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Surface-plasmon modes in Zn-doped InNA®01) and (111
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We have investigated the plasmon modes present &0k and (111) surfaces of heavily dopep-type
InAs, using high-resolution electron-energy-loss spectros€dREELS 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.
[S0163-18207)04147-1

[. INTRODUCTION in an inversion layer, along with both light and heavy holes
in the bulk. The electron plasma in the inversion layer sup-

Surface-plasmon excitations have been the subject of corports a two-dimensional2D) plasmon mode whose energy
tinued investigation for many years, but only with the adventvaries as the square root of the wave vector. The two-
of high-resolution electron-energy-loss  spectroscopycomponent hole plasma supports two distinct plasmon
(HREELS has it been possible to investigate the low-energynodes: an optical plasmon and an acoustic plasmon with
(10-100 meV modes present in the near-surface region oflinéar dispersion. The acoustic hole plasmon dispersion can-
doped Semiconducto}s‘l’he d|p0|e Scattering process domi- not be Observed n Specular HREELS because Of Its I|near
nant in specular HREELS allows the wave vector of the plasdispersion relation, which does not intersect the line of con-
mon to be altered simply by changing the incidence energyptant phase velocity defined by the dipole scattering condi-
of the electron beam. Scattering can occur from plasmontons. However, the possibility of observing a structure-
localized well below the surface, and the effective probinginduced acoustic plasmon in a highly nonuniform system is
depth of the beam is given approximately by the inverse offiscussed below.
the plasmon wave vector. This typically lies in the range
100-1000 A, making the technique ideal for probing inho-
mogeneous charge distributions in the near-surface region of
materials™ although the combined effects on the experi- The experiments were carried out in a conventional ultra-
mental spectra of changes in both wave vector and probingigh vacuum chambdbase pressure (1—2)x10™1° mbar
depth must be separated. equipped with low-energy electron diffractioLEED),

By far the majority of HREELS studies of IlI-V semicon- HREELS, an argon-ion gun, and an atomic hydrogen source.
ductor materials have focused on electron plasmon excitddREEL spectra were obtained in specular scattering geom-
tions. Hole plasmon excitations have been studied iretry (6,= 6;=45°) and with an instrumental broadening of
GaAg110,> " however, there are no reported studies of the7—11 meV full width at half maximum{(FWHM). Sample
polar surfaces op-type materials. The doping of InAs with temperatures were measured by a cromel-alumel thermo-
Zn is of particular interest for two reason(s) there is a high couple in direct contact with the sample. The samples of
density of donorlike surface states at polar surfaces whicEn-doped InAs p~1x 10 cm™3) were mechanically pol-
form a narrow inversion layer ip-type material, andii) the  ished and etched by the manufactu@CP Electronic Ma-
diffusion behavior of Zn in InAs is already well establistfed. terials Ltd., UK and loaded directly into the chamber with

This paper is concerned with an HREELS study of theno further pretreatment. Note that the heavy-hole plasma
plasmon modes present at tf@01) and (111) surfaces of frequency associated with a bulk doping level of
Zn-dopedp-type InAs. The near-surface region presents a~1x 10 cm 2 is only 15 meV.
complex distribution of three carrier types, namely electrons Clean surfaces were prepared either by atomic hydrogen

Il. EXPERIMENTAL DETAILS

0163-1829/97/5@4)/159958)/$10.00 56 15995 © 1997 The American Physical Society



15 996 G. R. BELL, C. F. McCONVILLE, AND T. S. JONES 56

: 40eV -
:: Y
. . L N 5eV
3 - . N ':":",-
0’. -~ " ...'.,o-._.‘.~ .
"‘ N-s oo ’ ."‘_\. .IOCV
a . .“:{.s,., s, . ......,..\,._,.\
‘R < A
%'. 'o.. * e o’ v..".
.,\ x100 ..‘:*A.s 20eV
ot “etims -
! ; 1 N *M ! ! ! -~
-50 0 50 100 150 200 250 -50 0 50 100 150
Energy Loss (meV) Energy Loss (meV)

FIG. 1. A specular HREEL spectrum obtained from partially ~ FIG. 2. A series of normalized HREEL spectra obtained from
hydrogen-cleaneg-type InA{111) using an electron energy of 40 p-type InAg111) prepared by IBA(ion energy 400 eV, polar inci-
eV. A shoulder on the wing of the elastic peak is visible, extendingdence angle 60° The higher loss energy region is shown as a set of
to approximately 35 meV, and a weak though distinct peak is seeaxpanded % 10) and vertically offset dotted curves for electron
at a loss energy of 139 meV in the expanded spect(daited  energies of 5, 10, and 20 eV, while the elastic peaks for electron
curve, X 100 vertical scale energies of 5 and 20 eV are shown as solid culwes offsej.

cleaning (AHC) or by cycles of low-energy ion bombard- modes, and coupled modes of the two. The spectrum is
ment and annealinglBA).2° To obtain clean and ordered nearly featureless at higher loss energies, apart from a single
surfaces by AHC, the samples were exposed-t80 kL of  peak at a loss energy of 139 meV. This peak disappeared for
molecular hydrogen flowing through the atomic hydrogenmolecular hydrogen exposures of 50 kL or more, and also
source (H, to 2H* conversion efficiency ~7%, became more intense at lower incidence energies. It is as-
1kL=103torr 9 at a sample temperature of 570 K. This signed therefore to a contaminant vibrational mode of the
procedure took about 20 min and resulted in the appearangmrtially cleaned surfadda similar mode has been observed
of a sharp (4<1) LEED pattern on th€001) samples, and a on partially hydrogen cleaned Ga®bl) (Ref. 11]. The
sharp (2¢<2) pattern on th¢111) samples. Sample prepara- (001) surfaces were also prepared using AHC, and very simi-
tion by two 20 min cycles of IBA produced the same LEED lar spectra were obtained. However, the elastic peak broad-
results, although it was found that subsequent IBA treatmergning was significantly les@ypically 12-meV FWHM at a
produced large €1 um) clusters of indium droplets on the nominal instrumental resolution of 7-meV FWHMThe
surface which were observed by both optical and atomi®verall shape of the broadened elastic peak and the shoulder
force microscopy(AFM). Samples were annealed to 550 K, was independent of annealing after full hydrogen cleaning,
and both the ion energy and angle of incidence were variegven for long annealing time8 h) at over 600 K.

(400-2000 eV and grazing to normal incidence, respec- HREEL spectra fo(111) surfaces prepared by IBA were
tively). Oxygen and carbon contamination was undetectablgery different from those of the hydrogen cleaned surfaces.
using Auger electron spectroscoES) on samples pre- Three typical spectra are shown in Fig. 2, obtained from a
pared by both AHC and IBA, except after the highest-energysample prepared by IBA with 400-eV argon ions incident at
bombardment and annealiig keV). Samples treated in this 60° to the surface normal. The stacked curves on the right
way appeared slightly cloudy after extended annealing at 55@olid circleg show the higher-energy-loss regions for elec-
K, and some indium clustering was observed by AFM. Thetron energies of 5, 10, and 20 eV, while the solid lines show
cloudy appearance of the samples coincided with the appeathe elastic peak region & =5 eV (top) andE; =20 eV (bot-

ance of a small oxygen peak in AES spectra. tom) on the same vertical scale. There is clearly still signifi-
cant elastic peak broadenir@nstrumental resolution was
Il RESULTS ~7 meV FWHM) which is slightly greater aE;=5 eV (14-

meV FWHM) than atE;=20 eV (12-meV FWHM. In the
A specular HREEL spectrumiincidence energyE; higher loss region, a single extremely broad peak can be seen

=40 eV) obtained fromp-type InAg111) exposed to 10-kL  which shifts down in loss energy as the incidence energy is
H, at 570 K is shown in Fig. 1. There is a pronounced shoul+aised. The loss intensity peaks at around 85 meVHpr
der on the loss-side wing of the elastic peak, which is itself=5 eV, dropping to 71 meV foE;=20eV, and it is as-
broadened18-meV FWHM beyond the nominal instrumen- signed to the optical hole plasmon mode. Clearly, the carrier
tal resolution (7-meV FWHM). The shoulder and elastic concentration in the near-surface region must be significantly
peak broadening result from collective excitations, namelygreater than the nominal bulk doping level, for which the
the surface optical-phonon mode, the free-carrier plasmoplasma frequency is 15 meV. There is also a pronounced
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FIG. 4. The hole plasmon frequency plotted as a function of the
FIG. 3. Experimentalcircley HREEL spectra obtained from ©l€ctron incidence energf,; for p-type InAS001) samples pre-
p-type INAS00Y) surfaces prepared by IBfion energy 500 eV in  Pared by IBA. In the upper curvésquaresthe ion energy was 2
the lower spectrum, 2 keV in the upper spectyursing an electron keV, while in the Iowe_r c_urve{cwcles) it was 500 eV, and in both
energy of 7 eV. Simulated curvésolid line9 were generated using CaS€s the ions were incident a30° to the surface normal. The
the three-layer dielectric model described in Sec. IV. The peak irrlid lines are based on dielectric simulatidSgc. V). The wave
the upper spectrum at 60 meV is not reproduced by the dielectriyeCtOr varies approximately as the inverse square root of the elec-
simulations. tron energy, e.g., for a 130-meV excitation energy, the inverse wave
vector is 66 A at 10 eV and 230 A at 120 eV.
elastic peak shoulder in the loss energy region 20—40 meV
which is more intense at lower electron incidence energies. There is also a shoulder visible on the elastic peaks of
Similar spectra were obtained for different IBA conditions, both spectra shown in Fig. 3, better defined on the lower
although there was a pronounced dependence of the opticapectrum due to improved instrumental resolution, which ex-
hole plasmon frequency on the ion incidence angle. At graztends to a loss energy of 28 meV. This is the surface optical-
ing incidence, the hole plasmon was only visible as a longphonon excitation, and its intensity decreases as the electron
tail on the elastic peak, whereas at normal incidence, the losgnergy is increased. The peak at 60 meV is not reproduced
intensity peaked at energies greater than 100 rf@tiough by the theoretical curve. This peak was observed only for the
still with pronounced downward dispersion at higher electrorhighest ion energy employd@ keV) and after extended an-
energies nealing at 550 K. Samples subjected to this IBA treatment
Figure 3 shows two HREEL spectigolid circles, re- appeared slightly “cloudy,” and some oxygen contamina-
corded with electron energies of 7 eV, obtained from thetion was detected in AES. The peak intensity decreased
(001) surface ofp-type InAs prepared by IBA. The solid strongly as the electron energy was raised, and it was hardly
lines are theoretical spectra produced by dielectric theorgletectable aE;=20 eV. The dispersion of the peak was es-
simulations(see Sec. IY. In both cases, the ions were inci- timated by subtracting simulated curves from the experimen-
dent at 30° to the surface normal and the samples were atal curves, and it was found that the peak stayed at a constant
nealed to 550 K. The upper spectrum corresponds to an ioless energy of 60 meV. The lack of dispersion is character-
energy of 2 keV, while the lower spectrum corresponds to aristic of a surface vibrational mode, and so the loss peak is
ion energy of 500 eV. In both spectra there is a very broadissigned to an oxide-related vibrational mode on the dam-
peak at high loss energi¢sentered at 184 and 124 meV for aged and indium-rich surface.
the upper and lower spectra, respectiyeljhese peaks ex-
hibit pr_onOL_Jnced dispersion, similar to the broad peaks IV. BAND STRUCTURE AND DIELECTRIC MODELING
shown in Fig. 2 for the(111) surface, and they are again
assigned to the optical hole plasmon mode. The dispersion is The valence-band structure of InAs was modeled as para-
shown over a wide range of electron enerdigs120 eV in bolic light- and heavy-hole bands with constant effective
Fig. 4 and in both cases the overall trend is downwards withmasses of 0.026, and 0.4In, respectively(wherem, is
increasing electron energy. The upper cu(selid squares the free-electron massThe density of occupied states in
indicates the dispersion of the optical hole plasmon for theeach band was calculated as a function of the overall hole
sample bombarded at 2-keV ion energy, while the lowerconcentrationp, and light-hole and heavy-hole plasma fre-
curve(solid circles corresponds to an ion energy of 500 eV. quencieswy, and wp, Were calculated separately for each
The solid curves were produced by dielectric theory simulahole gas. The plasma frequencies are shown as a function of
tions. Note that the overall dispersion is much greater for thehe total hole concentration in Fig. 5. In the carrier-
higher-energy ion bombardmentan overall shift of concentration regime of interegi~ 10— 10'° cm™3 in the
~42 meV for the 2-keV bombarded sample, compared wittmear-surface region, as determined from fitting of the experi-
~20 meV for the 500-eV sample mental dataand at room temperatur&gT~26 meV), the
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Hole Density (cm™) face of p-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

FIG. 5. The calculated light-holelh) and heavy-hole(hh) |ayer thicknessed,; andd, for the three-layer dielectric model are
plasma frequencies for InAs at room temperature plotted as a funGhown on the horizontal axis.

tion of the total hole concentration, based on parabolic bands with
effective masses of 0.008f and 0.4In,, respectively. usual way>*® The two hydrodynamic plasma terms corre-
spond to the heavy- and light-hole gases, respectively. In
bands are partly degenerate with the Fermi level lyingeach of the two plasma active layers, there is a plasma fre-
~15 meV below the valence-band maximum. quency for each hole typeoy, andw;, i=2,3 and also a
The schematic band alignment and a corresponding thre@Patial dispersion term for each hole typy and By, i
layer dielectric model are shown in Fig. 6. The conduction=2:3- In the partly degenerate system studied here, the
band is expected to become degenerate close to the surfaggPYe-Hkel model was used to calculate the spatial dis-
due to the presence of a high density of electrons donateR€rsion terms for each of the four plasma oscillattie
from surface defect®'* Beyond this inversion layer, the homas-Fermi values were also derived and were somewhat
. smaller for all the carrier concentrations considérethe
samples are assumed to become stromgtype, consistent

with the very high plasma frequencies observed in HREELSpI&lsmon wave vectay can be calculated for a given dipole

_ ; o scattering event, and increases as the electron energy is
Inhomogeneity in the hole density profile in the near-surfacg.q,,ced The plasmon damping factdh, was a free param-

region is accounted for by the presence of the "mid-layer,” (e i the simulations, anid, was constrained to be greater

while the inversion layer is treated as cgrrier fl(ae“dead _ by a factor fn,/m;)2 to take into account the higher rate of
layer”). The reasons for the latter approximation are given ingnized impurity scattering for the faster carrier species.
Sec. VB. Deep into the bulk, the carrier concentrationjowever, independent changes in the light-hole plasmon
should approach the nominal bulk doping level 0k10""  damping had only minor effects on the simulated spectra
cm™3, where the valence bands are nondegenerate. Howevefompared with the effects of the heavy-hole damping param-
HREELS can only probe the upper few hundred angstromster.

of the sample, and so the “bulk” carrier concentration in the HREEL spectra were simulated using the approach of
dielectric model is not constrained to be equal to the true.ambin, Vigneron, and Lucd$modified to incorporate the
bulk doping level. In Fig. 6, the valence band is shown agwo-oscillator plasma dielectric function given in EQL).
degenerate in the mid-layer and nondegenerate in thEor each sample, experimental spectra obtained using a wide
“bulk” region, in accordance with the experimental findings range of electron incidence energiés-120 e\f were simu-

detailed later. lated to derive a single set of best-fit parameters. This pro-

In the mid-layer {=2) and bulk {=3), the dielectric cedure ensures that a wide variety of effective probing

function is assumed to be of the form depths and plasmon wave vectors are sampled. All of the

model parameters were fixed for a given set of experimental

w2 w2 data, except fqr the plasmon Qamping, which was allowed to

gi(q,w)=ge(®)| 1+ — "2“ — 2‘ : vary as a function of electron incidence energy to account for
0o 0 —iyo o°=BLg tilhe the various plasmon damping mechanismseit was found

that high plasmon dampind’- w) was required in all of the
1) 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.
where the first two terms in the square brackets account for

the lattice response of the material, and the last two terms V. DISCUSSION
account for the hole gas response. The high-frequency di-
electric constant(«) is set at 12.2%° The optical-phonon
term contains the phonon strengtéa ), transverse-optical- The diffusion behavior of Zn in InAs has been widely
phonon frequency ¢1o), and phonon dampingy) in the  studied® and the low activation energ)E for diffusion

2
wj;

B wz—ﬁﬁq2+il“lw

A. Dopant diffusion and IBA effects
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(~1.2eV) and high diffusion constanb, (~3X 1073 TABLE |. The parameters used in the three-layer dielectric
cmé 5_1) means that the diffusion process can be morgnodel to produce best fits to two sets of the experimental HREEL
readily observed than in most IlI-V impurity systems. De- Spectra obtained from-type InAS001) prepared by IBA. In both
tailed calculations were not performed here due to the comcases the samples were bombarded at an angle of 30°, and the ion
plexities of the systenfsuch as a concentration-dependentenergy was either 2 keV or 500 eV. The parameters are the mid-
diffusion coefficient arising from a switch in the dominant 'ayer thickness d;) and hole concentrationpg), the bulk hole
diffusion mechanism at a concentration of around 5C¢oncentration ;) and the dead layer thicknesd,{.

% 10'® cm~%).2 However, a simple calculation of the diffu-
sion lengthx for a timet=1 h,

lonenergy  pp(cm®)  pz(ecm®)  dy (A)  dy (A)

2 keV 3x10'° 4x10' 32 49
x~/Dgte AE/2keT (2) 500 eV 2x 101 4x10'® 35 33

results in values ok~0.05 A at room temperature and
~0.15um at the annealing temperature of 550 K. Clearly,critically on the ion sputtering conditions employ¥dn par-
the length scale for diffusion is very much less than theticular, damage is minimized at grazing incidence and low
space-charge region probed by HREELS at room temperaen energies. The results presented here show a similar trend
ture, but is significantly greater during annealing. We assumsince at grazing incidence, the additiohale concentration
therefore that the final dopant profile is limited solely by theis minimized, while it is greatest for high-energy bombard-
driving force for diffusion rather than the diffusion process ment fairly close to normal incidendg-igs. 3 and % We
itself. conclude therefore that the driving force for Zn diffusion into
For both the(001) and (111) hydrogen cleaned surfaces, the near-surface region is the residual ion-induced damage
there is no distinct hole plasmon peak visible in the HREELproduced during bombardment which leaves a very high de-
spectra, only a shoulder on the elastic peak together witfect density close to the surface. These provide sites for Zn
some elastic peak broadenifigig. 1). Even after extended atoms, which during annealing become sufficiently mobile to
annealing, no hole plasmon peak was observed, and so it catcupy these sites. Dopant diffusion is essential for the ob-
be concluded that significant Zn diffusion to the near-surfaceservation of these high hole concentrations: for example, for
region does not occur. Dielectric theory simulations suggesp type InSb(Cd-dopedp~ 10 cm™3), IBA inducesn-type
that a near-surface hole concentrationlx10® cm ™2  behavior near the surfatebecause dopant diffusion is neg-
would be necessary for the observation of a distinct holdigible in this systenf.
plasmon peak in the experimental spectra. In contrast to the By fitting the HREEL spectra and the observed optical
hydrogen cleaning process, IBA leads to the observation dfiole plasmon dispersion using the dielectric theory, it was
hole plasmon frequencies between 70 and 180 rfigys. 2  possible to estimate the carrier profile close to the surface.
and 3, implying near-surface hole concentrations in theTheoretical curves are shown in Fig. 3 for @91) surface
range 2 10— 1x 10 cm™3. Clearly, significant diffusion prepared by different IBA proceduréalthough fits for only
to the surface region has occurred during the postthe 7-eV spectra are shown, similar fits were generated
bombardment annealing cycle. across the whole range of incidence enerngi€early they
The spatial distribution of holes can be investigated byfit the experimental curves very well, with the exception of
altering the electron incidence energy in HREELS. At higherthe 60-meV loss peak evident in the upper spect(ion
electron energies, modes localized deeper in the bulk caenergy equals 2 keVIn particular, the optical hole plasmon
scatter the probing electrons because of the smaller wavgeak is reproduced by the two-oscillator plasma dielectric
vector transfer, leading to the concept of an energyfunction employed. The dramatic dispersion of the hole plas-
dependent “effective probing depth:f the hole concentra- mon peaks for these samples is shown in Fig. 4 with the solid
tion decreases deeper into the bulk, the local plasmiines representing fits to the dispersion curve generated by
frequency will also drop. Higher-energy electrons will there-the dielectric model. Again, the fits are extremely gdodte
fore sample a lower average plasma frequency, leading to the error in the peak position for the extremely broad plas-
contribution to the plasmon dispersi¢s a function of elec- mon peaks is several mgMvith the models used to produce
tron energy additional to the native spatial dispersion. This the fits containing a mid-layetayer 2 with a significantly
mixture of two sources of dispersion generally means thahigher plasma frequency than the bulk layer, indicating a
simulations are needed to model the observed dispersion covery strong inhomogeneity in carrier concentration across the
rectly. It should be noted that the effective probing depth isregion probed by HREELS. The carrier concentrations in
very approximate, and it is normally only possible to deriveeach of the layers for both surfaces are shown in Table I,
general features of the carrier profile. The simple three-layetogether with the mid-layer thicknesd4) and the dead layer
model employed here is only a schematic representation dhickness ;). For both samples, the carrier concentration
the true profile. inferred in the mid-layer is almost an order of magnitude
In previous papers, we have investigated the effects ofiigher than the “bulk” carrier concentration. This very
IBA on the near-surface region of both In@91) (Ref. 10 sharp inhomogeneity was required to model the observed
and InSi8001).1° In both cases, significamt-type doping is  dispersion of the hole plasmdFig. 4), with the spatial dis-
produced in the upper 1000 A region of the sample due to persion of the plasma taken into account. The main differ-
ion-induced defects. For InAs, we have shown that theence between the two systems is that for the 2-keV bom-
amount of damage induced in the sample, as measured by tharded sample, the mid layer is slightly thické49-A
additional electron concentration using HREELS, depends compared with 33 Aand has a slightly higher carrier con-
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centration (3x 10 cm™3 compared with X 10 cm™3). Using reasonable values for the surface Fermi level de-
The dead layer thicknesses are very similar in both cé@@s rived from previous work*!’ the calculation produces a
and 35 A. The dead layer is responsible for the slight down-depth of 21 A. The values for the dead layer thickness, de-
ward dispersion observed at the lowest electron energiedived from the HREELS simulations, appear highly plausible
(<20 eV) in the 500-eV curve. It should be noted that be-in light of this value.
cause of the simplified nature of the three-layer model, these For the(111) surfaces, the 2D plasmon frequencies are
layer thicknesses are approximate values, despite the stroggnificantly greater than for théd01) surfaces, and at low
sensitivity of the simulations to the actual values. It is alsoelectron incidence energies they are sufficient to allow the
important to note that the semi-infinite “bulk” region of the 2D plasmon to couple with the optical phonon
model does not actually represent the true bulk zinc concerfwro=27 meV) to produce plasmaron modes of mixed
tration (on a depth scale of several micromeldrscause of charactef" This explains why a distinct phonon peak is not
the limited probing depth. observed on th€¢11l) surfaces even at the lowest electron
Clearly, the region of very high carrier concentration pro-energy(Fig. 2). It also explains the electron energy depen-
duced by the IBA procedure and subsequent dopant diffusioflence of the elastic peak broadening for (h&1) surfaces,
extends somewhat deeper for ion bombardment at 2 keWhich is greater at lower electron energi&gy. 2) due to the
than at 500 eV(49 A cf. 33 A. However, both of these higher 2D plasma frequency.
mid-layer thicknesses derived from the HREELS measure-
ments are much smaller than the overall damage diffused C. Hole plasmon modes
region, which inn-type InAs is estimated to be at least 400
A.1° They are closer to the typical amorphization depths,

(several tens of angstrom®und in III-V materials follow- for a highly simplified systerh.The optical phonons are ne-

@ng ion sputtering at ior_l en_ergigs of several hun_dredZ%N/. glected, as is the plasmon damping dimdtially) the spatial
's possible that zinc diffusion into the amorphized SurfaCestructur,e of the substrate. For this uniform semi-infinite me-
region of the material controls the formation of this region of _. Lo o

the highest hole concentration. Of course, the HREELS meaq'um’ the assumed dielectric function is

Some insight into the two-component plasma model can
gained by solving the surface loss equatidw)=—1

surements reported here only detect the presence of holes, wzi wﬁ
not the corresponding electron accept@a™ ions) or neu- e(w)=8(0)| 1= 55— 57|, (5)
tral Zn atoms. 0= p19° o °—Biq
which represents the essential features of the plasma part of
B. 2D electron plasmon modes the full dielectric function given in Eq.1). We also use the

The energy of a 2D plasmon increases as the square rogpproximations(oc)>l.
gy P d In the absence of spatial dispersiof; €0), the surface

of its wave vectof, and the dispersion as a function of elec- loss equation predicts only one plasmon mode, which is non-
tron energyE; in dipole HREELS can be calculated as dispersive and has a frequenayp given by '
P

3 N,pe?sing, | Me. 3 wop= Vi + o, (6)
Y20 goe()m* V2 | _

This value is close to the heavy-hole plasma frequency for
wheren,p is the sheet electron density afidis the electron @ Systém in whichmy,<m,,. This optical plasmon mode
incidence anglé45° in these experimentsFor the inversion ~ consists of the light and heavy holes oscillating out of phase.
layer system at the InA€O01) and (111) surfaces, the sheet However, if spatlal dispersion is retalneq, the surfa_ce loss
charge density can be equated to the donorlike surface-staggluation predicts a frequency for the optical mode given by

density. This is known to be dependent on the surface

reconstructiott'*’ and for InAs (001)-(4x2) and @)
(111)A-(2x2) surfaces, it is approximately>d10™ cm® 1016 the optical spatial dispersion coefficigge is
and 8< 10'* cm™2, respectively? For the(001) surface, the P P P Y
2D plasmon frequency varies between 2 and 9 meV in the (B2- B2 (w?— w?d)

. . 2 h 1 1 h 2
electron energy range explored experimentally, while the Bop= > ~ B1. (8
corresponding range on tti@11) surface is 9—34 meV. The @op

HREEL spectra from th€001) surfaces show only a small
degree of elastic peak broadening, which is consistent wit

the calculated 2D plasmon frequencies. This allows the in ; ; . .
short wavelengths the increased compression raises the exci-

version layer to be treated as a “dead layer” without affect-t i #Th del dict dditional di i
ing the higher loss region of the spectra. The width of the2ton energy.- 1he mode! predicts an additional dispersion
term which is quartic in the wave vector, neglected in the

inversion layer can be estimated in the Fang-Howard apI lenath ) idered h In addit .
proximation by calculating the extent of the ground—stateOng"’v"’we ength regime considered here. In addition, since

wave function perpendicular to the surfazgg Miy<< My, in the InAs system, the optical dispersion param-
eter reduces to the light-hole dispersion parameter as shown

. in Eq. (8), the dominant term being& ). For an ideal
ZGSZJ 24%(2)dz. (4) p-type InAs sagmplg,\gat room _temperature and Wlth a doping
0 level of 1x 10 cm™3, the optical plasmon dispersion coef-

In the hydrodynamic model, this spatial dispersion arises
from the finite compressibility of the carrier “fluids:” at
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ficient is nearly identical to the light-hole dispersion coeffi-
cient (both 0.74<10° ms™?). The resulting upward disper- two-layer simulation
sion with increasing wave vector indicated by H{) is
similar to that of the single component plasiid.Upward
dispersion with increasing wave vect@ecreasing electron
energy is observed in the simulated and experimental spec-
tra (Figs. 2 and # although the changes of probing depth
through the highly inhomogeneous hole distribution also
contribute to the dispersion.

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

0= Bac, 9 ; : -
-100 50 0 50 100 150 200 250 300
where in the two-oscillator model the acoustic dispersion
coefficient B¢ is given by Energy Loss (meV)
2 2, 92 2
iczmwﬂ% (10) FIG. 7. Simulated specular HREEL spectra based on the simpli-
wop fied two-layer model described by E@.1), using electron energies

of 5 and 50 eV. The plasma slab thickness is 10 A and the heavy-

The acoustic plasmon dispersion coefficient derived byand light-hole plasma frequencies are 160 and 40 meV, respec-
this method is very similar to that described by Ruv&lds tively.
which was obtained using the random-phase approximation
(RPA) in the limit my<m;;, (@an assumption not essential in w? w?
the above discussionif m,<m;,, then the light-hole disper- es=e(®)|1-—5— prayadl (1)
sion term 3,w,)? tends to dominate Eq10), in agreement !
with the RPA coefficient which depends only on the Fermi  Thijs represents a simplified two-component plasma slab
velocity of the lighter carriers. Of course, the above considfor which dispersion is important only in the light-hole com-
erations do not account for damping, which is thought to beyonent, and the optical phonons are also omitted for simplic-
a critical factor in the behavior of acoustic plasméhsiow- ity. Two simulated specular HREEL spectra are shown in
ever, it should be noted that a strict “low damping” condi- Fig. 7 for this system at electron energies of 5 and 50 eV.
tion (I'<w) is not necessary for the observation of a modeThe heavy-hole plasma frequency is set at 160 meV and the
in HREELS; indeed, in the simulation curves shown in Fig.plasma slab thickness is 10 A, while the light-hole plasma
3, the damping valu€350 meVj is greater than the plasmon frequency is set at 40 mefappropriate to InAs as shown in
frequencies. Fig. 5. At 50 eV, the elastic peak is not broadened signifi-

Despite its linear dispersion, it may still be possible tocantly, and a weak plasmon peak is observed close to 160
observe an acoustic plasmon in specular HREELS due tmeV. This peak is due to the optical 3D hole plasmon mode.
distortion of the “ideal” dispersion relation by changes in At 5 eV, there is striking asymmetric peak broadening on the
the probing depth through an inhomogeneous sample. lg|astic peak, and the 3D mode peak has shifted downward by
practice, this means having additional upward dispersion around 10 meV. The downward dispersion of the 3D mode
low probing depthgi.e., a higher spatial dispersion coeffi- with increasing electron energy is due to the increased prob-
cient closer to the surfagesince the phase velocity of the ing depth. The increase of the elastic peak broadening with
acoustic plasmon is typically lower than the phase velocity aincreasing wave vector is consistent with both 2D plasmon
the peak of the surface loss functiohdoped layers in par- modes and structure-induced acoustic modes.
ticular represent a highly inhomogeneous charge distribution This two-layer system can be solved analytically using the
which may produce such an effect, and an experimentaéquations derived by Ibach and Mifisthe algebra being
study ofp-type 5-doped GaAs has been carried out by Biagistraightforward if somewhat laborious. The optical mode
and del Pennind.With a moderate dopant concentration in (neglecting its native spatial dispersjohas a frequency
the delta layer (% 10" cm™?) they observed 2D plasmon modified by the presence of the slab structure according to
behavior as an electron energy-dependent asymmetric broad-
ening of the elastic peak. Th&layer was modeled as a thin
hole gas, using only singleDrude term for the optical plas-
mon (therefore neglecting acoustic moglesVe have per-
formed some theoretical calculations with idealized systems The exponential factor represents the effects of the chang-
to gauge the importance of acoustic plasmons in speculang probing depth as the wave vector is altered. In the limit
HREELS of highly inhomogeneoys-type materials. of a thick slab, the heavy-hole plasma frequency is recov-

We consider a two-layer system where the bulk dielectricered, while for a thin slab the dispersion becomes propor-
function g, is given simply bye,=e() and the surface tional to the square root of the wave vector, i.e., the expected
layer (of thicknessd) has a dielectric functiog given by 2D plasmon behavior appedrddowever, for the acoustic

2
w
w?= [1+e ) (12
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mode, the dispersion isot affected by the finite thickness of pared by AHC. It has been shown that IBA causes rapid
the slab, due to a cancellation of all the exponential factorsdiffusion of the Zn acceptors into the near-surface region,
The linear dispersion relation is unaffected by the slab strucproducing highly nonuniform hole distributions with densi-
ture, and therefore even for such an inhomogeneous systetigs in the range 10 cm3—4x10*°cm™3. The highest

the acoustic mode does not appear in specular HREEL spehele densities are associated with increased ion-induced de-
tra. We therefore assign all of the low-energy intensity on thefect concentrations caused by near-normal ion incidence and
loss side of the elastic peak in Fig. 7 to 2D plasmons. In facthigh ion energies, in agreement with previous HREELS stud-
there is direct evidence for this from the simulations, sincdes of ion-beam-induced damage in InAs and 1#%b.In

the shape of the spectra in the low-energy-loss region isontrast, AHC produces no such dopant diffusion. The di-
nearly independent of the light-hole spatial dispersion coefelectric theory and a three-layer model for the hole distribu-
ficient. This would not be the case for acoustic plasmonstion near the surface were successfully employed to model
whose frequency depends critically on the light-hole disperthe HREEL spectra and plasmon dispersion. The two-
sion parameter. We investigated several other inhomogesomponent plasma was modeled using two plasma oscilla-
neous space-charge structures in a similar manner and founors incorporating spatial dispersion. Further calculations
no loss features with behavior compatible with acoustic plaswere made using this two-component model and it was es-
mon modes. This implies that such modes can in general bablished that acoustic plasmons play no role in specular
neglected in specular HREELS confirming the validity of theHREEL spectra even for highly inhomogeneous charge dis-

assumption made by Biagi and del Penritno. tributions.
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