
PHYSICAL REVIEW 8 VOLUME 48, NUMBER 15 15 OCTOBER 1993-I

Electronic structure of periodically b-doped GaAs:Si
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The electronic structure of periodically doped GaAs:Si systems has been self-consistently calcu-
lated with a Hedin-Lundqvist local-density functional for exchange and correlation. The in6uence
of the periodic spacing d, the areal impurity concentration ¹,and the spread of the impurity
distribution have been investigated. Miniband widths and gaps, potential-well depths, and Fermi-
level position have been studied between d = 100 and 500 A. , thus following the transition from
superlattice behavior to independent well regime. The results are used to interpret some observed
photoluminescence spectra.

I. INTRODUCTION

As improvements in epitaxial growth have allowed for
a better control of impurity doping in semiconductors
there has been increasing interest in the b-doped sys-
tems, thus called because of the ultimate target of achiev-
ing a strict localization of the impurities in one atomic
layer. ' Raman spectroscopy, ' infrared absorption,
magnetotransport, and photoluminesc ence ' have
been used in experimental studies of these systems.

A new type of superlattice is produced in which there is
only one bulk material but the potential is modulated by
periodic b doping. If only one type of dopant is used, e.g. ,
donors, then in the uncompensated sample the extrinsic
electrons screen the ionized donors and produce inhomo-
geneous potentials about the plane of the donor sheets
which are to be obtained self-consistently. Some self-
consistent calculations have been recently reported.
The purpose of this paper is to describe some further cal-
culations which complement the results obtained in these
studies in a significant way and they also allow for the
interpretation of some photoluminescence experiments,
giving strong support to the claims presented there.

II. MODEL AND CALCULATION

We fi.rst study periodical b doping of Si in GaAs with
a donor impurity distribution of the form

n(z) = Nd ) 8(z —nd)

and then investigate the effect of a smearing out the im-

purity density in the form of Gaussian distributions:

n(z) = ) —(z nd)z /2o z — z
( )2&2 ln2

The half-width Lz was chosen to be between 20 and 40
A. , which appear to be realistic figures for current ex-
perimental devices ' once the effect of the substrate
temperature T, on the segregation of Si has been clari-
fied. High values of T„oforder 600 C (Ref. 10) seem to
be convenient to ensure the growth of good quality, fairly
defect-free structures. However with such temperatures
Si tends to diffuse considerably, with a spreading of the

doped zone which can reach values of order 100 A, io'ii
so a compromise must be sought between the quality of
the structure and the control of the impurity segregation.
It is found that for T, ( 530 C there is a significant
reduction in Si diffusion and values of Az of the order
quoted above can be achieved, so we shall take these val-
ues as realistically representative in order to assess the
effects of impurity spreading.

For areal impurity densities below 10 cm it would
be quite unrealistic to assume a continuous positive
charge distribution of the ionized impurities, but this
can be assumed beyond 1.3 x 10 cm . On the other
hand, beyond 8 x 10 cm a saturation of the elec-
tronic density is observed, ' ' that is, Hall effect mea-
surements yield an areal electron concentration of 8 x
10 cm which stays constant even when the nominal
impurity doping is increased. In this study we shall con-
sider areal impurity concentrations between 1 and 7 x
10 cm, which correspond to the experimental data
we shall later discuss. In this range we can assume that
all the donors are ionized and that their areal density
is continuous. The values of the superlattice period d
here studied vary between 100 and 500 A, which cover
the range from a superlattice to a system of effectively
independent quantum wells.

We use a one-band effective-mass model and calculate
self-consistently the electronic states and the one-electron
potential U(z) as the sum of the Hartree-Poisson po-
tential and an exchange and correlation potential which
we approximate by the Hedin-Lundqvist local-density
functional. Other parametrizations of the exchange
and correlation density functional are possible and yield
rather similar results for the one-electron density of states
from which the electronic charge density p(z) is self-
consistently calculated. We have used the same scheme
employed in a recent study of modulation doped quan-
tum wells, which appears to work well, although any
use of a local-density functional is to be taken of course
as just an approximation.

For the integration of the Schrodinger equation we use
the full transfer matrix discussed in Ref. 15, which trans-
fers both amplitude and derivative, the amplitude being
in this case the envelope function E~~(z) for the subband
j with one-dimensional (1D) momentum q associated to
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the period d of the superlattice. By definition
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where M(z, zo) is the 2x2 full transfer matrix which
transfers from a chosen reference point zo to a variable
end point z. The relationship between M and the Green
function, from which the local density of states and the
electron charge density can be calculated, is fully dis-
cussed in Refs. 16 and 17. Furthermore, for the system
with period d:
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where m is the full transfer matrix across one entire pe-
riod, which leads to the well-known eigenvalue equation

cosqd ——tr m (5)
in terms of the energy-dependent full transfer matrix.

The Bloch-Floquet property (4) allows us to obtain
the derivative at some chosen point zo by means of the
algebraic relationship

(4)

III. RESULTS AND COMMENTS

We have studied superlattices with d=l00, 300, and
500 A. with values of Ng = nd x 10 cm with
ng ——1,3,5,7, as well as some specific cases for which ex-
perimental information is available. Besides strict b dop-
ing we have also studied Gaussian distributions with Az
equal to 20 and 40 A. . The parameters used for GaAs are
m*=0.0665nlo and a=12.5 in Gaussian units.

Figure 1 displays the results for a superlattice with np
5, d = 300 A, and Az = 20 A, and will serve us to show

the notation. The shaded areas are the allowed energies
for r = 0 when q varies over the 1D Brillouin zone, i.e. ,
the superlattice minibands. The dashed line is the Fermi
level of the system, and Vo is the maximum potential

m+D
whence we can obtain the wave-function amplitudes from
the first row of (3) and then use a standard normalization
scheme. Alternatively, we can obtain the Green function
for which there is no need to normalize. The calculation
also yields self-consistently the position of the Fermi level
E~, from the condition that the total number of electrons
must equal the total number of donors. In practical terms
we have stopped the calculation when the mean square
deviation of the total one-electron potential in two con-
secutive cycles is & 0.1 meV.

The scheme just outlined allows us to treat on the
same footing long and short periods without resorting to
a separate treatment for wide minibands, typical of short
periods. The numerical labor involved is also insensitive
to changes in d, which is a substantial practical advan-
tage over schemes based on a plane-wave representation,
where long periods require a substantial increase in the
number of components in order to achieve an adequate
description of the electronic wave functions.

0
50 100 150 200 250 300
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FIG. 1. Self-consistent one-electron potential profile for a
system with periodic doping with an impurity spreading Az
= 20 A. , impurity density nd, = 5, and superlattice period d=
300 A. The shaded zones are the miniband energies, i.e., the
allowed energies for K = 0. The dashed line is the Fermi level
and Vo denotes the maximum depth of the wells. All energies
are referred to the bottom of the potential well.

height.
We have calculated V(z), p(z), miniband edges, and

Fermi-level position studying the eKects of changing the
key parameters %p and d. The general aspect of the
potential and charge density profiles does not change in
any significant manner. It is more interesting to look at
the changes in Vo, E~, and miniband edges, shown in
Fig. 2 as a function of d (varying between 100 and 500
A.) for diferent values of Ng, always in the range of 10
cm, as indicated. These results contain the informa-
tion which is physically significant in practice. Obviously
Vo increases with increasing Ng, and also, for fixed K~,
as d increases. When the wells are wide apart and their
potentials have negligible overlap, the system behaves as
a set of independent isolated wells, while as d decreases
their coupling increases and the system tends to show
superlattice behavior. One of the purposes of this study
is precisely to ascertain when this takes place, as this is
a practical issue in the analysis of the experimental data
to be discussed below.

Generally speaking our results can be described as fol-
lows.

(i) For d=100 A all cases show definite superlattice be-
havior. For the high impurity densities all minibands still
show a width which should be experimentally detectable:
The lowest one, which is always the narrowest, reaches
values of order 30 meV at least. The total number of
occupied minibands is never larger than two.

(ii) For d=500 A. all cases show separate well behavior.
The occupied miniband. widths are negligible for all val-
ues of %g and E~ and Vo tend to be very close. There
are between three and four occupied minibands.

(iii) For intermediate values of d = 250 A the low-
est miniband always occupied is very narrow, so in
this energy range the wells are efI'ectively independent on
this account. However, the next one is significantly wide.
Population of this miniband starts for Xg & 3 x 10
cm when its width is at least =20 meV, so in this en-
ergy range superlattice behavior sets in.
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The efI'ect of spreading out the impurity concentration
is to change considerably the V(z) and p(z) profiles and
the position of the minibands relative to the bottom of
the wells (Fig. 3), in agreement with the conclusions
reached in Ref. 9. However, this need not mean that
the electronic properties of the system change apprecia-
bly. We have studied the subband populations and find
these to be very little afFected, also in agreement with
Ref. 9. Furthermore, and more significantly, we have
studied the values of the gaps and miniband widths, as
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FIG. 3. Potential profiles, miniband energies (r = 0,
shaded), and Fermi level (dashed line) for superlattices with
nz = 3, d = 100 A and impurity spreadings of 0, 20, and 40
A, from left to right. All energies are referred to the Fermi
level.
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well as their relative positions, which are the magnitudes
more directly related to experimental results, and find
these to be rather insensitive to plausible changes in the
impurity distribution.

Photoluminescence spectroscopy appears to provide a
suitable experimental tool for the investigation of these
superlattices. The technique is rather unsuitable for
isolated wells because the potential which is attractive
for the electrons is repulsive for the photocreated holes,
which reduces considerably the overlap between the elec-
tron and hole wave functions. This diKculty is circum-
vented in the superlattice due to the periodic modulation
of the potential, whence an enhancement of the recom-
bination rate. Quite recently these systems were studied
by means of photoluminescence techniques and it was
pointed out that the difFerence between the 3D Fermi
energy E& and the observed width of the main pho-
toluminescence peak TVpI, provides strong evidence that
electrons are confined in the space charge potential and
that subbands broaden into minibands as the layer sepa-
ration is reduced. VJe have studied three of the samples
experimentally studied by photoluminescence and some
parameters and results are summarized in Table I. The
presence of defects in the samples may relax the momen-
tum conservation selection rule for optical transitions,
so that for free electron behavior one might expect the
equivalent 3D Fermi energy E& to give a fair account
of Wpz, . Firstly a comparison of columns three and four
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TABLE I. d, superlattice period. Np, areal impurity den-
sity. EF, 3D Fermi energy estimated from the equiva-
lent uniform carrier density. EF, Fermi energy calculated
self-consistently. Wpz, , experimental width of the dominant
PL peak (Ref. 3). A~, width of the highest miniband with
significant population in the self-consistent calculation.

FIG. 2. Full lines: miniband edges (K, = 0, q spanning the
1D Brillouin zone). Dotted line: values of the well depth Vo
(see Fig. 1). Dashed line: R~. All energies are referred to
the bottom of the potential wells and periodic b doping is
assumed. Values of nd, are as follows: (a) 1; (b) 3; (c) 5; (d)
7.
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shows a significant disagreement between E+ and the
actual self-consistent result E~ for large d, and very good
agreement for d=100 A. . Prom the results shown in Fig.
2 we would expect that most of the free electron popula-
tion is in energy levels above Vo and is therefore largely
unlocalized. However, although this might account for
the numerical agreement between EF and E~, the real
behavior is not actually kee-electron-like. Moreover, as
already noted in Ref. 3, E+ disagrees with the observed
values of WpL (column five). In fact the assumption that
one can identify the observed width of the photolumines-
cent peak with the Fermi energy is strongly dependent
upon the assumption of free electron behavior and it is
clear that this is not the case even for d=l00 A.

The results of our calculations are in line with the in-
terpretation put forward in Ref. 3. Thus it seems more
plausible to try and interpret peak widths as giving an
approximate measure of the widths of the occupied mini-
bands. Since difI'erent peaks are sometimes observed we
should associate the distances between peaks with some
approximate mean distance between minibands.

This expectation is fairly borne out by the compari-
son between columns five and six. It is seen that TVpz,

agrees indeed substantially better with 4„ than it does
with EJ;. For the sample with d=200 A according to our
self-consistent calculations there should be two occupied
minibands but the population of the second one is negli-
gible compared with that of the first one, which is the one
for which we calculate 4„. For the sample with d=500
A the value given in the Mth column of the table corre-
sponds to the dominant peak. Another two peaks have
also been observed, which we can associate with another
two populated subbands which, according to our calcu-
lation, should have some significant population. Due to
poor spectral resolution it is extremely difIicult to obtain
any reliable estimate of their widths, but the distances
between the peaks can be estimated as 20 and 15 meV,
in fair agreement with our estimated mean distances be-
tween occupied minibands of 20 and 8 meV, respectively.

Another photoluminescence spectruxn has been re-
ported for a superlattice with d=300 A and ng=5, which

can be likewise interpreted. In our calculation we find
that there should be four occupied minibands, the two
lowest ones being substantially narrower. Two peaks can
be clearly identified in the experimental spectrum, which
we can associate with the third and fourth minibands,
and also some structure is observed at lower energies
which one could interpret as indicative of two peaks at
1.430 and 1.495 eV. On this basis the three distances
between the four peaks are 65, 15, and 15 meV. Our esti-
mate for the mean distances between the corresponding
minibands yields 70, 25, and 10 meV, which is again as
fair as one could expect.

The quantitative agreement with experimental data is
only approximate, as corresponds to the avowed approx-
imations made in the proposed interpretation. The mea-
sure of the "mean distance" between bands, for instance,
is rather vague. But the whole interpretation seems quite
plausible and in that sense everything fits within a pic-
ture which does unmistakeably bear out the quasi-2D
nature of the spectrum, even for d= 100 A, when most of
the electron population is above the top of the potential
wells. These electrons are highly delocalized but there is
no way to identify WpL with the Fermi energy, even if
this is self-consistently calculated, since a gap exists be-
tween occupied delocalized states which do not therefore
have free-electron-like behavior.

While allowing us to see the infIuence of the key param-
eters, Ng and d, this also provides a reasonable basis to
attempt an actual calculation of the photoluminescence
spectrum.
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