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For the first time, the impact of externally applied static electric and magnetic field on the nonlinear op-
tical rectification (NOR) and second harmonic generation (SHG) coefficients of GaAs/GaAlAs zigzag quan-
tum well is theoretically investigated in this study. Additionally, we examined the effect of physical pa-
rameters such as width and depth of the structure on these coefficients. We have numerically solved the
time-independent Schrodinger equation by using the diagonalization method under the effective mass
approximation for obtaining subband energy levels and wave functions of the structure, and then we
have used the compact density matrix method to obtain the analytical expressions of NOR and SHG coef-
ficients. The obtained numerical results showed that when the magnitude of the externally applied elec-
tric and magnetic fields is increased, the peak position of NOR and SHG shifts to blue, and by increasing
the width and potential depth of the quantum well, it shifts to red.

© 2022 Elsevier B.V. All rights reserved.

1. Introduction

Recently, different electronic and optoelectronic devices are de-
signed and manufactured owing to developing growth technologies
like molecular beam epitaxy (MBE) and metal-organic chemical va-
por deposition (MOCVD). Studies on this subject also speed up the
experimental and theoretical research on low dimensional semi-
conductor heterostructures such as quantum wells (QWSs), quan-
tum well wires (QWWs), and quantum dots (QDs). Today, these
heterostructures present a wide range of potential applications for
electronic and optoelectronic devices [1,2]. These application areas
can be classified as infrared lasers [3], infrared photodetectors [4],
optical switches [5], high-speed electro-optical modulators [1], etc.
The most intensively studied low dimensional heterostructures are
QWs because of their remarkable properties. The QW structures
have different shapes such as square QW [6, 7], parabolic QW [8,
9], semi parabolic QW [10, 11], graded QW [12], etc. can be formed
by using the aforementioned growth techniques. The electrical and
optical properties of QWs structures can be affected by various pa-
rameters like potential profile’s shape, QW’s width, barrier’s height,
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number of QWs significantly. In addition to these parameters, ex-
ternal fields applied to the QW structure such as intense laser,
electric and magnetic fields are other important factors that change
the electric and optical properties of the structure. Lots of stud-
ies have been done related to optical absorption coefficients (OACs)
and refractive index changes (RICs) [13-17], nonlinear optical rec-
tification (NOR), second harmonic generation (SHG), and third har-
monic generation (THG) [18-22] in the QW structures under exter-
nal fields. Kasapoglu et al. have investigated the OACs and RICs in
the step-like QW structure under the effects of electric and mag-
netic fields and showed that electric and magnetic fields caused
shifting to blue shift in OACs and RICs [13]. Al et al. have stud-
ied the electric and magnetic fields’ combined effects on the OACs
and RICs in the GaAs/Ga;_xAlxAs QWs which had asymmetric dou-
ble inverse parabolic structure and determined that the OACs and
RICs were sensitive to electric and magnetic fields’ change with the
parameters of the structure [14]. Ozbakir has searched the vari-
ations of the OACs and the RICs by analyzing the transition be-
tween the ground and first excited states in the GaAs/GaAlAs QW
under electric and tilted magnetic field and has shown that the
applied external fields affected the system’s optical properties [15].
For the asymmetric GaAs/GaAlAs double quantum well structure,
how the electric and magnetic fields change affects the linear and
third-order nonlinear OACs and RICs under intense laser field, has
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been examined by Yesilgul et al. In the obtained results, it has been
seen that while the peak positions of the OACs and the RRICs shifts
blue by increasing the magnitude of electric and magnetic fields,
the peak positions shift blue first and then red respectively with
increasing the intense laser field [16]. Ozturk and S6kmen stud-
ied the intersubband OACs and the RRICs in the triple QW which
has different well structures by changing the width of the barrier.
They showed that the changes in the barrier width affected the
intersubband transitions and the energy levels in discussed struc-
ture [17]. Martinez-Orozco et al. have investigated nonlinear opti-
cal properties of the GaAs delta-doped field-effect transistor sys-
tems under different hydrostatic pressures [18]. They have found
a hydrostatic pressure interval where the nonlinear optical rectifi-
cation and second harmonic generation resonant peaks’ amplitude
were enhanced. They have also proved that for the third-harmonic
generation (THG), the best scenario has appeared at the zero value
of the pressure. For a semi-parabolic typical GaAs/Ga;_xAlxAs QW
under the effect of the intense laser field, Ungan et al. have in-
vestigated the NOR and SHG coefficients about the intersubband
transitions by changing electric and magnetic fields. They have
determined the effects of mentioned external fields on the reso-
nant peak energy positions and magnitude of the coefficients [19].
In another study, Ozturk et al. have examined two different QW
structures such as square-step QWs and graded-step QWs and de-
termined the changes in the NOR, SHG, and THG coefficients for
different values of the intense laser field. Their results have shown
that the effect of intense laser field on the potential height and
profile for graded-step QWs were more important than the effect
on square-step QWs and the NOR, SHG, and THG coefficients of
both QW structures might have been set to desired energy range
and the resonance peak’s magnitude by applied intense laser field
[20]. The NOR, SHG, and THG calculations under the electric, mag-
netic intense laser fields have been done for a GaAs QW which
had asymmetrical Gaussian potential by Sayrac et al. As a result
of their calculations, they have observed that changing of the ex-
ternal fields caused changes in these values of the structure [21].
In his work, Altuntas has studied GaAs/GaAlAs QW with exponen-
tially confinement potential and calculated the NOR, SHG, and THG
coefficients of the system for different values of applied external
fields (electric, magnetic, and non-resonant intense laser fields).
He has obtained that the optical properties of the handled sys-
tem were affected greatly by the external fields [22]. In another
study, Aydinoglu et al. have interested AlxGa;_xAs/GaAs asymmet-
ric double graded QWs and examined the effect of external fields
such as electric and magnetic and changing parameters of the
structures on the NOR, SHG, and THG coefficients [23]. In addi-
tion to these studies on quantum wells, some of the studies on
quantum dot structures are as follows. Pal and Ghosh [24] have
studied the effect of Gaussian white noise on the nonlinear op-
tical rectification (NOR) coefficients of doped quantum dot (QD)
and determined that the NOR profiles sensitively affected by ap-
plication of the noise. In addition to this, second harmonic gen-
eration (SHG) coefficient of impurity-doped quantum dots (QDs)
in presence and absence of noise has been examined by Gan-
guly and Ghosh [25] and it has been determined that the prop-
erties of SHG profiles has changed with the effect of noise. Gan-
guly et al. [26] has investigated that how the combined effect of
hydrostatic pressure and temperature in absence and presence of
Gaussian white noise changed the optical rectification (OR), sec-
ond harmonic generation (SHG) and third harmonic generation
(THG) for impurity doped QD structure. They showed that changes
in temperature and pressure created shift (blue/red) of the peaks
of nonlinear optical properties and a change in the peak heights
(increase/decrease). In another study, Arif et al. [27] has anal-
ysed the role of relaxation time on second harmonic generation
(SHG) of doped quantum dot (QD) and they put forth that SHG
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peak values had a monotonic behavior with change of relaxation
time.

We presented theoretically the changes formed in the NOR and
SHG coefficients because of the different applied external electric
and magnetic fields for GaAs/GaAlAs zigzag QW structure in this
work. In addition, we examined the changes in the NOR and SHG
coefficients depending on the parameters as the depth (V) and
the width (L) of the structure. Our article’s organization has been
done as follows: the problem’s definition and solution theoretically
are given in part 2, obtained numerical results are given in part 3,
discussions of the numerical results, and our conclusions are pre-
sented in part 4.

2. Theory

In our study, we assume a zigzag QW structure (shown in
Fig. 1) which is grown in the z-direction. While applied electric
field’s direction is taken as the growth direction (F = FZ), the mag-
netic field is considered perpendicular to the growth direction
(B = BR). We examined the effects of these applied electric and
magnetic fields on NOR and SHG coefficients’ changes. Under ap-
plied external fields, the total Hamiltonian for an electron which is
confined in the zigzag QWs is written by

1
2m*
here m*, p and e are the effective mass, the momentum operator,
and the charge of the confined electron respectively. c is the veloc-
ity of light and A = A(F) is the magnetic vector potential. Confined
potential of the zigzag QWs is identified as V(z) and expressed as

H =

e 2
[ﬁ+ EA] +V(2) + eFz )

3Ly
VO zZ< 77
Z+3Ly/2 3Ly Ly
(7Lw )Vo - <Z< -
O e 2)
W
z—Ly/2 Ly 3Ly
<7Lw )VO 7 <<
Vo zZ> %

in these expressions, Vy and L,, show the depth and the width of
the structure respectively.

If the time-independent Schrédinger equation along the
growth-direction in one dimension is written, the expression be-
low is obtained [8],

2 1 2p2,2
[—%;4—%+V(z)+er:|1ﬂ(z)=Etp(z) (3)

E and v (z) state the energy levels and wave functions of the
structure respectively under the applied external fields in this
equality.

We solved Eq. (3) numerically by using diagonalization method
to find out energy eigen values and wave functions of the structure
[28]. After that, we have used the compact density matrix method
to obtain the analytical expressions of the NOR and SHG coeffi-

cients [29, 30]. Obtained NOR and SHG coefficients are given below
respectively,
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In the Egs. (4) and (5), M;; represent the dipole matrix ele-
ments (M;; = [{gilezlg;)|. (i, j=0, 1, 2) and &o1 = [Mgo — M11]).
The transition frequency is given by the equation w;; = (E; — E;)/h.
pv and &y show the electronic density and permittivity of vacuum,
respectively. I';, equals 1/T, (k=1, 2, 3) and it defines relaxation
rate associated with the electrons’ transition lifetime.

3. Results and discussion

In our study, we took the depth and the width of the zigzag
QWs as Vp =270 meV, L, =70 A. In addition, the numerical
values of the physical expressions used in this article: m* =
0.067mg (where mg is the free electron mass), € = 12.58, g9 =
8.854 x 10712, e=1.602 x10719C, h =1.056 x 107>*Js, p, =3 x
102m=3, I, = (k=1,2,3) is 1, 5 and 7 THz, respectively.

The changes in the confining potential and the probability den-
sity for the envelope wave-functions of the ground state, first and
second excited states due to the applied external fields are indi-
cated in Fig. 1 for Vy = 270 meV and L, = 70 A. When both elec-
tric and magnetic fields are zero, there are probability concerning
are approximately symmetrical with respect to the center of the
heterostructure (Fig. 1(a)). The ground state, first excited state and
second excited state have one peak (in the middle well), two peaks
(in the right and the left well) and three peaks (in each well) re-
spectively. In the first case we took the value of the electric field
which had the same direction with the heterostructure’s growth
as 40 kV/cm under zero magnetic field (Fig. 1(a)). Applied electric
field changes the shape of the confinement potential compared to
the case F = 0. The left side of confinement potential is bent seri-
ously because of the electric field’s effect. Besides, the symmetries
(approximately) in the electron’s localization are damaged for all
states. In the ground state, the electron’s localization increases in
the left well, while it decreases for the other wells. For the first
and second excited states, electron’s localizations increase in the
middle and the right wells respectively.

We examined the case where applied magnetic field which
was perpendicular to the growth’s direction in Fig. 1(b) for F =0,
Vo =270 meV and L, =70 A conditions. In the case of magnetic
and electric fields are zero, the probability densities were approxi-
mately symmetrical with respect to the structure’s center as stated
above. Because of the parabolic term (z2) in Schrédinger equa-
tion which comes from the effect of the magnetic field, the up-
per part of the confinement potential takes a parabolic shape near
the edges of the structure and almost unchanged near the center.
The distributions of the wave functions are almost the same as in

400 ' * -
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= 300 L
Y
£ 200 I
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S 100 i
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the case of B=0 due to symmetry of the confining potential. Ad-
ditionally, the increase in E; and E, is slightly greater than the in-
crease in Eg due to the fact that the ground wavefunction is more
confined than the excited ones. However, the impact of the elec-
tric field is clearly noticed, in fact, as seen in Fig. 1(a), the energy
level of the ground state rises considerably and its wavefunction is
moved to the left triangular quantum well.

As a conclusion from the investigation showed in Figs. 1(a) and
(b), it can be said that the symmetries in the electron’s localiza-
tion in all analyzed states are changed only in the presence of the
electric field, but they remain almost the same in the presence of
the magnetic field.

Fig. 2 shows the graphs included nonlinear optical rectification
coefficient as a function of incident photon energy for different val-
ues of the width (L, ) and the depth (V) of the heterostructure in
the absence of the applied external fields respectively. In Fig. 2(a)
while the depth of the heterostructure Vj is taken as 270 meV, dif-
ferent values of the heterostructure’s width L, are used as 60 A,
70 A and 80 A. The NOR peak position and the peak amplitude
have been affected by changing the well width. As the well width
increases, the NOR peak amplitude increases and the NOR peak po-
sition shifts to low energy region (redshift). This shift towards low
energies is attributed to the reduction of the energy interval be-
tween the E; and E.

The depth’s values of the heterostructure Vy are changed as
228 meV, 270 meV and 312 meV in the case of L, equals 70 A in
Fig. 2(b). While the well depth increases, the NOR peak amplitude
increases slightly and the position of the NOR peak has redshift. In
both cases in Figs. 2(a) and 2(b), as the values of the well width
and depth increases the NOR peak positions show redshift. But the
effect of changing the well width on NOR peak position and peak
amplitude is stronger than the effect of the well depth change.
Numerical values of the electron subband energy differences and
dipole moment matrix elements are presented in Table 1 in the
cases of the increasing well width and depth. Decreasing in elec-
tron subband energy difference with increasing well width is faster
compared to the case with increasing well depth. Similarly, if the
changes in dipole moment matrix elements are examined, it can be
seen that increasing in the values of the matrix elements is faster
in the case of increasing of Ly,.

Nonlinear optical rectification coefficients are redrawn as a
function of incident photon energies for different values of the ap-
plied electric and magnetic fields in Fig. 3. Vp and L, values are
taken as 270 meV and 70 A respectively in these figures. The values
of applied electric field are changed as 0, 20 kV/cm and 40 kV/cm

400 L ! .
(b) V=270 meV

Lw=70A

F=0

W
=
S
/

Energy (meV)
g

100

-250 -1'25 0 125 250

z(A)

Fig. 1. The changes occurred in the confinement potential and the probability density for the envelope wave-functions of the ground, first and second excited states for

Vo =270 meV and L, = 70 A in the presence of the (a) electric field, (b) magnetic field.
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Fig. 2. Nonlinear optical rectification coefficient as a function of incident photon energy in zigzag QW in the absence of applied external fields for different values of (a) the

width (Ly) and (b) the depth (Vp) of the structure.

Table 1

Numerical values of the electron subband energy differences and dipole moment matrix elements
for different values of (a) the width (L) and (b) the depth (Vp) of the well.

Lw(A) (Ey — Ep) (meV) (Ez — Ep)/2 (meV) M3, 801(A%) Mo1 My Myo(A3)
60 29.9337 36.4935 4466,76 57.1552

70 21.39 25.705 8027.98 344,192

80 15.757 18.1135 13,005.9 1211.22

V(z) (meV)

228 21.576 26.4885 7528.82 107.83

270 21.39 25.705 8027.98 344,192

312 21.001 24.6895 8511.17 555.652

under zero magnetic field in Fig. 3(a). Applying the electric field
to zigzag QW increases the difference between electron energies
which confirms the result observed in Fig 1(a). The positions of
resonance peak of NOR coefficients also display a blue-shift due to
the increase in the energy differences between ground and first ex-
cited states (E; — Ep). The magnitude of peak increases when the
value of the applied electric field is changed from 0 to 20 kV/cm
firstly. After that it shows decreasing behavior when the electric
field reaches the value of 40 kV/cm. The reason of this result can
be seen from Table 2. While there is a small increase in the dif-
ference between Ey, and E; when F value is changed from 0 to
20 kV/cm, the increase in this difference happens bigger for F value

200 : : " :
® —F=0
— F=20KkV/cm
B=0 ——F =40 kV/em
d V=270 meV |

Lw=70A

100+

%1107 m/V)

50 -

T T T T

10 20 30 40 50 60

Photon energy (meV)

changing from 20 kV/cm to 40 kV/cm. While there is a substantial
increase in the change in the M(Zn 8o1’s value for F value chang-
ing from 0 to 20 kV/cm, the value of M(2)1501 shows a small de-
crease compared to the previous case when F value changing from
20 kV/cm to 40 kV/cm. As a result of these changes in (E; — Ep)
and M&(Sm the magnitude of NOR peak shows a significant in-
crease firstly, and then a small decrease.

In Fig. 3(b) the applied magnetic field takes the values 0, 10 T
and 20 T in the absence of the electric field. As in the case of in-
creasing the applied electric field in Fig. 3(a) a blueward shift is
observed in the NOR coefficients peak positions. Here, the increase
in the position of the peak is small as the magnetic field is in-

x$1(10°7 m/V)

0 T T T T
10 20 30 40 50 60

Photon energy (meV)

Fig. 3. Nonlinear optical rectification coefficient as a function of incident photon energy in zigzag QW under different values of the (a) applied electric field (F) in the
absence of the applied magnetic field (B = 0) and (b) applied magnetic field (B) in the absence of the applied electric field (F = 0).
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Table 2

Journal of Molecular Structure 1274P1 (2023) 134496

Numerical values of the electron subband energy differences and dipole moment matrix elements
for different values of the applied (a) electric field (F) and (b) magnetic field (B).

F (kV/cm) (E1 — Ep) (meV) (E; — Ep)/2 (meV) M3, 801(A%) Mo1 Mz Myo(A3)
0 21.39 25.705 8027.98 344.192
20 25.197 27.8385 65,931.8 10,825.3
40 34.316 35.446 57,042.9 7850.73
B (T)
0 21.39 25.705 8027.98 344.192
10 25.164 27.3635 8571.36 756.07
20 35.138 34,9815 16,971.3 6241.7
60 1 1 1 1 25 1 1 1 L 1
@ —Lw=60 A ®) —— V=228 meV
—Lw=70A —— V=270 meV
= = 0
F=0 —Lw=804A 20{ F=0 I
— B=0 — B=0 — V=312 meV
E V=270 meV Z
404 L Lw=70 A
£ g
i b
(—] [—]
= o
as ]
2 L
50 10 15 20 25 30 35 40

Photon energy (meV)

Fig. 4. Second harmonics generation coefficient as a function of incident photon energy

width (Ly) and (b) the depth (Vp) of the structure.

300 ' ' ' F=0
{ @ —
——F=20kV/cm
4004 B=0 ——F=40 kV/em |
V0=270meV
300 4 Lw=70A

p2110° mV)
:

100 4

T T

10 20 30 40 50 60
Photon energy (meV)

Photon energy (meV)

in zigzag QW under zero values of the external fields for different values of (a) the

—B=0

® —B=10T

[x2](10° m/V)

10 20 30 40 50 60
Photon energy (meV)

Fig. 5. Second harmonics generation coefficient as a function of incident photon energy in zigzag QW under different values of the (a) applied electric field (F) in the case
of the zero magnetic field (B =0) and (b) applied magnetic field (B) in the case of the zero electric field (F = 0).

creased from O to 10 T (small increase in the difference between
Ey and Eq). When B is increased to 20 T, peak position shows a
larger increase than the first case (big increase in the difference
between Ey and E;). When Table 2 is examined, it can be seen
that the values of dipole matrix elements (Mngm) show a small
increase (between 0 and 10 T) and a much bigger increase (be-
tween 10 T and 20 T) respectively. The changes in the position of
the NOR’s peak are happened depending on changing in the dif-
ference between ground-first excited states and in the values of
dipole matrix elements.

The changes of the second harmonics generation coefficients
against incident photon energy are given in Fig. 4 under the same
conditions in Fig. 2. Obtained results from this investigation are
consistent with the results found out for Fig. 2. Both the cases of
the increasing well width and depth the SHG coefficients are af-
fected and the SHG peak positions shift to lower energy region
(redshift) with increasing peak amplitudes. The numerical values of
the SHG coefficients (Mg M13M5g) and subband energy differences
((Ey — Ey)/2) related to Figs. 4(a) and 4(b) are given in Table 1. As
it can be understood from the data in the table, the changing of
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the width of the well is more effective on the values of the SHG
coefficients than the well depth’s changing.

In the last part of the study, SHG coefficients have been ob-
tained as a function of incident photon energies for the same con-
ditions in Fig. 3 under different magnitudes of the electric and
the magnetic fields. The SHG coefficients peak’s positions show a
blue-shift due to the increase in the energy differences between
ground and second excited states (E, — Eg). The peak’s magnitude
increases firstly in the case of the value of F changed from O to
20 kV/cm and then it decreases when electric field takes the value
of the 40 kV/cm (Fig. 5(a)). Table 2 shows that the changes in
(E; — Ep) and (MgyM13M59) explain that the SHG peak’s magni-
tude increases significantly at first, and then decreases by a small
amount.

In Fig. 5(b) the effects of the changes in the applied magnetic
field on SHG coefficients are examined. In this situation it is also
observed a blueshift as in Fig. 5(a). There is a small increase in
peak’s position for magnetic field’s change from 0 to 10 T (small
increase in the difference between Ey and E,). When magnetic field
increase to 20 T, peak position increases more than before (big in-
crease in the difference between Ey and E,). It is given that the
values of dipole matrix elements My; M1, M, increases by a small
amount (between 0 - 10 T) and increases largely (between 10 T
and 20 T) in Table 2 respectively.

4. Conclusion

In this work, we have investigated the changes in the nonlinear
optical rectification and second harmonic generation coefficients in
GaAs/GaAlAs zigzag quantum well under different external fields
like electric and magnetic theoretically. Furthermore, we have ex-
amined the effects of the well width and depth on these coeffi-
cients. We have used diagonalization method for numerically solv-
ing Schrodinger equation and effective mass approximation for ob-
taining energy levels and wave functions of the structure. The an-
alytical expressions of NOR and SHG coefficients have been ob-
tained from the compact density matrix method. The investiga-
tions proved that the applied electric and magnetic fields affect
the NOR and the SHG coefficients. The resonant peaks of the non-
linear optical rectification and second harmonic generation coeffi-
cients shift to higher energies (blue shift) under the applied elec-
tric and magnetic fields’ increments. Furthermore, the impact of
the electric field on the NOR and the SHG coefficients was more
pronounced than that of the magnetic field due to the fact that
the electric field breaks considerably the symmetry of the struc-
ture, while the magnetic one conserves it. At the same time, these
resonant peaks shift to lower energies (red shift) with the effect of
increase in width and depth of the well. These findings in the op-
tical properties of GaAs/GaAlAs zigzag quantum wells in the pres-
ence of external fields may provide guidance to practical studies,
especially in designing new optoelectronic devices operating under
the action of external fields.
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