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Chapter 1

Introduction

Studies related to the effects of an electromagnetic field on quantum nanostructures
under the influence of static external fields - electric or magnetic - are a field of considerable
scientific interest. The interaction of external fields with electrons in quantum
heterostructures has led to the emergence of interesting and potentially beneficial effects,
such as phenomena of nonlinear optics, electromagnetically induced transparency, the Stark
effect of quantum confinement, etc. The interest lies in the fact that by choosing the size,
shape and constituent materials it is possible to modulate and optimize the optical properties,
allowing their use in devices such as LEDs, detectors, lasers, modulators and optical
switches.

The design of these devices requires different properties of quantum heterostructures
to be studied, such as: refractive index, optical absorption coefficient, probabilities of
transition between bands, Stark displacement, etc. On the other hand, it is convenient to
modify the properties by external disturbances, so as to obtain nanostructures with operating
frequencies required in practical applications and the presence of static fields, -electric and
magnetic-, pressure and temperature change or the action of a laser radiation of high -
intensity offer this possibility. Moreover, during the growth process it is possible,
intentionally or unintentionally, to add impurities to nanostructures, significantly affecting
the optical and transport properties and leading to new transitions in optoelectronic devices.

This brief exposition of the possibility of using nanostructures in light detection,
emission and absorption devices, a possibility based on their remarkable optical properties,
motivates the choice of the topic and objectives of the thesis. From the wide range of systems
studied in the literature, two types of nanostructures are promising for high-performance
semiconductor devices. These are (i) quantum rings (QRs) with or without impurities and (i1)
self-assembled quantum dots (QDs) from III-V semiconductors and their alloys.

In this thesis, theoretical studies on these particular cases of nanostructures and
specific characteristics induced by external disturbances are presented. Thus, we investigated
the possibility of inducing optical transparency in semiparabolic quantum wells and in GaAs
quantum rings in the presence of a control and a sample laser. The phenomenon creating a
spectral region of transparency inside a sample radiation absorption line, due to a destructive
quantum interference resulting from two transitions in a three-level system. The analysis of
some external fields effects and of the presence of a donor impurity on the position and
width of the transparency window and of the group speed in nanostructures is of special
interest.

The modification of the optical properties of semiconductor heterostructures in
response to the application of an electric fields application consists of shifts of the spectral
lines towards higher or lower energies and the modification of the intensity of the absorption
maximums.

Interesting effects occur in asymmetric quantum structures, with structural asymmetry
generated either by the presence of impurities (e.g., a noncentric donor in a concentric QR),
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or from the geometry of the confinement potential, as in self-assembled quantum dots with
residual layer. In such structures -studied in the thesis- the applied electric field can change
the asymmetry of the potential. As a result, the energy spectrum and wave functions
associated with the electrons depend significantly on the direction of the field (due to the
polarization of the field-induced spatial charge distribution) and high values can be obtained
for second-order nonlinear susceptibility.

Because it can be applied experimentally in a well-controlled way, the magnetic field
is an interesting tool to control and modulate the output intensity of optoelectronic devices.
Many studies have been reported on electronic properties, as well as on linear and nonlinear
optical absorption of QDs induced by external magnetic fields.

However, the effect of applying a magnetic field on the electronic structure of a donor
impurity and the associated optical transitions in QR and QD self-assembled with residual
layer is little investigated and the thesis presented completes the studies related to this topic.

As objectives, this paper aims to study:

e clectronic and optical properties of zero-dimensional nanostructures - quantum
rings and self-assembled quantum dots with residual layer.

e the possibility of adjusting them by an adequate modification of the external fields-
electric, magnetic, non-resonant laser radiation of high intensity - but also by the
asymmetry of the confinement potential, obtained by geometry or by the presence
and the position of impurity atoms.

The doctoral thesis entitled "OPTICAL AND ELECTRONIC PHENOMENA IN
SEMICONDUCTOR NANOSTRUCTURES" comprises seven chapters.

The first chapter entitled '"Introduction" briefly describes the importance of
nanostructures studied from the point of view of fundamental physics, but also the possibility
of their use in the construction of opto-electronic devices. The research objectives and the
structure of the doctoral thesis are also presented.

Chapter 2 entitled "Electronic states in nanostructures. General theoretical
framework" presents general aspects and a synthesis of the results recently published in the
literature on the structure and properties of investigated nanostructures. The main theoretical
notions that allow the modeling of the behavior of semiconductor quantum systems are
presented: the theory of effective mass, the theory of optical absorption, numerical methods
for solving the Schrodinger equation for zero-dimensional structures under the action of
external perturbations. The last part of the chapter contains a study of literature related to
electro-optical phenomena in nanostructures, focusing on the phenomenon of
electromagnetically induced transparency and the description of the behavior of quantum
rings in GaAs / AlGaAs and self-assembled quantum points in InAs / GaAs in electric fields
and magnetic fields.

The following four chapters constitute the original contributions to the chosen field, namely:

Chapter 3 entitled "Effects of electric, magnetic and intense laser fields on the
electromagnetically induced transparency in a semi-parabolic quantum well" describe
the achievement of an optimum of the characteristics of induced transparency through an
appropriate choice of applied external fields.
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Chapter 4 entitled "Magnetic field control of absorption coefficient and group
index in an impurity doped quantum disc'studies the electronic properties and optical
characteristics - absorption coefficient, refractive index and group index - for a disk quantum
with a hydrogen impurity under the action of a magnetic field.

Chapter 5 entitled "Stark shift and oscillator strenghts in a GaAs quantum ring
with off-center donor impurity " presents a theoretical study of the Stark effect in a GaAs
quantum ring under the action of a radial electric field. The results obtained in the
approximation of the effective mass show that for moderate electric field intensities, Stark
displacement is linearly dependent on electric field strength, while oscillator strength
associated with optical transitions is strongly dependent on incident light polarization and
impurity position.

Chapter 6 entitled '""Magnetic-field dependence of the impurity states in a dome-
shaped quantum dot" studies the electronic states associated with a donor impurity and the
corresponding transition energies at a quantum point in InAs / GaAs coupled with a residual
layer under the action of a magnetic field.

Chapter 7 entitled "Optical non-linearities associated to hydrogenic impurities in
InAs/GaAs self-assembled quantum dots under applied electric fields" describes the
effects of a hydrogen impurity on nonlinear optical processes at a quantum point with
residual layer of InAs / GaAs, under the action an electric field applied perpendicular to the
residual layer.

Each of chapters 3-7 concludes with conclusions, which point out the elements of
originality of the thesis.

The paper ends with the chapter in which the main Conclusions and perspectives are
highlighted as well as the List of publications - results of the research carried out during the
doctoral studies.

Chapter 2

Electronic states in nanostructures.
General theoretical framework

Chapter 2 presents general aspects and a synthesis of the results recently published in
the literature on the structure and properties of investigated nanostructures. The main
theoretical notions that allow the modeling of the behavior of semiconductor quantum
systems are presented: the theory of effective mass, the theory of optical absorption,
numerical methods for solving the Schrodinger equation for zero-dimensional structures
under the action of external perturbations. The last part of the chapter contains a study of
literature related to electro-optical phenomena in nanostructures, focusing on the
phenomenon of electromagnetically induced transparency and the description of the behavior
of quantum rings in GaAs / AlGaAs and self-assembled quantum points in InAs / GaAs in
electric fields and magnetic fields.
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2.7. Electro-optical phenomena in nanostructures-literature study

In recent years, quantum coherence and interference phenomena, such as coherent electron
population control [55], terahertz emission [56] and electromagnetically induced
transparency (EIT) [57] have attracted a great deal of interest both in the field of practical
applications and related to theoretical research.

2.7.1. Electromagnetically Induced Transparency (EIT)

EIT is one of the most interesting effects of quantum optics, as it allows a coherent control of
the optical properties of materials. In this effect, an opaque environment with three levels -
atoms or nanostructures - subjected to a pair of laser, sample and control fields, may have
low absorption windows (even zero) and a slowing down of the group speed of the laser
sample [ 61]. The EIT phenomenon usually involves a three-tier system, with two dipole
transitions allowed and a third forbidden. In general, depending on the transitions allowed or
prohibited, the three-tier structure in which the EIT appears can be of the lambda scale (A), L
(L- "ladder") or V scale (Figure 2.14.)

1
3 ; LT
3} ’ o ._\c Ay _Z
i

.

: -\ dipole
“ forbidden

Figura 2.14 Three-level system for the emergence of the EIT: a) type A configuration;
b) L-type configuration, c) V-type configuration [62]

QWs and QDs are excellent candidates for EIT investigation because they have
discrete energy levels (like atoms) and in addition have the advantage of high values for
nonlinear optical coefficients and dipole moments associated with intersband transitions. In
these structures the energy levels and symmetry of the wave functions and, consequently, the
transition frequency range and the absorption profile, can be conveniently modified in a wide
range, which makes these structures interesting for practical applications. Consequently,
theoretical and experimental studies on EIT in semiconductor nanostructures have been of
constant interest in recent years.

The application of external fields offers the possibility of a convenient and efficient
control of the characteristic sizes of the EIT (position and width of the transparency window,
group speed).

Selective bibliography

[61] K.J. Boller, A. Imamolu, S. Harris, “Observation of electromagnetically induced transparency*,
Phys. Rev. Lett. 66 (1991) 2593-2596.
[62] M.D. Lukin, A. Imamoglu, “Controlling photons using electromagnetically induced
transparency “,Nature 413, 273 (2001)

10
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Chapter 3

Effects of electric, magnetic and intense laser fields on the
electromagnetically induced transparency
in a semi-parabolic quantum well

3.1. Introduction

In the present chapter we investigate the electromagnetically induced transparency in a
GaAs/Al0.3Ga0.7As semi-parabolic quantum well subjected to external electric, magnetic
and non-resonant intense laser fields.

3.2. Theory

3.2.1. Semi-parabolic QW under electric , magnetic and non-resonant intense laser fields.

We consider a GaAs semi-parabolic QW grown along the z-direction, embedded between
Al0.3Ga0.7As barriers of height V) (in the regions z < 0 and z > L ). The heterostructure is
submitted to the joint action of electric and/or magnetic fields and an intense laser radiation.
According to the effective mass theory, in the absence of the laser field, the Hamiltonian for
the confined electron in the structure can be written as:

ﬁ+eglz+V(z)+er. 3.1
(p+ed)

1
H= -
2m
The first term of the Hamiltonian is the kinetic term of the electron under the influence

of the magnetic field B ,m is the electron effective mass, e is the elementary charge, p is

the electron momentum operator and F is the amplitude of the electric field oriented along the
growth direction. V' (z) is the semi-parabolic potential:

Vs zs0uwz=L
V(z) { (3.2)

2/ 0O<z<L
Taking the magnetic field parallel with the x direction, B=Bx" , and using the

nonsymmetric gauge A=-Bzj , the Hamiltonian in the z direction reduces to:
2 2 2p2_ 2
=" *6—2+V(z)+e Bz
2m Oz
In order to consider the effects of a non-resonant laser field (NLF), represented by a
monochromatic plane wave which is linearly polarized along z-axis, we use the Floquet method.
In the high-frequency limit [26-28] the electron “sees” a laser-dressed confinement potential,

+eFz. (3.3)

27[/(1)L

V. (z,0,)= j zralt (3.4)
where
e*B*z?
S (0)=r () 69
eA()L .

alt)=agsin(w; ¢)describes the motion of the electron in the laser field and o = is

m*w L
the laser-dressing parameter [26]. Here o, and Ay is the angular frequency and the vector
potential amplitude of NLF. The dressed potential has the analytical expression [29]:

11
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2 2

V0+ . (z +a0/2) z<-ogUz=L+ay
2
Vo e 5’ ( +oc0/2)+V—arccos( z ](1—(22+0€%/2)/L2)+ o \IO‘(z)_Z2
> 2
2 2m* T o 2nL
—og<z<ag
v, "(ZO(. ): VO e’ B
eff =20 ( +0c0/2) og<z<L-ag
L2 2m*
2np2
[Vg +€°2 B J(22+a%/2)+ﬁarccos(L J( (Z +0€0/2)/L2)
L 2m* T Qo
_V_OZ(L”Z) ad —(L-z) L-ag<z<L+og
nL 2
(3.6)

3.2.2 EIT in a three-level system

37 A==,

Figure 2.1. Three energy levels in E-configuration for

EIT occurrence
The interaction Hamiltonian is:
Hini (t) = —¢fi-E. (3.8)
with [ the electric dipole moment operator and E the electric field amplitude of the applied
B, E E
laser pulses: E(F,t)= £ exp(m) t)+ exp( iwpt)]+7c[exp(i(oct)+ exp(— iwct)]. (3.9)

In the rotating-wave approximation [30], we can represent the Hamiltonian of the threelevel
E-system interacting with the applied laser pulses as:

0 Q, 0
H=-1Q, -A, Q, . (3.10)

0 Q. —(A,+A.)

where Qp and Qc are half of the Rabi frequencies [30] and are defined as:

QR eu E R
Q=2 -M2p g 2 _cnle (3.11)
L) 2h 2 2h

where L1 and py3 are the dipole moment matrix elements associated with the transition driven
by the probe laser and the control laser,respectively.
The susceptibility of the three-level system, related to the probe field, is [1, 24]:

12
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2 .2 .
_ Ne“pijp —d+iy3)
Soh Qg +(Y21 +iApX'Y3l +16)
where N is the density of the 3-level system and 6 = Ap + Ac . The real and imaginary parts of
the susceptibility are:

(3.12)

fm(y) = Neuiy Yzl(Y§1 +52)+ 13190 (3.13)
€of (Qg +Y21Y31 _APS)Z +(ApY31 +5Y21)2

Re(x)= Nezplzz S(APB—Qg )+ Apygl | G.14)
€l (Qg +Y21731 —Ap5)2 +(ApY31 +5Y21)2

The probe laser induces the complex susceptibility that gives rise to a complex
refraction index [24]:

(7 (@) + ix(0))? = n7 +x(0) (3.15)
where n, is the static refractive index of the material and the real and imaginary parts read as:
2 \/ ( 2 )Z 2
ny = \/nr +Re(x)+ln +Re(y)] +Im(y) e Im(y) . (3.16)
2 2l’lT

The absorption coefficient is related to the imaginary part of the susceptibility [30]:

2,2 2 2 2
o) = 20k _ olm(y) _ oNeui, Yzl(Y31 +9 )+ 3182 (3.17)
¢ o sofieny (Qg +721731 —Ap5)2 +(ApY31 +5Y21)2

3.3 Results and discussion

The parameters used in our calculations are:
V, =228 meV, L=25nm [29], m*=0.067m, [29] (where my, is the mass of a free electron),

N=3x1022 m™>, n =3.55 [29], y3; =75y =5x10' ' Hz [24].

3.3.1 Electronic properties

In Figure 3.2 a we represented the dressed potential of the semi-parabolic quantum well in the
presence of the electric, magnetic and intense laser fields. We observe that for a positive oriented
electric field the effective width of the QW is decreased and the right and left barrier are
increased/decreased. The applied magnetic field determines a stronger decrement of the well width
than the electric field and an increment of the left and right barriers that take now a parabolic form.
The effect of the non-resonant laser is to increase the width of the upper part of the dressed potential
and the minimum value of the potential, while the width of the bottom part decreases.

The displacement of the potential well toward higher values induced by the NLF leads
to the increment of all levels of energy but also the levels get closer. Therefore the transitions
energies are reduced with NLF strengthening. Thus the effect of the electric and magnetic
fields is to increase the transition energies for low values of the NLF parameter. At larger
values of this parameter the enlargement of the well induced by the NLF compensates the
narrowing produced by the electric or magnetic fields and the energy is decreased.

13
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Figura 3.2 a) The potential of the semi-parabolic QW and b) the transition energy E21 as function of
the laser parameter o0 for different values of the external fields

The transition moments are represented in Figure 3.3 function of the laser parameter
for different values of the electric and magnetic fields.

In Figure 3.3 a we observe that the moments for 1— 2 and 2 —3 transitions increase
with the NLF strengthening. The electric and magnetic fields clearly influence their values,
the magnetic field having a stronger influence. The moments for the 1—3 transition are very
low in comparison with ;5,13 and can be made practically zero with the proper choice of

the external fields as can be seen in Figure 3.3 b.

40 ¥ T T T T 1 .2 T T T T
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35F ——B=0,F=10 kVicm 5
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Figure 3.3 a) The transition moments and b) },t123 as function of the laser parameter oy for different

1-23 transihon

P —r

a, (nm)
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values of the external field
3.2 Optical properties

We represented the absorption coefficient (AC) and the refraction index (RI) as a function of
the probe laser frequency o p in Figs. 4-7 for different values of the external fields.

20 T
—1_=107 Wim® a) —1,=10" Wim® b)
_'5103 Wim® e 6 —1=10" Wim®
15f —1.=10"" wim® 2| —1=10 Wi
= .-_-.|c=5x1o‘° Wim* E 5 —I“_=.'5:=1IJ“JW;’m2
© o
E c
w10 E=
< o
= g
— =
= | £
5 / (="
J/ 2
U "

13
o (10" Hz
mp(l()” Hz) p 2)

Figura 3.4. a) The absorption and b) the refraction index as function of the probe frequency at four
values of the control laser intensity.
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As can be seen in Figure 3.4 a, at low intensity of the control laser ( [ c=107 W/m? or
lower) the absorption has a Lorentzian profile with maximum at o, = w,; if A. =0, 6 = Ap , so
the transparency cannot be induced. The refraction index has a negative slope (anomalous
dispersion) in the narrow region centered on m, = my; (see Fig. 3.4b). At larger intensities, the

absorption presents two unequal maxima and a minimum at ®, = o if the following
condition is fulfilled [20, 24]:

0 > Y31V731 (3.18)

C
VY21 +2731

2 2 2
. L eoen, B 2h"egcen, L2
The control laser intensity is related to Qc by [I.= 0=rZe 0="r>%¢

2 2
€ H23
However, we observe that even at /. =5x10"" W/m” the transparency is still not perfect, the

absorption having a residual value. At I, =5x10'"" W/m” we can say that the transparency is

quite good, because in this case, the condition of EIT occurrence o, SIO_SamaX is

respected [18].
In Figure 3.5 we depicted the AC and RI for three values of the NLF parameter o, in
the absence of the electric and magnetic fields.

%=0 _”"0=0 _ao=5 nm _a.0=10 nm

J— (10=5 nm

I

a(10° m™)
o %] Ey
%ﬁ
?-(
1))
Refraction index
=

4 <] 8 10 4 6 8 10
mp(lo13 Hz) mp(10‘3ﬂz)
Figure 3.5. a) The absorption and b) the refraction index as function of the probe frequency for three
values of the NLF parameter, at B=0 and F=0.
Some effects are noticeable in Figure 3.5 at the augment of o,: 1) the AC and RI peaks
increase due to the p;, increment; ii) the TW value increases according to the 3 raise that
induces the augment of €); iii) the TW goes first to higher probe frequencies at o. Note that

omin decreases at the increment of ), thus the condition o, S10_30Lmax is always

respected.

In Figure 3.6 we illustrated AC and RI at different values of the electric field in the
presence of ILF, but in the absence of the magnetic field.

We observe that the width of the transparency windows is almost constant because L3
remains quasi-constant for this particular choice of external fields, but is blue-shifted at the
electric field strengthening due to the raise of the transitions energy E>;

In order to see the influence of the magnetic field on the EIT characteristics we
represented in Figure 3.7 the AC and RI at different values of the magnetic field for the NLF

parameter oy =5 nm.
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Figure 3.6 a)The absorption and b) the refraction index as function of the probe frequency for three
values of the electric field for ay=5 nm and B=0.
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Figure 3.7. a) The absorption and b) the refraction index as function of the probe frequency for two
values of the magnetic field and 0y=5 nm.

Analyzing Figure 3.7, we notice that: (i) the electric field was absent for the blue and
green curves but was set to F=20 kV/cm for the red curve because for this choice of
parameters py3 = 0.015nm, favoring the EIT occurrence in the semi-parabolic well; (ii) the

most interesting effect is the blueshift of the transparency windows caused by the E»;
increment with B. (iii) the peaks magnitude and TW width are almost constant for F or B
variation at a ¢ =5 nm. The transparency window width will be strongly increased (decreased)
by the augment (diminution) of the NLF intensity.

3.4. Conclusions

Our main findings are: 1) the EIT occurs in the system in all cases but it is advantaged by a
proper choice of the external fields; ii) the increase of the non-resonant laser intensity strongly
enlarges the transparency window width; ii1) the transparency window for absorption of the
probe laser is blue-shifted by the augment of the electric or magnetic field strength. iiii) The
system allows a rather large transparency window at rather low.
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Chapter 4

Magnetic field control of absorption coefficient and
group index in an impurity doped quantum disc

The results presented in this chapter were published in "The European Physical Journal B"
(2017),) DOI: 10.1140 / epjb / e2017-80138-0

4.1 Introduction

The electronic properties and optical characteristics - absorption coefficient, refractive index
and group index - in an impurity doped pseudoharmonic quantum disc subjected to an applied
magnetic field are investigated.

This work is devoted to a theoretical study of the optical properties in a doped GaAs PHQD
related to the occurrence of the electromagnetically induced transparency (EIT) phenomenon.

4.2. Theory

We consider an electron in the conduction band in a QR with inner, outer radius (R; (R,))
and height L., under the simultaneous action of the Coulomb attraction due to an ionized

donor and a magnetic field parallel to the z axis. For an almost plane QR, for which the
condition is met, we can use the adiabatic approximation and decouple the motion along the z
axis from that in the xy plane. In this case, the main characteristics of the spectrum are
essentially determined by the confinement in the xy plane. The confinement potential, which
combines the parabolic and inverse quadratic potential functions, is represented in Figure 4.1

in the presence of a donor impurity for different values of the magnetic field.
Energy (meV)

A
— BT
r — BST

— B=I5T,
30 B=20

30 20 o 1\ , 20 -pat
,50_

Figure 4.1 The confinement potential energy along x-direction (including the Coulomb interaction) in
a GaAs PHQD for different magnetic field strengths. Results are for A = 2, wy = 20 THz and the

impurity placed in xqg =hk/m*og .

Using polar coordinates (r,(p) and the Coulomb gauge A = (O,Br/ 2) , the Hamiltonian
H takes the form [8,42]:

(o 1o 1% a2 1 [ o (eB
Hy=- —t——t |+ —+—m* o+
2m*| g2 ror g2 op* ) 2m*yp2 2 2m*

2
j ]rz +%LZ (4.4),

eB . .
where . :—*the cyclotron frequency and Lz is the orbital angular momentum operator
m

along the z-direction. In the absence of the impurity, eigenstates of the corresponding
Schrodinger equation can be exactly described via analytical expressions [8, 42]:
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\ng(r’(P): Nym énj;(r)eim(p’ (4.5)

where N,,,, is normalization constant and m = 0, +1, £2, ... is the magnetic quantum number .

The radial function &,,, (r) is given by:

e (r)=rim o’ L(tm +1/2)(r2 / n2)- 4.6)

where N =,i/m*Q with Q= m0+[ ij (oo+oo2/2 :1/2+\/7L2+m2 and

Lgm +1/2) is the generalized Laguerre polynomial of order n.

The eigenvalues of Hamiltonian Hj have the following expression [8, 42]:
EY, =(2n+1+\/73 +m2th+mh0)c (4.7)

The eigenfunctions of the equation:

e2

Hy-——— [¥(7)= E¥(F) (4.8)
4n808,,|r —rl-|

can be expanded as a linear combination of the eigenfunctions of Hamiltonian H:
\Ij(r’ (p) = 2. Com¥m (7’, (P) ’ 4.9)
n,m

At low magnetic fields there are some particular values of B for which the highest
energy state ||3> has a nonzero coupling dipole moment to both H and |2> states, whereas the
transition 1 — 2 is a dipole-forbidden one. These characteristics define a three-level system in
a A-type configuration, shown in Figure 4.2 a.

For high magnetic fields (B> 10 T), 1 - 2 and 2 — 3 are dipole-allowed transitions while
1 — 3 s a dipole-forbidden one, thus deﬁmng an L-type configuration (shown in Figure.4. 2b).

------ dipole
forbidden

/'/— ‘\:\“

Lipi, =28 N
i1 dipole ¥ > 3
forbidden X i I
h 7

\\ /

. -~

Figure 4.2. Three-level system for EIT occurrence: (a) A-type configuration and (b) L-type
configuration. Closed in dashed circles are the corresponding dressed states

The susceptibility of the three-level system related to the probe field is given through
the matrix element p,; = pikp [46]:
_2Npp1 Byl
g0k, ’

where N is the electron density of the system. Consequently, the susceptibility of the three-
level system in the A-configuration is given by [50]:

(4.15)
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A _Nu3 (A, A Jriva
2 . . ’
Soh Qc +(’Y31 +lAp)(’Y21 +l(Ap _Ac))
where y,, andy,, are the spontaneous decay rates for the transition driven by the probe field

and the dipole forbidden transition, respectively.
For the L-configuration, the susceptibility can be written as [41]:

L_ Nuj 8y A )riva

80h Qg +(’Y21 +iAp)<Y3l +i<Ap +AC))
For the probe radiation, the refractive index and the absorption coefficient are obtained from x [49] as:

nr2 +Re(y)+ \/ (nrz + Re(x))z + Im(X)2
2

(4.16)

(4.17)

nr =

4.21)

®

and a(o,)=—"Imy(o,) (4.22)
cn,

respectively, where n, is the static refractive index of the material. The group velocity v, of

the probe light pulse is found [51] using the definition:

= 4.23
CR (423)
r\Fp P do,
and the group index ng is given by:
d
ng =——=np(0)+o="L (4.24)
Vg do

4.3 Results and discussion
The physical parameters used for the numerical computation for a typical GaAs PHQD [41]
are N=3-10%1, Y21 =731 =3-10'" Hz and the relative dielectric constant = 12.85. The

values for the potential parameters were taken as 3 =4 and oy =20 THz.

Figure 4.5 presents the optical characteristics versus the probe frequency for different
Qc values when B =2 T (A type configuration) and zero control field detuning.

: (a) ' Ty ()
8r 7 1x 5f ¥ ]
—_— " @
) " o
& 6f : 15
i ¥ 2
x4 18
& 5
1
300 3.05 310 315 320 325 300 3.05 3.0 3.5 320 325
wp (x10" Hz) wp (x10" Hz)
— L i o c
T o0f—edi /\M.[].M.&_ (©)
28 oo : - Figure 4.5. Optical characteristics for A-type system: (a)
E -0.1 ; ':: absorption coefficient, (b) refractive index and (c) group
= 0. ' :5 index versus the probe frequency for B = 2 T and different
%‘ ' : Qc values: Qc =0 (black - thick dashed), Q. = 0.7 x 1011
G 0.4l ' ] Hz (brown - thick), Q. = 3 x 1011 Hz (blue - thin), Q. c=7

x 1011 Hz (red - dotted) and Q. = 1012 Hz (green - thin

3.00 3.05 3.10 3.15 320 3.25 dashed). The results are for A, = 0.

w, (x10" Hz)
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Figure 4.6 shows the same physical parameters as in Figure 4.5 but for B =20 T (L-
configuration).

35¢ T ' @ 7
_30f o 13 6
e 25} 12 5¢
o 20} g 4p=
% 15} 33
= 10} 1% 2}
5t % 1
268 270 272 274 276 278 268 270 272 274 276 278
wp (x107 Hz) wp (x10" Hz)
© 00 . . .
x Figure 4.6 Optical characteristics for L-type
= 01 system: (a) absorption coefficient, (b) refractive
2 index and (c) group index versus the probe
E_ _0.2 frequency for B = 20 T and different values of
3 control. 1, = 0 (black ) , 1, = 1.3 x 10° W/m’ (thin ),
&5 -03 I; = 2.5x 10" W/m’ (albastru ), I, = 1.3 x 10° W/m’
(red ) si Is =2.7 x 10° W/m’ (green ). The results

268 2.70 2.72 274 278 278 are for A, =0,
wp (x10™ Hz)

However, by analyzing Figures 4.5 and 4.6 some particular characteristics can be
emphasized: (i) the peak values of AC, mainly determined by the product ©,; - uzpl , are

obviously increased for the L-configuration despite of the slighter values of E;, transition energy.
This is because, accordingly to the comments in Figure 4.3, w,;(B =207T)> u3,(B = 2T);(ii) for

L-type system, AC curves are lesser sensitive to the control laser intensity. For example, when Ic
= 1.3 x 10° W/m? (brown curves in Figure 4.6) the absorption does not fall significantly and the
dispersion keeps the anomalous regime behavior. Even for Jc = 2.5 x 10’ W/m? the transparency
is no longer perfect (see blue curve in Figure 4.6.a, which shows a significant residual value,
absent in the corresponding curve from Figure 4.5. a).

Figures 4.7 and 4.8 show the effect of the magnetic field on the optical properties for both
studied configurations when the intensity of the control laser has the value Ic = 10° W/m®
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¥ 450 :
E 40}
@ e @ :
% 3.5F 1
S30p i
) ; 5
® 250 :
31 32 33 34 35 36 37 31 32 33 34 35 36 37
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‘g 0.00 1Y/ . -’i*'—AL(C) Figura 4.7. Optical characteristics for  A-type
X -0.05f configuration A: (a) absorption coefficient, (b) refractive
® -010F ] index and (c) group index versus the probe frequency for
2 _o15t ] different values of magnetic field: 3 T (blue - thick), 4 T
2 _o20f ! ] (green - dashed), 5 T (ved - dotted), and 6 T (black - thin).
o H
@ —0.25} 5 : The results are for Ic = 10° W/m’ and A, =0

31 32 33 34 35 36 37
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Figura 4.8. Optical characteristics for A-type configuration L: (a) coeficientul de absorbtie(a)

absorption coefficient, (b) refractive index and (c) group index versus the probe frequency for
different values of magnetic field: 17 T (gri ), 18 T (vellow),19 T (magenta ) si 20 T (thin ). Rezultatele

sunt pentru I, = 10° Wim? si A, =0.

Figures 4.7 and 4.8 show that by increasing the magnetic field, TW slightly moves
toward higher values of the laser probe frequency in the case of A-configuration, while it is
red- shifted for the L-type structure. Besides, in latter case the peaks of RI and GI are more
sensitive to the field variation and show a significant growing of the positive maximum with
B. Moreover, for high magnetic fields in the anomalous dispersion region a fast light
propagation (as well as high-speed backward propagation) could be achieved (see cyan -
dashed curve in Figure 4.8c¢).

The effect of the control field detuning on EIT for the PHQD system is depicted in
Figures 4.9 and 4.10 for / = 10° W/m” and Ac = 5 y,,. For an easily understanding of the
results, we plot the dependence of the optical characteristics on the probe field detuning, A,

‘ . 005 y y y =
(a) >< e : P = 0.00 _/“\_ JUL Jﬁﬁj
45 : - = : E
6 e X : :
sS4 | 1£ 35 = & ~010}
X : | {830 : S —0.15¢
=2\ i 1% 25 E : E _0.20t
RIDAC ; 2.0 ‘ ©—ozsp 1 1. o
-02 -01 00 0.1 0.2 -02 -041 o-ou 0.1 02 ~02 —-01 0.0 0.1 0.2
13 13 13
A, (x10"° Hz) A, (x10'° Hz) A, (x10"° Hz)

Figura 4.9. Optical characteristics for A-type configuration. (a) absorption coefficient, (b) refractive
index and (c) group index versus the probe detuning for different values of magnetic field: 3 T (blue —
thick), 4 T (green — dashed), 5 T (red — dotted), and 6 T (black — thin).

The results are for 1=10° W/m’ and A, =5v,,.
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Figura 4.10 Optical characteristics for L-type configuration: (a) absorption coefficient, (b) refractive
index and (c) group index versus the probe detuning for different values of magnetic field: 17 T (gray
— thick), 18 T (yellow — thin), 19 T (magenta — dotted), and 20 T (cyan — dashed).

The results are for 1=10° W/m’and A, =5y,;.

We underline some noticeable differences between the studied configurations: (i) TW
is centered on a value Ap > 0 (Ap < 0) for the A- (L-) configuration, for which the two-photon
resonance condition Ap — Ac =0 (Ap + Ac = 0) is accomplished; (ii) the transmission profile
and the associated dispersion become highly asymmetrical; (iii) increased positive maxima of
the group index and faster backward propagation in the high-(low-)frequency region of the
probe field is obtained for the A-type (L-type) system.

4.4 Conclusions

In this study, we have investigated the electromagnetically induced transparency in a GaAs two-
dimensional pseudo-harmonic quantum dot subjected to an external applied magnetic field. We
demonstrated that the energy spectrum exhibits two possible configurations as a function of the
magnetic field strength. Moreover, the positions and amplitudes of the absorption peaks and group
index extrema exhibit significant dependences on the applied magnetic field and on the impurity
position. The particular geometry of the system allows rather large transparency windows and
reasonable values of the threshold control field amplitude associated with EIT mechanism.
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Chapter 5

Stark shift and oscillator strenghts in a GaAs quantum ring
with off-center donor impurity.

The study presented in this chapter was published in the U.P.B. Sci. Bull., Series A, Vol. 80,
Iss. 1, 2018

5.1 Introduction

In this chapter, we study the electric field effects on the Stark-shift of impurity ground state in
a two-dimensional quantum ring represented by a pseudoharmonic potential. The energy
spectra and wave functions are obtained within the effective mass approximation by using a
finite element method [24].

5.2 Theory

In the framework of the effective mass approximation and choosing the electric field direction
as x-axis, the single-particle Hamiltonians:

2
e
H=H0+eFx—f (51)
475808,,|7’ —rl-|
where
h2
Hy=———A+V(F) (5.2)
2m*

P =(x, y) is the in-plane vector position for the electron, g; the vacuum dielectric
permittivity, €, the static dielectric constant of the ring material 7; = (xi, yl-) is the impurity

position inside the ring and A is the two-dimensional Laplacean operator. The confining
potential, V() , combines the parabolic and inverse square potential functions:

a2 1 22
Vir)= —+—m*oyr-. 5.3
()=, 2ty el (53)

The dimensionless parameter, A, characterizes the strength of the inverse square
potential which describes the forbidden hollow region inside the ring [25, 26] and w, is the
confinement frequency of the parabolic potential.

The change in the electron distribution within the nanostructure induced by a static
electric field is described by the so called static dipole polarizability. It is well known that the
quantum-confined Stark effect leads to a shift of the ground state energy given by:

AE(F)=E(F)—E(F=O)=—]3~I3—%BF2. (5.4)

This quadratic form follows from a second-order perturbation theory with p p the dipole
moment and [3 the polarizability of the system [27]. For F along the x-direction 3 is given by [27- 29]:

b= _%[@F _<x>F:0]: _%k\yl (P #1(F)) g = (1 (7)|X|T1(7)>F:0] (5.5)

where p =BF.
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The oscillator strength for a transition from level i to level # is obtained from standard
formula as [30] :

2m 2
S __20AEin |Hm| (5.6)
h
where AE;, = E, — E; is the energy difference between the electron states and
ul] =<\Pi (xay)rlpj(xay)> (57)

is the transition matrix element in the dipolar approximation. In Eq. (5.7), r refers to x for a x-
polarized (along the electric field direction) and y for a y-polarized incident light, respectively.

5.3. Results and discussion

In the following I describe some of the most suggestive graphs, as well as the observations
corresponding to the chosen graphic sets. The adjustable parameters of the ring potential are

chosen as A2 =4 and oo = 20 THz, so that the carriers are confined between the inner radius
R;=2.7 nm and the outer radius R,=62.8 nm, corresponding to Vo = 300 meV, Lz =2 nm,
Three positions of the hydrogenic donor within the structure are considered in our study:
(79,0, (=79,0) si (0,7p).

The Stark shift dependence on the donor location is plotted in Figure 5.2 as a function
of the electric field.

Figure 5.2 Stark shift as a function of the electric
< field strength for off-center donors in a Gads QOR.
E 0fa The impurity is located at three different positions:
= " e ) (7,,0), (-7,,0), and (0,r,), respectively.

8 .' .
421, : -
0 2 4 6 8
F (kV/em)

For impurity placed along (opposite) field direction, the energy shift linearly increases
(decreases) with the electric field. As expected, for a donor localized in (0,7)), when the

charge distribution is less sensitive to the field influence, the Stark shift is not significantly
changed by the electric field.

Figure 5.3 displays the variation of the polarizability and the dipole moment for a
shallow donor in a QR versus the electric field for different values of the impurity position.
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Figure 5.3. The impurity polarizability (left) and dipole moment (right) as a function of the lateral
electric-field amplitude F. Same impurity positions as in Fig. 5.2 are considered.
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One observes that the polarizability increases as the applied field is increased and
tends to saturation for rather small values of the electric field. The saturation for these three
impurity positions has different explanations: (i) for localization along the field direction
(black curve) it is the results of the competition between the Coulomb attraction (which keeps
the electron cloud around the donor center, in the right side of the ring) and electric field
effect (which pushes the carriers in the opposite (-x) direction, (ii) when the impurity is placed
at (-rp,0) (red curve), the behavior results from the strong confinement under combined

effect of the Coulomb potential and the field-induced leakage of the electron wave function
towards the left region, where the well bottom is shifted to lower energies. This increased
confinement of the electron cloud leads to the poor impurity deformability under the electric
field influence. (ii1) for impurity placed along y-direction (blue curve) the polarizability is
weaker because the effect of the field-related changes in the electron-impurity localization is
small, as discussed before. All the curves in As expected, the impurity placed along or
perpendicular to field direction (black and blue curves in Figure 5. 3(b)) becomes less
sensitive to field variations due to a weaker quantum confinement.

Dependences of these quantities on the applied electric field is plotted in Figs. 5.4. and 5.5.
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Figura 5.6. Oscillator strength for the ground-to-lowest excited states transitions versus applied
electric field for x- (left panel) and y- (right panel) polarization of the incident light. The same three
impurity positions as in Fig. 5.2 are considered .

By comparing the results in two panels we notice that:

. \ p,-,lz (which is very sensitive to the incident light polarization) is the dominant term in

the OS behavior.

e when the impurity is placed in right side of the ring, the intensity of interlevel
transitions induced by y-polarized light is at least one order of magnitude larger than
those corresponding to a x-polarization.

e for the (#),0) location, when OS has appreciable values for the x-polarization.

e for a donor placed on left side of the ring the interlevels transitions show a very different
behavior (see middle figures in panels). We note that the transitions 1—2 and 155,
dominant for the y-polarized light, becomes practically forbidden for a x-polarization.

e the oscillator strength of 1 — 4 interlevel transition (which vanishes for a y-polarized
light) dramatically increases with F for the x-polarized incident radiation.

5.4. Conclusions

In this chapter, we have theoretical analyzed the effect of a lateral electric field on the Stark-
shift, polarizability and oscillator strength associated to off-center donor impurities in a GaAs
disc-shaped quantum ring. Using the finite difference method in the effective mass
approximation, we found that in the range of the moderate field values the Stark-shift exhibits
a linear dependence, and the impurity polarizability tends to saturation values. The behavior
of the oscillator strength associated with impurity interlevel transitions shows a strong
dependence both on the incident light polarization and on the impurity position within the
Stark shift and oscillator strengths in a GaAs quantum ring with off-center donor impurity.
Because of the close relationship between the intraband absorption and the corresponding
oscillator strength, our results should provide useful guidance for the design of more efficient
quantum-ring infrared photodetectors.
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Chapter 6

Magnetic-field dependence of the impurity states
in a dome-shaped quantum dot

The study presented in this chapter was published in ""Chemical Physics", volume 493, pag.
32-41, (2017)

6.1. Introduction

The present chapter attempts to fill this gap in the literature by a detailed investigation of the
electronic probability density, energy levels, transition frequencies and diamagnetic
susceptibility of hydrogenic donors in a dome-shaped InAs/GaAs QD coupled to its WL and
subjected to a magnetic field.

6.2.Theory

In this study, a dome-shaped InAs/GaAs QD with radius R =7 nm grown on a 2 nm wetting layer
is considered (see inset of Figure 7.1a). The x-axis which pierces the dot through its center and is
perpendicular to the plane of the wetting layerrepresents a symmetry axis for the system.

In the presence of a hydrogenic impurity and under magnetic fields, the Hamiltonian
of the system is given by

2
H :—(ﬁ+e;l)2+V(x,y,z)—e— (6.1)
2m* 4n808r|17—17i|
where
* .
m*(x’y,z):{ . Mpnds s 'm oD | 62)
MGads > In  exterior
is the effective mass, and
0, in QD
= 6.3
V(x,y,z) {AEC, elsewhere (6.3)

is the potential energy. AE,. is the conduction band offset between the InAs and GaAs and the
last term in Eq. (4.1) is the Coulomb interaction between the electron and the hydrogenic
donor located at7;. We assume a vertical magnetic field B = B (Figure 6.1.).

Using the Coulomb gauge A = (B/2)(—y% + xp), the Hamiltonian becomes:
2p2 2

2 A2 A2
A Dxtpytp B ( . N B
=ty € (ypx —xpy)+ eSm . (x2 - y2)+ V(x,y,z)-

2m* 2m*
For low B, the magnetic confinement is much weaker than the geometric confinement

and the diamagnetic term can be treated as a perturbation. In this case, the shift for the ground
state energy of the impurity donor is given by

AE = E(B)- E(B=0)=BB>. (6.5)

— . (64
drege,|F — 7 ©4)

where:
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2

B=——(p?) (6.6)

8m *
is the low field diamagnetic susceptibility [38], [39] :

and
(e

is the mean square electron position in the plane perpendicular to the magnetic field.
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Figure 6.1. Confinement potential including the Coulomb interaction associated to on-center impurity
for Inds/GaAs QD without (a) and with applied magnetic field (b). Inset is a sketch of the InAs QD
with its WL (darker gray) imbedded in a GaAs matrix (light gray).

As the hydrogenic impurity behaves like an exciton with infinite hole effective mass, it is
expected as the relation:
_ BB’
“1+aB
proposed in Ref. [38] for the diamagnetic shift of the exciton energy to be also a good
approximation for the ground-state energy of the donor. Taking o andf} as fitting parameters we

(6.8)

check the validity of this dependence (which interpolates between the small and large magnetic
field behavior), for on-center or on-surface impurities in dome-shaped InAs/GaAs QD.

6.3. Results and discussion
The input parameters for a typical InAs/GaAs QD are: miknAS =0.04my, mgaAs =0.067 my
where my is the free electron mass, AE,. =500 meV [29] ¢, =14.55 [40].

In the following, I will choose for presentation some of the most relevant figures on
the electronic properties of a donor impurity located on the surface or in the center of a self-
assembled quantum point in InGaAs / GaAs, under the action of an external magnetic field,
and the obvious conclusions specific to each chosen graph

Figure 6.2 presents the dependence of the lowest three energy levels and the
corresponding probability of finding the electron inside the dome versus the magnetic field in
the absence of the donor impurity.

For the ground state (Figure 6.2 a) we observe a weak change of the energies at low
fields and a pronounced enhancement at higher fields. As B increases, the energy level starts
showing a mixed behavior between spatial and magnetic confinement and, for large enough
strengths, the ground state energy shows a linear dependence due to the formation of Landau
levels.
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Figure. 6.2. The energy levels (continuous lines, left scale) and the probability of finding the electron
inside the dome (dashed lines, right scale) versus the magnetic field:
(a) S — state; (b) P ,and P states, respectively. Results are for a QD without impurity.

For the excited states, at a given magnetic field, the energy values depend on the sign
of the azimuthal quantum number m. This dependence yields the simultaneous formation of
blueshifted (m > 0) and redshifted (m < 0) states. As shown in Figure 6.2(b), the magnetic
field removes the degeneracy of the first excited state corresponding to m =+ 1, leading to P,

and P_ states, respectively.

Figure 6.2 also shows the probability of finding the electron inside the dome for S- and P-
states with varying magnetic field. With increasing of B, the electron cloud becomes more
confined inside the dot, indicating the supplementary confinement induced by the magnetic field.

The results presented in Figure 6.4 correspond to the electron-impurity energies versus
the magnetic field for different positions (on-center or on-surface) of the donor atom. In the
present calculations, the cartesian coordinates of the on-center, top, and side impurities are (0,
0, 0), (0, 0, R), and (R, 0, 0), respectively.
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Figure 6.4. Hydrogenic impurity energies in an InAs/GaAs dome shaped QD versus magnetic field.
(a) Ground state; (b) first two excited states. Notations (1), (2) stand for on z-axis impurity positions
with zi = 0, and zi = R where (3) is for the radial impurity position r. = (R,0,0), respectively.

As expected, the main effect of the impurity presence consists in the decrease of all
energies because of the Coulomb interaction. For zi = 0, the small electron-impurity distance
determines an increasing in the donor binding energy and consequently, a decreasing of the
energy levels.

Figure 6.11 presents the lowest transition energies as a function of the magnetic field
for different impurity positions within the QD. For comparison, the case of the structure
without impurity is also shown.
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Figura 6.11. Transition energy (frequency) for (a) S — P_ and (b) S — P, transition as a

function of magnetic field. Dashed lines are the results for a QD without impurity. Different
impurity positions (the same as in Figure.6.4) are considered

For S — P_transition (which is the main optical transition in QDs [37,44]), we

observe a linear decrease with B and, for all cases investigated, the theoretical curves have the
same slopes (Figure 6.11a). The explanation for such a behavior would readily come from
observing the variation of the involved energies shown in Figure 6.4. The corresponding
transition frequencies ranging in the terahertz region and move towards the lower frequencies
with increasing the magnetic field. The transition S — P, could also happen under a y-

polarized probe field [37], and, consistent with the results shown in Figure 6.4, it exhibits a
linear increase of the transition energies (and related frequencies) as increasing the values of
magnetic field (Fig. 11(b)).

Comparing these results with those for an impurity-free dome-shaped QD (dashed
curves in Figure 6.11) one finds that electron-impurity potentials cause the shift the

S — P,and S — P_frequencies towards lower THz values.

6.4. Conclusions

Using the finite element method, the effect of magnetic fields on the donor states and
transition energies in a InAs/GaAs quantum dot coupled to its wetting layers is investigated.
Results are obtained for different impurity locations. We found that the diamagnetic shift of
the ground state energy increases monotonously with the applied field and can be described
by a simple function which interpolates between the low and high magnetic-field behavior.
Frequencies associated to the transitions between the S-like ground state and P (P.) excited

states range in terahertz region and show a magnetic field induced red (blue) shift,
irrespectively of the impurity position.
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Chapter 7

Optical non-linearities associated to hydrogenic impurities
in INAs/GaAs self-assembled quantum dots under
applied electric fields

The results presented in this chapter were published in Philosophical Magazine vol 97 no. 35
(2017).

7.1 Introduction

In this chapter, we present donor impurity-related non-linear absorption and non-linear optical
rectification in an InAs/GaAs dome-shaped quantum dot (QD) with wetting layer (WL) under
applied electric fields.

7.2. Theory

In this study, a dome-shaped InAs/GaAs QD with radius R = 7 nm grown on a 2 nm wetting
layer is considered (see inset of Fig. 1a). The z axis is chosen to be perpendicular to the plane
of the wetting layer.
In the presence of a hydrogenic impurity and under applied electric fields parallel to
the zdirection the Hamiltonian of the system is given by:
He My 1
2 m* (x, v, z)

Zeg

V+V(x,y,z)+ eFz — (7.1)

2 2 2 2
Sr\/x +y +(z—-z) +dcutoﬁ’
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where the significance of the sizes is the same as in Chapter 6, and d o5 = RN107

Following the theoretical framework of Paspalakis et al. [39], the total non-linear absorption
coefficient for a transition between two levels Ei = Zwi and Ej = /Zwj , can be written as:

) ‘M]J — Wi [Eo 2 ‘Mﬂ — Wi [Eo
0 P e T e
N T, @ ©
ocl-j(w)= - 5 > 5 (7.4)
eohen, 147300 ; P +BEESHT, /1
where
_ M Wi [Eo M 1 [Eo
Hi =k Jo —‘ ‘ +J) —‘ ‘ (7.5)

fio J7l0)

In Equations (7.4) and (7.5), ®; = (Ej -E;)/h, Jy,J,are the ordinary Bessel functions of
order 0 and 2, N is the electron density, 77is the population decay time and 7> is the dephasing
time. Ey is the amplitude of the electric field E(t)z E, cos(ot)related to the incident intensity

2
I of the probe field by I :% where g is the vacuum dielectric permittivity, n, is

the refractive index and ¢ the vacuum speed of light. uij are the matrix elements of the dipole
moment fi; =e <‘PI~ |Zf, . F‘ b4 j> with E the incident light wave polarisation vector. We have

considered the cases when the polarisation vector is directed in xOz plane (in-plane
polarisation) or along the z-axis (z-polarisation).
The relative refractive index change (RIC) is given by [6]:

2
- 1E — Uy |E
o JO[quz il OJ+J2[|M22 bl oJ
An(0) _ NpipTs (0 —oy)) heo hio
T 2 2 2, —2 2 2
ny. 2807’11’[,, 1+T2 (0)—())21) +].J,12EOTIT2/7Z
In the same compact density-matrix formalism [39], the non-linear optical response
(NOR) corresponding to an interlevels i — j transition can be written as:

(7.6)

2
H..—H;. EO u..—u..EO
) JO ‘ Jj . ii +J2 ‘ Jj _ ii
i 2N‘ij _Mii‘uijTlTZ ® ®
X ()= 2 2 2.2 2 7.7
Soh 1+T2 ((,l)—(,l)jl-)z-l-ﬁionTsz/h

7.3. Results and discussion

The parameters used in our calculations are: N =3x10*2 m™> , the refractive index of the
semiconductor n, =3.55, T} =1 psand 7>= 0.2 ps [42].

7.3.1. Electronic properties

In Figures 7.4. and 7.5., we have depicted some results of the calculation that will help to
explain the characteristics of the optical properties under study: the transition (Figure7.4.), the
off-diagonal interlevel matrix elements (Figure 7.5.(a)) and the difference of the diagonal
matrix elements (Figure 7.5.(b)) as function of the applied electric field.
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As Figure 7.4 shows, the electric field results in a decrease of the transition energies,
which will be evidenced by the red-shift in the resonant peaks of NOA and NOR. We observe
that for both cases of incident light polarisations the transition energies are reduced as F
increases due to a diminishing in the confinement of the carriers.

In Figure 7.5 we represented the dependence of the matrix elements on the electric
field intensity.
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Figure 7.5 (a) Square of the interlevel matrix elements and (b) the difference of the diagonal matrix
elements in an InAs/GaAs QD as functions of the applied electric field. Note: Solid and dashed lines
referto Z =1 and Z = 0 cases

The dependence of the dipole matrix elements on the field strengths presented in
Figure 7.5 can be explained observing the change in the spatial distribution of the involved
wave functions discussed above. In a polarised QD, with growing the bias voltage the matrix
element pg_,p (associated with in-plane polarised incident light) augments, whereas
ng_sw (associated with z-polarised incident light) diminishes.

In the impurity presence, the displacement of the ground state WF to lower z-values
gives rise to the small (large) values of the matrix element us_.ppg_y 7 observed in Figure

7.5(a) (solid lines).
7.3.2. Optical properties

The dependence of the optical properties — absorption coefficient, refractive index change and
optical rectification — on the probe field energy is represented in Figure 7.6. for Z = [ and
different intensities /
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Figure 7.6 (a) The non-linear absorption coefficient, (b) the refractive index change and (c) the non-
linear optical rectification vs. the photon energy at four different probe field intensities. Note: The
results are for Z =1 and F = 0.

In agreement with the results reported for an asymmetric one-dimensional double-well
confining potential under a strong probe field excitation [39] we found that: (i) whereas in the
weak and intermediate intensity regions the optical coefficients exhibit a linear intensity
dependence, in the stronger intensity region this dependence becomes markedly non-linear;
(i1) the absorption coefficient is always positive and the slope of the refractive index near
resonance kept its negative sign, independent of the value of the field intensity.

In Figure 7.7, we present the intraband optical absorption coefficient as a function of
the incident photon energy for several values of the electric field strength in a QD with (solid
lines) and without (dashed lines) donor impurity.
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Figure 7.7. Dependence of the non-linear absorption coefficient on incident photon energy at different
electric field strength. The results are presented for in-plane polarization (blue curves) and z-
polarization (green curves) of the incident light. Note: Solid and dashed lines referto Z = 1 and Z =
0 cases, respectively.
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Comparing the absorption spectra for cases with and without impurity we note that: (i) the
blueshift induced by the Coulomb term is enhanced as long as F augments because the
S — WL transition energy exhibits a significant growth with electric field in comparison to
the ones in the free-impurity QD; (i1) although falls markedly in amplitude when F increases,
the NOA peak for the case with impurity remains higher than those associated with Z = 0

case, for any field considered. This is related to increased values of the product w;; ul%- due to

the electron-impurity attraction.

As NOA is strongly dependent on the probe field intensity, in Figure 7.8 this
dependence is plotted in the case of exact resonance w = wij for both in-plane and z-polarised
incident light. Three values of the applied electric field are considered.
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Figure 7.8. Resonant peak values of the NOA as a function of the incident photon energy for several
values of the applied electric field.

We see that for in-plane polarised incident radiation (Figure 7.8(a)) NOA is nearly the
same for cases with and without impurity and practically a F-independent quantity. On the
other hand, the impurity presence is responsible for the increasing in the intensity of the NOA
resonant peak for S-to-WL transition (see Figure 7.8(b)), more pronounced for negative
applied fields and lower illumination intensities.

7.4 Conclusions

Within the effective mass approximation the electron states in a dome-shaped InAs/GaAs QD
are calculated by means of the finite element method. The effects of WL, donor impurity and
externally applied electric fields are also taken into account. The calculation allows to
determine the transition energies from the ground state to the lowest excited ones as well as
the corresponding dipole moment matrix elements. These quantities are used to investigate the
features of the optical properties of the system under a strong probe field excitation. The non-
linear optical absorption, relative refractive index change and non-linear optical rectification
associated with interlevel transitions are calculated under a strong probe field excitation for
both in-plane and z-polarisation of the incident light. According to our results as the electric
field increases the absorption and dispersion peaks decrease and exhibit red shift. Hydrogenic
impurity located at the origin induces a blue shift in the optical responses. For the optical
absorption coefficient the peaks magnitude is enhanced by the impurity presence independent
of the electric field strengths, whereas the non-linear optical rectification is larger in the case
with impurity only for zero applied electric field.
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Conclusions

In this thesis we proposed a theoretical study on the electronic and optical properties of
semiconductor nanostructures and the possibility of adjusting them by an appropriate
modification of external fields - electric, magnetic, non-resonant laser radiation of high
intensity - but also by the asymmetry of confinement potential. obtained by geometry or by
the presence and position of impurity atoms.

For this, we conducted a literature study that aimed to present the main numerical
methods used to calculate the electronic structure of nanostructures and synthesize
information on the types of zero-dimensional systems with applications in optoelectronics.

Based on this study, we chose as objectives of the research the phenomenon of
electromagnetically induced transparency - chapters 3 and 4, the effects of external fields
on the properties of GaAs / AlGaAs quantum rings - chapters 4 and 5, and optical
properties of self-assembled quantum dots residual layer - chapters 6 and 7.
Furthermore, the numerical results were obtained in the approximation of the effective mass.

Electromagnetically induced transparency

For the GaAs / AlxGal-xAs semi-parabolic quantum well :

e it has been shown that increasing the intensity of the non-resonant laser increases the
width of the transparency window, while increasing the intensity of the electric or
magnetic field the transparency window for absorbing the sample radiation is moved
to higher energies.

e it has been pointed to obtaining of an optimal of the characteristics of the
transparency induced by an adequate choice of the applied external fields.

For quantum rings with pseudoharmonic potential in impure GaAs, the possibility
of switching the level structure in which the EIT appears from a A -type configuration to a

scale-type configuration has been demonstrated, switching induced by the external magnetic
field.

36



Doctoral thesis summary: Optical and electronic phenomena in semiconductor nanostructures

For both configurations, the following were observed:

increased intervals for the transparency window and for the sub- (super-) luminal
propagation domains when the magnetic field strength increases.

modulation of the optical characteristics of the sample radiation - absorption
coefficient, refractive index and group index - through the parameters of control
radiation - intensity, Rabi frequency and phase shift.

reduction of maxima for AC, RF and GI and a red-shift of the transparency window
when the impurity moves from the minimum position of the confinement potential to
the repulsive barrier of the structure.

significant decrease of the critical field of the control radiation at which the EIT
appears, reduction induced by the increase of the applied magnetic field.

GaAs quantum rings with a non-centric donor impurity

the influence of the magnetic field on the probability of localization probability of the
electron in the structure was highlighted, which determines the moments of dipole
transition.

the effects of increasing the magnetic field and moving the impurity position
towards the outer radius of the ring on the electronic energy levels were studied.

in the radial electric field, it has been shown that for moderate intensities the Stark
displacement has a linear dependence on this parameter, while the polarizability of
the impurity tends rapidly towards the saturation value.

the dependence of the oscillator strength associated with the transitions between the
impurity levels on the polarization of the incident light and on the position of the
impurity inside the structure was analyzed. It was found that for the impurity placed
in the direction of the electric field, the intensity of the transitions induced by the y-
polarized light is at least an order of magnitude greater than that corresponding to an
x-polarization.In contrast, for impurities located in the direction perpendicular to the
field, the oscillator strength has appreciable values for x-polarized light.

Self-assembled hemispherical quantum dots with WL

we observed a monotonous increase with the field applied for the diamagnetic
displacement of the energy of the ground state.

we proposed a simple analytical function that interpolates between the response to
low and high - intensity magnetic fields for the energy dependence of the
fundamental state of the donor impurity at the quantum point on the magnetic field.
we calculated the frequencies associated with the transitions between the fundamental
state of type S and the excited states of type P_(P,) and we observed a movement

towards red (blue) induced by the magnetic field, regardless of impurity position.
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e we studied the effects of a radial electric field on nonlinear optical processes in
structures with and without impurity. It has been shown that in the presence of a
central donor impurity, the values for NOA and RIC increase and the resonance
maxima move to higher energy values.

e we have shown that while NOA and RIC can be observed both for an incident light
polarized in the plane and for polarization after z, NOR cancels out for a polarized
radiation in the plane. Another interesting result is that the maximum resonance of the
NOR depends significantly on the light intensity and the intensity of the electric field.

The results of these studies have been published in prestigious international journals such as
"Philosophical Magazine", "Chemical Physics", "European Physical Journal B", but also in
"Romanian Reports in Physics".

2. Future perspectives

The studies performed can continue through the theoretical investigation of the effects
of high - intensity laser radiation on the energy spectrum of quantum rings, for which a
number of interesting results have been presented in the literature.

Various geometries will be included - elliptical, centric or non-centric rings, double
rings with impurities in various positions, which offer the possibility to continue the research
by studying new characteristic properties.
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