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To realize the optical transfer of electron spin information, developing a semiconductor layer for
efficient transport of spin-polarized electrons to the active layers is necessary. In this study, electron
spin transport from a GaAs/Alg3Gag7As superlattice (SL) barrier to IngsGagsAs quantum dots (QDs) is
investigated at room temperature through a combination of time-resolved photoluminescence and rate
equation analysis, separating the two transport processes from the GaAs layer around the QDs and SL
barrier. The electron transport time in the SL increases for a thicker quantum well (QW) of SL due to the
weaker wavefunction overlap between adjacent QWs. Additionally, the degree of conservation of spin
polarization during transport varies with QW thickness. Rate equation analysis demonstrates an electron
transport from SL to QDs while maintaining a high spin polarization for thick QWs. The achieved spin-
conserved electron transport can be attributed to the combination of electron transport being
sufficiently faster than the spin relaxation in SL and the suppressed spin relaxation in the p-doped GaAs
layer capping the QDs. The findings indicate that SL is a promising candidate as an electron spin

rsc.li/pccp

1. Introduction

In recent years, opto-spintronics has gained significant interest
for integrating spin-based information processing/memory and
optical information transfer/communication."”” The fusion of
spintronics and photonics is essential for the realization of
energy-saving information systems.>* The optical transfer of
electron spin information requires using opto-semiconductor
materials such as III-V semiconductors. However, the spin polar-
ization of electrons is rapidly lost in non-magnetic III-V semi-
conductors, hindering the long-term retention of electron spin
information. Generally, ITII-V semiconductor quantum dots (QDs)
are promising spin-photon interfaces owing to their long spin
lifetime®” and excellent light emission properties.® " Significant
efforts have been directed to develop spin-polarized light-emitting
diodes (LEDs) using QDs as an active layer,>*>*® emitting circu-
larly polarized light reflecting the spin-polarized state of electrons.
The performance of spin LEDs is affected by spin relaxation
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transport layer for optical spin devices.

occurring during electron transport from the ferromagnetic spin
injector to the active layer. The degree of spin conservation
during transport in a GaAs barrier is less than 30% at room
temperature (RT)."” Large spin depolarization mainly originates
from D’yakonov-Perel’ spin relaxation, which is dominant at high
temperatures.'®>" Therefore, developing an electron spin trans-
port layer that retains high spin polarization is necessary.

Using a superlattice (SL) as an electron spin-transport layer is a
candidate approach for transporting spin-polarized electrons to
active layers. Previous studies have demonstrated electron spin
transport from a GaAs/AlGaAs SL to InGaAs QDs using quantum
waves at low temperatures,”*® where the spin polarization of
electrons is fully conserved during wavefunction penetration. Such
quantum spin transport is expected to suppress electron spin
relaxation owing to scattering. Recent studies have investigated
the effects of AlGaAs barrier thickness and growth temperature on
the spin-relaxation properties of GaAs/AlGaAs SL at RT.**** The
spin-relaxation time is faster for a thinner AlGaAs barrier because
an enhanced in-plane effective magnetic field promotes spin
relaxation. Additionally, the spin relaxation of SL can be affected
by quantum well (QW) thickness. In multiple GaAs/AlGaAs QWs,
D’yakonov-Perel’ interaction is a dominant spin-relaxation mecha-
nism at RT;*® thus, spin relaxation time depends on electron
confinement energy.”***® Furthermore, the wavefunction overlap
between adjacent QWs varies with the QW thickness of SL, capable
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(a) Schematic illustration of spin-conserved electron transport from superlattice (SL) barrier to quantum dot (QD). Schematic sample structure of

(b) SL-A with QW thickness of 6 nm and (c) SL-B with QW thickness of 9 nm. One-dimensional band calculation of GaAs/Aly 3Gag 7As SL with electron and

hole wavefunctions in the miniband for (d) SL-A and (e) SL-B.

of changing electron transport time in SL. However, the effects of
QW thickness on the electron spin transport properties of SL have
not been explored at RT. For applications to QD spin LEDs,
understanding the electron spin transport from the SL barrier to
QDs is crucial.

This study investigates at RT the electron spin transport from
GaAs/AlGaAs SL to InGaAs QDs using time-resolved circularly
polarized photoluminescence (PL) in combination with rate equa-
tion analysis. The electron transport time decreases for thicker
QWs due to the weaker overlap of wave functions between
adjacent QWs. The spin polarization of electrons transported
from SL to QDs depends on the QW thickness. Rate equation
analysis reveals the achievement of spin-conserved electron trans-
port from the SL to QDs. The efficient transport of spin-polarized
electrons in SL illustrated in Fig. 1a can be attributed to the
combination of electron transport before promoting spin

This journal is © the Owner Societies 2025

relaxation and suppression of spin relaxation in the p-doped GaAs
layer capping the QDs.

2. Experimental

2.1. Sample preparation

Schematic illustrations of two sample structures prepared
by molecular beam epitaxy are shown in Fig. 1b and c. First, a
400-nm-thick GaAs buffer layer was grown on a semi-insulating
GaAs(100) substrate. Then, a 30-nm-thick Al,;Ga,,As barrier
layer was grown to confine photo-excited electrons and holes
in the QD emissive layer. After the subsequent growth of a 9-nm-
thick GaAs layer, a single layer of 7.5-ML-thick In, 5Gag sAs QDs
was grown at 773 K. The QDs were capped with an 11-nm-thick
GaAs layer with Be doping (3 x 107 e¢m™®) at the same
temperature, followed by the growth of SL barriers. Notably,
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the Iny 5Gay 5As QDs were embedded in a 20-nm-thick GaAs QW.
Such a dot-in-well structure enabled efficient carrier injection
into the QDs.?° The SL barriers comprised 10 repeats of
6-nm-thick GaAs QW and 5-nm-thick Al,;Ga,-As barrier, or 8
repeats of 9-nm-thick GaAs QW and 5-nm-thick Al ;Ga,,As
barrier. A 5-nm-thick Aly;Ga,,As layer was grown on the SL
barrier and capped with a 10-nm-thick GaAs layer. The growth
temperatures of the layers excluding the QDs and their capping
layers were set to 853 K. Hereafter, samples with 6-nm-thick
QW and 9-nm-thick QW SL layers are labeled SL-A and SL-B,
respectively. The two samples exhibit similar SL barrier
thicknesses.

2.2. Optical characterization

Circularly polarized PL and time-resolved experiments were
conducted at RT using a streak camera combined with a
spectrometer under o'-polarized excitation. The excitation
energies were mainly changed from 1.39 to 1.59 eV, excluding
those for PL excitation measurements. The excitation energies
were set to 1.51 and 1.47 eV to selectively excite the SL heavy-
hole states of SL-A and SL-B, respectively (Fig. 1d, e and 3b).
Both the excitation and detection directions coincided with the
sample growth direction. A mode-locked Ti:Sapphire pulsed
laser with a repetition rate of 80 MHz, pulse width of <100 fs,
and spectral width of 10 nm was used as the excitation source.
The laser spot diameter was ~50 pm. The full-width half
maximum of the laser pulse time response curve was ~11 ps.
To characterize polarization-resolved optical properties, a linear
polarizer and a quarter-wave plate were inserted into the excita-
tion (detection) beam paths to generate (detect) circularly polar-
ized excitation (emission). For this study, the spin polarization of
electrons generated in the GaAs layers was expected to be 50%
according to the optical selection rule when considering valence-
band mixing. The circular polarization degree (CPD) of QD PL is
defined as (I5+ — Is-)/(Is+ + Is-) using the circularly polarized PL
intensity I+, reflecting the spin polarization of electrons at QD
emissive states. For PL excitation measurements at RT, a tunable
Ti:Sapphire laser was used as the excitation source. In this study,
the GaAs capping layer was p-doped to supply holes to the
QDs. Furthermore, p-doping can lead to a hole-rich condition
in the QDs. Therefore, PL and the CPD properties of QDs
were expected to depend on the electron spins injected into
the QDs. One-dimensional band structures of the SL and wave-
functions of electrons and holes were calculated using the
nextnano software.*’

3. Results and discussion

The high-angle annular dark-field scanning transmission elec-
tron microscopy images of the Ing;GagsAs QDs and GaAs/
Aly 3Gagy ,As SL structures for SL-A and SL-B are shown in
Fig. 2a and b, respectively. The results indicated the formation
of atomically flat GaAs/Al, ;Gay -As interfaces. Sharp interfaces
significantly reduced the interfacial roughness scattering
of tunneling electrons, which suppressed spin relaxation by
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Fig. 2 High-angle annular dark-field scanning transmission electron
microscopy images of (a) SL-A and (b) SL-B, where the regions from the
bottom Alg3GagsAs layers to the SL layers are visible. The insets show
typical high-resolution high-angle annular dark-field scanning transmis-
sion electron microscopy images of buried IngsGagsAs QDs.

tunneling between adjacent GaAs QWs. Notably, electron tun-
neling time was expected to differ between the two samples. As
the QW of SL-A was thinner than that of SL-B, the electron
miniband energy was higher for SL-A (Fig. 1d and e). Conse-
quently, the overlap of electron wavefunctions between adja-
cent QWs was stronger for SL-A, implying faster electron
tunneling. Contrarily, weaker wavefunction overlap for SL-B
facilitates radiative recombination of electrons and holes
within QWs during PL measurements and reduces the effi-
ciency of electron transport from SL to QDs. Buried Iny 5Gay sAs
QDs are shown in Fig. 2a and b. As shown in the insets, the
typical QD diameters/heights of SL-A and SL-B were estimated
as 21/3.5 and 25/4.2 nm, respectively. The formation of differ-
ently sized QDs was attributed to time-varying growth condi-
tions, such as growth rate and arsenic pressure.

An overview of the PL spectra of the two samples measured
at excitation energies above the SL miniband states is shown in
Fig. 3a. Four PL peaks were observed for both samples. PL peak
energies of 1.23 and 1.20 eV for SL-A and SL-B originated from the
QD ground states, respectively. The lower energy shift of SL-B was
attributed to a large QD size, confirmed by scanning transmission
electron microscopy observations. For QD PL from the first excited
state, the PL peak energy was 1.26 eV for SL-B as compared to
1.29 eV for SL-A. Small PL peaks at 1.43 eV for both samples
originated from the 20-nm-thick GaAs QWs surrounding the QDs.
PL peak energies of 1.51 and 1.47 eV for SL-A and SL-B originated
from SL miniband states, respectively. The PL excitation spectra
detected in the QD ground states are shown in Fig. 3b, where
distinct features related to the heavy-hole and light-hole states are
observed. The heavy hole energies of SL-A and SL-B were located at
1.51 and 1.47 eV, respectively. The values were consistent with the
band-calculation results shown in Fig. 1d and e. The obtained PL/
PL excitation results provided experimental evidence of SL struc-
tures designed with sharp GaAs/Al,;Ga,-As interfaces. Further-
more, different intensity ratios of QD PL to SL PL of the two
samples are shown in Fig. 3a. A stronger SL PL of SL-B compared
to that of SL-A was related to a smaller wavefunction penetration
into adjacent QWs. For SL-B, the dominant radiative recombina-
tion within SL reduced the electron transport efficiency, resulting
in a lower QD PL intensity. The QD PL spectra at the excitation of
a 20-nm-thick GaAs QW and SL miniband are shown in Fig. 3c.
The PL intensities were normalized to the peak PL intensity at the
GaAs QW excitation. For both samples, the QD PL intensity
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Fig. 3 (a) Overview of PL spectra at an excitation energy above SL miniband. (b) PL excitation spectra detected at QD ground state. (c) QD PL spectra at

excitations of GaAs QW and SL, where the PL intensities are normalized to the peak PL intensity at an excitation of GaAs QW. Normalized PL time profiles
of QD excited states at excitations of GaAs QW and SL for (d) SL-A and (e) SL-B. The solid lines indicate the best-fitted rate equation results.

increased significantly upon excitation of the SL miniband relative
to the excitation of the GaAs QW. The increase was slightly greater
for SL-A. Considering that the total thickness of the SL-QW layers
to be excited was greater for SL-B, the obtained result supported a
lower electron transport efficiency.

The difference in electron transport properties between the
two samples was observed from the time-dependent PL beha-
vior. The normalized PL time profiles of the QD excited states
for SL-A and SL-B are shown in Fig. 3d and e, respectively,
measured at the excitations of the GaAs QWs and SL mini-
bands. At SL miniband excitation, a slower PL increase was
observed for SL-B than for SL-A. To examine the electron
transport time (t), rate equation analysis of the PL time
profiles was performed (details are provided in Supplementary
note S1, ESIt). The same value of 7, = 11 ps was obtained at an
excitation of GaAs QW, whereas 1., = 21 ps for SL-B was longer
than 7., = 14 ps for SL-A at SL miniband excitation. The longer
7 for SL-B was related to slower electron tunneling between
adjacent QWs of the SL, as aforementioned. Conversely,
the significant increase in 7, from 11 to 21 ps indicated the
contribution of electrons generated in the SL far from the QDs
to the QD light emission. For SL-A, 7., at SL excitation was close
to that at GaAs QW excitation. Thus, fast electron tunneling was
observed between the adjacent QWs of SL. Here, note that no
significant difference in the electron transport efficiency
between the two samples could occur from the perspective of

This journal is © the Owner Societies 2025

electrical carrier injection. In PL measurements, holes were
generated in the GaAs QW of SL; thus, electrons radiatively
recombined with holes during transport. The radiative recom-
bination reduced electron transport efficiency, particularly for
SL-B. However, for a p-i-n LED using SL as an electron
transport layer, electrons and holes were transported from
the opposite direction to the active layer. Thus, radiative
recombination within the SL was almost negligible and cannot
affect the electron transport efficiency.

Further, the electron spin transport from the SL to the QDs
was analyzed. The circularly polarized PL time profiles and the
corresponding CPD of the QD excited states for SL-A and SL-B
are shown in Fig. 4a and b, respectively, measured upon
excitation of the SL miniband. The CPD values during the
initial time are shown in the insets. The initial CPD properties
of the QD excited states reflected the degree of spin relaxation
during transport to QDs.”>*! Although the heavy-hole and light-
hole states were split, as shown in Fig. 3b, the initial spin
polarization of electrons generated in the SL was estimated as
50% when considering the valence-band mixing and spectral
width of the excitation pulsed laser.*>>* The initial CPD value
of SL-B was higher than that of SL-A. The initial CPD values as a
function of the excitation energy are plotted in Fig. 4c. For this
study, initial CPD is defined as the mean value near a CPD peak
in the initial time region. At GaAs QW excitation, identical
values of 26-27% were obtained for the two samples. The values
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Fig. 4 Circularly polarized PL time profiles and corresponding CPD of QD excited states for (a) SL-A and (b) SL-B, at SL miniband excitation.
The insets show the CPD time profiles in the initial time region. The black solid lines indicate the best-fitted rate equation results, which are
decomposed into two components, spin-polarized carriers generated in GaAs QW and SL. (c) Initial PL CPD of QD excited states as a function of
excitation energy. (d) Schematic model of spin-split rate equation, where the electron spin transport to the QD from the GaAs QW and the SL is

considered.

were close to the previously reported values for electron spin
injection from the GaAs barrier into InGaAs QDs.?%?*%
Furthermore, the initial CPD value was dependent on the
excitation energy. The value increased to 32% under SL
excitation for SL-A, while a significant increase to 37% for
SL-B was observed. The results indicated the efficient trans-
port of spin-polarized electrons from SL to QDs while main-
taining a high spin polarization for SL-B. Notably, the time-
dependent QD PL at SL excitation included electron spin
transport from both the GaAs QW around the QDs and
the SL. Each component needs to be separated to extract the
net spin polarization of the electrons transported from SL
to QDs.

To separate the electron spin transport from the GaAs QW
and SL, rate equation analysis was performed considering two
spin transport processes, as schematically illustrated in Fig. 4d.
This rate equation model was employed to extract the net spin
polarization of the electrons transported from SL to QDs,
because the raw time-dependent circularly polarized PL data
of the QDs screen the spin polarization properties of trans-
ported electrons. The initial number of excitons generated in
the GaAs QW (SL) with ¢"-polarization was expressed by Ny ).

2214 | Phys. Chem. Chem. Phys., 2025, 27, 2210-2217

The rate equation was expressed as:

dN N N
L Ly § R L (1)
dt Tirl Tirl
dNsL NsL NsL
=-n——(l-un ) 2
dt Ttr2 ( )Ttr2 ( )
dN§p  Now . Nsu Nop Ngp  Ngp
o Now o N Moo Np N
t Ttrl Ttr2 Tr Ts Ts
dNg, N, Ns. Nép Nép  Néu
9 (1= ) (1 -y Q0 _QD L QD (4)
dt Ttrl Ttr2 Tr Ts Ts

where the excitons generated in the GaAs QW and SL were
transported to the QDs with time constants of 7y and T,
respectively. As this study prioritized spin polarization evalua-
tion of electrons transported from SL to QDs, a spin conserva-
tion factor during transport was introduced. Parameters o, and
o, were defined as the spin conservation factor during electron
transport from the GaAs QW and SL, respectively. Conversely,
oy and o, were dependent on the degree of spin relaxation in
the GaAs QW and SL, respectively. Herein, «;, indicated the

This journal is © the Owner Societies 2025
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fraction of spin conservation, where a value of 0.5 (0.75)
indicated that the spin polarization of transported electrons
was 0% (50%). In the model, the parallel-spin electrons o;N;
(2,N,) were transported from the GaAs QW (SL) to the parallel-
spin state of the QDs, whereas the anti-parallel-spin electrons
(1 — a1)N; [(1 — op)N,] were transported to the opposite spin
state. The spin-polarized electrons transported to the QDs
relaxed with time constants of spin relaxation () and relaxa-
tion (t,), which included the radiative and non-radiative decay
processes. The rate-equation fit results of the PL and CPD time
profiles are shown in Fig. 4a and b, combined with a convolu-
tion calculation of the time-response curve for the laser pulse.
The time profiles were decomposed into two components:
electron spin transport from GaAs QW and SL. The fitting
parameters are presented in Table 1. For both samples, 7y =
11 ps and a; = 0.67 were fixed based on the rate equation
analysis of the circularly polarized PL time profiles at GaAs QW
excitation. Herein, 7, was longer for SL-B than for SL-A, which
supported the slower electron transport. Notably, o, = 0.76 was
obtained for SL-B as compared to «, = 0.72 for SL-A. The rate-

Table 1 Fitting parameter values of rate equation for SL-A and SL-B
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equation analysis implied that the spin polarization of elec-
trons transported from SL to QDs was approximately 50% for
SL-B, indicating spin-conserved electron transport. The results
were reflected in the decomposed CPD time profile shown in
Fig. 4b (marked as SL), which indicated an initial spin polar-
ization of 48%. As shown in Fig. 4a, a lower initial spin
polarization of 40% was obtained for SL-A.

To reveal the origin of the difference in electron spin
transport between SL-A and SL-B, the spin relaxation of the
SL was investigated. The time-dependent PL CPD of the SL
miniband with the single-exponential decay fittings is shown in
Fig. 5a. Excitation energies of 1.71 and 1.60 eV were used for
SL-A and SL-B, respectively, to excite the second miniband. The
initial CPD of SL PL was approximately 27%, whereas the CPD
decay properties differed significantly between the two sam-
ples. A much longer spin relaxation time t3 = 195 ps was
obtained for SL-B as compared to 7y = 71 ps for SL-A. The
difference in 74 was interpreted based on the electron confine-
ment energy (Ei.). The spin relaxation time obtained as a
function of E,. is plotted in Fig. 5b. The least squares fit
resulted in 7, oc E;Z°, which agreed with the dependence of
the spin relaxation time on the electron confinement energy
expected in D’yakonov-Perel’ theory of QW.?%?* Therefore, the

T (PS) o4 T2 (PS) 2 7. (ps) 1 (ps) N./N; spin relaxation time of SL was dependent on the D’yakonov-
SL-A 11 0.67 41 0.72 248 120 1.61 Perel’ interaction, and the smaller electron confinement energy
SL-B 11 0.67 80 0.76 258 120 1.49 in the QW led to a longer spin relaxation time. Thus, the spin-
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Fig. 5 (a) Time-dependent CPD of SL PL with single-exponential decay fittings (solid lines) for SL-A and SL-B. (b) Spin relaxation time (z;) as a function of

electron confinement energy (Ee) for SL-A and SL-B. The solid line showing ts oc E12C is fitted using the least square method. The dashed and dotted
lines showing s oc Erc-> and 1¢ oc E:2® through the data point of SL-A are also shown to justify the fitting result, 7 oc E12°. (c) Schematic illustration of
electron spin transport dynamics in GaAs QW and SL under the c*-polarized excitation of SL miniband.
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relaxation time of SL at RT could be controlled by changing the
QW thickness.

Finally, the electron spin transport dynamics of SL-B with
the o'-polarized excitation of SL were explored. Under the
excitation conditions, the GaAs layers around QDs and SL were
excited together, as depicted in Fig. 5c. The spin polarization of
electrons injected from the i-GaAs barrier into the QDs via the
wetting layer was expected to be low owing to the rapid spin
relaxation in GaAs at RT.* The results reflected an initial CPD of
26-27% at GaAs QW excitation (Fig. 4c). Contrarily, the spin
polarization of electrons transported from the SL to the QDs via
p-GaAs capping layer cannot be degraded for the following two
reasons. First, spin-polarized electrons can be transported from the
SL to the QDs before promoting spin relaxation. The deduced
electron transport time, 74, = 80 ps, was faster than the spin
relaxation time of the SL, 75 = 195 ps. The net electron transport
time should be faster because 1, includes the transport time from
p-GaAs to QDs. It is also possible that the obtained 7y, is over-
estimated. In these PL measurements, electrons and holes were
generated in the SL. In general, hole transport is slower than
electron transport because of its higher effective mass. As a result,
the QD PL rise time, which is closely related to ty,, could be
determined by the slower hole transport. In this case, the net
electron transport time should be much shorter than the spin-
relaxation time. We expect the second advantage to be the use of p-
doped GaAs capping layer. A previous study of p-doped InGaAs QDs
demonstrated that D’yakonov-Perel’ spin relaxation in the p-doped
GaAs capping layer can be suppressed at RT through electron-
impurity scattering.”*® Therefore, we conclude that the combi-
nation of electron transport before the promotion of spin relaxation
in the SL and suppressed spin relaxation in the p-doped GaAs
capping layer results in spin-conserved electron transport from the
SL to the QDs even at RT. Future investigations of electron spin
transport properties under the application of an electric field will
provide valuable insights into the applicability of SL to electron
spin transport layers of spin-polarized LEDs and lasers.

4. Conclusions

In summary, the electron spin transport from a GaAs/Al,3Ga, ;As
SL barrier to IngsGagsAs QDs was studied at RT through a
combination of time-resolved circularly polarized PL and rate
equation analysis, separating the two transport processes from
the GaAs QW around the QDs and from the SL. The electron
transport time in the SL depends on the QW thickness. As the QW
thickness increases, the electron transport time increases because
of the weaker wavefunction overlap between adjacent QWs. We also
found that the degree of spin-polarization conservation during
transport depended on the QW thickness. Rate equation analysis
demonstrated that electrons could be transported from the SL to
the QDs while maintaining a high spin polarization even at RT. The
achieved spin-conserved electron transport can be attributed to the
combination of electron transport, which is sufficiently faster than
spin relaxation in the SL, and the suppression of spin relaxation in
the p-doped GaAs layer capping the QDs.
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