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The technology for manufacturing GaN-based devices is already very mature, but band engineering
in this technology is still limited to mixing group-III elements, while the incorporation of group-V ele-
ments into GaN can create possibilities in band-gap engineering. In this work, we report comprehensive
experimental studies of the electronic band structure for As-diluted and overdiluted GaNAs supported
by computational methods based on the state-of-the-art density-functional-theory (DFT) approach. These
studies clearly demonstrated that the incorporation of arsenic into GaN modifies the valence band, while
the conduction band remains undisturbed up to 8% arsenic content. For the first time, As-related changes
in the valence band are studied with high resolution in electron photoemission spectroscopy. As-related
narrowing of the energy gap is also detected in the absorption spectra. These experimental observations
are very consistent with the calculations of the electronic band structure for GaNAs, and therefore the
same DFT approach was used to calculate the electronic band structure for GaN diluted and overdiluted
with the remaining group-V elements, i.e., GaNP, GaNSb, and GaNBi. In this case, it is also clearly visible
that adding P, Sb, or Bi to GaN modifies the valence band, while the conduction band remains undisturbed
when the V-group concentration does not exceed 5%.

DOI: 10.1103/PhysRevApplied.23.024005

I. INTRODUCTION

Intensive research on group-III nitrides conducted over
the last three decades has led to a breakthrough in light-
ing technology [1-3] and significant progress in the field
of high-power transistors [4]. While this means that III-
N technology is very mature, the band-gap engineering
is still achieved only through mixing group-III elements,
while, in general, in III-V semiconductors both groups,
i.e., group III and V, can be mixed [5]. For zinc-blende
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II-V semiconductors such mixing is typical and various
ternary (GalnAs, GaAsP, GalnSb, InAsSb), and quater-
nary (GalnPAs and GalnAsSb) alloys are widely used in
light-emitting diodes, laser diodes, solar cells, and other
semiconductor devices [6—8]. However, alloying group-111
nitrides, which crystallize in the wurtzite (WZ) structure,
with zinc-blende (ZB) III-V semiconductors is a signif-
icant technological challenge. This is related to a large
lattice mismatch between these compounds as well as a
large difference in the optimal growth temperature for these
compounds [9]. Therefore, it is very difficult to obtain
alloys of GaN with GaAs or GaSb over the full range of
compositions in a crystalline phase [10—12]. It is, however,
relatively easy to obtain ZB III-V alloys diluted with nitro-
gen [13,14]. Group-III nitrides diluted with a group-V ele-
ments (P, As, Sb, or Bi) are more difficult to synthesize, but
significant progress in this field was achieved by molecu-
lar beam epitaxy (MBE) [10—12,15—19] or metal-organic
vapor-phase epitaxy (MOVPE) [20-30]. Quite recently, it
has been shown that the MOVPE method can be used to
obtain crystalline GaNAs material with an arsenic content

© 2025 American Physical Society
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ofup to 7%, [31], which is well above the diluted regime (it
is usually assumed that the diluted regime is up to 1-2%).
For further development of III nitrides’ technology, it is
interesting and natural to explore the effect of the remain-
ing group-V elements in the diluted regime and above it,
even if it is still difficult from a technological point of view.

So far, interest in this type of semiconductor alloy has
resulted from their unusual electronic properties, which are
not present in regular I1I-V semiconductor alloys (GalnAs,
GaPAs, or InAsSb). Therefore, this family of systems is
recognized as separate and is called highly mismatched
alloys (HMAs), which emphasizes their mismatch in the
size (valence radii) of mixed group-V elements, as well as
the difference in their electronegativity (i.e., nitrogen has a
much smaller ionic radius and much greater electronega-
tivity than the other group-V atoms). The electronic band
structure for this type of alloy in the diluted regime can
be described within the band anticrossing (BAC) model,
[32,33] which was originally introduced for nitrogen-
diluted Ga(In)NAs [32] and then extended to other
nitrogen-diluted III-V semiconductors [34—37] as well as
to HI-N semiconductors diluted with group-V elements
[9,38]. The BAC model is very convenient in predicting
the dispersion of electronic bands, however its applicabil-
ity is limited to the diluted regime and for higher concen-
tration its predictions are not correct. The electronic band
structure of HMAs has also been calculated from first prin-
ciples, [39—44] but so far there are no papers on systematic
calculations of the electronic structure for GaN with group
V in the diluted regime and above.

Experimental studies of the electronic band structure
for GaN diluted with group-V atoms are limited to deter-
mining the energy gap using absorption spectroscopy,
[10,11,45] while it would be more informative to study
changes in the valence band using photoelectron spec-
troscopy (PES) because this is where the main changes
in the band structure are expected according to the BAC
model [9,38]. In this case, ultraviolet excitation [i.e., ultra-
violet photoelectron spectroscopy (UPS)], will be particu-
larly interesting because it allows the examination of the
density of valence-band states with greater accuracy than
standard PES with x-ray excitation [i.e., x-ray photoelec-
tron spectroscopy (XPS)]. However, so far this method has
not been used to study GaN diluted with group-V elements.
This means that changes in the valence band caused by
these elements have not yet been properly investigated and
experimentally confirmed.

This paper presents a comprehensive and system-
atic study of the electronic band structure for GaNAs
with arsenic content up to 8%, both using experi-
mental methods, i.e., UPS and absorption spectroscopy,
and computational methods based on the state-of-the-art
density-functional-theory (DFT) approach. Comparison of
the DFT results with the experimental results allows us
to discuss the applicability regime of the BAC model,

its assumptions, and also allows us to perform a reliable
analysis of the electronic band structure for GaN diluted
and overdiluted with the remaining group-V elements. The
obtained results clearly show that these materials, i.e., GaN
diluted and overdiluted with group-V elements, constitute
a characteristic group of alloys, which in terms of elec-
tronic band structure differs substantially from common
III-N alloys, i.e., AlGaN, AlInN, and GalnN.

II. RESULTS AND DISCUSSION

A. BAC model

According to the BAC model, the introduction of a small
amount of arsenic (or another V-group element) into the
GaN host can be described by introducing a resonant level
associated with this element near the valence band (VB)
of the host material, as shown in Fig. 1(a). The position
of the resonant level can be determined experimentally for
the ultradilute alloy because photoluminescence (PL) can
be observed between the conduction band and the resonant
level [9]. Figure 1(a) shows the positions of the P, As, Sb,
and Bi resonant levels in GaN measured by PL [9] and
derived in this work from DFT calculations (see the fol-
lowing sections for details). It is clear that with the increas-
ing mass of atoms, resonant levels shift to higher energies.

The electronic band structure modeled within the BAC
model for GaNAs diluted with As is sketched in Fig. 1(b).
The interaction between As-related and VB states is mod-
eled using the perturbation theory described by the follow-
ing Hamiltonian:

Foe — Evg(k)  Casvv/X (1)
BACT \ Casvev/x Eas ’

where Eag is the energy of the As-related states relative
to the VB also referred to as a resonant level, Eyvg(k) is
the energy dispersion of the VB of the GaN host, Cagyp
is a constant that describes the interaction between the As-
related and VB states, and x is the fraction of substitutional
As atoms in GaN(_y)As, alloy. According to previous
work, [38] the As energy level is located 0.62 eV above the
VB in GaN and the coupling parameter Casyvp = 0.75eV is
adopted for N-rich GaNAs. Due to the interaction between
dispersionless As-related states with VB states, £ and £_
subbands are formed in the VB. Their dispersions are given
by

1
Es= [EAS + Evp + \/ (Eas — Evp)? + 4C§\SVBX} )

and their wave functions are given by
Wy = ca |As) F oz [VB), (3)

where c; and c_ are constants, which describe mixing
between VB and As states. In this case, the character of £
band is dispersion-less As-like (similar to impurity states)
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(a) Resonant levels of group-V elements in GaN calculated in this work and taken from PL experiments [9]. (b) Band

structure diagram of GaNAs described by the BAC model. The black dashed lines represent the band structure of the pure GaN host,
while the blue dotted line denotes the Eag resonant level. The green lines indicate the band structure according to the BAC model,

using parameters given in the frame [38].

while E_ is VB-like, i.e., similar to the VB in GaN host.
According to the BAC model, the effect of As on the con-
duction band in arsenic-diluted GaNAs is neglected, as
seen in Fig. 1(b).

Note that the BAC Hamiltonian is simplified, as the full
Hamiltonian for the band-anticrossing interaction in the
VB should be composed of three subbands typical of WZ
GaN and three As-related states associated with the py, p,,
and p. symmetry. However, for our purposes, the use of
the simplified BAC Hamiltonian is sufficient, especially
since the parameters for the full-valence BAC model are
not well established. In the following sections, predictions
of the BAC model will be compared to DFT calculations
and experimental results.

B. DFT calculations

As mentioned in the Introduction, the BAC model is
expected to work only in the diluted regime. Therefore, to
obtain a more realistic picture of the electronic band struc-
ture for GaNAs diluted and overdiluted with arsenic, we
used the state-of-the-art DFT methods. Figure 2 presents
the effective band structure for gallium nitride with arsenic
for concentrations ranging from 0% to 8%. For low arsenic
concentrations, the band structure of GaNAs is very sim-
ilar to that of the host material GaN, with the difference
that additional bands appear above the valence band. The
dispersion of these bands is negligible and they are very
similar to the £, band in the BAC model, which is also
nondispersive. On the other hand, the £_ band in the BAC

0% 0.33% 2.67% 5.33% 8%
-~ = - = = = = _=vem
0 — — ~— ~ @
— — e ==
E -2 \\._ S_—-':
= =~ —
S 4
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FIG. 2.

Band structures of GaN diluted and overdiluted with As for different concentrations. £, E_, and VBM are marked with red

triangles, stars, and circles, respectively, and their energy is shown in Fig. 5. The conduction-band minimum in all band structures is

set to zero energy.
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UPS (a) and absorption (b) measurements of GaN with different As concentrations. Derived energy values of £_, £, and

VBM are marked with arrows and are shown on Fig. 5 as a function of As concentration.

model has a dispersion similar to the valence-band dis-
persion in GaN, and such a band can also be observed in
the DFT calculations of the GaNAs band structure. These
bands are symbolically marked in Fig. 2 by red triangles
and stars. As the arsenic content increases, the intensity
of bands (which correspond to their density of states) of
E states increases and it shifts slightly to higher energies.
At high concentrations, an emergence of the parabolic dis-
persion can be observed at the location of the £, band for
small wave vectors near the I point. At the same time, new
states appear above £, with much lower density of states
and significant spread in energy. The highest occupied state
in the structure is marked in Fig. 2 by a red circle. In the
next section, we confront these band structures with results
of PES and absorption measurements.

The analysis of the first conductive band indicates that
the effect of arsenic on this band is negligible, its dispersion
remains the same as in pure GaN. Therefore, it is justi-
fied that As-related changes in the conduction band can be
neglected in the BAC model. However, in the case of the
next conduction band, it is clearly visible that as the arsenic
content increases, this band broadens energetically and the
distance between this band and the first conduction band
decreases, see Fig. 2. This effect is due to the mixing of
unoccupied s states of arsenic with the conduction bands
of the host material.

C. Experiment

Figure 3 shows the UPS spectra scaled with an electron
energy cutoff at —21.2 eV, which corresponds to the He
I line. Thus, the energy at which the UPS signal appears
corresponds to the position of the valence-band maximum
(VBM) in GaNAs relative to the vacuum level. Addition-
ally, a cutoff edge can be determined in the UPS spectra,
which can be assigned to the E_ states in GaNAs, see

Fig. 3. The position of this edge does not change much
with increasing arsenic concentration in GaNAs, which is
consistent with DFT calculations and the BAC model (see
Fig. 5 for comparison). It is worthwhile to emphasize that
so far the £_ edge has not been resolved in the PES spectra
of GaNAs alloys. This may be related to the poorer spec-
tral resolution in XPS, which has been used to study these
alloys so far [31]. The spectral position of the states associ-
ated with the VBM is consistent with previous XPS studies
for these crystals [31] (see Fig. 5).

Another experiment enabling the examination of the
electronic band structure of GaN diluted and overdiluted
with As was the measurement of absorption, which allows
the determination of the optical energy gap and which has
been used so far for this type of alloy [10,11,45]. Figure 3
shows the square of absorption o for a set of GaNAs lay-
ers with different As concentrations in the spectral range
of the absorption edges in this alloy. The strong absorp-
tion at 3.4 ¢V is related to the absorption edge in the GaN
template, which is the substrate for the growth of GaNAs
layers. Absorption in GaNAs layers appears below absorp-
tion in GaN. As the arsenic content in the GaNAs layers
increases, this absorption increases and shifts slightly to
lower energies. It is worth emphasizing here that for low
As compositions, absorption occurs already at an energy
of 2.8 eV. As the arsenic content increases, the absorption
edge does not shift very significantly, which is consistent
with previous studies [10,11,45] and the predictions of the
BAC model in which the £, band is responsible for the
absorption edge in GaNAs. This band appears immediately
after the incorporation of a small amount of arsenic [45]
and hence there is no continuous change in the energy gap
from the GaN band gap to 2.8 eV.

The direct nature of the measured energy gap enables its
determination on the basis of the relationship of absorption
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coefficient and photon energy o (E):

E—E,
E,

a(E) =g 4)

where £ and E, are the photon and band-gap energies,
respectively. However, a clear determination of the absorp-
tion edge for GaNAs alloys is not so obvious because at
low energy additional absorption with nonlinear character
of @? and smaller intensity appears, see Fig. 3. Taking into
account the valence-band structure resulting from DFT
calculations (see Fig. 2), such absorption behavior is to
be expected. Therefore, the linear part of the absorption
spectrum is identified as the £ state, which in DFT calcu-
lations is assigned to most intensive states with emerging
parabolic dispersion (red triangles in Fig. 2), whereas the
tail after the linear part is due to states above £, which
have much smaller intensities.

Figure 4 shows the evolution of the ¢ constant from
Eq. (4) of both transitions mentioned in the previous para-
graph with increasing concentration of arsenic. In the
diluted regime, there is a significant increase of the absorp-
tion intensity, which then stabilizes and stays constant in
the over-diluted regime. The values of « are one order of
magnitude smaller than in pure GaN in the whole range of
concentrations. It is expected on the ground of previously
shown DFT calculations, because the measured absorption
is connected to states appearing above the host material
valence band and these states have a density of states sig-
nificantly smaller than the pure GaN valence band, which
leads to smaller absorption.

T T T T T T T T T
. ay in GaN
T
% E+—>CBM
e VBM->CBM
< Reference
=z
& 10°F .
§ diluted regime
I=
Q2
2 o O 000 oo
@
8 ‘ overdiluted regime
o
¢ B <°
m O O o0 OQ |
1 1 1 1 1 1 1 1
0 1 2 3 4 5 6 7 8
As concentration (%)
FIG. 4. «y constants for measured £y — CBM and VBM —

CBM transitions as a function of arsenic concentration. Refer-
ence [45] in the diluted regime is also given. Inset: band structure
of GaN diluted with As (2.67%), both measured transitions are
marked with arrows.

In order to quantitatively compare the results of the mea-
surements with DFT calculations and the predictions of
the BAC model, the characteristic energies as a function
of As concentration derived from all methods are plot-
ted in Fig. 5. Following the BAC model, the energy of
CBM is set to the same energy for all concentrations in
both theoretical models. Then the overall picture is the
following:

(1) Based on DFT band structures, three characteristic
energies can be identified £_, E, and VBM (see Fig. 2).

(2) BAC model predict E_ and E energies with good
agreement with DFT.

(3) XPS method resolves only the VBM, whereas UPS
due to better resolution identifies also the £_ edge.

(4) Absorption measurements resolve the band gap
associated with the £, — CBM transition, due to much
higher DOS of £, compared to VBM, weak tail originating
from states above £ can also be observed.

The above results are shown in Fig. 5 and a good quanti-
tative agreement between the different methods is clearly
visible. As the concentration of As goes to zero, the VBM
and £, converge to the same energy. It is a diluted regime
in which the BAC model correctly predicts the position of
the VBM. On the other hand, with increasing concentra-
tion, the distance of VBM from E.. increases significantly
and the BAC model does not predict VBM correctly. In this
overdiluted regime, the assumptions of the BAC model of
isolated, noninteracting arsenic atoms are no longer correct
and it has to be modified to include effects of interacting

36 GaN ! GaNAs
321 CB | @ A % DFT
28 : L g Expt. °
24 BAC
= VBM
i 2'0__ ! v. ¢ ‘
5 16 ! %% o
9] [ o
TR * 0 A A
08| Epg ! A
0.4 7Y
0.0 e @ T D
VB ! * * *
—0.4 I 1 1 I I
0 2 4 6 8 10
As concentration (%)
FIG. 5. Energy values of £_, E,, and VBM states derived

from different methods: red markers are levels from DFT (see
Fig. 2), blue markers are from XPS, [31] cyan markers are
from UPS and green markers are from absorption (see Fig. 3).
Solid green and cyan lines are predictions of the BAC model.
Conduction-band minimum is set to the same energy for all As
concentrations.
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arsenic pairs and triplets. Remarkably, the predictions of
this model are still in good agreement with absorption
spectra even in the overdiluted regime, which indicates
that even though the BAC model does not predict VBM
correctly, it is still successful in predicting the region with
the highest density of states, which dominates absorption
spectra.

It is worth noting that the fundamental band gap deter-
mined from DFT for high concentrations is below 1.4 ¢V,
which is the band-gap value for GaAs. Two points should
be considered here. First, the band gap in HMA is typi-
cally measured by absorption, which yields an optical band
gap higher than the fundamental band gap deduced from
DFT, as discussed in the previous section. Second, the
GaN( _yAs, band-gap dependence is expected to show
strong nonlinearity, with a minimum occurring at some
value of x. This is based on the behavior of its end com-
ponents. In particular, it is known that in GaAs diluted
with nitrogen, the band gap decreases with increasing
nitrogen concentration, reaching values below 1eV at x
approaching approximately 0.96 [46].

D. Incorporation of other group-III and V elements
into the GaN structure

The good agreement of DFT modeling with the exper-
imental data encourages the exploration of GaN diluted
and overdiluted with other group-III and V atoms. Starting
with group V, Fig. 6 presents the effective band structures
for gallium nitride diluted with phosphorus, arsenic, anti-
mony, and bismuth for various concentration values. For
low concentrations, a nondispersive state appears above
the valence band, which for higher concentrations trans-
forms into a whole family of states occupying a wide
energy range. This can be interpreted as the emergence
of the new band, especially considering the weak dis-
persion that can be observed at higher concentration.
Generally, the energy distance of these states above the
valence band and their energy broadening increase with
concentration, and this effect is greater for heavier atoms.
Consequently, the band gap is also significantly smaller
for compounds with heavier atoms. On the other hand,
dispersion of the first conduction band of host material
remains unchanged, although for high concentrations some

GaN:P GaN:As GaN:Sb GaN:Bi
5 — - — o
< 242 eV 2.10eV
S
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o o
c
|
= — =1 Y = =
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FIG. 6.

Band structures of GaN diluted with P, As, Sb, and Bi. In the first row, the band structure of pure GaN is superimposed for

comparison (blue lines). Fundamental band gaps are marked with red arrows and on the last graph with the metallic system, the Fermi

level is marked.
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of the valence states start to overlap with CBM for GaNSb
and GaNBi. At the same time, strong changes can be
observed for the second conduction band, which broad-
ens energetically and shifts closer to the first conduction
band as the concentration increases. The resonant levels of
group-V elements relative to the VBM of the host mate-
rial derived from low concentration (0.33%) DFT band
structures are equal to 0.14, 0.38, 0.95, and 1.26 ¢V for P,
As, Sb, and Bi, respectively. These values are presented
in Fig. 1 together with the values reported in previous
studies [9]. Although there are some quantitative differ-
ences, the estimation of the resonant level from DFT and
the experiment is not straightforward, as it depends on the
concentration.

Figure 7 shows the density of states for the same struc-
tures, with the contribution from gallium, nitrogen, and
the introduced group-V atom marked. DOS for every atom

-4 -2 0 2 -4 -2 0 2
Energy (eV) Energy (eV)

Density of states of GaN diluted with P, As, Sb, and Bi. Occupied states are marked by gray background.

type is normalized by the number of atoms of that type
in the supercell. These DOS structures confirm the above
observations on the band structures, simultaneously indi-
cating that the main contribution in the region of the
band gap from the introduced group-V atoms lies pre-
cisely in these new states appearing above the GaN valence
band. The energy broadening of these states with increas-
ing concentration can also be clearly observed in Fig. 7.
As mentioned earlier, the BAC model correctly predicts
the position of the maximum in DOS originating from
the introduced group-V element (at least in the case of
GaNAs), but this maximum is the highest occupied state
only in the diluted regime. Above this regime, they are
states with significantly smaller DOS, located energetically
above DOS maximum.

The situation is entirely different for the substitution of
group-III atoms for gallium, as shown in Fig. 8. In this

Al % In %
Gag ge4Alo.106N G_ao.947A|o.ossN < GaN » Gay g471Ng 055N Gag ggalNg 106N
E 3.402 eV
>
o
@
[
L
o = = o
M r AM r AM r AM r AM r A

FIG. 8.

Band structures of GaN diluted with Al and In. Band-gap values are marked with red arrows.
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case, no new bands or significant broadening of the host
GaN band structure can be observed. In contrast, for the
studied compositions’ range, very well-defined bulklike
band structures can be observed and the main difference
between different compositions is the continuous change
in the band-gap value.

Understanding the differences between diluting gallium
nitride with atoms of group III and group V can be found
by looking at Fig. 9. It is immediately noticeable how
the introduction of bismuth into the structure [Fig. 9(b)]
introduces disorder in the system, significantly changing
bond lengths and angles. This is completely opposite in the
case of aluminium [Fig. 9(a)], which integrates into gal-
lium positions without significant changes in the geometric
structure. It is therefore not surprising that the introduc-
tion of bismuth leads to the appearance of nondispersive
states, similar to defect states, because it introduces sig-
nificant local lattice distortion, which in turn leads to an
electronic configuration that does not occur in the pure
GaN host material. Similar arguments can be applied to
other atoms considered in this study.

This effect is intuitively simple to explain: aluminium,
gallium, and indium atoms have similar radii and elec-
tronegativities, whereas nitrogen is much smaller and has
a much higher electronegativity than the other group-V
atoms [Fig. 9(c)]. In this sense, group-V atoms do not fit
into the structure of GaN and introduce significant lattice
distortion in their vicinity. Both these factors, i.e., elec-
tronegativity and radii differences contribute to the origin
of states in the band gap, therefore it is interesting to study
which one is more significant. We performed a simple test,
where we calculated the band structure of GaNAs with-
out optimization of atomic positions in supercell, so that
all atoms were in their ideal positions. In that way, we

excluded the effect of relaxation on the electronic struc-
ture. We observed that the calculated structures did not
possess any states in the band gap, they resembled the
GaN host band structure. Therefore, we claim that the main
source of states in the band gap is a large difference in
the atomic sizes of the group-V elements and the result-
ing lattice relaxations. Similar conclusions were drawn in
previous work on the example of GaN diluted with P [47].

II1. SUMMARY

In summary, systematic DFT studies of the electron
band structure of GaN diluted and overdiluted with group-
V elements have been carried out. The predictions were
confronted with experimental results for the case of GaN
diluted with As, namely UPS and absorption spectra. The-
ory and experiment clearly demonstrated that the incor-
poration of a diluted and overdiluted amount of group-V
elements into GaN very significantly changes the elec-
tronic band structure in a valence-band region, leading to
emergence of new states in the band gap. On the other
hand, the first conduction band remains undisturbed when
the group-V concentration does not exceed 5%. Such dra-
matic changes in the valence-band region are not observed
when mixing with group-III elements, i.e., adding Al or
In to GaN. Therefore, GaN diluted with group-V elements
can be assigned to a separate class of alloys, namely highly
mismatched alloys, with features not available in regu-
lar III-N alloys. The combination of regular III-N alloys
with HMA opens up additional possibilities in band-gap
engineering in GaN-based semiconductor devices, because
of significant change in the band-gap values with small
concentrations of added atoms and emergence of midgap
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states. These features mark GaN HMA as promising can-
didates for light emitters and photodetectors in a broad
spectrum range or high-efficiency hybrid solar cells.

IV. METHODS

GaNAs layers were grown in a vertical showerhead
MOVPE reactor (CCS3x2FT AIXTRON) on sapphire
substrates. A standard 2-pm-thick undoped GaN buffer
layer was grown at 1045 °C before the GaNAs layer was
deposited. Ammonia (NH3), trimethylgallium (TMGa),
and trimethylarsine (TMAs) were used as precursors and
hydrogen as the carrier gas. Details on the growth param-
eters of GaNAs layers and their structural characterization
are described in Ref. [31]

The ultraviolet photoelectron spectroscopy (UPS) and
x-ray photoelectron spectroscopy (XPS) were performed
with use of a hemispherical electron energy analyzer
(Argus CU). Radiation sources for XPS and UPS were
monochromatic Al Ko (1486.6eV) and He I (21.22¢V),
respectively. The step size of 0.05eV and a pass energy
of 20 eV were used for XPS analysis, and the step size of
0.01 eV and a pass energy of 1 eV were used for UPS. The
experiment was performed at room temperature and a take-
off angle of 60° with respect to the surface. Binding-energy
values are calibrated to the Fermi level of the electron
analyzer, the position of which was determined using a
cleaned reference Ag sample.

To determine the absorption spectra of GaNAs layers,
light transmission and reflectance measurements were per-
formed. For this purpose, the samples were polished from
the sapphire-substrate side. Transmission and reflectance
measurements were performed using the lock-in tech-
nique with a halogen lamp, a 0.5-m monochromator (Zolix
Omni-A series), and a silicon diode.

All DFT calculations were performed using the VASP
package and the PAW method [48—51]. For geometry opti-
mization, the LDA functional was used [52,53], which
accurately reproduces the experimental values of the lattice
constants of GaN (a and ¢ equal to 3.187 and 5.184 A com-
pared to experimental values of 3.189 and 5.185 A) [46].
For band-structure calculations, the MBJ functional was
used [54], which gives an energy gap for GaN (3.402eV)
consistent with the experiment (3.44eV) [46]. A cutoff
energy of 600¢V and a Brillouin-zone sampling grid of
2 x 2 x 2 were used for the calculations of the mixed com-
pound supercells. In the optimized geometric structures, all
forces in the system were below 0.05 eV/A.

For the simulation of the mixed compound, a supercell
approach was used [47]. A supercell consisting of a 5 x
5 x 3 multiplication of the primitive unit cell of GaN was
used, containing 300 atoms in total. Subsequently, either
random nitrogen atoms were substituted by phosphorus,
arsenic, antimony, or bismuth atoms or random gallium
atoms were substituted by aluminium and indium atoms.

The substitution was carried out according to the special
quasirandom structure (SQS) procedure [55] as imple-
mented in the ATAT code [56]. The SQS approach allows
for the generation of a supercell that best approximates an
ideally disordered system [55]. To generate the supercell,
correlations for two-atom clusters smaller than 6.4 A and
three-atom clusters smaller than 5.2 A were checked. The
structure was searched with the MCSQS code until no bet-
ter structure was found for several hours. Then the atomic
positions and lattice constants in the obtained supercells
were optimized using the VASP package. An example of
supercells with aluminium and bismuth atoms are shown
in Fig. 9. In order to get the effective band structure of ran-
dom alloy, the unfolding procedure [47] was carried out by
means of VaspBandUnfolding code [57].
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