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Abstract

In this study, the binding energy (E) and optical properties, absorption coefficient (AC) and refractive index change (RIC) of a GaAs cubic quantum
dot are studied for different pressure and temperature values. Numerical calculations are done by using variational method. The results present that
Ep, the linear and nonlinear optical properties are sensitively dependent on the pressure, temperature and quantum dot size. Also, the results indicate
that it is possible to modulate the resonant peaks position and magnitude of the AC and RIC with pressure and temperature.
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1. INTRODUCTION

Semiconductor quantum nanostructures constitute very attractive objects both for their electronic and optical properties in
microelectronics and optoelectronics. Last advancement in growth techniques have allowed to obtain different geometry such as
cubical, spherical, cylindrical etc. quantum dots (QDs). These structures exhibit very special properties such as light emitting
materials, tunable emission and high photoluminescence quantum vyield [1-3] for technological applications. The opto-electronic
properties of QDs have been extensively considered in device technology [4-6].

The influence of outside factors, such as electromagnetic field, pressure and temperature on the QDs is one of the attractive subjects
both from experimental and theoretical studies. Thus, many studies have been carried out on these factors dependence of opto-
electronic properties in different nanostructure such as quantum wire [7,8], spherical QD [9-11], cylindrical QD [12], double quantum
wells [13]. It is possible to adjust the transition energy difference between the energy levels of the carriers by applying pressure to
quantum nanostructures [14]. Furthermore, Elabsy [15] has presented a study about the effect of temperature on the binding energy of
spherical QD. This study shows that temperature changes the electronic structure of the system.

The impurity position causes change the electronic and optical properties in QDs. For example, when the position of the impurity
changes from the center to the edge of the QD, the binding energy decreases approximately 35% [16]. It is shown that the energy of an
electron in a cubic QD decreases with electric field by Dane et al. [17]. Karabulut et al. calculated optical properties in a cubic QD
both with infinite and finite confining potential [18,19]. Moreover, the effects of pressure on the optical properties are investigated for
cubic QD by Khordad [20,21].

In the present study, the effects of the temperature and pressure on the E and optical properties of cubic QD have been analyzed. In
Section 2, theoretical framework is described. Numerical results are presented in Section 3. In last section, a conclusion is given.
2. MATERIAL AND METHODS

We consider an electron and on-center hydrogenic impurity confined in cubic QD under the electric field. Within the effective mass
approximation, the Hamiltonian of the structure is given by [22]
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H= n V2 + |e|Fz+ V. ze? 1
=T 2m T elfz +Ve(x,y.2) = oo (1)
Here, F is the electric field, P is the pressure, & is Planck constant, e is electron charge and T is the temperature. (P, T) and m*(P, T)

are dielectric constant and effective mass, respectively. Z=1 case indicates the presence of impurity and r = \/x2 + y2 + z2. The
confining potential V.(x, y, z) is taken as infinite outside the QD and zero otherwise. m*(P, T") can be determined [23]

-1
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m*(P,T) = myg (1 +Ep (Eg(P, T) + EY(P,T) + ASO)) ?

where E} is momentum matrix element, m, is the free electron mass, Ag, is the spin-orbit splitting, E_g(P, T) is the energy gap
alteration [16,17]

2

E'(P.T) = EF(0) + bP — 21
gy s e T+B

where Eg (0) is the energy gap at P = 0. b, a and B are the characteristic constants for GaAs. (P, T) can be found in literature as [24]
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(P.T) = 12.74 exp(—16.7 x 1073P) x exp(9.4 X 107%(T — 75.6)), T < 200 .
"7 1318 exp(=17.3 x 1073P) x exp(20.4 x 107%(T — 300)), T = 200 )
The variation of QD size by pressure is given by [25]:

L(P) = LoC(P), C(P) = [1—(S11 + 25;3)P] ®)

where L, is the original size of cubic QD. S;; and S,; are the compliance constants. The values of material parameters as follows:
E;(0) =1.519eV [26], Agp =341 meV [27], Ef (P, T)=7.51 eV [20], a(x 10~*) =5.405 eV/K? [28], B=204 K [28], b=107.3 meV/GPa
[29], S5 (x 1072)=1.16 GPa™ [30], S,,(x 1072)=0.37 GPa™ [30].

The eigenvalues, also the binding energy (Ej), are obtained numerically by variational method. The linear ™, the nonlinear
a® (w, 1) and total AC a(w,I) can be obtained as [31,32]

u |M21|20VhF12
(€] = -
o Wj; (e — WY + () ©
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I M, |0, AT
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|M22_M11|2[35221 — 4E, hw + R*(W? — F122)]
X 4'|1V121|2 - 2 2
E21 + (hF12)
The linear An, the nonlinear An® (w, I) and total An(w, I) RIC can be obtained as [31,32]
An®(w) oy M2 (Ey; — hw) ®)
ny T 2nZey ' 2Y (Eyy — Aw)? + (AIy,)?
and
An® (w, D) B Ic M, |2 [ oyl
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X |4(Ey; — hW)|M21|2 {(Ez1 — Aw)[Ey; (Epq — Aw) — (hru)z 1= (hF12)2(2E21 — hw)}

- E221 + (hrlz)z
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Here, u is the magnetic susceptibility, &, is the vacuum dielectric permittivity, o, is the electron density, Aw is photon energy, c is the
speed of light in free space, n, is the refractive index of the material, E;; is the energy differences, I, is the relaxation rate and / is

the intensity of light. M;; is the transition matrix element.

3. RESULTS AND DISCUSSION

The calculations were carried out in atomic units and a* = A%¢/m*e? is Bohr radius. In Figure 1, Eg is plotted as functions of the
quantum dot size (L) and pressure (P) at F = 20(|e|/2ca*)? and T = 100K. As expected, E; decreases as quantum dot size increase.
Moreover, this figure indicates that the E increases with pressure which causes additional confinement. This is because the presence
of pressure leads to the enhancement in the effective mass and the reduction in the QD size and dielectric constant.

The variation of Egzwith temperature and cubic QD size for F = 20(|e|/2ea*)? and pressure P = 20kbar is shown in Figure 2. One
can see that from this figure, Ez of the system decreases with temperature due to the augment in the dielectric constant and the
decrease in the effective mass. The obtained results in Figure 1 and Figure 2 are in agreement with the results of Liang et al [32].

E, (meV)

Figure 1. The Ep of cubic QD vs edge length and pressure for T = 100K

To see the influence of the pressure and temperature effects more clearly, we have drawn the graph E as functions of P and T for
given quantum dot size L = 1.0a* and electric field strengths F = 20(|e|/2ga*)? in Figure 3. When comparing the effect of pressure
on the E with that of temperature, the pressure effect is more apparent than that of the temperature.

In Figure 4, we present the variations of the AC (Figure 4a) and RIC (Figure 4b) versus the photon energy and cubic dot size (L) for
P = 20kbar, T = 100K and F = 20(|e|/2=ca*)?. The energy difference decreases as the cubic dot size increases. Thus, the AC and
RIC can move toward smaller energies (red shift). We can explain this evolution by the fact that the energy splitting decreases with
increasing cubic dot size. Also, we clearly observe that the AC and RIC of smaller cubic dot radius are stronger than that of the larger
cubic dot size due to the absorption spectrum depends on the QD volume.

Figure 5 indicates the AC and RIC as functions of the photon energy and pressure with T = 100K, F = 20(|e|/2ea*)?and L =
0.25a”. As can be seen from the figure, the magnitudes of the AC and RIC resonant peaks increase and shift to the higher energy
region with increasing the hydrostatic pressure. This can be explained that the increment in pressure causes extra spatial confinement,
namely less volume, the difference between energy levels increases by Coulomb interaction energy.
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Figure 2. The E of cubic QD vs edge length and temperature for P = 20kbar
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Figure 3. The Eg of cubic QD vs temperature and pressure for L = 1.0a*

In Figure 6, the behavior of AC and RIC as functions of the photon energy and temperature is plotted for P = 20kbar, F =
20(le]/2ea*)? and L = 0.2a*. This figure displays that the magnitudes of the AC and RIC peaks increase with increasing
temperature. Moreover, in contrast of pressure, the peaks of ACs and RIC move to the lower photon energies. This is due to the
reduction of the energy splitting when the temperature increases. When the literature is examined, it can be seen that the behavior of
the ACs with is in agreement with Ref. [33], and the pressure-dependent change of ACs is in agreement with Ref. [34].

90



Kirak, Yilmaz/Bozok J Sci Vol 1 No 2 Page 87-96 (2023)

(@)

0.06

0.04

0.02

Absorption Coefficients (a. u.)

0.6

m—|_inear
= Nonlinear
m— T0tal

Refractive Index Changes (a.u.)
o

-2

0.5
4 A
12

1.0 0.8 08
' 0.4
PhOton

0.2 0.2

0.0

Figure 4. (a) The ACs of cubic QD vs photon energy and edge length for P =

20kbar and T = 100K (b) The RICs of cubic quantum dot vs
photon energy and edge length for P = 20kbar and T = 100K
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Figure 5. (a) The ACs of cubic QD vs photon energy and pressure for T
energy and pressure for T

100K and L = 0.25a* (b) The RICs of cubic quantum dot vs photon
100K and L = 0.25a"
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Figure 6. (a) The ACs of cubic QD vs photon energy and temperature for P =

20kbar and L = 0.2a* (b) The RICs of cubic quantum dots vs
photon energy and temperature for P = 20kbar and L = 0.2a*
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4. CONCLUSIONS

In the present study, we have performed the variational technique to study the influences of the temperature and hydrostatic pressure
on the Eg and optical properties for cubic QD under electric field. The considered QD size and outside factors have a remarkable
impact on the Eg energy and the optical properties of the system. We found that the donor E decreases (increases) as temperature
(pressure) increases. Moreover, our computed results show that the effect of pressure on Eg is more apparent than that of the
temperature. The increasing of cubic QD size leads to a reduction of the AC and RIC and they exhibit red shift. Also, the results show
that optical absorption exhibits blue shift with increasing (decreasing) pressure (temperature). We believe that this study will stimulate
researchers to carry out experimental studies of the electronic and optical properties of quantum nanostructures.

AUTHOR’S CONTRIBUTIONS

The authors contributed equally.

CONFLICTS OF INTEREST

Authors have declared no conflict of interest.

RESEARCH AND PUBLICATION ETHICS

The author declares that this study complies with Research and Publication Ethics.

REFERENCES

[1] C.Dang, J. Lee, C. Breen, J. S. Steckel, S. Coe-Sullivan, and A. Nurmikko, “Red, Green and Blue Lasing Enabled by Single-
Exciton Gain in Colloidal Quantum Dot Films,” Nat. Nanotechnol., vol. 7, pp. 335-339, May 2012, doi:
10.1038/NNANO.2012.61.

[2] D. V. Talapin, J. S. Lee, M. V. Kovalenko, and E. V. Shevchenko, “Prospects of Colloidal Nanocrystals for Electronic and
Optoelectronic Applications,” Chem. Rev., vol. 110, pp. 389-452, 2010, doi: 10.1021/cr900137k.

[3] I. Moreels, G. Raino, R. Gomes, Z. Hens, T. Stoferle, and R. F. Mahrt, “Nearly Temperature-Independent Treshold for
Amplifed Spontaneous Emission in Colloidal CdSe/CdS Quantum Dot-in-Rods,” Adv. Mater., vol. 24, pp. 231-235, 2012, doi:
10.1002/adma.201202067.

[4] F. K. Boz, B. Nisanci, S. Aktas, and S. E. Okan, “Energy Levels of Gaas/Alxgal-Xas/Alas Spherical Quantum Dot with an
Impurity,” Appl. Surf. Sci., vol. 387, pp. 76-81, Nov. 2016, doi: 10.1016/j.apsusc.2016.06.035.

[5]  S. Akgiil, M. Sahin, and K. K&ksal, “A Detailed Investigation of the Electronic Properties of a Multi-Layer Spherical Quantum
Dot with a Parabolic Confinement,” J. Lumin., vol. 132, pp. 1705-1713, Jul. 2012, doi: 10.1016/j.jlumin.2012.02.012.

[6] F.K.Boz, S. Aktas, A. Bilekkaya, and S.E. Okan, “The Multilayered Spherical Quantum Dot under a Magnetic Field,” Appl.
Surf. Sci., vol. 256, pp. 38323836, Apr. 2010, doi: 10.1016/j.apsusc.2010.01.036.

[71 G. Rezaei, F. Fereidooni, and Z. Azadegan, “External Electric and Magnetic Field Effects on the Optical Absorption
Coefficients And Refractive Index Changes of a Hydrogenic Impurity Confined in a Cylindrical Quantum Wire with Convex
Bottom,” Physica B, vol. 418, pp. 20-25, Jun. 2013, doi: 10.1016/j.physb.2013.02.038.

[8]  N. Arunachalam, A. J. Peter, and C. W. Lee, “Pressure Induced Optical Absorption and Refractive Index Changes of a Shallow
Hydrogenic Impurity in a Quantum Wire,” Physica E, vol. 44, pp. 222-228, Oct. 2011, doi: 10.1016/j.physe.2011.08.019.

[91  B. Cakir, U. Atav, Y. Yakar, and A. Ozmen, “Calculation of Zeeman Splitting and Zeeman Transition Energies of Spherical
Quantum Dot in Uniform Magnetic Field,” Chem. Phys., vol. 475, pp. 61-68, Aug. 2016, doi:
10.1016/j.chemphys.2016.06.010.

[10] A.J. Peter, “The Effect of Hydrostatic Pressure on Binding Energy of Impurity States in Spherical Quantum Dots,” Physica E,
vol. 28, pp. 225-229, Aug. 2005, doi: 10.1016/j.physe.2005.03.018.

[11] J. L. Zhuand X. Chem, “Spectrum and Binding of an Off-Center Donor in a Spherical Quantum Dot,” Phys. Rev. B, vol. 50,
pp. 4497-4502, Aug. 1994, doi: 10.1103/PhysRevB.50.4497.

94



Kirak, Yilmaz/Bozok J Sci Vol 1 No 2 Page 87-96 (2023)

[12]

[13]

[14]
[15]
[16]
[17]

[18]

[19]

[20]
[21]

[22]

[23]
[24]

[25]
[26]

[27]
[28]
[29]
[30]

[31]

[32]

[33]

[34]

S. A. Safwana, A. S. Asmaaa, N. El meshed, M. H. Hekmat, TH. M. EI-Sherbini, and S. H. Allam, “Lateral Electric Field
Effects on Quantum Size Confinement in Cylindrical Quantum Dot under Parabolic Potential,” Superlatt. Microstruct., vol. 47,
pp. 606-614, May 2010, doi: 10.1016/j.spmi.2010.02.004.

I. Karabulut, M. E. Mora-Ramos, and C. A. Duque, “Nonlinear Optical Rectification and Optical Absorption in Gaas-Gal-
Xalxas Asymmetric Double Quantum Wells: Combined Effects of Applied Electric and Magnetic Fields and Hydrostatic
Pressure,” J. Lumin., vol. 131, pp. 1502-1509, Jul. 2011, doi: 10.1016/j.jlumin.2011.03.044.

M. Chandrasekhar and H. R. Chandrasekhar, “Optical Studies of Strained Pseudomorphic Semiconductor Heterostructures
under External Pressure,” Philosophical Mag. B, vol. 70, pp. 369380, Sep 2006, doi: 10.1080/01418639408240213.

A. M. Elabsy, “Effect of Temperature on the Binding Energy of a Confined Impurity to a Spherical Semiconductor Quantum
Dot,” Physica Scripta, vol. 59, pp. 328-330, Apr. 1999, doi: 10.1238/Physica.Regular.059a00328.

P. G. Bolcatto and C. R. Proetto, “Shape and Dielectric Mismatch Effects in Semiconductor Quantum Dots,” Phys. Rev. B, vol.
59, pp. 12487-12498, 1999, doi: 10.1103/PhysRevB.59.12487.

C. Dane, H. Akbas, N. Talip, and K. Kasapoglu, “Effect of Spatial Electric Field on the Sub-Band Energy in a Cubic Gaas/Alas
Quantum Dot”, Physica E, vol. 39, pp. 95-98, Jul. 2007, doi: 10.1016/j.physe.2007.01.007.

I. Karabulut, S. Unlii, and H. Safak, “Calculation of the Changes in the Absorption and Refractive Index for Intersubband
Optical Transitions in a Quantum Box,” Phys. Stat. Sol. (b), vol. 242, pp. 2902-2909, Nov. 2005, doi:
10.1002/pssb.200541093.

S. Unlij, I. Karabulut, and H. Safak, “Linear and Nonlinear Intersubband Optical Absorption Coefficients and Refractive Index
Changes in a Quantum Box with Finite Confining Potential,” Physica E, vol. 33, pp. 319-324, Jul. 2006, doi:
10.1016/j.physe.2006.03.163.

R. Khordad, G. Rezaei, B. Vaseghi, F. Taghizadeh, and H. A. Kenary, “Study of Optical Properties in a Cubic Quantum Dot,”
Opt. Quant. Electron., vol. 42, pp. 587-600, Sep. 2011, doi: 10.1007/s11082-011-9481-8.

R. Khordad, “Effect of Position-Dependent Effective Mass on Linear and Nonlinear Optical Properties of a Cubic Quantum
Dot,” Physica B vol. 406, pp. 3911-3916, Oct. 2011, doi: 10.1016/j.physh.2011.07.022.

M. Kirak and S. Yilmaz, “Impurity Position Effects on the Linear and Nonlinear Optical Properties of the Cubic Quantum Dot
under an External Electric Field,” J. Phys. D: App. Phys., vol. 48, pp. 325301-325309, Aug. 2015, doi: 10.1088/0022-
3727/48/32/325301.

B. Welber, M. Cardona M, C. K. Kim, and S. Rodriquez, “Dependence of the Direct Energy Gap of Gaas on Hydrostatic
Pressure,” Phys. Rev. B, vol. 12, pp. 5729-5738, Dec. 1975, doi: 10.1103/PhysRevB.12.5729.

G. A. Samara, “Temperature and Pressure Dependences of the Dielectric Constants of Semiconductors,” Phys. Rev. B, vol. 27,
pp. 3494-3505, Mar. 1983, doi: 10.1103/PhysRevB.27.3494.

P. Y. Yuand M. Cardona, Fundamentals of Semiconductors. Berlin:Springer-Verlag, 2010.

J. S. Blakemore, “Semiconducting and other Major Properties of Gallium Arsenide,” J. Appl. Phys., vol. 53, pp. R123-R181,
Oct. 1982, doi: 10.1063/1.331665.

D. E. Aspnes and A. A. Studna, “Schottky-Barrier Electroreflectance: Application to Gaas,” Phys. Rev. B, vol. 7, pp. 4605—
4625, May 1973, doi: 10.1103/PhysRevB.7.4605.

C. D. Thurmond, “The Standard Thermodynamic Functions for the Formation of Electrons and Holes in Ge, Si, GaAs, and
GaP,” J. Electrochem. Soc., vol. 122, pp. 1133-1142, Aug. 1975, doi: 10.1149/1.2134410.

D. J. Wolford and J. A. Bradley, “Pressure Dependence of Shallow Bound States in Gallium Arsenide,” Solid State Comm.,
vol. 53, pp. 1069-1076, Mar. 1985, doi: 10.1016/0038-1098(85)90882-8.

S. Adachi, “GaAs, AlAs, and AlxGal—xAs: Material Parameters for Use in Research and Device Applications,” J. Appl. Phys.,
vol. 58, pp. R1-R29, Aug. 1985, doi: 10.1063/1.336070.

L. Guanghui and G. Kangxian, “Excitonic Effects on Linear and Nonlinear Optical Absorption Coefficients and Refractive
Index Changes in One-Dimensional Quantum Dots with Linear Potential,” Optik, vol. 126, pp. 3807-3811, Dec. 2007, doi:
10.1016/j.ijle0.2015.07.108.

S. Liang S and W. Xie, “Effects of the Hydrostatic Pressure and Temperature on Optical Properties of a Hydrogenic Impurity
in the Disc-Shaped Quantum Dot,” Physica B, vol. 406, pp. 2224-2230, May 2011, doi: 10.1016/j.physb.2011.03.035.

L. Bouzaiene, H. Alamri, L. Sfaxi, and H. Maaref, “Simultaneous Effects of Hydrostatic Pressure, Temperature and Electric
Field on Optical Absorption in Inas/Gaas Lens Shape Quantum Dot,” J. Alloys Comp., vol. 655, pp. 172-177, Jan. 2016,
doi:10.1016/j.jallcom.2015.09.181.

A. Ed-Dahmouny, A. Sali, N. Es-Shai,R. Arraoui, and C. A. Duque, “The Impact of Hydrostatic Pressure and Temperature on

95



Kirak, Yilmaz/Bozok J Sci Vol 1 No 2 Page 87-96 (2023)

the Binding Energy, Linear, Third-Order Nonlinear, and Total Optical Absorption Coefficients and Refractive Index Changes
of a Hydrogenic Donor Impurity Confined in Gaas/Alxgal—Xas Double Quantum Dots,” Eur. Phys. J. Plus, vol. 137, pp.784—
798, Jul. 2022, doi:10.1140/epjp/s13360-022-03002-0.

96



