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Abstract 

A new and simple kind of in-plane heterostructure is constructed by MoS2 

nanoribbons(MoS2NRs) and WS2 nanoribbons(WS2NRs) arranged both in perpendicular and 

in parallel. The electronic transport properties of two-probe devices with these 

heterostructures are investigated by first-principle density functional theory and 

non-equilibrium Green function. The results indicate that for all these heterostructures, with 

the number of WS2NR unit cell increasing, the bandgap decreases slightly and the negative 

differential resistance(NDR) effect can be tunable. Especially for the case of that W atoms 

doping on the edge, it not only displays a notable NDR effect but also has a high current peak 

under low bias, which indicates that it shows a better performance in the application of logic 

transistor. This study may provide a new path for the creation of the novel nanoelectronic 

devices with good performance. 

I. Introduction 

Following the discovery of graphene, considerable research interest has been focused on 

graphene-based nanoscale electronics and photonic devices as a result of the unique electronic 

characteristics and peculiar structure, such as the zero band gap semiconducting property and 

its massless charge carriers.1-7Graphene field effect transistors(FETs) are most widely studied 

because FETs occupy the fundamental position on the integrated circuits. Many researchers 

have reported that graphene displays an exceptionally high carrier mobility, enabling 

fast-speed FETs to be fabricated.8-12 However, pristine graphene does not possess a band gap, 
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a property that is critical for applications in logic transistors to attain a large on/off ratio.13-15 

Therefore, it becomes an urgent issue that opening a sizable band gap for graphene is needed 

to be solved by theoretical and experimental study. Considerable methods have been used to 

tackle this issue, such as chemical decorations,16-19 applying a high electric field to bilayer 

graphene20-23 and cutting graphene into GNRs,24-26 but these methods add complexity and 

diminish mobility. To overcome this problem, it would be a better choice for seeking another 

semiconducting graphene-like materials.  

More recently, 2D transition metal dichalcogenides (TMDs), which are composed of 

atomic layers coupled by van der Waals forces, have gained considerable interest because of 

the large variety of electronic phases that they can exhibit, namely, metallic, semiconductor, 

superconductor, and charge density wave.27-34 Unlike graphene, single-layer MoS2, a member 

of TMD family, is a semiconductor with a large bandgap,30 and hence monolayer MoS2 has 

been regarded as a promising candidate for field effect transistor (FET).35,36 MoS2 has a 

crystal structure consisting of weakly-coupled sandwich layers S–Mo–S, where a Mo-atom 

layer is enclosed within two S layers with hexagonal structure, and these layers are held 

together by van der Waals interactions.37Owing to such a structure, single layer of MoS2 can 

be probably fabricated repeatedly one by one from bulk materials by micromechanical 

cleavage38 or exfoliation39. Recently, MoS2nanoribbons and other TMD materials with a 

width down to several nanometers have been synthesized.40-43Importantly, among these TMDs, 

WS2 is expected to have similar properties with MoS2,
44-47 and the first experimental 

demonstrations of monolayer WS2 have just been reported.48 Armchair MoS2 and 

WS2nanoribbons have the same crystal structure and share the very similar lattice constants. 

The electronic properties of 2D heterostructures consisting of WS2 and MoS2 monolayer, 

which are stacked in vertical, have been studied.49-54More recently, Gong et al.55experimently 

fabricated in-plane heterostructures of WS2/MoS2 with seamless and atomically sharp 

interface. However, little has been done to theoretically study the electronic properties of such 

in-plane heterostructures composed of MoS2NRs and WS2NRs.  

In this work, we propose two kinds of armchair MoS2NRs and WS2NRs heterostructures 

arranged both in perpendicular and in parallel, that is, with the interfaces along the zigzag and 

armchair directions respectively. Systematic first-principles calculations are performed to 
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study the electronic transport properties of two-probe devices with these heterostructures.   

II. Models and methods  

Figure 1 shows the devices consisting of an armchair MoS2NRs/WS2NRs heterostructure. The 

devices are placed along the z direction, and the x axis is perpendicular to its surface. The 

two-probe device is composed of two parts, i.e., the scattering region and the electrodes, 

where the number of atoms are 179, the central region is six unit cells, electrode region is one 

unit cell. The yellow marked boxes denotes the supercell of the source and drain electrodes, 

between which is located the scattering region made of a hybrid MoS2NRs/WS2NRs structure. 

These devices are described by M(na) and M(nz), where n denotes the number of WS2NR unit 

cell in the scattering region, and a(z) indicates the armchair or zigzag shaped ribbon. 

All the calculations of these heterostructures are performed by the non-equilibrium Green 

function together with the first-principles density functional theory(DFT) supplied in the 

AtomistixToolKit software package.56-57 Double-zeta single polarized basis sets are adopted 

for the local atomic numerical orbitals, and norm-conserving pseudo-potentials are employed. 

Perdew–Burke-Ernzerhof(PBE) exchange-correlation function under the spin-unpolarized 

generalized gradient approximation (GGA) is implemented. Periodic boundary conditions are 

employed to calculate the electronic structures. The mesh cutoff for the electrostatic potentials 

is set to 75 Ha. A 1 × 1 ×100 Monkhorst sampling is utilized in the Brillouin zone integration. 

The electron temperature in the Fermi function is 300 K. To avoid interactions between 

periodic images, all heterostructures are modeled within a supercell with at least 15 Å vacuum 

layer thickness between neighboring cells. The energy convergence criterion is set to 10-5eV. 

Before calculating the electronic properties, these devices and crystal structures are optimized 

until the forces acting on each atom are less than 0.05 and 0.01eV/Å, respectively. The device 

current Id is manifested by the Landauer−Bu ̈ttiker equation: 

I = 2e
h � dE(T(E, V�(f�(E� − f�(E���

∞

�∞

 

where f1,2(E) are the Fermi functions of source and drain electrodes, e is the electron charge, 

and h is Planck's constant, T(E,V) is the quantum mechanical transmission probability of 

electrons, and it can be given as: 
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T(E, V� = tr�Γ�(E, V�G�(E, V�Γ�(E, V�G�(E, V�� 
whereG�,� are the retarded/advanced Green functions of the conductor part and Γ�,� are the 

coupling functions to the left/right electrodes. 

III. Results and discussion 

In Gong et al.55 work, in-plane heterostructure of WS2/MoS2 with zigzag direction 

interface could be easily identified. Based on this heterostructure with the interfaces along the 

zigzag directions, we first construct M(na), where MoS2NRs and WS2NRs are arranged in 

perpendicular and investigate the effect of WS2NR length on the electron transport properties 

of these heterostructures. Figure 2 shows Id-Vd characteristics of M(na) with lengths n ranging 

from 1 to 3. It is clear that in all three cases there is no current until 0.6V bias, which exhibits 

a semiconducting property, and increasing the bias further they all exhibit NDR, with dips in 

the current occurring between 0.9 to 1.0 V bias. With the increase of the WS2NR length, not 

only the current increases more quickly, but PVR（Peak to Valley Ratio) also increases, 

namely, 3.01, 4.931 and 5.441, respectively, along with the same NDR window, that is 0.1V, 

which indicates that it shows a relatively better performance in the application of logic 

transistor when contacting more unit cells of WS2NRs.  

We now investigate the physical origin of the NDR, The transmission spectrum is shown in 

Figure 3(a) for M(3a) at several typical bias voltages and other points are presented in 

Supplementary Fig. 1. Under a small bias of 0.6V, a little transmission peak moves into the 

bias window, resulting in an initial increase in current. As the bias increases further, the peak 

broadens and the current increases, reaching its maximum when the bias is 0.9 V. When the 

bias is larger than 0.9 V, the peak height decreases dramatically, and this decrease dominates 

positive contributions to the current rather than additional two small peaks moving into the 

bias window at 1.0V bias, leading to the NDR. The peaks in the expanding bias window are 

enhanced by continuous increasing applied drain voltage to 1.4V, giving rise to a steady 

increase in current. In Figure 3(b) and 3(c), to illustrate the difference of these three curves, 

transmission spectrum is calculated at 0.9 and 1.0V, respectively. When the bias is 0.9V, the 

single peak height increases slowly with the increase of the WS2NR length, leading to a small 

increase in current peak. At the bias of 1.0V, when n ranges from 1 to 3, two of three peaks 
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height in the bias window decrease, which play an important role in decrease of current valley, 

although another small peak displays an opposite trend. In Fig.3(b), as unit cell of WS2NR 

ranges from 1 to 2, the reduction extent of peaks denoted by b and c is more obvious than that 

from 2 to 3, resulting in a higher current valley for M(1a) heterostructure.  

For a deep insight into the electronic transport properties, equilibrium density of 

states(DOS) of these devices and their corresponding band structure of crystal structures are 

calculated and shown in Figure 4. Features of other M(na) are presented in Supplementary Fig. 

2 because they are similar to each other except for some detailed distinctions. In Figure 4(a), 

the curve of DOS indicates that zero electron states occur at Ef because of the semiconductor 

characteristics of armchair MoS2 and WS2 nanoribbons, not resulting in electron transmission 

at Ef, which corresponding to Id-Vd characteristics that there is no current until 0.6V bias. 

Moreover the transmission peaks are consistent with that of DOS around Ef. Importantly, the 

total density of states(TDOS) and the projected density of states on the edge(PDOS-edge) 

almost coincide with each other in the energy range from -0.4 to 1.2eV, which implies that 

electron states near Ef mainly originate from the edge. To describe this phenomenon clearly, 

local density states(LDOS) at -0.18eV is calculated and shown in Figure 4(b), it is clear that 

LDOS is mainly on the W and Mo atoms of the two edges, and becomes bigger and bigger 

with the increase of the WS2NR length(shown in Supplementary Fig. 2). The above 

discussion means that electrons transport through the central region mainly from the transition 

metal atoms of the edge due to the effect of dangling bonds. The band structure further 

demonstrates that armchair MoS2NRs can remain semiconducting by contacting WS2NRs and 

there is a direct band gap with its lowest unoccupied conductance band minimum(LUCBM) 

and highest occupied valence band maximum(HOVBM) both at Г point in the Brillouin zone 

in Figure 4(c) and the optical characteristics of MoS2 are retained when contacted WS2, 

meaning these heterostructures can be also applied in optcoelectronic devices  To investigate 

the changes of LUCBM and HOVBM clearly, the information is extracted and given in 

Figure 4(d). It can be seen, when n increasing from 1 to 3, LUCBM decreases and HOVBM 

increases, giving rise to a decrease in bandgap(Eg). Although the change is not obvious,   

when the bias is applied, it leads to the quick increase of the current. and the higher current 

peak. The variation of the bandgap is consistent with Gong et al.55 work that the PL peak 
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position shifted continuously across the interface.  

In addition, as Gong et al.55 work mentioned, besides the preferred zigzag interface, 

in-plane heterostructures of WS2/MoS2 along the armchair direction were also occasionally 

observed in their sample. Based on this structure with the interfaces along the armchair 

directions, electronic properties of such structure consisting of MoS2NRs and WS2NRs 

arranged in parallel with the increase of WS2NR length are also studied. In Figure5, Id-Vd 

characteristics of M(nz), where n ranges from 1 to 4, are shown. Apparently, the curves all 

display the NDR effect under a drain bias sweep from 0.9 to 1.0V. Besides, another NDR 

effect is observed from 1.2 to 1.4V for M(4z) two-probe device, and the PVR is 1.001. With 

WS2NR width increasing from 1to 4, the NDR window remains the 0.1V, but PVR decreases, 

that is, 3.3037, 2.7585, 1.6063, 1.003, respectively. Although the NDR effect weakens when 

contacting more unit cells of WS2NR, the current is enhanced obviously. Especially for M(4z), 

the current increase more quickly than the others, while the NDR is very low, indicating that 

it would be not the good candidate in the application of logic transistor.  

  To understand the observed NDR effect, it is useful to analyze the evolution of the 

transmission spectrum as the bias potential is ramped up for M(1z) in Supplementary Fig. 3 

and some typical biases are shown in Figure 6(a). When a small bias of 0.6V applied, 

transmission peak begins to appear in the bias window, giving rise to an original current 

increase. Before 0.9V bias, the applied bias simultaneously enhances the only one peak height, 

increasing the weight of the transmission spectrum in the bias window and current. The 

overall reduction in peak height outweighs increase from an additional peak moving into the 

expanding bias window, leading to a net drop in current and the appearance of NDR at 1.0V. 

With a further increase of the bias to 1.4V, the peaks broaden together with more peaks 

moving into the extending bias window, which results in a steady current increase. In contrast 

to M(1z), transmission spectrum at different bias potential from 0.6 to 1.4V is shown in 

Supplementary Fig. 4 for M(4z) and several typical biases are presented in Figure 6(b). It is 

more obvious that the initial peak occurs in the bias window and the height appearance with 

increasing bias. After the bias of 0.9V, the weights of the transmission spectrum in the bias 

window decrease slightly both at 1.0V and 1.4V bias, which results in twice NDR effect with 

small PVR. To clearly identify the distinction among the four cases, transmission spectra of 

Page 6 of 20RSC Advances

R
S

C
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t



 

 

0.9 and 1.0V bias are calculated, and shown in Figure 6(c) and 6(d). As WS2NR width 

increases from 1 to 4, the transmission peaks in both biases broaden, leading to an increase in 

either current peak or valley, however for bias of 0.9V the extent is less obvious than 1.0V 

bias, and results in a decrease in PVR. 

To identify the nature states of the electronic transport properties, equilibrium TDOS and 

PDOS of M(1z) two-probe devices are calculated, just as shown in Figure 7(a). Due to the 

semiconducting property of armchair MoS2 nanoribbons, no electron and its transmission 

states are observed at Ef, which corresponding to the transmission spectrum that transmission 

peak begins to appear in the bias window when a small bias of 0.6V applied, The PDOS-edge 

is almost consistent with TDOS around Femi energy, which leads to the transmission 

spectrum, indicating that electron transmission states mainly localize on the edge. To clearly 

see this phenomenon, local density states(LDOS) at -0.18eV is calculated and given in Figure 

7(b), it shows that the electron states at -0.18eV is mainly on the Mo atoms of the two edges.  

As discussed above, electrons from the transition metal atoms of the edge can transport 

through the central region more easily because the Mo atoms of the edge have higher energy 

with unfilled d orbit. Moreover, band structure of the crystal is analyzed in Figure7(c). We can 

see that for all the four heterostructures, both LUCBM and HOVBM localize at Г point in the 

Brillouin zone(shown in Supplementary Fig. 5), which exhibits direct band gap 

semiconducting characteristics. The optical characteristics of MoS2 do not change after 

contacting WS2, which means that these heterostructures can be also applied in optoelectronic 

devices. In Figure 7(d), we can see that as LUCBM decreases and HOVBM increases, there is 

a slight decrease in bandgap with the increase of the WS2NR width, therefore the current 

increases more quickly with a higher current peak despite a small decline when bias is applied. 

Gong et al.55 found that the PL peak position shifted continuously across the interface that 

corresponds to the change of the bandgap of our work.  

Lastly, we study the another heterostructure denoted by M(edge) that Gong et al.55 did not 

discuss, in which the Mo atoms on the edges are replaced by W atoms. Due to the same 

amount of W doping, M(1z) makes a comparison with this heterostructure to investigate 

whether edge states influence electronic transport properties. Id-Vd characteristics of M(edge) 

is illustrated in Figure8. Compared with M(1z), M(edge) also exhibits NDR effect with a 
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wider NDR window between 0.9V to 1.2V rather than 1.0V. When the bias is larger than 

0.6V with an initial current, the curve of the latter increases more rapidly until reaching its 

maximum where the current is almost similar to the case of M(4z). Moreover, the current 

valley is the lowest among the above four heterostructures, resulting in a largest PVR, which 

is 18.4462. Although M(edge) shares the same amount of W doping with M(1z), the 

performance of M(edge) is enhanced heavily with a wider NDR window, six times higher 

PVR which means a better NDR effect and a higher current peak. Because the energy of W 

atoms on the edge is higher than that on the inner, the current is increased quickly. Compared 

to M(4z) with the highest current peak among this type of heterostructures, M(edge) is almost 

close to it in the current peak but shows a superior NDR effect. As discussed above, M(edge) 

not only displays a notable NDR effect but also has a high current peak under low bias, which 

would be the best candidate in the application of logic transistor.   

To understand the physical origin of the NDR, transmission spectrum is calculated as the 

bias voltages ranging from 0.6 to 1.4V, and shown in Supplementary Fig. 6. Figure 9(a) 

presents several typical bias voltages. As 0.6V bias is applied, transmission peak starts to 

move into the bias window, leading to an initial current. Before the bias of 1.2V, the single 

peak firstly broadens up to its maximum at 0.9V bias, and then reduces dramatically into two 

small peaks, which results in the NDR effect. To clearly illustrate the difference between the 

two cases, Figure 9(b-d) shows transmission spectrum at the bias of 0.9, 1.0 and 1.2V, 

respectively. For M(edge), when the bias is 0.9V and 1.0V, the contribution of the 

transmission peaks in the bias window is larger than its counterpart, giving rise to a higher 

current. Conversely, at 1.2V bias, the two peaks height are both lower than the case of M(1z), 

leading to a small current. 

Conclusions 

In this study, we put forward two kinds of in-plane heterostructures composed of 

MoS2NRs and WS2NRs arranged in perpendicular and in parallel respectively which can be 

fabricated in practice, and investigate the electronic transport properties of these 

heterostructures using non-equilibrium Green function and the first-principles DFT 

calculations. It is found that for all the heterostructures, they exhibit direct band gap 
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semiconducting characteristics at Г point, which means that these heterostructures can be 

applied in optoelectronic devices and bandgap decreases slightly as the number of WS2NR 

unit cell increases, resulting in the rapid increase of the current and the higher current peak. In 

addition, for M(na), the NDR effect is enhanced little with the number of WS2NR unit cell 

increasing, while for M(nz), it exhibits an opposite trend but the current increases more 

quickly with a higher current peak, which indicates that the heterostructures arranged in 

perpendicular have a better application than those in parallel in logic transistor Especially for 

M(edge) with W atoms doping on the edge, it shows the best performance in the application 

of logic transistor, because it not only displays a notable NDR effect but also has a high 

current peak under low bias. With these unique properties, it is expected that 

MoS2NR/WS2NR heterostructures promote the applications in the next generation 

nanoelectronic devices.  
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Figure 1. Schematics of MoS2NR/WS2NR two-probe devices. The yellow box denote the 

source and drain electrodes and unit cell of WS2NR are marked by dashed box. The whole 

device is situated in a supercell represented by solid rectangle. (a) Structure of M(1a) 

two-probe device. (b) Structure of M(1z) two-probe device. (c) Structure of M(edge) 

two-probe device. (d) Side view of the crystal structures 

(b)
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Figure 2. Id-Vd curves of M(na) with WS2NR length n ranging from 1 to 3. 
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Figure 3. Transmission spectrum (a) for M(3a) at several typical bias voltages. Dotted line 

represent chemical potentials of the source and drain electrodes and for M(na) with WS2NR 

length n ranging from 1 to 3 (b) at the bias of 0.9V and (c) at the bias of 1.0V. 
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Figure 4. (a) Equilibrium transmission spectrum and total and projected DOS of M(3a). (b) 

LDOS at Ef-0.18eV of M(3a) with an isovalue of 0.1. (c) Band structures of M(3a). (d) 

HOVBM and LUCBM and bandgap for M(na) with WS2NR length n ranging from 1 to 3. 
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Figure 5. Id-Vd curves of M(nz) with WS2NR length n ranging from 1 to 4. 
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Figure 6. Transmission spectrum for (a) M(1z) and (b) M(4z) at several typical bias voltages.  

Dotted line represent chemical potentials of the source and drain electrodes. Transmission 

spectrum for M(nz)with WS2NR length n ranging from 1 to 4 (c) at the bias of 0.9V and (d) at 

the bias of 1.0V. 
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Figure7. (a) Equilibrium transmission spectrum and total and projected DOS of M(1z). (b) 

LDOS at Ef-0.18eV of M(1z) with an isovalue of 0.1. (c) Band structures of M(1z). (d) 

HOVBM and LUCBM and bandgap for M(nz) with WS2NR length n ranging from 1 to 4. 
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Figure 8. Id-Vdcurves of M(edge) and M(nz) with WS2NR length n ranging from 1 to 4. 
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Figure 9. (a) Transmission spectrum for M(edge)at various bias voltages. Dotted line 

represent chemical potentials of the source and drain electrodes. Transmission spectrum for 

M(1z) and M(edge) (a) at the bias of 0.9V, (b) at the bias of 1.0V and (c) at the bias of 1.2V. 
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