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The influence of the growth and post-growth annealing temperatures of Fe/Al,,Ga1,As-based spin light-
emitting diodes (LEDs) on the spin injection efficiency is discussed . The extent of interfacial reactions during
molecular beam epitaxial growth of Fe on GaAs was determined from in-situ x-ray photoelectron spectroscopy
studies . The Fe/GaAs interface results in <_ 3 monolayers of reaction for Fe grown at -15°C . Intermediate
growth temperatures (95°C) lead to -5 monolayers of interfacial reactions, and high growth temperatures of
175°C lead to a -9 monolayer thick reacted layer . Polarized neutron reflectivity was used to determine the
interfacial magnetic properties of epitaxial Fe0 .5Co0 .5/GaAs heterostructures grown under identical conditions .
No interfacial magnetic dead layer is detected at the interface for Fe0 .5Co0 .5 films grown at -15°C, a -6 A thick
nonmagnetic layer formed at the interface for 95°C growth and a -5 A thick magnetic interfacial reacted layer
formed for growth at 175°C. Spin injection from Fe contacts into spin LEDs decreases sharply when reactions
result in a nonmagnetic interfacial layer . Significant spin injection signals are obtained from Fe contacts grown
between -5°C and 175°C, although the higher Fe growth temperatures resulted in a change in the sign of the
spin polarization . Post-growth annealing of the spin LEDs is found to increase spin injection efficiency for low
Fe growth temperatures and to a sign reversal of the spin polarization for high growth temperature (175°C) . An
effective Schottky barrier height increase indicates that post growth annealing modifies the Fe/Al,,Gai_,,As
interface .

1. Introductio n

Recent proposals to use the spin degree of freedom in
electronic devices have led to the emergence of the new field
of spintronics (1,2) . However, progress has been slowed due
to the lack of efficient spin injection into semiconductors at
room temperature . While efficient spin injection has been
demonstrated by using diluted magnetic semiconductors
(3,4), room-temperature operation has been prevented by the
low Curie temperatures of these materials . Ferromagnetic
metals like Fe and Co offer high Curie temperatures and can
be grown epitaxially on GaAs, but spin injection was initially
considered difficult (5-7) due to the conductivity mismatch
between the metal contact and the semiconductor (8) .
However, recently, it was theoretically proposed (9-12) and
experimentally observed (13-16) that significant spin
injection into a semiconductor can be obtained by electron
tunneling through a reverse-biased Schottky contact.

It has been suggested that the spin injection might
critically depend on the microscopic configuration of the
interface between the ferromagnetic contact and the

semiconductor because the tunneling mechanism depends on
the spin polarization of the interface density of states (17) .
Interface defects or nonmagnetic or paramagnetic interfacial
layers will lead to spin scattering and an effective reduction
of the spin polarization of the injected carriers . While such a
mechanism has been proposed to be important for spin
injection from a diluted magnetic semiconductor (18), only
limited studies have been reported to date for the influence of
the interfacial roughness and reactions on spin injection from
a ferromagnetic metal contact (19) . In the present paper, this
issue will be addressed by examining the influences that both
the Fe growth temperature and the post-growth annealing
conditions have on the spin injection efficiencies and
correlating these efficiencies with structural characteristics of
the interface .

II. Experimenta l

All samples were grown by molecular beam epitaxy
(MBE) on (100) GaAs substrates, using p-GaAs for the spin
LEDs, n-type GaAs for the in-situ interfacial reaction studies
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Figure 2 Optical micrograph of a processed 300µm
diameter spin LED .

mapped onto the spin polarization of the electrons at the time
of recombination .

III. Fe/GaAs interfacial reaction s

Figure 1 Schematic of the spin LED structure .

and semi-insulating GaAs for the polarized neutron
reflectivity studies . For all interface studies, >5000A MBE-
grown GaAs layers, n'-doped (1 x l O'8 cm 3) for in-situ
reaction and undoped for polarized neutron reflectivity, were
grown on the GaAs substrates prior to the Fe or Fe0.5Co0.5
growth . For the in-situ x-ray photoelectron spectroscopy
(XPS), scanning tunneling microscopy (STM), and the
polarized neutron reflectivity (PNR) studies, epitaxial Fe and

Fe05Co0.5 films were grown on (2x4)/c(2x8)02 reconstructed

GaAs surfaces . The Fe0,5Co0.5 films for the PNR

measurements were 200A thick . For the spin LED samples,

50A epitaxial Fe films were grown on c(4x4) reconstructed
Al0.1Ga0 99As surfaces . To prevent Fe oxidation in air, all
samples were capped by 25A of Al at <20°C .

A schematic of the spin LED structure used in Sec . IV is
shown in Fig. 1 . The heterostructure consists of a p-i-n
junction with a I OOA wide GaAs quantum well within 250A
thick undoped Al0,1Ga0 .9As layers . The p-side of the junction
consists of 2000A p-Al0_1Ga0 .9As (p = IXIO18 CM-3) on the
p++-GaAs (per' -1 x 1019 cm) substrate . The n-side consists
of a 1000 A thick n-Al0 .1Ga0 .9As (n = 1 x 1016 cm-3) layer,
followed by 150A graded n/n-Al0 .1Ga0 .9As and 150A n`-
Al0,Ga0,9As (5x 1010 CM-3 ) as a contact layer. The epitaxial Fe

spin injecting contacts were grown at -5, 50, 95 and 175°C .

150µm wide Au/Ti bonding pads were deposited using a
mechanical shadow mask and 300µm diameter mesas were
defined by standard photolithography and wet etching . An
optical micrograph of a processed LED prior to wire bonding
is shown in Fig . 2 .

The spin injection was assessed by measuring the degree
of circular polarization of the emitted electroluminescence
(3-5) . The selection rules in a quantum well allow the
electroluminescence polarization (ELP) to be directly

Figure 3 shows the normalized intensity of the Ga 3d core

level peaks measured by XPS for Fe layers grown at
substrate temperatures of -15°C, 95°C, and 175°C as a
function of Fe coverage. The total intensity has bee n
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Figure 3 Normalized XPS peak intensities of the Ga 3d
core levels and the reacted component of the Ga 3d peak
as a function of Fe coverage for different substrate
temperatures .

decomposed into two peaks . The first peak corresponds to
covalently bonded Ga from GaAs . The second peak, shifted
to lower binding energy by -1 .leV, corresponds to Ga in a
more metallic bonding environment and would be consistent
with Ga in a Fe3GaAs-like phase (20) .

For all substrate temperatures, the total Ga 3d core level
intensity is attenuated as Fe growth proceeds . For -15°C and
95°C, the attenuation is exponential, as expected for weak
interfacial reactions, whereas it is significantly slower for



FeAs-like
r //

F e

Fe_,_As J -9ML

GaAs

T =175°C

FeAs-like

T = 95°C

-5ML

FeAs-like

F e

Fe GaAs I -3M1

T=-15°C

Figure 4 Schematic of the Fe/GaAs reactions that occur for

the growth of ultrathin layers of Fe on GaAs .

175°C . The intensity of the reacted component increases

initially for all substrate temperatures . For lower growth

temperatures, it decreases rapidly for further growth showing
that the reacted component is confined to the interface . For a
growth temperature of 175°C, however, the reacted
component persists at larger Fe coverages and eventually

dominates the XPS Ga 3d peak . This demonstrates that
Fe/GaAs interfacial reactions significantly increase as the

growth temperature is increased .
Quantitative modeling of the XPS intensities enabled the

extent of the interfacial Fe/GaAs reactions to be determined .
A good agreement between observed and calculated
intensities for Ga and As 3d core levels was obtained by
assuming the formation of an interfacial layer with
composition Fe0 .6Ga0.2Aso .2, whose thickness depends on the
substrate temperature (20) . It increases from about 3

monolayers (ML) at -15°C to 9 ML at 175°C . From the

attenuation of the As 3d and As 2p XPS peaks with Fe
deposition, a small amount of As was found to ride on the Fe
surface, presumably in the form of a partial FeAs-like
monolayer (20) . The results of the modeling are summarized
in Fig. 4. Unfortunately, the exact composition of the
interfacial reacted layer and the phase or phases present have
not been determined . Previous studies have suggested some
interfacial disruption in order to form Fe-As interfacial
bonding (21,22) . From magnetization and reflection high
energy electron diffraction studies as a function of Fe

deposition, and limited knowledge of the Fe-Ga-As phase
diagram, Filipe et al . (23) speculated the interfacial layer to
be Fe3Ga2_,Asx (x.l) .

Phase formation will depend on reaction kinetics as well as
thermodynamics, which will depend on deposition and
annealing conditions. For Co/GaAs, solid phase reactions
result in Co2GaAs forming at the GaAs interface as a result
of Co diffusion into the GaAs (24,25) . However, during the

initial deposition of Co on GaAs, the binary phases CoGa
and CoAs form on the GaAs surface (25) . The differences in
the phase formation was attributed to the relative bulk and
surface diffusivities of Co, Ga, and As during the deposition
process. Clearly, further studies are needed to determine the
phase formation at the Fe/GaAs interface .

Since FeO .5CO0 .5 layers are found to grow on GaAs(100)

with higher perfection (26) and simpler magnetic anisotropy

as a function of film thickness than pure Fe (26,27), epitaxial

200A thick FeO.5CO0.5 layers were used for the PNR

measurements (28) . Figure 5 shows an in-situ STM image for

0 .04 ML FeO .5CO0 .5 grown on GaAs(100) (2x4)/c(2x8)p2 at

95°C . The As-dimers of the GaAs reconstructed surface are

clearly visible . Individual Fe and Co atoms are preferentially
found on top of the As-dimers and larger clusters of Fe-Co
grow between the As-dimers . Around the Fe-Co clusters, no
significant disruption of the As-dimers is observed . This

growth mode is similar to that observed for pure Fe growth
(20), suggesting that the interfacial reaction kinetics might be
similar .

Polarized neutron reflectometry can be used to measure the
magnetization and chemical depth profiles in thin films (28) .
Polarized neutrons will scatter from both atomic nuclei and
magnetic moments . The non-spin-flip reflectivity
components involve both chemical and magnetic scattering,
whereas the spin-flip reflectivity results entirely from

scattering due to the magnetic moments in the sample . PNR

measurements were performed with the magnetization in the
FeO .5CO0 .5 films parallel and perpendicular to the polarization
of the neutrons . The former PNR geometry resulted in no
spin-flip scattering being observed and the latter in spin-flip

scattering being dominant. From a quantitative analysis of

the neutron reflectivity data, the chemical and magnetic
depth profiles of the Fe0,5Co0.5/GaAs structures were

determined (28) . The chemical thickness determined from
the PNR measurements were consistent with those obtained
from x-ray reflectivity measurements . For a growth

temperature of 95°C, it was found that the magnetic
thickness of the Fe0.5Co0.5 layer was thinner than the
chemical thickness by -6A (28), in good agreement with the
XPS results for Fe (20) . This suggests that there is a

nonmagnetic interfacial layer . Preliminary results fo r

Figure 5 A 200A x 200A room temperature filled state

STM image of 0 .04 ML FeO.5CO0.5 grown on the

GaAs(100)(2x4)/c(2x8)(32 surface at 95°C .



different growth temperatures indicate that the magnetic

thickness is roughly equal to the chemical one for a growth
temperature of -15°C, whereas it is -.5A thicker for growth at

175°C. This suggests the formation of a ferromagnetic
interfacial layer at the higher growth temperature (175°C) .
Fe3Ga2-,As, ( x-1 .0) could be a good candidate as it is
ferromagnetic with a magnetization close to half that of Fe
and can have a Curie temperature as high as 644K depending

on composition (29) . The XPS data suggested a reacted layer

of composition FeO.6GaQ .2Aso.2 forms at the Fe/GaAs interface

and its thickness depends on growth temperature . Similarly,
the PNR measurements indicate that the magnetic prope rt ies
and therefore the phase or phases forming at the interface
also depend on the growth temperature .

40

The polarization of the electroluminescence (ELP) emitted
perpendicularly from the sample surface from the quantum
well in the spin LED was measured in the Faraday geometry
with the magnetic field applied perpendicular to the sampl e
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surface (13) . A sample spectrum for both left and right
circular polarized light as well as the ELP as function of
applied magnetic field is depicted in Fig . 6 . The ELP is
found to follow the magnetization of the thin Fe film . Figure
7(a) shows the ELP as a function of magnetic field for Fe

layers grown at -5°C, 50°C, 95°C, and 175°C . The ELP

signal saturates around 7% for the Fe layer grown at -5°C but
only saturates around 2% for growth temperatures of 50°C
and 95°C . For Fe growth temperatures of 175°C, the ELP
reaches 7-8% again, however with the opposite sign of

polarization . The sign of the ELP signal for low Fe growth
temperature is consistent with majority spin injection from

the Fe contact and for the 175°C grown sample with spins of
the opposite sign (i .e . minority for Fe) .

It is interesting to compare these results with the structural
characterization presented above. The thickness of the
reacted layer increases with Fe growth temperature between
-15°C to 95°C . PNR showed that the reacted layer containing
Fe is non-ferromagnetic, which suggests that this will act as a

magnetic dead layer. Such an interfacial layer is expected to
result in significant spin scattering making it detrimental to
the spin injection efficiency . For the 175°C grown sample,
PNR suggests that the interfacial layer is ferromagnetic . Th e
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Figure 6 The top figure shows electroluminescence
intensity for 6+ and o. polarizations . The imbalance
indicates spin polarization of the electron population at
the time of recombination . The bottom figure shows the
ELP and magnetization as a function of the applied
magnetic field .
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Figure 7 Electroluminescence polarization as a function
of magnetic field for different Fe growth temperature (a)
for as grown samples and (b) after post-growth

annealing for lh at 250° C .
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magnitude of the ELP suggests that spin injection from this
interface layer is of similar efficiency to that from the
minimally reacted Fe layer but the opposite spin . This
suggests that the interface density of states is significantly
altered resulting in preferential injection of the opposite spin
state . The fact that the ELP signal tracks the magnetization of
the Fe layer suggests magnetic coupling between the
interfacial reacted magnetic layer and the Fe overlayer . These
results indicate that the density of states at the interface
dominate the spin injection .

To study the effect of post-growth annealing, LED
structures were annealed for lh in an N2 atmosphere .
Figure 7(b) shows the ELP as a function of magnetic field of
the spin LEDs with Fe layers initially grown at 0°C, 95°C,
and 175°C substrate temperatures. The magnitude of the ELP
increases upon annealing and reaches 12-16% for the Fe
layers grown at <95°C . For the layer grown at 175°C, a
weaker ELP signal was observed, however, the polarization
signal changed sign indicating a significant change at th e
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Figure 8 - Current density vs . voltage characteristics at
1OK of a Schottky diode consisting of an Fe contact
on n+/n-AI0,1Ga099As both before and after annealing at

250°C for 1 hr .

Fe/Al0.1 Ga0,9As interface.
A modification of the Fe/Al011Ga0 .9As interface upon

annealing is also evidenced by the change in the current-
voltage characteristics of an Fe/Al011Ga099As Schottky
contact, as seen in Fig . 8 . Annealing increases the rectifying
properties of the contact, suggesting an increase of the
Schottky barrier height. An increase in barrier height from
0.77eV before annealing to 0 .82eV after annealing was
determined from current-voltage measurements of Fe/n-
GaAs (n = 1 x 1016 cm 3) Schottky diodes . These results
suggest that an interfacial reaction between Fe and Al Gal .
,As occurs upon annealing . However, the sign change in the
ELP signal with annealing indicates that these reactions are
different than those occurring during growth . This can be
tentatively explained by differences in the diffusivities of the
atoms on the surface and in the bulk . Since, Fe/GaAs
interfacial reactions have only been studied during annealing

at higher temperatures (30), one can only speculate about the
nature of the interfacial modifications occurring during the
250°C anneals . More work is necessary to elucidate this
issue .

V. Conclusio n

In conclusion, the importance of the Fe/Al .Ga1_,As
interface for spin injection into a semiconductor has been
demonstrated . The extent of interfacial reactions between Fe
and GaAs depends on the growth temperature and can also
be influenced by post-growth annealing. The formation of a
magnetic dead layer at intermediate growth temperatures
leads to a reduc ti on in the spin injection efficiency. However,
growth at higher substrate temperatures or post growth
annealing at 250°C produce a reacted interface structure that
is suitable for spin injection . The sign change of the ELP
signal for an Fe growth temperature of 175°C indicates the
band structure of the interfacial layer in contact with the
Al,,Ga1_,As is critical for spin injection .
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Energy, BES-DMS under Contract No . W-7405-Eng-36, the
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