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We provide direct experimental evidence for the effect of a phonon bottleneck on exciton and spin
generation in self-assembled In0.5Ga0.5As quantum dots (QDs). With the aid of tunable laser spectroscopy,
we resolve and identify efficient exciton generation channels in the QDs mediated by longitudinal-optical
(LO) phonons from an otherwise inhomogeneously broadened QD emission background that suffers from
the phonon bottleneck effect in exciton generation. Spin-generation efficiency is found to be enhanced under
the LO-assisted excitation condition due to suppressed spin relaxation accompanying accelerated exciton
generation. These findings underline the importance of fine-tuning QD energy levels that will benefit
potential spin-optoelectronic applications of QDs by reducing spin loss due to the phonon bottleneck.
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I. INTRODUCTION

Owing to three-dimensional confinement, electronic or
excitonic states inside a semiconductor quantum dot (QD)
exhibit discrete energy levels [1–4]. Such localized sta-
tionary states combined with their large oscillator strengths
promise great potential for applications in, e.g., solid-state
light-emitting devices and optical quantum-information
technology. Indeed, over the last decades, high-quality
light-emitting diodes (LEDs), lasers, and single-photon
sources have been demonstrated from such quasi-
zero-dimensional systems showing superior performance
over traditional higher-dimensional materials [5–8]. The
discreteness of the QD electronic states also favors a
prolonged spin-relaxation time, as the common spin-
relaxation processes involving spin-orbit coupling are
strongly suppressed [9–11]. Such advantage has aroused
interest in extensive research on employing QDs as basic
building blocks of spintronics and has led to great progress
over the past years in understanding and control of the spin
properties in QDs. For instance, efficient initialization,
manipulation, and readout of ground-state spin informa-
tion were achieved in various QDs, and the idea of
spin-polarized LEDs has been proposed and put to test
[12–15].
Despite the aforementioned advantages, one inherent

problemwithQDs is inefficient carrier and exciton relaxation
via multiple acoustic phonon emissions between discrete
energy levels. This arises from a lack of efficient cascade
momentum relaxation within a continuum energy band that
is available in a higher-dimensional system. This so-called
phonon bottleneck has been previously addressed as a

fundamental limitation that inhibits efficiency and operation
speed of QD devices [16]. On the other hand, it was also
reported recently that carrier-relaxation processes can be
dominated by an intradot Auger process, which overcomes
the phonon bottleneck under a high-excitation-density con-
dition and results in a fast carrier capture and relaxation
process of the order of tens of picoseconds [17].Although the
significance of the phonon bottleneck is still under debate,
its effect has indeed been observed experimentally. Suemune
and co-workers reported the longitudinal-optical (LO)
phonon-assisted carrier relaxation in CdS QDs, underlining
the importance of energy conservation for efficient carrier
relaxation [18]. Urayama et al. determined a carrier-
relaxation time of 750 ps in self-assembled In1−xGaxAs
QDs, which is 1 order of magnitude longer compared with a
typical Auger process [19], implying that it is the phonon
bottleneck rather than theAuger process that is the governing
factor. These results suggest that at a low and moderate
excitation level before the Auger process becomes signifi-
cant, the phonon bottleneck plays a key role in carrier and
exciton generation in QDs. Unlike the energy relaxation,
which has been discussed intensely in the past, very little is
known about spin-relaxation processes in the presence of
the phonon bottleneck. Such information is essential to
efficient spin generation in QDs and will provide a useful
guideline for the design of QD spin LEDs with improved
brightness and emission polarization.
In this work, we study exciton and spin generation

in the QD exciton ground state (GS) in self-assembled
In0.5Ga0.5As QDs samples. By carefully selecting excita-
tion and/or detection energy, thereby tuning the excitation
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photon energy either on resonance or off resonance at an
integer number of the LO-phonon energies above the
exciton GS, we are able to distinguish between the QD
ensembles that suffer from the phonon bottleneck and those
that undergo more efficient LO-phonon-assisted relaxation.
This allows us to directly evaluate the degree of the phonon
bottleneck effect on the exciton and spin generation from
the ratios of photoluminescence (PL) intensity and circular
polarization degree of the QD exciton GS between these
two energy relaxation channels.

II. EXPERIMENTAL CONDITIONS

The investigated samples are a set of self-assembled
In0.5Ga0.5As QDs that are coupled to an In0.1Ga0.9As
quantum well (QW) through tunneling. The QDs have an
average lateral diameter of 20 nm and a height of 5 nmbefore
the GaAs capping layer is deposited. Scanning electron
microscopy reveals the dot density of around 2 × 1010 cm−2.
The QW has a thickness of 20 nm and is separated from the
QD layer by a thin GaAs tunneling barrier. The barrier
thickness is 4, 6, and 8 nm for the three samples studied. As a
similar phonon bottleneck effect is observed in all samples
regardless of their tunneling barrier thickness, we present
below the representative results from the samplewith a 4-nm-
thick barrier. The indium alloy content is estimated to be
about 50% inside the QDs and 10% in the QW. Sketches of
the sample structure and the energy alignment are shown in
Figs. 1(a) and 1(b), respectively. The detailed growth
conditions can be found in Ref. [20]. We note that the same
structure has previously been examined as a promising
candidate for spin-LED applications owing to the ultrafast
and high-fidelity spin injection between the QW exciton

states and a QD excited state (ES). Our present work on the
exciton and spin relaxation down to the QDGS is, therefore,
not only of fundamental interest but also relevant to possible
applications [20,21].
In PL and PL excitation (PLE) experiments, awavelength-

tunable Ti:sapphire laser is used as an optical excitation
sourcewith a beam spot size of approximately 1 μm, and the
resulting PL is detected in the backscattering geometry using
a confocal microscope. In the optical orientation experi-
ments, the excitation laser light is circularly polarized by
using a λ=4 plate, and the resultingPLpolarization is obtained
by PPL ¼ ½ðIσþPL − Iσ

−
PLÞ=ðIσ

þ
PL þ Iσ

−
PLÞ�. Here, Iσ

þ
PL and Iσ

−
PL

denote the intensities of the σþ and σ− components of the
PL emission.

III. RESULTS AND DISCUSSION

A. Photoluminescence and photoluminescence
excitation

Figure 1(c) shows representative PL spectra from the
studied structures measured at a low temperature under the
excitation with a photon energy of 1.55 eV, i.e., slightly
above the GaAs band-gap energy. At a relatively low
excitation power (Pexc ¼ 1.3 × 105 Wcm−2), only the
exciton GS emission band from the QD ensemble peaking
at 1.25 eV with broadening of 53 meV is observed.
(Because of the high density of the QDs, no sharp lines
from individual QD emissions are resolved here.) The
observed broadening of the GS emission arises from the
variations in size, strain, indium composition, etc., between
different QDs, such that a part of the PL band corresponds
to a selective fraction of the QD ensemble. With increasing

FIG. 1. (a) A sketch of the QD structures
studied in this work. (b) The energy align-
ment of the structures showing the available
optical transitions and generation channels of
the QD GS exciton. (c) Representative PL
spectra from the structures measured at 5 K
under the excitation with the photon energy
of 1.55 eV above the GaAs band gap. The
excitation power density changes from
1.3 × 105 Wcm−2 for the lowest curve to
1.8 × 107 Wcm−2 for the highest curve. The
optical transitions related to the exciton GS
and excited states (ES1 and ES2) of the QDs,
as well as the exciton ground state from the
QWare identified. (d) PLE spectrummeasured
at 5 K by detecting the PL emission at the
energy of 1.24 eV. The optical absorption
features related to the hh-e and lh-e of the
QW, and the band-edge exciton of GaAs are
marked asXQW

hh-e,X
QW
lh-e , andX

GaAs, respectively.
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excitation density, the first and second excited states of
the QD excitons (labeled as ES1 and ES2) can also be
populated with a similar broadening effect. Their average
energies are estimated from spectral deconvolution to be
1.32 and 1.36 eV, respectively. At the highest excitation
power of 1.8 × 107 Wcm−2, the exciton emission from the
QW becomes pronounced in the PL spectrum. Its emission
energy of 1.415 eV is similar to the heavy-hole exciton
(hh-e) transition XQW

hh-e uncovered from the PLE spectrum
shown in Fig. 1(d) obtained by detecting at the low-energy
side of the QD GS emission. From the PLE spectrum, it is
evident that the exciton generation in the QDs can be
accomplished by generating excitons (corresponding to the
PLE peaks) and free carriers (corresponding to the con-
tinuum in the PLE spectrum) in the GaAs barrier and the
QW, as well as by resonant excitation within the QDs
without involving the GaAs barrier and the QW. As these
different excitation channels are well separated in energy,
their role in exciton and spin generation can be addressed
separately and individually. In the present study, we employ
the experimental conditions with the excitation energy
below XQW

hh-e and at a low-moderate excitation density,
such that the phonon bottleneck effect can be selectively
examined.

B. Selective PL and PLE

Figure 2(a) shows normalized PL spectra of the QD
ensemble at a given excitation photon energy Eexc. They are
labeled from “A” to “F”with their corresponding excitation
energies tuned from above to below XQW

hh-e, as marked in the
PLE spectrum given in Fig. 2(b). Different from the PL
spectra shown in Fig. 1(c), a much lower excitation power
density of 255 Wcm−2 is used such that only the exciton
GS is expected to be occupied. This is because such
excitation is expected to lead to an average occupancy
of 1.0 and 0.1 electrons or holes per dot for above and
below the XQW

hh-e excitation, respectively, if the exciton
lifetime of the QDs is assumed to be 1 ns. The low
excitation power guarantees that the Auger process is well
suppressed and the carrier or exciton energy relaxation
inside the QDs will be generally limited by the slow
acoustic phonon process, creating a phonon bottleneck
condition. Upon optical excitation of the QW with Eexc

above XQW
hh-e, e.g., spectra A and B in Fig. 2(a), the PL

spectra show a typical and identical emission band with a
Gaussian-like line shape that reflects a statistical distribu-
tion of the exciton GS energy of the QD ensemble. This
finding indicates that the carriers or excitons injected from
the QW are sufficiently relaxed down to the QD GS before
they emit light and the relaxation is uniform in energy,
such that no excess energy remains, nor will there be any
preferred QD of whose relaxation time dramatically devi-
ates from the average. When Eexc is tuned below XQW

hh-e
(spectra C-F), on the other hand, new features emerge on

the high-energy side of the PL spectra. They become more
apparent from a close comparison with the Gaussian-like
line shape shown by the dashed curves in Fig. 2(a) that are
derived from spectrum A by scaling it to match the low-
energy tail of spectra B-F. With decreasing excitation
photon energy, i.e., when Eexc is closer to the emission
energy, these new features evolve from a weak and
structureless shoulder to several pronounced and well-
defined resonance peaks. The energies of the resonances
are found to change with changing excitation energy, as
seen in spectra D-F. This finding safely rules out the QD
ES as the origin of the observed resonance peaks since the
ES will have their well-defined energy levels regardless of
Eexc, and they are not expected to be populated under such
low excitation density. This conclusion is also supported by
the larger number of resonances observed here as compared
with that of the ES uncovered from the state filling
experiment shown in Fig. 1(c). Consistently, as shown in
Fig. 2(d), resonant features are also resolved in PLE spectra
G and H obtained under the same experimental conditions
when Eexc < XQW

hh-e by detecting the high-energy side of the
QD GS PL band as indicated by the arrows G and H in

FIG. 2. (a) Normalized PL spectra measured from the QD
ensemble by changing the excitation energy from above to below
XQW
hh-e. The excitation energies for spectra A–F are indicated in (b).

The dashed lines represent the featureless background PL, which
is adopted from spectrum A after being scaled to match the low-
energy side of each spectrum. (b) PLE spectrum measured by
detecting the QD GS emission at the energy of 1.24 eV. (c) A
representative PL spectrum from the QD exciton GS with the
excitation energy at 1.422 eV. (d) PLE spectra G–I measured by
changing the detection energy across the broad QD emission as
indicated by the corresponding arrows in (c). The dashed curves
are the background PLE spectrum adopted from spectrum I. All
spectra are obtained at 5 K and excitation power of 20 mW.
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Fig. 2(c). These resonant features gain strength and become
better resolved when the excitation photon energy is closer
to the detected emission energy Eemi; a similar trend is
seen for the resonance features in the PL spectra shown in
Fig. 2(a). When the energy separation between the exci-
tation and detected energy is large [see spectrum I in
Fig. 2(d) by monitoring the low-energy QD GS PL band],
only a featureless background PLE spectrum is observed.

C. LO-assisted exciton generation

In order to reveal a possible correlation between the
excitation and emission photon energy associated with
the resonance peaks, we replot the PL and PLE spectra
with respect to the difference between the excitation
and emission energy Ediff ¼ Eexc − Eemi. In addition, we

subtract the featureless background PL and PLE spectra
represented by the dashed curves in Figs. 2(a) and 2(d),
respectively. In doing so, these background contributions
(denoted by IbPL) unrelated to the resonance features
(denoted by ILOPL ¼ ItotalPL − IbPL) are largely removed.
Furthermore, in order to take into account the spectrally
dependent density-of-states distribution of the QD ensem-
ble that is largely reflected by IbPL, we normalize ILOPL by IbPL.
The resulting PL and PLE spectra are shown in Figs. 3(a)
and 3(b), respectively, which clearly demonstrate that the
resonance peaks are closely related to LO phonons. We
note that similar behavior has been previously observed
and attributed to LO-phonon-assisted energy relaxation in
QDs [18,22]. The resonances appear as a consequence of
accelerated energy relaxation via emission of LO phonons,

FIG. 3. (a) Normalized PL and (b) PLE intensity, i.e., ILOPL =I
b
PL, as a function of Eexc − Eemi, in the units of the phonon energies ℏωLOð1Þ

(35 meV) and ℏωLOð2Þ (28 meV). The excitation and emission photon energies used in the PL and PLE are given in (a) and (b),
respectively. In (a), the upper and lower panels show the PL spectra before and after the QD exciton GS lifetime is taken into account.
In (b), only the spectral range up to XQW

hh-e is shown, and the spectra are normalized to the intensity of XQW
hh-e but not calibrated by the

lifetime effect of the QD GS. (c) A schematic illustration of the physical processes leading to the background and LO-assisted PL.
(d) The energies of the LO(1) and LO(2) phonons as a function of the QD exciton GS energy.
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as schematically illustrated in Fig. 3(c), which is allowed
only when the energy difference between the excitation
energy and the QD GS matches the energy of an integer
number of a specific phononmode. Indeed, ifwenowassume
two LO-phonon modes, LO(1) and LO(2), the dominant
resonances observed in Fig. 3(a) can be assigned to the
emissions of 1LO(1), 2LO(2), and 2LO(1). The energies of
LO(1) and LO(2) are ℏωLOð1Þ ¼ 33.4–35.2 meV and
ℏωLOð2Þ ¼ 27.1–29.0 meV, which slightly vary with the
QDGS energy as shown in Fig. 3(d) and can be attributed to
a combined effect of alloy composition, strain, and quantum
confinement [23,24]. We note that the resonance feature
around 3LO is predominantly contributed from the resonant
excitation at the QD excited state ES2, supported by the PL
polarization results to be presented in Fig. 4.
We should note that the normalized PL and PLE spectra

of the LO resonances (i.e., ILOPL =I
b
PL) shown in Figs. 3(a)

and 3(b) should, in principle, be identical regardless of
the excitation (or emission) energies as far as the relative
intensity between various LO-phonon resonances is con-
cerned. The observed deviation from such an ideal case can
be explained by a difference in the interdot energy transfer
efficiency between QDs with different GS energies. It is
well known from earlier studies that high-energy QDs
suffer more severely than low-energy QDs in energy
transfer, leading to a shorter exciton lifetime and a lower
steady-state population (thus, weaker PL intensity) for the
former. The extent of such lifetime shortening for the high-
energy QDs can be reduced under a high excitation density
when the low-energy QDs are filled up. The LO resonance
peaks in the ILOPL =I

b
PL spectra shown in Figs. 3(a) and 3(b)

result from more efficient exciton generation and, con-
sequently, a reduction in energy transfer, as compared to
the background PL and PLE spectra. Therefore, their
normalized ILOPL =I

b
PL intensity tends to be overestimated

on the high-energy side of the QD GS emission by a factor
of τLO=τb, where τLO and τb denote the QD GS exciton
lifetimes under the excitation condition with and without
the accelerated LO-assisted energy relaxation, respectively.
This lifetime effect gives rise to the observed stronger 1LO

(1) resonance peak with increasing excitation and emission
energy shown in Figs. 3(a) and 3(b). It is also largely
responsible for the apparent shift of the 1LO(1) and 2LO(2)
peaks with increasing excitation energy seen in the upper
panel of Fig. 3(a). Corresponding ILOPL =I

b
PL spectra after

taking into account the lifetime effect are shown in the
lower panel of Fig. 3(a), which are nearly identical for all
excitation energies, as expected. From these calibrated
spectra, the exciton generation assisted by the LO phonons
can be estimated to be around 3 times more efficient
than that suffered from the phonon bottleneck effect.
Unfortunately, a similar analysis of the PLE spectra cannot
be reliably done due to the complication and uncertainty in
the presence of a large contribution from the excited states
of the QDs. We note that the observed threefold enhance-
ment in the exciton generation efficiency corresponds to
τLO−1rlx =τb−1rlx ¼ 3. Here, τLOrlx and τbrlx are the relaxation times
of the LO-assisted process and the phonon bottleneck
process involving emission of multiple acoustic phonons.
If we assume τbrlx to be similar to the typical value of 500 ps
to 1 ns reported for the energy relaxation time relevant to
the phonon bottleneck channel in similar self-assembled
QD systems [19,25,26], τLOrlx can be estimated to be of the
order of a few hundred picoseconds.

D. Origin of the LO phonons

The LO(1) phonon energy is comparable with the typical
values of 33–35 meV reported for the LO-phonon energy in
strained In1−xGaxAs=GaAs QDs, which originates from the
Γ point of the phonon dispersion [27–29]. On the other hand,
the energy of the LO(2) phonon resonances coincides with
the LO-phonon mode at the boundary of the Brillouin zone
[30]. Here, we adopt the concept of phonon dispersion from
a bulk crystal, which is still valid as the phonon confinement
effect is expected to be negligibly weak for QDs of the size
similar to our QDs [31]. Interestingly, we notice that the
scattering process involving the zone-edge LO(2) phonons in
our QDs seems to be significant only when they are emitted
in pairs, whereas at the energy of 1LO(2), no resonance is

FIG. 4. (a),(b) PL (upper panel) and PPL
(lower panels) spectra measured under
below-XQW

hh-e excitation with the photon
energies of 1.406 and 1.370 eV, respec-
tively. The background PL and PPL spectra
obtained under above-XQW

hh-e excitation at
1.422 eV are shown by the dashed curves.
(c) ILOPL =I

b
PL and Ptotal

PL =Pb
PL as a function of

Eexc − Eemi obtained at three different
excitation energies.
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observablewithin our detection limit. This “selection rule” is
required typically in a higher-dimensional system with
energy-momentum dispersion by conservation of momen-
tum before and after phonon scattering. While the zone-
center phonon LO(1) introduces no change of exciton
momentum, the momentum-conservation process requires
the involvement of two zone-edge LO(2) by scattering first
across the Brillouin zone and then back. In an ideal picture, a
QD with a strong three-dimensional confinement in real
space should result in a wide spread in the momentum space
such that the momentum conservation should be largely
relaxed. The momentum conservation observed in our QDs
probably arises from a finite lateral confinement of our QD
samples. It is well established for self-assembled QDs that,
although the vertical confinement is strong, the lateral
confining potential is often weak and can be approximated
by a parabolic shape, resulting in the famous Fock-Darwin
states with a limited spread of its momentum [32]. Following
a simple estimation from the uncertainty principle, the 20 nm
lateral diameter of a QD actually corresponds to momentum
uncertainty that is about 3 orders of magnitude smaller than
theBrillouin zone size of InAs. Thismeans that theQD states
aremainly localized at the center of theBrillouin zone,which
imposes a certain degree of the momentum conservation
during phonon-assisted energy relaxation within the QDs.

E. Optical spin orientation

To examine the effect of the energy relaxation processes
on spin generation in the studied QDs, we conduct optical
orientation experiments in which exciton spins are gen-
erated by circularly polarized excitation light following
the well-known optical selection rule [33]. Thanks to the
quantum confinement and compressive strain experienced
in the QDs and the QW grown on a GaAs substrate, the
excitonic GS in the QDs and QW is expected to be
predominantly of a heavy-hole character, with a light-hole
(LH) contribution of less than 7% for the QDs [34]
and negligible for the QW. This enables the generation
of electron and exciton spin polarization in both QW and
QDs. For example, σ− excitation is expected to create an
exciton (jMex

J ¼ −1i ¼ jme
s ¼ 1

2
, mh

j ¼ − 3
2
i) with a fully

polarized spin-up electron and a spin-down hole, whereas
the σþ excitation does the opposite. Here,Mex

J , m
e
s , and mh

j

denote the magnetic quantum numbers of the exciton, and
the electron and hole of the exciton, respectively. The same
selection rule applies to the circular polarization of the PL
emission from the QD exciton GS, giving rise to a one-to-
one correspondence between the optical and exciton spin
polarization, i.e., PPL ¼ Pex. By measuring the circular
polarization degree of the QD excitonic GS emission,
therefore, spin depolarization occurring during the energy
relaxation process and also during the exciton lifetime can
be assessed. (It is commonly accepted that due to strong
spin-orbit coupling and HH-LHmixing, a hole suffers more

severe spin depolarization than an electron, and the exciton
spin polarization is mainly determined by the electron spin
polarization Pe such that Pex ¼ −Pe.)
In Figs. 4(a) and 4(b), PL intensity (IPL) and PL polari-

zation (PPL) spectra are plotted and compared between the
excitation energies that are above (at 1.422 eV) and below
(at 1.406 and 1.370 eV) XQW

hh-e. The excitation power is scaled
such that the same total PL intensity is obtain in all cases.
This ensures that the total number of excitons generated in the
QDs is similar regardless of the excitation photon energies,
such that any dynamic charging effect that may arise from
different excitation power densities canbe suppressed [35,36].
Under the excitation at 1.406 eV,which is belowXQW

hh-e but still
high above the QD GS emission when the higher-order
LO-phonon resonances just start to emerge in the PL spectrum
[see Fig. 4(a)], only a slight increase of jPPLj is detected as
compared with that of the background PL obtained under
above XQW

hh-e excitation at 1.422 eV. When the excitation
photon energy is tuned closer to the QD GS emission, the
lower-order LO-phonon resonances also appear and become
dominate in the PL spectrum as shown in Fig. 4(b). This
emerging resonance feature is accompanied by a sizable
enhancement in jPPLj at the LO-phonon resonances.

F. LO-assisted spin generation

The measured PPL and, thus, Pex (or Pe) are a product
of spin-generation efficiency P0 and spin-conserving
factor (or spin-detection efficiency) Pd ¼ ½1=ð1þ τ=τsÞ�
in the QD exciton GS, i.e., PPL ¼ P0Pd. As Pd is
determined by the exciton lifetime τ and spin lifetime
τs that are independent of excitation photon energy for a
given QD, the effect of the phonon bottleneck on the spin-
generation efficiency P0 alone can, thus, be singled out by
the ratio between the PL polarization degree under the
conditions with and without the LO-assisted energy
relaxation. Namely, ðPLO

0 =Pb
0Þ ¼ ðPLO

PL =P
b
PLÞ, which is

independent of spin loss of the QDs during the lifetime
of the exciton GS. To avoid the uncertainty in separating
polarization components between the LO-assisted reso-
nances and the background PL band and possible errors it
may introduce, we choose to analyze the polarization ratio
Ptotal
PL =Pb

PL between the total PL and the background PL
that is a measure of PLO

0 =Pb
0 following the relationship

ðPLO
PL =P

b
PLÞ¼ ðPtotal

PL =Pb
PLÞþð1=βÞ½ðPtotal

PL =Pb
PLÞ−1�; where

β ¼ ðILOPL =IbPLÞ. The resulting Ptotal
PL =Pb

PL as a function of
the LO resonance is shown in the lower panel of Fig. 4(c),
which is greater than 1 throughout the LO resonances,
meaning ðPLO

PL =P
b
PLÞ > ðPtotal

PL =Pb
PLÞ > 1. In other words,

PLO
PL > Ptotal

PL , implying that Ptotal
PL provides the low bound

of PLO
PL . These results provide compelling experimental

evidence that the LO-assisted accelerated exciton gener-
ation leads to more efficient exciton (and electron) spin
generation, at least by a factor of 2–3 for the low-order LO
resonances. We note that the dip in Ptotal

PL =Pb
PL (indicated
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by the arrow marked by ES2) corresponds to poor spin
generation under the resonant excitation at the excited
state ES2 of the QDs. Though the exact reason for this
reduction is currently unknown, which is beyond the
scope of the present study, we speculate that it could
probably arise from the effect of spin blockade and spin-
flip relaxation from the ES2 to the GS [37,38]. The
observed ES2-related Ptotal

PL =Pb
PL dip also implies that the

exciton generation via the resonant excitation at the ES2
is the predominant contribution over the corresponding
spectral range of the ILOPL =I

b
PL spectra, leading to a large

uncertainty in estimating the LO resonances in the PL and
PL polarization beyond the 2LO phonons. Therefore, only
results from the 1LO and 2LO resonances are regarded as
reliable here. We note that a similar enhancement of the
PL polarization is observed in all studied samples regard-
less of the tunneling barrier thickness. This is expected
as the LO-phonon-assisted exciton and spin-generation
process do not involve the tunneling injection from the
QW and are the intrinsic properties of the QDs.
We note here that phonon scattering alone should, in

principle, conserve spins. The observed different degrees
of spin losses between the LO-assisted and acoustic
phonon-exciton generation monitored by the LO resonant
features and the background PL, should, thus, originate
from a higher-order effect in which the exciton-phonon
interactions are coupled with spin-flipping mechanisms
such as spin-orbit interactions, hyperfine coupling, etc. At
present, the exact physical mechanisms for the observed
spin losses remain unknown, which requires future theo-
retical and experimental studies.

G. Temperature dependence of the LO-assisted
spin generation

The temperature dependence of PPL is measured under
the excitation condition with or without the LO-assisted
energy relaxation process from 6 to 90 K until the phonon
structures broaden beyond recognition. The excitation
photon energy at 6 K is set at 1.370 and 1.422 eV for
the excitation condition Eexc < XQW

hh-e and Eexc > XQW
hh-e,

respectively. They are adjusted when the temperature
increases, following a redshift of the QD GS PL emission.
This is to ensure that the optical spin orientation is
performed approximately on the same exciton state of
the QDs or the QW, such that the obtained temperature
dependence is meaningful. In Fig. 5(a), we display
representative results of Ptotal

PL =Pb
PL at 15, 45, and 75 K.

The full temperature dependence is shown in Fig. 5(b).
It clearly demonstrates that the enhancement in spin-
generation efficiency achieved via the LO-phonon emis-
sion is robust against the temperature and remains sizable
at 75 K. It is highly likely that the phonon bottleneck
effect remains active at even higher temperatures, even
though the LO-phonon features can no longer be resolved
due to the broadening effect.

IV. SUMMARY

We experimentally demonstrate a sizable phonon bottle-
neck effect on both exciton and spin-generation efficiency in
self-assembled In0.5Ga0.5As QD nanostructures. We show
that QD exciton generation accelerated by the LO-assisted
energy relaxation, which overcomes the phonon bottleneck,
is at least 3 times more efficient than the acoustic phonon-
assisted generation process that suffers from the phonon
bottleneck effect. More interesting, the circular polarization
of the QDs emission increases from 2% to approximately
5% when the phonon bottleneck effect is suppressed,
leading to an enhancement of spin-generation efficiency
by a similar factor. Such an enhancement remains effective
even at elevated temperatures. These findings not only
identify the phonon bottleneck effect as an important
obstacle in exciton and spin generation, but they also suggest
a pathway for further improvements in the performance of
QD-based light-emitting and spintronic devices (e.g., QD
spin LEDs or polarized light sources) toward both high
emission intensity and a high optical (spin) polarization
degree by carefully engineering the energies of the QDs and
their excitation channels.
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FIG. 5. (a) Ptotal
PL =Pb

PL as a function of Eexc − Eemi measured at
15, 45, 75 K. (b) Temperature dependence of Ptotal

PL =Pb
PL from the

2LO(1) and 2LO(2) resonances. The excitation photon energies
of 1.370 and 1.422 eV are used at 6 K to obtain the data related
to the LO-assisted and background PL, respectively. They are
adjusted at elevated temperatures following the redshift of the PL
emission to ensure the same QD exciton GS is monitored at
different temperatures.
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