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Abstract

{

Thei in-dependent transport properties of two types of lateral VS, | MoS,

|
heterojungtions are systematically investigated using first-principles calculations, and their

various nag®deWlices with novel properties are designed. The lateral VS, |MoS,

C

heterojuncti iodes show a perfect rectifying effect and are promising for the applications

S

of Schottk . A large spin-polarization ratio is observed for the A-type device and pure

spin-mediated cuUkrent is then realized. The gate voltage significantly tunes the current and

U

rectificati f their field-effect transistors (FETs). In addition, they all have sensitive

1

photoresponse to blue light, and could be used as photodetector and photovoltaic device.

a

Moreover nerate the effective thermally-driven current when a temperature

gratitu ars between the two terminals, suggesting them as potential thermoelectric

M

materi the lateral VS, | MoS, heterojunctions show a multifunctional nature and

have varigus potential applications in spintronics, optoelectronics, and spin caloritronics.

[

A
1]
é

Later, junctions, transition-metal disulfides, nanodevices, Schottky diodes,

field-e tors.

th

1. Introducti

Gl

A
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After the discovery of the well-known graphene,m a large number of two-dimensional

(2D) monolayers iMLs) have been fabricated and studied, including silicene, ¥ h-BN,

transition ulfides,[s'm] phosphorene,““sl MXene,“G'm borophene,[18'23] stanene,[24]
antimonefe" 4,247 ferromagnets,'*®%*?! chromium trihalides CrXs,*°** and other
N

graphene&e MLs.2*37) Each type of these 2D materials possesses unique properties in

mechanicg] thermlodynamics, optics, electrics, and magnetism. Novel properties can arise

when diff materials are combined vertically to form a van der Waals (vdW)
heterojunction Or via in-plane stitching to form a lateral heterojunction. *%% A few lateral

orvdW h jgfictions have been investigated theoretically or prepared experimentally,

41]

such as gr@iphene | h-BN,** graphene | MoS,,1** borophene | organic lateral

[44] et

heterojun I'and InSe vdw heterojunction, c.

d

In “the transition-metal disulfides (TMD) are among the most explored 2D

materi metrically, the TMD mostly exist in 1T (D3p), 2H (D3n), and 3R (D3,), based on

M

their distinct symmetries.[45] Electronically, they may be semiconductors, insulators, and

I

metals. In ears, some lateral and vdW heterojunctions of TMD with same or

different @ ave been realized experimentally or investigated theoretically, including

MoS, | WS MoSeZIWSeZ,[SO'Sl] NbSZ|WSZ,[52] and VSe, | MXZ.[53] These heterojunctions

N

hold promise forgotential applications as transistors (including diodes and triodes),

{

photoele ces such as photodetectors, etc. Very recently, the high-quality lateral

U

metal-semicondugtor heterostructures VS, | MoS, were prepared via a two-step chemical

A
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vapor deposition (CVD) method,”* and were proven to have better field-effect mobility

compared to the traditional on-top Ni contacts.

As tate of 1T phase VS, ML is ferromagnetic,[SS] unusual spin-dependent

properffeEGW@ Erise from the lateral VS, | MoS; heterojunctions, making them interesting
candidates for spintronic applications. A detailed study for this issue is still missing. In this
paper, we atically investigate the spin-dependent transport and photoelectric

propertie ateral VS, | MoS; heterojunctions by the first-principles calculations. We

S

first construc lateral VS, | MoS, heterojunction diodes and study their intrinsic

€

spin-depe ectronic transport properties. Subsequently, their field-effect transistors
are obtai ding the double (bottom and top) gate electrodes on both sides of the

heterojun@ti d the field-effect properties are then unveiled. Next, we further

d

investi hotoelectric properties as they are under illumination. Last, we explore

their t -driven electron transport behaviors due to a temperature difference

M

between their two terminals.

2. Resu Discussion

Qr

Base first-principles calculations, the ground state of 1T-VS, ML s a

§

ferromagnetic mgtal (0.55 ug per unit cell) with 0.02 eV lower energy than its

{

spin-unpo onfiguration, while the 1H-MoS, ML is a semiconductor with a gap of 1.7

[55-57]

U

eV (see Supporting Information Figure S1), consistent with the previous reports.

A
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According to the atomic lattice structures of 1T- and 1H-phase transition-metal disulfides,

there exist two tires of in-plane stitching patterns for 1T-VS, and 1H-MoS, to form a lateral

heterojunci he first type is along the zigzag direction (labeled as Z-type), and the
second ty he armchair direction (labeled as A-type), as shown in Figure S2 of the
N

Supportinglnformation. These two types of lateral VS, | MoS, heterojunctions may yield

r

distinct sgih-dep@ndent transport behavior since the band structures of either 1T-VS, or

¢

1H-MoS; ificantly 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

US

A-type), a in the Supporting Information Figures S1e and Sif.

2.1. Intri tifying effect of VS,| MoS, Schottky diodes

df

Fi s the schematics of the two types of lateral VS, | MoS, heterojunction

diodes. Each is composed of the periodic drain (D) and source (S) electrodes and the

Vi

central scattering region VS, | MoS, heterojunction. They have a periodicity perpendicular to

1

the trans tion between the D and S electrodes. The D/S electrodes are described by

alarge su @ f VS, or MoS,, and their length are semi-infinite along the transport

direction. ird direction is a large slab separated by a vacuum more than 15 A. The

N

Dirichl conditions is adopted along the transport direction, while periodic

{

U

boundary itions for the other two orthogonal directions. As a D-S bias V,, is applied
across th rode, its Fermi energy (E¢) is shifted upward (for forward V) or downward

(forre accordingly. A forward V,, generates a current from the D electrode to the S

A
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electrode, and vice versa. In this work, the spin-resolved currents through the VS, |MoS,

heterojunctions are calculated using the Landauer-Bittiker formalism!®®

Q LR T CEDIN B 5 ) FAE 5, (1

N
where the§g = (spin up) and { (spin down), and the total current /is the sum of /,. e and h

GE

are the eI tron Gharge and the Planck’s constant, respectively. T°(E,V,) indicates the
spin-resolmsmlssmn coefficient of the heterojunctions. fps) = {1 + exp[(E -
Up(s))/keT, s the Fermi-Dirac distribution function of the D(S) electrode with

tem perat; nd chemical potential up(s).

Figur:ow the spin up and spin down (dn) transmission spectra of Z-type
VS, | MoSany the electrons with high enough negative energies have nonnegligible
trans icients for the both spin states. More than that, within the bias window,
signlf:§ron transmissions only appear under high enough forward bias voltages for
both spin states. Besides, the spin down states show a slightly stronger transmission ability

than the shates. These effects result in a perfect rectifying effect of Z-type VS, | MoS,

heterojune Figure 2e), which is promising for the applications of Schottky diodes.

The curreﬂgh the heterojunction is turned on as the bias is larger than the forward

threshold 'oltaﬁ’(OA V). Its total current density and differential conductance density are

as high as mm and 3.6 S/mm (see Figure 2g) at 0.8 V, respectively. Note that a

disorder or m|5ftch (such as vacancy defect) may appear at the interface when preparing
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a lateral heterojunction. It usually reduces the electrical conductivity of 2D materials

because the vacancy defect decreases the electron transmission channels and increases the

electron smsg] The vacancy defect such as from V atom decreases the conductivity
but remai ication effect of Z-type VS, | MoS, with reduced rectification ratio (see
N

Supportins nformation Figure S3).

Anot@ntant parameter for a rectifier is the rectification ratio defined as RR =
|1(V)/1(-V8) | BTh RR of Z-type VS, | MoS, heterojunction is up to the magnitude of 10,

much Iarg:hat of the graphene | h-BN heterojunction® and other nano

rectifiers.! oreover, according to the thermionic emission theory,[63] the I-V

characteriSti he Z-type VS,|MoS, Schottky diode can be described as

m I = Ioqub/nkBT (1- e—qu/kBT) 2)
where elementary charge, T indicates the temperature, Iy is the saturation current,
and n so-called ideality factor. The ideality factor is a key parameter to evaluate
how muc? the heterojunction resembles an ideal Schottky diode, where a value of |n|=1

—-qVp/ksT

represents idea case. Using a log-plot of I/(1 - e ) against V}, one can extract the

value of t y factor from the slope. The ideality factor of Z-type VS, | MoS, Schottky

diode is 0!4 at room temperature (see Figure 2i), close to a saturation value (0.91) as the

temper“yond 360 K (see Figure 2j). The temperature for the idea case of Z-type

VS, | MoS, SchottS/ diode (n=1)is 275 K.
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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). Withi bias window, only the spin up electrons have significant transmission and
they appererse bias region, while there is no effective transmission for the spin
 EE—
down electrons. In addition, the A-type diode exhibits a perfect spin filtering effect and can
be utilize@n filter (see Figure 2f). For instance, the spin-polarization ratio, defined as
SP = (I+—1 49 ( ), is as high as 94% at -0.8 V bias, close to a VS,|MoS,;| VS, magnetic
tunnel hemion 641 and larger than a 2D phosphorene monolayer.'® The open-circuit
voltage of chottky diode is -0.6 V. Its total current density and differential
conducta/Eensity are 47 mA/mm and 0.7 S/mm (see Figure 2f,h) at -0.8 V, smaller than
Z-type Vsmiode. Moreover, the ideality factor of A-type VS,|MoS, Schottky diode is

-1.64 at ro perature (see Figure 2i). Its absolute value decreases gradually as the
temperatur%ases (see Figure 2j), and reaches to the idea case at 515 K. Therefore, the
A-type iode could also become a Schottky diode device with considerable
rectificati@n ratio as the Z-type does.

To ud the outstanding rectifying effect of the two types of VS, | MoS,

heterojunﬂxe further calculate and analyze their projected local density of states

(PLDOS! uIder tw biases of 0, 0.8, and -0.8 V, respectively. For the Z-type of VS,|MoS,

heterojun "@t 0 V bias (see Figure 3a), there is little electron transmission near the E¢

for either the sf up states or the spin down states. This is because that the 1H-MoS; part

This article is protected by copyright. All rights reserved.
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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 bandm(see Supporting Information Figures Sle and S1f). Figure 3d,e show
the surfac ctrum function) of the region near the interface and k-dependent

N
transmissi@n coefficients. The both spin states have a strong distribution near the I point for

E

either thefSurfac@band or T(E, k). Compared to the spin up state, the surface band of the

C

spin down is more delocalized in the positive energy. This contributes to the additional

S

spin-down electron transmissions within the corresponding positive energy region.

U

As the forward bias increases towards 0.8 V (see Figure 3b), the energies of 1T-VS, part

0

shifts do he spin down states can better facilitate electron transmission within the

expandedfbi dow. However, under the reverse bias such as -0.8 V (see Figure 3c), the

cl

energi part shifts up, leading to a large energy gap of 1H-MoS, part covering the

bias windo e 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 2, it has the same rectifying mechanism (see Supporting Information

Figure S4)jb Jrectifying behavior appears under the reverse bias region (see Figure 2f).

OF

2.2. Fieldseffect transistors based on the VS, | MoS, heterojunctions

h

Next, construct the field-effect transistor (FET) structures for the two types of

ut

VS, | MoS, nctions (see Figure 4a,b), and investigate their spin-dependent

field-ef perties. Both the bottom and top gates are positioned near the central

This article is protected by copyright. All rights reserved.
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interface region of each heterojunction. We recalculate their /-V curves from -0.8 t0 0.8 V

at different gate voltages.

t

Figu ow the I-V curves of Z-type VS, | MoS,; FET at the gate voltages of 10 and

D

-10V, Fés . The positive gate voltage drastically decreases the spin up and spin

]

down currept, as well as the total current. Simultaneously, the rectification ratios reduce by

C

four order gnitude to 10°. This is because that the positive gate voltage shifts down

the energfiofithebheterojunction, which moves the Er to the energy gap central of the

S

1H-MoS; part (s@e Figure 3). While for the case of —10 V gate voltage, the currents increase

E

by sevenfog the rectification ratio reduces by five order of magnitude. This moment

Il

the negat oltage shifts the energy up, causing more PLDOS to enter into the bias

window (3€e @ e 3a). This effect leads to the increase in currents. In addition, the

thresh

for both the spin up and the spin down states increases to 0.5 V from 0.4

V.

M

For tife A-type VS,|MoS, FET, the positive gate voltage (10 V) turns on the spin down

[

channel, | a current increase by twenty-two times (see Figure 4e) while keeping the

Q

rectification ratio unchanged. This is because more conductive band states enter into the

bias wi r a positive gate voltage (see Supporting Information Figures S4). While

th

under a n€gative gate voltage (-10 V), some conductive band states shift out the bias

window. T.

U

es a slight current decrease (see Figure 4f) and leads to the rectification

A
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ratio decrease by three order of magnitude. Note that both gate voltage polarities lead to a

significant reduction in spin-polarization ratio.

s

2.3. Intr @ otoelectric properties of VS, | MoS, heterojunctions and their

N
phototransistors

Varimt studies have shown 2D materials hold great potential for applications as

photoelet'ﬁndevices.[eesgl For instance, phosphorene and palladium diselenide can be
utilized as todetectors.*® Graphene-based heterojunctions and black phosphorus
have beergshown to play a significant role in infrared and mid-infrared photodetectors.[70'72]

To further, ate the photoelectric properties of VS, | MoS,; heterojunctions, we

construct their transistor structures (see Figure 5a,b) and study their intrinsic photocurrents

under illuminati®m, 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 engrgy is from 0 to 5 eV. The photocurrent through the transistors can be obtained

E

as a first-q @ turbation to the electronic system which stems from the interaction with

a weak elec netic field. The electron-photon interaction of the whole system is given

by the

(3)

Auth
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where A and P are the vector potential and momentum operator, respectively. Due to

absorption of N photons with frequency w, the photoexcited currents into electrode a = D/S

is obtainen

1, PP f (B (E h T

The total ghotocl@irrent is then given by /o, = Ip—Is. More details can be found in the previous

[73-75]

reports. m

Figur ws the intrinsic spin-dependent photocurrent curves of Z-type VS, | MoS,

heterojun&jer illumination. Under the infrared-light region (IR), the photoexcited

current is Il because the low photon energy cannot overcome the large energy

barrier ofmﬂosz. Within the visible-light region (VR), this heterojunction is highly

sensiti ght as a photocurrent peak can be seen in the area for the spin up, spin
down, a otal values. Hence, this Z-type VS, | MoS, heterojunction can be used as a
photodetector for blue light detection. Moreover, the photocurrents become large at the

uItraviolthR) because the photons with high energy open up more transition

channels.he AM1.5 standard,"® the total induced photocurrent density per second
is 29.6 mhich is three orders of magnitude higher than that of hydrogenated
borophen'. Tws' demonstrates that the Z-type VS, | MoS, heterojunction could also lead

to applicazphotovoltaic devices. For the case of A-type VS, | MoS; heterojunction, it

<
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displays similar photoelectric properties, but excites a slightly larger total photocurrent

(34.2 mA/cm?) within the AM1.5 range (see Figure 5d).

We fstigate the three-terminal phototransistor properties of VS, | MoS,

heteroflnEHOWS™BY adding a gate electrode at the bottom to tune their photoelectric
properties. Figure 5e shows the photocurrent spectra of Z-type VS, | MoS, transistor under
the gate v from -0.3 to 0.3 V. Under the AM1.5 standard, the negative gate voltages

can enhangefthephotoexcited current except the IR. Particularly, near the blue light region

S

of VR, the pho rrent is significantly enhanced under the negative gate voltages. For the

U

A-type of » phototransistor, positive gate voltages lead to greater increase in

1

photocur hin the VR and UR (see Figure 5f).

2.4. Thermospin diode based on the lateral VS, | MoS, heterojunctions

Traditi intronics mainly focus on the coupled electron charge and spin transport

MVia

in condensed-matter structures and devices. The rapidly growing research field of spin

1

caloritron oted to utilizing the excess heat from the nanoscale materials and devices

to excite { @ of spin-mediated current.””7® The thermally-driven spin-mediated

current is ral to the spin Seebeck effect (SSE), which has been regarded as a

promis h to generate pure spin-mediated current via creating thermal gradient

{

across ma eterojunctions. It has extensive utilizations in thermoelectric materials

U

and devic o, we further explore the thermally-driven spin transport properties of

lateral S, heterojunctions.

A
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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 ele , @ thermally-driven current /i, may be then generated in a linear-response
fashion u ation 1. The difference in carrier concentrations between the drain and
N

the sourc&ldepends on the Fermi distribution (fp — fs), which is closely related to the

electron t@mperdture of the two electrodes. Due to a large energy gap of the 1H-MoS,, the

C

temperat ge of the source has no significant impact on the Fermi distribution.

Hence, we study the thermally-driven current effect of the Z-type lateral VS, | MoS,

US

heterojun rmospin diode, by fixing the source to the room temperature and

increasingithe drain temperature.

N

Figurg 6 ws the bias-dependent thermally-driven spin-mediated current at various

d

draint s. The thermally-driven currents I, of both the spin up and spin down

states ed on since the bias is beyond the threshold voltages 0.4 V, which is

\%

consistent with its rectifying diode. In addition, the I, increases gradually with the increase

r

of drain t re, due to the enhanced thermal broadening of the Fermi distribution.

The differ @ )nly that, the Iy, for the spin up (down) states is nonlinear (linear). This may

originate different spin-polarized band structures of 1T-VS, along the I'-X path (see

n

Supporting Information Figure Sle). Therefore, the Z-type lateral VS,| MoS, heterojunction

{

thermosp can generate large thermally-driven current and be potentially utilized as

U

thermoelectric materials and devices. Note that the magnitude of the thermally-driven

A
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spin-mediated current of the A-type lateral VS, | MoS, heterojunction is small due to the

larger energy gap of 1H-MoS; along the I-Y path.

3. Conc @

|
S

t

In sugamary, the intrinsic spin transport properties of lateral VS, | MoS, heterojunctions

are systemgticdlly studied by means of first-principles calculations. We demonstrate various

C

device struc s and their novel transport properties. The Z- and A-type lateral VS, | MoS,

S

heterojun des show a perfect rectifying effect at the forward and reverse bias

voltages, renderifig them promising candidates as Schottky diodes. Both of them present a

U

spin-polar, ehavior, with the A-type heterojunction showing a large spin-polarization

1)

ratio as high as 94% at -0.8 V. For their FET devices, the positive (negative) gate voltages

d

decrease ) in current for Z-type (A-type). Their rectification ratios are generally
decrea er a nonzero gate voltage. Additionally, under the illumination, both the two

types 2| MoS; heterojunctions have sensitive photoresponse to blue light within

M

the visible-light, and thus can be utilized as a photodetector. They can generate exploitable

[

photocurre nder the AM1.5 standard and could be a good candidate for photovoltaic

O

applicatio t’s more, a thermally-driven current can appear due to a temperature

differencalbetween the two terminals of the heterojunction device. This feature makes

i

them p erials for thermoelectric energy conversion applications. Therefore, the

{

lateral metal-semliconductor heterojunctions of transition-metal disulfides, VS, | MoS,, hold

Ul

A
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promise for developing various applications in spintronics, optoelectronics, and spin

caloritronics.

4, Expe@ﬂsection

N
All the fi!t-principles self-consistent calculations in this work are performed by using the

density—fu@ theory and non-equilibrium Green’s function method (NEGF-DFT), as
implemented jimthe Atomistix Toolkit code.B®I The exchange and correlation effects of

electrons afe d&cribed with the spin-polarized GGA-PBE functional.®*®* The core electrons

of all atonEpresented by the norm-conserving Vanderbilt (ONCV)

pseudopogéentia 5. Linear combinations of atomic orbitals (LCAO) basis sets are used to
expand th unctions of valence electrons. A real-space grid density which is
equivalenmne-wave kinetic energy cutoff of 100 Ha is used. The Monkhorst-Pack
k-point gnE x 300 and 1 x 9 x 200 are adopted to sample the Brillouin zone for the
electr e and A-type VS, | MoS, heterojunctions, respectively. The total energy
toIerancegd residual force on each atom are less than 10™® eV and 0.01 eV/A in the

geometryO’ation, respectively.

Thﬂistent electronic structures of all these device systems can be determined

by solvingghe Kolin-Sham and Poisson equations within two different boundary conditions

(periodic ?hlet).[mg] It is periodic for the electrode regions along the transport
an

direction e:whole device structure along another perpendicular directions. A Dirichlet

This article is protected by copyright. All rights reserved.
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boundary condition is adopted at the boundary between the electrode and the central

scattering region. The sample width (central scattering region) is 3.8 and 4.4 nm for the

t

Z-type an VS, | MoS; transistors, respectively. The metallic gate is 2.0 nm wide and

located n face region. The dielectric constant of the substrate is setto 4.0¢,,

fip

closetot

C

Supporting ation

Supportin ation is available from the Wiley Online Library or from the author.
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