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Abstract The work presents the effects of hydrostatic pressure and temperature on the electronic spectra as well as on the optical
responses of parabolically shaped asymmetric triple quantum wells formed between the GaAs/Aly3Gag 7As heterostructures. The
electronic structure of the configuration is obtained by iteratively solving the Schrodinger equation within effective mass and envelope
wave function approximations. Optical properties are calculated within the compact density matrix approach framework. The results
in this study show that increasing hydrostatic pressure field leads to small redshifts on the total optical absorption coefficient, relative
refractive index change, nonlinear optical correction, and second and third harmonic generations, while temperature augmentation
causes significant redshifts in these optical properties.

1 Introduction

Electronic and optical properties of quantum structures remain the interest due to their wide range of applications in optoelectronic
devices. With the advancing studies, different confining potentials within semiconductor heterostructures are introduced to examine
the diverse tuning properties for the intersubband transitions and related optical properties [ 1-11]. The devolopments in the fabrication
processes also made it possible to produce the desired confining potentials and contribute to this research area [12—18].

Single or multiple quantum wells (QWs) with different external perturbations such as electric, magnetic, and laser fields have
been examined due to their strong and tunable confinement potential characteristics. Altering the potential by external probes brings
changes in the electronic and therefore in the optical spectra. Knowing the relations between electronic and optical properties allows
choosing suitable conditions for practical applications. Like other external agents, hydrostatic pressures and temperatures can be used
to modulate the transition energies and related wavefunctions of confined particles [19-32]. When the varying hydrostatic pressure
and temperature applied to the heterostructure, the gap between the energies of the barrier and well region of the heterostructure
alters. Therefore, these changes modify the depth of the potential wells, the effective mass of conduction electron, and the relative
dielectric constant of the system. Besides, the increase in the hydrostatic pressure acts on the well width of the system.

The roles of hydrostatic pressure and temperature on the electronic and optical properties of QWs have been investigated in several
studies. The influence of hydrostatic pressure on the binding energy of donor impurity is evaluated for different shapes of QWs;
such as rectangular QWs [19-22], square and parabolic QWs [23], and symmetrical double QWs [24]. In addition to the hydrostatic
pressure, the effect of temperature is included in the donor binding energies for asymmetrical square QWs [25], Poschl-Teller QW
[26], InP/InGaAs/InP square QW [27], finite QW [28], cylindrical quantum well wires [29], and double QWs [30]. The effects
of these fields on the shallow impurity-related optical absorption character are surveyed for single and double QWs [31] and for
symmetrical GaAs double QWs [32].

The responses of the total optical absorption coefficients (TOACs) and relative refractive index changes (RRICs) to the hydrostatic
pressure and temperature are searched for modulation-doped QWs [33], square and graded QWs [34], symmetric double semi-V-
shaped QWs [35], asymmetrical Gaussian potential QWs [36], Morse QW [37], and zigzag QW [38]. Ungan and coworkers included
the external electric field to the pressure and temperature fields and examined the combined effects of these fields on the TOACs
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and RRICs of a graded QW [39]. Furthermore, the role of laser fields together with pressure and temperature fields on the TOACs
and RRICs is investigated for parabolic QW [40], symmetric and asymmetric n-type double delta-doped QWs [41] and asymmetric
double QWs [42]. In addition to these studies on the QWs, the influences of hydrostatic pressure and temperature on the nonlinear
optical rectification (NOR), and second and third harmonic generations (SHGs and THGs) are examined in some studies. For
instance, the influence of refered fields on the SHG coefficients are examined for a zigzag QW [38] and asymmetric double semi-
parabolic QWs [43]. The variations on the NOR, SHG, and THG coefficients with the hydrostatic pressure and temperature fields
are investigated for a Gaussian potential QW [44], Morse QW [45], and Kratser-Fues confined QW [46].

In this work, we analyzed the effect of hydrostatic pressure and temperature on the TOACs, RRICs, NOR, SHG, and THG
coefficients for an asymmetric triple QW. The modulations on the pressure and temperature alter the intersubband transitions and
optical spectra; thereby contribute to the research on optoelectronic devices such as solar cells, photo-detectors, laser diodes, and
transistors [47—49]. For that, we first obtained the energy levels and corresponding energy wave functions. Then we studied the
optical susceptibilities by changing the referred agents. The lack of study on the optical properties with that type of asymmetric
triple QWs is the main motivation for us. In the coming sections, we introduced the theoretical part of this study, served the results
and discussions on the subject, and composed a summary.

2 Theory

In this study, we worked with a QWs structure shaped with the asymmetric combination of three different potential functions formed
within GaAs/AlGaAs heterostructures. We have investigated the role of hydrostatic pressure and temperature on the electronic spectra
and optical properties of a conduction band electron. The Hamiltonian operator- H, for an electron confined within a potential function
in the z direction of the cartesian coordinate system, is given by,

2

AR v 22
_Zm*(P,T)V +V(z, P,T). (1)

H=
Here m*(p, T) is the effective mass of the conduction band electron as a function of hydrostatic pressure-p and temperature-7'. V
(z, p, T) represents the spatial extension of confinement potential modulated with hydrostatic pressure and temperature. When the
varying hydrostatic pressure and temperature applied to the system, the band gap energy between heterostructures, i.e., the depth of
potential barrier as well as the widths of the wells and the effective mass of the system will be impressed. In this instance, effective
mass of electron can be calculated by the formula given below:
mo

2 1
I+E, [Eg(p,T) * I (p,T)+Ao]

where m is the mass of a free electron, E ; = 7.51eV is the momentum-associated energy between GaAs/AlGaAs semiconductors

at I" point and Ag = 0.341eV is the spin—orbit splitting energy of the valance band of GaAs. Eg (p, T) is the hydrostatic pressure
and temperature-dependent energy gap at the I" point of GaAs and can be explained as:

m*(p,T) =

(@)

E}(p.T) = Eg(0.T)+bp — cp’, 3)

where Eg (0, T) is the temperature-dependent gap energy when no pressure field is acting and changes with temperature as Eg

0, T) =1.519 — [%]. The influence of hydrostatic pressure has included this gap energy with factors, b = 1.26 x

10~2eV /kbar and ¢ = 3.77 x 107eV /kbar?.
The spatial distribution of examined confinement potential includes different parabolic-like potential forms placed asymmetrically
(see Fig. 1), as proposed by Zhang and Yuan and given as follows [50]:
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where Vy(p, T) is the height of the potential barrier and Lz, L, and L represent the widths of left, right, and middle wells,
respectively. The length of the barrier region between each well configuration is represented by L g. The aluminum (Al) ratio in the
barrier region, changes the depth of the barrier and acts on the energy differences between the well and barrier materials. In this
study, we fixed Al contamination-x to 0.3. With these conditions, the band gap difference at the I"-point varies with hydrostatic
pressure and temperature as follows:
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The band gap energy difference and depth of the potential have been connected with a band offset parameter-Q., and it is taken
as 0.6 for GaAs/AlGaAs heterostructures [37, 51]. Therefore, the depth of the potential barrier can be defined as below:

(p.T) =0.6AE} (0.3, p,T). (6)

In addition to the changes in the effective mass and depth of the potential wells, the length of well regions and relative dielectric
permittivity between heterostructures will be influenced by the changes in pressure and temperature. The effect of pressure on the
length of the well region-Ly can be formulated as,

Ly(p) = Lw[l —(S11+2S12)p], @)

where Si; = 1.16 x 10~kbar~! and S1» = —3.70 x 10~*kbar~!.
The dependency of the relative dielectric constant on the pressure and temperature is given by

12.74exp[—1.67 x 1072 plexp[9.4 x 1075(T — 75.6)], forT < 200K

®)
13.18exp[—1.73 x 1073 p]exp[20.4 x 107(T — 300)], forT > 200K

ea(p,T) =

and €,(0.3, p, T) = eq4(p, T) — 0.936 [23, 33].

To get the subband energy levels and corresponding electronic wave functions for the QW system, we first solved the introduced
Hamiltonian within the diagonalization method. In that method, the base eigenfunctions-¢,(z) are expanded with cos functions in
a length L, surrounded by rigid walls; as follows [52]:

_ 2 nmwz s 9
dn(z) = QCOS<§ - n)» 9

where §, = 0 if n is old and §, = 7 /2 if n is even. The wave functions of the structure are then described with a complete set of
these base functions as ¥/ (z) = ZZOZI Cndn(2).

After getting the electronic wavefunctions and energy eigenvalues, optical properties can be calculated with the expressions
obtained by the framework of the compact density matrix approach. In this paper, we wonder about the variations in the TOACs,
RRICs, NORs, SHGs, and THGs. The relevant formulas for these coefficients cover transition energies between energy levels, dipole
moment matrix elements associated with these levels, and some other physical terms which are given in the following. Although
TOACs, RRICs, and NOR coefficients include the transitions only between the first two levels; SHG and THG comprises the
transitions from the third level and third as well as fourth level to the ground state, respectively. Here, introducing the dipole moment
matrix operator—ﬂ ji will be preferable. M i = ’(W I (z)|ez|1//,~(z))’ withi, j =0, 1, 2, 3 represents the spatial overlap between two
wave functions for the first four states.
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The analytical expressions for the total OAC -8 (w, I) and RRIC -%‘f’” between the lowest-lying first two levels are given by
[33-39]:
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(11)

where, &9 and g are the dielectric constant and permeability of the medium, respectively and e is the real part of the permittivity.
I'ro = 1/7Tko is the relaxation rate term related to the inverse of electron’s relaxation time (txo), where k = 1, 2, 3. n, specifies the
system’s refractive index, w represents the frequency of incident photon energy while [ specifies the strength of incident photon
with the expression I = (2n,/poc)|E (a))lz. po1 represents the density of intersubband transition electrons. Exg = (Ex — Eop) is the
transition frequency between the initial (0) and final (k) states.

Other optical responses such as NOR ( Xéz)), SHG ( Xéi)) and THG ( Xéi)) can be evaluated with the terms as below:

@ _ 4por o o Efg(1+T20/ Ti0) + 12(@? + T50)(Ta0/ Tio — 1)

(12)
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3) _ 6‘4,0()] MyoMi2M33 M30 (14)

K30 = T (hw — Ero — ifl30)(2he — Eag — iil30/2)(3hw — Eso — iAT30/3)

where §¢; is used to express the first two state diagonal dipole moment matrix differences and given as |Mpy — M11]|.

3 Results and discussion

The energy levels and corresponding wave functions of an electron, confined within the conduction band of asymmetric triple
potential wells formed between the interfaces of GaAs/Alp3Gag7As heterostructures and their related optical susceptibilities are
displayed here. Furthermore, the sensitivities of these properties to the hydrostatic pressure and temperature are analyzed in detail. The
numerical calculations are built with the following physical constants and fixed parameters: e = 1.602x 1072 C, = 1.056 x 1073
Js, po1 = 3 x 102m=3, n, = 3.2, uo = 4 x 107Hm™ !, g9 = 8.854 x 10712Fm~!, I'jp = 1.0THz, T'» = 5.0THz and
I'30 = 7.0THz and I = 0.01M W /cm?. The width of the potential wells and barrier in the absence of hydrostatic pressure and
temperatureare Ly = Lgr= Ly = Ly = 100 AandL 5 =20 A.The depth of potential with the zero external fields is Vo = 0.228e V.

In Fig. 1, we displayed the distribution of potential function and lowest-lying first four energy levels and their corresponding wave
function probabilities at the 300 K temperature. The upper parts of each well behave as a rectangular well while the bottom parts
differ for each well. The bottom of the left well is a parabolic well, while the bottom of the right well behaves as an inverse parabolic
well. The middle well includes adjacently placed semi-parabolic and inverse semi-parabolic wells. Ground state (red one) wave
function probabilities of triple wells configuration locates almost all of itself in the left well due to strong confinement especially
at the deeper sides of that well. The first excited state (blue one) occurs at comparatively higher energies and places itself in the
middle well, because of stronger confinement for that energy level. At the lower energy states, the right well does not display robust
confinement. However, the right well displays proper confinement for the higher energy level and so the most probabilities of the
second excited state (pink one) settle down in the right well. The third excited state (green one) has probability distributions at all
three wells because of the similar well configurations at the level of this energy state. Furthermore, the significant energy differences
between levels can be noticeable in Fig. 1.

The expressions that relate the hydrostatic pressure and temperature to the effective mass, dielectric constant, barrier height,
and well width were introduced in the theory section. The calculated values of these physical quantities for several pressures and
temperatures are represented in Table 1. Effective mass and relative dielectric constant have an opposite responses to the changes in
the pressure and temperature. The increment in the pressure, increases the effective mass and reduces the relative dielectric constant,
while the temperature rises do exactly the opposite. As can be noticed from Table 1, the augmentation in both agents decreases the
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Table'l The chan*ges in tl_le p (kbar) T (K) m* (mg) & (g0) Vo (meV) Ly (A)
effective mass (m™), relative
dielectric constant (¢), depth of 0 0 0.067 12.65 228 100
the potential (V ), and width of
each well (L) while hydrostatic 0 100 0.066 12.76 226 100
pressure and temperature are 0 300 0.063 13.18 222 100
changing 0 500 0.059 13.72 217 100
10 300 0.068 12.95 219 99.58
20 300 0.072 12.73 217 99.16
30 300 0.076 12.51 214 98.74

36 . . . -
(b) 10
344 —E,2

_ _ —E,/3
> S ) i
) )
£ T
nd < 30+ E
o 28- . o
) )
= 2 28 i
= =

26 - . 26 .

T=300K | p=0
24 . . 24 . : : :
0 10 20 30 0 100 200 300 400 500
p (kbar) T (K)

Fig. 2 Transition energies between the first three excited states and ground state as a function of hydrostatic pressure in (a) and temperature in (b)

depth of the barrier. Moreover, increases in pressure narrow the well widths; however, the changes in temperature do not act on
them.

In Fig. 2, we presented the transition energies between levels while hydrostatic pressure and temperature are varying. Here, E o,
E>y/2, and E3(/3 stand for the transition energies from the first, second, and third excited states to the ground state, respectively.
The effect of hydrostatic pressure on these energy differences is displayed in Fig. 2a and the impact of the temperature is drawn in
Fig. 2b. Although increasing pressure values lead to little decreases in the transition energies between the first excited state — ground
state (E19) and the second excited state — ground state (E7p); it results in comparatively bigger transition energy changes for the
passes from the third excited state to the ground state. This means that, the third excited state is more sensitive to the increases in the
hydrostatic pressure than the ground and first excited states since its energy level is higher and its wavefunction was spread along
the three wells as shown in Fig. 1. Furthermore, it can be noticed that the transition energies E2o/2 and E3p/3 become closer when
the pressure values go to 30 kbar.

The effect of the rising temperature on the transition energies is more remarkable. Temperature rises decline the transition energy
differences between the first two excited states and the ground state. Unlike the pressure augmentation case, the transition energy
differences between the third excited state and ground state increase with the rising temperatures. In this case, the transition energies
E>y/2 and E3p/3 present small differences at zero temperature; however, they present a significant split when 7 increases. In other
words, the augmentation of the pressure and temperature present contrary effects on the E3g/3 transition energy.

From now on we will present the outcomes about the optical properties. Table 2 submits a quantitative representation of dipole
moment matrix elements, which are the key elements on the optical coefficients with several hydrostatic pressure and temperature
values. The column of Mo determines the magnitudes of TOAC and RRIC (see Egs. 10, 11). Column of M 120801 specifies the NOR
coefficients between the first excited state and the ground state. The column including the product of three dipole moment matrix
elements (M19M 12> Mag) gives clues about the amplitude of SHG peaks. The last column of Table 2 includes four dipole moment
matrix multiplication (M19M 2 M>3M30) and forms the numerator part of the THG coefficient. Although increasing temperatures
raise the values of all given dipole moment matrix elements , augmentation in the static pressure decreases them.

Figure 3a and b respectively show the changes in the TOACs while hydrostatic pressure and temperature are increasing. The
peaks of TOAC: slightly move to lower energies with decreasing amplitudes when the hydrostatic pressure increases. The rise in the
temperatures also shifts the TOAC peaks to lower energies but with strengthened magnitudes. These redshifts in the peak energies
can be attributed to the decreases in the Eq transition energy. The changes in the magnitudes of TOAC peaks can be correlated to
the variations in the M1¢ dipole moment matrix element. The coherent variation attitudes are seen in Figs. 3, 4, and Table 2.
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Table 2 The changes in the dipole —p, (kbar) — T(K) Mo A)  MPysor (A MioMy2Mag (A MyoMy2Ma3 M3 (A)*
moment matrix elements while
hydrostatic pressure anc_i 0 0 13.9648 25,046.8 1185.99 226,851
temperature are mcreasing
0 100 14.5735 27,124 1308.93 243,853
0 300 16.5848 35,165.3 1786.3 315,020
0 500 19.554 48,587.05 2646.05 430,132
0 300 16.5848 35,165.3 1786.3 315,020
10 300 14.8109 28,027.7 1357.7 251,122
20 300 13.583 23,5327 1099.74 210,361
30 300 12.636 20,319.9 921.859 180,977
200 S— ' TR E 250
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Fig. 3 Variations in the TOACs as a function of incident photon energy with the varying hydrostatic pressures in (a) and temperatures in (b)
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Fig. 4 Relative refractive index changes as a function of incident photon energies while hydrostatic pressure in (a) and temperature in (b) are increasing

The changes in the RRIC peaks with hydrostatic pressure and temperature are shown in Fig. 4. Increasing pressure slightly moves
RRICs to the lower photon energies as seen in Fig. 4a. The rise in temperatures moves RRICs peaks to comparatively lower energies
as drawn in Fig. 4b. Although the increase in hydrostatic pressure decreases the peak amplitudes of RRICs, the rise in temperature
augments these peaks. The effects of hydrostatic pressure and temperature on the RRICs are in accordance with the responses of
the TOACs served in Fig. 3. The findings once more imply that the influences of temperature are more pronounced than pressure

within the studied values.

We present the modulations on the NOR coefficients with the increasing hydrostatic pressure in Fig. 5a and with temperature rise
in Fig. 5b. The increase in pressure causes the peak position to shift to lower photon energies and the peak magnitudes decrease. The
rise in temperature causes to redshift in the peaks and inclines the magnitudes. The alterations in the energy transitions between the
first excited state and the ground state and the M 12080 1(A)? dipole moment matrix elements of these levels determine the character

of the NOR coefficients.
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Fig. 5 Nonlinear optical rectification changes with respect to the incident photon energies as a function of hydrostatic pressure in (a) and temperature in (b)
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Fig. 6 The changes in the second harmonic generation coefficients with respect to the incident photon energies as a function of hydrostatic pressure in (a) and
temperature in (b)

Figure 6 displays the responses of the SHG coefficients to the variations in the hydrostatic pressure and temperature, respectively.
The variation behaviors of the primary peak of SHG is similar to the NOR characteristics. The slight shifts to red with decreasing
magnitudes by pressure application and with increasing magnitudes by growing temperatures can be noticeable. The discrepancy
between SHG and NOR peaks displays itself in the response to the different incident photon energies. SHG peaks occur at higher
photon energies than NORs. The secondary peaks of SHG are not visible due to close transition energy values of Eyp and Eqg. In
other words, the primary peaks suppress the emergence of secondary peaks because of the close energy differences.

The role of hydrostatic pressure and temperature on the third harmonic generation coefficients is drawn in Fig. 7. The significant
redshift in the primary peaks and growing peak magnitudes with the augmented pressure are pictured in Fig. 7a. On the other side,
rising temperatures reduce the primary peak magnitudes and cause slight shift toward higher energies. These magnitude changes
with increasing pressure and temperature seem as a contrast to the last column of Table 2. The reason for that is the competition
between the change rate of MoM 2 M>3M30 and E30/3. The change in transition energy is more dominant than the dipole moment
matrix elements, it so suppresses the numerator term of THG coefficient. The secondary peaks of the THG become visible only at
high temperatures such as 300 K and 500 K, when no pressure field is acting. This is again because of the closeness of transition
energies between excited states and the ground state for each case. The transition energies associated with NOR, SHG, and THG
coefficients vary in a narrow energy interval, as 26.3-32.5 meV.

4 Conclusion
The roles of the hydrostatic pressure and temperature on the electronic and optical properties of the asymmetric triple parabolic-like

wells are examined. We first obtained the electronic wave functions and their energies by solving the Schrédinger equation within the
effective mass and parabolic band approximations. Then, with the use of the compact density matrix approach, we have calculated the
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Fig. 7 Responses of third harmonic generation coefficients to the photon energy while pressure in (a) and temperature in (b) are changing

total optical absorption coefficients, relative refractive index changes, nonlinear optical rectification, and second and third harmonic
generation coefficients. The increases in both the hydrostatic pressure and temperature lead redshift on these coefficients. The shifts
of peak positions are slight when the hydrostatic pressure is increasing, but they are significant when the temperature is rising.
On the other hand, the primary peaks of third harmonic generation display different attitude with the increases in the temperature
by slightly moving to higher energies. Besides, the secondary peaks of third harmonic generation only become evident at high
temperatures such as 300 K and 500 K, in the absence of pressure. The findings in this study imply that variations in temperature
are more effective than hydrostatic pressure on the optical properties of this asymmetric triple QW system, for the discussed values.
Tailoring electronic and optical properties with such type of asymmetric triple potential wells under solely hydrostatic pressure or
temperature fields offers an additional degree of freedom. Therefore, we believe this study will contribute to the theoretical and
experimental studies on light-matter interaction.

Data Availability Statement This manuscript has associated data in a data repository. [Authors’ comment: No data associated with the manuscript.]
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