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An exciton confined within a quantum dot acts as a two-level quan-
tum system, and is one of the most promising candidates for quantum com-
puting and quantum information processing. The real-space optical prob-
ing of the quantum eigenstates in a single quantum dot and coupled quan-
tum dots should be developed toward the realization of quantum photonic
devices, where their wave functions are dynamically controlled by coher-
ent optical techniques. Here we apply near-field photoluminescence imag-
ing spectroscopy with a high spatial resolution of 30 nm to map out the
centre-of-mass wave function of an exciton confined in a GaAs quantum
dot. The spatial profile of the exciton emission, which reflects the shape of
a monolayer-high island, differs from that of biexciton emission, due to dif-
ferent distributions of the polarization field for the exciton and biexciton
recombinations.
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1. Introduction

An exciton in a naturally formed quantum dot (QD) (a monolayer-high is-
land formed in a narrow quantum well (QW) [1-6]), which exhibits long duration
of coherence at low temperature [5] and a large dipole moment [6], provides us
with light-controllable quantum bits. These characteristics of an exciton quantum
system in a QD have been measured by making full use of precise optical spec-
troscopy in both the frequency and time domains with a subwavelength spatial res-
olution to address a single QD. However, to improve such parameters as coherence
time and dipole moment, accurate information on the wave function for individ-
ual QDs is of great importance. In addition, in the study of coupled-QDs systems
as multi-quantum bits, in which 1t 1s difficult to predict the exact wave function
within theoretical frameworks, an optical spectroscopic technique for probing the
wave function itself should be developed. Using optical microscopy to achieve a
spatial resolution in the range of 10-30 nm, which is smaller than the typical
size of QDs, local probing allows direct mapping of the real space distribution of
the quantum eigenstate (wave function) within a QD, as predicted by theoretical
studies [7, 8].

Here we report photoluminescence (PL) imaging spectroscopy of a GaAs
QD, by near-field scanning optical microscope (NSOM) with a spatial resolution
of 30 nm. This unprecedented high spatial resolution relative to the size of the
QD, which is drastically improved in comparison with a typical spatial resolution
of 100-200 nm in previous measurements [9—12], is expected to permit a real-space
mapping of the centre-of-mass wave function of an exciton confined in the QD. For
the target of the imaging spectroscopy, we prepared a b nm thick GaAs QW, sand-
wiched between layers of Al(Ga)As grown by molecular-beam epitaxy. Two-minute
interruptions of the growth process at both interfaces promote the formation of
natural QDs [1-6]. The narrow GaAs QW layer was covered with a thin barrier
and a cap layer of totally 20 nm, allows the near-field tip to be close enough to
the emission source. The critical element in the high-resolution NSOM measure-
ment was an optical fibre probe, which was fabricated by chemical etching with
a hydrofluoric acid solution [13, 14]. The optical fibre probe with a 20 nm clear
aperture was prepared. A spatial resolution as high as 30 nm has been demon-
strated by low temperature PL imaging of self-assembled InAs QDs with a 30 nm
aperture probe [13].

2. Experimental result

We show near-field PL spectra of a single QD at 9 K at excitation powers
ranging from 0.17 to 3.8 yW in Fig. la. The emission lines (denoted by X and X*)
at 1.6088 and 1.6104 eV are observed. With an increase in excitation power, an-
other emission line appears at 1.6057 eV (denoted by X X). In order to clarify
the origin of these emissions, we show excitation power dependence of PL intensi-
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Fig. 1.
excited with He—Ne laser light (A = 633 nm) and the resultant PL signal was collected
via the same aperture. The PL peaks at 1.6088, 1.6057, and 1.6104 eV are denoted by
X, XX and X*. (b) Excitation power dependence of PL intensities of the X and the
X X lines. The red (blue) dotted line corresponds to the gradient associated with linear

(a) Near-field PL spectra of a single QD at 9 K. The sample was non-resonantly

(quadratic) power dependence. (c)—(e) Near-field PL images obtained by mapping the

intensity of the X lines in the same scanning area (1000 x 1000 nm).

ties in Fig. 1b. The X line can be identified as an emission from a single-exciton
state by its linear increase in emission intensity and its saturation behaviour. The
quadratic dependence of the XX emission with excitation power indicates that
XX is an emission from a biexciton state. This 1dentification of the X X line is
also supported by the correlation energy of 3.1 meV, which agrees well with the
values reported previously [3, 15]. The X* emission line can be attributed to the
radiative recombination of the exciton excited state by considering its energy po-
sition (higher energy side of the single exciton emission by about 1.6 meV) [16].
Figures lc—e show low-magnification PL maps for the intensity of X emissions
with three different energies in the same scanning area. These exciton PL maps
show emission profiles of individual QDs; which are seen as bright spots.
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The high-magnification PL images in Fig. 2 were obtained by mapping the
PL intensity with respect to the X ((a), (¢), and (¢)) and the XX ((b), (d), and
(f)) lines of three different QDs. The exciton PL images in Fig. 2 ((a), (¢), and
(e)) show an elongation along the [-110] crystal axis. The image sizes are larger
than the PL collection spot diameter, i.e. the spatial resolution of the NSOM [13].
The elongation along the [-110] axis due to the anisotropy of the monolayer-high
island is consistent with previous observations with a scanning tunneling micro-
scope (STM) [2]. We also obtained elongated biexciton PL images along the [-110]
crystal axis in Fig. 2 ((b), (d), and (f)) and found a clear difference in the spatial
distribution between the exciton and biexciton emission. Here the significant point
is that the PL image sizes of biexcitons are always smaller than those of excitons.

(a)

50 nm ‘ : s0nm

20 nm 20 nm

50 nm 50 nm

Fig. 2. (a)—(f) Series of high-resolution PL images of exciton state ((a), (c), and (e)) and
biexciton state ((b), (d), and (f)) for three different QDs. Scanning area is 210 x 210 nm.
Crystal axes along [110] and [-110] directions are indicated. PL image sizes of biexciton

are always smaller than those of exciton.
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3. Discussion and conclusion

Figures 3a and b show the normalized cross-sectional PL intensity profiles of
exciton (red) and biexciton (black) (corresponding to the profile of Figs. 2a and b)
along the [110] and [-110] crystal axes. The spreads in the exciton (biexciton)
images, defined as the full width at half maximum (FWHM) of each profile are
80 (60) nm and 115 (80) nm along the [110] and [-110] crystal axes, respectively.
Theoretical considerations can clarify what we see in the exciton and biexciton
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Fig. 3. (a), (b) Normalized cross-sectional intensity profiles of exciton (red) and biex-
citon (black) PL images corresponding to Figs. 2a and b. The image sizes of the exciton
(biexciton), defined as the full width at half maximum are, 80 (60) nm and 115 (80) nm
along the [110] and [-110] crystal axes, respectively. (c) Spatial distributions of squared
polarization fields of the exciton (red) and biexciton (black) emission, which are theo-
retically calculated for a GaAs quantum dot (radius of 114 nm, thickness of 5 nm). The

horizontal axis is normalized by the disk radius R.

PL images. The relevant quantity is the optical near-field around a single QD
associated with an optical transition. This field can be calculated with Maxwell’s
equations using the polarization field of the exciton or biexciton as the source
term. The observed luminescence intensity is proportional to the square of the
near-field detected by the probe. In the following, however, we have calculated the
emission patterns simply by the squared polarization fields without taking account
of the instrumental details. The polarization fields are derived from the transition
matrix element from the exciton state (X) to the ground state (0) and that from
the biexciton state (X X) to the exciton state (X) as follows [17, 18]:

<0|p6(7° - r5)|X> = —21/2pcv§0(7°5, Ts), (1)

(Xpd(r = r)lXX) = =(3/2)?pee D plr1 1)@ (11, v, 1)

71,Ta

_(1/6)1/2pcv Z (r1,ma) @77 (11, 75 Ty Ts ), (2)

71,Ta



286 T. Satkt et al

where ¢(re, rn) stands for the exciton envelope function with the electron and hole
coordinates denoted by 7re, rp, @TT (P~ 7)(r1, ra; 74, 7s) represents the biexciton
envelope function with electron coordinates (r1, r2) and hole coordinates (rq, 3)
that is symmetrised (anti-symmetrised) with respect to the interchange between
two electrons and between two holes, and p.y is the transition dipole moment
between the conduction band and the valence band. As seen in Eq. (1), the spatial
distribution of the exciton polarization field corresponds to the centre-of-mass
envelope function of a confined exciton. For the biexciton emission, the polarization
field is determined by the overlap integral, which represents the spatial correlation
between two excitons forming the biexciton and is expected to be more localized
than the single exciton wave function.

Figure 3¢ shows the squared polarization amplitudes of the exciton (red)
and biexciton (black) emission, which have been calculated for a GaAs QD with
size parameters relevant to our experiments. The calculated profile of the squared
polarization amplitude of the biexciton emission is narrower than that of the ex-
citon emission. The spread of the biexciton emission normalized by that of the
exciton emission (defined by the ratio of FWHM of calculated profiles in Fig. 3c¢)
is estimated to be 0.76, which is in good agreement with the experimental re-
sult (0.75 £ 0.08). This theoretical support and the experimental facts lead to the
conclusion that the local optical probing by the near-field scanning optical micro-
scope directly maps out the centre-of-mass wave function of an exciton confined
in a monolayer-high island.

The success of the real-space mapping of the exciton wave function de-
scribed above 1s a step toward the realization of quantum devices, because the
combination of local optical probing with time-domain coherent control using
ultrafast laser pulses will permit advanced manipulation of the QD wave func-
tion with direct monitoring of the shape and extent of the wave function itself.
Moreover, the optical probe, with its high spatial precision of 30 nm, provides
a bridge between the measurements of nanometre-resolution electron microscopy
and wavelength-resolution far-field optical spectroscopy, and could play an active
role in the characterization of not only well-defined systems as demonstrated here,
but also unknown material systems in diverse fields of research.
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