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We report on direct observation of spatial and optical luminescence switching �on and off condition� due to
collapse of the coupling conditions of quantum dots �QDs� pair. In particular, one could observe that the
relative intensities between two adjacent luminescence peaks and spatial images of individual QDs located
closely nearby in a high-density self-assembled QD structure underwent a reversible change with respect to an
external electric field.
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I. INTRODUCTION

For experimental realization of robust quantum informa-
tion systems, two-state quantum bit has been demonstrated
by nonclassical light source materials1–3 and controllable two
states might be also materialize by semiconductor single
quantum dots �QDs�.4–14 Especially, in order to study practi-
cal quantum gates, “quantum-dot molecules” have been ar-
ticulately fabricated as “vertically”5–7 or “laterally”8,9

coupled semiconductor QDs. Self-assembled quantum dots,
grown by molecular-beam epitaxy, are usually highly dense
with a density larger than 1010 cm−2. Such a high-density
sample of QDs has been widely studied as a natural candi-
date for applications to nano-optical devices. Although the
spectroscopic and microscopic characteristics of self-
assembled single QDs have been studied extensively, cou-
pling between single QDs in such a high-density sample has
not been investigated, obviously since it is difficult to dis-
criminate the spectral as well as the spatial properties of their
split energy states. Therefore, it will be an interesting chal-
lenge and significant progress to study coupling between two
adjacent self-assembled QDs because of its inherent practical
potentials for nano and quantum applications. In this work,
we report on the simultaneous, high-resolution photolumi-
nescence �PL� spectroscopy and microscopy of laterally
paired single QDs with electric field. In particular, by use of
near-field scanning optical microscopy �NSOM�, we have
directly observed the electric-field-induced reversible varia-
tion in spatial luminescence distributions resulting from col-
lapsing coupling between two nearby QDs.

II. EXPERIMENTS

The self-assembled InGaAs QDs was grown on the un-
doped GaAs buffer layer �100 nm�/n-doped GaAs substrate
and then the QDs were capped by a 30 nm undoped GaAs
layer. Here this QDs have an average lateral width of 23 nm,
an average height of 6 nm, and a density higher than 8.2

�109 cm−2. The atomic force micrographic �AFM� image in
Fig. 1�a� provides the lateral sizes of QDs in Fig. 1�b�. Note
that, because of the lattice mismatch dependent on In-
composition value of InxGa1−xAs QDs with the covering
GaAs cap layer, one finds that the compressive stress to
In0.6Ga0.4As due to lattice mismatch with GaAs cap layer is
around 5%, which is estimated from the reported value �Ref.
15� of 2.4% compressive stress of In0.33Ga0.67As QDs in
GaAs cap layer. The lateral sizes �red dots� shown in Fig.
1�b� were obtained by subtracting the measured size of AFM
images without cap layer in Fig. 1�a� by the 5% correction
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FIG. 1. �Color online� �a� AFM image of InGaAs QDs without
GaAs capping layer �left� and the enlarged area of closely located
QDs �right�. �b� The lateral size distribution �red dots� and Gaussian
fitting �broken red line� of QDs obtained from �a� while compared
with the high-resolution PL spectrum �solid line�. �c� Scanning elec-
tron micrographic image of the etched axicon lens probe.
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�corresponding to 1 nm� due to cap layer. And since the AFM
tip size is much larger than a few nanometers, we could not
directly obtain the exact lateral size and edge to edge dis-
tance between QDs. Nonetheless we could estimate the 23
nm average lateral size of QDs by Gaussian fitting �broken
red line in Fig. 1�b�� of the QD sizes �red dots in Fig. 1�b��
measured from AFM images. And the 2–3 nm separation of
QDs was estimated from the average values of the difference
between the longitudinal size of coupled QDs �obtained from
AFM images in Fig. 1�a�� and the twice of average single
QD diameter ��46 nm�. By comparing with the PL spectra
associated with each QD, one can observe that the dominant
PL peak is at 1.286 eV, as marked in Fig. 1�b�, having the
averaged lateral size of 23 nm of QDs. In Fig. 1�a�, one can
also find several regions where QDs are located closely
nearby �2–3 nm average edge-to-edge distance�.9 A thin con-
ducting Ti/Au coating of 20 nm thickness was made on the
sample for biasing external electric field as well as optical
excitation/detection. The electric field was varied from
−15 kV /cm ��−0.2 V for the undoped thickness of 130
nm� to −184 kV /cm ��−2.4 V�.

For optical excitation, we used the Ti:sapphire laser oper-
ating with 1.65 eV, which was coupled to a commercially
available single-mode optical 2�2 fiber coupler and guided
to a chemically etched optical “axicon” lens fiber tip, as
shown by a scanning electron micrograph in Fig. 1�c�. Note
that, this optical axicon-lens fiber probe could focus light
source and collect optical signal with a subwavelength spa-
tial resolution ��400 nm�.16 Thus a nanoscale light source
produced by the axicon lens probe could excite only a few
tens of QDs by the shear-force distance control within sev-
eral nanometers from the sample surface. The resulting PL
signal was collected by the same axicon lens, which was
dispersed by a 30-cm-long single monochromator with a
spectral resolution of 70 �eV and detected by a liquid-
nitrogen-cooled charge-coupled device. Both the sample and
the axicon probe were enclosed in a gas-flow-type cryostat

and kept at 77 K temperature, where it has been demon-
strated that one can easily obtain the high-resolution NSOM
spectral and spatial images.17

III. RESULTS AND DISCUSSION

The supplied electric-field direction was biased from top
to bottom of our sample with grounded top gate and applied
negative voltage to substrate. Usually, PL peaks are blue-
shifted or redshifted with releasing or more compressing the
initially tilted potential well �PW� of QDs due to vertical
sample structure dependent on electric-field direction. In our
case, PL peaks should have been blueshifted with releasing
PW under our electric-field direction. We, however, have not
acquired the shifted PL peaks with electric field and we ob-
served the PL intensity decrease with increasing electric field
as shown at Fig. 2�b�. From these results, we can consider
the electric field as −30 to �−100 kV /cm in our sample
condition does not contribute to change vertical PW of QDs,
but to turn down confinement of electrons at QDs. On the
other hand, from the corresponding PL intensity variations
between A and B in Fig. 2�a�, it was observed that the PL
intensity reversal between A and B occur at −92 kV /cm.
And in Figs. 2�a� and 2�c�, we checked the PL peaks A and B
are redshifted by �1 meV with the increase in electric field
unlike the other PL peaks from C to G. From this evidence,
we can make sure there is electric interaction between QDs A
and B.

In Figs. 3�a�–3�f�, we could clearly acquire the reversal
intensity change feature between fitted PL peaks A and B
without much of background signal. Since there are back-
ground signal and many mixed PL peaks, we could not
clearly distinguish the characterized peaks as single exciton
�X�, biexciton �XX�, or charged excitons �X−,X+�. Thus, we
have confined our study only on the clear results concerning
PL peaks A �blue line� and B �red line� among fitted PL
peaks in Fig. 3. It is also presented clear variations in the
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FIG. 2. �Color online� �a� PL spectra that
show the reverse intensity change and energy
shift of the PL peaks A and B with increasing the
electric field unlike PL peaks C–G. �b� PL spectra
that show the continuously intensity decreasing
and unchange of energy with increasing the elec-
tric field. �c� Photon energy shift of PL peaks
A–G under applying electric field of �a�.
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spatial PL-intensity distribution of the QDs A and B for vari-
ous electric fields in Fig. 3�g�. The scanning images are ob-
tained after reconstructing the collected optical signals at a
given PL energy �scan area of 1 �m�1 �m with a pixel
size of 25 nm�, as routinely done in our previous works.17,18

We observe that as the electric field is increased from −15 to
−46 kV /cm, only the PL-intensity image of A can be ob-
served in Fig. 3�g�, �1�–�4�. However, at −92 kV /cm, the
image of B appears in Fig. 3�g�, �6� and it is brighter than A

shown in Fig. 3�g�, �5�. The image of the QD A then disap-
pears whereas that of B is still observed above −138 kV /cm
as Fig. 3�g�, �7�–�10�.

The full width at half maximum of the x�y�-directional
cross sections of the PL-intensity images of Fig. 3�g� is 186
nm �193 nm� in �1�, 241 nm �234 nm� in �3�, 235 nm �233
nm� in �5�, 245 nm �241 nm� in �6�, 222 nm �183 nm� in �8�,
and 161 nm �135 nm� in �10�, respectively. Although the
estimated spatial resolution of our system is about 135 nm
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FIG. 3. �Color online� ��a�–�e�� Fitted PL peaks of Fig. 2�a� for obtaining intensity change in the PL peaks A �blue line� and B �red line�
under the electric field variation without intensity supporting of background signal. �f� The intensity variation in A �blue dot� and B �red dot�
of �a�–�e� as a function of applied electric field. �g� The corresponding spatial PL-intensity images for the respective PL energies of �1�–�10�
in Fig. 2�a�. The crosses in �2�, �4� and �7�, �9� represent the center of the PL intensity images of �6�, �8�, �10� and �1�, �3�, �5�, respectively.
�h� The corresponding spatial profiles of �5� and �6� in the x and y directions of �g� are presented, respectively.
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for 30-nm-thick capping layer, 20 nm Ti/Au electrode thick-
ness and aixcon lens probe, one can distinguish the distance
as small as 25 nm between the center positions of each QDs,
as marked by the two arrows both in Fig. 3�h�. Note that the
differing scan images of Fig. 3�g�, �5� and �6�, as well as the
differing spatial profiles in Fig. 3�h� indicate that the PL
results from two independent neighboring QDs, representing
the specific exciton wave functions of individual self-
assembled semiconductor QDs.18–20 Thus, one can observe
that the PL peaks of A and B are not associated with the
interlevel �i.e., X−, X+, and XX peaks19–24� of single QD but
with two separate single QDs which are located closely
nearby with each other �refer to the AFM image of Fig. 1�a��.
This accounts for the spatial variation in the radiative exciton
distribution between coupled neighboring QDs A and B via
the switching condition of the electric field at around
−92 kV /cm.

For proper interpretation of the experimental results, we
have calculated the potential and the electric field produced
between two QDs having 23 and 24 nm lateral sizes and 2
nm �selected between 2–3 nm� average edge-to-edge separa-
tion in a vertically applied electric-field configuration25,26 by
assuming each QD is hemisphere shaped. In the calculation
of the electric potential and field, we have used the fact that
difference of the diameters of two QDs is much smaller than
the diameter itself. Note that, these QD sizes could be as-
sumed with setting the peaks A �1.275 eV� and B �1.281 eV�
against Fig. 1�b�. Figures 4�a�–4�c� show the contour plot of
the potential, the vector plot of the electric field, and the
cross-sectional profile of the electric field along the x axis,
respectively, at the vertical electric field Ez of −92 kV /cm.
Note that, in Fig. 4�b�, the magnitude of the vertical compo-
nents of the electric field are reduced by a factor of 10 in
order to facilitate the visualization of the lateral electric-field
components. In Fig. 4, one can observe that the lateral com-
ponents are produced in the QD plane and these electric
fields contribute to the electric-field-induced releasing tilted
potential barrier of laterally coupled QDs, as schematically
illustrated in Fig. 4�d�. For our coupled QD structure, such as
two QDs of 23 and 24 nm size at 2 nm average separation, it
is suitable to employ the QD coupling conditions as used by
previous results.6–11 Beirne et al.9 and Kawazoe et al.10 also
observed the coupling and the exciton tunneling phenom-
enon due to the Coulomb interaction of laterally neighbored
QDs under no external electric field.12 Although we could
not observe experimental results at zero-electric field, it is
clear that these QDs are already electrically coupled under
−15 kV /cm electric field from Figs. 2 and 3. And moreover,
in Figs. 3�a�–3�e�, we could not observe the PL peaks which
have intensity images matched with the PL peaks A and B.
We, thus, could not observe doublet PL peaks represented
bonding and antibonding states unlike our previous result.18

This means there is nonradiative recombination in antibond-
ing state and also indicates that, in Fig. 4�d�, the dominant
exciton is the radiative intradot exciton �A,A�, whereas the
nonradiative interdot exciton �B,A� is due to exciton tunnel-
ing from higher energy states of the QD B to lower energy
state of QD A in the coupled conditions.6,9,10 Because of this
dominating intradot exciton �A,A� and interdot exciton
�B,A� resulting from coupling of two QDs A and B, one can

observe the dominant PL peaks of A occur without external
electric field or under an external electric field smaller than
−46 kV /cm in Fig. 3�g�, �1�–�4�. On the other hand, when
the electric field is −92 kV /cm, the maximum lateral electric
field of the QDs A and B in Fig. 4�c� is, respectively, induced
at about −2 kV /cm �−9 and −21 kV /cm� and 16 kV/cm �22
and 34 kV/cm� with opposite inner direction of each QDs at
2 nm �4 and 6 nm� growth direction from GaAs buffer layer
as Fig. 4�b�. This induced electric field collapses the cou-
pling between A and B while it increases the potential barrier
between coupled QDs as shown in the bottom of Fig. 4�d�. In
other words, because of this removal of the coupling be-
tween two QDs, the nonradiative interdot exciton �B,A� is
rapidly decreased and the radiative intradot exciton �B,B�
becomes dominant. Consequently we can understand the
lower intensity and the appearance of PL-intensity image of
A and B in Fig. 3�g�, �5� and �6� as due to the field-induced
collapse of coupling. Note that the induced lateral electric
field inside each QDs, which is about several tens of kilovolt
per centimeter in Fig. 4, is strong enough to break the cou-
pling between QDs A and B in comparison with the electric
field used for formation of coupling between QDs.6–9 And
since this induced electric field break the coupling condition
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and simultaneously compress the lateral PW of each QDs in
direction of induced electric field, we could also observe the
continuous redshifted of PL peaks of A and B under −15 to
�−184 kV /cm as shown Figs. 2�a� and 2�c�. Note also that
with applying −138 and −184 kV /cm, we could observe the
rapid disappearing of the PL peak of A compared to B, which
is due to the reduction in exciton confine in Fig. 3�g�, �7�–
�10�. This indicates that the exciton in A is more weakly
confined than that in B because of the larger lateral size of
the QD A.27 Therefore, we could confirm that the variation in
the PL spectra and the PL-intensity images in Fig. 3 repre-
sents the electric-field-induced formation �on condition� or
the removal �off condition� of the coupling between QDs A
and B, where the switching occurs at near the critical electric
field.

IV. CONCLUSION

We have observed the spatial PL-intensity images which
directly represent the electric-field-induced optical switching
due to formation �on condition� and collapse �off condition�
of the coupling between laterally neighboring QDs in a self-
assembled, high-density QD sample. This work may open
the possibility to investigate the coupling interactions be-
tween closely neighboring QDs in a high-density QD sample
for quantum optics or quantum information applications.
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