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Electronic properties of GaAsBi(001) alloys at low Bi content
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We present an in-depth investigation of structural and electronic properties of GaAsBi epilayers. High (001)
crystalline order is achieved using careful molecular beam epitaxy and surface preparation procedures. High
surface order allows us to use x-ray, ultraviolet, and angle-resolved photoemission spectroscopy at variable
photon energies and to disentangle electronic effects of an atomically thin Bi-rich surface layer with (2 x 3)
symmetry from those of Bi atoms incorporated in the GaAs bulk matrix. The influence of bulk-integrated Bi
concentrations on the GaAs band structure becomes visible in angle-resolved photoemission after removing

Bi-rich surface layers by a brief and mild ion bombardment and subsequent annealing treatment. Experimental
observations are supported by density functional theory simulations of the valence band structure of bulk and
surface-reconstructed GaAs with and without Bi. Bi-induced energy shifts in the dispersion of GaAs heavy and
light hole bulk bands are evident both in experiment and theory, which are relevant for modulations in the optical

band gap and thus optoelectronic applications.
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I. INTRODUCTION

GaAs;_,Bi, alloys have enormous potential for advanced
applications in the fields of electronics, optoelectronics,
nanophotonics, thermoelectricity, and photovoltaics [1-3].
The incorporation of Bi into GaAs induces a large band-gap
bowing, even at Bi concentrations less than few percent [4]
due to a large upward shift of the valence band edge. This
property offers a large freedom to engineer the alloy’s band
structure towards potential high-speed electronic and infrared
optoelectronic applications: Bi alloying in GaAs;_,Bi, seems
to improve the hole mobility while preserving the high elec-
tron mobility of GaAs [5].

Despite the strategic interest in GaAs;_,Bi,, reliable
growth procedures leading to high-quality material properties
are missing for several reasons. The existence of a large
miscibility gap requires low growth temperatures leading to
the formation of defects that degrade the optical properties.
Moreover, the surfactant action of Bi counteracts a homoge-
neous incorporation; phase-separation phenomena can occur,
like the formation of Ga-Bi droplets on the surface or modu-
lations of Bi compositions in the bulk [6], whose connection
to growth conditions and to optical properties is not yet
understood.

To understand the influence of Bi on optical and elec-
tronic band structure properties of GaAs;_,Bi, alloys it is
essential to improve their bulk and surface crystal qualities,
which would eventually allow also cutting edge band structure
analysis techniques like momentum-resolved photoemission
spectroscopy.

In this paper we investigate the structure and electronic
valence band properties of GaAsBi alloys for varying Bi con-
centrations. GaAs;_,Bi, epilayers with high crystalline order
are grown by molecular beam epitaxy (MBE) on GaAs(001)
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single crystal substrates. Bi inclusion in the GaAs lattice
is studied by means of x-ray photoemission spectroscopy
(XPS). Due to high surface crystalline order of MBE-grown
films, Bi-induced effects on the electronic band structure
can be studied using ultraviolet photoemission spectroscopy
(UPS) and k-resolved photoemission electron microscopy (k-
PEEM). Our results show Bi integration in two different
states. One corresponds to a Bi-rich surface layer. The sec-
ond phase corresponds to Bi atoms integrated in the bulk
with concentrations up to 1.3%, which is essential for bulk-
related applications, such as optoelectronics. Band structures
are interpreted by means of density functional theory (DFT)
calculations of the electronic properties of bulk GaAs and
B2(2 x 4)-reconstructed slab geometries with and without
subsurface incorporation of Bi. The presence of Bi induces
small energetic shifts and considerable distortions on the line-
shapes, in good agreement with experimental observations.

The paper is organized as follows. Section II reports
the sample preparation procedure, experimental methodology,
and DFT calculations. XPS studies are given in Sec. IIL
Section IV reports our measured k-PEEM data and theoret-
ical analysis of the band structures for pristine and GaAsBi
GaAs(001), respectively. More precise analysis of surface-
related features obtained via UPS is given in Sec. V. The paper
concludes with a short summary.

II. METHODOLOGY

A. Sample preparation procedure and experimental methods

Pure GaAs and GaAsBi samples were grown by MBE on
n(Si)-doped (10'® cm~3) GaAs(001) substrates with a miscut
angle of about 0.01°. GaAs buffer layers of approximate
500-nm thickness were grown at 590° C. For the growth of
GaAsBi layers, the substrate temperature was decreased to
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FIG. 1. LEED images for (a) as-grown (2 x 4) GaAs(001) and
(b) sputter-annealed GaAs;_«Bix (x = 2.7%) with a (2 x 3) surface
reconstruction.

325°C. A layer of 150 nm of GaAs;_,Bi, was deposited
at a flux rate of 0.5 ML/s. The Bi concentration x in units
[%] was estimated by Bi flux calibration and confirmed by
high-resolution x-ray diffraction. At the end of both GaAs
and GaAsBi epilayer deposition, samples were cooled down
to about —10° C, and an amorphous As capping layer was
deposited to prevent the sample from contamination during air
exposure when ex situ shipped to external analysis facilities.

Prior to surface sensitive LEED, XPS, and k-PEEM mea-
surements, the samples were decapped in situ under ultra-
high vacuum (UHV) conditions at temperatures of 300° C
and subsequently annealed at 400-440° C. Temperatures were
monitored directly on the sample using an optical pyrometer.
Resulting surface order was investigated by LEED where a
(2 x 4) pattern is found for pure GaAs(001) as shown in
Fig. 1(a). On the other hand, GaAsBi samples showed much
weaker LEED structures according to a (2 x 3) pattern. We
will refer to these samples as decapped.

As discussed below, after decapping we observe a Bi-
rich phase at the surface of GaAs; «Bix, with x > 0. Since
we are particularly interested in the bulk properties we
treated GaAsBi samples by a short ion bombardment (Ar*
pressure 1 x 107% mbar, ion energy 1 keV, and sputtering
times between 1 min and 12 min) and subsequent annealing
to 400—440° C. We will refer to these samples as sputter-
annealed. Typical LEED images of sputter-annealed GaAsBi
samples are shown in Fig. 1(b). A (2 x 3) pattern is evident.
Sputter-annealed GaAsBi surfaces exhibit sharper LEED pat-
terns than the decapped surfaces.

XPS and k-PEEM measurements were carried out using an
Omicron NanoESCA instrument with laboratory light sources.
The NanoESCA photoemission spectrometer is based on a
PEEM column and an imaging double hemispherical energy
filter [7] with an energy resolution of AE = 0.1 eV. A transfer
lens in the electron optics switches between the real space
and angle-resolved k-PEEM modes, which allows to perform
classical XPS with monochromatized Al K« radiation, as
well as an energy dependent mapping of the Brillouin zone
(BZ) using a helium discharge lamp at hv = 21.2 eV. Highly
resolved XPS and UPS data were measured independently
at the ELETTRA synchrotron radiation facility (Materials
Science Beamline) with predominantly linearly polarized light
in the horizontal direction.
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FIG. 2. Valence band spectra and shallow Ga 3d CLs mea-
sured at 1.5 keV. Data for GaAs (2 x 4) (black) and GaAs;_,Bi,
(x=2.7%) (blue) after decapping are plotted. Values of EG4s and
EZ3Bi were derived using the leading edge method indicated by the
tangential dashed lines.

In semiconductors the position of the Fermi energy (Ef)
with respect to the valence band maximum (VBM) is sensitive
to defect states and possible surface band bending effects. We
expect Bi atoms in GaAs to cause shifts of Er, which in turn
will affect binding energy (BE) values detected in photoe-
mission experiments. Kraut er al. [8] described procedures
to quantify defect induced shifts in £r and band bending in
GaAs by referencing shallow core level (CL) binding energies
such as Eg, 34 to the VBM value Eygy. Throughout this work
we follow Kraut ef al. and estimate values of Eypgy using
the leading edge method, which approximates the density of
states (DOS) by a tangential line at the maximum steepness of
the VB edge. Figure 2 shows an example of photon energies
hv = 1.5keV. Values Eypy derived from XPS, k-PEEM, and
UPS data in this work are listed in Table I. In the case of pure
GaAs(001) (x = 0%) average values are (0.75£0.1)eV,
which correspond to Fermi level pinning close to the middle
of the band gap typical for n-type MBE-grown GaAs [9].

B. Theoretical simulations

Geometry and electronic structure calculations were car-
ried out using density functional theory (DFT) within the
local density approximation (LDA) as implemented in the
QUANTUM ESPRESSO code [10]. Spin-orbit coupling (SOC)
was accounted for by means of fully relativistic ultrasoft
pseudopotentials [11], including nonlinear core corrections

TABLE I. Overview of VBM energy values Evgy derived from
XPS, UPS, and k-PEEM data, shown in Fig. 2, Fig. 6, and Fig. 10,
respectively. Values for finite Bi concentrations correspond to the
sputter-annealed state. All values were extracted using the leading
edge method and error bars are estimated to be 0.05 eV.

Bi content x 0 % 0.8 % 2.7 %
XPS [eV] 0.83 - 0.42
k-PEEM [eV] 0.68 0.50 0.55
UPS [eV] 0.75 0.35 0.34
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for all species and semicore d states in the valence for both
Ga and Bi [12]. The kinetic energy cutoff was 30 Ry (300
Ry for the charge), and the theoretical lattice constant of
5.61 A was adopted. Structural relaxations used a threshold
of 5 meV/A. As shown in Appendix B, our LDA + SOC
scheme adequately describes the occupied bands of GaAs that
lie within 5 eV of the valence band maximum. It furthermore
predicts lattice constants for GaAs (and GaBi) accurate to
0.05 A of the (estimated) experimental values. On the other
hand, LDA considerably underestimates the electronic band
gap of GaAs by over 1 eV. For this reason our work is focused
on the occupied band structure.

Two types of system were considered. First, a 128-atom
4 x 4 x 4 supercell was used to compute the electronic struc-
ture of bulk GaAs and GaAsBi. In the latter, Bi was substituted
for As at densities of 1.6% and 3.2% (1 and 2 Bi atoms
per cell, respectively), and all atoms were allowed to relax.
I'-centred (2 x 2 x 2) k-point meshes were used. Second,
the GaAs(001)-82(2 x 4) surface reconstruction was studied
using a supercell geometry. Thin GaAs slabs containing ten
atomic layers (14 A thick) were separated from their peri-
odic replicas by 20 A. I'-centred (4 x 8 x 1) k-point meshes
were used during structural relaxations. The As-terminated
back surface was fixed to bulk positions and passivated with
pseudohydrogen. As shown in Sec. III, Bi is mostly present in
the bulk layers of the sputter-annealed surface. We therefore
consider the effect of Bi substitution only in the central bulk
layers of the 2 x 4 reconstructed slab. Thus we do not con-
sider the measured 2 x 3 periodicity of the GaAsBi surface
nor the possible influence of Bi on surface states. Note that the
precise 2 x 3 structure is anyway difficult to ascertain, being
a mixture of 4 x 3 phases possibly featuring Bi-As or Bi-Bi
dimers on the surface [13].

The computed electronic properties were analyzed through
different techniques. First, the band structures of the bulk
4 x4 x4 and slab 2 x 4 supercells were unfolded along
high symmetry directions in the primitive bulk GaAs BZ
and 1 x 1 surface BZ (SBZ), respectively, using the BANDUP
code [14,15]. This allowed us to make a direct comparison
to k-PEEM data and helps to decouple surface and Bi-related
states from bulk states of GaAs. Second, the integrated density
of states (DOS) and k-resolved DOS of the 2 x 4 slab and
of bulk GaAs were computed. In the slab case, the DOS
was further projected onto surface and bulk atomic orbitals,
respectively, in which the surface is defined as including all
dimers and backbonds (layers 1-4), and the bulk makes up the
remainder (layers 5-10). The k-resolved DOS was computed
along various high symmetry lines as a function of energy
and also as constant energy cuts [two-dimensional (2D) maps]
through the full reduced zone SBZ.

III. X-RAY PHOTOEMISSION SPECTROSCOPY

Figure 2 shows photoemission data of GaAs(001)-(2 x 4)
at low BEs in comparison with data for decapped GaAsBi.
The high photon energies of hv = 1.5keV correspond to a
probing depth of several nanometers and thus the data mainly
reflect bulk properties. In the case of pristine GaAs(001)-
(2 x 4) we derive a value of EG3 = (0.83 £0.05)eV us-
ing the leading edge method as described in Sec. II A. The
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FIG. 3. Sputtering and annealing effects on (a) Ga 3d, (b) As 3d,
(d) Bi 5d core levels, as well as on (c¢) valence band spectra measured
at 1.5 keV. GaAs;_«Biy (x = 2.7%) is shown in its decapped (red)
and sputter-annealed state (blue). The value EGisBl = 0.42€V in
the sputter-annealed state is derived using the leading edge method
indicated by the tangential dashed lines in (c).

relative BE of the Ga 3d level with respect to the VBM then
amounts to (ES%45 — EGan) = (18.82 £0.05) eV, which is
in good agreement with the bulk value of 18.80 eV reported
on GaAs(110) [8]. Comparing Evgy of GaAs to decapped
GaAsBi (x = 2.7%), a shift to lower BEs is visible in Fig. 2,
which we estimate as (EG3y — EG3sBl) = (0.23 £ 0.05)eV.
The origin of such shifts can be Bi-induced defect levels in
the gap or changes in band bending. At the same time BE
values of EG*3B! shift by about the same amount. Taking
into account the limited energy resolution of the laboratory
NanoESCA instrument we estimate Bi-induced changes in the
relative Ga 3d CL positions (Eg,34 — Evem) to be smaller
than 0.1 eV.

Short sputtering treatments (described in Sec. IT A) create
near-surface defects. However, under the influence of subse-
quent annealing cycles at temperatures of 400—440°C, the
surfaces reorder into 2 x 3 symmetries. Figure 3 summarizes
respective changes in the XPS data. Within the energy resolu-
tion of our XPS setup Ga 3d and As 3d CL spectral shapes,
shown in Figs. 3(a) and 3(b) always contain at least two
components, which we attribute to a dominating bulk signal
and additional chemically shifted surface components both for
Ga and As. Respective fits assuming one single surface com-
ponent are added to the XPS data in Figs. 3(a) and 3(b). In the
sputter-annealed state Ga 3d and As 3d CLs are broadened,
evidencing an enhanced disorder of the host structure. Again,
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FIG. 4. (a) Bi 4f XPS spectra of GaAs;_«Bi, (x = 2.7%) after
decapping, subsequent 12 min sputtering, and final annealing at
420°C (top to bottom). The fit shown to the data consists of one Ga 3s
line and two Bi 4 f doublets denoted as Bi 4f-1 and Bi4 f-2. A broad
loss peak is present at about 155 eV, which originates from the As 3p
edges at lower BEs. Fit parameters are listed in Table II and described
in Appendix A. In (b) the respective relative atomic concentrations
of Bi and Ga components are plotted for the three sample stages.

we reference CLs to Eypym, Which is shown in Fig. 3(c) for
GaAsBi (x = 2.7%). During sputtering-annealing treatment
the VBM moves by 0.2 eV towards lower values. In the case
of Bi 5d CLs a more significant change in spectral shape is
visible after sputtering and annealing, which goes beyond a
simple broadening effect and corresponds to the suppression
of a higher BE component at about 25 eV typical for a metallic
coordination between Bi atoms. This interpretation is backed
by data on Bi 4f CLs, as we discuss in the following.

In the initial decapped surface, shown at the top of
Fig. 4(a), the Bi 4 f XPS signal can be decomposed into two
Bi doublets with the main 4f;,, peaks located at BEs of (157.0
4+ 0.1) eV and (157.7 £+ 0.1) eV, which we denote as Bi

TABLE II. KOLXPD fitting parameters of Ga 3s, and Bi 4/ XPS
spectra shown in Fig. 4(a). BEs of Bi 4 f refer to the main f7,, peak.
Details on the fitting procedure are described in Appendix A.

Bi4f-1 Bi4f-2 Ga 3s As loss
Annealed
BE [eV] 156.94 157.74 160.1 155.52
Concentration [%] 1.9 1.8 96.3 -
Sputtered
BE [eV] 156.99 157.79 159.97 155.47
Concentration [%] 1.8 0.3 97.9 —
Annealed
BE [eV] 156.90 157.70 159.99 155.82
Concentration [%] 1.6 0.3 98.1 —

4f-1 and Bi 4f-2 hereafter. The fit was derived using the
KoLXPD program as described in Appendix A and respective
fit parameters are given in Table II. The Bi 4f-2 BE position
(157.7 £0.1)eV is close to literature values attributed to a
Bi metallic state [16]. Twelve minutes of argon sputtering
almost completely removes the metallic Bi 4 f-2 component
(see middle panel), while Bi 4f-1 and Ga 3s components
remain stable although slightly broadened. Integrated XPS
intensities of respective components can be converted into
relative atomic concentrations (see detailed description in
the Appendix A), which are plotted in Fig. 4(b). The low
concentrations of 4 -2 after sputtering proves the near-surface
character of the metallic phase, which is further supported by
the fact that no strong differences in Bi XPS spectral shapes
were observed when sputtering times were reduced from
12 min to 1 min. On the contrary, we identify the stable Bi 4 f-
1 component at (157.0 & 0.1)eV with bulk-incorporated Bi
atoms in the host GaAs lattice, most likely Bias substitutional
sites, as suggested by Sales et al. [6]. Bulk Bi concentrations
in Fig. 4(b) of x ~ 2% are slightly lower than nominal values
of x =2.7%.

Finally, Fig. 4(a) (lower set of curves) shows that annealing
procedures up to 420° C after sputtering does not trigger a
reappearance of the metallic Bi phase in XPS. It proves the
absence of major diffusion processes of Bi atoms at tempera-
tures used throughout this work.

IV. ANGLE-RESOLVED k—PEEM STUDIES
A. GaAs(001)

A prerequisite for momentum resolved k-PEEM measure-
ments is a sufficient crystalline surface order of the samples
under study, which we achieve even for finite Bi concentra-
tions, as described in Sec. II. We first discuss the case of
GaAs without Bi. After decapping pure GaAs(001) (0% Bi)
surfaces we observe the well-known (2 x 4) reconstruction, as
shown in Fig. 1(a). Its electronic [17-20] and optical [21,22]
properties have been deeply studied within the past decades.
The geometry is the well-known B2(2 x 4) reconstruction,
containing two As dimers in the first layer and a third As
dimer in the third layer [23]. The corresponding (2 x 4) SBZ
is shown in Figs. 5(a) and 5(b) relative to that of the (1 x 1)
SBZ. In the following, special point labels of the (2 x 4) SBZ
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(a) bulk Brillouin Zone k, *[001] (b) surface Brillouin zone
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FIG. 5. (a) Bulk and (b) surface Brillouin zones (BZ) of GaAs(001). Bulk high-symmetry points outside the first BZ have a prime symbol
(I, X'). (¢) Bulk GaAs DOS plotted along [010] and averaged over k;, corresponding to the dark-green plane I'XX'X shown in (a). (d) As (c),
for the [110] direction and the light-green plane I'X'T"X. Selected bands along high symmetry lines lying in these planes and projected onto k;
are overlaid on the right-hand side of each panel. (e, f) Experimental k-PEEM data for [010] and [110] directions, with computed bulk bands
overlaid as in (c, d). (g, h) Unfolded slab band structures for the 82(2 x 4) reconstruction for the [010] and [110] directions. Bulk overlays are
compressed to match the slab bands. Horizontal dashed lines in (e) and (g) indicate energies at which (k,, k,) distributions shown in Fig. 8 are
generated. Computed energies are shown with respect to the VBM, experimental energies with respect to the measured Fermi level.

are indicated by an explicit subscript; otherwise, points refer  [010] (I"—K) and [110] (=) directions, respectively. The
to the (1 x 1) SBZ.

Experimental k-PEEM data for photon energies hv =
21.2 eV are shown in Figs. 5(e) and 5(f) for k; along the

data cover a range of kj = 1.8 10%_1, centered at T', and
BEs are given with respect to Er of the k-PEEM analyzer.
Again, we estimate Eygy at x = 0% using the leading edge
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FIG. 6. Momentum integrated k-space intensity close to the
VBM plotted vs energy. The photon energy is hv = 21.2eV. Dotted
lines show the estimation of the VBM according to the leading edge
method.

method, as shown in Fig. 6, based on k-space integrated
intensities. We derive a value of EG33s = (0.68 £ 0.05)¢€V,
which is close to the value from XPS data (see also Table 1),
although the probing depth of measurements at hv = 21.2 eV
is significantly lower than in the XPS mode. We infer that
band bending effects do not significantly affect the values of
EJa%s. Typical screening lengths of MBE-grown GaAs are
1-2 nm. Both cuts in Figs. 5(e) and 5(f) show similar band
structures with several common features that are marked A-E
(partly following the notation of Souma et al. [24]), although
the [010] cut appears somewhat narrower at lower BEs. Band
B shows a maximum at I" and continuously disperses down
to BE = 3.5 eV. A characteristic “wishbone” feature A is
observed below 3.2 eV at I".

At these incident energies we expect a dominant contribu-
tion from bulk states, and thus associate the maximum at T
with the peak in the light-hole (I%) or split-off (so) band of
bulk GaAs. To understand the data further, one must consider
the relation between the (1 x 1) SBZ and the bulk GaAs BZ,
as depicted in Fig. 5(a). During k-PEEM, as in ARPES, the
momentum k, perpendicular to the surface is not conserved.
To interpret the measured data along some kj, one should
thus consider a suitable average over k, [25]. For instance, a
measurement along [010] (['-K) will probe all (kj, k) in the
'XX'X plane [see dark-green plane in Fig. 5(a)].

As a first approximation of the k-PEEM data, we com-
puted within DFT (including spin-orbit coupling) the DOS
of bulk GaAs resolved on a (100 x 40) grid of kj, k, points
along the [010] and [110] directions, before taking a simple
average over k, for each value of kj. The results are plotted
as colormaps in Figs. 5(c) and 5(d), and extended across
the measured range of k. Overlaid on these maps are the
computed bulk bands along selected high-symmetry lines.
It appears that most of the kj-resolved DOS can be well
represented by a handful of selected bands passing through
the high-symmetry points of the bulk BZ [24,25].

To facilitate a better comparison to experiment, these
selected bands are also overlaid on the k-PEEM data in

Figs. 5(e) and 5(f). The kj-resolved DOS clearly succeeds in
explaining most of the observed signal. Feature A at " arises
from the contributions at k, = 27 /a, i.e., the lines X-W-X’
and X-U-T” drawn in red. We stress that A can only be
explained by considering the k, dependence [24]. The intense
signal spreading out symmetrically below A is explained first
by the dispersion of the k, = 27 /a lines and then, for higher
BEs, by the diagonal projections I'-K-X’ [in Fig. 5(c)] and
I'-L-T"" [in Fig. 5(d)]. The intense vertical line above A (BE =
2.0-3.4 eV) in the [010] case instead cannot be associated
with a single band, but corresponds well to a region of high
DOS visible only in the kj-resolved map [Fig. 5(c)]. Features
C and D are well explained by heavy-hole (hh) or light-
hole (/h) bands arising from the k, = O lines. Note that the
horizontal signal “widths” for both directions are determined
by the I'-K-X’ line. However, its contribution is projected
onto k for the [010] case, resulting in the overall narrower
lineshape observed experimentally.

Good agreement with experiment is also obtained for the
DFT band structure of the full GaAs(001)-82(2 x 4) slab,
plotted in Figs. 5(g) and 5(h) and unfolded across the full
(I x 1) BZ. Due to the use of a relatively thin slab, any
extended (bulk-like) wave functions undergo size quantization
and thus the computed band structure is compressed relative
to the bulk GaAs case. This is illustrated by overlaying and
compressing the selected bulk bands until a reasonable match
is reached (see Fig. 5). Note that the slab bands naturally
include the k, averaging procedure as the three-dimensional
(3D) BZ of the large (slab plus vacuum) supercell is signifi-
cantly compressed. In addition to the dispersive bulk bands,
several reconstruction-related features become apparent. A
dispersive band with minimum around 1.1 eV at K is visible
along [010], while flatter features appear in the 0.8—-1.2 eV
range along [110]. This last in particular is suggestive of
surface states.

In the 2 x 4 reconstruction the bulk symmetry between
[110] and [110] directions is broken and respective surface
electronic properties should differ. Figure 7 adds k-PEEM
data also for the [110] and [130] directions. Note that signals
from T in the second SBZ are visible in both Figs. 7(b) [110]
and 7(c) [110] data. Both cuts show very similar band struc-
tures, consistent with our explanations of the main features
as arising from the bulk DOS averaged in the (110) plane.
The “wishbone” feature in the [110] data is now more clearly
shown to be derived from two distinct bands that cross at
around 3.7 eV. Band B is observed in all four cuts.

Further confirmation of the origin of these bands is ob-
tained by performing constant energy cuts of the k-PEEM
data. Exemplary energy cuts at BE = 0.75, 2.0, 3.4, and
4.5 eV [indicated by horizontal dashed lines in Fig. 5(e)]
are shown in Figs. 8(a) to 8(d). They confirm asymmetries
between the [110] and [110] directions. The measurements are
in generally good agreement with appropriate energy cuts [see
lines in Fig. 5(g)] through the unfolded slab band structures,
as reported in Figs. 8(e) to 8(h). It is worth noting that in the
energy cut at BE = 0.75 eV in Fig. 8 the (ky, k) intensity
reveals a cloverleaf structure which is elongated along the
[110] direction with respect to [110]. This pattern is also
evident in the (ky, k,)-resolved DOS at 0.55 eV of the (folded)
(2 x 4) slab, shown as an inset in Fig. 8(e). The bulk GaAs
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FIG. 7. k-PEEM comparison of decapped (2 x 4) GaAs(001) (top row) and sputter-annealed (2 x 3) GaAsBi (bottom row). Respectively,

from Fig. 6. The horizontal arrow in (b) indicates the replica of feature A in the second SBZ at the expected distance Ak = 1.56 A

electronic structure close to VBM is known to have As 4p
character with four-fold cubic symmetry in the bulk, while for
GaAs 2 x 4 surfaces we expect a symmetry breaking. Band
C is assigned to the light-hole bands supported by the rather
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FIG. 8. Left: Constant energy cuts of pristine GaAs(001) k-
PEEM data. Intensity distributions (kx, ky) are shown at four BEs
(a) 0.75 eV, (b) 2.0 eV, (c) 3.4 eV, and (d) 4.5 eV. Right: band
structure maps of the GaAs(001)-B2(2 x 4) slab, computed at the
constant energies indicated in Fig. 5(g), and unfolded across the
(1 x 1) SBZ. Panel (e) inset shows the (k, ky)-resolved DOS
of the (2 x 4) SBZ. Theoretical energies in (e)—(h) are referenced
to the VBM, while experimental data (a)—(d) are given with respect
to the Fermi level.

spherical shape in the (kx, ky) distribution at BE = 2.0eV [see
cut shown in Fig. 8(b)]. Heavy hole bands on the other hand
were found to become visible only at higher photon energies
as shown by Kanski et al. [26].

In addition to the above bulk-derived features, we also
identify an additional feature E in Fig. 5(f) which crosses B at

BE =1.8eVandk = +0.4 A_l, reminiscent of a backfolding
effect to the first BZ. This feature is missing from the bulk
DOS calculations, and has not been reported in previous
literature [24]. It may be consistent with the aforementioned
feature at —1 eV in the slab band calculations in Fig. 5(g) that
are suggestive of surface state origin.

B. GaAs(001) with Bi

We now turn to the effect of Bi incorporation on the GaAs
band structure. Figure 7 (bottom row) summarizes k-PEEM
data of sputter-annealed GaAs|_Biy (x = 2.7%) in compar-
ison to decapped GaAs(0% Bi) (top row) for high-symmetry
directions I'-K, T'-J, T-J’, and I'=K, 4. The respective 2 x
3 and 2 x4 LEED symmetries were shown in Figs. 1(a)
and 1(b) and previously discussed in Sec. II.

Rigid shifts of the k-PEEM band structures of GaAsBi
to lower BEs with respect to pure GaAs confirms our XPS
observations. Figure 6 shows reduced values for EJasBi of
(0.50 £ 0.05)eV and (0.55 £+ 0.05) eV for Bi concentrations
x = 0.8% and x = 2.7%, respectively (see also Table I). If we
assume that band bending is negligible, the shift of the VBM
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FIG. 9. Band structure of GaAs(001)-82(2 x 4) slab unfolded
along [110]: (a) pristine (2 x 4) cell and (b) including 1 atom of Bi
in a (4 x 4) supercell.

to lower BEs suggests the formation of shallow p-type defect
states, which would pin Ef closer to the VBM.

The shift in the VBM is accompanied by a general broad-
ening of k-PEEM features compared to pure GaAs despite
the well-defined LEED pattern in Fig. 1(b). In particular,
along the '-K and I'-K,,4 directions the band structure of
GaAsBi appears to match that of GaAs but is considerably
broadened. Looking closer, the feature E along the I'-J
direction is particularly affected [see Fig. 7(f)], which seems
to have entirely disappeared. It points towards surface related
broadening of the feature £. Thus, it would confirm the above
discussed interpretation of our 2 x 4 GaAs slab calculations
in the direction of a surface state origin of feature E.

Slab calculations incorporating Bi in a bulk site succeed
in reproducing the main observed experimental features. Fig-
ure 9 compares the pristine 82(2 x 4) slab band structure
unfolded along [110] to that of a slab containing a low
concentration of Bi. The main effect of Bi is to perturb the
bands coming from bulk GaAs, in particular the heavy hole
band (yellow arrows). At the I" point, the VBM almost appears
detached from the rest of the 4k band along this direction,
such that it resembles a new defect level. Such defects could
explain shifts of the VBM to lower BEs observed in k-PEEM
experiments. Other points in the SBZ also lose their clear
Bloch character (see box at J). A small shift or change in the
bandwidth is also observed (red arrow). However, due to the
dense manifold of bulk and surface bands in these supercells it
is difficult to make any quantitative analyses: this is discussed
instead in the following section.

V. ULTRAVIOLET PHOTOELECTRON
SPECTROSCOPY STUDIES

The k-PEEM measurements reported in the previous sec-
tion succeed in identifying mainly bulk-derived electronic
states in GaAs and GaAsBi. However, the limited resolution
makes it difficult to identify surface related features previ-
ously identified, for instance, with ARPES [20]. To examine
the surface electronic structure in more detail we measured
UPS in a highly resolved mode at the ELETTRA synchrotron
facilities. In particular, the possibility to vary the photon
energy at the synchrotron allows to probe the dimensionality

of surface states. True surface states do not disperse with
photon energy due to their strict 2D nature. On the other hand,
for surface resonances a strong hybridization with the 3D bulk
band structure allows dispersive effects to occur.

Figures 10 and 11 show UPS data in normal emission taken
at selected photon energies between 25 and 100 eV. Bi con-
taining samples were measured in the sputter-annealed state.
At high BEs > 3 eV the spectra of all samples are dominated
by two weakly dispersive features at 7.6 and 12.3 eV shown
in Fig. 11 (labeled d and ¢) and one strongly dispersing band
¢ which joins d at a photon energy of 40 eV. In addition
pure GaAs shows a prominent almost nondispersing band b
at 4.2 eV, which is strongly suppressed for x = 0.8% Bi and
fully disappears at x = 2.7% Bi.

Spectra taken from decapped GaAs(001) are in good agree-
ment with the literature, e.g., for GaAs(001)-(2 x 4) at hv =
29 eV [20]. According to the literature the bands ¢ and d
are primary cone bulk emission peaks and can be attributed
to direct interband transitions from bulk valence bands to
a free-electron-like final state. The dispersive behavior of
the bands versus photon energy is plotted in Fig. 12(a). We
referenced the band dispersion to the relevant VBM value
ESJas = 0.75eV derived in Fig. 10 using the leading edge
method (see also Table I). Band ¢ shows strong dispersion and
a shallow minimum at 43 eV, while d is flat.

Both findings coincide very well with those of Cai
et al. [17] on GaAs(001)-(1 x 1), confirming that a and d
are independent of the particular surface reconstruction as
expected for bulk bands. The minimum of ¢ at a photon energy
of about 44 eV corresponds to the Xy point in k; along the
I'AX direction [see label in Fig. 12(a)] and is attributed to
the split-off band. Close to the VBM the UPS data of pure
GaAs show two features a; and a,, which join at low photon
energies <23eV to form one single band a [see label in
Fig. 12(a)]. Again this is in good agreement with Cai et al.
and suggests that a, corresponds most likely to the 4k and [k
band excitation.

Figure 12(b) shows the band dispersions of GaAsBi sam-
ples with 0.8% and 2.7% Bi concentrations. Data of pure
GaAs from Fig. 12(a) is replotted as continuous lines for direct
comparison. Comparing the two GaAsBi samples it is striking
that the two datasets at 0.8% and 2.7% Bi mostly coincide.
The respective VBM values for GaAsBi samples are also
similar with EG3MB! = 0.35eV (x = 0.8%) and EJB =
0.34eV (x = 2.7%), shown in Fig. 10. For a comparison with
previous values see also Table I. In comparison to pure (2 x 4)
GaAs(001), however, significant differences are visible. The
(ay, ap) bands closer to the VBM are broadened and cannot be
distinguished anymore, as shown on a larger scale in Fig. 10.
We therefore label them henceforth as a. The dispersion of a
comes to lie between a; and a, and suggests minor shifts in
the hh and [h bands under the influence of Bi, although the
general broadening limits the certainty of this statement. On
the other hand, bands ¢ and d are clearly shifted to higher BEs
for Bi-containing samples. The shift in ¢ amounts to about
+0.4 eV, while d shifts by +0.2eV.

So far we neglected surface states (SSs), which contribute
to the DOS close to the VBM and should be most affected by
reconstruction effects. It is known from the literature on vari-
ous GaAs surfaces that shallow SSs become visible as typical
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FIG. 10. Normal emission UPS close to the VBM for Bi con-
centrations 0%, 0.8%, and 2.7%. The photon energy is hv = 25 eV.
Values for Eypy were derived using the leading edge method as
shown by vertical lines in the plot.

shoulders [17,19] in the UPS intensity close to the VBM. In
Fig. 11(a) such a shoulder is labeled SS as an example which
is clearly separated from the intensities a; and a, especially
at low photon energies. The introduction of Bi in the GaAs
matrix affects the valence band lineshape, and this distinction
in Fig. 10 is less pronounced. Upon Bi incorporation the
SS shoulder partly overlaps with the broadened contribution
a and is shifted to lower BEs. Although incorporation of
Bi in the GaAs(001) slab calculations does yield tangible
changes [see Fig. 9(b)], the strong folding makes it difficult
to determine the precise influence of Bi-incorporation on
specific bulk bands. We thus performed supercell calculations
of bulk GaAs and a basic analysis of Bi incorporation on
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the bulk electronic properties, similar to the study of Bannow
etal. [27].

Figure 13 demonstrates the influence of Bi incorporation
for 1 and 2 Bi atoms per 128-atom 4 x 4 x 4 supercell, con-
sistent with concentrations of 1.56% and 3.12% Bi, respec-
tively. Figure 13(a) reports the folded (reduced zone) band
structures within 1 eV of the gap in each case. Only one Bi-Bi
configuration is illustrated for the 3.12% Bi case, in which the
Bi atoms are 4A apart and aligned along the [110] direction.
As discussed later, this configuration causes relatively strong
perturbations to the GaAs electronic structure. All bands are
plotted with respect to the VBM of pure GaAs, following an
appropriate alignment of the average electrostatic potential.
The contribution of Bi orbitals to each state is proportional
to the size of the black dots overlaid on the bands. Note
that the bottom of the conduction band is also indicated: the
band gap is greatly underestimated, as expected in LDA (see
Appendix B). Figure 13(b) shows wave functions of selected
bands at the " point as cuts on the (111) plane that intersects
the Bi atom positions. The corresponding (E, k) points are
indicated in Fig. 13(a) by open circles. The corresponding
unfolded band structures (extended zone scheme) are shown
in Figs. 13(c) and 13(d). Bands are plotted over a wider energy
range and aligned to the VBM of each system to compare
directly to the experimental data in Fig. 12.

These calculations demonstrate a number of trends for
increasing Bi concentrations. (i) Bi induces significant per-
turbations on the Ak and /h bands near the VBM. At the I
point, the Bi-orbital contribution increases from 5% to 15%
(hh band) or 8% (/h band), and a clear splitting is observed at
the higher concentration. This is somewhat consistent with the
observed behavior of a; in Fig. 12(b) at low photon energies.
(ii) Away from I', degeneracies occur at the zone boundaries
in the folded band scheme that manifest in the unfolded

(c)

x=27% a
c a d C EVBM
EVBM
v [eV] T hv [eV]
= 25
Y 25 26
26 27
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FIG. 11. Photon energy dependent normal emission UPS spectra for 0%, 0.8%, and 2.7% Bi concentrations (a)—(c), respectively. Samples
are in the sputter-annealed state. Features indicated by a—e are explained in the text. Vertical blue lines correspond to Evgy values derived in

Fig. 10.
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FIG. 12. Dispersion of bands derived from normal emission UPS
data in Fig. 11 for (a) pristine GaAs(001)-(2 x 4) and (b) GaAsBi
samples. Symbol sizes reflect the intensity of the band signal at
respective photon energies. Lines are drawn as a guide to the eye
in panel (a), and repeated for comparison in panel (b). All BEs are
plotted relative to the appropriate Eygy values in Table 1.

picture as broadened disordered bands exhibiting weakened
Bloch character. The unfolded %4 and [k bands shift to higher
BEs. As shown in Fig. 12(e) (discussed in more detail later),
we find a relative shift of the X4, X7 points of about 0.1-0.2 eV
at 3.12% Bi. (iii) The VBM itself shifts to higher energies
with respect to the average bulk potential. This has two effects.
First, as the so band has a relatively weak Bi contribution [in-
creasing from 1.7% to 3.7% at the I" point; see Fig. 12(b)], itis
barely perturbed. Thus, the split-off energy A3 = 0.34eV
concomitantly increases with Bi concentration to 0.43 eV (1
Bi) and 0.56 eV (2 Bi). Similarly, the band gap narrows by
0.07 eV for 1 Bi and 0.21 eV for 2 Bi, with the conduction
band remaining fixed in energy. Although we cannot comment
on the absolute size of the band gap, the trend is consistent
with the experimental photoluminescence gap reduction of
0.16 and 0.27 eV estimated at Bi concentrations of 1.56% and
3.12%, respectively [28], suggesting that the narrowing is a
bulk effect. (iv) New defect states (typically 14% localized on
Bi) appear below the valence band. For 1 Bi atom, they appear
at I just below the so band at a BE of about 0.6 eV. For higher
Bi concentrations, this defect level shifts above the so level,
and more Bi states appear at deeper levels. These observations
are mostly consistent with the unfolded slab bands in Fig. 9.

GaAs (4x4x4) folded band structures

—_~
&

0Bi 0.0% 1Bi 1.56% 2Bi 3.12%

3 o \ 15.9A 4.0A

e J (1101 .., (110

g8 0.01,, e z =
. {\J

E-E

Unfolded band structures
-4.0

05 06 07 0.8 09 1.0 1.
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FIG. 13. (a) Folded band structures of GaAs and GaAsBi com-
puted in a 4 x 4 x 4 bulk supercell, for 1 Bi atom (x = 1.56%)
and 2 Bi atoms (x = 3.12%) per cell. Bi atoms are aligned along
[110] in the latter. Energies are given relative to the valence band
maximum (VBM) of pristine GaAs. Black dots indicate contribution
from Bi orbitals. (b) Wave functions (|y|?) at the I' point for the
same three systems. Heavy hole (hh), split-off (so), and Bi defect
levels are shown as cuts on the (111) plane through the Bi atoms.
Corresponding points are indicated as open circles in (a). Blue,
red, and yellow balls indicate Bi, As, and Ga atoms, respectively.
(c) Unfolded bands for the 1 Bi and (d) 2 Bi cases, respectively.
Bands of pristine GaAs are overlaid in red. Energies are relative to
the VBM in each case. (d) Split-off band along '-X for increasing Bi
composition. Several Bi-Bi orientations and distances are indicated.

(v) Regarding the real space character of the electronic states,
Fig. 13(b) demonstrates the importance of Bi—As and Bi—Bi
orbital overlap on the hh and defect state character. For the 1
Bi case, the hh state retains much of the pure GaAs character
in addition to exhibiting intense lobes at the Bi atoms. The
last are dominant in the defect level. For higher Bi density,
the hh and defect states become almost indistinguishable in
character and show a distinct delocalization along the [110]
direction. This points to a hybridization of Bi—As states along
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FIG. 14. Density of states of the GaAs(001) slab: k-resolved DOS around the (2 x 4) surface BZ for (a) bulk and (b) surface atoms only;
(c) integrated DOS projected over surface, bulk, and whole slab. The upper limit of the projected bulk band structure is indicated by dashed

lines in (a) and (b).

with a strong directional-dependent coupling along the Bi-Bi
axis (particularly favoured for this configuration[29]).

The magnitude of the energetic shifts and splittings de-
pends strongly on the Bi-Bi direction and distance [27].
We investigated this for the 3.12% Bi concentration (2 Bi
atoms/cell) by considering various Bi-Bi separations and
orientations. Note that the 1 Bi case corresponds to a 15.9 A
Bi-Bi pair along [110]. We found that the largest perturbation
to the electronic band structure occurs for Bi—Bi pairs aligned
along the [110] zigzag chain direction. Figure 13(e) shows the
behavior of the I'-X split-off band at higher photon energies
for different Bi—Bi configurations. For the Xs point around
—7 eV, the largest shifts occur for Bi-Bi oriented along [110],
although Bi-Bi separations of 4.0 and 7.9 A vyield similar
results. For other configurations the effect is less enhanced.
The [100]- and [111]-oriented pairs yield the same shift,
independent of the Bi-Bi distance. (In these cases the hh and
[h bands remain degenerate at the VBM at I", and the band
gap reduction is about 0.1 eV, i.e., half that of the [110] case).
The magnitude of the X4 shift, 0.1-0.2 eV, is comparable to
that observed experimentally in Fig. 12(b). Our bulk supercell
calculations therefore succeed in reproducing the basic Bi-
induced deformations of the GaAs bands detected in UPS.

The microscopic origin of Bi-induced changes on the
band structure has been thoroughly discussed in the litera-
ture [27,29-32], and it is useful to put our theoretical findings
in the context of previous studies. As we are concerned only
with relatively low Bi concentrations (dilute limit), we do
not comment on models of band anticrossing or defect band
broadening [32] except to recall the observed upwards shift of
Bi defect levels at 3.12% Bi in Fig. 13(a). At higher Bi concen-
trations, the role of configurational disorder also becomes im-
portant [27]. The enhanced Ak and so state localization along
[110] evident in Fig. 13(b) is consistent with the findings of
Virkkala et al. [29], who reported an agglomeration of the
valence band edge charge density along the (110) directions.
Bannow et al. [27] suggested this charge density accumulation
depends on the hybridization of Bi and As states, which is

maximized by a favourable alignment of Bi p orbitals with
neighboring As orbitals. This picture is fully consistent with
our calculations. The combination of hybridization and charge
accumulation thus give rise to shifts in the VBM. As the so and
CB states are barely influenced by Bi at this concentration, an
increase in Ago and a narrowing of the gap E, follows.

Finally, we consider the surface contribution to the elec-
tronic properties. Figure 14 shows the k-resolved DOS and
integrated DOS of the B2(2 x 4) reconstructed slab, each
projected onto surface and bulk regions as defined in Sec. I B.
A number of “true” SSs, i.e., lying within the projected
bulk gap, are visible around the K,,4 point as previously
reported [23,33]. These bands give rise to a peak in the
total DOS at —0.5¢eV, as indicated by the upper blue arrow
in Fig. 14(c). A second peak arising from surface-localized
resonance states is observed at —0.8eV, and is associated
with a very flat band along I'-J 4 in particular and an intense
signal around T, as seen in Fig. 14(b). It likely corresponds to
the flat feature (at —0.8eV) unfolded to J in Fig. 5(h). We
tentatively associate these two peaks with the SS shoulder
identified in our measured UPS [Fig. 11(a)] and the S; and
S, surface states previously identified in ARPES data by
Larsen et al. [20]. Further peaks in the integrated surface DOS
are observed at —1.2, —1.6, and —2.1eV. They arise from
various resonances dispersing weakly along I'-J,, 4 (compare
to the unfolded bands in Fig. 9). The latter states are thus
well consistent with the a; and a, UPS features. We are not,
however, able to make a clear interpretation of band b, due to
the considerable overlap with bulk states within the relevant
energy range (2.5-3.5 eV).

VI. SUMMARY

We studied the structural and electronic properties of
molecular beam epitaxy grown GaAs;_,Bi, with (001) sur-
face orientation for varying Bi concentrations. Band structure
properties of the well-known $2(2 x 4) reconstruction of pure
GaAs(001) were measured by angle-resolved photoemission
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as well as photon-energy-dependent ultraviolet photoemission
spectroscopy.

By comparing the experimental data to density func-
tional theory calculations of bulk GaAs and the B2(2 x
4)-reconstructed GaAs surface, we have shown that angle-
resolved photoemission intensities at 21.2 eV photon energy
are governed by projections of bulk heavy and light hole
bands in an extended Brillouin zone scheme along the high-
symmetry directions X-W-X', X-U-I"", I'-K-X’, and '-L-T".
Analysis of the k, dependence is crucial. From the slab calcu-
lation we attribute an experimentally observed (and previously
unreported) dispersing band at binding energies of about 1 eV
with a surface state. k-PEEM and highly resolved ultraviolet
photoemission spectroscopy measurements at synchrotron fa-
cilities reveal that the integration of Bi into GaAs leads to a
broadening of the band structure and a shift in the dispersion
of GaAs bulk heavy hole and light hole bands. Bi atoms
are found to be integrated as a Bi-rich surface layer and
bulk Bi species which lead to a change of the surface order
towards a (2 x 3) symmetry. We achieved Bi bulk concentra-
tions of up to 1.3 at. % while preserving surface order and
high crystallinity. Bi-induced energy shifts and broadening
effects of the GaAs heavy and light hole bulk bands become
evident in photoemission measurements. These findings are
reproduced in DFT calculations where low concentrations of
Bi are substituted for bulk or subsurface As atoms. Bi-induced
electronic band structure effects underlines the potential of
GaAs;_,Bi, compounds for modulations in the optical band
gap and thus optoelectronic applications.
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APPENDIX A: XPS EVALUATION PROCEDURES

Table II reports the fitting parameters used in the program
KoLXPD [https://www.kolibrik.net/kolxpd]. Voigt peaks on a
linear background were used for fitting. A broad peak appears
at about 155.5 eV, which corresponds to a loss satellite from
As 3p CLs. It is displayed as part of background and not
discussed later. The estimation of the relative concentrations
between Bi 4f-1, Bi 4f-2, and Ga 3s in Fig. 4(b) is based
on respective Voigt peak areas, which are normalized to
calculated photoionization cross sections [34]. Respective
estimations of relative Ga and As concentrations derived from
Ga 3d and As 3d peak intensities in Figs. 3(a) and 3(b) is
about 1:1 within the error margins.

Chemical shifts of the Bi 4 -2 doublet with respect to the
Bi 4f-1 doublet were found stable at 4-0.8 eV for all spectra.
Lorentzian widths of Bi 4f CLs were stable around 0.5 eV,
respective Gaussian widths vary from about 0.45 to 0.70 eV
for sputtered and sputter-annealed surfaces.

TABLE III. Top: Band structure parameters of bulk GaAs as a function of exchange-correlation functional. LDA calculations use ultrasoft
pseudopotentials [12]; PBE, and PBEsol use norm-conserving types [40]. Spin orbit coupling is included throughout. Energies are reported
in eV relative to the valence band maximum. Bottom: Lattice constants of GaAs and GaBi. GW and experimental data are compiled from
Ref. [37]; the GaBi lattice constant is an extrapolation of GaAs,_,Bi, alloy data [41].

LDA PBE PBEsol GW Expt.
E, e 0.36 0.06 0.42 1.31 1.52,1.63
Evem Is 0.00 0.00 0.00 0.00 0.00
Ago Iy -0.35 —0.33 —-0.34 -0.35 —-0.34
VBW I's —12.73 —12.51 —12.84 —12.53 —13.8,—13.1
Lys —1.20 —1.08 —-1.15 —1.14 —-14,—-13
L —1.41 —1.28 —-1.36 —-1.36
L —6.96 —6.50 —6.77 —6.68 —-7.1,-6.7
L —11.24 —10.89 —11.08 —10.96 —12.0,—11.24
X7 —2.85 —2.58 =2.75 —2.76 —2.8,-2.5
X —2.95 —2.67 —2.83 —2.84
X5 -7.12 —6.71 —6.93 —6.79 —-7.1,-6.7
X —10.48 —10.21 —10.34 —10.29 —10.7
GaAs ap 5.61 5.75 5.66 - 5.65
GaBi ap 6.29 6.49 6.37 — 6.234
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APPENDIX B: ROLE OF EXCHANGE-CORRELATION
FUNCTIONAL

Table III reports selected band structure parameters of
bulk GaAs obtained using various DFT exchange-correlation
functionals: LDA, Perdew-Burke-Ernzerhof (PBE) [35] gen-
eralized gradient approximation (GGA), and PBE modified
for solids (PBEsol) [36]. These data are compared to state-
of-the-art quasiparticle GW calculations from Ref. [37], and
experimental data.

For occupied states lying within 4 eV of the valence band
maximum (VBM), the different methods yield values that are
fairly consistent and agree well with the GW results. Although
PBEsol reproduces the GW data best, our LDA calculations
differ at most by 0.1 eV, justifying our choice of LDA for
computing the valence bands of GaAs. PBE consistently
yields the poorest results. Computed values in this range
are generally in good agreement with published experimental
data and our measured k-PEEM data in Fig. 5. Notably, the

split-off energy Ago is well reproduced. At energies fur-
ther from the VBM, discrepancies are larger, with LDA and
PBEsol differing from GW data by up to 0.3 eV. Large
deviations are found with respect to the experimental valence
band width (VBW).

Table III also reports the computed lattice constants ag
for GaAs and (zinc-blende) GaBi. In both cases, PBE sig-
nificantly overestimates ay, while LDA and PBEsol give
reasonable values. Exclusion of SOC in the GaBi case leads
to errors of 0.04 A.

For completeness, we also report in Table III the calcu-
lated band gaps of bulk GaAs. As expected, the standard
DFT functionals greatly underestimate the measured value
of 1.52 eV. Within ab initio schemes, improved values can
be obtained using the GW approach (E, = 1.31eV [37]),
hybrid functionals (E, = 1.29 eV [38]), or meta-GGAs (E, =
1.64 eV [39]). The last of these has been used for studying
band gap modifications in GaAsBi [27].
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