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Carrier Trapping in a Quantum Dash: Optical Signatures
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We theoretically study the optical properties and the electronic structure of highly elongated quantum dots
(quantum dashes) and show how geometrical fluctuations affect the excitonic spectrum of the system. The
dependence of the absorption intensities on the geometrical properties (depth and length) of the trapping center
in a quantum dash is analyzed and the dependence of the degree of the linear polarization on these geometrical

parameters is studied.
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1. Introduction

Quantum dashes (QDashes) are highly elongated self-
-agsembled quantum dot structures [1]. They are char-
acterized by high surface density, emission wavelength in
the region of the third telecommunication window, broad
gain and tunability [1-4]. They are particularly inter-
esting from the point of telecommunication applications,
where they are now commonly used (in InP material sys-
tems) to realize high quality lasers and optical amplifiers
operating at 1.55 pm [1, 5].

Structural data [1] reveal that the geometrical shape of
the real QDashes is non-uniform, with zig-zag bends and
cross-section size fluctuations in the form of local widen-
ings. Both these shape irregularities, as well as com-
positional inhomogeneities and the related non-uniform
strain distribution, can induce an additional trapping po-
tential within a QDash structure. Observed polarization
properties of a QDash ensemble can be explained only if
such an additional carrier trapping is assumed within the
QDash volume [6].

Both electronic properties as well as optical transitions
of uniformly-shaped [7-11] QDashes have been mod-
eled previously. Also optical properties of non-uniformly
shaped [6, 12] quantum dashes have been modeled, how-
ever only some of the geometrical factors of the QDash
trapping center have been addressed in those studies. In
this paper, we extend our previous work to the case where
not only the depth of the trapping potential is varied but
also its length. We study how both those parameters
characterizing the local widening of a QDash influence
the optical properties of an exciton localized in the sys-
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tem. Additional trapping inside the elongated structure
of a QDash strongly affects the optical properties of the
system, hence, we find that in order to fully characterize
carrier trapping in QDash systems all geometrical factors
have to be studied.

The paper is organized as follows. In Sect. 2, we pro-
vide the model and simplified theoretical framework of
the studied system. In Sect. 3, we present the results of
our theoretical analysis concerning the electronic struc-
ture and optical properties of the system. We conclude
the paper in Sect. 4.

2. The model

In our study, we consider a highly elongated quantum
dot-like structure with the length to width ratio greater
than 5 and characterized by the width and thickness vari-
ation along its length, located symmetrically in the center
of the structure (preserving Dy symmetry). Such a thick-
ness variation provides an additional confinement within
the structure and has been successful in qualitatively re-
producing the temperature dependence of the degree of
linear polarization (DOP) of an ensemble of InAs/InP
quantum dashes [6].

In our modeling, we use the single-band effective mass
approximation and envelope wave function description.
The Hamiltonian of a single carrier (electron or hole) is
then

ﬁQ
H=—sA+V(r), (1)
where m* is the effective mass of the carrier and the char-
acteristic features of the structure geometrical properties
are described by the potential term V(7).

The cross-section of the structure is assumed to be a
circular segment, with the base width changing along the
QDash length according to the model function (see Fig. 1
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where Dg is the QDash base width away from the widen-
ing, AD is the depth of the fluctuation, =, is the length
of the fluctuation and zq is the position of the center of
the widening. The widening parameter A = AD/Dy is
defined as the ratio of the excess width to the QDash
width away from the trapping center. The QDash width
to height ratio is kept constant, D = aH, with o = 5.5,
which is typical for these structures [3]. The total length
of the structure is set to 150 nm, and the length to width
ratio is 6:1. The material parameters used in our calcu-
lations are those for InAs/InP structures [6, 13].
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Fig. 1. Top view of the region of the structure widen-
ing. The cross-section is circular segment, with fixed
height to chord base length ratio of 1:5.5. The total
length of the structure is L = 150 nm.

In order to find single carrier envelope wave functions
we follow the adiabatic approximation [14] and separate
the directions of the weakest (z) confinement from the
other directions (y,z). Then, we use the variational
principle and minimize the Hamiltonian (1) in the basis
of two-dimensional harmonic oscillator (¢, (x;y,2)) on
a fixed grid along the QDash elongation direction (z).
In this way, we obtain approximate energies e,(x) =
(Un (x5 y, 2)|He|tn (x; y, 2)) which are treated as an effec-
tive potential for the one-dimensional eigenvalue equa-
tion in the QDash elongation direction,

[ L 6(50)} G (2) = B (), @)

2m* Q2
which is then solved numerically.
Based on the calculated single-carrier states, one can
construct the product basis for the excitonic states and
diagonalize the system described by the Hamiltonian

H = Z Ei(c)ajai + Z th)hjhl + Z Vijklajh;hkal,
i % igkl

"

where a;a; and h}hi are electron and hole creation and

h M are the energies
found from Eq. (2) for electrons and holes, and V;jx; are
the matrix elements of the electron—hole interaction.

In calculations of the dipole moments, mainly heavy
hole character of the hole states is assumed, with only a
small admixture of light holes (see Ref. [6] for details).
The interband dipole moments for the direction parallel

annihilation operators, respectively, E;

(1) and transverse (t) to the direction of the elongation
of the structure are
B) _ g tEL @) LFi o)
dyy = Fdo 9 “3/2,1/2 +do 23 ®_1/2.1/2>

where the upper and lower signs correspond to “I” and “t”,
respectively, and the parameters a_1/21/2 and as/o1/2
are the oscillator strengths for light and heavy hole con-
tributions.

The geometry of the structure is reflected in its optical
properties by the degree of linear polarization, which for
a given state 3 is

PP = (1d))2 — |7 )/ (1d] | + |d] ).

3. Results

In this section, we present the results of the theoret-
ical modeling of a single exciton confined in a QDash
structure with an additional trapping center present. We
change the properties of the trapping center by tuning
two geometrical parameters, the widening parameter A,
correlated with the depth of the trapping center, and
widening length z; defining the length of the widened
sector of a QDash.
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Fig. 2. Exciton energy spectra as a function of the
QDash widening length zr for three different sizes of
width fluctuation A\. The linewidth is proportional to
the total absorption intensity ~ |di| + |ds|*.

In Fig. 2, we compare the energy spectra for three dif-
ferent values of A\ as a function of the widening length.
As can be seen in Fig. 2a, the energy shifts for the pre-
sented range of widening lengths are relatively small. For
the two extreme widening lengths presented in the fig-
ure, the total shift of the ground state is only 3 meV.
It is understandable, as in this case the trapping center
is relatively shallow and increasing its length has only a
minor effect on the system spectrum. The energy shift
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grows larger when we increase the trapping center depth.
In Fig. 2b (A = 0.06), the ground state energy decreases
by 10 meV and in Fig. 2¢ (A = 0.10) by 15 meV. The
energies of several lowest lying excitonic states also de-
crease strongly but their energy shifts are smaller than
that of the ground state. Apart from understandable
down-shifts of exciton energies one can also observe non-
-trivial changes in absorption intensities. In Figs. 3a—c,
we present the absorption intensities for four lowest en-
ergy bright excitonic states. Surprisingly, even for large
values of the widening parameter (Fig. 3c) there is little
to no change in the intensity of the ground state. The rea-
son is twofold: the energy separation between the ground
state and higher excitonic states is relatively large and
therefore the ground state consists mostly of the lowest
energy exciton basis state with only small admixture of
higher states and the overlap between electron and hole
in the ground state changes only slightly in the presented
range of widening lengths.
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Fig. 3. Absorption intensity [(a)—(c)] and the degree

of linear polarization [(d)—(f)] of the four lowest bright
exciton states for three different values of the widening
parameter A\ as a function of the length of the widen-
ing xr. The dark states constructed with electron and
hole wave functions of opposite parity (odd indices) have
not been shown.

One can also see a strong decline (Fig. 3b,c) in the in-
tensity of the first excited bright state (¥s). Again, two
factors play a role here: on the one hand the overlap be-
tween the electron and the hole changes with the change
in the length of the trapping center but, more impor-
tantly, the Coulomb interaction leads to a change in the

composition of this excitonic state. Similar, non-trivial
behavior can be observed for higher excitonic states when
a large enhancement of the absorption intensity is visible
followed by a strong decline.

In Fig. 3d,e,f, we show the polarization properties of
exciton eigenstates. Only a small change in the DOP
of the exciton ground state is observed, even though the
widening length should be a major factor in the polar-
ization properties of this state, as the degree of linear
polarization can be estimated with a simplified model
[15] as P ~ (1/D? — 1/L?). The reason for such a small
change in the DOP of the ground state is that in most
of the presented region of widening lengths the carrier
wave function spans over a much larger area than the
widening length itself. It is especially visible for very
small values of z;, where the confinement of the carriers
is even weaker and hence the DOP is larger. When the
widening length increases to larger values the DOP also
increases as was predicted by the aforementioned model.
The width of the trapping center has a very strong in-
fluence on the polarization properties of higher energy
excitonic states. The degree of polarization of the sec-
ond excited bright state (¥,) increases almost by a fac-
tor of two (for A = 0.10) between moderate (5—-10 nm)
and large (25 nm) values of the widening length. The
third excited state (¥s) changes non-monotonically and
decreases strongly for A = 0.10, although for widening
lengths larger than 20 nm it has nearly zero intensity.

4. Conclusions

We have investigated the influence of the trapping cen-
ter length and its depth on the electronic structure and
optical properties of an inhomogeneously shaped single
quantum dash. We have shown that changing the length
of the trapping center leads to non-trivial changes in the
QDash exciton spectrum. The change in the widening
length leads not only to expected down-shift in exciton
energy but also to large changes in the absorption in-
tensities. On the other hand, both the exciton ground
state intensity and its degree of polarization changes only
slightly when the widening length is varied. The scale of
the observed changes in the optical properties is larger
when the trapping potential is deeper. We have also
shown that individual properties of QDashes highly de-
pend on the details of the confining potential and both
the trapping center length and depth are important when
modeling such structures.
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