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Abstract

:

In quantum dots, where confinement is strong, interactions between charge carriers play an essential role in the performance of semiconductor materials for optical gain. Therefore, understanding this phenomenon is critical for achieving new devices with enhanced features. In this context, the current study examines the optical properties of an exciton confined in a spherical InAs quantum dot under the influence of magnetic and intense laser fields. We investigate the oscillator strength, exciton lifetime, and optical gain, considering the effects of both external fields. We also pay particular attention to the influence of quantum dot size on the results. Our calculations show that the two external fields have opposite effects on our findings. Specifically, the applied magnetic field increases the oscillator strength while the intense laser reduces it. In addition, the optical gain peaks are redshifted under the application of the intense laser, whereas the magnetic field causes a blueshift of the peak threshold. We also find that both external perturbations significantly influence the exciton lifetime. Our study considers the outcomes of both the exciton’s ground (  1 s  ) and first excited (  1 p  ) states. The theoretical results obtained in this study have promising implications for optoelectronic devices in the ∼3–4  μ m wavelength range only through the control of quantum dot sizes and external perturbations.
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1. Introduction


Nanoscale semiconductors (SCs) have been the subject of extensive study over the past two decades due to their intriguing optical properties that can be tailored based on their sizes and shapes. These properties can be harnessed for numerous applications, including lasers, solar cells, and light-emitting diodes, among others [1,2,3,4,5,6,7]. In these nanomaterials, charge carriers such as electrons and holes can combine through Coulomb interaction to form a correlated electron–hole pair known as an exciton distinguished by a lifetime. The lifetime of this exciton, along with the optical gain, is a crucial parameter in characterizing quantum dots (QDs). In low-dimension structures, the strong confinement of the charge carriers leads to the quantification of the energy levels in such a way that both the absorption and emission spectrums, arising from the transition between the discrete electron and hole energy levels, are highly sensitive to QD shapes and sizes [8,9]. In the literature, the optical properties of excitons, such as lifetime, optical gain (OG), and oscillator strengths (OS), have been extensively studied for different types of QDs [10,11,12,13,14,15,16,17,18,19,20,21]. For example, S. Yilmaz et al. [22] investigated the oscillator strengths for the intersubband transitions of the impurity in a CdS–SiO   2   QD. Another study treated the OS of the exciton in big QD; the authors demonstrated that the Coulomb effect leads to very large oscillator strengths [23]. Y. Liu et al. investigated the optical gain of cubic and spherical CdSe QD; their findings show that the spherical dots have a higher optical amplification, while cubic dots have a wider gain spectrum [24]. Another work on the optical gain of a cubic CsPbBr   3   QD was carried out by J. Chen et al. [25] found that the peak of OG has a blueshift as the size of QD decreases. Q. Li et al. showed that the OG thresholds increase with the optical density at the excitation wavelength [26].



Furthermore, the effects of the external fields on the optical properties of QDs with different shapes and sizes have been reported in several studies [27,28,29,30,31,32,33,34,35,36]. J. Wang et al. investigated the effect of temperature on the exciton lifetime of PbS colloidal QDs [37]. S. K. Patra et al. conducted a theoretical and experimental analysis of the lifetimes in nonpolar InGaN/GaN QD; their findings show that the measured dots produce lifetime values of 250–300 ps [38]. B. Alén et al. carried out studies on the oscillator strengths and lifetime under the external electric field effect in self-assembled QD and rings; they demonstrated that the moderate electric field increases the lifetime of the exciton [39]. D. Makhlouf et al. studied the effects of applied electric and magnetic fields, pressure, and temperature on a lifetime in InAs/GaAs core/shell QD, and their results exhibit that the applied electric and magnetic fields have a significant impact on the carrier’s lifetime [40]. The intense laser field effects on the exciton lifetime in GaAs–Ga    1 − x   Al   x  As quantum wells show that the lifetime increases when the laser intensity increases [41]. Regarding optical gain, E. Owji et al. analyzed the effects of pressure, temperature, and size on the OG of spherical GaAs QDs in the presence of impurities; their results showed that increasing temperature produces a redshift of the OG, while applied pressure and increasing QD size show a blueshift of the peaks [42]. N. Saravanamoorthy et al. examined the magnetic field effect on the optical gain in a PbSe/CdSe core/shell QD; their calculations showed that the OG peak blueshifted with increasing the magnetic field [43].



As is known, external perturbations, such as the application of intense lasers and magnetic fields, can provide much valuable information about the optical properties of excitons confined in a QD. This information is important for fundamental physics and for new device applications. To our knowledge, the combined effects of these two types of fields on the oscillatory strength, lifetime, and optical gain have not been introduced theoretically for an exciton in a QD. Therefore, this study aims to improve our understanding of the effects of an intense laser and magnetic field on the optical properties of an exciton trapped in a quantum dot, which we have considered spherical and made of InAs. In addition, we have included the dependence of these optical properties on the size of the quantum dots in our analysis. The optical gain calculations are based on the density-matrix theory approach. The energies are determined using the effective mass approximation and a variational method with well-chosen wave functions for the ground (  1 s  ) and first excited (  1 p  ) states, taking into account the correlation between the electron and hole and the impact of laser intensity and magnetic field. The organization of this paper is as follows: the discussion of the theoretical background is presented in Section 2. Section 3 presents the numerical results and their interpretation. Finally, in Section 4, our conclusions are reported.




2. Background Theory


In this study, we investigate the behavior of an exciton confined in a spherical InAs quantum dot (QD), with radius R, under the influence of magnetic (B) and intense laser fields (ILF). The Hamiltonian that governs the electron–hole system (exciton) in the presence of both external fields can be expressed as:


   H X  =  1  2   m  e  *        p e  →  +  e c    A e  →   2  +  1  2   m  h  *        p h  →  −  e c    A h  →   2  +  V c    α →   +  V  w  i   



(1)




where     p i  →  = − i ℏ   ∇ i  →    represents the momentum operator (  i = e , h  ),     A i  →  = 1 / 2  B →  ∧   r i  →    is the vector potential.   m  e  *   and   m  h  *   are the effective masses of electron and hole, respectively.    V  w  i  =  V  w  e  +  V  w  h    is the electron and hole potential, given as follows:


   V  w  i  =     0       r i  < R      ∞       r i  > R        i =  ( e , h )   



(2)







The choice of an infinite potential well can be justified with the very large band offsets between the InAs QD and the external medium, such as curable resin or another polymer with a very large gap. This results in a high probability of charge carriers being confined to the InAs QD, making the influence of the surrounding medium negligible.



   V c   (  α →  )    is the dressed Coulomb interaction, which can be written as [44,45]:


   V c   (  α →  )  =   −  e 2    2   ε 0      1    r e  →  −   r h  →  +  α →    +  1    r e  →  −   r h  →  −  α →      



(3)




where   α = e F / μ  Ω 2  =   ( 8 π  e 2  I /  μ 2   c 2   Ω 4  )   1 / 2     is the laser-dressing parameter; F is the laser amplitude and  Ω  is the angular frequency; I (kW/cm   2  ) is the average intensity of the laser and   μ =   (  1  m  e  *   +  1  m  h  *   )   − 1     is the exciton reduced mass;    r e  →   and    r h  →   are the electron and hole positions respectively.



The development of the Equation (1) leads to:


     H X    =      p  e  2   2   m  e  *    +   p  h  2   2   m  h  *    +   e 2   2   m  e  *  c    A  e  2  +   e 2   2   m  h  *  c    A  h  2  +  e   m  e  *  c     p e  →  .   A e  →  −  e   m  h  *  c     p h  →  .   A h  →  +  V c    α →   +  V  w  i      



(4)




with    e   m  e  *  c     p e  →  .   A e  →  −  e   m  h  *  c     p h  →  .   A h  →  =   e B ℏ   2   m  e  *  c    L  z e   −   e B ℏ   2   m  h  *  c    L  z h     (  L  z e    and   L  z h    correspond respectively to the z-components of the angular momentum of the electron and hole). In fact,   L  z e    and   L  z h    do not give rise to any contribution because the corresponding states are invariant under rotation around the z-axis. Therefore, the magnetic operator   M n   is reduced to:


   M n  =   e 2   2   m  e  *  c    A  e  2  +   e 2   2   m  h  *  c    A  h  2  .  



(5)







By using the excitonic units    a X  =  ℏ 2   ε 0  /  e 2  μ   for length and    R  X  *  =  ℏ 2  / 2 μ  a  X  2    as energy (  σ =  m  e  *  /  m  h  *    is the mass ratio), the Hamiltonian (4) becomes:


     H X    =    −  1  ( 1 + σ )    Δ e  −  σ  ( 1 + σ )    Δ h  −           1    r e  →  −   r h  →  +  α →    +  1    r e  →  −   r h  →  −  α →     +  M n  +  V  w  i      



(6)







By introducing the usual dimensionless parameter   γ = ℏ  ω c  / 2  R  X  *    (  ω c   is the effective cyclotron frequency), the magnetic operator   M n   can be simplified as:


   M n  =   γ 2   4 ( 1 + σ )     r  e  2  −  z  e  2  + σ  (  r  h  2  −  z  h  2  )    



(7)







The Hylleraas coordinates (   r e  ,     r h  ,     r  e h   ,     z e  ,    z h  ) are well-suited to describe a system with two bodies, and hence the Laplacian is given as (  i , j = e , h )  :


     Δ i    =      ∂ 2   ∂  r  i  2    +   ∂ 2   ∂  r  e h  2    +     r  i  2  −  r  j  2  +  r  e h  2     r i   r  e h        ∂ 2   ∂  r i  ∂  r  e h     +  2  r i    ∂  ∂  r i    +  2  r  e h     ∂  ∂  r  e h     +   2  z i    r i             ∂ 2   ∂  z i  ∂  r i    + 2     z i  −  z j    r  e h       ∂ 2   ∂  z i  ∂  r  e h     +   ∂ 2   ∂  z  i  2        



(8)







The energies   E  X  i   and the corresponding wave functions   Ψ  X  i   of the exciton for the ground and the first excited states are solutions of the Schrödinger equation:


   H X   Ψ  X  i  =  E  X  i   Ψ  X  i      i = 1 s ,  1 p  



(9)







This equation can not be solved analytically, so the eigenvalues must be determined numerically using, in our case, a variational method. The trial wave function of the ground   1 s   (  n = 1 ,      l = 0 ,      m = 0  ) and the first excited   1 p   (  n = 1 ,      l = 1 ,      m = 0  ) states are constructed as multiplication of two functions of the electron and hole without Coulomb interaction, with three other functions describing the electron–hole interaction (exciton) and the distortion caused by the intense laser and magnetic fields. These wavefunctions can be written as:


     Ψ    X    1 s     =     N 0   J 0   (  r e  )   Y  0  0   (  θ e  ,  φ e  )   J 0   (  r h  )   Y  0  0   (  θ h  ,  φ h  )   e  −  β  1 s    r  e h      e   η  1 s    γ 2   (  r  e  2  −  z  e  2  +  r  h  2  −  z  h  2  )     e   λ  1 s    (  z e  −  z h  )        



(10)






     Ψ    X    1 p     =     N 1   J 1   (  r e  )   Y  1  0   (  θ e  ,  φ e  )   J 1   (  r h  )   Y  1  0   (  θ h  ,  φ h  )   e  −  β  1 p    r  e h      e   η  1 p    γ 2   (  r  e  2  −  z  e  2  +  r  h  2  −  z  h  2  )     e   λ  1 p    (  z e  −  z h  )        



(11)







  J 0   and   J 1   are the zero and first-order spherical Bessel functions respectively.   e  −  β i   r  e h      represents the Coulomb correlations between the charge carriers.   e   η i   γ 2   (  r  e  2  −  z  e  2  +  r  h  2  −  z  h  2  )     and   e   λ i   (  z e  −  z h  )     describe the effect of the magnetic and laser fields on the electron and hole, respectively (  i = 1 s , 1 p  ).   β i  ,   η i   and   λ i   are the nonlinear variational parameters that must be determined to minimize the energies’ mean values   E  X  i  :


   E  X  i  =  min   β i  ,  η i  ,  λ i      〈  Ψ  X  i  |  H X  |  Ψ  X  i  〉   〈  Ψ  X  i  |  Ψ  X  i  〉    



(12)







To gain insight into the optical properties of excitons confined in quantum dots, we first determine the oscillator strength associated with the recombination of the electron and hole pair. This oscillator strength is defined according to the equation [39,46]:


   f  o s c   =   E p   2   E  X   t i       ∫  Ψ  e h    (  r e  ,  r h  ,  z e  ,  z h  )  δ  (   r e  →  −   r h  →  )  d V  2   



(13)




where   E p   is Kane’s energy and   E  X   t i    (  i = 1 s , 1 p  ) is the exciton transition energy of the ground (  1 s  ), and the first excited (  1 p  ) states that must be determined by solving the Schrödinger equation.



By using the definition of the oscillator strength, the lifetime exciton of the   1 s   and   1 p   states can be calculated by the following expression [39,47]:


  τ =   6 π  ε 0   m 0   c 3   ℏ 2     e 2   n r   f  o s c     (  E  X   t i   )  2     



(14)




where c,   n r  ,   m 0   and   ε 0   are the speed of light, the refractive index of the studied material, the free electron mass, and the dielectric constant of the vacuum respectively.



Based on the density-matrix theory approach, the linear optical gain of QD is given as [48,49]:


   G  ( E )  =   2 π ℏ  e 2   D N     n r  c  ε 0   m  0  2     ∑  c , v        P  c v    2   (  f c  −  f v  )    E  X   t i     B  c v    ( E −  E  X   t i   )     



(15)







  f c   and   f v   are the Fermi distribution function for the separate state of conduction and valence band, respectively; E represents the incident photon energy,   D N   is the charge carriers density, and   B  c v    represents the broadening in the gain spectra for the QD which can be obtained by [50]:


    B  c v    ( E −  E  X   t i   )  =   ℏ  Γ  c v   / π    ( E −  E  X   t i   )  +   ( ℏ  Γ  c v   )  2       



(16)







  ℏ  Γ  c v     is the homogeneous broadening due to the inter-band scattering, and   P  c v    represents the matrix element of the transition given by the relation:


      P  c v    2    =  M 2   I  c v  2   



(17)







  I  c v    describes the overlapping integral between the electron wavefunctions and the hole. M denotes the dipole moment element given as follows:


   M 2  =  (   m 0   m  e  *   − 1 )     E g   (  E g  + Δ )   m 0    6 (  E g  + 2 Δ / 3 )    



(18)







 Δ  is the spin-orbit interaction energy in the considered QD, and   E g   denotes the band gap energy. The Fermi distribution function in the conduction and valence band is given by [51]:


   f  c ( v )   =  1  1 + e x p   (  E  n  c ( v )    −  E  f  c ( v )    )  /  k B  T     



(19)




where   k B   is constant of Boltzmann and T represents the temperature;   E  n  c ( v )     and   E  f  c ( v )     are the energy state of the electron (hole) and the energy of quasi-Fermi states in the conduction (valence) band, respectively.




3. Results and Discussions


As mentioned above, the main objective of this work is to investigate the optical properties of a spherical InAs quantum dot (QD) in the presence of magnetic (B) and intense laser (ILF) fields. Table 1 lists the requisite parameters used in our calculations.



The oscillator strength, which describes the efficiency of the light-matter interaction, is a key parameter controlling the optical properties of excitons and excitonic complexes in semiconductors. For this reason, we present in Figure 1 the evolution of the oscillator strength (  f  o s c   ) as a function of the QD radius for the excitonic ground state (  1 s  ) and first excited state (  1 p  ), and for various values of B and laser parameter  α . As a first remark, the curves of   f  o s c    augment monotonically with the QD radius R for both states, and the   f  o s c    corresponding to the   1 p   state is higher than that of the   1 s   state, whatever the values of B and ILF; this result is attributed to the fact that the area occupied by the excitonic wave function becomes large when the QD radius increases, and therefore   f  o s c    augments. When the magnetic field is applied for the small sizes (R < 18 nm ), the oscillator strength is very slightly affected by this external perturbation and seems negligible. From R   0   = 18 nm, the effect of B on   f  o s c    becomes more pronounced and augments as the QD radius increase. This behavior can be explained by the reinforcement of the overlapping wave function of the electron–hole pair (Equations (10) and (11)) caused by the applying magnetic field. The application of the laser (Figure 1b,c) shows a reduction in the   f  o s c    values, which is more pronounced for larger QD sizes. This variation is related to the geometric modifications of the system caused by the ILF that affect the localization of the   1 s   and   1 p   exciton wave function inside the InAs QD. In summary, the oscillator strength evolution strongly depends on the QD sizes, magnetic field, and intense laser, and the variations in these parameters lead to changes in the exciton’s wave function and transition energies, and thus in   f  o s c   .



Next, we examine the evolution of the exciton lifetime, which depends mainly on the changes in the excitonic transition energy and the oscillator strength (as per Equation (14)). Figure 2a,b indicate the variation of the exciton lifetime ( τ ) as a function of the QD radius for the   1 p   and   1 s   states, respectively. The graphs indicate that the exciton lifetime increases with the increase of the QD radius, and in the case of a strong confinement regime, the lifetime is very short, about 300 ps for the   1 s   state and around 270 ps for the   1 p   state. Our obtained values are inferior to those found for the lens-shaped InAs/GaAs and InAs/InP QDs, where  τ  is approximately 1 ns and 2 ns, respectively [54]. This difference is attributed to the shape of the QD and the exterior medium. We assume that the InAs QD is immersed in a matrix with a very large band offset (infinite confinement). For the large QD sizes, we find that the exciton lifetime related to the   1 s   state becomes very large, while for the   1 p   state, the  τ  increase remains small. These variations are due to the wave function expansion that describes electron–hole interaction and the reduction of the excitonic energy when the QD size increases. Note that the formula for the exciton lifetime is inversely proportional to the transition energy and the oscillator strength (Equation (14)). The variations of these two parameters are more significant for the   1 s   state than for the   1 p   state, leading to a more pronounced evolution of the   1 s   exciton lifetime than that obtained for the first excited state   1 p  .



In Figure 3a,b, we present the variation of the exciton lifetime as a function of the magnetic field intensities for the   1 s   and   1 p   states, for R = 6 nm and R = 12 nm respectively. The results for R = 6 nm, presented in Figure 3a, show that the exciton lifetime is a decreasing function with the applying magnetic field due to the augmentation of the   f  o c s    and the excitonic transition energy influenced by this applied field. It is also noteworthy that the effect of B on  τ  is less significant for the low B intensities. We can also observe that the magnetic field impact on the exciton lifetime is more important for the   1 s   state (black line) than for the   1 p   state (blue line). The results for R = 12 nm, presented in Figure 3b, show the same behavior as that obtained for R = 6 nm, but with a larger range for  τ  values. This difference is attributed to the confinement effect.



In the following, we analyze the effect of the intense laser field on the exciton lifetime. Figure 4a,b illustrate the evolution of  τ  as a function of the laser parameter  α  for   1 s   and   1 p   states, for R = 6 nm and R = 12 nm respectively. The results for R = 6 nm show that the exciton lifetime reduces when the  α  parameter increases before reaching a minimum at   α ≃   10 nm and   α ≃   8 nm for the   1 s   states (black line) and   1 p   states (blue line), respectively, and then increases. This behavior is attributed to modifying the system geometry under the effect of this external parameter, which affects the transition energy, the dipole matrix element, and oscillator strength related to the excitonic wavefunction of the   1 s   and   1 p   states. The results for R = 12 nm, presented in Figure 4b, show that the  τ  variations follow the same evolution found for R = 6 nm, but for this case, the minimum of the curve related to the lifetime moves to the higher values of  α  (≃ 11 nm). We also note that the exciton lifetime is more affected when the laser intensities become large ( α  > 18).



To explore further, we analyzed the impact of quantum dot size, magnetic field, and intense laser field on optical gain. Our calculations were performed at room temperature (T = 300 K), and the charge carrier density was taken as 2 × 10   24   m    − 3   . Figure 5a shows the variations of the optical gain as a function of photon energy for R = 6 nm and R = 12 nm, and for the states   1 s   and   1 p  , in the absence of the external fields. Referring to Equation (15), the linear optical gain depends on the band gap, transition matrix elements, and Fermi factors. The excitonic energy transitions dictate the peak position of the gain spectrum. It is noteworthy that, by increasing the QD radii (for both states), the optical gain spectrum shifts towards the lower energy regions (redshift), and the peak intensity is also reduced due to the confinement effect. It is known that the energy of the electron and hole decreases when the QD radius increases because of the propagation of the electronic density inside the dot, i.e., the Coulomb interaction becomes weak, and thus the system relaxes. The transition energies become less important, leading to the observed redshift when the QD radius increases. Additionally, we observe that, for a given QD radius, the threshold for the observation of optical gain of the   1 s   state is found in the region of the lower energies compared to that of the   1 p   state with a reduction in the peak intensities. Figure 5b illustrates the effect of magnetic and intense laser fields on the excitonic optical gain of the   1 s   state for a quantum dot with radius R = 6 nm. The OG variation is show for these case: (B = 0,   α = 0  ), (B = 4 T,  α  = 0), and ( α  = 10 nm, B = 0). It can be observed that increasing the magnetic field causes the OG peak to shift to higher energy regions (blue shifted), with an increase in intensity. Conversely, the intense laser field leads to a peak redshift with a reduction in the intensity due to the reduced transition energies and the wavefunctions of the electron and hole. In Figure 5c, the evolution of the optical gain of the   1 p   state under the same conditions is plotted. The curves show similar behaviors to those obtained for the   1 s   state but with changes in the absorption threshold values due to differences in the parameters between the two states.



Finally, it should be noted that the absorbed photon thresholds were found to be approximately 2.99  μ m and 3.1  μ m, for R = 6 nm, and 3.74  μ m and 3.99  μ m for R = 12 nm, for the   1 s   and   1 p   states respectively. These wavelength ranges have potential applications in various fields, such as developing highly efficient laser diodes and thermo-photovoltaic converters, which convert heat directly into electrical power. By controlling the size of the quantum dots and the external fields applied, it may be possible to tune further the absorbed photon thresholds and optimize the performance of these devices. Additionally, these findings may have implications for other research areas, such as designing new materials for optoelectronics and photonics.




4. Conclusions


In summary, we have theoretically studied the effects of the sizes, magnetic, and intense laser fields on the optical properties of an exciton trapped on an InAs quantum dot. We have shown that the exciton lifetime and oscillator strength are increasing function with the QD sizes. They are strongly affected by the application of both external fields. Our results also show that the optical gain threshold is redshifted when the laser intensity and QD size increase. The applied magnetic field causes a blue shift of the peak threshold (the two fields have an antagonistic effect). Our study is consecrated to the ground and first excited states of the exciton, where we find that the threshold of optical gain of the ground state is located in the region of the lower energies compared to that of the first excited state. Our findings can provide more comprehension of the physics behind the optical properties of an exciton trapped on a spherical QD and inspire more applications in novel optoelectronic devices for a ∼3–4  μ m wavelength range and that, by controlling the sizes and external perturbations.
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Figure 1. Variation of the exciton oscillator strength as a function of the QD radius (R) for: (a)   1 s   state, for B = 0, 2, and 4 T, and for  α  = 0 nm. (b)   1 s   state, for  α  = 0, 5 and 10 nm, and for B = 0 T. (c)   1 p   state, for B = 0, 2 and 4 T, and for  α  = 0 nm. (d)   1 p   state, for  α  = 0, 5 and 10 nm, and for B = 0 T. 
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Figure 2. Evolution of the exciton lifetime ( τ ) as a function of the QD radius (R) for: (a) ground state   1 s  . (b) first excited state   1 p  . 
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Figure 3. Variations of the exciton lifetime ( τ ) as a function of the magnetic field values for both   1 s   and   1 p   states with (a) R = 6 nm and (b) R = 12 nm. 
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Figure 4. Variations of the exciton lifetime ( τ ) as a function of the laser parameter ( α ) for both   1 s   and   1 p   states with (a) R = 6 nm and (b) R = 12 nm. 
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Figure 5. The optical gain variation versus the photon energy for (a)   1 s   and   1 p   states, for R = 6 nm and   R = 12   nm, without magnetic and laser fields effect. (b,c) corresponding to the   1 s   and   1 p   states, respectively, for (B = 0,  α  = 0), (B = 4 T,  α  = 0), and ( α  = 10 nm, B = 0), with R = 6 nm. 
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Table 1. Physical parameters of the studied materials [52,53].
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	     m e *  /  m 0     
	     m h *  /  m 0     
	    ε 0    
	     E g   ( eV )     
	     E P   ( eV )     
	    Δ ( eV )    





	0.023
	0.41
	15.15
	0.418
	21.5
	0.38
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