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Abstract

In order to accomplish spin-based photoelectric information processing, it is necessary to
modulate electron spin polarization in I111-V semiconductor quantum dots (QDs) using an
electric field. However, there is a principal limitation to the spin polarization degree and its
control range, as the electron spin polarization is rapidly lost during injection into the QDs at
room temperature (RT). Here, electric field control of optical spin polarization in the range of
15-40% is demonstrated at RT using InAs QDs tunnel-coupled with a defect-functional GaNAs
quantum well (QW) spin filter. This compares with an electric field control of 1-4% for InAs
QDs tunnel-coupled with an InGaAs QW. Transient polarization in the range of 30-60% is also
obtained in the ultrafast time domain of less than 100 ps, the degree of polarization depending
on the electric field. The enhanced polarization control is achieved by tuning the amplified spin
polarization of electrons tunnel-injected from the GaNAs QW into QDs via the electric-field-
dependent spin-filtering efficiency of GaNAs. These findings will provide a new way to
extensively modulate the electron spin polarization in opto-semiconductors, by electric-field-

induced on/off switching of spin amplification.
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Introduction

For the development of advanced information systems, semiconductor spintronics has
been expected to improve the performance of classical electronic devices by utilizing the spin
degree of freedom of electrons, overcoming the limitation of Moore’s law.1* The generation
and manipulation of electron spins in semiconductors play a key role in not only exploring the
fundamental spin properties but also in achieving breakthroughs in the emerging semiconductor
spintronics. This electron spin information can result in fast data processing and a long storage
time with ultralow power consumption.® In semiconductors, spin-polarized electrons recombine
radiatively with holes and emit circularly polarized light. In this process, the circular
polarization property of light reflects the electron spin polarization via photoelectric conversion,
according to the optical-transition selection rule.® An optical spin device that seamlessly
converts information between electron spin information and optical spin information is a key
technology for future spin-based photoelectric information processing systems. This spin-based
information system can be used to achieve ultra-low-power operation, fast data transmission,
and low transmission loss.

On the other hand, electron spin information is easily lost during spin transport in
semiconductors owing to several spin relaxation mechanisms, such as the Dyakonov-Perel
(DP),”8 Elliot-Yaffet,>° and Bir-Aronov-Pikus mechanisms.'! 111-V semiconductor QDs are
promising nanomaterials for the active layer of optical spin devices because of their significant
suppression of spin relaxation,'?** and superior optical properties,>*” owing to their three-
dimensional quantum confinement. Manipulation of optical spin polarization in semiconductor
nanomaterials has been achieved with the application of a magnetic field via Zeeman
splitting.'®-2! However, a strong magnetic field of 35 T was required to control the electron spin
polarization at room temperature (RT) because of the large thermal distribution between the
Zeeman split levels.?? It is desirable to perform electric field control of electron spin

polarization without requiring a magnetic field for practical device applications in
2
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semiconductor spintronics.?®>?* The circular polarization degree of photoluminescence (PL),
corresponding to the spin polarization degree of electrons, has been controlled by an electric
field using InGaAs QW-QD tunnel-coupled structures.?>?® Efficient RT voltage control of PL
circular polarization in the range of 3—15 % has recently been demonstrated.?” However, for
such an InGaAs-based nanostructure, the PL intensity decreases significantly at RT because of
the dominant thermal escape of electrons from the QDs to the barrier.?® Furthermore, the
electron spin polarization of the QDs decreases because of the reinjection of electron spins that
are rapidly depolarized in the surrounding GaAs barriers.?®>*° Therefore, the enhancement of
QD electron spin polarization and QD luminescence intensity at RT is required for practical
applications of electric field-effect optical spin devices using QDs.

In this study, we focus on a hybrid nanosystem comprising a dilute nitride GaNAs QW
tunnel-coupled to InAs QDs via a thin GaAs tunneling barrier. In general, INnAs/GaAs QDs have
a larger band offset than InGaAs/GaAs QDs, which can suppress the thermal escape of carriers.
More importantly, the electron spin polarization of QDs was recently found to significantly
increase with temperature, up to RT, using the GaNAs QW-InAs QD tunnel-coupled
structure.®* The amplification of spin polarization originated from thermally-accelerated remote
spin filtering via deep-level defects in GaNAs. The highest RT electron spin polarization ever
reported for semiconductors of up to 90 % was achieved. In GaNAs, Ga self-interstitials act as
spin-polarized spin-filtering defects because of thermally activated spin-dependent
recombination (SDR).3222 Spin-polarized defects selectively capture conduction-band electrons
with a spin orientation opposite to that of the defect electrons, enhancing the spin polarization
of conduction-band electrons. In this study, we fabricated an electric-field-effect optical spin
device using a tunnel-coupled nanostructure of defect-functional GaNAs QW and InAs QDs,
in which the electron wavefunction can be strongly coupled between GaNAs and the QD

excited state (ES). Electric field control of QD PL polarization in the range of 15-40% is
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demonstrated at RT. We also demonstrate that the PL polarization change is attributed to the

electric-field-dependent spin-filtering efficiency of the GaNAs QW.

Results and discussion

Fig. 1(a) shows a schematic of the electric-field-effect optical spin device used in this study.
A single layer of 3.8-ML-thick InAs QDs was grown on a 5-nm-thick-GaNAs QW via a 3-nm-

thick GaAs tunneling barrier. The Alo2Gao.sAs barriers behave as carrier-blocking layers and
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Fig. 1 Electric-field-effect optical spin device using InAs QDs tunnel-coupled with a 5-nm-

thick GaNAs QW. (a) Schematic illustration of device and sample structure. Three-

dimensional calculated band profiles of the GaNAs QW-InAs QD tunnel-coupled structure

with bias voltages of (b) 0.2 V and (c) —2 V. The inset of each figure shows the typical

spatial maps of the existence probabilities of electron wavefunctions (p orbitals) at the QD

ES. (d) A contour map indicating bias voltage dependence of QD PL intensity as a function

of photon energy at 295 K.
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can confine carriers in the active layer.?® An external bias voltage was applied along the growth
direction for the electric field control of the band potential. The electric field effects on the
three-dimensional band potential of the GaNAs QW-InAs QD tunnel-coupled structure were
calculated using nextnano software.3* The details of the calculation model are described in the
Experimental Section. Figs. 1(b) and 1(c) show the one-dimensional potential along the growth
direction at the center position of a QD at bias voltages of 0.2 V and —2 V, respectively. The
energy positions of the QD states and typical spatial maps of the electron wavefunctions at the
QD ES are also shown. A nearly flat band potential was reached at a bias voltage of 0.2 V. The
flat band potential at around 0.2 V was also experimentally demonstrated by investigating the
bias voltage dependence of the photocurrent (see supplementary Note S1, Supporting
Information). In this study, spin-polarized carriers were predominantly generated in a 100-nm-
thick GaAs layer grown below the GaNAs QW. The optically-generated electrons are directly
injected into the QDs or captured by the GaNAs QW, and subsequently injected into the QDs.
However, the generated holes are likely to be directly injected into the QDs. Under this flat
band condition, both electrons and holes are efficiently injected into the QDs, resulting in a
high QD PL intensity [Fig. 1(d)]. It can be clearly seen in Fig. 1(b) that the electron
wavefunction of the QD ES spreads significantly over the GaNAs QW. This simulation result
indicates that electrons can move back and forth between the GaNAs QW and QD ES via spin-
conserving tunneling.

On the other hand, at a bias voltage of —2 V, the conduction band potential has a distinct
tilt toward the QD side of the structure, whereas the valence band potential exhibits the opposite
behavior. Under these conditions, holes are less likely to be injected into the QDs because of
the tilted potential; however, electrons injected into the QDs are more likely to tunnel escape to
the GaAs capping layer via thermal excitation. As a result, both electrons and holes inside the
QDs are absent, leading to a decrease in the QD PL intensity [Fig. 1(d)]. Note that the spread

of the QD ES electron wavefunction over the GaNAs QW became much weaker [Fig. 1(c)]. In

5
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this case, the contribution of the GaNAs spin filter to the QD PL properties should be small.
These simulation results suggest that the coupling strength of the electron wavefunctions
between the GaNAs QW and QD ES can be controlled by changing the bias voltage.

Next, the electric field effects on the QD PL polarization are investigated. Figs. 2(a) and
2(b) show the circularly polarized PL spectra and the corresponding PL polarizations at bias
voltages of —2 V and 0.2 V, respectively. Here, 0% indicates the co- and cross-circularly
polarized PL intensities with o*-polarized excitation. The peak-fitting analysis of the PL
spectrum at 0.2 V reveals four peaks of around 1.01, 1.04, 1.08, and 1.13 eV (Fig. S2). The
former two peaks indicate the presence of the QD ground state (GS), including the size

nonuniformity of the QD ensembles (Fig. S3). The peak of 1.08 eV indicates the presence of
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Fig. 2 Bias voltage dependence of QD PL polarization. Circularly-polarized PL spectra and
corresponding PL polarization of QDs measured at 295 K with bias voltages of (a) -2 V and
(b) 0.2 V. The gray line shown in (b) indicates the PL polarization with a bias voltage of —2
V to compare with the 0.2 V bias voltage results. Bias voltage dependence of PL polarization
at (c) the QD GS and (d) the QD ES for the GaNAs QW-InAs QD tunnel-coupled structure,
in comparison with those for InGaAs QW-InAs QD tunnel-coupled structure.
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the first excited states of these QD ensembles. The higher-energy peak of 1.13 eV may indicate
the second excited states and higher-energy excited states. The broad PL spectrum ranging from
0.95 to 1.15 eV is attributed to the relatively strong excitation power used, which means that
carriers can be distributed to the high-energy excited states. A contour map of the QD PL
intensity as a function of photon energy and bias voltage is shown in Fig. 1(d). PL emission
from the QD GS and the QD ES was measured to have photon energies of 1.02 eV and 1.08 eV,
respectively [Fig. 1(b)]. The relatively strong PL from the QD ES around 0 V reflects a strong
coupling between the GaNAs and the QD ES. Based on a previous study,! the observed QD
PL spectra tend to have a large contribution from QD states that are strongly coupled with
GaNAs states. The gradual decrease in the PL intensity from 0.2 V to 1 V can be attributed to
the suppression of electrons being injected into the QDs by the tilting of the conduction band
potential toward the GaNAs QW.

As described above, a clear difference in the PL intensity appears when changing the bias
voltage between 0.2 V and —2 V. The bias-voltage dependence of the QD PL intensity has been
previously discussed based on the electric-field-dependent absence of electrons or holes inside
the QDs.?5?" It should be noted that there was also a significant difference in the PL polarization
over a wide energy range. Figs. 2(c) and 2(d) show the PL polarization as a function of the bias
voltage at the QD GS and QD ES, respectively. Here, the energy ranges of 0.98-1.02 eV and
1.06-1.11 eV are defined as the QD GS and QD ES, respectively. To investigate the effect of
the GaNAs spin filter on the performance of the electric-field-effect optical spin device using
InAs QDs, the corresponding results for the InGaAs QW-InAs QD tunnel-coupled structures
are also shown for reference. The PL results of the InGaAs QW-InAs QD tunnel-coupled
structures with bias voltages of —2 V and 0.2 V can be found in Fig. S4. Although the variation
of the PL polarization by bias voltage is extremely small for the reference sample, from 0% to
2% at the QD GS and from 1% to 4% at the QD ES, the PL polarization significantly varies

with the bias voltage at the QD GS and QD ES for the GaNAs QW-InAs QD tunnel-coupled
7
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structure. This result clearly demonstrates that the GaNAs QW spin filter is a key material for
the enhanced modulation of electron spin polarization in InAs QDs at RT.

There is a significant difference in the PL polarization change between the QD GS and
QD ES [Figs. 2(c) and 2(d)]. While the PL polarization increased from 7% at —2 V to 19% at 0
V for the QD GS, it increased even more significantly (from 15% to 40%) for the QD ES. This
energy-dependent PL polarization at 0 V can be interpreted by considering the contribution of
the GaNAs spin filter to the QD PL. Around at 0 V, the electron wavefunction can be strongly
coupled between GaNAs and the QD ES [Fig. 1(b)]. Therefore, we can expect that the stronger
coupling of electron wavefunctions at the QD ES relative to the QD GS may be responsible for
the higher PL polarization at 0 V. In fact, the increase in the PL polarization with increasing
excitation power, which is characteristic of GaNAs, can be clearly observed at the QD ES,
whereas no such increase in the PL polarization appears at the QD GS (Fig. S5).

On the other hand, no significant difference in the PL polarization between the QD GS and
QD ES is observed at —2 V [Fig. 2(a)]. Under these conditions, the electron injection from the
GaNAs QW into the QDs can be accelerated owing to the tilted potential. The accelerated
electron injection into the QDs may decrease the capture probability of conduction-band
electrons by deep-level defects in GaNAs, resulting in the suppression of spin filtering. In other
words, both parallel and antiparallel spin electrons are likely to be injected into the QDs without
being trapped by the spin-filtering defects of GaNAs. These results indicate that the spin-

filtering efficiency of a GaNAs QW can be controlled by changing the bias voltage.
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To investigate the mechanism of the bias-voltage-dependent PL polarization at the QD ES
in more detail, time-resolved analysis of the QD PL was performed while applying a bias
voltage. Figs. 3(a) and 3(b) show the circularly-polarized PL time profiles and the
corresponding PL polarizations of the QD ES at bias voltages of —2 V and 0.2 V, respectively.
At -2 V, the PL polarization initially increased from ~20% to a maximum of ~30% after 50 ps,
and then gradually decreased to 0 % after 150 ps due to the spin relaxation inside the QDs. In
contrast, a significant increase in the PL polarization was observed under a bias voltage of 0.2
V from ~20% to ~60% after 70 ps. The magnitude of the PL polarization amplification can be

attributed to the o*-PL decay time (z,+) being longer than the o ~-PL decay time (r,-).3!33
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Fig. 3 Bias voltage dependence of transient QD PL polarization. Circularly-polarized PL
time profiles and corresponding PL polarization of QD ES at bias voltages of (a) -2 V and
(b) 0.2 V. The gray symbols shown in (b) indicate the PL polarization at a bias voltage of
—2 V for comparison. (c) Bias voltage dependence of o*-PL decay time (z,+) and 0 ~-PL
decay time (7,-). The inset shows how the ratio 7,+/7,- depends on the bias voltage. (d)
Bias voltage dependence of maximum and initial PL polarization, deduced from the time-

resolved analysis of PL polarization. The purple and gray dashed lines indicate guide lines.
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This result suggests that the removal of antiparallel-spin electrons from the QDs to the GaNAs
spin filter and the reinjection of parallel-spin electrons from GaNAs into QDs is efficient. The
bias voltage dependences of 7+ and the corresponding 7+ /7,- ratio are shown in Fig. 3(c).
Here, the time range for the fitting of o*-PL decay was set as 20-100 ps. Although a large
difference in the decay time between t4+ (41 ps) and t4- (27 ps) was obtained at 0.2 V, the
difference gradually decreased as the negative bias voltage increased (t+-) = 23 ps (20 ps) at
—2 V). This small difference originates from a significant decrease in t4+ relative to t4-, which
means that the parallel-spin electrons are likely to escape from the QD ES at —2 V. When
T,+/T4- > 1, spin filtering of GaNAs dominates the spin relaxation inside the QDs.%! In this
study, t,+/7,- >1was observed for all bias voltages ranging from —2 'V to 1 V. In other words,
spin filtering of GaNAs was activated regardless of the bias voltage. However, 7+ /7,-
changes significantly from 1.12 at —2 V to 1.51 at 0.2 V. This result demonstrates that the spin-
filtering efficiency of the GaNAs QW depends on the bias voltage.

The bias-voltage-dependent spin-filtering efficiency of GaNAs can vary the degree of spin
amplification at the QD ES. Fig. 3(d) shows the maximum and initial PL polarizations as a
function of the bias voltage obtained from the time-resolved analysis of the PL polarization.
The maximum PL polarization increased gradually from 33% at —2 V to 59% at 0 V and then
decreased slightly to 52% at 1 V. This trend is similar to the bias voltage dependence of the
decay time ratio 74+ /7,-. The slight decrease in the maximum PL polarization above 0 V can
be attributed to the increased transfer of parallel-spin electrons from the QDs to GaNAs, as
reflected by the slight decrease in T+ [see Fig. 3(c)]. Notably, the initial PL polarization was
almost independent of the bias voltage. This result indicates that the initial PL polarization had
no contribution from the GaNAs QW spin filter. A previous time-resolved PL study of GaNAs
QW-InGaAs QD tunnel-coupled structures demonstrated that the PL intensity rises much faster
than the increase in the PL polarization, which reflects the direct spin injection from the GaAs

barrier into the QDs.3® Therefore, we can conclude that the initial PL polarization of
10
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approximately 15-20% is mainly affected by the direct spin injection from the GaAs barrier.
This initial PL polarization, which is much lower than the initial spin polarization of 50%
generated in the GaAs barrier, can be attributed to DP spin relaxation in GaAs before injection
into the QDs.”® This means that the time-dependent PL behaviors include electron spin injection
from both the GaAs barrier and the GaNAs QW. Each component must be separated to clarify

the contribution of the GaNAs QW to the QD PL polarization properties.
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218 To separate the electron spin injection from the GaAs barrier and from the GaNAs QW,
219 we performed rate-equation analysis considering two spin injection processes — a direct
220  injection from the GaAs barrier into the QD ES, and a tunnel injection from the GaNAs QW
221  into the QD ES (including a capture from the GaAs barrier) —as schematically illustrated in Fig.
222  4(a). The initial number of excitons generated in the GaAs barrier (GaNAs QW) with o*-

223  polarization can be expressed by N;y. The rate equation can be written as follows:
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Fig. 4 Rate-equation fitting analysis considering two spin injection processes. (a) Schematic
model of spin-split rate equation, where the spin injection into the QD ES from the GaAs
barrier and the GaNAs QW is considered. (b) Fitted results of the rate equation for transient
PL and PL polarization curves at a bias voltage of 0.2 V. Bias-voltage-dependence of time

constants for (c) energy relaxation from the QD ES, T, », (d) spin injection into the QD ES,
Tinj1,2, and (€) initial spin polarization of injected electrons P, ,, defined by 100(20(1,2 — 1),
where o, , is a spin conservation factor during the electron injection into the QD ES,

deduced from the rate-equation fitting.
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where the excitons generated in the GaAs barriers (GaNAs QW) are injected into the QD ES
with a time constant of 7jyjq(inj2). Since the evaluation of the spin polarization degree of
electrons injected from the GaNAs QW is important in this study, the spin conservation factor
during injection is introduced. The parameter of a, ) is defined as the spin conservation factor
during the injection of electrons from the GaAs barrier (GaNAs QW) into the QD ES. In other
words, a; and a, depend on the degree of spin relaxation in the GaAs barrier and spin filtering
in the GaNAs QW, respectively. It is assumed that the spin polarization of electrons is
conserved during tunneling between the GaNAs QW and QD. Here, note that a; , indicates the
fraction of spin conservation, where a value of 0.5 (0.75) indicates that the spin polarization of
injected electrons P, , is 0% (50%). In this model, the parallel-spin electrons oy N; (a; N,) are
injected from the GaAs barrier (GaNAs QW) into the parallel-spin state of the QD ES, whereas
the antiparallel-spin electrons (1 — a;)N; [(1 — a,)N,] are injected into the opposite spin state.
The spin-polarized electrons injected into the QD ES relax with a time constant of the
conventional spin relaxation (ts) and with a time constant of t.; ,. The parameter of t,; , can

be expressed by the radiative and nonradiative decay processes, as follows:

1 1 1
= + ()

)
Tr1(r2) Trad  Tnri(nr2)

where 7,1 , mainly includes the trapping in the deep-level defects of GaNAs QW via tunnel
transfer from the QD ES to the GaNAs QW except the thermal excitation (escape) and energy

relaxation into the lower-energy states. Here, note that t., , can also reflect the reinjection
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process of electrons from the GaNAs QW into the QD ES, as discussed below. Fig. 4(b) shows
the fitted results of this rate equation for the transient PL and PL polarization curves at 0.2 V,
combined with a convolution calculation of the time-response curve for the excitation laser
pulse. The slow amplification of the PL polarization and the characteristic PL decay features
were well expressed by the fitted results. Optimization of the three main fitting parameters, 7.,
Tinj2, and «, illustrated all of the PL time profiles and the resulting PL polarization behavior.

Fig. 4(c) shows the bias voltage dependence of T, ,, deduced from the fitting of the above
rate-equation. Across all bias voltage ranges, t,; was much shorter than t.,. As described
above, spin-polarized deep-level defects in GaNAs can selectively capture antiparallel-spin
electrons due to Pauli blocking. Because the spin polarization of electrons directly injected from
the GaAs barrier into the QDs is significantly low, owing to DP spin relaxation in GaAs,® the
capture of electron spins by deep-level defects via a tunnel transfer from the QD ES to the
GaNAs QW is likely to occur. This dominant electron transfer from the QD ES to the GaNAs
QW can lead to t.; which is shorter than t,,. In contrast, T, increases gradually from 24 ps at
—2 V to 36 ps at 0 V. No significant change in t,., was observed from 0 to 1 V. This trend is
similar to the bias voltage dependence of the o*-PL decay time [see Fig. 3(c)]. Here, the spin
polarization of the electrons injected from the GaNAs QW into the QD ES can be amplified by
spin filtering in GaNAs. This injection of highly spin-polarized electrons can promote the
reinjection of parallel-spin electrons via blocked energy relaxation to the spin-polarized defects
in GaNAs, resulting in a longer t,, for a bias voltage at approximately 0 V. The decrease in T,
at a large negative bias voltage of —2 V can be mainly attributed to electron tunnelling escape
from the QD ES to the GaAs capping layer via thermal excitation, as discussed above.

The bias voltage dependence of tjp;, - is plotted in Fig. 4(d). As in the case for T4 5, Tinj1

is significantly shorter than T;y;,. This is because of the direct injection from the GaAs barrier

into the QDs without being captured by the GaNAs QW. It should be noted that Ty, is strongly
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affected by the bias voltage. tjy;j, increased from 15 psat —2 V to 26 ps at 0 V, and then slightly
decreased to 23 ps at 1 V. The shorter tyyj, value at =2 V, which is close to Tj,5;= 10 ps,

suggests rapid electron injection from the GaNAs QW into the QD ES owing to the potential
tilted towards the QDs. This accelerated electron injection can suppress spin filtering in GaNAs,
leading to a decreased spin polarization degree of the injected electrons [Fig. 4(e)]. On the other

hand, Ty, increases as the band potential approaches flat owing to the decrease in the negative

bias voltage. In this case, spin filtering in the GaNAs QW was promoted, enhancing the spin
polarization degree of the injected electrons. The spin polarization degree of electrons injected
from the GaNAs QW into the QD ES was found to vary from 53% to 80% depending on the
bias voltage, in comparison with the almost constant spin polarization degree of electrons
injected from the GaAs barrier (~10%). In this study, the initial spin polarization of the electrons
generated in the GaAs barrier was expected to be 50% according to the optical-transition
selection rule. Therefore, this result indicates that the degree of spin amplification in GaNAs
can be controlled by changing the bias voltage. These findings demonstrate that the bias-
voltage-dependent QD PL polarization (in the range of 15-40%) can be mainly attributed to the

change in the amplified spin polarization of electrons injected from the GaNAs QW.
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Finally, the electric-field dependence of the spin-filtering dynamics in the GaNAs QW-
InAs QD tunnel-coupled structure is discussed. To clarify it, three-dimensional calculations of
the coupled electron wavefunctions of the QD ES at different bias voltages were performed
using nextnano software.* The details of the calculation model are described in the
Experimental Section. Figs. 5(a) and 5(b) show the existence probabilities of the coupled
electron wavefunctions along the z-axis together with the conduction-band profiles at bias
voltages of =2 V and 0.2 V, respectively. The spread of the QD ES electron wavefunction over
the GaNAs QW is much weaker at a bias voltage of —2 V than that at 0.2 V. At negative bias
voltages, the QW-QD conduction-band potential tilts toward the QD side, which can induce the
localization of electrons in the QD. This weak coupling should suppress the injection (or
reinjection) of spin-filtered electrons from the GaNAs QW into the QD ES. In addition, the
conduction-band potential tilted toward the QD side can accelerate electron injection into the
QD ES. This decreases the capture probability of electron spins by deep-level defects in GaNAs,
resulting in the suppression of spin filtering [Fig. 5(a)]. In this case, the spin polarization degree
of the electrons injected from the GaNAs QW into the QD ES is reduced, and thus the PL

polarization becomes lower. Furthermore, even if highly spin-polarized electrons are injected

(a) | (b) 08 | | | ' I
0.6Fcpg GaNAsQW QD —2V 0.2V
> 04} __if—L * " F >
o — GS o
[<B] [<b]
i i |
02f o .
Deep-level
*_ T defects i
00 1 " 1 " 1 " 1 "
-10 0 10 -10 0 10
z position (nm) Z position (nm)

Fig. 5 Electric-field dependence of spin filtering dynamics in the GaNAs QW-InAs QD
tunnel-coupled structure. Schematic illustrations of electron spin dynamics, together with
the three-dimensional calculated band profiles, and the existence probabilities of the coupled
electron wavefunctions of the QD ES at bias voltages of (a) =2 V, and (b) 0.2 V. The energy
positions of deep-level defects in GaNAs are hypothetical.
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into the QD ES, they can easily tunnel and escape to the GaAs capping layer via thermal
excitation. As a result, the dominant escape of parallel-spin electrons from the QD ES could
effectively cancel the contribution of the GaNAs spin filter for QD PL polarization.

On the other hand, at a bias voltage of 0.2 V, the electron wavefunction of the QD ES
significantly spreads over the GaNAs QW [see Fig. 5(b)]. This strong coupling promotes not
only the injection (reinjection) of parallel-spin electrons from the GaNAs QW to the QD ES,
but also the selective transfer of antiparallel-spin electrons from the QD ES to the GaNAs QW.
A nearly flat band potential is reached in this bias condition, and thus the spin injection into the
QD ES becomes slower, as compared to that at —2 V. This increases the capture probability of
electron spins by defects in GaNAs [see Fig. 5(b)]. In this case, even a slight spin polarization
of the electrons injected from the GaAs barrier into the GaNAs QW can cause an SDR process,
resulting in a dynamic spin polarization of the electrons localized at the spin-filtering defects.%
The SDR process drives both conduction-band electrons and defect electrons towards the
parallel-spin orientation. The resulting spin-polarized defects can selectively capture
antiparallel-spin electrons due to Pauli blocking, thereby enhancing the spin polarization of
conduction-band electrons. As a result, highly spin-polarized electrons are efficiently injected
into the QD ES, resulting in higher PL polarization. Spin filtering in GaNAs is known to be
thermally activated because of the thermally-accelerated capture of electron spins by deep-level
defects.3! Because the energy difference between the defect level and conduction-band edge is
sufficiently larger than the thermal energy at RT, spin filtering is expected to be stable even
above RT. This means that the studied GaNAs QW-InAs QD tunnel-coupled structure is a
promising opto-semiconductor nanostructure for practical electric-field-effect optical spin
devices. Finally, we discuss the applicability of such a spin-filtering system to two-dimensional
materials, which are the promising candidates for future opto-electronic and spintronic
devices.®” For transition metal dichalcogenides (TMDCs) such as MoS;® and WS,,*° spin

polarization of the optically excited carries higher than 60% has been observed at RT via
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circularly polarized PL spectroscopy. It has recently been reported in these materials that deep-
level defects can be introduced in the band gap.*®*! If these defects behave as spin-filtering
defects as in GaNAs and their spin-filtering efficiency can be controlled using an electric field,
it would be possible to vary the spin polarization even more widely. In addition, integration of
photochromic materials into such an electric-field-effect optical spin device may provide a

novel functionality for opto-electronic device applications.*?

Conclusions

In summary, we demonstrated the enhanced RT electric field control of PL polarization at
the QD ES in the range of 15-40% using the GaNAs QW-InAs QD tunnel-coupled structure,
in comparison with the PL polarization in the range of 1-4% for the InGaAs QW-InAs QD
tunnel-coupled structure. This achievement is attributed to the electric-field-dependent spin
polarization of the electrons injected from the GaNAs QW into the QD ES. By changing the
coupled-band potential with the bias voltage, the spin-injection time from the GaNAs QW into
the QD ES can be varied, thereby controlling the capture probability of electrons by spin-
polarized deep-level defects in GaNAs, that is, the spin-filtering efficiency. These results
provide a new method for electric-field modulation of optical spin polarization by switching
spin amplification. Electric field control of the spin-filtering dynamics in GaNAs and the
resultant optical spin polarization in InAs QDs will facilitate the practical applications of
semiconductor opto-spintronics, in which the electric field control of electron spin information

IS an essential prerequisite.
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Materials and methods

Molecular beam epitaxy growth and device fabrication

The electric-field-effect optical spin device schematically depicted in Fig. 1(a) was grown using
an EIKO molecular beam epitaxy system on a p-doped GaAs(100) substrate (supplied by Wafer
Technology Ltd. (UK)). The active layer was composed of a single layer of InAs QDs, tunnel-
coupled with a 5-nm-thick GaNAs QW. The GaNAs QW was grown on a 100-nm-thick GaAs
layer at 400 °C using a radio frequency (RF) plasma source for nitrogen (Oxford Applied
Research Model MPD21). Self-assembled 3.8-ML-thick InAs QDs were grown at 480 °C after
the growth of a 3-nm-thick GaAs tunneling barrier at 580 °C, and capped with 10-nm-thick
undoped GaAs at 480 °C. The other GaAs and Alo.2Gao.sAs barrier layers were grown at 580 °C.
The nitrogen content of the GaNAs QW was set to 0.9% by adjusting the growth conditions of
the RF power and N flow rate. An Fe/Au electrode was deposited on top, and a 10 um square
optical window was fabricated using standard photolithography and etching techniques for
optical spin excitation and PL observations. Reference InAs QD samples were prepared under
identical growth conditions in this study, and additional QDs were grown on top for structural
characterization via atomic force microscopy (AFM).

Structural characterization of QDs

Scanning transmission electron microscopy (STEM) samples were prepared via a standard
bulk-pick-up method using a focused ion beam instrument (JIB-4600F, JEOL). STEM
observations were performed using an aberration-corrected FEI-Titan cubic electron
microscope (Titan3 G2 60-300, FEI Co.). High-angle annular dark-field (HAADF) STEM
imaging was used to observe buried QDs in the reference samples. A typical HAADF-STEM
image exhibits a QD structure with a diameter and height of 25 and 4 nm, respectively (Fig.
S6). The QD diameter obtained was the same as that obtained by AFM, as described below.
The areal density and size distribution of the QDs were evaluated using atomic force

microscopy (AFM, SPI-3800, Seiko Instruments Inc.). AFM analysis revealed an areal density
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of 2.3 x 10'° cm2 with an average diameter of 25 nm (Fig. S3). Because the lateral resolution
of AFM is limited by tip sharpness,*® a curvature radius of 3 nm for the ultra-sharp tip (SI-
DF20S, Sl NanoTechnology) was considered for the analysis.

Polarization- and time-resolved optical characterization

Circularly polarized PL was detected using a cooled InGaAs detector (iDus DU490A, Andor)
through a spectrometer (Kymera-328i, Andor) under o*-polarized excitation at 295 K. Both
the excitation and detection directions coincided with the sample growth direction. A quarter-
wave plate with a linear polarizer was used to create (detect) circularly polarized excitation
(emission). A wavelength-tunable pulsed laser with a repetition rate of 80 MHz and pulse width
of less than 120 fs (InSight X3, Spectra-Physics) was used as the excitation source. The
excitation laser was focused to a spot size ~20 um in diameter using a microscope objective
lens. The excitation wavelength was set to 850 nm (~1.46 eV) for excitation of the GaAs barrier,
where the initial spin polarization degree of the generated electrons was expected to be 50%
according to the optical-transition selection rule.® The excitation laser power density was set at

approximately 30 uW pm 2. The circularly-polarized PL emitted from the QDs reflects the spin

polarization of electrons in the QD emissive states,?” and the PL polarization is defined as
follows:
Pp, = (10+ - Ia-)/(la’r + Ia—)’ (8)

where [+ denotes the co- and cross-circularly polarized PL intensities with o* -polarized
excitation. In this work, spin-polarized carriers are predominantly generated in a 100-nm-thick
GaAs layer grown below the 5-nm-thick GaNAs QW, considering the penetration depth of the
excitation laser of ~800 nm. The generated spin-polarized carriers are directly injected into the
QDs or injected from the GaNAs QW into the QDs via thermally-stable spin-conserved
tunneling after carrier capture by the GaNAs QW.*+%°

Circularly-polarized time-resolved PL was measured using a streak camera (C10910-02,

Hamamatsu Photonics) combined with a spectrometer (C11119-04, Hamamatsu Photonics)
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under a pulsed o *-polarized excitation at 295 K. A mode-locked Ti:Sapphire pulsed laser with
a repetition rate of 80 MHz and a pulse width of less than 100 fs (Mai Tai HP, Spectra-Physics)
was used as the excitation source, and the excitation wavelength was set to 850 nm (~1.46 eV).

The excitation laser power density was set at approximately 50 uW pum 2. The full width at half

maximum of the laser pulse time-response curve was 4 ps.

Band potential calculation

Three-dimensional calculations of the band potential and wavefunctions for the GaNAs QW-
InAs QD tunnel-coupled structure under an electric field were performed using nextnano
software.3* Here, one-dimensional calculations of the band potential for the entire device
structure were performed before three-dimensional calculations to determine the electric field
applied around the QW-QD tunnel-coupled structure at each bias voltage. In general, the In
composition of QDs is known to decrease due to In-Ga intermixing during the capping process
of the QDs,*® and thus, InGaAs QDs are inevitably formed. In this calculation, the In
composition of the InGaAs QDs was set to 0.65 to match the RT PL peak at around 1.02 eV
(QD GS) shown in Figs. 2(a) and 2(b). In addition, the calculation model assumes a 1-nm-thick
wetting layer, one truncated pyramidal QD with a base length of 25 nm, and a height of 4 nm,
considering the uniform In composition inside the QD and the influence of strain on the local
band structure. The structural model is based on AFM and STEM observations of the reference

QDs described above. The nitrogen content of the 5-nm-thick GaNAs QW was set to 0.9%.
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