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I. Computational Methods

Density functional theory calculations were performed by using the projector augmented wave
(PAW)! method as implemented in the Vienna ab initial simulation package (VASP)>** with the
generalized gradient approximation (GGA) for the exchange-correlation functional in the Perdew-
Burke-Ernzerhof (PBE) formS3. The vacuum space was set to exceed 25 A to ensure that the interactions
between periodic images in the slab model are negligible. The k-mesh was set to 5 X 5 x 1 for 2D
triphosphides (SnP3 and InP3) and 11 X 11 X 1 for arsenene. Geometric structures were optimized
with the conjugated gradient method, and the relaxation process was carried out until the forces on
each atom were smaller than 0.01 eV/A. The self-consistent convergence criterion of energy was set
to 10 ~° eV.

To consider the van der Waals interactions, different methods were tested, including the optB86b,
optB88%7, PBE+D28, PBE+D3° and SCAN+rvv10'°. The PBE+D3 method offered the best
performance when comparing the calculated lattice constants with the experimental ones for the
systems we study here [see Section III], and hence the calculation results in this work were based on
the geometries relaxed with the PBE+D3 correction. For band structure calculations, the hybrid
functional of HSE06 was also considered!!-!3. Our analyses were mainly based on calculations without
the hybrid functional except for InP3 in which HSE06 give a semiconducting character with a small

energy gap while PBE give a metallic character. The effect of spin-orbital coupling (SOC) was not
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included because the SOC show minor impact for our systems, as both reported in literature!'* and in
our test calculations. These details are given in Section V.

For bonding analysis of interlayer interactions, the LOBSTER package'>-!® was used, which gives
crystal orbital Hamiltonian population (COHP)!® via weighting the density of states (DOS) by the
corresponding element of the Hamiltonian. In view of crystal orbitals, the bonding states are
characterized by a positive overlap population. The off-site element in the corresponding Hamiltonian
will then be negative. Thus, in the COHP, the bonding states are represented by a negative sign. To
make the COHP plots easier to grasp, minus COHP ( — COHP) diagrams are plotted, so the bonding

states are positive in all the COHP plots.

11. The frontier orbitals

Frontier orbitals

Empty

Occupied

A B

Figure S1. The picture of frontier orbitals between molecule/atom A and B. The interactions between

these two molecules/atoms could be classified into three types.

The frontier orbital provides a prospective to analyze the interaction from the starting point of the
energy levels of the interacting molecules. As the Figure S1 shows, the interaction between A and B
could be classified into 3 types according to the total number of electrons in the involved orbitals. The

interactions 1 and 1’ are stabilizing and the interaction 2 is repulsive because the antibonding goes up
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more than the bonding state goes down which raises the total energy. The interaction 3 has no direct

energetic consequence because of the unoccupied bonding state.?”

III. The test of van der Waals (vdW) correction methods

Table S1. The relaxed lattice constants of the bulk phase of four 2D materials with various vdW correction

methods and the average errors compared with the experimental data.

O OB PBED2 PBEDS S oN' Expt
a&) 3.82 3.83 3.80 3.82 3.78 3.76
Arsenene %) 10.37 10.79 10.06 1030 10.19 lo'if)(ref
a&) 7.53 7.58 7.47 7.52 7.47 7.45
P (&) 10.02 10.21 9.84 9.98 10.00 9'852)(ref
aR) 7.43 7.48 7.39 7.43 735 738
onPs ck) 1057 1083 1046 1054  10.74 10.52§)(ref
a&) 3.16 5.25 3.18 3.16 3.16 3.16
MoS: c(d) 12.36 13.94 12.42 12.33 12.47 12'323)(“%
Average Aa 087%  17.68%  055%  086%  031% -
error Ac 0.72%  572%  135%  0.65%  1.73% -

Since we mainly focus on the interlayer interaction along the ¢ axis, we give priority to the
performance of different vdW methods along the c¢ direction. As shown in Table S1, comparing with
the experimental results, the PBE+D3 and optB86b-vdW-DF methods show the minimum error for
lattice constant ¢, and PBE+D3 shows a slight advantage in the optimized lattice constant a. Therefore,

we chose the PBE+D3 method to handle the vdW correction in the rest of the calculations.

IV. The geometric structures

Figure S2 shows the monolayer, bilayer and trilayer structures of the three materials. It is worth
mentioning that according to a previous study, the bilayer and trilayer systems of arsenene have
different stackings?3-26. Specifically, bilayer arsenene has AB and AA stackings. In our test calculation,

the AA stacking are more energetically stable than the AB stacking, which agrees with the previous
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study, but the total energies of these two phases are similar (within ~ 50 meV). To compare with the
stacking structures of the two triphosphides, we used AB stacking in our discussion. The stacking of

bulk arsenic is ABC stacking?!. Thus, we chose ABC stacking in the discussion of trilayer arsenene.
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Figure S2. The monolayer, bilayer and trilayer structures of the three materials.
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Table S2. Geometrical parameters of one to three layers of arsenene, SnP3; and InP3. Ny represents the
number of layers. a is the lattice constants along in-plane direction, and Ac is the interlayer spacing of
multilayer system, which is shown in Figure S2b. As shown in Figure S2a, dp _p represent the bond length
between phosphorus atoms (or arsenic atoms in arsenene) and dx _p are the bond length between X (X = Sn,

In) atoms and phosphorus atoms. The two types of 0 are the corresponding bond angles.

Op_p_p Op_x—_p
N a(A) Ac (A) dpp (A) dxr (A) . .
) )
. 3.61 2.51 91.99
(3.60%% (2.51%% (91.91%)
Arsenene
3.70 2.33 2.53 - 94.14 -
3 3.73 2.30 2.52 - 95.30 -
7.16
2.17 2.71 111.06
1 (7.16%7) - 82.78
(2.17127) (2.71027) (111.127)
(7.15%8)
7.25
1.90 2.22 2.62 96.52
SnP; 2 (7.22277) 95.33
(1.90%%) (2.218%7) (2.61927) (99.4%7)
(7.25%)
7.31
2.15 2.22 2.65 97.29
3 (7.28327) 96.87
(1.93%) (222777)  (2.692Y)  (98.8%)
(7.31%%)
7.53 2.23 2.55 92.89
1 _ 114.17
(7.557%%) (2.233%9) (2.580%%) (92.599%%)
II’lP3
2 7.47 2.10 2.21 2.55 103.86 97.01
3 7.48 2.27 2.21 2.67 99.26 100.32

V.  The interlayer couplings
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Figure S3. The interlayer couplings in InP3. Three interlayer In--P (As--As) interactions (In1--P1, In1--P2

and In1--P3) and one interlayer In--In interaction (In2--In3) are denoted.

We use InP3 as an example to explain the interlayer interactions in the three materials we discuss
in main text. As Figure S3 shows, there are three X--P (As--As) interlayer interactions in bilayer
triphosphides (arsenene). There also exist the interlayer X--X interactions. As the main text describes,
we use ‘i’ to indicate the atoms lying in the interlayer region (for example, In1) and ‘o’ to describe

another type of atoms (for example, In2 and In3).

VI. The SOC and HSE06 calculations
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Figure S4. The band structures of bilayer Arsenene, bilayer SnP3 and bilayer InP3. The spin-orbital

coupling (SOC) has little influence on band gaps and hence does not change our conclusion.
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Figure S5. The band structures of bilayer Arsenene, bilayer SnP3 and bilayer InP3. The hybrid

function has some influence in band gaps.
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VII. The Bader charge analysis of monolayer and bilayer arsenene

As2 —éf) fo— Asl
Asd — NN A¢

Figure S6. The bilayer structure of arsenene. We denote the atoms from top to bottom. For example, Asl

denotes the topmost arsenic atoms and As4 denotes the bottommost arsenic atoms.

Figure S6 shows the bilayer arsenene and the symbols we used to denote different atoms in the
Bader charge analysis results. Table S3 shows the Bader charge analysis result of monolayer and
bilayer. In bilayer, the charge of atoms from the top layer and the atoms from the bottom layer at the
similar position are almost the same. Thus, we do not show the Bader charge results of the bottom

layer.

Table S3. The Bader charge analysis result of monolayer and bilayer arsenene.

Monolayer Bilayer
Charge of Asl 5.001 5.020
Charge of As2 4. 999 4. 980

There is no sufficient charge different between the monolayer and bilayer arsenene located in the
similar position. It is consistent with our analysis that there is no occupancy change around Fermi

level.

VIII. Transition in trilayer arsenene
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Anti-bonding
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E — Eg(eV)

Figure S7. The projected band of trilayer arsenene and the pCOHP of interlayer As--As interactions.

As Figure S7 shows, there is a semiconducting-metallic transition from bilayer to trilayer
arsenene. According to the pCOHP in the right panel, we could find that the anti-bonding states are
still closed to the Fermi level. Although there is a semiconductor-metal transition, this picture is still
consistent with our analyses in the main text: the anti-bonding state of the interlayer interaction forms
higher energy bands and lifts the VBM in bilayer arsenene. When it comes to trilayer, the higher anti-

bonding state is higher than the CBM, so the trilayer arsenene becomes metallic.

IX. The metal-semiconductor transition between single-layer and monolayer

SnP3
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Figure S8. The geometric structures (top), projected band structures (bottom) and pCOHPs of
intralayer P-P bonds of (a) single-layer and (b) monolayer phases. The bands which play a critical role in

the band structure change are denoted as bl and b2.

As shown in Figure S8, according to the orbital compounds and the similar dispersion of bands,
we can relate the corresponding bands between the single-layer and monolayer SnP3. For example,
from single-layer to monolayer, the band bl in the two band structures are both mainly contributed by
the p, orbital of phosphorus, so we could conclude that the band b1 in monolayer SnP3 is come from
the band b1 in single-layer SnPs.

The change of these two bands also explains the metal-semiconductor transformation from single-
layer to monolayer structure. As Table S4 labels, the monolayer SnP3 has shorter intralayer P-P bonds,
which lead to a stronger energy level split. Considering the pCOHP of intralayer P-P bonds shown in
Figure S8, from single-layer to monolayer SnP3, the shorter P-P bond leads to the higher antibonding
state (band bl) and lower bonding state (band b2). The band bl and b2 are contributed by different
orbitals of P atoms due to the hexagonal buckling lattice of geometric structure (refer to Figure S2),

but it does not change the conclusion.
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Table S4. Structural parameters in the single-layer and monolayer SnP3. The a is the lattice constant and
d is bond length, X and P represent the tin and phosphorus atoms, respectively, 8 is the bond angle, Acp _p is

the separation of phosphorus along the c axis (as labeled in Figure S2a).

a (&) dp_pA) |dx_pA)  Bp_x_p() Bp_p_p(®) Acp_p(A)
Single-layer 7.34 2.22 2.64 97.26 99.21 1.06
monolayer 7.16 2.17 2.70 82.78 111.06 0.66

X.  The charge transfer in bilayer SnP;
(a) (b)

Bilayer SnP;

Figure S9. The charge transfer from single-layer to bilayer SnP3. (a) The electron localization function (ELF)

of single-layer and bilayer SnP3; (b) The differential charge density of bilayer SnPs3.

To give an intuitive picture for band structure change between single-layer and bilayer SnP3, we
take a closer look at the charge distribution of single-layer and bilayer SnP3 by inspecting the electron
localization function (ELF) and the differential charge density. In the ELF, charge localization is
shown in red (ELF = 1) and the non-local distribution is shown in green (ELF = 0.5). The
unsaturated orbitals of Sn and the occupied orbitals of P could explain the difference between Sn and
P in the ELF plot (Figure S9a, upper panel) of single-layer SnP3: the ELF signal of Sn atoms is weaker
than that of P atoms. Interestingly, in bilayer SnP3 (Figure S9a, lower panel), the ELF signal of the
outer Sn atoms is enhanced while the signal of Sn atoms at the interlayer region is weakened. It

suggests that the outer Sn atoms might have charge accumulation when forming bilayer. The
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differential charge density (Figure S9b) confirms this picture. All these are consistent with the band
evolution that one of the partially-occupied bands becomes empty and another becomes fully-occupied.

Besides, from Figure S9b, we could also find an electron accumulation in the interlayer region
between Sn--P atoms of adjacent layers, which was also reported as a crucial feature of interlayer
interaction, but the charge accumulation here is polar instead of typical covalent-like as in other

reported materials.30-32

XI. The Bader charge analysis of monolayer and bilayer SnP;

Table S5. The Bader charge analysis results of monolayer and bilayer SnP3. The atom1 represents the

outmost atoms and atom2 represents the atoms of the interlayer region.

Monolayer Bilayer
Snl 13. 308 13. 303
Sn2 13. 308 13. 082
P1 5. 221 5. 228
P2 5.230 5. 311

Table S5 shows the Bader charge results of monolayer and bilayer. The charge transfer between
Sn and P could result for the different electronegativity, which also explains the charge transfer of the
interlayer Sn -- P interaction. In the bilayer, the charge of outmost tin atoms is almost unchanged.
However, as the Figure S9 shows, to the outmost tin, there are charge depletion along the in-plane
direction and charge accumulation along the out-of-plane direction. They increase the occupancy of
the out-of-plane orbital (that is, the p, orbital) and matches our analysis of band structure change in

main text.

XII. The bonding and anti-bonding states in bilayer SnP;
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Bilayer SnP;
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Figure S10. The imaginary part (top), real part (middle) of the wavefunction and partial charge

density (bottom) of the corresponding k points in certain bands. The interlayer region shows obvious anti-

bonding and bonding features in (a) and (b), respectively.

As Figure S10 shows, both the wavefunction and partial charge density plots show bonding and

anti-bonding characteristic in the interlayer region. These results confirm that the bands with ellipse

are the anti-bonding and bonding states of interlayer Sn--P interactions.

XIII. The interlayer Sn--Sn interactions
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Bonding

- Anﬁbonding

Figure S11. The Sn--Sn interlayer interaction in SnP3.Projected band structure of bilayer SnP3 and

pCOHP of interlayer Sn--Sn interaction.

As Figure S11 shows, there are interlayer Sn--Sn interaction in bilayer SnP3. But this interlayer

interaction is weak, it causes the splitting of bVB (antibonding) and bVB-1 (bonding) at K.

XIV. Band evolution of interaction of the interactions of two SnP; bilayers

As we mentioned in the main text, in bilayer, for example, bilayer SnP3, the interlayer Sn--P
interactions cause the following changes: the bands mainly contributed by the Sn atoms at the
interlayer region become empty and the bands mainly contributed by the outmost Sn atoms become
fully occupied (refer to Figure 4). Roughly speaking, one group of interlayer Sn--P interactions could
cause one partially occupied band (mainly contributed by the out-of-plane orbital of Sn) become empty.
In 4L SnPj3, there are 6 groups of interlayer Sn--P interactions which turn 6 partially occupied bands
into empty. Considering the electron conservation, the 2 partially occupied bands contributed by the
outmost Sn atoms become fully occupied, and the left electrons occupies the higher energy bands (the

degenerate interlayer anti-bonding states) which leads to a semiconductor-metal transition.
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Specifically, the bands mainly contributed by the out-of-plane orbitals of the outmost Sn atoms
are fully occupied, so the interlayer interaction between two bilayers SnP3 could be regarded as the
homo-occupancy interaction (interlayer interactions between two fully occupied bands). Thus, the
antibonding states could higher the VBM, and possibly induced a semiconductor-metal transition. As
Figure S12 shows, the energy bands across Fermi energy are mainly contributed by the Sn atoms of
middle interlayer region (which is the interlayer region of two bilayers SnP3), and the COHP plot
suggests that these bands are contributed by the antibonding states of interlayer Sn--P interactions of

two bilayers. These results are consistent with our analysis.

(a)

Antibonding
(VAN

TLATA

,._1.:‘.:'. K

Figure S12. The (a) geometric structure and (b) projected band structure of 4L SnP3. The interlayer region
of two bilayers is denoted. Here we only project the p, orbitals of Sn atoms of middle interlayer region which is
the interlayer region of two bilayer SnP3. COHP diagram of the Sn--P interactions in middle interlayer region are

plotted.

XV. Transition between single-layer and monolayer in InP;
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Figure S13. Interlayer interaction induced hybridization change in indium and band structure
evolution of InPs. (a) and (b) Geometric structures of the single-layer (the single-layer from the bilayer)
and the monolayer (the original monolayer structure). (¢) and (d) The indium s- and p-orbital projected
band structures of the single-layer and monolayer. The ‘i’ denotes the outer indium atoms (corresponding

to indium in the interlayer region of bilayer).

As Figure S13b shows, in the semiconducting phase, the sp?-like hybridization of indium atoms
is mainly in the in-plane directions for the three In-P bonds. Thus, the out-of-plane orbital of indium
atoms is empty. The orbitals of phosphorus are fully occupied (like that in the SnP3) and the orbitals
of indium are fully occupied for in-plane orbitals and empty for out-of-plane orbitals, which causes
the semiconducting band structure in Figure S13d. When the sp? like hybridization convert into sp3-
like for the outer indium atom, the vertical orbitals become partially occupied because of the
hybridization of 5s and 5p orbitals of indium, which leads to a metallic band structure with the s and

p hybridized energy bands around the Fermi level, as shown in Figure S13c.

XVI. The interlayer In--In interaction
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Figure S14. The interlayer In--In interaction. The imaginary part (top), real part (middle) of the wavefunction
and partial charge density (bottom) of the corresponding k points in certain bands. The interlayer region shows

obvious anti-bonding and bonding features in (a) and (b), respectively.

XVII. The Bader charge analysis of monolayer and bilayer InP;
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Table S6. The Bader charge analysis results of monolayer and bilayer InP3. The atom1 represents the

outmost atoms and atom2 represents the atoms of the interlayer region.

Monolayer Bilayer
Inl 12. 261 12. 266
In2 12. 260 12. 168
P1 5. 250 5.190
P2 5. 242 5. 327

Here, as we analyzed in the main text, there is no sufficient charge transfer between monolayer
and bilayer InP3. Also, the difference of charge in monolayer and bilayer P2 could be results for the

different electronegativity between In and P.

XVIII. Other typical 2D material as additional examples: black phosphorus (BP),

MoS; and InSe

1. Black phosphorus
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Figure S15. (a) Projected band structure of monolayer black phosphorus. The blue part represents
the p, orbitals of phosphorus. (b) Projected band structure of bilayer black phosphorus. The COHP
corresponds the interlayer P--P interactions. The band structures are calculated in PBE and fit well of the

previous study?3-34, The Fermi level is set to zero.

As Figure S15 shows, the band structure change from monolayer BP to bilayer BP is in consistent
with our analyses in the main text. The VBM in bilayer BP is mainly contributed by p, orbitals and,

according to the pCOHP of right panel, it is the anti-bonding states of the interlayer P--P interactions.

It suggests that, when two monolayer BP stack to form bilayer, the p, orbitals interact and form anti-
bonding states which shift up the VBM of bilayer BP. This picture is similar to that in arsenene and fit

well with the previous research.?’
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2. MOSz
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Figure S16. (a) Projected band of monolayer MoS;. (b) Projected band of bilayer MoS;,. The COHP

corresponds the interlayer S--S interactions.

In bilayer MoS,, we could find that the anti-bonding states are no longer being the VBM of bilayer
system. However, it does not change our conclusions in the main text. Because the interlayer
interaction in MoS, is too weak, the anti-bonding states of interlayer S--S is not at the VMB position

but near the bands below the Fermi level at around -2eV (Figure S16). This result is in good agreement

with the previous study.’! Besides, the band structure direct-indirect evolution of few-layer MoS; is

also related to the interlayer interaction.3

3. InSe
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@ Projected band of y — InSe

R e -

E — Eg(eV)

Figure S17. Projected energy bands of bilayer (a) y — InSe and (b) B — InSe.

According to the previous research of Sun ez al.3?, both the band structures of the two phases (y —
and 3 — InSe) of few-layer InSe change as the layer increasing, and the decline of the band gaps are
mainly contributed by the rise of VBM. As Figure S17 shows, both the VBM of bilayer y — and
B — InSe are contributed by the p, orbitals of Se atoms in the interlayer region. Considering the p,
orbitals of Se atoms are fully occupied, the interlayer interaction could be classified as the occupied-

occupied interactions which will higher the VBM.
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