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ABSTRACT

Electric-field control of spin polarization of electrons during injection into InGaAs quantum dots (QDs) was studied via circularly polarized
time-resolved photoluminescence. Electric-field modulation of optical spin polarization in QDs will play a key role in future progress of semi-
conductor opto-spintronics. The tuning of band potentials by applying external electric fields can not only affect spin-injection efficiencies
but also switch dominant spin-injection layers. In this study, we developed a QD-based electric-field-effect optical spin device with two dif-
ferent spin-injection layers, which consisted of a GaAs and GaAs/Alj;5GagssAs superlattice (SL) barriers. The bias-voltage modulation of
the optical spin polarization in QDs was demonstrated by changing the spin polarization degree of electrons injected from these barriers into
the QD via the electric-field switching of the spin-injection layers. This was achieved by exploiting the difference in spin relaxation properties
between bulk GaAs and the SL. This proposed structure, which comprised of one luminescent layer and two spin-injection layers, is highly
scalable because the modulation range of optical spin polarization can be enhanced by changing the combination of spin-injection layers, as

well as the material used and its layer thickness.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0151467

Spintronics has attracted considerable attention owing to the sig-
nificant reduction in the electric-power consumption of electronic
devices and the performance enhancement of conventional
semiconductor-based devices by utilizing the spin polarization of elec-
trons as an information carrier. © In particular, the development of
opto-spintronics devices based on III-V compound semiconduc-
tors,” " which can directly convert spin information between electron
spin and circularly polarized light via the optical-transition selection
rule,"* is crucial for realizing spin-based photoelectric information sys-
tems. ITI-V semiconductor quantum dots (QDs) are promising mate-
rials for the active layer of spin-functional optical devices because of
their excellent optical and spin properties.” " QDs exhibit a high
luminescence efficiency due to the strong overlap of electron and hole
wavefunctions in a small space.'” In addition, carrier spin relaxation
can be significantly suppressed in QDs by the motional freezing of car-
riers, originating from three-dimensional quantum confinements."”
Therefore, photoelectric spin conversion using QDs can be a key tech-
nology to support the progress of semiconductor opto-spintronics.

For III-V semiconductor-based opto-spintronics, electric-field
control of electron spin polarization, corresponding to the circular

polarization property of light emission, is essential. Electric-field-
dependent photoluminescence (PL) circular polarization has recently
been observed in IngsGagsAs QDs tunnel-coupled with an
Ing1GagoAs quantum well (QW).”” *” This was achieved via electric-
field control of the spin-flip scattering rate within QDs via precise con-
trol of the tunnel injection efficiency of electrons and holes, depending
on the coupled potential modification. Because the spin-injection
layer, where electrons are injected into the QDs, in this structure
mainly consists of a QW, the spin polarization degree of electrons,
during injection into the QDs, does not depend on the electric-field.”
This implies that the electric-field-induced change in the electron spin
polarization occurs only after injection into the QDs, and this can limit
the modulation range of optical spin polarization in QDs.

In this study, we developed a QD-based electric-field-effect opti-
cal spin device with two different spin-injection layers, which consisted
of a GaAs and GaAs/Aly;5GaggsAs superlattice (SL) barriers. The
spin polarization of electrons can be easily lost in the bulk GaAs,”*’
whereas it can be conserved in the SL because of the wavefunction
overlap of adjacent QWs. The quantum tunneling transport of
spin-polarized electrons from the GaAs/Aly;5GaggsAs SL barrier to
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Ing5GagsAs QDs has recently been demonstrated, where the electron
spin polarization can be fully retained during injection into the
QDS.ZS’26 Here, we demonstrated the bias-voltage modulation of the
optical spin polarization in QDs by changing the spin polarization
degree of the electrons injected into the QDs via electric-field switch-
ing of the spin-injection layers.

Figure 1(a) shows a schematic of the electric-field-effect optical
spin device used in this study. A single layer of 6-ML-thick In, sGag sAs
QDs was grown on a p-doped GaAs(100) substrate via molecular beam
epitaxy. The QDs were sandwiched between a GaAs and SL barriers of
thickness 50 and 165 nm, respectively. The SL consisted of 11 repeats
of a GaAs QW and Alj;5GaggsAs barrier with a thickness of 10 and
5 nm, respectively. Details regarding the sample growth and structural
characterization of QDs are presented in the supplementary material
(Fig. S1). A Fe/Au electrode, with an optical window for optical excita-
tions and PL observations, was deposited on the semiconductor surface
for the application of external electric fields along the growth direction.
The GaAs cap layer was heavily p-doped (doping concentration of
6 x 10" cm™?) to supply sufficient holes to the QDs. This heavy p-
doping led to a hole-rich condition in the QDs regardless of the bias
voltage; thus, the QD PL intensity and its circular polarization property
depended mainly on the electron spin injected into the QDs.

Circularly polarized PL and its time-resolved experiments were
conducted at 4 K under ™ -polarized excitation with the application of
a bias voltage. The bias voltage was changed from —2 to +2V.

o' -polarized

pubs.aip.org/aip/apl

The excitation energy was set to 1.51 and 1.55eV for optically generat-
ing electron spins in the GaAs and SL barriers, respectively, as shown in
Fig. 1(b). The electron spin polarization generated in these barriers is
expected to be 50%, according to the optical-transition selection rule
considering a valence-band mixing,”>*° Here, the circular polarization
degree (CPD) of the QD PL is defined as (Ipy — Ir—)/(Iny + I—),
where I,- represents the ¢ -polarized PL intensity. The CPD value
reflects the electron spin polarization in QD states.”” Details regarding
the optical characterization are presented in the supplementary material.

Figures 1(b) and 1(c) show the one-dimensional calculated band
profiles in the region from the GaAs barrier to the SL barrier and car-
rier wavefunctions in the SL barrier at bias voltages of +1.0 and
—1.0V, respectively. These calculations were performed using the
nextnano software.”” At +1.0'V, the conduction-band potential of the
SL barrier tilts toward the QD side, while that of the GaAs barrier
exhibits the opposite behavior. Under this condition, most of the elec-
tron spins injected into the QDs should originate from the SL barrier.
This calculation result suggests the possibility of spin-conserved elec-
tron transport to the QDs via phonon-assisted tunneling. In contrast,
holes are mainly injected from the GaAs barrier, as the valence band
tilted toward the QD side. At —1.0V, the conduction-band potential
of the GaAs barrier tilts toward the QD side. In this case, a significant
electron injection should occur from the GaAs barrier into the QDs.
These results suggest that the dominant spin-injection layers can be
switched by changing the bias voltage.
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Figures 1(d) and 1(e) show contour plots of the QD PL intensity
and CPD value, respectively, measured under excitation of the SL bar-
rier with an excitation power and energy of 65uW and 1.55eV,
respectively. Strong PL emissions appear over a wide energy range at
the bias voltages ranging from 0 to +1.0 V. According to the calcula-
tion results presented above, the higher PL intensity at positive bias
voltages implies significant electron injections from the SL barrier into
the QDs, and this reflects the larger total thickness of the optically
excited GaAs layers. Higher CPD values are also observed at positive
bias voltages. The CPD increased from ~10% at —1.0 V to ~18% at
+1.0V around 1.15eV, corresponding to the QD ground state (GS).
To confirm that the bias-voltage-dependent CPD properties are
affected by the spin polarization of electrons injected from the barriers,
it is necessary to investigate the CPD properties of the QD excited
states, which depend on the degree of spin relaxation in the barrier.”’

Next, we investigated the CPD properties of the QD second
excited state (ES2). Figures 2(a) and 2(b) show the circularly polarized
PL spectra and their corresponding CPDs at +1.0 and —1.0 V, respec-
tively, measured with an excitation power of 510 uW, under the excita-
tion of the SL barrier. Here, a high excitation power was used to obtain
sufficient PL emission from QD ES2; a small shoulder at 1.27 eV is
observed, in addition to the two peaks at 1.15 and 1.20eV. The two
lower-energy peaks correspond to the PL emission from the QD GS
and first excited state (ES1), and the small shoulder originates from
the QD ES2 (Fig. S2). At both bias voltages, the CPD values for the
QD GS were far lower than those for the QD ES2. The reduced CPD
values were due to the state filling effect at high excitation powers.”*”’
However, a higher CPD of ~30% was observed at +1.0 V, in compari-
son with ~20% at —1.0V, at an energy of 1.27 eV. This result is con-
sistent with the dependence of the CPD on the bias-voltage observed
in the QD GS at a lower excitation power [Fig. 1(e)]. This confirms the
switching of the spin-injection layers between +1.0 and —1.0' V.

pubs.aip.org/aip/apl

Figures 2(c) and 2(d) show the normalized PL intensity and CPD
of QD ES2, respectively, with respect to the bias voltage under excita-
tion of the SL and GaAs barriers. Here, the normalized PL intensity
was obtained via analysis of the sum of the ¢ - and ¢~ -polarized PL
intensities, and the QD ES2 was defined as the energy range of
1.25-1.29 ¢V. The bias-voltage dependences of the PL intensity and
CPD were affected by the excitation layers. For the excitation of the SL
barrier, the PL intensity was higher at a positive bias voltage than at a
negative bias voltage. This is attributed to the fact that the total thick-
ness of the optically excited GaAs layer was larger for the SL barrier
than for the GaAs barrier, as described above. However, the opposite
trend is observed for the excitation of the GaAs barrier. Under this
condition, no electrons were generated in the SL barrier, leading to a
significant reduction in the PL intensity at positive bias voltages. This
result indicates that, under excitation of the SL barrier, electrons were
efficiently injected from the SL barrier into the QDs at positive bias
voltages. The bias-voltage dependences of the CPD properties further
support this conclusion. There CPD values did not exhibit significant
changes between —1.0 and +1.0 V for the excitation of the GaAs bar-
rier, whereas the CPD increased from 20% at —1.0 V to 31% at +1.0 V
for the excitation of the SL barrier. This indicates that as the positive
bias voltage increased, the electron spin injection from the SL barrier
into the QDs can be enhanced. Therefore, these results suggest that
the gradual increase in the CPD between —1.0 and 4-1.0 V was due to
the increasing spin polarization degree of the injected electrons.

Next, time-resolved measurements of the CPD were conducted
to examine the spin polarization properties of electrons during injec-
tion into the QDs. Figures 3(a) and 3(b) show the circularly polarized
PL spectra and corresponding CPDs at +1.0 and —1.0'V, respectively,
measured with an excitation power of 1 mW under excitation of
the SL barrier. A far slower PL rise at +1.0V than at —1.0V was
clearly observed (see the red arrows). We performed a rate-equation

ES2
) SLexc. +1.0V N Euf e -
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+ 30 £ 08t 1
o L £
= 0.6} 1
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2 X E02y ] o "-polarized excitation of the SL barrier
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analysis to determine the spin-injection time. Details regarding the
rate equation are presented in the supplementary material. Here,
rate-equation fitting was performed on the sum of the - and ¢~ -
polarized PL intensities [see the inset in Fig. 3(c)]. The bias-voltage
dependences of the spin-injection time under excitation of the SL and
GaAs barriers are presented in Fig. 3(c). For the excitation of the GaAs
barrier, the spin-injection time was almost independent of the bias
voltage, with a value of ~10 ps. However, for the excitation of the SL
barrier, the spin-injection time increased significantly, from 10 ps at
—1.0V to 26 ps at +1.0 V. Here, note that even though the excitation
energy changes from 1.51 eV (GaAs excitation) to 1.55eV (SL excita-
tion), the GaAs barrier just below the QDs is excited. As a result, the
spin injection times at different excitation energies are similar under
the negative bias voltages. As the InGaAs QDs are capped with heavily
p-doped GaAs layer, the QDs are likely occupied with holes.
Therefore, the PL rise time is determined by the electron transport
time, i.e., the optically excited electrons at the SL barrier take longer
time to arrive at the QDs compared to the electrons excited at the

(@ 70— ; :
QD ES2 SLexc. , *
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é 50 Pl * i
=D
T 40 < WRAYJ/\ ]
a o
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o ¥
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GaAs barrier. The multi-tunneling transport in the SL barrier is
expected to be slower than the drift transport in the GaAs barrier.
Although quantum tunneling of a single electron is typically very fast,
the tunneling transport of collective electrons is discussed in this study.
Electrons generated in the GaAs QWs close to the QDs can be
injected, while electrons generated in the GaAs QWs far from the QDs
can also be injected. Such a probabilistic behavior of collective elec-
trons is expressed by the time constant of spin injection. Therefore,
the far slower spin injection at +1.0 V indicated a dominant electron
spin injection from the SL barrier into the QDs.

Figures 3(a) and 3(b) also show higher CPD values in the initial
time region at +1.0 V than at —1.0 V (see the dashed green lines). The
bias-voltage dependences of the initial CPD of the QD ES2 under the
excitation of the SL and GaAs barriers are presented in Fig. 4(a). Here,
the initial CPD is defined as the mean value near the CPD peak in
the initial time region. As in the case of the bias-voltage dependence
of the CPD shown in Fig. 2(d), the initial CPD was almost indepen-
dent of the bias voltage under the excitation of the GaAs barrier,

FIG. 4. (a) Bias-voltage dependence of
the initial CPD of PL from QD ES2 under
o -polarized excitation of the SL and
GaAs barriers, obtained via time-resolved
analysis of the CPD. The inset shows the
corresponding result for the QD GS under
o -polarized excitation of the SL barrier.
Schematic of the electron spin injection
dynamics in GaAs/Aly 15Gag gsAs SL and
GaAs barriers under o"-polarized excita-
tion of the SL barrier at (b) +1.0 and (c)
—1.0V.

GaAs/AlGaAs

S‘ﬂ ba’riei
[
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whereas for the excitation of the SL barrier, it increased significantly,
from 48% at —1.0 to 63% at +1.0 V. This trend was also observed in
the QD GS (see the inset). The initial CPD of the QD ES2 was higher
than the photogenerated electron spin polarization of 50%. This is
attributed to the spin-dependent Pauli blocking of energy relaxation
from the QD ES2 to the QD GS or QD ES1.”” These results clearly
indicate that the bias-voltage-dependent CPD properties of the QDs
are mainly affected by the spin polarization of the injected electrons.
Finally, we discuss the electric-field dependence of the electron spin
injection dynamics under the excitation of the SL barrier. At +1.0V,
spin-polarized electrons were efficiently injected from the SL barrier
into the QDs while maintaining a high degree of spin polarization via
phonon-assisted tunneling [Fig. 4(b)], which resulted in the high CPD
of the QD PL. In contrast, at —1.0 V, electron spin injection from the
GaAs barrier into the QDs was dominant. In this case, the spin polari-
zation of the injected electrons was reduced owing to the enhanced
spin relaxation in the bulk GaAs barrier [Fig. 4(c)], resulting in the
lower CPD of the QD PL. Therefore, we demonstrated that the optical
spin polarization of QDs can be modulated via electric-field switching
of the spin-injection layers. This method requires no precise control of
the band potential, and thus, it can extend the studies on band engi-
neering using external electric fields. The device performance can be
improved by changing the combination of spin-injection layers, as
well as the material used and its layer thickness.

In summary, we developed a QD-based electric-field-effect opti-
cal spin device with two different spin-injection layers, which consisted
of a GaAs and GaAs/Alj15Gag gsAs SL barriers. By switching the spin-
injection layers using an external electric field, the spin polarization
degree of electrons injected into the QDs can be changed for modulat-
ing the optical spin polarization of QDs. This was achieved by utilizing
the difference in spin relaxation properties between the bulk GaAs and
SL. Achieving significant modulation of the CPD by changing the
combination of spin-injection layers can promote the development of
circular-polarization modulation devices operating at ultrahigh speeds.

See the supplementary material for the sample growth condi-
tions, structural characterization of the QDs, optical characterization
methods, peak-fitting analysis of the PL spectra, and rate-equation
analysis.
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