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The free-carrier-induced plasma excitation in 5-doped p-type GaAs(001) has been studied by means of
high-resolution electron-energy-loss spectroscopy (HREELS). Several samples, with different values of

doping and depth of the dopant layer, have been investigated at various primary-beam energies. The

HREEL spectra show a strong dependence on the doping level. We were able to reproduce satisfactorily

all the measured spectra using a suitable dielectric model of a classically con6ned free-carrier gas, point-

ing out the two-dimensional character of the free-carrier gas in the samples having the two lowest dop-

ings. On the contrary, a characteristic three-dimensional behavior of the plasma excitation is exhibited

by the most doped sample.

I. INTRODUCTION

Recently, interest in the study of low-dimensional sys-
tems has grown considerably and has been motivated not
only by the basic physics, connected to their characteris-
tic electronic properties, but also by the technological ap-
plications, like quantum devices. ' "Classical" examples
of such low-dimensional systems are the accumulation
layer obtained in metal-oxide-semiconduction (MOS)
structures' or at the surface of semiconductors like ZnO
(Refs. 3 and 4) or InAs. The advent of the technique
of epitaxial growth allowed the building of new kinds of
such structures having interesting properties. In particu-
lar, the advances of molecular-beam epitaxy (MBE) al-
lowed us to control the growth of the structure at the
atomic-layer level, so that by interrupting and restarting
the semiconductor growth after a planar doping, one can
obtain the so-called 5-doped structure, in which the
dopants are confined within a few monolayers. The ideal
5-doped structure, where only one atomic layer is doped,
has not yet been achieved in the practice. Measurements
of capacitance-voltage (C- V), magnetotransport, ' and
secondary-ion-mass spectroscopy (SIMS) (Refs. 11 and
12) showed that the diffusion of the doping impurities
(e.g., Si and Be in GaAs} occurs in a region of at least
20-30 A, even at the lowest growth temperatures.

In these systems, carriers released by the dopants are
confined inside the potential well setup by the ionized im-
purities. The spatial extension of this potential well and
of the free-carrier gas can be determined by solving self-
consistently the Schrodinger and Poisson equations. '
Since this extension is comparable to the de Broglie
length of the carriers, the carrier motion is quantized
along the normal to the dopant plane (z direction), while
in the x -y plane the motion is free. The system, there-
fore, is, quasi-two-dimensional (2D), and the electronic
structure is characterized by discrete levels (subbands).
The electronic structure depends o the spatial distribu-
tion of the dopants, provided its extension is comparable
to the width of the potential well. ' ' In these systems

the 2D behavior is retained up to a spatial extension of
the gas by several hundreds A. Above this value a transi-
tion from 2D to a 3D behavior occurs, as shown theoreti-
cally by Poole et al. ' and experimentally by Sernelius
et ol. ' for a metal-insulator-semiconductor (MIS) struc-
ture.

The dimensionality of the free-carrier gas is reflected
by its collective excitation. An ideal 2D gas is character-
ized by a so-called acoustical dispersion of the collective
excitations; that is, the plasmon frequency goes to zero
when the wave vector

qadi

~0, ' while in a 3D gas this fre-

quency always retains a nonzero value.
The collective excitations in a 3D system have been

widely studied by means of high-resolution electron-
energy-loss spectroscopy (HREELS} (Refs. 18-20} and
Raman spectroscopy, ' while in a single 2D electron gas
(2DEG) they have been investigated much less.

Recently Lohe et al. ' presented a HREELS investiga-
tion on n type 5-dop-ed GaAs(001} samples in which the
spectra were fairly well reproduced using a dielectric
model, also accounting for some dopant diffusion.

In the present work we studied, by means of HREELS,
the collective excitations (plasmons) of the free-carrier
gas produced by a p-type layer of dopants (Be), embedded
in GaAs(001) substrates many tens of A under the sur-
face, with three different charge densities. In particular,
we wanted to check the dimensionality of the free-carrier
gas in the difFerent conditions, by means of its response to
the electronic excitation. From the results of our mea-
surements it comes out that the samples corresponding to
the two lowest charge densities show expected 2D
behavior, while the doped samples show a highly clear
3D behavior. Moreover, by means of a suitable dielectric
modellization of the system we could extract the value of
the plasma damping, showing that in the sample with in-
termediate doping (3X10' cm } it strongly increases
with the plasmon wave vector. The paper is organized as
follows: after the description of the experimental details
(Sec. II), in Sec. III we present the results and in Sec. IV
we discuss the quasi-2D excitation spectrum and the
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models we assumed to calculate the theoretical spectra.
In Sec. V we discuss the experimental spectra in compar-
ison with the calculated ones, summarizing our con-
clusions in Sec. VI.

II.EXPERIMENT

TABLE I. Doping level and depth of the different samples
investigated in this work.

type 5-doping {cm ')

3 x10"

3 x10"

1x10"

depth (A)

80
80

150
300

80

Experiments were carried out at the surface physics
laboratory SESAMO, Dipartimento di Fisica, Universita
di Modena. The HREELS spectrometer (Leybold-
Heraus ELS-22) is contained in an UHV as a system also
equipped with low-energy electron diffraction (LEED),
Auger electron spectroscopy (AES), ultraviolet photo-
emission spectroscopy (UPS), x-ray, and other auxiliary
photoemission spectroscopy (XPS) facilities for sample
preparation. Base pressure was below 7X10 " mbar
(7 X 10 Pa).

The 5-doped p-type samples were grown in the TASC-
INFM Laboratory in Trieste by the MBE technique.
Several samples, with different values of doping and
depth under the surface of the dopant layer, were grown
and analyzed (see Table I). In a typical preparation, on a
GaAs(001) wafer (n+ doped —10' cm ' was grown a
buffer layer of GaAs, lightly p-type doped (1 X 10' cm ')
and about 5000 A thick, then, keeping the Ga and As
shutters closed, only Be was evaporated to obtain a layer
of dopant atoms. Finally, the growth of the lightly p-
doped GaAs layer was started again. The growth tem-
perature was about 580'C. The nominal doping densities
were 3X10', 3X10', and 1X10' cm . In order to
preserve the sample surface from contamination during
the transfer of the samples to the analysis chamber, they
were capped with a layer of amorphous As about 2000 A
thick, before breaking the ultrahigh vacuum. Once
transferred inside the analysis chamber, the samples were
decapped simply by heating at a temperature of about
350'C. After the As-cap desorption, the surface was per-
fectly mirrorlike and low-energy electron diffraction
(LEED) showed a clear 1X1 pattern superimposed on a
weak background. The cleanliness of the surface was
monitored by means of HREELS and AES. %e found a
slight C and 0 contamination that we believe does not
affect the results of our measurements, because the exci-
tations investigated are localized deep under the surface
(many tens of A). In the case of the clean cleaved
GaAs(110) surface the exposure to hydrogen or residual
gas severely affects the surface by producing band bend-
ing. On the clean GaAs(001) surface, however, the Fer-
mi level is already pinned by the intrinsic surface states.
Thus it is not affected by the contamination, as confirmed

by the bad-bending value determined on a MBE-grown
bulk n-type doped sample after decapping. In fact,
analyzing the HREELS measurements by means of the
dielectric model described below, we obtained a band
bending of 0.63 eV, in excellent agreement with the
literature value. '

HREELS measurements were performed at room tern-
perature (RT) in specular geometry, with an angle of in-

cidence of 65 and primary beam energies Eo in the
2 —50-eV range. The energy resolution was about 8 meV,
as derived from the full width at half maximum (FWHM)
of the elastic peak in the fitting procedure.

III. RESULTS

Figure 1 shows the spectra taken on three samples with
different doping densities but the same dopant layer
depth under the surface (80 A). It can immediately be
noted that the spectrum shape is strongly affected by the
doping value. The spectra taken on the more lightly
doped sample [3X 10' cm, Fig. 1(a)] are characteristic
of semi-intrinsic, i.e., undoped, GaAs. Indeed, besides
the quasielastic (q-e) peak, the only visible loss structures
are those due to the optical phonon at -36 meV and its
first overtone at -72 meV, without any evidence of
features due to a free-carrier gas.

Very different are the spectra taken on the sample
doped 3X10' cm, shown in Fig. 1(b), where the q-e
peak is strongly broadened. By increasing the primary
energy from 2 to 50 eV, the full width at half maximum
(FWHM) of the q-e peak decreases from -60 to -26
meV, values very large compared to the F%HM of the
spectra relative to the more lightly doped sample ( —11
meV). The optical phonon is almost completely screened,
and is visible only as a weak shoulder on the q -e peak
tail. Its feature can clearly be detected only at the
highest primary energies, where the q -e peak is narrower.
This behavior is, actually, the one expected on the basis
of the kinematic of the electron scattering in the presence
of an acoustical branch (see below).

Yet another behavior is presented by the spectra of the
sample having the highest nominal doping [1X 10'
cm, Fig. 1(c)]. With respect to the previous one, the

q -e peak is narrower and comparable to that of the more
lightly doped sample (the FWHM is 14—19 meV), but
with strong loss features. The most prominent one is cen-
tered at about 100 meV and is -40 meV wide, superim-

posed on a strong and Hat background, which achieves its
maximum intensity at Eo =5 ev.

Turning now to the effect of the depth of the dopant
layer on the HREEL spectra, Fig. 2 shows the spectra on
three samples with the same doping value (3X10'
cm ', but with the charge layer placed respectively at
80, 150, and 300 A under the surface. All the spectra are
characterized by a pronounced broadening of the q-e
peak, which decreases on increasing the primary energy,
while the optical phonon is strongly screened. Both the
broadening of the q -e peak and the phonon screening are
less pronounced for increasing depths of the dopant lay-

er, i.e., of the free-carrier gas.
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IV. DATA ANALYSIS

A. Elementary excitations in a 2D electron gas

As recalled above, one of the fundamental differences
between a 2D and 3D electron gas is the dispersion of the
collective excitations. In a 3D electron gas (3DEG) the
plasmon frequency attains a nonzero value in the long
wavelength limit [co i(3D)=4mn3De /m's„as qi~~O],
while in a 2DEG it approaches zero' [co i(2D)

=(2~nzDe lm'e„)qi as qii~O]. Here n3n (n2D is the
3D (2D) free-carrier density, m' the effective inass, and

qadi
the plasmon wave vector. Following the literature, in

analogy to the bulk phonon spectra, we will indicate the
dispersion behavior in the 3D and 2D cases as "optical"
and "acoustical, " respectively. Actually the term 2D
should strictly indicate an ideal 2DEG, namely a sheet of
charges having zero thickness and a single electronic
band. A real 2DEG (quasi-2DEG) has a finite thickness
and, usually, several occupied subbands, giving a complex
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elementary excitation spectrum. Mills and Yu and
Hermanson calculated the HREEL scattering cross sec-
tion for a real 2DEG (an accumulation layer of electrons
in parabolic bands) based on the nonlocal dielectric
response. They showed that, because of their relative
HREEL scattering cross sections, the single-particle exci-
tations and interband plasmons can be neglected with
respect to the intraband plasmons. In the case of only
two occupied subbands, the plasmon spectrum shows two
branches with different dispersions: an upper one, whose
energy is roughly proportional to Qq~~, and a lower one,

whose energy depends linearly on q~~. The lower
branch, however, exists only when the two populations
are physically separated; otherwise the excitation rapidly
decays into e -h pairs (Landau damping) and does not ap-
pear as a well-defined spectral feature. Moreover, Jain
and Das Sarma found that the finite thickness and cou-
pling between subbands actually modify the dispersion of
the upper branch with respect to the ideal 2D system
( ~ Qq~~), but without changing it substantially.

As a consequence, in the analysis of our experimental
results we can treat the free-carrier gas as an ideal one,
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FIG. 3. Schematic illustration of the kinematical conditions
in HREEL measurements of excitation having "optical" and
"acoustical" dispersion relation. The straight lines are the so-
called "kinematical straight lines, " deriving from the energy
and momentum conservation in the scattering process. The in-
tersection between the kinematical straight line and the disper-
sion relation curves corresponds to a feature in the HREEL
spectrum (surf-riding condition). The shadowed area represent
the region where the kinematical factor get values of the same
order of magnitude of its local maximum.

recalling, however, that the electronic structure of a p-
type 5-doped system is more complicated than an n-type
one, due to the degeneration of two valence subbands at
the I point of the Brillouin zone.

Besides the free-carrier collective excitation discussed
above, in polar semiconductors the optical lattice vibra-
tions also contribute to the dielectric response of the sys-
tem. In particular, the plasmon can couple with the elec-
tric dipole moment associated with the longitudinal-
optical (LO) phonon to give the so-called plasmarons,
collective excitations with mixed character. While one
plasmaron has an acoustical dispersion behavior, similar
to that of the 2D plasmon, the second one has an optical
dispersion relation.

In synthesis, the excitations characterizing our quasi-
2D system are the two plasmarons in the free-carrier re-
gion (5-doped region}, and the uncoupled optical phonon
in the surface region without carriers.

In Fig. 3 are depicted the physical basis of a HREEL
spectrum. Sketched in it are the dispersion relations of
the plasmarons, for brevity indicated as optical and
acoustical branches, and the HREEL kinematical curves
(straight lines) relative to two different values of the pri-
mary beam energy. From the theory, it can be obtained
that in specular geometry the dipole scattering cross sec-
tion is expressed by the product of the kinematical factor
(Kz } times the loss function (LF):

8 cT —I=KFIm
BficoBQ 1+s,s(q~~, co)

qll
KF ~

[v fq
~~

+ (co —
q~~ v~~ ) ]2

The kinematical straight line is the locus of the points
where Kz has its maximum value, corresponding to the
so-called "surf-riding" condition (co —

q~~. v~, =0). Its slope
depends on the experimental parameters, that is the ener-

gy Eo and the incidence angle 6I of the primary beam.
The slope increases with both Eo and 6». The shadowed
area represent the region where the kinematical factor is
given values comparable to its local maximum. It follows,
therefore, that the energy-loss features, for each Eo, will

occur at the interactions of the corresponding kinemati-
cal straight lines with the dispersion relation curves. The
features are sharp and well defined when the branch is
optical, and only a few modes can be excited in the region
around the intersection, whereas in the case of the
acoustical branch one can excite modes in a whole qll

range [0,q
~~

]. q
~~

can be negligible, and then no feature
associated with free carriers will appear in the spectrum.
Otherwise ql can be finite, and then a large broadening of
the quasielastic peak will occur.

B. Model calculations

From this situation described above the practical im-
possibility of deducing the properties of the acoustical
plasmon in a 2D systems follows directly from the experi-
mental HREEL spectra. The alternative approach is to
calculate theoretical spectra based on a suitable model
system and compare them to the experimental results, in
order to deduce the characteristic dispersion and parame-
ters of the system analyzed from the "best-fitting" spec-
tra. However, also defining the theoretical model is not
straightforward. A direct approach from first principles
to the description of the nonlocal dielectric response of
the real system is a very difBcult task. Theoretical
analysis of HREEL measurements taken on accumula-
tion layers has been treated, until now, only numerically
and in a quite complex way. ' A crude but much easier
approach could be the use of a fictitious model able to
reproduce the elementary excitations already discussed
above, namely the plasmarons and the optical phonon.
These requirements are met by a dielectric model consist-
ing in a thin 3DEG, that is a thin layer [of thickness dz
and background dielectric function s2(co)] containing a
carrier gas of density n, sandwiched between a semi-
infinite substrate (the bulk) on one side and a layer of
thickness d, in contact with the vacuum (the depleted
layer) on the other side, both with a background dielec-
tric function s&(co). The dielectric response of the
sandwiched carrier gas can be described by the Drude
term co &/co(co —iy &)

T—he p. lasma frequency is
cop(=4me [n3D/mhq+n3" /mD)q], where mhh)h is the
effective mass of the hole in the crystal and y &

is the
plasmon damping. This is the same approach used in the
description of heavily doped p-type bulk CxaAs, where
we showed that the dielectric response of a two-
component hole gas (heavy and light) is described by a
single Drude term.

The dielectric theory' ' ' allows us to obtain the
dispersion of the collective excitations of the whole sys-
tern having two branches, one with optical character and
the other with acoustical character. In other words, in
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the limit of "thin gas, " that is q~~d, «1, the confinernent
of a classical carrier gas produces an electron collective
excitation having acoustical dispersion' which coincides
with the plasma excitation of an ideal 2D electron gas.
This model, however, also predicts an optical branch
with a downward dispersion, the opposite of what is ex-
pected for the optical plasmaron branch of a "true"
2DEG

In spite of the strong approximations intrinsic in the
use of this dielectric model, reproducing the HREEL
spectra, at least the part near the q-e peak, can still pro-
vide important information about the behavior and prop-
erties of the free-carrier gas.

HREEL spectra calculations were carried out starting
from the above-described model by means of the Lambin
code, able to simulate a complete HREEL spectrum
through the computation of the effective dielectric func-
tion E,/co) of a system composed of difFerent layers, once
given the layer thickness d; and its dielectric function
E, (a)).

In our case two layers, the depleted region and the
bulk, are characterized by the simple lattice vibration
(phonon), described by a Lorenz oscillator term, added to
the background electronic contribution in the infrared re-
gion c.„:

(Eo—E„)coTo2

Eb.i~(~) =E.+
NTO CO LN P &h

(2)

with coTo=33.41 meV, y~h/coTo=0. 009 and E„=10.91,
co=12.91. The dielectric function of the thin layer, the
classically confined free-carrier gas, is obtained by adding
to Eb„&k(co) a Drude term E~~(co), determined by the un-

screened plasma frequency co
~

=4mne Im '.. Therefore

(Eo E )COTp CO i

2

EEo(CO) =E +
~ro ~ ~~r,h ~(~+&&i)

(3)

where co, and y, are the plasmon energy and damping
parameter.

V. DISCUSSION

The calculated spectra in better agreement with experi-
mental ones relative to the more lightly doped sample
correspond to a semi-infinite undoped GaAs substrate
(Fig. 4). This result comes from the lack of features due
to a free-carrier gas, and this is what is expected for a low
doping level. In fact, since the 2D-plasrnon energy is
proportional to the square root of the surface density of
free carriers, when the free carrier concentration is very
low the intersection between the kinematic straight line
and the dispersion curve is in practice limited to the q =0
point; thus there is no broadening of the q -e peak, nor
any other feature, exactly as if the sample did not contain
free carriers. Actually, we expected this behavior only at
doping levels lower than the actual one. In fact, simula-
tions performed by using the thin-gas dielectric model
and assuming the bulk effective masses of the heavy
(mh„=0. 45mo) and light (mhh =0.082mo) holes, indi-
cate that in GaAs HREELS could detect hole densities
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FIG. 4. Experimental spectra (points) for the sample nomi-

nally doped 3X10' cm —2 cm with the dopant placed 80 A
below the surface. Theoretical spectra calculated using the
"thin gas" dielectric model (see text), assuming a doping level

below 3X10' cm

down to 8 X 10" cm . We will discuss this point below
later.

Figure 5 shows the experimental and calculated spectra
superimposed relative to the sample 3 X 10' cm —80 A.
Since the order of magnitude of the typical excitation
wave vector, q~~, is 10 A ', we assumed the gas layer
thickness d2 equal to 5 A to fulfill the "thin" gas condi-
tion (q~~d2 ((1). We recall here that this value has no
connection with the extension of the electronic wave
function in the real system, because the "thin gas" is only
a way to simulate (almost exactly), the ideal 2D behavior
of the free-carrier gas. The spectra in the figure were ob-
tained by finding the best fit to the spectrum with Eo =5

eV, adjusting the thickness of the depleted layer (d I ), the
unscreened plasma frequency y &

and the plasmon damp-

ing (co, ), and then searching for their best fit at all other
primary energies, changing only the plasmon damping.
They are in fairly good agreement with experiments. In a
similar way, spectra relative to the sample with the same
doing but with different depth of the dopant sheet also
could be "fitted. " For the sake of simplicity, we do not
show them.

We also tried to reproduce the spectra by a dielectric
model similar to the one just described, but with a
"thick" free-carrier gas; that is, with the free-carrier gas
having a thickness comparable to the z extension of the
hole wave function (several hundreds A), assumed to
show a 3D behavior. In this case the best fit gave a poor-
er agreement with experimental spectra, and less reason-
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FIG. 5. Experimental (points) and theoretical (solid line)
spectra calculated by using the "thin gas" dielectric model (see
text), for the sample doped 3X10" cm with the dopant

0
placed 80 A below the surface. The model parameters are
shown in Table II.

TABLE II. Parameters obtained from the best agreement
between experimental and calculated spectra.

Depth (A) Eo (eV) d, (A) ay» (meV)Ypl

80
2
5

30
50

41.0
34.2
10.5
5.4

47

150

2
5

10
20
50

36.7
31.4
25.4
16.8
6.6

64.2 653

300

2
5

12
20
30
50

44.1

31.2
18.0
12.3
13.2
7.2

163.3

able parameters. Our results clearly show the expected
2D behavior of the hole gas produced in GaAs by a 5-
doping of 3X10' cm . The parameters we obtained
from the best-fit procedure are shown in Table II.

From the plasma frequency this obtained, fico &=653
meV, we can extract the surface density of the hole gas.

In fact, assuming that the sharing between heavy and
light holes and the effective masses are the same as in the
bulk, we find a hole surface density of =0.7 X 10' cm
a value well below the nominal doping. Together with
the result for the more lightly doped sample, this is a fur-
ther indication of the underestimation (by a factor 4—5)
of the free carrier surface density as derived from the
plasma frequency obtained from the best fit. This can be
attributed to two possible effects: (i) a free-carrier trap-
ping, connected to the intrinsic band-bending at the (100)
surface' and/or (ii) a different in-plane effective mass of
the holes. In a p-type 5-doped system, in fact, the elec-
tronic structure is quite complex: due to the strong inter-
mixing between heavy and light subbands, their disper-
sion is highly nonparabolic and show unexpected
features. ' ' In particular, the value of the in-plane
efFective masses (m

~~

) is different from the bulk ones, pro-
vided this parameter has still some meaning. Therefore,
only a calculation of the plasma frequency starting from
the detailed band structure of the system could allow one
to extract the real relation between co» and the free-
carrier concentration.

An interesting feature shown by the plasma damping

p» is its strong dependence on the primary energy, a
behavior similar to what is found in bulk p-type
GaAs(110), and ascribed to the Landau damping of the
collective free-carrier excitation. An analysis in this
direction is underway, and its results will be presented
separately.

Finally let us discuss the results obtained on the
highest doped sample (1 X 10' cm ). The spectra cal-
culated within the "thin-gas model" [Fig. 6(a)] show a
strong dependence on the primary energy Eo, as expected
from the scattering kinematics depicted in Fig. 3. The
experiments, on the contrary, show a plasmon feature
whose position depends only slightly on F., [see Fig. 1(c)].
This last characteristic is proper of an "optical" plasmon
in a 3D system, therefore we tried to reproduce these ex-
perimental data by assuming a "thick" gas layer. As can
be seen in Fig. 6(b), the HREEL spectra calculated within
the "thick" (3D) gas model are in much better agreement
with the experiment; in particular, the plasmon intensity
dependence on Eo is well reproduced. The parameters
used to fit the spectra are the layer width dz =400 A and
co &=400 meV (corresponding to a surface density of
1.5X10' cm ). The plasmon damping y i was found
to be 50 meV, comparable to the typical value found on
heavily p-type-doped bulk GaAs. Actually, at this high
doping level, the dopant atoms are probably diffused over
several hundred A and, therefore, the potential well is
also quite broad. Since the free carriers are holes, their
effective mass is high and the occupied subbands will be
numerous and very close to one another; therefore, it is
reasonable that in this condition the 2D~3D transition
has already occurred and therefore it is correct to find a
3D behavior of the hole gas. '

In summary, we found that the samples with the two
lowest dopings show a quasi-2D behavior, whereas the
sample with the highest doping shows characteristic
properties of a 3D free-carrier gas.
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lated by means of a dielectric
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VI. CONCLUSIONS

We have presented a HREELS investigation of the
low-energy excitations of 5-doped p-type GaAs(001) sam-

ples, with three levels of doping. We have shown that the
charge density of the doping layer and its depth under
the surface strongly affects the spectra. All experimental
spectra could be reproduced by the use of the suited
dielectric model. The more lightly doped sample
(3 X 10' cm ) appears as undoped, while samples with
intermediate doping (3 X 10' cm ) show spectra with a
large broadening of the quasielastic peak and an almost
complete screening of the surface optical phonon,
without any other evident features. Both sets of spectra
could be well reproduced by means of the dielectric mod-
el of a classically confined free-carrier gas, in the limit of
"thin gas, "which reproduces almost exactly the behavior
of an ideal 2D free-carrier gas. Conversely, in the spectra
of the most doped samples (1X10' cm ), a narrower
quasielastic peak and a well-defined loss structure appear.
The largest loss feature is attributed to a plasma excita-
tion with a well-defined 3D character, reasonably because

of the large number of occupied subbands in the potential
well produced by the doping layer.

The effect of the depth of the dopant layer has also
been investigated. This parameter affects the spectral
shape, but in a way that could be satisfactorily repro-
duced by the dielectric model.
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