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4CREST Japan Science and Technology Agency, 5 Sanbancho, Chiyoda-ku, Tokyo, Japan
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We demonstrate the effect of artificial lateral quantum confinement on exciton-
spin relaxation in a GaAs electronic system. GaAs nanodisks (NDs) were fabri-
cated from a quantum well (QW) by top-down nanotechnology using neutral-beam
etching aided by protein-engineered bio-nano-templates. The exciton-spin relaxation
time was 1.4 ns due to ND formation, significantly extended compared to 0.44 ns
for the original QW, which is attributed to weakening of the hole-state mixing in
addition to freezing of the carrier momentum. The temperature dependence of the
spin-relaxation time depends on the ND thickness, reflecting the degree of quan-
tum confinement. © 2014 Author(s). All article content, except where otherwise
noted, is licensed under a Creative Commons Attribution 3.0 Unported License.
[http://dx.doi.org/10.1063/1.4897958]

Electronic spin states in semiconductor quantum structures such as quantum wells (QWs) and
quantum dots (QDs) have provoked a great deal of controversy because of their potential appli-
cations to spin-functional electronic or photonic devices and quantum information processing, in
addition to being of fundamental scientific interest.'™ Understanding the relaxation phenomena of
the spin states of carriers or excitons is essential for determining the spin functionalities, because
the spin information created and stored in these semiconductor quantum structures will be dissi-
pated by the spin relaxation. It is well known that the spin-relaxation times of electrons, heavy
holes (hhs), and excitons in the self-assembled QDs of compound semiconductors, such as InAs,°
InGaAs,” CdSe,?? and CdTe,!° are significantly longer than those in two- or three-dimensional
electronic systems such as QWs.! =15 Therefore, a better and more comprehensive understanding of
the effects of lateral quantum confinement of carriers or excitons on the spin-relaxation mechanism,
in the absence of strong influences from complicated shapes and/or interfacial chemical states, is
necessary for stabilization of the spin states in semiconductor QDs. One efficient way to study
the spin-relaxation mechanism is to prepare intentionally tailored nanostructures directly fabricated
from a QW without defects or shape anisotropies.

Our research group has recently constructed artificial GaAs nanodisks (NDs) with lateral diam-
eters of less than 20 nm that exhibit strong quantum-confinement effects on carriers or excitons in
lateral directions.'®'® These NDs were directly fabricated from GaAs QWs by newly developed
top-down lithography using ultra-low-damage neutral-beam etching!® aided by protein-engineered
bio-nano-templates of ferritin supramolecules.’’ These unique NDs provide us with the first good
opportunity for quantitative testing of the effects of strong lateral quantum confinement on spin-
relaxation dynamics.
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FIG. 1. (a) Tilted and (b) top views of the SEM image of the nanoscale pillars containing disk-shaped GaAs NDs. (c) The
lateral diameter distribution; note that the elongated ellipsoidal images that had an aspect ratio between the major and minor
axes smaller than 0.7 were not included because those pillars collapsed during the preparation of the sample for the SEM
observation. (d) The calculated exciton-PL spectrum of the GaAs-ND ensemble based on the ND size distribution shown in
(c). (e) Circularly polarized PL spectra at 6 K from the GaAs NDs (thick solid lines) and the original QW prior to etching
(thin solid lines), under o*-polarized pulsed excitation resonant with the band edge energy of the Al 15Gag gsAs barrier (red
lines: 6%, blue lines: 07). The corresponding degrees of circular polarization (CPD) of the PL as a function of wavelength are
also plotted (green lines). The PL intensities were time integrated over O-1 ns after the pulsed excitation.

Details of the preparation of GaAs ND samples have been provided elsewhere.'®!” First, double-
layered QWs of GaAs/Aly.1sGag.ssAs with GaAs-well thicknesses of 8 and 4 nm were grown on
GaAs (100) substrates using metal-organic vapor phase epitaxy (MOVPE). The surface was coated
with ferritin supramolecules containing iron nanoparticles in their cavities. The average center-to-
center distance of the dispersive ferritin molecules was 45 nm, which was also intentionally designed
using the PEGylated ferritin.>! The iron particles remaining after removal of the ferritin protein
shells by ashing were then used as an etching mask for a subsequent etching process. As a result
of neutral-beam etching, nanoscale pillars containing a disk-shaped QW section, i.e., a GaAs ND,
were fabricated successively. Scanning electron microscope (SEM) images of the nanopillars with
the GaAs NDs taken just after the neutral-beam etching are shown in Figs. 1(a) and 1(b). The distri-
bution of the lateral diameters is plotted as an inset of Fig. 1(c). The average diameter is 15 nm
and the distribution of the lateral sizes, ranging from 10 to 20 nm, can be expressed by a Gaussian
function, as indicated by the solid line. Finally, Alj 15Gag gsAs passivation, barrier layer and GaAs
capping layer were re-grown by MOVPE. Therefore, the GaAs NDs were fully embedded in the
layered barrier structure.

Detection of time-resolved and circularly polarized photoluminescence (PL) from the NDs was
used to optically observe the spin-relaxation phenomena. A mode-locked Ti:Sapphire laser with
a wavelength of 728 nm and a temporal width of 150 fs were used to produce pulsed excitation
resonant with the band-gap energy of the barrier. The time-resolved, circularly polarized PL spectra
were recorded using a streak camera.

Circularly polarized PL spectra from the GaAs NDs with the thickness of 8 nm at 6 K are shown
in Fig. 1(e), for the case when we resonantly excited the Aly. 15Gag gsAs barrier surrounding the NDs
using o* circularly polarized light pulses. This optical excitation using circular polarization generates
spin-polarized electron-hole pairs due to the optical selection rule, which takes the angular momenta
of the electrons and holes and the circular polarization of the light into account.?> The PL spectra of
an 8 nm-thick GaAs QW, which was grown on the same substrate wafer as these NDs under identical
growth conditions, are also shown for the same circularly polarized excitation as a reference sample.
The peak PL wavelength of the GaAs ND ensemble is 780 nm, which is clearly blue-shifted from
that of the GaAs QW (804 nm) due to lateral quantum-confinement effects. The linewidth of the



107112-3 Kiba et al. AIP Advances 4, 107112 (2014)

PL intensity (arb. units)
Log-Circular polarization degree

é I L 1-f| I ‘\‘ {0'01

0.0 0.2 04 060.0 0.2 04 0.6
Time (ns) Time (ns)

FIG. 2. Circularly polarized PL time-profiles (red open circles: 6*, blue open circles: 67) and the CPD as a function of time
(green open squares) at 6 K in (a) the GaAs NDs with the PL-wavelength range of 775-785 nm and (b) the reference GaAs
QW with the PL-wavelength range of 800-805 nm, under o*-polarized pulsed excitation with the excitation power of 5 mW.
Solid lines are best-fit calculations of the rate equation analysis reflecting the exciton-spin relaxation times.

GaAs-ND emission can be attributed to the distribution of the ND diameters shown in Fig. 1(c). We
calculated the exciton energy confined within these NDs, taking this size distribution into account.
This simulated exciton-PL spectrum, plotted in Fig. 1(d), agrees fairly well with the observed PL
spectrum. The difference in the PL intensity between o* (co-circular) and 6~ (counter-circular) is
clearly observed for both the ND and QW emission. Here, the degree of the circular polarization
(CPD) of the PL was defined as (IJ — I;)(1} + I7), with circularly polarized PL intensities (I, I;).
The CPD values are also plotted as a function of wavelength in Fig. 1(e). In the ND-PL, about 20%
of the CPD is obtained around the peak wavelength of the PL spectrum. This strong co-circular prop-
erty of the PL for the excitation polarization is indicative of an injection of spin-polarized carriers
from the barrier and spin-selective recombination prior to the spin relaxation in the NDs, as will be
confirmed by observing the time-resolved PL, discussed below.

Time profiles of the circularly polarized PL intensities in the GaAs NDs after 0" excitation,
with a wavelength window of 775-785 nm for the PL spectra, are shown in Fig. 2(a). The PL inten-
sities increase rapidly after the pulsed excitation, corresponding to the carrier injection from the
barrier, then decrease exponentially due to the radiative recombination of excitons or non-radiative
relaxation to dark-exciton states. Immediately after the pulsed excitation, the difference in the PL
intensities between the o*— and o™—components is at its maximum, and this difference reduces
with time. The time profile of the corresponding CPD, which is not only contributed from the
exciton-spin relaxation within the GaAs NDs but also the state-filling-induced initial drop-off of
CPD after the spin-polarized carrier injection,” is also plotted in Fig. 2(a). We analyzed the
decay profiles of the circularly polarized PL using the rate equations, including the injection
and relaxation processes of the spin-polarized excitons initially generated in the barrier and the
state-filling at the ND states.?* By this model, we can distinguish the state filling phenomena from
the spin-relaxation time.

In Fig. 2(a), solid lines are the calculated best fits of these rate equations. From this fitting, the
exciton-spin relaxation time (7;) is deduced to be 1.40 ns at 6 K. We performed the same measure-
ment for the original GaAs QW grown on the same substrate, as shown in Fig. 2(b). 7, of 0.44 ns
is obtained from the same fitting, which is significantly shorter than that obtained from the NDs.
Specifically, 7, in the GaAs NDs is more than three times longer than that of the original GaAs QW
prior to the ND formation.

The spin-relaxation times of the GaAs NDs and the QW are plotted as a function of excitation
power (P) in Fig. 3(a). In the case of the QW, 7, decreases monotonically as the P increases.
For the exciton-spin relaxation in GaAs QWs, it has been reported that at low temperatures the
Bir-Alnov-Pikus (BAP) mechanism?* is dominant. In this mechanism, an exchange interaction
between an electron and a hh can enhance the electron-spin and thus the exciton-spin relaxation
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FIG. 3. (a) Excitation-power dependence of the spin-relaxation time (7) at 6 K in the GaAs NDs (red filled circles) and in
the original QW (blue filled squares). Dashed lines are included as a guide for the eyes. (b) The saturation factor Ny, /D
(red open circles) obtained from the rate equation analysis for GaAs NDs as a function of excitation power. The dashed line
is a guide to indicate the level of the state-filling effect in the NDs.

as a result of the unstable hh-spin state that arises from the substantial mixing of states with
different angular momenta. When the BAP mechanism is dominant, 7, monotonically decreases
with increasing P, as we observed here, due to an increase in the effective hh concentration versus
that of the electrons. In contrast, in the GaAs NDs, 7, is much longer than that in the QW, and
are not dependent on the P. The density of injected excitons into the NDs can be evaluated from
the P-dependence of the state-filling, obtained from our rate equation analysis. In Fig. 3(b) we
have plotted the parameter N,/D; as the saturation factor; a ratio between the initial number of
spin-polarized exciton generated in the barrier (Np) and the density of the spin-polarized state in the
NDs (Dy).?* This saturation factor is equal to one when each ND is fully occupied by one exciton,
and becomes larger than one when more excitons are injected, for example, in the excited states of
the ND or by the formation of exciton molecules. Therefore, we see that the spin-relaxation time in
the NDs is not affected by the number of excitons in the ND, i.e., by the strength of the effective
field of the hh exchange interaction for the electron spin, even though more than one exciton exists
in each ND above P = 10 mW as experimentally shown in Fig. 3(b).

Fig. 4 shows the temperature (7') dependences of 7, in the GaAs NDs and the reference QW,
where we compare the ND samples with different thicknesses of 8 and 4 nm. In the case of the
QW, the T-dependence is similar to that previously reported for a GaAs QW.!'>!%15 7 is almost
constant in the low T region below 40 K, which indicates that the BAP mechanism is dominant
due to exciton formation. 7, starts to decrease above 40 K and then shows a 7~%-°—dependence as
shown in the figure inset, which is characteristic of the D’yakonov-Perel’ (DP) mechanism?® for
electron-spin relaxation in the GaAs QW. Scattering of the electrons by impurities and defects in the
QW can induce momentum and energy relaxation among different spin-split subbands originating
from spin-orbit interactions in a zinc-blend (100) lattice structure. In contrast, 75 in the NDs de-
creases as the temperature rises, even in the lowest T region. Generally, the exciton binding energy
in NDs should be markedly larger than that in the QW and the resultant dissociation temperature of
the excitons in the NDs can be significantly higher than that in the QW. If the BAP spin-relaxation
mechanism is dominant in the NDs, 7 will be constant up to the exciton dissociation temperature,
which is higher than the 40 K observed in the original QW. However, the experimental trend for
7, in the low T region is quite different; it starts to decrease from a temperature as low as 10 K.
Therefore, the BAP induced exciton-spin relaxation is not dominant in this ND system.

This T-dependence can be understood as resulting from a thermal-excitation process among
different spin states of the exciton, as was previously found in self-assembled InAs QDs.® We fit the



107112-5 Kiba et al. AIP Advances 4, 107112 (2014)

2.0 T T T T T T T
(a) 0 GaAs ND AlGaAs
8 nm E 20

15} 40 ]
5 -60
g
= -80

1.0k -10 0 10 20 30 ]

. X Axis (nm)

0.5

1.5

Spin relaxation time: T (ns)
J—
=

&
n

0.0

0 20 40 60 80 100 120
Temperature (K)

FIG. 4. Temperature dependence of 7 in (a) the 8 nm-thick GaAs NDs (red open circles), 4 nm-thick GaAs NDs (black
crosses) and (b) the 8 nm-thick QW (blue filled squares). The red and black solid lines for the NDs indicate calculations
taking thermal activation energies into account. The inset of (a) shows the calculated valence band structure and eigenvalues
of hole states for the 8 nm-thick NDs. The blue dashed line for the QW is a guide for the eyes. The inset of (b) shows a
log-scale plot of the data for the QW, and the solid line indicates the T ~-°-dependence.

T-dependence of 7 using the following equation:

1 1
el —_—
T Sp(ERD) -1

assuming that the spin-relaxation rate is proportional to the scattering rate of acoustic phonons and
E,. is the activation energy in the spin-relaxation process. E, is obtained to be 3.9 meV for the
thinner 4 nm-thick NDs, which is clearly larger than 2.8 meV for the 8 nm-thick NDs. Three-
dimensional k - p-band calculation results for the hole states based on the present disk shape, with the
diameter of 15 nm, thickness of 8 or 4 nm, and embedded in the Aly ;5Gag_gsAs barrier are summa-
rized in Table I. The energy differences between the ground state and the first-excited state are calcu-
lated to be 3.2 meV (8 nm) and 5.0 meV (4 nm) which depend on the degree of quantum confinement
(disk thickness), and they are fairly close to the experimentally deduced E,. for the exciton-spin
relaxation. The degree of the hole state mixing, which is shown as the composition of light hole
(Ih) and hh wavefunctions in Table I, is different between the ground and the first-excited state.

TABLE L. Calculated confinement energies of the ground (Ep;) and first-excited (Epo) hole states in the GaAs NDs with the
diameter of 15 nm and thickness of 8 or 4 nm. The mixing ratio between the hh and Ih wavefunctions is also shown. The
energy difference (AE) between the calculated Ep and Ejpy, and the experimental thermal activation energy (E,e) for the
spin-relaxation are also listed.

Thickness 8 nm 4 nm

Ep1 (meV) 21.7 (hh: 88%, 1h: 12%) 35.7 (hh: 91%, 1h: 9%)
Epz (meV) 25.0 (hh: 46%, 1h: 54%) 40.7 (hh: 56%, 1h: 44%)
AEy; (meV) 3.2 5.0

Eact (meV) 2.8 3.9
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In other words, the angular momenta of these ground and first-excited hole states are significantly
different. Therefore, the thermal excitation from the ground state into the first-excited state of the hole
caused by the absorption of acoustic phonons can induce exciton-spin relaxation via the exchange
interaction between the hole and electron wavefunctions. Furthermore, an elastic exciton-scattering
process involving two consecutive phonons (phonon absorption and emission) can contribute to this
spin relaxation.” 7, will also decrease with increasing temperature in this process. Moreover, 7y
at the low-temperature limit around 4 K depends on the ND thickness. The mixing of hh and lh
components at the lowest hole state is almost identical between these samples as shown in the Ta-
ble I. In our NDs, exchange effects due to in-plane shape anisotropy can be ruled out because of the
symmetrical disk shape in addition to potential formation of positive trions originating from naturally
doped carbon-related acceptors commonly seen in the MOVPE process. A convincing explanation
of this disk-thickness dependence of 7y is an effect of the hyperfine interaction of nuclear spins in
the NDs.?%?” The degree of the dynamic nuclear polarization induced by spin-polarized electrons
can be affected by the degree of quantum confinement because the hyperfine interaction strength
depends on coupling strength of the electron wavefunction with an ensemble of nuclear spins. On
the other hand, the stronger coupling can also induce energetic splitting of the electron level and
the nuclear polarization saturates. Therefore, the effect of the degree of quantum confinement on the
spin-relaxation time due to the dynamic nuclear polarization needs further investigation.

The effects of artificial strong lateral quantum confinement on the exciton-spin relaxation dy-
namics have been studied in GaAs NDs with a lateral diameter of 15 nm. Time-resolved circularly
polarized PL from the NDs indicates strong suppression of the exciton-spin relaxation, changing
from 0.44 ns in the original QW prior to ND fabrication to 1.40 ns in the NDs at 6 K. The
spin-relaxation time of the GaAs NDs is insensitive to the excitation power and systematically
decreases with increasing temperature, which indicates that the exciton-spin relaxation in the NDs
originates from thermal excitation among the hole states with different angular momenta.
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