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Abstract. In the present study, the effect of the depth of the confinement potential on the nonlinear optical of
a GaAs quantum well with short-range bottomless exponential potential is studied in detail. The energy
eigenvalues and eigenfunctions of this structure are calculated within the framework of effective mass and
envelope function approximations. Analytic formulas for the linear, third-order nonlinear and total absorption
coefficients and relative refractive index changes are obtained using the compact-density matrix approach
(CDMA) and iterative method. Based on this model, our obtained numerical results are reported as a function
of incident photon energy for several values of the depth of the confinement potential. The results show that
the linear, third order nonlinear, and total absorption coefficients and relative refractive index changes are
strongly affected by the depth of the confinement potential.
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Kisa Erimli Dipsiz Ustel Potansiyelli Bir Kuantum Kuyusunun Dogrusal
Olmayan Optiksel Ozellikleri

Ozet. Sunulan bu calismada, kisa erimli dipsiz iistel potansiyelli bir GaAs kuantum kuyusunun dogrusal
olmayan optiksel ozellikleri {izerine kusatma potansiyelinin derinliginin etkisi ayrintili olarak ¢alisilmigtir. Bu
yapmin enerji 6zdeger ve Ozfonksiyonlart etkin kiitle ve zarf fonksiyonu yaklasimi ¢ergevesinde
hesaplanmistir. Dogrusal, iigiincii dereceden dogrusal olmayan ve toplam sogurma katsayist ve bagil kirilma
indisindeki degimleri i¢in analitik formiiller kompakt yogunluklu matris yaklasimi (CDMA) ve yineleme
yontemi kullanarak elde edilmistir. Bu modele dayanarak, elde ettigimiz sayisal sonuglari kusatma
potansiyelinin derinliginin birka¢ degeri i¢in gelen foton enerjisinin bir fonksiyonu olarak rapor ettik.
Sonuglar dogrusal, iigiincli dereceden dogrusal olmayan ve toplam sogurma katsayilarmin ve bagil kirilma
indisi degisimlerinin kugatma potansiyelinin derinliginden kuvvetli bir sekilde etkilendigini gdstermistir.

Anahtar Kelimeler: Kuantum kuyusu, dogrusal olmayan optiksel dzellikler.

applications. Among these heterostructures,
1. INTRODUCTION QWs having any desired potential shape, such
as square, parabolic, semi-parabolic, inverse
parabolic, graded, and V-shaped have
received more attention from researchers. In
particular, recent advances in the material
growth techniques, such as molecular-beam
epitaxy (MBE) and metal organic chemical
vapor deposition (MOCVD), combined with
the use of the modulation doping technique,

Low dimensional semiconductor
heterostructures, such as quantum wells
(QWs), quantum well wires (QWWSs),
guantum rings (QRs), and quantum dots
(QDs) have been a subject of great interest in
the recent years due to their fundamental
properties and their potential device
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have made it possible to fabricate high quality
low-dimensional semiconductor QWs. These
QWs have a different shaped potential well
which provides an additional quantum
confinement to free carriers. This potential
well can provide high density two-
dimensional electron gases (2DEGS) in these
structures.  Furthermore, the quantum
confinement of charge carriers in the QWs,
which leads to the formation of discrete
energy levels called subbands, results in a
drastic change in the nonlinear optical
properties related to intersubband transitions
(ISBTs) between the subbands within the
conduction band of the QWs. For these
reasons, recent studies have been focused on
the nonlinear optical properties of QWs since
these structures have various potential
applications for optoelectronic devices based
on ISBT, such as infrared lasers [1], ultra-fast
infrared detectors [2], high-speed electro-
optical modulators[3], and all optical
switches[4].

The nonlinear optical properties of QWSs, in
particular optical absorption coefficients
(OACs), the change of index changes (RICs),
second (SHG) and third harmonic generations
(THG) or nonlinear optical rectification
(NOR), have attracted a lot of attention in
theoretical studies in recent years[5-20]. For
example, Aytekin et. al [15] calculated the
NOR, SHG and THG for a Poschl-Teller QW
under electric and magnetic fields. Their
numerical results show that the NOR, SHG
and THG are strongly influenced by the
guantum confinement, electric and magnetic
fields. Panda and Panda[16] discussed the
effect of intense laser field (ILF) on the
nonlinear optical susceptibilities in an
asymmetric single QW. Campione et. al[17]
theoretically analyzed the SHG capacity of
two-dimensional  periodic  meta-materials
comprising sub-wavelength resonators
strongly coupled to ISBTs in QWs at mid-
infrared frequencies. The effect of non-
resonant ILF on the linear and nonlinear ISB
optical properties in a strained InGaN/GaN

QW has been investigated by Karimi and
Vafaei[18]. Orozco et al.[19] reported the
computation of the linear and third order
corrections, due to ILF effects, of the ACs and
RICs, for an asymmetric double &-doped
GaAs MIGFET-like potential profile. Li et
al.[20] intensively studied the effect of
position-dependent effective mass on the
nonlinear optical properties in a GaAs/AlAs
semiconductor QW. They found that the
position-dependent effective mass has a
significant impact on the ACs, RICs and THG
in a QW. Recently, we have studied the ISBT
optical ACs and RICs in the &-doped GaAs
QWs under ILF[21]. We have also studied the
ILF effect on the electronic states and optical
properties of n-type double &-doped GaAs
QWs [22]. Although many works have been
done on the linear and nonlinear optical
properties of low-dimensional semiconductor
heterostructures, but the OACs and RICs of
GaAs quantum well with short-range
bottomless exponential potential has not
studied so far. For this purpose, we intend to
study this problem in detail.

In this work, we are concerned with a
theoretical study of the effect of the depth of
the confinement potential on the nonlinear
optical of a GaAs quantum well with short-
range bottomless exponential potential. In this
regard, we calculate the eigenfunctions and
the corresponding energy eigenvalues by
solving the Schrodinger equation. After the
energies and related wave functions are
obtained, the nonlinear optical properties,
such as OACs and RICs are obtained from
CDMA and iterative procedure. The
organization of this paper is as follows: In
Section 2, the description of the theoretical
model is presented. The obtained numerical
results are given and discussed in Section 3.
Finally, the main conclusions of our work are
given in Section 4.
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2. THEORY

Let us consider a GaAs QWSs with short-range
bottomless exponential potential grown in the
z-axis, where electrons action freely in the (x-
y) plane. In the effective-mass approximation,

the Hamiltonian of one electron in this
structure is given by
L

H= _Zm*v + Vsrrep (2), (1)

In this expression, m* is the conduction band
effective mass, h is the reduced Planck
constant, and Vsgrgp(z) represents the
confined potential of the well potential which
is given by the following expression [23]:

Vo

Vsrrep(2) = T Vo (2)

where 1, is the depth of the well potential.
According to the effective-mass and envelope
wave function approach, the Schrédinger
equation for one electron in the GaAs QWs

with  short-range bottomless

potential is given by

exponential

[_%;_ - Vo|¥(@) = Ep(2) (3)

where E and y(z) are eigenvalues and
eigenfunctions, respectively. The eigenvalues
and eigenfunctions of the GaAs QWSs with
short-range bottomless exponential potential
were calculated numerically using
diagonalization method [24]. After finding the
electronic states, by using the CDMA via the
iterative method, the expressions for the
linear, third-order nonlinear, and total OACs
and RICs are given as [21, 22, 24]
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Here, n, is the refractive index, u is the
magnetic permeability, ¢&yis the dielectric
permittivity of the vacuum, o, is the electron
density, w is the angular frequency of the
incident photon, I is the intensity of
electromagnetic field, AE = (E; — E,) is the
energy difference between the first two
energy levels, M;; = (y;|z|y;), (i,j =0,1)
is the product of matrix elements and also
means geometric  factor, T, = 1/7149
indicates the relaxation rate of the final and
initial states.

The total ACs and RICs can be written as
follows:

Blw, D) = BD(w) + B3 (w,1) (8)

An(w,) _ A (w) + An® (w,D)

nr nr ny

(9)
3. RESULTS AND DISCUSSIONS

For numerical calculations, we take m* =
0.067m, where m, is the free electron
mass,n, = 3.2,] = 0.05 mW /cm?,0, =

3.0 X 102 m3 u =4nr x 1077 Hm™!, and
T10 = 0.14 ps.
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To make the analysis of the depth of the
confinement potential effect on the OACs and
RICs in the GaAs QWs with short-range
bottomless exponential potential, in Figure
1(a) and 1(b), we show the squared wave
functions of the first two quantum confined
energy levels together with the form of the
modified GaAs QWSs with short-range
bottomless exponential potential for the
system under study. The modified potential
profile and the absolute square of the wave
functions have been presented as a function of
the z-axis. As seen from these figures, the
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width of the well where the electrons are
surrounded begins to increase with the
increase of the V,,. The subband energy levels
move away from each other as a result of this
effect. Furthermore, the electron wave-
functions to be more localized at the center of
the well potential since the effective width of
the potential increases with V,. Thus, we
observe from these figures that the
confinement potential profile and the subband
energy states change drastically by the
increase of V.
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Figure 1. The variations of the confinement potential profile, energies of the first two subband energy levels and the
squared wave functions corresponding to these energy levels for two different the depth of the confinement potential.

In figure 2, we depict the OACs as a function
of the photon energy for two different values
of V,. This figure obviously demonstrates
that, when increase the V,, the OACs
coefficient moves toward the higher energies
(blue-shift). This is clarified by the increase of
the subband energy difference E;, when the
V, increases. Furthermore, it is clearly seen
that the maximum value of the OACs
coefficient increases by increasing the V.
This is clarified by the increase of the dipole
matrix element and the enhance of the
effective width of the confinement potential,
which means that the overlap of the wave
function of the first two energy levels are
increased when the V;, enhances.
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Figure 2. The variation of the OACs coefficient with the
incident photon energy for two different V, values.

The RICs as a function of the photon energy
for two different values of V, are plotted in
Figure 3. From this figure, we can see that the
magnitude of the RICs decreases with the
augment of V. The different behavior of RICs
according to the OACs owing to the
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additional terms in the matrix elements that
appear in equations (5) and (7) and
compensate the decrement in the difference
between energy levels. Furthermore, we can
see another significant feature in this figure
that the resonant peak position of the RICs
shift toward the higher energies with the
increment of V,. The physical reason for this
trait is that as V, enhances, the quantum
confinement becomes strong, which results in
the increment of the energy differences E;,.
Therefore, the peak positions of the RICs
move to the higher energies.
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Figure 3. The variation of the RICs coefficients as a
function of the incident photon energy for two different
V, values.

4. CONCLUSION

In this study, we first numerically solved the
eigenvalues and  their  corresponding
eigenvectors of a GaAs QWSs with short-range
bottomless exponential potential. Then, we
have calculated the effect of the depth of the
confinement potential on the OACs and RICs
of the system. The obtained results
demonstrate that the OACs and RICs are
significantly influenced by the depth of the
confinement  potential.  Therefore, the
sensitivity of the OACs and RICs their
distributions to the depth of the confinement
potential is very beneficial for novel devices
based on depend GaAs QWs with short-range
bottomless exponential potential.

REFERENCES

[1]. Imamura K., Sugiyama Y., Nakata Y.,
Muto S., Yokoyama N., New optical
memory structure using self-assembled
InAs quantum dots, Jpn. J. Appl. Phys.
34 (1995) L1445-1.1447.

[2]. Leobandung E., Guo L., Chou SY.
Single hole guantum dot transistors in
silicon, Appl. Phys. Lett. 67 (1995) 2338-
2340.

[3]. Durante F., Alves P., Karunasiri G.,
Hanson N., Byloos M., Liu HC,
Bezinger A., Buchanan M., NIR, MWIR
and LWIR quantum well infrared
photodetector using interband and
intersubband transitions, Infrared Phys.
Technol. 50 (2007) 182-187.

[4]. Nasrallah SAB., Sfina N., Said M.,
Electronic properties of intersubband
transition in (CdS/ZnSe)/BeTe quantum
wells, Eur. Phys. J. B 47 (2005) 167-170.

[5]. Atanasov R., Bassani F., Agranovich
VM., Second-order nonlinear
susceptibility of asymmetric quantum
wells, Phys. Rev. B 50 (2004) 7809-
7819.

[6]. En LZ., Xian GK., Polaronic electron-
phonon interactions on the third-
harmonic generation in a square quantum
well, Commun. Theoretical Phys. 45
(2006) 171-174.

[7]. Wang G., Guo Q., Second-harmonic
generation from nonlocal interaction
between terahertz waves and step
quantum wells, Superlatt. Microstruc. 47
(2010) 744-753.

[8]. Zhang C., Wang Z., Lui Y., Peng C., Guo
K. Polaron effects on the optical
refractive index changes in asymmetrical
quantum wells, Phys. Lett. A 375 (2011)
484-487.

[9]. Martinez-Orozco JC., Mora-Ramos ME.,
Duque CA., Nonlinear  optical
rectification and second and third
harmonic generation in GaAs J&-FET
systems under hydrostatic pressure, J.
Lumin. 132 (2012) 449-456.



Ungan / Cumhuriyet Sci. J., Vol.39-4 (2018) 934-939

[10].Leonora JM., Peter AJ., Lee CW,,
Polaron effects on the optical properties
in a strained diluted magnetic quantum
well, Solid State Commun. 152 (2012)
516-521.

[11].Solaimani M., Morteza I., Arabshabi H.,
Reza SM., Effect of the magnetic field on
optical properties of GaN/AIN multiple
quantum wells, J. Lumin. 134 (2013) 88-
95.

[12].Rojas-Briseno JG., Martinez-Orozco JC.,
Rodrigues-Vargas |., Mora-Ramos ME.,
Dugue CA., Nonlinear absorption
coefficient and relative refraction index
change for an asymmetrical double &-
doped quantum well in GaAs with a
Schottky barrier potential, Physica B 424
(2013) 13-19.

generation from metamaterials strongly
coupled to intersubband transitions in
guantum well, Appl. Phys. Lett. 104
(2014) 131104-5.

[18].Karimi MJ., Vafaei H., Intense laser field
effects on the linear and nonlinear
intersubband optical properties in a
strained InGaN/GaN quantum  well,
Physica B 452 (2014) 131-135.

[19].Martinez-Orozco JC,, Rodriquez-
Magdaleno KA., Suarez Lopes JR.,
Duque CA., Restrepo RL., Absorption
coefficient and relative refractive index
change for a double &-doped GaAs
MIGFET-like structure: Electric and
magnetic  field effects,  Superlatt.
Microstruc. 92, (2016) 166-173.

[20].Li K., Guo K., Jiang X., Hu M., Effect of

[13].Duque CA., Akimov V., Demediuk R.,
Belykh V., Tiutiunnyk A., Morales AL., nonlinear optical properties in a quantum
Restrepo RL., Mora-Ramos ME., Fomina O., well, Optik 132 (2017) 375-381.
Tulupenco V., Intersubband linear and [21].Nalwa HS. and Miyata S. (Eds.),
nonlinear optical response of the delta-doped Nonlinear Optics of Organic Molecules
SiGe quantum well, Superlatt. Microstruc. 87 and Polymers, CRC Press, Boca Raton,

position-dependent effective mass on

(2015) 125-130.

[14].Zhang ZH., Lui C., Guo KX, Electron-
phonon interaction effect on the
refractive index changes in a modified
Poschl-Teller quantum well, Optik 127
(2016) 1590-1594.

[15].Aytekin O., Turgut S., Tomak M,
Nonlinear optical properties of a Pocchl-
Teller quantum well under electric and
magnetic fields, Physica E 44 (2012)
1612-1616.

[16].Panda BK., Panda S., Effect of intense
laser field on the nonlinear optical
susceptibilities in  an  asymmetric
guantum well, Superlatt. Microstruc. 61
(2013) 124-133.

[17].Campione S., Benz A., Sinclair MB.,
Capolino F., Brener 1., Second harmonic

FL (1997).

[22].Kasapoglu E., Yesilgul U., Ungan F.
Sokmen 1., Sari H., The effect of the
intense laser field on the electronic states
and optical properties of n-type double 5-
doped GaAs quantum wells, Opt. Mat. 64
(2017) 82-87.

[23].Hu M., Guo K., Yu Q., Zhang Z., Third-
harmonic generation investigated by a
short-range  bottomless  exponential
potential ~ well,  Superlattices and
Microstructures, 122 (2018) 538-547.

[24].Kasapoglu E., Ungan F., Duque CA.,
Yesilgul U., Mora-Ramos ME., Sari H.,
Sokmen 1., The effects of the electric and
magnetic fields on the optical properties
in the step-like asymmetric quantum
well, Physica E 61 (2014) 107-110.



