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We have investigated the influence of hydrogen adsorption on the optical anisotropy and the sur-
face reconstruction of the GaAs(100)-c(4 x 4) surface using reflectance difference spectroscopy (RDS)
and low-energy electron diffraction (LEED), respectively. At low exposures the optical anisotropy
of the c(4 x 4) surface is removed almost completely by hydrogen adsorption due to removal of the
As dimers in the outermost As layer, while the LEED pattern changes from c(4 x 4) to (1 x 1).
At intermediate hydrogen exposures, the surface again becomes optically anisotropic showing the
signature of Ga dimers in the RDS spectra, while LEED indicates a mixture of (1 x 2) and (v/2 x v/2)
reconstructions. Finally, at even higher dosages the Ga dimers are broken by hydrogenation. The
LEED pattern shows a (1 x 1) symmetry and the RDS features are correlated with the critical points

of the bulk electronic band structure.

I. INTRODUCTION

The GaAs(100) surface has attracted much atten-
tion due to the large variety of possible surface
reconstructions.! Extensive studies by reflection high-
energy electron diffraction,?3 low-energy electron diffrac-
tion (LEED),! medium-energy ion scattering,* scan-
ning tunneling microscopy (STM),>¢ high-resolution
electron energy-loss spectroscopy,”® angular resolved
photoemission spectroscopy,® ! and reflectance differ-
ence spectroscopy (RDS),'271% as well as theoretical
calculations!® '8 have been performed in order to clarify
the atomic and electronic structure of the (100) surface.
Unfortunately, a conclusive picture has not yet emerged.
On the one hand, the GaAs(100) surface is difficult to
prepare reproducibly without the availability of molecu-
lar beam epitaxy (MBE) growth equipment, on the other
hand the theoretical approach is complicated due to the
large surface unit cells of the real structures.

The dimerization of the outermost atomic layer gives
rise to various reconstructions which depend strongly
on the surface stoichiometry (As or Ga content, respec-
tively). Three main reconstructions, the Ga-rich (4 x 2),
the As-rich (2 x 4) (8 phase), and the As-rich c¢(4 x 4),
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are frequently found and used for surface studies. The
outermost atomic layers of the Ga-rich (4 x 2) [or As-rich
(2 x 4)] reconstructions consist of 0.75 ML of Ga (As) ar-
ranged in dimers along [011] ([011]). The As-rich c(4 x 4)
surface consists of 0.75 ML of As on top of one com-
plete As layer forming dimers in the [011] direction.®18
A schematic picture of the structural model of the c¢(4x4)
surface is diplayed in Fig. 1.°

It has been shown recently that RDS is a very sensitive
optical tool for the investigation of the GaAs(100) sur-
face reconstructions.!?714:19:20 RDS monitors the differ-
ence between the reflectivity along the principal crystal
axes in the surface normalized to the average reflectivity:
AR/R = (Rpgiy) — Rjo11])/R.?" For cubic semiconduc-
tors, such as GaAs, the RDS signal is surface specific
since, to a good approximation,.the bulk reflectivity is
isotropic.?? The dimers of the reconstructed GaAs(100)
surfaces cause characteristic features in the optical sur-
face anisotropy.!?!3 In a simplified picture, the surface
anisotropy of the dimers is due to larger polarizability
along the dimer bonds as compared to that perpendic-
ular. Therefore the sign of the RDS signal reveals the
orientation of the bonds. The spectral position of op-
tical transitions related to dimer states is characteristic
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FIG. 1. Schematic view of the atomic arrangement of the
GaAs(100)-c(4 x 4) surface. The outermost layer consists of
0.75 ML As forming dimers along the [011] direction. The
dotted lines indicate the c(4 x 4)-surface unit cell (from Ref.
5).

for the involved atomic species (i.e., Ga or As). In or-
der to provide a microscopic understanding of the RDS
spectra, the optical anisotropy of the dimerized surfaces
was theoretically determined on the basis of surface band-
structure calculations.”-'® However, so far the agreement
with experimental results is rather poor, thus preventing
a conclusive interpretation of the surface anisotropy.

The study of atomic hydrogen adsorption on
GaAs(100)-c(4 x 4) is another approach to gain some un-
derstanding of the origin of the surface optical anisotropy.
Atomic hydrogen is known to break the As dimers and to
saturate the dangling bonds at the surface.”2324 There-
fore the study of the changes induced by hydrogen ad-
sorption in the RDS spectra should allow us to identify
the origin of the optical anisotropy.

In this paper we report the results of a study of the
hydrogen adsorption on GaAs(100)-¢(4 x 4) by RDS
and LEED. The LEED pattern monitors the changes in
the structure induced by hydrogen adsorption while the
changes in the optical properties are recorded simultane-
ously by RDS. While these techniques probe completely
different properties of the surface, they are complemen-
tary in the sense that LEED is sensitive to long-range
order of the surface whereas RDS reflects rather the lo-
cal structure.

II. EXPERIMENT

Undoped and Si-doped n-type (n= 1 x 10*” cm~3) ho-
moepitaxial GaAs layers (1 pm thick) were grown by
MBE on GaAs(100) substrates and capped with a 60-
100 nm thick As layer deposited by an Ass-cracker cell.
After capping, the samples were transferred in air to the
UHV analysis chamber where the LEED and RDS ex-
periments were performed. Clean, c(4 x 4) reconstructed
GaAs(100) surfaces were prepared by thermal annealing
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of the samples to approximately 350 °C.2% This technique
has been tested extensively in recent work and is a well-
established method for the reproducible preparation of
well-defined (100) surfaces.®11%:25 In fact, recent STM
investigations on As-rich (2 x 4)-reconstructed surfaces
prepared by As decapping of the same GaAs(100) sam-
ples as studied here show a well-ordered surface struc-
ture of comparable quality to in situ STM observations
on MBE-grown surfaces.?%:27 Hydrogen adsorption was
achieved by exposure to atomic hydrogen, created from
molecular hydrogen at a hot tungsten filament about
10 cm away from the sample. We express the exposure
in Langmuir (1 L=10"% Torr Hy x 1 s).

LEED patterns were taken with a PC controlled
VIDEO-LEED system equipped with a high sensitive
video camera, and a four-grid, reverse-view optic. The
reflection anisotropy was recorded in the spectral range
of 1.5-5.5 eV using a compact spectrometer unit which
consists of a Xe lamp, a single grating monochroma-
tor, a photoelastic modulator, Rochon prisms, and a
photomultiplier.2°

III. RESULTS

Figure 2 displays the RDS spectra of undoped (a) and
doped n-type GaAs(100) (b) with ¢(4 x 4) reconstructed
surfaces which were exposed to various amounts of hy-
drogen. The observed LEED pattern is given for each
hydrogen exposure. The RDS spectra of the undoped
and doped samples develop in a very similar fashion with
hydrogen exposure. However, in the 2.9-3.1 eV range a
structure is present which is much more pronounced for
the doped sample [Fig. 2(b)]. We find the electric field
within the surface depletion region to be responsible for
this effect, as will be discussed below. For the undoped
sample the electric field effect should be negligible. The
optical anisotropy of the ¢(4x4) reconstructed surface ex-
hibits a characteristic line shape, showing a pronounced
minimum around 2.7 ¢V, and a maximum around 4 eV.
Both of these features appear to be unaffected by hy-
drogen adsorption up to 10 L. In this exposure range
the c(4 x 4) LEED pattern becomes even more distinct
due to a reduction of the diffuse background. Increas-
ing the hydrogen exposure to 100 L results in a flatten-
ing of the 4 eV maximum of the reflectance anisotropy
together with a weakening of the c¢(4 x 4) LEED pat-
tern. At higher hydrogen exposures, around 400 L, the
reflectance anisotropy is significantly reduced over the
whole spectral range. The surface is, possibly fortu-
itously, nearly isotropic for the exposure of 400 L in the
data of Fig. 2(b). The remaining structures occur pre-
dominantly around the bulk critical points, while the cor-
responding LEED pattern shows a (1x 1) reconstruction.
Hydrogen exposures of 1000 L and 4000 L induce a new
surface anisotropy. Two minima develop around 2.4 eV
and at 4.1 eV. Also the LEED experiments reveal the
appearance of a new surface anisotropy at these expo-
sures. Figure 3 shows a photograph of the LEED pattern
and the corresponding schematic diagram. We attribute
the LEED pattern to a mixture of two reconstructions
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FIG. 2. Reflectance anisotropy AR/R = 2Re(Ar/r)
= (Ryo11] — Rjo11))/ R (r complex reflectivity as determined by
RDS) of undoped (a) and n = 1 x 10*” cm™3-doped n-type
GaAs(100) (b) with ¢(4 x 4) reconstructed surfaces exposed
to various amounts of hydrogen. The observed LEED pattern
is given for each hydrogen exposure.

of (1 x 2) and (V2 x v/2) domains, as will be discussed
below in more detail. These reconstructions disappear at
higher hydrogen exposures (i.e., 10 L and 10° L) where a
(1 x 1) LEED pattern reappears. In the RDS spectra the
surface anisotropies at 2.4 €V, and 4.1 eV are removed
and instead, new features around the bulk critical points
are observed (Fq at 2.91 eV, F; + A; at 3.14 eV, E} at
4.44 eV and E; at 4.96 eV).30

IV. DISCUSSION

Both the reflectance anisotropy and the LEED pattern
reveal drastic changes of the GaAs(100)-c(4 x 4) surface
upon exposure to hydrogen. Before discussing the RDS
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FIG. 3. (a) LEED pattern observed between 1000 L and
4000 L hydrogen exposure. We propose that the LEED pat-
tern is composed of two superstructures which originate from
(1 x 2) and from (v/2 x v/2) surface domains. The schematic
figure (b) demonstrates how the original LEED pattern is
generated by the superposition of the two reconstructions.

results, we give a brief review of the present understand-
ing of the c¢(4 x 4) surface (Fig. 1) and the corresponding
RDS spectrum (see Fig. 2, bottom spectra). The atomic
structure of the GaAs-c(4 x 4) surface, as determined
by STM,® is illustrated in Fig. 1. The first two atomic
layers both consist of As atoms. In the outermost layer
As dimers are formed along the [011]-direction, whereas
bonds between the first and second As layer are mainly
oriented along [011]. RDS studies performed in situ in a
MBE system revealed two different line shapes of RDS
spectra of a c¢(4 x 4) reconstruction depending on the sub-
strate temperature.'? The difference in the RDS spec-
trum at lower temperature was tentatively assigned to
the influence of As adatoms additionally adsorbed on ran-
dom sites on top of the c¢(4 x 4) surface and termed as
d(4 x 4) structure (d equals disordered).'? The bottom
spectra in Fig. 2 (clean surface) show the typical line
shape of this so-called d(4 x 4) spectrum. The RDS min-
imum around 2.7 eV has been attributed to electronic
transitions of the As-dimer bonds in the outermost layer,
whereas the maximum around 4 eV has not yet been
assigned.'? Band-structure calculations based on a sim-
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plified (1 x 2) surface reconstruction suggest that both
structures are due to electronic transitions of the As
dimers.3! However, experimentally, when comparing the
c(4 x 4) (dimers along [011]) with the (2 x 4) reconstruc-
tion (dimers along [011]) the expected inversion of the
sign of the dimer features does not occur at 4 eV, in
contrast to the 2.7 eV feature.

In accordance with a recent high-resolution electron-
energy-loss spectroscopy (HREELS) study (Ref. 7), the
evolution of the RDS spectrum upon hydrogen expo-
sure shown in Fig. 2 can be separated into four differ-
ent regimes which are related to a layer-by-layer etching
of the ¢(4 x 4) surface, most probably by desorption of
ASH3.42

At low exposures, up to 10 L, the ¢(4x4) LEED pattern
becomes clearer. The sharpening of the LEED pattern
indicates the removal of disordered As adatoms which
stick on top of the ordered c(4 x 4) structure. Since the
¢(4 x 4) surface is prepared by a thermal desorption of
a thick Asy-cap layer, the origin of the As atoms in ex-
cess of the ordered structure can be safely attributed to
an incomplete desorption. Remarkably, the line shape
of the RDS spectra is not affected by the improvement
of surface ordering due to the removal of the excess As.
Therefore, in contrast to previous suggestions, the differ-
ent line shapes of the so-called d(4 x 4)-RDS and c(4 x 4)-
RDS spectra are most likely attributed to other effects
than surface disorder. Also, recent studies by grazing in-
cidence x-ray diffraction (GIXD) (Refs. 28 and 29) per-
formed in a metal-organic vapor phase epitaxy (MOVPE)
environment did not reveal the existence of a disordered
c(4 x 4) structure. The GIXD experiments indicate that
the ¢(4 x 4) surface is not necessarily composed of three
As dimers per unit cell, but can also contain only two
dimers. Therefore, we suspect that either the number
of As dimers or simply the elevated substrate tempera-
ture of the in situ MBE- and MOVPE-RDS experiments
in contrast to room temperature in the present experi-
ments are relevant for the different spectral shape of the
so-called d(4 x 4) and ¢(4 x 4). In agreement with this
conjecture, a recent UHV-RDS study reports a surface
optical anisotropy of the ¢(4 x 4) which is almost identi-
cal to that found here.'® Therefore, we believe that the
bottom spectra in Fig. 2 can be attributed to an ordered
c(4 x 4) surface structure at room temperature. A com-
bined study by RDS and STM would help to clarify the
microscopic origin of the difference in the RDS spectra.

In a second regime of exposures, from 10 L up to 400 L,
a weakening of the fractional order spots of the c(4 x 4)
LEED pattern occurs, finally leading to a (1 x 1) pat-
tern with low background. This indicates the removal of
the As dimers in the outermost layer. A new dimeriza-
tion of the remaining As layer, which could be identified
by RDS features similar to those found for the As-rich
(2x4) surface, is most likely inhibited since the dangling
bonds are saturated with hydrogen. The weakening of
the fractional order spots of the c¢(4 x 4) LEED pat-
tern is accompanied by a reduction of the maximum at
4 eV in the RDS spectrum. At 400 L, where a clear
(1 x 1) pattern is established, the minimum at 2.7 eV
is also reduced. Thus, in this second exposure regime,
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the As dimers are removed and the surface consists most
likely of a hydrogen terminated (1 x 1) As monolayer.
The hydrogen-induced modification of the RDS spectra
clearly demonstrates that both the 2.7 eV and 4 eV fea-
tures result from surface electronic states which originate
from the outermost As layer. The retarded supression of
the minimum at 2.7 eV, as compared to the 4 eV peak,
can be understood if the 4 eV maximum is tentatively
attributed to the As-As backbonds of the first to second
As layer. In this case, hydrogen would firstly break the
backbonds, reducing the spectral response at 4 eV, while
the As dimers in the first layer would be removed af-
ter several of these backbonds are broken, thus reducing
the spectral response of the 2.7 eV minimum at higher
exposures. This suggestion would agree with the sim-
ple argument of bond direction: the As-As backbonds
are oriented along the [011] direction and thus would
give a positive contribution, i.e., maximum, while the
As-As dimers oriented along [011] would give a negative
contribution, i.e., a minimum in the reflection difference
as observed here (Fig. 1). Alternatively, the initial re-
duction of the surface anisotropy at 4 eV for lower H
exposures could also be understood if this feature were
characteristic for a three-dimer ¢(4 x 4) unit cell. In this
approach, the hydrogen at low exposures would simply
reduce the number of unit cells occupied by three As
dimers leading to a larger number of two-dimer unit cells
before the dimers are completely removed. Summarizing
the intermediate exposure regime, the lifting of the sur-
face anisotropy clearly demonstrates the removal of the
outermost As dimers and the H passivation of the resid-
ual As dangling bonds preventing a new dimerization at
the surface. The detailed interaction mechanism of H
with the As dimers, however, cannot be clarified by RDS
experiments alone and needs further investigations, e.g.,
by STM.

When increasing the hydrogen exposure to the 1000-
4000 L range, a new type of surface anisotropy appears.
The RDS spectrum changes significantly, showing now
an additional minimum around 2.4 eV. From RDS stud-
ies on Ga rich (4x2) surfaces!®!* and calculated RDS
spectral”'® this minimum is well known to represent the
signature of Ga dimers formed along the [011] direction
on the surface. We attribute the LEED pattern to a su-
perposition of (1 x 2) and (v/2 x v/2) domains (Fig. 3),
which is consistent with the appearance of Ga dimers.
Figure 4 shows two possible arrangements of Ga dimers
which give rise to a (1 X 2) and a (v/2 x /2) reconstruc-
tion. Consequently, in the third exposure range (1000
4000 L) the As layer is removed by hydrogen etching
and the surface is composed of Ga dimers, at least to a
large extent. In excellent agreement with these results,
HREELS studies of hydrogen adsorption on GaAs(100)-
c(4 x 4) surfaces showed the complete removal of the out-
ermost As layers and the indication of a (1 x 2) LEED
pattern.7

The formation of a Ga-dimer-terminated GaAs(100)
surface by hydrogen etching suggests that the As-H
bonding is more favorable than the Ga—H bonding. Nev-
ertheless, for even higher exposures, up to 104 L or 10° L,
the Ga dimers decompose by hydrogenation. This is in-
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FIG. 4. Arrangement of Ga dimers on the GaAs(100) sur-
face in (1 x 2) and (v/2 X v/2) surface domains. The surface
unit cells are indicated by dotted lines.

dicated by the development of a (1x1)-LEED pattern, as
well as by the removal of the Ga-dimer related features in
the RDS spectra. The surface anisotropy shows features
predominantly in the region of the bulk critical points,
similar to those reported for sulphur-exposed GaAs(100)
surfaces.3? This suggests that the anisotropy originates
from surface-induced modifications of the wave functions
and matrix elements of the bulk states in the surface
region.333% At these large exposures the layer-by-layer
etching is replaced by the onset of inhomogenous surface
etching inducing a disordered, microrough surface.3%:3%
In spite of the fact that for large as well as for 400 L of H
exposures the microscopic surface anisotropy due to sur-
face dimers is removed, the surface roughness causes the
RDS spectra at large H exposures to differ significantly
from those around 400 L.

For the doped sample a distinct structure is present
around 3.0 eV in the RDS spectra, i.e., in the vicin-
ity of the F; and E; + A; bulk critical points. It has
been shown in previous RDS studies!336738 that the elec-
tric field in the surface band bending region (present
due to surface Fermi level pinning) is responsible for
this feature. In fact, the surface Fermi level is known
to lie around midgap on the clean and hydrogenated
GaAs(100) surface.”'339 As can be shown by symmetry
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arguments,?® only the linear electro-optic effect results
in an optical anisotropy, whereas the quadratic one is
isotropic on the (100) surface. The electric field induced
change in dielectric function can be written as*!

A€p11) = %Xlzsg,
(1)

A€por) = —3X123E,

where x123 represents the only nonzero element of the
third-rank susceptibility tensor and £ the electric field
strength. Calulations of x123 can be found in Ref. 37.
For the undoped sample (background doping: n ~ 1 x
1645 cm~3) the electric field effect is negligible.>®

V. CONCLUSION

We have investigated the hydrogen-induced change of
the GaAs(100)-c(4 x 4) surface and found an initial im-
provement in ordering and then its stepwise degradation.
For low exposures, hydrogen is found to remove As by
etching off the surface. This allows us to get a clearer
understanding of the origin of the surface anisotropy. At
first, the outermost 0.75 ML As-dimer layer is removed
and an isotropic, hydrogen-terminated surface is formed.
We find that both the 2.7 eV minimum and the 4 eV
maximum in the reflectance anisotropy of the c(4 x 4)
surface originate from surface states related to the outer-
most As layer. At intermediate hydrogen exposures the
As surface layer is completely removed and Ga dimers
arrange in (1 x 2) and (v/2 x v/2) domains terminating
the surface. For high exposures, the Ga dimers are finally
broken and a surface roughening occurs which is reflected
in the optical anisotropy of the surfaces.
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FIG. 3. (a) LEED pattern observed between 1000 L and
4000 L hydrogen exposure. We propose that the LEED pat-
tern is composed of two superstructures which originate from
(1 % 2) and from (/2 x /2) surface domains. The schematic
figure (b) demonstrates how the original LEED pattern is
generated by the superposition of the two reconstructions.



