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Abstract: The theoretical investigation of interband and intraband transitions in an asymmetric
biconvex lens-shaped quantum dot are considered in the presence of an external magnetic field.
The selection rules for intraband transitions are obtained. The behaviors of linear and nonlinear
absorption and photoluminescence spectra are observed for different temperatures and magnetic
field strengths. The second and third harmonic generation coefficients as a function of the photon
energy are examined both in the absence and presence of an external magnetic field.
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1. Introduction

Nanoparticles or quantum dots attract the attention of researchers due to their wide
range of possible applications. One of these applications is the development of single
photon emitters that can be used for quantum cryptography, optical quantum computing,
and the development of highly secure communication networks [1]. Embedding the
quantum dots into multilayer metamaterials and multilayer grating nanostructures can
significantly increase the efficiency of such emitters due to the Purcell effect [2].

Possible optical transitions play an important role in the formation of the optical
characteristics of nanoparticles. Thus, it was shown in [3] that interband optical transi-
tions of charge carriers dominate the absorption and emission spectra in copper and gold
nanocubes, while the plasmonic enhancement in these objects is less important to the
emission. Along with this, enhanced intraband electron transitions can also be observed in
plasmonic nanostructures. For example, in small gold nanocubes, intraband electron transi-
tions make a significant contribution to photoluminescence, while interband transitions
are the main contribution to the emission of large gold nanocubes [4]. In this regard, the
analysis of optical effects associated with interband and intraband transitions of electrons
in quantum dots of various types is an urgent problem.

Recent papers [5-7] reported the realization of GeSi quantum dots (QDs) with a
strongly oblate lens-shaped geometry. In particular, the morphology of the structures
was determined, and the specific optical characteristics of such QDs were revealed. An
experimental confirmation of the implementation of Kohn theorem for the case of a heavy
hole gas in strongly oblate lens-shaped QD was also found [6]. It is noteworthy that
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the specific geometry of QDs makes it possible to apply the adiabatic approximation for
describing single-particle and few-particle states in such structures.

It is clear that for a description of the optical characteristics it is necessary to have
detailed information about the band structure of studied QD. Therefore, the problem of
constructing a realistic mathematical model of the investigated system becomes funda-
mentally important, which will affect the specific form of the one-particle or many-particle
Hamiltonian. Since the geometry of the system is complicated and the separation of vari-
ables in the Schrodinger equation does not take place even in the case of a scalar effective
mass, it is necessary to use various approximate methods to describe optical properties of
strongly oblate lens-shaped QD. Many works are devoted to this problem in which both
the spectral and optical characteristics of the QDs under study are discussed [8-19].

In [8], the authors considered optical transitions in a lens-shaped QD in the presence
of hydrogenic impurity. The effect of the size of QD on the absorption coefficient has
been investigated in the framework of density matrix formulation. Electronic and optical
properties have been studied under external magnetic field in [10]. Authors have calculated
the energy levels and wave functions using the finite element method (FEM) for different
magnetic field values. Moreover, authors have studied the effect of the magnetic field on
the second harmonic generation (SHG) and third-harmonic generation (THG) in the lens-
shaped quantum dot. According to the obtained results, they found that the presence of the
magnetic field affects the symmetry of the system. The influence of impurity on the binding
energy and optical properties of lens-shaped quantum dots have been studied in [14]. The
authors used FEM and the Arnoldi algorithm to calculate the absorption coefficient in
the presence of impurity. The results showed that the binding energy decreased with QD
size increase. Moreover, it has been shown that the absorption coefficient decreased, and
the absorption peaks shifted toward the higher energies in the presence of the impurity.
In another paper [15], the effects of QD sizes, pressure, and temperatures on transitions
lifetime, linear, and nonlinear absorption coefficients in terahertz range were theoretically
investigated. The authors considered two laterally coupled InAs/GaAs lens-shaped QDs
connected to a wetting layer. The structure was analyzed by using the finite difference
method (FDM) in the framework of effective mass approximation. The obtained results
showed that the total absorption coefficient achieved a maximum value in the terahertz
range, and the resonant peaks shifted toward the lower energies by increasing the pressure
or decreasing the temperature. In addition to the influence of the magnetic field on the
optical properties of a QD, the following factors can also affect the matrix in which the
dot is embedded, electric fields, pressure, etc., [20-23]. In particular, in [23], the effect
of pressure on interband and intraband transition of QDs was considered. The results
showed that the interband and intraband transitions follow blue-shift and red-shift under
pressure, respectively. The magnitude of the shift was, nevertheless, weaker in the intraband
transitions case than for the interband one.

One of the powerful mechanisms for studying the QD band structure is a compre-
hensive analysis of the linear and nonlinear absorption spectra of the investigated struc-
tures [24-32]. As indicated above, using the adiabatic approximation, one-particle states
can be successfully described, in particular, in the presence of external fields [6,33,34]. The
analytical form of the energy spectrum and wave functions for electrons and holes makes
it possible to give a complete and comprehensive description of the optical properties
of strongly oblate lens-shaped QD. This, in turn, makes it possible to draw a number of
conclusions regarding the specificity of the band structure of such structures.

In this article, in the framework of adiabatic approximation the linear and nonlinear
optical absorption and photoluminescence related to interband and intraband optical
electron transitions in strongly oblate lens-shaped InAs QD in the presence of external
magnetic field are considered. Note an important feature of the considered model. In the
axial direction size, quantization is much higher than in radial one. It is clear that when in
the presence of an axial magnetic field, we must take into account such fields at which the
axial subsystem will be fast, since, in the case of strong magnetic fields, the role of magnetic
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quantization can become more significant in comparison with size quantization in the axial
direction. As a result, the slow and fast subsystems are reversed. We do not cover such
magnetic fields in this article. However, we note that in the case of such high fields, the
energy spectrum will be characterized by a subband structure where a family of axial levels
will be associated with each Landau level.

2. Theoretical Model

Let us consider the electron states in an asymmetric biconvex lens-shaped QD (Figure 1)
in the presence of an external axial magnetic field. The confining potential has been chosen
in following form

_ /p2_ 2 _ 2 2
uwnf(7) :{ 0, —\/R2—p2+Ry—ly <z < /R2—p2 — Ry + 1y W
oo, other cases

where h  are semi-axes for each convex part of asymmetric biconvex lens-shaped QD, R »
are the curvature radii of two spheres intersection.

Figure 1. Schematic of the asymmetric biconvex lens-shaped QD.

Along the axial direction, the particle is localized in the one-dimensional quantum
well with following boundaries [5,34]

7zt = Rz—p2—R1—|—h1
Vi @)
zT = — Rz—pz—l—Rz—hz

The Hamiltonian of the system has the form:

N 1 /5 e\? —
H= m* (P +CA> +uconf(7’)r 3)

where m* is the effective mass of the particle, ? is the particle momentum operator, e is the
ﬁ

electron charge magnitude, c is the speed of light in vacuum, and A is the vector potential
of the magnetic field.
The calibration of the vector potential in cylindrical coordinates was chosen as

- —
A ={0,0,Hp/2}, where H is the magnetic field strength.
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3. Energy Spectra and Wave Functions

For the Schrodinger equation of problem (3) with confining potential (1) in cylindrical
coordinates we have

ot 1o 19 9% ihwydp

m wiyp?
T om |9p2 pop  pRog? oz 3
m* [dp>  pdp  p=dp°  dz 2 dg

+ Tlp + uconf¢7 =Ep, 4

where wy = nﬁ—ljc is the cyclotron frequency.
In adiabatic approximation, the total wave function of the system is searched in the

following form [34]:
1 .
_ ime .
¥(r, ¢,2) Wor fo)x(zip), )

where m =0, £1, £2, ... is the magnetic quantum number. According to (2) and (4), for
X(z;p) we have

x(zp) = a(zp)sm<:(:)z)<z+ \/ﬂ"#’iz—Rz)) (6)

where a(p) = \/ R2—p2+ \/ R? — p2+ (h1 + hy) — (Ry + Ry) is one-dimensional quantum
well length, n, =1, 2, 3, ... is axial quantum number. For energy spectrum we have

T2 H2
N W”Z

@)

Axial energy plays the role of effective potential for radial one. Placing (7) in the Taylor
series around p = 0 for U,ss, we obtain

B 2 h2n2 m* wip?
2m* (hy + hy)? 2

Uerr(p) (8)

2 Ri1+Ro

2 2 2 . . . . .
= ———1722 ____ 7°h*n:. For the radial Schrédinger equation, we can write
0 (m*)? (1 +ha) R Ry z 8eT €q 4

where w

e 19 m? m*0? ,
" om |92 + 03 pz]f(P) + =0 f(p) = en,mf(p), )
2722 2 . .
where €y, m = Enym — Zm’i-[(h}?filz)z — mﬁz“'H, 0? = “B + wi. The solution of (9) is well

known, and for the wavefunction, we have
A 2
f(o) = Col™le™ 5 1 Fy (=ny, [m| +1;20) (10)

where A = WTQ, n, =0, 1, 2, ... is the radial quantum number, C is the wavefunction
normalization constant, and 1 Fj (4, b; ¢) is the confluent hypergeometric function. For the
energy spectrum, we can write

A n? mhw gy
2m* (hy + hz)z 2

Enpm = hQY(2np + [m| +1) + (11)

Note that all results were obtained for relatively weak magnetic fields, when the size
quantization in the axial direction is much higher than the magnetic field intensity.

4. Results

As was mentioned above, the case of the asymmetric biconvex lens-shaped QD made
from InAs was considered. The material parameters used in the calculations were the
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following:m; = 0.023my is the electron effective mass, m;;, = 0.026mg, m;;, = 0.41m are
the effective masses of the light and heavy holes, respectively, where my is the free electron
mass, &, = 15.5 [35,36]. Using the Varshni relation, the temperature dependence of the
bandgap in InAs can be described as E¢(T) = E¢(0) + T+ﬁ) where E¢(0) = 415 meV and
a=0276 meV/K, p =83 K[37].

Let us consider the direct interband absorption in the strong size quantization regime,
when the Coulomb interaction between electron and hole can be neglected. Then, the
absorption coefficient is given by [38]

a(fiw) =ap )

Ve,Vy

[e(7 )dv‘ (e — Eg(T) — ES, — EJ) (12)

where «a is the quantity proportional to the square of the modulus of the matrix element
of the dipole moment taken over the Bloch functions, ‘Ye( ) Y, ( ) are electron and

hole wave functions, E¢(T) is temperature dependence of the energy gap, E (Eh )

electron (hole) energy, v.(1;,) is set of quantum numbers for electron (hole), and fw is
incident photon energy. The broadening was taken into account within the framework of
the Lorentz model. For this purpose, the delta function in (12) was replaced by the Lorentz
contour with the broadening parameter I'. For the dependence of the broadening linewidth
T on the temperature, the following equation was constructed T'(T) = T'(0) + A- T + B - T?,
where A'(0) = 1.459meV, A = 0.00138 meV /K, B = 0.00005 meV /K? [39].

Figure 2 shows the dependence of the interband absorption coefficient for
]m, o, 1y >— ]m’ , 'y, 1’z > transition on the photon energy. Note that the following selec-
tion rules were obtained

m— —m’
n, — n'y (13)
np —n'y
1.0
0.8
=
'13 0.6
B;
\tS 04
0.2
0.0
860 880 900 920
hw, meV

Figure 2. Dependence of the room-temperature interband absorption coefficient on the photonenergy
for different magnetic fields.

In this case, the transitions non-diagonal in 7, or 1, have no probability; therefore,
they are not shown in the figure. It can be seen from Figure 2 that the account of the
magnetic field brings the blue shift of the interband absorption peak.
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Figure 3 shows the dependence of the absorption coefficient for different interband
transitions on the photon energy. In this case, the transitions non-diagonal in 7, or 1, have
no probability; therefore, they are not shown in Figure 3.

1.0
R ls
= o @)
0.8 F 1 B
= Ry=3ay  p-qr
S h,=05a;, T=300K
sv\ 0-6 i h2= 1 aB
GQ
X 04F
02
0.0 L
920 940 960 980 1000 1020
ho, meV

Figure 3. Dependence of the room-temperature interband absorption coefficient on photonenergy for
different interband transitions.

Figure 4 presents the dependence of the interband absorption coefficient for |0,0,1) —
|0,0,1) transition on the photon energy for different temperatures (260-300 K). As can be
seen from the figure, interband absorption also increases with temperature for constant
magnetic field. The account of temperature brings the red shift of interband absorption.

1.0

[r=300K] [r=200k] [r=280k] [r=270k]
0.8 F
= H=1T
5 0.6 F
Nal
s
S
I 04F
3
0.2 F
0.0 1 - 1 - 1 -
900 910 920 930

ho, meV

Figure 4. Dependence of room-temperature interband absorption coefficient on photonenergy for
different temperatures.

The photoluminescence (PL) coefficient is calculated using the relation [40,41]

R(hw) = Rg - hiw - a(w) - % (14)
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where Ry is the quantity proportional to the square of the modulus of the matrix element
of the dipole moment, taken over the Bloch functions, k is the Boltzmann constant, f. and
(1 — f,) are the probabilities that the state of the conduction band is filled and the state of
the valence band is empty, respectively.

Figure 5 shows the dependence of the PL coefficient on the photon energy for different
the magnetic field strengths. The behavior of the PL coefficient with respect to temperature
and magnetic field is similar to the behavior of the absorption coefficient.

1.0
10,0,1> —10,0,1> [ JH=0T
[ Ri=1.5ap [ 1H=025T
0.8 F R,=3ay [H=05T
hy=0.5a, [ JH=075T
hy=1ay ma=1T

860 880 900 920
hw, meV

Figure 5. Dependence of the room-temperature PL coefficient on photonenergy for different
magnetic fields.

Figure 6 demonstrates the dependence of the PL coefficient on the photon energy for
different temperatures, close to room temperature. The PL coefficient significantly increases
upon increasing the temperature in a rather narrow range from 260 to 300 K.

1.0
R, =15ay
0.8 F r=300K R,=3a,
| / hy=05ay
=17 hy=1ag
0.6 [

7= 290 K]

/
-
0.2 F x///’ =270

RR, ,arb.u.
=]
SN

-
0 0 " 1 " T i 7" / i ————
7890 900 910 920 930
ho, meV

Figure 6. Dependence of the room-temperature PL coefficient on photon energy for different temperatures.

Now let us consider the direct intraband light absorption. Analytical expressions for
the linear and nonlinear optical absorption coefficients are obtained, using the compact
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density matrix approach and iterative method [42,43]. Thus, the linear and third-order
nonlinear optical absorption coefficients of a QD can be written as:

. 2
dV(w) = w- JE ¢ e M (15)

(B - ﬁw)2 + (hT)?

4
(3) N =— " I |Mﬁ| 20-hl'
a?(w, w —— X
(o) =~/ & () [ T
2 2 2
X{l _ [Mi—My] <(Efiﬁ“’) — () +2h;fi(Efiﬁ“’)> }
(Efi) +(nT)
where 1 is the permeability of the system, ¢ is the electron density ina QD, Ef; = Ef — E;

is energy difference between the final and initial states (f and i, respectively), ' = 1/7 is
the relaxation rate for states f and i (corresponds to the full width at half maximum), I is

(16)

the incident optical intensity, My; = <‘Y f‘ez “I"l> is the matrix element of dipole moment,

and n, is the refractive index.

For the spectral dependences of the linear and nonlinear coefficients for different
magnetic fields and lens-shaped QD heights on the photon energy, when incident optical
intensity is I =1 kW/ cm? and electron density in QD 0 = 3-101® cm 3 [44,45], the nonlinear
absorption has the opposite sign to the linear one. Calculations were for 300 K. First of all,
it should be mentioned that the nonlinear absorption value decreases, but the nonlinear
practically does not change (see Figures 7 and 8).

1.0
-

= 0.8
<
N
S 06
RS

0.4

0.2
S
< 0.0
a 3
W\\'\

_0.2 " 1 . 1 .
3 10 20 30 40

hw, meV

Figure 7. Spectral dependences of the linear and nonlinear intraband absorption coefficients on
photon energy for different magnetic fields.
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1.0k B h,=08a,
N
< 0.8
N
S
2" 06
3

0.4
02
N
"§ 0.0
% _0.2 M 1 N 1 N

10 20 30 40

hw, meV

Figure 8. Spectral dependences of the linear and nonlinear intraband absorption coefficients on
photon energy for different lens-shaped QD heights.

The expression for the SHG susceptibility in a three-level system is given by [42,43]:
o Min, My, fMpi

X (w) = — (17)
€ (Zﬁw —Epi - iﬁrﬁ> (w — Epyi — i)

The THG susceptibility in a four-level system is [42,43]:
et Mip; Minyng My f My

— (18)
€ <3ﬁw —Epi— ihrﬁ) (2hw — Eyyyj — ihTy;) (hw — Eyyyj — ihT,, ;)

X% (Bw) =

where 111 and n, are quantum numbers of intermediate levels.

In the Figures 9-12, the SHG and THG curves are presented for different magnetic
field values of photon energy. Calculations were performed for 300 K. It should be noted
that an increase in the magnetic field strength leads to a decrease in both SHG and THG
peaks, since the nonlinearity of the structure decreases.

1.0

10.0.1> —10.0.2> —10,03>] BlE=0T

ElA=1T

e
oo

SHG, arb. u.
o e
EEN (o)}

<
)

0.0
10 20 30 40

hw, meV

Figure 9. Dependence of SHG coefficient on photonenergy for different magnetic fields.
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1.0
[10,0,1> —10,0,2> —10,0,35] . hy=08a,
08 . | h,=085a,
o i =094,
S
N
s 0.6
S“ H=1T
S 04t T=300K
N
_A
2 ///ﬂ / \
40

ho, meV

Figure 10. Dependence of SHG coefficient on photonenergy for different lens-shaped QD heights.

1.0 _||0,o,1> —10,0,2> —[0,0,3> —10,0,4> W E=0T
. H=1T
s 08F T=300 K
)
S 0.6 R, =15ap
<) R,=3a
E h2—0 SB
04 F 1= Voag
hy=1ay
0.2
0.0
10 20 30 40
hw, meV

Figure 11. Dependence of THG coefficient on photonenergy for different magnetic fields.

L0 _||0,o.1> —10,0,2> —10,0,3>—10,0,4>] [ 1h,=08a,
[ |h,=085q,
el 1, =09.a,
< i
< 0.6
S H=1T
) T=300 K
E 04 F
0.2
0.0 — mm—
10 20 30 40
hw, meV

Figure 12. Dependence of THG coefficient on photon energy for different lens-shaped QD heights.
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5. Conclusions

In this paper, the interband and intraband optical transitions in an asymmetric bi-
convex lens-shaped QD made in InAs in the presence of an external magnetic field were
investigated. An advantage of our approach is the possibility of using an analytical method
for describing electron and hole states in a strongly oblated quantum lens. This approach
made it possible to obtain explicitly the selection rules for interband transitions. A study of
the interband and intraband absorption coefficients showed a broadening of the absorption
peaks with increasing temperature and a decrease in the peaks amplitudes with magnetic
field strength increasing. The SHG and THG nonlinear parameters of the system decreased
with an increase in the magnetic field and/or temperature. Our results highlighted the
significant difference between linear and nonlinear absorptions (calculations showed that
the contribution of the linear absorption significantly exceeded the contribution of the
nonlinear one. With a magnetic field increase the interlevel distances also increased, as
a result of which, the overlap of the wave functions weakened. Therefore, the contribu-
tion of the corresponding matrix elements decreased, while this was more significant for
nonlinear absorption). Moreover, magnetic field shifted the absorption peaks to higher
light frequencies in the case of interband transitions and to low frequencies in the case of
intraband transitions. In the case of relatively low temperatures, SHG and THG can be
clearly observed. The results obtained above suggest that the temperature and magnetic
field significantly affect the optical properties of the considered nanostructure.

Author Contributions: H.A.S., D.A.E, L.S.P.,, D.B.H.—conceptualization and development of the
theory, M.A.M., D.B.H., M.Y.V.—numerical calculations, M.A.M., H.AS., D.B.H.—original draft
preparation, H.A.S.,, EM.K,, D.A.F, V.A.S.—review and editing. All authors have read and agreed to
the published version of the manuscript.

Funding: The work was partially funded by the Ministry of Science and Higher Education of the
Russian Federation as part of thematic work “Activities to support of efficiency of Russian-Armenian
and Belorussian-Russian Universities” (supplement agreement contract Ne 075-03-2021-050/5 dated
08.07.21) and by the RA Science Committee and Russian Foundation for Basic Research (RF) in the
frames of the joint research project SCS 20RF-041 and RFBR 20-52-05004 accordingly.

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.

Data Availability Statement: The data that support the findings of this study are available from the
corresponding author upon reasonable request.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or
in the decision to publish the results.

References

1.

Lee, ].; Leong, V.; Kalashnikov, D.; Dai, J.; Gandhi, A.; Krivitsky, L.A. Integrated single photon emitters. AVS Quantum Sci. 2020,
2,031701. [CrossRef]

Li, L.; Wang, W.; Luk, T.S.; Yang, X.; Gao, J. Enhanced quantum dot spontaneous emission with multilayer metamaterial
nanostructures. ACS Photonics 2017, 4, 501-508. [CrossRef]

Cai, Y.Y,; Collins, S.S.; Gallagher, M.].; Bhattacharjee, U.; Zhang, R.; Chow, T.H.; Ahmadivand, A.; Ostovar, B.; Al-Zubeidi, A.;
Wang, J.; et al. Single-particle emission spectroscopy resolves d-hole relaxation in copper nanocubes. ACS Energy Lett. 2019,
4,2458-2465. [CrossRef]

Ostovar, B.; Cai, Y.Y,; Tauzin, L.J.; Lee, S.A.; Ahmadivand, A.; Zhang, R.; Nordlander, P; Link, S. Increased intraband transitions
in smaller gold nanorods enhance light emission. ACS Nano 2020, 14, 15757-15765. [CrossRef] [PubMed]

Sarkisyan, H.A.; Hayrapetyan, D.B.; Petrosyan, L.S.; Kazaryan, E.M.; Sofronov, A.N.; Balagula, R.M.; Firsov, D.A.; Vorobjev, L.E.;
Tonkikh, A.A. Realization of the Kohn’s theorem in Ge/Si quantum dots with hole gas: Theory and experiment. Nanomaterials
2019, 9, 56. [CrossRef]

Sofronov, A.N.; Balagula, R.M.; Firsov, D.A.; Vorobjev, L.E.; Tonkikh, A.A.; Sarkisyan, H.A.; Hayrapetyan, D.B.; Petrosyan, L.S.;
Kazaryan, E.M. Absorption of Far-Infrared Radiation in Ge/Si Quantum Dots. Semiconductors 2018, 52, 59-63. [CrossRef]
Hayrapetyan, D.B.; Kazaryan, E.M.; Mkrtchyan, M.A.; Sarkisyan, H.A. Long-wave Absorption of Few-Hole Gas in Prolate
Ellipsoidal Ge/Si Quantum Dot: Implementation of Analytically Solvable Moshinsky Model. Nanomaterials 2020, 10, 1896.
[CrossRef]


http://doi.org/10.1116/5.0011316
http://doi.org/10.1021/acsphotonics.6b01039
http://doi.org/10.1021/acsenergylett.9b01747
http://doi.org/10.1021/acsnano.0c06771
http://www.ncbi.nlm.nih.gov/pubmed/32852941
http://doi.org/10.3390/nano9010056
http://doi.org/10.1134/S1063782618010220
http://doi.org/10.3390/nano10101896

Nanomaterials 2022, 12, 60 12 of 13

10.

11.

12.

13.
14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

Vahdani, M.R K.; Rezaei, G. Linear and nonlinear optical properties of a hydrogenic donor in lens-shaped quantum dots. Phys.
Lett. A 2009, 373, 3079-3084. [CrossRef]

Aderras, L.; Bah, A,; Feddi, E.; Dujardin, E; Duque, C.A. Stark-shift of impurity fundamental state in a lens shaped quantum dot.
Phys. E Low-Dimens. Syst. Nanostructures 2017, 89, 119-123. [CrossRef]

Khordad, R.; Bahramiyan, H. Electronic and optical properties of a lens shaped quantum dot under magnetic field: Second and
third-harmonic generation. Commun. Theor. Phys. 2014, 62, 283. [CrossRef]

Barati, M.; Vahdani, M.R K.; Rezaei, G. Lower-lying states of hydrogenic impurity in lens-shaped and semi-lens-shaped quantum
dots. J. Phys. Condens. Matter 2007, 19, 136208. [CrossRef]

Rodriguez, A.H.; Ramirez, H.Y. Analytical calculation of eigen-energies for lens-shaped quantum dot with finite barriers. Eur.
Phys. ]. B 2008, 66, 235-238. [CrossRef]

Voon, L.L.Y.; Willatzen, M. Confined states in lens-shaped quantum dots. J. Phys. Condens. Matter 2002, 14, 13667. [CrossRef]
Khordad, R.; Bahramiyan, H.; Mohammadi, S.A. Influence of impurity on binding energy and optical properties of lens shaped
quantum dots: Finite element method and Arnoldi algorithm. Chin. J. Phys. 2016, 54, 20-32. [CrossRef]

Makhlouf, D.; Choubani, M.; Saidi, F.; Maaref, H. Enhancement of transition lifetime, linear and nonlinear optical properties in
laterally coupled lens-shaped quantum dots for Tera-Hertz range. Phys. E: Low-Dimens. Syst. Nanostructures 2018, 103, 87-92.
[CrossRef]

Zamani, A.; Azargoshasb, T.; Niknam, E.; Mohammadhosseini, E. Absorption coefficient and refractive index changes of a
lens-shaped quantum dot: Rashba and Dresselhaus spin-orbit interactions under external fields. Optik 2017, 142, 273-281.
[CrossRef]

Jbara, A.S.; Othaman, Z.; Saeed, M.A. Effect of size and indium-composition on linear and nonlinear optical absorption of
InGaN/GaN lens-shaped quantum dot. Chin. Phys. B 2016, 25, 057801. [CrossRef]

Choubani, M.; Maaref, H.; Saidi, F. Nonlinear optical properties of lens-shaped core/shell quantum dots coupled with a wetting
layer: Effects of transverse electric field, pressure, and temperature. . Phys. Chem. Solids 2020, 138, 109226. [CrossRef]
Choubani, M.; Makhlouf, D.; Saidi, F.; Maaref, H. Enhancement of the second harmonic generation in a coupled lens-shaped
quantum dots under wetting layer, temperature, pressure, and electric field effects. Opt. Quantum Electron. 2020, 52, 1-15.
[CrossRef]

Even, ].; Loualiche, S. New analytical calculations of the resonance modes in lens-shaped cavities: Applications to the calculations
of the energy levels and electronic wavefunctions in quantum dots. J. Phys. A Math. Gen. 2020, 36, 11677. [CrossRef]

Gong, M.; Zhang, W.; Can Guo, G.; He, L. Atomistic pseudopotential theory of optical properties of exciton complexes in
InAs/InP quantum dots. Appl. Phys. Lett. 2011, 99, 231106. [CrossRef]

Herrera, ].R.; Gutierrez, W.; Miranda, D.A. Electronic properties of Hgl-xCdxSe lens-shaped quantum dots under external fields.
J. Phys. Conf. Ser. 2016, 689, 012025. [CrossRef]

Livache, C.; Goubet, N.; Gréboval, C.; Martinez, B.; Ramade, J.; Qu, J.; Triboulin, A.; Cruguel, H.; Baptiste, B.; Klotz, S.; et al.
Effect of Pressure on Interband and Intraband Transition of Mercury Chalcogenide Quantum Dots. J. Phys. Chem. C 2019,
123, 13122-13130. [CrossRef]

Khachatryan, K.S.; Mkrtchyan, M.A.; Hayrapetyan, D.B.; Kazaryan, E.M.; Sarkisyan, H.A. Adiabatic description of the elec-
troabsorption in strongly prolate and oblate conical quantum dots. Phys. E Low-Dimens. Syst. Nanostructures 2021, 134, 114887.
[CrossRef]

Karabulut, I.; Mora-Ramos, M.E.; Duque, C.A. Nonlinear optical rectification and optical absorption in GaAs-Gal-xAlxAs
asymmetric double quantum wells: Combined effects of applied electric and magnetic fields and hydrostatic pressure. J. Lumin.
2011, 131, 1502-1509. [CrossRef]

Sakiroglu, S.; Ungan, F.; Yesilgul, U.; Mora-Ramos, M.E.; Duque, C.A.; Kasapoglu, E.; Sari, H.; Sokmen, I. Nonlinear optical
rectification and the second and third harmonic generation in Poschl-Teller quantum well under the intense laser field. Phys. Lett.
A 2012, 376, 1875-1880. [CrossRef]

Baskoutas, S.; Paspalakis, E.; Terzis, A.F. Electronic structure and nonlinear optical rectification in a quantum dot: Effects of
impurities and external electric field. J. Phys. Condens. Matter 2007, 19, 395024. [CrossRef]

Baskoutas, S.; Paspalakis, E.; Terzis, A.F. Effects of excitons in nonlinear optical rectification in semiparabolic quantum dots. Phys.
Rev. B 2006, 74, 153306. [CrossRef]

Li, X.; Yan, L.; Si, J.; Pan, A.; Xu, Y.; Hou, X. Tunable nonlinear absorption effect and carrier dynamics of perovskite quantum dots.
Opt. Mater. Express 2021, 11, 569-574. [CrossRef]

Zvyagin, A.L; Smirnov, M.S.; Ovchinnikov, O.V. Enhancement of nonlinear optical response of methylene blue and azure a during
association with colloidal CdS quantum dots. Optik 2020, 218, 165122. [CrossRef]

Zeiri, N.; Naifar, A.; Nasrallah, S.A.B.; Said, M. Third nonlinear optical susceptibility of CdS/ZnS core-shell spherical quantum
dots for optoelectronic devices. Optik 2019, 176, 162-167. [CrossRef]

El-Haouari, M,; Talbi, A ; Feddi, E.; El-Ghazi, H.; Oukerroum, A.; Dujardin, F. Linear and nonlinear optical properties of a single
dopant in strained AlAs/GaAs spherical core/shell quantum dots. Opt. Commun. 2017, 383, 231-237. [CrossRef]
Ghaltaghchyan, H.T.; Hayrapetyan, D.B.; Kazaryan, E.M.; Sarkisyan, H.A. Few-body absorption in prolate ellipsoidal quantum
dot. J. Phys. Conf. Ser. 2016, 673, 012012. [CrossRef]


http://doi.org/10.1016/j.physleta.2009.06.042
http://doi.org/10.1016/j.physe.2017.02.012
http://doi.org/10.1088/0253-6102/62/2/17
http://doi.org/10.1088/0953-8984/19/13/136208
http://doi.org/10.1140/epjb/e2008-00394-3
http://doi.org/10.1088/0953-8984/14/49/321
http://doi.org/10.1016/j.cjph.2016.02.003
http://doi.org/10.1016/j.physe.2018.05.024
http://doi.org/10.1016/j.ijleo.2017.06.013
http://doi.org/10.1088/1674-1056/25/5/057801
http://doi.org/10.1016/j.jpcs.2019.109226
http://doi.org/10.1007/s11082-019-2184-2
http://doi.org/10.1088/0305-4470/36/46/010
http://doi.org/10.1063/1.3669507
http://doi.org/10.1088/1742-6596/689/1/012025
http://doi.org/10.1021/acs.jpcc.9b01695
http://doi.org/10.1016/j.physe.2021.114887
http://doi.org/10.1016/j.jlumin.2011.03.044
http://doi.org/10.1016/j.physleta.2012.04.028
http://doi.org/10.1088/0953-8984/19/39/395024
http://doi.org/10.1103/PhysRevB.74.153306
http://doi.org/10.1364/OME.412189
http://doi.org/10.1016/j.ijleo.2020.165122
http://doi.org/10.1016/j.ijleo.2018.09.050
http://doi.org/10.1016/j.optcom.2016.09.019
http://doi.org/10.1088/1742-6596/673/1/012012

Nanomaterials 2022, 12, 60 13 of 13

34.

35.

36.

37.

38.
39.

40.

41.

42.

43.

44.

45.

Petrosyan, L.S. Electron states in a biconvex thin quantum lens in the presence of an external homogeneous magnetic field. J.
Contemp. Phys. 2005, 40, 28.

Li, S.S.; Xia, ].B.; Yuan, Z.L.; Xu, Z.Y.; Ge, W.; Wang, X.R.; Wang, Y.; Wang, J.; Chang, L.L. Effective-mass theory for InAs/GaAs
strained coupled quantum dots. Phys. Rev. B 1996, 54, 11575. [CrossRef] [PubMed]

Bouarissa, N. Effective masses of electrons, heavy holes and positrons in quasibinary (GaSb) 1 — x (InAs) x crystals. |. Phys. Chem.
Solids 2006, 67, 1440-1443. [CrossRef]

Fang, ZM.; Ma, K.Y,; Jaw, D.H.; Cohen, R.M.; Stringfellow, G.B. Photoluminescence of InSb, InAs, and InAsSb grown by
organometallic vapor phase epitaxy. J. Appl. Phys. 1990, 67, 7034-7039. [CrossRef]

Efros, A.L.; Efros, A.L. Interband absorption of light in a semiconductor sphere. Sov. Phys. Semicond 1982, 16, 772-775.

Ikeda, K.; Minami, F.; Koguchi, N. Thermal broadening of the exciton line in III-V semiconductor quantum dots. Phys. Status.
Solidi. 2004, 1, 573-576. [CrossRef]

Van Roosbroeck, W.; Shockley, W. Photon-radiative recombination of electrons and holes in germanium. Phys. Rev. 1954, 94, 1558.
[CrossRef]

Bhattacharya, R.; Pal, B.; Bansal, B. On conversion of luminescence into absorption and the van Roosbroeck-Shockley relation.
Appl. Phys. Lett. 2012, 100, 222103. [CrossRef]

Karabulut, I; Baskoutas, S. Linear and nonlinear optical absorption coefficients and refractive index changes in spherical quantum
dots: Effects of impurities, electric field, size, and optical intensity. J. Appl. Phys. 2008, 103, 073512. [CrossRef]

Sargsian, T.A.; Mkrtchyan, M.A.; Sarkisyan, H.A.; Hayrapetyan, D.B. Effects of external electric and magnetic fields on the linear
and nonlinear optical properties of InAs cylindrical quantum dot with modified Péschl-Teller and Morse confinement potentials.
Phys. E Low-Dimens. Syst. Nanostructures 2021, 126, 114440. [CrossRef]

Karabulut, I; Safak, H.; Tomak, M. Excitonic effects on the nonlinear optical properties of small quantum dots. J. Phys. Appl. Phys.
2008, 41, 155104. [CrossRef]

Ungan, M.K.F; Bahar, S.; Pal, M.E. Mora-Ramos, Electron-related nonlinear optical properties of cylindrical quantum dot with
the Rosen-Morse axial potential. Commun. Theor. Phys. 2020, 72, 075505.


http://doi.org/10.1103/PhysRevB.54.11575
http://www.ncbi.nlm.nih.gov/pubmed/9984946
http://doi.org/10.1016/j.jpcs.2006.01.111
http://doi.org/10.1063/1.345050
http://doi.org/10.1002/pssc.200304042
http://doi.org/10.1103/PhysRev.94.1558
http://doi.org/10.1063/1.4721495
http://doi.org/10.1063/1.2904860
http://doi.org/10.1016/j.physe.2020.114440
http://doi.org/10.1088/0022-3727/41/15/155104

	Introduction 
	Theoretical Model 
	Energy Spectra and Wave Functions 
	Results 
	Conclusions 
	References

