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Nanoprobe near-field photoluminescence (PL) of InGaAs(P) dots with quasi-zero-dimen-
sional (quasi-0D) confinement with various degrees of 0D/2D has been investigated by
studying probe-induced pressure effects and probe-bias effects. Fine PL peaks of OD con-
finement are superimposed on quantum well (QW) peaks for quasi-OD structures, which
proves the coexistence of OD and two-dimensional (2D) confinement in the same layer.
Large blue shifts of approximately 100 meV were observed to occur with pressure increase
for OD fine PL peaks, but no shift was observed for the QW peak. The fine 0D peaks were
eliminated by larger probe-induced pressures, which should be attributed to carrier dif-
fusion rather than ta’—X crossover in energy levels. The QW peak increased with the
positive probe bias, while 0D fine PL peaks showed a smaller increase with red shifts up
to 8-9 meV. The results obtained can be explained by the excitation of immobile excitons
in OD potentials to mobile carriers in the 2D (QW) layer.

(© 2001 Academic Press
Key words: InGaAs dot coupling, near-field photoluminescence, SNOM, NSOM, pressure
dependence, CBE.

1. Introduction

There is emerging interest in memory devices and infrared detedtefsjhich use quantum dots (QDs)
as charge reservoir&f9]. The excitons confined in QDs in these applications are emitted into a two-
dimensional (2D) conduction layer by external perturbations such as gate voltage or infrared photons. Usu-
ally, the QDs are fabricated by a strain-induced self-organization mechanism, and the 2D conduction layer
is spatially separated from the QD layer. For example, modulation-doped GaAs/AlGaAs heterointerfaces for
2D conduction are placed 10-50 nm apart from an InAs/GaAs QD l&@}ein[this structure, electrons are
excited from the QDs by infrared photons and transferred into the GaAs/AlGaAs 2D interfaces by a built-in
electric field. On the other hand, there are possibilities to use quasi-OD confinement structures with an inter-
mediate confinement between 0D and 2D to realize OD charge-reservoirs coexisting with a 2D conduction
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layer in one plane. With such a quasi-OD confinement, one can expect that the carrier density and mobility
in the 2D layer are affected more sensitively by the existence of charges in the 0D exciton reservoirs than in
the case of spatially separated 0D-2D structures. To elucidate the realization of quasi-OD devices, it is nec-
essary to fabricate the quasi-0D confinement structures and evaluate 0D/2D charge transition due to external
perturbations.

Recently, we have succeeded in fabricating quasi-OD confinement structures of InGaAs(P)/Gagisiby
phosphidation in a chemical beam epitaxy (CBE) chamb@r]2]. Here,in situ phosphidation is the pro-
cess of exposing strain-induced InGaAs/GaAs dots to phosphorus flux at an elevated temperature to replace
arsenic atoms in InGaAs dots with phosphorus atoms. The phosphidation causes the composition change of
InGaAs— InGaAsP, and as a result, the dots are flattened due to strain relaxation, since the lattice parameter
of the dots becomes close to that of GaAs. At the same time, the energy-gap bottom of the dots is pushed
up to change the 0D confinement in the dots into a 2D confinement in a quantum well (QW). By controlling
the phosphidation time (how long the InGaAs dots are exposed to the phosphorus flux), the fabrication of
quasi-0D confinement structures with various degrees of 0D/2D is realized for the first time. Indeed, the
intermediate characteristics between QDs and QWs were revealed in the temperature dependence of the
macroscopic photoluminescence (PL) of the fabricated quasi-OD confinement strué®]rda prder to
clarify the carrier transfer from OD to 2D confinement by the external perturbation, however, more detailed
study on the microscopic photoluminescence must be carried out.

In this report, we present a study on the low-temperature near-field PL of quasi-OD confinement structures
measured using a scanning near-field optical microscope (SNOM), together with the PL dependence on
uniaxial pressure and external electric field. The coexistence of OD and 2D confinement was observed in
a series of near-field PL spectra for structures with various degrees of 0D to 2D transition. The fine peaks
originating from 0D confinements showed strong dependence on the uniaxial pressure applied by the SNOM
probe itself; a blue shift of more than 100 meV occurred due to the pressure. The peaks increased and red
shifted with an external electric field applied by probe-bias. In contrast, a rather broad PL peak originating
from the coexisting QW was not affected by the probe-induced pressure, but increased markedly with positive
probe-bias. These results indicate that the immobile excitons in OD confinements in quasi-OD structures
are transferable to the coexisting 2D conduction layer as mobile carriers as in conventional 2D electron
gas (2DEG).

2. Experiment

The fabrication of quasi-0OD structures was carried out in the following three steps: formation of InGaAs
QDs by self-assemblyn situ phosphidation to partly flatten the dots, and subsequent GaAs capping growth.
The entire fabrication process was performed in one CBE chamber, using triethylgallium (TEGa), trimethy-
lindium (TMIn), precracked Askl and precracked PHas sources. The substrates used were semi-insulating
GaAs (001). First, lns52Gap 48As dots were prepared at 480 on a GaAs buffer layer (180 nm) based on
the strain-induced self-assembly mechanism. The typical height, diameter, and density of these InGaAs QDs
were 8.0 nm, 26: 5 nm, and 5-6 x 1019 cm~2, respectively, measured by separate experiments. Second, the
InGaAs dots were exposed to phosphorus fitusitu at 480°C for 0-90 s. The temporal change of dot com-
position and height is given in Fig, which was obtained not by PL measurement buirbsitu monitoring
by reflection high-energy electron diffraction (RHEED). The dot composition can be calculated from the dis-
tance between the spots in RHEED patterns. The dot height was estimated through the linearly interpolated
relation between RHEED spot intensity and QD height observed using an atomic force microscope (AFM).
In separate AFM observation, a residual undulation of 1.3 nm height was obtained for 15 min-phosphidated
samples. With regard to the diameter of the dots, we have found by SEM observation that the dots undergo-
ing the flattening process are reduced in height rather than diameter until they coalesce into a layer. Several
typical degrees of phosphidation were selected for near-field PL investigation, and are indicatedlin Fig.
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Fig. 1. Temporal change of surface lattice parameter and dot height, caused by the phosphidation of InGalsh ddts furve was
obtained througln situ RHEED observation during phosphidation.

by arrows. Lastly, the quasi-OD structures were buried in 50 nm-thick GaAs by subsequent GaAs growth at
480°C. All the structures prepared were not intentionally doped. Details of the preparation of the quasi-OD
structures were reported in referenc&g-{12].

Near-field PL measurements were performed with a liquid-He-cooled scanning tunnelling microscope
(STM; Unisoku, USM-100R) equipped with an optical fibre system with an Au-coated fibre probe at the
sample-side end (Fig?). The sample temperature measured by a thermocouple placed near the sample
holder was typically 10 K. As shown in Fi@, a so-called collection mode was employed, that is, signal
detection through the probe aperture with large-area excitation around the probe. The excitation was realized
by a SHG-YAG laser (532 nm) at an incident power density of 540 mWZwith 45° incidence. The
luminescence was detected through a fibre probe with a small nominal aperture (approximatein)2—3
and led to a 0.3 m monochromator (Spex, 270 M) equipped with a liqgidedled CCD detector (SPEX,
CCD-2000). The resolution of our near-field PL system was approximately 0.5 meV. The fibre probe was
operated by the conventional tunnel-current feedback control. After the probe was positioned on the sample
surface, the feedback control was terminated to ensure that the position of the probe was fixed. Since the
surface beneath the probe was shadowed by the probe itself, the luminescence was caused by the diffusion
of photocarriers generated outside of the probe shadow.
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Fig. 2. Schematic diagram of nanoprobe PL measurements with a liquid-He-cooled STM. An optical fibre with an Au-coated fibre probe
was used to detect the luminescence, while laser excitation was realized through an optical window.

3. Results and discussion

3.1. Near-field PL spectrum of quasi-0D structures

The phosphidation causes changes in the energy gap, size/strain distribution, and transitiea GDD
confinement. In order to observe the transition of 8D2D with phosphidation, we measured a series of
near-field PL spectra for quasi-0D structures, where the coexistence of 0D and 2D confinement has been con-
firmed by fine PL structures originating from OD superimposed on a QW peak for 20 and 90 s-phosphidated
structures.

Figure3 shows the near-field PL spectra for various quasi-OD structures measured at 10 K, together with
that of a strained SQW of §.Ga 48As/GaAs for comparison. The spectrum of the unphosphidated dots
shows 20 or more fine peaks, which should be attributed to OD-confined excitons in the individual dots
located within the effective probe aperture (approximately 300 nm, estimated by a line-scan profile). From
the area-density of the dots, approximately 40 dots are expected within a 300 nm diameter. In a macroscopic
PL measurement, the peak energy of 1.287 eV and the full-width at half maximum (FWHM) of 70 meV
were obtained for the unphosphidated dots. The near-field PL spectrum has a slightly higher energy and a
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Fig. 3. Near-field PL spectrum of dots with various degrees of phosphidation measured at 10 K. Spectrum of strained InGaAs QW is
also presented for comparison.

larger distribution for the envelope spectrum compared to the macroscopic measurement. As phosphidation
time increased, the distributed fine peaks converged into one broad peak, as expected by the transition of
0D — 2D, with shifting of the spectrum centre to a higher energy due to the increase in the energy gap of
QDs (InGaAs— InGaAsP, Fig.1l). The peak energy and FWHM of the macroscopic PL spectrum of the

90 s-phosphidated structure were 1.442 eV and 15 meV, respectively, while they are 1.455 eV and 13 meV
in the near-field PL spectrum. We attributed the difference between the macroscopic and microscopic PL
measuremens to the areal nonuniformity and probe-induced pressure effects, as discussed later.

In the process of 0B~ 2D transition, the coexistence of 0D and 2D confinement occurs, as shown by
the fine peaks superimposed on the QW broad peak in the spectrum of 20 s-phosphidated dots. It is worth
noting that the photon energies of OD peaks and the merged QW peak are almost the same as seen in the
spectrum for 20 or 90 s-phosphidated structures. In the strain-induced QD superlattice on a multi-quantum-
well (MQW) or InAs QDs densely formed on a GaAs(311)B surface, a red shift such as of 20-50 meV
due to the dot-to-dot electron interaction has been repolftédlp]. Compared to that, no significant red
shift was observed between fine 0D peaks and the merged QW peak for 20 or 90 s-phosphidated structures,
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indicating that the excitons in the quasi-0D confinement studied here are isolated from each other even when
the dots fuse into a layer. The small fine peaks in the spectrum of the 90 s-phosphidated structure indicate the
existence of residual 0D confinement in the 2D layer formed by the coalescence of the dots. The residual 0D
confinement is distinct in the lower energy side of the QW peak, indicating that the origin of OD confinement
should be the undulation of the QW laydrQ]. The widths of the fine peaks in the spectrum for the 0 to

90 s-phosphidated structures are in the range of 0.5-1.4 meV, and show little dependence on phosphidation
time. These observations show that there remain some less-phosphidated QDs in the quasi-0D structures
which are spatially isolated residual OD-confinements with distinctive QD levels at the lower energies.

3.2. Pressure effects on near-field PL

Differences between conventional OD confinement and quasi-OD confinement should appear when an ex-
ternal perturbation such as strain or an electric field is applied. The perturbation brings about the emission of
excitons weakly confined in OD potentials into the 2D conduction layer. The pressure effects are especially
important and informative, since pressure causes an increase in the energy gaps of 0D potentials and barriers,
as well as"—X crossover at high pressures. In our experiments, the pressure effects on near-field PL spectra
were observed by pressing the probe down on the sample.

The pressure—spectrum diagrams of the near-field photoluminescence are giverdih &igl B. In the
diagrams, the pressure is referred to as probe Z-motion, which is the nominal distance of the probe pressing
down on the surface, since it is difficult to determine the actual localized predsiir&lie nominal distance
was obtained from the voltage applied to the probe-driving piezo-unit. It should be noted that the spectra in
the diagrams were reproducible for the probe movements, i.e. the change of the spectrum could be traced back
by driving the probe backward. This indicates that the probe movement induced the elastic deformation of the
sample but destroyed neither the probe nor the sample. For the first approximation, we treat the probe-induced
pressure as uniaxial stress localized at the contact area under the probe. This approximation is reasonable
since the luminescence originated at a certain depth (50 nm from the surface, at the level of QDs) that is much
smaller than the nominal diameter of the probe (approximately.2rB and only the luminescence from a
small area beneath the probe was detected through the effective probe aperture (approximately 300 nm).

For the unphosphidated dots, the pressure increase causes blue shifts of the fine peaks over 100 meV.
The large blue shifts are due to the compressive uniaxial strain, which enlarges the energy gaps of QDs as
reported in referenced$-20]. The piezoelectric effects are known to be negligible for InAs/GaAs @k |
The blue shift of 100 meV in the InGaAs/GaAs dots corresponds to approximately 12 kbar of the applied
pressure, with a pressure coefficient of 8—-9 meV kBaeported by static three-dimensional (3D) pressure
experiments19]. For the uniaxial compressive straisy; > 0) induced by pressurd ;) with the condition
of zero stress in th&- andy-direction Pxx = Pyy = 0), the strain(exx, syy, £z2) and the pressure are
related as

Exx = Eyy = —C12/(C11 + C12)ez2 1)
Pzz= Caa(exx + eyy) + C118z22 2
Then the hydrostatic componemnt Enyq) and shear componeh Egpy) of the band-gap increase are given
by
AEhyd = —A(C11 — C12)/(C11 + C12)ez2, ©))
AEsphr= B(C11 + C12)/(C11 + C12)e22, (4)

where A and B are the hydrostatic and shear deformation potentialsCthare elastic constant®Z-25].
Concerning light-hold-related transition essential for the compressive strain, the total band-gap increase
(A Etqy) is therefore

AEtot = AEnyd + AEghr ()
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Fig. 4. Pressure dependence of nanoprobe PL spectrum observed as probe Z-motion dependence (see text). A, phosphidation time 0s
(top), 8s (middle), 10s (bottom) and; B, 20 s (top), 90 s (middle), QW for comparison (bottom). Intensity in each diagram is normalized.

On the other hand, for the pressuPg, with the condition of zero strain in the- and y-direction (exx =
eyy = 0), the band-gap increase should be simply

AEtot = AEhyd = —Aszz (6)

By using the parameters fordgGaysAs bulk, which areC1; = 10.07 x 10 dyn cn2, C1o = 4.93 x
10 dyn cnt?, A = —7.35 eV, andB = —1.75 eV [24], respectively, we can evaluate the pressBye
necessary to cause the blue shift of 100 meV, for each caggt= Pyy = 0 orexx = eyy = 0. A
reasonable value dP,; = 13.7 kbar was obtained with eqi6) while P,, = 430 kbar calculated with
egn 6) was far beyond the report9]. This evaluation indicates that probe-induced pressure in this study
can be treated as a uniform uniaxial pressure without shear component for the dots measured, since the probe
aperture is much larger than the diameter of the dots.

By further pressure increase, the fine peaks indAgdisappeared after blue shift over 100 meV. However,
there is no obvious evidence in the diagram of unphosphidated dots that¥herossover takes place, since
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Fig. 5. Schematic diagram of energy band under probe-induced pressure for A, deep 0D confinement with immobile excitons and; B,
shallow OD potential where excitons diffuse along band slope.

almost all the peaks disappeared without showing any red shift at higher pressures. A few peaks showed
small red/blue shifts at lower pressures (g, top), but these should be attributed to the instability of
probe-induced pressure at the beginning of probe-surface contact. Itsk\atH19] observed thd—X
crossover at 50 kbar of static 3D pressure in a macroscopic PL measurement of an InAs/GaAs QD system.
They concluded that there is type-Il alignment for X-valley-related states, i.e. the crossover corresponds to an
intersection of the energies of the size-quantiFestates in the InAs QDs and X-valley free-electron states

in the bulk GaAs matrix. Compared to that used in their experiments, the estimated pressure of 12 kbar for
the disappearance of fine PL peaks is too low for the crossover, even if the dimensionality of the applied
pressure differs as localized 0D and static 3D. As discussed later, the disappearance can be explained by the
exciton emission to the mobile carriers in the 2D layer.

The fine peaks for 8 and 10 s-phosphidated dots shift to blue with the applied pressure as do those for
unphosphidated dots, though the shifts are rather small and the pressure range where the peaks are observed
is limited. It is not clear at this moment why the pressure range is limited for 8 and 10 s-phosphidated dots.
For the structures with 20 and 90 s-phosphidation, only small numbers of the fine peaks appear at very
restricted photon energies close to the converged QW peak. The small blue shifts of fine peaks for the 20 and
90 s-phosphidated structures are approximately 15 meV at most, which corresponds to 1.8 kbar. Moreover,
the broad QW peak in the diagrams for 20 and 90 s-phosphidated structures showed no shift with the pressure.
The applied pressure should increase the energy gap of the QW layer as well as that of the QDs, and therefore
should cause similar blue shifts both for the QW peak and the 0D fine peaks. The result obtained suggests that
the luminescence observed comes from an unstrained QW, and that the carrier diffusion must be considered
to determine the probe-induced pressure effects.

We consider that phote-induced carriers diffuse laterally in the QW layer due to a lateral pressure gradient
along the radial axis of the probe. As shown in Fgthe pressure gradient evoked by the apex of the probe
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Fig. 6. Probe-bias dependence of nanoprobe PL spectrum for phosphidation times 0, 10, 20 and 90 s (from top to bottom). Intensity in
each diagram is normalized.

generates a slope of the energy gap. When the 0D potentials are sufficiently deep, the excitons in QDs are still
confined in OD potentials even with the energy-gap gradient. The 0D potentials in unphosphidated QDs are
180 meV deep4& Ec+ A Ev), as estimated from the difference in low-temperature PL peak energy between
QDs and a wetting layer (233 meV difference between QDs and the GaAs barrier). Due to the large potential
barrier, the excitons in the OD potential were immobile against the energy-gap gradient for the quasi-OD
confinements in 0-10 s phosphidated structures @AY, as long as the pressure does not exceed 12 kbar,
where the disappearance of fine PL peaks was observed. Above 12 kbar, the excitons are emitted into the
QW layer (or wetting layer) by thermal excitation and by tunneling through the barrier slope (we estimate
from a line-scan profile that the slope of the energy gap reaches up to/2mh 4t 12 kbar). The emitted
carriers in the 2D layer diffuse along the energy-gap gradient, and escape the detection limit of the effective
probe aperture. As well, the diffusion of photoinduced carriers into the detection area is prevented by the
energy-gap slope.

When the 0D potentials become shallow by further phosphidation over 10 s, the excitons in weak 0D
potentials start to deplete and diffuse along the energy-gap gradient with much smaller pressures such as
1.8 kbar (Fig.5B), resulting in the disappearance of fine OD peaks at a small blue shift. On the other hand,
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the carriers in the QW layer diffuse with any slight energy-gap gradient to the area without pressure, i.e.
out of the effective aperture. Therefore, the QW peak does not shift at all with the applied pressures, but
disappears when the entire effective detection area is affected by the pressure. This explanation can account
reasonably well for the large blue shift observed for 0 and 10 s-phosphidated dots as well as the small blue
shift of fine 0D peaks and the lack of shift of the QW peak for 20 and 90 s-phosphidated structures. The
results also indicate that the excitons in the quasi-OD confinements (e.g. 20 or 90 s-phosphidated structures
with the coexistence of 0D and 2D confinement in the same layer) can be excited and become mobile with
small external perturbations comparable to 20-30 meV.

3.3. Bias effects on near-field PL

A large difference is expected in the mobility of carriers between completely-OD confinement and quasi-
0D confinement, since the coexisting 2D layer in quasi-0D structures should contribute to the carrier diffusion
when an electric field is applied. In our near-field PL measurement, the electric field can be generated by
applying a bias to the Au-coated probe. It is difficult to determine the accurate profile of the electric field
around the probe, but it is reasonable to assume that the profile is semispherical beneath the probe.

Figure 6 shows the near-field PL diagrams with the change in the probe bias. A small probe induced
pressure such as approximately 5 kbar was applied to ensure the probe contact on the surface. For the
unphosphidated structure, an increase by a factor of 5.9 in PL peak intensity was observed together with
a small red shift of 8-9 meV when the probe bias was increased from OfL@oV. The PL peak intensity
becomes larger with increasing phosphidation time. For 20 s-phosphidated dots, the broad QW peak was
increased by more than one order of magnitude (49.5) when the positive probe-bias of1f ¥ was
applied. The difference in the increase of the PL peak indicates that the effective attraction of photoinduced
carriers (electrons) toward the probe occurred through the 2D conductive layer formed by the coalescence of
the dots. Note that the positive bias should be repulsive to the photogenerated holes. We believe that the hole
diffusion induced by the electric field is rather small and contributes less to the bias-dependence compared
to that of electrons due to the larger effective mass and the lower mobility of holes. The red shifts of the fine
PL peaks observed for 0 and 10 s-phosphidated structures are caused by the quantum-confined Stark effects
for OD confinementsZ6-28]. Energy shifts of fine peaks were not observable for 20 and 90 s-phosphidated
structures since the QW peak grew significantly and hid the fine peaks.

The confinement of excitons in 0D potentials and the diffusion/conduction of carriers in 2D layers are in a
trade-off relationship for quasi-OD confinements, and can be controlled by adjusting the phosphidation time
for the quasi-0D system prepared in this study.

4. Conclusions

We have demonstrated the probe-induced pressure effects and the probe-bias effects on the near-field
nanoprobe photoluminescence for quasi-OD confinement structures of InGaAs(P)/GaAs with various degrees
of 0D/2D. The coexistence of 0D and 2D confinement was proven by the fine PL peaks of OD confinement
superimposed on the QW peak. Large blue shifts with increase in pressure were observed for 0D fine PL
peaks but not for the QW peak. The disappearance of fine OD peaks due to larger probe-induced pressures
should be attributed to carrier diffusion rather thaiteX crossover. The QW peak was increased by more
than one order of magnitude with the positive probe bias upltd V, while 0D fine PL peaks showed smaller
increases up to 5.9 with red shifts of 8—-9 meV. These results can be explained by the coexistence of immobile
excitons in OD potentials and mobile carriers in the 2D (QW) layer; with external perturbation such as
pressure or electric field, the excitons weakly confined in OD potentials are emitted to the 2D conductive layer
and diffuse according to the energy-gap gradient or the electric field. The quasi-0D confinement will be useful
for various applications including nanosensors, where external perturbation is detected through conduction
change in a 2D layer caused by emission of immobile excitons in OD to the coexisting 2D conductive layer.
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