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Surface-plasmon modes in Zn-doped InAs„001… and „111…
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~Received 5 June 1997!

We have investigated the plasmon modes present at the~001! and ~111! surfaces of heavily dopedp-type
InAs, using high-resolution electron-energy-loss spectroscopy~HREELS! together with dielectric theory simu-
lations. Two-dimensional electron plasmon modes are supported in the inversion layer close to the polar
surfaces, however, these modes appear in the experimental HREEL spectra only as a broadening of the elastic
peak due to their low energy. Deeper into the bulk, the hole plasma is characterized by light- and heavy-hole
components supporting both optical and acoustic plasmon modes. Observation of the optical hole plasmon in
HREELS allows the hole density profile to be estimated using dielectric theory simulations, which employ two
plasma oscillators incorporating spatial dispersion to model the two-component hole plasma. It is found that
native spatial dispersion cannot account for the pronounced experimental plasmon dispersion observed follow-
ing argon-ion bombardment and annealing of the samples. This procedure is shown to cause rapid diffusion of
the zinc acceptors into the near-surface region, resulting in large, highly nonuniform hole concentrations over
the length scales probed by HREELS. The acoustic hole plasmon mode, which cannot normally be observed in
specular HREELS, is discussed in terms of a two-oscillator, two-layer model. It is shown that acoustic modes
do not contribute to specular HREEL spectra even in the limit of highly nonuniform charge distributions.
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I. INTRODUCTION

Surface-plasmon excitations have been the subject of
tinued investigation for many years, but only with the adve
of high-resolution electron-energy-loss spectrosco
~HREELS! has it been possible to investigate the low-ene
~10–100 meV! modes present in the near-surface region
doped semiconductors.1 The dipole scattering process dom
nant in specular HREELS allows the wave vector of the pl
mon to be altered simply by changing the incidence ene
of the electron beam. Scattering can occur from plasm
localized well below the surface, and the effective prob
depth of the beam is given approximately by the inverse
the plasmon wave vector. This typically lies in the ran
100–1000 Å, making the technique ideal for probing inh
mogeneous charge distributions in the near-surface regio
materials,1–4 although the combined effects on the expe
mental spectra of changes in both wave vector and prob
depth must be separated.

By far the majority of HREELS studies of III-V semicon
ductor materials have focused on electron plasmon exc
tions. Hole plasmon excitations have been studied
GaAs~110!,5–7 however, there are no reported studies of
polar surfaces ofp-type materials. The doping of InAs with
Zn is of particular interest for two reasons;~i! there is a high
density of donorlike surface states at polar surfaces wh
form a narrow inversion layer inp-type material, and~ii ! the
diffusion behavior of Zn in InAs is already well established8

This paper is concerned with an HREELS study of t
plasmon modes present at the~001! and ~111! surfaces of
Zn-dopedp-type InAs. The near-surface region presents
complex distribution of three carrier types, namely electro
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in an inversion layer, along with both light and heavy hol
in the bulk. The electron plasma in the inversion layer su
ports a two-dimensional~2D! plasmon mode whose energ
varies as the square root of the wave vector. The tw
component hole plasma supports two distinct plasm
modes: an optical plasmon and an acoustic plasmon w
linear dispersion. The acoustic hole plasmon dispersion c
not be observed in specular HREELS because of its lin
dispersion relation, which does not intersect the line of c
stant phase velocity defined by the dipole scattering con
tions. However, the possibility of observing a structur
induced acoustic plasmon in a highly nonuniform system
discussed below.

II. EXPERIMENTAL DETAILS

The experiments were carried out in a conventional ult
high vacuum chamber@base pressure;~122!310210 mbar#
equipped with low-energy electron diffraction~LEED!,
HREELS, an argon-ion gun, and an atomic hydrogen sou
HREEL spectra were obtained in specular scattering ge
etry (u i5us545°) and with an instrumental broadening
7–11 meV full width at half maximum~FWHM!. Sample
temperatures were measured by a cromel-alumel ther
couple in direct contact with the sample. The samples
Zn-doped InAs (p;131017 cm23) were mechanically pol-
ished and etched by the manufacturer~MCP Electronic Ma-
terials Ltd., UK! and loaded directly into the chamber wit
no further pretreatment. Note that the heavy-hole plas
frequency associated with a bulk doping level ofp
;131017 cm23 is only 15 meV.

Clean surfaces were prepared either by atomic hydro
15 995 © 1997 The American Physical Society
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15 996 56G. R. BELL, C. F. McCONVILLE, AND T. S. JONES
cleaning9 ~AHC! or by cycles of low-energy ion bombard
ment and annealing~IBA !.10 To obtain clean and ordere
surfaces by AHC, the samples were exposed to;50 kL of
molecular hydrogen flowing through the atomic hydrog
source ~H2 to 2H* conversion efficiency ;7%,
1 kL51023 torr s! at a sample temperature of 570 K. Th
procedure took about 20 min and resulted in the appeara
of a sharp (431) LEED pattern on the~001! samples, and a
sharp (232) pattern on the~111! samples. Sample prepara
tion by two 20 min cycles of IBA produced the same LEE
results, although it was found that subsequent IBA treatm
produced large (;1 mm) clusters of indium droplets on th
surface which were observed by both optical and ato
force microscopy~AFM!. Samples were annealed to 550
and both the ion energy and angle of incidence were va
~400–2000 eV and grazing to normal incidence, resp
tively!. Oxygen and carbon contamination was undetecta
using Auger electron spectroscopy~AES! on samples pre-
pared by both AHC and IBA, except after the highest-ene
bombardment and annealing~2 keV!. Samples treated in thi
way appeared slightly cloudy after extended annealing at
K, and some indium clustering was observed by AFM. T
cloudy appearance of the samples coincided with the app
ance of a small oxygen peak in AES spectra.

III. RESULTS

A specular HREEL spectrum~incidence energyEi
540 eV! obtained fromp-type InAs~111! exposed to 10-kL
H2 at 570 K is shown in Fig. 1. There is a pronounced sho
der on the loss-side wing of the elastic peak, which is its
broadened~18-meV FWHM! beyond the nominal instrumen
tal resolution ~7-meV FWHM!. The shoulder and elasti
peak broadening result from collective excitations, nam
the surface optical-phonon mode, the free-carrier plasm

FIG. 1. A specular HREEL spectrum obtained from partia
hydrogen-cleanedp-type InAs~111! using an electron energy of 4
eV. A shoulder on the wing of the elastic peak is visible, extend
to approximately 35 meV, and a weak though distinct peak is s
at a loss energy of 139 meV in the expanded spectrum~dotted
curve,3100 vertical scale!.
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modes, and coupled modes of the two. The spectrum
nearly featureless at higher loss energies, apart from a si
peak at a loss energy of 139 meV. This peak disappeared
molecular hydrogen exposures of 50 kL or more, and a
became more intense at lower incidence energies. It is
signed therefore to a contaminant vibrational mode of
partially cleaned surface9 @a similar mode has been observe
on partially hydrogen cleaned GaSb~001! ~Ref. 11!#. The
~001! surfaces were also prepared using AHC, and very si
lar spectra were obtained. However, the elastic peak bro
ening was significantly less~typically 12-meV FWHM at a
nominal instrumental resolution of 7-meV FWHM!. The
overall shape of the broadened elastic peak and the shou
was independent of annealing after full hydrogen cleani
even for long annealing times~3 h! at over 600 K.

HREEL spectra for~111! surfaces prepared by IBA were
very different from those of the hydrogen cleaned surfac
Three typical spectra are shown in Fig. 2, obtained from
sample prepared by IBA with 400-eV argon ions incident
60° to the surface normal. The stacked curves on the r
~solid circles! show the higher-energy-loss regions for ele
tron energies of 5, 10, and 20 eV, while the solid lines sh
the elastic peak region atEi55 eV ~top! andEi520 eV~bot-
tom! on the same vertical scale. There is clearly still signi
cant elastic peak broadening~instrumental resolution was
;7 meV FWHM! which is slightly greater atEi55 eV ~14-
meV FWHM! than atEi520 eV ~12-meV FWHM!. In the
higher loss region, a single extremely broad peak can be s
which shifts down in loss energy as the incidence energy
raised. The loss intensity peaks at around 85 meV forEi
55 eV, dropping to 71 meV forEi520 eV, and it is as-
signed to the optical hole plasmon mode. Clearly, the car
concentration in the near-surface region must be significa
greater than the nominal bulk doping level, for which th
plasma frequency is 15 meV. There is also a pronoun

g
n

FIG. 2. A series of normalized HREEL spectra obtained fro
p-type InAs~111! prepared by IBA~ion energy 400 eV, polar inci-
dence angle 60°!. The higher loss energy region is shown as a se
expanded (310) and vertically offset dotted curves for electro
energies of 5, 10, and 20 eV, while the elastic peaks for elect
energies of 5 and 20 eV are shown as solid curves~not offset!.
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56 15 997SURFACE-PLASMON MODES IN Zn-DOPED InAs~001! . . .
elastic peak shoulder in the loss energy region 20–40 m
which is more intense at lower electron incidence energ
Similar spectra were obtained for different IBA condition
although there was a pronounced dependence of the op
hole plasmon frequency on the ion incidence angle. At gr
ing incidence, the hole plasmon was only visible as a lo
tail on the elastic peak, whereas at normal incidence, the
intensity peaked at energies greater than 100 meV~although
still with pronounced downward dispersion at higher elect
energies!.

Figure 3 shows two HREEL spectra~solid circles!, re-
corded with electron energies of 7 eV, obtained from
~001! surface ofp-type InAs prepared by IBA. The solid
lines are theoretical spectra produced by dielectric the
simulations~see Sec. IV!. In both cases, the ions were inc
dent at 30° to the surface normal and the samples were
nealed to 550 K. The upper spectrum corresponds to an
energy of 2 keV, while the lower spectrum corresponds to
ion energy of 500 eV. In both spectra there is a very bro
peak at high loss energies~centered at 184 and 124 meV fo
the upper and lower spectra, respectively!. These peaks ex
hibit pronounced dispersion, similar to the broad pea
shown in Fig. 2 for the~111! surface, and they are aga
assigned to the optical hole plasmon mode. The dispersio
shown over a wide range of electron energies~7–120 eV! in
Fig. 4 and in both cases the overall trend is downwards w
increasing electron energy. The upper curve~solid squares!
indicates the dispersion of the optical hole plasmon for
sample bombarded at 2-keV ion energy, while the low
curve~solid circles! corresponds to an ion energy of 500 e
The solid curves were produced by dielectric theory simu
tions. Note that the overall dispersion is much greater for
higher-energy ion bombardment~an overall shift of
;42 meV for the 2-keV bombarded sample, compared w
;20 meV for the 500-eV sample!.

FIG. 3. Experimental~circles! HREEL spectra obtained from
p-type InAs~001! surfaces prepared by IBA~ion energy 500 eV in
the lower spectrum, 2 keV in the upper spectrum! using an electron
energy of 7 eV. Simulated curves~solid lines! were generated using
the three-layer dielectric model described in Sec. IV. The pea
the upper spectrum at 60 meV is not reproduced by the diele
simulations.
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There is also a shoulder visible on the elastic peaks
both spectra shown in Fig. 3, better defined on the low
spectrum due to improved instrumental resolution, which e
tends to a loss energy of 28 meV. This is the surface optic
phonon excitation, and its intensity decreases as the elec
energy is increased. The peak at 60 meV is not reprodu
by the theoretical curve. This peak was observed only for t
highest ion energy employed~2 keV! and after extended an-
nealing at 550 K. Samples subjected to this IBA treatme
appeared slightly ‘‘cloudy,’’ and some oxygen contamina
tion was detected in AES. The peak intensity decreas
strongly as the electron energy was raised, and it was har
detectable atEi520 eV. The dispersion of the peak was e
timated by subtracting simulated curves from the experime
tal curves, and it was found that the peak stayed at a cons
loss energy of 60 meV. The lack of dispersion is charact
istic of a surface vibrational mode, and so the loss peak
assigned to an oxide-related vibrational mode on the da
aged and indium-rich surface.

IV. BAND STRUCTURE AND DIELECTRIC MODELING

The valence-band structure of InAs was modeled as pa
bolic light- and heavy-hole bands with constant effectiv
masses of 0.025me and 0.41me , respectively~whereme is
the free-electron mass!. The density of occupied states in
each band was calculated as a function of the overall h
concentrationp, and light-hole and heavy-hole plasma fre
quenciesv lh and vhh were calculated separately for eac
hole gas. The plasma frequencies are shown as a functio
the total hole concentration in Fig. 5. In the carrie
concentration regime of interest~p;101821019 cm23 in the
near-surface region, as determined from fitting of the expe
mental data! and at room temperature (kBT;26 meV), the

in
ic

FIG. 4. The hole plasmon frequency plotted as a function of t
electron incidence energyEi for p-type InAs~001! samples pre-
pared by IBA. In the upper curve~squares! the ion energy was 2
keV, while in the lower curve~circles! it was 500 eV, and in both
cases the ions were incident at;30° to the surface normal. The
solid lines are based on dielectric simulations~Sec. IV!. The wave
vector varies approximately as the inverse square root of the e
tron energy, e.g., for a 130-meV excitation energy, the inverse wa
vector is 66 Å at 10 eV and 230 Å at 120 eV.
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15 998 56G. R. BELL, C. F. McCONVILLE, AND T. S. JONES
bands are partly degenerate with the Fermi level lyi
;15 meV below the valence-band maximum.

The schematic band alignment and a corresponding th
layer dielectric model are shown in Fig. 6. The conducti
band is expected to become degenerate close to the su
due to the presence of a high density of electrons dona
from surface defects.12–14 Beyond this inversion layer, the
samples are assumed to become stronglyp-type, consistent
with the very high plasma frequencies observed in HREEL
Inhomogeneity in the hole density profile in the near-surfa
region is accounted for by the presence of the ‘‘mid-layer
while the inversion layer is treated as carrier free~a ‘‘dead
layer’’!. The reasons for the latter approximation are given
Sec. V B. Deep into the bulk, the carrier concentrati
should approach the nominal bulk doping level of 131017

cm23, where the valence bands are nondegenerate. Howe
HREELS can only probe the upper few hundred angstro
of the sample, and so the ‘‘bulk’’ carrier concentration in th
dielectric model is not constrained to be equal to the tr
bulk doping level. In Fig. 6, the valence band is shown
degenerate in the mid-layer and nondegenerate in
‘‘bulk’’ region, in accordance with the experimental finding
detailed later.

In the mid-layer (i 52) and bulk (i 53), the dielectric
function is assumed to be of the form

« i~q,v!5«~`!F11
vph

2

vTO
2 2v22 igv

2
vhi

2

v22bhi
2 q21 iGhv

2
v li

2

v22b li
2q21 iG1vG , ~1!

where the first two terms in the square brackets account
the lattice response of the material, and the last two ter
account for the hole gas response. The high-frequency
electric constant«~`! is set at 12.25.15 The optical-phonon
term contains the phonon strength (vph), transverse-optical-
phonon frequency (vTO), and phonon damping~g! in the

FIG. 5. The calculated light-hole~lh! and heavy-hole~hh!
plasma frequencies for InAs at room temperature plotted as a fu
tion of the total hole concentration, based on parabolic bands w
effective masses of 0.0025me and 0.41me , respectively.
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usual way.3,10 The two hydrodynamic plasma terms corre-
spond to the heavy- and light-hole gases, respectively. In
each of the two plasma active layers, there is a plasma fre-
quency for each hole type~vhi and v li , i 52,3! and also a
spatial dispersion term for each hole type~bhi and b li , i
52,3!. In the partly degenerate system studied here, the
Debye-Hückel model was used to calculate the spatial dis-
persion terms for each of the four plasma oscillators~the
Thomas-Fermi values were also derived and were somewha
smaller for all the carrier concentrations considered!. The
plasmon wave vectorq can be calculated for a given dipole
scattering event, and increases as the electron energy i
reduced.3 The plasmon damping factorGh was a free param-
eter in the simulations, andG1 was constrained to be greater
by a factor (mh /ml)

1/2 to take into account the higher rate of
ionized impurity scattering for the faster carrier species.
However, independent changes in the light-hole plasmon
damping had only minor effects on the simulated spectra
compared with the effects of the heavy-hole damping param-
eter.

HREEL spectra were simulated using the approach of
Lambin, Vigneron, and Lucas16 modified to incorporate the
two-oscillator plasma dielectric function given in Eq.~1!.
For each sample, experimental spectra obtained using a wide
range of electron incidence energies~5–120 eV! were simu-
lated to derive a single set of best-fit parameters. This pro-
cedure ensures that a wide variety of effective probing
depths and plasmon wave vectors are sampled. All of the
model parameters were fixed for a given set of experimental
data, except for the plasmon damping, which was allowed to
vary as a function of electron incidence energy to account for
the various plasmon damping mechanisms.7,17,18It was found
that high plasmon damping (G;v) was required in all of the
spectra to reproduce the large width of the plasmon peaks,
and that the damping values were larger for spectra recorded
with low incident electron energies.

V. DISCUSSION

A. Dopant diffusion and IBA effects

The diffusion behavior of Zn in InAs has been widely
studied,8 and the low activation energyDE for diffusion

c-
th

FIG. 6. A schematic diagram of the band line-up near the sur-
face ofp-type InAs samples prepared by IBA, showing the degen-
eraten-type inversion layer at the surface, a middle region which is
degeneratelyp-type, and ap-type bulk region. The corresponding
layer thicknessesd1 andd2 for the three-layer dielectric model are
shown on the horizontal axis.
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56 15 999SURFACE-PLASMON MODES IN Zn-DOPED InAs~001! . . .
(;1.2 eV) and high diffusion constantD0 (;331023

cm2 s21) means that the diffusion process can be m
readily observed than in most III-V impurity systems. D
tailed calculations were not performed here due to the c
plexities of the system~such as a concentration-depende
diffusion coefficient arising from a switch in the domina
diffusion mechanism at a concentration of around
31018 cm23!.8 However, a simple calculation of the diffu
sion lengthx for a time t51 h,

x'AD0te2DE/2kBT, ~2!

results in values ofx;0.05 Å at room temperature andx
;0.15mm at the annealing temperature of 550 K. Clear
the length scale for diffusion is very much less than
space-charge region probed by HREELS at room temp
ture, but is significantly greater during annealing. We assu
therefore that the final dopant profile is limited solely by t
driving force for diffusion rather than the diffusion proce
itself.

For both the~001! and ~111! hydrogen cleaned surface
there is no distinct hole plasmon peak visible in the HRE
spectra, only a shoulder on the elastic peak together w
some elastic peak broadening~Fig. 1!. Even after extended
annealing, no hole plasmon peak was observed, and so i
be concluded that significant Zn diffusion to the near-surf
region does not occur. Dielectric theory simulations sugg
that a near-surface hole concentration>131018 cm23

would be necessary for the observation of a distinct h
plasmon peak in the experimental spectra. In contrast to
hydrogen cleaning process, IBA leads to the observation
hole plasmon frequencies between 70 and 180 meV~Figs. 2
and 3!, implying near-surface hole concentrations in t
range 2310182131019 cm23. Clearly, significant diffusion
to the surface region has occurred during the po
bombardment annealing cycle.

The spatial distribution of holes can be investigated
altering the electron incidence energy in HREELS. At high
electron energies, modes localized deeper in the bulk
scatter the probing electrons because of the smaller w
vector transfer, leading to the concept of an ener
dependent ‘‘effective probing depth.’’1 If the hole concentra-
tion decreases deeper into the bulk, the local plas
frequency will also drop. Higher-energy electrons will ther
fore sample a lower average plasma frequency, leading
contribution to the plasmon dispersion~as a function of elec-
tron energy! additional to the native spatial dispersion. Th
mixture of two sources of dispersion generally means t
simulations are needed to model the observed dispersion
rectly. It should be noted that the effective probing depth
very approximate, and it is normally only possible to deri
general features of the carrier profile. The simple three-la
model employed here is only a schematic representatio
the true profile.

In previous papers, we have investigated the effects
IBA on the near-surface region of both InAs~001! ~Ref. 10!
and InSb~001!.19 In both cases, significantn-type doping is
produced in the upper;1000 Å region of the sample due t
ion-induced defects. For InAs, we have shown that
amount of damage induced in the sample, as measured b
additional electron concentration using HREELS, depen
e
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critically on the ion sputtering conditions employed.10 In par-
ticular, damage is minimized at grazing incidence and l
ion energies. The results presented here show a similar t
since at grazing incidence, the additionalhole concentration
is minimized, while it is greatest for high-energy bombar
ment fairly close to normal incidence~Figs. 3 and 4!. We
conclude therefore that the driving force for Zn diffusion in
the near-surface region is the residual ion-induced dam
produced during bombardment which leaves a very high
fect density close to the surface. These provide sites for
atoms, which during annealing become sufficiently mobile
occupy these sites. Dopant diffusion is essential for the
servation of these high hole concentrations: for example,
p type InSb~Cd-doped,p;1014 cm23!, IBA inducesn-type
behavior near the surface19 because dopant diffusion is neg
ligible in this system.8

By fitting the HREEL spectra and the observed optic
hole plasmon dispersion using the dielectric theory, it w
possible to estimate the carrier profile close to the surfa
Theoretical curves are shown in Fig. 3 for the~001! surface
prepared by different IBA procedures~although fits for only
the 7-eV spectra are shown, similar fits were genera
across the whole range of incidence energies!. Clearly they
fit the experimental curves very well, with the exception
the 60-meV loss peak evident in the upper spectrum~ion
energy equals 2 keV!. In particular, the optical hole plasmo
peak is reproduced by the two-oscillator plasma dielec
function employed. The dramatic dispersion of the hole pl
mon peaks for these samples is shown in Fig. 4 with the s
lines representing fits to the dispersion curve generated
the dielectric model. Again, the fits are extremely good~note
the error in the peak position for the extremely broad pl
mon peaks is several meV!, with the models used to produc
the fits containing a mid-layer~layer 2! with a significantly
higher plasma frequency than the bulk layer, indicating
very strong inhomogeneity in carrier concentration across
region probed by HREELS. The carrier concentrations
each of the layers for both surfaces are shown in Tabl
together with the mid-layer thickness (d2) and the dead laye
thickness (d1). For both samples, the carrier concentrati
inferred in the mid-layer is almost an order of magnitu
higher than the ‘‘bulk’’ carrier concentration. This ver
sharp inhomogeneity was required to model the obser
dispersion of the hole plasmon~Fig. 4!, with the spatial dis-
persion of the plasma taken into account. The main diff
ence between the two systems is that for the 2-keV bo
barded sample, the mid layer is slightly thicker~49-Å
compared with 33 Å! and has a slightly higher carrier con

TABLE I. The parameters used in the three-layer dielect
model to produce best fits to two sets of the experimental HRE
spectra obtained fromp-type InAs~001! prepared by IBA. In both
cases the samples were bombarded at an angle of 30°, and th
energy was either 2 keV or 500 eV. The parameters are the m
layer thickness (d2) and hole concentration (p2), the bulk hole
concentration (p3) and the dead layer thickness (d1).

Ion energy p2 (cm23) p3 (cm23) d1 ~Å! d2 ~Å!

2 keV 331019 431018 32 49
500 eV 231019 431018 35 33
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16 000 56G. R. BELL, C. F. McCONVILLE, AND T. S. JONES
centration ~331019 cm23 compared with 231019 cm23!.
The dead layer thicknesses are very similar in both cases~32
and 35 Å!. The dead layer is responsible for the slight dow
ward dispersion observed at the lowest electron energ
(,20 eV) in the 500-eV curve. It should be noted that b
cause of the simplified nature of the three-layer model, th
layer thicknesses are approximate values, despite the st
sensitivity of the simulations to the actual values. It is a
important to note that the semi-infinite ‘‘bulk’’ region of th
model does not actually represent the true bulk zinc conc
tration ~on a depth scale of several micrometers! because of
the limited probing depth.

Clearly, the region of very high carrier concentration pr
duced by the IBA procedure and subsequent dopant diffu
extends somewhat deeper for ion bombardment at 2
than at 500 eV~49 Å cf. 33 Å!. However, both of these
mid-layer thicknesses derived from the HREELS measu
ments are much smaller than the overall damage diffu
region, which inn-type InAs is estimated to be at least 40
Å.10 They are closer to the typical amorphization dep
~several tens of angstroms! found in III–V materials follow-
ing ion sputtering at ion energies of several hundred eV.20 It
is possible that zinc diffusion into the amorphized surfa
region of the material controls the formation of this region
the highest hole concentration. Of course, the HREELS m
surements reported here only detect the presence of h
not the corresponding electron acceptors~Zn2 ions! or neu-
tral Zn atoms.

B. 2D electron plasmon modes

The energy of a 2D plasmon increases as the square
of its wave vector,4 and the dispersion as a function of ele
tron energyEi in dipole HREELS can be calculated as

v2D5
n2De2sinu i

«0«~`!m*
Ame

2Ei
, ~3!

wheren2D is the sheet electron density andu i is the electron
incidence angle~45° in these experiments!. For the inversion
layer system at the InAs~001! and ~111! surfaces, the shee
charge density can be equated to the donorlike surface-
density. This is known to be dependent on the surf
reconstruction13,14,17 and for InAs ~001!-(432) and
(111)A-(232) surfaces, it is approximately 431011 cm22

and 831011 cm22, respectively.12 For the~001! surface, the
2D plasmon frequency varies between 2 and 9 meV in
electron energy range explored experimentally, while
corresponding range on the~111! surface is 9–34 meV. The
HREEL spectra from the~001! surfaces show only a sma
degree of elastic peak broadening, which is consistent w
the calculated 2D plasmon frequencies. This allows the
version layer to be treated as a ‘‘dead layer’’ without affe
ing the higher loss region of the spectra. The width of
inversion layer can be estimated in the Fang-Howard
proximation by calculating the extent of the ground-st
wave function perpendicular to the surface,zGS

zGS5E
0

`

zc2~z!dz. ~4!
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Using reasonable values for the surface Fermi level
rived from previous work12,17 the calculation produces
depth of 21 Å. The values for the dead layer thickness,
rived from the HREELS simulations, appear highly plausib
in light of this value.

For the ~111! surfaces, the 2D plasmon frequencies a
significantly greater than for the~001! surfaces, and at low
electron incidence energies they are sufficient to allow
2D plasmon to couple with the optical phono
(vTO527 meV) to produce plasmaron modes of mix
character.21 This explains why a distinct phonon peak is n
observed on the~111! surfaces even at the lowest electro
energy~Fig. 2!. It also explains the electron energy depe
dence of the elastic peak broadening for the~111! surfaces,
which is greater at lower electron energies~Fig. 2! due to the
higher 2D plasma frequency.

C. Hole plasmon modes

Some insight into the two-component plasma model c
be gained by solving the surface loss equation«(v)521
for a highly simplified system.1 The optical phonons are ne
glected, as is the plasmon damping and~initially ! the spatial
structure of the substrate. For this uniform semi-infinite m
dium, the assumed dielectric function is

«~v!5«~`!F12
v1

2

v22b1
2q22

vh
2

v22bh
2q2G , ~5!

which represents the essential features of the plasma pa
the full dielectric function given in Eq.~1!. We also use the
approximation«(`)@1.

In the absence of spatial dispersion (b i50), the surface
loss equation predicts only one plasmon mode, which is n
dispersive and has a frequencyvOP given by

vOP5Av1
21vh

2. ~6!

This value is close to the heavy-hole plasma frequency
a system in whichmlh!mhh. This optical plasmon mode
consists of the light and heavy holes oscillating out of pha
However, if spatial dispersion is retained, the surface l
equation predicts a frequency for the optical mode given

v5AvOP
2 1bOP

2 q2, ~7!

where the optical spatial dispersion coefficientbOP is

bOP
2 5

~bh
22b1

2!~v1
22vh

2!

vOP
2 'b1

2. ~8!

In the hydrodynamic model, this spatial dispersion aris
from the finite compressibility of the carrier ‘‘fluids:’’ a
short wavelengths the increased compression raises the
tation energy.22 The model predicts an additional dispersio
term which is quartic in the wave vector, neglected in t
long-wavelength regime considered here. In addition, si
mlh!mhh in the InAs system, the optical dispersion para
eter reduces to the light-hole dispersion parameter as sh
in Eq. ~8!, the dominant term being (b lvh)2. For an ideal
p-type InAs sample, at room temperature and with a dop
level of 131019 cm23, the optical plasmon dispersion coe



fi-
-

e
th
ls

us
ci
a

io

b
s
tio
in
-

m
id
b

i-
d
ig
n

to

in
.
n
-

e
a

tio
nt
g
in
n
oa
n
-

m
ul

tri

lab
-
lic-
in

eV.
the

ma
n
ifi-
160
de.
the
d by
de

rob-
ith
on

the

de

to

ng-
it

ov-
or-
ted

pli-

vy-
pec-

56 16 001SURFACE-PLASMON MODES IN Zn-DOPED InAs~001! . . .
ficient is nearly identical to the light-hole dispersion coef
cient ~both 0.743106 ms21!. The resulting upward disper
sion with increasing wave vector indicated by Eq.~7! is
similar to that of the single component plasma.3,17 Upward
dispersion with increasing wave vector~decreasing electron
energy! is observed in the simulated and experimental sp
tra ~Figs. 2 and 4! although the changes of probing dep
through the highly inhomogeneous hole distribution a
contribute to the dispersion.

For completeness, we will now briefly discuss the aco
tic plasmon mode, for which the light and heavy holes os
late in phase. This mode has the following simple line
dispersion relation:

v5bACq, ~9!

where in the two-oscillator model the acoustic dispers
coefficientbAC is given by

bAC
2 5

b1
2vh

21bh
2v1

2

vOP
2 ;b1

2. ~10!

The acoustic plasmon dispersion coefficient derived
this method is very similar to that described by Ruvald22

which was obtained using the random-phase approxima
~RPA! in the limit mlh!mhh ~an assumption not essential
the above discussion!. If mlh!mhh then the light-hole disper
sion term (b lvh)2 tends to dominate Eq.~10!, in agreement
with the RPA coefficient which depends only on the Fer
velocity of the lighter carriers. Of course, the above cons
erations do not account for damping, which is thought to
a critical factor in the behavior of acoustic plasmons.22 How-
ever, it should be noted that a strict ‘‘low damping’’ cond
tion (G!v) is not necessary for the observation of a mo
in HREELS; indeed, in the simulation curves shown in F
3, the damping value~350 meV! is greater than the plasmo
frequencies.

Despite its linear dispersion, it may still be possible
observe an acoustic plasmon in specular HREELS due
distortion of the ‘‘ideal’’ dispersion relation by changes
the probing depth through an inhomogeneous sample
practice, this means having additional upward dispersio
low probing depths~i.e., a higher spatial dispersion coeffi
cient closer to the surface! since the phase velocity of th
acoustic plasmon is typically lower than the phase velocity
the peak of the surface loss function.d-doped layers in par-
ticular represent a highly inhomogeneous charge distribu
which may produce such an effect, and an experime
study ofp-typed-doped GaAs has been carried out by Bia
and del Pennino.4 With a moderate dopant concentration
the delta layer (331013 cm22) they observed 2D plasmo
behavior as an electron energy-dependent asymmetric br
ening of the elastic peak. Thed layer was modeled as a thi
hole gas, using only asingleDrude term for the optical plas
mon ~therefore neglecting acoustic modes!. We have per-
formed some theoretical calculations with idealized syste
to gauge the importance of acoustic plasmons in spec
HREELS of highly inhomogeneousp-type materials.

We consider a two-layer system where the bulk dielec
function «b is given simply by«b5«(`) and the surface
layer ~of thicknessd! has a dielectric function«s given by
c-
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«s5«~`!F12
vh

2

v22
v1

2

v22b1
2q2G . ~11!

This represents a simplified two-component plasma s
for which dispersion is important only in the light-hole com
ponent, and the optical phonons are also omitted for simp
ity. Two simulated specular HREEL spectra are shown
Fig. 7 for this system at electron energies of 5 and 50
The heavy-hole plasma frequency is set at 160 meV and
plasma slab thickness is 10 Å, while the light-hole plas
frequency is set at 40 meV~appropriate to InAs as shown i
Fig. 5!. At 50 eV, the elastic peak is not broadened sign
cantly, and a weak plasmon peak is observed close to
meV. This peak is due to the optical 3D hole plasmon mo
At 5 eV, there is striking asymmetric peak broadening on
elastic peak, and the 3D mode peak has shifted downwar
around 10 meV. The downward dispersion of the 3D mo
with increasing electron energy is due to the increased p
ing depth. The increase of the elastic peak broadening w
increasing wave vector is consistent with both 2D plasm
modes and structure-induced acoustic modes.

This two-layer system can be solved analytically using
equations derived by Ibach and Mills,1 the algebra being
straightforward if somewhat laborious. The optical mo
~neglecting its native spatial dispersion! has a frequency
modified by the presence of the slab structure according

v25
vh

2

2
@11e22qd#. ~12!

The exponential factor represents the effects of the cha
ing probing depth as the wave vector is altered. In the lim
of a thick slab, the heavy-hole plasma frequency is rec
ered, while for a thin slab the dispersion becomes prop
tional to the square root of the wave vector, i.e., the expec
2D plasmon behavior appears.4 However, for the acoustic

FIG. 7. Simulated specular HREEL spectra based on the sim
fied two-layer model described by Eq.~11!, using electron energies
of 5 and 50 eV. The plasma slab thickness is 10 Å and the hea
and light-hole plasma frequencies are 160 and 40 meV, res
tively.
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mode, the dispersion isnot affected by the finite thickness o
the slab, due to a cancellation of all the exponential facto
The linear dispersion relation is unaffected by the slab str
ture, and therefore even for such an inhomogeneous sys
the acoustic mode does not appear in specular HREEL s
tra. We therefore assign all of the low-energy intensity on
loss side of the elastic peak in Fig. 7 to 2D plasmons. In fa
there is direct evidence for this from the simulations, sin
the shape of the spectra in the low-energy-loss region
nearly independent of the light-hole spatial dispersion co
ficient. This would not be the case for acoustic plasmo
whose frequency depends critically on the light-hole disp
sion parameter. We investigated several other inhomo
neous space-charge structures in a similar manner and fo
no loss features with behavior compatible with acoustic pl
mon modes. This implies that such modes can in genera
neglected in specular HREELS confirming the validity of t
assumption made by Biagi and del Pennino.4

VI. CONCLUSIONS

Surface-plasmon modes in Zn-dopedp-type InAs~001!
and InAs~111! have been investigated using HREELS. T
2D electron plasmon modes were observed as a broade
of the elastic peak, with the higher surface electron den
of the ~111! surface producing greater broadening. Optic
hole plasmon modes were observed on samples prepare
ion bombardment and annealing~IBA !, but not on those pre-
rs.
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pared by AHC. It has been shown that IBA causes rap
diffusion of the Zn acceptors into the near-surface regio
producing highly nonuniform hole distributions with dens
ties in the range 131018 cm232431019 cm23. The highest
hole densities are associated with increased ion-induced
fect concentrations caused by near-normal ion incidence
high ion energies, in agreement with previous HREELS stu
ies of ion-beam-induced damage in InAs and InSb.10,19 In
contrast, AHC produces no such dopant diffusion. The
electric theory and a three-layer model for the hole distrib
tion near the surface were successfully employed to mo
the HREEL spectra and plasmon dispersion. The tw
component plasma was modeled using two plasma osc
tors incorporating spatial dispersion. Further calculatio
were made using this two-component model and it was
tablished that acoustic plasmons play no role in specu
HREEL spectra even for highly inhomogeneous charge d
tributions.
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