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In this work, the lattice constants of β -P (δ -P) are 5.71 Å
(5.46 Å) and 3.30 Å (5.56 Å) along the armchair and zigzag
directions, respectively. (I) For the in-plane heterostructure,
the stress is applied in the direction vertical to the transport di-
rection in order to get rid of the lattice mismatch of 2.7%, and
no strain is applied along the transport direction. The lattice
constant of β -P (5.71 Å) is adjusted to 5.56 Å to match that of
δ -P (5.56 Å), and the lattice constants of β -P and δ -P in trans-
port direction are 3.30 Å and 5.46 Å, respectively. (II) For the
vertical heterojunction, we build the heterostructure by apply-
ing biaxial stress on (1×5) β -P in both transport direction and
the direction vertical to the transport direction, and no strain is

applied on (1× 3) δ -P layer. The lattice constant of β -P is
adjusted to match that of δ -P and the mismatch is 0.75%.

In order to demonstrate the relationship between funda-
mental properties and lattice mismatch, we build three het-
erostructures. Figure S1 shows band structures when applying
stress on β -P, δ -P and both the two layers, respectively. The
band gap size is not sensitive to the way that the stressisap-
plied, with values of 0.77 eV, 0.80 eV, and 0.81 eV, respec-
tively. Because the transport properties are closely related to
the size of the band gap, the TFET performance with the three
types of stress is expected to show no significant difference.
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Fig. S1. Band structures of the β/δ vdW heterostructure with stress applied on (a) β -P, (b) δ -P, and (c) both the two layers. The
Fermi level is at zero energy.

To study the fundamental properties of the vertical and in-

plane heterostructures, we investigated the structural and elec-

tronic properties.

(I) The bond length between β -P and δ -P after geometry

optimization is around 2.30 Å, close to the previously reported

value of 2.29 Å. The interlayer distance of the vertical het-

erostructure is 2.98 Å, which is in a reasonable range of vdW

interaction.

(II) We study the electronic properties by band structure

and the spatial resolved local density of states (LDOS). Since

the in-plane heterojunction is not periodic, only LDOS is ap-

plied (Fig. S2(a)). The band gaps of δ -P and β -P are about

0.50 eV and 1.71 eV in the in-plane heterostructure, close to

those of the free-standing forms of 0.50 eV and 1.93 eV, sug-

gesting a type-I band alignment feature, which can be used

in optical devices, such as light-emitting diodes. For the ver-
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tical heterojunction, figure S1(b) shows band structures with
an indirect gap of 0.80 eV. The valence band maximum and
conduction band minimum locate at points between Y and Γ

points, respectively. In LDOS analysis (Fig. S2(b)), the band
gap in the channel of vertical heterostructure is 0.65 eV, and
those in the δ -P and β -P buffers are 0.41 eV and 1.02 eV, re-
spectively.
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Fig. S2. (color online) Spatial resolved LDOS of (a) in-plane and
(b) vertical heterostructures. The Fermi level is set to zero.

Since the in-plane junction model is a non-periodic struc-
ture and the passivation is at the end of the δ -P and at the be-
ginning of the β -P layer, we cannot calculate the band struc-
ture of this non-periodic structure. To observe the influence
of passivation, we calculate LDOS of vertical heterostructure
with and without hydrogen passivation, as shown in Fig. S3.
Comparing Figs. S3(a) and S3(b), the band gap size in δ -P
buffer region remains unchanged, and the gaps in the chan-
nel and β -P buffer region decrease slightly (less than 0.1 eV)
after hydrogen passivation. Besides, the Fermi level with re-
spect to the gap shows no significant change. We also note
that there exist a few interface states at the end of the δ -P in
the case with hydrogen passivation, as denoted by the circle in
Fig. S3(a). However, these interface states in the vertical het-
erostructure would not show apparent effects on the mobility
of the device, as the transport direction is in the vertical direc-
tion from top to the bottom layers, and carriers do not need
to transport through the hydrogen ends. Based on the above

analysis, we refer that the transport properties of the vertical
heterostructure with and without hydrogen passivation would
not show significant difference.

δ-P β-P

δ-P β-P

E
/
e
V

E
/
e
V

(a) 3

2

1

0

-1

-2

-3

(b) 3

2

1

0

-1

-2

-3

0.65 eV 1.02 eV0.41 eV

0.69 eV 1.10 eV0.41 eV

high

low

high

low

Fig. S3. (color online) Spatial resolved LDOS of vertical heterostruc-
ture (a) with and (b) without hydrogen passivation. The Fermi level is
set to zero.

To make sure the accuracy of the calculations, we have
performed test calculations with different exchange and cor-
relation methods and basis sets. Consistent results by these
methods are obtained, which suggests that our settings are rea-
sonable. Taking the vertical heterostructure as an example,
we have implemented calculations based on different approxi-
mations, generalized gradient approximation (GGA) and local
density approximation (LDA), and different basis sets, single-
zeta-polarized (SZP) and higher double-zeta-polarized (DZP).
Comparing the results between the GGA and LDA, the size
of the band gap in channel is around 0.65 eV and those in δ -
P and β -P buffer regions are similar. Spatial resolved LDOS
is very similar, as shown in Figs. S4(a) and S4(b). Similarly,
in Figs. S4(c) and S4(d), the size of band gap in δ -P buffer
and the δ/β vertical heterostructure channel based on SZP and
DZP basis set are also close to 0.40 eV and 0.65 eV, respec-
tively. We note that there are interface states in the channel-
right electrode interface, which is identified to be caused by
the H passivation. In Fig. S4(d), the interface states become
especially apparent.
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Fig. S4. (color online) Spatial resolved LDOS of vertical heterostructure with (a) GGA and (b) LDA, adopting SZP basis set in forms
of the PBE for exchange and correlation methods. Spatial resolved LDOS of the vertical heterostructure with (c) SZP and (d) DZP
basis sets, adopting GGA in forms of the PBE for exchange and correlation methods. The Fermi level is set to zero.

The Monkhorst–Pack k-point mesh is sampled with a sep-
aration of ∼ 0.01 Å−1 in the Brillouin zone. Therefore, the ex-
act number of k-point is related to the size of the Brillouin zone
and the lattice parameter. Taking the in-plane heterostructure
for example (Fig. S5), the vacuum layer is along x direction.
The left and right electrode lattice parameters are the same as
the channel lattice parameters along x and y directions, but dif-
ferent along z direction. The k points of electrodes and chan-
nel are set 1×18 along x and y directions. Though the left and
right lattice parameters are different along z direction, their k-
point mesh density in the Brillouin zone is near a separation
of ∼ 0.01 Å−1 when it is set 18. Similarly, the k-point of this
channel is set 6 along z direction.

The length of the channel is always equal to 5 nm. In or-
der to present different lengths of intrinsic region more clearly,
we show the schematic models of the in-plane heterostructure
in Fig. S6. The intrinsic lengths of the p–i–n junction are 0 Å,
11 Å, and 19 Å, respectively.

For the vertical heterostructure in our paper, the covered
length between the upper and lower layers already reaches
a maximum value (38 Å). Therefore, we reduce the overlap
length to demonstrate the relationship between the properties
and the covered length of δ -P and β -P. We performed spa-

tial resolved LDOS analysis of the vertical heterostructure in
different overlap lengths and found that the band gaps in the
left and the right buffers are similar. However, the band gap
size in channel decreases with reducing overlap length. The
channel gap reduction is caused by the interface states in the
end of δ -P and the beginning of β -P, showing in the ellipse
circle in Fig. S7. These states in the left and right interfaces
become closer as L decreases, and finally are connected when
L = 14 Å.
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Fig. S5. (color online) (a) The top, (b) side, and (c) front views of the
schematic in-plane heterostructure models.
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Fig. S6. (color online) Two-probe models of the p–i–n junction composed of δ -P and β -P based on in-plane and vertically stacked
heterostructures. The unit cells in gray and green shadows are heavily p-type and n-type doped, respectively. In these cases, the length
of the intrinsic region is (a) L1 = 0 Å, (b) L2 = 11 Å, and (c) L3 = 19 Å. Yellow balls: δ -P; blue balls: β -P.
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Fig. S7. (color online) (a) Schematic model composed of δ -P and β -P at the left and right ends and their heterostructure in the middle.
(b) Spatial resolved LDOS of vertical TFET in different overlap lengths.
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