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Mn-doped SiGe thin films grown by UHV/CVD with room-temperature
ferromagnetism and high hole mobility

Limeng Shen'?, Xi Zhang'?, Jiaqi Wang’, Jianyuan Wang®, Cheng Li* and Gang Xiang"**

ABSTRACT In this work, silicon-germanium (SiGe) thin
films are epitaxially grown on Ge substrates by ultra-high
vacuum chemical vapor deposition and then doped with Mn
element by ion-implantation and subsequent rapid thermal
annealing (RTA). The characterizations show that the epi-
taxial SiGe thin films are single-crystalline with uniform
tensile strain and then become polycrystalline after the ion
implantation and following RTA. The magnetization mea-
surements indicate that the annealed thin films exhibit Mn
concentration-dependent ferromagnetism up to 309 K and the
X-ray magnetic circular dichroism characterizations reveal the
spin and orbital magnetic moments from the substitutional
Mn element. To minimize the influence of anomalous Hall
effect, magneto-transport measurements at a high magnetic
field up to 31 T at 300 K are performed to obtain the hole
mobility, which reaches a record-high value of
~1230 cm? V™' 571, owing to the crystalline quality and tensile
strain-induced energy band modulation of the samples. The
first demonstration of Mn-doped SiGe thin films with room-
temperature ferromagnetism and high carrier mobility may
pave the way for practical semiconductor spintronic applica-
tions.

Keywords: diluted magnetic semiconductor, Mn-doped SiGe,
ferromagnetism, hole mobility, UHV/CVD

INTRODUCTION

Since the discovery of ferromagnetic (Ga,Mn)As [1], various
diluted magnetic semiconductors (DMSs) based on groups III-V
[1-3], II-VI [4-6], I-1I-V [7-9], and IV [10-18] semiconductors
have been fabricated by doping 3d transition-metal (TM) atoms
into nonmagnetic semiconductors and their physical properties
have been extensively explored in the last two decades [19].
However, up to now the synergy of room-temperature ferro-
magnetism (RTFM) and high carrier mobility in one DMS,
which is essential for practical spintronic applications [20,21], is
still the main challenge in the field. For instance, the model
material (Ga,Mn)As grown by molecular beam epitaxy shows a
record-high Curie temperature (Tc) of ~200 K [2], and a hole
mobility (uy) of only ~10 cm? V™! s7! [22]. Recently, ferromag-
netic Mn-doped SiGe thin films prepared by radio frequency
(r.f.) magnetron sputtering and post-growth annealing exhibit a

Tc of ~280 K (~220 K), which is still lower than room tem-
perature, and a corresponding p, of ~500cm?V~'s!
(~1000 cm? V™' s7!) [12], showing a large increase in both Tc
and up with respect to (Ga,Mn)As. Since group-IV semi-
conductors are compatible with conventional integrated circuit
manufacturing techniques [23] and ideal for spintronic manip-
ulations such as ultrafast coherent control of hole spin qubit
[24], it will be highly desirable to push up the T¢ and py values
further in the SiGe-based DMSs for spintronic applications at
room temperature.

In this work, single crystalline SiGe thin films are epitaxially
grown on intrinsic Ge (100) substrates by ultra-high vacuum
chemical vapor deposition (UHV/CVD) [25]. Then Mn element
is doped into the SiGe thin films by ion-implantation at liquid-
nitrogen temperature and subsequent rapid thermal annealing
(RTA). The magnetization measurements show that the
obtained Mn-doped SiGe thin films exhibit a Tc up to 309 K,
and the X-ray magnetic circular dichroism (XMCD) character-
izations confirm the spin and orbital magnetic moment con-
tributions from the substitutional Mn element. Magneto-
transport measurements at high magnetic fields reveal a record-
high pp, of ~1230 cm? V™! s7! at 300 K, owing to the tensile strain
and crystalline quality of the films. Our results may excite
immediate interest and spur new research in group-IV-based
semiconductor spintronics and related applications.

EXPERIMENTAL SECTION

Sample preparation

Intrinsic Ge (100) wafers were ultrasonically cleaned with
acetone, alcohol, and deionized water, and then dipped in dilute
HCI solution. Then the wafers were exposed to ozone in one
atmosphere pressure at room temperature for 30 min, in order
to strongly diminish Ge substoichiometric oxides. Subsequently,
the wafers were immediately loaded into the chambers of UHV/
CVD with a base pressure of 5 x 107 Pa and then thermally
annealed at 650°C for 30 min, so as to deoxidize, rendering a
fresh and smooth surface. After that, a 70-nm-thick Ge buffer
layer was epitaxially grown on the Ge wafers using GeH, pre-
cursor at a fixed flow rate of 5 sccm (standard cubic centimeter
per minute) at 260°C. A 140-nm-thick Sip,Gegs film was epi-
taxially grown with a flow rate ratio of Si,Hs:GeHy ~0.5:8. Then,
the Mn ion implantation was performed at 120 keV with three
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different doses (5 x 10", 1 x 10'%, and 1.5 x 10'® Mn*/cm?) at
liquid-nitrogen temperature. Finally, the RTA was performed for
the ion-implanted samples at 800°C for 30 s in 95% Ar/5% H,
atmosphere by using an RTA furnace (NBD-HR1200-110IT).

Characterization

The strain and crystal quality of the samples were evaluated by
high-resolution double crystal X-ray diffraction (DCXRD)
(PANalytical X’pert Pro MRD, Cu Kal with A = 0.154 nm),
grazing incidence X-ray diffraction (GIXRD) (PANalytical
Empyrean, Cu Ka with A = 0.154 nm) and transmission electron
microscopy (TEM, FEI Tecnai F30) measurements. The cross-
section samples were prepared by a focus ion beam (FIB) milling
procedure in a Helios (Tescan LYRA 3 XMU). The distribution
and chemical states of Mn element in the SiGe matrix were
evaluated by spherical aberration corrected TEM (ACTEM, FEI
Titan G2 300) and X-ray photoelectron spectroscopy (XPS,
Thermo Scientific Escalab250Xi) measurements. To avoid the
influence of surface contaminates, a 50-nm-thick Ar ion etching
was applied to the samples before the XPS measurement. The
magnetic properties were measured by a superconducting
quantum interference device (SQUID, Quantum Design MPMS
XL-7). X-ray absorption spectroscopy (XAS) and XMCD were
arisen from pairs of soft X-ray absorption spectra (4*/p~) and
measured with circularly polarized X-rays with +1 T magnetic
fields applied to the samples. Hall bar-shaped devices (width
400 pm and length 1300 pm) were fabricated by standard pho-
tolithography and wet etching for transport measurements. In
the transport measurements, a water-cooling magnet (WM-5 at
High Magnetic Field Laboratory at Hefei, Chinese Academy of
Sciences) was used. The current was applied by the Keithley 6221
instrument, and the horizontal and longitudinal voltages were

measured by an SR830 Lock-In Amplifier.
RESULTS AND DISCUSSION

Structural properties

The 140-nm-thick undoped Sio,Geos thin films were epitaxially
grown on intrinsic Ge (100) substrates by UHV/CVD. The
growth details can be found in our previous work [25]. For
convenience, the undoped samples are named as MO0. A series of
Mn-doped Sip,Geps thin films were fabricated by Mn ion
implantation at liquid-nitrogen temperature and subsequent
RTA. The Mn ion-implantations was performed at 120 keV with
three different doses (5 x 10>, 1 x 10', and 1.5 x 10'® Mn*/cm?),
and the RTA was performed at 800°C for 30 s in 95% Ar/5% H,
atmosphere. For convenience, the obtained samples Sip2Gegs:
Ml’l()_()l, Sio,zGeo'gano,oz, and Sio,zGeo,gano,(B are named as Ml,
M2, and M3, respectively.

The structure of undoped MO was first studied. Fig. 1a shows
the typical cross-sectional TEM image of MO. No obvious
interface between the epitaxial Ge buffer layer and the Ge sub-
strate is observed, owing to the elaborate surface treatment of
the substrate before the buffer growth [25]. The interface
between the epitaxial Sig>Gegs layer and the Ge buffer layer can
be clearly seen, probably because of the lattice mismatch
between the two epilayers. The high-resolution TEM (HRTEM)
image along with the fast Fourier-transform (FFT) and inverse
FFT (IFFT) in Fig. lc-e indicate that the high-quality single
crystalline Sip,Geos layer is epitaxially grown. The lattice con-
stant of the Sip,Gegs layer is 5.64 A calculated from the (111)
plane spacing of 3.26 A, bigger than that (5.61 A) of unstrained
Sip2Gegs calculated by Vegard’s law [26], revealing that the
Sig,Gegs layer is tensile-strained. Notably, high-resolution
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(a) Cross-sectional TEM and (b) high-resolution DCXRD rocking curves of (004) and (224) facets of M0. (c¢) HRTEM image of Sip>Gey s layer with

(d) FFT and (e) IFFT images (corresponding to the red selected area in (c)) of MO.
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DCXRD rocking curves of the (004) and (224) facets in Fig. 1b
clearly show that the single crystalline Sip,Geys epilayer is uni-
formly strained.

The microstructures of M1, M2, and M3 were then char-
acterized. The samples show similar results, and for simplicity
we take M2 as a typical example. Fig. 2a shows the HRTEM
image and the corresponding FFT and IFFT images of M2. One
can see that the sample becomes polycrystalline after the ion
implantation and RTA, but its crystalline quality is obviously
better than those of the samples prepared by r.f. magnetron
sputtering and post-growth annealing [12]. No secondary phases
or Mn-related clusters are shown in the HRTEM images and
slightly fuzzy elements are arranged in the FFT, revealing rea-
sonably good crystallization of the sample. The lattice constant
(5.79 A) can be acquired from the (111) plane spacing (3.34 A),
indicating a larger tensile strain in M2 than that in MO0. This can
be explained by the incorporation of Mn atoms with a larger
atomic radius than that of Si/Ge atoms in the SiGe lattice. Fig. 2b
shows the spherical ACTEM with energy dispersive spectro-
scopy (EDS) of M2. It shows that Mn element is distributed
homogeneously in the sample, suggesting that Mn has been
incorporated into the Sip>Geps matrix. Although the Mn equi-
librium solubility in the SiGe lattice is very low (<1077 at%) [27],
a few percent Mn dopants in the SiGe lattice have been incor-
porated by the non-equilibrium process of low-temperature ion
implantation and subsequence RTA.

Then the crystal structures and the Mn chemical states of M1,
M2, and M3 were further investigated. Fig. 2c shows the GIXRD

patterns of the samples. As the Mn concentration increases, the
relative intensity of the (111) peaks decreases and the full width
at half maximum (FWHM) increases, indicating that the crys-
tallization becomes worse. The SiGe grain sizes of M1, M2, and
M3 can be obtained from the Scherrer formula as 24, 21 and
20 nm, respectively. Notably, all the peaks shift left relative to
those of unstrained Sip,Gegs sample (purple dash lines in
Fig. 2¢), indicating again tensile strain in all the Mn-doped
samples. In addition, there is a peak with 1/6 intensity of (220)
peak at 76.8° only in the pattern of M3, which may come from
some unknown secondary phases caused by the most heavily
implanted Mn ions in M3. Fig. 2d shows the XPS spectra of
Mn 2p state in M2. M1 and M3 show similar results (not
shown). The Mn 2ps, peak has an asymmetrical shape caused by
multi-electron processes [28]. By Lorentzian-Gaussian fitting,
this peak can be divided into two peaks at 639.3 and 640.5 eV,
corresponding to Mn® and Mn** states, respectively [29-31]. No
other higher atomic valences of Mn (such as Mn*" 2ps, peak at
642.4 eV) are detected. Since a Mn atom shows a zero valance
state in an interstitial site and shows a divalent state in a sub-
stitutional site in the SiGe lattice [32], the Mn atoms both exist
in interstitial sites and substitutional sites in our samples owing
to the ion implantation process and subsequent RTA activation
process [33]. Moreover, the peak area of divalent state Mn 2ps,
is larger than that of zero valance state, inferring that Mn atoms
are mainly in substitutional sites. Consequently, substitutional
Mn atoms could provide both holes and local magnetic
moments in SiGe.
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Figure 2 (a) The HRTEM image of M2. The insets show the FFT and IFFT images. (b) Cross-sectional ACTEM with Mn elementary EDS mapping of M2.
(c) GIXRD patterns of M1, M2, and M3, where the purple dash lines represent the positions of unstrained Si;,Gegs (111) and (220) peaks, respectively.

(d) XPS spectra results of M2.
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Ferromagnetic properties

The magnetic properties of M1, M2, and M3 were measured by
SQUID and shown in Fig. 3. In the measurements, the magnetic
field was applied in plane. Fig. 3a shows zero-field cooled (ZFC)
and 20-Oe FC magnetization of M1, M2, and M3 as the function
of temperature. The convex shape of curves over the whole
temperature range is a typical feature of weakly localized hole
exchange interactions in ferromagnetic semiconductors
[1,2,14,16]. In the low temperature range, the FC magnetization
is slightly stronger than the ZFC one, which has also been
observed in typical ferromagnetic semiconductors [1,7,9,12,16].
Both the FC and ZFC magnetizations sharply decrease and drop
to zero near the Tc. The Tc values of M1, M2, and M3 are 294,
304, and 309 K, respectively, gradually increasing with the Mn
concentration. As we know, MnSi;; (MnsSi;, Mn;;Sije, or
Mn;5Siz), the energetically favorable manganese silicide phase
[34,35], shows a dramatic decrease in ZFC magnetization curve
below 25K, and Ge;Mns and GegMn,;;, the most common
manganese germanide phases [17,36-39], show ferromagnetic
behavior between 50 and 296 K [38,39] and between 150 and
285K (the latter also shows antiferromagnetic ordering below
150 K) [17,37], respectively. The lack of above-mentioned
magnetic features indicates that the ferromagnetism in our
samples does not originate from those Mn-related secondary
phases. Fig. 3b shows the magnetization vs. magnetic field curves
of M2. The hysteresis loops are observed at different tempera-
tures up to 300 K, and the coercive fields decrease as the tem-
perature increases, which are clear signs of ferromagnetic
ordering. M1 and M3 show similar results. The saturation
magnetization is found to increase with increasing Mn con-
centration. Notably, the saturation magnetizations in Fig. 3b are
~4 emucm™ at 2K and ~1.6 emu cm™ at room temperature,
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higher than the previously-reported values (1 emucm™ at T =
5K and 0.45 emu cm™ at 293 K) in the GeMn system [40].
Moreover, to reveal the spintronic states of magnetic atoms as
well as the origin of ferromagnetism in our Mn-doped SiGe thin
films, XAS and XMCD measurements were performed. Fig. 3¢, d
show the typical results for M2. In the measurements, two XAS
for parallel (4*) and antiparallel (47) alignments of the photon
helicity are recorded in a total electron yield grazing incidence
mode under a magnetic field of 1T at 300 K. As shown in
Fig. 3¢, two prominent XAS peaks are observed at around 640
and 650 eV, corresponding to the Mn L; and L, absorption edges
resulting from the transitions from the Mn 2p;,, and 2p,/, core
level states to the unoccupied 3d state, respectively. The multi-
ple-peak structure is very similar to that of Gages3sMngs7As [41]
and GeyosMng o4 [42], and consistent with the calculation results
based on the atomic multiplet theory of Mn?* (3d°) [43], indi-
cating that the electronic valence state of Mn atoms is +2 and
Mn atoms are mainly in the substitutional sites hybridizing with
Si or Ge 4p-states in the SiGe matrix. This is consistent with the
p-type characteristics of our samples shown in Fig. 4, con-
sidering that one interstitial Mn atom with two donors can
neutralize two holes provided by one substitutional Mn atom
[44]. The XAS peaks of interstitial Mn are invisible because their
magnitude is subordinate and their line shapes are similar to
those of substitutional Mn [45]. Meanwhile, Mn oxide and
precipitates of second phases such as MnsGe; are excluded, since
their different line shapes are absent in the spectra [38,46-48].
As shown in Fig. 3d, an XMCD spectrum is gathered from the
difference between p* and y~ (Ay = y* — 7). Following the
XMCD sum rule [49,50], the spin and orbital magnetic moment
(Mgpin and mop,) of M2 at 300 K can be obtained independently
as Mgpin = 0.021 pB atom™ and M, = 0.067 uB atom™, respec-
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Figure 3 (a) Temperature dependence of the magnetization of M2 (M1 and M3 shown in the insets). (b) Magnetic hysteresis loops of M2. (c) XAS spectra of
the parallel (u*) and antiparallel (u~) alignments of the photon helicity and (d) XMCD spectrum of M2.
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Figure 4 Magnetic field dependences of (a) MR and (b) R, of M2 at different temperatures. Insets show the curves at higher temperatures. (c) The
decomposition of R, into ordinary Roy and anomalous Ray at 300 K. (d) The yy, and hole density vs. the Mn doping concentration (x) at 300 K.

tively. In short, all the measurements indicate that the ferro-
magnetism in our samples should be contributed by Mn dopants
dispersed at the substitutional sites in the SiGe matrix, which
provide both the holes and local magnetic moments. The fer-
romagnetism comes up when the itinerant holes align the local
magnetic moments of the Mn atoms in one direction through
the exchange coupling [12,17,20], and gets enhanced by the
tensile strain in the samples [51].

Transport properties

In order to estimate the carrier mobility (4) and concentration in
our magnetic semiconducting samples, their magneto-transport
properties under a high magnetic field up to 31 T were studied.
The carrier mobility and concentration in a DMS are notoriously
difficult to estimate because of the co-existence of anomalous
Hall effect (AHE) and ordinary Hall effect (OHE) in the sample.
The Hall resistance (R,,) in a magnetic sample is defined as R,, =
RoB/d + RsM/d [52], where R, represents ordinary Hall coeffi-
cient, Rs represents anomalous Hall coefficient and is a function
of longitudinal resistivity p.. [22,52], d is the thickness, B is the
external applied magnetic field, and M is the magnetization of
the sample. Notably, the OHE term (RoB/d) increases with B,
and gets large when B is high. Meanwhile, the AHE term
(RsM/d) is dependent on M and Rs, where M has a small value
and Rs has a finite value at a high temperature close to the T, as
shown in Fig. 3a and Fig. 4a. Therefore, with a high magnetic
field of 31 T applied at 300 K, the AHE term is very small
compared with the OHE term in our DMS samples. In this way,
the influence of AHE can be minimized and relatively accurate
carrier mobility and concentration can be obtained.

The magnetic field dependence of magnetoresistance (MR) of
M2 is shown in Fig. 4a. A giant and positive MR up to ~10700%
at 20K and ~420% at 300 K are observed. The similar large
positive MR has been reported in Mn-doped Ge and SiGe, which
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is attributed to the mechanism as follows [16,53]. At low mag-
netic fields, the electrical current is parallel to the local electric
field and flows through the crystalline components with low
resistivity. At high magnetic fields, the electrical current is
deviated by the Lorentz force and flows into noncrystalline
components with high resistivity. As a result, a large positive MR
is observed. The temperature-dependent resistivity at zero field
shows a typical characteristic of a doped semiconductor, which
increases exponentially at low temperatures and saturates and
finally decreases at high temperatures, similar to the previous
result [12].

The magnetic field dependence of R,, of M2 is shown in
Fig. 4b. Clear AHE signals are observed, indicating the ferro-
magnetic ordering in the sample. The positive slope of Ry, shows
that the majority carriers are holes. As shown in Fig. 4c, the Hall
resistance at 300 K can be decomposed into ordinary Hall
resistance (Roug) and anomalous Hall resistance (Ran), where
Ron is obtained from the invariant slope at the high magnetic
field region (20T-31T) and Ruy is obtained by subtracting R,, by
Ron. Obviously, Ray is much smaller than Roy, as we have
discussed above. In this way, the y, and hole density can be
obtained from the Roy at 300 K. Fig. 4d shows the carrier density
and mobility results of M0, M1, M2, and M3 at 300 K. The
majority carriers in the undoped SiGe sample (MO) are holes,
owing to the existence of inevitable vacancy defects in the lattice
[25,54,55]. Since substitutional Mn dopants provide additional
holes, the hole density in M1 and M2 increases about one order
compared with that in M0. The hole density in M3 is smaller
than that in M2, because Mn-related secondary phase pre-
cipitations start to come up, as shown in Fig. 2c. There is a
significant increase of py in M1 with respect to MO, because of
the enhanced tensile strain in the Si;,Gej g matrix due to the Mn
dopants [12,56,57]. In the doped samples, the p, monotonically
decreases with the doping density, which can be explained by

October 2022 | Vol.65 No.10
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impurity scattering [58]. The hole density increases with the
temperature owing to the impurity ionization. Besides the
ionized impurity scattering (u~T"*) [12] and lattice vibration
scattering, the increase of tensile strain with the temperature due
to the larger thermal expansion coefficient of Ge than that of
SiGe also exists in the samples, which results in the enhancement
of hole mobility. Notably, the hole mobility in our samples
reaches up to ~1230 cm* V™' s™! at room temperature, which is
record-high in all the previously-reported DMSs and 120 times
that of (Ga,Mn)As measured at a high magnetic field [22]. The
higher hole mobility is probably caused by the tensile strain-
induced separation of light hole and heavy hole at the top of
valence band in SiGe [56] and reasonably good crystalline
quality in the samples.

CONCLUSIONS

In this work, we have fabricated Mn-doped SiGe thin films by
UHV/CVD and liquid-nitrogen temperature Mn ion-implanta-
tion aided with RTA. The crystalline quality of samples is much
better than that of the samples prepared by r.f. magnetron
sputtering and post-growth annealing [12]. The samples exhibit
hole-mediated ferromagnetism up to 309 K, where the local
magnetic moments and hole carriers are provided by the sub-
stitutional Mn dopants. By measuring the transport properties
with a magnetic field up to 31 T at 300 K to minimize the
influence of AHE, the pu, of the samples is obtained, which
reaches a record-high value of ~1230 cm* V™' s™', owing to the
crystalline quality and tensile strain-induced band modulation of
the samples. The Mn-doped SiGe thin films with RTFM and
high carrier mobility may be useful for further basic research
and potential applications of group-IV-based semiconductor
spintronics.
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