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We study experimentally and theoretically excitonic recombination processes in CdTe/ZnTe quantum dots.
The single quantum dot photoluminescence spectrum was observed and emission lines from X, X~, X* and 2X
excitonic states were identified. Experimental results were analysed in the theoretical model based on the effective
mass approximation. Numerical calculations of energy positions and recombination probabilities of X, X~, X*
and 2X were performed. Computed results reproduce correctly the order and relative positions of emission lines

and ratios of radiative lifetimes.
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1. Introduction

Over many years semiconductor quantum dots (QD)
have been extensively studied as a medium for storage
and manipulation of quantum information [1, 2]. Most
experiments were performed on III-V structures due to
their high structural quality. In comparison with clas-
sical GaAs-based III-V QD systems, II-VI QDs exhibit
more robust excitonic states, therefore they emit light at
higher temperatures. However, they still require more
detailed studies, both theoretical and experimental. In-
terpretation of experimental results is often based on one
electron picture. However, this picture is not sufficient
for a quantitative description.

2. Samples and experiment

In this work we focus on the influence of configura-
tion mixing on CdTe/ZnTe QD microphotoluminescence
(uPL) spectrum.

The experiments were carried out on samples contain-
ing self-assembled CdTe/ZnTe QDs. They were grown by
molecular beam epitaxy on a GaAs substrate. The for-
mation of the QDs was stimulated by deposition and sub-
sequent desorption of an amorphous tellurium layer [3, 4].

For experimental studies of individual quantum dots,
a uPL setup was used. The sample was fixed directly on
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the front surface of a mirror type microscope objective [5]
and placed inside a cryostat at T'= 1.6 K. An argon ion
laser (A = 488 nm) was used for non-resonant contin-
uous wave excitation. For time-resolved measurements,
frequency-doubled pulses of a mode-locked Ti:sapphire
laser were used (repetition frequency of 76 MHz). The
light emitted by the QDs was resolved in a monochroma-
tor equipped with a CCD camera and an avalanche pho-
todiode (APD) serving as a single photon detector. For
second order photon correlation measurements, a setup
in Hunbury-Brown, Twiss configuration was used with
two independently tunable detection arms [6].

A spectrally separated set of lines related to emission
from a single QD was observed in the uPL spectrum
(Fig. 1a). The identification of optical transitions in the
uPL spectrum was based on a series of experiments, in-
cluding measurements of pPL spectrum for different exci-
tation powers, its polarization properties, and single pho-
ton correlation measurements performed in the Hanbury-
-Brown and Twiss setup. Obtained results were used to
identify lines related to recombination of neutral exci-
ton (X), biexciton (2X) and charged excitons (X*, X7).
Relative energies and order of determined emission lines
are consistent with previous experimental studies on
CdTe/ZnTe quantum dots [6]. The time-dependent in-
tensities of yPL emission from X, 2X, X~ and Xt states
under pulsed excitation were also measured (Fig. 1b).
Two components, a fast and a slow one, are present in
all the recorded decays, in agreement with previous ob-
servations on CdTe/ZnTe QDs [7]. The data was fitted
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with monoexponential decay applied to the “fast” part
of the decay curve. Obtained values of radiative life-
times are equal to 7x = 430 + 30 ps, Tex = 270 £+ 30 ps,
Tx- = 470 £ 30 ps and 7+ = 470 4 30 ps.
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Fig. 1. (a) Typical photoluminescence spectrum of a
single quantum dot. (b) Intensity of X, 2X, X~ and X*
PL as a function of time following excitation pulse. Solid
lines represent exponential decays.

3. Theoretical model

We construct the theoretical model considering a sin-
gle quantum dot in the effective mass approximation
(EMA), following Hinzer et al. [8]. Due to the strain
and confinement in the QDs, their light hole states are
split off to higher energies and do not participate in
the light emission. The single-particle basis from which
the excitonic states are constructed consists therefore of
heavy hole states with spin z-component Sy, = +3/2
and electron states with S., = £1/2. Typical lat-
eral dimensions of self-assembled QDs are much larger
than their thickness, so the considered problem can
be treated as two-dimensional (2D). Following previ-
ous studies [9] we model the in-plane confinement of
electrons and holes by a parabolic, symmetric potential
V(z,y) = m*w?(2? + y?)/2, where m* is the carrier ef-
fective mass and w is its confinement frequency. The sin-
gle particle states then correspond to the Fock—Darwin
eigenstates |n, m, s), where s is the spin z-component and
n, m are nonnegative integers related to angular momen-
tum (I.|n,m, s) = k(n — m)|n,m,s)) [9].

In order to obtain theoretical results for the exci-
ton emission spectra, one has to consider many-particle
states. With composite indices 4, j,k,I = (n,m), the
Hamiltonian H of the interacting electron—hole system
may be written in the second quantization regime [10]:
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where o, 7 are the spin z-components of the electron and
hole, respectively. The operators ¢! | (¢; ;) and h;s (his)
create (annihilate) the electron or hole in the state |4, s)
with energy E;. The first two terms in (1) describe the
kinetic energy of electrons and holes, while the next three
terms represent the Coulomb interaction between the car-
riers. The two-body matrix elements (i, j|Vap|k, I) repre-
sent electron—electron (ab = ee), hole-hole (ab = hh) and
electron—hole (ab = eh) scattering, respectively [10, 11].
From (1) it can be seen that H conserves the total spin
S and its z-component S,. Moreover, since electron—hole
scattering does not change the z-component of angular
momentum and total spin of the electron or hole sys-
tem [10], the z-component of angular momentum and
total spins S, and S}, of electrons and holes are also con-
served (we neglect electron—hole exchange interaction).
Therefore, we can classify our states by S, S,, ., Se, Sh-
Furthermore, in order to find eigenstates of H, one can
consider states with different values of defined quantum
numbers separately. To describe excitonic recombina-
tion, we introduce the interband polarization operator P
which annihilates the electron-hole pairs [10]:

P = (cithjy +ciihig) (ilir) , (2)
1,7
where jrg = (m,n) for j = (n,m). According to the

z-component of photon angular momentum, only pairs
with total spin 1 can be annihilated. To calculate the
emission spectrum we assume a fast energy relaxation in-
side the QD, which allows us to consider only emission
from the ground level of each carrier configuration. We
can express the relative probability E(w,ne, nn, k) of re-
combination of the |k) ground state with single photon
emission at angular frequency w as

E(w,ne,mu k) = Y [(fIPIR)[*6(Ey, — Ef — hw), (3)
f

where |f) runs over all possible eigenstates of the final
system, with one electron-hole pair less. Dirac delta
in (3) determines possible photon energies, which cor-
respond to the differences between initial and final state
energies Ej, and Ej for certain f. The term |(f|P|k)|?
is equal to relative probability of an optical transition
|k) — |f), which is directly proportional to 1/74s, where
Trs is the radiative lifetime of state |k) related to |k) —
|f) transition. In this study we are not considering the
excitation mechanisms, and therefore we focus on ener-
gies and recombination probabilities of the optical tran-
sitions. Numerical calculations of these probabilities can
be much simplified within some additional assumptions
on the values of confinement frequencies we, wy. Previ-
ous studies, both theoretical [10] and experimental [12],
revealed that for III-V QDs m}w. =~ mjwy. Our results
show that the same approximation can be used also in
case of CdTe/ZnTe QDs. Therefore, electron and hole
single particle envelope wave functions are almost iden-
tical, so we can use (i|j) = d;; in (2).
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4. Results and discussion

In order to calculate emission spectra, we first have
to know approximate values of the model parameters.
Electron and hole effective masses in CdTe are given by
m} = 0.1mg and mj = 0.2mg (mg is the free electron
mass) [13]|, while ¢, = 10.2 [14]. The confinement fre-
quencies we and wy, have to be fitted to the experimental
data. In the first approximation we can assume, that
energetic distance between s and p shell emission ob-
served in QD uPL spectra [15] is equal to the sum of
E1y — Eg for electrons and holes. This analysis yields
Mwe + wp) = 50 meV. In order to find w, and wy, sepa-
rately, one can calculate the positions of excitonic emis-
sion lines and compare them with the experimental data.
We focus on the X, X~, XT and 2X states identified in the
spectrum in Fig. 1b. Theoretical analysis shows that each
of these states has one bright emission line in its spec-
trum. Their relative energetic positions were calculated
numerically for hw, € [0,50] meV. Hamiltonian diago-
nalization was performed in the basis containing states
with carriers on the s and p shells [9]. The results are
presented in Fig. 2a. It is easy to notice that for small
values of w, the X~ emission line has the lowest energy.
When w, grows, hole confinement frequency wy becomes
smaller and XT emission line energy becomes the low-
est. The correct order of emission lines, where 2X line
has the lowest energy, can be reproduced only for hw,
in a very small range near 33.5 meV value, for which
miwe ~ mywy. For further calculations we will assume

that hw. = 32.5 meV and hwy = 17.5 meV.
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Fig. 2. (a) Energy positions of X~, X' and 2X emis-

sion lines hw relative to the energy hAwx of X line
as a function of electron confinement energy hw. for
(we + wn) = 50 meV. (b) Histogram of energy posi-
tions of X, X~, X and 2X emission lines. Line heights
are directly proportional to recombination probabilities.

Knowing all necessary parameters we calculated nu-
merically the energy positions and recombination proba-
bilities of X, X, X and 2X excitonic states. Obtained
results are presented in Fig. 2b. Comparing them with
the experimental spectrum in Fig. la, we see that our
model reproduces correctly the order and relative posi-
tions of considered emission lines. Moreover, line heights
in Fig. 2b are directly proportional to inverse recombi-
nation time of each state, so we can calculate the ratios
of radiative lifetimes. Their values are 7x/7x- = 0.87,
7x/mx+ = 0.84, 7x/Tox = 1.64, remaining in excellent
agreement with experimentally obtained 7x/mx- = 0.9,

x/Tx+ = 0.9 and 7x/7ax = 1.6. A check of the final
results was performed by repeating the calculations for
the same parameters in an extended basis including s,
p, and d shells. The agreement of the results with the
experimental data remained the same.

4. Conclusion

Summarizing, time-resolved uPL spectra of individual
CdTe/ZnTe QDs were measured. The energetic positions
of emission lines and relative radiative lifetimes were de-
termined experimentally and calculated for X, X—, X+
and 2X excitonic states. The comparison with exper-
imental data revealed that pyPL spectrum of a single
CdTe/ZnTe QD can be correctly reproduced by intro-
duced theoretical model. In the future, the model can be
applied for higher excitonic states and hopefully help in
identification of emission lines in the p-shell emission.
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