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Recently, a number of new two-dimensional (2D) materials based on puckered phosphorene and
arsenene have been predicted with moderate band gaps, good absorption properties and carrier
mobilities superior to those of transition metal dichalcogenides. For heterojunction applications, it is
important to know the relative band alignment of these new 2D materials. We report the band
alignment of puckered CaPs, CaAss and BaAss; monolayers at the quasiparticle level of theory (GoWo),
calculating band offsets for isolated monolayers according to the electron affinity rule. Our calculations
suggest that monolayer CaPs, CaAss and BaAss all form type-Il (staggered) heterojunctions which makes
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them suitable for solar-energy conversion applications. Their quasiparticle gaps are 2.1 (direct),
1.8 (direct) and 1.5 eV (indirect), respectively. We also examine trends in the electronic structure in the
light of chemical bonding analysis. We show that the indirect band gap in monolayer BaAss is caused by
relatively strong As 3p—Ba 5d bonding interactions. Our results provide guidance for the design of
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1 Introduction

The optical and electronic properties of black phosphorus (bP),
such as its high carrier mobility’ and tunable band gap,* have
sparked interest in the broader family of phosphorene related 2D
material structures. Recently, several new 2D materials related to
phosphorene and arsenene - for which a part of the As or P atoms
is replaced by group II elements®™ or elements of other groups
(1L, 1v, or V)*° - have been predicted. These layered materials
show a combination of high carrier mobilities, moderate band
gaps and good light absorption properties promising for next-
generation electronic heterojunction devices like solar cells and
transistors.

For example, monolayer (1L) CaP; is predicted to have a band
gap of 1.15 eV’ (using a hybrid functional, HSE06) and a high
electron mobility of up to ca. 20 000 cm® vV~ * s~ (using deforma-
tion potential theory, values need to be taken with caution as
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1 Electronic supplementary information (ESI) available: VASP structure files
(POSCAR). Band structures plotted from Wannier functions versus band struc-
tures along a k-path from DFT (Fig. S1-S3). Band alignment of a CaAs;/CaP;
heterostructure (Fig. S4 and S5). Projected charge density of monolayer CaAs;,
monolayer BaAs; and monolayer CaP; (Fig. S6-S9). COHP analysis for puckered
arsenene and phosphorene (Fig. $10 and S11). See DOI: 10.1039/d1cp00099c
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phosphorene-like materials and their heterojunction applications.

deformation potential theory usually overestimates mobility
values' ™).

For materials selection in heterojunction design, it is necessary
to know the band alignments of the layered structures. However,
band alignments for novel 2D materials of the phosphorene
family have not yet been reported and the majority of the band
gaps of these 2D structures have been calculated using hybrid
functionals at the density functional level of theory (DFT).
Although hybrid functionals alleviate the band gap problem
of DFT, it is generally accepted that GW quasiparticle calcula-
tions provide the most reliable and accurate level of theory for
band structure and band alignment calculations."*™*

Here, we calculate the band gaps of the recently predicted®™
CaP;, CaAs; and BaAs; monolayers at the GoW, level of theory.
We estimate their band alignments according to the electron
affinity rule which states that the conduction band offset of a
heterojunction can be obtained from the electron affinities of
the individual materials. Analyzing the electron affinity of the
isolated monolayers is a valid first step in materials selection
process for possible 2D heterostructures.'®"’” Furthermore, we
explain the differences in band alignment based on structure
analysis and show that the indirect nature of the band gap in 1L
BaAs; is caused by increasing p-d orbital interactions. Our
analysis sheds light on the influence of structure and orbital
interactions on the theoretical band offsets in phosphorene-
like materials. These insights may be helpful for the design of
phosphorene-like materials and their heterojunctions.
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2 Methods

2.1 Structural relaxation (DFT)

First, we relaxed the experimental bulk structures of CaAss,'®
CaPs," and BaAs,.'® The structures were relaxed on the DFT
level using the Vienna ab initio package (VASP)**’' with
projector-augmented potentials®® as implemented by Kresse
and Joubert.>® We explicitly included eight valence and core
electrons for Ca, ten electrons for Ba, 15 electrons for As and
five valence electrons for P. The Perdew-Burke-Ernzerhof
(PBE)** exchange-correlation functional with D3 van der Waals
corrections® was used to obtain the electronic ground state.
We used a k grid sampling of 6 x 6 x 6 and a plane-wave-
expansion cutoff of 550 eV. The structures were fully relaxed
until the residual atomic forces were less than 0.001 eV A™".
From these, monolayer structures were obtained and subsequently
relaxed using VASP. We used a 6 x 6 x 1 k grid and fixed the out-
of-plane lattice parameter ¢ during the relaxation procedure. To
avoid interactions between periodic images, we included a vacuum
of at least 22.5 A in the out-of-plane direction. The POSCAR
structure files of the relaxed monolayers are included in the ESL¥

The rationale for our choice of the functional and van der
Waals correction was to get a relaxed bulk structure that is as
close as possible to that obtained in experiment. Relaxation
with PBE-D3 resulted in a bulk structure closest to experiment
while PBE-VV10 with non-local van der Waals corrections>® gave
a structure farthest from experiment among the functionals
tested. 1L CaAs; obtained from the PBE-VV10 relaxed bulk
structure and relaxed with PBE-VV10 had a PBE band gap that
was 25% smaller than that of the PBE-D3 structure.

2.2  GyW, calculations

As input for the GW calculations, we computed DFT wavefunc-
tions and eigenvalues using the Quantum Espresso (QE) code.?”
QE band structure calculations were performed for the relaxed
monolayer structures with PBE and norm-conserving pseudo-
potentials,*® using a plane-wave energy cutoff of 116 Ry and
k grid of 12 x 12 x 1. We included ten valence and semicore
states for Ca and Ba, 15 states for As and five valence states for
P. The vacuum included for the QE and subsequent calcula-
tions was smaller than that during the structural relaxation and
was sufficient to contain at least 99% of the charge density in
half the unit cell. We neglected spin orbit coupling in our
calculations as it was shown by Tang et al’ that including
relativistic effects changes the band gap by less than 0.01 eV in
monolayer BaAs;.

Subsequently, we performed “single-shot” G,W, calculations
using the BerkeleyGW software.” ! We employed the generalized
plasmon-pole model,”® the static-remainder technique,® and
truncation of the long-range Coulomb interaction.*® We used a
k point sampling of 6 x 6 x 1 and a kinetic energy cutoff of 20 Ry.
About 1000 bands were included for the calculation of the
dielectric function as well as for the calculation of the self-
energy. To speed up the convergence of the quasiparticle band
gap with respect to k grid sampling, we employed nonuniform-neck
subsampling® with 10 radial subpoints. The convergence was
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tested for the CaAs; monolayer as a representative material.
The quasiparticle band gap at I" was converged within 0.05 eV
with respect to calculations with a kinetic cutoff of 40 Ry and 3000
bands in the summations, and a calculation with a 12 x 12 x 1 k
point grid plus 10 subpoints.

To verify our approach, we also calculated the quasiparticle
band gaps (not to be confused with the optical band gap where
excitonic effects contribute a significant correction) of the
parent structures, puckered phosphorene and arsenene, using
the same parameters. We obtained a band gap of 2.02 eV for
phosphorene and 1.84 eV for arsenene. The value of phosphorene
is in excellent agreement with other theoretical (Qiu et al:*
2.08 eV, da jornada et al:** 2.05 eV, Lu et al:*® 2.0 €V), and
experimental studies (Liang et al®” using scanning tunneling
spectroscopy: 2.05 eV). For puckered arsenene, experimental
quasiparticle gaps are not available and theoretical band gaps
vary between 1.54 eV,*® 1.58 eV°° and 2.16 V. The discrepancies
may, among other factors, be attributed to structural differences,
as the experimental structures of both 1L and bulk puckered
arsenene, which would serve as the starting point for DFT calcula-
tions, are still lacking.

The G,W, band structure was obtained from Wannier inter-
polation using the wannier90 package.*' A comparison of the
directly calculated and interpolated PBE band structure is shown
in the ESL, Fig. S1-S3, to illustrate the accuracy of the inter-
polation. The wannierization was performed for 100 iterations
using random projections with 40 bands (20 valence and 20 conduc-
tion bands, each) as input to obtain 40 Wannier functions.

2.3 Data analysis

Crystal structures were visualized using VESTA.** The Brillouin
zone was visualized using XCrySDen.** The partial density of
states (pDOS) and the projected charge density were obtained
using VASP with the PBE exchange-correlation functional. The
potential in a vacuum was calculated at the DFT-PBE-D3 level
using the vaspkit tool.** We note that the vacuum level offset
varies depending on the functionals used for structural relaxa-
tion. Using the PBE-VV10 functional (see above) we obtained
absolute midgap levels for 1L CaAs; which were about 0.6 eV lower
than those using the PBE-D3 functional, which is a difference
of 25%.

We estimated the G,W, band alignment (electron affinity) with
respect to the vacuum of each monolayer using the band-gap-center
approximation:*®

(ELI:)FTfPBE + E‘]/)FTprE) + %Ean Wo7 [1)

N —

Egp =

which is equivalent to shifting the band edges of the PBE bands by
+ (Ego "o EEH'PBE> / 2. We note that the band-gap-center

approximation works well for PBE centers and G,W, gaps; however,
it does not hold for results obtained with hybrid functionals.®*”
To estimate the heterojunction type (e.g. straddled or staggered
gap) between the isolated monolayers, we applied Anderson’s
electron affinity rule.*® The electron affinity rule implies that the
conduction band offset of a heterojunction can be obtained by
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aligning the vacuum levels of the two materials forming the
junction. In other words, the band alignment is in the unpinned
limit; no charge transfer across the junction is considered. It has
been confirmed theoretically'® and experimentally’” that the band
alignment follows the electron affinity rule for vertically stacked
heterostructures of transition metal dichalcogenides. This
behaviour is attributed to the weak van der Waals bonding
across the interface and the absence of dangling bonds in 2D
materials."®"” Now, phosphorene and arsenene related materials
are expected to have stronger interlayer interactions than transi-
tion metal dichalcogenides, which is indicated by the rapid
decrease of the band gap with the number of layers. Therefore,
the heterojunction predictions from the electron affinity rule
need to be taken with caution. With interlayer interactions
turned on, the band offsets can change due to charge transfer
across the layer and band mixing may occur.">*°

To estimate the effect of charge transfer and band shifts in a
heterojunction, we calculated the band alignment of a basic
CaAs;/CaP; heterostructure at the PBE level using VASP and
pyprocar’® (see ESI,t Fig. S4 and S5). Our results predict that
the band gaps and relative band alignments of the monolayers
are only slightly affected by creating a heterostructure. Despite
charge transfer and weak to moderate hybridization of the con-
duction bands, the electron affinity rule gives a good estimate of
the band alignment of the heterostructure.

3 Results and discussion
3.1 Structure and bonding

Fig. 1(a—c) shows the atomic structure and Brillouin zone of 1L
CaAs; as an example structure of the CaP; family. The Ca atom
replaces one quarter of the As atoms in the puckered structure
of puckered arsenene. 1L CaP; and 1L BaAs; are also shown in
Fig. 1(d) and (e). 1L CaP; and 1L CaAs; inherit the P1 space
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group from the corresponding bulk structures. 1L BaAs; possesses
higher symmetry and belongs to the C2/m space group same as its
bulk structure.

In pristine arsenene, the As atoms form covalent bonds. For
1L CaAs;, the Ca atom is stabilized by ionic interactions
between the Ca cation and the anionic As mesh.* We note that
one can distinguish between two types of As atoms (see
Fig. 1(b)): As1 which is further away from the Ca atoms, and
As2 which is closer to the Ca atoms with As2 having a more
negative partial charge than As1.* (We note here that atoms
belonging to each type are not necessarily symmetrically identical;
they are only equivalent for BaAs;.) These considerations hold true
in analogy for BaAs; and CaP;.

3.2 Band alignment

The band alignments of monolayer CaP;, CaAs; and BaAs;
obtained from G,W, calculations with the band-gap center
approximation are shown in Fig. 2. The G,W, gaps of 1L
CaP;, CaAs; and BaAs; are 2.11 €V, 1.79 eV and 1.50 eV,
respectively. Phosphorene (“P,”) and arsenene (“As,”) have
been added for comparison. Direct and indirect band gaps
are signified by dark and light blue colors, respectively. The
band alignment diagram shows that, according to the electron
affinity rule, 1L CaP3, CaAs; and BaAs; form type-II (staggered)
heterojunctions. Between the pristine monolayers and the com-
pound monolayers, the 1L-bP/1L-CaP; and 1L-bP/1L-BaAs; combi-
nations are predicted to have broken-gap band alignment (type III)
whereas the other combinations show type-II alignments. Type-II
heterojunctions are of interest for solar cell applications because
they enable charge separation of photoinduced electrons and holes
across the junction.”® The narrow type-II and type-IIl alignments of
the potential 1L-bP/1L-CaX; and 1L-arsenene/1L-CaX; (X = As, P)
heterojunctions suggest promising material combinations
for tunneling field effect transistor applications.>® Such devices

Fig. 1 Structure of the CaAsz, CaPs and BaAsz monolayer. (a) 1L CaAsz as a representative compound shows a puckered configuration similar to
arsenene where one quarter of As atoms is replaced with Ca, the other As atoms forming a polyanionic network. (b) Top view of the CaAss monolayer.
The numbers 1 and 2 refer to two structural types of As atoms (see the main text for details) (c) Brillouin zone of the CaAss monolayer. The structures of
monolayer CaPs (d) and BaAss (e) are added to show the distinct structural distortion of each material.
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Fig. 2 Band alignment of isolated monolayer CaPs, CaAsz and BaAsz with
respect to the vacuum level (O eV). Band energies and offsets are obtained
from GoW, calculations with the band-gap center approximation (eqn (1)).
Band gaps and alignment of black phosphorene (P4) and arsenene (As,)
have been added for reference. Indirect band gaps are indicated by light
blue color, direct band gaps correspond to dark blue.

would benefit from the high carrier mobilities predicted for the
monolayers of the CaP; family as well as from the very easily
tunable band gap. We note that for real heterojunctions with
enabled interlayer interactions, the band offsets may change
due to the following effects: charge transfer across the inter-
face, band mixing, and changes in the band gap.'>*°

We will now analyze the calculated band alignments in further
detail. Looking at the band alignment (Fig. 2), it becomes apparent
that monolayer CaPs, CaAs; and BaAs; have considerably smaller
conduction band offsets with respect to the vacuum level than
pure arsenene and phosphorene. Ca and Ba as group-II elements
have much lower electron affinities than the group-V elements (As
and P) thus leading to a higher energy of the conduction band
edge in these compounds. Between monolayer CaAs; and BaAss,
the midgap of CaAs; is lower in energy than for BaAs; (Fig. 2). The
reason for this energy difference is not apparent at first sight.
Therefore, we included a hypothetical SrAs; monolayer to analyze

View Article Online

PCCP

the trend. As the alkaline metal atom becomes heavier, the con-
duction band minimum (CBM) shifts more toward the vacuum
level.

To differentiate between effects of the chemical composition
and structural effects, we swapped the Ca atoms of the 1L CaAs;
structure with Ba atoms and vice versa without a subsequent
relaxation of atomic positions or lattice parameters. We found
that inserting Ca into the BaAs; structure shifted the CBM away
from the vacuum level. Inserting Ba into the CaAs; structure
shifted the CBM towards the vacuum level. From our data (not
shown), we concluded that the band alignment offset between
1L CaAs; and 1L BaAs; is half due to structural effects and half
due to the effects of the chemical composition. Structural
differences include a stretching of the puckered structure of
1L BaAs; within the plane in comparison to 1L CaAs; as the
angles between the As atoms in the puckered mesh are greater
for 1L BaAs;. Also, the Ba atoms stick out of the monolayer
plane more than the Ca atoms because of their larger atomic
radius (compare Fig. 1a and e).

Interestingly, the band edges of 1L CaP; are higher in energy
than the ones of 1L CaAs; although the midgap energy of
phosphorene is lower than that of arsenene (see Fig. 2). Swap-
ping P for As in 1L CaAs; and As for P in 1L CaP; did not affect
the band offset with respect to the vacuum level much. Thus,
we can conclude that the offset of the band edges is less
influenced by the pnictogen and is likely caused by structural
distortions. For example, the P-P bond length of 2.22 A on
average in 1L CaP; is much shorter than the As-As bond in 1L
CaAs; with 2.50 A and, as a result, the Ca atoms “stick out” of
the monolayer much more than in 1L CaAs; (see Fig. 1d). The
puckered mesh also shows larger angles than in 1L CaAs;.

3.3 Electronic structure, the effect of p-d interactions

We further explore and analyze the band structure and projected
density of states (pDOS), pointing to trends from chemical
bonding analysis. The PBE and G,W, band structures of 1L
CaP;, 1L CaAs; and 1L BaAs; obtained by Wannier interpolation
are shown in Fig. 3. 1L CaP; and 1L CaAs; have a direct band gap

a)
2 -
3 1 -
>
2
@
&
0 As s
As-1p —
DN As-2p —
~t AN -1 QY N F A\ T
r Y AS r A pDOS r Y AS r A pDOS r Y AS r A pDOS

Fig. 3 GW and PBE band structures from Wannier interpolation and projected density of states (pDOS) of (a) monolayer CaPs, (b) monolayer CaAss and

(c) monolayer BaAssz. The A valley becomes the conduction band minimum
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at I while the band gap of 1L BaAs; is indirect with the
conduction band minimum (CBM) between S and I'. The valence
band of the G,W,, band structure shows slightly lower dispersion
than that of the PBE band structure. The stronger dispersion of
the PBE band structure is due to the underestimation of the
band gap, which is consistent with the trend for other
semiconductors®® and can be rationalized in terms of a kp
theory that predicts m* oc E, scaling (see ref. 54, p. 71). Apart
from the dispersion, the band gap correction is the only notice-
able difference between the band structures obtained with PBE
and G,W,. The pDOS shows that the valence band edge is almost
entirely composed of As 4p or P 3p orbitals, with the type 2 atoms
(adjacent to cations) making up the major part. The conduction
band edge is again primarily composed of As 4p (P 3p) states,
As 4s (P 3s) and metal d states.

We next discuss the indirect nature of the band gap in 1L
BaAs; versus the direct band gap in 1L CaAs;. An interesting
feature in the band structure of 1L CaAs; is the local CBM
between S and I at k, = 1/3, k, = 1/3, k, = 0 which we shall call 4
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(see Fig. 3b). The same valley (A) is the global CBM for 1L
BaAs;. We want to shed light on why the A valley is more stable
with respect to the I" valley in 1L BaAs; but not in 1L CaAs;.
To that end, we analysed the orbital composition of the two
valleys and then classified the interaction between the orbitals
into bonding and antibonding by looking at the spatial dis-
tribution of the projected charge densities. From the pDOS we
know that the valence band edge is almost entirely composed of
As-2 4p orbitals. Fig. 4(a) shows the projected charge density of
the topmost valence band at the I' point for 1L CaAs;. The
charge density distribution shows a clear p character with lobes
of adjacent atoms avoiding each other. This suggests that the
p-p interaction is antibonding. The conduction band edge
(CBE) is mainly composed of As 4p, As 4s and metal d states.
The projected charge density of the conduction band edge at A
for 1L CaAs; is shown in Fig. 4(c). The As-2 4p-Ca 3d orbital
contributions are hybridized and appear as lobes of charge
density in Fig. 4(c) (see also Fig. S6 of the ESIf). From the
spatial distribution of the charge density we can infer that the

b) 1L BaAsz at I 1L BaAsgz at A
6 %
m_\ Ba 5a\~2 %
cB*

21 %

2% 90 %

24 %

47 % 33 %

20 %

As-14s

** 9% Ca 3p omitted for clarity

9 % 63 %

As-14p As-24p  As-14p As-2 4p
As-1 4s As-24s  As-14s As-2 4s
* 5 % As 4d omitted for clarity

d) 1L CaAsgat I’ 1L CaAsz at A

7 % 16 %
Ca3d Cad3d
234~ CB
35 %
33 %

24 %
As-1 4p As-2 4p

As-1 4s As-2 4s

Fig. 4 Orbital coupling in 1L CaAsz and 1L BaAss. (a) Band and k point projected charge density of 1L CaAss for the valence band at the I" point. The isosurface is
setat 0.004 e A=, (c) Band and k point projected charge density for the conduction bands at the A point. Isosurface: 0.004 e A=3. (b) and (d) show schematics of
the orbital coupling at the I and A points for 1L BaAss and 1L CaAss, respectively.
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hybridized As-2 4p-Ca 3d states at the CBE interact in a
bonding fashion, while As-1 states are not involved. The same
holds true for BaAs; (see Fig. S7 and S8 of the ESIY).

In addition to analysis of the projected charge density, crystal
orbital Hamilton population (COHP) bonding analysis was per-
formed using LOBSTER,>® which proved helpful to confirm
the general picture of the antibonding nature at the valence and
conduction band edges. However, the LOBSTER results are not
shown because the current basis sets cannot project the empty d
states of Ca and Ba. The COHP analysis of the parent structures,
arsenene and phosphorene, also clearly shows the antibonding
nature of the p—p interaction at the valence and conduction band
edge (see the ESI,t Fig. S10 and S11).

Using the results of the bonding analysis we can create a
schematic diagram of the coupling between As orbitals and Ca
and Ba d orbitals as shown in Fig. 4(b) and (d). In comparison
with the I valley, the A valley of the conduction band has higher
contributions of As s and metal d orbitals. For example, the
conduction band of 1L BaAs; (1L CaAs;) at A is composed of
15.0% Ba 5d (16% Ca 3d) orbitals while the I" valley is composed
of only 6% Ba 5d (7% Ca 3d). Because the p-d interaction is of
bonding nature, we can expect the state at A to be stabilized, ie.,
lower in energy with increasing d orbital contribution. However,
this alone does not provide an explanation for why the band gap
is indirect for 1L BaAs; but not for 1L CaAs;.

The indirect band gap of 1L BaAs; can be attributed to an
increase in the strength of the p—d interaction from 1L CaAs; to 1L
BaAs;. The Ba 5d orbital is more delocalized than the Ca 3d
orbital because the electrons in the 5d orbital experience stronger
screening from the nuclear charge. Thus, the Ba 5d states can
hybridize more strongly with As 4p orbitals than Ca 3d. As a result,
the stronger bonding d-p interactions in 1L BaAs; stabilize the A
valley CB state more than the weaker interaction in 1L CaAs;. This
more pronounced energy shift leads to an indirect band gap in 1L
BaAs;. Checking the conduction band dispersion of a hypothetical
1L SrAs; (data not shown), we find a decreasing trend of the A
valley energy with respect to I" from the n = 3 to the n = 5 shell, i.e.
from Ca 3d over Sr 4d to Ba 5d, which strengthens the p-d inter-
action argument.

Next, we compare the band structures of monolayer CaAs;
and CaP; (Fig. 3). The conduction band of 1L CaP; shows a
stronger dispersion than that of 1L CaAs;, which is consistent
with the prediction of high electron mobilities in 1L CaP;.” 1L
CaP; has a larger band gap than CaAs;. Interestingly, 1L CaP;
does not show any local CBM at A between I" and S. And this
despite the fact that the Ca 3d orbitals contribute about 53% of
the CB state at A, which is significantly more than that for 1L
CaAs;. We attribute this difference in orbital composition and
electronic structure to the increased asymmetry of the 1L CaP;
structure. The lattice parameter a = 5.71 A is larger than b = 5.56 A,
whereas for 1L CaAs; the parameters are almost identical with
a ~ b ~ 5.97 A. This distortion leads to considerable differences
in the projected charge density at the band edges for 1L CaP;
(see the ESI,T Fig. S9).

Finally, we would like to note a similarity between the electronic
structure of 1L CaP;, CaAs;, BaAs; and that of hybrid halide
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perovskites. Specifically, both the top of the valence band and
bottom of the conduction band are dominated by antibonding
orbitals.>*®® Defect tolerance properties inherent to hybrid
halide perovskites are attributed to this feature.®*"** Thus, we
can anticipate 1L CaP;, CaAs; and BaAs; to exhibit a similar
tolerance to native defects since states associated with dangling
bonds are expected to appear within the bulk of valence or
conduction band states rather than in the band gap.

4 Conclusion

In this work, we calculated the band alignment of puckered
CaP;, CaAs; and BaAs; monolayers at the GoW, level of theory
for the isolated monolayers according to the electron affinity
rule. Our calculations suggest that monolayer CaP;, CaAs; and
BaAs; all form type-II (staggered) heterojunctions which makes
them suitable candidates for solar cell applications. Their quasi-
particle gaps are 2.1 (direct), 1.8 (direct) and 1.5 eV (indirect),
respectively. The differences in alighment with respect to the
vacuum potential (i.e. the conduction band offsets) follow a trend
in the chemical composition and also depend on the degree of
relative stretching of the As or P anionic mesh upon insertion of
the Ca or Ba ions. We also discussed trends in the electronic
structure in the light of chemical bonding analysis. We found that
the indirect band gap in BaAs; is caused by relatively strong As
3p-Ba 5d bonding interactions that stabilize the conduction band
at A. Our study demonstrates the effect of structural distortion
and orbital interactions on the theoretical band alignment of
CaP;, CaAs; and BaAs;. These insights provide guidance for the
future development of 2D heterojunctions based on phosphorene-
like materials.
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I. VASP STRUCTURE FILES (POSCAR)

CaAs3 monolayer
1.00000000000000
5.9673800467999998  0.0000000000000000 0.0000000000000000
1.0165732363000000 5.8803154649999998  0.0000000000000000
0.0000000000000000  0.0000000000000000  26.0000000000000000

Ca As
2 6

Direct

0.1769423339673324
0.0000016750081002
0.5550182146338116
0.6648516406207534
0.1332745527381149
0.0436701687153871
0.5120924785388894
0.6219257947279928

0.1774698642655252
0.0000031145587513
0.5553423423773509
0.1335817668416936
0.6653217049443185
0.5121502125423447
0.0438910346111427
0.6221305888304300

0.0843192194397560
0.1923299163679317
0.0925341103014574
0.0944098219129259
0.0944285201829231
0.1822206247786156
0.1822393138947689
0.1841156215831603



CaP3 monolayer
1.0
5.7089400291  0.0000000000 0.0000000000
0.9168738936 5.4873170208 0.0000000000
0.0000000000 0.0000000000 26.0000000000

Ca P
2 6

Direct

0.990673363
0.000045002
0.504078567
0.436399102
0.052144825
0.938541174
0.554308176
0.486642480

0.236208677
0.000023723
0.176318109
0.576579750
0.713358402
0.522884250
0.659748256
0.060008407

0.069827832
0.192322791
0.089228347
0.091769300
0.095917709
0.166239306
0.170394331
0.172931165



BaAs3 monolayer
1.00000000000000
6.4581198691999999  0.0000000000000000 0.0000000000000000
1.8406882982999999  6.1902486891999997  0.0000000000000000
0.0000000000000000  0.0000000000000000 26.0000000000000000

Ba As
2 6

Direct

0.1707610055466162
0.0000000000000000
0.5351630050496041
0.6681529921206035
0.1361710152654183
0.5026080206547903
0.0345905056370839
0.6355980209158645

0.1707610052636852
0.0000000000000000
0.5351629619953329
0.1361709981814840
0.6681529718209944
0.0345905004387888
0.5026080011014997
0.6355979338704856

0.0600013274230804
0.1923033457692327
0.0825415574615391
0.0858069291538470
0.0858069291538470
0.1664977440384590
0.1664977440384590
0.1697630882307664



Black phosphorene
1.00000000000000
4.5905542594727189  0.0000000000000000  0.0000000000000000
0.0000000000000000  3.2953912493002919 0.0000000000000000
0.0000000000000000  0.0000000000000000 24.6571569442999987
P
4
Direct
0.4116710144483093 0.0000000000000000 0.2588742328996148
0.5883289855290670 0.0000000000000000 0.1733393012103477
0.0883289707180026 0.5000000001209344  0.2588742328996148
0.9116710143238436 0.5000000001209344  0.1733393012103477



Puckered arsenene
1.00000000000000
4.6805338045812581 0.0000000000000000  0.0000000000000000
0.0000000000000000  3.6968139797539545 0.0000000000000000
0.0000000000000000  0.0000000000000000  24.0000000000000000
As
4

Direct

0.0687993159732372
0.9312007138572724
0.4312006842174441
0.5687992860791624

0.0000000000000000
0.0000000000000000
0.4999999999591296
0.4999999999591296

0.5501907684701308
0.4498092191132059
0.5501907684701308
0.4498092191132059



II. WANNIER INTERPOLATION OF THE BAND STRUCTURES
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FIG. S1: PBE band structure of CaP3. The red lines show the bandstructure obtained along a k
path from Quantum Espresso’, the blue dashed lines show the wannier interpolation along the
same path from a 6 x 6 x 1 k grid. The wannierization was performed with wannier90* for 100
iterations using random projections with 45 bands (20 valence and 25 conduction bands, each) as

input to obtain 45 wannier functions.
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FIG. S2: PBE band structure of CaAss. The red lines show the bandstructure obtained along a k
path from Quantum Espresso, the blue dashed lines show the wannier interpolation along the
same path from a 6 x 6 x 1 k grid. The wannierization was performed with wannier90 for 100
iterations using random projections with 40 bands (20 valence and 20 conduction bands, each) as

input to obtain 40 wannier functions.
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FIG. S3: PBE band structure of BaAss. The red lines show the bandstructure obtained along a &
path from Quantum Espresso, the blue dashed lines show the wannier interpolation along the
same path from a 6 x 6 x 1 k grid. The wannierization was performed with wannier90 for 100
iterations using random projections with 40 bands (20 valence and 20 conduction bands, each) as

input to obtain 40 wannier functions.



III. CALCIUM TRIARSENIDE / CALCIUM TRIPHOSPHIDE HETEROSTRUCTURE

To estimate the effect of charge transfer and band shifts in a heterojunction, we calculated the
band alignment of a basic CaAs,/CaP; heterostructure at the PBE level using VASPH"Y (see Fig.
[S4). We note that for more accurate results, non-local effects should be included by using hybrid
functionals.” The figure shows the band alignment with respect to the vacuum level (set to zero) of
the unstrained monolayers, strained monolayers and the heterostructure consisting of the strained
monolayers. The band alignment of the unstrained and strained monolayers reflect the alignment
according to the electron affinity rule. The atom-projected band structure of the heterostructure is
shown in Figure

To create a heterostructure, we apply strain of less than 5 % in each direction, compressing
CaAs; and straining CaP;. As a result of the strain, the band gap of CaAs; decreases from 0.33 eV
to 0.10 eV and the band gap of CaP; increases from 0.75 eV to 0.90 eV. The strained monolayers
form a type-I heterojunction according the the electron affinity rule.

Combining the strained monolayers in a heterostructure leads to an overall downshift of the
bands with respect the vacuum level. However, the relative band alignments are only slightly
affected by creating a heterostructure. Also, the respective band gaps of the heterostructure do not
close significantly compared to the strained monolayers. In effect, this means that there is a weaker
dependence of the band gap on number of layers in the heterostructure than in a homo-bilayer.**

Further, weak to moderate hybridization of the valence and conduction band occurs which
is due to overlap of the out-of-plane p, and d,» orbital contributions. The weak nature of the
hybridization allows us to still define proper band offsets. We also observe a charge transfer from
CaP, to CaAs;, which is indicated by the step in the vacuum level of -0.2 eV. Overall, the electron
affinity rule predicts the band alignment of the heterostructure rather well for this CaAs,/CaP,

heterostructure.

10



Vacuum

-1.98

-2.05 -
/61 %
-2.63 - ﬂ\ K
266 840 2.79 /
/// . \\\\\84 o ez L _273
7 \\\\ s
-2.96 '\ 1-2.94
' -3.15 /
82 % /
| — /
-3.26 /
/97 %
_//
-3.61
CaAss3 CaAss3 CaAs3/CaP3 CaP; CaP;
€x=-2.8% x=+1.6%
€,=-2.7% €,=+4.3%

FIG. S4: Band alignment of the CaAs,;/CaP; heterostructure calculated with the PBE-D3
functional in VASP. The bands are aligned with respect to the vacuum level (set to zero) with
values given in eV. Shown are the valence and conduction band at I' of the fully relaxed
monolayer, strained monolayer and for the heterostructure. Contributions to a state of the
heterostructure are indicated as percentages along the dashed lines. The charge transfer from

CaP; to CaAs; is evident from the step of the vacuum level introduced in the heterostructure.
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FIG. S5: PBE band structure of of the CaAs,;/CaP; heterostructure. a) Projected contribution of
CaAs;, b) projected contribution of CaP. The valence and conduction band are dominated by
CaAs, while the immediate neighbouring bands are dominated by CaP;. The band gap of the

heterostructure is slightly indirect. The figures were obtained with the help the pyprocar® tool.
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IV. PROJECTED DENSITY OF STATES

FIG. S6: a,b) Band and £ point projected charge density of 1L CaAs; at for the conduction band
at A. The isosurface is set at 0.0025 e/A%. At this isosurface level, the connection of the charge

density lobes to the Ca atoms can be clearly seen.

FIG. S7: a,b) Band and £ point projected charge density of 1L BaAs, for the valence band at the
I point. Isosurface: 0.004 e/A>.
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FIG. S8: a-d) Band and k£ point projected charge density of 1L BaAs, for the conduction band at
A. The isosurface is set a,b) 0.004 e/A® and c,d) 0.0025 e/A®. The 5d orbital of Ba is strongly
delocalized. Because the d orbital is more spread out, the lobes become visible at an isosurface of
0.0025 e/A? only. For comparison the band and & point projected charge density for the
conduction band at the I' point is shown in e-h). Isosurface: e,f) 0.004 e/A3, g,h) 0.0025 e/A3.
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FIG. S9: a,b) Band and £ point projected charge density of 1L. CaP; for the valence band at the I'
point. The isosurface is set at 0.004 e/A>. c,d) Band and k point projected charge density for the
conduction bands at the A point. Isosurface: 0.004 e/A%.

15



V. BONDING ANALYSIS OF PUCKERED PHOSPHORENE AND ARSENENE

The partial density of states (pDOS) and crystal orbital hamilton populations (COHP) were
obtained using LOBSTER”Y with input from VASP PBE calculations'**!>, From analysing pDOS
and COHP, the orbital composition of the electronic structure and their bonding/antibonding nature
can be obtained. The positive -COHP axis denotes bonding character of the covalent bonds and
the negative -COHP axis antibonding character. The DOS and COHP of black phosphorene and
puckered arsenene are shown in Fig. and Fig. respectively. We see that both the valence
band edge and the conduction band edge the of phosphorene and arsenene have p character. The
p-p interaction is slightly antibonding at the valence band edge and strongly antibonding for the

conduction band, which is apparent from the COHP analysis.
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FIG. S10: Density of states (DOS) and bonding indicator (pCOHP) of black phosphorene. The

energy of the valence band maximum is set to zero.
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FIG. S11: Density of states (DOS) and bonding indicator (pPCOHP) of puckered arsenene. The

energy of the valence band maximum is set to zero.
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