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High-resolution electron-energy-loss spectroscopy (HREELS) is used to study é-doped GaAs sam-
ples with varying silicon dopant concentration. The §-doped layers were grown by molecular-beam
epitaxy at a substrate temperature of 600 °C and the silicon atoms were incorporated 20 nm un-
derneath the surface. Characteristic loss structures are observed in the HREEL spectra and are
attributed to the excitation of quasi-two-dimensional (2D) plasmon modes confined to the 6-doped
region. A three-layer model of a confined free-electron gas is presented to understand the nature
of the quasi-2D plasmon loss features. The experimental loss spectra are compared with simula-
tions calculated self-consistently for free-electron density profiles in §-doped GaAs. The spread of
the dopant atoms and the level of electrically active dopants are fitting parameters. A significant
difference is observed between profiles resulting from doping concentrations in the 10’2 ¢cm~2 and
in the 10'® ¢cm™2 range. In the samples with low doping levels all silicon atoms are incorporated
as electrically active centers and the dopants segregate asymmetrically in direction of growth. In
the samples with high doping levels autocompensation and an additional Si-pair diffusion process

15 FEBRUARY 1993-1

appear where the dopant diffuses symmetrically around its original location.

I. INTRODUCTION

Recently there has been considerable interest in locally
restricted, so called 6 doping of GaAs and Al,Ga;_,As
layer systems.! This §-doping technique plays an im-
portant role in the fabrication of modulation-doped
GaAs/Al;Gaj_,As heterostructures with both very
high electron mobilities and densities and in quantum-
electronic and photonic device research!. For n-type dop-
ing the growth is interrupted to deposit Si donors on the
surface. Subsequent growth is assumed to bury these
donors. If the Si donors are confined in a few monolay-
ers, the doping profile becomes narrower than the spatial
extent of the electron wave functions. Therefore one ex-
pects to observe effects of a two-dimensional (2D) elec-
tron gas.?®

However, in the recent years, several investigations
by means of magnetotransport measurements,?®
secondary-ion  mass  spectrometry  (SIMS),6710
capacitance-voltage (CV) profile measurements,'* '3 and
Raman spectroscopy!* have shown that the ideal é-
function-like doping profile is not realized in practice.
The Si donors spread over several tens of monolayers
mostly in the direction of growth,46:15:16

Although the Si donors are not confined in just two or
three layers, they generate a V-shaped potential well in
GaAs with a quasi-2D electron gas. The electron ener-
gies for motion perpendicular to the surface are quantized
into 2D subbands.?2™5 The total depth of the well depends
sensitively on the spreading of the donors. The level
structure and the expected subband occupations change
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only slowly.?

In this paper high-resolution electron-energy-loss spec-
troscopy (HREELS) is used to investigate §-doped GaAs
layers. When using collective surface excitations as
probes, the information depth of HREELS — unlike
other electron surface techniques — can easily be tuned
over a wide spatial range by changing the kinetic energy
and the angle of incidence of the probing electrons in the
experiment. Our main interest is the correlation of plas-
mon loss features in the HREEL spectra attributed to
the quasi-2D electron gas in the 6-doping layer, and the
dopant profile, e.g., the spreading of the Si donors during
growth. Numerical calculations have been used to fit the
HREELS data to a simple model with a step-function-like
doping profile. We show that the observed loss features
are caused by plasmon modes in the quasi-2D electron
gas of the §-doping layer. Analytic calculations of the ef-
fective dielectric function of a simple three-layer system
are made to derive the dispersion relation of the associ-
ated plasmon modes.

II. EXPERIMENT

GaAs structures with a Si 6-doped layer were grown
in a Varian Mod Gen II molecular-beam-epitaxy (MBE)
system. Each structure was grown on a GaAs(100) sub-
strate and consists of an undoped 0.5-um-thick GaAs
buffer layer (background doping p < 104 cm~3) and a
single 6 layer close to the surface. The 6-doping con-
centrations Ng; are 0.64 and 2.6 x 103 ¢cm~2 Si atoms
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deposited 20 nm beneath the surface. The GaAs growth
was interrupted during the evaporation of Si. The growth
rate for GaAs was 0.8 um/h and the substrate temper-
ature during growth was 600°C, as determined by an
Ircon infrared pyrometer. The growth process was ter-
minated by cooling down the wafer to —10°C within the
arsenic beam. This procedure provides an arsenic passi-
vation layer on the GaAs surface, which is required for
subsequent handling in atmosphere.

5 mm x10 mm samples were cleaved from the wafers
and mounted on a sample holder. The holder was
equipped with a 25-um-thin sawtooth folded tantalum
heating foil on the back side of the sample. The
loaded sample holder was inserted into a turbomolecu-
lar pumped UHV system (base pressure 1 x 107¢ Pa)
and the sample was heated by a current through the tan-
talum foil to about 150 °C and held at this temperature
for 15 h in order to remove gaseous contaminations.

Next, the sample and holder were transferred to the
HREELS analysis chamber by means of a magnetic trans-
fer system. This analysis chamber is pumped by an ion
getter pump and a titanium sublimation pump (base
pressure below 5 x 107% Pa). It is equipped with a
HREEL spectrometer (our design), a low-energy electron
diffraction (LEED) system, and an Auger electron spec-
trometer (AES). While the arsenic passivation layer was
removed by heating the sample to 400 °C for about 10
min, the system pressure increased to about 1 x 10~¢
Pa. The sample temperature during decapping was mea-
sured by an Ircon infrared pyrometer. The end of the
decap process was indicated by a decrease of the system
pressure and a slight variation in the color of the sample
surface.

After desorption of the arsenic passivation layer surface
contaminations were checked by AES and HREELS. For
both techniques any contamination was below the detec-
tion limit. LEED showed clear 1 x 1 spots with a light
4 x 4 superstructure, indicating an As-rich (100) surface.

HREEL spectra were aquired in specular geometry
with primary electron energy Ey varying between 2 and
23 eV and an incident angle 6 between 50° and 75° to
the surface normal. The full width at half maximum
(FWHM) of the directly transmitted beam through the
spectrometer is 7 meV. Samples which had been grown
on an undoped substrate were prepared for measurement
of the Hall mobility and the 2D free-electron density of
the 6 doping at room temperature.

III. RESULTS

In HREEL spectra of a semi-insulating GaAs sample
without doping (not shown here) only loss features at-
tributed to (multiple) excitations of the surface mode
of the GaAs optical phonon at (multiple of) 36 meV
appear. There, the width of the quasielastic peak at
half maximum is 9 meV, close to the resolution of the
HREEL spectrometer. When there is a Si §-doping level,
Nsi = 6.4x 1012 cm™2, 20 nm beneath the surface (sam-
ple Nos. MBE 2182 and 3087), the HREEL spectra
change significantly, as shown in Fig. 1. The width of the
quasielastic peak is increased up to a FWHM of 75 meV
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FIG.1. HREEL spectra of a §-doped GaAs structure with
6.4 x 102 cm™? silicon atoms 20 nm beneath the surface (solid
lines). Theoretically simulated spectra in dashed line are ob-
tained from a simple doping profile model [see Fig. 4(a)]. The
broadening in the spectra is caused by excitations of a plas-
mon mode in the quasi-2D electron gas of the § layer.

for a primary energy Fy = 2 €V and an angle of incidence
@ = 70°. The GaAs optical surface phonon is completely
obscured by a broad loss continuum. The integrated in-
tensity of this loss continuum normalized to the intensity
of the quasielastic peak is plotted in Fig. 2 as a function of
the kinematic factor 1/kg cos 8, where ko is the wave vec-
tor of the incident electrons with a kinetic energy of Ejq.
Two identically grown §-doped GaAs wafers (MBE 2182
and 3087) were used to obtain the data. There is a lin-
ear correlation between the integrated intensity and the
kinematic factor.

HREEL spectra from two different samples with the
8-doping level Ng; = 2.6 x 103 cm~2 (MBE 2205 and
3123) and recorded under differing experimental condi-
tions (Fo and 6) are shown in Fig. 3. The strong ener-
getic broadening of the quasielastic peak as in the spectra
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FIG. 2. Integrated intensity of the whole HREEL spectra
divided by the intensity of the quasielastic peak vs kinematical
factor of the probing electrons. Open squares (MBE 2182)
and closed circles (MBE 3087) indicate two different wafers
each with 6.4 x10'? cm™2 silicon atoms 20 nm beneath the
surface.
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FIG. 2. Integrated intensity of the whole HREEL spectra
divided by the intensity of the quasielastic peak vs kinematical
factor of the probing electrons. Open squares (MBE 2182)
and closed circles (MBE 3087) indicate two different wafers
each with 6.4 x10'2 c¢cm™? silicon atoms 20 nm beneath the
surface.

of Fig. 1 is not observed. However, we observe a slight
broadening compared to GaAs without any doping. A
new broad loss feature arises at about 60 meV for high
primary beam energies (compare Fig. 6).

Additionally, Hall measurements were made on both
6-doped structures. The Hall free-electron density Ngan
and the Hall mobility pp.n at room temperature are
listed in Table I.

The surface potential was used as a surface sensitive
quantity to characterize the status of the GaAs surface
after decapping. Therefore, in a separate UHV system
equipped with an ultraviolet photoemission spectrom-
eter (UPS) measurements of the band bending at the
GaAs surface were performed. The decapping process of
the arsenic passivation layer was identical to that in the
HREELS system. We derived a surface potential, i.e., a
difference of 0.65 eV between the conduction-band edge
E¢ and the Fermi level Ef at the surface. This value is
in agreement with the data known from literature.l”

IV. DISCUSSION

For modeling our experimental results we first con-
sider a realistic spreading of the dopants in a é-doped
layer. The spatial spreading of the electrically active

TABLE 1.
tures.

donors and the resulting volume doping density vary with
the temperature of the substrate during growth.5:7:9:15,18
There is a saturation of the volume doping density,
closely corresponding to the solubility limit for the
given temperatures.*!4 Below a §-doping level of about
Nsi < 1.2 x 10'3 c¢cm~2, all silicon atoms are expected
to be electrically active.%1%12 With higher doping levels
compensation effects occur'®!® and DX centers become
relevant.!?

In order to fit our HREEL spectra we have to model
the spatial distribution of the dopant in our samples.
Thereby we distinguish two different processes for the
rearrangement of the Si donors during growth. For the
first process we assume that the Si donors only spread
asymmetrically in the direction of growth.%6:15,16 Thig
process is a Fermi-level pinning-induced segregation dur-
ing growth, caused by the space-charge field which drives
the positively charged donors towards the surface.?? The
second process is considered to be a symmetrical diffu-
sion of the donors with respect to their original location.
In our model the doping profiles according to these pro-
cesses are both roughly simplified by rectangular-shaped
functions. The doping model is then used as an input for
a numerical simulation of HREEL spectra. Based on the
assumed dopant distribution a self-consistent calculation
of the conduction-band profile is performed in which the
Schrédinger and Poisson equations are solved. The ob-
tained free-electron density profile n(z) is then used for
the calculation of the dielectric scattering cross section
in HREELS. See Appendix A for details.

In the case of the low §-doping level, Ng; = 6.4 x 1012
cm™2, the segregation process towards the surface dom-
inates and we suppose all Si atoms to be electrically ac-
tive. Here we use the spatial spreading length of the
donors in the growth direction as a fitting parameter to
our HREELS data, while the product of spreading length
and volume doping level is kept constant at 6.4 x 1012
cm™2. The model of the doping profile of the low-doped
6 structure is shown in Fig. 4(a).

Although the é layers are doped with an electrically
active dopant concentration Np, the number of free elec-
trons Ng is considerably lower than Np due to band
bending at the GaAs surface. Some of the free electrons
supplied by the donors are localized in surface states and
form a barrier. The resulting conduction-band profile
and the associated free-electron density profile n(z) for a
doping level Ng; = 6.4 x 10'2 ¢cm~? are shown in Fig. 5.
The integrated area of this profile yields the total num-
ber of free electrons Ng in the § layer. These calcula-

Experimental doping concentration Ng; and depth d of the Si §-doped GaAs struc-
Free-electron concentration Npan and mobility ppa.n obtained from Hall measurements.

Electrically active doping concentration Np and free-electron concentration Ng obtained from a
simulation of the HREEL spectra (see Appendix A) using a simple doping profile model (Fig. 4).

Ns;i d Nua1,300 K £Hal1,300 K Np Ng
(ecm™2) (nm) (cm™2) (ecm?/V s) (em™%) (ecm™2)
6.4 x10*2 20 9.5 x10%! 1550 6.4 x 102 1.3 x 10'?
2.6 x1013 20 9.3 x10'2 865 1.9 x 1018 9.5 x 102
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FIG. 4. Doping profile models of the 6-

doped GaAs structures. The spreading of the
dopants is simplified by rectangles (solid and
dashed lines). For the low-doped structure

1 (a) there is only an asymmetric spreading to-
wards the direction of growth. In addition, a
symmetric diffusion of the dopant arround its
intentional location is considered for the high-
doped structure (b). In that case not all the
silicon atoms are electrically active. The re-
sulting doping profile is shown as a solid line.
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30 The arrow indicates the original location of
the 6-doping during growth.

tions have been made for a variety of different spreading
lengths in our doping model.

The best fits for the low-doped 6 structure together
with the experimental spectra are shown in Fig. 1. There
is good agreement with our experimental data. The
broad energy-loss continuum leading to a broadening of
the quasielastic peak is well reproduced by our model. A
spreading of 17 nm of the Si donors towards the GaAs
surface has been used to fit the HREEL spectra. This
value is in agreement with the spreading length measured
by Wagner et al.!* and Santos et al.l® with a similar
doping level and a similar substrate temperature during
growth. The volume doping density of the é layer in our
model is 3.8 x 108 cm—3,

For the high §-doping level Ng; = 2.6 x 1013 cm~2 we
have to consider both processes of rearrangement of the
Si donors, the asymmetrical segregation to the surface,
and a symmetrical diffusion with respect to the origi-
nal 6-doping location. The spreading length towards the
surface is assumed to be identical to the thickness of the
GaAs top layer (20 nm). Here the spreading length of
the symmetrical diffusion process is used as a free pa-
rameter to fit the experimental data. In addition, the
volume doping levels for both processes are used as pa-
rameters to fit the HREEL spectra of the high-doped §
structure. The sum of the electrically active dopants Np
is lower than the concentration of built-in Si atoms Ng;
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FIG. 5. Self-consistently calculated potential profile

(conduction-band edge, solid line) and free-electron density
profile (dashed line) for the doping profile model of Fig. 4(a).
The perpendicular lines indicate the spreading range of the
dopants.

because compensation becomes relevant. The resulting
doping model of the high-doped § structure is shown in
Fig. 4(b).

The HREELS simulations have been performed as for
the low-doped § structure (see Appendix A). The best fits
yield a segregation of 7x 102 cm~2 Si donors to the direc-
tion of the surface. In addition, 1.2 x10!3 cm~2 Si donors
diffuse symmetrically over a range of 10 nm [Fig. 4(b)].
The corresponding electrically active dopant concentra-
tion Np and the calculated free-electron density Ng in
the 6 layers together with the values obtained by Hall
measurements are compared in Table I. The volume den-
sity of the donors segregating into growth direction is
very similar to that obtained with the low-doped sample.
An estimation of the coefficient according to the symmet-
ric diffusion yields D = 2.8 x 10715 cm?/s. This diffusion
coefficient is about two orders of magnitude higher than
that of atomic Si diffusion in GaAs, but it is in agreement
with values found by Nutt et al. for Si-pair diffusion in
highly 6-doped GaAs samples.l® The fits together with
experimental spectra are shown in Fig. 3. The slight
broadening of the quasielastic peak is well reproduced.
The measured spectrum for Ey = 15 eV and 6 = 70° is
shown in greater detail in Fig. 6 together with the calcu-
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FIG. 6. HREEL spectrum of a §-doped GaAs structure
with 2.6 x10'3 cm™? silicon atoms introduced 20 nm beneath
the surface (solid line, magnified spectrum from Fig. 3). In
the dashed line the simulated spectrum according to a simple
doping profile model is given [see Fig. 4(b)]. The energy loss
at 60 meV is caused by excitation of a plasmon mode in the
quasi-2D electron gas of the é layer.
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lated one. The observed energy loss at 60 meV is in good
agreement with the simulation from the doping model.

The integrated intensity of the broad loss continuum
observed for the low-doped samples (Fig. 2) contains the
sum of all elastically and inelastically scattered electrons
accepted by the analyzer. If we approximately assign
the offset in the linear dependence to the elastically scat-
tered electrons, then the remaining amount of inelasti-
cally scattered electrons is proportional to the kinematic
factor 1/kg cos#. The product ko cos§ is proportional to
the velocity component of the incident electrons normal
to the surface and thus 1/kg cos is proportional to the
time 7 the incident electrons reside close to the GaAs
surface. Therefore the loss probability of the electrons
is proportional to 7, as expected for excitation of low-
energy surface modes.?!

The doping models described above yield good fits to
our HREEL spectra and they seem to be appropriate pic-
tures to describe the physical properties of our é struc-
tures. It is, however, useful to reach a more detailed un-
derstanding of the physical origin of the observed char-
acteristic spectral features. We will show now qualita-
tively that the broad loss continuum at low loss energies
is caused only by confinement of the free-electron gas in
a thin layer. For this purpose we make the simplifying
assumption that the free-electron gas is embedded as an
interlayer in a material without any other oscillators, in
particular without any phonons. This quite simple three-
layer model is shown in Fig. 7. A plasma layer of thick-
ness dp is arranged between an oscillator-free top layer of
thickness d; and an oscillator-free substrate. All layers in
this model have the same high-frequency limit e, of the
dielectric function. The plasma layer is described by a
Drude oscillator. In the case of vanishing plasma damp-
ing the embedded free-electron plasma in the three-layer
model has two collective surface modes w4 for each wave
vector k (see Appendix B).

The effect of confining the free electrons in a thin
layer on the dispersion of both plasmon modes wy is ex-
plained in Fig. 8. We have chosen as an example material
with the electronic properties of GaAs (but without any
phonon oscillators), where the thickness of the top layer is
d; =10 nm and the free-electron density of the confined
plasma layer is n = 10'®cm™3. The dispersion w (k)
depends on the thickness do of the free-electron layer.
With decreasing ds the high-frequency mode wy changes

dy El(w) = €0 top layer

2
wp

d = S
2 EQ(w) foo w? 4 dwy

plasma layer

e3(w) = e1(w) = €00 substrate

FIG. 7. Three-layer model with oscillator-free top layer,
a confined free-electron layer, described by a Drude dielectric
function, and an oscillator-free semi-infinite substrate.
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FIG. 8. Calculated dispersion relations w(k) of the plas-
mon modes of the three-layer model of Fig. 7 for different
thicknesses dz of the plasma layer (solid lines). The thickness
of the top layer is d; = 10 nm and the volume density of the
free-electron gas is 10'® cm™3. The plasmon damping factor
is neglected (v = 0). The dashed lines indicate the range of

the wave-vector transfer in a HREELS measurement.

only slightly. In contrast, the energy of the low-frequency
mode w_ decreases strongly with decreasing dz. In the
limit do — O this mode yields losses in the energy range
close to the quasielastic peak where they cannot be re-
solved anymore by the HREEL spectrometer.

In HREELS measurements the component of the wave
vector parallel to the surface is conserved in the scat-
tering process, but there is no conservation rule for the
perpendicular component of the wave vector.?! Therefore
the dispersion wy (k) is probed with wave-vector transfer
g (parallel to the surface). For small-angle scattering g
may be estimated to?!

ko sin 8
q = 2E,

hw. (1)

From Eq. (1) it follows that the phase velocity w(qy)/q
of the surface excitation is constant for given Ey and 6 in
the experiment. The dashed lines in Fig. 8 indicate the
limits of this experimental range for our HREEL spec-
trometer. Thereby the low-frequency mode w_ is probed
in an energy range close to the resolution of the HREEL
spectrometer.

While Fig. 8 provides information about the energies
of the plasmon modes in the model of a confined electron
gas, we have to consider the intensity of these modes in a
HREELS measurement. The structure of the loss inten-
sities in a HREEL spectrum is dominated by the energy-
loss function Im{—1/[€(w, k) +1]}.2! In order to calculate
the energy-loss function for the three-layer model we rein-
troduce a finite plasmon damping v # 0 into the plasma
layer.

As an example the energy-loss function with d; = da =
10 nm, Eg = 2.5 eV, and € = 60° is shown in Fig. 9 for
various free-electron densities. Both the high- and low-
frequency modes shift to higher energies with increasing
electron density. Notice the strong broadening of the low-
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frequency mode at smaller energies. These small energy
losses cause the broadening of the quasielastic peak. The
broadening strongly depends on the free-electron den-
sity in the plasma layer. There is a maximum intensity
of small energy losses for an electron density of about
10!8 cm~3 in this example. The plot represents the struc-
ture of the energy losses, but does not show the intensities
in a HREELS measurement. We get an estimation of the
HREELS intensities by multiplying the energy-loss func-
tion with f(w)/hw, where f(w) = [L—exp(—hw/ksT)]~!.
Therefore the higher-energy losses in Fig. 9 are supressed
compared to the low-energy losses. An observation of the
high-frequency mode becomes possible at higher primary
energies, where the plasmon modes become sharper and
the high intensity of low-energy losses is reduced (not
shown here).

This example clearly shows that the confinement of
free electrons in a thin layer leads to a high intensity for
low-energy losses in a HREELS measurement. Therefore,
the strong energetic broadening of the quasielastic peak
as observed for the present low-doped § structure can
be interpreted in terms of the low-frequency mode of a
quasi-2D plasmon. The high-frequency mode is not seen
here. For the high-doped § structure the broadening of
the quasielastic peak is much smaller. The observed new
loss feature at 60 meV (Fig. 6) is attributed to the high-
frequency mode of the quasi-2D plasmon in the é layer
(Fig. 9). It must be emphasized that the present analytic
treatment of the three-layer model can only qualitatively
explain the observed loss spectra since phonon oscillators
as in GaAs are not taken into account. For a quantitative
description coupling of surface phonons to the plasmon
modes cannot be neglected. However, this coupling is
taken into account in the simulation of the HREEL spec-
tra arising from the model of the dopant distribution.

V. CONCLUSION

In this paper we have shown that quasi-2D plasmon
modes of a single §-doped layer sufficiently close to
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FIG. 9. Calculated surface energy-loss
function of the three-layer model of Fig. 7 for
a hypothetical material resembling GaAs in
its electronic properties. The thicknesses of
the top layer and the plasma layer are both
10 nm. The free-electron mobility is 1000
cm/V's and the kinetic energy of the primary
electrons is Eo = 2.5 eV with an incident an-
gle 6 = 60°. The low- and high-frequency
quasi-2D plasmon modes are shown for dif-
ferent volume densities n of the free electrons
in the plasma layer.
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the GaAs surface can be observed with high-resolution
electron-energy-loss spectroscopy. The loss features in
the HREEL spectra are attributed to low- and high-
frequency collective surface modes of the confined free-
electron gas in the 6-doped layer. A three-layer model
is presented to understand the nature of these modes in
relatively simple physical terms. The results are appro-
priately described by the classical dielectric scattering
theory even for very thin layers with 2D quantization.

We have used the loss features of the quasi-2D plas-
mon modes in the HREEL spectra to develop a model
of the spatial donor density profile of the §-doped sam-
ples. In our model these profiles are rather simply de-
scribed as one (low-doped samples) or two (high-doped
samples) rectangular-shaped functions. However, simu-
lations of the HREEL spectra according to this simple
doping model produce good fits to the spectra measured
on our samples. In the case of the low-doped sample
all silicon atoms are electrically active and segregate into
the direction of growth. For high-doping concentrations,
an additional symmetric Si-pair diffusion with respect
to their original location with a diffusion coefficient of
D = 2.8 x 1071® ¢cm?/s is found.

SIMS and CV profiling techniques are limited in their
application when the é doping is very close to the surface.
Therefore HREELS may provide a new and potentially
important method for studying the spatial donor profile
of a 6-doped layer close to the surface.
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APPENDIX A: SIMULATION OF HREEL
SPECTRA

The density profile n(z) of free electrons for the as-
sumed doping profile (Fig. 4) has been calculated by
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using the Hartree approximation. The Schrédinger
and Poisson equations have been solved self-consistently.
Band bending, segregation of the donors, and the non-
parabolicity of the conduction band have been taken into
account. Background doping of the GaAs of less than
10'4 cm~3 was neglected. The remaining free electrons of
the 6 layer are Fermi distributed among the 2D subbands
and the sum of the squares of the electron wave functions
of the subbands was used to derive the free-electron den-
sity profile n(z). The calculated free-electron profile is
then used as an input for a simulation of the HREEL
spectra, as described below.

Since the HREEL spectrometer detects only small an-
gle deviations from the specular direction, the incident
electrons couple to exitations in the sample essentially
via dipole scattering (dielectric theory). It is therefore
appropriate to describe the sample in a macroscopic pic-
ture by an effective frequency-dependent dielectric func-
tion. The spatial free-electron density profile n(z) has
been approximated by a histogram n; of about 20 layers
to simulate the effective dielectric function. Each layer
of thickness d; in the histogram is described by the di-
electric function

(€st = €oo) W%O wg J
(@) = __Ymi (A1
€j(w) = €0 + wioy —w? —iwl w2 4wy (A1)

Here €5y and €., are the zero- and high-frequency lim-
its of the dielectric function, wro the transverse opti-
cal phonon frequency, and I' the phonon damping fac-
tor. The values for the phonon part of the dielectric
function are well known from the literature.??2 The free
electrons are described by the Drude model with the
plasma frequency wp ; of the jth layer and the plasmon
damping factor 7. The plasma frequency is given by
w?; = nje?/meo, with n; the free-electron 3D density
of the jth layer in the histogram, and m the mean ef-
fective mass of free electrons in the 2D subbands. The
plasma damping is considered to be only Ohmic. There-
fore we have estimated v by the measured free-electron
Hall mobility v = e/mumnan-

Lambin, Vigneron, and Lucas have derived the effec-
tive dielectric function €(w, k) of a multilayered system
by dielectric scattering theory.?® The electrons are con-
sidered as classical particles, while the multiple absorp-
tion or emission of phonons or plasmons are described
in a quantum-mechanical picture. From solving a Ric-
cati differential equation they derived a continued frac-
tion for é€(w, k), which may be rewritten to the recursive
equation??

Hw, k) = & (A2)
with
= e €j+1 + €, tanh(kdj) (A3)

R Gj +€j+1 tanh(kdj)'

Here ¢; is the dielectric function Eq. (A1) and d; is the
thickness of the jth layer. The first layer (j = 1) is close
to the surface, the last layer (j = b) is the semi-infinite
substrate, yielding €, = €.

The simulation of HREEL spectra is based on an in-
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tegration of the classical loss probability for an electron
losing the energy hw within a range of surface wave vec-
tors which scatter the probing electrons into the detector
aperture. For the scattering cross section the standard
dielectric formalism is applied.?! The temperature of the
samples (300 K) is taken into account by a Poisson dis-
tribution of multiple-loss peaks. Also, a convolution of
the calculated losses with the transmission function of
the HREEL spectrometer is performed. Details are given
elsewhere.?3

Several HREEL spectra have been simulated using the
histogram profile n; of the free electrons for different
spreading lengths of the donors. In each layer the phonon
oscillator and the plasmon Drude term of Eq. (Al) are
used. Then the calculated HREEL spectra were com-
pared to our experimental data. The doping profiles
resulting as best fits to our HREEL data in the entire
experimental range of Ey and 6 are shown in Fig. 4.

APPENDIX B: SURFACE MODES OF A
CONFINED FREE-ELECTRON LAYER

Consider a three-layer system composed of a top layer
of thickness d; with a dielectric function €;, an addi-
tional layer of finite thickness do with another dielectric
function ez, and a semi-infinite substrate, again with a
dielectric function €; as for the top layer. Then Egs. (A2)
and (A3) lead to an expression for the effective dielectric
function €31, (w, k) of the three-layer system, given by

fr(w, k) =e1 |1 - 57— X:))il (Al(;))—(f )— X, A(w)] ’
(B1)
where we have used the notations
X, = exp(—2kd;) (B2)
and
Aw) = 2 —el) (B3)

€1 (w) + 62((.4.!) ’

The dispersion relations of the surface modes in this
model are readily found by noting that they appear as
poles of the energy-loss function Im{—1/[é(w,k) + 1]}.
From Eq. (B1) the condition €3z (w,k) + 1 = 0 gives

€e1+1
61—-1

In Egs. (B1)-(B4) the dielectric function €;(w) of the
top layer and the substrate, and the dielectric function
ez2(w) of the interlayer are still general. The surface
modes of a confined free-electron layer are found by at-
tributing €5 of the interlayer to the free-electron gas as
shown in Fig. 7. For simplicity we neglect all phonon
oscillators in this layered structure to derive solely the
influence of a Drude electron gas located in the second
layer. The top layer and the substrate are described by
the dielectric constant

[AW)™ = X AW)] = X1 (1 - X3).  (B4)

€1(w) = €0 (B5)
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TABLEII. Limits of low- and high-frequency modes Eq. (B10) of a confined free-electron plasma,
(Fig. 7).
kdz — 0 kdz — oo
(thin plasma layer) (thick plasma layer)
f)rfl(i::zendent wy — \7_5% bulk frequency w_ — 7“5’% interface mode
kdl — 0 kd w
(thin top layer) Y- T Wy i1 0 wi = 7ty surface mode
kd1 — OO kdg w. .
(thick top layer) W- e 0 wt — &= interface mode

and the second layer of the three-layer model is consid-
ered as a plasma layer with the Drude dielectric function

w?

v (B6)

2lw) = o = ar iy

Inserting Egs. (B5) and (B6) into Eq. (B4) and neglecting
the plasmon damping factor (y = 0) we are led to the
secular equation

w*—w?[(14X2) wf+(1-X3) wip]+(1-X2) wfwip =0,

(B7)
where
2 W
wr = K (B8)

is the interface mode between two semi-infinite media
described by the dielectric functions €;(w) of Eq. (B5)
and ez(w) of Eq. (B6), respectively, and

w? Y% 14x, =1 B9
SD_2600 1e¢,0+1 (B9)

is the dispersion relation of a surface plasmon of a ho-
mogenously doped sample, described as a semi-infinite
free-electron layer with the Drude dielectric function
€2(w) and an oscillator-free depletion layer of thickness
d; above. The solutions of Eq. (B7) may be written as

2
w
wi =2 [1+Ci \/X2+C’2] (B10)
o0
with the abbreviation
1léeo—1
== X: (1 - X5). B11
;=X (- Xo) (B11)

In order to show the behavior of Eq. (B10), the limits
of low- and high-frequency modes w4 for very thin and
very thick layers are compared in Table II.
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