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Abstract

Optimizing the parameters that control the InAsP/InP quantum well (QW) system is of utmost importance for this system to
give the best yield. Beginning from QW energy levels and momentum matrix element calculation, this work studies linear,
nonlinear absorption and refractive index change, second harmonic generation (SHG), and third-harmonic generation (THG)
in InAsP/InP QWs. Parameters controlling the structure, like hydrostatic pressure, temperature, well width, and phosphor
mole fraction, are studied. The results show that the difference between energy levels increases with increasing temperature
or reducing pressure. These differences are essential in obtaining SHG and THG. Pressure is more effective than the tem-
perature in changing energy differences while increasing phosphor reduces the energy difference. So, one can choose the
adjusted parameter (pressure or composition) according to the change in energy required. The pressure reduces absorption
while temperature increases it. Increasing phosphor mole fraction reduces absorption; at high mole fraction, the absorption
is approximately constant. The total refractive index change (RIC) is reduced with pressure or increasing molarity, but the
higher molarity increases RIC. Increasing phosphor mole fraction reduced SHG and vice versa to THG. Increasing tem-
perature increases SHG, and blue shifts its peak. For the pressure, it reduces SHG and redshifts its peak. Pressure increases
THG and redshifts its peak while the temperature blue shifts THG peak. The effect of the temperature on the peak of the
THG depends on the pressure: the temperature reduces the peak at low pressure, while the temperature increases it at high
pressure. The results show the importance of such a study because the optical properties do not have a single-parameter
effect; it has an interference effect of many parameters to produce the result.

Keywords Quantum well - InAsP/InP - Hydrostatic pressure - Temperature - Linear absorption - Nonlinear absorption -
Second harmonic generation - Third-harmonic generation

1 Introduction and energy conversion. They can be detectors, capacitors,

and sensors. In these nanostructures, tuning their properties

The quantized structures, which have a high surface-to-vol-
ume ratio, are superior to bulk structures in different fields,
such as electronics, optoelectronics, photonics, spintronics,
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is possible by optimizing many parameters; for example,
shifting energy states can change their linear and nonlinear
response [1].
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Through the optimization of a system, a question arises
about the combination of parameters controlling processes,
for example, to obtain much hardness and significantly lower
stress, thermal and chemical stability, and optoelectronic
characteristics [2]. Many other hurdles confronted the com-
mercial production of micro-and-nano-structures, like device
quality change, tribology, wear rates, and adhesion [3-5].

It is shown that the optical properties of the quan-
tum wells (QWs) can be blue-shifted (high energy) under
hydrostatic pressure. Both red and blue shifting in optical
absorption can result under the control of both the hydro-
static pressure and temperature [6]. The binding energy can
be enhanced under strain [7]. Small relaxation times with
high oscillator strength and allowed transition energies make
QWs a good candidate for high nonlinear optical properties
[8].

As the bulk crystals have very low nonlinearity, obtaining
high nonlinearity is formidable due to the electronic device
transition limit and the lack of material emitting at mid- and
far-infrared wavelengths. Thus, nanostructures can offer the
required nonlinearity with high value by intersubband transi-
tions. The nonlinearity is essential in various applications,
including mobile communications, wireless networks, secu-
rity screening, radio astronomy, and high-resolution radar
[9-11].

Due to their large band offset and weak surface recom-
bination, InAsP/InP quantum structures are getting atten-
tion in the development of semiconductor lasers. Since their
earlier bulk counterparts, these structures take a situation in
semiconductor lasers to build lasers that emit at low-loss and
minimum dispersion points of 1.3, 1.5y m telecommunica-
tion wavelengths. Phosphorous-indium compounds have less
adsorption and sticking coefficient than phosphorous-arsenic
ones and appear at a high arsenic ratio. This is because of the
inherent strain in the InAsP when grown on InP substrates.
Localized states are caused, and charge localization becomes
obvious [12]. Also, the lattice mismatching between the InP-
based structure and Si highly deletoriate their integration
[13].

The nonlinear optical properties of quantized structures
depend on the conduction intersubband transitions [7]. The
intersubband transitions are essential in nonlinear proper-
ties due to their significant oscillator strength with a narrow
bandwidth. These two conditions are critical in fundamen-
tal applications such as infrared nonlinear applications, all-
optical switching, high-speed modulators, and photodetectors
[14, 15]. The second harmonic generation (SHG) will require
the asymmetry of the structure. This asymmetry occurs via
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applying an external electric field or modulation of doped
structures where asymmetric shapes are attained. The latter
possibility is underhand by nanostructure growth methods.
This paves the way for the development of devices in different
fields of application, such as high-speed modulators, far-infra-
red photodetectors, color-tunable sources, optical filters, and
semiconductor optical amplifiers [9]. Reducing dimensions
increases the quantum size effect, and the nonlinearity rises.
The confinement potential can also offer an asymmetry for the
SHG, while third-order nonlinear susceptibility depends on the
intersubband transitions [14].

Ungan et al. show that the electric and magnetic fields shift
both the peak and position of the SHG and nonlinear optical
rectification of the semi-parabolic QW [15]. Dakhlaoui et al.
shows the effect of pressure on GaAs QW. They also showed
that the energy difference between levels and the confining
potential causes this absorption change due to doping posi-
tion and pressure [16]. Li et al. show that spatial change of
the effective mass strongly affects optical absorption, third-
harmonic generation (THG), and refractive index change on
GaAs QW [17]. Hien studied the effect of electron tempera-
ture, hydrostatic pressure, and alloy composition on GaAs
QWs, showing the impact of these parameters, especially at
phonon absorption [18]. Karabulut et al. show that structure
parameters and the hydrostatic pressure control the nonlinear
optical properties in asymmetric QWs [19].

Many theories of elasticity are proposed for nanostruc-
tures. The classical kinematics of the elasticity model are
considered parallel with the nonlocality of the gradient
effects. The gradient theory of strain predicts, in an effective
form, the stiff phenomenon at these nanoscales. The elastic-
ity nonlocal theory covers interactions at a long range. Both
elasticity theories of gradient strain and nonlocal one cannot
predict the overall material spectrum of the nanostructure
[20-23]. Faghidian and Tounsi provide a critical analysis of
nanostructures. Their analysis combined the stress and strain
gradient with the classical elasticity theory [24].

This work continues to discover the linear and nonlin-
ear absorption coefficient and refractive index in InAsP/InP
QWs. It begins by calculating their energy levels at different
sizes and studying them under different mole fractions, QW
sizes, pressure, and temperature. It is shown that pressure
is more effective than temperature in changing the energy
difference between QW levels, which is reduced with its
increment. Absorption, refractive index change (RIC), and
SHG are reduced with increasing phosphor mole fraction
while THG increases. Temperature (Pressure) increases
(reduces) SHG. The THG is increased with pressure. The
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effect of the temperature on the THG peak depends on the
applied pressure.

2 Theoretical frameworks
2.1 Electron energy level and wave function

Calculating the energy levels and wave functions in
InP/InAs,;_.P./InP quantum wells involves solving the
Schrodinger equation for the confined charge carriers
(electrons or holes) within the potential profile created
by the layers of InP and InAs,_,P,. The effective mass
approximation is for a bulk crystal, which means the crys-
tal is so large concerning the scale of an electron wave
function that it is effectively infinite. Within the effective
mass approximation, the Schrodinger equation is as fol-
lows [25]:

_76_zm*_(z)a_zl”(z)+v(z)w () =Ey (2) ey

Here, 7 is the reduced Planck’s constant, m*(z) is the
effective mass of the charge carrier, y (z) is the wave func-
tion, E is the energy of the particle. The potential energy
profile V(z) within the InP/InAs;_,P,/InP quantum well is
typically modelled as a step potential:

AVep(x,P), —o0 <2z<0
Viz)=3 0, 0<z<L )
AVep(x,P), L<z<o0

Here, L is the quantum well width (Fig. 1).
The pressure-dependent lattice constant is estimated
using the following relation given by [26, 27]:

B -1/(38)
a,(P) = ai(O)[l + (?)P] 3)

l

A V(Z)

InP | InAs,_ P InP

X

AV g

\ >

0 L 7

Fig.1 Band diagram profile for InP/InAs,_ /P /InP heterostructure
(Finite deep potential well)

i— refers to InP and InAs,_,P,. Here, B is the bulk mod-
ulus, and B’ is the pressure derivative of the bulk modulus,
a(0) and a(P) are the lattice parameters at pressures P = 0
and P # 0, respectively. The modified band offsets con-
finement potentials for the conduction band (CB), taking
into account the cumulative effects of the strain and hydro-
static pressure are given as [28, 28],

AV, P) = AVp(x) + AVE(x, P) 4)

The offsets at zero pressure are estimated using Bir-Pikus
Hamiltonian [26, 28], and the hydrostatic component of
band offsets is expressed as:

AVE Py = §2ac(x)<1 (5)

Cll(x)> app(P) = apag,_ p, (X P)
Cp®) Appsy_op, (5 P)

Here, a-(x) is the Deformation potential constant,
C,(x), Cjy(x) are the respective elastic constants,
AVeg(x) = Veg(InP) = Vg (InAs,_,P, ), - is the energy dif-
ference (band offsets) between the CB of InP and that of
InAs,_,P, in the absence of hydrostatic pressure.

The electron effective mass in the CBs of InP and
InAs,_,P, are as follows [25]:

my o(E,P,T) = mj o (P, T)(1+a,p(P,T)E—AVx,P)), —0 <z<0

m' @) =1 My pEPT)=mp, (P, T)(1+ & jyp5,_p (P, TE), 0<z<L (6)
my o(E,P,T) = mj o (P, T)(1+a ,p(P.T)(E— AV, P)), L<z<oo

My po) (P, T),m InAs,_P. (O)(P, T) are the effective masses of
an electron at the bottom of the CB. m}*‘nP(E, P, T),
p (E, P, T) are the effective mass of an electron as a

*
mInAs] -

function of energy and hydrostatic pressure. a ;,p(P,T),
@ juas,_p, (P, T) are the nonparabolic coefficients.
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The linear dimensions of the sample changed very lit-
tle under the influence of temperature, so that they can be
ignored. But, E,(T)—the band gap of the sample changes
noticeably [30],

a,T?
ﬂv+T

E(T)=E/T =0) - N
Here: @ yand g, are the Varshni constants, T is the
temperature.

Under the influence of hydrostatic pressure, geometric
dimensions L,(P), L,(P)[31], and bandgap E (P) [26, 32]

m* (P, T)\*
o (P, T) = — — (12)
E,(P.T) m,

According to the condition of continuity, the wave
functions y (z) at the points z = 0 and z = L must be equal.
We introduce the BenDaniel-Duke boundary condition
to control the effective mass installation at the barrier-
well boundary [36, 37]. These conditions lead to a set
of transcendental equations that determine the allowed
energy levels [25]:

. . 2
of the sample changes significantly, E= — h -
2m; 4 p (E-P.TL(P)
E,(P)=E,(P=0)+aP 8) 2
m* (E.P,T)
InP
TS (13)
A . mlm.r]_XPx(E’P’T)
Tn-— Icsin
= = — * (EPT
L(P) = L(P = 0)(1 = (S, +281,)P) ) BP0\ E 4 AV (r P)
MinAs) Py (E.P.T)
The wave function takes the following form:
Qry ) 2gers <0
\/|(1 2y 2p2)y 38 2sin® (v Ly+(v 483 5 =2y 2/3213—2)(5)~Yi"(27L)—4Ll373ﬂ2+4157L—5V3/3212|’
Qi Y2y (x sin(y D+ B cos(y 2) 14
v (2) = 2,252y 352502 453 2432,3_2,5)q 330244, 5 322’O<Z<L (14)
\/|()( =y 2B2)y 3B 2sin®(y L)+(y 483 x =2y 2B 2 x 3=24 3 )sin(2y Ly=4Ly 3y 3p 2 +4y Sy L-5y 3% ¢ ’
Q1> \[x B (v B sina L)y cos(y Lye¥ L=9) S L
5 Zz
VI 2=r282)7 382502 Ly (493 1 =20 2824 3=2 5 )sin(y L)=4Ly 3y 3p 244 Sy L=57 324 2
m;, J(E,P.T)

Here P is the hydrostatic pressure, L(P = 0) is the geo-
metric dimension of the sample when not affected by hydro-
static pressure, a is the hydrostatic pressure parameters, S},
and S, are the elastic constants. If we consider Egs. (7 and
8), then the bandgap E,(P, T) of the sample under the influ-
ence of hydrostatic pressure and temperature is expressed
as follows [33]:

2
o V(i)T

Egiy(p, T) = Eg»(0,0) +app — Fow T
l

(10)

The current carriers’ effective mass will equal the fol-
lowing [33],

Ep; (Eg(i)(p’ T)+24 .m(i)/3) - 1)
)

mt (P,T)=m <1 +2F, +
0 ’ 0 i
o Eyiy0: T)(Egy (0. T) + 4 505

The index i denotes InP and InAs,_,P,. Here: E, is the
Energy bandgap, Ej is the optical matrix parameter, 4
is the Spin-orbit splitting energy, F is the Kane parameter,
my is the mass of the free electron.

The electron band will be highly nonparabolic in semi-
conductors with a narrow bandgap. We use the Nelson
model [35] to express the nonparabolicity coefficient,
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ratio,

Here, g = -Effective mass

Mgy oy ELT)

2m: (E,P,T)
X = \/’”"T(A Veg(x, P)—E), 4 =
-Notations for solving the Schrodinger equation (corre-
sponding to the wave vector).

2.2 Optical absorption coefficient, refractive index
changes, second and third-harmonic generation
coefficients

The mathematical formulation for the linear (« () and the
third-order nonlinear photo-absorption coefficient (a ) is
derived from the density matrix approach and perturbation
theory. Thus, the expression for absorption coefficient is
written as [38]

a(@,D=aPw)+a®@w,l (15)

where,
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Table 1 Physical parameters for InAs, InP and InAs,_ P, semiconductors samples [26, 39, 40]

Symbol Parameters InAs InP InAs,_ P,
E,(eV) Bandgap energy 0.42 1.424 0.42(1 —x) + 1.424x + (1 — x)x
ag(A?) Lattice constant 6.0584 5.8688 6.0584 — 0.1896x
a ‘/(10*3 X eV/K) Varshni constants 0.276 0.363 0.276 + 0.087x
pv(K) Varshni constants 93 162 93 + 69x
a.(eV) Deformation Potentials —5.08 -5.04 —5.08 + 0.04x
Cu (103 X kbar) Elastic constants 0.833 1.011 0.833 +0.178x
Cp (103 X kbar) Elastic constants 0.453 0.561 0.453 + 0.108x
S (10—3 X 1/]<bar) Elastic constants 1.945 1.639 1.945 — 0.306x
S12(10—3 X 1/]<bar) Elastic constants —-0.685 -0.589 —0.685 + 0.096x
B(kbar) Bulk modulus 579 723 579 + 144x
B Pressure derivative of the bulk modulus  4.79 4.59 4.79 — 0.2x
a( 1073 x eV /kbar) Hydrostatic pressure parameters 11.4 8.2 114 —3.2x
A,,(eV) Spin-orbit splitting energy 0.38 0.108 0.38 — 0.272x
€, Relative permittivity 15.15 12.5 15.15 — 2.652x
E,(eV) Optical matrix parameter 21.5 20.07 21.5 - 0.79x
F Kane parameter -2.9 -1.31 2.9+ 1.5%
Ve(eV) Conduction band energy 0.795 1.353 0.795 + 0.558x
enr M26 Mz(E—h )
Wy = o [ A ] AnVw) 1 o M| (B -ho

aV(w)=w (16) = (19)

€€ (E,—haw) + (AT ;) n, 2eon} (B, —hw) + (AT ;)

and and
doen T M |4 4.y weto Mgl (Ep~ho)

aw.h)=-o L( ! ) A Y [(E,_hw)2+(hf~)2]zx

€€ \ 2€ gnc [(Eﬁ—hcu)2+(hf 272 i s

)
|, |1V1ﬂ._M,.,.‘2 32 —4hwEy+h*(0?-T3)

s FRY

a7

u is the system permeability, € is the vacuum per-
mittivity, € , is the relative permittivity, o is the electron
density in the system, I" is the relaxation rate, @ is the
angular frequency of incident light, c is the speed of light,
n, = \/e_r is the refractive index of the system, [ is the
optical intensity of the incident photon, Mj; = v |z|y ; and
E; = E; — E, denote the dipole moment matrix element for
z-polarized light and the transition energy between state
v ;and state y ;.

The sum of linear and nonlinear third-order refractive
index changes is given by [38]:

An(w) AnD(w) + An®(w)

n, n, n,

(18)

where,

g -

{[Eﬁ<Eﬁ—hw> )] - (nrmzw}

(Ei—he)

X [1- — %
[ amg] (B2 + (1 4)7)
(20)

The mathematical formulation of different polarization con-
tributions can be deduced using the compact density matrix
method. In this study, we will ignore the nonresonant terms

that make a nonsignificant contribution. This work will focus
on the SHG and THG defined, respectively, as follows [38]:

)((2) - o M\, My M5,
* eg(hw —Ey —jhT ,)(2ho —Ey —jh T )
21
25
4 M, My M3, My,

Teg(hw —Ey —jhT5)(2ho —Ey —jaT 3)(3ho —E, —jhT )
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Fig.2 Electron interlevel transition energies depend on the InP/InAs,_.P, /InP quantum well size

3 Results and discussion

The used relations in this work are listed in Table 1. Addi-
tionally, the relaxation rate, the scattering cross-section,
and the applied power used are I' =3.5x 10'2 57!,
6 =4x 1022 m™3, I =2x 10° W/m?. Remember that
u =4x x 1077 H/m,e,=8.85% 10712 F/m.

Figure 2 shows the energy-level difference between states
1,2 (a), 1,3 (b), 2,3 (¢), and 1,4 (d) versus the QW width
at four values of hydrostatic pressure (0, 20, 40, 60 kbar)
when the temperature is zero (dash-dotted curve) and 300 K
(solid curve). The energy difference increases with increas-
ing temperature or reducing pressure in all these figures.
Pressure is more effective than temperature in changing
energy differences. These differences are essential in obtain-
ing y @, y ®as appears in the theory section. Note that My,
in symmetric systems is zero as M is an odd parameter, but
it is not asymmetric systems like here. Hydrostatic pressure
reduces the band offset for QW/barrier, causing more local-
ized wavefunctions and localized energy states [16]. Such
localization is more apparent in the lower energy states cor-
responding to higher ones, as shown when comparing E, _,
to E,_, in Fig. 2a and d regarding their ordering. For exam-
ple, in all graphs of Fig. 2, the energy difference between

@ Springer

states with no pressure at L = 16 nm is equivalent to the case
when L = 26 nm at P = 60 kbar,i.e.,10 nm increment of QW
width is to compensate the pressure effect.

Figure 3 studies the effect of phosphor mole fraction
on the QW energy level difference at hydrostatic pressure
P =20 kbar. It is shown that increasing phosphor reduces
the energy difference, similar to increasing pressure in Fig. 2
above. This is also because phosphor increases the band-
gap, see Table 1. Comparing Fig. 2a and 3a shows that at
L = 8 nm, the pressure reduces E,_, by 0.04 ¢V while when
x=0.2, then E,_, is reduced by 0.07 ¢V, i.e., phosphor
reduces the energy difference more than pressure. So, one
can choose the adjusted parameter according to the required
change in energy.

Figure 4 shows the change in the momentum matrix
element for the transitions between QW levels versus QW
width at different pressures. It is shown that M;_; is the
smallest one. As we refer to in Fig. 2 above, such momentum
is the lowest by the same polarity of the two energy states.
In other figures (a, c, d), the momentum is increased with
QW width and reduced with increasing pressure (or reduced
temperature). As we refer to in Fig. 2, the momentum differ-
ence for respective states (1-2, 2—-3) is more prominent than
the irrespective ones (1—4 in d).
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Fig. 5 Absorption coefficient as a function of the photon energy for InP/InAs, _,P,/InP quantum well

Figure 5 shows the linear, nonlinear, and total absorp-
tion coefficient versus photon energy at two temperatures
and different pressures. The pressure reduces absorp-
tion while temperature increases it. Increasing phosphor
mole fraction reduces absorption; at high mole fraction,
the absorption is approximately constant. This can be
ascribed to a few energy differences in Fig. 3 between
energy levels of higher mole fractions. The results are in
the range obtained by the literature [41]. The absorption
reduction with pressure is a common conclusion due to
changing QW parameters, such as the width and height
of the confining potential, in addition to effective mass
under pressure [19, 41].

@ Springer

Figure 6 is similar to Fig. 5, only here the QW width is
increased to L = 10 nm. While there is a prominent incre-
ment in absorption at zero phosphor, increasing molar-
ity does not change the absorption. This is also discussed
depending on Fig. 3, where the energy difference between
QW levels is reduced with increasing well width, and the
difference diminishes at longer widths. This is also the case
of Fig. 7. Comparing Figs. 5, 6 and 7 shows that the absorp-
tion (linear, nonlinear, total) increases with increasing well
width from L = 8 nm (in Fig. 5) to L = 10 nm (in Fig. 6),
then somewhat reduction when L = 12 nm (Fig. 7). Such
result works where the overall specified and geometrical
parameters are controlling [42, 43]. For obvious compari-
son, Fig. 8 compares linear, nonlinear, and total absorption
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Fig. 6 Absorption coefficient as a function of the photon energy for InP/InAs, _,P,/InP quantum well

coefficients at different well widths. It can be ascribed to the
momenta difference, see Fig. 4.

Figure 9 shows the linear, nonlinear, and total refractive
index change (RIC) at two temperatures, hydrostatic pres-
sure and mole fractions. The RIC is reduced with pressure
and increasing molarity, but the higher molarity somewhat
increases it. This figure shows the importance of such a
study because the optical properties do not have a single-
parameter effect; it has an interference effect of many param-
eters to produce the result. Figures 10 and 11 are also for
RIC but at other values of QW width. It is shown that RIC
is increased at these wider widths. Figure 12 abstracts these
results where the increment in RIC is noticeable with well
width.

Figure 13 shows the SHG of where the phosphor mole
fraction reduced it, and blue shifts the peaks to higher
energy. For example, the results are in the range of those
in the literature [44]. Figure 14 shows that for THG, the
behavior is inverse to the SHG, where the peak increases at
a higher mole fraction and redshifts. Zhang and Yuan [43]
also show a reduction in THG with increasing mole fraction
in AlGaAs/GaAs QWs, but the values here are higher by
three orders.

Figure 15 shows the SHG and THG of different tem-
peratures and pressures. Increasing temperature increases
SHG, and blue shifts it to higher energy. For the pressure, it
reduces SHG and redshifts it to lower energy. For the THG,
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— Lincar Nonlinear Total] x=0.2 tLle terglkperellture b.lue shi};ftsh the pﬁal(; to higher :niargy, but
= = = — the peak value varies with the applied pressure. At low pres-
=12 o) [L10 ) P=20 kbar sure, the temperature reduces the peak; at high pressure, the
T=5K temperature increases the peak. Equations (20) and (21) can
view such variation, where the relation of THG depends on
four momentum matrix elements while SHG depends on
three. Each momentum depends on the wave functions of
the QW energy levels related to the transition where the
effective mass is introduced in the wave function relation
(Eq. 14).

a, (m™)(x10°)
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] ] | L | 1 ]
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Fig.8 Absorption coefficient as a function of the photon energy for
InP/InAs,_,P,/InP quantum well
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Fig.9 Refractive index changes
as a function of the photon
energy for InP/InAs;_,P,/InP
quantum well

Fig. 10 Refractive index
changes as a function of

the photon energy for InP/
InAs,_,P,/InP quantum well
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Linear and nonlinear absorption and refractive index
change, SHG, and THG in InAsP/InP QWs are studied in
this work. The study covers the effect of hydrostatic pres-
sure, temperature, well width, and phosphor mole fraction.

£

22 The pressure and phosphor mole fraction reduces absorp-

%7 . tion and RIC while temperature increases them. Increas-

77 ing phosphor mole fraction reduced SHG and vice versa

/ / 7 to THG. Increasing temperature increases SHG, and blue
0,:,2' o '0;,4' o Io,:)s' o 'o,:,al o '0,'10 shifts its peak. For the pressure, it reduces SHG and red-

shifts it. For the THG, pressure increases it. The effect of
the temperature on the peak value of the THG depends on
Fig. 14 Third harmonic generation as a function of the photon energy the pressure: the temperature reduces (increases) the peak
for InP/InAs,_,P,/InP quantum well. L=16 nm at low (high) pressure. The results show the importance
of such a study because the optical properties do not have
a single-parameter effect; it has an interference effect of
many parameters to produce the result.
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