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The paper presents a novel preparation technique for Si- and Ge-
based half-metallic full-Heusler alloy thin films, utilizing silicon-
on-insulator (SOI) and germanium-on-insulator (GOI) substrates, 
respectively.  Full-Heusler Co2FeSi (Co2FeGe) alloy thin films 
were successfully formed by thermally activated silicidation 
(germanidation) reaction between an ultra-thin SOI (GOI) layer 
and Co/Fe layers deposited on it.  This technique can easily 
produce fully ordered L21 structure that is necessary for the half-
metallicity of full-Heusler alloys.  The proposed technique is 
compatible with metal source/drain formation process in advanced 
CMOS technology and would be applicable to the fabrication of 
the half-metallic source/drain of MOSFET type of spin transistors. 
 

Introduction 
 

In recent years, spin transistors1-4 attract considerable attention, since they have 
interesting transistor behavior with a new degree of freedom in controlling output 
currents based on spin-related phenomena.  This feature makes it possible that spin 
transistors have useful nonvolatile and reconfigurable functionalities to improve circuit 
performance beyond present transistors.  However, high current drive capability and a 
large on/off current ratio are still important requirements even for spin transistors, as well 
as present ordinary transistors4.  In addition, excellent scalability and integration ability 
are also indispensable to establish very large scale integration.  From these points of view, 
one of the promising spin transistors is recently proposed spin metal-oxidesemiconductor 
field-effect transistors (spin MOSFETs).3,4 The basic structure of spin MOSFETs consists 
of a MOS capacitor and ferromagnetic contacts for the source and drain, and the device 
performance depends on the material of the ferromagnetic source/drain.  Half-metallic 
ferromagnets (HMFs) are the most effective source/drain material to realize the spin-
dependent output characteristics of spin MOSFETs, 3,4 owing to their extremely high spin 
polarization and unique spin-dependent band structure. 
 

Recently emerging silicide-based metal source/drain MOSFET (Ref. 6) technology 
would be applicable to the fabrication of spin MOSFETs, due to the similarity in the 
device structure between metal source/drain MOSFETs and spin MOSFETs.  For metal 
source/drain MOSFETs, transition metal (or rare earth metal) silicides are directly used 
as their source and drain.  These silicides are formed by thermally activated intermixing 
reaction, the so-called silicidation, between a Si substrate and transition metal (or rare 
earth metal) layer deposited on the Si substrate.  In general, the thermal process for 
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silicidation is induced by rapid thermal annealing (RTA).  L21-phase half-metallic full-
Heusler alloys containing Si (Co2FeSi7,8, Co2MnSi9, etc.) are one of attractive candidates 
for the HMF source/drain of spin MOSFETs, since these materials are considered to be a 
kind of silicides and thus they have a possibility to be formed by the RTA-induced 
silicidation process that is compatible with present CMOS technology.  

Ge-based full-Heusler alloys, such as Co2FeGe10 and Co2MnGe11, are applicable to 
spin MOSFETs with the Ge channel.  Recently, metal source/drain fabrication process 
employing RTA for Ge-channel MOSFETs12 has been emerging.  Full-Heusler alloy thin 
films containing Ge would also be formed by RTA-induced metal-source/drain 
germanidation process, resulting in Ge-channel spin MOSFETs compatible with 
advanced Ge-channel CMOS technology. 

In this paper, we present a RTA-induced formation technique for L21-phase Co2FeSi13 
and Co2FeGe full-Heusler alloy thin films, utilizing a silicon-on-insulator (SOI) and 
germanium-on-insulator (GOI) substrates.  Magnetic properties in the RTA-formed 
Co2FeSi and Co2FeGe full-Heusler alloy films were also investigated.  
 

Proposed preparation method 
 

The problem of RTA technique for ferromagnetic silicides including Si-containing 
full-Heusler alloys is the formation of nonmagnetic silicides with low magnetic element 
content.  This is caused by the deep diffusion of magnetic elements into a Si substrate.  
In other words, when the much amount of Si atoms is supplied from the Si substrate, the 
most thermodynamically favorable nonmagnetic silicides are preferentially formed.  
Figure 1 shows the proposed preparation method of full-Heusler alloys employing a SOI 
substrate.  The diffusion of magnetic atoms is blocked by the buried oxide (BOX) layer 
of the SOI substrate, and thus the composition of the RTA-formed film layer can be 
easily controlled by the thickness of the magnetic metal and SOI layers.  When the 
amount of constituent elements of the resulting film layer is limited (or adjusted) to the 
chemical composition of full-Heusler alloys, homogeneous full-Heusler alloys would be 
formed, since full-Heusler alloys are also one of thermodynamically stable phases as 
long as keeping their (near) stoichiometric composition.  Recently, ferromagnetic Fe3Si 
that has the L21-related DO3 structure was successfully formed by this technique.14  
Full-Heusler alloy thin films containing Ge are also expected to be formed by the same 
manner using GOI substrates.  

 
Experimental procedure 

 
Co2FeSi 
 

All the experiments for Co2FeSi were carried out using commercially available 
wafer-bonding SOI substrates that consist of a thin SOI layer, BOX layer, and Si 
substrate (hereafter, this structure is referred to as SOI/BOX/Si).  A SOI substrate sample 
was cleaned by chemical oxidation using H2SO4 and H2O mixture and successive etching 
of the resulting surface oxide by buffered HF solution.  Then Co and Fe films were 
deposited on the SOI layer surface in an ultrahigh vacuum.  Subsequently, silicidation 
was performed by RTA in N2 atmosphere.  The thicknesses of Co and Fe films were 
measured by a quartz oscillator thickness monitor.  The sample structure and a central 
experimental condition were as follows: the SOI thickness dSOI of 40 nm, the Co 
thickness dCo of 45 nm, the Fe thickness dFe of 24 nm, the annealing temperature TA of 
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700 °C, and the annealing time tA of 4 min.  These parameters were used throughout 
following experiments, unless otherwise noted.  Hereafter, Co2FeSi will be expressed as 
CFS even for off-stoichiometric composition. 
 
Co2FeGe 
 

For the formation of Co2FeGe, we prepared a pseudo-GOI substrate15 that consists of 
a 40-nm-thick epitaxial Ge film grown by low-temperature molecular beam epitaxy (LT-
MBE) on a 2-nm-thick ultra-thin SOI layer.  Deposition of transition metal layers and 
RTA condition are the same as the case of CFS described above. Hereafter, the sample 
structure before the RTA treatment is referred to as Fe/Co/GOI/BOX/Si, and Co2FeGe 
will be denoted by CFG. 
 

Results and discussion  
 
Composition analyses 

 
Figures 2(a) and (b) show depth profiles of Co, Fe, Si, and O in a reference sample 

using a Si substrate and in a RTA-treated Fe/Co/SOI/BOX/ Si sample.  The depth profiles 
were measured by secondary ion mass spectroscopy (SIMS) with the MCs+ technique16, 
and the SIMS intensity of each element was calibrated by Rutherford backscattering and 
particle induced x-ray emission measurements. When the silicidation was performed 
using an ordinary Si substrate, Fe and Co were much deeply diffused into the Si 
substrates, as shown in Fig. 2(a). For the RTA-treated Fe/Co/SOI/BOX/ Si sample, the 
diffusion of Co and Fe was completely blocked by the BOX layer, as expected, and the 
Co, Fe, and Si concentrations in the RTA-formed film exhibited the plateau profiles.  The 
concentrations of Co, Fe, and Si were 48%, 30%, and 22%, respectively, which was 
slightly off-stoichiometric composition.  The deviation from the stoichiometric 
composition would be caused by the uncalibrated quartz oscillator thickness monitor. 

Figure 2(c) shows depth profiles for a RTA-treated Fe/Co/GOI/BOX/Si sample.  As 
well as the case of CFS, the diffusion of Co and Fe are completely blocked by the BOX 
layer and the plateau profiles are also obtained.  The chemical composition of Co, Fe and 
Ge was 45%, 31%, and 24%, respectively. 
 
Crystallographic features 
 

The crystallographic features of the RTA-formed CFS film were characterized by 
XRD.  Figure 3(a) shows the x-ray diffraction (XRD) pattern of the RTA-formed CFS 
film by θ-2θ measurements.  After the Fe/Co/SOI/BOX/Si sample was annealed at TA = 
700 °C, the RTA-formed film showed strong CFS (220) and (440) diffraction peaks and 
no other diffraction peaks of CFS were observed in the 2θ range between 20° and 120°, 
indicating that the RTA-formed CFS thin film was highly (110) oriented.  The lattice 
constant of the CFS film was 0.5636 nm, which was slightly smaller than that of the bulk 
value (0.5647 nm17).  The deviation of the lattice constant from the bulk value would be 
caused by the off-stoichiometric composition.  Note that when an ordinary Si substrate 
was used, the sample showed no CFS-related diffraction peak.  These results were 
consistent with the above-described SIMS observations shown in Fig. 1.  The rocking 
curve analysis of the (220) diffraction with respect to the tilt angle ψ of the sample stage 
and its related pole figure analysis indicated that the CFS thin film was columnar poly-
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crystalline. Transmission electron microscope (TEM) observations revealed the 
formation of columnar grains with the grain boundaries perpendicularly penetrating 
through the whole film. 

The crystallographic structure of the RTA-formed CFS film was evaluated from XRD 
superlattice measurements.  Since the RTA-formed CFS film was strongly (110)-oriented, 
the CFS (200) and (111) diffractions indicating fully ordered L21 structure can be 
observed by inclining the sample plane toward 45° and 35.3°. The results are shown in 
Fig. 4(a). The strong-(111) and (200) superlattice diffraction imply highly L21-ordered 
structure.  The quantitative evaluation of the degree of L21 order is underway. 

Figure 3(b) shows the XRD θ-2θ pattern of the CFG film formed by RTA.  The (002) 
and (202) diffraction peaks were simultaneously observed, indicating less orientation 
feature in comparison with the case of CFS.  The intensity of the (002) diffraction was 
comparable to that of the (202) diffraction, as shown in the figure.  From the ICDD 
(international centre for diffraction data) database, the intensity of CFS (202) should be 
100 times stronger than that of CFS (002).  Therefore, the predominant orientation of the 
RTA-formed CFG film was (001). 

Figure 4(b) shows the superlattice diffraction of the CFG film.  Because of the (001)-
orientation of the CFG film, the (202) and (111) diffractions can be observed by the tilt 
angles of 45° and 54.7° from the sample plane, respectively.  The formation of L21-
ordered structure is confirmed from the superlattice diffractions as shown in Fig. 4(b). 
The weak intensity of the (111) diffraction indicats the low degree of L21 order.  It is 
necessary for the formation of CFG with the higher degree of L21 order to optimize the 
RTA condition. 
 
Magnetic properties 
 

The magnetic properties of the CFS and CFG films were measured by using a 
superconductive quantum interference device (SQUID) magnetometer.  The magnetic 
moment per unit cell of the CFS sample was 5.2 µB, which is slightly smaller than the 
bulk value (6 µB)8.  This might be caused by the deviation of chemical composition from 
stoichiometric CFS, and by the incorporation of oxygen during RTA.  For the CFG film, 
the magnetic moment was 4.8 µB, which was also slightly smaller than the bulk value 
(5.54 µB)10.  This may be related to the low degree of order.  Figure 5 shows the M-T 
curves of the CFS (a solid-line) and CFG (a dashed-line) films.  The Currie temperatures 
of the CFS and CFG films were much higher than 400 K (that is the highest temperature 
examined in this study). 

A solid curve in Fig. 6(a) shows the magnetic circulardichroism (MCD) spectrum of 
the RTA-formed CFS film (TA = 700 °C).  MCD spectra for its as-deposited 
Fe/Co/SOI/BOX/Si sample, an as-deposited Co/SOI/BOX/Si sample, and a RTA-treated 
Fe/Co/SiO2/Si sample with TA =700 °C are also shown in the figure as references.  All the 
spectra were measured at room temperature with a reflection configuration with a 
magnetic field H of 1 T applied perpendicular to the sample plane.  In general, a MCD 
spectrum sensitively reflects the band structure of a material.  All the reference samples 
showed different spectral features, as shown in Fig. 6(a).  The spectral features of the 
RTA-formed CFS film were clearly different from those of reference samples, indicating 
that the formation of the L21-phase full-Heusler alloy by the RTA-induced silicidation 
significantly modified its band structure.  In addition, the MCD spectra of the RTA-
formed CFS film measured with the several magnitudes of the applied magnetic field 
exhibited identical magnetic field dependence, i.e., when the intensity of these spectra 
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were normalized, these spectra were completely overlapped with one another, as shown 
in Fig. 6(b) and its inset.  This indicates that the RTA-formed CFS film was magnetically 
homogeneous; in other words, ferromagnetic precipitates (residual Co, Fe, and other 
ferromagnetic silicides) can be excluded for the origin of the ferromagnetism in the CFS 
film.  Figure 7 and its inset show MCD spectra of the CFG film with several 
perpendicular magnetic field and the normalized MCD spectra, respectively.  The CFG 
film was also magnetically homogeneous as well as the case of the CFS film. 
 
 

Summary 
 

In summary, L21-phase CFS and CFG full-Heusler alloy thin films were successfully 
formed by RTA-induced silicidation and germanidation, utilizing SOI and GOI substrates.  
This technique is fully compatible with metal-source/drain process in advanced CMOS 
technology and thus is promising for the fabrication of MOSFET-based spin transistors. 
 
 
 
 
 

 
 
Figure 1. Schematic illustration of the proposed CFS (CFG) formation process using a 
SOI (GOI) substrate. 
 
 
 
 

 
 
Figure 2. SIMS depth profiles of Co, Fe, Si, (Ge), and O (a) in a RTA-treated Fe/Co/ Si 
sample (b) in a RTA-treated Fe/Co/SOI/BOX/ Si sample, and  (c) in a RTA-treated 
Fe/Co/GOI/BOX/Si sample. 
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Figure 3. XRD patterns of the RTA-formed (a) CFS and (b) CFG films. 
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Figure 4. Superlattice diffraction of the RTA-formed (a) CFS (b) CFG films. ψ is the tilt 
angle of the sample plane. 
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Figure 5. M-T curves of the RTA-formed CFS (solid line ) and CFG (dashed line) films. 
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Figure 5. (a)MCD spectra of the RTA-formed CFS film (solid line) and reference 
samples (the others).  (b) MCD spectra of the RTA-formed CFS film with several 
perpendicular magnetic fields.  The inset shows the normalized MCD spectra. 
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Figure 6. MCD spectra of the RTA-formed CFG film with with several perpendicular 
magnetic fields.  The inset is the normalized MCD spectra. 
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