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The electroluminescence �EL� spectra from Fe/AlGaAs�n� /GaAs/AlGaAs�p� spin LEDs contain an e1h1

excitonic feature; in addition, they exhibit new features not present in the photoluminescence �PL� spectra, that
are “satellites” or “replicas” of the exciton. These satellites are red shifted with respect to e1h1 by energies that
are approximately equal to those of zone edge phonons in GaAs. The intensity of the replicas depends strongly
on bias voltage. In the presence of a magnetic field the satellites become circularly polarized as �+ but their
polarization is always lower than that of e1h1. The satellites are interpreted as due to recombination processes
that involve zone edge electrons that tunnel into the GaAs quantum well. These processes occur simultaneously
with the emission of zone-edge phonons. Our interpretation is supported by a numerical simulation of the
properties of electrons tunneling through an Fe/GaAs�n� Schottky barrier.
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INTRODUCTION

During the last few years the spin light emitting diode1

�spin LED� has emerged as a practical tool for the determi-
nation of spin injection efficiencies from spin polarizing
semiconductor2–4 and metal contacts.5–9 Particular emphasis
has been placed on Fe-based LEDs because Fe is a ferromag-
net with a high Curie temperature, and thus a promising can-
didate for room temperature device applications.7,10 The
band edge electroluminescence �EL� spectra from
Fe/AlGaAs�n� /GaAs/AlGaAs�p� /GaAs�p� light emitting
diodes �LEDs� consist of features associated with recombi-
nation processes that occur �a� in the quantum well �QW�
and �b� in the GaAs buffer layer. The former involve elec-
trons injected by the Fe contact that are captured by the
GaAs quantum well; the latter involve injected electrons that
travel past the QW and recombine in the GaAs�p� buffer
layer. The circular polarization Pcirc of the excitonic e1h1
feature is used to determine the spin polarization of the elec-
trons in the QW. In addition to the e1h1 exciton, the EL
contains new features below e1h1, not present in the photo-
luminescence �PL� spectra. The new features appear at fixed
energy shifts from e1h1; thus we will refer to them as “sat-
ellites” or “replicas” of the excitonic transition. Based on a
numerical simulation of the properties of electrons tunneling
through an Fe/GaAs�n� Schottky barrier we propose a model
which explains the presence of the satellites as well as their
characteristics.

EXPERIMENTAL

In this paper we discuss results from three spin-LEDs
labeled as sample 1, 2, and 3. The samples were grown

by molecular-beam epitaxy �MBE� using interconnected
growth chambers on p-type GaAs substrates. Samples
1 and 2 were grown on �100� oriented substrates, while
sample 3 was grown on a �110� substrate. The structures’
layer sequence is as follows. 5000 Å p-GaAs buffer/250Å
p-Al0.3Ga0.7As �p=1018 cm−3� /250 Å undoped Al0.3Ga0.7As
spacer/undoped GaAs quantum well of width Lw /100 Å
undoped Al0.1Ga0.9As spacer/450 Å n-Al0.1Ga0.9As �n
=1017 cm−3� /150 Å n-Al0.1Ga0.9As transition layer/150 Å
n-Al0.1Ga0.9As �n=1019 cm−3� /125 Å Fe contact.

The well widths Lw are 125 Å for sample 1, 85 Å for
sample 2, and 135 Å for sample 3. The samples were pro-
cessed into surface emitting LEDs using conventional pho-
tolithography and chemical etching techniques. The Faraday
geometry was employed for the magneto-optical studies. The
diodes were placed in a variable temperature optical magnet
cryostat. The emitted light was dispersed by a single mono-
chromator equipped with a multichannel charge coupled de-
vice �CCD� detector. The EL spectra were analyzed as �+
�LCP� and �− �RCP� using a combination of quarter wave
plate and linear polarizer placed before the spectrometer en-
trance slit. The degree of circular polarization of a particular
spectral feature is defined as Pcirc= �I+− I−� / �I++ I−�, where
I+ �I−� is the intensity of the �+ ��−� feature component.

RESULTS

The zero-field band edge EL spectrum from sample 1
�well width Lw=125 Å� recorded at T=6 K is shown in Fig.
1. The spectrum is a convolution of several peaks that cor-
respond to different recombination channels. Deconvolution
of the EL reveals the following features: X �at 12 414 cm−1�,
a �at 12 330 cm−1�, XB �at 12 222 cm−1�, CB→A �at
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12 040 cm−1�. Feature X is associated with the quantum well
e1h1 exciton. The feature labeled “XB” is identified
as the bulk exciton from the GaAs buffer. The strong feature
labeled “CB→A” is attributed to the conduction
band→acceptor transition from the GaAs�p� buffer. The
identification of the latter is made on the basis of its
energy11,12 and the fact that its position does not change in
LEDs which incorporate quantum wells with different well
widths.

Feature a is identified as an exciton satellite because it
always has approximately the same energy shift with respect
to the exciton in all �100� samples. In Fig. 1 we also include
a line fitting of features X and a that yields an energy differ-
ence of 84 cm−1. Feature a is present in all Fe LEDs and its
relative intensity with respect to e1h1 varies greatly with bias
voltage. For sample 1 this is illustrated in Fig. 2 where the
e1h1 exciton �feature X� and its satellite �feature a� are shown
for the current �voltage� range 2–20 mA �2.03–2.91 V�. For
low bias voltages feature a is clearly dominant over feature
X. As the bias voltage is increased, feature a loses intensity
while feature X becomes stronger. Similar behavior is ob-
served in all samples. The circular polarization Pcirc of fea-
tures X and a from sample 1 is plotted as function of mag-
netic field B in Fig. 3. The polarization increases rapidly with
B between B=0 and 2.5 T. At this magnetic field the out-of-
plane magnetization of the Fe contact saturates and the re-
maining small slope of the Pcirc versus B plot is due to the
heavy hole magnetic field splitting.5,13 The behavior shown
in Fig. 3 is consistent for all samples, i.e., the satellites al-
ways have a lower polarization than the e1h1 exciton.

In sample 2 �well width Lw=85 Å� in which the e1h1 ex-
citon occurs at a higher energy �12 560 cm−1�, and therefore
is well removed from the strong bulk �CB→A� feature, we
have been able to resolve additional satellites. The zero mag-
netic field EL spectrum of sample 2 at T=6 K is shown in
Fig. 4. The excitonic feature has three satellites labeled as

“a,” “b,” and “c” at 12 474 cm−1 �shift from e1h1: 86 cm−1�,
12 372 cm−1 �shift from e1h1: 187 cm−1�, and 12 278 cm−1

�shift from e1h1: 282 cm−1�. In addition the spectrum con-
tains four features associated with recombination in the bulk
GaAs buffer �the exciton XB, the CB→A transition, and their
LO replicas�. The energy shifts of satellites a, b, and c for
sample 2 are suggestively close to the energies of the zone
edge TA, LA, and LO phonons along the �100� direction in
GaAs.14,15 Similar exciton satellites associated with zone
edge TA, LA, and LO AlAs phonons have been observed in
type-II GaAs/AlAs quantum wells.16 In this case the lower
energy X�AlAs�→h1�GaAs� interband excitonic transition is
forbidden by the crystal momentum conservation rule. Thus
the recombination occurs simultaneously with the emission
of TA, LA, and LO AlAs phonons.

FIG. 1. �Color online� Zero field EL spectrum from sample 1 at
T=6 K �gray solid line�. The various spectral components have
been line fitted as follows. �I� Quantum well features: X �long-
dashed line�; a �coarse dotted line�. �II� Bulk related features: XB

�dashed-dotted line�; CB→A �dashed-double dotted line�; XB-LO
�short-dashed line�; �CB→A�-LO �thin solid black line�.

FIG. 2. �Color online� Zero field EL spectra at T=6 K from
sample 1 in the vicinity of the quantum well exciton �features X and
a� for different bias voltages: 2.03 V �heavy solid line�, 2.26 V
�fine dotted line�, 2.45 V �dashed-dotted line�, 2.61 V �long-dashed
line�, 2.71 V �dashed double dotted line�, 2.81 V �light solid line�,
and 2.91 V �short dashed line�.

FIG. 3. �Color online� Circular polarization Pcirc from sample 1
plotted as function of magnetic field B for feature X �open circles�
and feature a �solid squares�; T=6 K.
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In order to verify that the connection of the EL satellites
with the phonons is not a coincidence we have also investi-
gated sample 3 which is grown on a �110� substrate. Waugh
and Dolling reported two additional phonon modes propagat-
ing along the �110� direction.15 These modes were labeled as
“IA” and “IIA,” respectively. Mode IA has a maximum fre-
quency of 111 cm−1 close to the �110� zone edge at point K
in the Brillouin zone; it also exhibits a maximum in the
density of states at this energy. The zero field EL spectrum of
sample 3 at T=6 K is given in Fig. 5. The e1h1 exciton
�feature X� occurs at 12 390 cm−1 and its satellite �feature a��
at 12 285 cm−1, i.e., it exhibits an energy shift of 105 cm−1

rather than the 86 cm−1 shift observed in sample 2. We thus

identify satellite a� in sample 3 as being associated with
phonon mode IA. This differentiates the �110� from the �100�
spin LEDs and provides convincing evidence about the con-
nection of the EL exciton satellites with the phonons.

DISCUSSION

In the following discussion we present a mechanism that
can explain the appearance and properties of the satellites in
the EL spectra. The energy shifts of the satellites suggest that
they are associated with electron-hole recombination pro-
cesses accompanied by the simultaneous emission of a pho-
non close to the zone edge. Using crystal momentum conser-
vation we conclude that the electrons involved with the
satellite features have a high k vector. The proposed model is
summarized in Fig. 6 in which we show a schematic diagram
of the conduction and valence band edges in an
Fe/AlGaAs�n� /GaAs/AlGaAs�p� diode at low bias volt-
ages. The strong bending of the bands in the vicinity of the
GaAs QW is generated by the junction electric field. The
band bending at the Fe/AlGaAs�n� interface is due to the
Scottky barrier potential. The horizontal line labeled “X /L
represents the X and L valleys. Electrons injected from the
Fe contact are promoted into these valleys by the strong
electric field of the Schottky barrier at the Fe/AlGaAs�n�
interface, as will be discussed in more detail in the next
section. The satellites are attributed to the following pro-
cesses: Electrons populating the upper valleys in the
AlGaAs�n� layer tunnel through the narrow triangular barrier
to the left of the QW �at the AlGaAs�n� /GaAs interface� into
the e1 conduction confinement subband of the well.17,18 Re-
combination can occur only if a zone edge phonon is simul-
taneously emitted in order to satisfy the conservation of crys-
tal momentum. The energy of the emitted photons in these
processes is equal to the energy e1h1 of the zero-phonon
ground state exciton less the energy of the emitted phonon.
Under flat band conditions �high bias voltage� the EL spectra
are dominated by the zero-phonon e1h1 excitonic feature.
The recombination process in this case involves electrons
with k vector approximately equal to zero that reach the
quantum well via the diffusive mechanism. Recombination
associated with the near zero k-vector electrons does not re-
quire the emission of a phonon.

NUMERICAL SIMULATION

In this section we describe a numerical simulation of spin
polarized electron injection through a �100� Fe/GaAs�n�

FIG. 4. �Color online� Zero field EL spectrum from sample 2 at
T=6 K �gray solid line�. The various spectral components have
been line fitted as follows. �I� Quantum well features: X �long-
dashed line�, a �coarse dotted line�, b �fine-dotted-dashed line�, c
�thick solid line�. �II� Bulk related features: XB �dashed-dotted line�,
CB→A �dashed-double dotted line�, XB-LO �short-dashed line�,
�CB→A�-LO �thin solid black line�.

FIG. 5. �Color online� Zero field EL spectrum from sample 3 at
T=6 K �gray solid line�. The various spectral components have
been line fitted as follows. �I� Quantum well features: X �long-
dashed line�, a� �coarse dotted line�. �II� Bulk related features: XB

�dashed-dotted line�; XB-LO �short-dashed line�.

FIG. 6. �Color online� Schematic band diagram of the
conduction and valence band edges for the
Fe/AlGaAs�n� /GaAs/AlGaAs�p� spin diodes used in this study un-
der low bias conditions.
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Schottky barrier. The objective is to characterize electron
transport properties and spin dynamics in a metal/
semiconductor structure near the Schottky barrier. The simu-
lations have been carried out on an Fe/GaAs rather than an
Fe/AlGaAs system because the material parameters required
for the calculation in GaAs are readily available in the litera-
ture.

The numerical approach applied is an ensemble Monte
Carlo scheme which has been modified to account for elec-
tron transport within three ��, X, and L� nonequivalent val-
leys in GaAs and also for the Fermi-Dirac distribution in the
metal contact. In our model electrons traverse the Schottky
barrier by tunneling.19,20 It is assumed that the potential bar-
rier is one-dimensional, i.e., it does not affect electron mo-
mentum components in the barrier plane, and that tunneling
occurs instantaneously. We assume that only spin majority
electrons can tunnel through the Schottky barrier. This as-
sumption is close to the results of first principles
calculations.21,22 In the semiconductor part of the structure,
transport within the three ��, X, and L� nonequivalent valleys
is considered. After injection the electron motion is con-
trolled by the electric field and scattering. The potential pro-
file is calculated self-consistently at each time step of the
simulation based on an electron distribution with boundary
conditions specified by the applied voltage. Within the Fermi
Golden Rule we take into account �a� intravalley scattering
�by considering electron interactions with impurities, acous-
tic phonons, and optical polar phonons� and �b� intervalley
scattering �by considering electron interactions with optical
nonpolar phonons�.23 All the electrons are initially injected
into the � valley and are then redistributed among the three
valleys ��, X, and L� under the action of the Schottky barrier
electric field and optical phonon scattering. The initial popu-
lation of the � valleys is justified by the fact that the poten-
tial barrier is narrower for the � valley than it is for the X and
L valleys. Thus we expect electrons to tunnel efficiently from
the metal contact to the � valley. The simulated structure has
the following characteristics: 3000 Å drain part doped at
n+=2.5�1018 cm−3/6700 Å channel with donor con-
centration n=2.5�1016 cm−3/150 Å transition layer/150 Å
of highly doped GaAs �n+=2.5�1018 cm−3�/ferromagnetic
metal contact. In the model the doping profile near the
Schottky barrier is similar to that of the LEDs studied; the
absolute doping levels used in the simulation are lower due
to the smaller bandgap of GaAs. The simulated structure
does not include a quantum well even though experimentally
the recombination takes place in such a well. This omission
appreciably simplifies the model and reduces the number of
model parameters. Though tunneling between 3D barriers
and a quasi-2D QW has been studied thoroughly,17,18,24,25

only recently has the issue of spin filtering in nonmagnetic
resonant tunneling structures been addressed.26,27 In our
model we make the additional simplifying assumption that
no spin filtering occurs during electron tunneling into the
quantum well. The expectation is that the calculation quali-
tatively describes the properties of electrons in the spin
LEDs under study in the region between the Schottky barrier
and the GaAs quantum well.

The concentration of the injected electrons in the �,

X, and L valleys calculated for a bias voltage V=2 V as a
function of distance z from the metal/semiconductor inter-
face is shown in Fig. 7. At low temperatures electrons are
injected by tunneling in a narrow energy range near the metal
Fermi level.28 The calculation shows that injected electrons
are redistributed among the valleys very rapidly. Within a
distance range of 30–300 nm the electron population in the
upper valleys �X and L� is higher than that in the � valley. A
similar pattern of electron distribution is obtained for differ-
ent values of applied bias voltages within the 1.5–2.5 V
range. This is consistent with previous studies of high field
electron transport in GaAs.29

From the results shown in Fig. 7 it is clear that the ma-
jority of the injected electrons in the vicinity of the GaAs
quantum well populate the X and L valleys. Even though the
calculation indicates that the L valleys are populated there is
no convincing evidence in the EL spectra of a satellite with
an energy shift of 62 cm−1 �i.e., the energy of the L valley
TA phonon�. It is possible that there are two components
contained in feature “a” that are not resolved due to the
width of the satellites and the proximity of the zone edge TA
phonons at the X and L points of the Brillouin zone.

To evaluate spin dynamics of the injected electrons in our
system we take into account the spin-orbit interaction.30 The
latter produces precessional spin dephasing in an ensemble
of spin-polarized electrons.31 During the transport the elec-
tron spin precesses about a momentum-dependent axis. Elec-
tron momentum scattering randomizes the axis orientation
and leads to spin dephasing. Near the bottom of the �, X, and
L valleys the spin-orbit interaction Hamiltonian can be writ-

ten as HSO=�� �k�� ·�� .32 Here �� is the Pauli spin operator, k� is
the electron wave vector, and ��k3 for the � valley and
��k for the upper �X and L� valleys. Within a given valley,
the spin-orbit coupling coefficients are assumed energy inde-
pendent and are taken from theoretical calculations.33,34

FIG. 7. �Color online� Results of the numerical simulation dis-
cussed in the text showing the electron concentration in the �, X,
and L valleys plotted versus the distance z from the metal/
semiconductor interface. The �, X, and L valleys are indicated by
solid, dotted, and dashed lines, respectively.
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Electron spin dynamics is characterized by two parameters:35

�a� electron spin polarization P� �z�= �s�i�z and �b� current spin
polarization �� �z�= �vzis�i�z / �vzi�z. Here s�i is the spin polariza-
tion of the ith electron, vzi is the electron velocity component
along the transport direction �z axis�; averaging �¯�z is taken
over all electrons within a small element of thickness dz
centered at z.

In Figs. 8�a� and 8�b� we plot the magnitude of the elec-
tron spin polarization and current spin polarization calculated
at T=6 K as function of distance z at a bias voltage
V=2 V. Initially, injected electrons are assumed to be 100%
polarized along the z axis. Electron polarization and current
spin polarization are calculated for electrons traversing the
barrier in regions where electron concentration is high
enough to obtain good statistics. Therefore, the polarization
curves in Fig. 8 begin at some distance from the metal/
semiconductor interface. From the two plots it can be seen
that electron spin polarization and current polarization decay
within a distance �100 nm from the Fe/GaAs interface. In
the upper valleys spin dephasing is more pronounced be-
cause of stronger spin-orbit coupling.34 This trend is ob-
served for applied voltages within the 1.5–2.5 V range. We
have also considered electron spin precession in an external

magnetic field up to 2 T, but have found this effect to be
small. Qualitatively our simulation model confirms the
smaller circular polarization of the phonon satellites with
some overestimation of spin scattering rates. The latter can
be due to the assumption that spin-orbit coupling is indepen-
dent of the electron energy within a given valley. The re-
duced polarization of the satellites can be qualitatively de-
scribed by stronger spin scattering in the upper valleys.
Three other mechanisms can also result in a lower circular
polarization Pcirc for the phonon satellites: �a� energy-
dependent spin filtering at the Schottky barrier,21 �b� spin
filtering during the tunneling from the three-dimensional
AlGaAs�n� barrier into the quasi two-dimensional quantum
well,26 and �c� electron spin flip during phonon emission.
None of these mechanisms have been considered in this
simple model.

In a recent study of spin transport in lateral ferromagnet/
semiconductor structures spin decay lengths up to 50 �m
have been observed.36 The dramatic difference in the spin
decay lengths between the work of Crooker et al. and this
study is attributed to the corresponding differences in device
geometry. In the lateral geometry of Ref. 36 the electrons
move away from the strong electric field region of the source
Schottky barrier. In contrast, in our work the electrons al-
ways move under the Schottky barrier and thus experience a
strong electric field. Finally, we would like to point out that
the phonon satellites are present in the EL spectra of refer-
ence samples in which the magnetic Fe contact has been
replaced by a nonmagnetic metal, indicating that phonon-
assisted recombination does not depend on the contact mate-
rial.

CONCLUSIONS

The excitonic �e1h1� feature in the EL spectra from Fe-
based GaAs/AlGaAs spin LEDs is accompanied by one or
more satellites which are red shifted with respect to e1h1. The
satellites dominate the spectra at low bias voltages but de-
crease in intensity as the bias voltage is increased. In the
presence of a magnetic field the circular polarization Pcirc of
the satellites is consistently lower than that of e1h1. The ap-
pearance of the satellites is attributed to recombination pro-
cesses associated with near zone edge electrons that tunnel
into the GaAs quantum well. The recombination is accompa-
nied by the emission of near zone edge phonons in order to
satisfy crystal momentum conservation. This model is sup-
ported by the results of a numerical simulation of spin polar-
ized electron injection through an Fe/GaAs�n� Schottky bar-
rier.

The presence of the satellites in the EL spectra is interest-
ing from two points of view. The first is practical and is
connected with the accurate determination of the spin injec-
tion efficiency in these devices.37 At low bias voltages the
phonon satellites dominate the EL spectra and can be easily
misidentified as the zero-phonon e1h1 transition. Such an er-
ror would result in underestimating the spin injection effi-
ciency of the device under study. The second reason is that in
Fe spin LEDs we can distinguish unambiguously two types
of electrons that contribute to the overall current. �a� Elec-

FIG. 8. �Color online� Results of the numerical simulation dis-
cussed in the text showing �a� magnitude of the electron spin po-
larization and �b� magnitude of the current spin polarization plotted
versus the distance z from the metal/semiconductor interface for the
� �solid line�, X �dotted line�, and L �dashed line� valleys.
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trons with near zero k vector associated with the zero-phonon
e1h1 transition. �b� Electrons with the k vector close to the
zone edge, associated with the phonon satellites. The two
recombination channels have photon energies that can be
easily resolved. Effectively in these devices a second quan-
tum number �the electron k vector� has been added to the
spin quantum number of the electron and could potentially
be utilized for practical applications.
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