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Coupled plasmon and phonon excitations in the space-charge layer on GaAs(110) surfaces
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High-resolution electron-energy-loss spectroscopy (HREELS) is used to study the surface
plasmon and phonon in the space-charge layer on doped GaAs(110) cleaved surfaces. Three losses
are observed, with energies of about 27, 36, and 42 meV. The peak at 36 meV is attributed to an un-
screened phonon in the depletion layer. The other two losses are due to the coupled modes of the
plasmon and phonon propagating near the interface of the depletion layer and the bulk. The sur-
face Fermi-level pinning is induced either by residual-gas interaction with the surface or by deli-
berate hydrogen adsorption; this in turn modifies the depletion-layer thickness. This modification
results in a quite pronounced change of the relative intensities and noticeable energy shifts of these
losses. A model energy-loss spectrum calculated in the framework of local-response theory is used
to deduce the properties of the space-charge layer. Our model is the first to use a self-consistent
free-carrier profile together with the Lindhard description of the local dielectric response.

INTRODUCTION

The study of III-V compound semiconductor surfaces
has drawn much attention in the past decade due to their
promising device-industry applications and interesting
physical properties. Of particular interest from a physi-
cal standpoint is the surface plasmon, a collective excita-
tion of the free carriers. The study of this excitation and
its coupling with optical phonons and their interaction
with a probing electron have been the subject of many ex-
perimental and theoretical investigations.! ™14

In Ref. 2, Matz and Liith first observed coupled
phonon-plasmon modes on cleaved GaAs(110) surfaces
by means of high-resolution electron-energy-loss spec-
troscopy (HREELS). But due to the doping level, the
coupling was not very strong and the plasmon was very
close to the elastic peak. Thus it was very difficult to car-
ry out a systematic study during the depletion-layer for-
mation process. In the present paper, we carry this study
further by using the doping range where the coupling is
the strongest. The interaction is more manifest and three
peaks are observed due to this coupling. Thus the data
provide an excellent reference for the testing of theoreti-
cal models. Also, we demonstrate more clearly the
dramatic changes of the spectra due to residual-
gas—surface interaction. These changes can be attributed
to the surface Fermi-level pinning which causes the for-
mation of a depletion layer. A self-consistent treatment
of the depletion layer is used to interpret the data in
terms of band-bending parameters.

EXPERIMENTAL PROCEDURES AND RESULTS

The electron-energy-loss experiments on cleaved GaAs
(110) surfaces were performed with a Leybold-Heraeus
model ELS-22 spectrometer. The system also contains
low-energy electron diffraction (LEED), electron spec-
troscopy for chemical analysis (ESCA), and ultraviolet
photoelectron spectroscopy (UPS) facilities located in the
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Center for Research in Surface Science (CRISS) at the
Physics Department of Montana State University. The
sample was supplied by Laser Diode, who measured the
free-carrier mobility as 1857 cm?/V sec and the bulk car-
rier density as 1.3X10'® cm ™3, The crystals were cleaved
by a single-wedge technique. The base pressure in the
chamber was about 5X107!° Torr during the experi-
ment. The surface Fermi-level pinning was monitored by
He uv-lamp photoemission spectroscopy. The hydrogen
exposure was made by placing the surface at approxi-
mately 5 cm from a hot (2200 K) tungsten filament. The
dose was recorded as molecular-gas exposure since the
conversion rate is unknown. Because the spectrum is
very sensitive with respect to time, as we will discuss
later, both ion gauge and ion pump were turned off dur-
ing the experiment to reduce the residual-gas—surface in-
teraction.

A typical loss spectrum with 9 eV primary energy and
45° incident angle for these doped GaAs(110) surfaces
after interacting with hydrogen is shown in Fig. 1. Three
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FIG. 1. Typical HREELS spectrum of n-type GaAs(110)
after hydrogen exposure.
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losses and corresponding gains at around 28, 36, and 43
meV are observed. In addition, a clearly resolved peak
on the gain side with energy of about 16 meV is present.
Due to higher background and an asymmetric elastic
peak, this gain peak cannot be resolved on the loss side.
When the sample was cooled down to 110 K this gain
peak disappears while the other three losses remain the
same. In Fig. 2, spectra at different stages are shown. On
a fresh-cleaved surface (5 min after cleave) the loss ener-
gies of the three peaks are 27.7, 36.9, and 43.7 meV. The
peak in the middle only appears as a shoulder. After the
UPS spectrum was taken (35 min after cleave) the loss
spectrum changed significantly. The middle peak grew
higher, whereas the first peak shifted down about 1 meV
and the third peak also shifted down 1 meV and reduced
its intensity. Forty-five minutes after cleave, the spec-
trum changed again in the same way. At 500-L hydrogen
exposure, the spectrum reached its final stage: The first
peak was at 26.5 meV, the second peak became dominant
at 36 meV, and the third peak was only a small shoulder.
[1 langmuir (L)=20"° Torr sec .] This spectrum is quan-
titatively different from the ir spectrum of similar mea-
surements reported in Ref. 1, where the lower energy loss
appeared at 33 meV and the higher energy loss at 44 meV
is much more intense. The energy position and intensity
of the coupled plasmon and phonon are very sensitive to
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FIG. 2. The HREELS spectra of the cleaved GaAs(110) sur-
face (open circle). The probing electron impinges on the surface
with 45° incident angle and 9 eV primary angle. {a) 5 min after
cleave, (b) 35 min after cleave, (c) 45 min after cleave, (d) after
500 L hydrogen exposure. The solid lines are the theoretical
spectra. 1.3X10'® cm™3 is the estimated bulk carrier concen-
tration, and the depletion-layer thickness assumed for each
spectrum is 70, 110, 125, and 230 .&, respectively.
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the space-charge parameters, as discussed later in the
HREELS measurement. In the ir measurement, the
probing depth is much larger; in addition, the loss func-
tion is the bulk type. Thus it is not surprising that the
two probes do not provide quantitatively the same re-
sults.

Then the UPS spectrum was taken again and a total
band bending of 0.42 eV was obtained. We attribute the
dramatic changes of the loss spectrum as time elapses to
residual-gas—surface interaction which alters the surface
Fermi-level pinning. The same effect was observed in a
separate experiment,® although the changes occurred
much more slowly because the base pressure was about
four times lower. At this stage, we cannot identify the
species which interact with the surface although hydro-
gen is the most likely candidate. At any rate, our results
demonstrate the sensitivity of HREELS data to space-
charge—layer parameters.

After the hydrogen exposure, spectra with different
primary energies were also taken, as shown in Fig. 3.
The spectrum with 21 eV primary energy shows a some-
what reduced middle peak, whereas the spectrum with 4
eV primary energy has a much higher middle peak com-
pared with the data in Fig. 1. These effects can be inter-
preted as the results of a larger probing depth for elec-
trons with high impact energy.*>® The gain peak at 16
meV (not shown here) more or less follows the behavior
of the 36-meV peak.
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FIG. 3. The HREELS spectra for different primary energies
after hydrogen exposure (open circle). The solid lines are calcu-
lated spectra with an estimated bulk carrier density of 1.3X 108
cm 3 and a depletion-layer thickness of 230 A. Primary ener-
gies are (a) 4 eV, (b) 9 eV, (c) 21 eV.
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ANALYSIS AND DISCUSSION

Free carriers in a doped semiconductor exhibit
plasmon oscillations. This plasmon couples to the optical
phonon, yielding two coupled modes or “plasmarons.”?
The loss spectrum is very sensitive to the free-carrier den-
sity and the details of the space-charge distribution.>*8
In addition, a ‘‘dead layer i.e., a layer near the surface
where the carrier density is zero, has been suggested by a
number of authors.>*%7!* This important concept is
based on a very fundamental quantum-mechanical effect.
Conduction-band electrons in semiconductors are
trapped in a potential well. The height of this well is
several electron volts (the electron affinity), which is
much higher than the electron kinetic energy, so that the
electron wave function decays to zero within a few
angstroms above the surface. Now the free carriers only
occupy the very bottom of the conduction band in an n-
type semiconductor. Thus the Fermi wavelength is much
larger than the lattice constant. Vanishing wave function
at the surface and long wavelength lead to an electron-
free region near the surface, on the order of 50 A at high
doping levels, even in the absence of surface charge. The
effect of the dead layer on HREELS is similar to that of a
depletion layer caused by band bending. Note, however,
that the dead layer, unlike a true depletion layer, has no
net charge; the former should be described as a dipole
layer. Nonetheless, the dead layer does produce a small
band bending, even when the surface is neutral.

Intuitively, the depletion layer affects the spectrum in
the following way. In the depletion layer, the optical
phonon is unperturbed and oscillates without damping
due to the absence of free carriers in this region. The
thickness of this layer determines the total volume of the
crystal which can be excited and therefore the intensity
of the bare phonon. Below the depletion layer, the pho-
non couples strongly to the plasmon resulting in two new
modes. These two modes not only depend on the electron
concentration in the bulk but also on the environment;
namely, the boundary condition. Different depletion-
layer profiles define different plasmon-phonon modes. As
a consequence, the loss features are sensitive, in energy
position and intensity, to the space-charge distribution.

The most interesting feature in our spectra is the pres-
ence of the unscreened phonon at 36 meV even on the
fresh-cleaved surface. To minimize the effect of the
residual-gas—induced depletion layer, the first spectrum
was taken within 5 min of the cleavage. Thus, the data
provide definite evidence for the existence of an intrinsic
electron-free region near the surface.

To study the space-charge layer in more detail, a
theoretical calculation is useful. We have applied the
dielectric theory'> of HREELS as reformulated by Lam-
bin et al.'® to allow for continuous variation of the
target’s dielectric properties perpendicular to the surface.
The latter authors derived an expression for the energy-
loss spectrum in terms of an effective surface dielectric
function £y(k,w) determined by the solution of a Ricatti
differential equation. The major input to the Ricatti
equation is the local dielectric function e(k,w,z), namely
the bulk dielectric function evaluated at the local free-
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carrier density n(z), where z is the coordinate normal to
the surface; k and o are the two-dimensional wave vector
and the frequency. This model is valid at long wave-
length (small k), although nonlocal corrections!* may be
important for narrow depletion layers. For free-carrier
densities of 10!® cm™3 or higher, the characteristic wave
vector determined from the scattering kinematics is an
order of magnitude smaller than the Fermi wave vector,
so the long-wavelength model is appropriate.

The free-carrier profile n(z) was determined from self-
consistent solutions of the Poisson and Schrdodinger equa-
tions as outlined by Ehlers and Mills.!? Fermi statistics at
300 K were used to describe the electrons in the conduc-
tion band. For bulk free-carrier densities n, greater than
107 c¢cm™3 the donor binding energy vanishes due to
screening effects, and a related insulator-metal transition
occurs among the donor levels.!” Thus we have assumed
complete ionization of the donor levels at 1.3X10'®
cm 3. To simplify solving the Schrodinger equation we
modeled the doped semiconductor as a slab of thickness
100-1350 A (the thickest depletion layer which we con-
sidered was 250 A); we always obtained the bulk density
n, and Fermi level in the center of the slab. As in Ref.
13, surface charges were approximated as two-
dimensional densities with no variation along the surface.
We integrated the Schrodinger equation using a subrou-
tine supplied by Numerical Algorithms Group (Downers
Grove, IL) which solves the Sturm-Liouville problem us-
ing a Pruefer transformation and a shooting method. We
then integrated the Ricatti equation!® for £(k,w), which
was inserted into the k-space integral for the loss spec-
trum. Because the plasmon-phonon coupled modes have
energies near kg T, the factor 1+n(w) was inserted into
the loss function, where n () is the Bose-Einstein occu-
pation number.

The energy-loss spectra we computed are sensitive to
the dielectric response model used. In particular, the
Drude model, which omits the wave-vector dependence
of e(k,w), gives a poor account of our data and disagrees
with the full Lindhard response;!® we return to this point
later. On the other hand, the Thomas-Fermi dielectric
model, which replaces the Lindhard dielectric function
by its quadratic k dependence, yields spectra that agree
reasonably well with the full theory, as does the Debye-
Hiickel model. The basic flaw in the Drude model in de-
pletion layers is that its predicted surface-plasmon disper-
sion curve always bends downward due to the tendency
for n(z) to decrease near the surface. The other dielec-
tric models mentioned above include upward dispersion
through the bulk response described by €(k,w). The Lin-
dhard model also includes a mechanism for electron-hole
pair excitation, an effect which broadens and reduces the
plasmon-loss intensity and adds a broad (though weak)
continuum. Below we interpret the HREELS data on an
n-type GaAs(110) surface using the complex Lindhard
dielectric function egp,. Because egp, does not include
electron-impurity scattering, we supplemented the imagi-
nary part with a Drude-like term wf,a/af, where o, is
the unscreened plasma frequency and a the electron-
impurity scattering width determined from the mobility;
in energy units @, is 158 meV and a is 9.1 meV. The in-
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clusion of this new term is essential since it broadens the
plasmon-loss features significantly. Note that we have as-
sumed that pair excitation and electron-impurity scatter-
ing are independent in this formulation.

The input parameters for the model calculations are
the bulk free-carrier density 1.3 X 10'® cm 3 measured by
the crystal grower, the effective mass 0.0715 at the Fermi
energy,'® the dielectric constants 10.9 and 12.9 for low
and high frequencies compared with the optical-phonon
frequency w; o, and the lattice contribution to dielectric
response

2
€1 (@)=10.9— — 210 8
0°—owroting
where wpo=36.1 meV and g=0.3 meV, as inferred from

infrared data. We used the static dielectric function 12.9
in the self-consistent charge-density calculations; it enters

the Poisson equation on the right-hand side.!* The input
dielectric function for the Ricatti equation is
elk,0,2)=€; (0)+[egpalk,0,2) — 1] +ivla/w’ . @)

Since the angular acceptance at the detector is 1°-2°,
essentially all dipole-allowed!® scattering events are
counted when the detector axis coincides with the specu-
lar direction; thus we extended the integral for the loss
spectrum to large values of k on the order of 10.

Our depletion layer models are labeled by the effective
depletion depth

D=Q/n,, 3)

where Q is the surface charge density, defined as a posi-
tive quantity. To obtain Q from the quoted values of D
(in units of angstrom), use the formula

0=1.3X10D(A) cm™2. (@)

The energy-loss spectra for a series of depletion-layer
thicknesses are compared with HREELS data in Figs. 2
and 3. In fitting the theoretical model to the data we al-
lowed for an overall scale adjustment and a weak con-
stant background in each curve. We studied a range of
depletion-layer depths from O to 250 A but did not at-
tempt to adjust the bulk density n, or the mobility
specified by the supplier. In retrospect, a slightly smaller
value of n, might improve our fits. Figure 2 presents re-
sults for an electron kinetic energy of 9 eV and an angle
of incidence of 45° the changing experimental parameter
is exposure. Figures 3(a)-3(c) were all obtained at satura-
tion coverage of atomic hydrogen but for kinetic energies
of 4, 9, and 21 eV. Note that Figs. 2(d) and 3(b) are iden-
tical. The theoretical curves were broadened by Gaussian
convolution using a FWHM of 5-7 meV estimated from
the quasielastic peak, whose asymmetry we ignored.

Even on a fresh-cleaved GaAs(110) surface, where the
flat-band condition is expected, a finite depletion layer (70
A) is needed to fit the data; see Fig. 2(a). This discrepan-
cy could arise from the fact that a bad cleave can induce
initial band bending which causes depletion-layer forma-
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tion. However, this cause seems unlikely because we
have found no cleavage that yielded a thinner depletlon
layer. Note that a 70- A depletlon layer only requires a
band bending of 0.07 eV, which is near the instrumental
limit. On the other hand, 9.1X 10'! cm 3 surface charge
deduced from 70 A, which is about 0.001 electrons per
surface atom, seems too large. The overestimate of the
initial depletion layer might be due to the local dielectric
description, since the charge density is very nonuniform
near the surface when there is no surface charge. As
residual-gas exposure increases in Figs. 2(a)-2(c), D
grows in a nearly linear fashion, increasing from 70 to
100 A in 30 min and then from 100 to 125 A in 10 min.
Thus the surface charge increases at a nearly constant
rate at low exposure. At saturation coverage [Fig. 2(d)] a
good fit is obtained for D=230 A; the corresponding
band bending is 0.52 eV, which is close to that inferred
from the Fermi-level pinning value reported by Bartels et
al.?®, 0.55 eV, for saturated hydrogen chemisorption on
cleaved n-type GaAs(110). We obtained an independent
estimate of this quantity from UPS measurements of the
Ga 3d core line. Due to the relatively rapid change of the
band bending, only two UPS spectra were taken: one 25
min after the cleave and one after 500-L H, exposure
when the band bending has saturated. A total band-
bending shift of 0.42 eV occurs between these spectra.
The model calculations predict the value 0.38 eV for this
shift.

As noted above, the model spectra depend on the
specific dielectric function used in the Ricatti equation.
Figure 4 demonstrates this by comparing the results we
obtained for the energy-loss spectrum using four different
dielectric models. The parameters were chosen to corre-
spond to Fig. 2(b), and indeed the solid curve in Fig. 4 is
the Lindhard result displayed in the earlier figure. The
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FIG. 4. The calculated HREELS spectra for various models
of the free-carrier profile and dielectric response. The solid
curve is the same as in Fig. 2(b), with a depletion-layer depth of
110 A and an incident-electron kinetic energy of 9 eV. When
the full Lindhard response is replaced by the Drude model, the
dashed curve is predicted. The remaining two spectra are ob-
tained when the self-consistent free-carrier profile is replaced
with a step function; the long-dashed (dotted) curve is predicted
by the Lindhard (Drude) dielectric model.
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spectrum obtained from the self-consistent charge density
but using the Drude model of dielectric response has a
much weaker shoulder on the high-energy side of the
unscreened-phonon peak, while the low-energy peak is
too strong. In the Drude model, egp,(k,w,2) is replaced
by

epl,2)=1—w}(2)/(*+ioa) . (5)

The remaining two curves in Fig. 4 were computed using
the widely employed® 8 Schottky depletion-layer model,
which approximates the free-carrier profile as a step func-
tion; i.e., the bulk density is assumed below the depth D,
above which the density vanishes. In the step model both
Lindhard and Drude dielectric functions lead to spectra
that are too narrow; surprisingly, Drude response pre-
dicts peak positions in better agreement with the full
theory. None of the approximate models give a satisfac-
tory fit to our data. The failure of Drude response is due
to the negative dispersion relation it predicts. The step
profile fails because it contains no regions of intermediate
charge density that would broaden the plasmon energy
on the low-energy side; it leads to narrow peaks at higher
energy. Combining Drude response and the step profile
produces a partial compensation of errors. The
deficiencies of these models were manifest in our analysis
because of the delicate interplay of nearly degenerate ex-
citations. In general, the predictions of the approximate
models should be treated with caution.

Finally, we would like to comment on the 16-meV gain
peak observed. This peak is not an artifact of spectrome-
ter tuning, since it is observed on two spectrometers and
by another lab.?! It is also unlikely that this peak is
anomalous, in the sense that only its gain is observed. In
fact, the elastic peak is asymmetric and the background
on the loss side is higher; therefore the loss peak of this
resonance is probably buried in the background. In addi-
tion, this gain peak disappeared when the sample was
cooled down to 80 K, providing evidence that this is a
normal dipole excitation. The intensity of this peak is so
strong it only can be a collective excitation. The fact that
its intensity does not change like that of a plasmon with
respect to primary energy could mean that the excitation
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has a different spatial structure. Moreover, since surface
contamination does not change this peak, the excitation
is probably not the type of surface phonon found on
Si(111).22 Based on this analysis, we suggest that this
peak is due to a surface optical mode. Recently, Harten
et al. reported an observation of two flat optical modes at
10 and 13 meV in their helium-atom-scattering experi-
ments on GaAs(110).2> These two modes are yet to be
understood, although they can be interpreted in terms of
localized atomic vibrations. The mode observed in our
experiments is at slightly higher energy and the disper-
sion was not measured, thus we cannot conclude that this
is the same mode they observed. Both results suggest
that surface phonon structures exist besides the Fuchs-
Kleiwer phonon. More measurement and theoretical cal-
culations need to be done to address this issue.

SUMMARY

A HREELS study of the plasmon and phonon modes
in the space-charge layer of the GaAs(110) surface was
performed. Three losses were observed which can be at-
tributed to the coupled modes of plasmons and phonons
on the “interface” of depletion layer and bulk and to the
unscreened phonon mode in the depletion layer. A self-
consistent free-carrier profile was obtained for various
surface charge densities and energy-loss spectra were cal-
culated in the framework of semiclassical local-response
theory. Good line-shape fits were obtained for all spec-
tra. The model parameters contain information about
the space-charge profile and band bending. The band
bending inferred after 500 L H, exposure is in good
agreement with our UPS measurement and with an ear-
lier result.”®
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