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1. Three types of semiconductor heterojunctions

2D semiconductors have very large surface-to-volume ratio and ultrathin body
thickness. Simultaneously, they also possess an atomic level of surface roughness and
anisotropic physical properties (in-plane versus out-of-plane) because of strong in-
plane covalent bonds and weak van der Waals interlayer interactions. Therefore, 2D
semiconductors are promising heterojunction materials, and the family of 2D
semiconductor heterojunctions are huge. For electronic and optoelectronic applications,
2D semiconductor heterojunctions usually have novel electronic and optical band

structures, high carrier mobility, and extremely strong light—matter interactions.

Semiconductor van der Waals heterojunctions can be sorted into three types
according to traditional band alignment. In type I heterojunction, both the conduction
band minimum (CBM) and valance band maximum (VBM) appear in the same
semiconductor, which has a narrow band gap. When type I band arrangement
heterojunction is exposed to light illumination, the photo-excited electrons tend to
transfer within the CBM and VBM of the narrow bandgap rather than in the broad one,
spatially confine the charge carriers and efficiently reduce the undesirable dissociation
of excitons, which in turn greatly improve the exciton efficiency [1]. Therefore, type-I
heterojunctions are suitable for application in photoluminescence and
photoluminescence excitation detection [2]. In type II heterojunctions, CBM and VBM
locate at different layers, which show a staggered band alignment and thereby holes and
electrons are spatially separated automatically. In addition, the vdW gap in 2D layered
semiconductor heterojunction serves as weak screening of the electron—hole interaction,
therefore, further extend the electron-hole recombination lifetimes [3]. Based on these
features, type Il band alignments are widely used for unipolar electronic, photocatalysis
and photoelectric devices [4]. On the basis of type-II, the CBM in type-III
heterojunction continues to reduce and eventually lower than the VBM, the band gap is
broken, and the heterojunction exhibits metallic properties. The large band overlap
between layers allows easier interlayer charge transfer, which accumulate the

transferred holes and electrons on each side of the interface and then implement the



highly doped states [5].

2. Homojunctions and momentum-space-match in them

Homojunctions means junctions built from the same semiconductor material.
Momentum match type-II junction is obtained naturally in homojunctions due to the
inherent lattice orientation match between van der Waals layers of the same 2D material.
Therefore, different methods are proposed to achieve homojunctions, including
multiphase of the same semiconductor materials, quantum confinement effect, doping,

and partial strain.

A universal approach to obtain type II band alignment in 2D semiconductor
homojunctions are implemented in van der Waals multilayered semiconductors through
supporting them on metal surface [6]. There are two advantages in 2D multilayered
semiconductor homojunctios than 2D heterojunctions : 1) momentum-matched band
alignments are easy to achieve due to the inherent lattice-orientation-match between
van der Waals layers of the same 2D material; 2) largely tunable band offsets bring the
conversion between band alignment types due to the charge redistribution at the

junction interfaces which is controlled by the supported metal substrates.

3. Semiconductor heterojunctions composed of multiple layers
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Figure. S1 Geometry structure and band alignments of the four-layer heterostructure composed of

monolayers of (from substrate to top) graphene (G), MoSe», WS,, and MoSe:.

Fig. S1 displays the geometry structure and band alignment of the four-layer
heterojunctions composed of monolayers graphene, MoSe>, WS, and MoSe». Four-
layer heterojunctions of MoSe>/WS>/MoSe>/graphene were fabricated by mechanical
exfoliation and dry transfer techniques. In this heterojunction, the electrons and holes
are excited in both MoSe; layers, while the graphene layer is used to eliminate the
carriers in the third MoSe; layer and selectively populated the first MoSe> layer with
the holes which then tunnel to the third MoSe> layer. A hole tunneling time of about 20
ps is observed in the van der Waals multilayer heterojunctions, which slightly increases
with the injected carrier density, and the van der Waals multilayer heterojunctions are

pointing a way in sophisticated designing [7].

Besides this four-layer heterojunctions of MoSe2/WS2/MoSez/graphene, other
multilayer van der Waals heterojunctions have also been researched, such as three-, and
four-layer 2D TMDC van der Waals heterojunctions composed of 1L-MoS2/2L-WS;,
2L-MoS2/2L-WS3, and 3L-MoS2/1L-WS; [8]; MoS2/MoSez/MoS: heterostructure [9];
and MoS>/MoSe>/MoS; van der Waals heterostructure [10].

4. Janus layers heterojunction
The Janus monolayers have received increasing attention due to their broken
mirror symmetry. And the Janus MoSSe monolayer has been successfully prepared

[11,12]. For Janus layers heterojunctions, there are also many studies.
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Figure S2. The projected band structures of (a) ZnO/SeMoS and (b) ZnO/SMoSe vdWHs. (c)

Band alignment of the ZnO/MoSSe vdWHs [13].

The distinct character of Janus TMD is the different performance of two sides and
natural built - in electric field. As shown in Fig. S2, the band gaps in ZnO/SeMoS and
ZnO/SMoSe vdWHs are different, depending on the interface characteristics. In these
two cases, the VBM are all located at the G point and mainly contributed by the ZnO
layer, while the CBM are located at the K point and mainly consist of the MoSSe layer.
The band gap of the ZnO/SMoSe heterojunction (0.63 eV) is smaller than that of
Zn0O/SeMoS ((1.31 eV), indicating that electrons are more easily excited from the VBM

to the CBM in the ZnO/SMoSe heterostructure. Except for the band gap, the valence

band offset AEv and conduction band offset AEc of the ZnO/SeMoS and ZnO/SMoSe

heterojunctions are also different (0.11 eV and 0.86 eV for ZnO/SeMoS, and 0.69 eV
and 1.58 eV for ZnO/SMoSe) due to the built-in electric field from ZnO to the MoSSe
layer [13].

In addition, Li X et al. design a novel 2D Janus In,STe/InSe vdWH and
theoretically demonstrated that the vdWH 1is a direct-band gap (~1.23 eV)
semiconductor with staggered type-II band alignment and superb optical absorption

(~10°) under ultraviolet zone [14].



5. The effect of vertical strain on the electronic behaviors of vdWHs

The effect of vertical strain on the electronic behaviors of vdWHs also deserve to
research. In theoretical calculation, the vertical strain is introduced by changing the
interlayer distance, since the vdW interaction plays an important role in regulating the
electronic properties [15]. While in the experiment, the interlayer distance is modulated
by imposing pressure with a scanning tunneling microscopy tip, inserting a dielectric
layer, or vacuum thermal annealing [16,17]. Similar to biaxial strain, vertical strain can
both adjust the band gap value and band alignment. The WTex/HfS: vdWH is
energetically stable under vertical strain, with the type-IIl band alignment robustly
withstand the vertical stress. The Janus-In,STe/InSe vdWHs experience a straddling-

staggered band alignment transformation with the increasing vertical strain [14].
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