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Abstract

In this study, the effects of both tunable physical parameters and thermodynamic variables on the
linear and nonlinear optical properties of the InGaAs/InP triple quantum well are theoretically
investigated in detail. In addition, the effect of an external static electric field applied parallel to the
growth direction of the structure was also studied. To carry out this analysis, firstly, the energy
eigenvalues and eigenfunctions of the system were obtained as a result of solving the time-independent
Schrodinger equation using the diagonalization method, under the effective mass and envelope function
approach. Then, using these energy eigenvalues and eigenfunctions, the nonlinear optical properties of
the structure were calculated from the expressions derived within the compact density matrix approach
via the iterative method. The effect of adjustable structure parameters and applied external fields affects
the difference in subband energy levels at which transitions occur and the magnitudes of the dipole
moment matrix elements. These changes in the electronic properties of the structure cause the peak
positions of the total (linear plus nonlinear) optical absorption coefficient and total relative refractive
index change coefficient (RRIC) to shift towards lower or higher energy regions. These results are
expected to enable the proper design of new optoelectronic devices.

Keywords: InGaAs/InP gquantum well, Hydrostatic pressure, Temperature, External electric field.

1. INRODUCTION

Nonlinear optics is a field of study that
deals with the interaction between light
and matter in materials that do not exhibit
linear optical properties. Nonlinear optical
materials are those that can exhibit

intensity of light is not proportional [1-3].
The rapid development of nonlinear optics
in recent decades has led to the discovery
and development of a wide range of
nonlinear optical materials. These mater-

nonlinearity in their response to light,
meaning that the relationship between the

ials have unique properties that make them
useful for a variety of applications in fields
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such as telecommunications, imaging,
sensing, the construction of optical
switches, frequency converters, and other
optical devices that rely on nonlinear
interactions between light and matter [4-7].
Overall, the development of nonlinear
optics has had a profound impact on the
field of photonics and has opened up new
opportunities for the development of
advanced optical technologies.

The diversification of low-dimensional
semiconductor nanostructures such as
quantum dots (QDs), quantum wires, and
guantum wells (QWSs) has led to a
significant amount of research in the fields
of condensed matter physics and
optoelectronics.  These  semiconductor
nanostructures have unique electrical and
optical properties that arise due to their
small size and quantum confinement
effects. For example, the QDs exhibit
discrete energy levels due to their small
size, which can be used for a range of
applications such as single photon sources,
biological labeling [4-9]. Similarly,
guantum wires and QWSs have been studied
for their ability to confine electrons in two
or one dimensions, resulting in novel
electrical and optical properties. These
structures have been explored for
applications  such as high-speed
electronics, high-efficiency solar cells, and
light-emitting devices [4-7].

In recent years, there have been several
studies that put forward configurations
with different semiconductor structural
parameters and different geometries to
improve the optical and electronic
properties of these structures [10-15].
Mahrsia et al. investigated nonlinear
optical properties of InAs/GaAs QDs
exposed to hydrostatic pressure and
temperature [16]. Makhlouf et al.
investigated the linear and nonlinear
optical properties of InAs/GaAs structures
[17]. Dahiya et al. explored the effects of
temperature and hydrostatic pressure on
the optical properties of semi-parabolic
QD [18]. The optical properties of
quantum structures have been controlled,

also, due to electron localization. Optical
and electric properties of single or double
QWs were studied under hydrostatic
pressure and temperature [19]. The optical
properties of a step QW structure [20] and
the optical properties of InAs/InP QWs
within a tight-binding model [21] have
been investigated. In addition to the
theoretical studies, experimental investi-
gations on the semiconductor structures
have been reported [22]. Third-order
nonlinear susceptibility was designed by
molecular-beam epitaxy (MBE) [23], and
intersubband transition was calculated
[24].

The development of technological
devices depends on the improvement of the
physical and electric properties of low-
dimensional semiconductor structures. The
configurational setup of the semiconductor
structure directly affects the physical
properties of these nanosystems [25-29],
namely the structure parameters, applied
external  fields,  temperature, and
hydrostatic ~ pressure  [30-32]. The
investigations of the total optical
absorption coefficient (TOAC) and total
relative refractive index change coefficient
(TRIC) of InGaAs/InP QW structures are
relevant, for a variety of reasons, in the
field of optics and photonics [33, 34].
These  quantities  provide  valuable
information about the properties of a
material, including its electronic structure
and composition. The investigation of
TOACs and TRICs becomes an important
area of research, with a wide range of
practical applications regarding the
behavior of light in materials. The TOACs
and TRICs are crucial parameters for
designing optical devices, such as solar
cells, LEDs, and optical fibers. By
accurately measuring these parameters,
optimization of the performance of these
devices and efficiency could be achieved.

Based on these studies, this paper aims to
expose the role of the TOACs and TRICs
in triple InGaAs/InP QW potentials. For
analyzing these parameters, firstly, the
energy eigenvalues and eigenfunctions of
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the structure are obtained, within the
framework of effective mass and parabolic
band approximations, under different
structure parameters and external probes
such as temperature, hydrostatic pressure
and static electric fields. Then, the compact
density matrix approximation is applied to
produce evaluating expressions for the
nonlinear optical properties of the
structure. The organization of the paper is
as follows: Section 2 draws a theoretical
framework. Section 3 discusses the
numerical results. Section 4 presents the
conclusion of the paper.

2. THEORY

This study investigates how the nonlinear
optical properties of an InxGal-xAs/InP
triple quantum well (TQW) are affected by
structural parameters and external probes.

The schematic presentation of the TQW
structure is given in Figure 1. This
structure consists of three thin layers of
InGaAs sandwiched between two wider
layers of InP. The InGaAs layers are the
QWs, where electrons are confined in the
vertical direction, while the InP layers act
as barriers, preventing the electrons from
escaping. The configuration of the
structure stetting: z1=3nm, z2-z1 = Lwy, z3-
Z2 = Lby, z4-23 = Lwc, 75-24 = Lbg, z6-25 =
Lwr, z7-z6= 3nm. Vo= 518meV (quantum
well depth for the composition of x=0.53).
Lwi, Lwe, Lwg, Lbr, and Lbr are left well
width, center well width, right well width,
left barrier thickness, and right barrier
thickness, respectively.
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Figure 1. The TQW structure and the corresponding wavefunctions. InGaAs /InP structure is
sandwiched between the InP layer. Lwy: left well-width, Lwc: center well-width, Lwr: right
well-width, Lby: left barrier thickness, Lbr: right barrier thickness, Vo: quantum well depth.

The optical properties of a material are
related to its electronic band structure, and
the band structure of a QW is highly
sensitive to external perturbations such as
temperature and pressure. The
thermodynamic parameters affect energy
levels and wavefunctions, and so the
nonlinear optical properties vary with the
applied thermodynamic parameters. The
total Hamiltonian of an electron confined
in the proposed structure in the presence of
the applied external z-oriented electric
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field within the framework of effective
mass and parabolic band approximations
are given by [35-37]
-2
P -
H=——+*2—+V(z,P,T)—eFz
am e VT (1)
where m*(P, T) is the electron effective
mass, Pe is the electron momentum, F is
the magnitude of the applied external
electric field, and the z-axis is the growth
direction of the structure. The hydrostatic

pressure (P) and temperature (T)
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dependency of electron effective mass is
given

m*(P,T):{leE,f( rz +— ! H m, (2)

E;(P,T) E;(P,T)+0.341

here mo is the free electron mass [38]. The
mismatch of effective mass and dielectric
constant is a critical factor in determining
the strength and behavior of nonlinear
optical effects in materials. When the
intensity of light becomes sufficiently
high, the response of the material to the
electric field can deviate significantly from
the linear behavior observed at lower
intensities. This nonlinear response is
rooted in the intricate interplay between
the effective mass of charge carriers (often
electrons) in the material and its dielectric
properties. Effective mass characterizes
how these charge carriers respond to
external forces, like an electric field, in a
crystalline lattice. The dielectric constant,
on the other hand, quantifies the ability of
a material to polarize in response to an
electric field.

In addition, E,(P.T) is the energy gap

(eV) for InP depending on the pressure and
temperature.

E,(P,T)=E,(0,T)+aP — P*(eV) (3)

where «=8.4x10"° and p=18x10° are
the pressure coefficients for InP [39].
E,(0,T) is the temperature dependence of
the energy gap, and given as

E,(0,T)=1.421+7T*(T+c) " (eV) (4)

where 7=4.9x10" and c=327k are the
temperature coefficients for InP [39].
Energy band gap for InGaAs is
E,(x,T)=0.42+0.625x —[5.8 / (T +300)—4.19 /(T +271)] x 10 T°x
—4.19%x107*T? /(T +271) + 0.475x° (eV)

The pressure dependence of energy band
gap for InGaAs IS
E,(0.47,P)~(0.733+11x107°P-27x10°P*) eV [40].

The pressure coefficient that for every
increase in pressure of 1GPa (giga-pascal),
the bandgap of InP will vary by
approximately 0.07eV. Similarly, the
temperature coefficient means that for
every increase in 1 Kelvin (K) of

temperature, the bandgap of InP changes
by approximately 0.5 meV [38].

The confining potential also is affected
by the temperature and the pressure and is
given by

V(zP,T)=G,,(E)"(P,T)—E;*(P,T)) (5)

where the conductance and valance band

offset parameters (G.,) is assumed to

remain constant with pressure for
InP/InGaAs. The ratio is taken as 0.38:0.62
[41, 42].

With all this, the expression for
V=V(z,P,T), the confinement potential for
the electron in the z-direction is:

(Vo(z,P,T) 0<z<z
0 71 <z< 2y
Vo(z,P,T) 7z, <z< 23

V =<0 z3<z<2z, (6)
Vo(z,P,T) 74 <z < Zg
0 z5 <z < Zg
\Vy(z,P,T) Ze < z< 7y

In a QW structure, the bandgap energy of
the material is modified by the thickness of
the  well, which determines the
confinement of the electrons and holes
within the well. If the hydrostatic pressure
is applied to the structure, the lattice
constant of the material changes, which
can alter the bandgap energy and affect the
width of the QW. The QW-width as a
function of the hydrostatic pressure is
given [43]

L(P)=L(0)(1 ~(S,,+25,,)P) )
here L(O) is the QW width without
hydrostatic pressure, and Si1 and S; elastic
constants for InGaAs are given below [42].
C11+C12 .
(Cll_clz)*(cll+zclz)
_C12
(C11_C12)*(C11+2C12)
C,, =(8.34+3.56*x)*10;
C, =(4.54+0.80 * x) * 10

The subband energy levels and the
corresponding wave functions of the
electrons in this structure can be calculated
using the time-independent Schrodinger
equation. The wave function of an electron

1

512

(8)
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in @ QW can be described as a standing
wave. The wavefunction in the barriers is
an exponential decay function, with the
amplitude decreasing rapidly as the
electron moves away from the well. The
exact form of the wavefunctions depends
on the thicknesses and compositions of the
layers, as well as the energy level of the
electrons. These wavefunctions are
important in understanding the optical and
electrical properties of the structure, such
as the absorption and emission of light, and
the transport of electrons through the
structure.  The  different  structure
parameters and the applied external fields
cause the variation of the subband energy
levels and the corresponding wave
functions. We used the diagonalization
method [44] to calculate this change in the
electronic structure of the system. In this
method, the calculation of the single-
electron wave function w(z) is performed
for infinite quantum well width L, which
is large compared to the triple QW widths.
The wave function describing the structure
IS given

25, z 1
l//(z):\/L:ZCmsm(mﬁ[Z+E]) 9)

o0 Mm=1
After the hydrostatic pressure and
temperature-dependent structural
parameters are defined, the energies and
corresponding wave functions can be
obtained by solving Eq. (1) by the method
described above. Then, the linear, third-
order nonlinear, and total optical
absorption coefficients (TOACS), and total
refractive index changes (TRICs) for
transition for the electron states are
analytically expressed under the compact
density matrix approach and iterative
method [45].
The absorption coefficient and refractive
index changes are defined as [45].

ﬂ(w)=ngZ im{&, 7()] (10)
Rl 2 (12)

Now we can give the analytical formula
for the linear and third-order nonlinear
absorption  coefficients and relative
refractive index  changes. These
expressions are defined as follows [46, 47]

(1) — e |Myg|20pAT 10
B (w) “’\/; (Ex0-hw)*+(Rl10)? (12)
AnD(w) _ 0y|My? Ejo—hw
ny  2nZg [(Elo—hw)2+(hr‘10)2] (13)
(3) — _ b 1 |Myo|*ophT 19 _ |M11—Mqgo|?
'B (w, I) Zw\/:r (Eoan) [(E10—hw)?+(AT10)?]? [1 [2M14]2
(Eyo—hw)2—(AT10)%+2(E19)(E1o—hw)
(E10)2+(hT19)? ] (14)
An® (w,D) _ pelMqg)? oyl _ 2 _ (M11—Mqgp)? _
e andzo [(Bro—h@)+(T)?E [4(E1° hw)| My (E10)2+(hT'10)? {(Exo
hw) X [(E1o) (E1p — hw) — (hTy0)?] — (Aly0)?*(2(Ep) — hw)}] (15)

where ® presents the angular frequency
and ' is the relaxation time for
intersubband transitions. p and & are
magnetic permeability and the real part of
the electrical permittivity. oy IS the carrier
density, 7 is the Planck constant and nr is
the refractive index. Ejj is the i"" and j"

energy state of the electron. Mj
corresponds to transition dipole element.
The total TOACs and TRICs equal the sum
of the linear and third-order nonlinear
terms and are given by the following
equation:

Blw,D) = BP(w) +pP(w,1)  (16)
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and

an(w,D) _ anD (w) n 2B (w,I) (17)

Ny ny Ny

where the relative refractive index of the
system is n,. = /g, and the real part of the
permittivity is s = n2gy . € and po are
vacuum  permittivity and  vacuum
permeability, respectively. o, is the carrier
density of the system. ® is the angular
frequency of the incident photon, | is the
optical intensity of the incident photon, E1o
is the energy difference between the two
lowest energy levels and I'1o is defined as
the relaxation rate for states 1 and 0. M;; =
(Yi(2)lez|yP;(2)) (here i,j=0,1) represents
the dipole moment matrix element for the
transitions.

3. RESULT AND DISCUSSION

The applied external probes (hydrostatic
pressure, temperature, and external electric
field) on the nonlinear optical properties of
the triple InGaAs/InP structure have been
investigated. The effective mass and
compact density matrix approaches are
used for the calculation of nonlinear
optical  properties.  The  simulation

parameters are [48]: m* = 0.077m, where
my is the mass of a free electron, e=
1.602x10719¢, c=3x108m/s, h=
1.056x10734Js, £,=8.854x10~12C2/Nm2,
u=4nx10~’ Hm™1 o6v=3.0x1022m=3,
x=0.53, Vy=518meV, n~( 3.27) is the
refractive index of InxGaixAs/InP at a
composition of 0.53. The use of a uniform
effective mass in the whole structure of
INP/InGaAs is based on the assumption

that the energy bands and electronic
properties of the material are uniform

throughout the structure. This is a
reasonable approximation in many cases,
as long as the composition and doping
levels of the material are kept relatively
constant. The effective mass
approximation assumes that the electron
and hole masses are uniform throughout
the material, which allows for simpler
calculations of electronic properties and
band structure.

In the first stage of the study, the
electronic and optical properties of the
InxGaixAs/InP TQW  structure  were
investigated  for  different  barrier
thicknesses. The composition of the
InxGaixAs alloy is parameterized by X,
which ranges from 0 to 1 and determines
the bandgap energy of the material. For the
specific TQW structure with x=0.53, the
bandgap energy (Vo) is 518 meV. With this
composition, the alloy is lattice matched to
InP. Besides, the thickness of the barriers
in the TQW structure plays an important
role in determining the electronic and
optical properties of the material. As the
barrier thickness increases, the interactions
of electrons trapped inside the QWSs
decrease, which affects the quantum
mechanical properties of the system. With
the increase of the barrier thickness too
much, the structure behaves like three
single -isolated- QWs that do not interact
with each other. As a result, the energy
levels of the electrons in the QWs become
more closely spaced, and the overlap
between the wavefunctions of adjacent
QWs increases. The numerical results of
the dipole moment matrix elements and the
energy difference between the subband
energy levels are given in Table 1.

Table 1. Energy difference and dipole moment matrix element for InGaAs/InP structure at the
different left barrier and right barrier thickness (Lb.=Lbr =2, 3, 4, 5nm). Left, center, and
right QW-width are set to 3nm (Lw.=Lwc=Lwr = 3nm). The external fields are set to zero (T

=300K,P=F =0).
LbL=Lbgr (nm) E1o (meV) Mzo(nm) [M10]*xE10 (nm?xmeV)
2 36.8140 3.5392 461.13
3 17.8196 4.1789 311.187
4 8.7521 4.7669 198.877
5 4.4475 5.2041 120.4501
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Figure 2. The change of total optical absorption coefficients for different barrier thicknesses.

Figure 2 shows the variation of the total
optical absorption coefficient of the TQW
structure versus the incident photon energy
for different barrier thicknesses. The
quantum well widths considered are equal
to 3nm. The applied external fields
(hydrostatic pressure, and electric field) are
set to zero, and the temperature is kept at
300K. The increment of left and right
barrier thickness results in the red shift of
the resonant peak of TOAC because the
ground and first excited state energy values
are diminished with the increment of
barrier thickness, (see Table 1). The total
optical absorption coefficient is a measure
of the absorption of light by a material.
The absorption coefficient is proportional
to the transition probability per unit of time
between two states of the material. The
energy difference between the ground state
and the first excited state is an important
factor that affects the absorption
coefficient. The amplitude of the total
optical absorption coefficient is propor-
tional to the product of the square of the
dipole moment matrix element with the
energy difference (|[Mio|>xE10). In Table 1,
IM10|xE10 decreases with the increment of
the barrier thickness so the amplitude of
TOAC decreases with the increment of

International Journal of Nanoscience and Nanotechnology

barrier thickness. Furthermore, we observe
in Fig. 2 that the amplitude of the TOAC
diminishes considerably by augmenting the
barrier widths Lb. and Lbr from 2 to 3 nm.
However, it decreases for Lb. and Lbr
from 4 to 5 nm. This result is because
when the left and right barrier widths take
higher values, the quantum wells become
decoupled and not sensitive to the effects
of barrier widths, per a consequence, the
wavefunctions spread will be less sensitive
to further increase of barrier widths which
explains the small reduction of the
(TOAC) amplitude when Lb. and Lbr from
4 to Snm.

Figure 3 exhibits total refractive index
change (TRIC) at different barrier
thicknesses (Ly). The quantum barrier
widths, temperature, hydrostatic pressure,
and external electric field are kept
constant. This quantity is largely
dependent on the energy level structure in
the QW as well as on the corresponding
electron wave functions, which are closely
related to the geometry of confining
potential. In this sense, both the energy
position of its nodes and the amplitude of
the extrema are affected by changes in well
and barrier region widths. The barrier
thickness variation causes a decrease in the
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energy levels of the confined states, and
this results in the red shift of the resonant
peak of the TRIC. The magnitude of the
refractive index change caused by the
interaction between light and matter is
related to the strength of the interaction.
The strength of the interaction is related to
the dipole moment matrix element (Mio).
My is a fundamental quantity that
determines the strength of the interaction
between light and matter, and therefore, it
determines the magnitude of the refractive

index change. Msio increases with the
increment of barrier thickness, Table 1.
This increment causes a rise in the
amplitude of TRIC. Furthermore, we
observe that for all values of Lb. and Lbg,
the (TRICs) display a similar behavior.
They increase at first, reach their
maximum, and then diminish rapidly,
intercept the zero axis, and reach again
their minimum. After that, all (TRICs) tend
progressively to zero energy.

e
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Figure 3. Total refractive index change at different left and right barrier thicknesses.

Table 2. Energy levels of confined states and the diple moment matrix elements for
InGaAs/InP structure at different quantum well widths.

Lwi=Lwc=Lwg (nm) | Exw(meV) | Mwo(nm) | [Mio’xE10 (nm*xmeV)
4 11.1970 4.8722 265.798
5 7.5179 5.5668 232.974
6 5.3070 6.2618 208.088
7 3.7942 6.8570 178.397

Table 2 gives the energy levels of
confined states and the diple moment
matrix elements for the TQW structure at
the different left, center, and right barrier
well thicknesses (Lwi=Lwc=Lwr), i.e. the
symmetry of the TQW structure does not
change. Left and right barrier thicknesses
(Lb) are kept constant at 3nm. The
temperature, hydrostatic pressure, and
electric field are kept constant (T=300K,
P=F=0). Figure 4 demonstrates the total
absorption coefficient of InGaAs/InP triple

guantum well structure for different
quantum well widths. The quantum barrier
thicknesses are taken to be equal to 3nm.
The applied external probes (hydrostatic
pressure, and electric field) are set to zero,
and the temperature is 300K. As the width
of the quantum wells increases, the wave
functions of the electrons become more
spread out and so the energy levels of the
structure are lowered due to the reduced
confinement of the electrons. At the same
time, the inter-level transition energy goes
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down. This results in a redshift of the
resonant absorption peak position of the
TQW structure. The amplitude of TOAC is
proportional to the product of transition
probability (square of dipole moment
matrix element or (|M1ol?) and the energy
difference (E1o). The product of transition

probability with the energy difference
(IM10|*xE10) decreases with the increment
of the barrier widths, as noticed in Table 2.
Thus, the resonant peak amplitude of the
TOAC decreases with the increment of
QW widths.

4x109

3x10

2x109
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Figure 4. Change in total optical absorption coefficients at different quantum well widths.
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Figure 5. Total refractive index change at different quantum well widths.

In Figure 5, the maximum peak position
of the TRIC in a InGaAs/InP TQW shifts
to a lower energy region due to an increase
in the quantum well widths. The quantum
barrier thickness is set to 3nm as well. The
applied external probes (hydrostatic
pressure, and electric field) are set to zero.
The temperature is kept at 300K. The

International Journal of Nanoscience and Nanotechnology

resonant peak position of the TRIC
corresponds to the energy at which the
electrons in the structure undergo a
transition between energy states. An
increase in the quantum well width leads to
a redshift in the resonant peak position of
the TRIC because a wider well leads to a
diminished transition energy, as presented
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in Table 2. As discussed, the amplitude of
TRIC depends on the dipole moment
matrix element (Mio). M1o increases with
the increment of quantum well widths,

Table 2. For this reason, the magnitude of
TRIC coefficients increases with the
increment of QW widths.

Table 3. Energy levels and dipole moment matrix elements at different temperatures.

1x101

T (K) Eio(meV) Mio(nm) [M10]*xE10 (nm?xmeV)
100 7.3081 5.5683 226.595
300 7.5179 5.5668 232.974
500 7.8504 5.5623 242.885
700 8.3164 5.5558 256.702
900 8.8811 5.5478 273.343
o — T=100K
g 4x101 —— T=300K
= —— T=500K
§ —— T=700K
é 3x109 —— T=900K
8 Lwi=Lwc=Lwr = 5nm
o Lbi=Lbr=3nm
5 P=0
2 2x101
Q.
L
(o]
(7]
2
<
©
(o]
-

F=0
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15

20 25 0

Photon Energy (meV)
Figure 6. Change in total optical absorption coefficients at different temperatures.

Table 3 presents the energy values of
confined states and dipole moment matrix
elements at different temperatures (T=100,
300, 500, 700, 900 K). Quantum well
widths are set to 5nm and barrier
thicknesses are set to 3nm. The external
hydrostatic pressure and electric field are
taken to be zero.

Figure 6 shows the change in total
optical absorption coefficients at different
temperatures. The quantum well widths
(Lw =Lwc=Lwr = 5nm), quantum barriers
thickness (Lbr = Lb.=3nm), hydrostatic
pressure (P=0), and the external electric
field (F=0) are kept constant. The
absorption coefficient shifts to a higher
energy region (blue shift) with the
increment of temperature due to increased
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transition energy values. The amplitude of
the total absorption coefficient increases
with the temperature due to thermal
broadening. This amplitude depends on the
product of |Mio>xE1o. This product
increases with the increment of the
temperature. Thus, the magnitude of the
total absorption coefficient increase with
the rise in temperature due to thermal
effects. Furthermore, we remark that the
TOAC is less sensitive to the temperature
variation for small and higher values of the
photon energy (E<5 meV and E>25 meV).
The region for which we can distinguish
the small variation of TOAC is around its
peak as shown in Fig 6.
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Figure 7. Variation of total refractive index change at different temperatures.

Figure 7 gives information about the
behavior of TRIC at different temperatures
for triple InGaAs/InP QW structure. The
structural parameters are kept constant,
namely, Lwi=Lwc=Lwr =5nm, Lbgr=
Lb.=3nm, P=0, and F=0. The resonant
peak position of the total refractive index
change in a triple InGaAs/InP quantum
well structure can shift towards blue
wavelengths with increasing temperature.
As the temperature increases, the bandgap
energy value of the materials diminishes -
although at different paces-, but there is
also an effect of thermal expansion that
makes the effective QW width increase. As
a result, QW transition energies increment
as noticed in Table 3. These changes can

cause the resonant peak position to shift
towards to higher energy (blueshift)
region. The magnitude of total refractive
index change depends on the dipole
moment matrix element (My). The
variation of the dipole moment matrix
element is low, Table 3. Thus the
magnitude variation of TRIC is not
noticeable  with the increment in
temperature.

Table 4 gives energy values of confined
states and dipole moment matrix elements
as a function of applied hydrostatic
pressure. QW widths, barrier thicknesses,
and external fields are kept constant
(Lw=Lwc=Lwr=5nm, Lb=Lbr =3nm,
T=300K, and F=0).

Table 4. Variation of energy values and dipole moment matrix elements at different
hydrostatic pressures.

P (kbar) Eio(meV) Mzo(nm) [M10]*xE10 (hnm?xmeV)
0 7.5179 5.5668 232.974
10 7.0462 5.5681 218.459
20 6.6864 5.5693 207.393
30 6.2378 5.5706 193.569
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Figure 8. Change in total optical absorption coefficients at different pressures.

Figure 8 exhibits a change in the
resonant peak position of the total optical
absorption  coefficient at  different
hydrostatic pressures. The QW width,
barrier thickness, temperature, and external
electric field are constant, namely,
Lwi=Lwc=Lwgr = 5nm, Lbg = Lb =3nm,
T=300K, and F=0. The resonant peak in
the absorption coefficient corresponds to
the energy difference between the highest
occupied energy level (valence band) and
the lowest unoccupied energy level
(conduction band). Specifically, the
pressure can affect the band gap. The
direct I'-I' band gap of the involved

materials increases with the increment in
hydrostatic pressure, with a much higher
rate in the InAs case. This, together with
the pressure-induced reduction of lattice
constants, leads to the behavior of
transition energies appearing in Table 4.
Thus, the resonant peak in the absorption
coefficient shifts to a lower energy region,
resulting in a redshift. The amplitude of
TOAC depends on the product of
IM10|2xE10. This product decreases with
the increment of hydrostatic pressure
(Table 4), leading to a decrease in the
amplitude of the TOAC resonant peak.
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Figure 9. Change in total refractive index change at different pressures.
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Figure 9 presents the variation of TRIC
as a function of incoming photon energy
for different values of hydrostatic pressure
for triple InGaAs/InP QW structure. The
structural parameters are kept constant,
namely Lwi=Lwc=Lwr = 5nm, Lbr =
Lb =3nm, T=0, and F=0. As commented,
transition energy decreases with the
increment of the hydrostatic pressure
(Table 4) so the resonant peak position of
TRIC redshifts to lower energies. The
magnitude of TRIC depends on the dipole
moment matrix element (Mio). This term

does not change much with the hydrostatic
pressure (Table 4), leading to not much
noticeable change in the amplitude of
TRIC.

Table 5 shows the energy values and
dipole moment matrix elements with the
applied external electric field (F=0, 30, 60,
90 kV/cm). The QW widths, barrier
thicknesses temperature, and hydrostatic
pressure are kept constant,
(Lw=Lwc=Lwgr=5nm, Lb =Lbgr=3nm,
T=300K, and P=0)

Table 5. Confined energy values and dipole moment matrix elements at different applied

electric fields.

2x10°

1x10*

Total Absorption Coefficient (cm™)

F(kV/cm) Eio(meV) Mzo(nm) [M1o[>xE10 (nM?xmeV)
0 7.5179 5.5668 232.974
30 24,9365 2.9288 213.902
60 48.2895 1.892 172.861
90 72.0245 1.3540 132.043
4x10*
Lwi=Lwc=Lwp=5nm
Lb=Lbr=3nm
o ——F=0kV/cm
]T,;g“ K ——F=30kV/cm
3x10* —— F=60kV/cm
——F=90kV/cm

0

Photon Energy (meV)
Figure 10. Variation of total optical absorption coefficients at different applied external

electric fields.

Figure 10 details the total optical
absorption coefficient in the investigated
InGaAs/InP  structure, for  different
intensities of an applied electric field. The
structural parameters are kept constant,
namely Lwi=Lwc=Lwr = 5nm, Lbr =
Lb =3nm, T=300K, and P=0. The optical
absorption coefficients can be tuned by

applying an external electric field. Under
such circumstances, it manifests the so-
called quantum-confined Stark effect
(QCSE). The inter-level energy difference
significantly increases with the applied
external electric field, (Table 5). Therefore,
a blue shift of TOAC can be observed. The
amplitude of TOAC is proportional to the
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product of the dipole moment matrix
element and energy level (|M1o|%xE10). This
product decreases with the increment of
the applied electric field, Table 5, leading
to a decrement in the amplitude of the
TOAC resonant peak

Finally, Fig. 11 presents the TRIC for
different applied external electric field
values. The quantum well widths, barrier
thickness, temperature, and hydrostatic
pressure are kept constant, Lwi =Lwc=Lwr
= 5nm, Lbr = Lb.=3nm, T=300K, and P=0,

respectively. The position of TRIC node
moves to higher energy regions due to the
increment of Eio (see Table 5). TRIC
resonant peak position is blueshifted due to
the increment of the confined state energy
levels. The amplitude of TRIC is
proportional to the dipole moment matrix
element, M1o. This element decreases with
the increment of the applied electric field,
Table 5, leading to a decrease in the
amplitude of the TRIC resonant peak.
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Figure 11. Change in total refractive index change at different applied electric fields.

4. CONCLUSION

InGaAs/InP QW  structures  are
commonly used in optoelectronic devices
such as photodetectors and modulators. In
consequence, modification of the optical
response of InGaAs/InP heterostructures
by altering the dimensions of the quantum
well structure or by the application of
external probes becomes relevant. By
changing the thickness or composition of
the quantum well layers, the resonant peak
position of nonlinear optical responses can
be tuned to different wavelengths. So, the
coefficients of optical absorption and
relative refractive index change (TOAC
and TRIC, respectively) can be increased
or decreased to achieve desired levels of
electro-optic activity. Also, the resonant
peak position of these coefficients can be
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modified by changing the temperature and
hydrostatic pressure of the material.
Temperature changes can affect the
bandgap energy of the InGaAs/InP
guantum well structure, which in turn can
modify the resonant peak position.
Hydrostatic pressure affects the bandgap
energy and thus the resonant peak position
of the InGaAs/InP quantum well structure.
These modifications can be used to tune
the material's optical and electro-optic
properties for specific applications in
photonics and optoelectronics. In addition,
modification of the resonant peak position
of TOAC and TRIC InGaAs/InP quantum
wells by altering the applied external
electric field is investigated. In addition,
the resonant peak positions of the
coefficients are modified by altering the
applied external electric field. This is due
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to the quantum-confined Stark effect
(QCSE). The QCSE is a result of the
spatial confinement of charge carriers in
the quantum wells, leading to a
modification of the electron energy levels
and thus the absorption spectrum of the
material.

In summary, the TOAC and TRIC of
triple InGaAs/InP quantum wells can be
modified by altering the thickness and
composition of the quantum well layers as
well as the applied external effects
(temperature, hydrostatic pressure, and
electric field). This can be used to tune the
material's optical response and electro-

optic activity for specific applications in
photonics and optoelectronics.
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