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We perform simulations of time-resolved optical experiments of carrier-capture processes in a quantum wire—
dot system. Scattering of charge carriers with optical phonons of the quantum wire can result in transitions from
the continuum states of the quantum wire to discrete states of the quantum dot. We treat the scattering of carriers
with optical phonons within a Lindblad single-particle approach. By considering the coupling of carriers to a light
field we are able to simulate pump-probe experiments which are shown to be capable of measuring the captured
populations. We further discuss the influence of the Coulomb interaction on the obtained spectra.
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1. Introduction

Carrier capture processes occur frequently in several
semiconductor structures, e.g., scattering of carriers from
the wetting layer to quantum dots [1-6], from a quantum
wire to the embedded quantum dot [7-9], or from mo-
nolayers of transition metal dichalcogenides (TMDCs) to
discrete states created by strain effects [10, 11]. All those
processes happen on subpicosecond time scales and on
nanometric length scales and therefore are of genuinely
quantum mechanical nature. To monitor those local and
ultrafast processes one can use time resolved pump-probe
experiments. In this paper we study theoretically the op-
tical signals of spectrally and temporally resolved pump-
probe experiments of the carrier capture process from
a semiconductor quantum wire (QWR) to an embedded
semiconductor quantum dot (QD). We study the optical
signals with and without Coulomb interaction and ana-
lyze their temporal behavior. Furthermore we describe
how the captured population of the QD levels can be
extracted from the optical signals. By comparing those
results to the simulated population dynamics we show
that the capture dynamics can be reconstructed by the
optical measurements.

In order to calculate the carrier dynamics we use the
Lindblad single-particle (LSP) equation of motion intro-
duced in Ref. [12]. This LSP approach is a proper tailo-
ring of an alternative Markov approach [13] and its con-
sequent single-particle equation of motion [14] which is
closed in the density matrix and immune to instabilities
while being able to fully capture the spatio-temporal evo-
lution of the carrier dynamics [15-17].

Previously, a spatially resolved description of the pro-
blem was performed with quantum kinetic equations
explicitly taking into account carrier-phonon correlati-
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ons [18-20], which leads to a very demanding calcula-
tion. In contrast, the LSP equation of motion is closed
in the single-particle density matrix and thus computa-
tionally much lighter. A comparison of the two methods
showed that the LSP approach reproduces the essential
features displayed by quantum kinetic studies [12]. Due
to the reduced computational effort we are now able to
simulate time-resolved pump-probe experiments, which
usually requires to run the program multiple times [21],
very efficiently.

2. Theory

We model the semiconductor QWR as a parabolic two-

*

band model with the effective masses of GaAs (m} =
0.067mg, m; = 0.45mo with the free electron mass myg).
The QWR is cylindrical with a 100 nm? cross-section
and we consider the lowest lying, transverse subband as-
suming infinitely high confinement potentials. The QD
is modelled as an effective potential entering the Schro-

dinger equation of the envelope function

h2 62 QD e(h)
_W*(h)@ + Ve(h) (Z) We(h)(z) =€ We(h)(z).
(1)

Throughout the paper we use Ve%g = —Voe(h)sech(z/a)
with %Voh = V5 = —30 meV and ¢ = 4 nm. The nu-
merically estimated solutions of Eq. (1) are used as a
basis for the simulation and to distinguish bound states
(e < 0) and delocalized states (¢ > 0). The system un-
der study has one bound state in the conduction band
at € = —14.7 meV and two bound states in the valence
band at €} = —14.1 meV and €} = —5.1 meV.

Electron—hole pairs are excited by an electric field tre-
ated within the dipole and rotating wave approxima-
tion. The spacial localization of the laser pulse is con-
sidered by the carrier-light coupling elements E, ;(t) =
M({n|E(z,t)|l) between the hole state |I) and the elec-
tron state |n), where M is the bulk dipole moment in the
direction of the field taken as a constant.

(372)
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To include excitonic effects we also take into account
the attractive electron—hole Coulomb interaction within
the mean-field approximation. We only consider low car-
rier densities so that Coulomb-induced energy renorma-
lizations or local potentials can safely be neglected.

The carriers are coupled to phonons and since we con-
sider a system in which the energetic separation of lo-
calized and delocalized states is relatively high (tens of
meV), we include only longitudinal optical (LO) phonons
of bulk GaAs with an energy hiwpo = 36.4 meV. The cou-
pling matrix element is given by the Fréhlich coupling.

While the carrier—carrier interaction in mean-field ap-
proximation and the carrier—field interaction are treated
exactly within the equations of motion as in Ref. [18, 20],
the carrier—phonon coupling is treated by LSP equations
of motion as in Ref. [12] where the phonons are approx-
imated as a bath which is justified for the low excited
densities considered here.

3. Results

The electric field takes the form E(z,t) = Eq(z,t) +
E5(z,t — 7) with pump pulse E; and probe pulse Es.
Both take the form

t2 (Z — ZO,i)2>

E;(z,t) = E;exp <—%‘2 —iwpt — TN

K3 K3

The pump pulse is focused around 2y ; away from the QD
(located at z = 0) with a broadening of Az; = 10 nm
and a pulse length of o7 = 50 fs, mimicking, e.g., a
localized excitation through the tip of a near-field mi-
croscope. The probe pulse is centered around the QD
(20,2 = 0 nm) with a broadening of Az, = 80 nm and
a pulse length of 0o = 10 fs. Both pulses have the ex-
cess energy hwr — Fgqp = 20 meV= €] + hwro with €f
being the lowest electronic energy given by Eq. (1). We
extract the polarization in direction of the probe field
E; by using a Fourier decomposition [21]. From this,
the differential absorption spectrum Aa = o — oy is cal-
culated as difference of absorption spectra with (a) and
without () pump pulse. In order to excite low den-
sities we set the Rabi frequency of the pump pulse to
QR = B 'M - E; = 107% ps™! and for the probe
pulse to Q’I’{Obe =106 ps—1.

3.1. Linear absorption

We start by analyzing the linear absorption spectra of
the system with and without Coulomb interaction which
are shown in Fig. 1. For E — E4,, > 0 one can see the
QWR continuum contributions in both cases. Without
the Coulomb interaction there is only one other peak vi-
sible at hAwps = E — Egqp =~ —29 meV which can be
directly identified as the transition between the lowest
lying bound states of electrons and holes. The dipole
matrix element for the transition from €} to € vanishes
and therefore this transition is not visible.

With the Coulomb interaction the spectrum is domina-
ted by the peak at —21 meV which stems from the QWR
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Fig. 1. Linear absorption spectra with and without
Coulomb interaction.

exciton. The lowest lying peak at —57 meV originates
again from the lowest lying electron and hole states and
constitutes the QD exciton.

3.2. Without Coulomb interaction

We first consider the case without the Coulomb inte-
raction. The wave packet is excited 50 nm away from
the QD. The calculated spectra are shown in Fig. 2. Be-

T T T T
_d/;\_/
0 e ——
B TN SRR P s
NN | i S~
NN s n
3 W S 1=50fs —
NI T=100fs - - -
WL S t=2001s s
N4 T=300fs ==
\e . T=400fs = =
NI oy ——
o
I 1 I I
-35 -30 -25 —20 -15

E— Egup (meV)

Fig. 2. Differential absorption for an excitation 50 nm
away from the QD for different delay times 7 and the
absorption spectrum without the pump pulse (ao, green
line). Note that ao has been scaled with respect to the
other curves. The position of resonance is marked as a
dash-dotted line. Red points depict the minimal value
of Aau.

cause we are interested in the occupation of the QD sta-
tes, we focus on the lowest absorption peak at hwys =~
—29 meV originating from the QD transition. The top
curve displays the absorption spectrum ag without pump
pulse, the other curves show the differential absorption
spectrum Aq for different values of the delay time 7 (plot-
ted on an enlarged scale compared to «yp). For increa-
sing delay 7 one observes that the differential absorption
spectra become increasingly negative. This can be attri-
buted to an increasing Pauli blocking in the bound states.
The Pauli blocking can be attributed solely to the bound
state of the conduction band, because the holes travel
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Fig. 3. Population dynamics of the electronic bound

state for zo,1 = 50 nm (dashed line) and zp,; = 90 nm
(solid line) together with the scaled, extracted values
of the absorption spectra from Fig. 2 (red circles and
triangles, respectively).

much slower and therefore do not reach the QD within
our time window. Additionally the holes are excited off-
resonantly with respect to the transition to bound states,
resulting in a negligible capture rate. Therefore we will
restrict the discussion to the electronic bound state in
the following.

We now extract the increasing peak amplitude of the
absorption spectra as a function of time delay (red points
in Fig. 2) and compare them to the dynamics of the
bound state population in Fig. 3. The extracted values
are scaled by a common constant to match the popula-
tion dynamics. As can be seen in Fig. 3, the dynamics of
the bound state can be reconstructed very well from the
pump-probe simulation.

We further look at the capture dynamics and optical
signals, when the wave packet starts further away from
the QD at zp,; = 90 nm. Because now the wave packet
needs more time to reach the QD, the capture is delayed
and starts approximately 115 fs later than in the pre-
vious case, underlining the local nature of the capture
process [12]. Also in this case, the capture dynamics is
well reproduced by the optical signals (red triangles).

3.8. With Coulomb interaction

Now we include Coulomb interaction. An example
of the resulting spectrum is shown in Fig. 4 together
with the absorption spectrum without the pump pulse.
Here one ends up with a dispersive line shape of the
spectrum due to a renormalization of the exciton binding
energy. Such ultrafast renormalizations have indeed been
observed in two-color pump-probe experiments on a sin-
gle self-assembled QD [22, 23]. The observed spectrum
now consists of two contributions. The first one is the
dispersive line shape which, for small renormalizations
(due to small excited densities), is antisymmetric around
the ground state exciton energy. Superimposed is a re-
duction due to the Pauli blocking such that the spectrum

is slightly shifted to negative values of Aca. To extract
the Pauli blocking, we integrate over a symmetric region
Fe; 29 meV around the exciton ground state energy E.,

e ) with AE = 3.5 meV on

the spectrum. The extracted data are again compared to
the population dynamics for two different excitation lo-
cations in Fig. 5. As one can see, the extracted values
fit reasonably well with the captured density. The diffe-
rences can be attributed to the integration over a region
which is affected by other dispersive lines due to other
excitons (see Fig. 1). Also with the Coulomb interaction,
the capture happens locally and the optical signals re-
flect the delayed capture when the wave packet is excited
further away from the QD.

and put a filter exp (f
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Fig. 4. Differential absorption spectra for a time delay
of 50 fs. «p is shown in green and scaled. The posi-
tion of resonance is marked by a dash-dotted line. The
integration range is indicated as red area.
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Fig. 5. As in Fig. 3, but with Coulomb interaction.

4. Conclusions

We have simulated optical experiments to measure car-
rier capture processes in a QWR-QD system. We have
used the recently developed LSP approach to treat the
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phonon-induced capture process and simulated pump-
probe experiments under consideration of carrier-light

and carrier—carrier interaction.

The computationally

light LSP approach made it possible to simulate the ex-
periments very efficiently. We have shown that pump-
probe signals are capable of monitoring the population
dynamics of the electron bound state. By varying the
distance of the excited wave packet to the QD, the opti-
cal signals show that the capture indeed happens locally.
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