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Abstract
We report on the study of the electrical and magnetic properties of Mn5Ge3C0.8 contacts
deposited on highly doped n-Ge (1 0 0) as a potentially complementary
metal–oxide–semiconductor (CMOS)-compatible material system for spin injection into Ge.
Mn5Ge3C0.8 is a ferromagnet with a Curie temperature of 445 K and with a resistivity that is
comparable to highly doped Ge. We extract the work function of Mn5Ge3C0.8 from
metal–oxide–semiconductor capacitance measurements and obtain a specific contact
resistivity rC = 5.0  cm2 from transmission-line measurements. We discuss possible origins
of the large specific contact resistivity of Mn5Ge3C0.8 on Ge.
(Some figures may appear in colour only in the online journal)

1. Introduction

has been achieved from tunnel contacts or Schottky contacts.
For future device applications, source and drain contacts with
low contact resistances would be desirable.
Alternatively, a ferromagnetic ‘bad metal’ with a high
resistivity may be used. If the resistivities of the ferromagnetic
contact and the doped semiconductor are comparable, spin
injection from a low-resistive ohmic contact between the
semiconductor and the ferromagnet becomes possible in
principle. In this work, we investigate Mn5Ge3C0.8 as
a candidate for spin injection into Ge. The Ge-based
parent compound Mn5Ge3 is a ferromagnet with a Curie
temperature TC = 296 K. Its spin polarization measured
by Andreev reflection has been found to be (42 ± 5)%
[11] and a value of (15 ± 5)% has been obtained by
spin-resolved photoelectron spectroscopy measurements [12].
Mn5Ge3 grows epitaxially on Ge (1 1 1) with a sheet resistance
comparable to highly doped (ND > 1020 cm−3) Ge [13, 14].
The high Curie temperature and the atomically sharp interface
to Ge (1 1 1) have already motivated investigations of

Electronic devices based on spin transport and realized
in materials compatible with complementary metal–oxide–
semiconductor (CMOS) technology are currently being
investigated as possible alternatives to CMOS transistor logic.
A necessary prerequisite for many device proposals that
make use of the electron spin is the efficient injection of
spin-polarized electrons into the semiconductor body of the
device [1, 2], which can be achieved by using ferromagnetic
metal contacts. However, spin injection from a direct metal–
semiconductor contact typically suffers from the conductivity
mismatch problem [3]: in the diffusive regime, the fraction
of spin polarized electrons injected into the semiconductor is
proportional to σ SC/σ F  1, where σ SC (σ F) is the conductivity
of the semiconductor (ferromagnet). This problem can be
circumvented, e.g., by inserting a tunnel contact at the interface
between semiconductor and ferromagnet [4]. Injection of spinpolarized electrons into Si [5–7] and, more recently, Ge [8–10]
0268-1242/13/125002+05$33.00
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(1 1 1) remain ferromagnetic after annealing at 750 ◦ C albeit
with a reduced TC = 350 K [19]. Therefore, in this work,
Mn5Ge3C0.8 films were deposited on n-Ge (1 0 0) with ND =
1 × 1020 cm−3 for different substrate temperatures in the range
400 ◦ C < TS <600 ◦ C. Figure 1 (b) shows magnetic hysteresis
loops measured by the magneto-optic Kerr effect at room
temperature. The variation of TS between 600 ◦ C and 400 ◦ C
does not considerably change the magnetization curve. Hence,
it is possible to integrate the fabrication of Mn5Ge3C0.8 contacts
into a low thermal budget process for Ge device fabrication.
For the investigation of the work function of
Mn5Ge3C0.8 and its contact properties on n-Ge, we fabricated
MOS capacitors, transmission-line measurement (TLM)
structures and Schottky diodes. The fabrication of MOS
capacitors started by deposition of 80 nm PECVD oxide
on a p−-Si (1 0 0) substrate (ρ > 3–5  cm and NA ≈
1015 cm−3). Subsequently, 40 nm of Mn5Ge3C0.8 was deposited
at a substrate temperature TS = 450 ◦ C. The sample was capped
with 40 nm of Al without breaking the vacuum in order to
protect the Mn5Ge3C0.8 from oxidation. Another 300 nm of
Al was deposited ex situ by thermal evaporation as the top
metallization layer. Finally, the Al and Mn5Ge3C0.8 metal
contacts were defined by standard photolithography and
structured in one etching step to obtain circular MOS
capacitances.
For the TLM and Schottky-diode structures, device
fabrication started with deposition of a virtual Ge substrate
with a thickness of 50 nm on a p−-Si (1 0 0) substrate (ρ >
3–5  cm) by molecular beam epitaxy (MBE). The virtual
substrate serves to accommodate the difference in lattice
constant between the Si substrate and final Ge layer and
enables the subsequent growth of high-quality Ge layers.
On the virtual substrate, a Sb-doped n-Ge layer (ND =
1 × 1020 cm−3) with a thickness of 40 nm was grown. After
structuring the mesa by reactive ion etching (RIE), an oxide
layer (150 nm) was deposited by PECVD to protect the surface.
After removal of the oxide by wet etching with HF, 40 nm
of Mn5Ge3C0.8 was deposited by sputtering at a substrate
temperature TS = 450 ◦ C (500 ◦ C) for sample A(B) and
subsequently capped with 40 nm of Al without breaking
the vacuum. Another 400 nm of Al was then deposited by
evaporation as the final metallization layer. The Al- and
Mn5Ge3C0.8-metallization was structured in one etching step.
The schematics of all fabricated devices are shown in the inset
of figure 2 as well as in figures 3(a) and 5(a).

(b)

Figure 1. (a) Resistivity of 50 nm thick Mn5Ge3 and
Mn5Ge3C0.8 layers deposited on insulating (112̄0)-oriented sapphire
substrates at TS = 400 ◦ C and 500 ◦ C, respectively, and of 40 nm
thick n-Ge (1 0 0) with ND = 1 × 1020 cm−3. Inset shows the
derivative dρ /dT of the Mn5Ge3 film indicating a Curie temperature
TC ≈ 296 K. (b) Magnetic hysteresis loops obtained from
magneto-optic Kerr effect measurements on Mn5Ge3C0.8 deposited
at different TS on n-Ge (1 0 0) with ND = 1 × 1020 cm−3 showing no
degradation of hysteresis.

Mn5Ge3/Ge (1 1 1) Schottky contacts for spin injection [15].
The Curie temperature of Mn5Ge3 can be enhanced by Cdoping [16–18] and has been shown to attain 445 K, which
is considerably above room temperature. This makes C-doped
Mn5Ge3 even more interesting as a candidate for spin injection.
Here, we characterize Mn5Ge3C0.8 contacts deposited by
magnetron sputtering on highly doped n-Ge (1 0 0). This is
motivated by the fact that this crystal plane orientation is
most common in CMOS technology. We determine the work
function of Mn5Ge3C0.8 from metal–oxide–semiconductor
(MOS) capacitances and find that the Mn5Ge3C0.8/Ge (1 0 0)
contacts show ohmic behavior but exhibit high specific contact
resistivities.

2. Experimental details
As a first step, we investigated the resistivity of
the Mn5Ge3C0.8 layers and their magnetic properties.
Mn5Ge3C0.8 layers with a thickness of 50 nm were deposited
on insulating sapphire at substrate temperatures TS =
400–500 ◦ C by simultaneous dc- and rf-magnetron sputtering
from elemental targets of Mn, Ge and C in a highvacuum system under Ar atmosphere [16, 17]. The
temperature dependences of the resistivity ρ for Mn5Ge3 and
Mn5Ge3C0.8 measured by a four-point probe are shown in
figure 1 (a) and compared to the temperature-dependent
resistivity of Sb-doped Ge (ND = 1 × 1020 cm−3) also shown
in figure 1 (a). While ρ(T) of Mn5Ge3 shows a clear kink at
the Curie temperature TC = 296 K, no signature of a magnetic
phase transition is observed in ρ(T) of Mn5Ge3C0.8 indicating
TC > 400 K. The resistivity ρ MnGeC = 300 μ cm at
300 K agrees well with ρ of degenerately doped (ND >
1020 cm−3) Ge. The highest TC values have been obtained
for Mn5Ge3Cx films sputtered at TS = 410 ◦ C on sapphire
[16]. Moreover, epitaxially grown Mn5Ge3C0.6 films on Ge

3. Results and discussion
The C–V characteristics of the MOS capacitors are shown in
figure 2. From the average capacitance COX = 2.66 × 10−10 F,
obtained from measurements of two circular capacitors
with radius r = 451 μm each, the average flat-band
voltage VFB = −2.573 V and the oxide charges Qeff =
(6.523 ± 0.243) × 1011 cm−2, we extract a work function
difference MS = –(0.063 ± 0.094) eV. Here, VFB was obtained
from the C–V characteristics with the flatband capacitance
method [20] and Qeff was obtained from reference MOS
capacitors fabricated without the Mn5Ge3C0.8 layer. Using [21]
2
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(a)

Figure 2. C–V characteristics obtained from two circular MOS
capacitors with radius r = 451 μm as shown in the inset. Both the
forward (from negative to positive voltages) and the backward (from
positive to negative voltages) sweep are shown for each sample. We
obtain M = 4.237 V as the work function of Mn5Ge3C0.8 from the
measurements.


 
Eg
NA
M = MS + χSi +
− kB T ln
2
ni
= (4.274 ± 0.094)eV,

(b)

(c)

Figure 3. (a) Schematic drawing of the transmission-line
measurement (TLM) structures. The contact pads each have a width
W = 200 μm and length L = 100 μm and are spaced apart by di
increasing from 3 to 168 μm. (b) I–V characteristics obtained from
measurements between adjacent contact pads of the TLM structures.
Ohmic behavior can clearly be observed for the Al/Mn5Ge3C0.8
contact on n-Ge (ND = 1 × 1020 cm−3). (c) Resistance RTLM obtained
from TLM measurements. RTLM is dominated by the contact
resistances, and specific contact resistivities rC = 5.4  cm2 for
sample A and rC = 5.0  cm2 for sample B can be extracted,
indicating a negligible influence of the substrate temperature TS.

(1)

with the electron affinity χ Si = 4.05 eV and the band gap
Eg = 1.12 eV for Si at room temperature, we obtain M =
4.274 ± 0.094 eV as the work function of Mn5Ge3C0.8. For a
metal/n-Ge Schottky contact where Fermi level pinning does
not play a role, the Schottky barrier height (SBH) is determined
by the difference between the metal work function and the
electron affinity χ Ge = 4.0 eV of Ge [21]. The efficiency of a
spin-injecting metal/semiconductor structure has been shown
theoretically to depend strongly on the SBH at the interface,
with a large SBH being detrimental to spin injection [22], and
the use of a metal with a lower work function than, e.g., Co
(M, Co = 5.0 eV) or Fe (M, Fe = 4.5 eV) could potentially
reduce the SBH. Our measurement shows Mn5Ge3C0.8 to have
a work function comparable to that of Fe3Si (M, Fe3Si = 4.3 eV
[23]), which was successfully used for spin injection into n-Ge
from a Fe3Si/n-Ge contact [9].
The TLM structures that were used to probe the specific
contact resistivity rC consist of contact pads of width W =
200 μm and length L = 100 μm spaced di = 3 to 168 μm apart
as shown schematically in figure 3(a). I–V curves between
adjacent contact pads of samples A and B show ohmic behavior
with only slight nonlinearities; see figure 3(b). The resistance
RTLM depends on both the contact resistance RC of the metal–
semiconductor contact and the sheet resistance RSH of the
semiconductor according to
RSH
· d.
(2)
RTLM = 2RC +
W
For both samples A and B, RTLM is dominated by the
contact resistance. The sheet resistance RSH of the n-Ge layer
underneath the contacts, estimated to be RSH = 200 /

in our sample, cannot be extracted from the data due to the
scatter of the data points (figure 3(c)). Setting RTLM ≈ 2 RC,
we obtain an average of RC = 26.9 k for sample A and an
average of RC = 25.1 k for sample B. Furthermore, assuming
RC = rC/(W × L), we obtain a specific contact resistivity of
rC = 5.4  cm2 for sample A and rC = 5.0  cm2 for
sample B, thus indicating that the substrate temperature in
the range investigated here has negligible influence on rC. The
temperature dependence of the specific contact resistivity as
obtained from a measurement between adjacent contact pads
of sample B is shown in figure 4. A strong dependence of the
specific contact resistivity on temperature can be observed.
For sample B, we also obtained I–V characteristics shown
in figure 5(b) from three Schottky diodes fabricated on the
same sample. By fitting the forward current ID (VDS) to [21]


−VDS − RS · ID
ID = A · Js · exp
,
(3)
η · kB · T/q
where A is the diode area and Js is the saturation current density,
we extract a series resistance RS = 60 k and an ideality factor
η = 6.0. Assuming that the series resistance is dominated by
the Mn5Ge3C0.8/n-Ge contact resistance and given the fact
that the size of the Al/Mn5Ge3C0.8 contact to the n-Ge layer
is 1.8 × 10−4 cm2, we obtain a specific contact resistivity of
rC ≈ 10  cm2, which is larger than the specific contact
resistivity of the Mn5Ge3C0.8/n-Ge contact but is consistent
3
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previously [15, 26] and a SBH of ∼0.6 eV for Mn5Ge3 on
n-Ge (1 0 0) with a dopant density of ∼5 × 1014 cm−3 was
determined [26]. If the n-Ge is highly doped, as is the
case for our samples, the width of the Schottky barrier is
reduced to a few nanometers and we could expect field
emission to be the dominant current transport mechanism.
Indeed, our contacts are ohmic, but the specific contact
resistivities are large. Furthermore, temperature-dependent
measurements of the specific contact resistivity show a strong
dependence of the specific contact resistivity on temperature.
One possible explanation is interdiffusion of Ge between the
Mn5Ge3C0.8 film and the n-Ge layer, which might lead to the
local formation of other phases at the interface that could
increase the specific contact resistivity. However, the filling of
the interstitial sites of Mn5Ge3 by carbon seems to prevent
long-range Ge diffusion from the substrate [19]. Another
possible cause could be the diffusion of Sb dopants from
the substrate into Mn5Ge3C0.8 during the deposition process,
which effectively enlarges the depletion layer in Ge at the
interface and, thus, increases the width of the Schottky barrier.
A detailed investigation of the Ge/Mn5Ge3C0.8 interface by
transmission electron microscopy and time-of-flight secondary
ion mass spectroscopy is necessary to clarify this issue.

Figure 4. Temperature dependence of the specific contact resistivity
as measured between adjacent contact pads of a TLM structure of
sample B for temperatures between 70 and 300 K. The specific
contact resistivity shows a strong temperature dependence as
temperature is decreased.

4. Conclusion

(a)

In this study, we determined the work function M = 4.274 ±
0.094 eV of Mn5Ge3C0.8 from MOS capacitance measurements
and measured a specific contact resistivity rC = 5.0  cm2 at
room temperature for Mn5Ge3C0.8 on highly doped n-Ge.
Our investigation serves as a starting point to engineer
Mn5Ge3Cx contacts for spin injection as a step toward CMOScompatible spin device fabrication. Future experiments will
be directed toward improving the specific contact resistivity
of Mn5Ge3Cx contacts on n-Ge and investigating the specific
contact resistivity of Mn5Ge3Cx on highly doped p-Ge, which
can be expected to be lower because of a lower SBH. Finally,
it will be interesting to investigate the influence of C-doping
on the contact resistance and also compare the results with
Mn5Ge3 contacts obtained by germanidation processes after
depositing Mn directly on highly doped n-Ge or p-Ge [27].

(b)

Figure 5. (a) Schematic drawing of the fabricated Schottky diodes.
Mn5Ge3C0.8 forms an ohmic contact with the n-Ge (ND =
1 × 1020 cm−3) and a Schottky contact with the i-Si (ρ > 40  cm).
(b) I–V characteristics from three Schottky diodes. Measurements
from diodes 1 and 3 are indistinguishable. A series resistance of
RS = 60 k can be extracted from the forward characteristics and is
consistent with the assumption that the series resistance is dominated
by the Mn5Ge3C0.8/n-Ge contact resistance and the magnitude of
the specific contact resistivity obtained from TLM measurements.
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