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The initial stages of hydrogen adsorption on GaAs(110) surfaces at room temperature are in-
vestigated by atomically-resolved scanning tunneling microscopy and spectroscopy. Two effects are
found to occur simultaneously: On the one hand a surface phase separation occurs, creating 1x1 re-
constructed fully hydrogen-covered areas while leaving the surface in-between completely hydrogen
free. In the fully hydrogen-covered areas, hydrogen bonds equally to As- and Ga-derived dangling
bonds, unbuckling and passivating the surface. On the other hand, hydrogen-induced point defects
are formed with increasing density. The dominating defects consist of As vacancy-hydrogen defect
complexes, formed by preferential hydrogen etching of As. Using a defect-molecule model the Ga-H
bridge bonds and double occupied Ga dangling bonds are suggested to be at the origin of the ob-
served surface Fermi-level pinning 0.25 to 0.3 eV above the valence band edge, identical within error

margins for p- and n-doped GaAs(110).

I. INTRODUCTION

Hydrogen is the most common impurity in epitaxial
growth of semiconductors. On the one hand, hydrogen
is applyed as carrier gas and molecular component of
the precursors in metal organic chemical vapor epitaxy
(MOCVD) and its variants.[1, 2] On the other hand, hy-
drogen is used for cleaning[3] and passivation[4] of semi-
conductor surfaces. Furthermore, hydrogen is present as
residual gas in every ultrahigh vacuum system used to
grow, pattern, and contact semiconductor devices.[5, 6]
Therefore, a detailed understanding of the atomic inter-
action mechanisms of hydrogen with semiconductor sur-
faces is crucial for optimization, particularly of semicon-
ductor nanostructures, due to their large surface to bulk
ratio. At present, compound semiconductor nanoscale
structures are of highest interest, since their electronic
properties can be tuned by alloying without detrimen-
tal effects of lattice mismatch and strain, suppressing
dislocation formation.[7-9] Such nanostructures exhibit
mostly low energy non-polar facets, i.e. (110) surfaces in
the case of zincblende III-V semiconductors.[10-12]

For hydrogen interaction with GaAs(110) two differ-
ent effects are reported in literature: On the one hand,
hydrogen adsorbs to the As and Ga dangling bonds, pas-
sivating them.[13-16] On the other hand, a surface disso-
ciation process leads to Ga rich surfaces.[13, 17] Thus far,
it is debated under which conditions (i.e. atomic hydro-
gen fraction and dose) which of the two effects dominates,

* dorothee.rosenzweig@physik.tu-berlin.de

50

75

since all experimental methods used up to now([14, 17, 18]
only probe integral information and lack atomic resolu-
tion. Theory only addresses the ideal surfaces without
decomposition processes.[16, 19]

In this paper we investigate the interaction of hydrogen
with GaAs(110) surfaces as model system using atomi-
cally resolved scanning tunneling microscopy (STM) and
spectroscopy (STS). We focus on the initial stages (< 1L)
of hydrogen adsorption at room temperature. We iden-
tify a passivation of GaAs(110) surfaces by hydrogen
bonding simultaneously to As- and Ga-derived dangling
bonds as well as the concomitant formation of a high den-
sity of hydrogen etching induced point defects, consisting
primarily of As vacancy-hydrogen defect complexes. The
Ga-H bridge bonds and the double occupied Ga dangling
bonds within the defects are proposed to be at the origin
of the observed surface Fermi-level pinning about 0.25 to
0.3 eV above the valence band edge and essentially iden-
tical for n- and p-doped GaAs(110).

II. EXPERIMENTAL

For the experiments we used m- and p-type GaAs
wafers with Si and Zn doping concentrations of nominally
2.0 x 10'® and 1.0 x 10'® cm™3, respectively. Samples
cut from the wafers are cleaved under UHV conditions
(<2 x 1078 Pa) to obtain atomically clean (110) surfaces,
which are investigated by STM and STS in the as-cleaved
as well as hydrogen-exposed state. All measurements are
performed at room temperature (300K) with tungsten
tips.

The atomic hydrogen is provided by a hydrogen atom



80

85

90

95

100

105

110

115

120

125

130

beam source (Dr. Eberl MBE-Komponenten GmbH
HABS) with a cracking efficacy of about 98 %, being
much larger than in all previous investigations.[13-18]
The samples are exposed to the atomic hydrogen beam
for about one second, at comparable hydrogen partial
pressures. Unfortunately, the partial pressure in the
atomic hydrogen beam is not directly measurable. Hence,
the flux can only be determined afterwards on the basis
of the surface changes. This yields hydrogen exposures of
approximately 0.5 L for each exposure assuming a stick-
ing coefficient of atomic hydrogen of almost 1.

III. RESULTS

A. n-type GaAs(110)

The freshly cleaved clean n-type GaAs(110) surfaces
exhibit large atomically flat terraces with the typical 1x1
surface relaxation (see, e.g., inset of Fig. 1).[20-24] On
the terraces only few defects occur, which can be assigned
to Si dopants and thermally formed Ga surface vacancies
(Vga)-[25, 26] On basis of the doping level, the given tem-
perature, and the time after cleavage, the dopant and va-
cancy concentrations are estimated to be typically in the
range of 2x 10 em™2 and 1x 102 cm =2, respectively.[27]

Upon hydrogen exposure the n-type GaAs(110) surface
structure changes drastically: (i) The 1x1 surface sepa-
rates in two phases, which are distinguishable by a differ-
ence in height. (ii) A high concentration of As vacancy-
related defects is formed. (iii) A Fermi-level shift occurs
upon hydrogen adsorption.

The first two effects are illustrated in Fig. la, which
shows a constant-current STM image obtained after 0.5 L
atomic hydrogen exposure:

(i) In the STM image one can observe atomic rows™
along the [1TO] direction running from top to bottom,
in analogy to the clean GaAs(110) surface (see inset).
The contrast visible as atomic rows arises from electrons
tunneling out of the occupied dangling bonds localized
above the As surface atoms. The local height of these
atomic rows appears to split up into areas with slightly
higher (brighter contrast) and lower (darker contrast)
heights. The height difference between the two types
of areas is approximately 40 pm. For better visibility,
Fig. 1(b) shows a false color representation of the STM*
image of Fig. 1(a). The greenish areas correspond to the
areas 40 pm higher than the blueish ones. The false color
STM image reveals a size for types of domains of approx-
imately 10 — 20nm?. Upon further hydrogen exposure,
the area fraction of domains with lower height increasesiso
from 43 % to 58 % for hydrogen exposures of 0.5 to 0.67 L.

(ii) In addition, a large concentration of point defects
occurs in both phases after hydrogen exposure. Besides
few white protrusions attributed to adatoms, the dom-
inating types of defects contain each one missing As-iss
derived dangling bond. These defects can be further dis-
tinguished by the contrast of the adjacent lattice sites

5nm

FIG. 1. Atomically resolved constant-current STM images of
the (a,b) n- and (c,d) p-doped GaAs(110) surfaces after 0.5 L
hydrogen exposure (acquired at set-points of Vg = —1.8V,
It = 50pA and Vs = —2.0V, It = 50pA, respectively).
(b) and (d) represent false color images of (a) and (c), respec-
tively, illustrating a phase separation characterized by slightly
lowered (blueish) and elevated (greenish) areas. The height
difference between those areas is about 40 pm. Inset: Atomi-
cally resolved constant-current STM image of the GaAs(110)
surface without hydrogen exposure. The arrows in (a) and (c)
mark defects, further analyzed using height profiles in Fig. 2.

along the atomic rows: The basic defect has no brighter
or darker contrast of the neighboring lattice sites of the
missing dangling bond. As elaborated in the discussion
section, this defect is attributed to a single arsenic surface
vacancy and is hence labelled Va4.[24, 28]

Two other types of defects differ from the isolated Vs
by exhibiting either one or two brighter contrasts on the
adjacent As lattice sites, labelled Vas-H and Va-2H, re-
spectively. This can be observed in the line profiles along
the atomic rows in Fig. 2(a) and (b), respectively, as well
as in the enlarged STM images (see insets). Further-
more, the height profiles reveal in case of Vs-H that the
single brighter dangling bond is centered on top of the
adjacent As lattice site, whereas in case of Vas-2H the
two brighter dangling bonds are shifted inward into the
vacancy site by approximately 0.3 %

Figure 3(a) illustrates the measured concentrations of
the various observed defects vs. hydrogen exposure. On
the clean n-type GaAs(110) surface without hydrogen ex-
posure only Vg, exists. The rather small Vg, concentra-
tion is essentially independent of the hydrogen exposure.
In contrast, all As vacancy-related defects occur only af-
ter hydrogen exposure and appear to reach a saturation
level at 0.5 L hydrogen exposure already.
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FIG. 2. Height profiles along the [110] direction through the
Vas-H (top) and V4,-2H (bottom) defects marked in Fig. 1
for (a,b) n- and (c,d) p-type GaAs(110) surfaces after hydro-
gen exposure. Dashed verticals lines mark the positions of
the filled dangling bonds above the neighboring As atoms.
For the V 4,-2H defects, the profiles indicate an inward dis-
placement of the neighboring As atoms. The insets illustrate
STM images of the corresponding defects.
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FIG. 3. Concentration of the various observed defects on (a)
n-type and (b) p-type GaAs(110) vs. hydrogen exposure.iq
The data at 0 L exposure corresponds to the hydrogen free
cleavage surfaces, extracted from prior measurements.[27, 29]

(iii) Figure 4(a) and (b) provide a comparison of tunnelss
spectra on the n-type GaAs(110) surface before (a) and
after hydrogen exposure of 0.5L (b). Without hydrogen,
the onset voltages of the positive and negative branches
of the tunnel spectrum are close to the Fermi level at
0V, with no apparent band gap. As outlined below thisiso
agrees with an unpinned n-type doped GaAs surface.[30]
With 0.5 L hydrogen exposure, the tunnel spectrum ex-
hibits a clear band gap and the onsets of the both current
branches are shifted away from the Fermi level to —0.4V
and +1V. Hence, hydrogen exposure creates a surface,s
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FIG. 4. Scanning tunneling current spectra of the n- (a,b) and
p-type (c,d) GaAs(110) surfaces in the hydrogen free state
(top) and after hydrogen exposure of (b) 0.5L and (d) 0.67 L
(bottom). The experimental data, shown as symbols, has
been acquired at tip-sample separations fixed at set currents
of 50pA at (a,c,d) —1.4V and (b) —1.2V. Self-consistent
simulations are illustrated as lines.

which exhibits more p-type characteristics. As outlined
below, this is induced by a Fermi-level pinning by de-
fects. Upon further hydrogen exposure, the spectra do
effectively not change anymore corroborating a satura-
tion with defects.

B. p-type GaAs(110)

The STM images of hydrogen exposed p-type
GaAs(110) surface [Fig. 1 (¢) and (d)] reveal almost iden-
tical structural changes as for n-type GaAs. (i) The 1x1
relaxed surface separates again in two phases distinguish-
able by different height. (ii) A high concentration of Va4
related defects is formed. These defects can be again clas-
sified using the contrast at the adjacent As lattice sites
along the atomic rows:

On clean p-type GaAs(110) surfaces only single miss-
ing As-derived dangling bonds can be observed. The de-
fect has no adjacent brighter dangling bonds and has
been shown previously to be an arsenic surface vacancy
(labelled Vag).[31-33] The single arsenic vacancies may
form thermally by Langmuir desorption, even without
any hydrogen exposure.[34] In contrast to clean n-type
GaAs(110) surfaces, no Vg, are detected on clean as well
as on hydrogen exposed p-type surfaces.

Upon hydrogen exposure two further defects appear
on p-type surfaces, in analogy to n-type surfaces: The
defects exhibit one (two) brighter contrasts on the adja-
cent As lattice sites of the missing As-derived dangling
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bond (see Fig. 2(c) and (d) and the respective insets,
labelled Vas-H and Vag-2H). The spatial shifts of the
adjacent brighter maxima agree also with those observedaso
on n-type GaAs(110) surfaces upon hydrogen exposure.
The observed defect concentrations are given in Fig. 3(b).
Note that higher single As vacancy concentrations are
induced by hydrogen on p-type surfaces as compared to
n-type surfaces. No Vg, appear after hydrogen exposure.zss

Finally, Fig. 4(c) to (d) illustrate that the tunnel spec-
tra of p-type GaAs(110) before and after hydrogen ex-
posure are rather similar in terms of current onsets and
Fermi-level position. They differ by a larger apparent
band gap for hydrogen-free surfaces as compared withzso
hydrogen-exposed surfaces. With hydrogen exposure the
onset voltages of the two current branches are almost
identical to those found on n-type surfaces [compare
Fig. 4(b) with (d)].
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IV. DISCUSSION

The experimental results demonstrate three effects of
hydrogen exposure onto GaAs(110) surfaces: (i) The sur-
face undergoes a phase separation, leading to two types of
domains, differing in their height. (ii) A variety of pointaro
defects form, which are related to missing As, indepen-
dent of the type of doping. (iii) A shift of the Fermi
level occurs upon hydrogen exposure, primarily for n-
type GaAs(110).

275

A. Hydrogen on the defect free surface

The observation of two phases with 40 pm height differ-
ence (i.e. only ~20% of the monolayer thickness) can be
understood by a simultaneous presence of hydrogen cov-
ered and hydrogen free GaAs(110) surface areas: Since
the fraction of the phase with lower height increases with
hydrogen exposure, it can be attributed to a fully hydro-
gen covered 1x1 surface. The phase with higher height
corresponds then to GaAs(110) surface areas without ad-
sorbed hydrogen (green in Fig. 1(b) and(d)).

The facts, that the 1x1 unit cell persists in both
phases, and that the height difference is much smaller
than the thickness of an atomic layer, indicates that hy-""
drogen leads to a different relaxation of the surface atoms
as compared with the clean surface.

Indeed, LEED [17] and grazing incidence X-ray diffrac-
tion (GIXD) [35] found that a hydrogen coverage debuck-
les the GaAs(110) surface. Theoretical calculations pre-
dict that hydrogen binds to the filled and empty dangling
bonds above the As and Ga surface atoms [36-38]. This
yields As-H and Ga-H bonds whose energies are shiftedasn
close to the valence band maximum.[39-41] These bonds
exhibit an sp3-type (re)hybridization favouring a tetrahe-
dral coordination of the surface atoms. Hence, the buck-
ling of the clean surface is removed. In fact, the buckling
is even slightly reversed.[35, 42] This debuckling lowersaos
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the position of the As surface atoms by approximately
30 pm relative to the As surface positions on the clean
hydrogen-free surface. It can be anticipated, that the
length (i.e. the extend of the density of states into the
vacuum) of the filled dangling bond above an As atom
(hydrogen-free surface) and of the As-H bond derived
from this dangling bond is almost identical. Hence, the
downward shift of the As atom translates rather directly
into a reduced height of the hydrogen-covered surface
(relative to hydrogen-free GaAs(110)).

The fact that two types of domains with and with-
out hydrogen form, indicates an attractive hydrogen-
hydrogen interaction on GaAs(110). This can be under-
stood in terms of charge neutrality: If a hydrogen atom
bonds individually to only one As (or Ga) surface atom,
it needs to repel the excess (or attract the lacking) elec-
tron. This would create a charge build-up, which can
be avoided by passivating adjacent As and Ga dangling
bonds with an additional bound hydrogen. This inter-
pretation is further supported by the fact that p-type
GaAs(110) surfaces exhibit the very same phase separa-
tion as on the n-type material.

B. Defects

The point defects observed on the freshly cleaved clean
surfaces and those on the hydrogen exposed surfaces dif-
fer quite considerably. First we discuss the point defects
on the freshly cleaved surfaces, followed by those after
hydrogen exposure.

1. Clean, hydrogen free surfaces

After cleavage we observed missing As dangling bonds
on the p-type GaAs(110) surface and two brighter nearest
neighboring As dangling bonds on the n-type GaAs(110)
surface. These defects were investigated previously in de-
tail and attributed to single As surface vacancies (p-type)
and Ga surface vacancies (n-type).[26, 31, 43] They form
spontaneously at room temperature by Langmuir desorp-
tion and represent the intrinsic defects of the GaAs(110)
surface.[26, 34, 44]

2. Defects induced by hydrogen exposure

Upon hydrogen exposure, the types of point defects
and their concentrations change drastically. The newly
formed point defects consist always of a single missing As
dangling bond, typically in conjunction with one or two
brighter appearing adjacent As dangling bonds. These
defects form upon hydrogen exposure independent of the
type of doping of the GaAs(110) surface, in contrast to
the above discussed intrinsic defects of the clean sur-
faces. The missing As dangling bond can be assigned
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to the presence of a As vacancy in analogy to the intrin-
sic defects on clean surfaces. If the missing As danglingsss
bond would arise from a single hydrogen bonded to a As
dangling bond, it would also appear like a vacancy.[45]
However, the fact that the defects occur on both phases
of the hydrogen exposed GaAs(110) surface (i.e. fully
hydrogen-covered and hydrogen-free phases) rules out aso
single bonded hydrogen as origin of the missing As dan-
gling bond. As side note, therefore, hydrogen bonded to
surface atoms is also not giving rise to the intrinsic vacan-
cies observed on freshly cleaved clean surfaces without in-
tentional hydrogen exposure, excluding the suggestion of
Ref. [45]. Hence, the As vacancy-related defects, formed™
during hydrogen exposure, can be considered as residues
from As surface atoms removed by interaction with hy-
drogen atoms. The etching process can be anticipated to

lead to arsine desorption from the GaAs(110) surface.
The preferential formation of As vacancies shifts the

surface stoichiometry towards a Ga rich surface upon on
hydrogenation. This observation is corroborated by PES,
EELS, and mass spectrometry measurements, which find
a Ga rich surface and mostly As desorption upon hydro-
gen exposure.[15, 46].

Next we address the existence of different configura-
tions of As vacancy-related defects formed by hydrogen
exposure (see Fig. 2) The concentrations of the defects
labeled Vags-H and Vage-2H are found to increase with,,
hydrogen exposure. Thus, the defects contain hydrogen
atoms. In order to elucidate the structure we turn to a
defect-molecule model approach.

The removal of a surface As atom leads to three bro-
ken bonds attached at the adjacent Ga atoms [see Vg in
Fig. 5(a)]. Using a defect-molecule model, these dangling
bonds rehybridize and form three defect states, one insso
the valence band, in the band gap and in the conduction
band, each. Note, since the same types of defects occur
on both, the hydrogen covered and hydrogen free surface
phase, we only consider the dangling bonds within the
vacancy and their interaction with hydrogen atoms. In385
the presence of hydrogen, additional hydrogen atoms can
bond to the broken bonds in the vacancy. For example,
one hydrogen atom can saturate the broken (bridge)bond
of an adjacent surface Ga atom [see Va4-H in Fig. 5(a)].
One can anticipate that the saturated Ga prefers a pla-
nar configuration, lifting the (110) mirror symmetry [866390
schematic of Vas-H complex in Fig. 5(b)]. The remain-
ing two broken bonds (bridge- and back-bond) can be ex-
pected to rehybridize in analogy to step edges, resulting
in a brighter contrast of the adjacent As atoms.[47, 48]
Similarly, the two broken bridge-bonds of the adjacentas
Ga surface atoms can be saturated by hydrogen atoms
(see Vas-2H in Fig. 5). This preserves the (110) mir-
ror symmetry and equally affects both neighboring As
atoms (Vas-2H complex in Fig. 5). Note, hydrogen can
in principle also bond to the broken back-bond of theasw
second layer Ga atom. However, this cannot be observed
in STM images, since the tip-sample separation is about
2 A larger than for Ga-H bridge bonds, reducing the tun-

nel current accordingly. The exact rehybridization and
relaxation can only be determined on basis of DFT cal-
culations. The here outlined As vacancy-hydrogen com-
plexes agree well with the observation of three dominat-
ing point defects formed on hydrogen exposed n- and
p-type GaAs(110) surfaces and reproduce/explain their
symmetry and appearance in STM images well.

At this stage we differentiate the defect complexes
formed by hydrogen from previously observed defect
complexes. Some prior found defects (vacancy-dopant
complexes[26, 49-51], Schottky defects[52, 53]) have a
similar appearance of one bright dangling bond adjacent
to a vacancy. However, vacancy-dopant complexes can be
excluded as they exist in any orientation unlike the here
observed defect being always aligned along the atomic
rows. Schottky defects can be ruled out, as they can
only account for a single bright neighboring As dangling
bond, but not for defects with two. In addition, these de-
fects would not account for the hydrogen exposure depen-
dence. Hence, the defects observed here were not found
on any III-V semiconductor (110) surfaces previously.

C. Fermi Level Pinning

The As vacancy-hydrogen complexes can be antici-
pated to have localized defect levels in analogy to those of
an isolated As vacancy. These will influence the position
of the Fermi level at the surface and thereby modulate
the tunneling spectra. As outlined in the experimental
results above, the spectra change rather subtle only for p-
type GaAs(110) during hydrogen exposure, whereas the
changes on n-GaAs(110) are quite pronounced in terms
of onset voltages and apparent band gap.

In order to understand this behavior we simulated the
tunnel current following a two-step method:[54, 55] First,
the electrostatic potential as well as the charge carrier
distributions of the tip-vacuum-semiconductor system in
thermal equilibrium are self-consistently derived using
finite differences. Second, the one-dimensional electro-
static potential along the central axis through the tip
apex is used to derive the tunnel currents through the
vacuum barrier in a WKB approximation based model
described in Refs. [56, 57].

As parameters we have to consider the charge-transfer
levels and concentrations of the point defects. The
charge-transfer level of an ensemble of a defect is modeled
as Gaussian shaped surface-charge distribution 0.1eV
wide. The Gaussian charge distribution arises from the
convolution of a sharp charge-transfer level with the
Fermi function at room temperature. The possible elec-
tron occupation (i.e. integral of Gaussian charge distri-
bution) is given by the density of defects..
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1. n-type GaAs(110)

440
The spectrum of the hydrogen free n-doped surface,

shown in Fig. 4(a) exhibits apparently no band gap.
This arises from the tip-induced downward band bend-
ing at negative voltages, creating an electron accumu-
lation in the conduction band. From the accumulation,,
zone electrons tunnel into the tip even at very small ap-
plied negative voltages, resulting in an onset of the nega-
tive current branch close to 0V. Tunneling from filled
valence band states occurs only at much larger nega-
tive voltages around —1.5 to —2V and only shows up
in a change of slope (not visible in the voltage range
shown). The current at positive voltages arises from
tunneling into empty conduction band states, starting
close to 0V, too, due to the n-type doping of the mate-
rial. The corresponding tunnel current simulation [lines
in Fig. 4(a)] agrees with the experimentally measured
spectrum (symbols), corroborating the presence on an
essentially unpinned hydrogen-free n-type surface. Note,
we estimated that the density of Vg, defects at the acqui—455
sition time of the spectrum 26.5 h after cleavage at 300 K
is 1 x 10" em™2.[27, 28] This concentration is too small
to lead to a Fermi-level pinning at the voltages used, al-
though a weak pinning (i.e. band bending) is present
even without tunneling tip present above the surface. :

After hydrogen exposure the spectra change funda-
mentally. No current is anymore observed within the
fundamental band gap and the voltage separation of the
onsets of the positive and negative current branches cor-ss
responds to the band gap. In addition the Fermi level is
found to be shifted toward the valence band edge. This
indicates a pinning, which can be attributed to arise from
the high point defect densities observed in the STM im-
ages [Fig. 1(a)]. The solid line in Fig. 4(b) shows theo

simulation assuming a full pinning by a defect density of
2.0 x 103 ecm~2 with a charge-neutrality level near the
valence band edge Ev and a (0/—) charge-transfer level
at By + 0.3eV, a tip work function of 4.5eV and ra-
dius of 100nm. The simulated current onsets agree well
with those measured, corroborating the defect-induced
pinning in the lower part of the band gap upon hydrogen
exposure.

2. p-type GaAs(110)

Second, we turn to p-type GaAs(110) without hydro-
gen exposure. The spectra were acquired 6 h after cleav-
age at room temperature. After this time the density
of As vacancies formed by Langmuir desorption is still
very low (1.0 x 10'% cm~2 range) and has no effect on the
Fermi-level position.

The solid line in Fig. 4(b) illustrates the tunnel cur-
rent calculated for an unpinned p-type GaAs(110) sur-
face. A good agreement is found with the measured cur-
rent values. At negative voltages tunneling out of filled
valence band states occur. At positive voltages no tun-
neling into the tip-induced hole accumulation zone in the
valence band is detected, since the tunneling barrier is
larger than for tunneling into the conduction band states,
which starts at about 1.5-1.6 V. Therefore, a clear volt-
age range with no detectable current exists, larger than
the fundamental band gap due to tip-induced band bend-
ing. Hence, the spectrum reveals an unpinned p-doped
GaAs(110) surface.

After hydrogen exposure of p-type GaAs(110) a large
defect density is present. These defects have charge-
transfer levels within the band gap, which lead to a pin-
ning of the Fermi level. We used the energy position
of the charge-transfer level as fit parameter, to simulate
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the tunnel current. The best simulation is achieved for
an energy position of the (4/0) charge-transfer level of
Ev +(0.25+0.1)eV (and a charge-neutrality level above
the charge-transfer level), a tip work function of 4.65eV
and radius of 10nm. The good agreement indicates thatsss
the surface is essentially fully pinned by defects, which
were formed by hydrogen exposure.

8. Microscopic origin of the Fermi level pinning 530

Now, we address the physical origin of the Fermi-
level pinning on basis of a defect-molecule model dis-
cussion of the observed defects. First, we consider p-
type GaAs(110). The dominating defect observed iss®
the single As vacancy [Fig. 3(b)]. The lowest charge-
transfer level of the As vacancy is the (4/0) charge-
transfer level, which is calculated to be 0.49eV above
the valence band in GW-approximation reproducing the
experimental band gap very well.[58] DFT calculations®
with LDA approximation[59-61] underestimate the en-
ergy position and hence cannot be taken into account.[58]
Experimentally we find a charge transition level of (Ev +
0.25) £ 0.1eV above Ey. This value is too low to be in
accordance with that of the As vacancy. Thus, the As*®
vacancy is unlikely to provide the lowest charge-transfer
level (closest to Er) on p-type GaAs(110) after hydro-
gen exposure. Thus, we turn to the vacancy-hydrogen
complexes. As outlined above with help of the defect-
molecule model, the binding of a hydrogen atom to a
broken bridge bond of one of the adjacent Ga atoms leads
to a Ga-H bond and a rehybridization of the two broken
bonds at the remaining adjacent surface and second layersso
Ga atoms [see schematic structure of Vas-H complex in
Fig. 5(b)]. This Ga-Ga bond occurs also in the single
positively charged arsenic vacancy and its energy is in the
valence band [see V 5¢ in Fig. 5(b)] .[33] Hence, the only
defect state in the valence band of the Vas-H complexsss
arises from the Ga-H bridge bond. Note, this needs to
be distinguished from the Ga-H dangling bond configura-
tion on a defect free hydrogen-covered surface, which has
an energy below the valence band edge.[14, 39, 41] The
Ga-H bridge bond can hence be anticipated to be in these
lower part of the band gap. Therefore, we suggest that
the pinning on p-type hydrogen exposed surfaces arises
from the Ga-H bridge bonds within the As vacancies,
with a charge-transfer level (+/0) at (Ey+0.25)+0.1eV.

Next, we turn to n-type GaAs(110). The dominating
defects here are the vacancy-hydrogen complexes. For
the Fermi-level pinning at Eyv 4+ 0.3eV we now need to
consider the highest charge-transfer level in the bandses
gap. In order to provide this upward band bending,
one needs to have negative surface charges. This can

only be achieved by a (0/-) charge-transfer level. If we
consider the As vacancy hydrogen complex with one hy-
drogen, the addition of a further electron to a neutral
defect complex cannot take place in the fully occupied
Ga-H bridge bond, but rather needs to be inserted in the
Ga-Ga bond, breaking it. This would result in a double
occupied Ga dangling bond, which has almost the same
electronic configuration as a Ga-H bridge bond and can
hence be expected to have similar charge-transfer levels.

If we consider the As vacancy-hydrogen complex with
two hydrogen atoms, again no electron is anticipated to
be inserted in the fully occupied Ga-H bridge bonds, but
it is conceivable that the additional electron is inserted in
the broken back bond, resulting again in a double occu-
pied Ga dangling bond, which again can be expected to
have similar charge-transfer levels. This defect molecule
based understanding is corroborated by the almost iden-
tical charge-transfer levels observed on hydrogen exposed
p- and n-type GaAs(110) of (Eyv + 0.35) £ 0.1eV and
(Ev + 0.3) £ 0.1eV, respectively. Note, with a detailed
theoretical modelling using DFT with GW approxima-
tion of the exact defect states of the different vacancy-
hydrogen complexes, the locations of electrons could be
assessed reliably, but this is outside of the scope of the
present work.

V. CONCLUSION

The initial stages of hydrogen adsorption on
GaAs(110) surfaces have been investigated using
atomically-resolved scanning tunneling microscopy and
spectroscopy. A phase separation into 1x 1-reconstructed
fully hydrogen-covered and hydrogen-free domains is ob-
served. In the fully hydrogen-covered areas, hydrogen
bonds simultaneously to As- and Ga-derived dangling
bonds, debuckling and passivating the GaAs(110) sur-
face. At the same time, a high density of hydrogen
etching-induced point defects occur with increasing hy-
drogen exposure. The dominating defects consist of As
vacancy-hydrogen defect complexes, whose Ga-H bridge
bonds and double occupied Ga dangling bonds are sug-
gested to be at the origin of the observed surface Fermi-
level pinning 0.25 to 0.3eV above the valence band
edge identical within error margins for p- and n-doped
GaAs(110).
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