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1.1 Introduction

Optical probing and manipulation of electron quantum states in semiconductors at
the nanoscale are key to developing future nanophotonic devices which are capable
of ultrafast and low-power operation [1]. To optimize device performance and to
go far beyond conventional devices based on the far-field optics, the degree to which
the electron and light are confined must be properly designed and engineered. This is
because while stronger confinement of the electron is lets us use its quantum nature,
its interaction with light becomes weaker with reduction of the confinement volume.
To maximize their interaction, we need the overlap in scale between confinement
volume of electron and that of light. More generally, the spatial profile of the light
field should be designed to match that of electron wavefunction in terms of phase as
well as amplitude.

Semiconductor quantum dots (QDs) provide ideal electron systems because elec-
trons are three-dimensionally confined. This results in a discrete density of states in
which the level of energy spacing exceeds the thermal energy. Due to the nature of
QDs, they exhibit ultranarrow optical transition spectrum and long duration of coher-
ence [2, 3]. Moreover they can be engineered to have desired properties by control-
ling the size, shape and strains, as well as by selecting appropriate material. Regard-
ing the size of QDs, with the maturation of crystal growth along with the nanofab-
rication of semiconductors, we have obtained QDs in a wide rage of sizes from a
few nm to larger than 100 nm. For example, interface fluctuation QDs—where exci-
tons by imperfect GaAs quantum are well confined—are extensively studied [4]. By
adopting a growth-interruption technique, monolayer-high islands larger than 100 nm
develop at the well–barrier interface. Large QDs are advantageous for maximizing
the magnitude of the light–electron (exciton) interaction due to the enhancement of
oscillator strength, which is proportional to the size of QDs [5].
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The progress in light confinement, on the other hand, has also been remark-
able [6, 7]. Basically, efforts to focus light more tightly than half the wavelength
(diffraction limit) have been motivated by the ultimate spatial resolution of optical
microscopy. For example, a near-field scanning optical microscope (NSOM) [6, 7]
uses a sharpened optical fiber probe with a small metal hole at its apex to squeeze
light in an area determined by the size of the hole. Recent advances in fabrication
of NSOM probes enable us to generate a light spot smaller than 10 nm [8]. An op-
tical antenna is also attracting attention due to its higher efficiency in the delivery
of energy to a nanofocused spot [9]. Metal nanorods and more sophisticated metal
structures provide an opportunity to engineer the light field at the nanoscale with a
high degree of freedom.

Broad overlap in the scale between the confinement volume of electrons and
light, as described above, leads to changes in their interaction from the far-field coun-
terpart [10]. More specifically, in the case where the spatial resolution of NSOM falls
below the size of QD, it becomes possible to directly map out the distribution of the
wavefunction [11]. More interestingly, the optical selection rule can be broken; one
can excite the dark states whose optical transition is forbidden by the far field and
can open new radiative decay channels. The light–matter coupling at the nanoscale
offers guiding principles for future nanophotonic devices.

Here, we describe development of a high-resolution NSOM with a carefully de-
signed aperture probe and near-field imaging spectroscopy of quantum confined sys-
tems. Thanks to a spatial resolution as high as 1–30 nm, we visualize spatial profiles
of local density of states and wavefunctions of electrons confined in QDs and clarify
the fundamental aspects of localized and delocalized electrons in interface and alloy
disorder systems.

1.2 Near-Field Scanning Optical Microscope

1.2.1 General Description

When a small object is illuminated, its fine structures with high spatial frequency
generate a localized field that decays exponentially normal to the object [6, 7]. This
evanescent field on the tiny substructure can be used as a local source of light, illumi-
nating and scanning a sample surface so close that the light interacts with the sample
without diffraction. A metal opening (aperture) is a popular method for generating a
localized optical field suitable for NSOMs. As illustrated in Fig. 1.1, aperture NSOM
uses a small opening at the apex of a tapered optical fiber coated with metal. Light
sent down the fiber probe and through the aperture illuminates a small area on the
sample surface. The fundamental spatial resolution is determined by the diameter of
the aperture, which ranges from 10–100 nm.

The simplest setup for imaging spectroscopy based on aperture NSOM is a con-
figuration with local illumination and local collection of light through an aperture,
as illustrated in Fig. 1.1. The light emitted by the aperture interacts with the sample
locally. Resultant signals from the interaction volume must be collected as efficiently
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Fig. 1.1. A schematic illustration of standard NSOM setup with a local illumination and local
collection configuration

as possible. In photoluminescence (PL) or Raman spectroscopy, the collected signal
is dispersed by a spectrometer and is detected by a CCD recording device. The reg-
ulation system for tip–sample feedback are essential for NSOM performance, and
most NSOMs employ a method similar to that used in an atomic force microscope
(AFM), called shear force feedback, the regulation range of which is 0–10 nm [12].
For the measurement at low temperature to reduce phonon-induced broadening, the
sample, probe tip, and scanner are placed into a cryostat [13].

1.2.2 Aperture–NSOM Probe

Great effort has been devoted to fabricating the aperture probe, which is the heart of
NSOM. Since the quality of the probe determines the spatial resolution and sensitiv-
ity of the measurements, tip fabrication remains of major interest in the development
of NSOM. To enhance the performance of aperture–NSOM, we focus on two impor-
tant features of the probe: the light propagation efficiency of the tapered waveguide
and the quality of aperture, as illustrated in Fig. 1.2.

Improvement in the optical transmission efficiency (throughput) and collection
efficiency of aperture probes is the most important issue to be addressed for the
application of NSOM in the spectroscopic studies of nanostructures. The tapered
region of the aperture probe operates as a metal-clad optical waveguide. The mode
structure in a metallic waveguide is completely different from that in an unperturbed
fiber and is characterized by the cutoff diameter and absorption coefficient of the
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Fig. 1.2. A schematic illustration of aperture–NSOM probe. Scanning electron micrographs
of a double-tapered probe (taken prior to metal coating) and a well-defined aperture are also
shown

cladding metal. Theoretical and systematic experimental studies have confirmed that
the transmission efficiency of the propagating mode decreases in the region where the
core diameter is smaller than half the wavelength of the light in the core. The power
that is actually delivered to the aperture depends on the distance between the aperture
plane and the plane in which the probe diameter is equal to the cutoff diameter; this
distance is determined by the taper angle. We therefore proposed a double-tapered
structure with a large taper angle [14, 15]. This structure is easily realized using a
multistep chemical etching technique, as will be described later. With this technique,
the transmission efficiency is much improved by one to two orders of magnitude as
compared to the single-tapered probe with a small taper angle.

We used a chemical etching process with buffered HF solution to fabricate the
probe. The etching method is easily reproducible and can be used to make many
probes at the same time. The details of probe fabrication with selective etching are
described in [15]. The taper angle can be adjusted by changing the composition of
a buffered HF solution. A two-step etching process is employed to make a double-
tapered probe. Another important advantage of the chemical etching method is the
excellent stability of the polarization state of the probe.

The next step is metal coating and aperture formation. In general, the evaporated
metal film generally has a grainy texture, resulting in an irregularly shaped aper-
ture with nonisotropic polarization behavior. The grains also increase the distance
between the aperture and the sample, not only degrading resolution but also reduc-
ing the intensity of the local excitation. As a method for making a high-definition
aperture probe, we use a simple method based on the mechanical impact of the metal
(Au) coated tip on a suitable surface [16, 17]. The resulting probe has a flat end and a
well-defined circular aperture. Furthermore, the impact method assures that the aper-
ture plane is strictly parallel to the sample surface, which is important in minimizing
the distance between the aperture and the sample surface. The size of the aperture
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can be selected by carefully monitoring the intensity of light transmitting from the
apex, since the throughput of the probe is strictly dependent on the aperture diameter.

1.3 Spatial Resolution of NSOM Studied by Single Molecule
Imaging

Ultimate spatial resolution of NSOM is of great interest from the viewpoint of re-
vealing the nature of light–matter interaction at the nanoscale. As a standard method
for the evaluation of spatial resolution of NSOM, fluorescence imaging of a single
molecule is most reliable because it behaves as an ideal point-like light source. Many
groups have made efforts to improve the resolution in the single-molecule imaging
using a variety of methods, such as apertureless NSOM [18] and a single molecule
light source [19]. A spatial resolution as high as 32 nm has been reported in fluo-
rescence imaging by using a microfabricated cantilevered probe [20]. By using an
aperture probe, a spatial resolution as high as 25 nm has been reported recently in
single molecule fluorescence imaging by scanning near-field optical/atomic force
microscopy [21].

In this section, we describe single-molecule imaging with a high resolution of
approximately 10 nm achieved by an aperture NSOM [22]. To discuss the depen-

Fig. 1.3. a A cross-sectional illustration of the Au-coated probe. b–d Scanning electron
micrographs of aperture probes: b a side view of a probe with the double-tapered structure;
c–d apertures created by the impact method. Aperture diameters are 10 and 30 nm, respec-
tively
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Fig. 1.4. a A fluorescence image of single Cy5.5 molecules at 633-nm excitation. b A mag-
nified image of the bright spot circled in a. c A cross-sectional profile of the signal intensity
evaluated along a line indicated by the pair of arrows in b. The spatial resolution determined
from the FWHM of the profile is 20 nm

dence of the resolution on the wavelength of excitation light, measurements with
two different excitation lasers for the same probes are carried out. These results
are compared with a computational calculation employing the finite-difference time-
domain (FDTD) method, which is appropriate for simulating electromagnetic field
distributions applied to actual three-dimensional problems [23]. Thus we discuss the
achievable spatial resolution of the aperture NSOM.

1.3.1 Single-Molecule Imaging with Aperture Probes

An NSOM fiber probe with the double-tapered structure and well-defined aperture
created by the mechanical impact method, as described in Sect. 1.2, was employed.
Samples examined were single dye molecules of Cy5.5 and Rhodamine dispersed
on quartz substrates. Single-molecule dispersion on the substrate was confirmed by
observing one-step photobleaching of almost all of the molecules. The fluorescence
NSOM was operated in the illumination mode. As excitation light sources, a He–
Ne laser (λ = 633 nm) and a SHG YVO4 laser (λ = 532 nm) were employed. The



1 Optical Interaction of Light with Semiconductor Quantum Confined States 7

Fig. 1.5. a A fluorescence image of single Cy5.5 molecules at 532-nm excitation obtained
using the same probe and the same sample as those in Fig. 1.4, but not measured in the same
area as in Fig. 1.4(b). A magnified image of the bright spot circled in a. c A cross-sectional
profile along a line indicated by the pair of arrows in b. The spatial resolution is estimated to
be 21 nm

emission from a single dye molecule was collected by an objective lens and trans-
ported to an avalanche photodiode (APD) through a bandpass filter (center wave-
length λ = 700 nm, bandwidth Δλ = 40 nm for the Cy5.5 dye, λ = 600 nm,
Δλ = 40 nm for the Rhodamine dye). The sample–probe distance was controlled
by a shear–force feedback mechanism.

Figure 1.3(a) shows a cross-sectional illustration of the Au-coated probe. Scan-
ning electron micrographs of aperture probes are shown in Figs. 1.3(b)–(d): a side
view of a probe with the double tapered structure and overhead views of apertures.
From the scanning electron micrographs, which were taken after several scanning
measurements, we found the probes have flat end-faces with small round apertures.
The diameters of the apertures in Figs. 1.3(c) and 1.3(d) are estimated to be 10 nm
and 30 nm, respectively.

Figure 1.4(a) shows a fluorescence image of single Cy5.5 dye molecules irradi-
ated by the He–Ne laser light. Each bright spot is attributed to the fluorescence from
a single molecule. The bright spot circled in the image is magnified in Fig. 1.4(b).
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Fig. 1.6. The highest resolution images obtained with Rhodamine at 532-nm excitation (a) and
Cy5.5 at 633-nm excitation (b). Estimated resolutions are 11 and 8 nm, respectively

Figure 1.4(c) shows a cross-sectional profile of the fluorescence signal intensity eval-
uated along a line indicated by a pair of arrows in Fig. 1.4(b). From the full width at
half maximum (FWHM) of the profile, the spatial resolution is estimated to be 20 nm.

Figure 1.5(a) shows a fluorescence image obtained using the same probe and the
same sample of single Cy5.5 dye molecules, but not measured in the same area as in
Fig. 1.4(a), by the SHG YVO4 laser excitation. The bright spot circled in Fig. 1.5(a)
is magnified in Fig. 1.5(b), and Fig. 1.5(c) shows its cross-sectional profile. The
spatial resolution estimated from the FWHM of the profiles is 21 nm.

The highest resolutions images obtained with Rhodamine at 532-nm excitation
and Cy5.5 at 633-nm excitation are shown in Figs. 1.6(a) and 1.6(b), respectively.
The resolution is estimated to be 11-nm at 532-nm excitation and 8-nm at 633-nm
excitation.

1.3.2 Numerical Simulation of NSOM Resolution

To evaluate the achievable resolution of the aperture NSOM in visible range in the
illumination mode of operation, a computer simulation by the FDTD method was
employed for various aperture sizes and wavelengths. Electric fields (E) were calcu-
lated for the probe tip with an aperture diameter D = 20 nm at various wavelengths
(λ = 405, 442, 488, 514.5, 532 and 633 nm) of irradiation lights, and for the probe
tips with various aperture sizes ranging from D = 0 to 50 nm at the wavelength
λ = 633 nm.

Figure 1.7(a) illustrates a cross-sectional view of the FDTD geometry of the
three-dimensional problem, which reproduces the tip of the double-tapered probe
with an aperture employed in the experiments. A three-dimensional illustration of
the probe is shown in Fig. 1.7(b). The origin of the Cartesian coordinate was located
at the center of the aperture. We assumed the light source, which was placed at 10 nm
below the upper end of the tapered probe with a cone angle θ = 90◦, was a plane
wave with a Gaussian distribution polarized along the x direction. The refractive in-
dex of the core of the fiber was 1.5 and the refractive indices of the real Au metal
were extracted from [24]. The simulation box had a size of 1.6 × 1.6 × 0.8 μm3 in
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Fig. 1.7. a An illustration of the cross-sectional view of the FDTD geometry of three-
dimensional problem, which reproduces the experimental situation. b A three-dimensional
illustration of the tapered probe

the x, y and z directions. The space increment of the z directions around the aper-
ture was 2 nm, and the increments of the x and y directions were 1 nm for aperture
diameters less than D = 10 nm, and were 2 nm for the other aperture diameters.

Figures 1.8(a) and 1.6(b) show the intensity distribution of electronic field |E|2
along the x- and y-axes, respectively, on z = −4 nm plane for the probe with the
aperture of D = 20 nm at λ = 633-nm excitation. Here we define the spatial resolu-
tion of Δx and Δy as the FWHM of the intensity distribution, indicated by arrows in
Figs. 1.8(a) and 1.8(b).

Spatial resolutions for the aperture of D = 20 nm at various wavelengths are plot-
ted in Fig. 1.9. The skin depth of Au calculated from its optical constants is indicated
by a dashed line. It is found that the dependence of the resolution on the excitation
wavelength has a similar tendency as the skin depth of Au. Figure 1.10 shows the res-
olutions for various aperture diameters D = 0, 10, 20, 30 and 50 nm at λ = 633 nm.
The result indicates that the discrepancy between the predicted resolution and the
physical aperture size is less than 10 nm for D > 10 nm. The highest resolution is
obtained at D = 10 nm and is evaluated to be Δx = 16 nm and Δy = 12 nm.
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Fig. 1.8. The intensity distributions of electronic field along the x-axis a and the y-axis b,
calculated on z = −4-nm plane for the probe with an aperture of D = 20 nm at λ = 633-nm
excitation. The spatial resolutions of Δx and Δy are defined as the FWHM of the intensity
distributions indicated by the pairs of arrows

Fig. 1.9. Calculated spatial resolutions for the aperture with D = 20 nm at various wave-
lengths
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Fig. 1.10. Calculated spatial resolutions for various aperture diameters at λ = 633 nm

To discuss the resolution attainable using the NSOM with a tiny aperture, we
compare the results of the computational calculation by the FDTD method with the
experimental results obtained by the fluorescence imaging of single molecules. The
same spatial resolutions as small as 20 nm were obtained experimentally at the dif-
ferent excitation wavelengths (λ = 532 and 633 nm) using the same aperture probe.
The result does not agree with the results of the computational calculation for vari-
ous excitation wavelengths in which about 10 nm of difference is predicted between
the resolutions for the wavelengths of 532 and 633 nm. The dependence of the cal-
culation results on the aperture sizes indicates that our computational simulation
also does not reproduce the best resolutions in our measurements as high as 10 nm
realized at excitations of both λ = 532 and 633 nm. The profile of intensity distri-
bution of fluorescence signal obtained in the experimental operations is also greatly
different from that evaluated along the x-axis in the computational calculation as
characterized by the well-defined double peaks in Fig. 1.8. The disappearance of the
double peaks can be explained by some distortion of the aperture shape. A slight
inclination of the aperture face also results in contribution of a single peak because
the intensity of the other peak decreases rapidly with the distance from aperture face.
Taking account of the value of the FWHM of the intensity profile for one of the dou-
ble peaks in Fig. 1.8, the experimental resolution as high as 10 nm is attributed to the
efficient use of the localized near-field light with a single peak profile at the rim of
the aperture.

1.4 Single Quantum Dot Spectroscopy and Imaging

In order to evaluate optical properties of QDs, such as an extremely sharp PL line,
a macroscopic measurement, where an ensemble of QDs is observed at a time, is
insufficient. This is because inhomogeneous broadening is inherent to QDs due to
the distribution of their sizes and shapes. Thus, the intrinsic natures are hidden in
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Fig. 1.11. Conceptual illustration of wavefunction mapping and LDOS mapping in single QD
spectroscopy

an inhomogeneously broadened signal and spectroscopy on a single QD is strongly
required. An NSOM offers a high spatial resolution, typically 100–200 nm, which
is comparable to a typical dot-to-dot separation, and allows us to optically address
individual quantum dots as illustrated in Fig. 1.11(a).

As described earlier, the size of light spot created by the NSOM probe is usually
larger than the size of QD. Recent progress in the fabrication of aperture near-field
fiber probe has pushed the spatial resolution to less than 30 nm [22, 25], which is
comparable to or below the sizes of QDs. In such a case, NSOM allows us to in-
vestigate the inside of the QD. Roughly speaking, if the size of QD is smaller than
100 nm and the energy separation of discrete quantum levels is greater than the ther-
mal energy at a cryogenic temperature, NSOM can visualize the spatial profile of
a single quantum state: real-space mapping of an electron wavefunction [26–28].
This situation is illustrated in Fig. 1.11(b). Moreover, illumination of QD with an ex-
tremely narrow light source makes it possible to excite optically “dark” states whose
excitation is forbidden by symmetry in the far field (breakdown of the usual optical
selection rules) [10, 29]. These interesting observations and manipulation of elec-
tronic states in quantum confinement systems are unique to light–matter interaction
at the nanoscale and the essential motivation for using the near-field optical method.

In another case we deal with a QD created by means of a nanofabrication tech-
nique. In contrast to naturally grown QDs, the size of artificially fabricated QDs can
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be as large as several hundreds of nm. In such a weakly localized electron systems,
where energy separation of quantized states is smaller than thermal energy, NSOM
maps out the local density of states as shown in Fig. 1.11(c). Spatially and energeti-
cally resolved spectroscopy is a powerful tool to reveal the localized and delocalized
electron systems and, more importantly, their crossover region (weakly localized sys-
tem).

1.5 NSOM Spectroscopy of Single Quantum Dots

1.5.1 Type II Quantum Dot

A self-assembled quantum dot is an ideal system for studying zero-dimensional
quantum effects and has the potential for realizing future quantum devices. In self-
assembled In(Ga)As/GaAs QDs with a band alignment classified as type I, both elec-
trons and holes are confined in the QD. In a staggered type II band structure, the low-
est energy states for an electron and a hole are concentrated on different layers [30–
34]. Spatial separation occurs between the electron wavefunction in the GaAs layer
and the hole wavefunction in a type II GaSb QD, and the optical properties differ
from those of a type I QD [30, 32].

Single QD PL spectroscopy allows us to study multiexciton states by creating
many excitons in a QD under high excitation conditions [35]. The two-exciton state
is an especially interesting system, because it easily forms a bound biexciton state
due to the attractive Coulomb interaction in a type IIn(Ga)As QD [36, 37]. The en-
ergy level of a bound biexciton state is lowered by the binding energy from the two
excitons, where the binding energy is defined as the downward shift in energy of
the biexciton relative to that of two uncorrelated excitons. As the stability of the
biexciton state is sensitive to the structural and electronic parameters [38], the in-
teraction between excitons in a type II GaSb QD should be different from that in
a type IIn(Ga)As QD. Here we describe an experimental study of the exciton and
two-exciton states in a single type II GaSb QD using the NSOM.

1.5.2 NSOM Spectroscopy of Single GaSb QDs

The sample in this study was self-assembled GaSb QDs grown on a GaAs (100) sub-
strate using molecular beam epitaxy [39]. The lateral size, height and density of the
GaSb QDs of an uncovered sample were 16–26 nm, 5–8 nm and 2 × 1010 cm−2, re-
spectively, as measured by an atomic force microscope. Cross-sectional transmission
electron microscopy showed that a GaSb QD has a lens shape after capping with a
GaAs cover layer of 100 nm. The sample was illuminated through the aperture with
a diode laser (=685 nm) and the PL from a GaSb QD was collected via the same
aperture. The PL signal was detected using a 32-cm monochromator equipped with
a cooled charge-coupled device with a spectral resolution of 250 μeV. All measure-
ments were conducted at cryogenic temperature.
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Fig. 1.12. Near-field PL images of single GaSb QDs monitored at photon energies of a 1.266
and b 1.259 eV, respectively

Figures 1.12(a) and 1.12(b) show typical near-field PL images, monitored at pho-
ton energies of 1.266 and 1.259 eV, respectively, under relatively low excitation con-
ditions. Several bright spots of the PL signals from single GaSb QDs are observed
in both images. We can confirm the spectroscopic observation of a single GaSb QD
from the PL images. The average size of the bright spots, defined by the full width at
half maximum (FWHM) of the PL intensity profile, is estimated to be about 120 nm,
a value that corresponds to the spatial resolution of the measurement. The spatial
resolution is somewhat larger than the aperture diameter of the probe tip (80 nm),
because the GaSb QDs are embedded at a depth of 100 nm from the sample sur-
face.

Figure 1.13 shows typical near-field PL spectra of the exciton emission from
three different single GaSb QDs on an expanded energy scale. The linewidths of the
three emission peaks are estimated to be 250 μeV, where the value is limited by the
spectral resolution of the measurements. Consequently, the homogeneous linewidth
of an exciton state in a type II GaSb QD is evaluated to be less than 250 μeV, which
is narrower than the 280 μeV theoretically predicted in an ideal quantum well (QW)
at 8 K. The narrow PL linewidth means that the exciton state in a type II GaSb QD
has a longer coherence time than that in the QW.

Figure 1.14(a) shows near-field PL spectra of a single GaSb QD at various exci-
tation power densities. A single emission peak in the PL spectrum, denoted as X, is
observed at 1.2716 eV under lower excitation conditions (less than 1 μW). As shown
in Fig. 1.14(b), the PL intensities of the X line, as a function of excitation power den-
sities, show an almost linear power dependence under lower excitation conditions.
The sharp, less than 1 meV FWHM linewidth, X emission line is assigned to the ra-
diative recombination of the exciton consisting of a hole confined in a GaSb QD and
an electron in the surrounding GaAs barrier layer, which are weakly bound together
by an attractive Coulomb interaction.
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Fig. 1.13. PL spectra of three different single GaSb QDs at 8 K

Fig. 1.14. a Near-field PL spectra of a single GaSb QD at 8 K under various excitation power
densities. The PL peaks at 1.2716 and 1.2824 eV are denoted as X and XX, respectively.
b Excitation power dependence of PL intensities of the X and XX lines. The solid (dotted)
line corresponds to the gradient associated with linear (quadratic) power dependence



16 T. Saiki

Next, in Fig. 1.14(a), we focus on the PL spectra at higher excitation conditions
(greater than 1 μW). An additional peak appears at 1.2824 eV in the PL spectra, and
the peak denoted as XX is observed at about 11 meV higher energy than the ex-
citon emission (X). Figure 1.14(b) shows a nearly quadratic power dependence of
the XX line as a function of the excitation power. The power dependence of the PL
intensity suggests that the XX emission results from the radiative transition from
a two-exciton state to the exciton ground state. In type I self-assembled In(Ga)As
QDs [36] and naturally occurring GaAs QDs [37], the PL line is usually observed at
3–5 meV to the lower energy side of the exciton emission with the quadratic power
dependence generally assigned to the bound biexciton emission. This experimental
result, with the two-exciton emission occurring on the higher energy side of the ex-
citon emission, contrasts the results in type I QDs. This is consistent with the results
of the macroscopic PL spectra from GaSb QD ensembles showing a blueshift of the
PL peak with increasing excitation power [30, 33].

The energy difference between the two-exciton emission (XX) and the exciton
emission (X) corresponds to the binding energy (Ebin = 2EX − EXX), where EXX
and EX are the energy of the two-exciton state and the exciton ground state, respec-
tively. After measuring many GaSb QDs in the same sample, we found that Ebin
always has negative values, ranging from −11 to −21 meV. A negative Ebin implies
that the sign of the exciton–exciton interaction is repulsive in these QDs. In type II
GaSb QDs, only the holes are confined inside the QD, while the electron wave func-
tion is relatively delocalized in the GaAs barrier layer around the QDs. Consequently,
it is reasonable to expect the Coulomb energy of the two-exciton ground state to be
mainly dominated by the hole–hole repulsive Coulomb interaction, and to have a
negative value, because the strengths of the electron–hole and electron–electron in-
teractions are smaller than that of the hole–hole interaction.

For a quantitatively accurate understanding, we performed theoretical calcula-
tions of two-exciton states in these QDs. We used the empirical pseudopotential
model (EPM) that has been applied to various III–V type I QDs [40]. The single
particle states are obtained by solving the one-electron Schrödinger equation in a po-
tential, which is obtained from the superposition of atomic pseudopotentials centered
at the location of each atom in a supercell containing the QD and the surrounding
matrix. Spin–orbit coupling is included as a similar sum of nonlocal potentials [40].
The EPM parameters fitted to the bulk band structure parameters of GaSb and GaAs
were taken from [41].

As described earlier, the exciton and two-exciton states involve electrons weakly
bound to the QD solely by the Coulomb attraction of the confined holes. This situ-
ation makes it practically impossible to calculate the exciton and two-exciton states
using the conventional configuration interaction approach typically used in type I
QD calculations. To handle this situation, we developed a self-consistent mean field
(SCF) calculation method for multiple electron–hole pair excitations within the EPM
framework. In this approach, each single particle state of a multiexciton complex is
calculated by including the Coulomb potential due to all the other particles occupy-
ing the lowest possible single particle orbitals. We use Resta’s model [42] for the
nonlocal dielectric constant. Our approach treats the electron–electron and electron–
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Fig. 1.15. Calculated biexciton binding energy as a function of the height of the lens shaped
GaSb QDs. The height-to-diameter ratio was fixed as 0.3. The inset shows a schematic of the
conduction band (CB) and valence band (VB) lineup of the GaSb/GaAs QDs. The dashed
lines schematically illustrate the potential sensed by an electron when a hole is present

hole interactions at the Hartree–Fock level for one-exciton and two-exciton ground
states and is identical to Hartree with a self-interaction correction for three or more
exciton complexes.

First, we calculated the single particle energies and orbitals for a few lowest con-
duction and highest valence band states with zero, one and two electron–hole pairs
using a linear combination of bulk Bloch functions as the basis [43]. The single- and
two-exciton calculations are iterated to self-consistency. The exciton and two-exciton
(biexciton) energies are calculated as the sum of single-particle energies corrected
for double counting of the Coulomb interaction. A negative Ebin indicates that the
two-exciton emission in PL spectra appears on the higher energy side of the exciton
emission.

Although the structure is grown as nominally pure GaSb QDs in GaAs, inde-
pendent studies have shown that relatively strong admixing of Sb and As atoms is
expected [43]. Calculations were done for the lens-shaped GaSb1−xAsx QDs in a
GaAs matrix. The absolute exciton energies depend strongly on the alloying, as well
as the size and shape of the QDs. In addition, PL studies of GaSb/GaAs type II het-
erostructures tell us that the observed emission energies can be explained only by
using a much smaller valence offset than is theoretically accepted [44]. Therefore,
it is difficult to correlate the absolute exciton energies with the experiment. The cal-
culated Ebin as a function of QD size is shown in Fig. 1.15. The calculated data
correspond to QDs of heights ranging from 4.8–6.6 nm with the height-to-diameter
ratio fixed at 0.3. We found Ebin from −12 to −19 meV, i.e., negative values for the
entire range of QD sizes considered. The range of experimentally observed bind-
ing energies is very consistent with the calculated results. A detailed analysis of
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the results shows that although the two-exciton energy shift relative to the exciton
could be understood qualitatively as due to the repulsion between the two confined
holes, the contributions from electron–hole attraction and electron–electron repul-
sion are not negligible. For example, for a 4.8-nm high QD, the Ebin of −19 meV
includes −27 meV of hole–hole repulsion, −5 meV of electron–electron repulsion,
and +12 meV of electron–hole attraction.

1.6 Real-Space Mapping of Electron Wavefunction

With the recent progress in the nanostructuring of semiconductor materials and in
the applications of these nanostructured materials in optoelectronics, NSOM mi-
croscopy and spectroscopy have become important tools for determining the local
optical properties of these structures. In single quantum constituent spectroscopy,
NSOM provides access to individual quantum constituent, such as QD, an ensemble
of which exhibits inhomogeneous broadening due to the distribution of sizes, shapes
and strains. NSOM can thus elucidate the nature of QD, including the narrow optical
transition arising from the atom-like discrete density of states.

Single QD spectroscopy has revealed their long coherence times at low temper-
ature and large oscillator strengths of optical transition. However, to improve these
parameters for implementation of quantum computers, accurate information on the
wavefunction for individual QDs is of great importance. In addition, in the study of
coupled-QDs systems as interacting qubits, in which it is difficult to predict the ex-
act wavefunction within theoretical frameworks, an optical spectroscopic technique
for probing the wavefunction itself should be developed. By enhancing the spatial
resolution of NSOM up to 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 (wavefunction) within a QD, as predicted by theoretical studies [26–28].

In contrast to the well-defined quantum confined systems like QDs, the more
common disordered systems with local potential fluctuations still leave open ques-
tions. To fully understand such complicated systems, exciton wavefunctions should
be visualized with an extremely high resolution less than the spatial extension of
wavefunction. NSOM, with a spatial resolution of 10 nm, is the only tool to obtain
such information.

1.6.1 Light–Matter Interaction at the Nanoscale

In this section we summarize a theoretical approach to understand the light–matter
interaction at the nanoscale [45]. When the nanoscale confined electron system, such
as a semiconductor QD, is excited by light with a frequency ω, the absorbed power
α(ω) is

α(ω) ∝
∫

E
(r)P(r, ω) dr, (1.1)

where E(r) is the spatial distribution of electromagnetic field and P(r, ω) is the in-
duced interband polarization. In the general form the relationship between P(r, ω)
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and E(r) should be expressed by the nonlocal electrical susceptibility χ(r, r′; ω) as

P(r, ω) =
∫

χ(r, r′; ω)E(r′) dr′, (1.2)

χ(r, r′; ω) can be obtained by eigenfunction ψex and eigenenergy Eex of exciton
state confined in a QD:

χ(r, r′; ω) ∝ ψex(r)ψ∗
ex(r

′)
E − h̄ω − iγ

. (1.3)

Here we assume that quasi-resonant excitation at Eex and therefore the contribu-
tion of other quantized exciton states are negligible. γ is a damping constant due to
phonon scattering and radiative decay of exciton. By using (1.2) and (1.3), α(ω) can
be written in the form

α(ω) ∝ |∫ ψex(r)E(r)dr|2
E − h̄ω − iγ

. (1.4)

To illustrate the physical meaning in (1.4), we discuss two limiting cases. For
far-field excitation, where QD is illuminated by a spatially homogeneous electro-
magnetic field, α(ω) is given by the spatial integration of the exciton wavefunction,

α(ω) ∝
∣∣∣∣
∫

ψex(r) dr

∣∣∣∣
2

. (1.5)

From the value of this integral, so-called optical selection rules are derived. If the
integral is zero, the corresponding transition is “forbidden” and the exciton state is
optically “dark”. In the opposite limit of extremely confined light, E(r) is assumed
to be δ(r − R), where R is the position of the nanoscale light source, say a near-field
tip. As a result one can probe the local value of the exciton wavefunction,

α(ω) ∝ |ψex(R)|2. (1.6)

By measuring α(ω) as a function of the tip position, we can map out the exaction
wavefunction. More interestingly, the dark-state exciton becomes visible by breaking
the selection rule of optical transition. In the intermediate regime in terms of the
confinement of light, ψex are averaged over an illumination region.

Now we try to give an intuitive explanation on the local optical excitation using a
classical coupled oscillator model as shown in Fig. 1.16. Each pendulum represents
a localized dipole, such as a constituent molecule that makes up a molecular crystal.
The dipole–dipole interaction, which forms an exciton as a collective excitation of
constituent molecules, is taken into account by introducing springs to couple neigh-
boring pendulums. Here we assume the size of the system (the size of molecular
crystal) is much smaller than the wavelength of light. Figures 1.16(a) and 1.16(b)
illustrate the lowest and the second lowest normal modes of the coupled oscillator,
respectively. For the far-field illumination, all the pendulums are swung together at
the frequency of irradiated light with the same phases. Therefore the second lowest
mode, where two halves of pendulums move opposite, cannot be excited by the far-
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Fig. 1.16. Coupled pendulum model to intuitively explain the light–matter interaction at the
nanoscale. a The lowest mode and b the second lowest mode of the coupled oscillator

field light whereas the lowest mode can be. This corresponds to the optical selection
rule for far-field excitation of confined exciton systems. For the near-field regime, on
the other hand, the situation drastically changes. The trick that the nanoscale con-
fined light plays is to grasp solely a single pendulum and swing it. In this case, if
the light frequency matches eigenfrequency of the individual oscillation mode, any
normal mode can be excited regardless of the symmetry of oscillation, which means
that the optical selection rule is broken by the near-field excitation. The efficiency
of mode excitation is dependent on which pendulum is swung, i.e., the position of
nanoscale light source. By swinging a pendulum in order from the end and observ-
ing the magnitude of mode oscillation for each we can map out the distribution of
oscillation amplitude of individual pendulums. This illustrates the principle of the
wavefunction mapping of exciton states.

1.6.2 Interface Fluctuation QD

Here we describe PL imaging spectroscopy of a GaAs QD by NSOM with a spatial
resolution of 30 nm. This unprecedented high spatial resolution relative to the size of
the QD (100 nm) permits a real-space mapping of the center-of-mass wavefunction
of an exciton confined in the QD based on the principle discussed earlier [11, 46].

A schematic of QD sample structure is shown in Fig. 1.17. We prepared a 5-nm
thick GaAs QW, sandwiched between layers of Al(Ga)As grown by molecular-beam
epitaxy. Two-minute interruptions of the growth process at both interfaces lead to
the formation of large monolayer-high islands which localize excitons in QD-like
potential with lateral dimensions on the order of 40–100 nm [4]. The 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 (QD).
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Fig. 1.17. A schematic of a GaAs quantum dot naturally formed in a quantum well due to the
fluctuation of well thickness

Fig. 1.18. a Near-field PL spectra of a single QD at 9 K for various excitation densities. 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 XX lines. The two dotted lines corresponds to
the gradient associated with linear and quadratic power dependence

The GaAs QD was excited with He–Ne laser light (λ = 633 nm) through the
aperture and carriers (excitons) were created in the barrier layers as well as the QW
layer. Excitons diffused over several hundreds of nm and relaxed into the QDs. The
PL signal from the QD was collected via the same aperture to prevent a reduction of
the spatial resolution due to carrier diffusion. Near-field PL spectra were measured,
for example, at 11 nm steps across a 210 nm × 210 nm area and two-dimensional
images were constructed from a series of PL spectra.

Figure 1.18(a) shows near-field PL spectra of a single QD at 9 K at excitation
densities ranging from 0.17 to 3.8 μW. At low excitation densities, a single emission
line (denoted by X) at 1.6088 eV is observed. With an increase in excitation density,
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Fig. 1.19. Two-dimensional mapping of the PL intensity for three different X lines

the other emission lines appear at 1.6057 eV (XX) and at 1.6104 eV (X*). In order
to clarify the origin of these emissions, we examined excitation power dependence
of PL intensities as shown in Fig. 1.18(b). The X line can be identified as an emis-
sion from a single-exciton state by its linear increase in emission intensity and its
saturation behavior. The quadratic dependence of the XX emission with excitation
power indicates that XX is an emission from a biexciton state. This identification of
the XX line is also supported by the difference in the emission energy of 3.1 meV,
which corresponds to the binding energy of biexciton and agrees well with the val-
ues reported previously [47]. The X* emission line can be attributed to the radiative
recombination of the exciton excited state by considering its energy position (higher
energy side of the single exciton emission by about 1.6 meV) [48]. Figure 1.19 shows
low-magnification PL maps for the intensity of X emissions with three different en-
ergies in the same scanning area. These emission profiles were found to differ from
QD to QD.

1.6.3 Real-Space Mapping of Exciton Wavefunction Confined in a QD

The high-magnification PL images in Fig. 1.20 were obtained by mapping the PL
intensity with respect to the X ((a), (c) and (e)) and the XX ((b), (d) and (f)) lines of
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Fig. 1.20. Series of high-resolution PL images of exciton (X) state (a, c and e) and biexciton
(XX) state (b, d and f) for three different QDs. Crystal axes along [110] and [−110] directions
are indicated

three different QDs. The exciton PL images in Fig. 1.20 ((a), (c) and (e)) show an
elongation along the [−110] crystal axis. The image sizes are larger than the PL col-
lection spot diameter, i.e., the spatial resolution of the NSOM. The elongation along
the [−110] axis due to the anisotropy of the monolayer-high island is consistent with
previous observations with a scanning tunneling microscope (STM) [4]. We also ob-
tained elongated biexciton PL images along the [−110] crystal axis in Fig. 1.20 ((b),
(d) and (f)) and found a clear difference in the spatial distribution between the exci-
ton and biexciton emission. Here the significant point is that the PL image sizes of
biexcitons are always smaller than those of excitons.

Figures 1.21(a) and 1.21(b) show the normalized cross-sectional PL intensity
profiles of exciton (thick lines) and biexciton (thin lines) along the [110] and [−110]
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Fig. 1.21. High-resolution PL images and corresponding cross-sectional intensity profiles of
the exciton (a and b) and the exciton excited (c and d) state. The intensity profiles are taken
along solid and dotted lines in the images

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
PL images. The relevant quantity is the optical near-field around a single QD associ-
ated 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 ob-
served 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 at the position of the probe (rs) are derived from the
transition matrix element from the exciton state (X) to the ground state (0) and that
from the biexciton state (XX) to the exciton state (X) as follows [49]:

〈0|pδ(r − rs)|X〉 = −√
2pcvφ(rs , rs), (1.7)

〈X|pδ(r − rs)|XX〉 = −
√

3

2
pcv

∑
r1,ra

φ(r1, ra)Φ
++(r�, rs , ra, rs)

−
√

1

6
pcv

∑
r1,ra

φ(r1, ra)Φ
−−(r�, rs , ra, rs), (1.8)

where φ(re, rh) stands for the exciton envelope function with the electron and hole
coordinates denoted by re and rh, Φ++(Φ−−)(r1, r2, ra, rb) represents the biexci-
ton envelope function with electron coordinates (r1, r2) and hole coordinates (ra, rb)

that is symmetrized (antisymmetrized) with respect to the interchange between two
electrons and between two holes, and pcv is the transition dipole moment between
the conduction band and the valence band. The spatial distribution of the exciton
polarization field corresponds to the center-of-mass envelope function of a confined
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exciton. For the biexciton emission, the polarization field is determined by the over-
lap integral, which represents the spatial correlation between two excitons forming
the biexciton and is expected to be more localized than the single exciton wavefunc-
tion.

Figure 1.21(c) shows the squared polarization amplitudes of the exciton (thick
line) and biexciton (thin line) 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
exciton emission. The spread of the biexciton emission normalized by that of the
exciton emission is estimated to be 0.76, which is in good agreement with the exper-
imental result (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 mi-
croscope directly maps out the center-of-mass wavefunction of an exciton confined
in a monolayer-high island.

Furthermore, we can demonstrate a novel powerful feature of the wavefunction
mapping spectroscopy. Figure 1.22 shows the PL image and corresponding cross-
sectional intensity profiles of the exciton ground state X ((a) and (b)) and the exciton
excited state X* ((c) and (d)) from a single QD, which is different from that observed
in Fig. 1.21. The exciton PL image exhibits a complicated shape in this QD, unlike
the simple elliptical shape shown in Fig. 1.21. This is because the exciton is confined
in a monolayer-high island with an extremely anisotropic shape. The significant point
is that the exciton ground state image exhibits a single maximum peak in the intensity
profile, while a double-peaked intensity profile is obtained from the exciton excited
state. This is attributable to the difference in spatial distribution of the center-of-
mass wavefunction, which has no node in the ground state, but does have a node in
the excited state.

1.7 Real-Space Mapping of Local Density of States

Since the local electronic structure—defined as the local density of states (LDOS) in
metal corrals—was first demonstrated using scanning probe microscopy and spec-
troscopy [50, 51], the LDOS mapping technique has been applied to many interesting
quantum systems, such as two-dimensional (2D) electron gas [52], one-dimensional
quantum wires [53] and zero-dimensional (0D) quantum dots (QDs) [54]. Although
NSOM is useful for studying the elementary excitation of these quantum structures
with less than subwavelength spatial resolution, there are only a few results of LDOS
mapping using NSOM: for example, observation of the optical LDOS of an optical
corral structure with a forbidden light [55].

Here we probed the local electronic states of a Be-doped GaAs/Al1-xGaxAs sin-
gle heterojunction with a surface gate using an NSOM. The spatial distribution of
LDOS in a field-induced quantum structure can be mapped using near-field PL mi-
croscopy, as the quantum structure investigated here is larger than the spatial resolu-
tion of NSOM and the PL spectrum reflects the DOS of electrons.
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Fig. 1.22. a, b Normalized cross-sectional intensity profiles of exciton (thick lines) and biex-
citon (thin lines) PL images corresponding to Figs. 1.20(a) and (b). c Spatial distributions of
squared polarization fields of the exciton (thick line) and biexciton (thin line) emission, which
are theoretically calculated for a GaAs quantum dot (radius of 114 nm, thickness of 5 nm). The
horizontal axis is normalized by the disk radius R

1.7.1 Field-Induced Quantum Dot

The QDs formed by an electrostatic field effect have been extensively studied [56–
59]. In a field-induced QD, the strength and lateral profile of the confinement po-
tential can be tuned using the design of the surface gate and the strength of the
bias-voltage applied to the surface gate. As the degradation and imperfections at in-
terfaces are minimized owing to electrostatic confinement, the electrons are confined
by the well-defined lateral potential in this system. The properties of confined elec-
trons have been investigated using macroscopic PL spectroscopy in a field-induced
quantum structure based on a Be-doped single heterojunction [59, 60]. In this char-
acteristics structure, the PL spectrum arising from the recombination of holes bound
to Be accepters with electrons in an electron gas provides us with a probe to inves-
tigate the DOS of electrons owing to relaxation of the k-selection rule in the optical
process [59, 61, 62].
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Fig. 1.23. A schematic of AlGaAs/GaAs two-dimensional electron gas with a mesh gate struc-
ture

The sample investigated in this study was a Be-doped single heterojunction of
a GaAs/Al1−xGaxAs (x = 0.7) structure fabricated using molecular beam epi-
taxy [59, 62]. Figure 1.23 illustrates a rough schematic of sample structure. The
heterostructure was grown on an n-type GaAs substrate used as the back contact
and was fabricated under 75 nm from the surface. The nominal concentration of Be
dopant was 2.0 × 1010 cm−2 and the Be-doped layer was inserted 25 nm below the
heterojunction interface. The estimated sheet electron density without modulation
using an external bias-voltage (VB) was 3.6 × 1011 cm−2 at 1.8 K, using an optical
Shubnikov–de Hass measurement. A semitransparent Ti/Au Schottky gate structure
on the surface was fabricated with a square mesh of a 500-nm period using electron
beam lithography. The bias-voltage was applied between the surface Schottky gate
and the Ohmic back electrode.

An aperture about 120 nm in diameter was fabricated by milling of the probe
apex using a focused ion beam (FIB) apparatus. The sample on the scanning stage
was illuminated with a cw diode laser light (=685 nm) through the aperture, and a
time-integrated PL signal from the sample was collected via the same aperture. The
PL signal was sent to a 32-cm monochromator with a cooled charge coupled device
with a spectral resolution of 220 μeV. The spatial resolution of NSOM in this study
was about 140 nm.

Figure 1.24 shows far-field PL spectra, measured at the VB ranging from 0 to
−1.6 V. The PL signal from the 1.475 to 1.491 eV region is attributed to the recom-
bination between the localized holes bound to Be accepters with electrons in the
electron gas. The holes bound to Be accepters can recombine with any electrons
with wave vectors up to the inverse of the hole Bohr radius with nearly equal opti-
cal transition probabilities [59–62]. Owing to the small effective Bohr radius of the
hole bound to the Be accepter, the PL spectrum of the 1.475–1.491 eV region reflect-
ing the DOS of electrons [59] is used as a probe to investigate the electronic struc-
ture. Under low negative bias conditions (VB < −0.35 V), the signals from 1.480
to 1.489 eV show flat shape PL spectra reflecting the 2D DOS. The strong peaks at
1.496 eV come from the recombination between 2D electrons in the second subband
with holes bound to the accepters [60]. When the VB is increased to −1.6 V, the PL
spectra show a linear increase in intensity toward higher photon energies from 1.480
to 1.489 eV. This behavior is expected from the 0D DOS of electrons because the
linear dependence is in accordance with the generally accepted picture, in which the
degeneracy of states increases with the quantum number.
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Fig. 1.24. Bias-voltage (VB) dependence of macroscopic PL spectra of a Be-doped single
heterojunction

1.7.2 Mapping of Local Density of States in a Field Induced QD

We investigated the local electronic states of the field-induced quantum structure
while tuning the external bias voltage. As the PL intensity owing to the recombi-
nation of holes with electrons in an electron gas is proportional to the amplitude of
the DOS and the spatial resolution of NSOM is higher than the size of the quantum
structure, we can map the LDOS experimentally by monitoring the spatial distribu-
tion of the PL intensity from 1.475 to 1.491 eV. The atomic force microscopy image
of a gated sample surface in Fig. 1.25(a) shows a square mesh gate with a 500-nm pe-
riod. Figures 1.25(b)–2(e) show near-field optical images obtained by detecting the
PL intensity at around 1.483 eV while changing the external bias-voltage (VB = 0,
−1.2, and −1.6 V). In a series of images, we can observe the change in the PL images
from 2D (plane) to 0D (dot) features with the application of VB to the surface gate.
For VB = −1.6 V, a bright spot is observed in the center of the square mesh gate in
the PL image in Fig. 1.25(d). Looking at a wide spatial area, we see an array of PL
spots corresponding to the period of the square mesh, as shown in Fig. 1.25(e). The
change induced by applying a bias voltage is also supported by the cross-sectional
intensity profiles shown in Fig. 1.25(f), taken along a diagonal of the mesh gate at
the same positions. The size of the full width at half maximum (FWHM) of the pro-
files decreases from 400 nm at VB = 0 V to 160 nm at VB = −1.6 V. The narrow
distribution of the PL intensity is caused by depletion of the electron density in the
electron gas around the mesh gate under the external bias voltage. As a result, there
is a dense electron population at positions far from the mesh gate and the potential
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Fig. 1.25. a Shear-force microscopy (topographic) image of the gated sample surface (height
contrast: 50 nm). b–d Near-field PL images at different bias voltages VB = 0, −1.2, and
−1.6 V, respectively. These images were monitored at a detection energy of around 1.483 eV
at 9 K. The dotted lines in the images correspond to the position of the surface gate. e Near-
field PL image at VB = −1.6 V, measured for a wide area. f Cross-sectional PL intensity
profiles taken along a diagonal of the mesh gate

for electrons is minimal at the center of the mesh gate. Therefore, the change in the
PL image directly connects to the change in electronic structure from a 2D electron
gas to the confined 0D electronic state (QD) and an artificially formed QD array,
induced by the electrostatic confinement potential.
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Fig. 1.26. a–c Near-field PL images obtained at different detection energies under a bias volt-
age of −1.6 V. d PL intensity distribution defined as the FWHM of the profiles as a function
of the detection photon energy under various bias-voltage conditions

Figures 1.26(a)–1.26(c) show PL images in the QD state under VB = −1.6 V,
detected at 1.4827, 1.4863 and 1.4882 eV, respectively. The spatial distribution of
the PL intensity changes with the monitored photon energy and gradually spreads,
going from an image at a lower photon energy to one at a higher photon energy [from
Fig. 1.26(a)–1.26(c)]. We evaluated the spread of the PL image defined as the FWHM
of the intensity profile as a function of photon energy and plotted the values for
various bias voltages in Fig. 1.26(d). At low bias voltage (−0.7 V), the values of the
spread in the PL images are essentially constant for the entire energy range from
1.477 to 1.490 eV, which is easily understood from the 2D DOS characteristics. By
contrast, under higher bias voltage, the spread of the PL image strongly depends on
the monitored energy and the value increases gradually toward the higher energy
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side, which indicates that the distribution of the LDOS gradually spreads from lower
to higher energy states in a field-induced QD.

To confirm the feasibility of the LDOS mapping, we refer the numerical calcula-
tion results of the electron density distribution derived from solving Schrödinger and
Poisson’s equations [62–65]. The calculated potential for electrons in this quantum
structure is minimal at the center of the mesh gate with an application of the bias
voltage [62, 63]. The electrons with lower energy near the bottom of the electrostatic
potential are confined strictly and the spatial distribution of the wave function ex-
tends with increasing energy. The experimental results obtained from the near-field
PL images are consistent with the calculated electron density distributions and its
energy dependence. Thus, the optical near-field microscopy maps the LDOS in a
field-induced quantum structure.

Finally, we will mention the near-field PL spectrum of a field-induced single
QD (not shown here). We did not observe the sharp spectral features, as frequently
observed for 0D systems (QDs) [66, 67]. A peak in the PL spectrum arising from
each confined level should be broadened by at least 0.5 meV, taking into considera-
tion the estimated energy separation between confined levels [63]. This broadening
might be because it takes 0.1–1 μs for the nonequilibrium electrons to cool after
excitation [61]. Therefore, the combination of near-field PL microscopy with the
time-gated PL detection technique will enable us to observe fine spectral structures
of a field-induced QD.

1.8 Carrier Localization in Cluster States in GaNAs

1.8.1 Dilute Nitride Semiconductors

In contrast to the well-defined quantum confined systems such as QDs grown in
a self-assembled mode, the more common disordered systems with local potential
fluctuations leave unanswered questions. For example, a large reduction of the fun-
damental band gap in GaAs with small amounts of nitrogen is relevant to the clus-
tering behavior of nitrogen atoms and resultant potential fluctuations [68]. NSOM
characterization with high spatial resolution can give us a lot of important informa-
tion that is useful in our quest to fully understand such complicated systems, such
as details about the localization and delocalization of carriers, which determine the
optical properties in the vicinity of the band gap.

Dilute GaNAs and GaInNAs alloys are promising materials for optical commu-
nication devices [69–71] because they exhibit large band-gap bowing parameters.
In particular, for long-wavelength semiconductor laser application, high tempera-
ture stability of the threshold current is realized in the GaInNAs/GaAs quantum well
as compared to the conventional InGaAsP/InP quantum well due to strong electron
confinement. However, GaNAs and GaInNAs with a high nitrogen concentration of
more than 1% have been successfully grown only under nonequilibrium conditions
by molecular beam epitaxy and metal organic vapor phase epitaxy.
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The incorporation of nitrogen generally induces degradation of optical proper-
ties. To date, several groups of researchers have reported characteristic PL properties
of GaNAs and GaInNAs, for example, the broad asymmetric PL spectra and the
anomalous temperature dependence of the PL peak energy. More seriously emission
yield drastically degraded with an increase of nitrogen concentration.

For improvement of their fundamental optical properties, it is strongly required
to clarify electronic states due to single N impurities [72, 73] or N clusters, which
interact with each other and with the host states. The interaction gives rise to the
formation of weakly localized and delocalized electronic states at the band edge.
Hence the shape of optical spectra is extremely sensitive to the N composition. In
conventional spatially resolved PL spectroscopy, it is easy to detect single impurity
emissions in ultradilute compositional region. However, in order to resolve compli-
cated spectral structures and to clarify the interaction of localized states and the onset
of alloy formation, a spatial resolution far beyond the diffraction limit is needed.

Here we show the results of spatially resolved PL spectroscopy with a high spa-
tial resolution of 30 nm. Spatial inhomogeneity of PL is direct evidence of carrier
localization in the potential minimum case caused by the compositional fluctuation.
PL microscopy with such a high spatial precision enables the direct optical observa-
tion of compositional fluctuations, i.e., spontaneous N clusters and N random alloy
regions, which are spatially separated in GaNxAs1−x /GaAs QWs.

1.8.2 Imaging Spectroscopy of Localized and Delocalized States

The samples investigated in this study were 5-nm thick GaNxAs1−x /GaAs single
QWs with different N compositions (x = 0.7% and 1.2%) grown on (001) GaAs
substrates using low-pressure metalorganic vapor phase epitaxy [74]. The growth
temperature was 510 ◦C and the details of the growth conditions have been described
elsewhere [74]. The GaNAs layer was sandwiched between a 200-nm thick GaAs
buffer layer and a 20-nm thick GaAs barrier layer. The thin 20-nm thick barrier
layer allowed a near-field probe tip to come close enough to the emission sources
to achieve a spatial resolution as high as 35 nm. The N composition (x) of the QW
layer was estimated using secondary ion mass spectroscopy and cross-checked us-
ing the energy position in the PL spectra [75]. After growth, thermal annealing was
performed for 10 min in a mixture of H2 and TBAs at 670 ◦C to improve the PL
intensity [74].

We used NSOM probe tips with apertures of different diameters (30 and 150 nm),
depending on the measurements. Optical measurements were performed at 8 K with
a setup similar to that described earlier. Near-field PL spectra were obtained at every
12 nm steps for a 300 nm × 300 nm area, and two-dimensional PL maps were con-
structed from a series of these spectra.

The dotted line in Fig. 1.27 shows a far-field PL spectrum of a single GaNxAs1−x/

GaAs (x = 0.7%) QW at low temperature. The far-field spectrum has a broad
linewidth of 30 meV and a lower-energy tail. To resolve the inhomogeneously broad-
ened PL spectrum, we carried out near-field PL measurements with a high spatial
resolution of 35 nm. The near-field PL spectrum in Fig. 1.27 has fine structures that
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Fig. 1.27. Far-field (dotted line) and near-field (solid line) PL spectra of a GaNxAs1−x/GaAs
(x = 0.72%) single QW at 8.5 K

are not observed in the far-field spectrum [76–78]. After analyzing several thousands
of near-field PL spectra, we found that the fine structures in the near-field PL spec-
tra were divided into two groups: Sharp luminescence peaks with narrow linewidths
below 1 meV and broad peaks with linewidths of several meV. We discuss the origin
of these spectral features using both spectral and spatial information.

Figure 1.28(a) shows a typical near-field PL spectrum with sharp emission lines.
To evaluate the linewidth, we show one of the sharp emission lines (1.382 eV) at an
expanded energy scale in the inset; the spectral linewidth, defined as the full width
at half maximum (FWHM), was determined to be less than 220 μeV, which is lim-
ited by the spectral resolution. The narrow PL linewidth means that the exciton state
has a long coherence time, i.e., there is a reduction of the scattering rate between
an exciton and phonons due to the change in the electronic structures from a contin-
uum to discrete density of states. Such discrete density of states might be explained
by the formation of naturally occurring quantum dot (QD) structures in a narrow
GaNxAs1−x/GaAs QW (x = 0.7%).

The spatial characteristics of the naturally occurring QD structures in a narrow
QW showing the sharp emissions should be investigated. Figure 1.28(b) shows a
high-resolution optical image of the sharp PL line, obtained by mapping the intensity
(denoted by the arrow in Fig. 1.27). The surface topography did not influence the
optical images, because the sample had a flat surface with a roughness of less than
several nm, as estimated from a shear-force topographic image. The PL image clearly
shows a point-emission feature, and the spot size defined as the FWHM of the cross-
sectional profile shown in Fig. 1.28(c) is estimated to be 35 nm, which is limited by
the spatial resolution of NSOM. The experimental spatial and spectral results suggest
that the exciton strongly localizes in a potential minimum of naturally occurring QD
structure in a narrow QW. The local N-rich regions (spontaneous N clusters) in a
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Fig. 1.28. a Near-field PL spectrum with a sharp emission peak. b Two-dimensional PL in-
tensity mapping of the sharp emission line at 1.382 eV. c Cross-sectional PL intensity profile
taken along the dotted line in b. The size of the emission profile, defined as the FWHM, is
35 nm (restricted by the spatial resolution of NSOM)

GaNAsN layer are the origin of the naturally occurring QD structures, as indicated
by transmission electron microscopy [79].

Consider the broad peaks in the near-field PL spectrum. Figure 1.29(a) shows a
typical PL spectrum of a broad peak with a 3 meV linewidth, which is much broader
than below 220 μeV for the sharp emission line. The two-dimensional PL intensity
map of the broad emission line in Fig. 1.29(b) shows spatially extended behavior
that extends approximately 80 nm, as estimated from the cross-sectional profile in
Fig. 1.29(c) (taken along the dotted line in the PL image). These characteristics of
the broad PL line indicate that the exciton has a delocalized nature due to the random
alloy state, which is frequently observed in isovalent semiconductor alloys. In addi-
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Fig. 1.29. a Near-field PL spectrum with a broad emission peak. b PL intensity map of the
broad emission line at 1.374 eV. The scanning area is same as that of Fig. 1.1(b). c Cross-
sectional PL intensity profile of the broad emission along the dotted line in b. The FWHM of
the profile is 80 nm

tion, the energy positions and linewidths in the PL spectra are unchanged throughout
the bright regions in Fig. 1.29(b), which supports the delocalized nature of excitons.
Note that the PL images in Figs. 1.28(b) and 1.29(b) were obtained in the same scan-
ning area. Therefore, the regions with randomly distributed N and the spontaneous
N-rich clusters are separated spatially in GaNxAs1−x (x = 0.7%), as observed di-
rectly using NSOM with a high spatial resolution of 35 nm.

We investigated the compositional fluctuations in GaNxAs1−x for different con-
centrations of N. Figure 1.30 shows near-field PL spectra for x = 1.2% at different
spatial positions. These PL spectra were obtained using a probe tip with a 150-nm
aperture, because the PL intensity strongly depends on x [77] and the intensity at
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Fig. 1.30. Near-field PL spectra of GaNxAs1−x/GaAs (x = 1.2%). The PL spectra measured
at different positions were normalized by the maximum peak intensity

higher x (=1.2%) decreases by about one order of magnitude compared with that for
x = 0.7%. The near-field PL spectra in Fig. 1.30 consist of many sharp lines from
localized exciton recombinations in N-rich clusters and broad emissions, similar to
the near-field PL spectra for x = 0.7%. Note that sharp emission peaks are observed
in the PL spectra for x > 1%. Recent macroscopic PL [80] and magneto-PL [77]
measurements of GaNxAs1−x for x = 1.0% showed broad, smooth spectra, which
were assigned to emissions from delocalized excitons. However, our near-field PL
spectroscopy reveals that the inhomogeneous broadened PL spectrum consists of the
sharp emission lines owing to the recombinations of excitons localized in N-rich
clusters superimposed on the broad emissions from the delocalized exciton state in
GaNxAs1−x (x = 1.2%). The regions of randomly distributed N and spontaneous
N-rich clusters coexist at N compositions over 1%.

1.9 Perspectives

The dramatic progress in the spatial resolution of near-field optical microscopes of-
fers an exciting opportunity for the study of light–matter interaction at the nanoscale.
Real-space imaging of spatial distributions of quantized states can answer funda-
mental questions about the localized and delocalized nature of electrons in compli-
cated potential systems, such as disorder alloy semiconductors. Ultimately, small
light spots affect the light–matter interaction through the modification of quantum
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interference. This allows us to break the optical selection rule and to excite dark
states.

A nanoscale light source also provides new techniques for wave packet engineer-
ing; creation, detection, transport, tailoring and coherent control of the electron wave
packet. The pronounced quantum features of wave packet dynamics in nanoscale
length will open new possibilities for controlling the capture processes from delocal-
ized states to localized states. In combination with spin degree of freedom, control
of spin-polarized wave packets leads to the realization of nano–spintronic devices.
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