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Abstract

The chemical and electronic properties of selenium passivated GaAs(001)-2 x 1
surfaces were investigated by a combination of theoretical calculations and
core level photoemission experiments. An anion exchange results in gallium-
selenide like layers showing a 2 x 1 reconstruction in low energy electron
diffraction (LEED). The analysis of the different components in the core level
spectra of As 3d, Ga 3d and Se 3d limits the number of possible structural
models. The Se/GaAs(001)-2 x 1 reconstruction has been also analysed by
means of DFT-LDA calculations and theoretical STM currents. In a first
step, different geometries are considered and the most stable one, from the
point of view of the thermodynamic potential, is determined. Then, STM
currents and the corresponding surface corrugation are calculated and compared
with the experimental evidence. We conclude that the Se/GaAs(001)-2 x 1
reconstruction has a single Se atom in the last crystal layer, bonded to two Ga
atoms of the second layer, and another Se layer replacing the third As layer
of the crystal. These surfaces may be considered as chemically stable because
they withstand considerable exposure to air. In terms of electronic passivation,
i.e. the removal of any surface band bending, the selenium modification is not
successful. Band bending on n-type doped samples is reduced while band
bending on the p-type doped samples is further increased.

1. Introduction

The passivation of semiconductor surfaces has two goals, namely chemical and electronic
passivation. Chemical passivation means that the surface is inert against the absorption of
foreign atoms or molecules. An electronic passivation, on the other hand, should result in a
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flat band condition at the surface or, in other words, the Fermi level has the same energy position
in the band gap of the semiconductor at the surface and in the bulk. This is achieved by the
removal of all surface states within the band gap. Surface states may be charged depending on
their character and their energy position with respect to the Fermi level. For example, acceptor
type states are negatively charged when they lie below the Fermi level, which is usually the case
in n-type semiconductors. This surface charge is compensated by a space-charge layer in the
semiconductor, which is connected with band bending. Electronic passivation may be used as
a method to control Schottky barrier heights [1]; it has been shown in different theoretical [2]
and experimental works [3—6] that passivation tends to reduce barrier heights on n-type doped
semiconductors, offering ways of matching barrier heights to device requirements.

Passivation of semiconductors with group VI elements is a well known case for covalent
crystals [7, 8]. In particular, when S or Se is deposited on Si or Ge(001) surfaces, the system
reacts with the covalent crystal breaking its dimers, and two bonds between the surface atoms
and the absorbed species are formed. This reaction has been analysed by many authors who
have discussed the degree of surface passivation [9] and its effect on the Schottky barrier
height [2].

In the case of As-rich GaAs(001) surfaces, the chalcogen treatment (using S, Se or Te)
leads to a gallium-chalcogenide like layer at the surface. Since chalcogen atoms have one
excess electron compared to the group V atoms, the dangling bonds of chalcogen surface
atoms would be doubly occupied and therefore chemically unreactive. This idea is supported
by the results of several experimental investigations. A wet chemical etching of GaAs(001)
in sulfide solutions results in an enhancement of the current gain in bipolar transistors [10].
The same treatment increases the optical damage threshold and the slope efficiency of laser
diodes [11-13]. On the other hand, a selenium treatment of GaAs(001) surfaces leads to
enhanced photoluminescence [14] and to a reduced number of interface states at ZnSe/GaAs
heterojunctions [15]. Besides the improved electronic properties of GaAs(001) surfaces and
interfaces the chalcogen treatment seems to reduce the chemical reactivity of the surface as
well. Thin epitaxial iron films have been grown on sulfur treated GaAs(001) surfaces [16] and
sulfur treated Si(001) surfaces serve as substrates for the growth of epitaxial CulnS; layers [17].

Although all the experimental investigations for both Se and Te on GaAs(001) show the
formation of a 2 x 1 reconstruction in a given temperature range, they disagree on the number
of adsorbed chalcogen atoms and on the microscopic structure of the reconstructed surface. In
particular, Pashley and Li [18, 19] considered the Se/GaAs(001)case and found, using STM,
a well ordered 2 x 1 reconstruction. The Fermi level on the surfaces of their n-type doped
substrates is found to be shifted from a mid-gap position on the unpassivated samples to within
150 meV of the conduction band minimum on the passivated samples. The STM images show
that the Se passivation greatly reduces the number of defects on the surface and therefore
reduces the pinning of the Fermi level. This reduction in band bending has also been found by
Takatani et al using photoemisson spectroscopy [20]. In addition, they found that the surface
is terminated by a Se layer and As is only in the bulk of the GaAs substrate [20]. With the help
of this photoemission data, Pashley and Li proposed a structural model for the Se-passivated
GaAs(001) surface, satisfying the electron counting rule [21], with Se located both below the
surface replacing As, and also on the surface forming surface dimers. Notice that the additional
electrons introduced by the Se atoms require a Ga vacancy at every second site in the fourth
layer in order to satisfy the electron counting rule. The schematic ball-and-stick model 4C in
figure 1 shows a side view of this structure. Following [22], the nomenclature for the different
structures considered in this work (see figure 1) is chosen in such a way that the cipher gives
the number of Se atoms in the unit cell and the letter discriminates between configurations
with the same number of Se atoms.



Selenium passivation of GaAs(001) 2189

SR

 Jedh

¢ W e N N e

[001]

[110]
4c 1B

Figure 1. Schematic ball-and-stick models of the structures considered in this work for the
Se/GaAs(001) 2 x 1 reconstruction. The cipher in the label corresponds to the number of selenium
atoms per unit cell, while the letter discriminates between configurations with the same number of
Se atoms. Grey circles correspond to Se atoms, white circles to Ga atoms and black circles to As
atoms. The X indicates Ga vacancies that are introduced in some of the models to fulfil the electron
counting rule.

Gundel and Faschinger [22] have studied theoretically the cases of Se or Te on GaAs(001)
using first-principles simulations. They considered 11 different structures that satisfy the
experimentally observed 2 x 1 reconstruction and the electron counting rule (see figure 2
in [22]). The total energy for each of these structures was determined by DFT-LDA calculations.
Since the amount of adsorbed chalcogen atoms per 2 x 1 surface cell varies in the different
structures, it is necessary to account for the effects of the varying stoichiometry when
comparing the relative stability of the different structures. They determined the corresponding
thermodynamic surface potential as a function of the different chemical potentials and
concluded that the structures 1A (with a mixed As—Se surface dimer), 3B and 6A (both with
no Se surface dimers, see our figure 1 and figure 2 in [22]) are among the most stable ones,
while the 4C structure proposed by Pashley and Li [18, 19] is one of the less energetically
favourable structures.

Considering the discussion above, the question arises as to how the apparent instability of
the Se dimer 4C structure can be made congruent with the experimental evidence of [18, 19].
As already recognized by Gundel and Faschinger, and discussed in section 4 below, total
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energy calculations suggest a candidate structure with the lowest surface energy, but the
question of the real microscopic structure cannot be decided from them alone [22]. Detailed
photoemission experiments that restrict the number of models valid to describe the passivated
surface, and the theoretical simulation of the STM data of Pashley and Li [18] provide the
crucial complementary evidence needed to determine the correct model for this passivated
surface.

In this paper we present the combined experimental and theoretical study needed
to determine the microscopic structure of the Se/GaAs(001)-2 x 1 surface. Soft x-ray
photoemission spectroscopy is used to investigate the chemical and electronic properties
of selenium modified GaAs(001) surfaces. Section 2 describes the experimental details.
Section 3.1 presents the core level spectra of samples prepared by two different preparation
procedures. Both procedures result in surfaces with the same chemical surface composition
and structure, but with slightly different efficiency. The analysis of the components in the
As 3d, Ga 3d and Se 3d core level spectra provides evidence for the number of inequivalent
chemical environments for these atoms and reduces the number of possible structural models.
The electronic properties of these surfaces are presented in section 3.2. Here, the emphasis
is on the position of the Fermi level on Se-passivated GaAs(001) surfaces for n- as well as
p-type doping. Electronic passivation will be achieved when the Fermi level assumes the same
position at the surface as in the bulk, that is the surfaces show no surface band bending. In
most studies on the electronic properties of passivated GaAs(001) surfaces only n-type doped
substrates have been used. It is tempting to conclude that the often observed reduction in
surface band bending on n-type doped GaAs(001) surfaces induced by Se passivation will also
be achieved on p-type doped GaAs(001) substrates. But our investigations on n- and p-type
doped samples prepared and investigated under identical conditions will show that this is not
the case.

Our theoretical approach combines both density functional theory (DFT) total energy
calculations (section 4) and simulations of the STM images (section 5) for different structures
(see figure 1). We have explored the stability of a few other structures not considered in
previous studies. All these structures have in common the presence of a single Se atom instead
of the Se dimer postulated by Pashley and Li [18] in the top layer of the reconstruction. This
choice is based on the theoretical analysis of the experimental STM images afforded by these
researchers that, as shown below (section 5), are typical of a single Se atom geometry. Figure 1
shows the new structures (2C, 2D and 3C), together with two structures with a single Se atom
on the top layer (2A and 3B) already discussed by Gundel and Faschinger [22]. In the same
figure we also include structures with an As dimer (1B) and a Se dimer (4C, the original
Pashley model) that are relevant for our discussion of the STM images. The combination of
the experimental and theoretical evidence presented in this paper, summarized in section 6,
shows that the structure 3B (see figures 1 and 2) represents the appropriate atomic geometry
for the Se passivated GaAs(001)-2 x 1 reconstruction.

2. Experimental details

Homoepitaxial n- and p-type GaAs(001) layers with a doping concentration of
N =P =1 x 10" cm~3 served as substrates in this study. After their growth by molecular
beam epitaxy they were covered by a thick amorphous arsenic layers to protect the GaAs(001)
surfaces against contamination and oxidation. These samples were transferred into an ultra-
high vacuum system with a base pressure of p < 2 x 107!9 mbar. The arsenic layer was
then removed by gentle annealing to 380°C. This leads to an As-rich c(4 x 4) surface
reconstruction of the GaAs(001) surface as can be judged from the lineshape analysis of
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Figure 2. Lateral view of structure 3B in figure 1. z and x correspond to the [001] and [110]
crystallographic directions. Notice the presence of Se chains (each Se atom is bonded to two of
the Ga atoms below) in the [110] direction.

the measured photoemission spectra and additional LEED experiments. For the selenium
passivation the compound SnSe;, was used as source material [23]. This compound decomposes
at high temperatures according to

SnSe, —> SnSe + Set at 340°C.. (1)

A Knudsen cell like oven equipped with Ni—Ni/Cr thermocouples was used for the
deposition of selenium. The deposition rate is monitored by a quartz crystal microbalance
and controlled by the current from a stabilized power supply. The substrates were either kept
at room temperature (RT) or elevated temperature. In the first case several selenium deposition
steps followed by annealing of the sample at 480 °C were performed. In the later case Se was
evaporated on the substrate held at elevated temperatures around 350 °C.

The photoemission measurements were performed at the TGM 2 beamline of the
synchrotron radiation source BESSY at Berlin. The UHV chamber at this beamline is equipped
with a VG ADES 400 electron spectrometer providing a combined resolution of both light and
photoelectrons of about 300 meV at 65 eV photon energy. The photon energy was varied so that
the Ga 3d, As 3d, and Se 3d core levels were each recorded at a kinetic energy of approximately
50eV. At this kinetic energy the electrons have a minimum escape depth. Therefore, maximum
surface sensitivity is achieved. The width of a core level line is determined by many factors:
the intrinsic lifetime of the core hole, the instrumental resolution, the presence of satellites,
and disorder and potential variations across the surface which result in inhomogeneous band
bending of the surface [25, 26]. The spectra were decomposed by curve fitting using Voigt
functions, a Lorentzian convoluted with a Gaussian lineshape, for the different components
and a Shirley background applying a method presented by Joyce [24]. When a core level
line is curve fitted using a Voigt function, the broadening in the Lorentzian shape results from
the lifetime of the core hole, while the Gaussian broadening accounts for the instrumental
resolution and also for any broadening due to the sample conditions. The Lorentzian line
widths were kept constant during the fitting procedure, while intensities, binding energies and
Gaussian line widths were variable. The parameters kept constant are listed in table 1 and agree
well with the values evaluated by others [27-29, 31]. The Gaussian line widths for the Ga 3d,
As 3d and Se 3d core level emission were in the range of 0.4, 0.5 and 0.8 eV, respectively.
Compared to the experimental resolution the Gaussian broadening is larger, which can be
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Table 1. Fit parameters for the core levels, which were held constant during the fitting procedure.

Ga3d As3d Se3d

Lorentzian width (eV) 0.1 0.1 0.1
Branching ratio 1.68 1.5 1.5
Spin-orbit splitting (eV)  0.44 0.69 0.86

Table 2. Binding energies and binding energy shifts of the different components in the
photoemission spectra of the As 3ds/>, Ga 3ds2 and Se 3ds, core levels for the clean and the Se-
passivated GaAs(001) surfaces grown on n- and p-type substrates. Passivated surfaces are modified
by selenium atoms at elevated temperatures.

Egiy (€V) ER,, (eV)

GaAs(001)-c(4 x4)  Gal 19.26 £ 0.07 19.10 £0.07
Ga2 +0.46 +0.12 +0.48 £0.13
Asl 41.14 £ 0.08 40.98 £0.12
As2 +0.62 +0.03 +0.65 £ 0.04
As3 —0.50 4 0.04 —0.48 +0.07

GaAs(001):Se-2 x 1 Gal 19.57 £0.08 19.24 £0.04
Ga3 +0.37 £ 0.04 +0.39 £0.04
Ga4 +1.07 £ 0.04 +1.07 £0.04
Asl 41.38 £0.09 41.14 £0.08
As4 +1.3 +£0.04 +1.3 +£0.04
Sel 54.6 £0.1 54.1£0.1
Se2 +0.92 £ 0.04 +0.93 £0.03

attributed to a lateral variation of surface band bending, that is inhomogeneous surface band
bending.

The Fermi level position at the clean GaAs surface was determined by carefully measuring
the distance between the Fermi edge of the metal sample holder and the valence band maximum
(VBM). Changes in the Fermi level position after each modification step were followed by
determining the change in the energy position in the bulk components of the Ga 3d and As
3d core level emission. The binding energies of all core level components for n- and p-type
substrates are listed in table 2.

3. Photoemission spectroscopy studies
3.1. Se modified GaAs(001) surfaces

The As 3d and Ga 3d core level emission spectra of the GaAs(001)-c(4 x 4) surface are shown
in figure 3(a). After decapping the protecting As layer, the As 3d consists of three components.
The Asl component is attributed to As in the fourfold coordinated environment of the GaAs
bulk. The components As2 and As3 are shifted by 0.6240.03 and 0.504-0.04 eV towards higher
and lower binding energy, respectively. The higher binding energy component originates from
As atoms in the surface dimers in the first layer of the As-rich GaAs(001) surface [31, 32].
The As3 component is attributed to threefold coordinated As atoms in the second As layer of
the sample. The Ga 3d core level presents two components: a bulk component (Gal) and a
surface component (Ga2), which is shifted by 0.46 eV towards higher binding energies and is
attributed to Ga atoms below the threefold coordinated As atoms [31].

The As 3d, Ga 3d and Se 3d core levels of a GaAs(001) surface prepared by Se
evaporation followed by annealing are shown in figure 3(b). Here, usually two cycles of
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Figure 3. Se 3d, As 3d and Ga 3d core level spectra (a) of the clean c(4 x 4) reconstructed
GaAs(001) surface after decapping, (b) after evaporation of Se followed by annealing at 480 °C,
and (c) after Se evaporation on a substrate held at an elevated temperature (around 350 °C).

Se evaporation (~30 nm) and annealing were sufficient to obtain stable surface properties. In
the As 3d core level spectra the As2 and As3 components disappear and a new component
As4 on the higher binding energy side is observed. This component is shifted by +1.3 eV
with respect to the bulk component Asl and is a result of the formation of As,;Se; at the
surface [20, 35, 36]. This reaction takes place between the excess As on the As-rich GaAs(001)
surface and the deposited Se and is energetically favoured because of its heat of formation of
—97 kJ mol~' [33], which is larger than the heat of formation of GaAs (—71 kJ mol~!) [34].
Annealing to 380 °C removes nearly all the arsenic selenide [20, 35] on the sample surface,
resulting in a dominant As bulk component in the As 3d spectrum. In the Ga 3d spectrum in
figure 3(b) the Ga2 component disappears and two new Ga components, Ga3 and Ga4, shifted
in binding energy by 0.37 and 1.07 eV, respectively, can be identified. The Ga3 component
is attributed to Ga bonded to Se on the surface and is in good agreement with data already
published in the literature [37]. The Ga4 component, on the other hand, is attribute to subsurface
Ga at the interface between the Se modified surface and the GaAs bulk. For the Se 3d two
different components can be observed, which are separated by 0.92 eV. The two Se components
Sel and Se?2 are attributed to surface and subsurface components, respectively, and the energy
difference as well as the intensity ratio Sel/Se2 of 1.37 coincides quite well with the values
published by Takatani et al [20] and Mirkl et al [38].

Photoemission spectra for a GaAs(001) surface where the Se treatment has been performed
at elevated sample temperatures are shown in figure 3(c). Comparing the spectrum of the As
3d displayed in figure 3(c) with the one displayed in figure 3(b) shows that the As4 component
does not occur in the latter. The Ga 3d in figure 3(b) shows, besides the bulk component,
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Figure 4. Se 3d core level emission recorded from Ga,Ses layers grown on GaAs(001) using a
heterovalent exchange reaction.

only the component Ga3. The disappearance of both components As4 and Ga4 indicates
the formation of an abrupt interface between the Se-modified surface and the GaAs bulk.
This is due to a more efficient As/Se exchange reaction and As;Se; desorption for the Se
deposition at high temperatures. Photoemission spectra of the Se 3d core level of the Se
modified GaAs(001) surface at elevated temperatures (figure 3(c)) only differ from the spectra
displayed in figure 3(b) by a slightly higher binding energy difference of 0.92 eV between the
two Se components. It should be mentioned that both passivation procedures show a 2 x 1-
reconstructed surface in LEED, the surfaces prepared at elevated temperatures showing sharper
LEED spots. This 2 x 1 reconstruction has also been observed by others for the Se-modified
GaAs(001)surface [20, 39-41].

The additional component Ga3 and the Se 3d core level spectra indicate the formation
of a Ga,Ses terminated surface. In the case of GaSe, the Ga 3d and Se 3d core level spectra
would show only one component each [30]. In addition, the Se 3d core level spectra in figure 3
will now be compared with Se 3d core level spectra recorded at a surface of Ga,Se;. Figure 4
shows the Se 3d core level emission recorded from Ga,Ses layers grown on GaAs(001) using a
heterovalent exchange reaction. The overall shape of the Se 3d core level spectrum is the same
as for the one taken from the Se-passivated surfaces. Two components are observed which are
separated by 1 eV with the one at higher binding energy having the higher intensity. This is
in agreement with Se 3d core level spectra taken from the passivated GaAs(001) surface and
shows that the composition of the passivated surfaces is Ga,Ses like.

The formation of a Ga,Ses like surface layer is also evident from the As 3d to Ga 3d
intensity ratio Ias3q/Iga 34 determined from spectra excited with a photon energy of 88 eV. For
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the clean c(4 x 4) reconstructed GaAs(001) surface, which is As-rich, Ias34/IGa 34 1S determined
to be about 1.3. On the Se-passivated GaAs(001) surface Ias34/1Ga3q 1s reduced to 0.6, clearly
indicating the loss of As in the surface region. Again, these intensity ratios are in agreement
with the data published by Takatani er al [20].

In conclusion, it can be said that the core level spectra shown here represent a unique
fingerprint of the Se-passivated GaAs(001) surface. The core level spectra will now be used to
determine the possible structure model, which describes the Se-passivated GaAs(001) surface.
From the experimental data it can be concluded that As exists only in the bulk of GaAs and has
no surface component. This result reduces the number of possible structural models for the
description of the Se passivated GaAs(001) to models 3B, 3C and 4C. In 3C, Ga will be found
in four different chemical environments, while in 3B and 4C the chemical environment of Ga
is the same, resulting in three core levels, in agreement with the experimental results. Here,
one finds Ga bonded to four As atoms, Ga bonded to two As and two Se atoms, and Ga atoms
bonded to four Se atoms. The chemical environment for the Se atoms is also similar, i.e. Se
is found in two different bonding configurations. Therefore, it is not possible to discriminate
between the two different structural models 3B and 4C by just considering the core level shifts.
The results from the theoretical calculations in sections 4 and 5 will provide further information
to determine the most appropriate geometry of the Se passivated GaAs(001) surface.

The chemical stability and unreactivity of the selenium treated surface is evidenced by the
fact that the 2 x 1 reconstruction of the surfaces can be observed after exposing the samples
to air for a few minutes and then transferring them back into UHV.

3.2. Electronic properties

Dangling bonds, surface defects or adatoms on semiconductor surfaces generally induce
changes in surface band bending. This effect is caused by surface states induced by the above
mentioned effects and the surface band bending involves charge transfer from these surface
states into an extended space-charge layer beneath the surface. Occupied or non-occupied
surface states of acceptor character are negatively charged or neutral, respectively. Therefore,
only acceptor surface states below the Fermi level are charged negatively and are most probably
detected on n-type semiconductor surfaces, where the Fermi level is close to the conduction
band minimum under flat band conditions. The charge in acceptor surface states is compensated
by a space charge of positive sign. This is achieved by an upward bending of the bands at the
surface resulting in a region being depleted of electrons. The space charge is carried by the now
uncompensated positively charged bulk donors. For surface states of donor type character the
situation is reversed. Here, donor type surface states are positively charged above the Fermi
level and will result in band bending on p-type semiconductor surfaces. Already concentrations
of surface states well below 1% of a monolayer will lead to what is called a pinning of the
Fermi level on semiconductor surfaces. Such a Fermi level pinning and its associated band
bending may persist in devices prepared on such semiconductor surfaces resulting in injection
barriers for charge carriers at semiconductor interfaces. To avoid these problems special
surface treatments are used to achieve what is called a surface electronic passivation. A
detailed description of the properties of semiconductor surfaces and interfaces can be found in
the monographs written by Liith [42] and Monch [43]. In this section we explore, following the
evolution of the Fermi level on p- and n-type doped samples, the efficiency of the Se treatment
for the electronic passivation of the surface.

For the as-received surfaces the Fermi level is determined to be 0.5 and 0.63 eV above
the VBM for the sample doped p- and n-type, respectively. After removing the As cap by
annealing, the Fermi level is found to be shifted closer to the VBM. The energy positions
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are 0.42 and 0.6 eV for the sample doped p- and n-type, respectively. The evolution of the
Fermi level position is then monitored by the binding energy shifts of the Ga 3d and As 3d
bulk components with respect to the corresponding values of the clean surface. After the Se
treatment, the Fermi level moves closer to the conduction band minimum, the energy positions
relative to the VBM being 0.55 and 0.9 eV for the sample doped p- and n-type, respectively. This
indicates a decrease (increase) of band bending on samples doped n-type (p-type). Thus, while
n-type samples show some hint of a successful passivation, the p-type ones still show strong
band bending. The reduction in band bending on n-type doped substrates agrees well with
experimental results obtained by Pashley and Li [18, 19]. In the p-type case, our experimental
results clearly disagree with the band bending reduction guessed (they only measured n-type
samples) by Pashley and Li.

The residual band bending for both types of doping can be due to the intrinsic properties
of the Se-passivated surface and/or to surface defects. Since a band bending is detected for
both types of doping, surface states of donor as well as acceptor type character are present in
the band gap of the semiconductor. Therefore, a Se treatment leads to new electron surface
states within the band gap. From the STM study of Pashley and Li [18, 19] it is known that
even a very well ordered Se terminated 2 x 1 surface shows two types of defect: a few small
holes simply from ‘missing dimers’ and many more small bright features. The density of these
bright features is approximately 1 x 10'> cm™2 in the image, which matches the density of
dopant atoms on the surface at the doping concentration of (3-6) x 10'® cm™3 used in their
study. The doping level of the GaAs substrates used in our experiments is almost the same,
therefore the number of dopant atoms on the surface would also be 1 x 10'> cm~2 among
6 x 10'* cm~? surface atoms. This means there is approximately one dopant atom in 300
surface unit cells. This density of defects at the surface is enough to significantly influence the
position of the Fermi level within the band gap of the semiconductor.

4. DFT-LDA calculations

We have used a first-principles local-orbital code [44] (FIREBALLY6) to perform energy
minimization calculations of the structures shown in figure 1. Norm-conserving
pseudopotentials [45] are used to simulate the ion cores and a DFT approach to model the
valence electrons. Exchange and correlation energy contributions are introduced by the
local density approximation (LDA) [46]. As, Ga and Se wavefunctions are described with
a minimal basis, including s and p atomic like FIREBALL orbitals with cutoff radius of 5.0, 5.2
and 4.6 au, respectively. These values provide similar energy shifts for the orbital levels in
those confined atoms (compared to the orbitals in the free atom) and thus ensure that the atomic
electronegativities are preserved.

We have employed a supercell approach, considering an asymmetric slab of atoms
containing 10 atomic layers with a 2 x 1 surface periodicity (see figure 2). The bottom
of the slab is an As-terminated unreconstructed GaAs(001) surface, where the dangling bonds
are passivated with hydrogen like pseudoatoms with a nuclear charge of Z = 0.75 and the
corresponding valence charge. Being a local-orbital real-space method, the periodicity in the
direction perpendicular to the surface can be chosen to ensure that the vacuum between adjacent
slabs is large enough (>50 A) to make interactions completely negligible. All the atoms, apart
from the ones in the last two bottom layers that are kept fixed at their bulk positions, are fully
relaxed to determine the ground state. The evolution of both the total energy and the atomic
displacements is used to monitor the relaxation. The process is stopped when the changes
are less than 107° eV /atom and 0.02 A respectively. 64 special k points, generated with the
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Monkhorst and Pack scheme [47], have been used to sample the first Brillouin zone. The
performance of the code has been extensively checked in a number of systems against fully
converged plane-wave DFT calculations (see, for example, [48, 49]).

As we have to compare surface structures with different chemical compositions, it is
necessary to account for the effects of varying stoichiometries properly. We have followed the
same approach of Gundel and Faschinger [22]. The adsorbate-covered surfaces are assumed to
be in thermal equilibrium, being able to exchange individual atoms of their constituents from
appropriate reservoirs. The appropriate thermodynamical potential (called surface energy
in [22]), I is then given by:

['=Eo— Y il )

where Ey, denotes the total energy for one supercell obtained in the simulation and pu;
and N; the chemical potential and number of atoms of constituent i, respectively, within
the supercell. Certain boundary conditions and relations among the chemical potentials for
the different constituents can be established from thermodynamic equilibrium considerations
(e.g. the chemical potential at the surface is equal to the value for the bulk beneath) and total
energy calculations (e.g. the lower limit of w45 can be fixed by the heat of formation of GaAs,
AHfO (GaAys)). In this way, surface energies can be calculated as a function of the differences
between the chemical potentials of As and Se and their respective bulk values (see [22] for
details).

Our calculations for the structures considered by Gundel and Faschinger reproduce their
surface energy results (see figure 3 in [22]) within an accuracy of £0.3 eV per 2 x 1 surface
unit cell. In particular, we also find that the 3B structure (see figure 2 for a perspective
of the relaxed geometry) is the most stable one for a large range of chemical potentials
(except for uas = pS% — AH? (GaAs) and puse = pu@* < —1.8 eV, and pay = pok
and jtge = Mgglk < —1.1 eV). The detailed comparison between our results and those of [22]
can be illustrated precisely for the chemical potentials around pas = ug“slk — AHtQ(GaAs) and
pse — ndk = —1.8 eV where the stability crossing between the 3B and other structures takes
place. At that value, we have found that I'(3B) ~ I'(1B) ~ I'(1A), at variance with [22]
where structure 1A is approximately 0.3 eV lower in energy than 3B and 1B. Structures 1C
and 2A are 0.50 and 1.2 eV higher in energy than the 3B structure at that point (compared to
0.25 and 1.37 eV in [22]).

We have also studied the energetics of new structures, like models 2C, 2D and 3C, that
all have in common the presence of a single Se atom (not a dimer) on the surface. Structures
2C and 2D have a very similar energy to the structure 2A considered in [22]. Notice that all
of these structures have the same stoichiometry with Se atoms replacing As at different sites.
The structure 3C can be obtained from the case 3B, by moving a Ga atom from the fourth to
the second layer. According to our calculations, creating the fourth-layer Ga vacancy is too
expensive, with the structure 3C being energetically less favourable than the structure 3B by
4.0 eV per 2 x 1 surface unit cell. We conclude that, from the thermodynamical point of view,
the 3B model is the most likely structure for the Se-passivated surface.

Figure 5 shows the electronic band structure of the relaxed 3B geometry. The first thing
to comment on is the good passivation this geometry shows, with an energy gap of ~2 eV,
very close to the energy gap calculated for bulk GaAs. Notice that, in our minimal basis set
calculations, the conduction band is not very well reproduced, giving an overestimation of a
few tenths of eV with respect to the experimental GaAs gap. Figure 6 shows the local density
of states (LDOS) associated with different atoms. This LDOS has been calculated using Green
function techniques, where the imaginary part of 0.1 eV in the energy, w + 0.1z, introduces a
small broadening in the states.
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Figure 5. Surface bands for structure 3B in figure 1. The zero of energy corresponds to a position
close to the middle of the GaAs semiconductor gap.

Comparing figures 6 and 5, we see that the top-most valence band is associated with the
surface Se atom, while the bottom-most conduction band is associated with the bonds formed
between the Se and Ga atoms of the third and fourth crystal layers. Figure 6 also shows the
different contributions associated with the s and p orbitals in the LDOS of the topmost Se atom.
From this figure, we deduce the p, character of the topmost valence band (the x-direction is
indicated in figure 2). The small dispersion of this band is the result of the large distances,
around 4.0 A, between the Se nearest neighbours in the y direction and the 7 character of the
interaction between these p, orbitals. The second occupied valence band, that lies within the
upper bulk GaAs valence bands, has p, character, and it is responsible for the broader peak
between —2.5 and —1.5 eV in the Se surface atom LDOS. In the next section we shall relate
this electronic structure to the STM images.

According to our total energy calculations for the different structures (including the new
ones shown in figure 1), the 3B geometry (already found by Gundel and Faschinger [22] as
one of the most stable structures) seems to be the best candidate to represent the Se-passivated
GaAs(001). We should say at this point that DFT-LDA calculations show some uncertainties
related to the values of the chemical potentials used to calculate the surface thermodynamic
potential. While the DFT-LDA approximation provides a good description of the structural
properties (related to energy variations around the total energy minimum), it usually over-
estimates the absolute value of the total energy associated to that minimum. This implies
that while we can be sure about the quality of the ground state obtained through the energy
minimization of the different structures considered, we are less confident about the absolute
values for the total energy. When the comparison is possible, our results reflect this well-
known limitation: our calculated chemical potentials for Ga, As and Se are larger (more
negative) by around 2 eV than the experimental values. The comparison between the different
structures involves the comparison of absolute values of the surface thermodynamical potential
(combining the total energy of each structure and the contribution associated to the different
stoichiometry through the chemical potentials), and our results show that these differences
are small and that the relative ordering can be quite sensitive to the values of the chemical
potentials. Thus, the relative stability extracted from DFT-LDA calculations should be taken
only as indicative of the most favourable structure, and this total energy analysis should be
complemented by other independent evidence to assess the validity of the structural model
obtained in this way.
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Figure 6. LDOS for the atoms in the last four layers of the 3B structure (top). The projection on the
different orbitals is shown for the topmost Se atoms (bottom). Energy zero as in figure 5. Notice
that there is an additional broadening due to the imaginary part of 0.1 eV that has been included in
the calculation of the LDOS using Green function techniques.

Theoretical simulations of the STM images for different structures (including the Se dimer
model of Pashley and Li) and their comparison with the experimental STM images, discussed
in the next section, provides the complementary information necessary to validate the 3B
structure as the correct model for the passivated surface.

5. STM images

Tunnelling currents between an STM tip and the substrate can be calculated using a non-
equilibrium Keldysh—Green function approach formulated in terms of a linear-combination-
of-atomic-orbitals (LCAO) Hamiltonian [50]. While originally formulated in terms of
parametrized tight-binding Hamiltonians, this formalism can be naturally linked with the DFT-
LDA calculations in the local orbital basis discussed above, using the Hamiltonian obtained
from the FIREBALLY6 code to provide first-principles calculations of the STM currents [51].

In this local orbital approach, we describe the tunnelling currents by means of the following
Hamiltonian:

ﬁZI:IT+I:Is+ﬁ1, (3)
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where the sample Harpiltonian I:Is is obtained’ from the FIREBALL9 calculations, I:IT is the
tip Hamiltogian and Hp describes the tip—sample coupling (see [50, 51] for further details).
Assuming H to be known, the tunnelling current is given, to all orders in the coupling, by:

4 [o¢]
J = % Tr [ Tis pss (@) DY () Ty pie (@) D (@) | [ fi (@) — fi(@)]dw  (4)
where
DR (@) = [I — TugR(@) TR (@)] (5)
D @) = [I - Tugh (@) Tugh@)] . ©)

In equation (4) pss and py are the density matrices associated with the sample and the
tip, respectively; T is the hopping matrix defining the tip—sample interaction and I is the unit
matrix. gff (w) and g;ﬁ(w) are the tip and sample Green functions (A = advanced, R =retarded),
while f;(w) and f(w) define the tip and sample Fermi distribution functions. Notice that all the
dependence of J with the tip—sample distance enters into that expression through the distance
variation of the tip—sample hoppings Tis. For zero temperature and a bias V, equation (4) yields:

e [V R A
J=—= Tr [T pss (@) DY (@) Ty py (@) Dyt (0) | doo. @)
0

For large distances between the tip and the sample, where most of the STM experiments
are performed, DR and D* can be replaced by the identity matrix, and
dre [V
= 7 A Tr [Tis pss (@) Ts pu (@) ] dow (8)
with the tunnelling current given by the sample and tip density matrices and the tip—sample
interaction.

In our approach pg is obtained from the FIREBALL96 calculations in the way described
above. The W tip is represented by a four atom pyramidal cluster (with a single atom at the
cluster apex), with the influence of the rest of the tip simulated by Bethe lattices connected
to the three atoms of the cluster second layer [52]. From this model we calculate the py that
we insert in equation (8). We should also mention that, for the tip, we did not perform any
DFT-LDA calculation; we take the first nn interactions given by [53] for W and modify the
corresponding diagonal levels to obtain local neutrality charge conditions. This will be enough
for having a qualitative description of the tip electronic structure; a more refined calculation
would be only justified if we had a better knowledge of the tip geometry.

Finally, the hopping interactions, T}, have been calculated in two different ways. In one
case, we have used the following equation:

T = —(/2) /S Wi — Y - ds, ©

where ; and v/; are the atomic orbitals under consideration and y is a coefficient that typically
takes values in the range 1.3-1.5 (see [54]). In the second case, T;; has been calculated
considering the dimer formed between the atoms where the orbitals i and j are located. A
quantum chemistry program provides the matrix elements, 7;;, we are interested in. In the
calculations presented below, both approaches for calculating 7;; were used, without significant
differences between their results.

5 Hs is written in an orthonormal basis, obtained from the atomic like FIREBALL orbitals by means of a Lowdin
transformation.
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Figure 7. Topographical (constant current) STM image (3 V, 0.1 nA) for the 3B structure. X and
Y correspond to the [110] and [110] crystallographic directions (see figures 1 and 2). The scales
in X, Y and Z directions are in A. The reference point at z = 0 corresponds to the height of the Se
atoms. The rectangle (dashed line) corresponds to the surface unit cell and white circles indicate
the position of the Se atoms. The spacing between the contour lines is 0.0235 A.

A word of caution should be put here because, in principle, calculating 7;; from equation (9)
with the FIREBALL local orbitals used in our total energy calculations would be inappropriate.
The reason is the cutoff radius one has introduced in these local orbitals within the FIREBALL
code [44]. This makes T;; zero for the tip—sample distances we have to consider to simulate the
experiments (see below). Then, we have calculated 7;; using atomic orbitals having the right
long-distance behaviour. We stress, however, that in our calculations for J (equation (8)), pss 1S
determined from the Hamiltonian obtained from the DFT-LDA calculation with the FIREBALL96
code, where the relevant short-distance behaviour of the atomic wavefunctions is properly
included and, thus, the electronic band structure is well described. A detailed discussion of
the accuracy of this combined approach for the calculation of the tunnelling currents will be
published elsewhere [55].

Using this approach we have calculated the tunnelling currents. Figure 7 shows the STM
topography of the 3B structure as calculated for V.= 3.0 eV and I = 0.1 nA, in the constant
current mode. A detailed surface topography scan along the AA” line of figure 7 can be found
in figure 8. The differential conductance,d//dV, as a function of the applied bias, V, on top of
one of the Se atoms is displayed in figure 9. In these last two figures, the experimental data taken
from [18], for the topography scan and the differential conductance respectively, is included.

All these calculations compare well with the date of Pashley and Li; first, the STM
topography of figure 7 is in good agreement with the topography given by those authors (see
also figure 3(b) in [18]). Moreover, the average experimental corrugation (where the noise
in the data is eliminated) of around 0.70 A (see figure 3(c), curve (ii), of [18]) compares
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Figure 8. Top: theoretical surface topography along (M) the AA’ line in figure 7 for structure
3B, (A) the line AA in figure 10 for structure 1B (shifted down rigidly by 0.4 A to facilitate the
comparison) and (4) the Se dimers of the 4C structure. All the scales are in A. The lateral position
of the corresponding topmost atoms in each of the structures is indicated by circles (black for As,
grey for Se). Bottom: experimental scans (taken from [18]) along the [110] direction for (i) the
GaAs(001)-2 x 4 surface and (ii) the GaAs(001):Se-(2 x 1).

reasonably well with the theoretical value of around 0.50 A extracted from the corresponding
line scan in our figure 8. Finally both the theoretical (our figure 9) and the experimental
differential conductance (figure 2 in [18]) show a semiconductor gap completely free of states.
Regarding this differential conductance, compare it with the LDOS shown in figure 6: the
general behaviour of this curve is determined basically by the p, density of states. Notice, in
particular, that the p, states give a negligible contribution to d//dV due to the small coupling
between the p,-orbital and the tip.

In order to show that this good agreement is not just a coincidence, we have also analysed
the STM currents and the surface topography of two other structures (1B and 4C) given in
figure 1. Considering the 1B structure, we are trying to simulate the STM corrugation of the
clean GaAs(001)-2 x 4 when we move the tip along the As dimers. Figure 10 shows the STM
topography of the 1B structure, and we expect that the AA’ direction, along the As dimers,
should show a corrugation very similar to the one measured by Pashley and Li [18] on the
GaAs(001)-2 x 4, along similar As dimer directions. The calculated surface corrugation along
the AA’ direction can be also found in figure 8. This curve should be compared with the
curve (i) of figure 3(c) in [18]. Our calculated corrugation of 0.20 A is slightly smaller than
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Figure 9. Top: theoretical differential conductance on top of a Se atom. The origin of the voltage
corresponds to the position of the energy zero in figure 5. Bottom: experimental normalized
conductance from a region of well-ordered GaAs(001):Se-(2 x 1) (taken from [18]).

the experimental corrugation of 0.35 A, similar to what we found in the analysis of the 3B
structure. Notice that absolute corrugation values are very sensitive to the tip configuration, not
characterized in the experiments, but there is a remarkable agreement in the difference between
the corrugation of the two structures in the theory (0.3 A) and the experiment (0.35 A).

Finally, we have also analysed the STM corrugation for the 4C structure of Pashley and
Li, at the same conditions as previous cases, and moving the tip along the Se dimers of the
surface. The surface corrugation for this case (shown in figure 8) appears to be less than 0.2 A,
smaller than the theoretical corrugation for the 1B structure (representing the As dimers in
the clean reconstructed surface) and much less than the experimental data of Pashley and Li,
confirming that the STM theoretical calculations do not support the 4C structure.

In conclusion, our STM theoretical simulations support the 3B model as the microscopic
structure for the Se-passivated surface (as prepared by Pashley and Li [18]), showing that
there is only a Se atom in the topmost layer, at variance with the Se dimers proposed by those
authors.

6. Conclusions

All the theoretical and the experimental evidence presented in this paper tends to show that
the structure in figure 2 represents the appropriate geometry of the Se-passivated GaAs(001)-
2 x 1 reconstruction. Both DFT-LDA calculations (including the estimation of the surface
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Figure 10. Topographical STM images (3 V, 0.1 nA) for the 1B structure in figure 1. X and Y
correspond to the [110] and [110] crystallographic directions (see figure 1). The scales in the X, Y
and Z directions are in A. The reference point at z = 0 corresponds to the height of the topmost As
atoms. The rectangle (dashed line) corresponds to the surface unit cell and white circles indicate
the position of the As atoms. The spacing between the contour lines is 0.01 A.

thermodynamic potentials) and STM images give a strong support to this structure, which is
in agreement with the photoemission results presented in this paper, and the STM study of
Pashley and Li [18].

The selenium modification of GaAs(001) in UHV is areliable procedure for the preparation
of well defined surfaces. The treatment results in gallium-selenide like layers. These surfaces
are very unreactive and may be considered as chemically passivated. They resist considerable
exposure to air and are already used as substrates for the growth of epitaxial films. However,
in terms of an electronic passivation, the selenium modification is not successful. The band
bending is reduced for n-type doped samples but increases for samples doped p-type. Therefore,
surface states of donor and acceptor type exist in the band gap on these surfaces. Our theoretical
results for the surface bands of the Se passivated GaAs(001) (see figure 5) suggest, however,
that this surface should present a good passivation in terms of its electronic properties. We
conclude that surface defects exist on the experimentally prepared Se-passivated GaAs(001)
surfaces and that these defects may be related to doping atoms at the surface.
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