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ABSTRACT

Hydrogen exposure and annealing at 400 °C leads to a layer-by-layer etching of the n-doped GaAs(110) cleavage surface removing islands
and forming preferentially step edge sections with [001] normal vector. In addition, a large density of negatively charged point defects is
formed, leading to a Fermi level pinning in the lower part of the bandgap. Their charge transfer level is in line with that of Ga vacancies
only, suggesting that adatoms desorb preferentially due to hydrogen bonding and subsequent Ga–H desorption. The results obtained on
cleavage surfaces imply that the morphology of nanowire sidewall facets obtained by hydrogen cleaning is that of an etched surface, but not
of the initial growth surface. Likewise, the hydrogen-cleaned etched surface does not reveal the intrinsic electronic properties of the initially
grown nanowires.

Published under an exclusive license by the AVS. https://doi.org/10.1116/6.0002733

I. INTRODUCTION

III-V nanowires (NWs) attracted much interest due to their
unique ability to accommodate lattice mismatched heterostructures
without dislocation formation.1,2 In addition, core-shell structures
offer a spatial separation of light absorption and charge carrier drift
directions in optoelectronic and photovoltaic applications.3–6 All
applications are, however, affected by the very large surface to
volume ratio, which makes an understanding of the surface elec-
tronic properties, such as, e.g., Fermi level pinning, and their effect
on the underlying layers critical. Therefore, particular interest arose
in characterizing the different facets of NWs.7–20 Due to the large
aspect ratio, the dominating facets are the nonpolar side facets,
which, hence, govern the surface effects, i.e., electronic properties
and growth on side facets. A detailed understanding of the nonpo-
lar side facets during growth is particularly critical for tailoring and
optimization of dopant incorporation during the growth of core-
shell NW structures. A direct atomically resolved access to the NW

side facets during growth proved to be a tremendously difficult
task.21 Hence, NW side facets were rather investigated ex situ by
STM. For this purpose, the NWs were either As capped and
annealed in the ultrahigh vacuum (UHV) system of the STM
(Ref. 9) or left uncapped and cleaned by thermally supported
hydrogen etching.7 The critical question is if such prepared side
facets have any relation to the original growth surfaces, particularly
in terms of defects, morphology, and electronic properties.

Since the investigation of the detailed processes during clean-
ing directly at the (110) NW side facets is rather difficult, we use
equivalent GaAs(110) surfaces obtained by cleavage as the model
system, since (110) growth surfaces and cleavage surface exhibit
identical surface reconstructions and intrinsic electronic properties.
The results obtained on the cleavage surface are then applied to
discuss the state of nanowire sidewall facets.

Here, we concentrate on the atomic processes during ther-
mally supported hydrogen etching and their effects on the
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morphology, defects, and electronic properties of n-doped GaAs
(110). We demonstrate experimentally that the hydrogen exposure
and annealing leads to a layer-by-layer etching, during which the
morphology is governed by the resilience of atoms at specific sites
to hydrogen-enhanced desorption. This shows up in the preferen-
tial formation of dimer-reconstructed and charge reduced step
edges with a [001] normal vector. In addition, Ga vacancies,
formed thermally on the enlarged terraces, induce a Fermi level
pinning in the lower part of the bandgap. On the basis of these
atomic processes observed on the (110) cleavage surface, we con-
clude that neither the morphology nor the electronic properties of
hydrogen-cleaned NW sidewall facets correspond to those of the
initial growth facets.

II. EXPERIMENT

For the experiments, we use n-type GaAs (001) wafers with Si
doping concentrations of nominally 1–2×1018 cm−3. Samples cut
from the wafer are cleaved under UHV conditions (, 2� 8�8 Pa).
Cleavage usually yields surfaces with large atomically flat terraces
and low densities of steps. However, in order to investigate the
effect of hydrogen exposure and annealing on surface morphology
and, in particular, on the steps, cleavage surfaces with rather high
densities of steps are necessary. As outlined previously, strained
GaAs yields upon cleavage macroscopically curvatured (110) cleav-
age surfaces with high step concentration.22 Therefore, we strained
mechanically in the [001] direction nominally unstrained GaAs to
obtain densely stepped surfaces as the model system.

The freshly cleaved GaAs(110) surfaces are exposed to atomic
hydrogen, which is provided by a hydrogen atom beam source
(HABS) with a cracking efficacy of nominally 98 % (Dr. Eberl
MBE-Komponenten GmbH). The hydrogen exposure was per-
formed with a total hydrogen partial pressure of 5×10-6 Pa and an
operation temperature of 1800 °C of the HABS. The hydrogen
exposure time of the GaAs(110) surface was chosen to 5 min at
400 °C sample temperature, monitored using a pyrometer. The

sample was heated by direct current heating. At the end of the
hydrogen exposure, the hydrogen supply is switched off at the
same time as the annealing is stopped and the sample is quenched
to room temperature. In order to avoid thermal drift in the STM
measurements, we waited 2 h for stabilization at room temperature
in UHV before starting the STM experiments. All STM measure-
ments were performed at room temperature with electrochemically
etched tungsten tips in UHV.

III. RESULTS

A. Surface morphology changes

1. Hydrogen exposure and annealing

Figure 1(a) shows a typical n-doped GaAs(110) cleavage
surface, consisting of atomically flat terraces separated by pre-
dominantly monoatomic steps. The terraces exhibit the well known
1� 1 surface relaxation of the GaAs(110) surface.23 Here, we first
focus on the step morphology: In this particular case, we chose a
surface with high step density to investigate the hydrogen effect on
the step morphology. The cleavage surfaces with high step densities
typically exhibit triangular terraces, whose opening angle varies,
generally decreasing with step density. In the particular case of
Fig. 1(a), the opening angle is very small, resulting in almost paral-
lel steps. The additionally visible nm-sized protrusions are not
adsorbates, but rather cleavage defects occurring generally in
densely stepped regions.22,24,25

Figure 1(b1) reveals the change of the surface morphology of
the same cleavage surface shown in (a) after exposure to atomic
hydrogen at 400+ 20 �C for 5 min. The hydrogen exposure results
in wider terraces. The few remaining steps exhibit now a preferen-
tial orientation along the [110] direction. The same experiment on
another cleavage surface with triangular terraces with a wider
opening angle reveals again the preferential presence of step edges
along the [110] direction [Fig. 1(b2)]. Note, however, that only step
up [110]-oriented step edges occur (viewed from left to right). On

FIG. 1. Effect of hydrogen exposure and simultaneous annealing: (a) Atomically resolved constant-current STM image of the n-doped GaAs(110) surface in its as-cleaved
state exhibiting a high density of monoatomic steps, acquired at a sample voltage of VS ¼ �2:0 V and tunnel current of IT ¼ 30 pA. (b1) Surface of the same cleavage as
(a) after 5 min hydrogen exposure with simultaneous annealing at 400+ 20 �C, acquired at VS ¼ þ3:0 V and IT ¼ 50 pA. The density of steps is considerably lowered
and their edges align along the [110] direction with [001] normal vector. (b2) A different cleavage surface treated in analogy to (b1) with hydrogen and annealing acquired
at VS ¼ �2:5 V and IT ¼ 50 pA. Again, the terraces are delimited with steps exhibiting straight sections with [001] normal vector on the left side, but deep erosion chan-
nels on the opposite side (see arrow).
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the stepdown side, the step edges exhibit deep perpendicular fjord-
like erosion channels (see arrow).

2. Annealing without hydrogen

In order to distinguish the effect of hydrogen exposure from
that of only annealing, a freshly cleaved n-doped GaAs(110) surface
was annealed at the same temperature of 400+ 20 �C without
hydrogen exposure as reference experiment. The chosen cleavage
surface exhibited again a high density of steps as visible in Fig. 2(a).
After 5 min annealing, no detectable change occurred [Fig. 2(b)].
Even after further annealing of 30min the step edges did not form
facets like observed at step edges on the hydrogen-cleaned surface
[Fig. 2(c)]. In particular, no straight [110]-oriented step edge sections
form without hydrogen at the investigated temperature of annealing.
The island and step pattern appear rounded and no relation to the
underlying crystal symmetry can be discerned.

B. Point defect generation

1. Freshly cleaved surface

The freshly cleaved densely stepped n-type GaAs(110) surface
without any treatment exhibits primarily missing As dangling
bonds as visible in Fig. 2(a). These can be attributed to As vacan-
cies and small vacancy clusters.26–30 Cleavage-related As vacancy
defects were previously observed on densely stepped Te- and
Si-doped GaAs(110), too.22,31 The observation of As vacancies on
densely stepped n-type GaAs(110) surfaces is in contrast to step-free
surfaces, where only Ga vacancies and adatoms form thermally
after cleavage.32,33

The formation of different types of vacancies can be traced to
the different Fermi level positions on stepped and step-free sur-
faces: The steps induce a midgap Fermi level pinning,34 whereas
the Fermi level on the step-free surface is close to the conduction
band due to the n-type doping. Here, we focus in the following on
densely stepped surfaces with midgap Fermi level position, where
As vacancies dominate.

2. Hydrogen exposed and annealed surface

After hydrogen exposure and simultaneous annealing, a high
density of dark depressions can be observed on the newly
formed large atomically flat terraces in empty state STM images
[Fig. 1(b1)]. These depressions have a diameter of about 2 nm and
can be assigned to negative charge centers giving rise each to a
local screened Coulomb potential.35,36 Such negatively charged
point defects occur on all step-free regions on n-doped GaAs(110)
cleavage surfaces and were attributed to Ga surface
vacancies.31–33,37–39 The Ga vacancies are found to form spontane-
ously even at room temperature.32,33 The evaluated density of the
anticipated Ga vacancies is 4–5×1012 cm−2.

C. Electronic properties

1. Tunneling spectroscopy

In order to provide a further insight, tunneling spectra were
acquired on the hydrogen exposed and annealed surface visible in
Fig. 1(b1). The tunnel current is displayed as red symbols on a log-
arithmic scale in Fig. 3. The current onsets at negative and positive
voltages are approximately at �0.7 and +0.8 V. The Fermi level at
0 V is approximately centered within the apparent bandgap, indi-
cating a Fermi level pinning related to the presence of the nega-
tively charged point defects.

2. Extraction of band edge positions

In order to quantify the Fermi level pinning, we simulated the
tunnel current following a two-step method:40,41 First, the charge
carrier distributions and the corresponding electrostatic potential
of the tungsten tip-vacuum-GaAs semiconductor system in thermal
equilibrium are self-consistently derived using finite differences.
For this, the doping concentration and density of charged surface
defects are taken into account. Second, the tunnel currents through
the vacuum barrier are calculated in a WKB approximation–based
model using the one-dimensional electrostatic potential along the
central axis through the tip apex.42,43

FIG. 2. Effect of heat treatment without hydrogen exposure: (a) Atomically resolved constant-current STM images of the n-doped GaAs(110) surface in the as-cleaved
state with high density of monoatomic steps, acquired at VS ¼ �2:0 V and IT ¼ 50 pA. (b) Surface of the same cleavage as (a) after 5 min annealing at 400+ 20 �C,
acquired at VS ¼ �1:8 V and IT ¼ 50 pA. (c) Surface of the same cleavage as (a) after a total of 35 min annealing at 400+ 20 �C, acquired at VS ¼ �1:8 V and
IT ¼ 50 pA.
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As parameters, we consider the (i) charge transfer level and
(ii) concentration of the charged surface point defects. First, the
charge transfer level is modeled as a Gaussian-shaped surface-
charge distribution 0.1 eV wide, arising from the convolution of a
sharp charge transfer level with the Dirac distribution at room tem-
perature. Second, the density of surface charges is related to the
concentration of point defects, extracted from the STM images by
directly counting the number of point defect-induced depressions.

The solid line represents the best fitting simulation of the
tunnel current obtained for a charge transfer level of EC − 1.15 eV
below the conduction band edge and a defect-induced surface
charge of 5×1012 cm−2. The current at negative (positive) voltages
arise from tunneling out of filled valence band states (into empty
conduction band states). The upper limit of the charge transfer
level can be estimated assuming full pinning to be EC − 0.8 eV,
whereas the lower limit is estimated on basis of the uncertainties of
the current onsets in the tunnel spectrum and of the defect density
to be EC − 1.3 eV.

IV. DISCUSSION

A. Morphology changes due to layer-by-layer
hydrogen etching

The experimental results revealed a significant change of the
surface morphology after hydrogen exposure and simultaneous
annealing. The changes show up in a reduction of the density of
steps and a formation of straight sections of the step edges along
the [110] direction with [001] normal vector. These morphology
changes indicate that the step edges with [001] normal vector are

more stable under hydrogen exposure and annealing than all other
step directions. This stabilization can be traced back to the forma-
tion of a dimer structure at the step edges visible in high resolution
STM images,34 which leads to a reduced charging of the dimer
reconstructed step edges as compared with non-reconstructed step
edges.44,45

Next, we address the relevance of hydrogen exposure for these
morphology changes. Annealing without hydrogen at the same
temperature does not reduce the step density or create step edges
with [001] normal vector even at much longer annealing times as
used for the hydrogen exposure. These observations demonstrate
that the presence of hydrogen is required for the morphology
changes observed.

On this basis, it becomes obvious that hydrogen exposure and
annealing at 400+ 20 �C induces a layer-by-layer etching of the
surface: the absence of vacancy islands indicates that hydrogen is
not etching the defect free 1� 1 terraces primarily, but rather
attacks the step edges. Thereby cleavage-induced islandlike terraces
delimited by pairs of up and down step edges are removed to
expose a surface with reduced step density. The step edges left over
are then the most stable step edges, where the hydrogen etching
rate is smallest. For n-doped GaAs, the most stable step edge is,
thus, the one with [001] normal vector, which exhibits a dimer
reconstruction and a reduced charge.34 The formation of such step
edges is also found during sputtering and annealing of GaAs(110)
surfaces.46 The hydrogen-induced appearance of step edges with
[001] normal vector is not limited to GaAs(110), but can be
observed also at a closer look in STM images of InAs(110) after
hydrogen exposure and annealing [see, e.g., apices of terraces in
Fig. 2(d) in Ref. 47].

Note that hydrogen exposure without annealing does not lead
to a layer-by-layer etching, but rather to point defect generation
and local hydrogen adsorption.48 This outlines the importance of
annealing and hence of mobility for activation of layer-by-layer
hydrogen etching. Furthermore, there is no indication of hydrogen
remaining on the surface after etching, since no local height
changes are observed as for local hydrogen adsorption clusters at
room temperature.48

Without hydrogen, annealing of GaAs(110) under Langmuir
conditions leads first to a congruent evaporation, detectable above
�500 �C. Upon further heating above �600 �C, a decomposition of
the surface occurs due to preferential As2 desorption, as probed by
Auger electron spectroscopy and quadrupole mass
spectrometry.49–51 Our experiments in the absence of hydrogen
reveal that the congruent evaporation is indeed not yet taking place
at 400+ 20 �C, in line with the previous observations. In contrast,
the observation of hydrogen-induced layer-by-layer etching already
at such low temperature of 400+ 20 �C indicates that hydrogen
lowers the temperature required for congruent desorption, hence
acting as a kind of catalyst.

B. Electronic properties

The analysis of the tunneling spectra in Fig. 3 yielded a
defect-induced Fermi level pinning and underlying charge transfer
level at EC � 1:15þ0:35

�0:15 eV below the conduction band edge. This
charge transfer level from neutral to negative charge is related to

FIG. 3. Tunneling spectrum averaged from 343 individual spectra acquired on the
GaAs(110) surface after hydrogen exposure and annealing, shown in Fig. 1(b1).
The experimental spectrum (diamond marks) was measured at a tip-sample sepa-
ration fixed by a set point of Vset ¼ �1:6 V and Iset ¼ 50 pA. The solid line illus-
trates the best fitting simulation of the tunnel current revealing a charge transfer
level of the point defects at EC−1.15 eV.

ARTICLE avs.scitation.org/journal/jvb

J. Vac. Sci. Technol. B 41(4) Jul/Aug 2023; doi: 10.1116/6.0002733 41, 044202-4

Published under an exclusive license by the AVS

 03 July 2023 11:32:17

https://avs.scitation.org/journal/jvb


the presence of the negatively charged surface point defects visible
in Fig. 1(b1) and assigned to Ga vacancies.

The here obtained charge transfer level can be compared with
charge transfer levels derived from Fermi level position and defect
density measurements on comparably Si-doped n-type molecular
beam epitaxy (MBE) grown GaAs(110) surfaces. These so-called
growth surfaces were prepared after termination of the MBE
growth by cooling to room temperature with gradual As4 flux
reduction. STM images reveal that Ga vacancies and unspecified
adatoms are present on the such prepared GaAs(110) growth
surface.39 The corresponding x-ray photoelectron spectroscopy
(XPS) measurements yielded Fermi level positions in the upper
part of the fundamental bandgap between EC − 0.4 and
EC − 0.55 eV. On basis of these data, we derived the charge transfer
levels for the defects present on three different GaAs(110) growth
surfaces using the methodology outlined in the Appendix. The
resulting charge transfer levels are shown in Fig. 4 as open dia-
monds and compared with the charge transfer level obtained here
for defects on the hydrogen exposed surface (filled diamond). The
charge transfer level of the defects on the growth surfaces is much
higher in the bandgap as compared with that obtained on the
hydrogen-etched surface.

In order to understand the different Fermi level positions, we
turn to density functional calculations of the Ga vacancy on GaAs

(110).28 The theory yields a negative charge for Ga vacancies on
n-type GaAs(110) surfaces, changing to neutral for a Fermi level
position of 0.3 eV above the valence band. Considering the under-
estimation of the fundamental bandgap in the density functional
theory (DFT) with local density approximation (LDA), the (0=�)
charge transfer level could be somewhat higher in energy. However,
the density of states of the defect level has a spatial distribution
overlapping largely with that of the filled As dangling bond. This
suggests that the defect level is predominantly derived from valence
band states and, hence, the correction of the bandgap (quasiparticle
corrections) would not result in a significant shift relative to the
valence band edge. Following this, the calculated (0=�) charge
transition level of Ga vacancies is at EC − 1.1 eV. This value fits
well to the here measured Fermi level position on hydrogen-etched
and annealed GaAs(110) surfaces but is too low for the observed
Fermi level positions on the n-type GaAs(110) growth surface.39

For understanding the Fermi level position on the growth
surface, we recall that all intrinsic point defects on the GaAs(110)
surface (i.e., Ga vacancy, As vacancy, antisite defect, As adatom,
interstitial atoms) except the Ga adatom have only (0=�) charge
transfer levels in the lower part of the fundamental bandgap.28 The
Ga adatom exhibits two energetically almost equal bonding sites,52

of which one has a (0=�) charge transfer level in the upper part of
the fundamental bandgap.28 The calculated position of the upper-
most (0=�) charge transition level for Ga adatoms is 0.7 eV above
the valence band with a bandgap underestimation of �0.4 eV.28

Considering that the defect state has no clear valence or conduction
band-derived density of states, we assume that the bandgap (quasi-
particle) correction can be approximated by a shift of 0.2 eV
toward the conduction band, yielding a value of EC − 0.5 eV below
the conduction band. This calculated value for the (0=�) charge
transfer level of the Ga adatom fits well to the Fermi level positions
measured by XPS and the derived charge transfer levels for defects
on the n-type GaAs(110) growth surfaces. Hence, we anticipate
that adatoms govern the Fermi level pinning on the growth
surfaces.

The presence of adatoms on the growth surface is corrobo-
rated on the one hand by the STM images.39 On the other hand,
Ga vacancies are known to form spontaneously on step-free
n-doped GaAs(110) surfaces, creating Ga adatoms, whose presence
can be detected in STM images.33 The presence of Ga adatoms is
related to their large bonding energy of 2 eV,53 effectively suppress-
ing desorption. Therefore, the Fermi level positions on the growth
surfaces can be attributed to the copresence of Ga adatoms and
vacancies.

For the hydrogen-etched surface, the agreement of the mea-
sured charge transfer level with that calculated for Ga vacancies
suggests that only Ga vacancies are present. This is conceivable,
since individual Ga adatoms represent preferred bonding sites for
hydrogen atoms, followed by Ga–H molecular desorption. Thus,
no adatoms are expected to remain on the hydrogen-etched
surface.

C. Application to nanowire facets

The observations presented above have some critical implica-
tions on the interpretation and understanding of the morphology

FIG. 4. Comparison of the (0=�) charge transfer level relative to the surface
conduction band edge obtained for the defects on the hydrogen-etched
Si-doped GaAs(110) surface (filled diamond), extracted from the tunnel current
simulation, with those derived from the XPS and STM data of Ishikawa et al.
(Ref. 39) acquired on the Si-doped GaAs(110) growth surface (empty dia-
monds). In addition, the horizontal lines indicate the (0=�) charge transfer
levels of the Ga vacancy and the Ga adatom, obtained by DFT calculations with
LDA approximation (Ref. 28) and corrected for the bandgap underestimation as
discussed in the text. The comparison with theory indicates that the measured
charge transfer levels on the growth and hydrogen-etched GaAs(110) surfaces
arise from different pinning defects: On the growth surface Ga vacancies and
adatoms occur, whereas on the hydrogen-etched surface only Ga vacancies
remain, attributed to a preferential etching of adatoms by hydrogen.
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and electronic properties of NW sidewall facets, previously
observed in STM images.12,16,19 First, we address the morphology.
As outlined above, the hydrogen cleaning procedure results in a
layer-by-layer etching, in which the surface morphology is gov-
erned by the resilience in the face of hydrogen-enhanced removal
of atoms. This results in n-type zincblende (110) sidewall facets in
terraces separated by steps with edge segments aligned preferen-
tially along the [110] direction. Indeed, these types of step edge ori-
entations can be observed on the sidewalls facets of zincblende
segments of InAs16 and InP NWs.54 Thus, the surfaces of NWs
cleaned by hydrogen etching do not represent growth surfaces, but
rather etch surfaces.

Simultaneously, the electronic structure measured on
hydrogen-cleaned surfaces does not necessarily reveal the intrinsic
electronic structure of the NW bulk. As illustrated above, the Fermi
level position at the hydrogen-etched n-doped GaAs(110) surface is
governed by thermally formed Ga vacancies. We anticipate that for
p-type III-V(110) surfaces thermally formed group V vacancies pin
the Fermi level.55–57 Thus, the Fermi level position of hydrogen-
cleaned NW facets is not governed by doping, but rather defined
by the cleaning procedure and thermal treatment during/after it.

Furthermore, for NWs grown with Au droplets as catalyst, it
was shown that the Au redistributes in small clusters over the NW
sidewall facets upon annealing.19 Hence, the Au would govern the
surface pinning in those cases with a Fermi level position 0.4 eV
above the valence band as found for Au on GaAs(110) cleavage
surfaces.58 This is in good agreement with the Fermi level position
visible in tunneling spectra acquired on (110) sidewall facets of
GaAs NWs grown with Au catalyst and cleaned with hydrogen
etching and annealing.11,59 Hence, the electronic properties,
namely, the Fermi level position, of hydrogen-cleaned surfaces do
in most cases not reveal the intrinsic properties of the underlying
NW material, with possible repercussions on prior band offset
determinations.11

In this context, it is noteworthy to recall that a planar molecu-
lar beam epitaxy growth surface, mentioned above solely for com-
parison purposes with the hydrogen-etched surface, is not
necessarily equal to the NW growth facet: The planar GaAs(110)
growth surfaces39 are grown by molecular beam epitaxy under
group V-rich conditions. The group V-rich growth conditions are
close to the thermodynamical equilibrium conditions and lead to
rather stoichiometric GaAs(110) surfaces. In contrast, NW growth
is typically undertaken with much lower group V-III supply ratio
resulting in growth under Ga-rich conditions.60 It can be antici-
pated that this leads to large concentrations of Ga adatoms at the
sidewall surfaces during actual synthesis. These Ga adatoms can be
expected to pin the Fermi level position of NW growth surfaces in
the upper part of the fundamental bandgap. This Fermi level posi-
tion is distinctively different from the Ga vacancy governed
pinning level of hydrogen-etched surfaces in the lower part of the
bandgap. The presence of different Fermi level positions during
planar and NW growth can be anticipated to result in different
dopant incorporation, too.

Since hydrogen cleaning changes the morphology and elec-
tronic properties of the GaAs(110) surface (in a unique manner),
one could believe that the alternative arsenic capping for protection
against oxidation followed by thermal decapping in the UHV

characterization system is a better choice. However, even this
approach has been shown to induce surface As antisite defects and
island nucleation during arsenic decapping.19,61 Hence, in order to
access the NW growth surface, it is a prerequisite to transfer the
as-grown NWs under UHV into the STM.

V. CONCLUSION

Hydrogen exposure and annealing at 400 °C leads to a
layer-by-layer etching of the n-doped GaAs(110) cleavage surface.
The etching acts preferentially at step edges removing islands,
thereby reducing the density of steps considerably. Simultaneously,
steps form edge sections with [001] normal vector. Their
uncharged dimer reconstruction is anticipated to lead to higher
stability against hydrogen-induced desorption of atoms as com-
pared to all other charged step orientations. The hydrogen exposure
does not create vacancy islands. In addition, the hydrogen etched
cleavage surfaces exhibit a large density of negatively charged point
defects. Their charge transfer level derived from the Fermi level
pinning is in the lower part of the bandgap, in contrast to MBE
grown surfaces, where the pinning and charge transfer level is in
the upper part of the bandgap. This is attributed to the presence of
Ga adatoms in addition to Ga vacancies on the growth surfaces,
whereas on hydrogen-etched surfaces no adatoms remain due to
the preferential hydrogen bonding to Ga adatoms and subsequent
Ga–H desorption.

The results obtained on (110) cleavage surfaces as model
system demonstrate that hydrogen cleaning of NW (110) sidewall
facets exposed after growth to air will not result in a surface mor-
phology corresponding to the initial growth facet, but rather yield a
layer-by-layer etched surface morphology. The intrinsic electronic
properties of the growth facets are not probed due to the formation
of charged surface defects during hydrogen cleaning. The proper-
ties of hydrogen cleaned (1010) and (1120) sidewall facets of NW
wurtzite structure segments need to be interpreted with similar
caution. Hence, the only access to NW growth facets and their
intrinsic electronic properties is the in situ investigation without
interruption of the UHV using STM.
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APPENDIX: DERIVATION OF CHARGE TRANSFER
LEVELS

1. Theory

The presence of charged defects at a semiconductor surface
induces a screening by a space charge region near/below the
surface of the underlying bulk semiconductor. In equilibrium, the
modulus of the surface charge density of the defects QSS and the
accumulated charge density within the space charge region QSC are
equal, but due to the charge neutrality condition both charge densi-
ties have the opposite sign, i.e.,62

QSS þ QSC ¼ 0: (A1)

The surface charge density is given by the density of surface
defects nSA, the charge transfer level ESA of the defects, and the
position of the Fermi level EF by

62

QSS ¼ �enSA

e
ESA�EF

kT þ 1
: (A2)

The minus sign in the numerator is due to the negative charge of
the surface defects (acceptors) in our case. The energy difference of
the charge transfer level and the Fermi level ESA � EF is given by

ESA � EF ¼ (ESA � ECS)� (EC � ECS)þ (EC � EF): (A3)

EC and ECS are the positions of the conduction band in the bulk
and at the surface, respectively). ECS � EC is the band bending eVs

at the surface, which is extracted from the measurement of the
position of the Fermi level relative to the surface conduction band
edge ECS � EF by photoelectron spectroscopy or STS.

The charge density of the space charge region is given by62

QSC ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2ϵ0ϵrndopkT exp � eVs

kT

����
����

� �
þ eVs

kT

����
����� 1

� �s
, (A4)

with ndop being the donor doping concentration.

This yields for the charge transfer level relative to the surface
conduction band edge

ESA � ECS ¼ kT � ln enSAffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2ϵ0ϵrndopkT exp(� j eVs

kT j)þ j eVs
kT j � 1

� 	q � 1

0
B@

1
CA

þ (EC � ECS)� (EC �EF): ðA5Þ

The energy difference between the Fermi energy and the con-
duction band edge in the bulk has been determined from the
charge neutrality condition.

2. Experimental procedure

We apply the above equations to the combined XPS and STM
data obtained for Si-doped GaAs(110) growth surfaces by Ishikawa
et al.,39 as a reference to the here determined charge transfer level
on hydrogen-etched GaAs(110). The Fermi level position relative
to the surface conduction band edge is extracted either from XPS
data, whereas the density of negatively charged surface defects is
derived by counting the individual defects in STM images.

In addition, the doping concentration needs to be known. In
our case, we used the specification of the GaAs wafers used for the
cleavage samples. In case of the work of Ishikawa et al., the free
electron concentration was probed by C-V measurements on an
Au-GaAs(110) Schottky contact, fabricated after the termination of
the STM/XPS measurements. Since the GaAs(110) surfaces exhibit
a upward band bending, the measured net charge corresponds to
the net concentration of Si donors in the material. The charge
transfer levels given in Fig. 4 are determined on basis of the here
described methodology.

As side note, the differences of the net Si donor concentration
achieved by MBE growth between layers grown on (001) and (110)
surfaces can be attributed to the different band bending present at
the growth surfaces: The polar n-doped GaAs(001) surface always
exhibits an upward band bending due to the midgap pinning
induced by the surface states of the 2� 4 reconstruction. In con-
trast, the defect free nonpolar GaAs(110) surface exhibits flatband
conditions. Next, we consider the self-compensation effect of Si in
GaAs: Si incorporates on both Ga and As lattice sites, yielding
donors and acceptors, respectively. With increasing doping (and,
thus, increasing Fermi level position), the compensation by SiAs
and Si clusters increases, reducing the incorporation as donors.32

This is corroborated by DFT calculations, which show a lower for-
mation energy for Si donors than Si acceptors for p-type material
and a reversal for high n-doped material.63,64 Hence, during growth
of GaAs(001) with midgap pinning at the growth surface, all Si
atoms are incorporated as donors. However, during growth on
unpinned, hence n-type GaAs(110), Si atoms exhibit a partial
incorporation on As sites as acceptors and in uncharged Si clusters.
As a result, a 5×1018 cm−3 Si concentration yields approximately
1.4×1018 cm−3 Si atoms in Si clusters and 0.8×1018 cm−3 Si atoms
on As lattice sites (derived by interpolation from Domke et al.32).
Thus, the effective net Si donor concentration is reduced to
2×1018 cm−3. This is in very good agreement with the values
reported by Ishikawa et al.39 This corroborates that taking the
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electron concentrations as measured using the Schottky contacts by
Ishikawa et al. as net Si donor concentrations is meaningful for the
determination of the charge transfer level relative to the conduction
band edge at the surface.
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