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Improved quantum confinement of self-assembled high-density InAs
quantum dot molecules in AlGaAs/GaAs quantum well structures
by molecular beam epitaxy
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C. Wissawinthanon, S. Kanjanachuchai, S. Ratanathammaphan, and S. Panyakeowa�

Semiconductor Device Research Laboratory (SDRL), Center of Excellence of Nanotechnology Center
of Thailand, Department of Electrical Engineering, Faculty of Engineering, Chulalongkorn University,
Bangkok 10330, Thailand
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Self-assembled, multistack InAs quantum dot molecules �QDMs� were grown by a modified
molecular beam epitaxial �MBE� technique, which involves multiple stacking and multiple cycling
of the thin-capping-and-regrowth process, so as to obtain a large volume density of quantum dots on
the sample. Furthermore, the high-density InAs QDMs were also grown sandwiched either between
a double heterostructure �DHS� or between a quantum-well �QW� structure. It was found from
microphotoluminescence ��-PL� measurements that the QDMs sandwiched between these
structures give broader PL spectra than those of the as-grown QDMs. The broadening of the PL
spectra is associated with the poorer dot size uniformity, which arises from the long and complicated
MBE growth processes. However, comparing between the QDMs in the DHS and in the QW
structure, the latter give narrower PL spectra. The narrower PL spectra for the QDM-in-QW
structure is attributed to the improved quantum confinement effect arising from the use of the
QW. © 2008 American Vacuum Society. �DOI: 10.1116/1.2835064�

I. INTRODUCTION

Self-assembled InAs quantum dots �QDs� in GaAs matrix
are useful in many nanoelectronic and nanophotonic devices.
Dot size uniformity over the coverage area is a required basic
property in some devices such as QD lasers which need nar-
row emission spectra, or, equivalently, small values of full
width at half maximum �FWHM� centered at 1.3 and
1.55 �m wavelengths for fiber communication systems.1,2

High dot density is another requirement for high power and
efficient nanodevices such as superiuminescent light emitting
devices3 and photovoltaic cells.4

We have developed a molecular beam epitaxial �MBE�
growth technique called the thin-capping-and-regrowth pro-
cess to create laterally packed quantum dot clusters, called
quantum dot molecules �QDMs�.5 With a modification of
multicycle MBE growth process, high-density �HD� InAs
QDMs ��1011–1012 dots /cm2� can be obtained. However,
compared with the as-grown QDMs, the dot size uniformity
of the HD QDMs degrades after a long and complicated
growth process which involves several growth parameters
such as the thickness of the thin capping layer, the capping
temperature, the regrowth temperature, and the regrowth
thickness; and as a result, these HD QDMs give relatively
broad PL spectra with a FWHM of �70–80 meV. When
multiple stacks of such HD QDMs were inserted in an
AlGaAs /GaAs double heterostructure, the dot size unifor-
mity was further degraded as evident from microphotolumi-

nescence ��-PL� measurements, which show the optical re-
sponse to be even broader, with a FWHM of around
136–145 meV.

A dots-in-well structure where QDs are grown in quantum
wells6 has been proposed as a structure which can help im-
prove the quantum confinement. It has been reported that the
dots-in-well configuration can help stabilize the emission
wavelength and enhance the injection efficiency into QDs.7

This idea has been proposed for the realization of QD infra-
red photodetectors.8

In this work, QDM-in-QW structures where high-density
InAs QDMs are inserted in between Al0.4Ga0.6As /GaAs
quantum wells �QWs� were grown and characterized by PL
measurements at 77 K and at room temperature. The low-
temperature measurement was performed so that the PL
peaks associated with the QW and the InAs QDMs were
discernible, meanwhile, the room-temperature measurements
are carried out for the sake of simplicity of the setup and,
more importantly, for the essential fact that practical devices
be able to operate at room temperature. It was found that the
PL spectrum associated with the QDMs in QW has a nar-
rower FWHM compared with that of the QDMs grown in the
double heterostructure. The improvement of the FWHM con-
vinces that by sandwiching the InAs QDMs in between the
AlGaAs /GaAs quantum well, the quantum confinement of
InAs QDMs is improved.

The remainder of the article is organized as follows: Sec.
II describes the MBE technique used to grow HD QDMs.
The subsequent insertion of multiple stacks of the HD QDMs
in a double heterostructure and in a QW structure, together
with their associated PL results and discussions, are de-
scribed in Sec. III. Section IV concludes the article.a�Tel.: �662 218 6524; electronic mail: s�panyakeow@yahoo.com
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II. GROWTH OF HD QDMS BY A MODIFIED MBE
TECHNIQUE

The steps leading to the formation of HD InAs QDMs are
shown in respective order by the atomic force microscope
�AFM� images of Fig. 1. First, 1.8 ML of InAs QDs were
grown on a 200-nm-thick GaAs buffer layer at a growth rate
of 0.01 ML /s at 500 °C. The as-grown QDs are distributed
randomly on the GaAs �001� substrate with a dot density of
2�109 cm−2. A typical dot size is 5–8 nm in height and
40–60 nm in diameter. As4 species with a flux of 8
�10−6 Torr is used throughout the growth process. An AFM
image of this first step is shown in Fig. 1�a�. These as-grown
QDs were then thin capped by 6 ML GaAs at 470 °C. The
anisotropic strain stretches the as-grown InAs QDs into a
camel-like nanostructure, having a nanohole in the center of
each QD.9 Subsequent regrowth of 0.6 ML InAs QDs onto
the nanohole template leads to the formation of nanopropel-
ler QDs as shown in Fig. 1�b�, with the stretched nanopro-

peller blades aligned along the �11̄0� crystallographic
direction.10 When the similar thin-capping-and-regrowth pro-
cess was repeated for three cycles, the QD density in this
intermediate stage clearly increases, as seen in Fig. 1�c�; and
when such a thin-capping-and-regrowth process was per-
formed up to five cycles, with the final regrowth thickness of
1.5 ML in this last cycle, QDMs have a further increase in
density and transform into the so-called HD QDMs as shown
in Fig. 1�d�. The dot density of these HD QDMs was

�1011–1012 dots /cm2 and dot alignment along the �11̄0� di-
rection was maintained.

Multiple stacking of HD QDMs is also achievable by
growing additional stack�s� of such HD QDMs after conven-
tional GaAs capping of each InAs HD QDM layer. This mul-
tistack HD-QDM structure yields very high dot volume den-
sity, which is desirable for various device applications such
as high-intensity QD lasers and high-efficiency QD solar
cells. Two HD-QDM samples with one and five stacks of HD
QDMs, as shown in the cross-sectional diagram in Fig. 2�a�,
were grown and subsequently characterized by �-PL mea-
surements at room temperature. The �-PL measurement has
an advantage that it renders information on the dot homoge-
neity �the uniformity in distribution of the dots across the
sample�. Position-dependent �-PL measurements across the
sample, with the spot size of the excitation laser of 1–2 �m,
were performed and consistent results were obtained. The
results in Fig. 2�b� show that the PL peak of the one-stack
HD-QDM sample is at about 1.2 eV while that of the five-
stack sample is redshifted to about 1.19 eV due to the fact
that the latter has larger dot sizes which is typical for the
multistacking process,11 and the FWHM of the PL peaks
were measured to be 82 and 58 meV for the one- and five-
stack HD QDMs, respectively. The smaller FWHM value
indicates that the five-stack sample has a greater degree of
dot size uniformity than that of the one-stack sample.

FIG. 1. 1�1 �m2 AFM images showing the surface of �a� as-grown QDs,
�b� thin-capped-and-regrown QDs, �c� QDMs after the third cycle of the
thin-capping-and-regrowth process, and �d� HD QDMs obtained after the
fifth cycle of the thin-capping-and-regrowth process.
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III. RESULTS AND DISCUSSION

In Secs. III A and III B, the results of sandwiching multi-
stacks of HD QDMs in a double heterostructrue and in a QW
structure, respectively, are discussed and compared.

A. Multistack InAs HD QDMs in double heterostructure

Since the active part of practical devices are normally
fabricated in a double heterostructure �DHS�, multistack HD
QDMs, whose growth process was described in detail in the
previous section, were next inserted in a DHS in order to
primarily test the idea of employing such a structure in future
QD devices.12 For this, two kinds of samples—one having
three stacks and the other having five stacks of HD QDMs—
were fabricated. Each of these multistack structures, consist-
ing of HD InAs QDMs embedded in a GaAs matrix, was
sandwiched between wider-band-gap Al0.4Ga0.6As /GaAs
layers �each layer 50 nm thick� as shown in the cross-
sectional diagram of Fig. 3�a�. These three-stack and five-
stack HD QDMs in the DHS were subsequently character-
ized by �-PL measurements at room temperature using an
excitation power of 60 �W. Broad spectra for the three-stack

sample �at peak around 1.07 eV� and the five-stack sample
�at peak around 1.09 eV� with FWHM of about 145 and
136 meV, respectively, were observed, as shown in Fig. 3�b�.
The broader PL spectra for these multistack-QDM-in-DHS
samples �compared with the similar multistack structures in
bulk� indicates the relaxation of dot homogeneity, probably
due to the long and complicated growth process where tem-
perature requirements of several layers differ, particularly the
Al0.4Ga0.6As layers were grown at a relatively high tempera-
ture of 600 °C compared with 470 °C required to grow the
InAs QDs. However, comparing between these two samples,
the FWHM for the five-stack sample is smaller than that of
the three-stack sample due to a better dot size uniformity of
the former; this is consistent with the results obtained for the
case of the HD QDMs grown in the bulk material discussed
in Sec. II.

B. Multistack InAs HD QDMs in QW structure

In order to improve the quantum confinement of HD
QDMs, a dot-in-well structure was proposed, in line with
earlier studies. First, one stack of InAs HD QDMs was fab-
ricated on a 140-nm-thick Al0.4Ga0.6As barrier layer, and an-
other 40 nm of Al0.4Ga0.6As layer was grown on top of the
HD QDMs and subsequently capped with a thin layer of
10 nm of GaAs under which the HD QDMs were completely

FIG. 2. �a� Schematic cross-sectional diagram of multistack HD QDMs. �b�
Room-temperature PL spectra of the one- and five-stack HD-QDM samples.

FIG. 3. �a� Schematic cross-sectional diagram of the HD QDMs in a double
heterostructure, and �b� �-PL spectra of the structures with three and five
stacks of the HD QDMs.
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covered. Another n-type Al0.4Ga0.6As barrier layer, 100 nm
thick, was grown on top of the GaAs cap layer. The sche-
matic cross-sectional structure of the QDM-in-QW sample is
shown in Fig. 4�a�. These InAs HD QDMs in AlGaAs /GaAs

QW sample were then characterized by PL measurements at
77 K. This low-temperature measurement was necessary so
that the emission peaks of the QW structure and of the
QDMs themselves could be clearly distinguished. The results
in Fig. 4�b� show two PL peaks: a narrow peak at 1.94 eV
corresponding to QW emission and detected by a photomul-
tiplier, and a broad peak at 1.17 eV corresponding to QDM
emission and detected by a liquid-nitrogen-cooled InGaAs
detector.

Since our focus has been on obtaining high-volume-
density QD structures for applications in high-efficiency de-
vices as mentioned earlier, the next structure fabricated was
the five-stack HD QDMs in QWs, with each stack of the
QDMs contained its own individual QW. The material sys-
tem and the fabrication process for the five-stack HD QDMs
in QWs are the same as those for the one-stack structure
discussed above. The five-stack sample was then character-
ized by using the same �-PL measurement setup as for other
previous structures, carried out at room temperature and at
the excitation power of 60 �W. The PL results are shown in
Fig. 4�c�. The distinctly narrower PL spectrum of HD-QDM-
in-QW structure, compared with that of HD-QDM-in-DHS,
convinces that a better quantum confinement was obtained.
This is mainly attributed to the “double confinement” effect
arising from the embedment of InAs QDMs in GaAs matrix
�serving as the first confinement� into the QW �which is the
second confinement�. Figure 5 and Table I summarize all the
results obtained from the �-PL measurements of the HD

TABLE I. Summaries of samples.

Sample Structure
No. of
stacks

Grown
in

Measurement
temperature

Peak
�eV�

FWHM
�meV�

1 QDMs 1 bulk RT 1.20 82
2 HD QDMs 5 bulk RT 1.19 58
3 HD QDMs 3 DHS RT 1.07 145
4 HD QDMs 5 DHS RT 1.09 136
5 HD QDMs 5 QW RT 1.04 77
6 HD QDMs 1 QW 77 K 1.17 41

FIG. 4. �a� Schematic cross-sectional diagram of the one-stack HD QDMs in
a QW, �b� its PL spectrum measured at 77 K, and �c� the �-PL spectrum of
the five-stack HD QDMs in QWs measured at RT.

FIG. 5. Comparison of room-temperature PL spectra of the five-stack HD
QDMs in bulk, in a double heterostructure and in quantum wells.
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QDMs embedded in different structures investigated in this
work, namely, in bulk, in double heterostructure, and in
quantum well. The emission peak shifts for the QDMs in
these different structures, as seen in Fig. 5, arise not only
from different dot sizes but also the use of different materials
for the confining layers.

IV. CONCLUSION

Multistack HD QDMs are a class of nanostructures with
potentials for several device applications due to high dot
areal and volume densities. When inserted in a double het-
erostructure in order to realize practical QD devices, the PL
emissions show broad FWHM, possibly due to the relaxation
of dot homogeneity during the long and complicated MBE
process. The quantum confinement in these QDMs, however,
can be improved by using the QDM-in-QW structure, where
InAs QDMs are grown on top of the AlGaAs layer instead of
the conventional GaAs layer.
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Effect of the electric field on the linear polarization property 
of binary quantum dots
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Abstract—The splitting and shifting of eigen-energy levels of 
coupled binary quantum dots was theoretically studied.  The 
amount of splitting as a function of applied electric field strength, 
in particular, was investigated.  The eigen-energy of the system 
was calculated from the time-independent Schrödinger equation 
using a finite-difference method.  It was found that a larger 
electric field leads to a larger amount of eigen-energy splitting.  
Since the degree of linear polarization is related to the amount of 
splitting of the eigen-energies, we can expect that the binary 
quantum dots should exhibit a stronger degree of linear 
polarization with increasing applied electric field.  

Keywords: binary quantum dots, eigen-energy splitting, linear 
polarization   

I. INTRODUCTION 

During these recent years the improvement of epitaxial 
crystal growth techniques such as MBE and MOCVD have 
become mature and have been used to fabricate various kinds 
of high-quality quantum-dot-based nanostructures [1-3].  
These structures have been attractive because their electronic 
and optical properties are, in many circumstances, superior to 
the conventional ones.  Our novel InAs binary quantum dots 
(artificial diatomic molecules) with various dot sizes and 
separations were successfully grown on (001) GaAs substrates 
by MBE [4].  An AFM image reveals that the shape of 
individual dots is almost circular on the substrate plane, as 
shown in the insets of Fig. 1, and the photoluminescence (PL) 
from these individual dots do not show a linear optical 
polarization property [5].  A preliminary experimental 
investigation on binary dots, however, shows that the PL 
exhibits a degree of linear polarization—defined as the ratio 
(Imax–Imin)/(Imax+Imin), where Imax and Imin are the maximum and 
the minimum PL intensity of the detected signal, 
respectively—of approximately 8%.  The manifestation of this 
amount of linear polarization degree is thus attributed to the 
effect of coupling between the dots in the binary system.  In 
order to better understand this optical property, which was not 
found in isolated quantum dots, we took a quantum 
mechanical approach.   

Eigen-energies and eigen-functions of a carrier in quantum 
nanostructure can, in general, be obtained by solving the 

Schrödinger equation.  When the potential is constant in the 
binary quantum dot system, the Schrödinger equation can be 
solved easily using a direct analytical method.  But when the 
system is subject to an externally applied electric field, the 
change in shape of the potential barrier depends on the 
strength of the electric field, and thus it is not easy to solve the 
Schrödinger equation by an analytical technique such as the 
perturbation method.  In such a case, the Schrödinger equation 
with electric-field potential in the Hamiltonian must be solved 
by a numerical method.  Since our purpose is to investigate the 
behavior of the eigen-states of the binary quantum dot system 
under various externally applied electric field strengths, a 
well-established finite-difference method is an appropriate 
choice [6].  In doing so, we first constructed a mathematical 
model of our binary quantum dot system and proceeded with 
the numerical calculation to obtain the results.  A more 
detailed discussion is as follows. 

II. MATHEMATICAL MODEL AND APPROACH 

The optical polarization anisotropy of the photo-
luminescence from InAs/GaAs binary quantum dots grown in-
house by a molecular-beam epitaxial technique was 
experimentally measured and the result was published 
elsewhere [4].  The origin of this property was theoretically 
calculated from the quantum mechanical point of view.
Optical properties of the photoluminescence from a semi-
conductor structure may be well understood by knowing the 
eigen-energy states of the carriers (electrons and holes) in 
the structure, which, in turn, may be obtained by solving the 
Schrödinger equation with an appropriate Hamiltonian 
relevant to the quantum-dot system. In this work, the binary 
quantum well structure is used as a model of the binary 
quantum dot system. According to actual system, the InAs 
quantum dots are embedded in the GaAs surrounding matrix.  
Each embedded quantum dot is modeled as a quantum well 
and the surrounding GaAs region as the barrier because of 
their different energy bandgaps, as shown in Fig.1, in which 
the bandgaps of InAs dots and bulk GaAs are 1.1 eV and 1.43 
eV, respectively.
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The Schrödinger equation for the binary quantum-dot 
system in the x-direction can be expressed as

2 2

2 ( ) ( ) ( )
2

d V x x E x
m dx

− Ψ + Ψ = Ψ
    

For this equation,  is the Planck’s constant, m is the effective 
mass of the electron, and for the simplicity we assumed that 
the effective mass of the InAs region and GaAs region were 
the same. Ψ(x) and E are the eigen-function and the eigen-

energy of the particle, respectively.  In our model, the height 
of the potential barrier is virtually the difference between 
the bandgap energies of InAs dots and the GaAs (bulk) 
surrounding matrix which is 0.33 eV.  For simplicity we 
assumed that two quantum dots have the same size.  The 
system of the equation can be calculated easily using the 
normalized unit 2 / 2 1m = and the ratio of the energy 
values is still unchanged.  The Schrödinger equation can be 
solved numerically by the matrix diagonalization scheme in 
the finite-difference method. Solving the equation by matrix 
digitalization method, we obtained the eigen-energies and 
eigen-functions of the system.  The Matlab® programming 
language has efficiently diagonalizable tri-diagonal matrix and 
can solve for the eigen-values and eigen-functions. Since 
almost all the optical transitions occurs between the ground-
state energy levels, we focused on the behavior of the ground-
state energy level as the size and the separation of the quantum 
dots in the binary system changes, and also under various 
externally applied electric field strengths.  When the electric 
field is applied to the double quantum dot system, the electric 
field affects the symmetry of the barrier and consequently 
affects the coupling of the quantum dots.  For the calculation, 
the Hamiltonian of the system is changed to H = H0 + eFd
where H0 is the ordinary zero-field quantum well Hamiltonian, 
e and d are the electronic charge and the dot separation, 
respectively, and F here is the externally applied electric field.

III. NUMERICAL RESULTS AND DISCUSSION 

First of all we analyzed the coupling characteristic of the 
binary quantum dots without the applied electric field.  As 
shown in Fig.2 (c), for fixed values of the well width and the 
barrier height, the ground-state energy levels begin to split 
when the potential wells interact with each other so that the 
quantum mechanical coupling occurs between the binary 
quantum dots.  The amount of energy splitting depends on the 
dot separation. The magnitude of the splitting energy is the 
highest when two coupled quantum dots fuse together.  When 
this happens the top-most and the bottom-most of the splitting 
energy levels are identical to the first excited-state and 
ground-state energy levels of a single, isolated double-sized 
potential well, respectively. Higher energy levels obtained 
from our calculations also show a similar behavior.  After that 
we considered the system under an applied electric field F
along the positive direction of well x.  The wave functions tilt 
in the quantum wells and the barrier height is significantly 
lowered by electric field. When we apply a stronger electric 
field to the system, the wave functions change rapidly and 
they are not confined in the quantum wells anymore. We wish 
to know ‘bound-state’ energy splitting caused by the electric 
field, we therefore apply a weak electric field to the system to 
maintain the wave function in the wells. 
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Fig. 1 The ground-state wavefunction of a double 
quantum well for the case of (a) no coupling,   
(b) moderate coupling, and (c) maximum coupling 
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In Fig.3 (a) and (b), when a small amount of electric field 
was applied to the binary quantum wells, the shape of the 
quantum wells distorts slightly.  The amplitude of the wave 
function in the second well decreases while that in the first 
well increases.  The drop in intensity in the second well allows 
one to roughly estimate the strength of the lateral field.  After 
that we increased the separation of the quantum dots while 
keeping the strength of the applied electric field constant.  
Comparing with Fig. 2(c), we can see the larger energy 
splitting caused by the external electric field.  When the dot 
separation is small enough, the energy level splitting produced 
by the electric field is similar to the case of no applied electric 
field.  But when the separation of the dot is larger than a 
certain value, the amount of energy splitting becomes more 
pronounced.   

Fig. 4 shows the plot of the amount of energy splitting 
(normalized to the difference in energy of the first-excited 
state and the ground state) as the function of electric field 
strength.  It is clearly seen that the degree of energy splitting 
monotonically increases with the electric field strength.  
Firstly, the amount of energy splitting increases as the 
separation of the binary quantum dots is reduced, and the 
binary quantum dots shows an even larger energy splitting 
when the electric field is applied to the system.  As an 
example, we have a binary quantum dot system modeled as 
binary quantum wells, each of size 2 nm and having an inter-
dot separation of 2 nm.  For the case of F = 0.0001, the ratio 
of ground-state energy splitting is 0.37435 and the ratio 
increases when the strength of the applied electric field is 
increased, as shown in Fig. 4.
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Fig. 3 (a) potential function, (b) lowest-order even and 
odd wavefunctions, and (c) splitting of energy levels 
with an applied electric field 
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Since the degree of linear polarization is related to the 
amount of splitting of the eigen-energies [7], we can expect 
that the binary quantum dots should exhibit a stronger degree 
of linear polarization with increasing electric field. 

It was found that the photoluminescence from quantum 
dots exhibits a certain degree of linear polarization when the 
individual dots have shape anisotropy [8].  In the case of 
binary quantum dots, when the dots fuse together, the shape of 
the fused quantum dot becomes more anisotropic and we can 
get the polarization because of shape anisotropy.  But the 
polarization from this situation is small compared with that of 
conventional (long) quantum wires [9].  However, for a 
specific system of binary quantum dots the applied electric 
field helps to get a larger amount of energy splitting, and 
hence a larger degree of linear optical polarization. 

IV. CONCLUSION 

The degree of linear optical polarization anisotropy of 
photoluminescence from InAs/GaAs binary quantum dots was 
theoretically investigated using a quantum mechanical 
approach.  The binary quantum-dot system was modeled as 
one-dimensional coupled double quantum wells, with the well 
and the barrier regions corresponding to the InAs quantum dot 
and the GaAs capping layer, respectively.  A finite-difference 
method implemented with a Matlab® programming language 
was developed to numerically solve the Schrödinger equation 
for the eigen-energies of our quantum-dot system.  The 
amount of splitting of the ground-state energy levels of the 
system was calculated as a function of the potential well width, 
the barrier width, and the barrier height, with and without the 
applied electric filed.  The amount of splitting was found to be 
increasing with decreasing separation between binary quantum 
dots.  When an electric field is applied, the potential function 
of the system is tilted and the wavefunctions for the ground 
state and the next higher state are modified.  In this case the 
splitting of the energy levels is larger than the former case 
with the same set of parameters (dot size, dot separation, and 
barrier height).  It is found that the splitting is increased when 
the strength of the electric field is increased.  Since the degree 

of linear polarization is related to the amount of splitting of the 
eigen-energies, we can expect that the binary quantum dots 
should exhibit a stronger degree of linear polarization with 
increasing applied electric field. 

ACKNOWLEDGEMENT 

The authors would like to acknowledge National 
Nanotechnology Center (NANOTEC) of Thailand, Thailand 
Research Fund (TRF), and Japan International Cooperation 
Agency (JICA)’s Project on the ASEAN University Network/ 
Southeast Asian Engineering Development Network 
(AUN/SEED-Net) for the financial supports on this project. 

REFERENCES 

[1]  T. Fukui, S. Ando, and Y. Tokura  “GaAs tetrahedral 
quantum dot structures fabricated using selective area 
metal organic chemical vapor deposition”,  Appl. Phys. 
Lett., 58(18), pp. 2018-2020, 1991. 

[2]  Z. M. Wang,K. Holmes,Yu. I. Mazur,and G. J. Salamo,
“Fabrication of InGaAs quantum-dot chains on GaAs 
(100)”,  Appl. Phys. Lett., 84(11), pp. 1931-1933, 2004 

[3]  G. Cantele, G. Piacente, D. Ninno,and G. Iadonisi 
“Optical anisotropy of ellipsoidal quantum dots”,
Physical. Review B66, pp. 113308-113311, 2002 

[4]  S. Suraprapapich, Y. M. Shen, Y. Fainman, S. 
Panyakeow, and C.W. Tu, “Growth of self-assembled 
quantum dots, quantum rings, and lateral bi-quantum-dot 
molecules by gas-source molecular beam epitaxy”, 
presented at the 210th Electrochemical (ECS) Meeting,
Cancun, Mexico, October 30, 2006

[5]  N. Chit Swe, S. Suraprapapich, S. Thainoi, P. 
Changmoang, C. Wissawinthanon, and S. Panyakeow, 
“Polarized photoluminescence of InAs/GaAs linearly 
aligned quantum dots”, the 28th Thailand’s National 
Electrical Engineering Conference Proceedings, Vol. II, 
pp. 1133-1136, 2005 

[6]  J. Lee, W. Chou, C. Yang and G. J. Jan  “Eigen-Energies 
and Eigen-Functions of Symmetroidal Quantum Dots”, 
Chinese Journal of  Physics,�Vol.� 42,�No. 1, pp. 102-
116, 2004 

[7]  N. Chit Swe, C. Wissawinthanon, and S. Panyakeow, 
“Theoretical Investigation on the Optical Polarization 
Anisotropy of the Photoluminescence from InAs/GaAs 
Linearly Aligned Quantum Dots”, the 29th Thailand’s 
National Electrical Engineering Conference 
Proceedings, Vol. II, pp. 733-736, 2006 

[8]  A F. J. Levi, “Applied Quantum Mechanics” (Cambridge 
University Press, 2003)

[9]  J. Hu, L.Li, W. Yang, “Linearly Polarized Emission from 
Colloidal Semiconductor Quantum Rods”, J. Atmos. Sci.
54, 606 (1997) 

Fig. 4 Degree of energy level splitting as a function of 
electric field strength 

1140



E
L

01
6

 

Polarized Photoluminescence of InAs/GaAs Linearly Aligned Quantum Dots 
 

Nan Thidar Chit Swe, Suwaree Suraprapapich, Suphachok Thainoi, Pornchai Changmoang, 
Chanin Wissawisthanon and Somsak Panyakeow 

 
Semiconductor Device Research Laboratory 

Department of Electrical Engineering, Faculty of Engineering,  
Chulalongkorn University, Bangkok, Thailand 10330 

Phone: 0-2218-6500, Fax: 0-2251-8991, E-mail: Chanin.W@chula.ac.th 
 
 
Abstract 

 

The polarization property of the photoluminescence 
(PL) from linearly aligned quantum dots (LAQDs) was 
experimentally investigated.  The LAQDs were formed 
by the molecular-beam epitaxial growth employing the 
capping-layer-and-regrowth process.  The PL from the 
LAQDs was compared with that from the randomly 
distributed quantum dots (RDQDs).  The results show 
that the LAQDs exhibit a strongly polarized PL while 
the PL from the RDQDs is unpolarized. 
 

Keywords: polarized photoluminescence, linearly 
aligned quantum dots, molecular-beam epitaxy (MBE) 
 
1.  Introduction 
 

 Emerging as one of the most attractive features in 
the field of nanotechnology nowadays is the 
semiconductor quantum dots (QDs); their characteristics 
are expected to bring many potential applications. The 
QD structures are increasingly important in the 
development of better electronic and optoelectronic 
devices [1-3].  During the past few years, it was noticed 
that quantum dots possess good optical and electronic 
properties and thus are suitable for realizing 
optoelectronic devices such as QD lasers, optical 
modulators, and quantum-computing devices [4-5].  The 
properties of these quantum-dot-based devices depend 
strongly on their optical polarization property, which is 
determined principally by the size and spatial shape of 
the individual dots [6].  Polarization characteristic is an 
important issue with regard to optical devices.  In this 
paper we report the polarization property of InAs/GaAs 
linearly aligned quantum dots in comparison with that of 
randomly distributed dots.  Measurements on the 
polarization-resolved photoluminescence from these two 
quantum-dot structures were made and the polarization 
property as well as the optical contrast of the PL from 
these structures were presented.  

 
2. Sample preparation and Experiment 

 

The InAs/GaAs linearly aligned quantum dots 
(LAQDs) were realized by the molecular-beam epitaxial 
growth technique.  Semi-insulating GaAs having (001) 
surface orientation were used as the substrates in the 
MBE growth.  First, a buffer layer of GaAs with a 

thickness of 300 nm was grown at 600�C, and the 
growth temperature was then reduced to 500�C for the 
quantum-dot growth.  The as-grown self-assembled InAs 
quantum dots are random in their position on the sample.  
After the deposition of a thin capping layer of GaAs over 
these InAs quantum dots followed by the regrowth was 
made for three cycles, a linearly aligned quantum dot 
structure was obtained.  The details of this capping-
layer-and-regrowth process have been reported 
elsewhere [7-8].  All PL measurements were carried out 
with a standard PL setup.  The pulsed output of a 
frequency-doubled Ar+ ion laser (512 nm) at a peak 
power density of 200 mW was used as the excitation 
source.  The PL from the sample was collected by a 
focusing lens and then passed through a beam chopper, 
which was connected to a lock-in amplifier.  The light 
passing through the chopper was dispersed through a 
monochromator and detected with a nitrogen-cooled 
photodetector. The polarization characteristic measure-
ment was carried out by rotating a polarizer, serving as 
an analyzer, placed between the beam chopper and the 
photodetector, and the output from the photodetector was 
also displayed by a digital multimeter.  In the 
measurement, the transmission axis of the analyzer was 
rotated until a maximum reading on the multimeter was 
obtained, and this was marked as the 0� polarization 
angle, which was used as the reference angle.  The 
schematic diagram of the experimental setup is shown in 
Figure 1.   
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Figure 1:  PL experimental setup 
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3. Results and Discussion 
 

In order to confirm the structure of the QDs, we 
observed the surface morphology of the QD sample 
under an atomic-force microscope (AFM).  An AFM 
image of the linearly aligned quantum dots that we grew 
is shown in Figure 2 (a), and it was found that these QDs 
align in the [1²0] crystallographic direction.  
 
 

 
 

(a) 
 

 
(b) 

 
Figure 2: (a) AFM image and (b) plot of PL intensity 
versus polarization angle of linear aligned quantum dots 
 
 

Figure 2 (b) is the plot of the PL intensity from the 
LAQDs versus the polarization angle (defined as the 
angle between the polarizer transmission axis and the 
direction of alignment of the LAQDs—the [1²0] 
direction).  The plot reveals that the PL intensity is 
maximum when the polarizer transmission axis aligns 
with the direction of alignment of the LAQDs, i.e., at the 
polarization angles of 0�, 180�, 360�, etc., and is 
minimum or “completely dark” when the polarizer 
transmission axis crosses with the direction of alignment 
of the LAQDs, i.e., at the polarization angles of 90�, 
270�, etc.  The behavior of the curve in Figure 2 (b) is 

periodically oscillatory, with a period between the 
successive maxima or minima of 180�, and essentially is 
a squared-cosine function, which in fact agrees with the 
Malus’s law: I=Iocos2�, where I is the intensity of the 
transmitted light, Io is the intensity of the incident light 
and ���is the angle between the polarizer transmission 
axis and the direction of polarization of the incident 
light.  This means that the light photoluminescent from 
the LAQDs is polarized and the direction of polarization 
is along the direction of alignment of the dots.   
 

We also measured the polarization-resolved room-
temperature PL spectrum of the LAQDs at various 
polarization angles: 0°, 30°, 45°, 60°, and 90°, and the 
result is shown in Figure 3. 
 

 

Figure 3: Polarization-resolved PL spectra of linearly 
aligned quantum dots at room temperature 
 

At 0° polarization angle, where the detected PL 
intensity is strongest, the peak is at about 1100 nm 
corresponding to the energy gap of InAs quantum dots at 
room temperature.  When the polarization angle was 
changed increasingly from 0°, the detected PL intensity 
(noticeably around the energy gap region) decreases 
correspondingly and attains a minimum at 90°, where the 
polarizer transmission axis crosses with the direction of 
alignment of the dots, as expected.   This result is in 
agreement with that shown in Figure 2 (b).   
 

To confirm that this remarkable polarization 
property is attributed to the orderly alignment of the 
dots, we measured the polarization-resolved PL from 
randomly distributed quantum dots (RDQDs) for 
comparison and the result is shown in Figure 4. 
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(a) 
 

 
 

(b) 

 
Figure 4: (a) AFM image and (b) plot of PL intensity 
versus polarization angle of randomly distributed 
quantum dots 
 
 

At a first glance, the plot of the PL intensity versus 
polarization angle appears oscillatory, and one might 
think it was some kind of a sinusoidal function in the 
same manner as that shown in Figure 2 (b).  But a 
careful investigation reveals that this behavior of the 
RDQDs is quite different from that of the LAQDs in 
Figure 2 (b) for two reasons.  First, the plot in Figure 2 
(b) is a well-behaved, squared-cosine function with a 
period of exactly 180� while the plot in Figure 4 (b) does 
not have a well-defined period.  Second, the optical 
contrast—defined as the ratio (Imax–Imin)/(Imax+Imin), 
where Imax and Imin are the maximum and the minimum 
PL intensity of the detected signal, respectively—of the 
PL from the LAQDs, as shown in Figure 2 (b), is 90% 
which is close to the theoretical value of 100% according 
to the Malus’s law, while that of the RDQDs is only 
about 5%, which is very low.  In addition, the 
polarization angles at which the maximum PL intensity 
occurs for the case of the RDQDs do not align with the 

[1²0] crystallographic direction as for the LAQD sample.  
This implies that the PL from the RDQDs is unpolarized.  
Since the individual quantum dots have an almost 
isotropic shape, their PL has no anisotropy, i.e., no 
preferred direction of polarization.  The oscillatory 
behavior of the PL from the RDQDs as seen in Figure 4 
(b) may be attributed to the natural, random fluctuation.   
 
 
4. Conclusion 

 

In this work the polarization property of InAs/GaAs 
linearly aligned quantum dots was investigated.  The 
linearly aligned quantum dots were realized by using the 
molecular beam epitaxy.  The polarization-resolved 
photoluminescence from these quantum dots was 
measured and compared with that from randomly 
distributed quantum dots.  The results show that 
photoluminescence from the linearly aligned quantum 
dots is strongly polarized, as evident from the high 
optical contrast as well as the squared-cosine behavior of 
the PL which agrees with the Malus’s law, while the 
randomly distributed quantum dots give an unpolarized 
photoluminescence.  For the linearly aligned quantum 
dots, the direction of polarization is along the direction 
of alignment of the dots.  This polarized nature is 
believed to be attributed to the interaction among the 
dots in the chain.  This remarkable property makes the 
linearly-aligned-quantum-dot structure attractive for 
realizing novel nanophotonic devices, such as quantum-
dot light emitters with polarized emission, quantum-dot 
lasers with preferred direction of polarization, 
polarization-sensitive photodetectors, polarization 
modulators/ converters, and polarization filters.  To our 
knowledge, this is the first time that the experimental 
result on the polarization property of linearly aligned 
quantum dots is ever reported.  The theoretical 
investigation is now in progress.  
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Abstract
The optical polarization anisotropy of the photo-

luminescence from InAs/GaAs linearly aligned quantum 
dots was theoretically investigated using a quantum 
mechanical approach.  The system of the linearly aligned 
quantum dots was modeled as a series of uniformly 
spaced quantum wells.  A Matlab® program was written 
to numerically solve the relevant one-dimensional 
Schrödinger equation for the eigen-energies of such a 
system.  It was found that splittings of the eigen-energy 
levels occur when the potential wells (or the quantum 
dots) are close enough to one another so that coupling 
among them is significant.  The degree of optical 
polarization anisotropy was then formulated and was 
associated with the amount of splitting of the ground-
state eigen-energy levels. 

Keywords: photoluminescence, linearly aligned 
quantum dots, optical polarization anisotropy, coupling, 
eigen-energy splitting 

1. Introduction 
The study on quantum-dot-based nanostructures 

has now drawn much attention from researchers from all 
over the world.  These structures are expected to bring 
many new potential applications in the fields of 
nonoelectronics and photonics [1-2].  For example, 
because of their ultra small sizes, the quantum-dot-based 
devices operate much faster and at the same time 
consume much less power than the conventional ones.  
Our research group has been carrying study on the 
nonoelectronics/photonics for more than ten years and 
has been successful in fabricating novel quantum-dot 
nanostructures such as high-density quantum dots, 
donut-shape quantum dots, multi-stack quantum dots, 
linear aligned quantum dots, as well as various kinds of 
quantum-dot molecules [3-5].  These different quantum-
dot structures will lead to different potential applications, 
for example, high-density quantum dots may find an 
application in high-performance solar cells, binary 
quantum-dot molecules for quantum cellular automata 
(quantum computing), and linearly aligned quantum dots 
for polarization-sensitive or polarization-dependent 
photonic devices.  In this paper we report results 
obtained from a theoretical investigation based on a 
quantum mechanical approach to show that the 

manifestation of optical polarization anisotropy of the 
photoluminescence from linearly aligned quantum dots 
stems from the splitting of energy levels of coupled 
quantum dots in the quantum-dot chain. 

2. Mathematical Model and Approach 
The optical polarization anisotropy of the photo-

luminescence from InAs/GaAs linearly aligned quantum 
dots grown in-house by a molecular-beam epitaxial 
technique was experimentally measured and the result 
was published elsewhere [6].  We now need to 
investigate the origin of such a property theoretically so 
that the physics of this phenomenon is completely 
established.  Optical properties of the photoluminescence 
from a semiconductor structure may be well understood 
by knowing the eigen-energy states of the carriers 
(electrons and holes) in the structure, which in turn may 
be obtained by solving the Schrödinger equation with an 
appropriate Hamiltonian relevant to the quantum-dot 
system.  An image of the linearly aligned quantum dots 
taken by an atomic-force microscope (AFM) is as shown 
in Fig. 1 (a) and the corresponding quantum-mechanic 
model of such a structure is schematically shown in Fig. 
1 (b), in which the quantum well regions correspond to 
the InAs quantum dots and the potential barriers 
correspond to the GaAs capping-layer material (since the 
bandgaps of InAs dots and bulk GaAs are 1.1 eV and 
1.43 eV, respectively.) 

(a)

(b) 

Fig. 1: (a) An AFM image of linearly aligned quantum dots, 
and (b) the corresponding quantum-mechanic mode 
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Since the quantum dots align in a straight line and 
the photoluminescence from them shows a linear 
polarization [6], the relevant Schrödinger equation is 
one-dimensional, with three describing parameters, 
namely, the well width of size 2a, the barrier width b,
and the barrier height V0.  Inasmuch as the 
photoluminescence is due mainly to the recombination 
of carriers in the ground state, we shall focus our 
calculation to the ground-state eigen-energies (E0) only. 

The one-dimensional time-independent Schrö-
dinger equation for the linearly-aligned quantum-dot 
system, say, in the x-direction, is expressed as 

         
2 2

* 2 ( ) ( ) ( )
2

d V x x E x
m dx

� ��
� 	 
 	� �


 �

�                 (1) 

where the first and the second terms of the Hamiltonian 
(in the brackets on the left-hand side of the equation) 
represent the kinetic and the potential energies, 
respectively [7].  The parameter m* is the effective mass 
of the carrier under consideration (an electron or a hole).  
For our quantum-dot system as shown in Fig. 1 (b), V(x)
= 0 for the well regions, and V(x) = V0 for the barrier 
regions.  V0 is the essentially the difference in the 
bandgap energies of InAs dots and the GaAs capping 
layer.  For the ground-state energy level E0, which is a 
bound state, we have E0 < V0.  In our calculations we 
assumed, for simplicity, that the quantum dots all have 
the same size, with the same spacing between them, so 
that the quantum-mechanic model of the our linearly-
aligned quantum-dot system is similar to that of a 
periodic multiple-quantum-well (MQW) structure.  
Furthermore, we worked in normalized units, for 
example, by letting the values of �2 and 2m* equal to 
unity, as this will finally not affect the ratio of the 
change in eigen-energy values; the physics is still 
unchanged. 

3. Results and Discussion 
We developed a computer program written in 

Matlab® to numerically solve Eq. (1), subject to 
appropriate boundary conditions relevant to our 
quantum-dot system, for the ground-state energies (E0)
versus a change of each parameter a, b, and V0.            
Fig. 2 (a), (b) and (c) show E0 as a function of the barrier 
width b, for fixed values of the well width 2a = 2 and the 
barrier height V0 = 5, for the case of two, three, and four 
potential wells, corresponding to the chain of two, three, 
and four coupled quantum dots, respectively.

As seen from the figures, for fixed values of the 
well width and barrier height, the ground-state energy 
levels begin to split when the potential wells are close 
enough to each other so that the coupling between them 
is manifested, and the energy levels become degenerate

when the wells are far enough from each other 
(corresponding to isolated, uncoupled quantum dots).  
Note that in any case the splitting is maximum when the 
barrier width is zero (no barrier), in other words, all the 
wells coalesce and become a single wider potential well 
having an integral size of n(2a), where n is the number 
of the constitutive wells.  When this happens the top-
most and the bottom-most of the splitting energy levels 
are identical to the first excited-state and ground-state 
energy levels of a single, isolated potential well of size 
n(2a), respectively.  Higher energy levels obtained from 
our calculations also show a similar trend. 

Fig. 2: Ground-state eigen-energy as a function of barrier 
width b for the cases of (a) two wells, (b) three wells, 
and (c) four wells, for fixed values of the well width 2a
= 2 and the barrier height V0 = 5. 
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Fig. 3 (a), (b) and (c) show the spatial wavefuctions 
of three coupled quantum dots, whose individual size is 
2a = 2, for various dot spacing b equal to 5, 1, and 0, 
respectively.  The potential barrier height is the same, 
i.e., V0 = 5, for all the three cases.  As seen from the 
figures, for b = 5, the dots are relatively far apart from 
each other and non-interacting, the wavefunction 
consists of three separate lobes.  When the spacing 
between the dots is reduced to b = 1, a strong coupling 
between the three lobes is clearly seen and becomes 
stronger and stronger as the spacing is reduced further 
and further, until b = 0, in which the three dots combine 
to form a single larger dot of size 3(2a) = 6, the three 
lobes combine completely and the wavefunction now 
appears as a single larger lobe, as expected.  In the latter 
case the coupling is maximum.  The wavefunctions for 
two and four coupled quantum dots show a similar 
behavior. 

Fig. 3: Ground-state eigen-functions (in arbitrary units) 
of three coupled quantum dots, each having a size of 2a
= 2, for various spacings b between the dots: (a) b = 5, 
(b) b = 1, (c) b = 0, for a fixed value of the barrier height 
V0 = 5. 

We also have extracted information on the splitting 
of the ground-state energy levels (�E0) as a function of 
the number of quantum dots in the chain for fixed values 
of (2a = 2, b = 0.5, V0 = 5) and summarized it in Table 1 
below.  We see that the amount of energy splitting 
increases as the number of the coupled quantum dots 
increases. 

Number of QDs �E0

1 - 
2 0.4465 
3 0.6267 
4 0.7183 

Table 1: the splitting of the ground-state energy levels 
(�E0) as a function of the number of quantum dots in the 
chain for fixed values of (2a = 2, b = 0.5, V0 = 5). 

It was found that photoluminescence from an 
individual quantum dot exhibits a certain degree of 
optical polarization (that is, the magnitude of the optical 
electric field in a particular direction is stronger than that 
in the orthogonal direction, say, x yE E�

� �
) if the dot 

has a shape anisotropy, i.e., having different sizes in 
different directions [8], and/or if the dot is subject to an 
anisotropic applied electric field even though the dot 
itself has an isotropic shape [9].  In either case, the 
degree of optical polarization anisotropy (DOPA) was 
found to be proportional to the difference in the square 
of the magnitude of the wave vectors of the eigen-
functions in the two orthogonal directions (

2 2

x yk k�
� �

).  
In our case of coupled quantum dots, where the shape of 
individual quantum dots is isotropic, as evident from   
Fig. 1(a), we define the DOPA as 

0
coupling shape anisotropy

1 0

DOPA DOPA
E

E E
� ��


 � ��� �
       (2)  

where DOPAcoupling is the degree of optical polarization 
anisotropy arising from the coupling among the quantum 
dots in the linear chain, �E0 is the amount of the ground-
state energy splitting, E0 and E1 are the ground-state and 
the first excited-state energy levels, respectively, of the 
composite potential well (quantum dot) of size n(2a) as 
mentioned earlier, and DOPAshape anisotropy is the degree of 
optical polarization anisotropy arising purely from the 
shape anisotropy of such a composite well.  The above 
equation is justifiable as the eigen-energy is related to 
the wave number as E ~ k2.  DOPAcoupling is, of course, a 
function of a, b, V0, and n (the number of coupled 
quantum dots).  The maximum value of DOPAcoupling is 
equal to DOPAshape anisotropy as the maximum possible 
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value of �E0 is E1 – E0, for which case the ratio in the 
bracket in Eq. (2) becomes unity.  The method of 
calculating a DOPAshape anisotropy is a two-dimensional 
problem and is beyond the scope of this paper.  (We are 
now also investigating this and the results will be 
published elsewhere in a near future.) 

4. Conclusion 
The degree of optical polarization anisotropy of the 

photoluminescence from InAs/GaAs linearly aligned 
quantum dots was theoretically investigated using a 
quantum mechanical approach.  The linearly-aligned 
quantum-dot chain was modeled as a series of one-
dimensional periodic multiple quantum wells, with the 
well and the barrier regions corresponding to the InAs 
quantum dot and the GaAs capping layer, respectively, 
in the real sample.  A Matlab® program was developed 
to numerically solve the Schrödinger equation for the 
eigen-energies of our quantum-dot system.  The amount 
of splitting of the ground-state energy levels of the 
system was calculated as a function of the potential well 
width, the barrier width, and the barrier height.  (Due to 
limited space, we have only presented the effect of 
changing the barrier width and the number of quantum 
dots here.)  The optical polarization of photo-
luminescence from closely-spaced linearly aligned 
quantum dots was then formulated and found to be 
directly related to the amount of the splitting of the 
ground-state energy levels.  The amount of splitting was 
also found to be increasing with the number of the 
coupled quantum dots.  Our further investigation is to 
extend the calculation method to deal with any number 
of coupled quantum dots in the chain and also with 
applied electric field.  The remarkable property of 
optical polarization manifested by the photolumines-
cence from linearly aligned quantum dots would make 
the linearly-aligned-quantum-dot structure attractive for 
realizing novel nanophotonic devices, such as quantum-
dot light emitters with polarized emission, quantum-dot 
lasers with preferred direction of polarization, 
polarization-sensitive photodetectors, polarization 
modulators/converters, and polarization switches and 
filters.
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