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Abstract: The interaction of excitons with localized surface plasmons in hybrid nanostructures con-
taining semiconductor quantum dots and metal nanoparticles, under specific conditions, might gen-
erate collective optical properties with an abundance of potential applications in the area of nano-
technology. In the present study, we explore the behavior of the linear absorption and dispersion
properties of the double semiconductor quantum dot molecule in the presence of a spherical metal
nanoparticle. We find that a transparency window arises on the absorption spectrum the width of
which decreases with the decrease of the electron tunnelling rate. In the low electron tunnelling
regime, slow light is generated, an effect closely associated with tunneling induced transparency.
The enhancement of the tunneling rate induces a broadening in the transparency window, due to
the Autler-Townes splitting. The investigation of impact of the distance between the quantum dot
and the metal nanoparticle on the slow down factor and the width of the transparency window
shows that by transposing the metal nanoparticle closer to the double semiconductor quantum dot
molecule the transparency window widens.

Keywords: Absorption; Autler-Townes splitting; dispersion; hybrid nanostructure; metal nanopar-
ticle; semiconductor quantum dot molecule; tunneling-induced transparency

1. Introduction

The potential properties arising from the interaction of semiconductor quantum dots
(5QDs) with electromagnetic fields have been studied intensely in recent years for their
applications in nanophotonics and quantum technologies. The asymmetric double semi-
conductor quantum dot molecule is a semiconductor quantum dot nanostructure that ex-
hibits unique optical properties [1-6], leading, for example, to important quantum optical
phenomena like tunneling induced transparency, Autler-Townes splitting and slow light
generation without the need of an external electromagnetic field. When semiconductor
quantum dots and metal nanoparticles (MNPs) are placed close to each other, with dis-
tances in a few nanometers range, coupled nanostructures are created that have, in many
cases, enhanced optical properties in comparison to the individual components. Recently,
attention has been given to the optical properties of a coupled nanostructure fabricated
by coupling a metal nanoparticle to a double semiconductor quantum dot molecule [7-
10].

In the present work, the behavior of the absorption and dispersion properties of the
double semiconductor quantum dot molecule in the presence of a spherical metal nano-
particle is explored, by applying a theoretical approach. Specifically, tunneling induced
transparency, Autler-Townes splitting, and slow light generation are obtained in the
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double SQD structure under the presence of the metal nanoparticle and their properties
on the interparticle distance between the semiconductor quantum dot structure and the
metal nanoparticle is studied.

2. Methods
The hybrid nanostructure under study consists of a spherical MNP and an asymmet-

ric double SQD molecule. The electric permittivities of the SDQs and the environment are

denoted by &5 and &g, , respectively, while the electric permittivity of the MNP is de-

scribed by the frequency-dependent function &, (®). We symbolize the center-to-center

distance between the components of the hybrid with R and the radius of the MNP with
a. The SQDs are assumed to have different band structures, while their coupling is
achieved due to the coherent tunneling effect.

The hybrid nanostructure is subjected to a classical electromagnetic field with ampli-
tude E and angular frequency o, that excites the interband transition |0> - |1> , as

shown in Fig. 1. A continuum of states is used to model the surface plasmons induced on
the MNP and the exciton states of the asymmetric double SQD molecule can be depicted

1> is the direct

as a characteristic A-type energy-level pattern: |0> is the ground state,
exciton state (the excited electron and the hole are both located in the same SQD) and |2>

is the indirect exciton state (the excited electron is transferred to the second SQD, due to
coherent electron tunneling, while the hole remains in the first SQD). The tunneling rate

T, is adjusted by modifying the value of a gate voltage applied to the SQDs. Long-range
electrostatic interaction couples the SQDs to the MNP.

MNP states

)= %

ho ho

Figure 1. Schematic energy-level configuration of the double SQD molecule (right) and the MNP
(left) coupled together via Coulomb interaction. The surface plasmons induced on the MNP are
modeled as a continuum of energy states and the exciton states of the asymmetric double SQD mol-
ecule correspond to a typical A-type energy-level configuration.

The Hamiltonian of the system, in the dipole approximation, is written as a summa-

tion of the terms H., with i=1,2,3. In this case, H1 = 2 E, |n> <n| describes the un-
n=1,2

perturbed A-type system, with E_, denoting the energy of state | n> , while
H,=-n {[Gplo (t)+ Q] ety C.C} (|0> <1| + |1> <O|) owes its presence to the coupling of the
asymmetric SQD molecule with the incident field, where

env “effS

N
G= El(snynaznﬂyz ) / (47[/‘15 & R2n+4) is related to the self-interaction of the SQD
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molecule and Q= I:E ,u/ (2h&y4g )] (1+ Sa;/la3 / R3) is the Rabi frequency, with # sym-
bolizing  the electric dipole moment of the |0> <~ |1> transition,
Eots = (€5 +284y,)/(384y,) and ¥, = [sm () - genv] / [‘9env (n+)/n+eg, (a))] . Finally,

H, =7T, |1><2| +C.C. counts for electron tunneling between the SQDs, where T, is the

tunneling rate coefficient.

Next, we derive the density matrix equations, under the rotating wave approxima-
tion, and apply a first-order expansion approximation to the density matrix elements, with
respect to the amplitude of the probe field, p,. = pi + Qe p@ + Qe p¥, where

| pr(]? [, | pr(fr;) |<<] pr(jr)] |, and obtain a set of differential equations, which are solved, in the

steady state. In order to explore the linear optical response (dispersion and absorption) of
the asymmetric SQD molecule to the probe field, we should calculate the real and the
imaginary parts of the optical susceptibility

2835 (@) =[2(01V) 1] (25B) | p5" (@) s M)
where (I'/V) denotes the ratio of the squared electric field restricted in the active region

of an SQD over the volume of an SQD.
The slow-down factor for the light propagating through the asymmetric SQD is
S(w) = n(w) + o[ n(w)/ow], (2)

where n(w) = \/Re[1+ Zégo (w)] is the index of refraction.

3. Results and Discussion
In Figs. 2 and 3, we investigate the profile of the linear dispersion, caption (a), and

absorption spectra, caption (b), for the SQD, as a function of the field detuning #(@ — @y;)
of the incident field with regard to the |0> “ |1> transition, in two distinct electron tun-

nelling regimes (%T, = 0.5 meV , in Fig. 2 and 0.15mMeV, in Fig. 3). In Fig. 4, we present
the slow down factor for the light propagating through the double SQD molecule, as a
function of the detuning 7(® — @), for a high, caption (a), and a low, caption (b), elec-

tron tunneling rate. Discrete line-styles are used to indicate different values of the in-
terparticle distance (R = 11.5 nm: turquoise solid curve, 13 nm: magenta dashed curve and

80 nm: blue dotted curve). We use the values of the decay rates #l';, =0.022 meV ,
mr,=0 , 7l =00001meV and the dephasing rates 7y, =022meV |
hy,, =01meV , 7y, =0.001meV , which are typical for InAs/GaAs SQDs. The

nanostructure is surrounded by vacuum and the hybrid structure is placed in vacuum (

Eeny = &0 ), and the electric permittivity of the SQDs is six times the one corresponding to
vacuum (&g = 6&y), as in Ref. [8]. The dipole moment for the interband optical transition

is ©=0.65-enm and the energy difference between levels |0> and |l> is

hwy =14 eV | In the strong confinement regime, we assume that T'/V =5x10% m™

[8]. The polarization of the probe field is assumed to be in parallel with the interparticle axis

and, hence, S, =2 and s, =(n +1)2 . The MNP has a fixed size, with radius a = 7.5 nm

, while, for its electric permittivity function &, (@), we use the experimental data that cor-

respond to gold, Ref. [10]. We found that it is sufficient to keep N =10 terms, while ap-
plying the multipole polarization regime, in order to calculate the self-interaction coeffi-
cient G, since the results reach convergence.
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Figure 2. The spectra of the real and the imaginary part of ;(égD , captions (a) and (b), respectively,
for various interparticle distances (R =11.5 nm: turquoise solid curve, 13 nm : magenta dashed
curve and 80 nm : blue dotted curve), for a tunneling rate coefficient T, = 0.5 meV . The values of

the rest physical parameters are provided in the section ‘Parameters and Results’.

In Figs. 2(a) and (b), we present the linear dispersion spectrum and absorption spec-
trum, for the SQD, respectively, for different values of the parameter R, in the strong

tunneling regime, with #T, = 0.5 meV . Considering an infinitesimal interaction between
the components of the nanostructure, a condition practically accomplished at the distance

of 80 Nm, we observe that the spectral profile of Re[ ;(égD] (/Im[ ;(égD] ) is composed of

two dispersion-like (/Lorentzian-type) resonances centered at @ —wy = —@y, | 2—Gg /2

i\/(a)lz —GR)2 + 4Te2 / 2, where Gy =Re(G) . The full width at half maximum (FWHM)

of the resonances that arise on the spectrum of Im[ ZégD] are given by the formulae

[1 *(w, —GR) / \/ (o, —Gq )2 + Te2 } 701 - We also found that, in the limiting case where the
upper states are degenerate (@, = 0), the profiles of these spectra become antisymmetric
and symmetric, respectively. In the general case, the value of Im[ ;(égD] , at the position of
its local minimum (@ — @y = @y, ) is

|BRY7.9) ¥,
(@) R 02
5D min (Vj &E 701702+Te2 @

which exhibits dependence on the interparticle distance, as the second term of the Rabi

frequency is proportional to R™®. The minimum absorption, which is found and leads to
the phenomenon of tunneling induced transparency, cannot be equal to zero for a non-
zero tunneling rate coefficient, since the first term of the Rabi frequency cannot be elimi-
nated for any value of the interparticle distance, as itis R -independent. When the asym-

metric SQD molecule is brought closer to the MNP, due to the increase of the Gy param-

eter, the distance between the resonances along the horizontal axis, and the difference of
the FWHM that correspond to the resonances of the absorption spectrum should both
increase, based on the analytical formulae given above.
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Figure 3. Same spectra as in Fig. 2, with T_=0.15 meV .
e

In Fig. 3, we investigate the linear optical response of the SQD, for a lower electron
tunneling rate (%T, = 0.15 meV ). We can show that the amplitude of maximal absorption

is independent of the tunneling rate, which explains why the magnitude of the absorption
resonances remains the same, for a given value of the parameter R, as the one detected

in Fig. 2(b), with #T, = 0.5 meV . Furthermore, the distance between the positions of the

resonances and the discrepancy of the FWHM arising on the Im[ ;(élQ)D] spectrum should

both increase with the increase of the electron tunneling rate. This result is in accordance
with the findings stemming from the comparison of Fig. 2 with Fig. 3, where the value of

iT, istaken equal to 0.15 meV . We also note that the slope of the linear dispersion spec-

trum Re[ lé(%D] , at the position where the absorption is minimized, is steeper compared

to the corresponding slope in the high tunneling rate regime, Fig. 2(a), that leads to the
decrease of the group velocity of the propagated light within the SQD (see also Fig. 4).
The substantial slowing-down of light combined with the quite narrow transparency win-
dow are consequences of the tunneling induced transparency [3], unlike in the case of the
low electron tunneling regime, where the smooth slope and the broad transparency win-
dow originate from the Autler-Townes splitting effect [3].
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Figure 4. The slow-down factor, S, as a function of the field detuning, for the same values of the
physical parameters as the ones used in Figs. 2 and 3, in captions (a) and (b), respectively. The ver-

() ] is minimized.

tical lines intersect the horizontal axis at the position where Im[ Z NP

4. Conclusions

In summary, we theoretically explored the linear optical response of an asymmetric
tunneling-controlled double SQD — MNP, to an incident electromagnetic field. We use a
density matrix approach and calculate the real and imaginary parts of the linear optical
susceptibility of the SQD in the presence of the MNP. We found that, in the high electron
tunnelling regime, a broad transparency window originating from the Autler-Townes effect
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arises on the absorption spectrum, that is approximately centered around a field detuning
equal to the energy gap between the upper states of the double SQD molecule. In the low
electron tunneling regime, the width of this transparency window diminishes, while the
slope of the absorption spectrum increases. We can take advantage of this effect known as
tunneling induced transparency for the precipitation of light within the medium. We also
found that the decrease of the distance between the counterparts of the hybrid nanostruc-
ture induces the broadening of the transparency window.
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