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Multifunctional Lateral Transition-Metal Disulfides

Heterojunctions

Yipeng An,* Yusheng Hou, Kun Wang, Shijing Gong, Chunlan Ma, Chuanxi Zhao,
Tianxing Wang, Zhaoyong Jiao, Heyan Wang, and Rugian Wu*

The intrinsic spin-dependent transport properties of two types of lateral
VS,|MoS; heterojunctions are systematically investigated using first-
principles calculations, and their various nanodevices with novel properties
are designed. The lateral VS,|MoS, 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

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.’34 A
few lateral or vdW heterojunctions have
been investigated theoretically or prepared
experimentally, such as graphene[h-BN,*!
graphene|MoS,,*J borophene|organic lat-
eral heterojunctions,* and InSe vdW het-
erojunction,* etc.

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 VS,|MoS; heterojunctions show a multifunctional nature and

have various potential applications in spintronics, optoelectronics, and spin

caloritronics.

1. Introduction

After the discovery of the well-known graphene!! a large
number of 2D monolayers (MLs) have been fabricated and
studied, including silicene,??l h-BN, transition metal
sulfides,” % phosphorene,M 5] MXene,'®"] borophene,®-?3l
stanene,” antimonene,®  g-C3N,, 127l ferromagnets, 282
chromium trihalides CrX;,?®33 and other graphene-like
MLs.3+37 Each type of these 2D materials possesses unique
properties in mechanics, thermodynamics, optics, electrics, and

In particular, the transition-metal
disulfides (TMD) are among the most
explored 2D materials. Geometrically,
the TMD mostly exist in 1T (Dsp), 2H
(Ds3p), and 3R (Ds,), based on their dis-
tinct symmetries.! 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 MoS,|WSe, 01 MoSe,|WSe,,?*>1 NbS,|WS,,2
and VSe,|MX,.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 VS,|MoS, were prepared via a two-step chemical
vapor deposition method,” and were proven to have better
field-effect mobility compared to the traditional on-top Ni
contacts.
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As the ground state of 1T phase VS, ML is ferromagnetic,>’)
unusual spin-dependent properties could arise from the lat-
eral VS,|MoS, 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 VS,|MoS, heterojunctions by the first-principles
calculations. We first construct the lateral VS,|MoS, 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-VS, ML is a ferromagnetic metal (0.55 up per unit cell) with
0.02 eV lower energy than its spin-unpolarized configuration,
while the TH-MoS, ML is a semiconductor with a gap of 1.7 eV
(see Figure S1, Supporting Information), consistent with the
previous reports.>>>7l 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-VS, and 1H-MoS, 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 VS,|MoS,

() Z-type VS,|MoS, diode
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Figure 1. Schematics of top (upper) and side (lower) views of a) Z-type
and b) A-type lateral VS,|MoS, heterojunction diodes.

Adv. Funct. Mater. 2020, 30, 2002939

2002939 (2 of 9)

www.afm-journal.de

heterojunctions may yield distinct spin-dependent transport
behavior since the band structures of either 1T-VS, or 1H-MoS,
are significantly different between along the I'-X path (i.e.,
parallel to the transport direction of Z-type) and along the I'-Y
path (i.e., parallel to the transport direction of A-type), as shown
in Figure Sle,f, Supporting Information.

2.1. Intrinsic Rectifying effect of VS,|MoS, Schottky Diodes

Figure 1 shows the schematics of the two types of lateral
VS,|MoS, heterojunction diodes. Each diode is composed of
the periodic drain (D) and source (S) electrodes and the central
scattering region VS,|MoS, 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 VS, or MoS,, and their length are semi-infinite
along the transport direction. The third direction is a large slab
separated by a vacuum more than 15 A. 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 Vj, is applied across the D electrode, its
Fermi energy (Eg) is shifted upward (for forward V) or down-
ward (for reverse V;) accordingly. A forward Vj, generates a
current from the D electrode to the S electrode, and vice versa.
In this work, the spin-resolved currents through the VS,|MoS,
heterojunctions are calculated using the Landauer—Biittiker
formalism[®!

Io(Vs) = T“EVb)[an Ho) = fs(E — pis)]dE (1)

where the o = T (spin up) and | (spin down), and the total
current [ is the sum of I, e and h are the electron charge
and the Planck's constant, respectively. T°(E,V;) indicates
the spin-resolved transmission coefficient of the heterojunc-
tions. fps) = {1 + exp[(E — Ups))/ksTp(s)l} " is the Fermi-Dirac
distribution function of the D(S) electrode with temperature
Tpys) and chemical potential ips).

Figure 2a,b show the spin up and spin down (dn) transmis-
sion spectra of Z-type VS,|MoS, 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 VS,;|MoS, 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™ and 3.6 S mm™ (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.1?>% The vacancy defect such as from V atom decreases
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Figure 2. Intrinsic a) spin up and b) spin down transmission spectra of Z-type VS;|MoS, diode. c) spin up and d) spin down transmission spectra of
A-type VS,|MoS, diode. The yellow dotted lines refer to the bias window. The T and | indicate the spin up and spin down, respectively. The intrinsic
spin-resolved I-V, rectification ratio, and d//dV curves of VS,|MoS, heterojunction diodes, e,g) for Z-type, f,h) for A-type. i) I/(1 - e4"?/8T) against V,
curve and j) Temperature-dependent ideality factor |n| curve of VS;|MoS, heterojunction diodes. The dotted line in (j) (jn| = 1) indicates the idea case.

the conductivity but remains the rectification effect of Z-type
VS,|MoS, 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(V})/I(~V;)|. The RR of Z-type
VS,|MoS, heterojunction is up to the magnitude of 107, much
larger than that of the graphenefh-BN heterojunction®l and
other nano rectifiers.®162l Moreover, according to the thermi-
onic emission theory,®3] the I~V characteristics of the Z-type
VS,|MoS, Schottky diode can be described as

I= Ioqub/"kaT(l _ e*qu/ksT) (2)
where g is the elementary charge, T indicates the temperature,
I, 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
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diode, where a value of |n| = 1 represents the idea case. Using
a log-plot of I/(1 — e 4"#/%T) against V;, one can extract the
value of the ideality factor from the slope. The ideality factor
of Z-type VS,|MoS, 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 VS,|MoS, 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 = (It — I})/(It + 1), is as high as 94% at —0.8 V bias,
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Figure 3. Projected local density of states of Z-type VS,|MoS, 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. @ 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.

close to a VS,|MoS,|VS, magnetic tunnel heterojunction®l and
larger than a 2D phosphorene monolayer.[® 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™
and 0.7 S mm™ (see Figure 2fh) at —0.8 V, smaller than
Z-type VS,|MoS, diode. Moreover, the ideality factor of A-type
VS)MoS, 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 VS,|MoS, 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 VS,MoS, 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
VS,|MoS, heterojunction, at 0 V bias (see Figure 3a), there is
little electron transmission near the Ep for either the spin up
states or the spin down states. This is because that the 1H-MoS,
part of the heterojunction has a high energy barrier @ 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 Slef, 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 T" 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
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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-VS, part shifts down, and the spin down
states can Dbetter 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-VS, part shifts up,
leading to a large energy gap of 1H-MoS, part covering the bias
window. These features result in the rectifying effect of Z-type
VS,|MoS, heterojunction with perfect rectification ratios and a
better spin down channel. For the case of A-type VS,|MoS,, 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 VS,|MoS,
Heterojunctions

Next, we construct the field-effect transistor (FET) structures
for the two types of VS,|MoS, 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 VS,|MoS, FET at
the gate voltages of 10 and —10 V, respectively. The positive gate

© 2020 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 4. Schematics of two types of VS,;|MoS, field-effect transistors and their -V curves at different gate voltages. a,c,d) for Z-type. b,e,f) for A-type.

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 10°. This is
because that the positive gate voltage shifts down the energy
of the heterojunction, which moves the Eg to the energy gap
central of the 1H-MoS, 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 VS,|MoS, 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 VS,|MoS,
Heterojunctions and Their Phototransistors

Various recent studies have shown 2D materials hold great
potential for applications as photoelectric nanodevices. -] For
instance, phosphorene and palladium diselenide can be utilized
as the photodetectors.[®®! Graphene-based heterojunctions and
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black phosphorus have been shown to play a significant role
in infrared and mid-infrared photodetectors.”*72 To further
investigate the photoelectric properties of VS,|MoS, 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=S_A.P (3)

myg

where A and P are the vector potential and momentum oper-
ator, respectively. Due to absorption of N photons with fre-
quency @, the photoexcited currents into electrode o = D/S is
obtained by

L= |- X (1 fulENfa(E~he) T,y E)
B=D,$S
— fulE)1= fy(E+ho)|T; 5(E)AE

The total photocurrent is then given by I, = Ip—Is. More
details can be found in the previous reports.”3~7°]

Figure 5c¢ shows the intrinsic spin-dependent photocurrent
curves of Z-type VS,;MoS, 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-MoS,. Within the

© 2020 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 5. Schematics, intrinsic photocurrent, and gate-dependent photocurrent spectra of VS;|MoS, 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.

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 VS,|MoS, 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,/®! the total induced photocurrent
density per second is 29.6 mA cm2, which is three orders of
magnitude higher than that of hydrogenated borophene.l?"!
This demonstrates that the Z-type VS,|MoS, heterojunction
could also lead to applications as photovoltaic devices. For
the case of A-type VS,|MoS, heterojunction, it displays sim-
ilar photoelectric properties, but excites a slightly larger total
photocurrent (34.2 mA c¢cm™?) within the AML.5 range (see
Figure 5d).

We further investigate the three-terminal phototransistor
properties of VS,|MoS, heterojunctions by adding a gate elec-
trode at the bottom to tune their photoelectric properties.
Figure 5e shows the photocurrent spectra of Z-type VS,|MoS,
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 VS,|MoS, phototransistor, positive gate voltages lead to
greater increase in photocurrents within the VR and UR (see
Figure 5f).

Adv. Funct. Mater. 2020, 30, 2002939

2002939 (6 of 9)

2.4. Thermospin Diode Based on the Lateral VS,|MoS,
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.”778] 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.”3% So, we further explore
the thermally-driven spin transport properties of lateral
VS,|MoS,; heterojunctions.

Figure 6a shows the schematic of Z-type lateral VS,|MoS,
heterojunction thermospin diode. Due to a limited temperature
gradient AT (= Tp—Ts) arising across the drain and the source
electrodes, a thermally-driven current Iy, 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 (fp — fs), which is closely
related to the electron temperature of the two electrodes. Due
to a large energy gap of the TH-MoS,, 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 VS,|MoS, heterojunction thermospin diode, by

© 2020 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 6. a) Schematic of Z-type lateral VS,|MoS, heterojunction
thermospin diodes. b) Bias-dependent thermally-driven spin-mediated
current under various drain temperatures (Tp).

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 Iy, of both the spin up and spin down states are
turned on since the bias is beyond the threshold voltages 0.4V,
which is consistent with its rectifying diode. In addition, the Iy,
increases gradually with the increase of drain temperature, due
to the enhanced thermal broadening of the Fermi distribution.
The difference is only that, the I, for the spin up (down) states
is nonlinear (linear). This may originate from the different
spin-polarized band structures of 1T-VS, along the I'-X path
(see Figure Sle, Supporting Information). Therefore, the Z-type
lateral VS,|MoS; 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 VS,|MoS, heterojunction is small due to the larger energy
gap of 1TH-MoS, along the I'-Y path.

3. Conclusion

In summary, the intrinsic spin transport properties of lateral
VS,|MoS, 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 VS,;|MoS, 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
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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 VS,MoS, 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 AM15 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,
VS,MoS,, 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.B™#3 The exchange and correlation effects of electrons
were described with the spin-polarized GGA-PBE functional.#*#5 The
core electrons of all atoms were represented by the norm-conserving
Vanderbilt (ONCV) pseudopotentials.®l 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 x 5 x 300 and 1 x 9 x 200 were adopted to sample
the Brillouin zone for the electrodes of Z-type and A-type VS;|MoS,
heterojunctions, respectively. The total energy tolerance and residual
force on each atom were less than 10® eV and 0.01 eV A 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).[¥:#%
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 VS,|MoS,
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 4.0g,, close to that of SiO,.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.

Acknowledgements

The work at Henan Normal University (HNU) was supported by the NSFC
(Grants No. 11774079, No. 61774059, and No. U1704136), the Scientific
and Technological Innovation Program of Henan Province's Universities
(Grant No. 20HASTIT026), the Young Backbone Teacher Program of
Henan Province's Higher Education (Grant No. 2017GGJS043), the
Science Foundation for the Excellent Youth Scholars of Henan Province
(2020 year), the Henan Overseas Expertise Introduction Center for
Discipline Innovation (Grant No. CX)D2019005), the Science Foundation
for the Excellent Youth Scholars of HNU (Grant No. 2016YQO5), and the

© 2020 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim



ADVANCED
SCIENCE NEWS

www.advancedsciencenews.com

HPCC of HNU. The work at University of California-Irvine was supported
by the US DOE-BES (Grant No. DE-FG02-05ER46237). The authors thank
W. Ju and D. Kang at HNUST for helpful discussion.

Conflict of Interest

The authors declare no conflict of interest.

Keywords

field-effect transistors., lateral heterojunctions, nanodevices, Schottky
diodes, transition-metal disulfides

Received: April 2, 2020
Revised: April 27, 2020
Published online: June 18, 2020

[ K. S. Novoseloy, A. K. Geim, S. V. Morozoy, D. Jiang, Y. Zhang,
S. V. Dubonos, I. V. Grigorieva, A. A. Firsov, Science 2004, 306,
666.

[2] P. Vogt, P. De Padova, C. Quaresima, J. Avila, E. Frantzeskakis,
M. C. Asensio, A. Resta, B. Ealet, G. Le Lay, Phys. Rev. Lett. 2012,
108, 155501.

[3] C-H. Chen, W.-W. Li, Y.-M. Chang, C.-Y. Lin, S.-H. Yang, Y. Xu,
Y.-F. Lin, Phys. Rev. Appl. 2018, 10, 044047.

[4] L. Song, L. Ci, H. Lu, P. B. Sorokin, C. Jin, J. Ni, A. G. Kvashnin,
D. G. Kvashnin, J. Lou, B. I. Yakobson, P. M. Ajayan, Nano Lett.
2010, 70, 3209.

[5] Q. H. Wang, K. Kalantar-Zadeh, A. Kis, J. N. Coleman, M. S. Strano,
Nat. Nanotechnol. 2012, 7, 699.

[6] M. Choi, Phys. Rev. Appl. 2018, 9, 024009.

[7] S.-). Gong, C. Gong, Y.-Y. Sun, W.-Y. Tong, C.-G. Duan, J.-H. Chu,
X. Zhang, Proc. Natl. Acad. Sci. USA 2018, 115, 8511.

[8] Y. P. An, M. ). Zhang, D. P. Wu, Z. M. Fu, K. Wang, J. Mater. Chem.
C 2016, 4, 10962.

[9] T. Musso, P. V. Kumar, A. S. Foster, ]. C. Grossman, ACS Nano 2014,
8, 11432,

[10] W. Ju, T. Li, X. Su, H. Li, X. Li, D. Ma, Phys. Chem. Chem. Phys. 2017,
19, 20735.

] L. Li, Y. Yu, G. J. Ye, Q. Ge, X. Ou, H. Wu, D. Feng, X. H. Chen,
Y. Zhang, Nat. Nanotechnol. 2014, 9, 372.

[12] R. Quhe, Q. Li, Q. Zhang, Y. Wang, H. Zhang, ). Li, X. Zhang,
D. Chen, K. Liu, Y. Ye, L. Dai, F. Pan, M. Lei, J. Lu, Phys. Rev. Appl.
2018, 10, 024022.

[13] 1. Pletikosi¢, F. von Rohr, P. Pervan, P. K. Das, I. Vobornik, R. J. Cava,
T. Valla, Phys. Rev. Lett. 2018, 120, 156403.

[14] ). Zeng, P. Cui, Z. Zhang, Phys. Rev. Lett. 2017, 118, 046101.

[15] Y. An, Y. Sun, M. Zhang, J. Jiao, D. Wu, T. Wang, K. Wang, [EEE
Trans. Electron Devices 2018, 65, 4646.

[16] B. Anasori, M. R. Lukatskaya, Y. Gogotsi, Nat. Rev. Mater. 2017, 2,
16098.

[17] X.-H. Zha, ). Zhou, K. Luo, ). Lang, Q. Huang, X. Zhou,
J. S. Francisco, J. He, S. Du, J. Phys.: Condens. Matter 2017, 29,
165701.

[18] A. ). Mannix, X.-F. Zhou, B. Kiraly, ). D. Wood, D. Alducin,
B. D. Myers, X. Liu, B. L. Fisher, U. Santiago, J. R. Guest,
M. J. Yacaman, A. Ponce, A. R. Oganov, M. C. Hersam,
N. P. Guisinger, Science 2015, 350, 1513.

[19] B. Feng, ). Zhang, Q. Zhong, W. Li, S. Li, H. Li, P. Cheng, S. Meng,
L. Chen, K. Wu, Nat. Chem. 2016, 8, 563.

Adv. Funct. Mater. 2020, 30, 2002939

2002939 (8 of 9)

[20] Y. An, Y. Hou, H. Wang, J. Li, R. Wu, T. Wang, H. Da, . Jiao, Phys.
Rev. Appl. 2019, 11, 064031.

[21] Y. An, J. Jiao, Y. Hou, H. Wang, R. Wu, C. Liu, X. Chen, T. Wang,
K. Wang, J. Phys.: Condens. Matter 2019, 31, 065301.

[22] Y. An, |. Jiao, Y. Hou, H. Wang, D. Wu, T. Wang, Z. Fu, G. Xu, R. Wu,
Phys. Chem. Chem. Phys. 2018, 20, 21552.

[23] Y. An, S. Gong, Y. Hou, J. Li, R. Wu, Z. Jiao, T. Wang, J. Jiao, J. Phys.:
Condens. Matter 2019, 32, 055503.

[24] F.-f. Zhu, W.-j. Chen, Y. Xu, C.-l. Gao, D.-d. Guan, C.-h. Liu, D. Qian,
S.-C. Zhang, ). Jia, Nat. Mater. 2015, 14, 1020.

[25] H. Zhang, ). Xiong, M. Ye, J. Li, X. Zhang, R. Quhe, Z. Song, J. Yang,
Q. Zhang, B. Shi, J. Yan, W. Guo, J. Robertson, Y. Wang, F. Pan,
J. Lu, Phys. Rev. Appl. 2019, 11, 064001.

[26] ). Zhang, Y. Chen, X. Wang, Energy Environ. Sci. 2015, 8, 3092.

[27] ). Zhang, M. Deng, Y. Yan, T. Xiao, W. Ren, P. Zhang, Phys. Rev. Appl.
2019, 71, 044052.

[28] Y. Deng, Y. Yu, Y. Song, J. Zhang, N. Z. Wang, Z. Sun, Y. Yi, Y. Z. Wu,
S. Wu, J. Zhu, J. Wang, X. H. Chen, Y. Zhang, Nature 2018, 563, 94.

[29] Z. Wang, T. Zhang, M. Ding, B. Dong, Y. Li, M. Chen, X. Li,
J. Huang, H. Wang, X. Zhao, Y. Li, D. Li, C. Jia, L. Sun, H. Guo,
Y. Ye, D. Sun, Y. Chen, T. Yang, ). Zhang, S. Ono, Z. Han, Z. Zhang,
Nat. Nanotechnol. 2018, 13, 554.

[30] B. Huang, G. Clark, E. Navarro-Moratalla, D. R. Klein, R. Cheng,
K. L. Seyler, D. Zhong, E. Schmidgall, M. A. McGuire, D. H. Cobden,
W. Yao, D. Xiao, P. Jarillo-Herrero, X. Xu, Nature 2017, 546, 270.

[31] D. R. Klein, D. MacNeill, ). L. Lado, D. Soriano, E. Navarro-
Moratalla, K. Watanabe, T. Taniguchi, S. Manni, P. Canfield,
J. Fernandez-Rossier, P. Jarillo-Herrero, Science 2018, 360, 1218.

[32] B. Huang, G. Clark, D. R. Klein, D. MacNeill, E. Navarro-Moratalla,
K. L. Seyler, N. Wilson, M. A. McGuire, D. H. Cobden, D. Xiao,
W. Yao, P. Jarillo-Herrero, X. Xu, Nat. Nanotechnol. 2018, 13, 544.

[33] D.-H. Kim, K. Kim, K.-T. Ko, J. Seo, J. S. Kim, T.-H. Jang, Y. Kim,
J.-Y. Kim, S.-W. Cheong, ].-H. Park, Phys. Rev. Lett. 2019, 122, 207201.

[34] B. Feng, R.-W. Zhang, Y. Feng, B. Fu, S. Wu, K. Miyamoto, S. He,
L. Chen, K. Wu, K. Shimada, T. Okuda, Y. Yao, Phys. Rev. Lett. 2019,
123, 116401.

[35] Y. An, Y. Hou, H. Wang, ). Li, R. Wu, C. Liu, T. Wang, J. Jiao, J. Phys.:
Condens. Matter 2019, 31, 355301.

[36] W. Ju, D. Wang, T. Li, H. Wang, Q. Zhou, Y. Xu, H. Li, S. Gong, J.
Phys.: Condens. Matter 2020, 32, 175503.

[37] Y. An, Y. Hou, S. Gong, R. Wu, C. Zhao, T. Wang, Z. Jiao, H. Wang,
W. Liu, Phys. Rev. B 2020, 101, 075416.

[38] J.-H. Yang, H. Xiang, Nat. Mater. 2019, 18, 1273.

[39] J. Chen, W. Ouyang, W. Yang, J.-H. He, X. Fang, Adv. Funct. Mater.
2020, 30, 1909909.

[40] H. Xue, Y. Wang, Y. Dai, W. Kim, H. Jussila, M. Qi, J. Susoma,
Z. Ren, Q. Dai, J. Zhao, K. Halonen, H. Lipsanen, X. Wang, X. Gan,
Z. Sun, Adv. Funct. Mater. 2018, 28, 1804388.

[47] L. Liu, ). Park, D. A. Siegel, K. F. McCarty, K. W. Clark, W. Deng,
L. Basile, J. C. Idrobo, A.-P. Li, G. Gu, Science 2014, 343, 163.

[42] K. Liu, Q. Yan, M. Chen, W. Fan, Y. Sun, J. Suh, D. Fu, S. Lee,
J. Zhou, S. Tongay, J. Ji, J. B. Neaton, . Wu, Nano Lett. 2014, 14,
5097.

[43] X. Liu, Z. Wei, I. Balla, A. J. Mannix, N. P. Guisinger, E. Luijten,
M. C. Hersam, Sci. Adv. 2017, 3, €1602356.

[44] Y. Lee, R. Pisoni, H. Overweg, M. Eich, P. Rickhaus, A. Patane,
Z. R. Kudrynskyi, Z. D. Kovalyuk, R. Gorbachev, K. Watanabe,
T. Taniguchi, T. Ihn, K. Ensslin, 2D Mater. 2018, 5, 035040.

[45] X. Lu, X. Luo, ). Zhang, S. Y. Quek, Q. Xiong, Nano Res. 2016, 9,
3559.

[46] Y. Son, M.-Y. Li, C.-C. Cheng, K.-H. Wei, P. Liu, Q. H. Wang, L.-J. Li,
M. S. Strano, Nano Lett. 2016, 16, 3571.

[47] K. Zhang, B. Jariwala, . Li, N. C. Briggs, B. Wang, D. Ruzmetoy,
R. A. Burke, ). O. Lerach, T. G. Ivanov, M. Haque, Nanoscale 2018,
10, 336.

© 2020 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim



ADVANCED
SCIENCE NEWS

www.advancedsciencenews.com

[48] T. Roy, M. Tosun, X. Cao, H. Fang, D.-H. Lien, P. Zhao, Y.-Z. Chen,
Y.-L. Chueh, J. Guo, A. Javey, ACS Nano 2015, 9, 2071.

[49] M. Mahjouri-Samani, M.-W. Lin, K. Wang, A. R. Lupini, . Lee,
L. Basile, A. Boulesbaa, C. M. Rouleau, A. A. Puretzky, I. N. lvanoy,
Nat. Commun. 2015, 6, 7749.

[50] J. S. Ross, P. Rivera, . Schaibley, E. Lee-Wong, H. Yu, T. Taniguchi,
K. Watanabe, J. Yan, D. Mrus, D. Cobden, W. Yao, X. Xu, Nano Lett.
2017, 17, 638.

[51] P. K. Nayak, Y. Horbatenko, S. Ahn, G. Kim, J.-U. Lee, K. Y. Ma,
A. R. Jang, H. Lim, D. Kim, S. Ryu, H. Cheong, N. Park, H. S. Shin,
ACS Nano 2017, 11, 4041.

[52] Y. Zhang, L. Yin, ). Chu, T. A. Shifa, J. Xia, F. Wang, Y. Wen, X. Zhan,
Z. Wang, ). He, Adv. Mater. 2018, 30, 1803665.

[53] Z. Zhang, Y. Gong, X. Zou, P. Liu, P. Yang, J. Shi, L. Zhao, Q. Zhang,
L. Gu, Y. Zhang, ACS Nano 2019, 13, 885.

[54] W. S. Leong, Q. Ji, N. Mao, Y. Han, H. Wang, A. J. Goodman,
A. Vignon, C. Su, Y. Guo, P.-C. Shen, Z. Gao, D. A. Muller,
W. A. Tisdale, ). Kong, J. Am. Chem. Soc. 2018, 140, 12354.

[55] C. Ataca, H. Sahin, S. Ciraci, J. Phys. Chem. C 2012, 116, 8983.

[56] Y. Yue, J. Supercond. Novel Magn. 2017, 30, 1201.

[57] K. F. Mak, C. Lee, ). Hone, J. Shan, T. F. Heinz, Phys. Rev. Lett. 2010,
105, 136805.

[58] M. Buttiker, Y. Imry, R. Lauer, S. Pinhas, Phys. Rev. B 1985, 31, 6207.

[59] Y. P. An, M. J. Zhang, H. X. Da, Z. M. Fu, Z. Y. Jiao, Z. Y. Liu, J. Phys.
D: Appl. Phys. 2016, 49, 245304.

[60] Y. An, M. Zhang, D. Wu, T. Wang, Z. Jiao, C. Xia, Z. Fu, K. Wang,
Phys. Chem. Chem. Phys. 2016, 18, 27976.

[61] C. Van Dyck, M. A. Ratner, Nano Lett. 2015, 15, 1577.

[62] P. Zuo, Y. Jiang, Z. G. Ma, L. Wang, B. Zhao, Y. F. Li, G. Yue,
H. Y. Wu, H. J. Yan, H. Q. Jia, W. X. Wang, J. M. Zhou, Q. Sun,
W. M. Liu, A.-C. Ji, H. Chen, Phys. Rev. Appl. 2017, 8, 024005.

[63] S. M. Sze, K. N. Kwok, Physics of Semiconductor Devices, 3rd ed.,
John Wiley and Sons, New York 2006.

[64] P. Zhao, ). Li, H. Jin, L. Yu, B. Huang, D. Ying, Phys. Chem. Chem.
Phys. 2018, 20, 10286.

[65] L. Kou, T. Frauenheim, C. Chen, J. Phys. Chem. Lett. 2014, 5, 2675.

[66] M. Palsgaard, T. Gunst, T. Markussen, K. S. Thygesen, M. Brbyge,
Nano Lett. 2018, 18, 7275.

Adv. Funct. Mater. 2020, 30, 2002939

2002939 (9 of 9)

[67] Y. Xie, M. Chen, Z. Wu, Y. Hu, Y. Wang, |. Wang, H. Guo, Phys. Rev.
Appl. 2018, 10, 034005.

[68] S. Li, T. Wang, X. Chen, W. Lu, Y. Xie, Y. Hu, Nanoscale 2018, 10,
7694.

[69] L. H. Zeng, D. Wu, S. H. Lin, C. Xie, H. Y. Yuan, W. Lu, S. P. Lau,
Y. Chai, L. B. Luo, Z. . Li, Adv. Funct. Mater. 2019, 29, 1970005.

[70] T. Yu, F. Wang, Y. Xu, L. Ma, X. Pi, D. Yang, Adv. Mater. 2016, 28,
4912.

[71] Q. Guo, A. Pospischil, M. Bhuiyan, H. Jiang, H. Tian, D. Farmer,
B. Deng, C. Li, S.-). Han, H. Wang, Nano Lett. 2016, 16, 4643.

[72] Q. Zhou, ). Shen, X. Liu, Z. Li, H. Jiang, S. Feng, W. Feng, Y. Wang,
D. Wei, Nanotechnology. 2019, 30, 195202.

[73] L. Zhang, K. Gong, J. Chen, L. Liu, Y. Zhu, D. Xiao, H. Guo, Phys.
Rev. B 2014, 90, 195428.

[74] L. E. Henrickson, J. Appl. Phys. 2002, 97, 6273.

[75] ). Chen, Y. Hu, H. Guo, Phys. Rev. B 2012, 85, 155441.

[76] ASTM, Astm 2013, 03, 1.

[77] G. E. W. Bauer, E. Saitoh, B. ). van Wees, Nat. Mater. 2012, 17, 391.

[78] S. R. Boona, R. C. Myers, |. P. Heremans, Energy Environ. Sci. 2014,
7, 885.

[79] H.-H. Fu, G.-F. Du, D.-D. Wu, Q.-B. Liu, R. Wu, Phys. Rev. B 2019,
100, 085407.

[80] D.-D. Wu, H.-H. Fu, Q.-B. Liu, G.-F. Du, R. Wu, Phys. Rev. B 2018,
98, 115422.

[81] J. Taylor, H. Guo, ). Wang, Phys. Rev. B 2001, 63, 121104.

[82] M. Brbyge, ).-L. Mozos, P. Ordején, ). Taylor, K. Stokbro, Phys. Rev.
B 2002, 65, 165401.

[83] J. M. Soler, E. Artacho, J. D. Gale, A. Garcia, . Junquera, P. Ordején,
D. Sénchez-Portal, J. Phys.: Condens. Matter 2002, 14, 2745.

[84] ). P. Perdew, ). A. Chevary, S. H. Vosko, K. A. Jackson,
M. R. Pederson, D. |. Singh, C. Fiolhais, Phys. Rev. B 1992, 46, 6671.

[85] J. P. Perdew, K. Burke, M. Ernzerhof, Phys. Rev. Lett. 1996, 77, 3865.

[86] D. R. Hamann, Phys. Rev. B 2013, 88, 085117.

[87] S. Smidstrup, D. Stradi, J. Wellendorff, P. A. Khomyakov, U. G. Vej-
Hansen, M.-E. Lee, T. Ghosh, E. Jénsson, H. Jénsson, K. Stokbro,
Phys. Rev. B 2017, 96, 1953009.

[88] D. Stradi, U. Martinez, A. Blom, M. Brbyge, K. Stokbro, Phys. Rev. B
2016, 93, 155302.

© 2020 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim



