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Spin dynamics of excited trion states in a single InAs quantum dot
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We measure photon cross-correlation between two positively charged biexcitonic emission lines and a
positively charged excitonic line for a single InAs/GaAs quantum dot (QD). Marked difference in the corre-
lation function is observed, which originates from multiple spin configurations of intermediate states, i.e.,
excited positively charged exciton (trion) states. With the aid of a rate equation simulation, we evaluate the
transition rate with p-shell hole-spin flip to be 0.8—1.0 GHz, which is almost comparable to the radiative decay
rate of the ground charged exciton, presumably due to the spin scattering between carriers in a QD and a
wetting layer and/or mixing of the excited trion states. In contrast, the relaxation rate with conserving p-shell
hole-spin projection is estimated to be about one order of magnitude higher than that with hole-spin flip.
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I. INTRODUCTION

Strong quantum confinement of a semiconductor quantum
dot (QD) exhibits peculiar and different characteristics from
bulk material, such as atomlike discrete energy dispersion of
carriers. In that sense, QDs can provide an ideal platform to
perform fundamental research on quantum optics and quan-
tum electronics, which otherwise can barely be explored.
Moreover, the long coherence time of spins in a QD is at-
tractive for applying to the spin-based quantum information
devices. The charged exciton (trion) in a QD holds an un-
paired electron or hole spin, which can be optically excited
and detected,!? and is one of the conceivable candidates for
realizing the spin memory>* or spin state quantum
computing.>”” For those reasons, interest is growing in the
QD trion both theoretically and experimentally. The negative
ground trion, which is composed of one hole and two elec-
trons in the s-shell (1e?1h'), has been relatively well exam-
ined and understood (e.g., Ref. 2). However, there have only
been several reports on excited negative trions,®~!3 and even
fewer on excited positive trions.'4~1% The excited trions con-
sist of an electron-hole (e-h) pair in the s shell and an elec-
tron or a hole in higher shells with various spin configura-
tions. This leads to complicated fine structures of the excited
trion states, which arise from exchange interaction. Never-
theless, there has been little study done on the carrier dynam-
ics of the excited trion states on the basis of the spin con-
figuration, though it is both of sincere interest for
fundamental physics and of great importance for the device
application. Photon correlation measurement is one of the
most powerful experimental methods that enable us to study
such carrier dynamics in QDs. The discussion can apply to
other spin-related physical systems, which are optically de-
tected or controlled.

We examined the positively charged biexcitonic state
(XX*), which consists of two e-h pairs in the s shell and a
hole in the p shell (1e*1h*2h"), in a self-assembled InAs/
GaAs QD by using photoluminescence (PL) and photon cor-
relation measurements. One of the s-shell e-h pairs in XX*
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recombines with optical radiation, leaving behind the excited
positive trion state (X**), which is composed of an e-h pair in
the s-shell and a remnant hole in the p-shell (1e'14'2h"Y).
Due to the e-h and hole-hole (h-h) exchange interaction, X**
states have four doubly degenerate branches. In this study,
we identified PL peaks corresponding to those X** states and
evaluated the different carrier-relaxation rates from X'
states to the ground trion (X*) state in accordance with the
different spin configurations by comparing the photon corre-
lation measurements with numerical simulations.

II. EXPERIMENTAL

The sample under investigation was grown by molecular
beam epitaxy on a (001) GaAs substrate. A single InAs QD
layer was capped with an 80-nm-thick GaAs layer. The esti-
mated areal density of the QDs was ~5 X 10° cm™2, and the
recombination energy for a typical QD was tuned to around
1.28-1.35 eV at 10 K by using an In-flush technique.!” The
details of the growth conditions can be found elsewhere.'® To
excite only a single or a few QD(s), we fabricated
0.4- um-diameter mesa structures by electron beam lithogra-
phy and inductively coupled plasma reactive ion etching.

Our experiments were performed at cryogenic tempera-
ture using a u-PL setup. The sample was excited by a con-
tinuous wave Ti:sapphire laser operated at 1.55 eV (above-
band excitation). The excitation beam was focused on the
sample to a spot size of ~3 um with the microscopic ob-
jective lens (X40,NA=0.60). The PL was collected by the
same lens and spectrally analyzed by a grating monochro-
mator equipped with liquid-nitrogen-cooled Si charge-
coupled device arrays. In addition, photon cross-correlation
measurements were performed by using a Hanbury Brown-
Twiss (HBT) setup.'® A pair of Si avalanche photodiodes
(APDs) located behind the monochromators, whereby the PL
spectrum within an energy window of 0.36 meV was ex-
tracted, was incorporated to record histograms of coinci-
dence counts for photon arrivals at both APDs.
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FIG. 1. (Color online) (a) Observed PL spectrum at P

=1.74 uW. Inset shows the PL spectrum magnified by a factor 20.
The shaded region indicates a background emission, which is prop-
erly subtracted when analyzing the data. (b) Pump power depen-
dence of the observed PL peaks. The experimental data plotted by
black squares etc. correspond to the PL lines labeled by the same
symbols in (a). The solid (dashed) line is a guide of linear (square)
power dependence. (c) The time resolved PL intensities for the
(bi)excitonic peaks measured under a mode-locked pulse excitation
(80 MHz repetition, 2 ps pulse duration). The system response mea-
sured by scattered incident laser beam is shown as gray dashed
curve for comparison.

III. RESULTS AND DISCUSSIONS

Figure 1(a) shows the w-PL spectrum of a single QD for a
pump power (defined as the power at the sample surface)
P=1.74 uW. A distinct peak labeled by a square, followed
by two peaks labeled by a circle and an upward triangle, is
clearly seen within a spectral window of interest. As is
shown in Fig. 1(b), PL intensity of the square increases lin-
early with P, while those of the circle and the upward tri-
angle increase quadratically. This indicates the (bi)excitonic
characteristics of the PL peak(s) represented by the square
(circle and upward triangle). Figure 1(c) shows the observed
time resolved PL intensities. The estimated decay constant
for the square (7y=1.25 ns) is roughly twice as long as that
for both the circle and upward triangle (74x=0.51 ns). That
decay constants estimated for the two biexcitonic PL peaks
are exactly the same suggests that the initial state (XX*) for
the two peaks was identical. Considering this and also other
experimental evidences, we attribute the excitonic PL peak
(square) to the radiative decay from X* state and biexcitonic
peaks (circle and upward triangle) to those from XX* state to
X** states (1e*1h%2h!' — le' 1h'201Y).
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Because the X** consists of an e-h pair in the s-shell and
a hole in the p-shell, there are 2°=8 possible spin configu-
rations, which naively leads to the eightfold degeneracy. Tak-
ing into account the h-h and e-h exchange interaction, the
eightfold degeneracy of X** is lifted to four degenerate dou-
blets. One of the branches, “singlet state,” is named after the
fact the two holes in the s- and p-shell compose a spin sin-
glet, where the total spin z-projection of the composite is
m,=*1/2. In a similar fashion, the others are named “triplet
states,” the total spin z-projections of which are m,
==*1/2,%5/2,*=7/2. Total energy of the singlet state is
generally higher than the triplet states due to the isotropic
h-h exchange interaction being much larger than the e-h ex-
change interaction.? (We label X}* for the singlet state.) In
contrast, total energy of the triplet state with m.==*=7/2 (la-
beled X|") is the lowest in energy due to the largest e-h
exchange interaction for this case. However, the energy rela-
tionship between the other two triplet branches with m,
==*1/2 (labeled X3") and *5/2 (labeled X3*) is not so
straightforward. According to Fermi’s golden rule, a transi-
tion matrix element of XX*— X3 should be twice as large as
that of XX*—X3* due to the -corresponding spin
configurations.'%!! Looking carefully at Fig. 1(b), the peak
intensity of one of the biexcitonic emission lines represented
by the circle stays almost twice as large as the other biexci-
tonic line represented by the upward triangle until saturation,
thus we identify that the PL peak represented by the circle
(upward triangle) corresponds to the radiative decay from
XX*—X5" (X37). Hereafter, we abbreviate the emission line
of XX*— X" as XX; for simplicity and rename the biexci-
tonic line represented by the circle (upward triangle) as

We also identify the XX}" PL line. Without changing the
spin states, the X" state can quickly relax into X* state,
approximately on the time scale of ps.!! This short lifetime
of the final state leads to the broadening of the XX} PL peak
due to the time-energy uncertainty relationship.?! The same
applies to the PL line for X5 — 0** (labeled X3" for simplic-
ity), where 0** is an excited hole-spin state (14°2h"). Inset of
Fig. 1(a) shows a magnified PL spectrum at the same pump
power. The peaks preliminarily labeled “XX;” and “X3™ are
obviously broad with full width at half maximum (FWHM)
in the range of 0.2-0.3 meV. Taking into account the numeri-
cally simulated (explained later) pump power dependence of
these PL peaks, we identify that the broad peak at 1.318
(1.321) eV corresponds to XX, (X5"). The energy separation
between X} singlet state and X3 triplet state is estimated to
be 7.3 meV, which is a typical value for an InAs QD of
almost the same size.!> Owing to the pump power depen-
dence, a neutral (bi)excitonic peak X° (XX°) are also identi-
fied (see Fig. 1(a) inset).

On the basis of the discussion above, Fig. 2 shows the
schematic energy diagram for XX* and X**) states. Here, a
single-line-arrow T(|) depicts an s-shell electron with m.
=+1/2(~1/2), and a double-line-arrow () depicts an
s-shell heavy hole with m,=+3/2(=3/2). In a very similar
way, a large double-line-arrow represents a p-shell heavy
hole. Normalization factors are omitted, and one of the pos-
sible spin configurations is presented for convenience. The
X7" state with m.==*7/2 is schematized as a dotted line
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FIG. 2. (Color online) Schematic energy diagram of positively
charged biexcition and excited (ground) positive trion states. One of
the possible spin configurations is shown for each level, where T(T)
depicts an s-shell electron (hole) and a large T depicts a p-shell
hole. The wavy arrows denote the radiative decays, while the linear
arrows labeled 7y; denote the nonradiative transitions.

because the transition from XX* state to X]" state is optically
forbidden by the spin selection rule.

To further verify this energy diagram and investigate the
carrier dynamics between X;* states and X' state, we per-
formed the photon cross-correlation measurements using the
HBT setup. The Poisson-normalized second-order correla-
tion function

20 =L (O Lt + DKL OXL(0)),

experimentally obtained for XX3,-X* is plotted in Fig. 3(a)
[Fig. 3(b)], where (I;()) is a statistical average of the photon
counts detected at APD; and 7 is a time delay between APD,
and APD,, using the XX3,) emission line as the “start” and
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the X*— 0* emission line as the “stop.” The peak (dip) struc-
ture in g@(7) is called (anti-)bunching, which means the
enhancement (suppression) of multiphoton detection prob-
ability. The temporal resolution of our system was 700 ps
(FWHM), leading to rather smooth (anti-)bunching struc-
tures. In Fig. 3(a), the bunching behavior clearly seen for
XX3-X* at 7>0, accompanied with the antibunching behav-
ior for 7<0, indicates the indirect cascade radiation of XX3
to X*. Therefore, the carrier relaxation rate from intermediate
X;" state (via X+ * state) to X* state must be higher than Iy,
the radiative decay rate of X*. Meanwhile, no bunching be-
havior is observed for XX3-X* at 7>0. This indicates that the
carrier relaxation rate from X;" state (via X state) to X*
state is lower than or at most comparable to I'y. For this
reason, the X5 — 0** radiative decay before relaxing into X*
state can be observed in Fig. 1(a) inset, as was observed
previously for an excited negative trion® and recently for an
excited positive trion.!>!¢ The origin of this different behav-
iors in Figs. 3(a) and 3(b) can be understood as follows. For
XX3-X*, the total spin z projection m,=*1/2 of X3" state is
the same as the singlet state X}". It needs only relatlve phase
ar-shift for spin configuration to be primarily excited to X}
and subsequently relax into X* state. On the other hand, spin
z projection is not conserved for X5 — X}, therefore the rate
of which becomes much lower than the case before.

To verify the speculation above, photon cross-correlation
functions were numerically simulated by using a rate equa-
tion considering all the levels shown in Fig. 2. The photon
emission from the other unidentified background oscillators>?
and also the finite time resolution of the system?? are consid-
ered in our calculations. A charged triexciton level (not
shown in Fig. 2) is practically included so that the population
of the XX state would not artificially saturate at a high pump
rate region.>* Events of both e-h pair creation and an inde-
pendent single electron or hole capturing are also included to
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represent the above-band excitation.”> The radiative decay
rate I'y and I'yy are extracted from our experiment, where
I'y=1/7y, I'yx=1/7xx. As previously explained, the PL peak
of X57(XX}) is substantially broad (FWHM of 0.2-0.3 meV)
due to the high relaxation-rate 74 of the final state
0"*(X3"), which leads to an upper limit of 7,y
<300 GHz. On the contrary, the linewidth of X* PL peak
(~60 weV) is restricted by energy resolution and spectral
diffusion. This leads to a lower limit of ~100 GHz for vy,
and v,. Hence, y,=1v, of 200 GHz are assumed in our cal-
culation. These high p—s energy relaxation rates can be
attributed to emission of a resonant LA phonon with less
than few meV energy, where the phonon wavelength can
exceed the corresponding QD diameter.’® Meanwhile, the
resolution limited linewidth of X* also provides an upper
limit of 100 GHz for the transition rates 7,3y from X33
states to X" state. We found that 7y, is a key parameter,
which determines the behavior of the correlation function
g?(7), and that vy, least affects g () within its reasonable
range. The solid red curves in Figs. 3(a) and 3(b) are the best
fitting ones simulated, where y;/1'y is set to 10. (Note that in
Fig. 1(a) inset the X;" — 0*" radiative decay line should have
been observed at 1.3216 eV owing to the energy diagram
shown in Fig. 2 if y; were as low as v, or ['y.) The simula-
tion agrees well with our experimental results. Figure 3(c)
[Fig. 3(d)] shows calculated vy, dependence of g®(7) for
XX3(5)-X*. For XX3"-X*, the smaller the 7,, the higher bunch-
ing g32)(7.) at 7>0. In contrast, g®(7) for XX5"-X* exhibits
the opposite behavior. The g(7)>1 for the highest v,
gradually decreases as y, decreases, and eventually for y,
<1 GHz the bunching structure is lost and g®(7) becomes
smaller than 1 (antibunching). Comparing the experimental
results and simulations for XX53-X*, we deduce the 7, to be
lower than 1.0 GHz.

However, suppose 7, <I'y=0.8 GHz, PL intensity for
X" should be more than a half the PL intensity for XX;" at a
relatively low-pump power region. This is not the case for
the experimental results, like in Fig. 1(b), where the PL in-
tensity for X;* does not exceed half that for XX3". This pro-
vides the lower limit for 7,, therefore y,=0.8—1.0 GHz is
deduced to fulfill the above competitive requirements.

The estimated v, is higher than that under quasiresonant
excitation for X=*.8 One of the possible mechanism for this
high transition-rate is a spin-flip process between carriers in
a QD and excess carriers in the wetting layer, as we excite
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the above band of GaAs. This is not quite surprising as there
has been an experimental report on the broadening of a QD
PL peak due to the scattering arising within the tail of con-
tinuum states.”’” A theoretical report also suggests that the
absorption peak exists near the continuum state.”® Another
possible reason for the high 7y, rate is the mixing of triplet
X3" state and X3 state due to the anisotropic e-h exchange
interaction, which is described as follows:2Y

5 , 1
= )-sina|+=/,
2 2
1 , 5
- )+smmal+= /.
2 2

We performed the polarization measurement for XX, and de-
duced the amount of wave function mixing a=0.23, which
means =5%(=sin’> @) mixing. Therefore, the experimentally
estimated 7y, can be also attributed to the mixed X3~ wave
function component, the intrinsic transition rate of which to
X3" is much higher than that for X3".

X3y =cos a

IX3") = cos &

IV. CONCLUSION

We measured the radiative decays from XX* and X* states.
The intermediate X** states consists of a hole-spin singlet
state and three degeneracy-lifted hole-spin triplet states. We
identified three optically allowed transitions from XX™ states,
namely, XX3, XX}, and XX}. Different spin configurations of
these X** states lead to the different relaxation rates to X*
state. We measured the photon cross-correlation functions for
XX33—X* and found significant difference between them.
By comparing the experiments with the numerical simula-
tions based on the stochastic rate equation method, we quan-
titatively evaluate the relaxation rate 7, of 0.8-1.0 GHz with
p-shell hole-spin flip. The relaxation rate y; with relative
phase shift is estimated to be about at least one order of
magnitude higher than vy,, without the need for p-shell hole-
spin flip.
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