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Thomas-Fermi calculations of the hole subband structure in two coupled p-type o-doped GaAs and Si quantum wells are carried out as a
function of the impurity concentration and the distance [ between them. A simple formula is obtained for the potential as a function of these
two magnitudes by both types of systems. The numerical results for a double Be-d-doped GaAs (double B-o-doped S1) quantum well show
that the energy levels degenerate for { > 300 A (I > 200 A) for an impurity concentration of 1 x 10'® cm™?.
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Presentamos cdlculos de la estructura de subbandas de huecos, utilizando la aproximacion de Thomas-Fermi para dos pozos cuanticos o-
dopados tipo p en GaAs y Si, como funcién de la concentracion de impurezas y de la distancia [ entre ambos para los dos tipos de sistemas.
Los resultados numéricos muestran que para un pozo doble de Be-d-dopado GaAs (pozo doble de B-d-dopado Si) con una concentracion de

1 x 103 cm™? los niveles estdn degenerados para ! > 300 A (I > 200 A).

Descriptores: Thomas-Fermi; pozos cudnticos 4-dopados

PACS: 73.30; 73.61; S35.11 n

1. Introduction

In recent years, as a natural development of the increasing
precision of modern MBE growth techniques, the doping of
semiconductors down to atomic resolution (0-doping) has be-
come possible. The emphasis was initially on n-type struc-
tures, and these initial works have succeeded 1n studying the
subband spectra and mobilities of these systems through elec-
trical and optical measurements (see Refs. 1-6) and refer-
ences therein).

On the other hand, p-type delta-doped GaAs quantum
wells can be made with Be, Si-acceptor and C layers [7-10].
These systems have potential technological applications (0-
FET [2,11,12], ALD-FET [13], etc.). From a fundamental
point of view they are suitable systems for the study of the
physics at extremely high carrier densities. The p-o-doped
Si quantum well is only beginning to be investigated. The
B 0-doped Si quantum well, for example, features a situation
where the interesting extremum of the band structure is lo-
calized at the I' point of the Brillouin zone, for the valence
band. This situation is the same as the one that occurs in
the p-type 4-doped GaAs quantum well. In Refs. 14-16 self-
consistent (SC) calculations of the electronic states in these
systems have been reported. More recently, other systems be-
ain to be calculated and/or measured [17, 18].

The use of the Thomas-Fermi (TF) approximation to cal-
culate the energy spectrum in d-doped quantum wells was
presented for the first time by Ioriatti [19] in n-type sys-

tems, and in Ref. 20 for p-type structures. Those works turned
to be of great importance because for the first time a self-
consistent, analytically expressed potential was presented,
providing a very useful tool for the theoretical and exper-
imental study of those kinds of systems. Those potentials
arise in the framework of a quasiclassical approximation as
the Thomas-Fermi equation results to be, and it comes di-
rectly from the simultaneous solution of both the Poisson and
Schrédinger equation.

The present work is intended to provide a procedure for
the calculation of the energy levels in double p-type 0-doped
quantum wells along the lines of the TF approximation, for
both Si1 and GaAs. This reveals to be a simpler way, alterna-
tive to the self-consistent calculations and as it shall be seen
in this paper, it gives very good results in some cases. Even-
tually the results of these calculations may be used as good
starting potential and energy levels in more sophisticated SC
calculations.

2. Model

Here and henceforth we assume to be 1n the low temperature
limit. In an ideal, uniform electron gas, the number of elec-
trons per unit volume 1s [21]
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where p. is the radius of the Fermi sphere in the momentum
space. If we consider the gas as locally homogeneous; i.e.,
that the ideal gas approximation be valid at each point, then,

() = =5 250, )

The probability I..(p) dp that the momentum of the elec-
tron has a value between p and p + dp 1S given by

4mp* dp
4/3mp3,

If the light-hole (Ih) and heavy-hole (hh) bands are consid-
ered as independent bands, the kinetic energy for a single
hole can be written as [22]
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In the above expression m; and m,, are respectively, the
effective band mass of the light holes and the etfective band
mass of the heavy holes.

The kinetic energy functional 1s
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The potential energy associated to the interaction be-
tween the electron gas and the two plane of impurities is de-
scribed by the following functional of the density:
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Going over polar coordinates and taking the limit of infi-
nite radius, the expression for the potential energy functional
1s written (if the term corresponding to the energy associated
to electron self-interaction is neglected) as
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Therefore, the TF energy-density functional 1s given by
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As 1t is known from TF density functional theory, the
functional derivative of Erp with respect to the density 1s
identified with the chemical potential
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The spatial band bending is described by a Poisson equa-
tion,
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where p and p2p, are respectively the impurity concentra- =

tion in wells 1 and 2. [ 1s the distance between the wells,
and the energy functional which corresponds to the electron-

electron interaction 1s
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Here, it 1s assumed that the electrons are in an homogeneous
medium of dielectric constant €, (the so-called hydrogenic
model).

My

and with the use of Eq. (13) in (11), we finally arrive at the
differential equation for V (z):
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It we assume the impurity concentration is the same in
both wells, the system i1s symmetric with respect to the cen-
tral point, the potential is an even function and we can restrict
ourselves to the half. Then, for z > 0
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For this type of equations, solution of the form 1/f%(2)
—where f(z) must be a linear function of z—, is proposed.
Due to the presence of the delta function, the specific form in
this case 1s
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and the substitution in (15) gives
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If the system is required to be neutral, it can easily be

obtained that
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Expressions (16—-18) summarize the results of the model.
With the TF potential V' (z) (16), a Schrodinger wave equa-
tion is numerically solved in order to look tor the energy lev-
els and wave functions in the well.

3. Results and discussion

We take the origin for the energies at the top of the valence
band. It has been verified many times that the chemical po-
tential 1 1s very close to this band [14, 16], i.e., 1s almost zero,
and we assume that.

3.1. Double Be-4-doped GaAs quantum well

We have in mind a double Be-d-doped GaAs quantum well.
For numerical calculation we use typical GaAs values, i.e.
my. = 0.62mg; mp, = 0.087my and €, = 12.5, m being
the tree electron mass.

In Fig. 1 we present the potential profile for two ditferent
values of the distance between the tmpurity planes by double
Be o-doped GaAs quantum well. Notice the kink at z = 0
due to the approximations made. This has no relevance for
the outputs since the peak 1s 1n a depleted region.

In Figs. 2a, 2b and 2¢ we depict the dependence of the
first energy levels against the distance between the impu-
rity planes for pop = 5 x 10'? ecm™2, 1 x 10'3 cm™2 and
5 x 101% cm™2. The trends are similar for all the studied con-
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FIGURE 1. Potential profiles for a double Be-o-doped GaAs quan-
tum well for I = 10,40 A and p2p = 5 x 103cm™2. V(z) isin
meV: z in A.

centrations. As expected, the first energy levels become de-
generate for distances about 50-150 A, depending on the con-
centration and on which level is observed. Above this value

the wells can be considered isolated. This distance diminishes
as the concentration grows, and its value for the first level is
less than for the other ones.

A similar situation is treated in Ref. 23. These authors
consider an inverse parabolic AlGaAs/GaAs quantum well
within the semi-empirical tight-binding model. When the
well potential has a similar form as 1n our Fig. 1, the au-
thors of [23] obtained the same type of behavior for the hole
energies as in our Fig. 2a.

3.2. Double B-4-doped Si quantum well

We use the following input parameters: m;, = 0.32m,,
my;, = 0.16 mg, my, being the free electron mass, ¢, = 11.7.
In Fig. 3 we present the potential profile for three different
values of the distance between the impurity planes by double
B 4-doped Si quantum well. The form is similar to the one
obtained in the double Be o-doped GaAs presented in Fig. 2.

In Figs. 4a and 4b we depict the dependence of the
first energy levels against the distance between the impurity
planes for p,, = 5 x 10> cm™% and 1 x 103 cm™2.

For higher concentrations it 1s necessary to consider the
splitt-off valence band [24]. The behavior is similar to the
Be o-doped GaAs quantum well, i.e., the confinement di-
minishes when the distance grows. In this case, for distances
greater than 200 A all the levels can be considered degenerate
and the wells behave as 1solated, except for the lowest con-
centration studied for which the ground level extends 300 A.

Wang et al. [25] report a selfconsistent calculation for
pop = 2x 102 cm~2 and [ = 200 A, taking into account the
heavy hole band only. Their value for the ground energy level
(~ 11 meV) considering that they only take into account the
heavy holes, the resul is very close to our value (16.5 meV).
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FIGURE 2. Energy levels (in meV) of a double Be-4-doped GaAs

quantum well for (a) pop = 0 X 10%ecm™%; (b) pop = 1 X
10%cm™2 and () pyp = § x 10°cm™? vs. the distance between
the planes (in A).
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FIGURE 3. Potential profiles for a double B-d-doped Si quantum
well for [ = 10,40,100 A and pyp = 1 x 10cm™2. V(2) isin
meV; z in A.
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FIGURE 4. Energy levels (in meV) of a double B-4-doped Si quan-
tum well for (a) p,p = 5% 102cm™2 and (b) pop = 1x10%cm™?
vs. the distance between the planes (in A).
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4. Conclusions

The double delta-doped quantum well behaves as two sin-
gle and non coupled delta-doped quantum wells for distances
about or greater than some hundreds of A. This distance
diminishes when the impurity concentration grows. For the
same concentration, this distance is lower for the B d-doped
Si compared to the case of double Be 4-doped GaAs. On
the other hand, when the distance between impurity layers
1s very little the system behaves as a single well (see Figs. 1
and 3). On growing the distance between the layers, the well
is broadened and the levels approach the values for single
1solated wells. This behavior 1s reached firstly by the lower
levels than by the upper ones (see Figs. 2a, 2b, 2¢, 4a and
4b).
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