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Optical characterization of structure for semiconductor quantum dots
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Linear polarization of the multiexciton emission from self-assembled quantum dots is investigated by using
an empirical tight-binding method. The polarization of the primary interband transition is shown to have a

quadratic dependence on the lateral aspect ratio of the structures and is insensitive to both the excitonic and
random intermixing effects, which make it an appropriate tool for structure characterization. The ground-state
transitions in the emission spectra of multiexciton complexes are found to exhibit very different polarization
from the primary interband transition, which we attribute to different component profiles in the excited

valence-band states.
DOI: 10.1103/PhysRevB.77.113305

Semiconductor self-assembled quantum dots, sometimes
called artificial atoms,! are three-dimensional nanostructures
in which carriers are confined along the three dimensions of
space by the band gap difference between the dot and barrier
materials. The electronic and optical properties of these
nanoscale systems are affected by the strong influence of the
low symmetry of the confined nanostructures and the strain
due to the lattice mismatch between the different materials.
Unlike natural atoms, self-assembled quantum dots take vari-
ous shapes that can be either symmetric or asymmetric. As-
certaining the shape of quantum dots and other related struc-
tural parameters is of primary importance for both
fundamental and practical reasons.”

In the absence of magnetic field, the emission from quan-
tum dots is often not isotropic with respect to its polarization
direction.>* Strong biaxial strain suppresses light-hole com-
ponents in the valence-band states, leaving mostly heavy-
hole components and resulting in in-plane polarized emission
from the interband transitions.>® It has been shown that the
linear polarization of the interband transitions in a self-
assembled quantum dot originates from its shape anisotropy.’
Due to very little difference in the dielectric constants be-
tween the quantum dot and barrier materials, the local field
or depolarization effect is believed to contribute only a small
portion of the overall linear polarization of the emission.

Optical spectroscopy has been shown to be an appropriate
tool for probing many electronic properties of quantum dots,
such as the shell structure of electronic states.® However, for
self-assembled quantum dots, a direct manifestation of geo-
metrical anisotropy by optical spectroscopy has yet been
well established, which we believe is due to the lack of an
applicable theory that bridges these two aspects. In the
present work, we will explore the possibility of optical char-
acterization of structure for semiconductor self-assembled
quantum dots. The proposed scheme is based on a quantita-
tive relation established between the optical and shape
anisotropies by an empirical tight-binding approach.®!0

The model system is an InAs/GaAs quantum dot which is

elongated along the [110] direction. It has a variable lateral
aspect ratio B=d,/d, where d, (=d) and d, are the dimen-
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PACS number(s): 78.67.Hc, 68.65.Hb, 73.21.La

sions along the long (x=[110]) and short (y=[110]) axes of
the structure, respectively. The dot is lens shaped at =1 and
becomes domelike when it is elongated. The degree of elon-
gation can be varied by changing d, while keeping d, fixed.

The photoluminescence from a quantum dot is composed
of emission from individual multiexciton complexes. In a
N-exciton state, the recombination of one electron-hole pair
gives rise to an emission spectrum /,(w) which is given by!!

I(w) = 2 (CL [P CI* - Y — . —hw), (1)
if

where e denotes the polarization direction ([110] or [110]),
Cl, is the ith eigenstate of the N-exciton system, and E} is
the corresponding energy. P, is the recombination operator
which is given by

P, = 2 Pij(e)ﬁiéj = E <\If§1|e ’ f’|qﬂe>ﬁzé/ (2)
ij ij

Recombination of an electron-hole pair in a single exciton
state gives rise to two emission lines which originally are
circularly polarized and become almost 100% linearly
polarized'>!3 due to the electron-hole exchange interaction
which induces a splitting of about 10 ueV.'* For a multiex-
citon of higher order, its emission spectrum generally con-
sists of many separated transitions. For one emission line or
several lines which have very close energies, the linear po-
larization can be defined by

f[x(w)dw—fly(w)dw

J[x(w)dw+fly(w)dw

P , (3)

where I (w) and Iy(w) are the intensities of emission polar-
ized along the x and y directions, respectively.

Neglecting the electron-hole interaction, the linear polar-
ization of the emission from noninteracting electron-hole
pairs is defined by’
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FIG. 1. Linear polarization of the emission from a noninteract-
ing electron-hole pair, single exciton, biexciton, and triexciton in an
elongated InAs/GaAs self-assembled quantum dot. Inset: the emis-
sion spectra from the multiexciton complexes.
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where W¢ (W) is the ground electronic (hole) state.

Figure 1 plots P, and several P,, calculated as a function
of the aspect ratio of the quantum dots. The height (%) and
dimension along the long axis of the dots (d) are chosen as
4.5 and 28.8 nm, respectively. The polarization-dependent
emission spectra of the single exciton, biexciton, and triex-
citon are shown in the inset for a dot of an aspect ratio of
B=1.55.

The calculation shows that P,,(B), Px(B), P,x(B), and
Psx(B) are very close to each other especially for those dots
of large aspect ratio. Here, P;y refers to the leftmost emis-
sion line of the triexciton in order to compare with Py and
P,y. Their difference is seen to become noticeable as the
shape of the dots is less anisotropic. Let us first concentrate
on the comparison between P,, and Py. The difference be-
tween an exciton and a noninteracting electron-hole pair lies
in that the former consists of not only the configuration in
which the electron and hole are in their respective ground
states but also many other configurations in which the elec-
tron and hole are in their excited states, i.e.,

ngzct/|q,2>|qﬂg>’ (5)
i.j
where X, is the ground state of the exciton. The linear polar-

ization of the emission from a single exciton can then be
written as

2

E Cijpij(x)
ij

2
2 Cijpij(y)‘
ij

X= P (6)

+

E Cijpij(x)
ij

3.
2 Cijpij(y)‘
ij

If X, is composed of only the primary configuration
| W$)| W), there would be no difference between P,;, and Py.
It is those minor configurations in X, accounting for the dif-
ference, which is a direct result of the correlation effect.
While P, cannot be directly measured in experiments, the
correlation effect on the polarization of emission can be
identified in the difference among Py, P,y, and Psy. As the
dots become more anisotropic, the multiexciton states are
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FIG. 2. Linear polarization of the primary interband transition,
P,;, in dotted lines, calculated as a function of the aspect ratio of the
quantum dots with various lateral sizes and heights. The shape and
size of the symbols correspond to the denoted structures. Quadratic
fit is shown in solid lines.

more dominated by their primary configuration. Hence, the
correlation effect is seen less important, which explains the
relatively less difference among P,;, and P,, for the dots of
large aspect ratio.

To explore the possibility of optical characterization of
structure for self-assembled quantum dots, we calculate the
linear polarization of the primary interband transition P, as
a function of the aspect ratio for the dots with various lateral
sizes and heights. The result is shown in Fig. 2. The data for
P, are not plotted as they have already been shown to differ
very little from P,

The ideal situation would be that P, depends on only the
aspect ratio () not on the height or lateral size. However, it
is seen in reality that the linear polarization of the primary
interband transition also depends on other structural param-
eters. When the height and lateral size are fixed, we find that
P, scales quadratically against the aspect ratio very well. If
B is fixed, P, is seen larger for the thicker dots. If we fix the
aspect ratio and height, we see a larger P,, for the bigger
dots.

It is worthwhile to mention one interesting relation drawn
from the result, i.e., P,, has shown almost the same depen-
dence on 3 for those dots of similar aspect ratio between the
lateral size and height (d/h). For the two different dots, one
has a lateral size of 28.8 nm and a height of 5.1 nm
(d/h=5.7), the other one has 19.8 nm and 3.4 nm
(d/h=5.8); the calculated P, is seen to have the same de-
pendence on B. The relation is also found to hold for the
other pair; one has d/h=28.8/4.0=7.2 and the other has
d/h=19.8/2.8=17.0.

It has been shown that the linear polarization of the pri-
mary interband transition exhibits a quadratic dependence on
the lateral aspect ratio. This dependence is seen also affected
by other structural parameters such as the lateral size and
height. More importantly, we find that P,,(8) exhibits almost
the same behavior for those dots of similar aspect ratio be-
tween the lateral size and height.

For a dot under strong external excitation, there are many
emission lines in the photoluminescence. The polarization of
transitions other than the primary one also carries the struc-
tural information of the quantum dot. Figure 3 plots the
emission spectra of multiexciton complexes up to 6X in a dot
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FIG. 3. Emission spectra of multiexciton complexes in a dot of
d=19.8 nm, h=2.8 nm, and B=1.3.

of an aspect ratio S=1.3. Let us concentrate on those transi-
tions of the highest energies in each spectrum. While it is
surprising to see that the emission lines in X,— X3 and
X3— X, exhibit very little anisotropy, Xs— X4 and X¢— X
are shown to have much larger linear polarization than the
single exciton line. Numerically, we find P3;x=0.6%,
Pyx=12% <P x=103%, P,x=10.4% <Ps5x=33.5%, and
Pgx=33.1%.

The emission lines at the high energy end are the result of
recombination of electrons and holes in their excited states.
Figure 4 plots the first four confined states in the conduction
and valence bands. The first and second excited states of
electrons (holes) are found to localized along x and y axes,
respectively, which are therefore referred as W7, (¥}) and W2
(¥}).

The emission from the single exciton and biexciton in-
volves mostly the ground states of electrons and holes (W%
and W$). The effect of higher-lying states has been shown
un-noticeable for elongated dots. The emission from triexci-
ton and four-exciton complexes involves the excited states of
electrons and holes. In the dots of large aspect ratio, the big
energy separation between VI (W) and W (W}) results in
which ground states of 3X and 4X are dominated by their
primary configurations which consist of mostly W7 and ¥}
and very little of W) and ;. The emission lines at the high
energy end in X3— X, (Xs—X,) and X, — X5 (Xg— X5) are
therefore the result of the recombination of the electronic
state W7 (W) and hole state ¥y (V).

In the conduction bands, the polarization of the intersub-
band transitions such as ¥ — W7 and V¢ — W is determined
by the direction where the state is localized, i.e., W8 — W7 is
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FIG. 4. (Color online) Probability densities (left) and energy
levels (right) of the electronic (blue) and hole (red) states in the
same dot as in Fig. 3.
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almost 100% linearly polarized along the x direction because
W7 is localized along that direction. It shall be noted that
interband transitions are very different from those intersub-
band transitions. While ¥, and W7 are completely localized
along the x direction, transition W, — W7 exhibits little an-
isotropy. In the meantime, even though ¥} and W’ are local-
ized along the y direction, transition ¥} — W7 shows strong
linear polarization along the x direction.

To understand why there is little anisotropy in the emis-
sion of X, — X3 and X5 — X,, we examine the composition of
the first and second excited electronic and hole states. In
self-assembled quantum dots, the low-lying states in the va-
lence bands are heavy-hole-like states, i.e., their components
are mostly |x) and |y) and very little of |z). At the presence of

the mixing between the conduction and valence bands, |s)
should also be taken into account. We have
7= URls) + Wx) + W),
5 =U0ls) + W x) + W),
Wy =Wls) + Wlx) + WPy),
W) =Wls) + W) + W y). (7)

The momentum matrix elements among these states are then
given by

Phe (0) < CURTRL), o () o= (U3 0),

Phye,(0) % CUPIWE), o () o CUPIEY). (8)

Approximately, the linear polarization of the multiexciton
emission can then be written as

3 |Phx,ex(x)|2 - |phx,ex(y)|2
Ph e O+ pne P

3x = Pux

: |ph).,ev(x)|2 - |Ph).,ev(y)|2
|ph),,ey(x)|2 + |ph).,ey(y)|2 '

9)

sx = Pex

Hence, we can see that the polarization of the multiexci-
ton emission originates from the polarized component profile
of the corresponding states in the valence bands. Quantita-
tively, we can define the polarization of components in the
states W, and V3 as

KD = KPR
Wy = XXX X X\ (2
NS Sk SOTRIC ok S0k

_ KT - T
\I;V

n yx X Y2 ° (10)
PO+ (P

If the components |x) and |y) have similar probability
density distribution in the states ¥, and V¥, to a good
degree of approximation, we have P3X=P4szxlf; and
Psx=Pex™~ Pyy.

Figure 5 plots the composition profile of the first two
excited states in the valence bands. It is seen that the first
excited state W}, has much less polarized components than
the other state W7, i.e., P\I,Z([S') <P\y%(,8). This explains why
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FIG. 5. Polarization of components in the valence-band states
Y, and V), as defined in Eq. (10), calculated as a function of the
aspect ratio for the dots of d=19.8 nm and ~#=2.8 nm. Linear fit is
shown in solid lines.

the rightmost emission lines in X;— X3 and X;— X, exhibit
very small anisotropy even in a dot of a large degree of
elongation. Numerically, we find Pq’Z:4'l% and
Pq,;~=22.5% at B=1.3. The noticeable difference between
Pq,i and Psy or Pgy is due to which P\I,,;x and P‘I’Z’V have very
different probability density distribution.

When a dot is elongated, the energy separation between
the first two electronic and hole excited states would be in-
creased. In Fig. 3, the separation between the rightmost
emission lines in X, — X3 and X5— X, becomes a good ap-
proximation to (Eey—EgX)+(Ehy—Eh\_) if the aspect ratio is
large enough. In experiments, these emission lines can be
easily identified by their power dependence, and the energy
split is often used to characterize the geometric anisotropy of
quantum dots.'> However, such a separation is not necessar-
ily induced by the shape anisotropy. For example, random
intermixing effect may cause a large separation between
these states.

Figure 6 plots the linear polarization of the primary inter-
band transition as a function of the electronic energy split for
100 quantum dots of random intermixing profile. Each dot
has fixed d=28.8 nm, 2#=5.1 nm, and 8=1.5. The result for
the dot of a homogeneous composition profile is shown in a
solid dot. It can be seen that the random intermixing effect
may induce a large variation in the energy split, while it does
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FIG. 6. Linear polarization of the primary interband transition,
depicted in open dots, as a function of the energy split between the
first two excited electronic states calculated for InygGay,As quan-
tum dots of random intermixing profile. Linear fit to the data is
shown in the solid line. The result for the dot of a homogeneous
composition profile is plotted in the solid dot.

not affect much on the optical anisotropy. The standard de-
viation for the linear polarization is found less than 5.0%. It
can therefore be concluded that optical anisotropy, precisely
the linear polarization of the primary interband transition,
can be used for characterizing the geometric anisotropy of
quantum dots.

In conclusion, we have studied the linear polarization of
the multiexciton emission from self-assembled quantum dots
by using an empirical tight-binding method. We have found
that the electron-electron interaction has little effect on the
polarization of the primary interband transition. The polar-
ization property is also shown to be insensitive to the random
intermixing effect, which makes it an appropriate tool for
characterizing structure for quantum dots. The transitions at
the high energy end in the spectra are found to exhibit very
different polarization property from the primary interband
transition, which we attribute to the different component pro-
files in the excited hole states.
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