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Excitonic Absorption in a Quantum Dot
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The excitonic absorption spectrum of a single quantum dot is investigated theoretically and experi-
mentally. The spectrum is determined by an interacting electron—valence-hole complex. We show
that the mixing of quantum configurations by two-body interactions leads to distinct absorption spectra
controlled by the number of confined electronic shells. The theoretical results are compared with re-
sults of photoluminescence excitation spectroscopy on a series of single self-assembled 10y 60Gag 40AS

guantum dots.

PACS numbers: 71.35.Cc, 73.20.Dx, 78.55.Cr, 85.30.Vw

In this Letter we determine the ground and excited states
of an exciton in zero-dimensional systems [1,2]. The
variation of the exciton density of states of a single self-
assembled quantum dot [3,4] with size is measured by
photoluminescence excitation (PLE) spectroscopy [5,6].
We find features in the absorption spectra which were
not observed in spectra from large ensembles of dots [7].
These features can be understood by constructing a theo-
retical model of an exciton in a *coherent exciton” basis.
The basis captures important symmetries of the interacting
electron-hole pair. The trivial variation of the single par-
ticle shell structureis translated into a nontrivial modifica-
tion of the interacting electron hole system.

The lens-shaped self-assembled quantum dots (SAD)
are excellent models of zero-dimensional (OD) systems.
In these structures the single particle states |n, m) can be
well approximated by those of a pair of harmonic oscil-
lators with quantum numbers m and n [8]. These states
form a finite number of degenerate shells S = m + n
with degeneracies gg = S + 1 and energies E(S) = Q.S,
where ) = Q) for electrons and holes. The angular
momentum of electrons is /¢ = n, — m,. The angular
momentum of holes is opposite to the electrons. The elec-
trons and holes interact with each other via Coulomb in-
teraction. The exciton Hamiltonian can be written in any
basis of electron-hole states[8]. We focus here on the con-
struction of a basis which captures all the symmetries of
the problem and alows us not only to compute but also
to understand the exciton spectrum and its dependence on
the number of electronic shells. The exciton states are
a superposition of a product of electron and hole states
liY|j) (where |i) = |n.,m.)). Coulomb scattering con-
serves the total angular momentum R = [; — [; of a pair
and al states can be classified by their total angular mo-
mentum. The absorption spectrum A(w) of a photon with
frequency « duetotransitionsfromtheinitial vacuum state
|0) of a SAD to al final states |i) is given by Fermi’'s
golden rule: A(w) = Y ; [(i|PT10)?*6(w — (E; — Fyp)).
Here E; and E, are the energies of the final and initial
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states of the absorption process. Initial and final states
are coupled through the interband polarization operator
Pty =3 ;1j)1j). P creates electron-hole pairs in
identical orbitals j, i.e., with zero total angular momen-
tum of the pair. Let us rename orbitals in terms of their
shell index S and angular momentum [ as |S, ). We can
now generate and classify electron-hole pairs with zero to-
tal angular momentum. These states fall into two classes.
In each shell S, there are what appear to be optically active
pairsof theform|S, [) |S, —I). Their number equalsthe de-
generacy of each shell S + 1 and the energy of each pair is
Q. + Q,)S = 1S. Pairsin different shells have different
energy. The density of states corresponding to these pairs
in a dot with three shells is shown in Fig. 1a. While these
pairs correspond to vertical transitions, photons do not cre-
ate individual pairs but rather a linear superposition of
them PT(0) = > [>,1S,1)]S, —I)]. Hence only one “co-
herent” state |S) = >, |S,[)|S, —I) fromeach S + 1 de-
generate shell couples to photons. The remaining S states
are dark. It is therefore convenient to create a coherent
exciton representation which explicitly accounts for this
symmetry. This is done by a transformation into Jacobi-
like coordinates where one of the orthogonal basis statesis
the coherent state |S'). In Jacobi coordinates one can im-
mediately decide which states are coupled to the coherent
state by Coulomb interactions and become optically active.
Infact, for symmetric interactionsV,, = V;, = —V,;, co-
herent states are exact eigenstates of the interacting exci-
ton Hamiltonian restricted to a given shell. Hence even in
the presence of interactions each shell contains exactly one
optically active configuration. This symmetry and proce-
dure is analogous to Kohn's theorem for intraband transi-
tions and can be loosely described as “ Kohn's theorem for
excitons’ [9].

The next step isthe search for other possible two-particle
configurations. The most important configurations, if they
exist, are those with energy resonant with coherent exciton
states. At first glance the only candidates are pairs of
states from different shells, e.g., IS, [)|S’, —1). The energy
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FIG. 1. (@) Density of states of optical transitions; (b) density
of states of an exciton in coherent exciton representation showing
degeneracies of excitonic shells; (c),(d) calculated absorption
spectra showing the splitting of the p-like transition for different
sets of quantum dot parameters.

of these states .S + S’ is different from the energy
of coherent exciton states. It is therefore difficult to expect
these states to acquire a significant oscillator strength
apart from accidental, parameter dependent, degeneracies.
However, when we construct a superposition of these
electron-hole states from different shells in the form

1

IS+ p.DIS—p,—D), Q)
we find that their energy,

E(S.p) = 3 T0LS = p) + (s + p]
HI0US + p) + s - ), @)

equals the energy (2, + Q,)S of the coherent exciton
statein shell S. What is even more important, this conclu-
sion is valid for any ratio of the electron and hole kinetic
energy. These configurations have not been constructed
from Jacobi coordinates and therefore Coulomb interac-
tions mix them with coherent exciton states. The mix-
ing makes configurations with a + sign optically active.
These are precisely the nontrivial states which strongly
modify the absorption spectrum. We can immediately con-
struct degenerate shells of electron-hole states with de-
generacies depending on the number of confined single
particle levels (n, m). For two shells (s, p) we have degen-
eracies (1,2), for three shdls (s, p,d) we have (1,4,3),
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while for five shells we have (1,4,9,12,5). Hence de-
generacies of excitonic shells depend on the number of
confined single particle levels. It is best to illustrate these
constructions on a simple example of a dot with two and
three shells.

For a dot with three lowest shells § =0,1,2,
there are six opticaly active configurations (a—f):
(100)[00y), (I11)[1 = 1), [1 = 1)[11), (122)[2 — 2),12 —
2)22),120)[20)). In addition there are two configura
tions (g, k) originating from different shells: (]00) [20)),
(120) |00)). These optically inactive states involve a hole
(electron) in the zero angular momentum state |00) of the
sshell and a hole (electron) in the zero angular momentum
state |20) of the d shell. They are degenerate with coherent
exciton states of a p shell. Hence an exciton is composed
of eight states with zero total angular momentum. The
next step is the transformation into coherent exciton
states (Jacobi coordinates). The s shell is unchanged,
|A) = |a). The p shell contains two configurations:
B = 55(Ib) + le) and |C) = S5(Ib) = |c)).  The
d shell is replaced with |D) = Z(ld) + le) + | f)),

E) = 5(d) = le), and  |F)= Z(ld) + le) -
2| f)). The two configurations (g,k) are replaced
with |H) = 75(1g) + 1) and [G) = J5(1g) — |h)). The
density of states of an electron-hole pair in Jacobi coordi-
nates is shown in Fig. 1b. The key result is that there are
now four degenerate states B, C, G, H in the p shell. The
Jacobi coordinates allow usto separate the optically active
states from the dark states in the interacting system. By
expanding the interband polarization operator in the new
basis P1|0) = |A) + +/2|B) + +/3|D) we see that only
three coherent states, |A), |B), and | D), are optically active.
Clearly states |C), |E), |G), which are the antisymmetric
superpositions of pair states, cannot couple to remaining
states. Therefore, there are five active states: state |A)
from the s shell, states |B) and |H) from the p shell, and
states |D) and |F) from the d shell. Hence the spectrum
of SAD with three shells will consist of five peaks. one
derived from the s shell, two from the p shell, and two
from the d shell. The calculated absorption spectra A(w)
showing the splitting of the p-shell transition are shown in
Figs. 1c and 1d. In Fig. 1c the Q, = Q; and masses are
the same. In Fig. 1d the ), = 2}, and the mass of the
hole is twice the mass of the electron. In addition, a small
splitting of the d-shell energy levels was introduced to
simulate the energy levels of lens-shaped self-assembled
guantum dots. In the absence of interactions the transition
energies (Fig. 1a) are equally spaced in units of electron-
hole energy ¢. Theinclusion of the e-h scattering changes
the absorption spectrum. The attractive electron-hole
interaction renormalizes transition energies and leads to
additional structures in the spectrum. The most important
effect is the splitting of the p-shell absorption in Figs. 1c
and 1d. The oscillator strength depends on parameters:
it is amost equally distributed between the p-p-like
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transition |B) and the s-d-like transition |H) in Fig. 1c
but changes oscillator strength in Fig. 1d. The absorption
into the d shell is also split into two lines, one strong
and one weak, and the oscillator strength depends on dot
parameters. It isimportant that the splitting of the p-shell
absorption isan excitonic feature due to mixing of configu-
rations. These configurations, and the splitting, become
possible in dots with at least three electronic shells and
are absent in dots with only two shells. The splitting is
not related to the splitting of single particle levels due to
dot asymmetries. To test these predictions experimentally
we chose identical 1ng ¢0Gay 40AS self-assembled quantum
dots with different sizes: one dot with only two shells and
one dot with three shells.

The single Ing60Gay40AS SAD have been studied by
photoluminescence (PL) and PLE spectroscopy. Figure 2
shows PL spectra of mesa structures of the two samples
containing millions of dots[10]. At low optical excitation
emission from the ground s shell and from the wetting
layer can be seen in both types of dots. With increasing
excitation power, emission from higher confined shells is
observed. For the first type of dots (upper panel) only
two shellsare confined: besides emission from the twofold
degenerate s-shell emission from thefirst excited p shell is
detected, which is fourfold degenerate (including the spin
degrees of freedom). In contrast, for the second type of
dots (lower panel) one more shell, the sixfold-degenerate
d shell becomes confined. Thus these two samples allow
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FIG. 2. Photoluminescence spectra on arrays of 1ny¢Gay.40AS
self-assembled dots recorded for varying excitation power by
an Ar™ laser a T = 2 K. In the type-1 dots sample (upper
panel) only two electronic shells are confined in the dots; in the
type-2 dot sample (lower panel) three shells are confined.

us to study the modification of the exciton states, when the
number of single particle orbitals is doubled.
Spectroscopic resolution of single dots was obtained by
a lithographic patterning of the as-grown samples, as de-
scribed earlier. To test the theoretical predictions, quan-
tum dots exhibiting degenerate single particle shells are
required. Degeneracies could be lifted by dot shape asym-
metries leading also to a splitting of the p shell [11]. The
quantity which is very sensitive to asymmetries is the ex-
citon fine structure due to the electron-hole exchange in-
teraction. Shape asymmetries lead to a linear polarization
splitting of the exciton emission. For the present studies
we have selected only dots for which no such splitting is
observed. Thisis a clear indication for a rotational sym-
metry of the structures around the heterostructure growth
direction leading to angular momentum degeneracy.
Figure 3 shows characteristic PL (dotted traces) and PLE
(solid traces) spectra of a pair of single quantum dots of
type 1 (upper panel) and one of type 2 (lower panel). In
the low excitation PL spectra a single sharp emission line
with a half-width of about 0.1 meV is observed. For the
PL E studies the detection wavel ength was set to this s-shell
recombination energy. The case of a type-1 dot can be
easily derived from the above considerations: only the
first three states of Fig. 1a need to be considered. Their
transformation to Jacobi coordinates gives the states |A),
|B), and |C). The last state is optically inactive. Therefore
only two absorption lines are observed in the absorption
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FIG. 3. Photoluminescence excitation spectra (T = 2 K) of
single Iny 60 Gay.40AS self-assembled dots of type 1 (upper panel)

and of type 2 (lower panel). Excitation source was a tunable
Ti-sapphire laser.
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spectraasdisplayedin Fig. 3. For the dots of type 1 only a
single sharp absorption line of strong intensity is observed
between the s-shell exciton energy and the energy of the
wetting layer recombination. Its energy corresponds well
with the energy of the p-shell emission in Fig. 2. Note
aso that a phonon replicum is observed, which is located
36.7 meV abovethe s-shell exciton. However, itsintensity
ismore than an order of magnitude weaker than the p-shell
exciton absorption. This is an indication that the system
exhibits in good approximation charge neutrality; that is
to say, an exciton in the quantum dot does not have a
large dipole momentum nor does the dot contain additional
charges. Otherwise the phonon replica intensity would be
expected to be much stronger.

The phonon replicas are also very weak for dots of
type 2. However, now a doublet of strong absorption lines
of comparable oscillator strength is observed for the p
shell. The energy splitting between the two spectral lines
is about 8.5 meV for the lower and 10.5 meV for the up-
per spectrum. We identify the two lines as originating
from configurations |B) and |H). The calculated energy
splittings are 10 meV for Fig. 1c with r = 100 meV and
19 meV for Fig. 1d with # = 70. The actual values do of
course depend on the parameters of the dot and a choice of
different effective masses can achieve a superficial quanti-
tative agreement with the experiment. In the d shell adou-
blet of emission lines appears with amuch smaller splitting
of about 2 meV. Furthermore, the higher lying feature has
aconsiderably larger oscillator strength than the lower en-
ergy feature. The number of featuresin the d shell is con-
sistent with those predicted by calculations. We note that
for all selected symmetrical quantum dots of types 1 and 2
the same principal behavior was observed in PLE. It can
be also observed for asymmetric dots, but in this case, e.g.,
the p-shell splitting due the asymmetry and the Coulomb
induced configuration mixing cannot be distinguished.

In summary, we have studied theoretically and experi-
mentally the evolution of the excitonic absorption spec-
trum of a single self-assembled quantum dot with its size.
It was shown that the absorption spectrum of the p shell
splits into two lines when higher electronic shells in the
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dot appear. The splitting was shown to be an example
of the nontrivial mixing of resonant configurations in
the interacting electron-hole complex. This experiment
demonstrates the high degree of control and tunability of
interacting electronic systems in quantum dots.
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