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Abstract

Mn;sGe; can be used as a ferromagnetic contact material to fabricate spintronic devices. Here, we
show that MnsGe; can be fabricated with a simple germanidation process by evaporating Mn on
undoped and doped Ge on Si followed by a thermal annealing step to form the ferromagnetic
MnsGe; phase. This solid phase preparation of MnsGe; is a robust process with a minor
dependence on the annealing parameters. The formation of MnsGe; can be realized using
undoped as well as highly doped p-Ge and n-Ge with different doping levels. The interface of
MnsGes is atomically sharp which leads to very low contact resistivities < 1 x 1077 Q cm?.
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(Some figures may appear in colour only in the online journal)

1. Introduction

Spintronic devices, in which electron spin is used in addition
to or instead of electron charge for logic devices, are pro-
mising candidates for beyond complementary metal-oxide—
semiconductor (CMOS) concepts. For many of the device
concepts such as spin-FETs [1] or all spin logic devices [2],
the optimization of spin injection into a semiconductor
channel, spin transport, spin manipulation in the channel and
spin detection are key challenges. The injection of spin-
polarized electrons into a semiconductor channel can be
accomplished by using ferromagnetic electrodes with or
without a tunneling barrier. Ideally, the ferromagnetic elec-
trode material is chosen such that a highly spin-polarized
current in the semiconductor as well as low specific contact
resistivities can be realized. While large spin polarizations
have been achieved using Fe/MgO tunneling contacts [3], the
specific contact resistivities obtained with tunneling contacts
are orders of magnitude higher (e.g. 1.5 x 1072 Qcm? for
CoFeB/MgO/n"-Ge [4]) than the requirements for scaled-
down devices (<10~®Qcm?) [5]. Furthermore, the fabrica-
tion process is difficult to integrate into a CMOS process.
MnsGe; has recently come into focus as ferromagnetic
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contact material for spin injection into Ge [6, 7]. Its high
Curie temperature of 296 K (which can be extended up to
450 K by adding C [8]), as well as its large degree of spin
polarization (42%) [9] make it suitable as a ferromagnetic
electrode material. Importantly, its conductivity is comparable
to that of highly doped Ge, so that there is no need to
introduce a tunneling or Schottky barrier to prevent con-
ductivity mismatch [10]. Various methods have been used to
fabricate MnsGes;C, and MnsGes layers. Those include the
deposition of MnsGe;C, layers by simultaneous dc- and rf-
magnetron sputtering from elemental targets of Mn, Ge and C
in a high-vacuum system under Ar atmosphere at substrate
temperatures Tg = 400 °C-500°C [11], the e-beam eva-
poration of Mn on Ge followed by an in situ annealing step at
350 °C-550°C [12], the successive e-beam evaporation of
amorphous Ge and polycrystalline Mn films on SiO,/Si(100)
substrates followed by ex sifu annealing in an XRD setup
[13], the Mn deposition or co-deposition of Mn and C from
effusion cells on Ge(111) substrates in a molecular beam
epitaxy (MBE) setup at room temperature followed by an
in situ thermal annealing step at temperature of ~450 °C [8],
the successive thermal deposition of Mn and Ge layers on
glass substrates at elevated substrate temperatures followed

© 2018 IOP Publishing Ltd  Printed in the UK
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Table 1. Sample series A. Annealing parameter for Al(80 nm)/Mn(18 nm)/i-Ge layer stack.

Sample i-Ge 260slow  i-Ge 280slow  i-Ge 300slow i-Ge 260fast i-Ge 280fast  i-Ge 300fast
Start °C) 100 100 100 100 100 100
Ramp (Kmin™") 5 5 5 160 180 200
End °C) 260 280 300 260 280 300
Plateau (min) — — — 1 1 1
Ramp-down time  (min) 3 3 3 3 3 3

by an in situ annealing step [14, 15], and the co-deposition of
Ge, Mn, and C at room temperature in a MBE setup on Ge
buffer layers [16]. Here, we investigate another means of
fabricating MnsGe; layers, which is more closely related to
industrially used silicide processes for contact formation. Mn
films are deposited onto crystalline Ge surfaces by means of
thermal evaporation and subjected to an ex situ annealing step
in a rapid thermal processing (RTP) system. In this work we
show that it is possible to fabricate MnsGe; on undoped as
well as p-type and n-type doped Ge(111) with a simple ex situ
thermal annealing step of evaporated Mn on Ge. We discuss
experimental measurements of the magnetic moment and of
the specific contact resistivities in order to assess the potential
of such contacts for spintronics applications.

2. Experimental

Three series of samples were fabricated in order to investigate
(i) the influence of annealing parameters on the ferromagnetic
properties of MnsGe; (series A), (ii) the influence of Ge
doping on the ferromagnetic properties of MnsGe; (series B)
and (iii) the specific contact resistivities of MnsGe; formed on
doped Ge samples (series C). An overview of the sample
series A is given in table 1, overviews of sample series B and
C are given in table 3.

The samples were fabricated starting with the growth of
Ge on p~ -Si(111) wafers using molecular beam epitaxy. After
the growth of a 50 nm Si-buffer and 100 nm of Ge at a sub-
strate temperature of 330 °C, the samples were annealed at
820 °C to form a Ge-virtual substrate (for details on the for-
mation of thin virtual substrates we refer to [17]). This was
followed by the growth of 300 nm of undoped Ge and 100 nm
of doped Ge with varying dopant concentrations using B and
Sb as dopant materials.

For all samples, MnsGe; was formed as follows: the
deposition of the Mn was carried out using thermal eva-
poration from a W boat at room temperature followed by the
deposition of 30-80 nm of Al to prevent Mn from oxidizing.
Before deposition of the metals, the samples were dipped in
buffered HF for 10 s and rinsed in DI-water to clean the Ge
surface and remove the native Ge oxide. Samples were then
subjected to an ex sifu thermal annealing step under N,
atmosphere in an RTP system.

For series A and series B, the deposition of Mn and
formation of MnsGe; were investigated on unstructured
samples. For series A with 7 samples, the annealing para-
meters (temperature ramp and maximum annealing

temperature) of the AI(80 nm)/Mn(18 nm)/Ge stack were
varied as shown in table 1.

The maximum annealing temperature of 300 °C was
selected to ensure sole growth of the Mns;Ge; phase. Tem-
peratures exceeding 300 °C were shown to grow the anti-
ferromagnetic Mn;;Geg phase which does not possess the
desired magnetic properties [13].

In order to investigate the influence of doping on the
formation of MnsGe; (sample series B), the layer stacks of
Al(65 nm)/Mn(20 nm)/Ge with different Sb (1 x 10"®cm ™,
1 x10°cm ™) and B (1 x 10 em™, 1 x 10°° cm™>) dop-
ing levels were annealed with a ramp start temperature of
100 °C, a ramp end temperature of 300 °C and an average
ramp up rate of 5 Kmin~'. Annealing was done in a Seag-
ASH SHS 200 RTP system. The ramp up was specifically
designed to avoid overshoot of the ramp end temperature.
Cooldown was achieved by increasing the N, flowrate,
achieving a quasi-linear cooldown to a temperature of 150 °C
at a rate of 80 Kmin '. After processing, the samples of
series A and B were diced into 3 x 3 mm? pieces and char-
acterized using a superconducting quantum interference
device (SQUID) magnetometer Quantum Design MPMS3.
The measurements were performed in the maximum field
range of —7 to +7 T allowed by the instrument to saturate the
magnetic moment of the ferromagnetic MnsGe;. Before
annealing, the samples of series A show a linear paramagnetic
behavior. For all the annealed samples of series A and B, in
order to see only the signal of the ferromagnetic layer, we
therefore remove the linear paramagnetic background. For
purpose of clarity the measurements are only shown from —1
to 1T. High resolution transmission electron microcopy
(HRTEM) was carried out to assess the crystal structure of the
heterostructure. Measurements were performed using a JEOL
2100 TEM operating at an accelerating voltage of 200 kV.
Sample cross sections were prepared through mechanical
grinding and Ar milling within a precision ion polishing
system to achieve electron transparency.

Finally, the formation of MnsGes was incorporated into a
device fabrication process in series C in order to obtain
transfer length measurement (TLM) structures for the mea-
surement of the specific contact resistivities. Here, device
fabrication started with the structuring of a mesa using pho-
tolithography and reactive ion etching. SiO, was then
deposited as a passivation layer in a plasma-enhanced che-
mical vapor deposition system. After opening of contact holes
using photolithography and reactive ion etching, the contact
metals Mn and Al were deposited and structured with a lift-
off process. The resistivity of the doped Ge layers and the
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contact resistivity of the MnsGes;/Ge interface were extracted
from TLM measurements (details on the TLM structures and
the measurement can be found in [11]).

3. Dependence of the formation of Mns;Ge; on the
annealing parameters

In sample series A we investigated the dependence of the
formation of MnsGe; on the annealing parameters. The
samples differ in the maximum annealing temperature and the
ramp up rate to reach the end temperature according to
table 1. The temperature profile of the rapid thermal annealing
process of the samples i-Ge260,/280/300fast is shown in
figure 1.

Before presenting the results of the magnetic moment
measurements for series A, we discuss the formation and
crystal quality of MnsGe; by analyzing low and high reso-
Iution TEM images obtained from the i-Ge300fast sample.
Figure 2 shows a low resolution TEM of the sample
i-Ge300fast. Both bright field (BF) and dark field (DF) ima-
ges are shown, taken in the (111) diffraction condition. On
top of the MBE grown Ge layer, three different layers can be
seen. Those are the MnsGes, the remaining Mn that was not
consumed in the formation of MnsGes, and the Al cap layer.
The thickness of the Mns;Ge; layer is ~12nm and the
thickness of the remaining Mn is ~10 nm. The original Mn
thickness was 18 nm, indicating that a Mn film with a
thickness of 8 nm contributed to the formation of the 12 nm
thick MnsGej layer. The dark field image shows only a low
intensity for the MnsGe; and no intensity for the Mn and Al,
indicating that the MnsGej is not single crystalline but is most
likely polycrystalline.

The higher magnification TEM images in figure 3 show
the lattice planes of both the diamond cubic Ge, as well as the
hexagonal MnsGe; can be seen. Importantly, the diffusion
process of the Mn and Ge results in an atomically flat inter-
face between Ge and MnsGes;. Due to the symmetry of the
Ge(111) surface and the hexagonal MnsGes lattice, the
MnsGe; crystal is oriented with the c-axis perpendicular to
the Ge(111) surface. No formation of Mn,Ge, clusters in the
Ge layer, which was observed in previous investigations [18],
can be seen in our samples. In our samples, the Mn is not
fully consumed in the MnsGe; formation process and the
remaining Mn forms an amorphous layer between the
MnsGe; and the Al cap layer. The atomically flat interface
between MnsGe; and the Ge channel and the good crystal-
linity of the MnsGe; hexagonal lattice are expected to bene-
ficial for spin injection. In contrast to the atomically flat
interface between the Ge and the MnsGes, the interface
between MnsGes; and the residual Mn is not very well
defined, leading to a significant variation of the thickness of
the formed MnsGe; over the sample.

In order to characterize the interface between MnsGe;
and the residual Mn, the sample i-Ge 300fast was etched in
phosphoric acid (C = 184 mol1™") for 1 min to remove the
Al and the Mn. Figure 3(a) shows the SEM image of this
etched sample, figures 4(b) and (c) the AFM image and the

300 -
250
200
o
— 150
&~ TsampleTset
100 [~ 260fast
e 280fast
S0 300fast !
0 1 1 1 1
0 60 120 180 240 300

Figure 1. Temperature profile of the rapid thermal annealing process.

profile along the A-A’ plane. The uneven surface with a
surface roughness rms = 2.25 nm can be a result of inho-
mogeneous MnsGe; etching. However, given the uneven
interface between the MnsGes and the remaining Mn that can
be seen already in the cross sectional TEM image, the
roughness can also originate from inhomogeneous MnsGe;
formation on the sample. One possible strategy to improve
interface quality is to reduce the thickness of the Mn layer
such that no Mn remains after the formation of the MnsGe;
layer.

Figure 5 shows the temperature dependence of the
magnetic moment for samples of series A. The measurement
is performed at an in-plane magnetic field of ppH = 0.1 T.
All samples have a Curie temperature of ~300 K showing
that for all the samples the ferromagnetic phase MnsGes is
formed and no other phase is dominant.

Figure 6(a) shows the magnetic moment at 5K of the
sample i-Ge 300fast. Clear ferromagnetic behavior can be
observed with a preferred in-plane magnetization and a non-
negligible out-of-plane magnetization. Extracting coercivity
(uH, = 65 mT) and remanence (Myem/Msa = 45%) from the
hysteresis curve and comparing it with [8, 19], we can esti-
mate the thickness of the formed MnsGes to be d ~ 16 nm,
which is close to the value extracted from the TEM images.
Again, this confirms that not all of the Mn is consumed to
form the MnsGes. As discussed in detail in [19], depending
on the thickness of the MnsGe; layer the magnetization easy
axis rotates from in-plane for thicknesses < 10 nm to out-of-
plane for film thicknesses > 20 nm: for film thicknesses <
10 nm, a monodomain-type structure is formed, while for film
thicknesses between 10 and 20 nm, a continuous reorientation
of the magnetization from in-plane to out-of-plane has been
observed.

The in-plane hysteresis curves at 5 K of all samples of
series A are shown in figure 6(b). All samples show a similar
ferromagnetic behavior. The parameters saturation magnetic
moment Mg, remanence mMgen,, and coercivity uH. were
extracted for all samples and are shown in table 2. There is a



Semicond. Sci. Technol. 33 (2018) 095008

S Bechler et al

(a)

Mn
Mns;Ge;(~12 nm)

(b)
DF (111) Al

Mn
sGe; (~12 ngig

Figure 2. Cross sectional TEM imaged of the Al/Mn(10 nm)/MnsGe3(12 nm)/i-Ge layer stack taken in BF (a) and DF (b) diffraction

conditions. The thickness of the Mn before annealing was 18 nm.

MnsGe; ~12 nm

Ge

(b)

Figure 3. (a) HRTEM image of the Al/Mn(10 nm)/MnsGe;(12 nm)/i-Ge/Si(111) layer stack and (b) HRTEM image with a higher

resolution.

noticeable trend towards higher saturation of the magnetic
moment with higher maximum annealing temperature. Fur-
thermore, the ratio migem/msy decreases as the maximum
annealing temperature is increased and is lower for samples
for which a fast ramp is applied for annealing compared to
samples with slow ramps. The ratio mgem/msa has been
shown to be a function of the thickness of the MnsGe; layer
[19] and to decrease monotonously with increasing layer
thickness. Again comparing the values for mgem/Msq
extracted in our experiment to the data found in [19], we can
estimate the thicknesses of our MnsGe; layers to vary
between 15 and 20 nm for all samples. This is in agreement
with the HRTEM analysis. Our results also indicate that

within the range of annealing parameters investigated here, an
increase in maximum annealing temperatures leads to an
increase in MnsGes layer thickness. Moreover, faster temp-
erature ramps at a fixed maximum annealing temperature lead
to a reduction in MnsGe; layer thickness. A likely explana-
tion for these trends is that slower temperature ramps and
higher maximum annealing temperatures both enhance mat-
erial interdiffusion and, thus, lead to an increase in MnsGe;
layer thickness. Nonetheless, we find that the formation of
MnsGe; by annealing is a fast and robust process that does
not show a strong dependence on the thermal budget spent to
form the MnsGe; layer within the parameter range investi-
gated here. Low annealing temperatures are beneficial to
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Figure 4. (a) SEM image of the sample iGe300slow after removal of Al and residual Mn using phosphoric acid. (b) AFM image of the sample

iGe300slow. (c) Profile along A-A’.
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Figure 5. Temperature dependence of the in-plane magnetic moment
for sample series A.

reduce the thermal budget for device processing and avoid
dopant out-diffusion in the semiconductor layers. Therefore
we did not extend the annealing temperature range in contrast
to previously reported work (e.g. Nishimura et al used
annealing temperatures between 350 °C and 500 °C [12]),
which can explain why the thickness of our MnsGejs layers is
limited. Finally, limiting the thickness of ferromagnetic
MnsGe; electrodes on Ge(111) for spin injection to below

10 nm is crucial in order to constrain the easy axis to an in-
plane direction. In our setup, this can be achieved by further
reducing the annealing temperature or by limiting the thick-
ness of the deposited Mn.

4. Dependence of the formation of Mns;Ges on the
doping of the Ge

For development of spintronic devices, it is important to
investigate the formation of MnsGe; for undoped as well as
for p-doped and n-doped Ge. This investigation was carried
out using sample series B and C.

Figures 7(a) and (b) show the magnetic hysteresis curves
recorded on the samples of series B for in-plane and out-of-
plane orientations. The samples show a clear ferromagnetic
behavior with a preferred in-plane magnetization but a size-
able out-of-plane magnetization. Comparing the magnetic
moment for the different doping levels, there are only minor
differences in the saturation magnetic moment and only the
sample n-Gelel8 shows a different shape of the hysteresis for
in-plane as well as out-of-plane magnetic field that will be
discussed below. No obvious correlation of the saturation
magnetic moment to the doping type and doping level can be
found. The difference in the saturation magnetic moment can
be attributed to small differences in the thickness of the
formed MnsGe; and differences in sample area. From the
similarity of the out-of-plane hysteresis curves, we conclude
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Figure 6. (a) In-plane and out-of-plane hysteresis of sample i-Ge300fast. (b) In-plane hysteresis of the samples of series A with a layer stack
of Al(80 nm)/Mn(18nm)/i-Ge at 5 K. Inset: out-of-plane hysteresis of the samples of series A at 5 K.
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Figure 7. (a) In-plane hysteresis of the samples of series B with a layer stack of Al(65 nm)/Mn(20 nm)/Ge at 5 K. (b) Out-of-plane hysteresis

of the samples of series B at 5 K.

Table 2. Summary of the extracted parameters from the SQUID measurement for sample series A.

Sample i-Ge 260fast  i-Ge 280fast  i-Ge 300fast i-Ge 260slow i-Ge 280slow  i-Ge 300slow
Higem (DA m?) 82 83 98 83 84 99

My (DA m?) 162 206 249 222 222 301
MRem/Msat 0.50 0.40 0.39 0.37 0.37 0.33
toHcoer (T) 0.057 0.063 0.066 0.064 0.065 0.062

that even the high doping levels of 1 x 10*° cm ™ for both Sb
and B doped Ge do not strongly affect or even hinder the
formation of MnsGes. Thus, with our MnsGe; fabrication
process it is possible to realize a ferromagnet with a germa-
nide process even on doped Ge that is similar to the well
known silicidation process and can potentially be part of a
CMOS compatible device fabrication process.

Since the hysteresis loop of n-Gelel8 is qualitatively
slightly different from the other samples of series B, we
discuss this sample in more detail. Compared to sample
n-Gele20, the lower dopant concentration of sample n-Gel8
was obtained by increasing the substrate temperature during
growth to 330 °C rather than reducing the Sb flux. It is well
known that segregation of Sb in Ge is strongly influenced by



Table 3. Sample series B and C. The Al(65 nm)/Mn(20nm)/Ge layer stacks were annealed starting at 100 °C with a maximum annealing temperature of 300 °C and a 5 K min~' ramp. The
specific contact resistivity and sheet resistance were extracted from TLM measurements.

Sample i-Ge n-Gelel8 n-Gele20 p-Gele20 p-Gelel9
Thickness Ge (nm) 100 100 100 100 100

Growth temperature  (°C) 330 330 160 330 330

Doping (em™)  — 1 x 10'® 1 x 10% 1 x 10% 1 x 10"

f. Qem?) — 13x10°+£1.6x107 72x107£19x 1077 16x10%+18x10% 18x10°+£53x 107"
Ran Q/sq) — 459 + 18 48 + 0.87 100 + 0.15 144 + 2.1

PGe Qem)  — 4.59 x 107 3.10 x 10°* 1.00 x 1072 145 x 107
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substrate temperature [20]. However, as a consequence seg-
regated Sb remains on the surface of the Ge and can influence
the Mns;Ge; formation. The strong rectangular hysteresis of
the in-plane magnetization with mem/msy = 57% indicates
that the MnsGes layer has a thickness of ~10 nm, i.e. the out-
of-plane magnetization should be negligible [8, 19]. This,
however, is not borne out by our experimental results: we see
a remarkably wide open hysteresis for the out-of-plane
magnetization with a higher coercivity compared to the
coercivity for in-plane magnetization. The explanation of this
observation is currently not clear to us.

Finally, we note that the extracted specific contact resis-
tivities of the sample of series C (see table 3) are very low
<17 x 10°°Qcm* for p-type as well as n-type doping.
Importantly, these values are significantly lower than the spe-
cific contact resistivities typically found for ferromagnetic tun-
nel contacts (e.g. 1.5 x 1072 Q cm? for CoFeB/MgO/n*-Ge
[4]). This demonstrates that MnsGes as a ferromagnetic contact
material with small specific contact resistivities is particularly
interesting for scaled-down devices.

5. Conclusion

In this work we show that a germanidation process by rapid
thermal annealing of thermally evaporated Mn on undoped
and doped Ge layers on Si wafers leads to the formation of
ferromagnetic MnsGe; with a preferred in-plane magnetiza-
tion and a layer thickness of ~15-20nm. High resolution
TEM images reveal a high quality MnsGes/Ge interface,
which is expected to be beneficial for spin injection into Ge.
We find that the doping of the Ge layers has no strong
influence on the magnetic properties of the MnsGe; layers.
Furthermore, specific contact resistivities for MnsGes on
highly doped p-Ge as well as n-Ge are low (<1.7 X
107°Q cm). Our investigation is an important step towards
the fabrication of spintronic devices, in which the ferromag-
netic contacts are fabricated in a CMOS compatible process.
Future experiments will investigate spin injection into doped
Ge channels based on the ferromagnetic contact formation
process developed here.
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