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ARTICLE INFO ABSTRACT
Keywords: In this paper, we have studied the electronic and optical properties of GaAs/AlyGaj.4xAs super-
Superlattice lattice with periodically increased well width. Under effective mass approximation, the finite

Linear and nonlinear optical properties
GaAs/Al,Gaj xAs

Electric field

Magnetic field

element method is used to obtain wavefunctions and corresponding energy eigenvalues for
several electric field (F) and magnetic field (B) values. We have shown that the increasing well
width has a major effect on the localization of the first two energy states. The direction of the

applied electric field shifts the localization position of the probability density of electrons to the
left and right. For B = 0 (according to the parameters used), F = 5 kV/cm (especially for the
difference between the first two energy levels (E;2)) is a critical value. While the E;3 value de-
creases in the range from —30 kV/cm to 5 kV/cm, it increases for the 5 < F < 30 kV/cm range.
This behavior causes a red or blue shift in the optical spectrum. Also, F = —30 kV/cm causes more
change in the structure than F = 30 kV/cm. In addition, the localization of the electrons is
observed in the center of the superlattice under applied magnetic fields. The optical absorption
coefficients and the refractive index changes are affected by applied F and B intensities. We can
say that the electro-optical features of the superlattice have changed significantly with the
combined effect of F and B values. This is desired for semiconductor optical device applications to

have stable performances.

1. Introduction

Research about nanoscale devices and structures is one of the popular fields of science due to being the basis of important ap-
plications in the field of automotive, medical, and security. In the current technology, major nanoscale devices are composed of
quantum wells (QWs) so studies about QWs are still going on to improve current device performances. In addition to QWs, superlattices
which are cascaded QWs are also taken attention due to superior optical and electrical properties [1,2]. QWs have been extensively
analyzed in the literature by considering the interband and intersubband transitions [3-5]. Different potential shapes were mainly
considered. Interband absorption in square and semi-parabolic near-surface QWs was analyzed under an intense laser field by
Niculescu and Eseanu [6]. The nonlinear optical rectification, the second harmonic generation, and the third harmonic generation
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Fig. 1. The potential profiles and the first four electron energy levels corresponding to the associated PDWs for a) F = 0; B=0, b) F = 30 kV/cm; B
=0,c)F=-30kV/cm; B=0,d)F=0;B=15T, e) F =30 kV/cm; B = 15T and f) F = —30 kV/cm; B = 15T.

coefficients were examined for different potential profiles [7,8]. Asymmetric GaAs n-type delta-doped potentials were considered by
Rodriguez-Magdaleno et al. [9]. Keshavarz and Karimi studied the intersubband optical absorption coefficients (OACs) in symmetric
double semi-parabolic QWs [10], and the second harmonic generation in asymmetric double semi-parabolic QWs [11]. The laser,
electric, and magnetic fields were used in most of the studies to simulate the electronics and optical properties of the QWs [12-16]. The
linear and nonlinear optical properties of multiple-step QWs under the laser, electric, and magnetic fields were analyzed by Restrepo
et al. [17]. As a different material structure, second-order nonlinear optical properties for InGaN/AlGaN QW under the intense laser
field were studied by Karimi and Vafaei [18]. Transport properties of the two-dimensional electron gas in wide AIP QWs including
temperature and correlation effects were considered by Tai and Khanh [19]. Experimentally, intersubband transitions in pseudo-
morphic InGaAs/GaAs/AlGaAs multiple-step QWs were studied by Li et al. [20]. Nonlinear optical rectification in semi-parabolic QWs
under applied electric field was deeply investigated by Karabulut and Safak [21]. Zhang worked on the electric field effect on the
intersubband refractive index changes (RICs) in asymmetrical semi parabolic and symmetrical parabolic QWs [22]. Baskoutas et al.
made a major contribution to the literature for inverse parabolic QWs by investigating the OACs under static external electric fields
[23]. A redshift is an increase in the wavelength, and a corresponding decrease in the frequency and photon energy, of electromagnetic
radiation (such as light). The opposite change, a decrease in wavelength and simultaneous increase in frequency and energy, is known
as a blue shift. Ozturk et al. calculated the intense laser field effect on the nonlinear optical properties of triple quantum wells con-
sisting of parabolic and inverse-parabolic QWs [24]. The authors showed that the spectrum of the resonance peak varies depending on
the laser field of the red or blue shift. Although such a broad literature about QWs, theoretical studies about the linear and nonlinear
optical properties of the superlattices are limited [25,26] and further studies are needed. In the quantum cascade laser structures, the
laser’s active region contains quantum wells (injector and radiative wells) around 8-13 [1,27-29]. Furthermore, Donchev et al.
examined the luminescence properties of a superlattice consisting of eleven quantum wells in the case of zero external fields [28]. The
parameters in this study are different from Ref. [28] and external fields are applied to this structure.

In the current paper, we have studied the superlattice with periodically increased well width (WW) on the optical properties under
applied electric and magnetic fields. The linear absorption coefficients (LACs), nonlinear absorption coefficients (NACs), total ab-
sorption coefficients (TACs), linear refractive index change (LRIC), nonlinear refractive index change (NRIC), and total refractive index
change (TRIC) are calculated dependent on these external field values. To the best of our knowledge, this is the first research paper to
study the optical properties of a superlattice with different WWs. We organize the paper as follows; theory and method are given in
section 2. Section 3 presents the novel results and discussion. We finish the paper with a conclusion, which is given in section 4.

2. Theory and method
The finite element method is used to obtain the wave functions (WFs) and corresponding energy levels (ELs) under effective mass

approximation. In matrix formalism, time-independent Hamiltonian of the GaAs/AlyGa; xAs superlattice with periodically increased
WW is given in Equation (1),
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Fig. 2. For different B values a) several energy differences, b) several ISB DMME, c) several intrasubband DMME values as a function of the

electric field.

Table 1
The energy differences and the RP values of LACs for different F and B values.
B (T) F (kV/cm) E12 (meV) Ea3 (meV) E34 (meV) L2, (1/cm) p2 . (1/cm) g4 (1/cm)
0 0 11.5 15.3 21.0 1219 2453 3733
30 25.7 21.8 21.7 1067 1991 3127
-30 32.9 27.3 24.9 1053 1943 2927
15 0 26.3 26.8 28.2 1379 2751 4096
30 26.4 27.1 28.6 1380 2750 4081
-30 27.7 30.2 32.7 1366 2672 3883
hZ dZ ez B2 Z2
= - —t F \'% 1
maZ 2me o T @ )
where the second-order differential is defined as (details of the diagonalization method are found in Ref. [30]).
d . . . 2
F:[72 diag(ones(1,N,)) + diag(ones(1,N, — 1), —1) + diag(ones(1,N, — 1), 1)] (2)
VA

where m” describes the effective mass of the electron, it is taken as 0.067 m, due to lattice matching between GaAs and Al,Gaj_xAs (mg
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magnetic field.

is the free electron mass), e is the electron charge, N, is the length of the matrix to define the total quantum region, F is the electric field
in the growth direction, B is the magnetic field applied perpendicular to the growth direction, and V(z) is the confinement potential.
For the superlattice formed with eleven wells, the leftmost WW is 2 nm, and the rightmost WW is 3 nm by increasing 0.1 nm to the
right. Barrier widths are 1 nm and kept constant. For GaAs/Al,Ga; xAs superlattice, Vy is the band discontinuity and calculated by
Vo = Q.(1155 x + 370 x?)meV, where Q. = Z‘%; = 0.6 is the conduction band offset parameter (where AE; = AE. + AE,, E. and
AE, are the conduction and valence band discontinuities) and x is the Al concentration in the barrier regions (for x = 0.3, Vo = 228
meV) [11,31].

To solve Equation (1), the diagonalization method is used in one dimension. After obtaining the ELs and their corresponding
electron WFs, LACs, third-order NACs, and TACs for intersubband (ISB) transitions for the first four ELs can easily be given using the
density matrix approach as [32], respectively.

() — o [ M e’o,h T :
P () w\/;r} d (B — ho)’ + (h T) ©
I ¢oh T |5¢| ((Bir — hw)® = (h T)* + 2Eq (Eie — o)
B (0,1)= —2w\/rZ My “<o ) X [1 - ( )
f aMI e {(Br—10)" + (n F)2}2 oM [* (Bq)’ + (n T)
Ba(@,1) =B (@) + B (@.1) (5)
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Fig. 4. The variation of the OACs as a function of the photon energy fora) F=0; B=0,b) F=30kV/cm; B=0,c) F=-30kV/cm; B=0,d) F = 0;
B=15T, e) F =30 kV/cm; B = 15T and f) F = —30 kV/cm; B = 15T for (1-2) transition. (I = 0.3 MW/cm?).
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Fig. 5. For the (2-3) transition, same as Fig. 4 description.

The LRICs, NRICs, and TRICs can be derived as [33], respectively.

An (w)

n;

_ C O’V | | (Eif — hCl))
( if — fl(l))2 + (fl F)z

(6)
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n, n, n,
In particular, we have investigated the resonance peaks (RPs) of LACs in this study [5],

2 ezava)if T

if — (1) _ _ e - -
ﬂmax(wfw"7 I 0) |M"| hg'o cn (9)
and ISB dipole moment matrix elements (DMMEs) are defined by
Mif:/a"; 2 ¥ dz (i,f=1,2,3,4) (10)

Here, 5y = Mg — Mj; is the intrasubband DMMEs, I is the optical light intensity,  is the angular frequency of the incident photon,
(Eif = Ef — E; = hwy), E¢ and E; represent the quantized ELs for the last and first states, & is the vacuum permittivity, &, is the real
part of the permittivity, u is the magnetic permeability , n, is the refractive index, o, is the carrier density.

3. Result and discussion

With and without F and B, we have theoretically investigated the electronic and optical features for the (1-2), (2-3), and (3-4)
transitions in the superlattice. (Other transitions ((1-3), (1-4), and (2-4)) are not included in the study because of negligibly small
values). In this study, we have taken o, = 4x10%cm =3 T = /T" = 0.14 ps [11,32], and I are respectively 0.1, 0.3, and 0.5MW/ cm?.
The electric field values in the legends of all figures are in kV/cm, and the magnetic field values are in T.

In the superlattice, which consists of eleven wells, the comments will be made by numbering the wells from left to right. Without
and with F and B, Fig. 1(a—f) shows the potential profile, the first four bounded ELs, and the associated probability densities (PDs) for
superlattice. By increasing WW, the ELs and the PDs of the electrons in the superlattice have changed significantly. E; and E; ELs are
mostly affected by the change of WW. Since WWs are not symmetrical, without external fields the electrons in the E, level are localized
in the eighth and ninth wells and are not exist in the first three wells due to narrow WWs. The electrons in the E; level are mostly in the
fourth, fifth, and tenth wells. The electrons in the excited states are distributed throughout the entire superlattice region as they are
more energetic than the first two ELs (Fig. 1a). Since the structure is tilted to the left for F = 30 kV/cm, the PD of the electrons in E; EL
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Fig. 7. TAC of (1-2) transitions versus the photon energy for a) I = 0.1, b) 0.3, and ¢) 0.5 MW/cm? for four F and two B values.

is more on the left side, and EL is more on the middle side. However, E; and E4 localize in the wells to the right of the superlattice due to
wider WWs (Fig. 1b). The superlattice is tilted to the right because of the negatively applied F, and the ELs vary depending on the shape
of the potential, and the electrons in E; EL shift to the left as expected (Fig. 1¢). In addition, the ELs obtained for F = 30 kV/cm are
higher than those for both F = 0 and F = —30 kV/cm because narrower wells on the left side of the superlattice, which shifts ELs to
upper energies. The magnetic field effect is very different from the electric field. As the magnetic field is applied, the ELs localize in the
center of the superlattice because of the magnetic field, which changes both the depth and shape of the confinement potential (see
Fig. 1(d-f)) by bending the edge of the quantum barrier at both sides of the superlattice. Furthermore, the localization of the electron
for each EL becomes more homogeneous even though the thickness of the WW increases. The electron WF interaction between adjacent
QWs becomes increasingly stronger with applied B, which causes more carriers to be localized in the middle of the superlattice. In this
case, because of the strong coupling between QWs, ELs are pushed upwards and are higher than with B = 0 (Fig. 1d). With the
combined effect of both + F and B, both the potential profile is tilted and the geometric confinement of the carriers is varied. These
effects are important for the linear and nonlinear optical response of the system. Thus, it can say that the size of both F and B affect the
confinement and localization.

Three energy differences and the DMMEs values as a function of F are given in Fig. 2 for different B values. At the same time, the
energy differences for different F and B values are given in Table 1. F =5 kV/cm (especially for E;5) is a critical value (according to the
parameters used) for B = 0. The E;, decreases in the range from —30 kV/cm to 5 kV/cm, but rises for 5 < F < 30 kV/cm range. The E;2
values are 15.12, 11.49, and 9.61 meV for F = -5, 0, and 5 kV/cm, seriatim. This behavior causes a red or blue shift in linear and
nonlinear transitions. The value of E34 varies less than E;5 and Ez3. For B = 15T, less variation is seen in the energy differences drawn
against the electric field. Similar situations are seen for the DMMEs in Fig. 2b. The PD related to the first four-electron ELs are
important for the values of DMMEs. The overlap between the first four bound state WFs varies due to the tilt and bending of the
superlattice potential profile with F and B values. These effects on the DMMEs are related to the behavior of electron WFs in the
superlattice. As seen in Fig. 2 (b, c), the DMMEs change with varying F and B owing to the overlap between the first four states WFs.
Since the localization of WFs in all superlattice modifies, the alterations of the ISB and intrasubband DMME:s are different from each
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other. Such a dependence of the F and B intensities on the energy differences and DMMEs could be very advantageous for a variety of
potential devices.

In Fig. 3, we have shown three energy differences and several DMMEs depending on B values for three F intensities. All values are
affected by the changing superlattice profile in case of simultaneously varying F and B parameters, and these values are important for
the electronic and optical properties of these configurations. For F = 0, all Ej; values are shifted upwards, with B rising due to the
central localization of electrons as a result of increasing confinement. The E;, value, which changes against B, is affected differently by
+ F and -F. For F = 30 kV/cm (for F = —30 kV/cm), the E;, decreases up to B = 9T (B = 12T) and increases after this value. The
absorption spectrum shows blue or redshifts depending on F and B sizes. The energy differences at F = —30 kV/cm are larger than at F
=0and F = 30 kV/cm. This situation is quite evident in Figs. 2a and 3a. Expressions described for E;¢ values in Fig. 3a, also apply to ISB
DMMEs in Fig. 3b. The intrasubband DMMEs are connected to both F and B.

For different F and B values, Fig. 4, Fig. 5, and Fig. 6 show the modification of the LACs, NACs, and TACs versus the incident photon
energy for (1-2), (2-3), and (3-4) transitions, seriatim. These coefficients vary in magnitude and energy range for different F and B
values. TAC decreases by the negative NAC additive in the existence incident optical intensity. The RP of TAC may be bleached at
enough optical densities. This branching is because of the adding of the third-order nonlinear term. For (1-2), (2-3), and (3-4)
transitions, the RPs of TOAC are branching for F = 0 and B = 0. While there is no branching at the transition (1-2) with increasing F and
B magnitudes, the branching is still present at the transitions (2-3 and (3-4), and less for F = —30 kV/cm and B = 0. For B = 0, both
LAC and NAC values at F = 0 are greater than at both F = 30 and F = —30 kV/cm for (1-2) transition. Therefore, TOAC has both
negative values and large branching. For B = 15T, similar behavior is seen at all F values. If we keep the electric field constant and look
at the incremental change of the magnetic field from B = 0-15T; i) For F = 0, LAC is increasing but NAC is decreasing, so TAC gives
smaller branching. ii) For F = 30 kV/cm, both LAC and NAC increase, TAC still has little branching. iii) For F = —30 kV/cm, both LAC
and NAC increased, TAC now starts to give slight branching. The detailed variations of the absorption spectrum of TAC for transition
(1-2) will be described in Fig. 7 and Fig. 8. Respectively, the peaks of LAC and NAC for the (2-3) transition are ~2 and ~3 times higher
than (1-2) transition due to different DMME:s in the case of zero external fields. For (2-3) transition, the TAC has branching at all F and



D. Altun et al. Micro and Nanostructures 166 (2022) 207225

(a) } (b)

1500 I 1346 3009 12700
= 12 ) = 2509 \
= 0 1300 E 2600
2 2 20qg
SR = T 12500
£ 600 B 1220 % 103([; \ ™
iy 1180 - &
309 = 9 -30.
0. 20
F(100102 3 000 F( 0o 10 59 2. 3 (T
kV/cm) 037 B kV/c; 0 39 B

n)

200 '4(}(10
= oo 3900
5 300p 25 "
= 24 | | 3800
% 1309 - 3700
5= 120 . 3600
= 60g
0 ! 15
30~20 10 9

6 1)
(kv/C]n)O 20 30 3 B(T

Fig. 9. RP of LACs for a) (1-2), b) (2-3), c) (3-4) transitions as a function of F (x-axis) and B (y-axis).

B intensities and is only positive for F = —30 kV/cm and B = 0. Again, the largest LAC and NAC values are provided for F =0 and B =0.
As can be seen from the energy differences in Table 1, if F = 0 is taken as a base; when the electric field intensities are set to both F = 30
kV/cm and F = —30 kV/cm; i) in the absence of B, the absorption spectrum is blue shifted. ii) When B = 15 T, there is still a little blue
shift. If B = 0 is taken as a base; in the absence and presence of F, the spectrum moves towards a blue shift with the increase of B. The
(3-4) transition is affected by the F and B values, similar to the (2-3) transition. At all F and B intensities, TAC has both branching and
negative values. The amount of blue shift of the absorption spectrum is different.

Since the (1-2) transition is most affected by the change of the potential profile depending on the F and B intensities, the absorption
spectrum has been investigated in detail. Fig. 7(a—c) shows the TACs of (1-2) transition as a function of the photon energy for I = 0.1,
0.3, and 0.5 MW/cm? for four F and two B values. If F = 0 is taken as a reference point; in the absence of B, the absorption spectrum
gives a redshift for F = 5 kV/cm, while it goes towards blue shift at other F values. When B = 15 T is applied, TAC is at the same location
and same magnitude at F = 0, 5, and 30 kV/cm, but shows a little blue shift when only F = —30 kV/cm is applied. Since the intensity of
I = 0.1 MW/cm? changes NAC quantitatively less than the intensities of 0.3 and 0.5 MW/cm?, TAC is positive, high, and shows almost
no branching. When I = 0.3 MW/cm? intensity is applied, while for B = 0 the TAC has negative values only at F = 0 and 5 kV/cm, it is
positive at F = 30 and —30 kV/cm and no branching. When the optical light intensity is set to 0.3 MW/cm? intensity, TAC has negative
values only for F = 0 and 5 kV/cm in the absence of B and TAC is positive at F = 30 and —30 kV/cm and has no branching. TAC is
almost in the same position and has the same size at all values of F for B = 15 T and branching is seen. If the light intensity is set to 0.5
MW/cm?, TAC does not have a negative value only for B = 0 and F = —30 kV/cm, it has negative values in all other F and B values, and
the branching is quite evident. It can be seen from here that the value of F = —30 kV/cm creates more change in the structure than the
magnitude of F = 30 kV/cm.

For four B and three F values, the TACs of (1-2) transition versus the photon energy are given in Fig. 8 (a, b, and ¢) for = 0.1, 0.3,
and 0.5 MW/cm?, separately. For zero electric field intensity, the spectrum of TAC shows a blue shift for all incremental values of B.
When F = 30 kV/cm is applied, it shows a redshift up to B = 9T, while it indicates a blue shift for greater than 9T. Similarly, for F = —30
kV/cm, it displays a redshift up to B = 12T, while it represents a blue shift for greater than 12T. For all F and B values, all TACs are
positive, large, and unbranched for intensity I = 0.1 MW/cm?2. For I = 0.3 MW/cm?, the TAC quantity is negative at B = 0 and 9T in the
absence of F. Also, there is no branching of TAC only for F = —30 kV/cm and B = 0. At I = 0.5 MW/cm?, the TAC has no negative value
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Fig. 11. For the (2-3) transition, same as Fig. 10 description.

and little branching only in the magnitudes of B = 0 and F = —30 kV/cm. TAC has negatives in all other F and B values, and the
branching is quite pronounced. We can say that the structure of superlattices changes considerably with the combined effect of F and B
values.

The RP of LAC for (1-2), (2-3), and (3-4) optical transitions versus both F and B parameters are shown in Fig. 9, and the color scale
has also reflected the base to scale the changes. For different F and B values, these peaks are also given in Table 1. The RP of LACs for
(1-2) transition is lower than (2-3) and (3-4) transition. As seen in Eq. (8), these peaks are dependent on both Ej¢ difference and ISB
DMME. The size and shape of the RP variation with varying F are different for rising B values.
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Fig. 12. For the (3-4) transition, same as Fig. 10 description.

With and without F and B, the RICs as a function of the photon energy for the (1-2), (2-3), and (3-4) transitions are shown in
Fig. (10)-(12), respectively. Because the LRIC and NRIC terms are opposite in sign, any increase in the magnitude of the NRIC term will
also increase the difference between them, so reduce the TRIC. All RICs are affected by all F and B intensities in a similar way to the
OAGs. It can say that the RICs are related to both + F and B, and the shape of potential. For transition (3-4), all RIC values are greater
than both (1-2) and (2-3) transitions, for the same intensities F and B. The main reason for these differences is due to the change in the
DMMEs and the energy interval of the electronic states between which optical transition occurs.

4. Conclusion

As a conclusion, we have studied the electro-optical properties of GaAs/AlyGa; xAs superlattice with periodically increased well
width under applied electric and magnetic fields. The first four bounded energy levels for (1-2), (2-3), and (3-4) intrasubband
transitions are considered. E; and E; ELs are mostly affected by the change of WW, while E3 and E4 ELs are less affected as they are
more energetic. The electric field shifts the localization position of the probability density of electrons to the left and right for 30 kV/cm
and —30 kV/cm, respectively. In addition, this localization is observed in the center of the superlattice under applied magnetic fields
due to increased confinement and bending of the potential profile. F = 5 kV/cm value is critical for E;, transition energy, it is possible
to tune the transition energy of the structures with the electric field. Both OACs and RICs are affected by all F and B intensities, and
these are related to both + F and B, and the shape of potential. In addition, all OAC and RIC values for (1-2) transition are lower than
both (2-3) and (3-4) transitions, for the same intensities F and B. As a last, we believe that the current study can contribute design and
research of superlattice-based semiconductor devices such as photodetectors and lasers by showing the way how to change optical
properties.
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