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Band engineering of GaSbN alloy for solar fuel applications
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[II-nitride nanostructures possess ideal attributes for harvesting solar energy and generating solar fuel through
natural water splitting. The most basic requirement of the latter is to engineer the band gap of the semiconductor
to straddle the redox potential of water molecules. To this end, using first principles method we predict that
GaN engineered with Sb doping at the dilute limit of 0.3% and/or slightly less is suitable for photochemical
water splitting applications. The valence band edge is very significantly enhanced by dilute Sb doping while the
conduction band edge is not. The microscopic physics behind the strong band bowing by such a small impurity
concentration, not seen in other III-V semiconductors, is revealed by investigating the quantum interaction
between Sb impurity states and the host GaN states. The dilute doping limit dictates very large systems to be
calculated at the hybrid exchange-correlation level which is made possible by our newly developed first principles

approach.
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I. INTRODUCTION

II-nitride material such as InGaN is one of the most impor-
tant semiconductors after silicon [1-3]. Due to its exceptional
optical properties, recent works have demonstrated the exciting
results that III-nitride nanostructures possess ideal attributes
for solar fuel generation through natural water splitting [4-7]
and CO; reduction [8]. By tuning the concentration x of In,
the band gap E, of In,Ga;_;N can be continuously lowered
from about 3.4 eV at x = 0 to about 0.7 eV at x = 1, covering
broadband of the solar spectra thereby producing high solar-
to-energy conversion rates [9]. For solar fuels, the nonpolar
surface of InGaN can spontaneously adsorb and deform
water and CO, molecules [8,10-12], and the nitrogen-rich
surface of InGaN nanowires has the extraordinary ability of
resisting photo-oxidation and corrosion in harsh photocatalytic
conditions [13]. To achieve the best catalytic effects for water
splitting, the band gap of the catalyst needs to properly straddle
the redox potential of water molecules which is about 1.23 eV
[14]. With appropriate electrochemical overpotentials at both
the valence and conduction band edges, the optimal band
gap is around 2.2 eV [15]. This can be achieved for InGaN
by alloying high In concentration at 40% into GaN. With
such concentrations, the resulting InGaN typically contains
significant density of defects due to the large lattice mismatch
of around 11% between InN and GaN [16-18], as well as large
strain-induced polarization field [19,20]. These detrimental
effects are some of the serious challenges for realizing large
scale practical applications of InGaN as an advanced photo
catalyst for solar fuel. It is therefore extremely important to
search for other elements that can serve the same purpose as
indium.

A few recent experimental investigations found that doping
a small amount of antimony (Sb), atx = 1 ~ 8%, the band gap
of GaN was substantially reduced from 3.4 eV to about 1.9 eV
at x = 1% and to about 1.5 eV at x = 8% [21-23], namely
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equivalent to the effect of incorporating more than 40% of
indium into GaN. The most important and relevant regime for
solar fuel is therefore in 0 < x < 1%. Clearly, such a dilute an-
timonide nitride provides extraordinary opportunities for band
engineering, strain engineering and polarization engineering,
which may well overcome the materials challenges associated
with InGaN in solar fuel applications. To date, the bowing
shape of band reduction of GaSb,N;_, at x < 1%, relevant
for solar fuel application, has not been investigated either
by experimental or theoretical investigations; the underlying
cause for the sharp band gap reduction in the dilute Sb limit has
remained unknown, and the band bending properties of GaSbN
surface for the purpose of solar fuel application have not been
investigated. It is the purpose of this work to understand these
important issues from atomic first principles.

On the theoretical side, calculations of band gap by density
functional theory (DFT) at relatively large Sb concentration
[22], x > 2%, found that E, is almost saturated there. The
bowing regime 0 < x < 1%, in which the gap of GaN is
reduced to the proper value to straddle the redox potential
of water, is very difficult for direct DFT analysis due to several
reasons. The foremost is that simulating small x requires
large supercells: For x = 0.1%, at least 2000 GaN atoms
must be included in the supercell to accommodate just a
single Sb atom. Another difficulty is that to obtain correct E,,
higher level theories such as the hybrid exchange-correlation
(XC) functional [24] are required which is computationally
extremely expensive for even small supercells.

II. METHOD, RESULTS AND DISCUSSIONS

To overcome these difficulties, we have developed a pow-
erful real space DFT method [25] with the HSEQ6 hybrid XC
functional that accurately and efficiently predicts electronic
structure of semiconductors [26] which allows us to investigate
GaSb,N_, in the dilute Sb concentration limit. We found
that E,(x) exhibits a sharp and continuous reduction for
x < 1% and approaches a saturation for larger x. The sharp
E,(x) reduction is due primarily to the appearance of Sb
impurity states in the GaN gap which depends critically on
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the Sb concentration in the dilute limit. The character of the
impurity states is identified from projected density of states
which indicates an unusually strong interaction between the
Sb atom and the nearby GaN atoms. Importantly, E,(x) of
GaSb,N_, isreducedto2.75eVatx = 0.175% and to 2.5eV
at x = 0.35%, which is the proper range to straddle the water
redox potentials. This is to be compared to In,Ga;_,N for
which In concentration needs to be >40% to achieve the same
level of gap reduction. The calculated surface band bending
further confirms that £, of GaSbN indeed straddles the redox
potential of water in the dilute limit and we conclude that
GaSb,N|_, is well suited for solar fuel applications.

The DFT calculations were performed using the optimized
norm-conserving Vanderbilt (ONCV) pseudopotentials [27]
and a combined basis set of atomic orbital and plane
waves [26]. Based on advanced numerical mathematics
and parallelization algorithm, RESCU has extremely high
efficiency in solving the Kohn-Sham DFT equation; for
technical details, please refer to the original literature [25].
7 x T x 5 k-point mesh is used for sampling the Brillouin zone
(BZ) in the self-consistent calculation of intrinsic GaN/GaSb
which has a wurtzite primitive cell. The calculated supercell
is scaled up according to the Sb concentration: at x =
5.6,2.7, 1.35, 0.7, 0.35, 0.175%; it contains 72, 72, 144, 288,
576, and 1152 atoms, respectively, 5.6% with two Sb atoms
and all the others with one Sb atom. For low Sb concentration
(x < 0.7%) thus large supercell, I' point is adequate for BZ
sampling. The band gap E,(x) is correctly determined by
employing the Heyd-Scuseria-Ernzerhof (HSE06) hybrid-XC
functional [24,28], which predicts E, = 3.46 eV for GaN and
0.55 eV for GaSb with spin-orbit coupling (SOC), in very good
agreement with previous theoretical values [29,30].

For solar fuel application, the relevant compound
GaSb,N|_, is at the dilute limit, 0 < x < 1%, which has only
a small lattice mismatch to GaN so that high quality materials
can be readily grown [31] experimentally. As mentioned
above, experimentally Sb is surprisingly efficient in reducing
the GaN band gap [22,32]. At x > 8%, GaSb,N,_, becomes
indirect band gap material. At small x, electronic property
of GaSb,N;_, such as E,(x) is not sensitive to the atomic
arrangements so long as the Sb atoms are distributed uniformly
in the material. The supercell is therefore prepared as follows.
Take x = 5.6% as an example; we prepare a supercell with 72
atoms and two of the N atoms are replaced by Sb. The special
quasirandom structure (SQS) technique [33] is used to confirm
the accuracy of the band gap to within 0.05 eV as obtained by
the chosen supercell. As mentioned above, the smallest x we
investigated is 0.175% for which there are 1152 atoms inside
the supercell with one Sb atom. In the dilute limit, the distance
between Sb atoms is ~10A so that little direct interaction
exists between them. The atoms in the supercell are relaxed
with the PBESol XC functional [34] using RESCU [25]. In the
following, SOC is not considered to reduce computational cost
as it only makes a difference on the band gap and electrostatic
potential for less than 20 meV.

Figure 1 plots the calculated E,(x) of GaSb,N;_, versus
x. As x increases, E,(x) drops sharply in the range of
0 < x < 1% and approaches a saturated value of about 1.8 eV
for x > 1%, consistent with experiment observations [22,32].
To the best of our knowledge, such a strong band bowing is
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FIG. 1. Band gap E,(x) of dilute GaSb,N;_, alloy vs Sb
concentration x by DFT with the HSE06 hybrid functional. Inset:
E, vs lattice mismatch for GaSb,N,_, (green) and In,Ga;_,N (red).
The mismatch is measured w.r.t. wurtzite GaN crystal.

unseen in other III-V materials, for instance, for In,Ga;_,N
the E, drops slowly with x. This distinct band bowing
in Fig. 1 cannot be fit by conventional bowing formula
involving a single bowing parameter b, E,(GaSb,N|_;) =
(1 = x)EJ™N 4+ x EZ*® — bx(1 — x). The strong bowing in
GaSb,N;_, suggests strong interactions between the atoms
and/or orbitals (see below). The predicted bowing in Fig. 1
is quantitatively comparable to the measured data [22]. The
inset of Fig. 1 plots the calculated E, of GaSbN and InGaN
versus the relative lattice mismatch to GaN: GaSbN has a
much smaller lattice mismatch than InGaN which is extremely
important from a material fabrication point of view.

What is the microscopic origin of the strong band bowing in
GaSb,N,_, ? To interpret their experimental data, Refs. [22,32]
suggested the bowing to come from the band anticrossing
(BAC). Here we investigate this picture from an ab initio
point of view by calculating the density of states (DOS) of the
materials. We find that at small x, Sb atoms only contribute to
the valence band (VB) of GaSb,N_, and introduce impurity
states inside the GaN band gap; it has very little influence on
the conduction band (CB). Therefore in Fig. 2 we plot the
calculated DOS at VB side of the Fermi level, for x = 1.35%,
0.35%, and 0.175%, with the curves aligned with respect to
E, can Which is the VB edge of GaN. We also found that VB
DOS of GaSb, N;_, below the zero point of the horizontal axis
in Fig. 2, is very similar to that of the VB DOS of pure GaN,
which means the main effect of Sb is to introduce impurity
states inside the original GaN gap, namely, the sharp reduction
of E4(x) and strong bowing of GaSb,N;_, is due to these
impurity states. As the Sb concentration x decreases, width
of the impurity states becomes narrower and the main peak
moves closer to E, gan [see Fig. 2(a)]. This agrees reasonably
well with the BAC theory [35]

E+(k) = J{E' () + E* £ VIES" — EV()P +4V2x),

where EV is the original GaN VB edge, ES? is the Sb impurity
energy, and V the coupling parameter between impurity states
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FIG. 2. DOS of GaSb,N,_, at the valence band side of the Fermi level. (a) Total DOS normalized to the same number of Sb atoms at
different x. The band edge of GaN, E, v, is used as a reference to align the DOS at different Sb concentration. (b) Total DOS per atom. For
clarity, (a), (b) do not include the calculated data at x = 0.7%,2.7%, and 5.6% as they are similar to the presented curves of x = 0.35% and

1.4%.

and the GaN valence states. At the HSEQ6 level of the XC
functional, ES? ~ 0.5 eV above the GaN VB. Then we obtain
[36] V = 6.7 eV which is significantly larger than that of other
M-V materials [35], e.g., 2.7eV for GaAs,N;_, and 3.5eV
for InP,N;_, etc.

It is also interesting to reveal how atoms interact in
GaSb,N;_, by projecting DOS on to each atom. At the VB
edge, the p orbital of N and p,d orbital of Ga are found to
dominate. For impurity states, we found the p orbital of Sb and
N, as well as the p,d orbital of Ga, dominate. This indicates a
strong interaction between the impurity states introduced by Sb
and the GaN VB, consistent with the fitted large V parameter in
the BAC model discussed in the last paragraph. As expected, it
is the Ga atoms nearest neighboring to Sb that contribute to the
impurity states. It is however very surprising that the p orbital
of N has the largest contribution to the impurity states even
though in wurzite GaSbN, the closest N atoms to Sb is only
the next nearest neighbor. Indeed, by calculating the real space
projected charge density of the impurity states, we find that Sb
orbitals are mixed with those of its nearest neighbor Ga atoms
and next-nearest neighbor N atoms. This can be understood
by the fact that Sb has a large radius so that its orbitals can
overlap and interact strongly with the next-nearest N atoms.

Having understood that the sharp reduction of E,(x) in
the dilute Sb limit is due to efficient establishment of the
impurity states in the GaN gap, it remains to be understood
why the E, reduction becomes very slow when x > 1%, i.e.,
the “turning” behavior in the bowing curve Fig. 1. At large
x, different Sb atoms interact with the same N atom; our
investigation suggests this to weaken the interaction between
Sb and N, therefore slowing down the E, decrease. Inspecting
the effective p-orbital radius of Sb and N, we find the
“critical” distance between two Sb atoms to be approximately
15 A—below which both Sb interact with the same N atom.
This is very close to the average distance between Sb atoms
in the case of x = 0.7%, where the “turning” point is located
(see Fig. 1). Another important point is the effective DOS of
the impurity states: It should be comparable to that of the GaN
VB to act as a “second VB.” Figure 2(b) shows the total DOS
per atom. We find that even at 0.175%, the DOS is on the
same order as that of the GaN VB, which indeed indicates the
possibility for the impurities states acting as a valence band.

Having understood the microscopic origin of the strong
band bowing in the dilute Sb limit, it is extremely important to
determine how bands are bent at free surfaces of GaSb,N;_,
for solar fuel applications. In particular, the natural band
alignment (NBA) reflects lineup between unstrained systems
which can be determined from surface calculations [9], and
for solar fuel production the NBA between the semiconductor
and vacuum provides useful information. For the surface
calculation, we construct a repeated mirror symmetric slab
supercell in the m-plane orientation (0010) of the wurtzite
GaSb, N;_, structure. In this work we consider the m plane
as NBA appears to be not sensitive to the crystal orientation
[37]. The number of layers contained in the slab is increased
until the electrostatic potential difference, AV, between the
crystal and vacuum converges. The surface calculation allows
us to align the average electrostatic potential in the crystal to
the vacuum potential which acts as a common reference. Here,
AV is calculated at the PBE level of the XC functional, and
for technical details we refer interested readers to Ref. [37].
Once AV is obtained, the absolute positions of the band edges
(E¢/v,abs) With respect to the vacuum level is obtained by
Ecas =E.— AV —Eyand E, 50s = E, — AV — Ej, where
E., are the CB minimum and VB maximum of the bulk
material and E the average electrostatic potential of the bulk.

In the NBA calculation, structural relaxation of the slab is
difficult at low Sb concentration, e.g., for x = 0.35% the slab
contains about 1500 atoms. We therefore employ classical
molecular dynamics to obtain the relaxed structure, by the
LAMMPS method [38] with the Tersoff potential [39] found
in Ref. [40]. We calibrated the potential parameters so that they
produced the correct surface structures of the alloy [36]. With
the relaxed structure we calculate AV by DFT. Figure 3 plots
the calculated VB and CB alignments relative to the vacuum
level. We found that surface structural relaxation tends to lower
the band position by approximately 0.25 eV (not shown). This
is caused by the surface dipole of the (0010) plane of GaSbN.
On the GaN (0010) surface, Ga atoms tend to go inside the
lattice so that the polar Ga-N bonds have a perpendicular
component to the surface which lowers down electron affinity
of GaN. In GaSbN, Sb atoms close to the surface have a
similar effect according to our calculation, so that a similar
reduction in band alignments is obtained. We observe that at
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FIG. 3. Band alignments relative to the vacuum level as a function
of antimony concentration x. Band positions are aligned to vacuum
energy by surface calculations. The red (blue) dots/dashed line are
for conduction (valence) band. Black solid lines refer to the neutral
water redox potentials of HY /H, and O,/H,0.

low Sb concentration, the VB edge varies strongly at x < 1%
but approaches a saturated value beyond 1%. The CB edge
varies much less. This is consistent with the finding presented
above, namely impurity Sb states interact with GaN VB but
not CB. Although there appears to be no simple band bowing
model to describe the VB alignment as that in Ref. [9], we
can find such a model to describe the CB very well. As we are
only interested in the low x range 0 < x < 5.6%, we use the
normalized concentration x,, = x/0.056, so that,

EcGason = (1 — x,)Ec gan + X0 Ec 5.6% — bxa(1 — x,),

where E, 569 is the absolute CB edge at x = 5.6% and b the
bowing parameter. Fitting the calculated data gives the bowing
parameter b = 0.62 eV.
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To achieve unassisted solar water splitting, it is essential
that band edges of the semiconductor photocatalyst straddle
the water redox potential which, for neutral water, is shown
as the horizontal solid black lines in Fig. 3. As we can see,
in order to realize neutral water splitting, Sb content must be
controlled to 0.3% or slightly lower. At this doping level, the
lattice mismatch is less than 0.1% which is ideal for achieving
good crystal quality experimentally. Higher Sb content (>1%)
may be suitable for acid water splitting.

III. SUMMARY

In summary, the band gap and band alignment of
GaSb,N,_, alloys are predicted for the dilute Sb limit at the
HSEOQ6 hybrid functional level. We find that the band gap
decreases sharply in the Sb concentration range of 0 < x <
1%. The fundamental mechanism of such a sharp band bowing
is found to be due to impurity states inside the band gap of GaN
and a strong quantum interaction between the orbitals of Sb
impurity and their surrounding neighbors and, in particular,
the interaction between Sb and its next nearest neighbor N
atom plays a significant role. Using the calculated natural band
alignments, we predict that x &~ 0.3% and slightly lower of Sb
doping should be ideal for photochemical water splitting in
solar fuel applications.
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