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Semianalytical evaluation of linear and nonlinear piezoelectric potentials for quantum nanostructures with axial symmetry

We propose in this work to take into account linear and quadratic piezoelectric effects in quantum nanostructures with a semianalytical approach based on continuum elasticity and an axial approximation for elastic constants. We will show that most symmetry features are captured by this model. Examples of strain and piezoelectric potential calculation will be given for InAs/InP, InAs/GaAs and InAs/GaP QD. The lattice mismatches are respectively equal to 3.2%, 7.2% and 11.2%.

In this paper we examine QD geometries corresponding to the CB ∞v B symmetry (rotational symmetry around the z-[001]-axis). As an example figure 1-a shows a 2D view of a truncated cone QD with a wetting layer (WL). The real calculations throughout this work are performed in cylindrical coordinates ( r , z ). Cones or truncated cones are considered in the following, with or without a WL. The reference for the z axis and for the QD height is the bottom of the WL. The chosen dimensions are 8.8 nm for the cone height, 1.2 nm for the WL thickness and 17.5 nm for the radius. The A) B) C) horizontal dotted lines correspond to the cross sections of the piezoelectric potential displayed in figure 3 for z=10.5 nm, 5.4 nm and -2.5 nm, respectively.

If the strain field is calculated using a continuum mechanical model (elasticity) for the zinc-blende crystal, the geometry of the deformed QD has a CB 4v B symmetry slightly deviating from the CB ∞v B symmetry on the (100) substrate. Our approach is based on an "axial approximation" for the strain field. This approximation consists in replacing the elastic 
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in the cylindrical representation ( r ,ϕ , z ) :
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When considering now the linear piezoelectric polarization 1 P r and charge density 1 ρ , it is straightforward to show that : ). The linear piezoelectric potential reaches higher maximum values without a WL than with a WL. It is also larger for QDs on the GaAs substrate than on the InP substrate. This is related to the increase of the lattice mismatch between the InP and the GaAs substrates. The magnitude of the linear piezoelectric coefficient 14 e is also important for this effect, which is particularly true for GaAs. The maximum of the potential is on the same order for InAs/GaP QD than for InAs/GaAs QD. We have added the results of a systematic calculation without a WL. In that case the potential is larger than for a QD with a WL, like in the InAs/GaAs case (figure 1). 
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is calculated by adding linear and quadratic charge densities. We may note that the angular modulation of the potential (CB 2v B symmetry) is unchanged by the quadratic effect and that only the amplitude ( )

z r f , is subject to change.
Our semi-analytical model is convenient to study various effects (materials, size of the QD, lattice mismatch …) and also to compare the piezoelectric potentials computed using either experimental or ab initio values. We should point out that the linear piezoelectric coefficients presented in ref. 6, 7 are larger than the classical ones we are using (InAs ). We have used the same procedure to evaluate the quadratic piezoelectric coefficients for GaP using ab initio calculations (abinit software)P 10 conclude that the fluctuations of the electronic fine structure may be associated in real systems to the fluctuation of strains and quadratic piezoelectric effect near edges. Indeed, it is well-known that an inhomogeneous dispersion of QD size, shape or alloying is obtained for self-assembled QD. This semi-analytical model can be used for any quantum nanostructure within the axial approximation. values of the piezoelectric potential in a conic InAs/GaP QD with a WL are illustrated in the linear case (P 1 ) a), the quadratic case (P 2 ) b), the sum of both contributions P 1 plus P 2 c), and for the linear piezoelectric experimental constants P ex d).

FIG. 1. a)

  modulus C in the expression of the stress tensor obtained by an arbitrary rotation around the z axis. The elastic moduli are then the same for any frame chosen around the z axis:

  has automatically a semi-analytical expression where the simple angular dependence corresponds to the introduction of CB 2v B symmetry

  1 is performed using a fast finite element resolution of the 2D Poisson's equation with a commercial softwareP 9 P.
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 3 Figure 3 : Plane projections of the piezoelectric potential for an InAs QD with a conical
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 4 Figure 4 : Isosurfaces for mV 50 ± values of the piezoelectric potential in a conic InAs/GaP
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(InAsP 6,7 ). Figure 4 is an illustration of this comparison for InAs/GaP QD. Isosurfaces for mV 50 ± values of piezoelectric potential are represented in the linear case (P 1 ) a), the quadratic piezoelectric potential case (P 2 ) b), the sum of both contributions (P 1 +P 2 ) c) and the linear piezoelectric potential calculated with experimental constants (P ex ) d). The structure of the piezoelectric potential becomes more complex when the quadratic term is added. It is clear that the total piezoelectric potential is now affected by rapid variation of the QD shape close to the edges. This variation is due to the quadratic term which is much more sensitive to strain concentration. Former computational studiesP 1,5,7 Phave shown that the electronic fine structure of QD is modified by the piezoelectric field. We Allan. Computational Materials Science 25, 478-492 (2002).T