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An understanding of the spin-transport properties in semiconductor barriers is essential to improve the
performance of spin-polarized light-emitting diodes (spin LEDs) for future optospintronics integration in
information processing. Here, we report on the temperature and bias-voltage dependence of spin-transport
properties in an IngsGagsAs quantum dot (QD) spin LED using a combination of spin-dependent elec-
troluminescence (EL) and time-resolved photoluminescence. The QD EL spin polarization increases with
an increase in temperature above 125 K; this is attributed to the improved conversion efficiency from spin
polarization of electrons to circular polarization of photons of the QDs. We find that both the electric
field and temperature can enhance spin relaxation in the undoped GaAs barrier above 200 K. At 298 K,
the QD EL spin polarization decreases beyond 2.5 V; this is attributed to the enhanced D’yakonov Perel’
spin relaxation in the undoped GaAs barrier caused by the increase in electron temperature. This study
provides valuable insights into the spin-relaxation mechanism in the semiconductor barrier during the

room-temperature operation of the QD spin LED.
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I. INTRODUCTION

In recent years, optospintronics has attracted consider-
able research attention because of its potential applications
in information technology and in an understanding of the
fundamental physics of electron spins in condensed matter
[1]. The optical transfer of spin information of carriers in
solid-state circuits is important for optical interconnections
in future optospintronics integrations in information pro-
cessing. Spin-polarized light-emitting diodes (spin LEDs)
and laser diodes that can directly convert electron spins
into circularly polarized light have been extensively stud-
ied by employing III-V semiconductor quantum wells
(QWs) [2—14] and quantum dots (QDs) [15-21] as active
layers. QDs are the most promising material in the active
layer because of their significant suppression of carrier-
spin relaxation and temperature-independent luminescence
properties that originate from the strong three-dimensional
quantum confinement [22-26]. For a spin LED, circularly
polarized light, reflecting the spin polarization of carri-
ers injected from spin injectors, is emitted based on the
optical-transition selection rule in semiconductor active
layers [27]. Dominant depolarization for spin-polarized
carriers can occur in transport barriers between the spin
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injector and the emissive layers. A large decrease in spin
polarization from 31% at the MnAs spin injector to 6%
at the InAs QDs has been reported at 200 K [18]. At
high temperatures, spin relaxation in transport barriers is
accelerated because of the well-known D’yakonov—Perel’
(DP) mechanism [28]. A decrease in electroluminescence
(EL) spin polarization with an increasing bias voltage is
observed over a wide temperature range of 10300 K
[6,9,21]. Thus, a thorough understanding of the effect of
temperature and bias voltage on the spin-transport prop-
erties in spin LEDs is required to achieve a better perfor-
mance to ensure stable operations at room temperature.

Here, we investigate the temperature and bias-voltage
dependence of the spin-transport properties in QD spin
LEDs via a combination of circularly polarized EL and
time-resolved photoluminescence (TRPL). Although the
systematic temperature and bias-voltage dependence of
the EL spin polarization for the QD spin LED has been
studied recently [21], the previous study was conducted
only at low temperatures below 110 K. This study focuses
on EL spin-polarization properties at temperatures above
125 K and provides a comprehensive understanding of the
effect of temperature and bias voltage on the spin-transport
properties in the spin LED that have not been adequately
explored. We find that the spin relaxation in the undoped
GaAs barrier mainly influences the EL spin-polarization
properties at room temperature.
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II. EXPERIMENTAL DETAILS

Figure 1(a) shows a schematic of the QD spin LED.
The multilayered structure is grown by molecular beam
epitaxy for the semiconductor, while the tunnel barrier
and the ferromagnetic electrode are grown by electron-
beam (EB) evaporation. The p-i-n LED device has the
following sequence: p-GaAs :Zn (100) substrate (p =
1 x 10" ecm™3)/p-GaAs : Be(p =1 x 10'® cm~3, 350 nm)/
p-Aly15GaggsAs : Be(p =1 x 10'® em™3, 50 nm)/undoped
GaAs(40 nm)/active layer/n-Aly;GageAs: Si (n=2x
107 em™3,50nm) /n-GaAs: Si(n =2x10"7 cm™3, 5 nm).
The active layer comprises three layers of 7.5-monolayer-
(ML) thick IngsGagsAs QDs, with an areal density of
1.6 x 10" cm~2, and an average diameter of 27 nm [see
Fig. 1(b)]. Each QD layer is capped with a 10-nm-thick
p-doped GaAs barrier (p =6 x 10'7 cm™>) and another
30-nm-thick undoped GaAs barrier. After growth of the
semiconductor part, the sample is transferred to the EB
chamber without air exposure to grow a 3-nm-thick MgO
tunnel barrier at 573 K. Then, the sample is transferred

Au (50 nm)
+~Ti (10 nm)
(@) / // Au (3 nm)
1 Fe (10 nm)
MgO (3 nm)
v _L —— i-GaAs barrier

_ p-doped (In,Ga)As QD} x3

/-GaAs/
p'A'0.15Gao_35As/p-GaAs

p-GaAs (1 00) Substrate

in air to another EB chamber to grow a 10-nm-thick Fe
electrode after cleaning the MgO surface by annealing
at 573 K for 30 min under an oxygen atmosphere of
7 x 1073 Pa. Finally, standard photolithography and etch-
ing are performed to fabricate a conventional LED device;
no noticeable leakage currents are detected. The size of the
contact area on the device is 0.35 x 0.35 mm?.

Circularly polarized EL and PL are measured at
125298 K by mounting the spin LED device in a super-
conducting magnet cryostat with a maximum magnetic
field of 5 T normal to the sample plane. An injec-
tion current is changed from 1 to 10 mA. The EL
and PL signals are detected using an (In, Ga)As detec-
tor (Andor, iDus 1.7 um) in the Faraday geometry. The
polarization-resolved TRPL is measured using a streak
camera (Hamamatsu Photonics, C10910-02) combined
with a spectrometer (Hamamatsu Photonics, C11119-
04) under o*-polarized excitation over the same tem-
perature range. A mode-locked Ti:sapphire pulsed laser
with a repetition rate of 80 MHz and a pulse width of
less than 100 fs is used as the excitation source. The

FIG. 1. (a) Schematic of QD spin
LED. (b) Atomic force microscopy
image of IngsGapsAs QDs grown
under the same conditions as those in
this study. (¢) One-dimensional calcu-
lation of band structure for spin LED
at various bias voltages at 298 K. Cir-
cularly polarized QD EL spectra and
corresponding CPD measured at (d)
125 K, (e) 200 K, and (f) 298 K with
4mAatB=5T
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excitation energy is tuned to 1.55 eV to generate spin-
polarized carriers in the undoped GaAs barriers. Here,
the polarization of electron spins generated in the bar-
riers is expected to be 50%, according to the optical-
transition selection rule [27]. The circular polarization
degree (CPD) of EL and PL is analyzed through the
combination of a quarter-wave plate with a linear polar-
izer defineda CPD = (I, — I,_)/(Is+ + I,_), where I, 1
denotes the circularly polarized EL and PL intensities.
The CPD measured in QDs directly reflects the electron-
spin polarization at QD emissive states because hole spins
are rapidly depolarized in a barrier before injection into
QDs [29,30].

I11. RESULTS AND DISCUSSION

Figure 1(c) shows the calculated band structure at var-
ious bias voltages for the spin LED at 298 K using
NEXTNANO software [31]. For simplification of calcu-
lations, the layer of Ings;GagsAs QD is modeled by a
5-nm-thick IngsGagsAs quantum well. For layers other
than the QD layer, the nominal thicknesses, material com-
positions, and doping concentrations are used as param-
eters in the simulation. Below 1.5 V, the applied bias
mainly drops on the semiconductor part, and then holes
are accumulated at the interface between MgO and semi-
conductor. Above 1.5 V, the applied bias starts to drop
on the MgO layer, which results in band bending in the
MgO barrier. It should be noted that the band structure
of the (In, Ga)As layer is almost unchanged from 1.5 to
3.0 V. This result indicates that the effect of bias voltage
on the optical properties of the QDs, such as emission
energy and radiative recombination rate, are negligible
over this bias-voltage range. Another feature of the spin
LED is that the (In,Ga)As-based active layer is sand-
wiched between the (Al, Ga)As barriers, which behave as
electron-blocking layers. The electron spins electrically
injected into the semiconductor layer from the Fe elec-
trode are confined in the active layer, and thus, sufficiently
strong luminescence of the QDs at high temperatures can
be expected.

Figures 1(d)—1(f) show circularly polarized EL spectra
of the QDs and the corresponding CPDs measured at 125,
200, and 298 K with an injection current of 4 mA under
a magnetic field of 5 T. All spectra exhibit a predominant
luminescence from the QD ground state (GS), as in a pre-
vious study [15]. The EL peak appears at around 1.24 eV
at 125 K and shifts to about 1.20 and 1.18 eV at 200 and
298 K, respectively. Here, the net In composition of this
(In, Ga)As QD is estimated via three-dimensional quan-
tum simulations using NEXTNANO software [31]. We find
that the GS transition energy of 1.18 eV at 298 K corre-
sponds to the Iny4Gay¢As QDs (for details, see Sec. A of
the Supplemental Material [32]). The lower In composi-
tion than the nominal one can be attributed to In desorption

and In-Ga intermixing during the capping process of the
QDs [33]. The redshift of the QD emission is caused by
the decreased QD band gap with increasing temperature.
A slight peak at around 1.30 eV appears at 125 K. This
feature can be attributed to enhancement of the emission
from the QD excited states (ESs) by a strong p-doping
effect [34]. The high-energy shoulder becomes consider-
ably weaker at 200 K, which is probably caused by the
dominant thermal escape of electrons from the QD ESs
[35]. This feature appears again at around 1.23 eV at
298 K, and it can be explained by the thermal population
of electrons at high temperatures [15].

These EL spectra shown in Figs. 1(d)—1(f) exhibit differ-
ences between o™ and 0~ components, i.e., nonzero CPD
values reflect the electron-spin polarization in the QDs. At
125 K, the CPD of 3% is observed at a peak energy that
corresponds to the QD GS. The CPD value increases to
5% at 200 K and then to 10% at 298 K. Here, the Zee-
man effect on the observed CPD properties is extremely
small because the Zeeman splitting of less than 1 meV for
(In, Ga)As QDs at 5 T [36-38] is negligible compared with
the thermal energy at these high temperatures. A previous
study of the InAs QD spin LED using an Fe electrode as a
spin injector shows no Zeeman effect on the EL CPD prop-
erties from 120 to 300 K [15]. Another property to affect
the measured EL CPD is the magnetic circular dichroism
(MCD), which causes a different absorption of left and
right circularly polarized light through the ferromagnetic
layer [13,39]. The MCD effect can artificially increase the
CPD values. Here, we find that the MCD effect from our
spin LED is estimated to be less than 0.1% (for details, see
Sec. B of the Supplemental Material [32]).

Figure 2(a) shows the EL spectra measured at 298 K
under various bias voltages from 2.2 to 3.0 V, correspond-
ing to injection currents from 3 to 10 mA. We observe
no change in the peak energy with bias voltage. This
result indicates that there is no quantum-confined Stark
effect [40] influencing the QD’s emission properties. The
injection-current dependence of the integrated EL inten-
sity is presented in Fig. 2(b). The EL intensity exponen-
tially increases with increasing injection current, which
means that the external quantum efficiency (EQE) becomes
higher. This behavior is in sharp contrast to a previous
report on the (In, Ga)As QD-based spin LED measured at
10 K [21], which shows a decreased EQE with increas-
ing injection current due to the state-filling effect in QDs
[41]. Here, notably, state filling in QDs can be strongly
suppressed as the temperature increases above 100 K [42].
Furthermore, for larger injection currents (bias voltages),
the transfer time of electrons in the transport barrier can
be reduced, and thus, the number of electrons trapped
in nonradiative defects or recombined radiatively during
transport is likely to decrease. Therefore, we anticipate
that the suppressed state filling in QDs and the increased
number of electrons injected into the QDs contribute to
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the observed exponential increase in the EL intensity with
increasing injection current at 298 K.

Figure 3(a) shows the magnetic field dependence of the
average EL CPD of the QD GS with 0.3 mA at 150 K.
In this study, the QD GS is defined as an energy range of
1.22-1.26 eV at 125 K. The analyzed energy range of a
QD GS is shifted with a change in temperature, according
to Varshni’s law using the parameters of Iny sGag sAs [43].
The CPD increases rapidly with the magnetic field up to
about 2 T, corresponding to the saturation magnetic field
of Fe [3]. Above 2 T, the CPD slowly continues to increase
with magnetic field. It is well known that a large magnetic
field can suppress the DP spin relaxation in GaAs [44],
which causes a positive linear background of the mea-
sured EL CPD [6,45]. Based on these previous reports, the
slow increase in EL CPD above 2 T can be attributed to
the magnetic-field-induced background. This linear back-
ground should be subtracted to evaluate the net EL CPD
properties. The CPD increase rates of 0.35 and 0.28%/T
are obtained in the positive and negative magnetic field
directions, respectively, by a simple linear-fit analysis. The
linear background can be estimated as 0.32%/T (average
of these two values). The magnetic field dependence of
the average EL CPD of the QD GS with 4 mA at 298 K
is shown in Fig. 3(b). The estimated linear background
of 0.32%/T follows the slow increase in EL CPD above
2 T well, considering the standard deviation (error bar) of
data points. Therefore, it is valid that the EL CPD values
presented here are corrected by subtraction of this linear
background (0.32%/T). Hereafter, the net EL CPD values
after subtraction of the linear background are given.

Figure 3(c) shows the net average EL CPD of the QD
GS as a function of the magnetic field at 298 K. The net EL
CPD tracks the simplified hard-axis magnetization curve of
Fe (not experimental data), which is roughly normalized to
the maximum CPD (see the dashed line). The saturation
magnetic field is determined by the magnetic properties of
Fe, 4mM = 2.2 T [3]. This result clearly indicates that the
observed EL CPD properties are derived from the electrical

Injection current (mA)

injection of electron spins from the Fe electrode. The CPD
value saturates at a value of approximately 8% when the
Fe magnetization is fully out of the plane. Since the spin
polarization of Fe is around 40% [46], the spin-to-photon
conversion efficiency of this spin LED, which is defined by
the ratio of the EL CPD to the spin polarization of the spin
injector, can be estimated as 20% at 298 K.

Figure 3(d) shows the net average EL CPDs of the QD
GS as functions of temperature with various injection cur-
rents. Here, data measured above 200 K with 1 mA and
at 298 K with 2 mA are not plotted, because a sufficient
emission intensity from the QDs is not detected. Below
4 mA, the CPD value gradually increases with tempera-
ture, while the increase in CPD becomes weaker at 6 mA
above 200 K. At 8 mA, the CPD value decreases slightly
above 250 K. Therefore, the large difference in the EL
CPD behavior between injection currents appears above
200 K. To understand these complex CPD behaviors as
functions of temperature and injection current (bias volt-
age), one needs to extract the degree of spin conservation
in the three-dimensional transport barriers and conversion
efficiency from spin polarization of electrons to circular
polarization of photons of the QDs separately. In general,
the net EL spin polarization of the QD spin LED at a fixed
injection current can be defined as [21]

PeL(T) = PemDy(T)nop (D), (1)

where Ppy denotes the spin polarization of the ferromag-
netic electrode and Dy denotes the degree of the spin
conservation in the transport barrier. ngp represents the
conversion efficiency from spin polarization of electrons
to circular polarization of photons of the QDs; it is deter-
mined by the PL decay time, 7,, and spin-relaxation time,
Ty, in the QDs as [35]

nQbp = (1 + Tr/rs)il' (2)
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Equation (1) indicates that the net Dy, can be obtained by
investigating the temperature dependence of ngop because
Pryv = 40% for Fe is constant.

Figures 4(a) and 4(b) show circularly polarized PL time
profiles and corresponding CPDs of the QD GS at 200
and 298 K, respectively, with conditions of zero bias and
zero magnetic field. The excitation power is set to 0.5 mW
to obtain the net ngp without the state-filling effect in
QDs (for details, see Sec. C of the Supplemental Mate-
rial [32]). Here, the CPD decay time constant corresponds
to half of the electron-spin-relaxation time, 7, in a con-
ventional spin-split two-level system [47]. The resulting
at 298 K is (441 £21) ps, compared with (500 £ 15) ps
at 200 K. The temperature dependence of t; is summa-
rized in Fig. 4(c), which exhibits an almost constant T
with temperature. This result clearly demonstrates that the
discrete density of states and the spatial localization of car-
riers in the QDs inhibit both the DP and phonon-scattering
processes, which reduce t; at high temperatures [18]. The
large decrease in 7, from 1.5 ns at 200 K to 0.2 ns at 298 K
is observed as shown in Figs. 4(a) and 4(b). Figure 4(c)
shows the monotonic decrease in 1, with increasing tem-
perature above 175 K. Here, 7, can be expressed by the
radiative (t;,q) and nonradiative (t,;) decay processes, as

Temperature (K)

follows [42]:

1/t = 1/Td + 1/7ar, 3)

where t,, includes thermal excitation (escape) of carri-
ers, trapping by defects and impurities, and dark-exciton
formation. The decrease in 7, with temperature is mainly
due to the decrease in t,, because of the strong thermal
escape of the electrons from the QD GS at high tem-
peratures [48]. Figure 4(d) shows ngp as a function of
temperature; these are obtained using t; and 7, based on
Eq. (2). ngp drastically increases from 18% at 150 K to
69% at 298 K because of the temperature-independent
spin-relaxation time unique to the QDs compared with the
significant decrease in the PL decay time, as described
above. Here, ngp is expected to be almost independent of
injection current and bias voltage (for details, see Secs. C
and D of the Supplemental Material [32]). The magnetic
field (Zeeman) effect on ngp should be negligible because
the thermal energy at temperatures above 100 K is much
higher than the Zeeman splitting of less than 1 meV for
(In, Ga)As QDs at 5 T [36-38]. Therefore, we antici-
pate that ngp depends only on temperature. These results
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FIG. 4. Circularly polarized TRPL and corresponding CPD of the QD GS at (a) 200 K and (b) 298 K with B=0 T. Green solid
lines indicate single-exponential decay fittings for time-dependent CPD. Sum of o*-polarized PL intensity as a function of time (black
open circles) with single-exponential decay fittings (black solid lines) is shown. (¢) PL decay time, 7,, and spin-relaxation time, 7, of
QDs as functions of temperature. (d) Conversion efficiency from spin polarization of electrons to circular polarization of photons of
QDs, ngp as a function of temperature. (¢) Degree of spin conservation during transport, Dy, as functions of temperature with various

injection currents.

indicate that the observed higher EL CPD at higher tem-
peratures [see Figs. 1(d)—1(f)] can be mainly attributed to
the improved conversion efficiency from spin polarization
of electrons to circular polarization of photons of the QDs.

Figure 4(e) shows the degree of spin conservation dur-
ing transport, Dy, as a function of temperature with various
injection currents obtained using Pry = 40% for Fe and
nop(T) shown in Fig. 4(d) based on Eq. (1). The increases
in Dy between 125 and 200 K are observed for all injection
currents. In general, under a high electric field, a popula-
tion of electrons may be driven out of thermal equilibrium
with the crystal lattice; hence, the electron temperature
becomes higher than the lattice temperature [49]. The elec-
trons slightly above the Fermi level can be accelerated by
the external electric field, in addition to slight modifica-
tions of the conduction band for the transport barrier. This
increase in the kinetic energy can enhance the electron
temperature, while being suppressed by electron scatter-
ing. Spin depolarization in the transport barrier can be
enhanced due to DP spin relaxation as a result of the

electric-field-induced increase in the electron temperature
[50]. For a constant injection current, the bias voltage
applied on this spin LED decreases when the tempera-
ture increases (Fig. S10 within the Supplemental Material
[32]). This means that the applied electric field in the trans-
port barrier decreases as the temperature increases from
125 to 200 K. Therefore, the increases in Dy, between 125
and 200 K for all injection currents can be attributed to
weakening of the electric-field-induced DP spin relaxation,
which is caused by a decrease in the electron temperature.

On the other hand, the increases in Dy between 125
and 200 K with an almost constant bias voltage are also
observed (Fig. S11 within the Supplemental Material [32]).
The obtained Dy is likely to depend on the transit time
of electrons in the transport barriers. The decrease in the
transit time can reduce the possibility of spin flipping due
to the DP mechanism before electrons reach the active
layer [21]. A previous study of the single-crystal dia-
mond has shown an abnormal decrease in the electron
transit time between 125 and 200 K [51]. Therefore, we
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deduce that both weakening of the electric-field-induced
DP spin relaxation and a decrease in the electron tran-
sit time in the transport barrier are responsible for the
increases in Dy between 125 and 200 K. In contrast, D,
largely decreases above 200 K at injection currents above
4 mA. This behavior can be explained by the enhancement
of the temperature-induced DP spin relaxation. Because
the rate of spin relaxation in the bulk is proportional to 7°
[52], we anticipate that the temperature-induced DP spin
relaxation becomes dominant above 200 K.

Furthermore, Fig. 4(e) shows a systematic decrease in
Dy with the injection current (bias voltage), regardless
of the temperature. To reveal its origin, we measure the
circularly polarized PL under bias voltage with no mag-
netic field. Figure 5(a) shows the PL CPD spectra of QDs
with various bias voltages at 298 K under excitation of the
undoped GaAs barrier (excitation energy is set to 1.49 eV),
where the EL components are subtracted using data mea-
sured without laser irradiation. The bias voltage is changed
from 2.1 to 3.0 V, which corresponds to the change in injec-
tion currents from 2 to 10 mA. At 2.2 and 2.4 V, the PL
CPD of nearly 15% appears at the QD GS around 1.18 eV,
while it largely decreases to nearly 8% at 3.0 V. In general,
the state-filling effect in the QDs induced by the increase
in electron spins injected into the QDs can reduce the PL
CPD values of the QDs [53-55]. The relative increase in
the PL intensity from the QD ES with increasing bias volt-
age, which reflects the presence of state filling in the QD
GS, is not observed from the bias-voltage dependence of
the PL spectra [see the upper inset in Fig. 5(a)]. Therefore,
the CPD decrease in the QD GS with bias voltage cannot
be attributed to the state-filling effect in the QDs.

Another possible mechanism includes the decrease in
nop Wwith bias voltage or the bias-voltage-induced spin
relaxation in the transport barrier. Here, as described

above, ngp is expected to be almost constant with bias
voltage (injection current). Therefore, we conclude that
the main origin is the decreased polarization of electron
spins injected into the QDs caused by acceleration of
the electric-field-induced DP spin relaxation in the trans-
port barriers. Figures 5(b) and 5(c) show the bias-voltage
dependence of the net EL and PL CPDs of the QD GS
at 298 K. A clear correlation between these behaviors
can be observed; however, the absolute values are differ-
ent. Both exhibit the CPD decrease beyond 2.5 V, which
indicates the presence of the threshold bias voltage of the
CPD properties. Therefore, the electric-field-induced DP
spin relaxation becomes dominant in the transport barrier
above 2.5 V. Furthermore, this finding can be confirmed in
Fig. 4(e), which shows a large decrease in Dy, from 28% at
4 mA (~2.4 V) to 10% at 8 mA (~2.8 V). These results
clearly demonstrate that both the electric field and temper-
ature play important roles in the spin-transport properties
at temperatures above 200 K.

Finally, we discuss the transport barrier where spin
relaxation is dominant. We evaluate spin relaxation in the
Alp.1GagoAs barrier by comparing the PL CPD of the QD
GS under the excitation of Aly;GagoAs with that under
the excitation of undoped GaAs. If spin relaxation is dom-
inant in the Aly;GagoAs barrier, the measured PL CPD
for the former case should be clearly lower. Figure 5(d)
shows the bias-voltage dependence of the PL CPD of the
QD GS at 298 K under the excitation of AlyGaggAs
(excitation energy is set to 1.65 eV). Similar behavior of
the CPD values to that in the case of GaAs excitation
is observed. These results indicate that spin relaxation in
the GaAs barrier, not in the Aly;GaggAs barrier, mainly
contribute to the decreased polarization of electron spins
injected into the QDs, as shown in the lower inset in
Fig. 5(a). Here, we deduce that spin relaxation can be

25— n - : : : : FIG. 5. (a) PL CPD spectra
(a) [ & 45l (b) | of QDs at various bias volt-
g’ a 3 mA 10 mA ages at 298 K with B=0 T
3 10+ 1 e
o 29V O -~-9--9., under excitation of undoped
20¢ E :g-‘éx o 5f N 1 GaAs Dbarrier. Upper inset
§°'1 28V 8 ol °--9 shows bias-voltage depen-
2 1;3'0\: - z ‘ dence of normalized QD PL
& 15l g8 wodis Photon energy (V) | 150 ¢ 9 9.9 _ (c) spectra. Lower inset shows
1 LT B g AR 29V -~ 9 schematic of electron-spin
o W 0 9 . 10+ T~-@ . .
- s o 24V relaxation in undoped GaAs
o ‘ 9 . . .
a P8 o 26V : 5t 1 barrier under high bias
% 10 ’ ’ &,ﬁ 28V 1 S ol GaAs exc. ] voltage. (b) Net EL CPD
% 3 Mo 30V o ‘ and PL CPD of QD GS at
"ébvé(‘,x i & 3N 3 15 o o P (d) | 298 K as a func!:ior.l of bias
5 ‘7’*# o 10 I ° voltage under excitation of (c)
. ! cB e I ~-<o | undoped GaAs barrier and (d)
GaAs barrier 5f g Alp.1GaggAs barrier. Dashed
(In,Ga)As QD ol Alp.1Gag¢As exc. ] lines indicate guidelines.
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suppressed in the p-doped GaAs barrier capping the QDs.
It has been experimentally reported that the DP spin relax-
ation in the 10-nm-thick p-doped GaAs barrier capping
the (In, Ga)As QDs can be potentially weakened through
electron-impurity scattering at temperatures above 200 K
[34]. Therefore, we conclude that spin relaxation is dom-
inant in the undoped GaAs barrier. The band-structure
simulation of the spin LED indicates that the applied elec-
tric field in the undoped GaAs barrier exceeds 0.5 kV/cm
at 2.8 V (Fig. S12 within the Supplemental Material [32]).
Based on a previous report, spin depolarization in GaAs
can be accelerated above 0.5 kV/cm [56]. These findings
clearly demonstrate that the performance of the QD spin
LED strongly depends on the degree of electron-spin relax-
ation in the transport barrier, and it varies with temperature
and bias voltage.

IV. CONCLUSION

We investigate the temperature and bias-voltage depen-
dence of the spin-transport properties in QD spin LED via
combined measurements of circularly polarized EL and
TRPL. The net EL CPD of the QD GS increases from 2%
at 125 K to 8% at 298 K. We attribute this behavior to
the temperature-independent spin-relaxation time unique
to the QDs, compared with the significant decrease in the
PL decay time with temperature. Furthermore, we reveal
that the spin-relaxation mechanism in the transport barrier
is both temperature and bias dependent. Above 200 K, both
the electric field and temperature play important roles in
spin relaxation in the undoped GaAs barrier. At 298 K,
the EL CPD of the QD GS decreases beyond 2.5 V; this
is attributed to the enhanced DP spin relaxation in the
undoped GaAs barrier. These results demonstrate that the
combined measurements of circularly polarized EL and
TRPL are effective to gain a quantitative understanding of
the spin-transport properties in the spin LED. The findings
of this study have significant implications for future devel-
opments of spin LEDs, as this study paves the way for a
separation analysis of the electron-spin relaxation proper-
ties of the semiconductor transport barrier and the emissive
layer. Finally, we emphasize that the EL spin polariza-
tion can be enhanced using a material with a longer spin
relaxation than that of GaAs as a transport barrier. Dilute
nitride Ga(N, As) is one such promising material because
it can turn the nonmagnetic semiconductor into an efficient
spin filter operating at room temperature and zero magnetic
field [57].
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