mn-diluted SiGe crystals. The results may be useful for room
temperature spintronic applications based on group IV semiconductors.
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1. Introduction

Diluted magnetic semiconductors (DMSs) have attracted
lots of interest in the last two decades due to their poten-
tial applications in spintronic devices.!!"'!] Substantial works
have been carried out to dope transition-metals (TMs) in
various semiconductors such as III-V,l'™* TI-VL, 1> group-
IV,[78] and I-II-V-11 semiconductors. Among them, Mn
doped group-IV semiconductors have drawn considerable
attention for their compatibility with current silicon pro-
cess technology. However, owing to the low solubility of
Mn in group-IV semiconductors,!'?! the ferromagnetic (FM)

13,14

nanostructures of manganese silicide!'*!'¥ and manganese

germanide!!>-1°]

compounds were usually formed in heavily
Mn-doped Ge and Si samples. Such Mn-rich nanostructures
embedded in the semiconductors have been obtained through
self-organized aggregation!!”! and could be an effective way
to achieve high T¢ spintronic devices.!!8! Although extensive
studies have been performed on heavily Mn-doped Ge and
Si samples, 311 no such studies have been reported on the
Mn-doped SiGe compound yet. Considering that the SiGe al-
loy as an important semiconductor has been widely used in
high-speed transistors in which the lattice strain and electronic
properties are closely related to the alloy components,?%! it
will be useful to explore the correlation between the mi-
crostructures and magnetic properties of heavily Mn-doped
SiGe.

In this work, heavily (above 10%) Mn-doped Sig 25Geg 75
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thin films were synthesized by radio frequency (r.f.) mag-
netron sputtering and then treated by post-growth rapid ther-
mal annealing. The structural characterizations reveal that the
Mn diluted SiGe crystals and Mn-rich nanoclusters coexisted
in the annealed films, owing to the crystallization and phase
separation during the treatment process. The magnetic mea-
surements of the annealed samples show a 7¢ around room
temperature. Further analysis reveals the relationship between
the FM ordering and the Mn-rich nanoclusters as well as Mn

diluted SiGe crystals in the annealed samples.

2. Experimental details

Sig.25Geg.75:Mn, thin films (x = 0.1 and 0.2) were grown
by r.f. magnetron sputtering using 99.999% germanium (Ge)
target, 99.999% silicon (Si) target, and 99.99% manganese
(Mn) target. We used semi-insulating one-side polished Ge
(100) wafers as the substrates. The Ge wafers were first ul-
trasonically cleaned by using ethanol, acetone, and diluted hy-
drofluoric acid solution (10%), then flushed by using deion-
ized water, and finally loaded into the growth chamber. The
base pressure prior to deposition was about 1.0 x 107> Pa.
During the deposition, the substrate temperature was kept at
A 150 nm
Sig.25Geg 75:Mn, film was deposited on the Ge substrate. Af-

250 °C. Argon was used as the working gas.

ter deposition, some samples were annealed at 800 °C for 30 s
by using a rapid thermal annealing furnace (NBD-HR1200-
110IT) in 95% Ary/5% H, atmosphere.
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The films were deposited on Al,O3 substrate for detect-
ing the composition by using a field-emission scanning elec-
tron microscope (EDAX, X-MaxN 80, Oxford). Grazing inci-
dence x-ray diffraction (GIXRD, Bruker DS, Empyrean Pan-
alytical diffractometer) using a Cu K« radiation source with
A = 0.154 nm was applied to detect the structural properties
of the samples. The vibration modes of the lattice were char-
acterized by Raman spectroscopy using a custom-built confo-
cal micro-Raman optical assembly with a 532 nm laser and an
Andor EMCCD detector. Transmission electronic micrograph
(TEM, Tecnai F30, FEI) was applied to detect the structural
properties. The cross-section samples for the TEM measure-
ment were prepared by a focus ion beam (FIB) milling proce-
dure in a Helios (Tescan, LYRA 3 XMU). Also, the element
distribution in our cross-section samples was characterized by
using energy dispersive x-ray spectrometry in TEM measure-
ment (EDS, Bruker Super-X, Bruker). The magnetic proper-
ties were measured by using a superconducting quantum inter-
ference device (SQUID) magnetometer (MPMS XL-7, Quan-
tum Design).

3. Results and discussion

The GIXRD measurements were first performed to study
the crystalline structures of the samples. For simplicity, the
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three representative samples mainly discussed in this work are
named as S1 (x = 0.1, as-grown), S2 (x = 0.1, annealed), and
S3 (x = 0.2, annealed). As shown in Fig. 1(a), the as-grown
sample S1 does not show apparent diffraction peaks, which
indicates that the as-grown sample is amorphous. In fact, all
the heavily doped as-grown samples studied were amorphous.
Meanwhile, the annealed samples S2 and S3 have clear peaks
at around 27.6° and 45.9°, indicating that the crystallization of
the SiGe diamond phase occurred during the annealing pro-
cess. All the annealed samples studied showed similar be-
havior. The SiGe grain sizes of S2 and S3 calculated by the
Scherrer formula are 13 nm and 16 nm, respectively. All the
Sig.25Geg 75 peak positions of samples S2 and S3 are clearly
left-shifted comparing with the unstrained value (Fig. 1(a), red
dashed line), indicating the existence of tensile strain in the
samples. In the GIXRD patterns of samples S2 and S3, there
exist several peaks between 30° and 45°, which come from the
GesMns phase!?! (Fig. 1(a), pink dashed line). The Ge3Mns
peaks show a little shift owing to the grain size reduction in-
duced by Si incorporation in the alloy. No manganese oxides
were detected in any of the samples. Also, there are still some
peaks (marked by *) that could not be distinguished from var-
ious kinds of manganese silicide and manganese germanide.
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Fig. 1. (a) GIXRD spectra and (b) Raman spectra of samples S1, S2, and S3. (c) HADDF and EDS mapping images for sample S2.

057504-2



Chin. Phys. B  Vol. 29, No. 5 (2020) 057504

To study the lattice vibration modes, the Raman spectra
of samples S1, S2 and S3 were taken. Since the penetration
depth of a 532 nm laser in Si or Ge is less than 50 nm, the
influence of the Ge substrate could be excluded. As shown
in Fig. 1(b), the spectra reveal two main vibrational modes at
near 300 cm~—! and 400 cm~!, which belong to Ge-Ge and
Si—Ge Raman active modes, respectively. There are no ob-
vious Si-Si peaks near 500 cm~!, probably because of the
much lower concentration of Si than that of Ge in the sam-
ples. The asymmetric shapes of these peaks are caused by
the amorphous phase. The sharper Ge—-Ge phonon mode and
Si—Ge phonon mode in S2 confirm that the annealed sample
(S2) has better crystalline quality than the as-grown one (S1).
The blue shift of the Ge—Ge phonon mode compared to that of
the Ge substrate (300.5 cm™!) could be caused by the Mn—-Ge
alloy formation,!'”! Si—Ge alloy polycrystalline nature, or ten-
sile strain,[*?! so it is quite difficult to distinguish them from
each other by Raman spectroscopy.

To investigate the elementary distribution in the annealed
sample S2, the high-angle annular-dark-field (HAADF) im-
age and EDS-mappings for Si, Ge, and Mn were obtained. It
shows that the Si and Ge elements were homogeneously dis-
tributed, but the Mn elements were not. Similar results were
observed in the heavily (above 8%) Mn-doped GaAs grown
by low temperature molecular epitaxy, owing to the high con-

centration and low solubility of the Mn element.['=3] The in-
homogeneous distribution of the Mn elements implies that the
Mn-related secondary phases may be formed in the annealed
samples, which is consistent with the finding of the GIXRD.

Further structural characterizations were performed by
using high-resolution TEM (HRTREM). Figures 2(d)-2(f)
show the HRTEM images of samples S1, S2, and S3, and
the corresponding fast Fourier transform (FFT) patterns are
shown in Figs. 2(a)-2(c). A typical amorphous ring can be
seen in Fig. 2(a), which indicates the amorphous phase in
the as-grown sample (S1). After annealing, the diffraction
ring becomes clear, which indicates the improvement in the
crystalline of the SiGe phase. Comparing the results of the
annealed samples S2 and S3, clearer sharp diffraction rings
(220) and (331) can be seen in sample S3. Meanwhile, there
were also some other phases detected in the annealed sam-
ples (marked as 01, 02, and 03). Comparing to the unstrained
(111) plane spacing (0.323 nm) of Sig »5Ge 75, the (111) plane
spacing marked in Figs. 2(e) and 2(f) (0.334 nm and 0.336 nm
for samples S2 and S3, respectively) reveals the tensile strain
inside the SiGe phase. Considering that the atomic radius
of the dopant Mn (1.61 A) is larger than that of Si (1.11 A)
and Ge (1.25 A), the tensile strain detected inside the SiGe
phase could be resulted from the Mn incorporation in the lat-
tice matrix 23! apart from the Ge substrate.

Fig. 2. HRTEM images of samples (d) S1, (e) S2, and (f) S3; and the corresponding FFT patterns for (a) S1, (b) S2, and (c) S3.

Considering the possible combinations of various kinds
of manganese silicide and manganese germanide nanostruc-
tures in the alloy background, it is not easy to identify these
nanoclusters. We found by using HRTEM that most of the
nanoclusters were surrounded by amorphous phase and the di-
ameters of these nanoclusters varied from 10 nm to 20 nm.

Figure 3 shows a typical secondary phase in sample S3.
The crystalline area of the nanocluster (red border) shown in
Fig. 3(a) was analyzed by FFT shown in Fig. 3(b). The re-
flections in the diffractogram of the FFT marked as 01 and 02
reveal two plane spacings of 0.233 nm and 0.617 nm. They
are consistent with the characteristic spacings of 0.235 nm
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and 0.622 nm for the (210) and (100) planes of the GezMnjs
structure (PDF# 89-4887), which has also been detected in the
GIXRD measurements.

Fig. 3. (a) HRTEM image of a typical secondary Ge3Mns nanoclus-
ter in sample S3. (b) The corresponding FFT analysis image for the
crystalline phase.

The magnetic properties of the samples were measured
by SQUID. Figure 4(a) shows the temperature dependence of
zero-field cooling (ZFC) and field cooling (FC) magnetization
for samples S1, S2, and S3 at 20 Oe. Under ZFC condition, the
sample was cooled down to 5 K in zero field, then heated up
to high temperature with an applied magnetic field. While for
the FC process, the sample was firstly cooled down to 5 K with
an applied magnetic field, then heated up with the same field.
As shown in Fig. 4(a), the as-grown sample S1 exhibited weak
ferromagnetism with a Tc¢ at about 50 K, while the annealed
samples S2 and S3 exhibited stronger ferromagnetism and
there appeared splitting between their ZFC and FC curves. It
is worth noting that pure Ge is diamagnetic and pure Mn is an-
tiferromagnetic (AFM). As to the manganese oxides, most of
them are AFM except that Mn3O4 shows ferromagnetism with
a Tc at about 42 K, 2% but no Mn3 04 phase was detected in our
measurements. In the SiMn system, the energetically favor-
able manganese silicide phase is MnSi; 7 (Mn4Si7, Mnj;Sij9,
or Mn5Siy6), which exhibits a weak itinerant ferromagnetism
below 50 K and shows a dramatic decrease in ZFC magne-
tization curve below 25 K.[!314] These features were not ob-
served in our samples. Importantly, in the GeMn system, Mn-
rich clusters such as Ge3Mns; and GegMn ;| are the most com-
mon clusters, 27! in which Ge3;Mns shows a T¢ at around
300 K201 and GegMnj; shows an FM ordering between 150 K
and 285 K and an AFM ordering below 150 K.[?67] Since the
Tc defined by the differentiation of magnetization over temper-
ature for samples S2 and S3 were 285 K and 305 K, respec-
tively, the ferromagnetism at the higher temperature around
300 K was probably contributed by the Ge3Mns nanoclusters.
However, we could not completely exclude other contributions
to the ferromagnetism since there were still unknown phases in
our samples. It is interesting that the T¢ was slightly improved
by increasing the Mn concentration in the annealed samples.
Meanwhile, the unsmooth FC curves and the slowly increas-
ing FC curves at the lower temperature indicate that there ex-

isted extra FM contributions from the tensile-strained Mn di-
luted SiGe matrix!'®! in the annealed samples. The previous
study indicated that tensile-strain can enhance the ferromag-
netism in Mn diluted group-IV semiconductors.!?®! The mea-
surements of the magnetization versus magnetic field curves
also confirm the FM ordering in the annealed samples S2 and
S3. Figure 4(b) shows the result of a typical sample S2 at
different temperatures, where the diamagnetic signal from the
Ge substrate has been subtracted. The M—H curves show hys-
teresis loops, which clearly indicate the ferromagnetism in the
annealed samples. A weak FM signal was still shown at room
temperature, which probably came from the GezMns clusters
in the annealed samples.
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40 T T T T T
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Fig. 4. (a) Temperature dependence of ZFC and FC magnetization for
samples S1, S2, and S3. (b) M—H curves for sample S2.

4. Conclusion

In summary, heavily Mn-doped Sip,5Geq.7s thin films
were fabricated by using magnetron sputtering and post-
growth annealing. Both Mn diluted SiGe crystals and Mn-rich
nanoclusters were detected in the annealed samples owing to
the high Mn concentration above 10%. The annealed sam-
ples showed a T¢ above room temperature which was proba-
bly caused by the GezMns nanoclusters. The results could be
potentially useful for spintronic applications based on group
IV materials.
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