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Abstract

The electronic states of InAs/GaAs quantum dot has investigated for vertically-
aligned double conical quantum dots molecule (CQDM). We calculated Eigen
energies as a function of external voltage, wetting layer thickness and inter-dot
spacer. Tunneling-induced transparency (TIT) in vertically coupled InAs/GaAs
quantum dots using tunneling instead of pump laser, analogous to electromagnetically
induced transparency (EIT) in atomic systems, has studied. The inter-dot quantum
coupling strength is tuned by static electric fields. For parameters appropriate to a
100 Gbits/s optical network, slow down factor (SDF) as 102 can be achieved. The
scheme is expected to be useful to construct a variable semiconductor optical buffer
based on TIT in vertically coupled InAs/GaAs quantum dots controlled by electric
fields.
Keywords: Quantum dot, Optical Buffer, Electronic states, Electromagnetically

induced transparency, Tunneling induced transparency, Slow light.

1. Introduction
Three-dimension confinement of charge carriers in the semiconductor structures
have been extensively investigated due to their unique properties and vast variety of
applications in different systems such as photonics and opto-electronic devices [1, 2],
life sciences [3] and lasers [4]. Such structures can be fabricated using Stranski-
Krastanov method in MBE and MOCVD [5]. In this technique, a few number of

atomic layers of semiconductors like InAs are deposited on a substrate such as GaAs
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[5, 6]. Due to lattice mismatch between the growing layer and the base material, the
strain effects drives the quantum dots (QDs) towards 3D islands. The unconverted
QD material is called wetting layer [5-7].

QDM is formed by coupling two neighbored QDs resulting in formation of
electronics and optical states different from those of single QD [8]. Vertical and
horizontal (lateral) coupling of QDs have been the subject of researches in the past
decade [9-12]. Both vertical and horizontal coupled QDs have been proposed for
applications in quantum information [13-15].

Since the random nature of self-assembly growth process leads to a size and
location distribution of QDs ensemble [16], the investigation of distance-dependent
electronic and optical properties of QDs in a QDM is of great importance. The
distance between QDs in a QDM —so called herein "interdot spacer"” has been proved
to play an important role in coupling degree of QDs in a QDM [14, 17]. Barticevic et.
al. [17] proposed a theoretical study of electronic and optical properties of laterally
coupled quantum dots under a magnetic field perpendicular to the plane of dots.
Bayer et. al. [14] studied the emission of an interacting electron-hole pair in a single
QDM as a function of spacer.

Extensive theoretical studies of the electronic and optical properties of QDs have
been performed by several groups [18-22]. However, no theoretical studies of the
electron tunneling rate for conical quantum dots of real geometry have been reported
to date. In light of the promising IR detector application of QD systems, it is desirable
to investigate the electron tunneling rate, so that the dark current of the QD device
can be assessed.

Slow light phenomena have potential applications such as optical
communication (all optical buffers, ultrasensitive switches) [23], nonlinear optics
with low optical intensity, and quantum information storage [24]. The design of slow
light devices using semiconductor nanostructures is of great interest because the use
of semiconductor components have widespread in optoelectronics and these devices
can be potentially integrated with other components in an optical communication

systems. The “quantum dot molecule” QDM consisting of a vertically stacked pair of
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InAs/GaAs islands formed via strain driven self-assembly is a promising system for
communication. Recently, inter-dot coupling controlled by applying an external
electric field in an individual QDM was observed [25]. All-optical logic gates based
on QDs seem to be the essential element in ultrahigh speed networks which can
perform many important functionalities. The speed of all-optical switches is
determined by the carrier dynamics. The fast carrier relaxation between QD states
could be utilized to enhance the device speed and switching performance. Various
schemes of all-optical logic gates like XOR operation are usually limited to 100 Gb/s
due to the long carrier life time in the QD. It has been shown that the dual
semiconductor optical amplifier SOA based on quantum dots is a promising method
for the realization of high-speed all-optical logic systems in the future [26-28].

Due to the geometrical complexity, a numerical method of finite element has
been adopted to solve Schrodinger's equation with strained potential. The calculations
are done by using "COMSOL" framework and homemade MATLAB codes. Energy
eigenvalues has been calculated as a function of each of the following parameters:
external voltage, wetting layer and QDM spacer where other parameters of a single
conical-shaped are held constant. The maximum obtainable slow down factor (SDF)
(which it is a measure of the group-velocity reduction), was examined. The SDF is a
figure of merit relevant for optical storage. In this paper, we investigate the vertically
aligned conical QDM system as an optical buffer for application to 100 Gbps optical
communication systems. We use proper parameters of strained QDs from our
electronic band structure model using COMSOL Multiphysics software and

homemade Matlab codes for estimating SDF.

2. The Method
In this paper, the confined electronic states of the self-assembled InAs/GaAs
vertically-aligned conical QDM structures with wetting layer are obtained through
solving the stationary state Schrddinger equation. SDF is calculated with the help of

density matrix theorem.
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2.1 The electronic structure

The wave functions and energy eigenstates of electrons and holes in conical
QDM were determined through one band Schrodinger's equation in effective mass

approximation:

hZ
(o
8t m

where h is Planck’s constant, m” is the effective mass, V (r) is the potential energy, E

) +V(Y@) = Eyp(r), 1)

Is the energy eigenvalue, ¥ is the quantum mechanical wave function. Since the
conical QDM with wetting layer (WL) is rotationally symmetric, the problem has
been reduced to a two dimensional one. Hence, the wave function can be written as
() = ¢(r,2) e, (2)
where [ = 0,41, +2, ... is the orbital quantum number obtained by applying the
periodic boundary condition. Then the Schrodinger's equation in the cylindrical

coordinates has the form:

G (r D)+ 5 - L) 002 + V(D) di(r,2) = E 4y, 2), 3)

2m r or

where ¢; is the envelope wave function. In order to solve Eq. (3), it must be
transformed to a generalized form of a coefficient partial differential equation used
by COMSOL as:

V.-cVu—au+y)+au+pB.V=d,1, (4)
where d, is a damping coefficient or mass coefficient, c is the diffusion coefficient, a
Is the conservative flux convection coefficient, g is the convection coefficient, a is the
absorption coefficient and y is the conservative flux source term. The non-zero

coefficients are [29]:

—h?2
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The Comsol overall axisymmetric 2D structure is shown in Fig. 1 below, where
"d" is the wetting layer thickness, "R" is the radius and "H" is the QD height and L is
the overall vertical length of the structure as indicated in Fig. 1. Indeed, Eq. (3) is

solved for 1=0. To resolve this problem, we use the form PDE Comsol interface
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coefficient, where the system structure was solved for eigenvalue/eigenvector model.
Electron volt is used as an energy and nanometer as a length units of the geometry.

We can model the overall structure in 2D as shown in Fig. 1

2.2 Susceptibility of conical QDM
The electronic band structure of the conical QDM system is sketched as in Fig. 2.
Consider the significant interdot tunneling matrix element T, = T;, IS between the
first and second conduction band states in the above and lower QD, respectively and
neglecting hole tunneling, the total Hamiltonian of the system is [30]:
H = E,|0X0] + E1|IX1] + E3|2)(2]| + T |1X2] +
g exp(iwgt) [0X1] + h.c, (6)
where E; = hw; (i =0,1,2) is the energy of state (i|, T, is the tunneling
coupling, wy is the signal laser frequency, and 2, = uE/2h is the optical coupling

with u dipole momentum matrix element and E is the signal electric field amplitude.
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Fig. 1 Two dimensional geometry of axisymmetric conical QDM with wetting layer.
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(b)

Fig. 2 The electronic band structure of the three level system.

One can get the complete set of coupled differential equations for the density

matrix p;; elements by using the Liouville-\Von Neumman-Lindblad equation:

p =% H,pl +L(p), ™)
where p is the density matrix operator, H is the three-level system Hamiltonian,
and L(p) represents the Liouville operator describing the decoherence processes

RORENY [1;1'(2|_j><_i|p|_i><_,-| = Pl = 1i)ilp) +
— |y L) pli)(i] = pliXi] = [iXilp),
(8)
where Fij is the decaying rate from the state |i) to the state (j| and y; is the pure

dephasing rate. With Eq.'s (6), (7) and (8), one can get the complete set of coupled

differential equations for the density matrix p;; elements as follows:

P10 = —1 (((Ulo +¥10)P10 + 2571 (P11 — poo) + Tepzo) (9.9)

P12 = 1 (((Ulz +V12)Pp12 + (P22 — p11)Te — Qse_iwstpoz) (9.b)

P20 = —1 ((wzo +Y20)P20 + Tepro + P21~Qs9_iw5t) (9.c)
From Eg. (9), one can get

Pro=—(10 +145)p1o — is(p11 — Poo) + iTePzo (10.a)

P12=—(y10 +i45)P1, + %Te (P22 — p11) — i25Po2 (10.b)

P20 = =20 + 14520 + % (Te + 025)p10 — i025P21 (10.c)
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where 4, = w,, — w IS detuning from the signal beam. As the QDM system is

initially in the ground state |0), therefore, p\¥ = 1 and p = p@ = p{» = 0. The

set of equations can be solved for the above initial conditions, so p, is:

,510 (t) — i2s(p11—Poo)

=~ (Te+2s5)?]"’
1+#
V1o [ Y20 710

(11)

where 7,0 = (y10 + i4;) and 7,5 = (y,0 + i4s). Hence, the complex susceptibility
of the QDM is:

_ Fopt |li|2

P10 (12)

where I, is the optical confinement factor, V is the physical volume of the single

QD. So, the complex permittivity can be written as:

+U i25(p11—Poo)

T3 7
Y10 [ ¥20 710

E1=Cpactx = nlznac (13)

|M|

where U =
eoh’

Since, x is very small, we can determine the light group velocity

according to v; = ¢/[n + w(dn/dw)], where n = 1 + 2mx and then[25]:

c/vg =1+ 2nRex(w)|y=w,, T 2TRe(dx/dw)|y=w,, (14)
when Re{x(w)}y=w,, iS zero and the dispersion is very steep and positive, the group
velocity is reduced, and then c/v, =1+ 2nRe{dy/dw},-,, [30]. The group

velocity SDF is defined as the ratio of the light propagation time of the device length
to that of free space. When the detuning from the signal beams are zero, the SDF at

the signal frequency wg can be derived from this dielectric constant.

Epact /s ac+€res Uso(TE-Y30)
SDF = [ S (15)

2 ’gbac+gres h? (Y20Y10+Te)
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3. Results and Discussion

3.1 The effect of inter-dot spacer

We examine the coupling between the dots as an example of a vertically aligned
array of two coupled quantum dots with wetting layers of thickness 1.3 nm. A few
different interdot spacers in the range of 1.5-5 nm were selected. Fig. 3 shows the
dependence of the confined energy levels on the spacer. We notice for a large QD
separation the lower two energy levels of the QDM system approach those of a single
QD, with the difference that each level is doubled. This process is present, however,
much slower also for the higher eigenvalues, which means that the higher excited
states easier become coupled also at larger distances. Accordingly, the figure show,
when the spacer is small, the coupled QDM behave like a double potential well and
the envelope functions are similar of ground and first excited states of a single QD.
With increasing the spacer, the mutual interaction between the dots becomes weaker
and the dots are uncoupled. In this situation the dots act as single QDs and the far QD
energy eigenvalues of ground and first excited states tend to be coincide on ground

state energy of a single QD.

0.29F

-0.47

0.28

0.27

Eigenvalue
Eigenvalue

0.26 -40.46

0.25F

Interdot spacer (nm)

Fig. 3 The first four Energy eigenvalues of electrons in the C.B as a function of QD spacer.
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3.2 The effect of wetting layer

We have made changes to the wetting layer thickness of the conical QDM applied
within the range (0.1-1.5) nm. The energy eigenvalues are shown in Fig. 4. We have
observed the electron wave functions superposition in the vertically grown coupled
conical shape quantum dots. The wave functions for the ground state and the first
excited of InAs/GaAs QDs with and without WL have been calculated and presented.
In Fig. 5, an envelope function is shown corresponding to a state where coupling
between the wetting-layer region and the quantum-dot region exists, although the
coupling is relatively weak. Moreover in presence of wetting layer, part of the
envelope wave function extends into the wetting layer but the general localization

does changes.
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/

0.27 F =l

0.26 + TR
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1 1 1 I 1 1

0.6 0.8 1 1.2 1.4 1.6 1.8 2
Wetting layer thickness, d (nm)

Fig. 4 The first two Energy eigenvalues of electrons as a function of wetting layer thickness.

3.3 The effect of external voltage

The external electric field applied on quantum dot structure changes their potential
profile and, therefore, level positions therein. The symmetric QD in presence of an
electric field becomes asymmetrical, and the wide rectangular QD can be transformed
to triangular one with changing the corresponding energy spectrum [31]. A
considerable attention the calculation of a level position in QD structure under
external electric field was carried out with the help of a procedure [30]. Therefore,

Utilization of external voltage tilts the wells potential and decreasing their
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conjugation strength and modifies the group velocity. We have made changes to the
external voltage values of the double conical quantum points applied within the range
(1-4) eV as shown in Fig. 6.

x10%°
()
E, {08
a=0.5nm
1 0.5
(b)

Fig. 5 Envelope wave functions of CQDM. (a) The ground-state, (b) The first excited state.

In the presence of external electric field a considered symmetrical QDM becomes
asymmetrical, and furthermore triangular if the electric field is strong and the energy
of a bound state reduced with increasing field as long as the energy level remains in
quadrangular region of the well (see fig. 7). In strong electrical fields the energy level
is transferred into triangular region of the well.

In Fig. 7, we choose two cases to describe the effect of external applied voltage on
the envelope wave functions. The first one is at 2.0 eV where the tunneling is still at
low levels while the second one is at 3.45 eV at which the tunneling takes its

maximum value where the energy levels of the two QDs are nearly coincident.
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Fig. 6 The tunneling and eigenvalues as a function of the external voltage.

3.4 Tunneling matrix elements

Bardeen's theory viewed the tunneling current as the net effect of many
independent scattering events that transfer electrons across the tunneling barrier [31].
With adequate knowledge of the electronic state of the sample and the tip, one can
approximate the rates of these individual scattering events, and arrive at an
expression for the tunneling current: it equals the net rate of transfer of electrons
between tip and sample multiplied by the charge of an electron. Bardeen’s tunneling
theory (upon Duke’s interpretation) is based on several assumptions [31, 32]. The
tunneling matrix elements can be found via an integral over a surface in the barrier
region lying between the QDs [32]:

h? « 0¥m 0Yn
Ton = =5  (Vn 222 — P, 22 dis, (16)

2m

where m” is the effective mass of the electron, ¥,,, and y,, are the envelope wave
functions corresponding to states m and n respectively where the tunneling occurs
between them. The integration is over the surface s between the dots and normal to z
axis. We used Comsol to calculate the tunneling T, and we got the results shown in
the Table (1).
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Fig. 7 Wave function of the conical QDM at voltages of 2V and 3.45 V.
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3.4 The SDF
We first investigate the spectral features of the slowdown factor and the spectral
width over which slowdown can be achieved. To this end, we solve the dynamical
equations for the steady-state value of the signal cw field.
The inter-band dipole moment ;o = (@4, (r)|ez|D40(r)) has been calculated
as a function of applied voltage to investigate the SDF at different linewidths y;,.
Results is listed in Table (1). And By using Eqg. (13-15) we calculated the normalized
refractive index, absorption spectra from the linear susceptibility and the SDF of the
signal laser beam when the tunneling is varied via gate voltage, i.e., considering only
external voltage (TIT method). The result of the normalized refractive index,
absorption spectra are shown in Fig. 8 for different values of tunneling. An increased
tunneling leads to a larger separation of the Autler-Townes resonances and a

reduction of the slowdown factor S.

Table 1. Inter-band dipole moment for R=11.3 nm and d=1 nm at different external voltages.

Va Te Hio/e
(eV) (meV) (A)
1.00 3.46 351
1.25 3.57 18.3
1.50 3.91 2.6
1.75 4.19 15.8
2.00 4.26 47.5
2.25 4.59 184.7
2.50 521 328.5
2.75 6.25 328.8
3.00 8.27 320.5
3.25 12.77 287.7
3.50 15.64 148.6
3.75 9.14 19.2
4.00 4.65 37.1
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Fig. 8 The dimensionless linear susceptibility as a function of normalized detuning Ag/ v4o-

(a) the imaginary part, and (b) real part.

In Fig. 8 we display linear susceptibility as a function signal detuning for different
values of tunneling. It is shown when the photon energy approximates the resonance
energy of each QD, there is large anomalous dispersion which corresponds to
superluminal propagation with high absorption peak. When the signal energy is just
lied in the middle of the two QDs resonance energies, the bandwidth of transparency
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window becomes wider with increasing the tunneling rate. Therefore, we can get a

large bandwidth with small dispersion and subluminal propagation at zero detuning.
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Fig. 9 The group velocity SDF as a function of the external voltage at (a) y;0 = 1.6 u eV ,
(b) Y10 =6.6 peV,and (c) y1o0 = 26.5 uev.
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While Fig. 9 shows the SDF as a function of applied voltage at different values of
linewidths. Based on the obtained results, it can be said when the applied voltage
increased, the slope of real part of refractive index curve decreases and therefore, a
smaller SDF is guaranteed with large bandwidth. It can be concluded that the SDF
decreases with increasing the external voltages or y,,, where about 10° SDF can be
obtained using conical QD system compared with 108 using disk QD system [25].
The effect of the applied external voltage on the SDF (or group index) is
investigated in this section. The largest group index is usually occurs for the
frequencies of maximum absorption which makes these regions to be less important
for applications. At a zero detuning frequency, big cancellation of absorption is

showed, making it the frequency of choice for light slowing applications.

4. Conclusions

We used the one-band effective mass model for computation of electronic states
in the conduction band. Our simulations showed that the wetting layer lowers the
energy levels and therefore, an additional confined states can be introduced. Starting
from the quasi analytic QD model, we constructed the states of the QDM and used
these as input in the equations of motion of density matrix. Choosing probe fields and
TIT for a A scheme consisting of the three localized electron levels, we found SDF of
the QDM that are far better than results achieved in single QDs. The absorption peak
and transparency window bandwidth can be tuned by the applied electric field which
control the tunneling as shown in Fig. (8). In our model, with T,= 3.46 meV, we can
get SDF of about 10° at y;, = 1.6 u eV. Such a system may be applied in all optical

buffers, optical switching and filters.
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