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Reflection energy-loss spectra have been performed on GaAs(110):H system at several stages of
coverages. The fully chemisorbed surface shows several H-induced losses. They have been inter-
preted on the basis of hydride electronic structure and of self-consistent pseudopotential calcula-
tions. The results indicate that chemisorption takes place on both Ga and As sites of the unrelaxed

substrate through covalent directional bonds.

I. INTRODUCTION

This paper deals with- the electronic properties of the
GaAs(110) surface in the presence of chemisorbed hydro-
gen. We present new reflection electron energy-loss spec-
tra (REELS) through which it is possible to gain informa-
tion about the chemisorption bond between hydrogen and
surface atoms.

This system has been recently investigated by high-
resolution energy-loss spectroscopy! to detect vibrational
modes associated with the chemisorbed species. Both
H—Ga and H—As stretching modes have been observed
and such experimental finding has allowed to conclude
that hydrogen chemisorbs on both Ga and As sites.

Recently theoretical work? on the same system has indi-
cated the possibility of discriminating between different
chemisorption models through the analysis of the H-
induced features in the electronic spectrum. To this end a
detailed experimental study of the modifications of the
electronic structure caused by the chemisorption is needed.
Such an investigation has not been attempted up to now,
although some important aspects, like the effects of the
chemisorption on the values of the work function and the
threshold energies, have been pointed out by previous
photoemission results.?

The analysis of the REELS spectra seems particularly
promising to clarify the nature of the chemisorption for
two reasons. First, REELS spectra are extremely sensitive
to variations of the chemical environment of surface
atoms. Second, the electronic properties of the clean sur-
face have been thoroughly investigated and reliable assign-
ments of the main structures of the loss spectrum have

been done.*

We have therefore performed a careful study of the loss
spectra of GaAs(110) at different H coverages with the
purpose of achieving information on the electronic proper-
ties of the chemisorbed phase and on the configurations of
the semiconductor surface atoms after chemisorption.
This paper is devoted to the presentation of these spectra
and to their comparison with the available theoretical

work.

II. EXPERIMENT AND RESULTS

The clean GaAs(110) surface has been cleaved in ul-
trahigh vacuum (UHV) at a base pressure of 10~!° Torr
(1.33 1078 Pa). The cleaved surface displayed a very
good low electron energy diffraction (LEED) pattern, typ-
ical of the (1X 1) surface structure.

Atomic hydrogen exposures have been obtained by
flushing molecular hydrogen in the vacuum chamber at
5%10~° Torr in presence of hot (2000 K) tungsten fila-
ment. Several geometries have been attemped to optimize
the dissociation rate of the H, molecules.” The filament
was not in line of sight with the sample surface, and the
saturation coverage occurred after an exposure of about
10°—10° langmuirs (1 L=10"% Torr sec) depending on the
experimental set up. A monolayer coverage has been as-
sumed when the surface features of the clean surface were
completely disappeared from the REELS spectra.

Partial coverages have been achieved either by partial
exposures or by desorbing hydrogen through heating cy-
cles. Several minutes at about 350°C have been sufficient
to remove the adsorbed atoms and to restore the REELS
spectra of the clean surface.

The LEED pattern is never affected by atomic hydro-
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FIG. 1. REELS spectra taken in the second-derivative mode at primary beam energy E, =100 eV on (a) fresh-cleaved GaAs(110)
surface, (b) GaAs(110) surface after an exposure of 10* L of molecular hydrogen, and (c) GaAs(110) surface after an exposure of 4200

L of atomic hydrogen.

gen exposures either in number or position of the spots.
Thus, the symmetry of the GaAs(110):H surface does not
change and hydrogen-induced modifications, if any,
should be looked for by an intensity analysis of the spots.
The surface cleanliness has been checked after each run
by the Auger-electron spectroscopy (AES) while the gas
purity has been controlled by a mass spectrometer. The
loss measurements have been performed with a Varian As-
sociates single-pass cylindrical mirror analyzer (CMA)
with a coaxial electron gun. The spectra have been
recorded driving the analyzer in the second-derivative

mode. A peak-to-peak modulation of 1 V has been used.
The CMA energy window was about 1 eV because the pri-
mary beam energy was always about 100 eV.

The REELS results are reported in Figs. 1—3. The
chemisorption effect of atomic hydrogen at saturation
coverage can be understood comparing curves (a) and (c)
of Fig. 1. Curve (c) should be a genuine spectrum of the
GaAs(110):H system since exposures at partial pressures
of molecular hydrogen do not affect the fresh cleaved
GaAs(110) surface [Fig. 1(b)].

Figure 2 shows the evolution of the structure at ~19.9
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FIG. 2. Evolution of the surface exciton with H coverage.

eV with different H coverages. It can be used to monitor
the saturation coverage because it disappears without
changing its excitation energy when the H monolayer is
built up.

Figure 3, instead, summarizes the effect of H desorp-
tion through successive heating cycles on the heavy H-
covered surface. This figure should be read following the
arrows, which indicate the sequence of heating cycles
starting from the fully chemisorbed surface. The evolu-
tion of each structure helps to discriminate the nature of
the corresponding excitation. The features which are not
affected by hydrogen (i.e., Iy, Iy,, and Iy,) have bulk
character, while the surfacelike excitations (i.e., Isl, I 5,
and Ig,) should be very sensitive to chemisorbed species

and indeed they disappear gradually with atomic hydro-
gen coverage up to saturation where they are completely
absent. They depend, in fact, on the electronic structure

of the unsaturated dangling bonds of the cleaved
GaAs(110) surface.*

The features at about 8.4, 10.2, and 12.5 eV of H-
covered surface [Figs. 1(c) and 3(e)] are, therefore, H in-
duced. The loss of 10.2 eV occurs at the same energy of
the I s, excitation and could still have memory of I s, but

the intensity evolution versus H desorption rules out this
possibility and supports, instead, the H-induced nature.
Relative changes of the GaAs(110) work function have
been measured with respect to the analyzer work function,
which in turn has been assumed to remain constant. To
this purpose, the sample has been negatively biased and an
ultraviolet photon beam (#iw =21 €V) has been focused on
it. Then the secondary electron region of the energy dis-
tribution curve (EDC) has been accurately recorded versus
H exposure. The shifts of the zero crossing of EDC’s give
directly the change of the sample work function with
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FIG. 3. Effect of H deposition on GaAs(110):H system. Arrows indicate sequence of the heating cycles starting from the heavy H

covered GaAs(110) surface.

respect to the analyzer.

Figure 4 shows the behavior of the relative change Ag
of the GaAs(110):H work function versus H coverage. Al-
though it is dependent on the relative position between the

hot filament and the sample surface, and, therefore, the
energy-loss data cannot be labeled by means of this more
reliable parameter, the monolayer coverage occurs with
high reproducibility at the same value: Ap=—0.4 eV.
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FIG. 4. Behavior of the relative change Agp of the GaAs(110):H work function vs H coverage. (A@p=0: fresh-cleaved surface;
A@p=—0.4 eV: fully covered surface.) The Ga 3d surface exciton has been used to monitor the H coverage. It disappears completely

when an H monolayer is built up on the GaAs(110) surface.

At this coverage stage, the surface exciton (~19.9 eV)
completely disappears, as shown in Figs. 1-3.

This result is confirmed by partial yield measurements
performed on the same sample and in the same experi-
mental apparatus. All of that rules out any change of
contamination effects induced by the electron beam.®

III. INTERPRETATION SCHEME OF REELS SPECTRA

As it is well known,” any REELS spectrum is a super-
position of a number of contributions coming from inelas-
tic scattering processes which occur in the bulk or near
the solid-vacuum interface. The excitation probability for
a volume loss is proportional to the volume loss function
(VLF): —Im[1/€)(w)] where €)(») is the complex
longitudinal dielectric function of the solid. The losses
Iy, Iy, and Iy, [Fig. 1(a)] of the fresh-cleaved GaAs(110)
surface are due to volume inelastic processes. They occur
at the energies where the complex equation €} (w)=0 is
satisfied. In this case, in fact, electron collective oscilla-
tions are built up in the sample. I and Iy, collective ex-
citations are highly damped by the near interband transi-
tions, while v, is the main plasmon which occurs in the
free-electron metallic region of the semiconductor.

The losses Is , Is,, and Is, have been assigned* as sur-
face losses since all of them are due to scattering processes
occurring at the interface region between solid and vacu-
um. They are strongly dependent on the electronic charge
distribution of the topmost layer of the sample surface al-
though the electronic origin of Is and Iy, is different
from Is,. Is and I, in fact, keep existing only until the
saturation of dangling bonds. The excitation probability

for an interface loss is proportional to

-—Im———1 , (1)
where F(w) determines the longitudinal-mode equation
F(®)=0 of the three media (vacuum, surface layer, bulk)
“experienced” by the electron probe.®’ Assuming sharp
interfaces (boundary planes), the eigenvalue-mode equa-
tion of a system of two semi-infinite media (vacuum and
GaAs bulk substrate) separated by a layer (the surface
layer of GaAs) of thickness d and dielectric function
€} (o) is given'® by

1—e 2%

: )
14¢ 1%

(F100)

i(w,q||,d)=1+

where
_ Elle)—Ef(a)
Bl +El )

and g, is the exchanged wave vector parallel to the inter-
face planes. The term in the large parentheses has the
meaning of an effective dielectric constant of the
GaAs(110):H system.

Interface collective excitations occur at the energy
values where Eq. (2) is satisfied, implying several conse-
quences.®® The most important and general aspect is that,
at least in the valence-band region (0—18 eV), it is not
correct to interpret the surface features of a REELS spec-
trum in terms of structures of only €3 (w) because of the
boundary-condition effects at the interface. Moreover,
any correlation between the electronic band structure and
the REELS data should be done cautiously. In the simple
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case of a semi-infinite medium it is possible to show'! that
a one-to-one correspondence exists between transverse and
longitudinal frequencies. Instead, when interface studies
are performed, the correspondence may not occur.
Boundary-condition effects mix the electronic properties
of bulk and surface, and the interpretation of interface
REELS data in terms of band-structure calculations, i.e.,
in terms of transverse frequencies, should require a proper
analysis of Eq. (2) following the interpretation scheme ap-
peared in Ref. 8.

Keeping these aspects in mind we will associate the
losses to specific transitions on the basis of the present
knowledge on the electronic structure of molecular hy-
drides and by comparison with the outcome of self-
consistent pseudopotential calculations.

IV. DISCUSSION
A. Expected interband transitions

Since neither Ga nor As give rise to molecular hydrides
in a tetrahedral configuration, one can try to gain some
understanding of the electronic structure of chemisorbed
hydrogens by analyzing the molecular energy levels of
GeH,. The valence-energy levels of this molecule are
known from x-ray photoemission experiments.'>!* Two
occupied levels are found at —18.5 and —12.3 eV with
respect to the vacuum level, which correspond to a{ and
t7 energy states, respectively. For group-IV hydrides
these orbitals are analogous to the s and p orbitals of their
respective united atoms. In particular, the a7 state has a
dominant contribution from Ge s orbitals, while ¢3 arises
from bonding combinations of Ge p states with the hydro-
gen s orbitals. The valence states of group-V hydrides,
like AsH; and PHj, have a similar behavior.'* In this case

the a, state has mainly As s character, while the doubly
degenerate e state arises from As p orbitals combined with
hydrogens. It is interesting to notice that the binding en-
ergies of these levels, as measured in photoemission, are
close to the values found for GeH,, being, respectively, 19
eV for a; and 12.7 eV for e. We can therefore take the
values for GeH, as typical values for the orbital energies
of the molecular states arising from H bonding with Ga
and As atoms.

As to the unoccupied valence states, they can be derived
for GeH, from theoretical calculations.”® The estimated
energies are —4.95 eV for a7 and —5.2 eV for the triply
degenerate ¢, state.

A similar picture for chemisorbed H states emerges
from the results of self-consistent pseudopotential calcula-
tions for H deposited onto GaAs(110).> Figure 5 reports
the results of such a calculation obtained by considering H
chemisorption on both Ga and As sites of the unrelaxed
semiconductor surface. Hydrogen-induced states are indi-
cated by H;, while 4; and C; label the anion and cation
surface states of the substrate, which are not modified by
the chemisorption process. Details of the calculations
have been published elsewhere.?

There are four main bands which show a significant H
contribution. Among them, those labeled H, and H, arise
from combinations of As states with hydrogens, H; being
mostly As s like, while H; shows a large As p-like contri-
bution. Similarly state H, (Hs) has a large s (p) Ga char-
acter. State Hj is a resonance due to Ga s states and exists
only in the proximity of the M point of the two-
dimensional Brillouin zone. We see therefore that for
every surface atom the theory predicts a couple of chem-
isorption induced states, having a character similar to the
occupied states of the hydrides. The location in energy of
these hydrogen induced features is consistent with the ex-
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FIG. 5. Self-consistent pseudopotential calculations for H deposited onto GaAs(110) unrelaxed surface (Ref. 2). Arrows show the
expected interband transitions starting from hydrogen-induced states. Final H-induced bands lie in the energy range between 3—5 eV

above the valence-band maximum (Ref. 17).
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FIG. 6. Phenomenological model® which reproduces the
surface-loss function (hatched area) of the three-media system
(vacuum, surface layer, bulk) “seen” by the electron probe. Real
and imaginary parts of the dielectric constant are shown. In the
intermediate range (d >0 A; d <1000 A) they represent the ef-
fective dielectic constant [see Eq. (2)]. The parameter d simu-
lates the thickness of the surface layer. The transverse frequen-
cies of the surface and bulk oscillators are w3 =4 eV and wy=6
eV, respectively, while the correspondent longitudinal frequen-
cies are w§ =6.4 eV and o} =7.8 eV. In the limiting cases the
losses are localized by the surface longitudinal frequencies:
wis=5.4€eV (d=1000 A) and w}s=7 eV (d=0 A) (Ref. 8). The
full width at half maximum of the two oscillators are taken
equal: '=0.5¢V.

perimental findings for the hydrides. H; lies ~11 eV
below the valence-band maximum (approximately 18 eV
below the calculated vacuum level) and is separated from
H, by ~6 eV, as found in AsH; and GeH,;. The bands
arising from bonding between hydrogens and Ga atoms
are somewhat higher in energy, being located around —6
eV (H,) and —3 eV (Hs) from the valence-band max-
imum. This difference can be easily accounted for by no-
ticing that the initial energies of s and p states are higher
in Ga atom than in As.'® A similar trend, but in the op-
posite direction, is found in the measured ionization po-
tentials comparing from group-V to -VI hydrides.!*

To single out the possible final states of electron excita-
tions and then the transverse frequency we have to look at
the unoccupied valence levels. The pseudopotential calcu-
lations indicate that empty H-induced features in the ener-
gy range between 3—5 eV above the valence-band max-
imum.!” The origin of these states is essentially the same
as that for the hydrides: They arise from antibonding
combinations of s or p states of the atom under considera-
tion with the hydrogen orbitals. Their energy location is
close to the theoretical values for GeH,. However, due to
the coupling with the continuum of the bulk states, they
have a resonant character, i.e., they show a significant
dispersion energy and are considerably less localized than
the filled H-induced states. It seems reasonable to identify
these empty states as final states of the electron excita-
tions associated with the H-induced losses.

Figure 5 shows the scheme of the electronic transitions
derived from the band-structure-calculations. The transi-
tions occur at about 6.5, 8.5, 10.0, and 15.0 eV.

B. Interpretation of the loss features

The comparison between the above theoretical con-
siderations and the loss spectrum at the saturation cover-
age helps to interpret many of the experimental structures.
We first consider the Iy, loss. As it is clearly seen in Fig.

3, this loss changes in intensity as a function of the H cov-
erage and becomes more structured at saturation coverage.
The spectra seem to be consistent with the presence of a
H-induced absorption feature at ~6.5 eV superimposed
on the bulk contribution. The occurrence of two nearby
interband transitions (transverse modes), one at the surface
and the other in the bulk, should result in three longitudi-
nal modes, as it is actually found in the spectrum at
higher coverages (see the arrows in Fig. 3). To illustrate
this effect we give in Fig. 6 the results for an ideal case,
where the interface loss function [Eq. (1)] has been calcu-
lated along the lines of Ref. 8, using analytical dielectric
functions based on the Lorentz model for the bulk and for
the surface layer. It is seen that when the thickness of the
surface layer is about 3 A, three longitudinal interface
losses appear, which are to be associated with two trans-
verse excitations only.

The loss at 8.4 eV occurs at almost the same energy as
the expected transverse mode (Fig. 5). Since any remines-
cence of the I loss, typical of the GaAs(110) surface,
should disappear at monolayer coverage, we interpret this
feature as typical of the GaAs(110):H surface. No split-
ting due to the above-mentioned boundary-condition ef-
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fects is observed in this case, probably because of the na-
ture of the energy levels involved in this transverse excita-
tion. The initial states (H4 bands) are in fact well defined
surface states having a strongly localized character (Fig.
5). Therefore its contribution to the surface dielectric
function could show a different oscillator strength with
respect to the other transverse excitations occurring at the
interface. On the other hand, the dielectric properties of
the GaAs substrate at ~8.5 eV could scarcely affect the
interface dielectric function and should give rise to a
negligible boundary-condition effect.

The losses at 10.2 and 12.5 eV can be, instead, interpret-
ed within the framework of the above theoretical remarks
on the interface dielectric function. The transverse excita-
tion expected at 10 eV on the basis of surface band-
structure calculations is, in fact, supposed to give rise to
two longitudinal losses due to the vacuum-GaAs(110):H
and GaAs(110):H-GaAs(110) boundaries.

The energy localization of the longitudinal losses associ-
ated with the transverse excitation starting from the H,
band (#iw,~15 eV) is less clear. It is likely hidden under
the bulk plasmon at #iw, =16 eV.

The “core” losses at 19.9, 20.9, and 22.8 eV of the
GaAs(110):H surface are due to the excitation of the Ga
3d core level. In particular, the 19.9-eV loss (labeled by
Is, in Fig. 3) is the already observed*'® Ga 3d surface ex-

citon of the clean GaAs(110) surface.

Figures 2 and 3 show clearly the strong effect of chem-
isorbed hdyrogens on the exciton which disappears com-
pletely when the “relative” change of GaAs(110):H work
function is Ap=—0.4 eV. Its sensitivity to hydrogen cov-
erage is confirmed by spectroscopic results obtained by
partial yield spectroscopy.® The line shape and the energy
position of the surface exciton are not affected at all by

hydrogen exposures. This confirms the hypothesis that it
is a localized, Frenkel-type, exciton.!

V. CONCLUSIONS

We have been able to single out from the loss spectra of
the GaAs(110):H system, electronic excitations charac-
teristic of atomic H chemisorbed on GaAs(110) surface.
Based on this analysis we can draw some conclusions
about the chemisorption bond in this system.

First of all, we notice that the occurrence of transitions
which are associated both with Ga and with As states
bound to hydrogen indicates that chemisorption takes
place on both surface sites, in agreement with the results
of high-resolution vibrational spectroscopy.

Second, the data can be understood by a model with hy-
drogen atoms linked to the substrate through covalent
directional bonds and assuming an unrelaxed substrate.
Attempts to assign the main structures on the basis of
theoretical calculations for the relaxed substrate do not
show a similar agreement with the experiment.

More spectroscopic data are needed to confirm the
present analysis and to draw definite conclusions on the
geometrical structure of the substrate atoms. Photoemis-
sion studies on this subject are, however, in progress.

ACKNOWLEDGMENTS

The authors gratefully acknowledge the technical staff
of the Synchrotron Radiation Facility (PULS) of Frascati.
In particular, we thank Franco Campolungo for continu-
ous technical help. The kind experimental assistance of
Stefania Caporalini Ajello during the measurement time
has been highly appreciated.

'H. Luth and R. Matz, Phys. Rev. Lett. 46, 1652 (1981).

2F. Manghi, C. M. Bertoni, C. Calandra, and E. Molinari, J.
Vac. Sci. Technol. 21, 371 (1982).

3P, E. Gregory and W. E. Spicer, Surf. Sci. 54, 229 (1976).

4). van Laar and A. Huijser, J. Vac. Sci. Technol. 14, 894
(1977).

ST. Sakurai, M. J. Cardillo, and D. H. Hagstrum, J. Vac. Sci.
Technol. 14, 397 (1977).

SF. Antonangeli, C. Calandra, E. Colavita, S. Nannarone, C.
Rinaldi, and L. Sorba (unpublished).

7R. H. Ritche, Phys. Rev. 106, 874 (1957); V. E. Henrich, G.
Dresselhaus, and H. J. Zeiger, Phys. Rev. B 22, 4764 (1980).

8S. Nannarone, C. Rinaldi, and L. Sorba, Surf. Sci. (in press).

9S. Nannarone and S. Selci, Phys. Rev. B 28, 5930 (1983).

10H. Froitzheim, H. Ibach, D. L. Mills, Phys. Rev. B 11, 4980
(1975).

11G. Chiarello, E. Colavita, M. De Crescenzi and S. Nannarone,
University of Rome 1, Internal Report No. 803 (unpublished).

12R. G. Cavell, S. P. Kowalczyk, L. Ley, R. A. Pollak, B. Mills,
D. A. Shirley, and W. Perry, Phys. Rev. B 7, 5313 (1973).

13A. W. Potts and W. C. Price, Proc. R. Soc. London Sect. A
326, 165 (1972).

14A. W. Potts and W. C. Price, Proc. R. Soc. London Sect. A
326, 181 (1972).

I5M. L. Sink and G. E. Juras, Chem. Phys. Lett. 20, 474 (1973).

16W. Harrison, Electronic Structure and the Properties of Solids
(Freeman, San Francisco, 1980).

17F. Manghi, C. Calandra, C. M. Bertoni, and E. Molinari {un-
published).

18R, Ludeke and A. Koma, J. Vac. Sci. Technol. 31, 241 (1976).

19G. J. Lapeyre, J. Anderson, Phys. Rev. Lett. 35, 117 (1975).



