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Among the many two-dimensional materials, germanene and Janus MoSSe have received considerable
attention due to their novel electrical and optical properties. We anticipate that the heterojunction formed by
germanene and MoSSe will exhibit exceptional properties and immense potential for applications in optoelec-
tronic devices. Here, germanene/MoSSe vertical heterojunctions (VHJs) have been constructed by stacking the
twisted bilayers, and their electronic properties, structural stability, and interface characteristics are calculated
by applying the density functional theory. Meanwhile, the ab initio molecular dynamics simulation shows that
the germanene/MoSSe VHJs are thermodynamically stable, and the germanene/SeMoS (Ge/SeMoS) VHJ is
more energetically stable than germanene/SMoSe (Ge/SMoSe) VHJ. The Schottky contact is formed in the
germanene/MoSSe heterojunctions. In particular, the Schottky barrier of Ge/SeMoS VHJ can be modulated
by the electric field, resulting in the change of Schottky contact from p-type to n-type, even to Ohmic contact.
However, the change in interlayer distance also can lead to variation of the Schottky barrier, but the contact type
is unchanged. In addition, the Ge/SeMoS VHJ exhibits an excellent light absorption performance. Therefore,
the Ge/SeMoS VHJ is a potential material for the design and fabrication of optoelectronic devices.
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I. INTRODUCTION

Graphene is a material that is tightly packed with car-
bon atoms connected by sp2 hybridization into a single
two-dimensional (2D) honeycomb lattice structure that has
excellent optical, electrical, and mechanical properties [1–5].
Graphene is considered a competitive alternative to silicon
and displays important application prospects in materials sci-
ence, energy, biomedicine, and so forth [6–8]. Inspired by the
great prospects of graphene, a large number of 2D materials
have been explored, such as transition metal dichalcogenides
(TMDCs) [9], 2D transition metal carbides and carbonitrides
(MXene) [10], monoelemental 2D semiconductors (silicene,
phosphorene, germanene, etc.) [11], and hexagonal boron ni-
tride (h-BN) [12]. Especially, low buckled (originally from
the sp2–sp3 hybridization) germanene, like graphene, was
theoretically predicted to have a Dirac cone band structure
which gives rise to high carrier mobility [13]. However, com-
paring with graphene, the band gap of germanene is more
easily opened due to its low buckled structure. [14] And then,
germanene was successfully synthesized by chemical vapor
deposition (CVD) on the gold (111) surface [15]. In addition,
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nonsymmetric Janus 2DMs have been recently proposed and
prepared by CVD [16,17]. As typical Janus 2D material, the
band gap and carrier mobility of MoSSe is dependent on the
layers of MoSSe [18]. Moreover, the built-in electric field is
generated in the vertical direction of MoSSe because of the
symmetry breaking, which promotes the separation of exci-
tons, thereby facilitating the photocatalytic reaction [19,20].
Thus, MoSSe are also promising materials for designing and
constructing nanoelectronic and optical devices [21,22].

In parallel with the effort on single 2D material, the var-
ious van der Waals (vdW) heterojunctions have been made
by stacking different 2D materials on top of each other and
researched over the past ten years [23]. For example, Xu et al.
showed that graphene/MoS2 heterojunction has high charge
mobility and tunability Fermi level, due to the Dirac cone of
graphene preserved in the heterojunction [24]. Deng et al.
confirmed that the black phosphorus/MoS2 heterojunction
has high photodetection responsivity and photovoltaic energy
conversion because of the high mobility and appropriate di-
rect band gap of black phosphorus [25]. Nourbakhsh et al.
proposed that a MoS2/WSe2 heterojunction-based transistor
exhibits a positive-to-negative transconductance due to the
tunable charge density and energy band of the heterojunction
[26]. In terms of broad-band photodetection and solar energy
harvesting, the germanene-based heterojunctions have been
explored in various methods for their perfect properties. For

2469-9950/2023/108(12)/125404(12) 125404-1 ©2023 American Physical Society

https://orcid.org/0000-0002-5467-7282
https://orcid.org/0000-0003-0346-1390
http://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevB.108.125404&domain=pdf&date_stamp=2023-09-05
https://doi.org/10.1103/PhysRevB.108.125404


JUN YUAN et al. PHYSICAL REVIEW B 108, 125404 (2023)

germanene/MoS2 heterojunction, its optical absorption shows
a wider range together with a redshift absorption edge [27].
A similar situation arises in germanene/AlN heterojunction,
that is, optical absorption exhibits relatively enhanced trends,
in the visible range and the ultraviolet light zone [28]. In
addition, various MoSSe-based heterojunctions have been in-
vestigated in recent years. For instance, Li et al. found that
for the graphene/SMoSe heterojunction, the Schottky bar-
rier at the heterointerface can be reduced by increasing the
interlayer distance, and even changing to Ohmic contact by
applying a negative electric field [29]. Zhao et al. demon-
strated that the in-plane tensile strain induces a transition from
Schottky to Ohmic behavior in MoSSe/germanene hetero-
junction [30,31]. Recently, it was found that the constructed
MoSSe/WSSe vertical heterosjunction (VHJ) presents a type-
II band alignment, which is beneficial to exciton dissociation
and thus highly desirable for energy conversion [32]. All the
above shows that constructing of 2D material heterojunction
is a very effective way of designing new devices because
the heterojunctions can modulate the optical and electronic
characteristics of devices to desired performance.

In this work, in view of the electronic characteristics of
germanene and MoSSe mentioned above, the heterojunc-
tion structures composed of these materials are expected
to have excellent optoelectronic performances and present
great application potential for designing of devices. Specifi-
cally, two twisted germanene/MoSSe VHJs, Ge/SMoSe and
Ge/SeMoS VHJs, are constructed by stacking germanene
and Janus 2D MoSSe monolayers, respectively. By compar-
ing the binding energy of the two germanene/MoSSe VHJs,
Ge/SeMoS VHJ was selected for further investigation due to
its more stable structure. And the electronic property, inter-
facial characteristic, and optical performance of Ge/SeMoS
VHJ was examined by means of the density functional theory
(DFT). The results show that the carriers in the heterojunction
have very low effective mass, resulting in their high mobili-
ties. And it is noteworthy that there is a transformation from
p-type to n-type Schottky contact and even to Ohmic contact
at the contact interface under the modulation of the external
electric field, while interlayer distance can regulate the Schot-
tky barrier height (SBH) but not the contact type. Moreover,
the optical properties of Ge/SeMoS VHJ are explored by
calculating of the dielectric constant and absorption spectrum.

II. COMPUTATIONAL DETAILS

All numerical simulations were conducted employing
first-principles calculations based on density functional the-
ory (DFT) with the linear combination of atomic orbitals
(LCAO) in the Quantum Atomistix ToolKit (ATK2021) pack-
age [33,34]. The generalized gradient approximation (GGA)
exchange-correlation potential with the parametrization of
Perdew-Burke-Ernzerhof (PBE) was used in the geometry
optimization [35,36]. The semi-empirical corrected Grimme
DFT-3 model was used to investigate the vdW interaction
in the germanene/MoSSe interface [37]. Heyd-Scuseria-
Ernzerhof (HSE06) hybrid functional was adopted to obtain
the accurate electronic band structure [38]. The pseudopo-
tential was set to PseudoDojo [39]. Considering the full
relaxation of material structures, the average force on each

atom was set to less than 0.001 eV/Å and the stress error toler-
ance was 0.0001 eV/Å3, and the optimizer method is L-BFGS
algorithm. A vacuum layer of thickness 20 Å was inserted
along with the c axis direction of the heterojunction to avoid
the interaction between adjacent layers. The energy conver-
gence criterion of self-consistent process was set as 10−5 eV
and maximum iteration steps was set to 200. By the conver-
gence test (Fig. S1[40]) of the system, and the balance of the
calculation time and the calculation accuracy, a density mesh
cutoff was set to 95 Hartree, and a 19 × 19 × 1 Monkhorst-
Pack k-points grid was sampled in the first Brillouin zone for
monolayer, and the corresponding settings were 105 Hartree
and 5 × 5 × 1 k-points grid for the germanene/MoSSe VHJs.

III. RESULTS AND DISCUSSION

Firstly, we studied the electronic properties of germanene
and Janus MoSSe monolayers. As shown in Fig. 1(a), the
germanene displays a honeycomb lattice pattern with warping
structure due to the coexistence of sp2 and sp3 hybridizations
[13,14]. The MoSSe displays a sandwich geometry structure,
its upper and lower layers are respectively S(Se) and Se(S)
atoms, Mo layer in the middle, as shown in Fig. 1(b). Through
structural optimization, we obtained the results consistent
with the previous data, i.e., the lattice constants of germanene
and MoSSe are 4.037 Å and 3.25 Å, the bond lengths of
Ge-Ge, Mo-S and Mo-Se are 2.44 Å, 2.42 Å and 2.55 Å,
respectively [14,41,42]. In Fig. 1(c), the band structures of
germanene possess a Dirac cone with zero band gap at K
point, indicating a semi-metallic characteristic the same as the
graphene. However, we can see from Fig. 1(d), Janus MoSSe
is a semiconductor with a direct band gap of 2.03 eV, which
agrees well with the reported experimental measurement [16].
It should be noted that the spin orbit coupling (SOC) is not
accounted in the computation of the energy band structure of
electronic state for the monolayer as no significant change
[30]. In addition, the phonon spectra are shown in Fig. 1(e)
and 1(f) confirm that the germanene and Janus MoSSe are
dynamically stable at equilibrium state due to nonnegative
phonon energy. Furthermore, to better understand the atomic
contribution to the energy band of MoSSe, the projected band
structure of MoSSe was calculated and shown in Fig. 2. It was
found that every kind of atom has different contributions to
the band at different positions. Specifically, Fig. 2(a) displays
the contributions of p-orbital of sulfur for MoSSe electronic
band structure. In the same way, the contributions of p-orbit
of Se atom and d-orbital of Mo atom are presented in Fig. 2(b)
and 2(c), respectively. It can be further seen that p-orbital of S
atom and d-orbital of Mo atom are the main contributors to the
valence-band edge state of MoSSe, but the contribution of S
atom is very limited at the K point in the Brillouin zone. The
p-orbital of Se atom and d-orbital of Mo atom is dominant
for the conduction-band edge state of MoSSe, however, the
contribution of Se atom is very small at the K point in the
Brillouin zone. So, the main contribution of the energy band
edge state of MoSSe at the K point comes from d-orbital of
Mo atom because of the highly localized d orbitals at Mo
atom sites, which is similar to that of MoS2 [43,44]. From
the above analysis, it can be further found that the valence
band maximum (VBM) and the conduction band minimum
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FIG. 1. Atomic structure of (a) germanene and (b) MoSSe monolayers(yellow, orange and wathet blue represent sulfur, selenium and
molybdenum respectively); band structure of electronic states of (c) germanene and (d) MoSSe monolayers; phonon dispersion curves of (e)
germanene and (f) Janus MoSSe monolayers.

(CBM) are distributed in the S and Se sides of the sandwich
structure of MoSSe, respectively. Meanwhile, the different
electro-negativity values on the two sides of MoSSe layer
are due to the different atoms on its two sides. Calculation
of electrostatic potential shows that there is electrostatic po-
tential difference of ∼0.596 V between two sides of MoSSe
layer, as shown in Fig. 3(a). Visually, Fig. 3(b) gives the
polarized electric field generated in the MoSSe intralayer and
the spatial distribution of conduction band (CB) and valence
band (VB) of MoSSe, respectively. Thus, it implies that the
photogenerated carriers can be rapidly separated in MoSSe
under the irradiation of light, and the recombination of carriers
can be also significantly reduced.

In our study, the twisted germanene/MoSSe VHJs were
constructed by placing germanene on MoSSe with an inter-
layer angle of 46.1◦. Considering different chalcogen atoms
located on the opposite sides of Janus MoSSe, two hetero-
junctions (Ge/SMoSe and Ge/SeMoS VHJs) were assembled
by the generalized lattice match (GLM) method and were

separately depicted in Figs. 4(a) and 4(d) [45]. In detail, a 3 ×
3 × 1 supercell of germanene monolayer and

√
13 × √

13 ×
1 supercell of MoSSe monolayer are selected to construct
the germanene/MoSSe VHJs (Fig. S2[40]). It is noted that
there is an average strain of 2.14% between the germanene
and MoSSe layers. However, the optoelectronic properties of
TMDCs are sensitive to strain while germanene is not, so we
have applied the strain to the germanene layer and the super-
cell lattice constant (a) of heterojunction is 11.73 Å [46,47].
After enough relaxation, the germanene and MoSSe mono-
layer only sffuer the strain of 1.41% and 1.87%, respectively,
and the supercell lattice constant (a) is 11.94 Å. The interlayer
distances (D) of the germanene and MoSSe, buckling height
of germanene layer (�), the height of MoSSe layer (dS-Se) are
shown in Table I, respectively. To further investigate the inter-
actions between germanene and Janus MoSSe, the electron
location function (ELF) was calculated to explain bonding
behaviors [48,49]. Figures 4(b) and 4(e) presents the ELF
results for Ge/SeMoS and Ge/SMoSe VHJs, respectively. As

FIG. 2. Contribution of different atom orbits for energy band of MoSSe monolayer: (a) p-orbital of sulfur; (b) p-orbital of selenium;
(c) d-orbital of molybdenum.
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TABLE I. Interlayer distance D, buckling height of germanene layer �, the height of MoSSe layer dS-Se, the supercell lattice constant of
heterojunction a, binding energy Eb, band gap Eg, and difference of Schottky barrier ��.

D(Å) �( Å) dS-Se( Å) a (Å) Eb ( meV/ Å2) Eg ( meV) �� ( eV)

Ge/SMoSe 2.99 0.72 3.21 11.73 −5.93 17.30 0.616
Ge/SeMoS 3.11 0.77 3.21 11.73 −6.23 15.78 0.266

shown in Figs. 4(b) and 4(e), the ELF value in the germanene
monolayer is large and indicates the existence of covalent
bonds between Ge atoms. Similarly, the ELF values in the
MoSSe layer also present the covalent bonds feature between
Mo and S (Mo and Se) atoms. However, the small ELF values
between germanene and MoSSe monolayers demonstrate that
no bonding of interlayer. In other words, there is a weak
interaction between germanene and MoSSe monolayers, sug-
gesting the constructed germanene/MoSSe VHJs are van der
Waals heterojunction. Here, the ELF analyses conform with
that of the vdW heterojunctions in Refs. [50–52].

In addition, the thermal stability of the constructed het-
erojunctions was examined by ab initio molecular dynamics
(AIMD). As shown in Figs. 4(c) and 4(f), there is no structure
distortion in two heterojunctions under heating at 300 K for
4 ps, and the change of potential energy is very small dur-
ing heating period. Therefore, the germanene/MoSSe VHJs
exhibit excellent stability and can be implemented experimen-
tally. Furthermore, the binding energy Eb of the constructed
heterojunction can be calculated by the following formula:

Eb = Etot − EGe − EMoSSe

A
, (1)

where Etot, EGe, and EMoSSe represent the total energies of
germanene/MoSSe VHJs (3 × 3 × 1) supercell of germanene
and (

√
13 × √

13 × 1) supercell of Juans MoSSe, respec-
tively. A stands for the area of the supercell of heterojunction.
Then, the binding energies of Ge/SMoSe and Ge/SeMoS

FIG. 3. (a) The electrostatic difference potential along z axis of
monolayer MoSSe; (b) schematic diagram of photogenerated carriers
in MoSSe and built-in electric field from Se to S.

VHJs were calculated to be −5.93 and −6.23 meV/Å2

(Table I), respectively, which indicates these configurations
are energetically stable. It could be speculated that the dif-
ferent stability of the constructed heterojunctions is related
with the different electronegativity of S and Se atoms. Thus,
Ge/SeMoS heterojunction is more stable due to the S atom
with large electronegativity is far from germanene. The
Ge/SeMoS VHJ is more stable due to lower binding energy.

For a better understanding of the effect of monolayer on the
heterojunction, Fig. 5 gives the band structures of (3 × 3 × 1)

FIG. 4. Geometric structures of (a) Ge/SMoSe and
(d) Ge/SeMoS VHJs. Electron location function of (b) Ge/SeMoS
and (e) Ge/SMoSe VHJs. AIMD simulation for the change of
potential energy of (c) Ge/SeMoS and (f) Ge/SMoSe VHJs as a
function of heating time at room temperature (300 k). The insets
represent snapshots of atoms structures of the germanene/MoSSe
VHJs before and after heating of 4 ps.
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FIG. 5. Band structures of (a) (3 × 3 × 1) germanene supercell and (b) (
√

13 × √
13 × 1) MoSSe supercell, projected band structures

of (c) Ge/SeMoS and (d) Ge/SMoSe VHJs. Red and green lines represent the contributions of germanene and Janus MoSSe monolayers,
respectively.

germanene supercell and (
√

13 × √
13 × 1) MoSSe supercell,

and the projected band structures of germanene/MoSSe VHJ,
respectively. In Fig. 5(a), the Dirac cone in the band structure
locates at the � point, which is different from that of the
germanene primitive unit cell, due to the folding effect. From
Fig. 5(b), it can be seen that CBM and VBM of MoSSe
supercell at K point are 0.98 eV and −1.05 eV, respectively,
so Janus MoSSe supercell has a direct band gap of 2.03 eV,
which is the same as that of MoSSe primitive unit cell. The
Fermi level of MoSSe is closer to conduction band than the
valence band, indicating that MoSSe is an n-type semicon-
ductor. Furthermore, comparing with Figs. 5(a) and 5(b), the
band structures of Ge/SeMoS [Fig. 5(c)] and Ge/SMoSe
[Fig. 5(d)] are factually the combinations of band structures
of the constituent monolayers, and the opened germanene
band gap is 15.78 and 17.3 meV, respectively. The Dirac cone
of germanene/MoSSe origins from germanene, whereas the
n-type semiconductor characteristic of Janus MoSSe is still
reflected in the heterojunction. Therefore, the electronic prop-
erties of germanene/MoSSe VHJs can be attributed to that of
germanene and MoSSe monolayers because of the weak vdW
interlayer interaction.

Here, it is noted that the band gap of germanene is opened
after stacking the germanene and MoSSe. However, the band
gap of freestanding germanene is zero at the K point (k =
4π√

3a
( 1

2 , 1
2
√

3
), where a is lattice constant) in the Brillouin zone.

With the tight-binding model, the low-energy effective Hamil-
tonian of germanene monolayer is [53]

H =
(

εA γ0 f (k)

γ0 f (k)∗ εB

)
, (2)

with

f (kx, ky) =
3∑

i=1

eik·δi = eiakx/
√

3 + 2e−iakx/2
√

3cos

(
1

2
aky

)
,

(3)
where A and B are two nonequivalent germanium atoms in the
unit cell and denoted as α = A or B, then εα = 〈�α| H |�α〉,
�α = 1√

N

∑
Rα

l
eik·Rα

l φ(r − Rα
l ), Rα

l , φ, and N denote the
atom position vectors, normalized Bloch wave function, and
the number of cells, respectively,γ0 = −〈�A| H |�B〉. For
freestanding germanene, εA = εB = γ , we can obtain the
eigenvalue as

Ek = γ ± γ0| f (k)|. (4)

Since f (k) = 0, Ek near the K point can be written as

Ek = γ . (5)

It means that the freestanding germanene is gapless. In the
heterojunctions, however, due to the low-buckled structures
of germanene, it leads to the inequality of εA and εB(εA �= εB).
Thus, the eigenvalue is written as

Ek = 1
2 (εA + εB ± Eg), (6)

where Eg = |εA − εB|. Then, there is a band gap at the K point.
When germanene is close to the S or Se layer, it leads to a
different value of Eg and thus a different band gap.

From the perspective of the application, carrier mobility
is an important parameter for the design of devices. As is
well known, the carrier mobility is dependent on the effective
mass of carriers m∗ and relaxation time τ , and presented as
follows: μ = eτ/m∗, where e represent electron charge and τ
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FIG. 6. Band alignment of germanene and Janus MoSSe monolayers of (a) Ge/SeMoS and (b) Ge/SMoSe VHJs. Electronic density
different (black solid line) and its average value (red solid line) of (c) Ge/SeMoS and (d) Ge/SMoSe VHJs, the red dashed line indicates the
centrally position of each layer.

relaxation time. The effective mass of the carrier is calculated
using the following formula:

1

m∗ = 1

h̄

∂2E (k)

∂k2 , (7)

here, h̄, k, and E (k) represent reduced Planck constant, wave
vector, and the eigenvalues of energy band, respectively. From
Eq. (7), the effective mass of holes and electrons can be
obtained by parabolic fitting the VBM and CBM of hetero-
junction. For MoSSe monolayer, the average effective mass of
carrier is 0.669 me (hole) and 0.532 me (electron), where me

denotes electron mass, while for germanene monolayer, the
average effective mass is massless. For Ge/SeMoS VHJ, the
effective mass of carrier at � point was calculated to be 0.003
me (hole) and 0.005 me (electron), while for Ge/SMoSe VHJ
the effective mass of carrier is 0.003 me (hole) and 0.003 me

(electron). By comparing the band structure of freestanding
germanene and the heterojunctions, it is found that the band
structure of germanene in the heterojunction gets a little flat
and has a band gap at � point, which leads to a small effective
mass [54]. Considering the effect of electron-phonon coupling
on relaxation time τ , the mobility can be obtained by solving
the semiclassical Boltzmann transport equation (BTE) [55].
At 300 K and a carrier concentration of 3.01 × 1012 cm−2,
the mobility of carrier in the Ge/SeMoS VHJ are calcu-
lated to be 5.41 × 104 cm2 V−1 s−1 (electron) and 1.29 × 105

cm2 V−1 s−1 (hole), the calculations details see Supplemental
Material [40]. Therefore, the constructed Ge/SeMoS VHJs
are a favorable candidate for future high-speed devices.

In addition, the interfacial property of the heterojunction
is also an essential factor in the design of the device, such
as the contact type. For the germanene/MoSSe VHJs, two
contact types, i.e., Schottky and Ohmic contacts, is possible
within the interface of metal and semiconductors. From the
band-edge values and Fermi level shown in Figs. 5(a)–5(c),
it is easy to depict the band rearrangement before and after
the Ge/SeMoS VHJ was constructed by germanene and Janus
MoSSe monolayers. As shown in Fig. 6(a), after forming the
heterojunction, the band gap of MoSSe is 1.506 eV and which
is 0.524 eV smaller than that of freestanding MoSSe. Thus, it
is determined that the interface of Ge/SeMoS VHJ is Schottky
contact by comparing the band-edge positions of MoSSe layer
relative to the Fermi level of heterojunction [56]. By the same
argument, Fig. 6(b) shows the interface of Ge/SMoSe VHJ is
also Schottky contact by the analysis of Figs. 5(a), 5(b), and
5(d). Furthermore, according to the metal induced gap state
(MIGS) model and the charge neutrality level (CNL) model,
the Schottky barrier heights are given by [57,58]

�n = S(�m − �CNL) + (�CNL − χ ),

�p = S(�m − �CNL) + (�CNL − χ ),
(8)

where �m is the work function of metal, Eg is the bandgap
of semiconductor, S is the slope parameter, χ is the electron
affinity and �CNL is CNL. For an ideal metal-semiconductor
interface, S = 1, whereas 0 � S < 1 is corresponded to a non-
ideal contact interface, in which S = 0 represents that SBH
is not changed with variation of the work function of metal,
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FIG. 7. Projected band structures of Ge/SeMoS VHJ under negative electric filed of (a) −0.4 V/Å, (b) −0.3 V/Å, (c) −0.2 V/Å, (d) −0.1
V/Å, and positive electric filed of (e) 0.1 V/Å, (f) 0.2 V/Å, (g) 0.3 V/Å, and (h) 0.4 V/Å. Red and green lines represent the contributions
of germanene and Janus MoSSe layers, respectively. (i) The variation of SBH is as a function of the electric field, where the �n and �p under
zero electric field come from FIG. 5(c). The insert displays the electric field applied on Ge/SeMoS VHJ which is introduced with the effective
screening medium (ESM) medthod.

indicating a completely pinned interface at the CNL. In case
of the germanene/MoSSe VHJs, as shown in Figs. 4(b)
and 4(e), the interlayer interaction between germanene and
MoSSe is the van der Waals interaction, thus the interlayer
interface of Ge/MoSSe VHJs is ideal contact interface, that is
S = 1 [59]. Therefore, �n and �p satisfy the Schottky-Mott
rule, the Schottky barriers can be calculated by the following
formulas [60,61]:

�n = Ec − E f , �p = E f − Ev, (9)

where E f , Ec, Ev , �n, and �p represent the Fermi level,
CBM, VBM, and the Schottky barrier height of n-type and
p-type, respectively. The differences in Schottky barrier of
the germanene/MoSSe VHJs (�� = �p − �n) are listed in
Table I. It was found that all �� is positive value (that is
�p > �n), indicating the existence of p-type Schottky con-
tact for both Ge/SeMoS and Ge/SMoSe VHJs. However, the
charge densityd difference of the germanene/MoSSe VHJs
was investigated to understand the charge redistribution and
band alignment at the interface. We define the charge density
difference �ρ(r) as

�ρ(r) = ρheter(r) − ρGe(r) − ρMoSSe(r), (10)

where ρheter(r), ρGe(r), and ρMoSSe(r) represent the charge
density of the heterojunction, freestanding germanene, and
Janus MoSSe monolayer, respectively. As shown in Figs. 6(c)
and 6(d), the average electronic density difference is a nega-
tive value, meaning the losing of electrons at the germanene
layer, whereas the positive value means accumulation of elec-
trons at the MoSSe layer. It proved that the electrons are
transferred from the germanene to the MoSSe layer for both
Ge/SeMoS and Ge/SMoSe.

Given the advantages of structure stability and experimen-
tal feasibility, the contact type and the Schottky barrier of the
Ge/SeMoS VHJ were further investigated. Figures 7(a)–7(h)
give the projected band structures of Ge/SeMoS VHJ for
different external electric fields. It is easy to find that the Fermi
level of Ge/SeMoS VHJ is gradually close to the conduction-
band edge as the increasing of external electric fields from
−0.4 to 0.4 V/Å. The Schottky barrier as a function of
the external electric fields is presented in Fig. 7(i), which
shows that �n linearly decreases with increasing electric field,
whereas �p linearly increases with increasing electric field.
In particular, �n and �p intersect at −0.185 V/Å, indicating
the transform of Schottky barrier from p-type to n-type at this
cross point. And for positive electric field, i.e., the intensities
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FIG. 8. Band structures of Ge/SeMoS VHJ with the interlayer distances of (a) 4.61 Å, (b) 4.31 Å, (c) 4.01 Å, (d) 3.71 Å, (d) 3.41 Å, (f)
3.11 Å, (g) 2.81 Å, and (h) 2.51 Å. (i) The n-type and p-type of SHB as function of interlayer distance

of the external electric field larger than zero, �p is always
larger than �n, suggesting that the Ge/SeMoS VHJ always
maintains to be n-type Schottky barrier. Furthermore, it can
be inferred that �n will decrease to zero with further increase
of external electric field, which means that the contact type
would become Ohmic contact. In other words, by introducing
the external electric fields, the Schottky barrier of Ge/SeMoS
VHJ can be switched from p-type to n-type, and even the
contact type can be changed from Schottky contact to Ohmic
contact.

In fact, the Schottky barrier of Ge/SeMoS VHJ dependent
on the external electric field can be attributed to the electronic
moving against the direction of electric field and the shift of
Fermi energy levels. For the applied positive electric field the
electrons are transferred to the S side of the Janus MoSSe
monolayer, more electrons are concentrated in the MoSSe and
lead to the Fermi energy level shifting upward, but the Fermi
energy level shifts downward for the applied negative electric
field. However, in the case of external electric field, Eq. (2)
can be written as [53]

H =
(

γ γ0 f (k)
γ0 f (k)∗ γ + eE⊥�

)
, (11)

where E⊥ is the electric field perpendicular to the interface and
� denotes the bucking of germanene. Then the eigenvalue is

Ek = γ + eE⊥�

2
±

√
γ 2

0 f (k) + 1

4
(eE⊥�)2. (12)

Then, Ek at the K point can be approximated as

Ek = γ + eE⊥�

2
±

[
E⊥e�

2
+ γ 2

0 f (k)

E⊥e�

]
. (13)

Apparently, the band gap Eg = E⊥e� ∝ E⊥. Therefore, the
band gap of Ge/SeMoS VHJ is increased with increases of
the external electric field intensity.

In addition, the effect of interlayer coupling for Schottky
barrier and contact type of Ge/SeMoS VHJ were investigated.
The projected band structure and the Schottky barrier as a
function of interlayer distance are depicted in Figs. 8(a)–
8(g). Obviously, with the decrease of interlayer distance from
4.61 to 2.51 Å, the interlayer coupling becomes stronger,
which leads to the gradual increase of the hybridization of
bands structure of germanene and MoSSe monolayers. Par-
ticularly, it can be seen in Fig. 8(g) that the band structure
of germanene experiences a heavy distortion so that its Dirac
cone disappears for the narrow interlayer distance. This can
be attributed to the strong interlayer coupling between ger-
manene and MoSSe layers, and the interlayer interaction
transforms from vdW to Coulomb type. In Fig. 8(h), apart
from 2.51 Å, as the interlayer distance increases from 2.81
to 4.61Å, �p of Ge/SeMoS VHJ always increases. However,
�n of Ge/SeMoS VHJ increases first and then decreases with
increasing interlayer distances, and �n is maximum at 4.01 Å.
It can be found that with the increase of interlayer distance, the
interlayer coupling becomes weaker, and �p and �n increase
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FIG. 9. Electron density difference of Ge/SeMoS VHJ for various of (a) electric fields and (b) interlayer spacing.

accordingly. However, with the further increase of distance,
the n-type Schottky barrier of Ge/SeMoS VHJ shows a de-
clining trend, that is, �n decreases with the increase of layer
distance, which is similar to the case of graphene-based vdW
heterojunctions [29,62–64]. Thus, we can conclude that the
interlayer distance engineering can effectively modulate the
Schottky barrier of Ge/SeMoS VHJ, but the contact type of
interface is unaltered.

To better understand the physical mechanism of Schottky
barrier variation, the change of Fermi energy level is ana-
lyzed by calculating the electron density difference of the
constructed Ge/SeMoS heterostructures under the modulation
of electric field and interlayer coupling. Here, the electron
density difference �ρE at an electric field is defined as

�ρE = ρE − ρ0, (14)

where ρE and ρ0 represent the electron density of the
Ge/SeMoS VHJ under an electric field and zero electric
field, respectively. Then, the �ρE of Ge/SeMoS VHJ cor-
responding to the electric fields in the range from −0.4 to
0.4 eV/Å are obtained and shown in Fig. 9(a). It can be
found that the electron density of the MoSSe layer gradually
become larger with increase of the external electric field, in
other words, changing from losing electrons to gaining elec-
trons. The increase of electron density leads to an upward
shift of the Fermi energy level, so that �p increases and �n

decreases, i.e., causing the transformation of Schottky barrier
from the p-type to the n-type. However, based on Eq. (10),
the electron density difference of Ge/SeMoS VHJ with dif-
ferent layer spacing is shown in Fig. 9(b). As decrease of
the interlayer spacing, it can be found that the electrons of
germanene layer are gradually close to MoSSe layer, and the
electrons in MoSSe layer are redistributed and transferred
from S-side to Se-side, which leads to the variation of �n and
�p are almost synchronized, so the type of Schottky barrier
is not changed. In addition, it should be pointed out that, for
the heterostructure with an interlayer spacing of 2.81 Å, the
electron density difference shown in Fig. S3(a) is significantly
different from that in Fig. 9(b), and the electron location
function [Fig. S3(b)] indicates that there are covalent bonds

between Ge and MoSSe layers, which implies the forming of
a non-van der Waals heterostructure [40].

Finally, the optical absorption behavior of Ge/SeMoS VHJ
was studied. As well known, the optical absorption of ma-
terial is dependent on the dielectric functions. According to
Refs. [65,66], the susceptibility χ(ω) written as

χαβ (ω) = e2

h̄m2
eV

∑
nmk

fmk − fnk

ω2
nm(k)[ωnm(k − ω − i�/h̄)]

× pα
nm(k)pβ

nm(k), (15)

where pl
nm(k) = 〈nk| P̂l |mk〉, P̂l is the lth (l = α, β) compo-

nent of the momentum operator, n and m are electronic state,
me and e are the electron mass and the electron charge, respec-
tively, V is the volume of lattice, � the energy broadening,
h̄ωnm = En − Em, and fnk is the Fermi function evaluated at
the band energy En(k). The dielectric function εr is related to
the χ(ω) and can be written as

εr (ω) = 1 + χ(ω) = ε1 + iε2, (16)

where ε1 and ε2 are the real and imaginary part of dielectric
function, respectively. Then, the optical absorption coefficient
can be calculated as follows:

α(ω) = ω

c

√
2

[√
ε2

1 (ω) + ε2
2 (ω) − ε1(ω)

]
, (17)

here, ω and c are frequency and velocity of light, ε1(ω) and
ε2(ω) are the real part and imaginary part of the dielectric
function associated with the stored energy and the dissipation
of energy within the medium, respectively [67]. The real and
imaginary parts of the dielectric function and the optical ab-
sorption coefficient of Ge/SeMoS VHJ were calculated and
shown in the Fig. 10. As an important index to evaluate the
performance of material, it is clear from Fig. 10(a) that the
static lattice dielectric constant ε1(0) of germanene, Janus
MoSSe, and Ge/SeMoS VHJ are 1.32, 1.44, and 2.55, re-
spectively. Obviously, the static lattice dielectric constant of
Ge/SeMoS VHJ is larger than that of monolayers. It illus-
trates that the energy storing capacity of the heterojunction
is significantly enhanced compared with that of monolayers.
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FIG. 10. (a) Real part and (b) imaginary part of dielectric function and (c) optical absorption spectrum of Ge/SeMoS VHJ, freestanding
germanene, and Janus MoSSe monolayers.

From Fig. 10(b), it can be seen that the imaginary part ε2(ω) of
the Ge/SeMoS VHJ is much larger than that of monolayers,
indicating a significant energy dissipation of the heterojunc-
tion. As shown in Fig. 10(c), the germanene and Janus MoSSe
monolayers have strong absorption in the ranges of photon
energy of >7.02 eV and >4 eV, respectively. However, the
Ge/SeMoS VHJ exhibits even stronger absorption in a wider
range of photon energy. Such a phenomenon also arises in
other heterostructures [62].

In addition, we can find from Fig. 10(c) that the Ge/SeMoS
VHJ has an absorption peak near 3 eV, but there is no peak in
the case of monolayer. It can be accounted by the suscepti-
bility χ(ω) of materials. From Eq. (15), for the monolayers,
it could be speculated that the negligible absorption indicates
the transition matrix element pl

nm(k) is zero, which inferred a
forbidden transition near 3 eV. Inversely, for the Ge/SMoSe
heterojunction, the electron transition is permissible. It sug-
gest that Ge/SeMoS is a very promising optical material.
Moreover, the exciton effect is an important factor affecting
the optical 2D properties of the material [68,69], and will be
further investigated in our work later.

IV. CONCLUSION

In summary, aside from the electric properties of ger-
manene and Janus MoSSe monolayers, the electronic struc-
ture, stacking mode, mobility, and interface characteristics
of germanene/MoSSe VHJs were investigated in depth by
the first principles calculation. We found that the bandgap of
germanene is opened and the carrier exhibit high mobility in

the constructed heterostructures. And, under the modulation
of external electric field, the contact types of Ge/SeMoS
heterostructure undergo a transition from p-type Schottky bar-
rier to n-type Schottky barrier, and even to Ohmic contacts.
Moreover, the bandgap of the heterostructure increases with
increasing the intensity of external electric field. However, for
the modulation of interlayer coupling, although the interlayer
distance can also change the Schottky barrier, the contact type
at the interface remains unchanged. It suggests that electric
field engineering is an effective strategy for regulating the
Schottky barrier and the contact types of germanene/MoSSe
VHJ. In addition, the calculation of absorption coefficient
revealed that light absorption performance of Ge/SeMoS
VHJ is greatly enhanced concerning that of the monolay-
ers. Therefore, the excellent optoelectronic properties of the
Ge/SeMoS VHJ demonstrate great application potential for
high-performance optoelectronic devices.
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