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Interdot spin transfer dynamics in laterally coupled excited spin ensemble

of high-density InGaAs quantum dots

Satoshi Hiura,"® Kazuki Takeishi," Masayuki Urabe,' Kodai Itabashi," Junichi Takayama,’
Takayuki Kiba,? Kazuhisa Sueoka,' and Akihiro Murayama'
'Graduate School of Information Science and Technology, Hokkaido University, Kita 14, Nishi 9, Kita-ku,

Sapporo 060-0814, Japan

Kitami Institute of Technology, 165 Koen-cho, Kitami 090-8507, Japan
(Received 17 January 2018; accepted 30 June 2018; published online 12 July 2018)

Interdot spin transfer dynamics is studied in a laterally coupled excited spin ensemble of high-
density InGaAs quantum dots (QDs). We observe a rise time of the photoluminescence intensity of
~100 ps and a simultaneous increase in the spin polarization of the excited spin ensemble, indicat-
ing spin injection from higher-energy levels in smaller QDs. Moreover, this coupled ensemble
exhibits decay properties of the spin polarization that vary with the excited spin density. This phe-
nomenon can be quantitatively understood by considering interdot spin transfer into lower-energy
levels of the surrounding QDs, where the transfer rate depends on the degree of state filling of each
QD level. Published by AIP Publishing. https://doi.org/10.1063/1.5022641

Carrier dynamics of quantum dot (QD) structures has
attracted much attention due to its potential applications in
optoelectronic devices such as wavelength switching devices'
and semiconductor lasers.” More recently, spin dynamics in
self-assembled QDs of III-V compound semiconductors gen-
erated significant interest due to the long spin lifetime of the
associated carriers or excitons.>® This suppression of spin
relaxation has led to extensive studies of spin injection and
relaxation dynamics in InGaAs QDs’® and fabrication of
optospintronic devices such as spin-polarized light-emitting
diodes® ™" or laser diodes'? that use QDs as active layers.
High-density QD systems are essential for future QD-based
optospintronic devices as they can provide sufficiently high
optical gains in laser structures. An important phenomenon in
high-density QDs is the interdot carrier and spin transfer,
which includes interdot tunneling and subsequent intradot
relaxation processes and can be affected by the characteristic
for QDs state filling effect.'® Of particular importance for the
QD-based spintronic device development is the investigation
of spin transfer dynamics in coupled excited spin ensembles
of high-density QDs.

In this work, circularly polarized photoluminescence
(PL) spectroscopy, time-resolved PL (TRPL) measurements
including a rate-equation analysis that takes into account
interdot transfer, and three-dimensional calculation of the
electron and hole wavefunctions are performed to study the
interdot spin transfer inevitably present in high-density QDs.
Laterally coupled high-density InGaAs QDs are grown by
utilizing a misoriented GaAs(100) substrate.'"* We mainly
discuss the transient behavior of the circular polarization of
the PL in QDs, which reflects the time-dependent spin polari-
zation of the excited states in the QD ensemble. From the
rise times of the PL and the corresponding circular polariza-
tion degree (CPD), we obtain the optical spin injection
dynamics in the laterally coupled excited spin ensemble; we
further discuss the interdot relaxation dynamics of electron
spins based on the decay properties of the PL and CPD.
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Here, the CPD is defined as (I, —I,_)/(Is+ + 1,_), where
I,+ and I,_ denote the intensities of the ¢ - and ¢~ -polar-
ized PL signals, respectively.

Laterally uncoupled and coupled QDs were grown on
misoriented GaAs(100) substrates with GaAs buffer layers
by molecular beam epitaxy under growth conditions similar
to those used previously.”® A single layer of self-assembled
Ing 5Gap sAs QDs with 6 ML was grown at growth rates of
0.10 and 0.20 ML/s, and subsequently capped with 40 nm-
thick GaAs layer. Additional QDs were grown on this cap-
ping layer to investigate their structures by atomic force
microscopy (AFM). The separation of 40 nm is long enough
to suppress the interdot tunneling of carriers along the verti-
cal direction, and emissions from the surface QDs should
appear in a significantly lower energy region.”'> Circularly
polarized TRPL curves were obtained at 6 K using a method
described previously.”® Furthermore, to investigate the lat-
eral coupling strength between the electron wavefunctions of
QDs, three-dimensional calculations of the electronic band
structure and the wavefunctions of carriers in two QD samples
with different interdot distances were carried out using the
nextnano® software package,'® taking into account the size and
shape of the dots, their composition, and strain, as well as the
non-uniform distribution of In atoms in Ing sGag sAs QDs.'”!8

Figures 1(a) and 1(b) show the AFM images of the QDs
grown at growth rates of 0.10 and 0.20 ML/s, respectively.
The QDs are well ordered along the [011] direction in a one-
dimensional chain structure, which is similar to previously
reported InGaAs QDs grown on a misoriented GaAs sub-
strate.* The lateral densities of the QDs can be estimated as
35%x 10" and 8.1x10"cm 2 The averaged distances
between QD centers are ~60 and ~30 nm (hereinafter denoted
as D=60 and 30nm), as indicated by the cross-sectional line
profiles in Figs. 1(c) and 1(d). Here, considering the average
QD size of ~20nm obtained by AFM analysis, the base-to-
base distances of the QDs are 40 and 10nm for D =60 and
30nm, respectively. These QD height profiles also show the
inhomogeneous height distribution of the QD sample grown at
a faster growth rate, which corresponds to the inhomogeneous

Published by AIP Publishing.
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FIG. 1. (a) and (b) AFM images of InysGagsAs QDs grown at growth rates
of 0.10 and 0.20 ML/s, respectively. (c) and (d) Cross-sectional line profiles
taken along the white lines in (a) and (b), respectively. (e) and (f) Conduction
band profiles (C.B.) calculated for two QD systems with the center-to-center
distances of 60 and 30 nm, respectively. The base lengths of two QDs are set
to 24 and 16 nm, whose values are determined from the QD sizes obtained by
AFM analysis. The solid red curves show the distribution of the existence
probabilities of electron wavefunctions at the first excited state (ES1).

QD size distribution assuming a constant aspect ratio of QDs.'?
Figures 1(e) and 1(f) show typical results of three-dimensional
calculations of conduction band profiles and first excited state
(ES1) including the distribution of the existence probabilities of
electron wavefunctions along the lateral direction in two QD
samples with D =60 and 30 nm, respectively. Here, the base
lengths of two lateral QDs were set to 24 and 16 nm. These val-
ues are determined from the QD sizes obtained by AFM analy-
sis. As seen in Figs. 1(e) and 1(f), the central parts of the QDs
are associated with deeper conduction band edges owing to the
correspondingly higher In content.'”'® These calculation results
clearly show that the electron wavefunction for D =60nm is
strongly localized at larger QDs, while the degree of wavefunc-
tion penetration into smaller QDs becomes more significant for
D=30nm. This implies significantly higher probabilities of
electron tunneling from smaller to larger QDs for D =30nm
through the wavefunction coupling (tunneling) and the subse-
quent intradot relaxation. Hereinafter, the QD samples with
D =60 and 30nm are defined as laterally uncoupled and cou-
pled QD ensembles, respectively.

Circularly polarized time-integrated PL spectra for the
two QD samples measured at an excitation power of 2.5 mW
and the corresponding CPD as a function of photon energy
are shown in Figs. 2(a) and 2(b). The broad PL spectra
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FIG. 2. (a) and (b) Circularly polarized time-integrated PL spectra; (c) and
(d) TRPL curves and corresponding CPD for ES1 [indicated by the yellow
rectangles in (a) and (b)] for the QD samples with D =60 and 30 nm. The
ground state (GS) is indicated by the black arrows in (a) and (b). The black
solid lines indicate the fit results for single exponential decay curves of
time-dependent CPD.

peaked at ~1.36-1.37eV are mainly originated from the
ES1 of excitons in QDs. At lower energies, the obtained
spectral shapes are affected by the detection limit of our
streak camera.’ For reference, the ground states (GSs) of the
two samples, detected with a charge-coupled device, are
indicated by the black arrows in Figs. 2(a) and 2(b). Both
QD samples show similar CPD spectra, with slightly higher
CPD values observed for the coupled QD ensembles. Figures
2(c) and 2(d) show the circularly polarized TRPL curves and
the corresponding CPD for the same samples, obtained for
the range of photon energies indicated by the yellow rectan-
gles in Figs. 2(a) and 2(b). Three main differences can be
observed when comparing these TRPL curves. First, the PL
rise times, indicated by the black arrows, are different. The
much longer PL rise time of ~100 ps for the coupled QD
ensemble reflects the lateral electronic coupling of QDs and
the coexistence of smaller and larger QDs. This PL behavior
is due to the delayed carrier filling of larger QDs, which pro-
vide a dominant contribution to the PL emission, by smaller
QDs attributed to carrier transfer from smaller to larger
QDs.ZO_24 Second, the characteristic times of the initial CPD
increase, indicated by the dashed black lines, are different.
The longer CPD increase observed for the coupled QD
ensemble can be closely related to the slower PL rise dis-
cussed above. The GS in the laterally coupled QD ensemble
should be occupied more slowly due to the interdot transfer.
This slower filling of the GS can lead to the longer initial
increase in the CPD for ES1 due to the blocked relaxation of
the majority-spin electrons from the ES1.% For the minority-
spin electrons, the relaxation is possible, which defines the
transient CPD behavior immediately after its initial increase.
The CPD for the coupled excited spin ensemble persists for
~0.15ns, as indicated by the black solid line showing the
first slower component of CPD decay, and then decreases
with a faster CPD decay time. In contrast, the CPD for the
uncoupled one is decayed with only a single exponential
decay, according to the inherent spin relaxation in QDs.%®
In the following, only the laterally coupled QD sample is
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discussed, because this coupled ensemble shows the unique
transient behavior of the CPD, as compared to the well-
known spin relaxation dynamics in the laterally uncoupled
QD sample.

The above described AFM and TRPL results indicate
that the laterally coupled QD ensemble consists of smaller
and larger QDs, and that each interdot distance is sufficiently
small to allow interdot spin transfer among QDs. To analyze
the circularly polarized TRPL curves for the coupled QD
ensemble, we use a rate-equation model including an inter-
dot spin transfer parameter, which was not taken into
account in the previously reported rate-equation model.”® In
our model, three types of QD levels, including the higher-
energy level in smaller QD (SQD), the mainly focused level
in larger QD1, and the lower-energy sub-level in neighboring
QD2, are taken into account. Here, note that these three
levels belong to different QDs coupled to each other. In this
model, spin injection process from the barrier into the QD1
and QD2 levels via the SQD level is assumed owing to the
faster capture rate of carriers from the barrier into the
SQDs.?° The model is schematically illustrated in Fig. 3(a).
The rate equations for the laterally coupled excited spin
ensemble can be written as follows:

dN —N, NJ+ NI
d_oz_o pt(1-2) 4 (1220, )
t Tinj DSQ DSQ

dNJt N, . Nai Nat N(r-‘r NI
ﬂ:_on—<l_ SQ) _ s —¥sQ 4 ¥sQ
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NG (| N\ MG [, M)
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FIG. 3. (a) Rate-equation model including the higher-energy level in smaller
QD (SQD), mainly focused level in larger QD1, and lower-energy sub-level
in neighbori  andr i

ghboring QD2. Interdot transfer parameters 7., andr,, are taken into
account, which is a key difference with the previous rate-equation model.”®
Rate-equation simulations for the time-resolved (b) PL with various r:fjl( and
(c) CPD with various t% for QD1.
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where N is the initial number of excitons per unit area with
the o -polarization. n*(7) is a fractional parameter reflecting
the spin conservation (flip) during the spin-injection process,
1.€., 11+ +n = L. Ty, 71, and 74 are time constants for the
spin injection from the barrier to the higher-energy SQD
level, energy relaxation from three QD levels, and spin relax-
ation between these spin-polarized levels, respectively.
N$G, Nopy» and Ngp, represent the number of excitons
per unit area with ¢ -polarization in the higher-energy
SQD, QDI, and lower-energy QD2 levels, respectively.
Here, Dsg and Dgpj(2y represent the densities of states for
these QD levels, i.e., number of states per unit area. The fac-
tors (1 — N§5 /Dsq) and (1 _Ngél(z)/DQDlQ)) are state fill-
ing factors for each QD level, indicating that the exciton can
be injected into unoccupied QD levels only."® The newly
introduced parameters 7 and t% mean effective time con-
stants of interdot spin transfer from SQD into QDI1(2) and
from QDI into QD2, respectively. Here, intradot relaxation
time inside a QD is not directly taken into account, as this
ultra-fast relaxation process mainly contributes to the initial
CPD increasing feature with a relaxation time shorter than 1
ps.?> In this rate-equation fitting, the following CPD decay-
ing features are mainly focused on. The results of rate-
equation simulations for the TRPL with various rfﬁc and for
the time-resolved CPD with various rfg for QD1, combined
with the results of convolution calculations for the time
response of the measurement system, are shown in Figs. 3(b)
and 3(c), respectively. As clearly seen in Fig. 3(b), the
slower PL rise can be reproduced using a longer Tfrﬁ; , while in
the case of rfg = 2 ps, which is close to the case without SQD,
the slow PL rise cannot be reproduced. This result clearly indi-
cates spin injection from the barrier into the QD1 level via the
higher-energy SQD level in the laterally coupled QDs. From
the results for the time-resolved CPD, the transient CPD
behavior is found to depend on the rfr’z values. Figure 3(c)
shows the slower CPD decay with shorter Tfrﬁ; in good agree-
ment with the time-resolved CPD results shown in Fig. 2(d).

From the fitting analysis using the above rate-equation
model, we can quantitatively separate the individual factors
responsible for the transient behavior of the PL and CPD.
The circularly polarized TRPL curves and the corresponding
CPD measured at excitation powers of 1.0, 2.5, and 7.5 mW
for the laterally coupled QDs, obtained for the range of pho-
ton energies indicated by the yellow rectangle in Fig. 2(b),
are shown in Figs. 4(a)—4(c). Solid lines show the best-fit
calculations of the rate equations. The initial rise of the CPD
is slower at the lower excitation power of 1.0 mW due to the
slower filling of the lower-lying states, as discussed earlier;
after reaching the maximum, the CPD gradually decreases
according to the inherent 7, of ~800 ps.°® When increasing
the excitation power to 2.5 mW, the CPD rise time is
reduced, which is attributed to the faster filling of the lower
states; after reaching the maximum, the CPD remains rela-
tively constant. This unique CPD behavior can be well fit by
tuning the two parameters ‘cfg and Dgpp, as discussed below.
The high state filling strength for the QD level can be
observed at the higher excitation power of 7.5 mW.

Figures 5(a) and 5(b) show the excitation power depend-

ences of the interdot transfer time constants, ng.trz’ and the
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FIG. 4. Circularly polarized TRPL curves and the corresponding CPD mea-
sured at excitation powers of (a) 1.0, (b) 2.5, and (c) 7.5 mW for the QD sam-
ple with D =30 nm, best-fitted with rate-equation calculations (solid lines).
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FIG. 5. Excitation power dependence of (a) interdot transfer time constant
r;ﬂf‘lrz and (b) degree of state filling of each QD level Ny/Dsqqpi,qp2s
deduced from the rate-equation fit for the QD sample with D =30 nm.
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degree of state filling for each QD level, No/Dsq, op1, op2,
deduced from the above rate-equation fit, respectively. The
‘ce‘q is almost 1ndependent of excitation power and is much
shorter than Ttrz» which is due to the higher energy level for
the interdot transfer. For the lowest excitation power of 1
mW, a long ‘cfg on the order of 1ns is observed. This long
‘cfﬁ, corresponding to a slow rate of interdot transfer, means
that intradot rather than interdot relaxation should be domi-
nant due to the low state filling strength of the lower states.
In this case, the highest state filling of the SQD level is
observed in Fig. 5(b), which can be ascribed to the limited
density of the states due to the small population of the corre-
spondlng level in QDs. It should be noted that a much shorter
s 7 of ~100 ps is observed at the higher excitation power of
2.5 mW, where the CPD exhibits a persistent behav10r as
shown in Fig. 4(b). This drastically shortened Trrz demon-
strates that the much slower CPD decay compared to the
spin relaxation in QDs can be closely related to the faster
transfer rate, i.e., interdot relaxation. In this case, the degree
of state filling of the QD2 level is also drastically increased,
though that of the QDI level remains low. This higher state
filling of the QD2 level suggests the selective transfer of
minority-spin electrons from the QDI into the QD2 level,
which is in contrast to the Pauli blocking of the transfer of
majority-spin electrons.” As a result, the CPD decay associ-
ated with the QD1 level should become suppressed due to
the spin redistribution in the coupled QD system. For the
higher excitation power of 5 mW, the degree of state filling
of the QDI level as well as that of the QD2 level is
increased. The T[rz becomes gradually shortened with the
increase in excitation power up to 5 mW, which indicates
that interdot transfer from the QD1 into the QD2 is actively
induced by the increase in state filling of the lower-energy
level inside the QD1 contributing to the blocking of intradot
relaxation. For the highest excitation power of 7.5 mW, the
degree of state filling of the QD1 level is largely increased,
resulting in the much lower initial CPD.”® In this case, rfg
increases with the increase in the excitation power, as state
filling of the QD2 level becomes more significant, which can
prevent the interdot spin transfer from the QD1 into the QD2
level. Here, note that from Fig. 4(c), the CPD persists for
~0.6 ns even in the case of the strong state filling. This long-
term suppression of the CPD decay might also result from
the interdot spin transfer, which is somewhat fast even at the
higher excitation power of 7.5 mW owing to the strong lat-
eral coupling of electron wavefunctions between QDs, as
illustrated in Fig. 1(f). These results demonstrate that the
transient properties of spin polarization in the laterally cou-
pled excited spin ensemble depend on both the geometrical
parameters (size distribution and interdot distance of QDs)
and the degree of state filling of each QD level, correspond-
ing to the excited spin density. These findings will provide
significant insight for further investigation and development
of spin functionalities of high-density InGaAs QD systems.
In summary, interdot spin transfer dynamics in a later-
ally coupled excited spin ensemble of high-density InGaAs
QDs was studied. The slower PL rise and corresponding lon-
ger CPD increase from the coupled excited spin ensemble
indicate spin injection from the barrier into the main QD
level via the higher-energy level of smaller QDs. In addition,
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this coupled spin ensemble demonstrates the dependence of
the spin polarization decay properties on the excited spin
density. The observed behavior can be quantitatively
explained by interdot spin transfer into lower-energy QD
levels, with the transfer rate depending on the state filling
factor of each QD level.

This study was supported by the Japan Society for the
Promotion of Science, Grant-in-Aid for Scientific Research
(S) (KAKENHI No. 16H06359), Grant-in-Aid for Research
Activity start-up (KAKENHI No. 17H06482), and bilateral
program.
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