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Forming a semiconductor alloy is a common practice to extend material properties for specific applications.
While empirical continuous rules have been proposed and extensively validated to predict property changes
in conventional alloys, there are certain isovalent alloys that exhibit discontinuous variations in electronic
structures, defying the application of established rules. However, the underlying cause of this phenomenon has
not been clearly stated. Through rigorous first-principles calculations on a prototypical «-(Rh,Ga;_,),03 alloy,
we find a steplike, discontinuous variation in the band gap. A thorough examination reveals that this is correlated
with the unconventional evolution of wavefunction characters at the band edges and the associated wavefunction
localization on the alloying atomic site, so the band gap deviates strongly from the alloy-averaged properties.
These results offer insights into the unique optoelectronic properties of semiconductor alloys with dissimilar
band-edge wavefunction characters and emphasize the need to account for the specific band-edge wavefunction
character differences in the two endpoint materials for more dependable predictions of property trends in alloys.
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I. INTRODUCTION

Forming semiconductor alloys is a potent approach for
inducing required variations in electronic properties, encom-
passing band gap, effective mass, and pressure deformation
potentials, among others [1-7]. Semiconductor alloys typi-
cally involve combining two or more isovalent and isostruc-
tural materials, and it is expected that a simple and continuous
variation of material properties is associated with the alloys.
This has been often confirmed experimentally. For instance,
(i) the unit-cell volume and lattice parameter of an alloy ex-
hibit a nearly linear dependence on composition, adhering to
Vegard’s rule [8], and (ii) the band gap often demonstrates a
quadratic relationship with the concentration [9].

Such schemes, despite their phenomenological nature,
have proven to be a convenient and reliable tool for making
practical predictions regarding the structure and electronic
properties of a broad range of conventional alloys, such as (Al,
Ga)(As, Sb), (Zn, Cd)(Se, Te), and Cu(In, Ga)Se, alloys. Nev-
ertheless, they face challenges in understanding the electronic
structure evolution in certain alloys, such as (Al, Cr),03
[10], (Cr, Fe),05 [11], (Ni, Mg)O [12], (Pb, Cd)Te [13,14],
and (Co, Cu, Mg, Ni, Zn)O [15]. In these cases, experimen-
tal evidence reveals notable discontinuities in the electronic
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structures. These findings prompt fundamental questions: why
do the electronic structures of most conventional alloys ex-
hibit continuous variation with alloy composition while others
do not? What is the underlying physical origin responsible for
this phenomenon? It is important to understand the origin of
these unusual variations in order to carry out material property
engineering through alloying.

To address these questions, we focus on a prototype sys-
tem, namely, corundum alloys «-(Ga, M),03, which have
recently garnered great attention due to their appealing phys-
ical properties and promising potential for applications in
optics, electronics, and energy [16-23]. As is known, both
a-(Ga, Al),0O3 [16] and a-(Ga, In),03 [24,25] show con-
ventional band-gap bowing behaviors. In this work, we take
a-(Rh,Ga;_;),03 as a model alloy and conduct a system-
atic study of its structure and electronic properties using
hybrid first-principles calculations. We find that the depen-
dence of band gap on composition follows a discontinuous
trend rather than the commonly observed quadratic function.
Specifically, the band gap initially experiences an abrupt drop
upon introducing a certain amount of Rh into Ga,0Os3, fol-
lowed by a linear decrease with increasing Rh composition,
corresponding to the evolution of wavefunction characters at
the band edges. In essence, the unconventional discontinuity
in the evolution of electronic properties can be attributed
to the dissimilarity of the wavefunction characteristics of
the band-edge states in the parent compounds. In a more
general context, our research showcases a fundamental dif-
ference between conventional alloys with similar band-edge
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FIG. 1. (a) Primitive and hexagonal unit cells of corundum «-
Ga,0;5 (or a-Rh,03). Green- and red-colored spheres represent Ga
(or Rh) and O atoms, respectively. (b) Volume per formula unit, (c)
mixing enthalpy per cation, and (d) band-gap energy of corundum
(Rh,Ga,_,),0; alloys as a function of Rh content x. In (d), the gray
dashed indicates a discontinuous band-gap change. For comparison,
the fictitious linear tendency between the two endpoint binary con-
stituents is also plotted by the gray dotted line.

wavefunction characters of the parent compounds (referred
to as SBW-alloys) and alloys featuring dissimilar band-edge
wavefunction characters (referred to as DBW-alloys). We ex-
plain why DBW-alloys tend to exhibit a discontinuous trend
in their band gap as opposed to the common quadratic rela-
tionship observed in SBW-alloys.

II. COMPUTATIONAL METHOD

Our first-principles calculations are conducted using
the projector augmented-wave method [26] and density-
functional theory as implemented in the Vienna Ab initio
Simulation Package (VASP) [27]. We set the cutoff en-
ergy to 520 eV for the plane-wave basis set. Structure

optimization is performed utilizing the revised Perdew-
Burke-Ernzerhof functional for solids within the generalized
gradient approximation [28], and the convergence criterion of
Hellmann-Feynman force on each atom is set to be 0.02 eV/A.
We sample the Brillouin zone of the 10-atom primitive cell
of @-Ga,03 and «-Rh,O3 using a ['-centered 6 x 6 x 6
Monkhorst-Pack k& mesh. The primitive and hexagonal unit
cells of corundum «-Ga, 03 or ¢-Rh, 03, with the space group
of R3 ¢ (No. 167), are depicted in Fig. 1(a). As shown in
Table I, the calculated lattice constants of both compounds
exhibit good agreement with the experimental values. We
calculated the electronic structures using the Heyd-Scuseria-
Ernzerhof (HSE) hybrid functional [29], with a Hartree-Fock
exchange parameter « of 34%. This choice produces band
gaps of 5.0 and 3.4 eV for ¢-Ga,03; and «-Rh,03, respec-
tively, in line with the experimental data (see Table I). The
coincidence of the optimal mixing parameter « for both end
compounds provides a rationale for favoring «-Rh, O3 over al-
ternative a-M, O3 oxides, such as a-Ir,O3. We also list the two
different cation—O bond lengths in each octahedron for these
two compounds in Table I. The shorter (R;) and longer (R;)
bond lengths correspond to the oxygens of the unshared and
shared faces of the octahedron [30], respectively. The close
bond lengths and similar lattice constants between Ga,0O3
and Rh,O; indicates that Ga,O3-Rh,O3 is a size-matched
system.

We construct the random «-(Rh,Ga;_,),03 alloys us-
ing the special quasirandom structures (SQS) method [34]
as implemented in the Alloy Theoretic Automated Toolkit
(ATAT) [35,36]. The alloy is modeled by occupying the
cation sites with Rh and Ga atoms in a 120-atom supercell
(constructed by 2 x 2 x 1 30-atom unit cells), wherein the
atomic correlation functions match those of the infinite fully
random alloy. In this study, we simulate (Rh,Ga;_,),03 al-
loys with Rh compositions ranging from x = 0% (Ga;03)
to 100% (Rh,O3). Specifically, the Rh compositions in-
vestigated are 0, 2.08, 12.5, 25, 37.5, 50, 62.5, 75, 87.5,
and 100%, corresponding, respectively, to the replacement
of 0, 1, 6, 12, 18, 24, 30, 36, 42, and 48 Ga atoms by
Rh in the 120-atom GayOs; supercell. The atomic posi-
tions of the SQS cells are fully relaxed using a I'-centered
2 x 2 x 2 Monkhorst—Pack k£ mesh. The band alignment be-
tween «-Ga; 03 and each «-(Rh,Ga;_,),03 alloys with differ-
ent Rh content x is obtained by employing the standard band-
offset calculation approach described in Ref. [37], following
the procedure of core-level photoemission spectroscopy
measurements [38].

TABLE I. Calculated lattice parameters (a, c), band gap (E,), and bond length (R}, R,) of «-Ga,O3 and «-Rh,0s. Experimental values for

lattice parameters and band gaps are listed in the brackets.

a(A) c(A) E, (eV) Bond length (A)
a-Ga,05 5.004 (4.983%) 13.471 (13.433%) 5.04 (5.0 R, = 1.932, R, = 2.081
a-Rh,05 5.109 (5.108%) 13.819 (13.810°) 3.22 (3.49) R, =2.021, R, = 2.057

2Reference [30].
bReference [31].
‘Reference [32].
dReference [33].
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III. RESULTS AND DISCUSSION

Figure 1(b) illustrates the calculated alloy volume per for-
mula unit as a function of Rh content x in the (Rh,Ga;_,),0;3
alloy. It is observed that the alloy volume exhibits a linear in-
creasing trend with the concentration x, adhering to Vegard’s
law [8] across the whole concentration range. The mix-
ing enthalpy (AH) of the (Rh,Ga;_,),0; alloy is generally
written as

AH(x) = E(Rh,Ga;_,0,) — (1 —x)E(Gay03)
—)CE(Rh203), (1)

where E(Ga;03), E(Rhy03), and E(Rh,Ga;_,0,) represent
the total energies of corundom «-Ga;03, @-Rh;03, and «-
(Rh,Ga;_;),0s5 alloy, respectively. As shown in Fig. 1(c),
while the mixing enthalpies are all positive, they demonstrate
relatively low values. Generally, the mixing enthalpy tends
to be described by a quadratic function, given by AH (x) =
Qx(1—x), where 2 is the interaction parameter [39]. Here,
2 is found to be about 68 meV per cation. As a result, the
maximum transition temperature Tc = €2/2kp is estimated to
be ~394 K, suggesting that the alloying of Rh, O3 into Ga, 03
is highly probable across the entire concentration range.

For isovalent and isostructural semiconductors alloys
A,Bi_,, the band gap E,(x) is commonly described by the
empirical expression that incorporates a quadratic bowing
coefficient [9]:

Eq(x) = xE,(A) + (1 — x)Eg(B) — bx(1 — x). 2)

Here, E,(A) and E,(B) are the band gaps of the endpoint
semiconductors A and B, respectively. The quadratic bow-
ing coefficient, denoted as b, is a nearly constant parameter
that remains independent of the composition for most iso-
valent semiconductor alloys except for those with large size
and chemical mismatch [40]. It is important to note that the
quadratic fitting is a widely accepted and utilized tool to
predict the band gaps of various SBW-alloys with varying
composition. However, it does not capture the behavior ob-
served in this case. Figure 1(d) depicts the evolution of the
band gap of (Rh,Ga,;_,),0j3 alloys with regard to Rh content.
In the calculation, once 1 Rh is incorporated into the 120-
atom Ga,;0j3 supercell to form a (Rh,Ga;_,),0;3 alloy with
x = 2.08%, a significant drop in the band-gap width emerges.
For concentrations above 2.08%, the alloy’s band gap exhibits
a linear diminishing trend with increasing Rh concentration.
The range of tunable band gaps for the alloys is indicated by
the light-blue shaded region. As a comparison to this steplike
band-gap dependence on composition, we present the ideal
Vegard-like behavior for the alloy band gap following Eq. (2)
without considering the bowing effect (i.e., b = 0) using the
gray dotted line.

To address the underlying physical mechanism responsible
for the band-gap discontinuity in the alloys, we provide the
detailed projected density of states (PDOS) for both pure com-
pounds in Fig. 2. We analyze the wavefunctions associated
with the conduction- and valence-band edges of Ga,O3 and
Rh,03, and depict the energy diagram in Fig. 2 to illustrate
the relative positions and dominant characters of the band
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FIG. 2. Schematic energy diagrams illustrating the relative loca-
tion of the conduction- and valence-band edges for the two endpoint
semiconductors (solid curves in the middle panel). For Rh,O3, the
energy level dominated by the same wavefunction characters as the
Ga,0; band edges are depicted by dashed curves. The dominant
orbital contribution for each energy level is marked. The far left and
far right panels show the calculated partial density of states of Ga, O3
and Rh,0; binary compounds, respectively. The VBM of Ga,0;
(x = 0) is set at zero energy.

levels. The full electronic band structures of corundom Ga,; O3
and Rh,0s3 calculated using the HSE functional are shown
in Fig. S1 of the Supplemental Material [41]. As observed
in many other metal-oxide semiconductors, the valence-band
maximum (VBM) state of Ga,Os is primarily governed by
the O 2p orbital, while the conduction-band minimum (CBM)
is mainly comprises Ga 4s and O 2s characters. However,
both the VBM and CBM of Rh,0; are mainly of the Rh 4d
characters, as reported in Ref. [42]. For reference, in the case
of Rh,O3, we also plot the energy levels with wavefunction
characters similar to those of the Ga,O3; band edges using
dashed curves, namely p-like and s-like levels. These two
levels correspond to the band-edge characters commonly ob-
served in metal oxides. It is worth noting that if the band edges
are not predominantly governed by d orbitals, as seen in com-
mon oxides, it is anticipated that the band states between two
constituents hybridize and display continuous variations with
respect to the alloy composition. This behavior is schemati-
cally illustrated by the dashed connecting lines in Fig. 2. In
this scenario, the quadratic fitting should hold in predicting
the band-gap trend.

In what follows, we examine the evolution of conduction-
and valence-band edge states, as well as the corresponding
atomic orbital contributions, with varying Rh content in the
(Rh,Ga;_;),0s alloys (see Fig. 3).

(i) VBM states: Incorporation of certain amounts of Rh
into Ga, O3 introduces deep levels positioned above the VBM
due to the higher energy level of the Rh 44 orbital compared to
the O 2p orbital. This leads to a steplike increase in the energy
of the VBM. As depicted in Fig. 3(c), the VBM states of
the alloy are predominantly governed by Rh d orbitals as the
Rh concentration surpasses 2.08%. As the Rh concentration
increases, the broadening of the defect-like level facilitates an
upward shift of the alloy’s VBM, displaying a consistent and
monotonic increasing trend.
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FIG. 3. Calculated band-edge positions [(a) for VBM, (b) for
CBM] and the corresponding atomic orbital contribution [(c) for
VBM, (d) for CBM] in (Rh,Ga,),0; alloys as a function of Rh
concentration. The VBM of Ga,0; (x = 0) is set at zero energy. Note
the different energy scales in the VBM and CBM band edges.

(ii) CBM states: In the dilute Rh concentration
regime, the CBM in the alloy remains primary composed
of s orbitals, akin to pure Ga,O3;. As the Rh concentration
increases, the broadening of the Rh d orbital enables
increased contributions to the CBM of the alloy, resulting
in a steep upward trend in the energy of the CBM. As the
Rh composition increases, the decreasing contribution of s
orbitals and the increasing contribution of d orbitals results in
a crossover at a critical Rh composition (~0.35). With further
increase in Rh composition, the Rh d orbitals gradually
dominate the CBM, similar to pure Rh,0O;, causing the
variation of the CBM to slow down.

The VBM shows a much larger variation range compared
to the CBM, resulting in the band-gap evolution being pri-
marily influenced by the VBM trend, leading to a steplike
decreasing pattern as shown in Fig. 1(d). To demonstrate the
evolution in the dispersion of the Rh d states and their impact
on the band gap, we also offer a plot illustrating the evolution
of the partial density of states (PDOS) for (Rh,Ga,,),03
alloys with distinct x values of 0, 2.08, 25, 50, 75, and 100%,
where each band gap is indicated, as depicted in Fig. S2 of
the Supplemental Material [41]. Additionally, to understand
the alloy’s optoelectronic properties and further validate the
role of Rh d states in the formation of the alloy’s VBM, we
examine the optical absorption coefficients of (Rh,Ga;_;),03
alloys as a function of Rh concentration (see Fig. S3 in the
Supplemental Material [41]). Notably, upon adding 1 Rh atom
into the Ga, O3 supercell (x = 2.08%), the optical absorption
threshold significantly drops. With increasing Rh concentra-
tion, the optical absorption threshold gradually diminishes,
falling in line with the electronic band-gap trend.

One shall want to know for the alloys with low Rh concen-
tration, specifically at 2.08% (i.e., 1 Rh in the 120-atom cell),
whether the energy difference between the Rh d-related high-
est occupied and lowest unoccupied states (HOMO-LUMO)
corresponds just to a diminished optical absorption threshold,
or to a narrowed mobility gap [43]. At x =2.08%, there
is 1 Rh atom in the 120-atom supercell with a volume of
1169.74 A3. Since each Rh contributes 3 d-states, the con-
centration of Rh d states is ~ 2.6 x 10*' cm™3, which is
about one order of magnitude larger than the effective num-
ber of states of the VBM (~1.3 x 10°° cm™3) for «-Ga,0;
(calculated with a hole effective mass of ~3m at room tem-
perature). Besides, from Fig. S2 of the Supplemental Material,
it is observed that the 2.08% Rh composition forms a VB
band with relatively high density of states. Consequently, the
band of Rh d-related occupied states can be regarded as the
highest VB of the alloy. Given that the CB shift for low Rh
concentrations is relatively small, the designation of the Rh
d-related HOMO-LUMO difference as a (mobility) band gap
is credible.

The above analysis of the composition-dependent opto-
electronic properties in «-(Rh,Ga;_,),03 underscores that the
virtual crystal approximation is not suitable for DBW-alloys.
This is due to the fact that the continuous Vegard-like scheme
is derived from conventional SBW-alloys [9,44-46], where
the alloy wavefunction is delocalized over the whole region,
allowing for a proper alloy average. However, in DBW-alloys,
the band-edge wavefunction is localized on a specific atomic
site, rendering the alloy average inappropriate. With this
understanding, the experimentally observed discontinuous
band-gap variations in «-(Al,Cr;_,),03 [10], akin to those
in the o-(Rh,Ga;,),03 alloy, can be readily understood.
Additionally, it is essential to acknowledge the potential
concerns regarding the accuracy of band-gap trends and
band-edge positions estimated through the quadratic fitting in
a recent investigation of (Ir,Ga;_, ), 03 alloy [23].

Given the inapplicability of the virtual crystal approxima-
tion in DBW-alloys and the laborious nature of measuring
alloy properties across a densely populated mesh of com-
positions, adopting more refined theoretical frameworks for
studying alloy properties is imperative to avoid overlooking
irregularities in physical properties for semiconductor alloys.
From a theoretical standpoint, it is essential to initially con-
sider the specific band-edge wavefunction characters in the
two endpoint materials before commencing alloy calculations.
For DBW-alloys with dissimilar band-edge wavefunction
characters, it is recommended to conduct calculations focus-
ing on the dilute composition limit (x — 0 or x — 1) utilizing
a relatively large supercell. By combining these calculations
with data from common compositions, such as x = 0, 25, 50,
75, and 100%, a reliable prediction of property trends within
DBW-alloys can be achieved.

IV. CONCLUSION

To conclude, we have performed first-principles calcula-
tions to study the structural and optoelectrical properties of
the @-(Rh,Ga;_,),03 alloy, aiming to elucidate the physical
origin responsible for the discontinuous band-gap dependence
on composition in certain alloys. We find that the band gap
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undergoes a steplike and discontinuous variation with chang-
ing Rh composition, which correlates with the evolution of
wavefunction characters in the band edges. These findings
give a detailed picture for the electronic structure evolution
within the «-(Rh,Ga;_;),0; alloy, emphasizing that DBW-
alloys often manifest a discontinuous trend in their electronic
structures, in contrast to the typical quadratic relationship
observed in SBW-alloys. Our study provides guidance for
future research in similar alloy systems, facilitating accurate
predictions of the alloy properties.
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