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The intrinsic spin-dependent transport properties of two types of lateral 
VS2|MoS2 heterojunctions are systematically investigated using first-
principles calculations, and their various nanodevices with novel properties 
are designed. The lateral VS2|MoS2 heterojunction diodes show a perfect 
rectifying effect and are promising for the applications of Schottky diodes. A 
large spin-polarization ratio is observed for the A-type device and pure spin-
mediated current is then realized. The gate voltage significantly tunes the 
current and rectification ratio of their field-effect transistors. In addition, they 
all demonstrate a  sensitive photoresponse to blue light, and could be used as 
photodetector and photovoltaic device. Moreover, they generate an effective 
thermally driven current when a temperature gratitude appears between the 
two terminals, suggesting them as potential thermoelectric materials. Hence, 
the lateral VS2|MoS2 heterojunctions show a multifunctional nature and 
have various potential applications in spintronics, optoelectronics, and spin 
caloritronics.
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magnetism. Novel properties can arise 
when different 2D materials are combined 
vertically to form a van der Waals (vdW) 
heterojunction or via in-plane stitching 
to form a lateral heterojunction.[38–40] A 
few lateral or vdW heterojunctions have 
been investigated theoretically or prepared 
experimentally, such as graphene|h-BN,[41] 
graphene|MoS2,[42] borophene|organic lat-
eral heterojunctions,[43] and InSe vdW het-
erojunction,[44] etc.

In particular, the transition-metal 
disulfides (TMD) are among the most 
explored 2D materials. Geometrically, 
the TMD mostly exist in 1T (D3D), 2H 
(D3h), and 3R (D3v), based on their dis-
tinct symmetries.[45] Electronically, they 
may be semiconductors, insulators, 
and metals. In recent years, some lat-
eral and vdW heterojunctions of TMD 
with same or different phases have 

been realized experimentally or investigated theoretically, 
including MoS2|WSe2,[46–49] MoSe2|WSe2,[50,51] NbS2|WS2,[52] 
and VSe2|MX2.[53] These heterojunctions hold promise for 
potential applications as transistors (including diodes and tri-
odes), photoelectric devices such as photodetectors, etc. Very 
recently, the high-quality lateral metal-semiconductor hetero-
structures VS2|MoS2 were prepared via a two-step chemical 
vapor deposition method,[54] and were proven to have better 
field-effect mobility compared to the traditional on-top Ni 
contacts.

1. Introduction

After the discovery of the well-known graphene,[1] a large 
number of 2D monolayers (MLs) have been fabricated and 
studied, including silicene,[2,3] h-BN,[4] transition metal 
sulfides,[5–10] phosphorene,[11–15] MXene,[16,17] borophene,[18–23] 
stanene,[24] antimonene,[25] g-C3N4,[26,27] ferromagnets,[28,29] 
chromium trihalides CrX3,[30–33] and other graphene-like 
MLs.[34–37] Each type of these 2D materials possesses unique 
properties in mechanics, thermodynamics, optics, electrics, and 
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As the ground state of 1T phase VS2 ML is ferromagnetic,[55] 
unusual spin-dependent properties could arise from the lat-
eral VS2|MoS2 heterojunctions, making them interesting can-
didates for spintronic applications. A detailed study for this 
issue is still missing. In this paper, we systematically investi-
gate the spin-dependent transport and photoelectric properties 
of the lateral VS2|MoS2 heterojunctions by the first-principles 
calculations. We first construct the lateral VS2|MoS2 heterojunc-
tion diodes and study their intrinsic spin-dependent electronic 
transport properties. Subsequently, their field-effect transistors 
are obtained by adding the double (bottom and top) gate elec-
trodes on both sides of the heterojunction, and the field-effect 
properties are then unveiled. Next, we further investigate their 
photoelectric properties as they are under illumination. Last, 
we explore their thermally-driven electron transport behaviors 
due to a temperature difference between their two terminals.

2. Results and Discussion

Based on our first-principles calculations, the ground state of 
1T-VS2 ML is a ferromagnetic metal (0.55 μB per unit cell) with 
0.02  eV lower energy than its spin-unpolarized configuration, 
while the 1H-MoS2 ML is a semiconductor with a gap of 1.7 eV 
(see Figure S1, Supporting Information), consistent with the 
previous reports.[55–57] According to the atomic lattice structures 
of 1T- and 1H-phase transition-metal disulfides, there exist two 
types of in-plane stitching patterns for 1T-VS2 and 1H-MoS2 to 
form a lateral heterojunction. The first type is along the zigzag 
direction (labeled as Z-type), and the second type is along the 
armchair direction (labeled as A-type), as shown in Figure S2, 
Supporting Information. These two types of lateral VS2|MoS2 

heterojunctions may yield distinct spin-dependent transport 
behavior since the band structures of either 1T-VS2 or 1H-MoS2 
are significantly different between along the Γ−X path (i.e., 
parallel to the transport direction of Z-type) and along the Γ−Y 
path (i.e., parallel to the transport direction of A-type), as shown 
in Figure S1e,f, Supporting Information.

2.1. Intrinsic Rectifying effect of VS2|MoS2 Schottky Diodes

Figure  1 shows the schematics of the two types of lateral 
VS2|MoS2 heterojunction diodes. Each diode is composed of 
the periodic drain (D) and source (S) electrodes and the central 
scattering region VS2|MoS2 heterojunction. They have a perio-
dicity perpendicular to the transport direction between the D 
and S electrodes. The D/S electrodes are described by a large 
supercell of VS2 or MoS2, and their length are semi-infinite 
along the transport direction. The third direction is a large slab 
separated by a vacuum more than 15 Å. The Dirichlet boundary 
conditions is adopted along the transport direction, while peri-
odic boundary conditions for the other two orthogonal direc-
tions. As a D–S bias Vb is applied across the D electrode, its 
Fermi energy (EF) is shifted upward (for forward Vb) or down-
ward (for reverse Vb) accordingly. A forward Vb generates a 
current from the D electrode to the S electrode, and vice versa. 
In this work, the spin-resolved currents through the VS2|MoS2  
heterojunctions are calculated using the Landauer–Büttiker 
formalism[58]
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where the σ  =  ↑ (spin up) and ↓ (spin down), and the total 
current I is the sum of Iσ. e and h are the electron charge 
and the Planck's constant, respectively. Tσ(E,Vb) indicates 
the spin-resolved transmission coefficient of the heterojunc-
tions. fD(S)  = {1 + exp[(E − μD(S))/kBTD(S)]}−1 is the Fermi-Dirac 
distribution function of the D(S) electrode with temperature 
TD(S) and chemical potential μD(S).
Figure 2a,b show the spin up and spin down (dn) transmis-

sion spectra of Z-type VS2|MoS2 diode. Only the electrons with 
high enough negative energies have nonnegligible transmis-
sion coefficients for the both spin states. More than that, within 
the bias window, significant electron transmissions only appear 
under high enough forward bias voltages for both spin states. 
Besides, the spin down states show a slightly stronger trans-
mission ability than the spin up sates. These effects result in a 
perfect rectifying effect of Z-type VS2|MoS2 heterojunction (see 
Figure 2e), which is promising for the applications of Schottky 
diodes. The current through the heterojunction is turned on as 
the bias is larger than the forward threshold voltage (0.4 V). Its 
total current density and differential conductance density are 
as high as 670  mA mm−1 and 3.6 S mm−1 (see Figure  2g) at 
0.8  V, respectively. Note that a disorder or mismatch (such as 
vacancy defect) may appear at the interface when preparing a 
lateral heterojunction. It usually reduces the electrical conduc-
tivity of 2D materials because the vacancy defect decreases the 
electron transmission channels and increases the electron scat-
tering.[21,59] The vacancy defect such as from V atom decreases 
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Figure 1.  Schematics of top (upper) and side (lower) views of a) Z-type 
and b) A-type lateral VS2|MoS2 heterojunction diodes.
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the conductivity but remains the rectification effect of Z-type 
VS2|MoS2 with reduced rectification ratio (see Figure S3, Sup-
porting Information).

Another important parameter for a rectifier is the rectifi-
cation ratio defined as RR =  |I(Vb)/I(−Vb)|. The RR of Z-type 
VS2|MoS2 heterojunction is up to the magnitude of 107, much 
larger than that of the graphene|h-BN heterojunction[60] and 
other nano rectifiers.[61,62] Moreover, according to the thermi-
onic emission theory,[63] the I−V characteristics of the Z-type 
VS2|MoS2 Schottky diode can be described as

I I eqV nk T qV k Te (1 )0
/ /b B b B= − − 	 (2)

where q is the elementary charge, T indicates the temperature, 
I0 is the saturation current, and n refers to the so-called ide-
ality factor. The ideality factor is a key parameter to evaluate 
how much the heterojunction resembles an ideal Schottky 

diode, where a value of |n| = 1 represents the idea case. Using 
a log-plot of I/(1 − e−qVb/kBT) against Vb, one can extract the 
value of the ideality factor from the slope. The ideality factor 
of Z-type VS2|MoS2 Schottky diode is 0.94 at room temperature 
(see Figure 2i), close to a saturation value (0.91) as the tempera-
ture is beyond 360 K (see Figure 2j). The temperature for the 
idea case of Z-type VS2|MoS2 Schottky diode (n = 1) is 275 K.

The A-type diode also shows a Schottky diode behavior, and 
has large transmission ability for the spin-polarized electrons 
under the region of high positive energies (see Figure  2c,d). 
Within the bias window, only the spin up electrons have sig-
nificant transmission and they appear at the reverse bias 
region, while there is no effective transmission for the spin 
down electrons. In addition, the A-type diode exhibits a per-
fect spin filtering effect and can be utilized as a spin filter (see 
Figure  2f). For instance, the spin-polarization ratio, defined 
as SP = (I↑  −  I↓)/(I↑  +  I↓), is as high as 94% at −0.8  V bias, 
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Figure 2.  Intrinsic a) spin up and b) spin down transmission spectra of Z-type VS2|MoS2 diode. c) spin up and d) spin down transmission spectra of 
A-type VS2|MoS2 diode. The yellow dotted lines refer to the bias window. The ↑ and ↓ indicate the spin up and spin down, respectively. The intrinsic 
spin-resolved I−V, rectification ratio, and dI/dV curves of VS2|MoS2 heterojunction diodes, e,g) for Z-type, f,h) for A-type. i) I/(1 − e−qVb/kBT) against Vb 
curve and j) Temperature-dependent ideality factor |n| curve of VS2|MoS2 heterojunction diodes. The dotted line in (j) (|n| = 1) indicates the idea case.
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close to a VS2|MoS2|VS2 magnetic tunnel heterojunction[64] and 
larger than a 2D phosphorene monolayer.[65] The open-circuit 
voltage of A-type Schottky diode is −0.6  V. Its total current 
density and differential conductance density are 47  mA mm−1 
and 0.7 S mm−1 (see Figure  2f,h) at −0.8  V, smaller than 
Z-type VS2|MoS2 diode. Moreover, the ideality factor of A-type 
VS2|MoS2 Schottky diode is −1.64 at room temperature (see 
Figure 2i). Its absolute value decreases gradually as the temper-
ature increases (see Figure 2j), and reaches to the idea case at 
515 K. Therefore, the A-type VS2|MoS2 diode could also become 
a Schottky diode device with considerable rectification ratio as 
the Z-type does.

To understand the outstanding rectifying effect of the two 
types of VS2|MoS2 heterojunctions, we further calculate and 
analyze their projected local density of states (PLDOS) under 
the biases of 0, 0.8, and −0.8 V, respectively. For the Z-type of 
VS2|MoS2 heterojunction, at 0  V bias (see Figure 3a), there is 
little electron transmission near the EF for either the spin up 
states or the spin down states. This is because that the 1H-MoS2 
part of the heterojunction has a high energy barrier Φ and large 
energy gap, according to their PLDOS. This electronic structure 
coupling and band alignment can be well understood by their 
band structures (see Figure S1e,f, Supporting Information). 
Figure  3d,e show the surface band (spectral function) of the 
region near the interface and k-dependent transmission coef-
ficients. The both spin states have a strong distribution near 
the Γ point for either the surface band or T(E, k). Compared 
to the spin up state, the surface band of the spin down state is 

more delocalized in the positive energy. This contributes to the 
additional spin-down electron transmissions within the corre-
sponding positive energy region.

As the forward bias increases towards 0.8 V (see Figure 3b), 
the energies of 1T-VS2 part shifts down, and the spin down 
states can better facilitate electron transmission within the 
expanded bias window. However, under the reverse bias such 
as −0.8 V (see Figure 3c), the energies of 1T-VS2 part shifts up, 
leading to a large energy gap of 1H-MoS2 part covering the bias 
window. These features result in the rectifying effect of Z-type 
VS2|MoS2 heterojunction with perfect rectification ratios and a 
better spin down channel. For the case of A-type VS2|MoS2, it 
has the same rectifying mechanism (see Figure S4, Supporting 
Information), but its rectifying behavior appears under the 
reverse bias region (see Figure 2f).

2.2. Field Effect Transistors Based on the VS2|MoS2 
Heterojunctions

Next, we construct the field-effect transistor (FET) structures 
for the two types of VS2|MoS2 heterojunctions (see Figure 4a,b), 
and investigate their spin-dependent field-effect properties. 
Both the bottom and top gates are positioned near the central 
interface region of each heterojunction. We recalculate their 
I−V curves from −0.8 to 0.8 V at different gate voltages.

Figure 4c,d show the I−V curves of Z-type VS2|MoS2 FET at 
the gate voltages of 10 and −10 V, respectively. The positive gate 
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Figure 3.  Projected local density of states of Z-type VS2|MoS2 heterojunction at a) 0, b) 0.8, and c) −0.8 V. The upper (lower) refers to the spin up 
(down) PLDOS. The Fermi level is set to zero. Φ is the energy barrier. CBM and VBM indicate the conduction band minimum and valence band 
maximum values, respectively. The red dotted lines refer to the bias window. Surface band (spectral function) of the region near the interface (see the 
pink rectangle of Figure 3a) and k-dependent transmission coefficients for the d) spin up and e) spin down states.
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voltage drastically decreases the spin up and spin down cur-
rent, as well as the total current. Simultaneously, the rectifica-
tion ratios reduce by four orders of magnitude to 103. This is 
because that the positive gate voltage shifts down the energy 
of the heterojunction, which moves the EF to the energy gap 
central of the 1H-MoS2 part (see Figure 3). While for the case 
of −10  V gate voltage, the currents increase by sevenfold, and 
the rectification ratio reduces by five order of magnitude. This 
moment the negative gate voltage shifts the energy up, causing 
more PLDOS to enter into the bias window (see Figure  3a). 
This effect leads to the increase in currents. In addition, the 
threshold voltage for both the spin up and the spin down states 
increases to 0.5 from 0.4 V.

For the A-type VS2|MoS2 FET, the positive gate voltage 
(10 V) turns on the spin down channel, leading to a current 
increase by twenty-two times (see Figure  4e) while keeping 
the rectification ratio unchanged. This is because more con-
ductive band states enter into the bias window under a posi-
tive gate voltage (see Figures S4, Supporting Information). 
While under a negative gate voltage (−10  V), some conduc-
tive band states shift out the bias window. This causes a slight 
current decrease (see Figure 4f ) and leads to the rectification 
ratio decrease by three order of magnitude. Note that both 
gate voltage polarities lead to a significant reduction in spin-
polarization ratio.

2.3. Intrinsic Photoelectric Properties of VS2|MoS2  
Heterojunctions and Their Phototransistors

Various recent studies have shown 2D materials hold great 
potential for applications as photoelectric nanodevices.[66–69] For 
instance, phosphorene and palladium diselenide can be utilized 
as the photodetectors.[68] Graphene-based heterojunctions and 

black phosphorus have been shown to play a significant role 
in infrared and mid-infrared photodetectors.[70–72] To further 
investigate the photoelectric properties of VS2|MoS2 heterojunc-
tions, we construct their transistor structures (see Figure 5a,b) 
and study their intrinsic photocurrents under illumination, as 
well as the regulation effect due to the gate electrode. In this 
work, the linearly polarized light along the transport direction 
is employed and the incident photon energy is from 0 to 5 eV. 
The photocurrent through the transistors can be obtained as a 
first-order perturbation to the electronic system which stems 
from the interaction with a weak electromagnetic field. The 
electron–photon interaction of the whole system is given by the 
Hamiltonian

H
e

m
AA PP

0

⋅⋅=′ 	 (3)

where A and P are the vector potential and momentum oper-
ator, respectively. Due to absorption of N photons with fre-
quency ω, the photoexcited currents into electrode α = D/S is 
obtained by
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The total photocurrent is then given by Iph  = ID−IS. More 
details can be found in the previous reports.[73–75]

Figure 5c shows the intrinsic spin-dependent photocurrent 
curves of Z-type VS2|MoS2 heterojunction under illumina-
tion. Under the infrared-light region (IR), the photoexcited 
current is very small because the low photon energy cannot 
overcome the large energy barrier of the 1H-MoS2. Within the 
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Figure 4.  Schematics of two types of VS2|MoS2 field-effect transistors and their I−V curves at different gate voltages. a,c,d) for Z-type. b,e,f) for A-type.
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visible-light region (VR), this heterojunction is highly sensi-
tive to blue light as a photocurrent peak can be seen in the 
area for the spin up, spin down, and the total values. Hence, 
this Z-type VS2|MoS2 heterojunction can be used as a photo
detector for blue light detection. Moreover, the photocurrents 
become large at the ultraviolet region (UR) because the 
photons with high energy open up more transition channels. 
Within the AM1.5 standard,[76] the total induced photocurrent 
density per second is 29.6 mA cm−2, which is three orders of 
magnitude higher than that of hydrogenated borophene.[20] 
This demonstrates that the Z-type VS2|MoS2 heterojunction 
could also lead to applications as photovoltaic devices. For 
the case of A-type VS2|MoS2 heterojunction, it displays sim-
ilar photoelectric properties, but excites a slightly larger total 
photocurrent (34.2  mA cm−2) within the AM1.5 range (see 
Figure 5d).

We further investigate the three-terminal phototransistor 
properties of VS2|MoS2 heterojunctions by adding a gate elec-
trode at the bottom to tune their photoelectric properties. 
Figure 5e shows the photocurrent spectra of Z-type VS2|MoS2 
transistor under the gate voltages from −0.3 to 0.3  V. Under 
the AM1.5 standard, the negative gate voltages can enhance 
the photoexcited current except the IR. Particularly, near 
the blue light region of VR, the photocurrent is significantly 
enhanced under the negative gate voltages. For the A-type 
of VS2|MoS2 phototransistor, positive gate voltages lead to 
greater increase in photocurrents within the VR and UR (see 
Figure 5f).

2.4. Thermospin Diode Based on the Lateral VS2|MoS2 
Heterojunctions

Traditional spintronics mainly focus on the coupled elec-
tron charge and spin transport in condensed-matter struc-
tures and devices. The rapidly growing research field of spin 
caloritronics is devoted to utilizing the excess heat from the 
nanoscale materials and devices to excite the flow of spin-
mediated current.[77,78] The thermally-driven spin-mediated 
current is the central to the spin Seebeck effect (SSE), which 
has been regarded as a promising approach to generate pure 
spin-mediated current via creating thermal gradient across 
magnetic heterojunctions. It has extensive utilizations in ther-
moelectric materials and devices.[79,80] So, we further explore 
the thermally-driven spin transport properties of lateral 
VS2|MoS2 heterojunctions.
Figure  6a shows the schematic of Z-type lateral VS2|MoS2 

heterojunction thermospin diode. Due to a limited temperature 
gradient ΔT (= TD−TS) arising across the drain and the source 
electrodes, a thermally-driven current Ith may be then generated 
in a linear-response fashion using the Equation  1. The differ-
ence in carrier concentrations between the drain and the source 
depends on the Fermi distribution (fD  − fS), which is closely 
related to the electron temperature of the two electrodes. Due 
to a large energy gap of the 1H-MoS2, the temperature change 
of the source has no significant impact on the Fermi distribu-
tion. Hence, we study the thermally-driven current effect of the 
Z-type lateral VS2|MoS2 heterojunction thermospin diode, by 
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Figure 5.  Schematics, intrinsic photocurrent, and gate-dependent photocurrent spectra of VS2|MoS2 photoelectric devices. a,c,e) for Z-type. b,d,f) for 
A-type. IR, VR, and UR in (e) and (f) refer to the infrared-light region, visible-light region, and ultraviolet-light region, respectively.
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fixing the source to the room temperature and increasing the 
drain temperature.

Figure  6b shows the bias-dependent thermally-driven spin-
mediated current at various drain temperatures. The thermally-
driven currents Ith of both the spin up and spin down states are 
turned on since the bias is beyond the threshold voltages 0.4 V, 
which is consistent with its rectifying diode. In addition, the Ith 
increases gradually with the increase of drain temperature, due 
to the enhanced thermal broadening of the Fermi distribution. 
The difference is only that, the Ith for the spin up (down) states 
is nonlinear (linear). This may originate from the different 
spin-polarized band structures of 1T-VS2 along the Γ−X path 
(see Figure S1e, Supporting Information). Therefore, the Z-type 
lateral VS2|MoS2 heterojunction thermospin diode can generate 
large thermally-driven current and be potentially utilized as 
thermoelectric materials and devices. Note that the magnitude 
of the thermally-driven spin-mediated current of the A-type lat-
eral VS2|MoS2 heterojunction is small due to the larger energy 
gap of 1H-MoS2 along the Γ−Y path.

3. Conclusion

In summary, the intrinsic spin transport properties of lateral 
VS2|MoS2 heterojunctions are systematically studied by means 
of first-principles calculations. We demonstrate various device 
structures and their novel transport properties. The Z- and 
A-type lateral VS2|MoS2 heterojunction diodes show a perfect 
rectifying effect at the forward and reverse bias voltages, ren-
dering them promising candidates as Schottky diodes. Both of 
them present a spin-polarization behavior, with the A-type het-
erojunction showing a large spin-polarization ratio as high as 
94% at −0.8 V. For their FET devices, the positive (negative) gate 

voltages decrease (increase) in current for Z-type (A-type). Their 
rectification ratios are generally decreased under a nonzero 
gate voltage. Additionally, under the illumination, both the 
two types of lateral VS2|MoS2 heterojunctions have sensitive 
photoresponse to blue light within the visible-light, and thus 
can be utilized as a photodetector. They can generate exploit-
able photocurrents under the AM1.5 standard and could be a 
good candidate for photovoltaic applications. What's more, a 
thermally-driven current can appear due to a temperature dif-
ference between the two terminals of the heterojunction device. 
This feature makes them possible materials for thermoelectric 
energy conversion applications. Therefore, the lateral metal-
semiconductor heterojunctions of transition-metal disulfides, 
VS2|MoS2, hold promise for developing various applications in 
spintronics, optoelectronics, and spin caloritronics.

4. Experimental Section
All the first-principles self-consistent calculations in this work were 
performed by using the density-functional theory and non-equilibrium 
Green’s function method (NEGF-DFT), as implemented in the Atomistix 
Toolkit code.[81–83] The exchange and correlation effects of electrons 
were described with the spin-polarized GGA-PBE functional.[84,85] The 
core electrons of all atoms were represented by the norm-conserving 
Vanderbilt (ONCV) pseudopotentials.[86] Linear combinations of atomic 
orbitals (LCAO) basis sets were used to expand the wave-functions of 
valence electrons. A real-space grid density which was equivalent to a 
plane-wave kinetic energy cutoff of 100 Ha was used. The Monkhorst–
Pack k-point grids 1 × 5 × 300 and 1 × 9 × 200 were adopted to sample 
the Brillouin zone for the electrodes of Z-type and A-type VS2|MoS2 
heterojunctions, respectively. The total energy tolerance and residual 
force on each atom were less than 10−6  eV and 0.01  eV Å−1 in the 
geometry optimization, respectively.

The self-consistent electronic structures of all these device systems 
can be determined by solving the Kohn-Sham and Poisson equations 
within two different boundary conditions (periodic and Dirichlet).[87,88] 
It was periodic for the electrode regions along the transport direction 
and the whole device structure along another perpendicular directions. A 
Dirichlet boundary condition was adopted at the boundary between the 
electrode and the central scattering region. The sample width (central 
scattering region) was 3.8 and 4.4 nm for the Z-type and A-type VS2|MoS2 
transistors, respectively. The metallic gate was 2.0 nm wide and located 
near the interface region. The dielectric constant of the substrate was set 
to 4.0ε0, close to that of SiO2.
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