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Apart from Fuchs-Kliewer surface phonons, conduction-band surface plasmons and

probably intraband single-particle scattering contribute to the electron-energy-loss spec-
tra (primary energy -5 eV, resolution (10 meV) measured on clean, UHV-cleaved, n-

type GaAs(110) surfaces. Coupling between surface phonons and plasmons derives from

frequency shifts which depend on surface carrier concentration.

PACS numbers: 71.45.6m, 79.20.Kz

High-resolution electron-energy-loss spectros-
copy (HRELS) has recently been applied very
successfully to the study of vibrations of adsor-
bates on metal surfaces. There has, however,
been little research in the field of semiconduc-
tor surfaces. On compound semiconductors the
multiple excitation of Fuchs-Kliewer surface
phonons' makes it hardly possible to observe
adsorbate-substrate vibrations close to the elas-
tic peak." In this paper we demonstrate that on
semiconductor surfaces, electronic excitations
in the energy range below 100 meV also have to
be taken into account in HRELS: Collective excit-
ations of the conduction-band electrons, surface
plasmons, can be observed. Because of the
small electronic effective mass, GaAs is ideally
suitable for studying the coupling between sur-
face plasmons and phonons in the usual carrier-
concentration range. The effects may be of inter-
est to the study of free carriers and transport
properties near the surface. In adsorption studies
additional information about the space-charge
layer can be obtained.

The samples were prepared from single-crystal
bars of n-type GaAs (Te-doped: n =4.3 x10" and
9x10" cm ', p, =3000 cm'/V s Si-doped n
=3.1x10"cm ', p=3000 cm'/V s). The bulk
carrier concentrations n were determined by
Hall-effect measurements. Furthermore, sam-
ples with negligible carrier concentration at 300
K were prepared from semi-insulating, Cr-doped
material (p type) with specific resistivities above
10' 0 cm. The double-wedge technique was used
for cleavage in ultrahigh vacuum (p (10 ' Pa).

Electron-energy-loss spectra were recorded in
the direction of the specular beam with a primary
electron energy of 5 eV. The single-stage spec-
trometer used (resolution: 7 meV at 3 x10 "A
current at multiplier, without sample) is of the
127' deflector type described previously. '

On clean cleaved (110) surfaces of semi-insulat-

ing GaAs, a series of energetically equidistant
loss and gain peaks is found [Fig. 1(a)]. The en-
ergetic distance between the multiple-excitation
bands amounts to 36.2+0.2 meV, the excitation
energy of Fuchs-Kliewer surface phonons. '

Loss spectra measured on n-type material
exhibit a different spectral shape. On clean
cleaved surfaces, and also after exposure to
small dosages of dissociated hydrogen (up to 1 L)
Ii langmuir (L) = 10 ' Torr sec] or to residual
gas, spectra as in Fig. 1(b) (curve in full line)
are measured. A series of loss and gain peaks
is observed at energies Sco+ resembling those of
the phonon peaks in Fig. 1(a) (slightly shifted up
in energy). Additional gains and losses (including
multiples) emerge with a considerably smaller
quantum energy Su . The positions of some clear-
ly resolved loss peaks are plotted in Fig. 2 in the
following way: Open symbols are used for clean
surfaces with negligible residual gas exposure;
full symbols for a 1-L exposure to residual gas
or dissociated H, . Different bulk doping is dis-
tinguished by different symbols. The abscissa
is an effective electron density n' which deter-
mines the position of the two losses at Sco and
h~+. A 1-L gas exposure obviously shifts the
peaks down in energy towards peak positions
measured on samples with weaker doping. This
is confirmed by measurements after higher dos-
ages (10 to 100 L) of dissociated H, : Only the
phononlike excitation survives shifting to the en-
ergy already known from the semi-insulating
samples. But still the spectrum looks more simi-
la.r to the one shown in Fig. 1(b) than in Fig. 1(a),
indicating a remaining strong damping of the
phonon. Bulk electron densities n (measured by
Hall effect) have been used to plot the experi-
mental points of the clean Te-doped samples in
Fig. 2. After inserting the points for the con-
taminated surfaces by interpolation one has to
assume an effective surf ace electr on concentr a-
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I'IG. 2. Loss-peak positions @+ and ~ calculated
from the surface loss function with &(u) according to
Eq. (1) (curves in full line). Broken line: plasmon fre-
quency without phonon coupling. The experimental
points are obtained on samples with different doping:
(a) Te-doped (bulk density, n =9&10 ~ cm ) open
square, clean; full square, after exposure to 1-L
residual gas. (b) Te-doped (bulk density, n =4.3& 10 ~

cm ): open circle, clean; full circle, after exposure
to 1-L dissociated H2. (c) Si-doped (bulk density, n =3
&&10 7 cm 3): open triangle, clean.
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FIG. 1. (a) Loss spectrum of a clean cleaved semi-
insulating surface (angle of incidence 6) =80 ). Inset:
The loss intensities I~ obey a Poisson distribution law
P(rrr) =1 /Zl„= (m!) ~@~exp(- Q). (b) Loss spectra
measured on ann-type sample after exposures to atomic
hydrogen (angle of incidence 0=70', H dosages unknown;

H2 dosages: 1 and 10 L). Inset: Calculated surface
loss function —Im(1+&) in arbitrary units; &(~) ac-
cording to Eq. (1) with an effective electron density n'
=3x 10 cm

tion n' for the clean Si-doped sample of 2 &10"
cm ' rather than 3 x10" cm ' (the bulk density n)
to achieve a reasonable fit to this scheme; this
is in contrast to the assumption n'=n on clean
Te-doped samples.

%ithin the framework of dielectric theory for
surface scattering4 the shape of the loss spec-
trum is essentially determined by the surface
loss function-Im[s(m) +1] ' as far as multiple
excitations are excluded. For semi-insulating

material e(to) is the complex bulk dielectric func-
tion in the spectral range of the reststrahlen
band. ' With this e(e) the surface loss function
yields a surface-phonon peak at 36.6 meV, which
agrees reasonably well with the experimental
value of 36.2 meV [Fig. 1(a)].

In contrast, on n-type material, e(&o) in the
spectral range of the infrared- (IR-) active pho-
nons is also influenced by free electrons in the
conduction band. In the simplest approximation
this contribution is described by the Drude model.
Taking into account both the lattice oscillator
(first term) and the free-electron contribution
(second term) the total complex dielectric func-
tion is

TO
e((u) = s(~) +[a(0) —s(~)] —Z(d P

1 —1 '4+1

s(0) and s(~), the static and the electronic dielec-
tric constants, as well as the frequency of the
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transverse-optical phonon ~ ~ and the damping
constant y are taken from IR data. ' Mobility
data p, of the deliverer and the electronic effec-
tive mass m„*=0.068mo' were used to calculate
the Drude relaxation time T= m„*p/e. Then e(w)
in Eq. (1) only depends on the electron density n
in the conduction band via the bulk plasmon fre-
quency

(u~' =ne'/e, m„*. (2)

For a density of 3 x10"cm ' the surface loss
function calculated from Eq. (1) reflects the en-
ergetic positions of the single exeitations in the
experimental spectrum [Fig. 1(b), inset]. In Fig.
2 the two calculated peak positions S~ and Scu,
(solid lines) are plotted versus carrier concen-
tration n' for comparison with the experimental
peak positions discussed before. For small n',
S~ is surface-plasmon-like and S~, surface-
phonon-like. Near n'=10" cm ' the two branches
interchange their character thus indicating a
coupling between the two modes via their electric
field.

For the present experiments carrier concen-
trations within the penetration depth of the sur-
face phonon and the plasmon, respectively (2300
A'), i.e., essentially within the space charge
layer, are relevant. The effective n' can there-
fore be varied both by bulk doping and by a change
of the band bending due to gas adsorption. On
clean cleaved Te-doped samples with low step
densities, flat bands occur' and the bulk carrier
concentration coincides with that of the space-
charge layer near the surface (Fig. 2, open
square and open circle). Hydrogen adsorption
bends the bands upwards and electrons are de-
pleted near the surface, i.e., the effective carri-
er concentration n' is reduced below the bulk
value n (full square and full circle). On clean
cleaved Si-doped samples the disagreement be-
tween bulk and surface carrier concentrations

!
obtained from Hall effect and from surface plas-

mon frequency, respectively, is explained by
band bending due to surface defects' {open tri-
angle). Vice versa, the satisfying agreement be-
tween experimental and theoretical loss energies
in Fig. 2 gives evidence for a flat-band situation
on elean cleaved Te-doped samples, and for a
depletion layer after hydrogen adsorption and on
clea,n cleaved Si-doped samples.

Phonon and plasmon are accompanied by elec-
tric fields of the same wavelength. With decreas-
ing wavelength A. the screening of this field in the
free-electron gas becomes less effective and
finally for X «A.„ the screening length, the col-
lective response of the electron gas has disap-
peared; the excitations at h+ and 5++ decay into
single-particle excitations, i.e., intraband elec-
tron-hole pair excitation is favored. The screen-
ing wave vector q, =2m/A. , for the conduction-band
electrons treated as a Boltzmann gas has the
Debye form

q, ' = m„*(u~'/c(~)k ~Z'

and is of the order of 10' cm '. Since the max-
imum q transfer (resulting from energy and wave-
vector conservation') is of the same order of
magnitude for a 20-meV plasmon in the present
experiments, beside plasmon and phonon also
intraband electron-hole-pair excitation is ex-
pected to contribute to the spectra. Assuming
that this intraband scattering can also be de-
scribed in terms of the dielectric theory, one
can try to calculate both plasmon and intraband
scattering by using the wave-vector-dependent
Lindhard dielectric function e(~, q) instead of
the Drude term in Eq. (1) which is valid for q = 0.'
In this model the wave-vector dependence is
caused by the conduction-band electrons only.
Since now the surface loss function depends via
q transfer on the scattering direction, an integra-
tion over the acceptance solid angle of the energy
analyzer has to be performed. The appropriate
expression for the scattering efficiency is given
by Mills in a quantum-mechanical theory' as

~R $ dQd(5&&)) 8 & cos6 ky
+

[&z q~~ +(M —vp 'q(() ] 1+&(~, q())

Integration of Eq. (4) yields the loss intensity
dS/d(R&u) (in meV-') normalized to the elastically
reflected intensity. The convolution of dS/d(5u)
with an assumed Gaussian-shaped transmission
function (full width at half maximum: 12 meV) of
the analyzer, therefore, should be comparable
to a measured loss spectrum. In this way the

! spectrum on semi-insulating material can be cal-
culated in good agreement with the experimental
curve [Fig. 1(a), without multiple losses] when
the free-electron contribution in e(&u, q) is ne-
glected. In Fig. 3 two calculated spectra for car-
rier concentrations of 4.3 &10" cm ' and 0.8'
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in Fig. 1(b) is better described by taking intra, —

band scattering into account (Fig. 3, solid line).
Nevertheless, care must be taken because of
the assumptions involved. In particular, finite
electronic mobility and plasmon dispersion might
broaden the plasmonlike excitation arid reduce its
intensity further.

In conclusion, Fuchs-Kliewer surface phonon
and conduction-band surface plasmons couple on
infrared-active compound semiconductor sur-
faces. Further information about single-particle
electron-hole-pair scattering might be obtained
from HRELS measurements in off-specular direc-
tion. Another interesting point would be the quan-
titative correlation between band bending and fre-
quency shift of the surface plasmon. Model cal-
culations to this problem are already available. "

The work was supported by the Deutsche Forsch-
ungsgemeinschaft (Sonderforschungsbereich 56).

FIG. 3. Loss spectra calculated from Eq. (4) (Ref.
10), with use of Lindhard's dielectric function &(, q)
superimposed on the TO lattice oscillator. Full line:
Single-particle s cattering included. Broke n line: Single-
particle scattering not included. Experimental peak
positions (in meV) are given by arrows.

half angle of acceptance cone are shown with
(curve in solid line) and without (curve in broken
line) decay of the coupled eigenmodes Kto, and
S~ into electron-hole pairs. Plasmon dispersion
and damping in the long-wavelength region due to
finite electronic mobility have been neglected in
Lindhard's e(&u, q); furthermore q transfer paral-
lel to the surface (q,~) only is considered. The
peak positions S~+ and 5+ obtained for different
carrier concentrations in this more quantitative
model coincide with those from Drude's c(&u)

(Fig. 2) within about 1/~. The type of spectrum
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