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Abstract: Talbot effect is a self-imaging or lensless imaging phenomenon of a periodic grating il-
luminated by a collimated light beam at regular distances from the grating. Research on the Talbot
effect has recently made significant strides thanks to the quick development of optical superlattic-
es. The emergence of various applications of this effect in fields such as optics, acoustics, X-ray,
plasmonics, and information processing has led to the increasing importance of obtaining a Talbot
carpet with the use of different structures. In this paper, we investigate the Talbot effect that origi-
nates from the tunneling effect between an ensemble of vertically coupled cylindrical Inds/GaAs

quantum dots (QDs). The Talbot carpet can be manipulated by changing the parameters of the QD
system. In the current paper, two modified Pdschl-Teller potentials were used to model the QDs
ensemble. The exciton’s lifetime and tunneling time’s dependence on the first QD’s potential half-
width is found for a fixed value of the external electric field. The nonlinear changes in the refrac-
tive index and absorption spectrum dependent on the tunneling effect are obtained. Afterward,
the Talbot carpet formation is investigated, particularly the dependences of the formed periodic
wavefront’s visibility on medium length, coupling field’s strength, and tunneling parameter. Fi-
nally, we have observed the intensity distribution of the diffraction field at Talbot half-distance.

Keywords: coupled quantum dots; InAs/GaAs; tunneling effect; exciton; biexciton; Talbot effect;
optical lattice

1. Introduction

The Talbot effect is a self-imaging phenomenon of a periodic grating illuminated by
a collimated light beam at regular distances (Talbot length) from the grating. It was dis-
covered in 1836 [1]. The effect takes place in the near-field diffraction regime. Due to this
effect, a self-replication of the grating occurs, and half-period phase-shifted copies of the
light distribution are created at the Talbot half-distances. These repeated images are
called Talbot images. Talbot images’ distribution in the longitudinal direction is called a
Talbot carpet.

Due to the considerable rise of the interest mediated by various applications of the
effect, such as photolithography [2,3], interferometry [4,5], quantum information [6,7],
etc., its attainment from different structures remains a valid problem. One of the main
challenges of the Talbot effect is obtaining high-resolution images reproducible at the
fractional-Talbot planes. Besides initially used diffraction gratings, various periodic
structures such as photonic crystals [8,9], graphene [10], refractive gratings [11], and
bosonic atoms [12] have been to observe high-resolution Talbot images both experimen-
tally and theoretically.

Semiconductor QDs have become an important platform for the fields of quantum
and non-linear optics due to their controllable optical properties. QDs have discrete en-
ergy levels similar to natural atoms. However, unlike the atoms, the position of the lev-
els and their optical selection rules are not solely determined by the material but also by
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something called the size quantization effect. The size quantization can be controlled by
adjusting the size, morphology, and composition of the QDs during the growth process.
Due to this fact, a plethora of controllable growth techniques have been developed to ar-
tificially structure QDs with different sizes, shapes, and geometries. The combination of
the abovementioned facts leads to the ability to obtain QD systems with virtually any
emission wavelengths. These peculiarities are what make QDs a family of very promi-
nent materials with a wide range of applications, which include biomedicine [13], ener-
gy harvesting [14], displays [15, 16], quantum information processing [17], etc. Coupled
QD ensembles have different properties from single QDs. Factors such as the ratio of the
geometrical parameters of coupled structures, interdot distance as well as diffusion all
come into play and give additional degrees of freedom for the control of the system's fi-
nal parameters. Self-assembled three-dimensional islands of InAs grown on a GaAs sub-
strate, in particular, are promising candidates for photonic applications, such as QD
light-emitting diodes [16], and QD lasers [18]. It was shown that the growth of the self-
assembled structures can be manipulated to form single layers of QDs with well-defined
excited state transitions. The energy levels of such QD systems can be controlled to
match the number of confined states and their inter-sublevel energy distances [19, 20].

The seminal work related to the production of a controllable Talbot phenomenon
using a QDs ensemble was performed in Ref. [21]. The authors investigated the Talbot
effect that occurs at the exit plane of the system. It was shown that intensity patterns can
be manipulated by the quantum dot’s parameters, in particular, the tunneling parame-
ter. However, this work lacked detailed and realistic modeling of the QDs from a mate-
rial science perspective.

In this paper, we will investigate the occurrence of the Talbot effect caused by an
ensemble of vertically coupled Inds/GaAs cylindrical QDs ensemble. For the first time,

one (exciton) and two (biexciton) electron-hole pair transitions in the vertically coupled
cylindrical QDs ladder-type system, will be considered for the realization of the Talbot
effect from the perspective of the solid-state physics. The dependence of the exciton life-
time and tunneling time on the half-width of the first quantum dot will be found for the
fixed value of the external electric field. The dependences of the nonlinear refractive in-
dex changes and the nonlinear absorption spectrum on the tunneling effect will be ex-
plored. Next, the formation of the Talbot carpet will be investigated in detail. An analy-
sis of the dependences of the periodic wavefront’s visibility on the medium length, the
coupling field’s strength, and the tunneling parameter will be presented. Finally, we will
attain the intensity distribution of the diffraction field at Talbot half-distance.

The paper will have the following organization, in Section 2 the materials and
methods will be introduced. Section 3 results and discussions will be given with subsec-
tions, the exciton lifetime and tunneling time, the interaction of optical probe and cou-
pling fields with QDs ensemble, and tunneling induced Talbot effect will be presented.
The final Section 4 is the conclusion.

2. Materials and Methods

We have chosen Inds as the QD material and Gads as the matrix material for our
calculations. Vertically coupled cylindrical QD systems were modeled for the mentioned
materials. The system consisting of two neighboring cylindrical dots, that have different
heights, and the corresponding energy band diagram are presented in Figure 1. The fol-
lowing material parameters have been used in the calculations: m" = 0.023m, , where m,

is the free electron mass, ¢ =15.15 is dielectric susceptibility, the energy band gap of
bulk /nds is E; = 0.415¢V and for Gads is E;* =1.519¢V . The confinement potential
height for the electron and hole, respectively, are U, =0.644eV and U, = 0.46eV [22].
An electron-hole pair can be excited in the first dot by a near-resonant interband
probe field. Then, with the help of an applied electric field the tunneling of the conduc-
tion band’s electron from the first QD to the second one can be implemented. Thus,
forming an indirect exciton in the system. And finally, a second exciton (direct) is excited
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in the first QD by the resonant interband coupling field. Thus, probe and coupling opti-
cal fields will be applied to the system to generate interband transitions in QD. So, to
model this process we first have to obtain the excitonic states of the system in the pres-

ence of an external electric field F(0,0,F, ).
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Figure 1. Energy band diagram of Inds/GaAs coupled cylindrical QDs system. As the confine-
ment potential, two modified Poschl-Teller potentials have been used with B, and 3, half widths,
and with z, and z, center coordinates. The confinement potential height U, and U, for the elec-

tron and hole respectively, have been estimated from the Inds/GaAs band structure engineering.

We have chosen the sum of well-known modified Pdschl-Teller potentials (MPTP)
[23-25] as the confinement potential for the axial direction. Traditionally, a finite rectan-
gular potential well was used to describe the effect of the QDs confinement on the
charge carriers. However, because of the diffusion during the growth process between
QD’s material and surrounding media, the confinement potential of vertically coupled
QDs is better approximated by a smoother potential [26]. The authors of [26] have calcu-
lated how a spherical In Ga _4s QD embedded in Gads changed the potential and con-

finement energy by inter-diffusion. Compared to a quantum well, the potential decreas-
es more quickly as the diffusion length around a QD increases. Their findings suggest
that regular inter-diffusion interactions between the dots and surrounding medium can
account for the observed reduction of the photoluminescence linewidth that happens as
a result of the rapid thermal annealing of self-assembled InAs QD structures.

In the radial direction, the parabolic potential has been chosen, since we will con-
sider the tunneling between the QDs only in the axial direction. Note, that the MPTP
turns into a parabolic potential in the limit and for the lower energy levels the values for
MPTP and parabolic potential are the same.

The analytical form of the confinement potential for the electron (hole) in axial and
radial directions in cylindrical coordinates has the following form:

“(h) e(h)

z 4z ) z, . =z
B, B, 1)

Ui (2.) = 204~
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where U, is the potential depth of the MPTP for the electron (hole), Bl(z) - are the half
widths and z),) are the centers for the first and second QDs, m:(h) is electron effective
mass, ®, =®, = o is the parabolic potential parameter. The half-width B, ,, is related to

the cylinder height H_, by the relation =% H ,. And the ® parameter is related to

the cylinder radius R by the relation o, =24,

~,here A, and A, are empirical-
M)
ly defined prefactors. We can see in Figure 1 the MPTP is overlaid on the rectangular

quantum well in such a way that the B,, parameter closely matches the cylinder’s
height as a result the A approximately becomes 1. Interdot distance between two QDs
is defined as the distance between centers of the QDs z, and z,. In our case, we consider
two cylindrical QDs with heights corresponding to B, = 20nm and B, =10am, with an

interdot distance of 10nm , which means 251nm between centers.

As we mentioned above, at the first stage, the system has been radiated with the
near-resonant interband probe field. Which leads to an excitation of a bound electron
hole pair. The Hamiltonian operator of the exciton in a vertically coupled QD system can
be written as:

HY=H, +H, +U“ +US +V,,. ()
Here I:Ie(h) is the kinetic part of the Hamiltonian for the electron (hole) and is equal to
A oo,
He(h) = _er(”) . (3)

e(h)
The terms of the confinement potential for the particles can be presented as a sum of the
axial and radial parts:

conf __ conf' conf
Ui =V (zan )+ U (o) @)
And finally, the last term represents interparticle Coulomb interaction:
2
e
I/int =" = P (5)
s|r€ =7 h|

where ¢ is the dielectric constant.
In the second stage, the external electric field is applied to the system in an axial direc-
tion. Which leads to the addition of new terms in the Hamiltonian. The terms in Hamil-
tonian corresponding to the external electric field can be presented in this form:
V4V =—eF.z,+eF.z, . (6)
Let us recall that the electron-hole pair is generated under the effect of the probe
field 7o, which has an interband near-resonant character. The exciton eigenproblem

has been solved with the help of the variational method using single-particle wave func-
tions and energies to construct trial wave function, and by minimization of the following
integral:

Ey =(¥ G| ¥ 0 7)) )

where

)

s, (v (5] ©

3

Here A, is a variational parameter. The charge carrier wave function we(h)(?e (h))

can be presented as a product of axial and radial parts Vo (’78(;1)) =R (pe(h),cpe(h) )X(Ze(h))’

moreover, the radial part is solved analytically. Because the double MPTP in the axial di-
rection cannot be solved analytically the solution of the single particle eigenproblem was
performed with the use of the finite element method (FEM).

Due to the asymmetric character of the system, the ground state energy of the elec-
tron (hole) in the second QD is higher than the ground state energy of the electron (hole)
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in the first QD. The ground state energies of electron and hole in the first and second
QDs without external electric field are E! =53.4meV , E> =106.7meV , E, =29.1lmeV and
E} =41.6meV (see Figure 2 (a)). We indicate indexes 1 and 2 correspondingly for the
left and right QDs. With the application of the external electric field, the confinement po-
tential becomes modified and the energy levels shift in contrast to the initial position.
We carefully chose the external electric field magnitude, to equalize the energies of the
electron in the first and second QDs. For the F =47.8V/cm case the shifted energy levels

will have the following values: E' = E’ =92.98meV , E, =56.21meV and E; =70.88meV .

Note that, for the hole the difference between energies in the first and second QDs
increases, which leads to a decrease in the possibility of the hole’s tunneling through the
barrier (see Figure 2 (b)). Hence the conduction-band levels are in a resonance regime,
while the valance-band levels are in the off-resonance regime. In this way, we will have
an effective coupling between the electron levels and decoupling between the hole levels
respectively. Based on the state of the system described above, we can neglect the tun-
neling effect connected with the hole, so only tunneling with the electron will be consid-
ered. After the tunneling, the second exciton will be excited with the help of a resonant
interband optical pulse %o, (see Figure 2 (c)). Consequently, a formation of a biexciton

state will occur. Thus, in this current manuscript, we will consider the four-level ladder-
type system.

(b) (c)

F(0,0.F)

Figure 2. Energy band diagram of Inds/GaAs coupled cylindrical quantum dots system and crea-

tion of electron-hole pair under the influence of near resonant interband probe field without (a)
and with (b) external electric field directed with the axial axes, (c) creation of second electron-hole
pair under the influence of near resonant interband coupling field.

3. Results and discussion
3.1. The exciton lifetime and tunneling time
In order to have the opportunity for tunneling between the QDs, the electron-hole
recombination time should be longer than the tunneling time. Thus, the exciton lifetime
and tunneling time should be estimated and compared with each other to understand
the possibility of the realization of a four-level system. To estimate the exciton recombi-
nation time, we use the formula obtained in [27]:
2ng,myc i’
Texc =T 20 s
\/gezE;C f

where ¢, is vacuum permittivity, m, is the mass of the free electron, E,  is the energy of

)

an exciton and [ is the oscillator strength, which is defined by the formula:
2

Ey
E

exc

[ =P (77, ) dr (10)

4
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Here ¥, (7,7,) is the exciton wave function, E, which is the Kane energy, and for

exc

Inds it is E, =21.5eV [28]. Next, to obtain the tunneling time we will use the relation
obtained for the tunneling rate between two QDs which is defined by the equation
[29,30]:

4apY |Bm 42m; 3
r,, =| —~ ¢ expq——V—<(E!)? | 11
tun ( Tfh j 2E; p 3 heF.z ( e) ( )

where E| electron energy. The tunneling time is inversely proportional to the tunneling
rate 1, =1/T,, . Direct calculation shows that the exciton lifetime lies in the ns range,

tun
while the tunneling time lies in the ps range. The dependences of these relevant times on
the length of the QDs system are shown in Figure 3. Exciton lifetime dependence dis-
plays linear growth behavior, while tunneling time exhibits exponential decrease behav-
ior. Note, that dependence of the tunneling time on the electric field has a clear
exp(—1/F,) form. Thus, the consideration of the tunneling process in the current system

is logical.
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Figure 3. Dependence of the exciton lifetime and tunneling time on the half width of first QD for
the fixed value of external electric field.

The four levels of the ladder type system are described in the following section. A
ground state |0> of the system is taken to be the state where the electron-hole pair is not

yet generated. The first excited state |1) is taken to be the state when the electron-hole
pair is localized in the first QD (direct exciton). As the second excited state |2> , a state is
taken where the hole is localized in the first QD and the electron is in the second QD
(indirect exciton). And finally, the third excited state |3> is defined by the direct and in-

direct excitons (biexciton) in a vertically coupled QD system (Figure 4).
Thus, the biexciton in the coupled QD system should be considered. The Hamilto-
nian of the biexciton confined in a vertically coupled QD system can be written as

PR - = = - — E()ﬂf el - = = -
Hi (FoBoy ) = D H + U + 3V 4V, (RUB LT 7). (12)
j j j
where 2{1,2,(1,[3} , 1, and 7, are electrons’ coordinates, 7, and 7; —holes” coordinates.

Interparticle interaction energy term ¥ (171,72,7(1,;%) in the Hamiltonian includes all in-

nt
teractions between electrons, holes, and between electrons and holes. This interaction
has the following forms:
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Figure 4. The energy diagram of the four-level ladder-type Inds/GaAs coupled cylindrical QDs
system.

The four-particle problem can be solved with the help of the variational method
[31,32] using single-particle wave functions and energies to construct trial wave function
and by the minimization of the following integral:

Eye = (W G )| A | G T 7)) a4

W (o7 ) = Oy, (R ), (5w, (7)) v, (7) %

2 15
e [ el b (15)
where C - normalization constant, r, =|Fj—Fk|, Sk={L2,a,p}, A, , A, and A} are

variational parameters.

3.2. Interaction of optical probe and coupling fields with QDs ensemble

Let us consider a layered medium with a length L, where each layer consists of a
single column of horizontally stacked vertically coupled cylindrical QD systems (Figure
5). The vertically coupled cylindrical QD systems have the following parameters: two
QDs with 20nm and 10mm heights and 10mm interdot distances. To avoid carrier tunnel-
ing between systems the distance between each layer is taken to be more than 50nm .
Such structures with 20 layers that have an 55nm interlayer distance of vertically cou-
pled In, Ga,;As/Gads QDs were grown [33] experimentally by molecular beam epitaxy.
In our case, the medium with a length of 55um will consists of approximately 25 layers.

To generate the transition |0) <> |1), a weak and incoherent probe field with Rabi
frequency Q, = E u,, /h has been passed through the considered QDs ensemble, where
E, is the amplitude of the probe field, and p,, is the dipole transition moment of
|0) <> |1). For the interband transitions, the dipole moment is equal to p,, =6.4-10>Cm
for Inds/GaAs QDs [34]. Besides the probe field, a coupling field with about 2720nm
wavelength and periodical intensity distribution illuminates the medium. This field can
be formed from the superposition of two coherent fields which interfere with each other
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to create intensity distribution with periodically modulated Rabi frequency
Q, =Q, cos(nx/d). Here d is the spatial period of the intensity distribution which de-

pends on the angle between two intersecting beams. Thus, by changing the angle you
can smoothly manipulate the period of the intensity distribution.

\ Gate voltage
G

Talbot distande
—
Talbot
half-distance

Coupled QDs

ensemble

Figure 5. A possible scheme for Talbot effect’s formation from vertically coupled QDs ensemble.
Two coupling beams interfere with each other by forming intensity distribution with periodically
modulated Rabi frequency. Probe field passing through vertically coupled QDs system diffracts
and forms Talbot carpet.

In the proceeding calculations, we will use the following notation: T',, T', - the
spontaneous decay rates (lifetime broadening linewidth) from the |1) and |3) states re-
spectively; &, = ®, +®,, - the differences between the probe field frequency and the fre-
quency of the excited state transition; 3, = ®, —,, - the frequency difference between
the coupling field and a related transition. Here o, is the angular frequency of the probe
field, ®, the angular frequency of the coupling field, 7, is the electron tunneling matrix
element from the first QD to the second one, ®, and ,, are the angular frequencies
that correspond to the transitions |0) <> |1) and |2) <> |3), respectively. The latter fre-
quencies are defined by the difference of the energy states o, = E, - E;, at the same time
®,,, as well as 7,, can be tuned by the external electric field.

The interaction Hamiltonian in the matrix form between the vertically coupled QD
system and the external electromagnetic fields in the electric-dipole and rotating-wave
approximations have the following form [35,36]:

0 Qe 0 0
* 08,1 i)t
H = -Qle 0' Te 0 | (16)
0 ]-veeﬂmul O _chﬂﬁtl
0 0 Qe 0

c

As the next step, the standard density-matrix approach has been applied, in order
to obtain the dynamics of the whole system. For the description of the time evolution of
the system the following equations for the density matrix elements have been attained:
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The electric complex susceptibility y is proportional to the coherence term p,, that,
in the case of §, =, =0 and §, =0, can be presented in the following form [21]:
N|u|2 N|u|2 i€, cos’ (mx/d)

L= 2he,Q2, Pro = 2he, T,I7+T Q) cos® (mx/d)’

(18)

where N is the density number of the QD ensemble. As it is known the real and imagi-
nary parts of electric susceptibility can define nonlinear changes in the refractive index
and absorption coefficient of the medium, respectively:

2

o =1 Rey, (19)
€,C
321

o, =L2O)Imx. (20)
€,C

Let us investigate the nonlinear changes in refractive index and absorption spec-
trum for different values of the tunneling parameters of the vertically coupled QDs en-
semble.

Figures 6a and 6b show the dependences of the ) complex electric susceptibility’s

real On and imaginary o, parts, respectively, on 3, for 7, =0 (solid red line), 7, = 0.5T
(blue dashed line), and 7, =T" (black dotted line) when T',=T,=T , Q_ =0.5T ,
Q,=04I" and 5, =0. We would like to highlight that Q_, Q , 5, and 7, are scaled to
I'. It is clear that when there is no tunneling effect (7, =0, solid red line in both a) and
b)) excited electron is not able to pass from the left QD to the right one.
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Figure 6. Nonlinear changes of the refractive index On (a) and absorption coefficient o, (b) of the

vertically coupled cylindrical QDs medium as a function of & » / r.

3.3. Tunneling-induced Talbot effect

Taking into account the fact that the electric susceptibility of the medium (QD en-
semble) is periodically modulated along the x direction, the refractive index will be
modulated as well. And the probe field passing through the system will be diffracted by
the medium that has periodically modulated refractive indices and form the Talbot car-
pet in the near field. Thus, the output probe field will have the periodic structure with
the following form [21] which is explicitly dependent on the tunneling parameter:

_kafo cos’ (mx / d)L j
Fﬂ:z +FZQf0 cos’(mx / d)

],_(Z=L)=]02 exp[ (21)

where L is the length of the QDs medium and /; is the constant amplitude of the input

probe beam. The visibility of the intensity pattern of the output probe beam can be ex-
pressed [21]:

y_ 1—exp(—k LQY /(C,T" +T,Q))
L+exp(—k LQ) /(T,T7 +T,Q))

(22)

QD system serves as a diffraction grating for the probe beam, which at the Z distance
from the surface of the system has a distribution of the following form:

*Z 4 _ 2
- (X,L)exp{ikp M}dx, 23)

v (X,Z)=
" N 27

where X and x are the coordinates in the observation plane and object. Because of the
periodical behavior of x (15), the Equation (19) can be written in the following way [37]:

o A n’Z
\;/F(X,Z)ocZ:C”exp{—i7t o }exp{izn;X}. (24)

C, is the Fourier coefficient. Talbot planes which are self-imaging planes of the output

probe beam are situated at Z, = 2md? /X ,» where m=1,2,... is an integer number. The

Talbot images at fractional Talbot distances are shifted by half period compared to the
Talbot planes. For our system, the Talbot distance was estimated to be around
Z, =10mm .

As the next step, we observed the influence of the tunneling effect on the Talbot ef-
fect generation in our system. Firstly, the visibility of the formed periodically modulated
intensity pattern can be investigated from Equation 19. In Figure 7a we have plotted the
formed periodic intensity pattern’s visibility as a function of medium length L for differ-
ent values of Q. =0.25T", 0.5I', 0.75I', " in case of I', =T, =T and 7, =T . It has be-
come clear that with higher values of the coupling field’s strength Q. the visibility

reaches its max value of 1 faster. And Figure 7a allows the estimation of the optimal pa-
rameters for the medium length for obtaining a more visible Talbot effect.
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Figure 7. The dependences of the formed periodic wave front’s visibility on medium length L (a)
and coupling field’s strength Q /T (b) for different values of Q =0.25T, 0.5T,0.75I, T and
L =10pm, 20pm, 30pm, 40pum for the case of I' =T, =T and T, =TI'. The dependences of the visibil-

ity on tunneling parameter 7, /T’ can be seen in the left inset.

It is obvious from (19) that the visibility of the intensity pattern at the output of the
ensemble being dependent on the tunneling parameter decreases with its greater values.
The dependence of the visibility on the tunneling parameter can be seen in the inset of
Figure 7a. It shows that the tunneling effect combined with the unit value of visibility
induces the periodic pattern for the probe field. Nevertheless, as inferred from Equation
19, increasing the tunneling parameter causes the produced periodic waveform to be-
come less visible. The induced periodic waveform has the highest value of visibility be-
cause small values of the tunneling parameter result in exactly zero values for the ab-
sorption at the coupling field's distribution nodes and absorption peaks at its anti-nodes.
Furthermore, raising the tunneling parameter's value causes the tunneling-induced
transparency to have wider line widths, which reduces the output probe field's visibility.

The visibility was plotted also as a function of the coupling field’s strength (Figure
7b) for different values of medium length L =10um, 20pm, 30um, 40um in the case of
I'=T,=Tand T,=T". A high visibility periodic pattern may be resulted by increasing
the coupling field’s strength. Figure 7b confirms this behavior for the pattern visibility. It
is shown that by adjusting the following parameters: medium length L, the tunneling
parameter, and the coupling field's strength; it is possible to obtain a high-resolution pe-
riodic pattern with a reduced period step whose visibility is entirely controlled.

3.4. Observation of Talbot carpet

For achieving Talbot carpet from a medium obtained from a cylindrical coupled QD
ensemble the tunneling-induced transparency occurs (see Figure 7b). As the coupling
field has periodical intensity distribution the absorption of the medium as a whole will
also have a periodical character. Thus, the probe field passing through the tunneling-
induced periodically transparent medium will be diffracted and a Talbot carpet will be
formed at the near field (Figure 8). Taking into account that for the realization of inter-
band transitions in Inds/GaAs (see Section 2) the wavelength of the field should be near
2700nm we will use a resonant probe field. For further calculations, the period of the pe-
riodically modulated coupling field d was assumed 50um which defines the Talbot dis-
tance near 11mm deriving from the Z, =2m dz/kp expression. The simulation showed

that in the case where the tunneling effect 7, = 0 is absent the Talbot carpet was not ob-
served. Thus, the carpet is simulated in the case of the maximum value of the tunneling
parameter 7, =T (Figure 8). In the figure, we clearly can see the Talbot images at Talbot
half-distances. Moreover, we can discern the revivals of Talbot sub-images shifted with
doubled, tripled, and quadrupled frequencies in Figure 8 at Z,/2 ,Z,/3, Z, /4 distanc-
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es. It is shown that revivals at half-distances exhibit phase shifts which are typical for the
Talbot phenomenon.

We have plotted the diffracted field’s three-dimensional amplitude and intensity
distributions (blue and orange curvatures in Figure 9, respectively) from the coupling
field’s strength Q_, /T for a more precise investigation of the probe field and its diffrac-
tion pattern at Talbot half-distance Z, /2. The medium length is assumed L =25um and
the tunneling parameter has the maximum value 7 =T. The diffracted field’s ampli-
tude/intensity distribution shows that with the decrease of the coupling field’s strength
parameter the diffraction from the system disappears. Note, that the amplitude and in-
tensity plotted in Figure 9 do not reach the minimum and maximum values on the verti-
cal axes and a small gap exists. It means that the contrast of the carpet is not 100%.

Z (mm) 0

0257, 0.5, 0.75Z; 1Z,

Figure 8. The formation of Talbot carpet from vertically coupled cylindrical QDs ensemble for the
maximum value of tunneling parameter 7 =T and d =50um, Z, =10mm .

B v, (x.2)|/E,(0) T =T
2 L=25um
v, (x.2) /E, (0) Z=z,$2

Figure 9. The amplitude and intensity distribution (blue and orange curvatures) of diffraction field
at Talbot half-distance Z,/2 for L =25um, T, =T .

4. Conclusions
Summarizing all above-mentioned, the Talbot effect was shown in a Inds/Gads

vertically coupled cylindrical QD ensemble illuminated by the probe and periodically
modulated coupling fields. The coupled QDs were modeled using the double MPTP,
this model has made it possible to control the depth, the width and the interdot distance.
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The exciton states were considered in these systems in the presence of an external elec-
tric field. The nonlinear refractive index changes and the nonlinear absorption coeffi-
cients were calculated for different values of the tunneling parameters. The exciton life-
time and tunneling time are calculated directly: exciton lifetime lies in the ns range,
while the tunneling time is in the ps range. The exciton lifetime’s dependence on the
half-width of the first QD displayed a linear growth, while tunneling time’s dependence
on the same parameter exhibited an exponential decrease. Note, that dependence of the
tunneling time on the electric field had a clear exp(—1/F,) form.

The influence of the tunneling on Talbot effect formation was observed in our sys-
tem. It was shown that the tunneling effect combined with the unit value of visibility in-
duced the periodic pattern of the probe field. Nevertheless, increasing the tunneling pa-
rameter caused the periodic waveform to become less visible. The induced periodic
waveform had the highest value of visibility because small values of the tunneling pa-
rameter resulted in exactly zero values for the absorption at the coupling field's distribu-
tion nodes and absorption peaks at its anti-nodes. Furthermore, raising the tunneling
parameter's value caused the tunneling-induced transparency to have wider line widths,
which reduced the output probe field's visibility.

It became clear that by adjusting the QDs ensemble medium length, tunneling pa-
rameter, and coupling field's strength, we may offer a high-resolution periodic pattern
with a reduced period step whose visibility was completely controllable.
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