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We have investigated Fe/InAs interfaces for two different growth temperatures of Fe and the effect
on the spin injection properties through an Fe/InAs junction. Secondary ion mass spectroscopy and
transmission electron microscopy studies of the Fe/InAs interfaces revealed that Fe films grown at
175 °C clearly suffer from increased reaction and out-diffusion of semiconductor constituents
compared to those grown at 23 °C. The lower temperature samples showed an increased degree of
spin polarization of 18%–20% which translates to 36%–40% of spin injection efficiency assuming
selection rules between heavy and light holes in thep-type InAs substrate. It is close to the spin
polarization of 40%–45% in an Fe spin injector itself. ©2004 American Vacuum Society.
@DOI: 10.1116/1.1755711#

I. INTRODUCTION

Spin injection from ferromagnetic metals into semicon-
ductors is one of the key technologies to achieve spintronics1

in the future. In spite of its potential importance, there have
been keen discussions on whether or not efficient spin injec-
tion into a semiconductor is possible at all. Experimentally,
spin injection from highTc ferromagnetic metals into semi-
conductor has been reported by several groups2 in the Fe/
GaAs system where electrons tunnel through a Schottky bar-
rier which would drastically limit the drain current. Besides,
those tunneling barriers, which might work as a spin filter,
are believed to be the very element that enables spin injec-
tion through a ferromagnet/semiconductor junction. We have
chosen InAs as a semiconductor material because Fe~100! on
p-InAs(100) is expected to form an ideal ohmic contact3,4

with no Schottky barrier. In addition, a more significant spin-
orbit interaction is expected in an InAs two-dimensional
electron gas channel5,6 than in GaAs, which will be benefi-
cial to achieve a spin transistor in the future. The purpose of
the present work is to show that the control of the interface
reaction between Fe and InAs plays an important role in
achieving efficient spin injection and eventually to show that
there is not a fundamental limit7,8 for spin injection nor the
necessity of a tunneling barrier for appreciable spin
injection.9 We will show how the growth temperature affects
interface quality and spin injection efficiency. Finally, high
efficiency spin injection is demonstrated. For this purpose,
we have epitaxially grown Fe on InAs at two different tem-
peratures, i.e., 23 and 175 °C. The interface reaction and
cross diffusion have been investigated by secondary ion mass
spectroscopy~SIMS! analysis and transmission electron mi-

croscopy~TEM! observation. The degree of spin injection
efficiency was evaluated by circular polarization measure-
ment of electroluminescence~EL! emission from the
Fe/p-InAs sample grown at 23 °C.

II. FABRICATION AND MEASUREMENT SETUP

High crystal quality bcc Fe thin films were grown on zinc-
blende InAs wafer in a ultrahigh vacuum at different tem-
peratures. The substrates were thermally cleaned in vacuum
without As overpressure prior to the Fe irradiation. Fe was
deposited using an e-beam evaporator EFM3~Omicron!. In
the initial studies of Fe growth on semiconductors, especially
on GaAs, growth temperatures of 150–175 °C have been
preferred10,11 probably due to better growth of the Fe film
itself. However, when it comes to the optical and electrical
characteristics of the Fe/InAs heteroepitaxial material sys-
tem, this temperature range did not necessarily yield the best
result based on our initial study of this system.4 The two
growth temperatures chosen for the present study of the
growth of Fe on InAs were 23 and 175 °C. Both samples
were subjected to surface and interface analysis by reflection
high energy electron diffraction~RHEED! during growth and
by SIMS and TEM analysis after growth.

Then, the Fe films were patterned into line/space array
~width: w52 mm, pitch: p54 mm) so that circularly polar-
ized light could be observed at the top of the sample in
parallel with the external magnetic field. EL was detected
from the top of the sample by an InSb photodetector. For
polarization measurements, thes1 and s2 components of
the luminescence were measured by switching the angle of a
quarter-wave plate. The spin polarization,PS , of injected
electrons can be estimated from the degree of circular polar-
ization PL of the luminescence due to the optical selection
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rules in zinc blende compound semiconductors.12 In a con-
dition of constant carrier generation, such as constant bias
voltage,PL is given by

PL52
1

2

1

~112t rec/ts!
PS ,

where t rec and ts are the recombination time and the spin
relaxation time of electrons, respectively.

Note that the polarization of the luminescence is reduced
from the spin polarization of electrons by the factort rec/ts.
However, limited data are reported for the carrier dynamics
and spin dynamics in bulk InAs so far. The spin relaxation in
bulk InAs was reported by Boggesset al.13 According to
their result,t rec andts at 300 K are 1 and 20 ps, respectively.
If we assume thatt rec!ts even at low temperatures, the
factor 1/(112t rec/ts) becomes almost negligible. In that
case, we obtain a simple factor of21/2 ~i.e., PS522PL). In
general, the temperature dependence of thePL would be de-
termined by the temperature dependence of these time con-
stants. It is to be noted that the discussion above assumes
that the heavy hole and light hole bands are degenerate in
InAs.

III. EXPERIMENTAL RESULTS AND DISCUSSIONS

RHEED observations revealed that low temperature
~23 °C! growth yields three-dimensional-like growth in the
initial stage compared with the high temperature~175 °C!
growth sample.4 However, smooth two-dimensional growth
is recovered in both cases after 400 Å of Fe growth. This is
followed by 30 Å Au cap layer.4 On the other hand, SIMS
measurement revealed that the Fe layer grown at the higher
temperature contained more As and In due to diffusion as
seen in Fig. 1. This result suggests that lower temperature
growth is preferred to reduce possible interface reactions
while high temperature growth seems to be preferred to ob-
tain better crystal quality of Fe films at least in the initial
stage. The Fe and oxygen tails that extend from the interface
into the InAs substrate~Fig. 1! are presumably artifacts of

the SIMS measurement. The existence of oxygen at the in-
terface in both samples comes from residual oxygen ad-
sorbed during the exposure of the sample to air prior to the
Fe growth. Note that the oxygen level at the interface is two
orders of magnitude less than the surface oxygen level at the
topmost thin layer of about 50 Å where thin iron oxide is
formed. It is difficult to make conclusions about the thick-
ness and composition of possible compound formation at the
interface in both cases because of the depth resolution of
SIMS analysis.

However, it is clear that the sample grown at 175 °C suf-
fers from increased interdiffusion at the interface compared
with the one grown at the lower temperature~23 °C!. It is
remarkable to observe such a clear difference in interface
structures with only 150 °C difference in growth tempera-
ture. In order to verify possible reactions in a more micro-
scopic way, we have conducted TEM image analysis on the
same samples used for SIMS analysis. Overall, clean inter-
faces are observed in both cases. In the large area image
~Fig. 2! a thin white region in the 175 °C sample is observed
which may suggest the existence of some thin interface layer
formation on, whereas in the 23 °C sample image no such
thin white region occurs at the interface. However, the pos-
sibility of an artifact cannot be completely excluded at this
point. The uneven dark/bright pattern in the InAs substrate
side near the interface seems to be more pronounced in the
23 °C sample, suggesting pronounced interface strain in this
sample. These observations may be indicating possible inter-
face layer formation in the 175 °C sample which accommo-
dates strain between the InAs substrate and the Fe layer.
Clearly these strain-induced patterns on the semiconductor
side show different pitches; the 23 °C sample shows a shorter
pitch than the 175 °C sample, indicating smaller grain size in
the former. We have looked at the interface in higher magni-
fication to find some evidence on the hypothesis. Figure 3
shows high resolution TEM patterns on both samples. A few
monolayers~less than ten! of interface substance can be seen
in the 175 °C sample, whereas a more abrupt interface is seen
in the 23 °C sample. These blow-up pictures were taken from

FIG. 1. SIMS profile of Fe/InAs samples grown at~a! 175 °C and~b! 23 °C. Increased out-diffusion of In and As in Fe layer is observed in~a! 175 °C sample.
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each sample at random. It seems to be consistent with the
SIMS data that more interface reaction takes place at 175 °C
than at 23 °C. In addition to the relative difference, the 23 °C
sample does not seem to suffer from appreciable interface
reaction from both SIMS and TEM image analysis. Those
reactions must become significant at temperatures greater
than 23 °C. In the next paragraph, circular polarization mea-
surement will be briefly discussed using the sample grown at
23 °C.

Spin polarization of the Fe/InAs sample grown at 23 °C
was characterized as shown schematically in Fig. 4. A clear
electroluminescence~EL! signal was detected from the top of
the sample with an InSb photodetector. The EL data showed
clear spin injection when compared with the EL of nonmag-
netic samples and photoluminescence of InAs substrate de-
spite the theoretical controversy3,4 on spin injection. The ob-
served degree of circular polarization was estimated to be
;12%.5 The s1 and s2 components of the EL were mea-
sured by switching the angle of the quarter-wave plate.
Figure 5 shows the external magnetic field dependence of the

polarization efficiency calculated from the measured intensi-
ties of thes1 ands2 components of the luminescencePL .
Considering the opposite polarization behavior from the non-
magnetic sample~EL! and the bare InAs substrate (Pl),
which is due to the Zeeman effect, the net polarization in the
Fe electrode is estimated to be much higher, approaching
18%–20%. Based on this degree of circular polarization re-
sult, the corresponding spin injection efficiency is calculated
to be 36%–40% as illustrated in Fig. 6. This calculation is
based upon the assumption that the spin relaxation time is
much longer than the energy relaxation time and the degen-
eracy of the heavy and light hole bands in thep-InAs sub-
strate. This spin injection efficiency result compares favor-
ably with the spin polarization measurement of 40%–45% in
Fe.14 Because our interface study shows that the Fe/p-InAs
system contains no appreciable tunnel barrier on the atomic
resolution scale, it can be concluded that the spin injection
occurs with such a high efficiency even without the existence
of tunnel barriers. This is contradictory to the so-called
‘‘conductivity mismatch’’ discussion in the diffusion
theory,7,8 but agrees with first principle calculations.15,16

IV. CONCLUSION

We have investigated the Fe/InAs interface for two differ-
ent growth temperatures of Fe and its effect on the interface
structure of the Fe/InAs junction. Secondary ion mass spec-
troscopy ~SIMS! and transmission electron microscopy
~TEM! studies of the Fe/InAs interfaces revealed that the

FIG. 5. Degree of circular polarization of EL from Al/InAs and Fe/InAs
structures.

FIG. 2. TEM image analysis~1!. About 400 Å of Fe film is seen to grow on
InAs substrate. Above sample~a! shows Fe growth atTsub5175 °C, and the
bottom sample~b! 23 °C.

FIG. 3. TEM image analysis~2!. Blow-up TEM image of both samples.

FIG. 4. Schematic cross-sectional diagram of the EL sample. Electrolumi-
nescent light is detected at the top of the sample by InSb detector.
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samples grown at 175 °C clearly suffer from increased reac-
tion and out-diffusion of semiconductor constituents com-
pared with that of 23 °C grown samples. The lower tempera-
ture sample showed an 18%–20% degree of spin
polarization which translates to 36%–40% of spin injection
efficiency assuming selection rules between heavy and light
holes in thep-type InAs substrate. The present result is close
to the spin polarization of 40%–45% on Fe spin injector
itself.
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FIG. 6. Net spin injection efficiency in an Fe/InAs structure.
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