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ABSTRACT

Dilute nitride GaNAs has attracted much attention for spin generation owing to its defect-engineered spin filtering at room temperature.
Strong, circularly polarized luminescence reflecting the spin-polarized electron states generated by a GaNAs spin filter is needed to realize
practical opto-spintronics applications. This study examined the impacts of the GaNAs thickness on the room-temperature spin-polarized
luminescence properties of tunnel-coupled InAs quantum dots (QDs) through polarization- and time-resolved photoluminescence in combi-
nation with a rate equation analysis. Reducing the GaNAs thickness from 20 to 5 nm increased the QD luminescence intensity by over an
order of magnitude at low excitation powers. This increased luminescence was attributed to decreased electron capture in the deep-level
defect states of GaNAs, which resulted from fewer defects in thinner GaNAs layers. Furthermore, the reduction in GaNAs thickness decreased
the excitation power needed to maximize electron spin polarization of QDs while maintaining a near-maximum value. This efficient spin-
amplified luminescence of QDs was achieved through spin-selective capture of QD electrons by defect states under low excitation spin densi-
ties. These results demonstrate that using a thin GaNAs spin filter can result in strong QD luminescence and high circular polarization at
room temperature and low excitation spin densities. The findings give valuable implications for the development of spin-functional optical

devices utilizing a GaNAs spin filter.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0249606

The development of a spin-based information technology plat-
form is essential for the realization of energy-saving information sys-
tems.'’ Magnetic random-access memory, which utilizes electron
spins as information carriers, shows great promise as a replacement
for charge-based dynamic random-access memory." This spin-based
nonvolatile memory can reduce power consumption by eliminating
standby power.” Optical wiring can solve problems associated with
conventional electrical wiring for short-range information communi-
cation. Optical wiring offers advantages, such as no thermal loss of
energy, low signal delay, and large bandwidth. Therefore, the optical
transfer of electron spin information is crucial in connecting
spintronics-based memory and optical communication systems. ITI-V
semiconductors can convert spin-polarized electron states into circu-
larly polarized light through the optical-transition selection rule.” In
(Ga)As quantum dots (QDs) serve as excellent spin-photon interfaces
owing to their high luminescence efficiency”” and ability to suppress
spin relaxation.'” "> However, at room temperature (RT), the spin
polarization of electrons is rapidly reduced during injection from the

GaAs barrier into QDs and upon reinjection into QDs after escap-
ing.">"* This loss of spin polarization degrades the efficiency of spin-
photon conversion using QDs. Therefore, the injection of highly
spin-polarized electrons into QDs at RT is necessary to enhance the
spin-polarized QD luminescence properties.

Dilute nitride GaNAs have emerged as promising candidates for
spin generation. Deep-level defect states (DSs) derived from Ga*t
interstitials can enhance the spin polarization of the conduction-band
electrons at RT through spin-dependent recombination.'™'® First, the
residual electrons in the Ga®* paramagnetic defects are unpolarized,
When spin-polarized electrons are injected into the conduction band,
they become trapped in the DSs. Owing to the equal probability of
recombination between spin-up and spin-down defect electrons with
holes, a cycle of electron spin capture and recombination creates a spin
imbalance of the defect electrons. The spin-polarized defects activate
the spin filtering by capturing the conduction-band electrons with the
opposite spin direction. Consequently, the spin polarization of
conduction-band electrons is amplified. Recent advancements
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demonstrated the achievement of electron spin polarization above 90%
at RT by utilizing a tunnel-coupled nanostructure comprising a 20-
nm-thick GaNAs quantum well (QW) and InAs QDs.'” This structure
allows for the injection of spin-amplified electrons from GaNAs to
QDs, as well as the selective transfer of minority spins from QDs to
DSs through QW-QD wavefunction coupling.'®"” However, the prox-
imity of GaNAs spin filter to QDs reduces QD luminescence intensity
owing to electron capture in the DSs. Strong, circularly polarized lumi-
nescence reflecting the spin-polarized electron states generated by
GaNAs is essential for opto-spintronics applications. In this study, the
effects of GaNAs thickness on the circularly polarized QD lumines-
cence properties were investigated through time- and polarization-
resolved photoluminescence (PL) in combination with a rate equation
analysis. When the GaNAs thickness was reduced from 20 to 5nm,
strong luminescence and high electron spin polarization of the QDs
were achieved at RT under low excitation spin densities.

The samples investigated in this study were prepared using a
molecular beam epitaxy equipped with a radio frequency plasma
source for nitrogen [Fig. 1(a)]. After the growth of the GaAs buffer on
the semi-insulating GaAs(100) substrate, a dilute nitride GaNAs layer
with a thickness d was grown. The nitrogen content was adjusted to
approximately 1% by controlling the radio frequency power and N,
flow rate. Subsequently, the 3.8-ML-thick InAs QDs were formed after
the growth of a 3-nm-thick GaAs tunneling barrier and capped with

(a) InAs QD
-\ A AT V-

GaAs cap 100 nm
L A D V-

GaAs tunnel barrier 3 nm

GaNAs QW d nm

GaAs buffer 300 nm

S.l. GaAs(100) Substrate

(d)
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GaAs. An additional QD layer was formed on the surface for structural
observation. In this study, four samples with d =5, 10, 15, and 20 nm
were prepared. Additionally, an InAs QD sample without GaNAs
(d=0nm) was also prepared for comparison. The other growth con-
ditions can be found elsewhere.'”*’

Time- and polarization-resolved PL experiments were conducted
at RT under ¢ -polarized excitation using a mode-locked Ti:Sapphire
pulsed laser with a repetition rate of 80 MHz and a pulse width of
<100 fs. The excitation power was changed from 0.5 to 50 mW, with a
laser spot size estimated at 50 um and a full-width half maximum of
the laser pulse time response curve at approximately 4 ps. The laser
wavelength was set to 850 nm to generate spin-polarized carriers in
GaAs, with an expected electron spin polarization of 50% based on the
optical-transition selection rule.” Although an 850 nm wavelength laser
can excite carriers in GaNAs, the carrier excitation in GaNAs cannot
contribute to the QD PL properties because of the sufficiently small
volume ratio of the GaNAs layer to the GaAs layer. The PL circular
polarization degree (CPD) is defined as (Iy+ — I,-)/(I5+ + I,-) using
the circularly polarized PL intensity I,=, reflecting the electron spin
polarization at QD states.'” Details of the optical orientation experi-
ments are outlined elsewhere."®

Atomic force microscopy (AFM) images of surface QDs and their
size distributions are shown in Figs. 1(b) and 1(c), respectively. The
observation revealed an areal QD density of 3.2 X 10'cm 2 The QD
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FIG. 1. (a) Schematic of the GaNAs QW-InAs QD tunnel-coupled sample structure. (b) AFM image of surface InAs QDs. (c) Size distribution of surface QDs with a Gaussian
distribution curve (orange solid line). (d) HAADF-STEM image of GaNAs QW-InAs QD tunnel-coupled structure with a GaNAs thickness of 5nm. (e) Normalized RT PL spectra

measured with an excitation power of 3 m\W.
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ensembles were characterized by a symmetric size distribution with a
mean diameter of 18 nm and a standard deviation of 2.6 nm. The
radius of curvature of the AFM tip was considered for estimating the
QD diameter.'® The AFM analyses validated the formation of uniform
QD ensembles. A high-angle annular dark-field scanning transmission
electron microscopy (HAADF-STEM) image of the GaNAs QW-InAs
QD tunnel-coupled structure with d =5 nm is shown in Fig. 1(d). The
QD base lengths and heights ranged from 17 to 20 and 3 to 4nm,
respectively. These base lengths were similar to the diameters of the
surface QDs obtained using AFM, indicating that the presence of
GaNAs has minimal impact on subsequent QD growth. This interpre-
tation was supported by the normalized RT PL spectra [Fig. 1(e)]. The
PL emission primarily originated from the QD ground state (GS) and
first excited state (ES1). No significant difference in the QD GS was
observed, indicating identical QD growth regardless of the GaNAs
thickness. Small PL peaks and shoulders arising from the GaNAs QW
were observed at 1.23-1.24 eV. The broad PL spectrum reflecting the
non-uniform QD size distribution for d = 10 nm sample can be due to
time-varying conditions, such as growth rate and arsenic pressure.

The PL spectra of the QDs measured at an excitation power of
5 mW are shown in Fig. 2(a). The PL intensity increased significantly
with a decrease in d. Specifically, for the QD GS, the peak PL intensity
increased by over fourfold, fourfold, and 18-fold for d= 15, 10, and
5nm samples, respectively, compared with the d=20nm sample.
Conversely, the PL intensity of the sample with d =20 nm decreased
by two orders of magnitude compared with the sample with d =0nm,
whereas the decrease in PL intensity was significantly suppressed for
the sample with d=5nm, being only approximately 1/3. This result
highlights the effectiveness of reducing the GaNAs thickness in
enhancing the QD PL intensity. The strong PL observed can be attrib-
uted to the reduced electron capture by the GaNAs DSs, which origi-
nated from their smaller numbers. The integrated PL intensity of the
QD GS and corresponding PL intensity ratio between d =5, 10, 15,
and 20 nm samples and d = 0 nm sample as functions of the excitation
power are shown in Figs. 2(b) and 2(c), respectively. The analyzed
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energy range was defined as 1.07-1.11eV. The PL intensity ratio
increased with increasing excitation power, reaching saturation at high
excitation powers. For the GaNAs-QD samples, the photoexcited elec-
trons were easily captured in the DSs at low excitation powers. The
dominant electron capture accounts for the large PL intensity differ-
ence compared with that of the d = 0 nm sample. However, as the exci-
tation power increased, the DSs became occupied, suppressing
electron capture and allowing more electrons to be injected into the
QDs. Notably, the PL intensity ratio was saturated at higher excitation
powers for samples with thicker GaNAs. This feature was also evident
from the integrated PL intensity [Fig. 2(b)]. As the number of DSs
increases with the thickness of the GaNAs, a higher excitation power is
required to occupy the DSs. These findings highlight the potential for
achieving strong QD PL under low carrier density by reducing the
thickness of GaNAs. However, the QD PL intensity remained
unchanged when the GaNAs thickness was reduced from 15 to 10 nm.
This result can be attributed to the QD quality, and the strongest wave-
function coupling between the GaNAs QW and QD, as reported in a
previous study.'” In this case, the transfer of electrons from QDs to
DSs through wavefunction coupling may be promoted.

Furthermore, the CPD properties of QD PL were examined. The
circularly polarized PL and CPD spectra of d=5 and 20 nm samples
are shown in Figs. 3(a) and 3(b), respectively. The excitation powers
were set to 5 and 50 mW for d=>5 and 20 nm samples, respectively.
Notably, the CPD values for the QD GS were identical at 40%-45%
with similar PL intensity,indicating the potential for achieving high
spin polarization of QDs at lower excitation powers through the reduc-
tion of GaNAs thickness. The excitation power dependence of the PL
CPD is shown in Fig. 3(c). The CPD of the d = 0 nm sample decreased
with excitation power owing to the state-filling effect in the QDs.”" **
In contrast, significant CPD increases were observed in the GaNAs-
QD samples with excitation power. The power-dependent CPD prop-
erties suggest the presence of power-dependent spin filtering in
GaNAs.” Although similar CPD values of 14%-19% were observed at
0.5 mW, the CPD increases were steeper for samples with thinner
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FIG. 2. (a) QD PL spectra measured at RT with an excitation power of 5 mW. (b) Integrated PL intensity of QD GS as a function of excitation power. (c) PL intensity ratio
between d =5, 10, 15, and 20 nm samples and d = 0 nm sample as a function of excitation power.
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FIG. 3. Circularly polarized RT PL spectra and corresponding CPD of (a) d=5nm sample with an excitation power of 5 mW and (b) d=20nm sample with an excitation
power of 50 mW. (c) PL CPD of QD GS as a function of excitation power. (d) Maximum PL CPD of QD GS and excitation power for maximum CPD as a function of GaNAs

thickness.

GaNAs. Accordingly, the excitation power required for the maximum
CPD decreased from 20 mW for the d =20 nm sample to 5 mW for
the d=5nm sample [Fig. 3(d)]. The maximum PL intensity, maxi-
mum PL CPD, and excitation power required for the maximum CPD
are summarized in Table I. Here, the QD GS was chosen as an

TABLE I. Maximum PL intensity, maximum PL CPD, and required excitation power.

GaNAs Maximum Maximum Excitation
thickness (nm) PL intensity PL CPD (%) power (mW)
5 5.4 40 5

10 2.5 45 5

15 2.1 48 10

20 1 46 20

analyzed energy region, and the maximum PL intensity was normal-
ized to the data of d=20nm sample. This result clearly shows that
strong QD luminescence and high CPD at a lower excitation power
can be achieved by reducing the GaNAs thickness. Conversely, the
maximum CPD decreased from 48% for the d = 15 nm sample to 40%
for the d = 5nm sample. The slight decrease in the CPD can be attrib-
uted to the energy alignment between QW and QD. For the d=5nm
sample, a higher electron energy of the QW GS was anticipated com-
pared with that of the QD GS.'” Therefore, the spin filtering of the
GaNAs should significantly contribute to the PL of the QD ES.'*
Notably, a maximum CPD of 50% was achieved at QD ESI in the
d=5nm sample [Fig. 3(c)]. This finding indicates that reducing the
GaNAs thickness does not impact the maximum spin polarization of
the QDs. The comparison of PL CPD properties between this work
and GaNAs-related previous works is presented in the supplementary
material.
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TABLE II. Capture coefficient of conduction-band electrons by the Ga interstitial
defects, y,, density of the defects, N;, and effective capture rate of conduction-band
electrons, y,N;, deduced from the coupled rate equation analysis presented in the
supplementary material.

GaNAs

thickness (nm) ye(cm3 psfl) N.(cm™) yeNC(psfl)
5 47x1071° 49 x 10 0.230
10 33x107'° 6.4x 10 0.211
15 3.6x1071° 6.0 x 10 0.216
20 23x1071° 8.5x 10 0.196

Next, the effect of the GaNAs thickness on the density of Ga
interstitial defects was investigated. According to the previous stud-
ies, 1% we estimated the defect density from the excitation power-
dependent PL CPD profiles of GaNAs using the nonlinear coupled
rate equation. The details of the rate equation and fitting results are
presented in the supplementary material. Table II shows the capture
coefficient of conduction-band electrons by the Ga interstitial defects,
7> density of the defects, N, and effective capture rate of conduction-
band electrons, y,N,, deduced from the rate equation analysis. N,
tended to decrease with reducing GaNAs thickness except for
d=10nm sample. Interestingly, 7, was larger with thinner GaNAs
thickness, resulting in larger y,N.. This result means that the efficient

ARTICLE pubs.aip.org/aip/apl

capture of conduction-band electron spins can be achieved even at a
low defect density for d=5nm sample. The combination of low N,
and large y, produces large spin polarization amplification (high PL
CPD) at low excitation powers. Further detailed investigations are
needed to reveal the origin of low N, and large y,.

The time evolutions of the PL CPD of the QD GS at 10 and 50
mW are shown in Figs. 4(a) and 4(b), respectively, for the d =20 and
5nm samples. The time-dependent CPD behavior was influenced by
the GaNAs thickness and the excitation power. At 10 mW, the sample
with d=20nm exhibited a faster CPD increase from approximately
30%-50% and a rapid CPD decay after enhancement, whereas the
sample with d=5nm indicated a slower CPD increase and retention
of the temporally enhanced CPD. At 50 mW, a significant suppression
of the CPD decay after the CPD increased to 60% was observed for the
d=20nm sample. Conversely, for the d = 5nm sample, the CPD was
almost 0% in the initial time region and gradually increased to 50%.
Utilizing rate equation analysis considering the capture of QD electron
spins by the GaNAs DSs provides a quantitative understanding of spin
polarization amplification behaviors.'”’

The schematic of the rate equation model of the GaNAs QW-
InAs QD tunnel-coupled structure is shown in Fig. 5(a), illustrating
the spin-dependent capture of QD electrons by the DSs. The QD PL is
defined as the sum of the PL derived from the carriers injected from
the GaAs barrier and GaNAs QW. Therefore, the PL component
includes the number of carriers in the GaAs barrier (GaNAs QW) N;,

. . . . . r 100 : . . . . . 100
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[2] ) ~
= 7 D% 80 ‘ s 80
g & TRy
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FIG. 4. Circularly polarized RT PL time profiles and corresponding CPDs of QD GS measured at (a) 10 mW and (b) 50 mW for the d =20 nm sample (left) and d =5 nm sam-

ple (right). The solid lines indicate the best-fitted results of the rate equation.
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FIG. 5. (a) Rate equation model including the electron spin capture in the GaNAs DSs for the GaNAs QW-InAs QD tunnel-coupled structure. (b) 7¢+ .— and (c) Now/N; as a
function of excitation power for the d =5 and 20 nm samples. Schematic of electron spin dynamics for (d) the d =20 nm sample with a high excitation power and for (e) the

d=5nm sample with a low excitation power.

(Nqw), along with the spin conservation factor during the injection
process ay, (aqw). Parameters t,, 7, and ‘L'EE,QW) denote the time con-
stants for radiative recombination, spin relaxation, and spin injection
from the GaAs barrier (GaNAs QW) to QDs, respectively. Notably,
the time constant for the capture of QD majority (minority) spins by
the DSs is defined as 7.y (t.-). Further details of the rate equation are
described elsewhere.'” The best-fitted results of this rate equation for
the time-dependent PL and CPD are shown in Figs. 4(a) and 4(b). The
characteristic CPD amplification and PL decaying features were well
expressed by optimizing the fitting parameters, 7.} — and Ny qw.

The excitation power dependence of 7., ., as deduced from the
rate equation fitting, is shown in Fig. 5(b). At 10 mW, 7. showed
comparable results between the samples, whereas 7., was notably lon-
ger for the d=5nm sample. This outcome suggests that a smaller
number of DSs and efficient capture of conduction-band electron spins
discussed above can facilitate a spin-selective capture of QD electrons
at a lower spin density. The resulting 7., significantly longer than 7.
results in a retention of the temporally enhanced CPD [Fig. 4(a)]. In
contrast, the larger number of DSs for d=20nm sample led to the
capture of majority and minority spins from the QDs, resulting in a
rapid CPD decay. 7., significantly increased relative to 7._ as the

excitation power increased. Consequently, 7. sufficiently longer than
7. was achieved at 50 mW even for the d = 20 nm sample. The imbal-
ance of 7.4 and 7._ is reflected in the significant suppression of CPD
decay [Fig. 4(b)], similar to the time-dependent CPD at 10 mW for the
d=>5nm sample. The excitation power dependence of Nqw /Ny, as
deduced from rate equation fitting, is shown in Fig. 5(c). Nqw /Ny was
larger for the d =5 nm sample than for the d =20 nm sample, regard-
less of the excitation power, attributed to the smaller number of DSs. A
gradual increase in Nqw /N, with increasing excitation power was
observed for both samples, attributed to the increased electron spin
injection from the QW to QDs with the higher occupancy of DSs. As
shown in Fig. 4(b), the sample with d=5nm demonstrated a low ini-
tial CPD at 50 mW, which then increased significantly with time. The
weak QW-QD coupling for d = 5nm sample resulted in slow electron
spin injection from the QW to the QDs."? In this case, the initial CPD
properties are predominantly characterized by the direct injection of
depolarized electron spins from the GaAs barrier. This resulted in a
state-filling effect in the QDs, reducing the CPD at high excitation
powers [Fig. 3(c)]. Conversely, the combination of 7., significantly
longer than 7. and large Nqw/No leads to the high CPD in the
second-half time range.
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Finally, we discuss the impact of GaNAs thickness on electron
spin dynamics within the GaNAs-QD structure. As previously men-
tioned, the spin polarization amplification of QD electrons results
from the spin-selective capture of QD electrons by spin-polarized DSs.
Notably, the spin polarization of DSs is evident in the disparity
between 7., and t._. For the d=20nm sample, a substantial imbal-
ance between 7.4 and 7. is achieved at higher excitation powers. This
necessitates a high excitation spin density to optimize the spin-filtering
effect, as shown in Fig. 5(d). Consequently, a high electron spin polari-
zation of QDs is only achieved under high excitation powers
[Fig. 3(c)]. In contrast, a significant imbalance between 7., and 7._ is
achieved at lower excitation powers for the d =5 nm sample. This sug-
gests that the spin-filtering effect can be maximized at a lower excita-
tion spin density, resulting in a high electron spin polarization of QDs
at low excitation powers [Fig. 5(e)].

In summary, we investigated the effects of the GaNAs thickness
on the excitation power-dependent PL intensity and PL CPD of
tunnel-coupled InAs QDs. When the GaNAs thickness decreased
from 20 to 5 nm, the QD PL intensity significantly increased by over
one order of magnitude at low excitation powers. The enhanced PL
intensity was attributed to the reduced electron capture in the
GaNAs DSs, originating from their limited number. Furthermore,
the reduction in GaNAs thickness led to a decrease in the excitation
power at which the PL CPD reached its peak while maintaining a
near-maximum value. The efficient spin-amplified luminescence of
QDs resulted from the spin-selective capture of QD electrons by the
DSs achieved at a low excitation spin density because the small num-
ber of DSs can reduce the number of captured electron spins
required to spin-polarize the DSs. These findings highlight the
potential of reducing GaNAs thickness to achieve both strong QD
luminescence and high circular polarization at low excitation spin
densities. The implications of this study are valuable for the advance-
ment of spin-polarized light-emitting devices that utilize the GaNAs
spin-filtering effect.

See the supplementary material for comparison of PL CPD prop-
erties between this work and previous works, and nonlinear coupled
rate equation analysis.
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