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We report the single-photon Fourier spectroscopy of exciton and exciton complexes in single
self-assembled InAlAs/AlGaAs quantum dots. A Michelson interferometer was inserted in the
photoluminescence path for measuring the coherence length of the time-averaged emission of
neutral excitons and their complexes. The effects of exchange interactions and fluctuations in the
surrounding excess charges were estimated by comparing the coherence times and the excitation
energies of the excitons and their complexes. © 2007 American Institute of Physics.
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Single quantum dot (QD) devices attract considerable
attention in the field of semiconductor nanostructures be-
cause of their remarkable potential for single-photon emis-
sion, single-electron storage, and manipulation of single qu-
bits for quantum information processing, which rely on
discrete energy level of the QD due to its three-dimensional
(3D) quantum confinement." However, a semiconductor QD
can interact with its environment through carrier-phonon,
carrier-carrier, and electron-nuclei interactions. In particular,
electron-hole exchange interaction and electron-nuclei inter-
actions are supposed to be enhanced due to the nanoscale 3D
confinement. The suppression or positive utilization of the
above interactions to realize an ideal isolated artificial atom
is still a major challenge in the field of the semiconductor
nanotechnology. The coherence time which is deduced from
the coherence length or linewidth is an important parameter
for the characterization of the single-photon wavepacket and
emission and, therefore, to provide single-photon sources for
quantum information processing. Currently, single-photon
sources are an active research area, and the production of
single photons on demand has been demonstrated using a
variety of QDs with and without cavities in the visible to
telecommunications wavelength range.z’8 Apart from such
applications, the measurement of the coherence time pro-
vides fundamental physical information on excitons and ex-
citon complexes with regard to the abovementioned interac-
tions in QDs. In this paper, we report the effects of exchange
interactions and fluctuation in the surrounding excess
charges by comparing with the coherence times of exciton
complexes in single self-assembled InAlAs QDs measured
by the single-photon Fourier spectroscopy. The measure-
ments of the coherence times of the positive trion and exci-
ton complexes with an excited hole in a single QD have not
been reported so far, and the presented data indicate clearly
the effects of the exchange interactions on their coherence
times.

The samples contain layers of Ing;5Aly,5As QDs em-
bedded in an Alj;Ga,,As barrier layer grown on a (100)
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GaAs substrate by molecular beam epitaxy. The QDs are
formed in the Stranski-Krastanow growth mode. For
single-QD spectroscopy, small mesa structures with a typical
top lateral size of ~150 nm are fabricated. A cw-Ti:sapphire
laser beam traveling along the QD growth direction is fo-
cused on the sample surface by a microscope objective. A
Michelson interferometer inserted in the photoluminescence
(PL) path is used to measure the coherence length of the
time-averaged emission; this is a type of time-domain spec-
troscopy called single-photon Fourier spectroscopy and was
first demonstrated by Kammerer et al.’ The obtained data
show the variation of the interference fringe contrast (visibil-
ity) with the path-length difference between the two arms of
the interferometer and give the magnitude of the Fourier
transform of the intensity spectra. Fourier spectroscopy is an
interesting method to explore the spectral dynamics of a
single transition by both high temporal and high spectral
resolutions with very low photon losses.” > The PL passing
through the interferometer was dispersed by a triple-grating
spectrometer (f=0.64 m) and was detected by a liquid-
nitrogen-cooled Si-charge-coupled device camera with a
typical accumulation time of 500 ms.

Figure 1(a) shows the contour plot of the PL intensity as
a function of linear polarization angle at 0 T; the PL intensity
was obtained by rotating a half-wave plate before a fixed
polarizer in front of the spectrometer. The sample was ex-
cited at the wetting layer (WL) of ~1.698 eV by the depo-
larized light. The figure shows almost all the spectral lines
from a single InAlAs QD target for WL-excitation condition.
Various measurements, including those of the quantities de-
picted in Fig. 1, indicate that the PL lines in the figure origi-
nate from the same single QD, and the PL lines are attributed
to X5 (spin-triplet positive trion), XX° (neutral biexciton),
XX* (positively charged biexciton), X° (neutral exciton), and
X* (spin-singlet positive trion) from the low-energy side.”?
Each line of the X° and XX° PLs has a clear fine structure and
the dependence of linear polarization is anticorrelated; the
high(low)-energy line of X° and the low(high)-energy line of
XX° have the same x(y) polarization. While the XX state
consists of spin-paired electrons and holes and is free from
exchange interactions, the neutral exciton state splits due to
anisotropic exchange interactions (AEI) resulting from the
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FIG. 1. (Color online) (a) PL intensity contour plot as a function of the
linear polarization angle. The data were collected by the depolarized exci-
tation at the WL excitation (5 K, O T). The PL polarization is depicted to the
right of the figure. (b) PL spectra of the three main peaks XX°, X, and X* at
a linear polarization angle of 0 and N/4, which are x (open circles)- and y
(solid circles)-polarized PL components, respectively. Note that the energy
axis is replotted from the midpoint of the two peaks of X°. Clear fine struc-
tures are observed in the X° and XX° spectra, and no fine structure is ob-
served for X*. The linewidths (full width at half maximum) are 40, 75, and
40 ueV for XX°, X°, and X*, respectively. (c) Typical visibility plot of the
PLs of X, XX, and X* at WL excitation. x or y in the parentheses indicates
the polarization of the PL component. The solid lines are the fitting curves.

in-plane anisotropy of the overlap of the electron-hole wave-
functions; therefore, the PL spectral lines due to the transi-
tion from XX° to X° have the same splitting (but inverse
polarization) as that for the transition from X° to the vacuum
state. From the fitting in Fig. 1(b), the bright exciton splitting
5, is found to be 115+5 ueV and the binding energy of XX°
is +3.77 meV. X* consists of two holes with the paired spin
and one electron; therefore, exchange interaction is ineffec-
tive and X* has no fine structure. Hence, X* has a linewidth
that is narrower than that of X°, which suggests a long co-
herence of the electron spin. X* has a negative binding en-
ergy (—0.89 meV), which implies that a repulsive force acts
between an exciton and a hole of X*. The XX* and X7 PLs
are weak as compared to the others in this QD but show
similar clear anticorrelated patterns. Here, XX* PL implies
the transition from XX*(J,=+3/2) to X{(J,=x1/2,%5/2).
Moreover, X‘} PL arises from the transition from
XH(J.=%1/2,%5/2) to the hole state h(J,=+3/2). XX* and
X; contain excited holes that occupy the p shell, and ex-
change interactions between the s-shell and the p-shell car-
riers cause the state mixing and splitting, leading to a fine
structure. '

Figure 1(c) shows a typical visibility plot of the
single-QD PL at the WL excitation. By varying the temporal
delay 7, the detected signal is given by I(7)
=1{1+V(7)cos[Eyr/fi+ ¢(7)]}, where I is the average sig-
nal intensity, E, the central detection energy, V(7) the inter-
ference fringe contrast (visibility) given by the modulus of
the Fourier transform of the intensity spectrum, and ¢(7) a
slowly varying phase factor related to the line profile asym-
metry. (An example of the rapid oscillation of the interfer-
ence fringe is seen in the raw data in the upper panel of
Fig. 3) In Fig. 1(c), X°(x) represented the x-polarized com-
ponent and X°(x+y) represents both the x- and y-polarized
components. Since the InAlAs QD target has a relatively
large bright exciton splitting &,, the visibility of the whole
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FIG. 2. (Color online) (a) PL excitation spectra at the detection energy of
X% (b) Visibility plots of the PLs of the neutral exciton X° at different
excitation energies: WL (solid circles) and 1 LO-resonant (triangles and
squares) excitations. The respective excitation energies correspond to 1, 2,
and 3 in (a). Only the x-polarized component was detected. The solid lines
are the fitting curves.

fine structure components of X° and XX° oscillates with a
period of h/&8,~36 ps due to classical polarization interfer-
ence. The visibility decay of X°[x(or y)] shows a clear
Gaussian shape of V(7) with a coherence time of ~25 ps,
which indicates spectral fluctuations in the ground state en-
ergy. This is supposed to be due to the environmental charge
because the effect reduces experimentally due to a
near-resonant excitation such as the 1 LO resonant excitation
discussed later (Fig. 2). Although the oscillatory and
nonoscillatory behaviors of XX are the same as those of
X°, depending on the detected polarization components, the
coherence time of XX" is clearly different from that of X° and
is longer (~40 ps), which is consistent with the high-
resolution PL spectra. In the case of X%, the coherence time is
long and is almost the same as that of XX[x(or y)]. The long
coherence times of X* and XX° as compared with X° are
probably due to different exchange interactions between the
electron and the hole in an exciton since XX° and X* contain
the paired holes with antiparallel spins; therefore, the ex-
change effect is ineffective. Since the coherence time T, is
generally represented as 1/T,=1/(2T})+1/T5"""+1/T5"
+1/ 7§X°ha“ge, under a particular excitation condition, it is rea-
sonable to assume that the spectral fluctuation effect 1/75"
and phonon scattering 1/75""" affect all the species equally.
Furthermore, the lifetime 7, is estimated to be ~1 ns from
the single-QD-PL measurements using the streak camera."
Therefore, on this timescale, the difference of the coherence
times between X* (or XXY) and X° corresponds to the
electron-hole exchange effect 1/T5*""€ and T$*M"e js es-
timated to be ~65 ps. For other QDs in the same and differ-
ent mesas in the same sample, almost similar results are ob-
tained and the value of 75" is in the range of 50—100 ps.
As compared with quantum wells where T;"Cha“gesS ps,'®
this smaller contribution of the exchange interaction in QDs
indicates a low scattering rate due to the 3D confinement.
The change on the excitation energy from the WL to the
interior of the QD allows us to observe the effect of the
charge fluctuations around a QD. Figure 2(a) shows the PL
excitation spectra of another InAlAs QD in the same sample
at a detection energy set at the X peak. Three excitation
energies, denoted as 1, 2, and 3 in the figure, were selected;
these energies correspond to the edge of WL, 1 LO (GaAs),
and 1 LO (InAlAs) resonances, respectively. The respective
visibility plots are shown in Fig. 2(b), where the case with a
low-power excitation at the excitation energy of 1 is also
plotted (open circles). In this QD, the coherence times are
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FIG. 3. (Color online) Visibility plot of the PLs of exciton and exciton
complexes from the same single QD at WL excitation (5 K). The dashed
lines are the fitting curves. The raw interferogram (upper panel) and the
time-integrated spectra (right panel) are also shown.

19, 16, and 13 (18) ps at the excitation energies of 3, 2, and
1 (the case at one-fifth of the excitation power), respectively.
As observed in the figure, the visibility decays with the
Gaussian profile in all the cases, but the coherence time in-
creases with a decrease in the excitation energy. In addition,
the coherence time depends on the excitation power. Since
the optically excited carrier density decreases according to
the density of states with a decrease in the excitation energy
and since the local environment of the QD target changes,
the above observations are supposed to be due to the effect
of environmental charge fluctuation. Although it is difficult
to provide the quantitative explanation for the effect of the
charge fluctuation owing to difference in the local environ-
ment from one QD to another even in the same sample, the
effect is observed in almost all the observed QDs; therefore,
further research is necessary.

Finally, we verified the effect of AEI for XX* and X;.
Figure 3 shows the visibility plot of another InAlAs QD in a
different sample where the XX* and X7. peaks can be detected
by the interferometer even at a low excitation power. Actu-
ally, X*, XX°, and X° decay single exponentially in this QD.
For this excitation condition, the effect of charge fluctuation
appears to be reduced to the maximum extent possible. The
coherence times are in the order of X* (35 ps)>XXx’
(25 ps) > X (17 ps)>XX* ~ X5 (8 ps) for this QD. As men-
tioned above, XX* and X+ contain excited holes; therefore,
the AEI is applicable.'*"” The data indicate that the AEI
induced by the p shell is strong and results in a short coher-
ence. The anisotropic exchange energies is 30+5 and
62+5 ueV for X° and X7, respectively, for this QD; these
energies are obtained by detailed spectral measurements un-
der zero and nonzero magnetic fields and from a similar
analysis of XX~ by Akimov et al. 15 Additionally, for the mag-
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netic fields up to 3.5 T, the coherence time of X* did not
change for circular and linear excitations (~43 ps), which
suggests that the coherence of X* is not decided by the
electron-nuclear spin interaction; thus, the only possible ori-
gin is phonon scattering.

We report the single-photon Fourier spectroscopy of ex-
citons and exciton complexes in single self-assembled
InAlAs/AlGaAs quantum dots. The measurement of the co-
herence times of the positive trion and exciton complexes
with an excited hole was demonstrated for the first time. A
longer coherence time is exhibited by XX° and X* as com-
pared with the others, and this strongly suggests that deco-
herence by the AEI of s and p shells is predominant in X°,
XX*, and X7 this predominance of decoherence is due to the
fact that XX° and X* have spin-paired holes, which ensures
that the exchange interaction is effective. All the presented
data suggest that the order of decoherence in the single In-
AlAs QD can be understood by the exchange effect. From
their excitation energy dependence and Gaussian shaped vis-
ibility curve, the effect of fluctuations in the environmental
excess charges is found to be important for this type of
measurements.
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