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High-resolution electron-energy-loss spectroscopy~HREELS! has been used to study the~001! surface of
degeneraten-type InAs grown by molecular-beam epitaxy and prepared either by As decapping or ion bom-
bardment and annealing~IBA !. The effects of temperature on the conduction-band electron plasmon excitation
have been monitored with HREELS, and analyzed using dielectric theory in the framework of a three-layer
model consisting of the bulk, an accumulation layer, and a carrier-free layer at the surface. Specific emphasis
has been placed on the importance of the individual layer thicknesses, spatial dispersion, and plasmon lifetime
in obtaining good theoretical agreement with the experimental spectra. The measured plasmon spatial disper-
sion coefficient for the decapped samples was found to agree with the predictions of the Thomas-Fermi model,
but was significantly reduced for samples prepared by IBA. This is interpreted as a reduction in the average
carrier velocity due to additional defect scattering. Samples prepared by both methods showed a sharp increase
in plasmon damping at short wavelengths which is attributed to Landau damping. Ohmic damping of the
plasmon at long wavelengths was found to be greater in the ion-bombarded samples, again due to additional
defect scattering. IBA was also shown to increase the carrier concentration through the creation of donorlike
defects. Neither the surface-state energy nor the surface-state density were found to be significantly affected by
the IBA treatment.@S0163-1829~96!06928-7#

I. INTRODUCTION

The ~001! surface of InAs has for many years attracted
significant interest because of its unusual electronic
properties.1 In particular, an electron accumulation layer is
formed at the clean surface due to pinning of the Fermi level
in the conduction band by intrinsic donorlike surface
states.2,3 This behavior contrasts with most other III-V semi-
conductor materials, such as InSb and GaAs, whose intrinsic
and extrinsic surface states cause electron depletion in the
near-surface region.4 The high electron density at the
InAs~001! surface makes possible several interesting device
structures such as intersubband infrared detectors and nonal-
loyed Ohmic contacts.5

High-resolution electron-energy-loss spectroscopy
~HREELS! has proved to be a very useful technique for
studying the electronic properties of clean III-V semiconduc-
tor surfaces.6–19 The surface-plasmon modes accessible us-
ing HREELS give valuable information about band bending,
surface-state density, carrier concentration, and electron mo-
bility. These modes are also of fundamental interest as exci-
tations of an inhomogeneous electron gas. Much of this work
to date has been directed towards GaAs~001! ~Refs. 6 and 7!
and InSb~001!.8,9 Extraction of the parameters mentioned
above requires a detailed modeling of the near-surface region
using the dielectric theory of HREELS.10–13 For a surface
depletion layer, a simple two-layer model is generally suffi-
cient ~a carrier-free layer on top of the bulk!;13 however, for
an accumulation layer a more complex carrier profile is
required.18,19 This is due to the effect of the surface barrier
on the conduction band electron wave functions: it is effec-
tively infinite, and demands that the wave function be zero at
the surface. This produces a carrier-free layer whose dimen-

sions are determined by the de Broglie wavelength of the
electrons.18 This layer is indistinguishable in HREELS from
a depletion layer, although its origin is very different. Where
there is electron accumulation, however, the carrier profile
must rise from its bulk value and then fall to zero at the
surface. The accumulation layer thickness is controlled by
the screening length which is typically 30–100 Å for heavily
doped semiconductors.

The surface reconstruction can strongly affect the intrinsic
surface states, and hence the band bending. For example, it
has been shown that for InAs~001!, there is a significant
difference in surface electron density between the~432! In-
stabilized and~234! As-stabilized reconstructions.14 In ad-
dition, the surface preparation method used can also influ-
ence the surface and the near-surface electronic properties.
For InAs~001!, cycles of low-energy ion bombardment and
annealing~IBA ! introduce donorlike defects in the near-
surface region. These diffuse to a depth of at least 1000 Å,
and the defect density depends strongly on the IBA condi-
tions employed~i.e., ion energy, incidence angle, and anneal-
ing temperature!.15 A similar enhancement of electron con-
centration is found in the~001! surface inversion layer
formed inp-type InAs,20 and InAs quantum wells.21 Thermal
decapping of a protective arsenic layer provides an alterna-
tive method for surface preparation when the sample has
been grown by molecular-beam epitaxy MBE.3

In this paper, HREELS data from degenerate InAs~001!
~Si doped,n;531018 cm23! are presented and analyzed us-
ing semiclassical dielectric theory. The effects of different
surface preparation procedures, including both decapping
and IBA, have been studied along with the influence of the
substrate temperature. The results are modeled using a three-
layer system involving a semi-infinite bulk, an accumulation
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layer, and a carrier-free layer nearest the surface. The carrier
statistics of highly degenerate InAs have been calculated us-
ing the rigid-band Kane model in order to derive the tem-
perature dependence of the band bending.22 Calculations of
the electronic structure of the near-surface region are de-
scribed and compared with the dielectric theory model. The
influence on the HREEL spectra of plasmon damping, spatial
dispersion, Fermi-level pinning at the surface, and surface
preparation are discussed in detail.

II. EXPERIMENT

The experiments were carried out in a conventional
ultrahigh-vacuum chamber~base pressure;1310210 mbar!
equipped with low-energy electron diffraction~LEED!,
HREELS, and a variable energy argon-ion gun for sputter
cleaning. Sample heating was achieved by electron bombard-
ment from a tungsten filament behind the sample, with the
temperature measured by a chromel-alumel thermocouple in
direct contact with the sample. While taking HREELS scans,
the sample could be heated radiatively to between 500 and
600 K, with the chamber pressure kept at;2310210 mbar.

The HREEL spectrometer consists of a fixed monochro-
mator and rotatable analyzer, both of the 180° hemispherical
deflector type, with a four element entrance and exit lens

system. Incident electron energies (Ei) in the range 4–100
eV were used, and all spectra were collected in specular
scattering geometry~u i5us545°!. The instrumental resolu-
tion was typically 10-meV full width at half maximum
~FWHM! in the elastic peak, but was often degraded to;15
meV to improve count rates and reduce data collection times.
The elastic peak FWHM and the overall background of the
loss spectra were not affected by radiative heating. The po-
sitions of the loss peaks in the spectra are accurate to61
meV.

The samples were grown by~MBE! in a separate
system,23 and were protected from atmospheric contamina-
tion during transfer to the HREELS system by an As capping
layer.3 This layer was removed in the HREELS chamber by
annealing to 650 K for about 15 min, resulting in a some-
what disordered~431! LEED pattern. The samples were
later subjected to two cycles of IBA using conditions chosen
to minimize residual electronic damage~200–400-eV Ar1 at
grazing incidence,;3-mA sample current for approximately
10 min, annealing to 650 K!.15 This procedure gave rise to a
much sharper~431! LEED pattern.

III. HREELS RESULTS

A series of normalized HREEL spectra, taken at various
incident electron energies from clean InAs~001! samples fol-
lowing different surface preparations, are shown in Figs. 1
and 2. Figure 1~a! shows spectra~Ei54, 15, and 100 eV!
from a decapped sample held at 300 K, whereas Fig. 1~b!
shows the corresponding spectra from the same sample held
at 500 K. The broad peak observed at;120 meV in all
spectra is the conduction-band electron plasmon excitation.
The intensity of this feature relative to the elastic peak in-
creases at higher incidence energies, and the linewidth de-
creases. The peak position shifts to greater loss energy at low
incidence energies, with a total shift of about 6 meV at both
temperatures. All loss energies are about 5 meV lower at 500
K when compared with the corresponding spectra at 300 K.

FIG. 1. Specular (u i5us545°) HREEL spectra, recorded with
Ei54, 15, and 100 eV, from decapped InAs~001! surfaces held at
~a! 300 and~b! 500 K. The solid lines are the simulated spectra
calculated for the three-layer model within the semiclassical dielec-
tric theory using the parameters defined in Table I. All spectra are
normalized to the specular elastic peak.

FIG. 2. Specular (u i5us545°) HREEL spectra from IBA-
treated InAs~001! surfaces recorded with~a! Ei5100 eV and 300
K, ~b! Ei5100 eV and 600 K,~c! Ei56 eV and 300 K, and~d!
Ei56 eV and 600 K. The solid lines are the simulated spectra
calculated for the three-layer model within the semiclassical dielec-
tric theory using the parameters defined in Table I. All spectra are
normalized to the specular elastic peak.
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There is also a noticeable increase in the asymmetry of the
plasmon peak at lowEi , with the peak becoming less sharply
defined on the high loss energy side. The sharper peak at
;27 meV in the spectra recorded at lowEi is assigned to the
surface optical phonon. This shows little change of loss en-
ergy, but its intensity falls off rapidly with increasing inci-
dence energy. For energies greater than 15 eV, this loss peak
is hardly detectable, except as a shoulder on the elastic peak
~the instrumental resolution is, however, sufficient to resolve
this peak in all spectra!.

HREEL spectra taken from a sample treated by IBA, at
temperatures of 300 and 600 K and incidence energies of 6
and 100 eV, are shown in Fig. 2. The phonon loss peak
behaves in a very similar manner to that of the decapped
samples. The plasmon peak, however, shows slightly less
dispersion~;4 meV!, and appears to be less asymmetric at
low incidence energies.

The dispersion of the plasmon loss as a function of inci-
dent electron energy is shown in Fig. 3. Figure 3~a! shows
data from a decapped sample at temperatures of 300 and 500
K. At both temperatures, the plasmon energy exhibits a sig-
nificant decrease with increasingEi before reaching approxi-
mately constant values~120 meV at 300 K and 115 meV at
500 K! for incident energies above 40 eV. In contrast, the
plasmon energy observed in IBA-treated samples demon-
strates little dispersion at both temperatures, although the

energy of the plasmon is higher in both cases~123 meV at
300 K and 117 meV at 600 K!. It should be noted that in all
cases the scatter of the points is greater at low incidence
energies as the plasmon peak becomes broader and less well
defined.

Information concerning the plasmon lifetime can, in prin-
ciple, be extracted from measurements of the FWHM of the
plasmon at different electron energies. The dependence of
the plasmon FWHM~normalized to the FWHM of the elastic
peak! onEi is shown in Fig. 4. The two data sets correspond
to samples~decapped and IBA treated! held at 300 K. Both
plots show a sharp increase in plasmon width below about 8
eV, with a gradual decrease towards higher electron energies.

IV. ANALYSIS

This section deals with an analysis of the HREELS data
presented in Sec. III, and is split into three parts. Section
IV A introduces the basic ideas of semiclassical dielectric
theory. Section IV B is concerned with the modeling of the
various parameters required for the simulations. Finally, the
simulations generated by the model are presented and dis-
cussed in Sec. IV C.

A. Dielectric theory of HREELS

Specular HREEL spectra were simulated using the ap-
proach developed by Lambin, Vigneron, and Lucas24 in the
framework of semiclassical dielectric theory. A classical loss
spectrum is first calculated which includes only single losses.
The scattering is described by a surface loss function, deter-
mined by the dielectric function of the target, and a kine-
matic factor which takes into account the classical scattering
probability. Multiple losses~and gains! are then calculated
quantum mechanically. In this second stage, the instrumental
broadening is also taken into account by convolution with an
instrumental response function which can be fitted to the
elastic peak.

A three-layer model was used to analyze the HREELS
data presented in Sec. III. This consists of a semi-infinite
bulk, an accumulation layer in the middle, and a plasmon-

FIG. 3. The plasmon frequency plotted as a function ofEi for
InAs~001! surfaces prepared by~a! decapping and~b! IBA. The
points are the experimental data, whereas the solid and dashed lines
are the fits based on the simulations at low and high temperatures,
respectively.

FIG. 4. The plasmon FHWM, normalized to the FWHM of the
elastic peak, plotted as a function ofEi for InAs~001! surfaces
prepared by decapping~circles! and IBA ~squares! with the sub-
strate temperature fixed at 300 K. The lines are included simply to
guide the eye.
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free layer at the surface, with layer thicknessesd35`, d2,
andd1, respectively~Fig. 5!. The dielectric functions of the
layers are given by

« i~q,v!5«~`!F11
vph
2

vTO
2 2v22 igv

2
v i
2

v22b i
2q21 iv/tG ,

~1!

whereq andv are the excitation wave vector and frequency,
respectively,«~`! is the high-frequency dielectric constant
~12.25 for InAs!,25 and vph, g, and vTO are the phonon
strength parameter, damping parameter, and frequency, re-
spectively. These last three parameters were constant for all
layers.26

The final term in Eq.~1! represents the plasmon response
using a hydrodynamic description. The plasma frequencies
vi relate in the usual way to the effective mass~m* ! and
carrier concentrations (ni) by v i

25nie
2/«0«(`)m* , with v1

set to zero in all calculations. The other parameters are the
spatial dispersion~bi! in layers 2 ~accumulation! and 3
~bulk!, and the plasmon lifetime~t!, which is set equally in
both layers. The derivation ofbi and t is discussed in Sec.
IV B.

Apart from information concerning the spectrometer and
the scattering conditions, the above variables completely de-
fine the simulation of the loss probability. These variables
were adjusted to generate best-fit simulation curves over the
whole electron energy range employed. For a given data set,
only the plasmon lifetime was varied between electron ener-
gies and all other parameters were fixed over the whole in-
cidence energy range. The plasmon peak width could not be
fitted adequately without decreasingt at low incidence ener-
gies.

The parallel wave vector transferq is related toEi by

q5S me

2\2D 1/2S \v

Ei
1/2D sinu i . ~2!

The effective probing depth of the electrons is then given
approximately by the inverse of this wave vector.27 Changes
of probing depth with varyingEi affect the HREEL spectra
because of the layered structure of the substrate, whereas
changes ofq with Ei affect the plasmon response directly
through the spatial dispersion term. Both of these effects are

therefore mixed as the incidence energy is altered. This mix-
ing and compensation between certain parameters~for ex-
ample, increasing a plasma frequency while decreasing a dis-
persion coefficient! made it possible to generate superior fits
for a single electron energy, but which was based on a model
that generated very poor fits across the total-energy range.
Fitting over the whole energy range was considered essential
to produce a robust model for any particular data set.

B. Model parameters

The simple rigid-band Kane model was used to describe
the nonparabolic conduction band ofn-type InAs.22 This
model has recently been tested for InAs heavily doped with
Si,23 and provides a good description of the varying effective
mass for carrier concentrations less than 2.731019 cm23, a
condition satisfied in our experiments. The variation of the
band gap is very significant over the temperature range used
in these experiments, and has been described by Varshni’s
equation,28 using fitting parameters derived from the
literature.25 The carrier concentration and other electron-gas
parameters can then be calculated for various temperatures
and over a range of degeneracies. The conduction band is
highly degenerate at the doping levels used in these experi-
ments, with the Fermi level lying several hundred meV
above the conduction-band minimum.

It was assumed that the carrier concentration is indepen-
dent of the temperature, with the strong variation in the po-
sition of the Fermi level and of the band gap with tempera-
ture accounting for the changes in the electron-gas properties
in this system. HREELS studies of degenerate InSb, the con-
duction band of which can also be accurately described using
the Kane model, have shown that changes in the measured
plasmon response are due to shifts in the Fermi level with
temperature, with no significant changes in the carrier
concentration.13 With this assumption, the Fermi level, the
carrier velocity at the Fermi level, the effective mass at the
Fermi level, the plasma frequency, and the Thomas-Fermi
screening length can all be calculated at different tempera-
tures. Figure 6 shows a plot of both the plasma frequency
and Fermi-level position as a function of carrier concentra-
tion for the temperature ranges relevant to this study~300
and 600 K, respectively!.

Values for the plasmon lifetime~t! and spatial dispersion
parameters~bi! are derived from complementary models. In
the Drude model, Ohmic damping is related to the defect
scattering rate of the electrons from both surface and bulk
defects. This limits the plasmon lifetime which is related to
the electron mobility according tom5et/m* . Additional
plasmon damping occurs through the Landau mechanism, in
which the damping arises from an intrinsic decay channel for
the plasmon at short wavelengths. At wavelengths close to
the screening length of the electron gas, the plasmon wave
can decay into single-particle excitations. Although the
model dielectric function of Eqn.~1! does not include single-
particle excitations, their contribution to the energy-loss
spectrum is small due to the low scattering probability in
specular HREELS.29

The spatial dispersion parameter is described within the
Thomas-Fermi model. For a degenerate electron gas,b is
related to the velocity of the electrons at the Fermi level (n f)
by b25~35!n f

2. Values for the spatial dispersion coefficients

FIG. 5. A schematic diagram of the three-layer model used for
the HREELS simulations. Also shown is a representation of the
charge distribution near the InAs~001! surface, expected from clas-
sical ~dotted! and quantum-mechanical~dashed! calculations, re-
spectively.
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were calculated from the Fermi velocities in the two plasma
layers. The variation ofb with carrier concentration at 300,
500, and 600 K is plotted in Fig. 7.

C. HREELS simulations

Simulated HREEL spectra based on the three-layer model
are shown in Figs. 1 and 2 along with the experimental data.
For all incidence energies the simulated curves reproduce
features of the plasmon and phonon peaks extremely well,
with deviations being confined mainly to the background be-
tween loss peaks and at loss energies greater than the plas-
mon. The inclusion of a carrier-free layer is essential for
good fit simulations. The relative phonon and plasmon inten-
sities at low incident energies are strongly dependent on the
plasmon-free layer thicknessd1 . When the probing depth is
significantly higher thand1 , the phonon is well screened and
the plasmon dominates. This is shown clearly in Fig. 1, since
no phonon mode is visible at 100 eV~probing depth;450
Å! despite adequate instrumental resolution. At low electron
energies the phonon becomes much stronger due to the low
effective probing depth~;90 Å at 4 eV!. The phonon peak
shape and position in the simulation were also dependent on
the elastic peak parameters, since the phonon overlaps the
elastic tail.

The plasmon energy dispersion is shown in Fig. 3. The
simulations satisfactorily reproduce the observed dispersion
for both temperatures and surface preparation methods,
across the whole incidence energy range. Spatial dispersion
has the greatest effect at low incidence energies. This can be
seen in the upward dispersion of the plasmon~Fig. 3! and in
the increased asymmetry and width of the plasmon peak
~Figs. 1 and 2! at low Ei . The spectra could not be ad-
equately simulated using a Drude model for the plasma~i.e.,
one neglecting spatial dispersion! even when other param-
eters~principally the plasma frequencies and plasmon damp-
ing! were adjusted to compensate. Despite direct plasmon
peak broadening at low incidence energies due to the spatial
dispersion term, the inclusion of additional broadening~by
decreasingt! was necessary for a good fit to the experimen-
tal spectra.

It should be noted that kinematic effects were significant
in determining the position of the plasmon peak since the
peak of the surface loss function did not coincide with the
plasmon peak in most cases. The final peak position is de-
termined by both the surface loss function and the kinematic
factor. For broad loss features, the variation of the kinematic
factor can have a significant effect on the observed peak
position.30,31 For the broad plasmon at low incidence ener-
gies, shifts of several meV were observed. The final best-fit
parameters for the four experimental data sets discussed

FIG. 6. The calculated plasma frequency and position of the
Fermi level relative to the conduction-band minimum plotted as a
function of carrier concentration for InAs at 300 K~solid line! and
600 K ~dashed line!. The values of the carrier concentration giving
the best fits to the simulations for both decapped and IBA-treated
samples are indicated in the figure by vertical lines.

FIG. 7. Calculated values of the spatial dispersion parameter~b!
as a function of carrier concentration at 300, 500, and 600 K.

TABLE I. Parameters for the three-layer model giving the best fits to the simulations of HREELS spectra
recorded at different temperatures for InAs~001! surfaces prepared by decapping and IBA.

Parameter 300 K, decapped 500 K, decapped 300 K, IBA 600 K, IBA

d1 ~Å! 45 40 37 38
d2 ~Å! 60 75 30 65
EF ~meV! 332 292 374 314
Vbb ~mV! 76 71 21 30
b3 ~106 ms21! 0.87 0.71 0.72 0.60
nbulk ~1018 cm23! 9 9 11.5 11.5
naccum~1018 cm23! 13 14 14 13
nss ~1012 cm22! 2.4 3.8 0.45 1.6
t ~ps! 0.052 0.050 0.028 0.034
m ~cm2 V21 s21! 1300 1220 670 720
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~IBA and decapped, room temperature, and high tempera-
ture! are summarized in Table I.

V. DISCUSSION

The best-fit simulations for the decapped InAs samples
were obtained with bulk plasma frequencies~v3! correspond-
ing to bulk carrier concentrations of 9.031018 cm23 at both
300 and 500 K. For the IBA-treated samples, the bulk carrier
concentration has a higher value of 1.1531019 cm23 at both
300 and 600 K. This confirms that the carrier concentration
is essentially independent of temperature, and that the down-
ward shift of the plasmon frequencies at elevated tempera-
ture is due to the change of effective mass at the Fermi level
~Fig. 6!.

The higher carrier concentration in the sample prepared
by IBA can be attributed to the generation of donorlike de-
fects in the near-surface region as a consequence of the ion-
bombardment process. This effect has previously been ob-
served in InSb~Refs. 8 and 9! and InAs,15 and is due to the
diffusion of defects from the damaged surface region to a
depth of the order of 1000 Å. The bombardment conditions
strongly affect the resultant residual defect density, with
grazing incidence and low ion energy producing the least
damage in InAs.15 Even when these conditions were em-
ployed, with a heavily doped sample, a significant change of
carrier concentration was detected. With a maximum probing
depth of only;450 Å, the enhanced carrier concentration
appears bulklike. Subsequent Hall-effect measurements con-
firmed the observed increase in the bulk carrier concentra-
tion.

The increase in defect density can also affect the electron
mobility and hence the plasmon lifetime. The lifetimes ob-
tained from the simulations are shown in Fig. 8, as a function
of incidence electron energy, for both IBA and decapped
samples at a temperature of 300 K. At lowEi ~and therefore
high plasmon wave vectors!, both plots show a sharp de-
crease in the plasmon lifetime. This corresponds to the onset
~below about 10 eV! of strong, asymmetric broadening of the
plasmon peak due to spatial dispersion, and is attributed to
Landau damping. It should be noted that, although some
broadening is introduced by spatial dispersion at these low

incidence energies, additional broadening is needed to fit the
peaks. Ohmic damping of the plasmon is expected to domi-
nate aboveEi;10 eV, and significant differences can be
seen in this region between the IBA and decapped samples
~Fig. 8!. The lifetime for the IBA-treated sample reaches a
constant value of 0.028 ps atEi;20 eV. In contrast, the
lifetime for the decapped sample continues to increase
steadily, reaching a value of 0.05 ps at the highest electron-
beam energy used~Ei5100 eV!.

This behavior can be explained by considering the com-
bined effects of surface scattering, bulk defect scattering, and
Landau damping. A semiquantitative analysis of the data
shown in Fig. 8 was performed by using a simple sum rule to
fit the three assumed damping contributions to the total
damping obtained from the simulations, i.e.,

1

t
5

1

tL
1

1

tD
1

1

tS
, ~3!

wheretL , tD , andtS are the lifetimes for Landau damping,
bulk defect scattering, and surface scattering, respectively.
To take into account the variation of the damping contribu-
tions withEi , the plasmon damping curves were fitted using
an equation of the form

1

t
5

a

AEi

1
AEi

b
. ~4!

Both the Landau damping and surface-scattering contribu-
tions are contained in the parametera. Landau damping is
assumed to depend linearly onq, and hence inversely with
E i

1/2. Similarly, surface scattering depends inversely on the
probing depth and therefore inversely withE i

1/2. The bulk
scattering contribution is assumed to increase linearly with
probing depth, and is contained in the parameterb. The nu-
merical fitting procedure allowed a free variation ofa andb
and produced excellent fits to both curves~Fig. 8!. The re-
sultanta parameters were nearly identical for both IBA and
decapped samples, indicating that the total surface scattering
and Landau damping contributions are very similar in each
case. In contrast, theb parameter was found to be a factor
2.7 times greater in the IBA-treated sample. This represents a
significantly increased bulk defect scattering rate. For the
IBA sample, there is a very high density of defects as a result
of the ion-bombardment process, at least equal to the addi-
tional donor density of 2.531018 cm23. These defects domi-
nate the plasmon damping, and are responsible for the ob-
served increase in the bulk Ohmic damping.

The plasmon lifetime~t! and Drude mobility~m! for both
sample preparation methods and for all temperatures are
listed in Table I~note that the varying effective mass is taken
into account when calculating mobilities!. These values are
based on the 100-eV HREEL spectra, and therefore represent
almost entirely Ohmic damping due to bulk defects. The de-
fect and surface scattering rates are not expected to vary
strongly with temperature in the range 300–600 K. Simi-
larly, Landau damping at low incidence energies is expected
to be nearly independent of temperature. No significant
variation in the plasmon lifetime with temperature was ob-
served.

The best fits in the HREELS simulations for the decapped
samples~Fig. 1! were obtained withb values of 0.873106

FIG. 8. The plasmon lifetime, extracted from the best-fit simu-
lations and plotted as a function ofEi , for InAs~001! surfaces pre-
pared by decapping and IBA at 300 K. The lines are included sim-
ply to guide the eye.
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ms21 at 300 K and 0.713106 ms21 at 500 K. Significantly
larger values produced extreme damping of the plasmon and
too great a degree of dispersion, whereas smaller values
failed to generate the required asymmetry and dispersion.
The implication is that the Thomas-Fermi model correctly
describes the spatial dispersion coefficient for samples pre-
pared by decapping, in agreement with recent HREELS stud-
ies on GaAs~001!.7

In a previous HREELS study of decapped InAs~001!,
Egdellet al.3 concluded that the Thomas-Fermi model over-
estimates the spatial dispersion coefficient due to neglect of
electron correlation and exchange interactions. In their work,
HREEL spectra were analyzed by fitting a surface-plasmon-
like dispersion curve to the plasmon energy data points, with
the doping level of the sample~n;831018 cm23! chosen to
give an approximately flatband behavior. This analysis ig-
nored both the plasmon-free layer and the kinematic effects
of scattering on the plasmon peak position, resulting in a
much lower fittedb parameter of 0.53106 ms21. This dis-
crepancy is almost certainly due to neglect of the carrier-free
layer, which has a strong downward influence on the plas-
mon energy at low probing depths.

Recent HREELS studies of ion-bombarded InSb~001!
showed that the spatial dispersion coefficient was lower than
the value calculated from the Thomas-Fermi model.13 It was
suggested that the high defect density as a result of the ion-
bombardment process reduces the spatial dispersion coeffi-
cient by increasing the scattering rate of carriers, such that
their mean velocity is significantly lower thannf . The best
fits in the HREELS simulations for the IBA-treated
InAs~001! samples~Fig. 2! were obtained withb values of
0.723106 ms21 at 300 K and 0.63106 ms21 at 600 K. These
are significantly less than the calculated values~0.853106

and 0.723106 ms21 at 300 and 600 K, respectively, as
shown in Fig. 7!, supporting the hypothesis that additional
defects reduce the average carrier velocity and hence the
spatial dispersion effect.

The free-carrier profile near the InAs~001! surface de-
pends on the screening length of the electron gas, the de
Broglie wavelength of the electrons, and the band bending. A
full calculation of the profile, based on a simultaneous solu-
tion of the Schro¨dinger and Poisson equations for the degen-
erate electron gas in a highly nonparabolic conduction band,
has not been attempted. A schematic profile of the expected
charge distribution is shown in Fig. 5. If a classical model is
used for the space charge, and the effects of the surface
barrier are ignored, the carrier density increases all the way
up to the surface.32 However, when the effect of the surface
barrier on the conduction-electron wave functions is consid-
ered in a quantum-mechanical model, the carrier density falls
to zero at the surface over a length given approximately by
half the average de Broglie wavelength.12,18The carrier con-
centration then rises in the accumulation layer before dimin-
ishing more slowly back to the bulk value.

The de Broglie wavelength was calculated to be 70–90 Å
and this compares well with the values ford1 obtained from
the three-layer model~see Table I!. The accumulation layer
thickness~d2! is expected to be governed by both the band
bending and the Thomas-Fermi screening length. This
screening length was calculated to be 35–40 Å for all of the
four cases considered. In order to take account of the band

bending, however, a classical calculation was performed.
This calculation was based on an approximate but analytical
solution to Poisson’s equation, taking into account the non-
parabolicity and the degeneracy of the conduction band, and
accurate for weak band bending~,100 meV!. This indicates
that the decay length of the space charge was approximately
50–60 Å for a band bending of 80 meV, and 30–40 Å for a
band bending of 30 meV. The values ofd2 used in the best-
fit simulations are in reasonable agreement with these fig-
ures.

It is clear from the simulations presented here that the
inclusion of an accumulation layer is essential to fit all of the
four data sets. This indicates that downward band bending
occurs at the surface in all cases due to the existence of
donorlike surface states. Previous HREELS and ultraviolet
photoemission measurements on decapped InAs~001! indi-
cate that these states lie some 250–300 meV above the
conduction-band minimum.3 The band bending at the surface
can be estimated by calculating the Fermi level in the accu-
mulation layer and in the bulk, based on the carrier concen-
trations. For the decapped samples, this gives 76 and 71 meV
for temperatures of 300 and 500 K, respectively. For the
samples prepared by IBA, values of 31 and 20 meV are
obtained for temperatures of 300 and 600 K, respectively.
These measurements indicate downward band bending of
;75 meV at a carrier concentration of 931018 cm23, in con-
trast to the measurements of Egdellet al.,3 which cite flat-
band behavior for a bulk carrier concentration of 831018

cm23. In our work the bands are nearly flat with a measured
carrier concentration of 1.1531019 cm23. Potential sources
for this discrepancy include the inaccuracy of previous pho-
toemission measurements3 or the assumed abruptness in the
interfaces used in our three-layer dielectric model.

The intrinsic surface states of the InAs~001! surface are
responsible for the formation of the accumulation layer. The
number of active surface states can be derived from the
three-layer model by simply calculating the additional carrier
density in the accumulation layer. It can be seen from Table
I that with a bulk Fermi level of 292 meV, there is a high
density of active surface states~nss53.831012 cm22! with
significant band bending. When the bulk Fermi level is in-
creased to 374 meV, this density drops by almost an order of
magnitude~to nss54.531011 cm22!. At this point the situa-
tion is almost flatband, with few available conduction-band
states for electrons from ionized surface states. This indicates
that the surface states lie somewhere between these two en-
ergy levels at around 320 meV. This figure is approximate,
since it is based on a very simple single accumulation layer
model for the carrier distribution. It is, however, in reason-
able agreement with previous estimates.2,3 For bulk Fermi
levels of 314 meV~IBA, 600 K! and 332 meV~decapped,
300 K!, the thermal broadening of the Fermi distribution is
of similar magnitude to the band bending, making the degree
of activation of the surface states difficult to estimate. How-
ever, both show intermediate surface-state densities~1.6 and
2.431012 cm22!. In particular, there is no evidence for a
significant change of surface-state density between the de-
capped and IBA-treated samples within the limitations of the
three-layer analysis.

Previous work on InAs~001! surfaces, grown by MBE and
analyzedin situby HREELS, suggested that the surface-state
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density is correlated with the surface reconstruction.14 It was
found that the In-terminated~432! surface had a surface-
state density of;531011 cm22, whereas the As-terminated
~234! surface had a surface-state density of;131012 cm22.
In our measurements, the surfaces exhibited a~431! recon-
struction for both decapped and ion-bombarded samples,
strongly suggesting In termination with one-dimensional dis-
order in the direction of the In dimers. The surface-state
density is rather high~nss53.831012 cm22!, but is most
likely overestimated by the use of the three-layer model,
which uses a simple rectangle to model the accumulation
layer. A more realistic profile for the accumulation layer may
well result in a lower value for the calculated surface-state
density.

VI. CONCLUSIONS

HREELS has been used to study the~001! surface of de-
generaten-type InAs prepared both by IBA and As decap-
ping. The effects of surface preparation methods and the
sample temperature on the plasmon damping, carrier profile,
and spatial dispersion have been investigated. These param-
eters have been derived from HREELS data simulated using
a three-layer dielectric model together with model calcula-
tions. The layer thicknesses used in the model agreed reason-
ably well with the calculated screening length, de Broglie
wavelength, and space-charge decay length. The measured

plasmon spatial dispersion coefficient for the decapped
samples~0.87 and 0.713106 ms21 at 300 and 500 K, respec-
tively! was found to agree with the predictions of the
Thomas-Fermi model, but was significantly reduced for
samples prepared by IBA~0.72 and 0.603106 ms21 at 300
and 600 K, respectively!. This is interpreted as a reduction in
the average carrier velocity due to additional scattering from
defects introduced by the IBA treatment. Additional plasmon
damping at short wavelengths~Landau damping! has also
been observed. Ohmic damping at long wavelengths was
found to be greater in the ion-bombarded samples, again at-
tributed to additional defect scattering. In all cases IBA was
shown to increase the bulk carrier concentration significantly
and to decrease the electron mobility through the creation of
donorlike defects.
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