Superlattices and Microstructures, Vol. 20, No. 2, 1996

Screening effect on polarizabilities of shallow donors and
acceptors in infinite-barrier quantum wells
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Polarizabilities of shallow donors and acceptors in infinite-barrier GaAs/Ga, _ Al _As quantum
wells have been calculated using the Hasse variational method within the effective mass approxi-
mation. The effect of spatially dependent screening on polarizabilities is taken into account with
an r-dependent dielectric response. The effects of electric and magnetic fields are also presented.
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1. Introduction

In the past few years, there had been considerable theoretical and experimental interest in the
effect of confinement on shallow donor impurities in quantum well structures [1-3]. Bastard [4] was
the first to treat this problem theoretically by considering a hydrogenic impurity in a quantum well
with infinite-barrier height under the assumption of a parabolic conduction band.

In all of the above theoretical calculations, the Coulombic interaction energy has been scaled
by a static dielectric constant €,. Csavinszky et al. [5] and Oliveira et al. [6] considered the dielectric
response to the impurity in a quantum well of infinite depth with r-dependent dielectric function
characteristic of bulk GaAs material.

The polarizability in low dimensional semiconducting systems, quantum well (QW), quantum
well wire (QWW) and quantum Dot (QOD) have been calculated for shallow donors [7-12]. Recent-
ly, the effect of screening on the polarizability of shallow donors and acceptors in finite-barrier
quantum wells has been studied [13].

In this work, the polarizabilities of shallow donors and acceptors in infinite-quantum wells have
been calculated using Hasse variational method, where the spatially dependent screening effect on it is
investigated, with different values of magnetic field. The effect of electric field on binding energy is also
reported. Polarizability results for infinite and finite barrier quantum wells are compared.

In general, the calculation of polarizabilities of the acceptors in a quantum well is more
complicated than that of the donors because of the more complex valence-band structure [14]. There-
fore, a simple one-band model is used similar to that used for donors by [4,5,15] rather than the four
valence-band model used in [14].

2. Theory

The Hamiltonian for a hydrogenic impurity located at the center of the well in the presence
of weak applied electric field and magnetic field B in a single GaAs quantum well of infinite depth
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can be written, within the framework of an effective mass approximation, as

1 e?

(P +eA)? —

H=
2m* e(ryr

+Vy(2) +elF -z (1)

where curl A=B is the magnetic field. Using the symmetric gauge A=(—B,/2, B,/2, 0), the Hamil-
tonian becomes
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where w,=eB/m* c is the cyclotron frequency and ZL,=(xP,—yP,).

The carrier effective mass and the GaAs spatially dependent screening are given by m* and
e(r) respectively. The spatially dependent dielectric screening used in the calculation is the one pro-
posed by Hermanson [16].

e l(n=gy ' +(1—¢&; Yexp(—r/p) 3)

where €,=13.1 is the static dielectric constant, and =0.58 A is the characteristic value for the
screening parameter, as assumed by Oliveira [6].

Introducing the effective Rydberg Ry* =m*e*/2h*c? as a unit of energy, and the effective Bohr
radius a% =h%e/m*e? as a unit of length, one obtains
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where n=lela*F is a measure of the electric field strength, and y=hw /2 Ry*. V(z) in eqn (1) is the
infinite-barrier potential which confines the carrier within the well of width L, is given by:
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The polarizability o is defined by:
1
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The trial wave function used in the Hasse variational method is
Y=Y,1+47) (8)
where
W, =D cos({z)exp[— 1/a(p* +z%)'/?] )

with {=n/L, and D is a normalization constant, where A and a are used as variational parameters.
With the trial function eqn (8), the energy expectation for donors and acceptors becomes,
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Fig. 1. Impurity binding energy E, for acceptor as a function of well width L for y=0 and y=2. The dashed
curve is for a spatially dependent e =€(r); the solid curve is for constant e=¢,,.
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The value of 4 that minimizes the energy expression {E) is obtained as:
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Substituting this value of A into eqn (10), and expanding {E) binomially in powers of #, one

gets for the polarizability,
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Fig. 2. Impurity binding energy E, for acceptor as a function of electric field F for y=0 and y=2. The dashed
curve is for a spatially dependent e =&(r); the solid curve is for constant e=¢,,.
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Fig. 3. Impurity binding energy E, for acceptor as a function of magnetic field y. The dashed curve is for a
spatially dependent e =&(r); the solid curve is for constant e=¢,.
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Fig. 4. Polarizability values o for acceptor as a function of well width L for y=0 and y=2. The dashed curve
is for a spatially dependent e =&(r); the solid curve is for constant e=¢,,.

3. Results and conclusions

The results in reduced atomic units (a.u.*) are presented, which correspond to a length unit of an
effective Bohr radius ¢*, and an energy unit of an effective Rydberg Ry*. For GaAs these units are
a*=103.5A and Ry*=5.31 meV for donors (electrons), and a*=20.4 A and Ry*=26.9 meV for
acceptors (hole). The effective mass m* =0.067 m, and m* =0.34 m, for both donors (electrons) and
acceptors (hole), respectively are used. The effect of electric field on the impurity binding energy
Ey=FE,—{H),,;, 1s used, by first calculating E; variationally without the electric and magnetic field
terms and with wavefunction eqn (8) taking =0, where E,=(n/L)? is the subband energy for the
ground state. In this calculation, a appearing in ‘¥, is treated as a variational parameter. The calcula-
tion with full ¥ is repeated to calculate £} including the electric field term. The impurity binding energy
as a function of well width is shown in Fig. 1, for y=0 and y =2, where y =1 corresponds to a magnetic
field of 67.4 kG. The calculated binding energy Ej as a function of electric field F'is shown in Fig. 2, for
y=0 and y=2, taking into account the shift in subband energy AE, introduced by Bastard ez al. [17],
using the second-order perturbation theory approach. Figure 3 shows the binding energy as a function
of magnetic field y. Figs 1, 2 and 3 show that the binding energy increases as the magnetic field increases,
as a result of increasing confinement, whereas Fig. 2 shows that the electric field reduces the binding
energy effectively as a consequence of the displacement of the electronic charge with respect to the
impurity position. As also seen from the figures, the effect of spatially dependent €(r) dielectric function
which, as opposed to a dielectric constant €,, leads to an increase in the binding energy of the impurity.

As a result, the effect of spatially dependent screening is negligible for shallow donors, because
of the large (electron) effective Bohr radius (¢*=103.5 A), whereas its effect is quite important for
acceptors due to the relatively small (hole) effective Bohr radius (¢*=20.4 A).
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Fig. 5. Polarizability values o for donor as a function of well width L for finite and infinite barrier well.

In Fig. 4, the values of polarizability o for acceptor as a function of well width for y=0 and
y=2, are presented. The calculated polarizability values have reasonable magnitudes and reflect
correctly the effect of a magnetic field which confines the electron more and reduces the polarizability.
The effect of spatially dependent screening function e=€(r) on polarizability values (dashed curves)
are clearly shown, which reduces the polarizability values.

The polarizability values for the finite- and infinite-barrier quantum wells, as a function of
well width L are presented in Fig. 5, the confinement effect for the infinite case are clearly shown,
which reduces the polarizability values as expected.

It should be noted that as the r-dependent dielectric function used in this paper possesses
spherical symmetry, the neglected two-dimensional effect may have some important contributions to
the binding energy of the screening impurity.

The best way to treat screening effects is through a first-principles calculation, which unfor-
tunately lacks the simplicity of the present calculation.

References

[1] C. Mailhiot, Y. C. Chang and T. C. McGill, Phys. Rev. B 26, 4449 (1982).
[2] R. L. Greene and K. K. Bajaj, Solid State Commun. 45, 825 (1983).

[3] Wenming Liu and J. J. Quinn, Phys. Rev. B 31, 2348 (1985).

[4] G. Bastard, Phys. Rev. B 24, 4714 (1981).

[5] P. Csavinszky and A. M. Elabsy, Phys. Rev. B 32, 6498 (1985).

[6] L. E. Oliveira and L. M. Falicov, Phys. Rev. B 34, 8676 (1986).

[7]1 K. F. Ilaiwi and M. Tomak, Phys. Rev. B 42, 3132 (1990).

[8] M. El-Said and M. Tomak, Phys. Rev. B 42, 3129 (1990).

[9] V. Narayani and B. Sukumar, Solid State Commun. 90, 575 (1994).



Superlattices and Microstructures, Vol. 20, No. 2, 1996 179

. Martina and B. Sukumar, Solid State Commun. 85, 623 (1993).
angovan and K. Navaneethakrishnan, Solid State Commun. 83, 635 (1992).
1-Said and M. Tomak, Phys. Stat. Sol. B 171, k29 (1992).
. Ilaiwi, Phys. Stat. Sol. B 193, 97 (1996).
Massehnk Y. C. Chang and H. Morkoc, Phys. Rev. B 32, 5190 (1995).
ai, W. Liu and Y. Liu, Phys. Rev. B 46, 4281 (1992).
rmanson, Phys. Rev. B 150, 660 (1966).
. Bastard, E. E. Mendez, L. L. Chang and L. Esaki, Phys. Rev. B 28, 3241 (1983).

anmmmz



