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Abstract

We have investigated the effects of size, hydrostatic pressure, temperature, electric field, and inhomogeneous indium distri-
bution on sub-band electronic properties and the second harmonic generation (SHG) coefficient. In our model, a system of
two lens-shaped In, Ga,_,As quantum dots (QDs) laterally coupled to their wetting layer (WL) was investigated. To compute
energy levels and their corresponding envelope functions, the finite difference method was used. Then, the SHG coefficient
was calculated using the density matrix approach. The results showed that the indium segregation inside the WL and In—-Ga
interdiffusion inside QDs must be considered to match photoluminescence (PL) data. It was also found that the structure
under study can be used to generate a stronger SHG coefficient in the terahertz domain. In addition, the SHG spectra can be
adjusted with the inclusion of the hydrostatic pressure (P), temperature (7), spacer width (L) between neighboring QDs,
and electric field (F) effects. Therefore, a redshift (to lower energies) or blueshift (to higher energies) of the SHG spectra
can occur in the terahertz region, and the structure can be used as a frequency doubler.
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Introduction

In recent years, the second (SHG) and third harmonic
(THG) generations, nonlinear optical rectification (NOR),
nonlinear absorption coefficient, and refractive index
change coefficient have attracted increasing interest in
technology applications. For example, Solaimani et al.
examined the interdiffusion phenomenon and electric field
effects on the NOR coefficient of GaAs/AlGaAs quantum
wells (QWs).! Their results showed that the magnitude
and peak position of NOR can be adjusted using param-
eters such as aluminum concentration and electric field
intensity. In 2017, Mahdi et al.” studied the effect of tem-
perature (7)) on the band structure and confined energy
states in pyramidal InGaAs/GaAs quantum dots (QDs).
Souaf et al.? explored the indium segregation phenomenon
in strained InGaAs/GaAs QWs and found that emission
energy shifted to red (lower energy) with an increase in
the segregation coefficient. The temperature and excitation
power dependence of photoluminescence (PL) spectra of
a bimodal size distribution of small and large InAs QDs
was examined by Lee et al.* Their results showed that
the major peak of the PL spectra was attributed to the
ground state of the large QD, while the high-energy and
minor peaks were attributed to the contributions of the
ground and excited states of small and large QDs, respec-
tively. The combined effects of the confinement potential
and semispherical GaAs/AlGaAs QD radius were investi-
gated by Mohammadi et al.,” which revealed that the NOR,
SHG, and THG spectra shifted to red with an increase in
the QD radius and to blue with an increase in the confine-
ment potential height. Yahyaoui et al.® also showed that
energy levels and carrier potential in self-assembled QDs
coupled to their wetting layer (WL) were strongly affected
by strain and interdiffusion phenomena. Therefore, any
modeling of In(Ga)As QDs without indium segregation
and interdiffusion phenomena will remain descriptive.’~'°
However, other reviews account for indium segregation
or only lateral diffusion on surfaces during the epitaxial
growth process of QDs.!!"13

A large majority of these previous works are based
on single QDs or QWs with or without indium segrega-
tion and In-Ga atomic intermixing. Also, the effects of
temperature, electric field, pressure, strain, and QD mor-
phology on the nonlinear optical properties (NLOP) are
not considered simultaneously. Therefore, in the present
paper, the effects of all the mentioned external factors on
the SHG coefficient of laterally coupled lens-shaped InAs/
GaAs QDs will be investigated in detail. Indium segre-
gation inside the WL and atomic intermixing inside the
QDs are modeled by Muraki’s model and Gaussian distri-
bution, respectively. The purpose is to correlate with the

PL measurements and then adjust our results for terahertz
applications using laterally coupled QDs. The remainder
of this paper is organized as follows. The “Theoretical
procedures” section explains the numerical method used
to solve the three-dimensional (3D) Schrodinger equation,
the inhomogeneous indium profiles used, and the SHG
coefficient expressed in the density matrix approach. The
results and discussion are then presented, and finally, our
findings are summarized in the conclusion.

Theoretical Procedures

Due to a lattice mismatch of about 7% between the active
layer (InAs) and the buffer material (GaAs), the strain effect
switches the active layer towards three-dimensional (3D)
islands called quantum dots (QDs) and leads to the forma-
tion of a two-dimensional (2D) layer known as a wetting
layer (WL) with a thickness of about 2 MLs = 5 A.'* Such
a structure can be fabricated using the Stranski—Krastanov
growth method!> and molecular beam epitaxy (MBE).'®
Since the growth process leads to a bimodal distribution
of QDs, the lateral coupling of QDs has been the subject
of much research, and the investigation of the spacer width
between QDs is of great importance in tailoring electronic
and optical properties at the nanometer scale. In this work,
our attention will be focused on the investigation of the SHG
coefficient in two neighbored lens-shaped In,Ga,_,As QDs
laterally coupled to their WL as shown in Fig. 1.

As shown, both QDs are embedded in cubical GaAs
barrier material with dimensions L, , Ly, L,=60x60x60
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Fig.1 A schematic cross section at YO=30 nm of two neighbored
lens-shaped InxGal—xAs QDs laterally coupled to their WL with
radius R and height 4 embedded in GaAs semiconductor material.
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nm? along the x, y, and z directions, respectively. The left
QD with radius R, and height A, is coupled to the right one
with dimensions R, and &,. In this work, the space width
(Ly) between QDs will be used as an adjustment parameter
to enhance the SHG coefficient in the terahertz domain. In
this figure, X, ¥, and Z, denote the cube center coordi-
nates along the x, y, and z directions.

Also, during the epitaxy process of InAs well mate-
rial on GaAs substrate, indium surface segregation occurs
along the growth axis (z-axis) and inside the WL. This
phenomenon is due to a difference in miscibility between
the two semiconductors deposited. The impact of the
indium segregation phenomenon was quantified by Muraki
et al.'” In this work, the impact of the indium segregation
phenomenon was also introduced. Therefore, the indium
composition in the nth monolayer is given by the follow-
ing equations:

0 in GaAs
x(In) = xo(l—R;’) forl1<n<N (1)
xo(1=RY)R*™N forn > N

where R=0.85 is the segregation coefficient, x,=1 denotes
the nominal indium concentration, and N indicates the num-
ber of In,Ga,_,As monolayers grown before depositing the
GaAs capping layer.

In addition, during the capping process with the GaAs
material, the interchange of In and Ga atoms leads to diffu-
sion in opposite directions from inside the QD to the GaAs
barrier material and vice versa. This intermixing phenom-
enon leads to an inhomogeneous indium distribution inside
the QD and consequently affects the energy band gap and
the confined energy levels in the nanostructure. To introduce
this random distribution of indium inside the QD, in this
work we used a Gaussian function that takes into account
the radial and vertical indium distribution inside the later-
ally coupled QDs. Therefore, the indium concentration is
given by

_(‘Mf+ﬁl
X (F,2) = xge [ woo @
where
r= \/(x—XO)2+(y— Yy)?
Ly
L =2y — > + a h, for the Left QD
3)

L
R =2Zy+ 7H + a h, for the Right QD

The standard deviations, o, and o,, along the growth axis
and in the (xoy) section, respectively, are given by
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6,12 =7h,

612 = Bropi2(@)
2=Zg\*
ropi2(@) =R [ 1 - < 7 )
12

where the index (i=1, L) is used for the left QD and (i=2,
R) for the other neighboring QD placed on the right.

To compute the energy eigenvalues in the strained
In Ga,_,As/GaAs QDs, the 3D stationary Schrodinger equa-
tion given within the effective mass approximation is solved
numerically'®;

“

W = 1 = -

- | V(—————V)+ V®P,T) + gFF | w.(F) = Esy.

= (mj,hh(?’P’T) )+ VP, T) £ gFF | y,(F) = Ejy,(F)
o)

where F is the external applied electric field,
h=6.62x107>*, J-s is the Planck constant, V is the confin-
ing potential, and E; and y,(¥) are the energies and their
corresponding wave functions, respectively.

The effective mass of the position-dependent electron is
given by’

My

ER(EL(P,T)+3 Agy) (6)
EN(P,T)(EL(P,T)+Ag))

', P, T) =

142y +

where m,=9.1x 107! kg is the free electron mass. Ag, EZ,
and y denote the spin—orbit splitting, the energy related to the
momentum matrix element, and the Kane variable, respec-
tively. The pressure (P) and temperature (7) unstrained band
gap energy,E}, is given by the following formula’:

aT?
p+T

EL(P,T) = E}(0,0) - +DP %)

The effective mass of the heavy hole as a function of the
Luttinger parameters y, and v, is given by'’

my
" —2n

my,, (7, P, T) = ®)

The contribution of the hydrostatic strain (g,) and the
biaxial strain ¢, to the band gap energy is given by?!2?

() =2 ay = Apy Ga,_as(") [1 B Cu(”)]
e aInxGal,xAs(r ) Cpi(n)

a4y — A Ga As(r) 2C (r) (9)
(e[ 2t

Ay Ga,_ As(") Cn()

where a, and ap,,g,;_.a are the lattice parameters of GaAs
and In,Ga,_ As, respectively, and C,,(r) and C,,(r) are the
position-dependent elastic stiffness constants of In,Ga, _ As.
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Therefore, the strain-induced confinement potential for
electrons in the conduction band is given by**

V. Eg(GaAs) — AE (r) + a,(r)g,(r), inside the WL and QDs
r)=
¢ E,(GaAs), in GaAs barrier material

(10)

where the band gap discontinuity for electrons is expressed
20
as

AE,(r) = 0.7[E,(GaAs) = Egy G, as()] (11)
and a(r) is the position-dependent potential deformation.
In the valence band and for heavy holes, the confining
potential as a function of the hydrostatic deformation poten-
tial, a,(r), and shear deformation potential, b(r), is expressed

as follows!'*?3%*;

AE,(r) + a (e, (r) + lb(r)sh(r), inside the WL and QDs
V() = Y 2
0, in GaAs material

12)

where the band gap discontinuity for heavy holes in the
valence is given by’

AE,(r) = 0.3[E,(GaAs) = Egy 6o, as(1)] (13)

Table I summarizes all the values of the physical quanti-
ties used in this calculation and for the two semiconductor
materials InAs and GaAs. For all parameters of the strained
In,Ga,_,As, we use Vegard’s law as a function of the indium
concentration and the bowing parameter (b, )>:

Table | The material parameters of GaAs and InAs adopted from
Refs. 17,19-25

Parameters GaAs InAs b,
EL(eV) 28.8 21.5 0
Ago (V) 0.341 0.39 0.15
Y -1.94 -2.9 0

7 6.98 20.0 0

7 2.06 8.5 0
E20.0) V) 1.519 0.533 0

« (@meVIK) 0.5405 0.276

5 204 83

Apatice (A) 5.6533 6.0584 0

a, (eV) -7.17 -5.08 2.61
a, (eV) 1.16 1.0 0

b (eV) -1.7 -1.8 0
C,; (10" dyn cm™2) 11.879 8.329 0
Cy, (10! dyn cm™2) 5.376 4.526 0

P(n,Ga,_,As) = xp,(r)P(InAs) + (1 — xp,,(r))P(GaAs)

= b, xp, (N1 = x1,(r))

(14
where P can be the band gap energy, elastic stiffness con-
stants, effective mass, etc.

By numerically solving the 3D Schrodinger equation, we
can obtain the energy eigenvalues E; and their corresponding
envelope functions y;(7) in such a system. In this paper, we
adopt the finite distance method (FDM).2%28 This numeri-
cal method consists of uniform discretization of the com-
putational domain (Fig. 1) with dimensions of 60 x 60X 60
nm° into N_=241 nodes along the X, Y, and Z directions,
respectively. Thus, the discretization step is equal to A =2.5
A. For simplicity, we denote each node (x;, Vjs Z) as (i, j, k)
and the envelope function as y;(7) = y;(i, ], k), where i, j and
k=1,2,..N,.

Generally, for better accuracy, we use the central differ-
ence approximation for the first-order derivative. For exam-
ple, this derivative along the z-axis is given by

0z 2A

s)

Thus, we can convert the differential equation, Eq. (1),
into a system of NZ3 algebraic equations as follows:

A@J k) w(i,j, k) + Cli+1,j,k) w(ii+ 1,j,k) + EG—1,j,k) w(i —1,j,k)
+B(i,j+ 1,k) w(i,j+ 1,k) + D@, j— 1,k) w(i,j — 1,k) (16)

+EGj k+ 1) (i k+ 1)+ GG.j k= 1) w(i.j, k= 1) = E w(i.j, k)

o2 6 1
A, j, k) = (_A) {m*(i’j,k)-*'m*(i—l,j,k)
1 1

+
mx* (i+1,5,k)  mx(,j—1,k)
. 1 1
mx (i, j+ 1,k m=*(@,j,k—1)
1
N S VT
+m>k(i,j,k+1)}+ (@7, k)

C(”l’j"‘)z‘(MLA)z{m*é,j,k) m*(z+u,k>}
E(i_1,;,1{):_(%)2{%5’],’@ TR )}
BG@.j+ l’k)=_<4:zl_A)2{m*(1i,j,k) m*(lj+1 k)}
bai.j= l’k)=_(%)2{m*(li,j,k) m (i, ;—1 k)}
F(i’j’k+1)=_(475LA)2{m*(1i,j,k) m*(zjk+1)}
G“”""‘”:‘(MLA)Z{m*é,j,k) i k—1>} a7
Using the boundary conditions given by
w(i,j,k) > 0asx,y,z— +o0 (18)
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the problem comes down to solving (Nz—2)? linear equations,
which are converted into a matrix H. Finally, the energy
eigenvalues (E;) and their corresponding envelope function
(w,(7)) can be obtained via diagonalization of H.

To confirm the reliability of our theoretical calculations,
the optical transition energy of the conduction band to the
heavy hole can be expressed as

Epy,—g, = Eun, + E; + E,(In,Ga,_, As) (19)

where Eyyy, is the hole energy of the ground state confined
in the valence band, E, is the electron energy of the ground
(i=1) and first (i=2) excited states confined in the con-
duction band, and E(In,Ga,_,As) is the strained band gap
energy.

Knowing E; and ¥;, we are able to compute the sec-
ond harmonic generation coefficient expressed in density

matrix formalism™>'%2%;
o_N Hi2Ha3H3 )
20 = gy (Ey — 2hw + ihTy)(Eyy — ho + ihTy) 20)

where N=5x 10%* m~ is the carrier density, GF = 1,3 113,
is the geometric factor, p; = (y/i|ez'y/j> denotes the dipole

matrix element between the i and j states,
W, = E; = (E; — E;)represents the energy of the transition
between the i and j confined states, I'y=1/T,,, where
T,=0.14 ps is the relaxation time, and A is the photon
energy.

Results and Discussion

To obtain the best agreement between the calculated and
measured data, we consider the same reference sample
adopted by Maia et al.*” In that work, the InAs QDs sample
was grown on a 30-nm-thick GaAs substrate (001) using
the MBE technique. During growth, the sample was kept at
510 °C, and a 2.2-monolayer InAs QD material was depos-
ited on the GaAs substrate. The growth of such a system is
finished by its encapsulation in 30 nm of the GaAs material.
After GaAs capping, the cross-sectional scanning tunneling
microscopy (XSTM) image obtained shows a typical lens-
shaped InAs/GaAs with approximate height and base of
h=4 nm and 2R =20 nm, respectively. At a low temperature,
T=12 K, the photoluminescence spectrum of this nanostruc-
ture adopted from Maia et al. shows the presence of two
peaks, one centered at Eyyy g ey, = 1.068 eV and the other at
Eyni g exp=1.141 eV. The major peak located at Eyyyy_g; exp
was attributed to the optical transition between the ground
states £, and HH, confined in the conduction and valence
bands, respectively. However, the minor peak located at
Evni.g2_exp Was assigned to the optical transition between

@ Springer

HHI1 and the first excited state E, confined in the conduction
band. Therefore, at a low temperature, the inter-sub-band
transition energy is of the order of E,; =E, — E; =73 meV.

In this paper, we proceed to investigate the correlation
with experimental data. Therefore, we consider a strained
single lens-shaped In,Ga,_,As QD with a base radius
R=10nm and height 2=4 nm along the growth axis (001).
Also, we consider that this QD is coupled with its WL sub-
jected to strong segregation and intermixing effects that
modify their size and composition considerably during the
capping process.

Assuming homogeneous indium distribution (x;,=1) we
calculate the theoretical emission energies Eyy gy e and
Eyni-g2_ e at fixed QD height #=4 nm as a function of the
QD radius. As denoted in Fig. 2, it is clear that our computed
results are far from the experimental data. However, when
considering inhomogeneous indium distribution, the Gauss-
ian distribution of indium in the QD was obtained with the
adjustment parameters y,=0.5, @, =0.62, and §,=0.8. The
indium distribution in the QD and the wetting layer after
adjustment is depicted in Fig. 3b.

Accordingly, taking into account atomic intermixing and
indium segregation, our results coincide with those obtained
by measuring the PL of the considered structure based on
QDs with a radius of 10 nm and height of 4 nm as illustrated
in Fig. 2. The same figure shows a redshift of the optical
emission energy with the increase in the QD radius, which
can be explained by a reduction of the carrier confinement
phenomenon.

The variation in the SHG coefficient versus the photon
energy with and without the insertion of the indium seg-
regation and atomic intermixing phenomena is presented

“ =+ ~Epyip op=1068 €V

1.2 — = Eyip ep=1-141eV ]

Transition energies (eV)

R (nm)

Fig.2 The theoretical calculation of the optical transition energies
versus the QD radius at low temperature 7= 12 K, zero pressure, and
a fixed QD height #=4 nm.
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10 20 30 40 50
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Fig.3 A cross section of the 2D indium distribution inside the QD
and inside the WL: (a) homogeneous, (b) and (c) inhomogeneous
indium distributions.

in Fig. 4a. Here, it is clear that the SHG spectrum presents
two peaks. The minor peak located at the transition energy
w, =E,—E,=E,, is attributed to the emission between the
ground and the first excited levels confined in the conduc-
tion bands. Therefore, this peak is due to the absorption of
one incident photon with energy Aw as depicted in Fig. 4b.
However, the major peak located at the resonant energy
% = % is attributed to the simultaneous absorp-
tion of two incident photons as depicted in Fig. 4c.

Accordingly, after the excitation of an electron from the
ground state towards the first energy level confined in the
conduction band, the electron relaxes with the emission of
a signal having an energy w,,. Therefore, the structure can
be used as a frequency doubler to generate the SHG from
an input signal.

Furthermore, as shown in Fig. 4a, when the indium segre-
gation inside the WL and In—Ga atomic interdiffusion in the
QD are introduced, the transition energies w,, and w,, are
blueshifted towards high energies and the SHG coefficient
decreases in magnitude. Moreover, the computed inter-sub-
band transition energy ,; =73 meV matches the PL experi-
mental measurement. Therefore, to match experimental data,
both the indium segregation and atomic intermixing phe-
nomena must be taken into account in simulations.

As mentioned in the first section, to take into account
the bimodal distribution of QDs, we have considered a sys-
tem of two laterally coupled QDs having the same radius
R, =R,=10 nm. The left QD height is fixed at #;, =4 nm.

Wy =

For this configuration, Fig. 3c shows the indium distribu-
tion inside the system of two strongly coupled QDs when
the spacer width is fixed to zero, L;=0. The behavior of
the lowest electron levels (E|, E,, and E;: left axis) and the
transition energies (w,; and w,,: right axis) as a function of
the right QD height, £,, at T=12 K and zero pressure, P =0,
is depicted in Fig. 5. One can see a decrease in E|, E,, and E;
when the right QD becomes wider than the left QD, which
is a direct consequence of the reduction of the confinement
phenomenon that shifts all the confined states down. We also
observe that the energy difference between the ground state
and the first excited state (w,, = E, — E,) increases with the
increase in s, from 3 nm to 3 nm, and the same behavior is
also seen for the transition energy w,, = % = % Thus,
for h, <4 nm, it can be seen that the SHG spectrum displays
a redshift towards low energies, and @,; and ,, remain in
the terahertz domain. Hence, the confinement effect is domi-
nated by the right QD with height 4, < h; = 4 nm. Also,
for this quenching QD height (7, =4 nm), the two QDs are
identical, and it should be pointed out that a level crossing
occurs between the first confined states (£, = E,).

This leads to two weakly coupled states well localized
in each of the dots. Thus, for #, =4 nm, the minor peak of
the SHG spectrum has disappeared (w,; = E, — E, tends to
zero), and only the major peak persists. Therefore, only two
energy levels are confined in such a system composed of two
similar laterally coupled QDs. This behavior will be clarified
in Fig. 7. However, for i, >4 nm, a level splitting between
the first excited states occurs, and the SHG spectrum experi-
ences a blueshift towards high energies.

To understand the impact of the right QD height on
the SHG intensity, we plot the resonant peak intensities
;(éi) Max) a0d ;(52 Maxe (left axis) and the geometric factor
GF = py, 1y 13, (right axis) as a function of &,, as depicted
in Fig. 6. It can be seen that the SHG coefficient is directly
proportional to the geometric factor, which decreases and
tends to zero when the right QD height increases from
hy=4nmto 13 nm.

To summarize the results of Figs. 5 and 6, for this system
of two laterally coupled QDs, the SHG spectrum for three
different values of £, is given in Fig. 7.

For h,=4 nm, it can be seen that only the major peak
appears with maximum intensity )(éi) Max = 4% 107%m/V.
This is because the transition energy Zo,l =E,—E;=0and
the geometric factor GF = p , 1,3 15, are highest, as depicted
in Figs. 5 and 6, respectively. However, for 7, =6 nm and
according to Fig. 5, the transition energy values of the
two peaks of the SHG coefficient are w,; =44.5 meV and
,,=43.3 meV. Hence, the two peaks of the SHG spectrum
are very close, and it seems only one peak is observed. Also,
as compared to the /1, =4 nm case, the decrease in the SHG
magnitude is attributed to a decrease in the geometric factor
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Fig.4 (a) The second harmonic generation coefficient versus the
photon energy under the impact of the indium segregation and In-Ga
atomic interdiffusion phenomena for R=10 nm, /=4 nm, T=12 K,

0=o. R,=R,=10 nm ,h;=4 nm _a-u-m 100
1.00 Nﬂz K, P=0, LH:V_./
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Fig.5 Energy levels (left axis) and transition energies w,,=E,, and
w,,=E5 /2 (right axis) versus the right QD height for R, =R,=10
nm, h;=4nm, T=12K, P=0, and L,=0.
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and P=0. (b) and (c) Schematic explanation of the minor and major
peaks observed in the SHG spectrum, respectively.

intensity from 6x 1072 to 1 x 1072’ m?, as shown in Fig. 6.
Therefore, the two SHG peaks are observed for a QD on
the right side smaller than the one on the left. For this par-
ticular right QD height, h,=3.5 nm <h; =4 nm, the maxi-
mum value ;(éi) Max = 1-8% 10~°m/V of the SHG intensity is
reached at the transition energy ®,5,=34 meV. Thus, to illus-
trate how to enhance the SHG intensity, the structural dimen-
sions (R;=10nm, #; =4 nm) and (R, =10 nm, #,=3.5 nm)
will be investigated for all remaining computations.

Now, we explore the impact of the spacer on the peak
intensity of the SHG as depicted in Fig. 8. The results reveal
that the intensity decreases with an increase in the spacer
width, Ly, between the right and left neighboring QDs.
Hence, with an increase in the coupled width, the correlation
between the QDs decreases and the system tends towards
uncoupled and independent QDs for Ly, >7 nm. Thus,
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Fig.6 Resonant peak values of the SHG coefficient (left axis) and the
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Fig.7 Second harmonic generation versus the incident photon energy
for three different values of the right QD height, where (R, =10 nm,
hy=4nm), R,=10nm, T=12K, P=0, and L, =0.

when Ly is increased, the geometric factor GF = py, p53 43,
decreases, resulting in a decrease in the SHG intensity.

In addition, as depicted in Fig. 9, the minor peak position
displays a redshift whereas the major peak experiences a
blueshift in the terahertz domain. In other words, the opti-
mal value of the SHG coefficient can be reached for a small
spacer, L; =0, where QDs are strongly coupled to each
other.

With the choice of L;=0, Fig. 10 shows the optimized
SHG spectrum. As can be seen, the SHG intensity increases
sevenfold as compared to uncoupled QDs when increasing
the spacer width from L;=0 to 5 nm. Therefore, the space
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Fig.8 The spacer effect (Ly, on the peak intensity of the SHG coef-
ficient for (R, =10 nm, h; =4 nm), (R,=10 nm, h,=3.5 nm), T=12
K, and P=0.
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Fig.9 Transition energies w,;=E,; and w,, =E;,/2 versus the lateral
coupled width Ly for (R;=10 nm, ;=4 nm), (R,=10 nm, h,=3.5
nm), T=12 K, and P=0.

width plays a significant role in optimizing the SHG spec-
trum for terahertz devices.

Also, Fig. 11 is plotted to investigate the impact of
temperature (7) and hydrostatic pressure (P) on the SHG.
It can be seen that the SHG magnitude decreases with
increasing pressure from P =0 kbar to 20 kbar. This
behavior can be attributed to a decrease in the geometric
factor GF = p, 53443, With increasing P. Additionally, the
SHG spectrum experiences a blueshift to higher energies
with increasing P. This phenomenon is associated with an
increase in the confinement potential and carrier effective
mass with increasing P. However, when the temperature is
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Fig. 10 Second harmonic generation versus the incident photon
energy for three values of the lateral coupled width for (R;=10 nm,
h;=4nm), (R,=10 nm, h,=3.5nm), T=12 K, and P=0.
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Fig. 11 Impact of temperature and hydrostatic pressure on the SHG
spectrum for (R,=10 nm, h;=4 nm), (R,=10 nm, h,=3.5 nm),
T=12K, P=0, and L,=0.

increased from T=12 K to 300 K, the reverse phenomenon
is observed. Therefore, our results aid in understanding the
pressure and temperature impacts on the SHG spectrum
for terahertz applications.

To achieve greater consistency, we applied an external
electric field to break the symmetry of the structure and
increase the SHG intensity. As illustrated in Fig. 12, we

see that the resonant peak values )(g: Max) a0d )((2) are

_ 2w_Max2
directly proportional to the geometric factor GF = p 5 piy3 5,
and decrease along the entire range of applied electric field

strength: F=—100x 10° to 100x 10°> V/m.
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Fig. 12 Resonant peak values of the SHG coefficient and the geomet-
ric factor p,, po3 5, versus the electric field intensity for (R, =10 nm,
h;=4nm), (R,=10 nm, h,=3.5nm), T=12 K, P=0, and L, =0.

In addition, it can be seen that a stronger SHG is obtained
for an intense electric field, F=—100x 10’ V/m, directed
towards the substrate. In fact, the electric field breaks the
symmetry of the structure. A negative field induces a down-
ward tilt in the potential profile along the growth axis, while
a positive field induces an upward tilt. Therefore, the amount
of change in the overlapping between the electron envelope
wave functions affects the dipole matrix ele-

ments,y; = (wl-|ez'u/j>, between the confined states.

Consequently, the decrease in the minor and major peak
intensities of the SHG coefficient can be explained by a
decrease in the geometric factor when increasing the elec-
tric field magnitude.

Therefore, it is safe to say that the SHG magni-
tude is improved by applying an intense electric field,
F=-100x% 10> V/m, oriented towards the substrate. Also,
the impact of the applied electric field requires more detailed
study about how it also affects the resonant peak positions.
Hence, the energies of the first three confined levels E|,
E,, and E; versus the electric field intensity are plotted in
Fig. 13.

The resonant energies ,; and w,, of the SHG peak posi-
tions are also depicted in Fig. 13, and show that energy lev-
els suffer an apparent stark effect with an increase in F from
—100x 10° V/m to 100X 10° V/m. Accordingly, both the
minor peak and major peak of the SHG coefficient display
a blueshift.

Figure 14 shows the SHG spectra of the optimized struc-
ture with and without the applied electric field.

As compared to the reference structure (for F=0), the
SHG intensity increases twofold and the spectrum displays
a redshift under an applied electric field F=—100x 10° V/m
oriented towards the substrate. Therefore, to generate a
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Fig. 14 SHG spectra of the optimized structure with and without
the applied electric field for (R;=10 nm, ;=4 nm), (R,=10 nm,
h,=3.5nm), T=12K, P=0, and L, =0.

stronger SHG coefficient, the results indicate that the struc-
ture under investigation can be used under intense and nega-
tive electric fields. However, under a positive electric field,
the SHG spectrum displays a blueshift followed by a three-
fold decrease in intensity. Thus, the results are encouraging
and promising for the design of laterally coupled QDs based
on the SHG coefficient in the terahertz domain with respect
to the spacer width, indium segregation, and atomic inter-
mixing phenomena.

Conclusion

In conclusion, the impacts of spacer width, electric field,
strain, pressure, temperature, inhomogeneous indium dis-
tribution, and the morphology of single and laterally cou-
pled lens-shaped QDs were investigated with respect to
the energy eigenvalues, transition energies, dipole matrix
elements, envelope functions, and SHG coefficient. Thus,
the nanostructure was optimized to achieve a stronger SHG
coefficient in the terahertz domain. The results reveal that
inhomogeneous indium distribution due to segregation and
intermixing phenomena must be considered in computa-
tions and must be controlled during the epitaxy process of
such nanostructures to match the photoluminescence data.
Accordingly, the inclusion of inhomogeneous indium dis-
tribution leads to a shift of the SHG spectrum to higher
energies. In addition, as compared to a single QD, it was
found that a system of two laterally coupled QDs can be
used to generate a stronger SHG coefficient in the terahertz
domain. Consequently, the SHG magnitude decreases with
an increase in the spacer width between QDs, and the opti-
mum SHG intensity is achieved for strongly coupled QDs.
Moreover, our computed results reveal that the SHG spec-
trum displays a blueshift (redshift) with increasing tempera-
ture (pressure). Also, to generate a stronger SHG coefficient,
the results reveal that the proposed structure can be used
under intense and negative electric fields oriented towards
the substrate and along the growth axis.

These results are encouraging and promising for the
design of a frequency multiplier in the terahertz domain. In
addition, this study offers the opportunity to explore other
nonlinearities based on vertically coupled QDs considering
inhomogeneous indium distribution phenomena in future
work.
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