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Spin-polarized light-emitting diodes (spin LEDs) are essential for the optical transfer of carrier-
spin information in spin-based electronic circuits. Efficient operation under high-bias conditions is
required for high-speed transfer of spin information and strong light emission. However, achieving
high-electroluminescence (EL) circular polarization is hampered by electric-field-induced spin relaxation
during drift transport in undoped GaAs barriers. Herein, we demonstrate the efficient room-temperature
operation of a spin LED using (In,Ga)As quantum dots (QDs) tunnel coupled with a 5-nm-thick Ga(N,As)
quantum well (QW). A high-EL circular polarization of approximately 7% is achieved, even under high-
bias conditions, in comparison with the lower value of approximately 3% for the conventional QD spin
LED without Ga(N,As). This is realized by an increase of spin polarization after injection into the QDs
by utilizing remote spin filtering of QD electrons via an adjacent tunnel-coupled Ga(N,As) QW. These
results demonstrate that the tunnel-coupled structure of (In,Ga)As QDs and Ga(N,As) QW is a promising
active layer of spin LEDs for achieving both strong EL emission and high-EL circular polarization at room
temperature.
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I. INTRODUCTION

To support an advanced information society, the elec-
tric power consumption required for enormous information
processing must be reduced. However, reducing the num-
ber of information carriers has the fundamental problem
of reducing the signal-to-noise ratio of signals. Therefore,
there has been increasing interest in developing an alter-
native paradigm for future information technologies [1].
The quantum states of photons and electrons can be used
to provide information to a very small number of photons
and electrons. These quantum states are the circular polar-
ization properties of light and the spin of electrons. The
photoelectric conversion of semiconductors can be directly
achieved according to the angular momentum conservation
law [2].

Spin-polarized light-emitting diodes (spin LEDs) based
on III-V semiconductors are known as spin-photon con-
version devices. Significant advances have been made
over the past two decades in understanding spin injec-
tion [3–12], spin relaxation [13–15], and spin transport
[16,17] in spin LEDs. III-V semiconductor quantum dots
(QDs) are the most promising candidates for optically
active layers because of their suppressed carrier-spin relax-
ation [18–20], in addition to the high efficiency of optical
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transitions [21,22]. Recently, a high degree of electrolumi-
nescence (EL) circular polarization of approximately 8%
was achieved at room temperature using (In,Ga)As QDs
capped with a p-doped GaAs barrier [17], which can sup-
press the D’yakonov-Perel’ (DP) spin relaxation that is
dominant at high temperatures [23]. However, the EL cir-
cular polarization significantly decreases to less than 3%
under high-bias conditions, owing to the enhancement of
electric-field-induced DP spin relaxation in the undoped
GaAs barriers [17]. To achieve both high-speed transfer
of electron-spin information and efficient spin-photon con-
version, a higher EL circular polarization under high-bias
conditions is desirable.

Here, we briefly introduce the basic principle of the
defect-engineered spin-filtering effect in dilute nitride,
Ga(N,As), which is the key function in this study. Under
electrical spin injection or circularly polarized optical exci-
tation, even a slight spin polarization of conduction-band
electrons can result in a dynamic spin polarization of the
electrons localized at the spin-filtering defects via a spin-
dependent recombination (SDR) process [24]. The SDR
process drives both conduction-band electrons and defect
electrons towards the majority-spin orientation. The result-
ing spin-polarized defects in Ga(N,As) can selectively cap-
ture conduction-band electrons with opposite spin direc-
tions (minority spins), owing to Pauli blocking, thereby
enhancing the spin polarization of conduction-band elec-
trons. Recently, a tunnel-coupled structure of QDs and
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Ga(N,As) demonstrated an extremely high electron-spin
polarization of 90% at room temperature [25]. This
achievement is accomplished by the combination of the
preferential injection of majority spins from Ga(N,As) to
QDs, and the back transfer of minority spins from QDs to
Ga(N,As). The higher quasi-Fermi level for majority spins
in Ga(N,As) drives this characteristic spin filtering [25]. In
this study, we fabricate spin LEDs using (In,Ga)As QDs
tunnel coupled with a Ga(N,As) quantum well (QW). The
bias dependence of EL circular polarization is primarily
studied at room temperature. A high-EL circular polariza-
tion of approximately 7% is achieved over a wide bias
range, including high-bias conditions, in comparison with
the lower value of approximately 3% for the QD spin LED
without Ga(N,As). We find that the spin polarization of QD
electrons, despite decreasing during their transit across an
undoped GaAs barrier, can be recovered after injection into
QDs via the spin-filtering effect of Ga(N,As).

II. EXPERIMENTAL DETAILS

Figure 1(a) shows a schematic of a QD spin LED.
The semiconductor part is grown by molecular beam
epitaxy, whereas the MgO tunneling barrier and fer-
romagnetic Fe electrode are grown by electron-beam
deposition. The semiconductor structure consists of p-
GaAs:Zn (100) substrate (p = 1 × 1019 cm−3)/300-nm p-
GaAs:Be (p = 1 × 1018 cm−3)/100-nm p-Al0.3Ga0.7As:Be
(p = 1 × 1018 cm−3)/active layer/50-nm undoped GaAs/
50-nm n-Al0.3Ga0.7As:Si (n = 2 × 1017 cm−3)/5-nm n-
GaAs:Si (n = 5 × 1018 cm−3). The active layer is com-
posed of three layers of (In,Ga)As QDs tunnel coupled
with a 5-nm-thick Ga(N,As) QW. The Ga(N,As) QW is
grown on a 30-nm-thick GaAs layer at 400 °C using a
radio-frequency (rf) plasma source for nitrogen. Subse-
quently, 3.8-monolayer- (ML) thick (In,Ga)As QDs are
grown at 480 °C after the growth of a 3-nm-thick GaAs
tunneling barrier and capped with 10-nm-thick undoped
GaAs. The nitrogen content of the Ga(N,As) QW is set to
0.9% by adjusting the growth conditions of the rf power
and N2 flow rate, leading to a resonant energy align-
ment between the ground state (GS) of the (In,Ga)As QD
and Ga(N,As) QW [see Fig. 1(b)]. The nitrogen content
is roughly determined by secondary-ion mass spectrom-
etry from three layers of 20-nm-thick Ga(N,As) grown
under the same conditions (Fig. S1 within the Supplemen-
tal Material [26]). An areal QD density of 3.2 × 1010 cm−2,
an average QD diameter of 22 nm, and a QD height of
4 nm are estimated by atomic force microscopy and trans-
mission electron microscopy of reference QDs (Figs. S2
and S3 within the Supplemental Material [26]). The growth
of the Fe/MgO spin injector was described previously
[17]. The LED device is fabricated using standard pho-
tolithography and etching techniques, and no noticeable

leakage current is detected. The contact area on the device
is 0.35 × 0.35 mm2.

Circularly polarized EL spectra are obtained by mount-
ing the spin LED device in a superconducting-magnet
cryostat with magnetic fields up to 5 T perpendicular to
the sample plane. The injection current is varied from 30
to 100 mA, which corresponds to an applied bias volt-
age of 2.3–3.1 V. The EL signals are detected using a
cooled (In,Ga)As detector with Faraday geometry. The
circular polarization degree (CPD) of EL tracks the sim-
plified hard-axis magnetization curve of Fe (not exper-
imental data) with a saturation field of 2.2 T [5], as
shown in Fig. 1(c). The magnetic-field-induced linear
background is subtracted from the measured CPD val-
ues, according to a previous study [17]. Furthermore, cir-
cularly polarized photoluminescence (PL) measurements
with bias voltage are performed under pulsed σ+-polarized
excitation. A wavelength-tunable pulsed laser with a rep-
etition rate of 80 MHz and pulse width of less than
120 fs is used as the excitation source. The excitation
power is varied from 1 to 20 mW. The excitation energy
is tuned to 1.46 eV for optically generating electron-
spin polarization in undoped GaAs barriers, where the
spin-polarization degree is expected to be 50%, accord-
ing to the optical-transition selection rule [2]. The CPD
of EL and PL are analyzed through a combination of a
quarter-wave plate and linear polarizer. CPD is defined
as (Iσ+ − Iσ−)/(Iσ+ + Iσ−), where Iσ± denotes the σ±-
polarized emission intensity. The CPD measured in QDs
reflects the electron-spin polarization in the QD emissive
states [17,25]. All the experiments are performed at 295 K.

III. RESULTS AND DISCUSSION

Figure 1(b) shows a three-dimensional calculation of
the band profiles for the tunnel-coupled structure of the
(In,Ga)As QD and 5-nm-thick Ga(N,As) QW with no
electric field. All calculations are performed using the sim-
ulator nextnano [27]. The In composition of the QD is set
to 0.62 to match the EL emission energy of approximately
1.06 eV, as described in Figs. 3(a) and 3(b). The nitrogen
content of the Ga(N,As) QW is set at 0.9%. The calculation
model assumes a 1-nm-thick wetting layer and one trun-
cated pyramidal QD with a base length of 22 nm and height
of 4 nm, considering the uniform In composition inside
the QD and the influence of strain on the local band struc-
ture. The electron GS of the Ga(N,As) QW is well aligned
with that of the (In,Ga)As QD, which leads to a coupled
wave function between the QD and Ga(N,As). In this situ-
ation, electrons can transfer between the QD and Ga(N,As)
via spin-conserving tunneling. This nanosystem enables
the amplification of electron-spin polarization in QDs via
the selective removal of minority spins from the QDs to a
Ga(N,As) spin filter [25], which is the key function in this
study.
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FIG. 1. (a) Schematic of QD spin LED. (b) Three-dimensional calculated band profiles of the tunnel-coupled structure of (In,Ga)As
QD and 5-nm-thick Ga(N,As) QW with the coupled electron wave function of the QD GS. (c) Magnetic field dependence of the EL
CPD of the QD GS with a bias voltage of 3.0 V at 295 K. Black dashed line indicates the simplified hard-axis magnetization curve of
Fe (not experimental data) with a saturation field of 2.2 T [5], which is roughly normalized to the maximum CPD.

Figure 2(a) shows a one-dimensional band structure of
the spin LED at different bias voltages calculated using the
simulator nextnano [27]. Note that the layer of (In,Ga)As
QDs is modeled by a 5-nm-thick (In,Ga)As QW. For semi-
conductor layers other than the QD layer, the nominal
thicknesses, compositions, and doping concentrations are
set for the simulation. As reported in a previous study
[17], the applied bias drops primarily on the semiconduc-
tor layers below 1.5 V and starts to drop on the MgO
layer above 1.5 V. However, the applied bias can modify
the conduction-band potential of the undoped GaAs bar-
rier, even above 1.5 V. Figures 2(b) and 2(c) show the
conduction-band profiles of the undoped GaAs barrier at
bias voltages from 2.4 to 3.2 V and the calculated elec-
tric field as a function of bias voltage, respectively. Herein,
the electric field in GaAs gradually increases with an
increase in the bias voltage. When the bias voltage exceeds
2.6 V, the electric field is estimated to be higher than
1 kV/cm. A previous time-resolved PL study revealed that
spin polarization in GaAs could be considerably degraded
above 1 kV/cm; this is due to DP spin relaxation because
of the increase in electron temperature [28]. Therefore,
under high-bias conditions, such as 3 V, electron-spin

polarization can be greatly reduced during transport in
undoped GaAs barriers.

Figures 3(a) and 3(b) show the circularly polarized QD
EL spectra and corresponding CPD measured at 2.5 V
(40 mA) and 3.0 V (90 mA), respectively, under a mag-
netic field of 5 T. For comparison, these data measured at
3.0 V (10 mA) for QD spin LED without Ga(N,As) are
also shown in Fig. 3(c). Here, the CPD data above 1.17 eV
are not shown due to the lack of sufficient EL intensity.
Small EL peaks around 1.22 eV are artifacts caused by
the liquid-crystal-display backlight. Although Ga(N,As)-
derived emission peaks are observed around 1.25 eV for
the PL measurements of reference samples with identical
QD-Ga(N,As) structures under high excitation power (Fig.
S4 within the Supplemental Material [26]), no emission
from the Ga(N,As) layer is observed in this EL mea-
surement. This is probably due to the difference in the
excited carrier density. Under the EL measurement condi-
tions in this study, conduction-band electrons in Ga(N,As)
can be captured in defect states or reinjected into the QDs
via wave-function coupling before radiative recombina-
tion with holes. For both spin LEDs with and without
Ga(N,As), EL peaks appear at approximately 1.06 eV and
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FIG. 2. (a) One-dimensional calculated band structure for spin LED with different bias voltages at 295 K. (b) Conduction-band
profiles of undoped GaAs barrier at different bias voltages from 2.4 to 3.2 V for spin LED. (c) Calculated electric field in undoped
GaAs barrier as a function of bias voltage.

correspond to light emission from the QD GS, as indi-
cated in Fig. 1(b). We observe no change in the peak
energy with bias voltage (Fig. S4 within the Supplemental
Material [26]), which indicates that there is no quantum-
confined Stark effect [29]. The higher-energy shoulder
above 1.10 eV can be attributed to light emission from the
QD excited states due to thermal redistribution of carri-
ers [8]. Here, the full width at half maximum of the QD
EL band shown in Figs. 3(a) and 3(b) can be estimated as
around 80 meV. The broad EL spectra are mainly attributed
to the variation in the QD size. The Ga(N,As) QW also has
a large energy broadening due to the variation in the nitro-
gen composition, which is reflected by the broad PL band
of the Ga(N,As) QW (Fig. S5 within the Supplemental
Material [26]). These facts mean that the density-of-state
broadening of electrons in both Ga(N,As) and QDs can
result in a wide energy spread for their resonant-energy
alignment [25]. Therefore, a large proportion of QDs can
have a resonant alignment with the Ga(N,As) spin filter.
This is confirmed by almost constant EL CPD with photon
energy.

Figure 3(d) shows the integrated QD EL intensity as a
function of injection current for the QD spin LED with and
without Ga(N,As). For the QD spin LED with Ga(N,As),
when the injection current (bias voltage) is increased from
40 mA (2.5 V) to 90 mA (3.0 V), the EL intensity becomes

approximately 5 times stronger. In general, for larger injec-
tion currents (bias voltages), the transfer time of electrons
in semiconductors can be reduced, owing to an increase in
the drift speed. This can suppress the possibility of electron
trapping by nonradiative defects during transport. There-
fore, the large increase in QD EL intensity with injection
current stems from the increase in the number of electrons
transported to the QDs because of high-speed electron
transfer under high electric fields. On the other hand, the
operating current for the QD spin LED with Ga(N,As)
is much higher than that for the QD spin LED without
Ga(N,As). The higher injection current for LED operation
(sufficient QD EL emission) is attributed to the tunnel cou-
pling of the QD emitter and Ga(N,As). Electrons injected
into the QDs are easily transferred to the Ga(N,As) layer
with deep-level defects through wave-function coupling
[see Fig. 1(b)], leading to the low electron density of
QDs during light emission. This electron transfer from the
QD emitter to the Ga(N,As) layer not only significantly
reduces the QD EL intensity, but also increases the oper-
ating current. The apparent external quantum efficiency
(EQE) ratio of QD spin LEDs with Ga(N,As) to that with-
out Ga(N,As) can be estimated as approximately 2%, as
deduced from a comparison of the integrated QD EL inten-
sity at 30 mA (Fig. S6 within the Supplemental Material
[26]). To improve the EQE, it is effective not only to reduce
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FIG. 3. Circularly polarized QD EL spectra and corresponding CPD measured with (a) 2.5 V (40 mA) and (b) 3.0 V (90 mA) for QD
spin LED with Ga(N,As), and (c) 3.0 V (10 mA) for QD spin LED without Ga(N,As) at 295 K under B = 5 T. (d) Integrated QD EL
intensity as a function of injection current at 295 K under B = 5 T for QD spin LED with and without Ga(N,As). Data are normalized
to the EL intensity at 40 mA (2.5 V) for QD spin LED with Ga(N,As). Inset shows the integrated QD EL intensity as a function of
bias voltage for QD spin LED with Ga(N,As). EL CPD of QD GS as a function of (e) bias voltage and (f) integrated QD EL intensity
for QD spin LED with and without Ga(N,As).

the Ga(N,As) QW thickness to increase the internal quan-
tum efficiency, but also to change the tunnel barrier from
MgO to GaOx to increase the electron-injection efficiency
[30].

The EL CPD of the QD GS as a function of the bias volt-
age is shown in Fig. 3(e) for the QD spin LED with and
without the Ga(N,As) QW. Here, the QD GS is defined as
the energy range of 1.05–1.07 eV. For the conventional QD
spin LED without Ga(N,As), the EL CPD decreases from
4.5% at 2.5 V to 3% at 3.0 V. The decrease in the EL CPD
with increasing bias voltage can be interpreted based on the
acceleration of electric-field-induced DP spin relaxation in
undoped GaAs barriers, as discussed in a previous study
[17]. In contrast, for the QD spin LED with Ga(N,As), a
higher EL CPD of approximately 7% is achieved over a
wide bias range from 2.5 to 3.1 V. It should be noted that
a high-EL CPD is maintained for a bias of 3 V, at which
an electric field higher than 2 kV/cm can be applied to
the undoped GaAs layer [see Fig. 2(c)]. This result has
significant implications for achieving both strong EL emis-
sion and high-EL circular polarization in QD spin LEDs.
As shown in Fig. 3(f), the EL CPD for the conventional
QD spin LED without Ga(N,As) decreases as the QD EL

intensity increases, whereas the EL CPD for the QD spin
LED with Ga(N,As) remains high at approximately 7%.

To elucidate the mechanism of the high-EL CPD under
high-bias conditions, we perform circularly polarized PL
measurements of the QD spin LED with Ga(N,As) under
a bias voltage with no magnetic field. Figure 4(a) shows
the PL CPD values of the QD GS as a function of bias
voltage under the excitation of an undoped GaAs barrier
with an excitation power of 6 mW. The EL components are
subtracted from measured data to extract the net PL com-
ponents. The PL CPD of 21% at 2.2 V slightly decreases to
20% at 2.6 V, and then largely decreases to 13% at 3.2 V.
The voltage at which the decrease in CPD accelerates
agrees well with that of the acceleration of the electric-
field-induced DP spin relaxation in undoped GaAs, as
deduced from the calculated electric field [see Fig. 2(c)].
Therefore, the larger decrease in PL CPD above 2.6 V orig-
inates from the promoted DP spin relaxation in undoped
GaAs. These results suggest that electron-spin polariza-
tion can be reduced before injection into the QDs under
high-bias conditions above 2.6 V.

Figure 4(b) depicts the PL CPD values of the QD GS as
a function of excitation power under a high-bias condition
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of 3.0 V. The PL CPD increases significantly from 6% at
1 mW to a maximum of 23% at 14 mW. For conventional
QDs, the PL CPD gradually decreases with increasing
excitation power, owing to the state-filling effect in QDs
[31–33]. The observed amplification of the electron-spin
polarization with excitation power is unique to Ga(N,As)
[34]. Here, note that in Fig. 4(a) the increase in only the
bias voltage cannot enhance the spin-amplification effect,
since the excited electron-spin density is constant in this
PL measurement. Figure 4(c) shows the circularly polar-
ized PL time profiles and the corresponding CPD of the
QD GS under pulsed σ+-polarized excitation of GaAs bar-
riers for a single layer of (In,Ga)As QDs tunnel coupled
with a 5-nm-thick Ga(N,As) QW grown under identical
conditions, without the application of bias voltage. A tem-
poral increase in CPD from the initial value of 25% to
a maximum of 60% is observed over the time window
from 0 to 100 ps. This CPD amplification is caused by a
σ+ PL decay time that is longer than the σ− PL decay
time. This result indicates efficient removal of minority
spins from the QD GS during light emission. Here, the PL
rise time can be estimated as approximately 30 ps, which

is similar to that of a single-layer sample of (In,Ga)As
QDs without Ga(N,As) (Fig. S7 within the Supplemental
Material [26]). This result means that the PL rise mainly
reflects carrier injection from the GaAs barrier into the
QDs. Therefore, the initial CPD of 25% corresponds to
the polarization of electron spins directly injected from the
GaAs barrier into the QDs. On the other hand, the tem-
poral CPD increase is much slower than the PL rise. The
slow CPD amplification should reflect the reinjection of
highly polarized electron spins from the Ga(N,As) spin fil-
ter to QDs, including a tunneling process. Therefore, we
expect that the CPD increase during light emission can be
attributed to both efficient removal of minority spins and
reinjection of majority spins [25]. The details of a series of
processes are discussed below.

Based on the results described above, we discuss the
mechanism of high-EL CPD under high-bias conditions.
First, highly polarized electron spins are tunnel injected
from the Fe electrode into the semiconductor layers. Sub-
sequently, the spin polarization of electrons can be sig-
nificantly reduced in the undoped GaAs barrier because
of the electric-field-induced DP spin relaxation. Next,
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electrons with reduced spin polarization are injected into
the QDs. However, spin polarization of the QDs can be
amplified after injection into the QDs because of the
remote spin filtering of QD electrons via an adjacent
tunnel-coupled Ga(N,As) QW. As described above, under
high-bias conditions (approximately 3.0 V), a number of
electron spins are easily transported to the QDs, owing to
high-speed electron transfer. In this situation, the injected
electron spins are transferred from QDs to Ga(N,As) via
strong wave-function coupling [see Fig. 1(b)] and subse-
quently captured by spin-filtering defects due to thermally
accelerated carrier capture [25]. The electron spins trans-
ferred to the Ga(N,As) QW are slightly polarized, thus
generating spin-polarized defect states. Because such spin-
polarized defects capture only conduction-band electrons
with the opposite spin direction due to Pauli blocking,
the minority spins can be selectively transferred from
QDs to Ga(N,As), and the majority spins can be rein-
jected from Ga(N,As) into QDs, as illustrated in Fig. 4(d).
The spin amplification of the Ga(N,As) can be enhanced
by increasing the excited electron-spin density, as shown
in Fig. 4(b). Based on these results, we can conclude
that the injection current (injected electron-spin density)
increases as the bias voltage is increased in the EL mea-
surements, which enhances the spin-amplification effect of
the Ga(N,As) QW. In contrast, a high-bias voltage can
simultaneously promote DP spin relaxation in the undoped
GaAs layer, thereby leading to reduced spin polarization
of the injected electrons. We anticipate that the trade-off
relationship between spin amplification of Ga(N,As) and
electric-field-induced DP spin relaxation in the undoped
GaAs can result in an almost constant EL CPD of approx-
imately 7% over a wide bias range of 2.5–3.1 V [see
Fig. 3(e)].

Finally, we discuss the Ga(N,As) QW position and
GaAs tunneling-barrier thickness between the QD and
Ga(N,As) QW. Although the Ga(N,As) QW is placed
below the QD layer in this study, it is possible to put the
Ga(N,As) QW above the QD layer. In that case, the QDs
are expected to be tunnel coupled with the Ga(N,As) QW
through the GaAs capping barrier. Such a QD-Ga(N,As)
coupled structure is undesirable from the point of homo-
geneous tunnel coupling. In general, since the heights of
the embedded QDs vary, the separation distance between
the QD and Ga(N,As) QW is different among QDs. This
leads to inhomogeneous wave-function coupling between
the QD and Ga(N,As) QW. On the other hand, when the
Ga(N,As) QW is placed below the QD layer, as in this
study, the separation distance is the same for all QDs and
the tunnel coupling strength can be varied by changing
the GaAs barrier thickness between the QD and Ga(N,As)
QW. When the GaAs tunneling-barrier thickness increases,
wave-function coupling between the QD and Ga(N,As)
QW becomes weaker. In this case, the contribution of the
Ga(N,As) spin-filtering layer to spin polarization of the

QDs also becomes lower. A previous study found that the
optimal value of the GaAs tunneling-barrier thickness for
achieving higher spin polarization of QDs was within the
range of 3–5 nm [25].

IV. CONCLUSION

The bias dependence of EL circular polarization for a
spin LED using a tunnel-coupled structure of (In,Ga)As
QDs and Ga(N,As) QW is studied at room temperature.
A high-EL circular polarization of approximately 7% is
achieved, even under high-bias conditions, despite the
high electric field (greater than 2 kV/cm) that this bias
induces in the undoped GaAs barriers; in contrast, a lower
EL circular polarization of approximately 3% is obtained
for the QD spin LED without Ga(N,As). The EL CPD
value of approximately 7% corresponds to approximately
18% of the electron-spin polarization of the ferromagnetic
Fe electrode. Although the high-bias conditions promote
electric-field-induced DP spin relaxation in the undoped
GaAs barrier, thereby leading to a decrease in the spin
polarization of electrons injected into the QDs, the increase
in bias voltage also activates remote spin filtering of QD
electrons via an adjacent tunnel-coupled Ga(N,As) QW.
Consequently, spin polarization of the QD electrons can be
significantly recovered after injection into the QDs. These
findings indicate that the active layer, consisting of the
QD emissive layer and Ga(N,As) spin filter, is a promis-
ing candidate for achieving both strong EL emission and
high-EL circular polarization of spin LEDs under high-bias
conditions.
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