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Plasmon excitations and accumulation layers in heavily doped InA§01)
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High-resolution electron-energy-loss spectroscREELS has been used to study tk@01) surface of
degenerata-type InAs grown by molecular-beam epitaxy and prepared either by As decapping or ion bom-
bardment and annealifiBA). 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[S0163-18206)06928-7

[. INTRODUCTION sions are determined by the de Broglie wavelength of the
electrons® This layer is indistinguishable in HREELS from
The (001 surface of InAs has for many years attracteda depletion layer, although its origin is very different. Where
significant interest because of its unusual electronidhere is electron accumulation, however, the carrier profile
properties: In particular, an electron accumulation layer is must rise from its bulk value and then fall to zero at the
formed at the clean surface due to pinning of the Fermi levesurface. The accumulation layer thickness is controlled by
in the conduction band by intrinsic donorlike surface the screening length which is typically 30—-100 A for heavily
states?® This behavior contrasts with most other I1I-V semi- doped semiconductors.
conductor materials, such as InSb and GaAs, whose intrinsic The surface reconstruction can strongly affect the intrinsic
and extrinsic surface states cause electron depletion in theurface states, and hence the band bending. For example, it
near-surface regich. The high electron density at the has been shown that for Inf¥01), there is a significant
InAs(001) surface makes possible several interesting deviceélifference in surface electron density between (#e?2) In-
structures such as intersubband infrared detectors and nonatabilized and2x4) As-stabilized reconstructiort8.In ad-
loyed Ohmic contact3. dition, the surface preparation method used can also influ-
High-resolution electron-energy-loss spectroscopyence the surface and the near-surface electronic properties.
(HREELS has proved to be a very useful technique forFor INnAS001), cycles of low-energy ion bombardment and
studying the electronic properties of clean IlI-V semiconduc-annealing (IBA) introduce donorlike defects in the near-
tor surface$71° The surface-plasmon modes accessible ussurface region. These diffuse to a depth of at least 1000 A,
ing HREELS give valuable information about band bending,and the defect density depends strongly on the IBA condi-
surface-state density, carrier concentration, and electron mdons employedi.e., ion energy, incidence angle, and anneal-
bility. These modes are also of fundamental interest as excing temperature!® A similar enhancement of electron con-
tations of an inhomogeneous electron gas. Much of this workentration is found in thg001) surface inversion layer
to date has been directed towards G@84) (Refs. 6 and ¥  formed inp-type InAs?’ and InAs quantum well& Thermal
and InSK001).8° Extraction of the parameters mentioned decapping of a protective arsenic layer provides an alterna-
above requires a detailed modeling of the near-surface regidive method for surface preparation when the sample has
using the dielectric theory of HREEL'S ! For a surface been grown by molecular-beam epitaxy MBE.
depletion layer, a simple two-layer model is generally suffi- In this paper, HREELS data from degenerate [(084)
cient (a carrier-free layer on top of the bujk® however, for  (Si doped,n~5x10'® cm™3) are presented and analyzed us-
an accumulation layer a more complex carrier profile ising semiclassical dielectric theory. The effects of different
required'®!° This is due to the effect of the surface barrier surface preparation procedures, including both decapping
on the conduction band electron wave functions: it is effec-and IBA, have been studied along with the influence of the
tively infinite, and demands that the wave function be zero asubstrate temperature. The results are modeled using a three-
the surface. This produces a carrier-free layer whose dimerayer system involving a semi-infinite bulk, an accumulation
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FIG. 2. Specular §,=6,=45°) HREEL spectra from IBA-
treated InA§001) surfaces recorded witte) E;=100 eV and 300
K, (b) E;=100 eV and 600 K{(c) E;=6 eV and 300 K, andd)
E;=6 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.

E,= 100 eV

Intensity

system. Incident electron energies;) in the range 4—100
eV were used, and all spectra were collected in specular
scattering geometryd; = 6,=45°). The instrumental resolu-
0 50 100 150 200 tion was typically 10-meV full width at half maximum
Energy Loss (meV) (FWHM) in the elastic peak, but was often degraded-ttb
meV to improve count rates and reduce data collection times.
FIG. 1. Specular §,= 6,=45°) HREEL spectra, recorded with The elastic peak FWHM and the overall background of the
E,=4, 15, and 100 eV, from decapped Ir{881) surfaces held at 10ss spectra were not affected by radiative heating. The po-
(@) 300 and(b) 500 K. The solid lines are the simulated spectrasitions of the loss peaks in the spectra are accurate lto
calculated for the three-layer model within the semiclassical dielecmeV.
tric theory using the parameters defined in Table I. All spectra are  The samples were grown byMBE) in a separate
normalized to the specular elastic peak. systen?> and were protected from atmospheric contamina-
tion during transfer to the HREELS system by an As capping
layer, and a carrier-free layer nearest the surface. The carriédyer® This layer was removed in the HREELS chamber by
statistics of highly degenerate InAs have been calculated ugnnealing to 650 K for about 15 min, resulting in a some-
ing the rigid-band Kane model in order to derive the tem-what disordered4x1) LEED pattern. The samples were
perature dependence of the band bendin@alculations of later subjected to two cycles of IBA using conditions chosen
the electronic structure of the near-surface region are dgo minimize residual electronic dama¢@00—-400-eV Al at
scribed and compared with the dielectric theory model. Thegrazing incidence;-3-uA sample current for approximately
influence on the HREEL spectra of plasmon damping, spatial0 min, annealing to 650 K> This procedure gave rise to a
dispersion, Fermi-level pinning at the surface, and surfacéuch sharpet4x1) LEED pattern.
preparation are discussed in detail.

Ill. HREELS RESULTS

Il. EXPERIMENT . . .
A series of normalized HREEL spectra, taken at various

The experiments were carried out in a conventionalincident electron energies from clean 1881 samples fol-
ultrahigh-vacuum chambebase pressure-1x10~1° mbay lowing different surface preparations, are shown in Figs. 1
equipped with low-energy electron diffractiofLEED), and 2. Figure (a) shows spectrdE;=4, 15, and 100 ey
HREELS, and a variable energy argon-ion gun for sputtefrom a decapped sample held at 300 K, whereas Hig. 1
cleaning. Sample heating was achieved by electron bombarghows the corresponding spectra from the same sample held
ment from a tungsten filament behind the sample, with theat 500 K. The broad peak observed -a120 meV in all
temperature measured by a chromel-alumel thermocouple igpectra is the conduction-band electron plasmon excitation.
direct contact with the sample. While taking HREELS scans;The intensity of this feature relative to the elastic peak in-
the sample could be heated radiatively to between 500 ancreases at higher incidence energies, and the linewidth de-
600 K, with the chamber pressure kept-a2x10 1° mbar.  creases. The peak position shifts to greater loss energy at low

The HREEL spectrometer consists of a fixed monochroincidence energies, with a total shift of about 6 meV at both
mator and rotatable analyzer, both of the 180° hemisphericaémperatures. All loss energies are about 5 meV lower at 500
deflector type, with a four element entrance and exit lend& when compared with the corresponding spectra at 300 K.
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ciple, be extracted from measurements of the FWHM of the
plasmon at different electron energies. The dependence of
the plasmon FWHMnormalized to the FWHM of the elastic
FIG. 3. The plasmon frequency plotted as a functiorEpfor  peak on E; is shown in Fig. 4. The two data sets correspond
InAs(001) surfaces prepared bs) decapping andb) IBA. The  to sampleqddecapped and IBA treatgtield at 300 K. Both
points are the experimental data, whereas the solid and dashed |in5ﬁ3ts show a sharp increase in plasmon width below about 8

are the fits based on the simulations at low and high temperaturegy/ with a gradual decrease towards higher electron energies.
respectively.
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There is also a noticeable increase in the asymmetry of the IV. ANALYSIS

plasmon peak at low;, with the peak becoming less sharply  Thjs section deals with an analysis of the HREELS data
defined on the high loss energy side. The sharper peak @tesented in Sec. Ill, and is split into three parts. Section
~27 meV in the spectra recorded at I&is assigned tothe  |v A introduces the basic ideas of semiclassical dielectric
surface optical phonon. This shows little change of loss entheory. Section IV B is concerned with the modeling of the
ergy, but its intensity falls off rapidly with increasing inci- yarious parameters required for the simulations. Finally, the

dence energy. For energies greater than 15 eV, this loss peglmylations generated by the model are presented and dis-
is hardly detectable, except as a shoulder on the elastic pegkssed in Sec. IV C.

(the instrumental resolution is, however, sufficient to resolve
this peak in all spectja

HREEL spectra taken from a sample treated by IBA, at
temperatures of 300 and 600 K and incidence energies of 6 Specular HREEL spectra were simulated using the ap-
and 100 eV, are shown in Fig. 2. The phonon loss pealproach developed by Lambin, Vigneron, and Liféas the
behaves in a very similar manner to that of the decappeframework of semiclassical dielectric theory. A classical loss
samples. The plasmon peak, however, shows slightly lesspectrum is first calculated which includes only single losses.
dispersion(~4 meV), and appears to be less asymmetric atThe scattering is described by a surface loss function, deter-
low incidence energies. mined by the dielectric function of the target, and a kine-

The dispersion of the plasmon loss as a function of inci-matic factor which takes into account the classical scattering
dent electron energy is shown in Fig. 3. Figut@3hows probability. Multiple lossegand gaing are then calculated
data from a decapped sample at temperatures of 300 and 50antum mechanically. In this second stage, the instrumental
K. At both temperatures, the plasmon energy exhibits a sigbroadening is also taken into account by convolution with an
nificant decrease with increasiy before reaching approxi- instrumental response function which can be fitted to the
mately constant valued.20 meV at 300 K and 115 meV at elastic peak.
500 K) for incident energies above 40 eV. In contrast, the A three-layer model was used to analyze the HREELS
plasmon energy observed in IBA-treated samples demordata presented in Sec. lll. This consists of a semi-infinite
strates little dispersion at both temperatures, although thbulk, an accumulation layer in the middle, and a plasmon-

A. Dielectric theory of HREELS



54 PLASMON EXCITATIONS AND ACCUMULATION LAYERS . .. 2657

carrier conc. (1) therefore mixed as the incidence energy is altered. This mix-
ing and compensation between certain paramefersex-
ample, increasing a plasma frequency while decreasing a dis-

e~ persion coefficientmade it possible to generate superior fits

e I" T NN for a single electron energy, but which was based on a model

Ppatk | / 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.

n,

/ B. Model parameters
e depth P

d; d, +d, The simple rigid-band Kane model was used to describe
the nonparabolic conduction band oftype InAs?? This

FIG. 5. A schematic diagram of the three-layer model used fofn_%gel has repently been teSteO_' f(:_)r InAs heaV”Y doped W'th
the HREELS simulations. Also shown is a representation of the> ~ and provides a good description of the varying effective
charge distribution near the InA01) surface, expected from clas- Mass for carrier concentrations less than>2.@" cm >, a
sical (dotted and quantum_mechanicaﬂashed Ca|cu|ations’ re- condition satisfied in our experimeﬂts. The variation of the
spectively. band gap is very significant over the temperature range used

in these experiments, and has been described by Varshni's

free layer at the surface, with layer thicknessgs=, d,,  equation;® using fitting parameters derived from the

andd,, respectively(Fig. 5. The dielectric functions of the literature®® The carrier concentration and other electron-gas
layers are given by parameters can then be calculated for various temperatures
2 and over a range of degeneracies. The conduction band is
@i highly degenerate at the doping levels used in these experi-

ments, with the Fermi level lying several hundred meV

(1)  above the conduction-band minimum.

It was assumed that the carrier concentration is indepen-

respectively,s() is the high-frequency dielectric constant d_e nt of the temperature, with the strong variation in the po-
’ sition of the Fermi level and of the band gap with tempera-

25
(12.25 for InA9,™ and wyn, 7 and wyo are the phonon ture accounting for the changes in the electron-gas properties

strength parameter, damping parameter, and frequency, " this system. HREELS studies of degenerate InSb, the con-
spectively. These last three parameters were constant for gjl .. . . ;
uction band of which can also be accurately described using

26
layers. ) . the Kane model, have shown that changes in the measured
The final term in Eq(1) represents the plasmon response lasmon response are due to shifts in the Fermi level with

using a hydrodynamic description. The plasma frequencie emperature, with no significant changes in the carrier

g)é\r;iee!\?tceo::: ézﬁaﬁ)%i(\)lvzy tozrre]leezfll‘ectlzli)mgs?l*vi)thand concentratiort® With this assumption, the Fermi level, the
yoi i 1808 ' “1 - carrier velocity at the Fermi level, the effective mass at the

set to zero in all calculations. The other parameters are thEermi level, the plasma frequency, and the Thomas-Fermi

(nglltgll acrj:jptﬁ:asglr;(fri%olr?Ii:‘?t/ire’anr)Z\fvﬁgrlir?sugltozqigﬁy ?n screening length can all be calculated at different tempera-

o L . tures. Figure 6 shows a plot of both the plasma frequency
R?tg layers. The derivation gf; and 7 is discussed in Sec. and Fermi-level position as a function of carrier concentra-

ion for the temperature ranges relevant to this st(230

ei(q,w)=¢g(°)| 1+ wgh -
i wio— 0’ —iyo ’—BigitinlT

’

whereq andw are the excitation wave vector and frequency,

. . . t
Apart from information concerning the spectrometer andan d 600 K, respectively

the scattering conditions, the above variables completely de- Values for the plasmon lifetimér) and spatial dispersion

fine the_S|muIat|on of the loss p.rob.ab|llty.. These variables arameter¢) are derived from complementary models. In
were adjusted to generate best-fit simulation curves over th{t:?1e Drude model, Ohmic damping is related to the defect

whole electron energy range emp_loyed. For a given data Sest:attering rate of the electrons from both surface and bulk
only the plasmon lifetime was varied between electron ene

ies and all other parameters were fixed over the whole Ir:{jefects. This limits the plasmon lifetime which is related to
9 P the electron mobility according tu=er/m*. Additional

qidence energy range. The p'as”.‘on peak_wipith could not b lasmon damping occurs through the Landau mechanism, in
fitted adequately without decreasingt low incidence ener- which the damping arises from an intrinsic decay channel for

gle‘ls'he parallel wave vector transferis related toE; by the plasmo_n at short wavelengths. At wavelengths close to
the screening length of the electron gas, the plasmon wave
me \ Y e can decay into single-particle excitations. Although the
9=\ 2z2| |gme|SINGi. (2 model dielectric function of Eqr{1) does not include single-
' particle excitations, their contribution to the energy-loss
The effective probing depth of the electrons is then giverspectrum is small due to the low scattering probability in
approximately by the inverse of this wave vectbChanges specular HREELS?
of probing depth with varyinde; affect the HREEL spectra The spatial dispersion parameter is described within the
because of the layered structure of the substrate, where@$iomas-Fermi model. For a degenerate electron fais,
changes ofg with E; affect the plasmon response directly related to the velocity of the electrons at the Fermi levg) (
through the spatial dispersion term. Both of these effects arby 5?=(Z)v?. Values for the spatial dispersion coefficients
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FIG. 6. The calculated plasma frequency and position of the  FiG. 7. Calculated values of the spatial dispersion parantgier

Fermi level relative to the conduction-band minimum plotted as a4 4 function of carrier concentration at 300, 500, and 600 K.
function of carrier concentration for InAs at 300 (Kolid line) and

600 K (dashed ling The values of the carrier concentration giving

the best fits to the simulations for both decapped and IBA-treated 1he plasmon energy dispersion is shown in Fig. 3. The

samples are indicated in the figure by vertical lines. simulations satisfactorily reproduce the observed dispersion

) o for both temperatures and surface preparation methods,

were calculated from the Fermi velocities in the two plasmay.ross the whole incidence energy range. Spatial dispersion

layers. The variation op with carrier concentration at 300, 155 the greatest effect at low incidence energies. This can be

500, and 600 K is plotted in Fig. 7. seen in the upward dispersion of the plasn(®ig. 3) and in

the increased asymmetry and width of the plasmon peak

(Figs. 1 and 2 at low E;. The spectra could not be ad-
Simulated HREEL SpeCtra based on the three'layer mod@quateb/ Simu|ated using a Drude mode' for the p|asrea‘

are shown in Figs. 1 and 2 along with the experimental datagne neglecting spatial dispersioaven when other param-

For all incidence energies the simulated curves repmduc@ters(principally the plasma frequencies and plasmon damp-

features of the plasmon and phonon peaks extremely well,g \vere adjusted to compensate. Despite direct plasmon
with deviations being confined mainly to the background bey,q4 proadening at low incidence energies due to the spatial

tween loss peaks and at loss energies greater than the pl Spersion term, the inclusion of additional broadeniby

mon. Th? |nclu_5|on of a car_rler-free layer is esse”“"?" fordecreasing-) was necessary for a good fit to the experimen-
good fit simulations. The relative phonon and plasmon inten:

. L . tal spectra.

sities at low incident energies are strongly dependent on thé' . . I
plasmon-free layer thickngsﬁ When thg i;rob?ng depth is It should be noted that kinematic effects were significant
significantly higher thaml, , the phonon is well screened and in determining the position of_the F_"asmo” _pe"_’lk since the
the plasmon dominates. This is shown clearly in Fig. 1 sincdeak of the surface loss function did not coincide with the
no phonon mode is visible at 100 eprobing depth~450 plasr_non peak in most cases. The fina_l peak positit_)n is d_e-
R) despite adequate instrumental resolution. At low electro€'mined by both the surface loss function and the kinematic
energies the phonon becomes much stronger due to the loffictor. For broad loss features, the variation of the kinematic
effective probing deptli~90 A at 4 e\). The phonon peak factor can have a significant effect on the observed peak
shape and position in the simulation were also dependent dpesition>** For the broad plasmon at low incidence ener-
the elastic peak parameters, since the phonon overlaps tlges, shifts of several meV were observed. The final best-fit
elastic tail. parameters for the four experimental data sets discussed

C. HREELS simulations

TABLE I. Parameters for the three-layer model giving the best fits to the simulations of HREELS spectra
recorded at different temperatures for 1881 surfaces prepared by decapping and IBA.

Parameter 300 K, decapped 500 K, decapped 300 K, IBA 600 K, IBA
d; (A) 45 40 37 38

d, (A) 60 75 30 65

Er (meV) 332 292 374 314

Vi, (MV) 76 71 21 30

B3 (10° ms™h) 0.87 0.71 0.72 0.60
Npui (108 cm™3) 9 9 11.5 11.5
Naccum (1018 cm™3) 13 14 14 13

Ngs (10*2 cm™?) 2.4 3.8 0.45 1.6

7 (p9 0.052 0.050 0.028 0.034
w(em VvV is™d 1300 1220 670 720
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0.06 incidence energies, additional broadening is needed to fit the
300 K Decapped peaks. Ohmic damping of the plasmon is expected to domi-
z 0.05 nate aboveE;~10 eV, and significant differences can be
o seen in this region between the IBA and decapped samples
g 0.04 (Fig. 8. The lifetime for the IBA-treated sample reaches a
9::’ 0.03 constant value of 0.028 ps &;~20 eV. In contrast, the
g lifetime for the decapped sample continues to increase
g 0.02 steadily, reaching a value of 0.05 ps at the highest electron-
& i beam energy use(E; =100 e\).
= 0.01 This behavior can be explained by considering the com-
0.00 L L w bined effects of surface scattering, bulk defect scattering, and

20 40 60 80 100 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.,

Incidence Energy (eV)

FIG. 8. The plasmon lifetime, extracted from the best-fit simu-
lations and plotted as a function Ef , for InAs(001) surfaces pre- 1 1 1 1
pared by decapping and IBA at 300 K. The lines are included sim- —=—+—+—, (©)
. T T D Ts
ply to guide the eye.
. where 7 , 7y, and rg are the lifetimes for Landau damping,
(IBA and decapped, room temperature, and high temperaulk defect scattering, and surface scattering, respectively.

ture) are summarized in Table I. To take into account the variation of the damping contribu-
tions with E; , the plasmon damping curves were fitted using
V. DISCUSSION an equation of the form
The best-fit simulations for the decapped InAs samples 1 i+ E (4)
were obtained with bulk plasma frequencies) correspond- T Jg b’

ing to bulk carrier concentrations of %10™ cm™ at both
300 and 500 K. For the IBA-treated samples, the bulk carrieBoth the Landau damping and surface-scattering contribu-
concentration has a higher value of 1<4B° cm 3 at both  tions are contained in the parameterLandau damping is
300 and 600 K. This confirms that the carrier concentratiorassumed to depend linearly op and hence inversely with
is essentially independent of temperature, and that the dowr 2. Similarly, surface scattering depends inversely on the
ward shift of the plasmon frequencies at elevated temperaprobing depth and therefore inversely wii’?. The bulk
ture is due to the change of effective mass at the Fermi levedcattering contribution is assumed to increase linearly with
(Fig. 6). probing depth, and is contained in the paramétefhe nu-
The higher carrier concentration in the sample preparednerical fitting procedure allowed a free variationaondb
by IBA can be attributed to the generation of donorlike de-and produced excellent fits to both curv&sg. 8). The re-
fects in the near-surface region as a consequence of the ioaultanta parameters were nearly identical for both IBA and
bombardment process. This effect has previously been olglecapped samples, indicating that the total surface scattering
served in InSKRefs. 8 and Pand InAs'® and is due to the and Landau damping contributions are very similar in each
diffusion of defects from the damaged surface region to aase. In contrast, the parameter was found to be a factor
depth of the order of 1000 A. The bombardment condition2.7 times greater in the IBA-treated sample. This represents a
strongly affect the resultant residual defect density, withsignificantly increased bulk defect scattering rate. For the
grazing incidence and low ion energy producing the leastBA sample, there is a very high density of defects as a result
damage in InAS® Even when these conditions were em- of the ion-bombardment process, at least equal to the addi-
ployed, with a heavily doped sample, a significant change ofional donor density of 2.810' cm™3. These defects domi-
carrier concentration was detected. With a maximum probingpate the plasmon damping, and are responsible for the ob-
depth of only~450 A, the enhanced carrier concentrationserved increase in the bulk Ohmic damping.
appears bulklike. Subsequent Hall-effect measurements con- The plasmon lifetimér) and Drude mobility(x) for both
firmed the observed increase in the bulk carrier concentrasample preparation methods and for all temperatures are
tion. listed in Table I(note that the varying effective mass is taken
The increase in defect density can also affect the electromto account when calculating mobilitiesThese values are
mobility and hence the plasmon lifetime. The lifetimes ob-based on the 100-eV HREEL spectra, and therefore represent
tained from the simulations are shown in Fig. 8, as a functioralmost entirely Ohmic damping due to bulk defects. The de-
of incidence electron energy, for both IBA and decappedect and surface scattering rates are not expected to vary
samples at a temperature of 300 K. At &y (and therefore strongly with temperature in the range 300-600 K. Simi-
high plasmon wave vectorsboth plots show a sharp de- larly, Landau damping at low incidence energies is expected
crease in the plasmon lifetime. This corresponds to the onséd be nearly independent of temperature. No significant
(below about 10 eYof strong, asymmetric broadening of the variation in the plasmon lifetime with temperature was ob-
plasmon peak due to spatial dispersion, and is attributed tserved.
Landau damping. It should be noted that, although some The best fits in the HREELS simulations for the decapped
broadening is introduced by spatial dispersion at these lowamples(Fig. 1) were obtained with3 values of 0.8k 10°
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ms ! at 300 K and 0.7%¥10° ms ! at 500 K. Significantly bending, however, a classical calculation was performed.
larger values produced extreme damping of the plasmon anthis calculation was based on an approximate but analytical
too great a degree of dispersion, whereas smaller valuesolution to Poisson’s equation, taking into account the non-
failed to generate the required asymmetry and dispersiomparabolicity and the degeneracy of the conduction band, and
The implication is that the Thomas-Fermi model correctlyaccurate for weak band bendifg100 me\j. This indicates
describes the spatial dispersion coefficient for samples prehat the decay length of the space charge was approximately
pared by decapping, in agreement with recent HREELS studs0—60 A for a band bending of 80 meV, and 30—40 A for a
ies on GaA§01).’ band bending of 30 meV. The valuesaf used in the best-
In a previous HREELS study of decapped hi@@1), fit simulations are in reasonable agreement with these fig-
Egdellet al® concluded that the Thomas-Fermi model over-ures.
estimates the spatial dispersion coefficient due to neglect of It is clear from the simulations presented here that the
electron correlation and exchange interactions. In their workinclusion of an accumulation layer is essential to fit all of the
HREEL spectra were analyzed by fitting a surface-plasmonfour data sets. This indicates that downward band bending
like dispersion curve to the plasmon energy data points, witloccurs at the surface in all cases due to the existence of
the doping level of the sample~8x10'"® cm™3) chosen to  donorlike surface states. Previous HREELS and ultraviolet
give an approximately flatband behavior. This analysis ig{photoemission measurements on decapped (004 indi-
nored both the plasmon-free layer and the kinematic effectsate that these states lie some 250-300 meV above the
of scattering on the plasmon peak position, resulting in aonduction-band minimuriThe band bending at the surface
much lower fittedB parameter of 0.510° ms %. This dis- can be estimated by calculating the Fermi level in the accu-
crepancy is almost certainly due to neglect of the carrier-freenulation layer and in the bulk, based on the carrier concen-
layer, which has a strong downward influence on the plastrations. For the decapped samples, this gives 76 and 71 meV
mon energy at low probing depths. for temperatures of 300 and 500 K, respectively. For the
Recent HREELS studies of ion-bombarded [{(%&H) samples prepared by IBA, values of 31 and 20 meV are
showed that the spatial dispersion coefficient was lower thaobtained for temperatures of 300 and 600 K, respectively.
the value calculated from the Thomas-Fermi mddét.was These measurements indicate downward band bending of
suggested that the high defect density as a result of the ion-75 meV at a carrier concentration 0k20*® cm™3, in con-
bombardment process reduces the spatial dispersion coeffrast to the measurements of Egdedlal.® which cite flat-
cient by increasing the scattering rate of carriers, such thadtand behavior for a bulk carrier concentration of B'®
their mean velocity is significantly lower tha® . The best cm . In our work the bands are nearly flat with a measured
fits in the HREELS simulations for the IBA-treated carrier concentration of 1.3510'° cm>. Potential sources
InAs(001) samples(Fig. 2) were obtained with3 values of  for this discrepancy include the inaccuracy of previous pho-
0.72x10° ms ! at 300 K and 0.610° ms ! at 600 K. These toemission measuremenisr the assumed abruptness in the
are significantly less than the calculated val@@85<10° interfaces used in our three-layer dielectric model.
and 0.7x10° ms! at 300 and 600 K, respectively, as  The intrinsic surface states of the In@81) surface are
shown in Fig. 7, supporting the hypothesis that additional responsible for the formation of the accumulation layer. The
defects reduce the average carrier velocity and hence theumber of active surface states can be derived from the
spatial dispersion effect. three-layer model by simply calculating the additional carrier
The free-carrier profile near the Inf1) surface de- density in the accumulation layer. It can be seen from Table
pends on the screening length of the electron gas, the dethat with a bulk Fermi level of 292 meV, there is a high
Broglie wavelength of the electrons, and the band bending. Alensity of active surface statés,=3.8X10' cm™?) with
full calculation of the profile, based on a simultaneous solusignificant band bending. When the bulk Fermi level is in-
tion of the Schrdinger and Poisson equations for the degen-<reased to 374 meV, this density drops by almost an order of
erate electron gas in a highly nonparabolic conduction bandnagnitude(to n.=4.5x10' cm™2). At this point the situa-
has not been attempted. A schematic profile of the expectetibn is almost flatband, with few available conduction-band
charge distribution is shown in Fig. 5. If a classical model isstates for electrons from ionized surface states. This indicates
used for the space charge, and the effects of the surfadbat the surface states lie somewhere between these two en-
barrier are ignored, the carrier density increases all the wagrgy levels at around 320 meV. This figure is approximate,
up to the surfacé However, when the effect of the surface since it is based on a very simple single accumulation layer
barrier on the conduction-electron wave functions is considmodel for the carrier distribution. It is, however, in reason-
ered in a quantum-mechanical model, the carrier density fallable agreement with previous estimatéstor bulk Fermi
to zero at the surface over a length given approximately byevels of 314 meV(IBA, 600 K) and 332 meV(decapped,
half the average de Broglie wavelendth® The carrier con- 300 K), the thermal broadening of the Fermi distribution is
centration then rises in the accumulation layer before diminef similar magnitude to the band bending, making the degree
ishing more slowly back to the bulk value. of activation of the surface states difficult to estimate. How-
The de Broglie wavelength was calculated to be 70—90 Aever, both show intermediate surface-state dengitigsand
and this compares well with the values fiby obtained from  2.4x10' cm™). In particular, there is no evidence for a
the three-layer moddkee Table)l The accumulation layer significant change of surface-state density between the de-
thickness(d,) is expected to be governed by both the bandcapped and IBA-treated samples within the limitations of the
bending and the Thomas-Fermi screening length. Thishree-layer analysis.
screening length was calculated to be 35—40 A for all of the Previous work on InA®01) surfaces, grown by MBE and
four cases considered. In order to take account of the banahalyzedn situby HREELS, suggested that the surface-state
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density is correlated with the surface reconstructibitwas  plasmon spatial dispersion coefficient for the decapped
found that the In-terminate@4x2) surface had a surface- sampleg0.87 and 0.7%10° ms ! at 300 and 500 K, respec-
state density of-5x10" cm™2, whereas the As-terminated tively) was found to agree with the predictions of the
(2x4) surface had a surface-state density-d<102cm 2. Thomas-Fermi model, but was significantly reduced for
In our measurements, the surfaces exhibitéd>al) recon-  samples prepared by 1BA.72 and 0.6610° ms * at 300
struction for both decapped and ion-bombarded samplegnd 600 K, respectively This is interpreted as a reduction in
strongly suggesting In termination with one-dimensional dis+the average carrier velocity due to additional scattering from
order in the direction of the In dimers. The surface-stategefects introduced by the IBA treatment. Additional plasmon
density is rather highing=3.8x10" cm™), but is most damping at short wavelengthsandau dampinghas also
likely overestimated by the use of the three-layer modelbeen observed. Ohmic damping at long wavelengths was

which uses a simple rectangle to model the accumulatlorﬁound to be greater in the ion-bombarded samples, again at-

layer. A more realistic profile for the accumulation layer MaY ibuted to additional defect scattering. In all cases IBA was

well result in a lower value for the calculated surface-state . . ) N
shown to increase the bulk carrier concentration significantly

density. and to decrease the electron mobility through the creation of
donorlike defects.
VI. CONCLUSIONS
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