
Research Article
Magnetic and Electrical Properties of Heusler
Alloy Co2MnSi Thin Films Grown on Ge(001) Substrates via
an Al2O3 Tunnel Barrier

Gui-fang Li, Shibin Liu, and Yongqian Du

School of Electronics and Information, Northwestern Polytechnical University, 127 West Youyi Road, Xi’an, Shaanxi 710072, China

Correspondence should be addressed to Gui-fang Li; gfli@nwpu.edu.cn

Received 4 September 2015; Revised 27 November 2015; Accepted 10 December 2015

Academic Editor: Oscar Perales-Pérez
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Heusler alloy Co
2
MnSi/Al

2
O
3
heterostructures on single-crystal Ge(001) substrates were prepared through magnetron sputtering

for both Co
2
MnSi and Al

2
O
3
thin films as a promising candidate for future-generation semiconductor-based spintronic devices.

Sufficiently high saturation magnetization 781 emu/cm3 was obtained for the Co
2
MnSi thin film. Furthermore, the current

versus voltage (I-V) characteristics showed that the tunneling conduction was dominant in Co
2
MnSi/Al

2
O
3
(2 nm)/Ge(001)

heterostructure and the I-V characteristics were slightly dependent on temperature. The conductance versus voltage (dI/dV-V)
characteristics indicated that the potential barrier height at theCo

2
MnSi/Al

2
O
3
interfacewas almost equal to that at then-Ge/Al

2
O
3

interface for the prepared Co
2
MnSi/Al

2
O
3
/Ge(001) heterostructure.

1. Introduction

Injection and manipulation of spin-polarized electrons in
semiconductor channels to create viable semiconductor-
based spintronic devices has attracted increasing interests
in recent years [1–3]. Spin injection from a ferromagnetic
electrode into semiconductor channel via a Schottky tunnel
barrier or an insulating tunnel barrier has been extensively
studied [4–6]. To realize the highly efficient spin injection
from ferromagnetic electrode into semiconductor channel,
the highly polarized spin injection source and high mobil-
ity semiconductor channel are indispensable. Heusler alloy
Co
2
MnSi is one of the most promising candidates for spin

injection into semiconductor channel due to the theoretically
predicted 100% spin polarization [7, 8]. It has been shown
that the giant tunnelmagnetoresistance (TMR) ratios of 354%
at 290K and 1995% at 4.2 K were observed for fully epitax-
ial Co

2
MnSi/MgO/Co

2
MnSi magnetic tunneling junctions

(MTJs) on CoFe-buffered MgO substrate [9]. Germanium
(Ge), which owns the high mobility of electrons and holes,
is an excellent candidate for next generation semiconductor
channel materials of metal-oxide-semiconductor devices.
Therefore, the combination of Heusler alloy Co

2
MnSi and

Ge has great potential for highly efficient spin injection
into Ge channel. Moreover, in order to solve the lattice
mismatch problem between the ferromagnetic metal and
Ge channel, an insulator layer was always inserted between
them [10–12]. In such kind of metal/insulator/semiconductor
(M/I/SC) heterostructure, previous studies have reported that
the magnitude of the observed spin signal was several orders
larger than the magnitude from what is expected based on
the available theory for spin injection and diffusion [12–14];
importantly, the spin signal varied with the thickness of the
tunnel barrier [15, 16]. At present, the physical mechanism
for the anomalous scaling of the spin signal was still unclear.
Thus, it is important to fabricate various heterostructures
with high quality insulator tunnel barriers. In our previous
study, the Co

2
MnSi thin film was directly grown on Ge(001)

substrate due to the relatively small lattice mismatch (less
than 1%) between the Co

2
MnSi and Ge(001). In order to

obtain the high quality Co
2
MnSi film, Co

2
MnSi/Ge het-

erostructure was in situ annealed at temperature above
300∘C, but the interdiffusion between the Co

2
MnSi and

Ge(001) becomes a serious problem. Thus, an insulator layer
was needed to be inserted between Heusler alloy and Ge
channel. Then, in further study, Heusler alloy Co

2
MnSi thin
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film was epitaxially grown on the Ge(001) single-crystal via
MgO tunnel barrier through magnetron sputtering for the
Co
2
MnSi and electron beam evaporation for the MgO [17].

However, there are rare reports on fabrication of Co
2
MnSi

thin film grown on Ge channel via high quality Al
2
O
3

tunnel barrier and investigation of electrical properties of the
Co
2
MnSi/Al

2
O
3
/Ge(001) heterostructure.

Our purpose in the present study has been to fabricate
Heusler alloy Co

2
MnSi thin films on Ge(001) substrates via

an Al
2
O
3
tunnel barrier and to investigate their magnetic

and electrical properties. We firstly prepared 20 nm thick
Co
2
MnSi thin film on the Ge(001) substrate via an Al

2
O
3

tunnel barrier, and both the Co
2
MnSi thin film and theAl

2
O
3

tunnel barrier were prepared by magnetron sputtering. A
high saturation magnetization of 781 emu/cm3 was obtained
for the Co

2
MnSi thin film grown on Ge(001) substrate with

annealing temperature 𝑇
𝑎
= 500

∘C. Furthermore, the barrier
thickness calculated from the current- (I-) voltage (V) char-
acteristics of Co

2
MnSi/Al

2
O
3
/Ge(001) heterostructure was

close to the nominal thickness of the deposited Al
2
O
3
, which

indicated that the Al
2
O
3
layer works effectively as a tunnel

barrier. These results demonstrated that Co
2
MnSi/Al

2
O
3

heterostructure was promising for efficient spin injection into
a semiconductor channel of the Ge featuring high mobility.

This paper is organized as follows. Section 2 describes
experimental methods. Section 3 presents our experimental
results regarding magnetic properties and electrical proper-
ties of Co

2
MnSi/Al

2
O
3
/Ge(001) heterostructure and discus-

sion. Section 4 summarizes our results and concludes.

2. Experimental Methods

We describe the preparation of Co
2
MnSi/Al

2
O
3
/n-Ge het-

erostructures and their characterization methods. n-type
Ge(001) substrates were used (carrier concentration 𝑛

1
=

4.0×10
14 cm−3, specific resistance 𝜌 = 22Ω cm). Phosphorus

ions were implanted with an input dosage of 5 × 1014 cm−2
(50 keV). For surface cleaning, the ion-implanted substrate
surface was intentionally oxidized at 550∘C for 5min in a
furnace with an oxygen gas flow, and the sacrificed oxidation
layer was removed with hydrofluoric acid solution. For the
preparation of Co

2
MnSi/Al

2
O
3
/𝑛-Ge heterostructures, we

decreased the oxidation time of the ion-implanted Ge sub-
strates to 5min to make the thickness of the oxidized surface
layer sufficiently lower than the n-type channel thickness of
about 100 nm (𝑛

2
= 5.4 × 10

18 cm−3 at 290K). The Ge sub-
strate was then annealed for further surface cleaning in the
ultrahigh vacuum chamber with base pressure of 5.0 ×
10−4. For this annealing process, we increased the substrate
temperature (𝑇

𝑠
) to a certain temperature near 500∘C for

5min and then decreased 𝑇
𝑠
to room temperature (RT). All

layers in the heterostructure consisting of (from the upper
side) Ru cap (5 nm)/Co

2
MnSi (20 nm)/Al

2
O
3
barrier (2 nm)

grown on a n-type Ge substrate were successively deposited
in an ultrathin vacuum chamber through the magnetron
sputtering for the Co

2
MnSi and Al

2
O
3
thin films.

The magnetic properties of Co
2
MnSi thin films were

investigated with vibrating sample magnetometer (VersaLab,

Quantum Design) at RT. The junctions with sizes ranging
from 30 × 30 𝜇m2 to 150 × 150 𝜇m2 were fabricated. The
current versus voltage (I-V) characteristics and conductance
versus voltage (dI/dV-V) characteristics for each junction
were measured at 290K using a three-terminal geometry.

3. Results and Discussion

3.1. Magnetic Properties of 20 nm Thick Thin Films Grown
on Ge(001) Substrates via an Al2O3 Tunnel Barrier. First, we
describe the magnetic properties of 20 nm thick Co

2
MnSi

films on Al
2
O
3
tunnel barrier (2 nm)/Ge(001) substrates.

Figure 1(a) shows typical magnetic hysteresis curves at 290K
for Co

2
MnSi films after deposition annealed with tempera-

ture ranging from 400∘C to 500∘C, where the magnetic field
was applied in the plane of the film. With increasing 𝑇

𝑎
from

400 to 500∘C, the saturation magnetization (𝑀
𝑠
) increased.

The increase of𝑀
𝑠
was probably related to the improvement

of the crystalline structure of the Co
2
MnSi thin films with

increase of the annealing temperature according to our
previous study [17]. In order to confirm this supposition, the
X-ray diffraction measurement was done to investigate the
typical peaks of Co

2
MnSi thin films by 𝜃-2𝜃 scan. No reliable

results were obtained, which may be due to the overlapped
diffraction peaks of the Co

2
MnSi and Ge(001) substrates. In

fact, the Bragg diffraction angles for any diffraction peaks for
Co
2
MnSi and Ge are almost equal due to the small lattice

constants difference.
With continuous increasing 𝑇

𝑎
up to 550∘C, no appre-

ciable magnetic hysteresis curve was observed for Co
2
MnSi/

Al
2
O
3
/Ge(001) heterostructure (not shown in Figure 1(a)),

which was probably due to the unnegligible interdiffusion
between the Co

2
MnSi thin film and the Ge(001) substrate.

Indeed, the surface of the sample became bad when the
annealing temperature increased up to 550∘C, indicating that
a serious interdiffusion occurred.

Figure 1(b) shows𝑀
𝑠
values as a function of 𝑇

𝑎
at 290K

for Co
2
MnSi films. The 𝑀

𝑠
values at 290K increased with

increasing 𝑇
𝑎
from 𝑀

𝑠
= 622 emu/cm3 for 𝑇

𝑎
= 400

∘C to
𝑀
𝑠
= 722 emu/cm3 for𝑇

𝑎
= 450

∘C.With continuous increas-
ing temperature up to 500∘C, the𝑀

𝑠
value slightly increased

up to 781 emu/cm3. The maximum saturation magnetization
781 emu/cm3 was in good agreement with the 859 emu/cm3
for Co

2
MnSi thin film grown on a MgO-buffered MgO

substrate [18], which indicates that the prepared Co
2
MnSi

thin film possessed comparable magnetization value to the
Co
2
MnSi grown on MgO-buffered MgO substrate

3.2. Electrical Properties of Co2MnSi/Al2O3/Ge Heterostruc-
tures. Next, we describe I-V characteristics of the pre-
pared junctions measured with a three-terminal geometry.
Figure 2(a) shows a schematic diagramof the device structure
and the three-terminal circuit geometry for measuring I-V
characteristics. The bias voltage is applied between terminal
2 and terminal 1. The voltage across the junction 2 was
obtained by measurement of the voltage between terminals
2 and 3. In addition, the current across the junction 2
was measured by the current meter between terminal 2
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Figure 1: (a) Typical magnetic hysteresis curves at 290K for Co
2
MnSi films after deposition annealed with temperature ranging from 400∘C

to 500∘C, where the magnetic field was applied in the plane of the film. (b)𝑀
𝑠
values as a function of 𝑇

𝑎
at 290K for Co

2
MnSi films.

and terminal 1. For negative (positive) bias, the metal
(M)/insulator (I)/semiconductor (SC) (M/I/SC) junction is
reverse-biased (forward-bias).

Figure 2(b) shows typical I-V characteristics of a
Co
2
MnSi/Al

2
O
3
/n-Ge junction with a junction area of

60 × 60𝜇m2. The I-V characteristics showed nonlinear
characteristics and were almost symmetric with respect
to the bias polarity, which indicated that the tunneling
conduction was dominant. However, a slightly larger current
was obtained for the forward bias, which was probably due
to a thermionic emission current through the Al

2
O
3
/n-Ge

interface for the forward bias.
In order to estimate the potential barrier height and

tunnel barrier thickness, the I-V curve was fitted based on
Simmon’s formula which is expressed as follows [19]:

𝐽 = (
𝑒
2

ℏ
)
√2𝑚∗𝜑

0

ℏ

1

𝑑
exp (−𝛾) (𝑉 + 𝛽𝑉3) , (1)

𝛽 = 𝛾 (
𝛾

96
−
1

32
)(
𝑒

𝜑
0

)

2

, (2)

𝛾 =
4𝜋𝑑

ℏ
√2𝑚∗𝜑

0
, (3)

where 𝐽 is density of current, ℏ is the Plank constant, 𝑚∗ is
the effective electron mass normalized by the bare electron
mass, 𝜑

0
is the averaged potential barrier height (the energy

difference between the Fermi level of the Co
2
MnSi and

the bottom of the conductance band of the Al
2
O
3
tunnel

barrier), 𝑑 is tunnel barrier thickness, and 𝑉 is applied
voltage. Figure 2(b) shows the fitted I-V curve based on (1),
and we estimated the potential barrier height 𝜑

0
in the form

of 𝑚∗𝜑
0
for Co

2
MnSi/Al

2
O
3
/Ge heterostructure as 𝑚∗𝜑

0
=

0.38 eV and 𝑑 = 1.9 nm. The calculated value of 𝑑 was close
to the nominal thickness of the deposited Al

2
O
3
, indicating

that the Al
2
O
3
layer acts effectively as a tunnel barrier.

Figure 3(a) shows the I-V characteristics at various tem-
peratures (T) measured by three-terminal geometry. The I-
V curves showed nonlinear characteristics and all of them
are almost symmetric with bias. The I-V characteristics were
slightly dependent on temperature. Figure 3(b) shows the
ratios of the resistance at 𝑇 and 290K for a DC current of
0.5 𝜇A. We found that R(T)/R(290K) shows a weak depen-
dence on the temperature, which is as expected for tunneling
characteristics [20]. This proves that the tunneling process
through the Al

2
O
3
barrier is dominant for the transport.

Figure 4 shows typical conductance versus voltage (dI/
dV-V) characteristics at 290K for the Co

2
MnSi/Al

2
O
3

(2.0 nm)/n-Ge heterostructure. The conductance took the
minimum value at a relatively low bias voltage of 12mV, indi-
cating that the potential barrier height at the Co

2
MnSi/Al

2
O
3

interface (the energy difference between the bottom of the
conduction band of the Al

2
O
3
tunnel barrier and the Fermi

level of the Co
2
MnSi) was almost equal to that at the n-

Ge/Al
2
O
3
interface (the energy difference between the bot-

tom of the conduction band of the Al
2
O
3
tunnel barrier and

the Fermi level of the n-Ge). With increasing the bias voltage
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Figure 2: (a) A schematic diagram of the device structure and the three-terminal circuit geometry for measuring I-V characteristics. (b)
Typical I-V characteristics of a Co

2
MnSi/Al

2
O
3
/n-Ge junction having a junction area of 60 × 60 𝜇m2 together with a fit to Simmon’s model

(dotted line).
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Figure 3: (a) Typical I-V characteristics at various temperatures measured by three-terminal geometry, the junction area was 60 × 60𝜇m2.
(b) Different temperature dependence of the ratios of resistance at various temperatures 𝑇 and 290K.
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Figure 4: Typical conductance versus voltage (dI/dV-V) character-
istics at 290K for the Co

2
MnSi/Al

2
O
3
(2.0 nm)/n-Ge heterostruc-

ture.

V, a marked increase in conductance was clearly observed
with |𝑉| > 14mV. The dI/dV-V curve shows a typical sign-
ature of tunneling behavior with the applied voltage and the
curve is highly symmetric with smaller voltage region. We
calculated the potential barrier height and tunnel barrier
thickness by the Brinkman-Dynes-Rowell model, and almost
the same values were yielded with that fitted by Simmon’s
model.

4. Conclusions

In summary, Heusler alloy Co
2
MnSi thin films grown on

Ge(001) substrates via an Al
2
O
3
tunneling barrier were

prepared. The sufficiently high saturation magnetization
781 emu/cm3 was in good agreement with the 859 emu/cm3
forCo

2
MnSi thin filmgrownon theMgO-bufferedMgO sub-

strate. Furthermore, the I-V characteristics showednonlinear
characteristics andwere almost symmetric with respect to the
bias polarity, indicating that the tunneling conduction was
dominant. In addition, the I-V characteristics were slightly
dependent on temperature and we found that R(T)/R(290K)
shows a weak dependence on the temperature which was as
expected for tunneling characteristics. Moreover, the poten-
tial barrier height at the Co

2
MnSi/Al

2
O
3
interface was almost

equal to that at the n-Ge/Al
2
O
3
interface. Third, these results

confirmed that Co
2
MnSi/Al

2
O
3
/Ge(001) heterostructure is a

promising candidate for spin injection into semiconductor
channel.
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