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The influence of an image charge effect on the impurity-related energies, the
oscillator strengths of transitions from the 1s-like state to 2px and 2pz states as well as the
optical absorption coefficients in a spherical quantum dot in the presence of an external
electric field have been studied. The results show that the image charges lead to significant
changes in the optical coefficients of the system.
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Introduction. Electronic and optical properties related to impurities in semiconductor
nanostructures can be changed effectively by engineering the size and the shape of the system,
the position of the impurity in the structure and the strength and direction of applied fields [1].
In order to modulate the properties of devices, effect of applied electric field on the impurity
states in semiconductor nanostructures has been studied extensively in the past few years
(see [2] and references therein). The dielectric mismatch often turns into a key factor in the
understanding of the physical properties of various nanostructures [3,4]. In the article a study
of the Image Charge Effect (ICE) on the impurity-related optical properties in a spherical
quantum dot in the presence of an electric field is presented.

Theory. The Hamiltonian of the system can be written as
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where m is the electron effective band mass, ω0 is the parabolic confinement strength and can
be chosen as ω0 = h̄/2mR2, R is the nominal value of the dot radius, F is the intensity of the
electric field, θ is the angle between r and F, Vc(r) is the electrostatic energy for the electron
inside the quantum dot interacting with impurity and image charges arising in the QD due to
the difference in dielectric constants inside and outside the dot [3, 4]:
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where ε∞ is the high-frequency dielectric constant, εd is the dielectric constant of the em-
bedding medium, ri = (ri,θi,ϕi) is the radius-vector of the impurity, Pl(x) is a Legendre
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polynomial, ϑ is the angle between r and ri. The first term in Eq. (2) is conditioned by the
electron interaction with the impurity, the second and the third terms constitute the image
charge potential energies.

The wave function φ0(r,θ) and the energy E0 of the ground state in the absence of the
impurity are given in [2]:
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The variational envelope wave functions ψnlm(r,θ ,ϕ) associated with the different
impurity ground and excited states in the QD can be labeled for convenience by their bulk
hydrogenic limits, namely, 1s,2s,2px, etc., and taken as the product of the electron ground
state wave function φ0 in the dot without impurity, and the hydrogen-like wave functions Γnlm
that correspond to different impurity ground and excited (nlm) states, i.e.

ψnlm(r,θ ,ϕ) = Nnlmφ0(r,θ)Γnlm (r,θ ,ϕ{λnl}) , (4)

where Nnlm are the normalization constants and

Γ1s = exp(−λ1sr), Γ2px = r sinθ cosϕ exp(−λ2px r), Γ2pz = r cosθ exp(−λ2pzr). (5)

The variational parameters λnl are determined after minimization of the energy Eep
imp.

The linear and the third-order optical absorption coefficients can be derived by using
the compact-density-matrix approach and iterative procedure. Within a two-level system
approach they are given as [5]:
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where σs is the electron density in the quantum dot, E21 = E2−E1, E1(E2) is the initial
(final) state energy, Mi j is the matrix element of the dipole operator, nr is the refractive index,
c is the speed of light in vacuum, Ω is the photon frequency, I is the incident optical intensity,
η is the relaxation rate for states 1 and 2.

Results and Discussion. We have calculated the impurity ground and excited states
energies, the oscillator strength, and the optical absorption coefficients of the 1s→ 2px and
1s→ 2pz transitions. The parameters used in calculations are: ε∞ = 10.89, ε0 = 13.18,
εd = 2.25, m = 0.067m0, σs = 5 ·1016 cm−3, nr = 3.2, I = 3 ·103 W/cm2, η = 1012 s−1.

Image charge effect leads to the red shift of the ground (1s) as well as excited
(2px and 2pz) impurity states (Fig. 1). As we can see, the impurity ground-state energy with-
out ICE are not changed, meanwhile it increases when ICE is taken into account. The changes
in the energies of the excited 2px and 2pz impurity states with ICE are smaller compared
to those without ICE. The oscillator strength as an important physical characteristic of the
optical properties is related to the electric dipole-allowed transitions. Fig. 2 shows the
numerical results obtained for oscillator strength as a function of the electric field strength.
These plots exhibit the following general features: (i) the oscillator strength of transition
1s→ pz with and without ICE dominates over the one of transition 1s→ 2px; (ii) ICE leads
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to the significant enhancement of the oscillator strengths of transitions between the impurity
states (about 50% for transition 1s→ 2pz and 40% for transition 1s→ 2px at F = 3 kV/cm
and at h̄ω0 = 5.65 meV ); (iii) the oscillator strength of transition 1s→ 2pz increases with
electric field strength both with and without ICE. Meanwhile, one can see that with and
without ICE the oscillator strength of transition 1s → 2px slowly decreases with electric
field. The linear, nonlinear and total absorption coefficients for transitions 1s→ 2px and
1s→ 2pz with and without image charge effect are shown as a function of the photon energy
at F = 3 kV/cm and at h̄ω0 = 5.65 meV in Fig. 3.
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Fig. 1. Hydrogen-like impurity energies of the 
1s-, 2px- and 2pz-like states as a function of the 
strength  of  the  electric  field  with (dashed lines)  

and without (solid lines) ICE. 
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Fig. 2. The oscillator strengths of the 1s→px   
and s→pz transitions as a function of the 
strength of the electric field with (dashed lines)  

and without  (solid lines) ICE. 
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Fig. 3.  The linear  (1),  the  nonlinear  (2), and the  total  (3)  absorption  coefficients  as  a 
function of photon energy without (solid lines) and with (dashed lines) ICE for transitions: 

(a) 1s→2px  and  (b) 1s→2pz . 

Comparatively large blue shifts in linear, nonlinear and total absorption coefficients,
connected to the image charge effect, are observed. Particularly, at F = 3 kV/cm and at
h̄ω0 = 5.65 meV the shifts are about 3.56 meV and 4.16 meV for transitions 1s → 2px
and 1s→ 2pz respectively. The resonance peaks of linear and nonlinear absorption coef-
ficients are increasing, taking into account the ICE. Despite the negative sign of the nonlinear
absorption coefficient, the total absorption coefficient increases with ICE, because the linear
absorption coefficient enhancement with ICE is larger than the nonlinear absorption coeffi-
cient enhancement.
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Conclusion. The influence of the image charges on the ground-state and the first
excited state energies, as well as oscillator strength of a hydrogen-like donor in a spherical
QD in the presence of an external electric field has been investigated. Also, the effects of
both electric field and image charges on the linear, third-order nonlinear and total absorbtion
coefficients for 1s→ 2px and 1s→ 2pz transitions have been studied.

Our results indicate that the image charges lead to significant changes in the optical
absorbtion coefficients of the system.

This work has been supported by SCS of MES RA, in the frame of the research projects
№№ 15T-1C363, 13IE-038 and by the ANSEF grant condmatth-3821.

Received 22.12.2016

R E F E R E N C E S

1. Jacak L., Hawrylak P., Wojs A. Quantum Dots. Berlin: Springer-Verlag, 1998.
2. Vartanian A.L., Vardanyan L.A. Influence of the Image Charge Effect on the Hydrogen-Like

Impurity-Bound Polaron in a Spherical Quantum Dot in the Presence of an Electric Field. //
Physica E, 2016, v. 75, p. 174–180.

3. Brus L.E. Electron-Electron and Electron-Hole Interactions in Small Semiconductor Crystallites:
The Size Dependence of the Lowest Excited Electronic State. // J. Chem. Phys., 1984, v. 80,
p. 4403–4409.

4. Melnikov D.V., Fowler W.B. Bound Polaron in a Spherical Quantum Dot: Strong Electron-
Phonon Coupling Case. // Phys. Rev. B, 2001, v. 63 p. 165302.

5. Ahn D., Chuang S.-L. Calculation of Linear and Nonlinear Intersubband Optical Absorptions in
a Quantum Well Model with an Applied Electric Field. // IEEE J. Quantum Electron, 1987, v. 23,
p. 2196–2204.


