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ABSTRACT

Solar to fuel energy conversion is one of the momentous topics nowadays considering the urgent demand for clean energy supplies. In
this work, the tunable electronic and optical properties of III-nitride/ZnO 2D/2D heterostructures (including GaN/ZnO, AIN/ZnO, and
GaN/AIN) by strain engineering were investigated by first-principles calculations. The studied heterostructures feature a small interlayer
distance, with the cation of one layer directly above the anion of the other layer, and vice versa. This leads to a strong binding energy and
interlayer coupling across the heterostructure. The built-in field induced by the charge redistribution facilitates the photoexcited carrier
migration, which is beneficial to the photocatalytic water splitting application. The stable III-nitride/ZnO heterostructures exhibit decent
band edge positions with biaxial strain engineering and feature an enhancement of optical absorption under tensile strain. Our results indicate
that the III-nitride/ZnO 2D/2D heterostructures are promising photocatalysts for solar to hydrogen generation by water splitting.

© 2020 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0005648

I. INTRODUCTION efﬁciency." ¢ Two-dimensional (2D) semiconductor materials with
the high surface area-volume ratio, low defect concentration, and

With the rapid development of the contemporary industry, fos- tunable bandgap value are promising candidates for high-efficiency

sil fuel is being extensively consumed, which can lead to serious
environmental issues. It is now a mainstream issue to find sufficient
renewable and clean energy supplies. Solar to fuel is a technologically
feasible approach to effectively tackle the energy crisis."” Photocat-
alytic water splitting using semiconductors as catalysts to generate
hydrogen stands out as a sustainable strategy for the generation of
solar energy.” For high-efficiency photocatalyst in solar energy con-
version applications, reasonable band edge positions with the respect
to water redox potentials and suitable bandgap values are required.”
In addition, the photo-excited electrons and holes should possess a
long lifetime for effective separation to improve the water splitting

photocatalytic water-splitting.

Wide bandgap semiconductors of ZnO, GaN, and AIN have
attracted increasing attention for optoelectronic and power elec-
tronic applications.””'> Meanwhile, research studies on their 2D
structures are also proceeding rapidly and productively,”'* ever
since the successful experimental synthesis of their graphene-like 2D
counterparts.” "’ For example, Tusche et al.'” successfully observed
the unreconstructed planar sheet of g-ZnO monolayers grown on
metal substrates. The energetic and dynamic stability of 2D Group-
III nitride (III-nitride) was first investigated by first-principle calcu-
lations,”’ which was later experimentally synthesized.'*'” Numerous
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investigations have been conducted on the photocatalytic water-
splitting application of 2D GaN, AIN, and ZnO, as well as their
heterostructures with other 2D materials by either theoretical”' '
or experimental’>”’ approaches. Considering that 2D GaN, AIN,
and ZnO share the same graphene-like honeycomb configuration
and a negligible difference of the lattice constant (3.1-3.2 A), it
is straightforward to come up with the idea of combining their
mutual heterostructures and exploring the potential photocatalytic
applications. Despite some reports on their heterostructures, i.e.,
GaN/ZnO*° and AIN/ZnO,”>"’ the reported details remain con-
troversial and a thorough understanding is still lacking. Besides,
there has been no report on the properties of the 2D GaN/AIN het-
erostructure, which could also be adopted for solar-to-fuel energy
conversion photocatalysts.

In this work, we investigated the electronic and optical prop-
erties of the 2D/2D heterostructures of GaN/ZnO, AIN/ZnO, and
GaN/AIN by first-principles calculations. To guarantee the accuracy
of our results, the hybrid functional was adopted. With biaxial strain
engineering, the tunable band structures and optical absorption were
studied. In contrast to a typical van der Waals (vdW) heterostruc-
ture with an interlayer distance of ~3 A or larger, the studied III-
nitride/ZnO heterostructures feature a smaller interlayer distance
of 2.1-2.3 A and, consequently, a much larger binding energy. The
cation at one side is directly on top of the anion at the other side
and vice versa. This leads to the electron overlapping within the het-
erostructure, verified by the charge density difference and electro-
static potential across the heterostructure. The studied heterostruc-
tures show indirect bandgap characteristics, with the conduction
band minimum (CBM) at the I point and valence band maximum
(VBM) at the K point, and the band edges are contributed by both
materials. The band edge positions in a wide strain range always span
the water redox potentials, and the optical absorption ability could
be greatly enhanced by strain engineering. These tunable proper-
ties suggest that the heterostructures among GaN, AIN, and ZnO
monolayers have attractive application potentials for photocatalytic
applications for hydrogen production.

Il. CALCULATION METHODS

All the calculations in this work were conducted based on den-
sity functional theory (DFT) implemented in the VASP code.” The
projected augmented wave potential (PWA)** was adopted with a
plane-wave cut-off energy of 520 eV. The convergence criteria were
set to be of 1 x 107> eV/atom for energy and 0.01 eV/A for the resid-
ual forces on each atom. An 11 x 11 x 1 k-mesh grid was used for
the Brillouin zone integration. The vdW correction with Grimme’s
scheme (DFT-D3) was considered.”’ A 20 A thickness vacuum layer
was adopted to avoid interaction between imaged layers along the z-
direction."' VASPKIT, a pre- and post-processing program for the
VASP code,”” was used for the analysis of band structures.

It should be noted that despite the wide use of the Perdew-
Burke-Ernzerhof version of generalized gradient approximation
(GGA-PBE) exchange-correlation functional” for calculations, it
suffers from the slightly overestimated lattice constant and unavoid-
able bandgap narrowing problems,** which significantly impact the
properties of 2D materials. Here, we employed the Heyd-Scuseria-
Ernzerhof (HSE) hybrid functional throughout the work, includ-
ing the lattice structure optimization and electronic and optical

scitation.org/journal/apm

property calculations, to guarantee the precise property acquisi-
tions."" Previous work by Wang et al. adopted the 10% HF mix-
ing fraction for IlI-nitride and 17.5% for the heterostructures,’®”’
which, however, underestimated the bandgaps of GaN and AIN
(2.70 eV and 3.36 eV” in their reports) monolayers or their het-
erostructures, inconsistent with previous reports.l " The experimen-
tal bandgaps for 2D GaN and AN are 5.0 eV'® and 9.2 eV, " respec-
tively, larger than their 3D counterparts. However, it is noted that
experimental 2D III-nitride was sandwiched between graphene and
the silicon substrate, rather than the freestanding case, and they are
not exactly the graphene-like honeycomb phase, so it is not neces-
sary to use a significantly higher HF fraction to perfectly reproduce
the reported gap values. With the overall consideration, we insist to
use the default HF fraction (25%) in the HSE functional to obtain the
reasonable electronic structures.

I1l. RESULTS AND DISCUSSIONS

The monolayer material properties, calculated by PBE and HSE
functionals, are summarized in Table I for comparison. Obviously,
the PBE derived lattice constant is slightly larger than that derived
by the HSE functional, consistent with the previous reports.*"*"
The calculated monolayer material bandgap by the PBE functional
is obviously smaller than the HSE one, suffering from the well-
known bandgap narrowing problem by the semi-local exchange-
correlation functional. Both functionals give close gap values to pre-
vious reports. To guarantee more accuracy, the HSE functional is
adopted in all the later heterostructure calculations, including the
heterostructure relaxation, and electronic and optical property char-
acterizations. The 2D materials studied here are a graphene-like
honeycomb structure with sp? hybridization, different from their 3D
counterparts that feature a wurtzite or zinc blende structure with sp’
hybridization. This explains that the calculated bandgap energies of
these 2D materials are not necessarily larger than those of the bulk
ones.

The calculated bandgap of the GaN, AIN, and ZnO monolayer
is 3.48 eV, 4.11 eV, and 3.30 eV, respectively, as shown in Fig. 1.
The GaN and AIN monolayers are indirect-bandgap semiconduc-
tors, with the conduction band minimum (CBM) at the T point and
valence band maximum (VBM) at the K point. The nitrogen atom,
especially the N-p orbital, contributes the most to the valence band
regions near VBM, while Ga (Al) contributes more to the conduc-
tion band. 2D ZnO is a direct-bandgap material with band edges at
the T point.

The lattice constants of the three materials are very similar,
ranging from 3.10 A to 3.25 A shown in Table I. Lattice mismatches
of GaN/ZnO, AIN/ZnO, and GaN/AIN heterostructures are 0.62%,

TABLE I. Lattice constant and bandgap (Eg) comparison between PBE functional and
HSE functional on GaN, AIN, and ZnO monolayer.

APL Mater. 8, 041114 (2020); doi: 10.1063/5.0005648
© Author(s) 2020

Lattice constant (A) Eg (eV)  Eg in References (eV)
Monolayer PBE HSE PBE HSE PBE HSE
GaN 3.24 321 198 3.48 ~2.00” ~3.20"
AIN 3.12 3.10 292 411 ~2.90"% ~4.057%
ZnO 3.29 325 1.65 330 ~1.69" ~329%
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FIG. 1. Projected band structures for (a) GaN, (b) AIN, and (c) ZnO monolayers by the HSE functional, respectively. The VBM in the band structure is set to be 0 eV. Insets:

the corresponding atomic unit cells.

2.36%, and 1.74%, respectively, according to the HSE derived lat-
tice constants. The proposed interface configurations of III-N/ZnO
heterostructures are formed within a 3% lattice mismatch. Consid-
ering that DFT cannot guarantee the global minimum, the six most
possible 2D/2D configurations for III-nitride/ZnO heterostructures
with different high-symmetry atomic arrangements are modeled, as
we have done in the previous report.” The six configurations for
GaN/ZnO are shown in Fig. 2, where the special rotation angle has
been considered. We used the averaged lattice constant of the two
components for initial interface modeling. Different initial layer dis-
tance is tested, with the relative energy mapping diagram shown in
Fig. 3.

Clearly, the six different models have similar energy distribu-
tion trends in three kinds of III-nitride/ZnO heterostructures, while
the Type-III alignment has been the most energy-stable configu-
ration, indicating most likely that the experimentally synthesized
structure shows such an atomic arrangement. As a result, we only
focus on the Type-III case in further discussions, since it is less
meaningful to dive into other configurations with a low possibility.

\'”nﬁ

The cell vectors during relaxation calculations are optimized
to ensure that all the atomic configurations are fully relaxed. The
lattice information of relaxed GaN/ZnO, AIN/ZnO, and GaN/AIN
heterostructures is summarized in Table II. The interlayer distance
is 2.1-2.3 A, much smaller than that of the typical vdW heterostruc-
ture. This is because the studied Type-III structure is constructed
in the 1 x 1 cell, with the cation at one side directly on top of
the anion at the other side, leading to a strong interlayer coupling,
thus reducing the distance. Small distance is also reported in pre-
vious work,” "’ despite their relaxation is conducted by the PBE
functional. The binding energy values (see Table II) are negative,
indicating the exothermic process during the heterostructure for-
mation. It is noted that the strong interlayer interaction releases
more energy, leading to much larger binding energy than the typi-
cal vdW binding energy of ~20 meV/A%," further confirming that
these are non-typical heterostructures rather than the vdW het-
erostructure, as described in Ref. 35. Taking GaN/ZnO, for example,
the binding energy (~70.45 meV/A?) in our work is more negative
than the reports (-50 meV/A* to —60 meV/A%),” " induced by

FIG. 2. Schematic views of GaN/ZnO
heterostructures  with  various high-
symmetry atomic arrangements, shown
ina (2 x 2) supercell. Both the top view
and side view are given. (a)—(f) are
labeled Type-l to Type-VI, respectively.
The same modeling strategies also suit
AIN/ZnO and GaN/AIN cases.

o N
O 2n
o O
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FIG. 3. Layer distance mapping [(a)-(c)] for the six type heterostructures to identify the most energy-stable configurations. Obviously, type-lll shows the most energy-stable

feature for all heterostructures.

the different functional adopted. An even stronger binding phe-
nomenon can be observed in AIN/ZnO and GaN/AIN heterostruc-
tures, owing to the relatively smaller interlayer distance. As a result,
the studied heterostructures can all be stably synthesized when the
experiment condition becomes mature in the future.

Figure 4 shows the projected band structures of the studied
2D/2D heterostructures, where the indirect-bandgap structures are
shown, with CBM at the I point and VBM at the K point. Such indi-
rect bandgap characteristics prevent the recombination of photo-
excited holes and electrons, leading to a long carrier lifetime, which
is beneficial to solar energy conversion applications.”** The contri-
butions from both materials can be observed at CBM and VBM,
as verified by the projected band structures in Fig. 4. This indi-
cates that the interlayer wavefunction overlaps exist in both VB and
CB, owing to the small interlayer distance, thus the strong inter-
layer coupling and orbital hybridization. Meanwhile, the bandgap of
AIN/ZnO (and GaN/AIN) is 3.40 eV (3.61 eV), which is 0.1 eV larger
than that of the isolated ZnO (GaN), resulting from the strong inter-
layer orbital hybridization. Considering this, it is less meaningful to
claim this heterostructure as the “type-II” band alignment, as in Ref.
35. Especially, the band offset in Ref. 35 is only 6 meV and 88 meV.
With such a small band offset, the band edges from both materials
actually hybridize with each other.

The charge density difference diagram™ in Fig. 5 also vali-
dates the interlayer charge redistribution and orbital hybridization.
It is obvious that the electrons from the cation (cyan isosurface,
depleted charge) of one side transfer to the anion (yellow isosur-
face, accumulated charge) of the other side, leading to the charge

TABLE II. The lattice constant, interlayer distance, binding energy (E;), and bandgap
of the final relaxed Type-lll heterostructure. The binding energy is calculated by
equations adopted in Refs. 21 and 35.

Distance
(A)

Lattice

Heterostructure constant (A) Ey (meV/A?) E; (eV)

. : 041,50
transfer across the interface. Bader charge analysis proves a

0.04 |e|/unitcell interface charge transfer from ZnO to GaN, lead-
ing to the potential drop (AV) across the interface, as shown in
the averaged-potential curve in Fig. 5(d). The Bader charge trans-
fer for AIN/ZnO and GaN/AIN is larger (0.23 and 0.24 |e|/unitcell,
respectively), owing to the relatively smaller interlayer distance and
stronger orbital hybridization. The potential drop leads to the intrin-
sic built-in potential, which will contribute to the carrier migration
across the heterostructure. The photogenerated carriers can be sep-
arated by the built-in potential, which is beneficial for the enhanced
photocatalytic water splitting capability.

Strain engineering is an effective method to tune the electronic
structures and bandgaps of 2D materials. In calculation, the strain
is introduced by adjusting the cell lattice constants, relaxing the
atom coordinates, and analyzing the corresponding electronic struc-
tures.'"”" Practically, strain engineering can be realized by grow-
ing or transferring the 2D heterostructures on a flexible substrate
that can be starched or compressed. Biaxial strain engineering is
applied to systematically study the electronic properties, which is
tuned from the smallest compressive strain of —6% to the largest
tensile strain of 6%. Here, the strain-dependent band structures of
the GaN/ZnO heterostructure are shown in Fig. 6, while those of
AIN/ZnO and GaN/AIN are only summarized in Fig. 7 below. The
relaxed (no strain case) GaN/ZnO is an indirect bandgap semicon-
ductor [Fig. 4(a)]. The direct-indirect transition of the bandgap can
be observed from a compressive strain to a tensile strain. Besides,
bandgap values change simultaneously. The CBM always lies in the
T point, while VBM changes from I' (with compressive strain) to K
(with tensile strain). With a decrease in compressive strain (from
—6% to zero strain) and an increase in tensile strain (from zero strain
to +6%), the bandgap value increases first and then becomes smaller,
resulting from the varied band edge positions under different strain.
The GaN/ZnO bandgap value reaches a maximum of 3.55 eV with a
—4% compressive strain.

By the deployment of strain engineering, the tunable band edge
positions for the three heterostructures are summarized in Fig. 7.
The accurate band edge positions here are obtained using the core

GaN/ZnO 3.29 2.29-2.32 —70.45 3.28 level alignment scheme””*”" and referred to the vacuum level. The
AIN/ZnO 3.25 2.15-2.22 —91.98 3.40 reduction potential of H'/H, (—4.44 eV, with respect to the vacuum
GaN/AIN 3.23 2.15-2.21 —102.23 3.61 level) and the oxidation potential of H,O/O, (—5.67 eV) are labeled.

It is clear that even with the tensile or compressive strain (except

APL Mater. 8, 041114 (2020); doi: 10.1063/5.0005648
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FIG. 4. Projected band structures and density of states (DOS) for (a) GaN/ZnO, (b) AIN/ZnO, and (c) GaN/AIN heterostructures, respectively. The VBM is set to be 0 eV. The

zoomed-in view of CBM is shown in the inset of each figure.

for —6% for GaN/ZnQ), the studied heterostructures all show decent
band edge positions that straddle the redox potentials of H/H, and
0,/H,0, showing the excellent strain-tolerance for splitting water to
generate O, and H,.

The optical properties of semiconductors are related to their
electronic structures. Here, the strain-dependent optical absorption
spectra are shown in Fig. 8 using the absorption coefficient for-

mula’ a(E) = (V2w/c){[( +s§)l/2 —&1]}'/%, where ¢ and &

are the real and imaginary parts of the complex dielectric function.
Clearly, with the increase in tensile strain, the heterostructures show
an enhanced optical absorption ability, especially in the solar region
and solar-blind region, owing to the reduced bandgap value. Com-
bining with the band edge line-up in Fig. 7, even under tensile strain
(reduced gap), the band edges in the studied heterostructures still
span the redox potentials. For example, if 6% lattice distortion is
applied, the absorption capacity is increased by several times and
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FIG. 5. [(a)—(c)] Charge density difference and [(d)-(f)] planer averaged potential curves for GaN/ZnO, AIN/ZnO, and GaN/AIN heterostructures, respectively. The cyan and

yellow charge densities indicate charge depletion and accumulation, respectively.
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the band edge positions are still ideal for water dissociation, which
proves that the studied heterostructures can be used as an excellent
photo-absorber in tandem with other narrow bandgap semiconduc-
tors for high-efficiency photocatalytic water splitting.” In a 2D/2D

scitation.org/journal/apm
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FIG. 6. Strain dependent band structures [(a)—(f)] of the GaN/ZnO heterostructure. The band structure for no strain case is already shown in Fig. 4(a).

heterostructure, there are two kinds of absorption processes: (i)
intralayer absorption and (ii) interlayer absorption. The intralayer
VB-to-CB absorption or the below-bandgap excitonic absorption™
generates intralayer excitons. The intralayer excitons, although with

FIG. 7. Strain-dependent band edge

4 2 0 2 4 6

6 4 -2 0 2 4 6 positions. (a) GaN/ZnO, (b) AIN/ZnO,
GaN/ZnO Biaxial strain (%) AIN/ZnO Biaxial strain (%) and (c) GaN/AIN heterostructures with
3 d) 44F reference to the vacuum level. (d)
(C) -1 '- ( ) T -2~ GaN/znO Bandgap values vs applied biaxial strain
2F [ ] < r AIN/ZnO for the corresponding heterostructures.
~ — - . . . > 40¢ - GaN/AIN
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>4 F © L
_______________________________ o b
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FIG. 8. Strain-dependent optical absorption spectra of (a) GaN/ZnO, (b) AIN/ZnO, and (c) GaN/AIN heterostructures, respectively. The solar radiation spectrum, downloaded

from the NERL website (http://www.nrel.gov/solar_radiation/), is shown for reference.

a binding energy up to hundreds of meV, may dissociate at the het-
erointerface, taking the band offset as an energy compensation.”
The interlayer absorption, with electrons excited from the VB of one
layer to the CB of the other layer, generates interlayer excitons. The
interlayer exciton, which has a much smaller binding energy than
that of the interlayer exciton,” is easy to dissociate and contributes
to water splitting.

IV. CONCLUSION

In summary, we systemically studied the 2D/2D heterostruc-
tures of GaN/ZnO, AIN/ZnO, and GaN/AIN to evaluate their pho-
tocatalytic capability by first-principles calculation. We find that, in
contrast to the widely reported van der Waals heterostructures, these
wide bandgap semiconductor 2D heterostructures show a much
smaller layer distance as well as a stronger interlayer interaction
and charge transfer. The charge density redistribution results in
the built-in field, which boosts the photoexcited carrier transfer.
These heterostructures show excellent strain-tolerance with suit-
able band edge positions and enhanced optical absorption abil-
ity with a tensile strain. The calculated results indicate that the
II-nitride/ZnO heterostructures are promising for solar to fuel
energy conversion applications as an excellent photocatalyst and
could also have potential applications in flexible strain sensing and
photodetectors.
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