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Abstract: Using first-principles simulations, we demonstrate that MoS₂ nanoribbons adsorbed 

between two Au(111) electrodes in an Au/MoS₂/Au junction undergo spontaneous structural 

deformation involving bending and stretching. This deformation increases the mechanical strain 

energy within the nanoribbon but is energetically compensated by enhanced adsorption on the Au 

electrodes, owing to the larger contact areas formed in the deformed configuration. The influence of 

these spontaneous structural deformations on the electronic and transport properties of the junction 

is investigated using state-of-the-art first-principles methods. Our results reveal that deformation 

lowers the energies of conduction bands associated with edge states, leading to a pronounced 

narrowing of the bandgap in the deformed nanoribbons. For narrow nanoribbons with widths around 

1.5 nm, this deformation markedly enhances the junction’s conductivity by facilitating electron 

tunneling through the conducting localized edge states.
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1. Introduction

  Two-dimensional (2D) materials have been regarded as one of the most promising candidates for 

next-generation electronic materials. [1-4] Among them, molybdenum disulfide (MoS2) has emerged 

as a leading contender for advancing electronic device technologies. [5–8] MoS₂ combines 

mechanical flexibility, electronic tunability, optical responsiveness, and chemical stability with a 

sizable direct band gap of ~1.8 eV [9-12], making it highly attractive for applications in field-effect 

transistors (FETs) and optoelectronic devices [13–15]. 

  It has been shown in the literature that the structure deformation in 2D MoS2 could greatly impact 

the electronic and transport properties of MoS2. Recent experiments [16,17] demonstrated that when 

MoS₂ is grown on engineered substrates, structure deformations such as wrinkled or crested surfaces 

can occur, which dramatically enhance its conductivity by up to two orders of magnitude. A set of 

earlier computational studies showed that a particular type of structure deformation, the bending, 

could significantly modify the electronic structures of MoS2 nanoribbons. [18-20] These studies were 

based on ideal artificial bending structures of MoS2 nanoribbons. It was found that in general, the 

bandgap of a MoS2 nanoribbon decreases when the curvature of the artificial bending structure 

increases. 

  In this work, by first-principles simulations, we show that MoS₂ nanoribbons adsorbed between 

two Au(111) electrodes in an Au/MoS₂/Au junction undergo spontaneous structural deformation 

involving bending and stretching. The deformation arises from the interplay between the mechanical 

energy accumulated in MoS2 nanoribbon and the adsorption energy between Au electrodes and the 

MoS2 nanoribbon. The spontaneous deformation is found to have intriguing effects on both 

electronic structures of the MoS2 nanoribbon and transport properties of the Au/MoS2/Au junction. 

These results could have important implications for future applications of MoS2 based devices.
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2. Computational Details

  Structure optimizations and band structure calculations were performed using the first-

principles method based on density functional theory (DFT), as implemented in the Spanish 

Initiative for Electronic Simulations with Thousands of Atoms (SIESTA) computational 

package [21–23]. The steady-state density functional theory (SS-DFT) [24, 25] is used for 

transport calculations. The generalized gradient approximation (GGA) in the Perdew-Burke-

Ernzerhof (PBE) format [26], a double-ζ polarized basis set and the Troullier-Martins norm-

conserving pseudopotentials [27] (with scalar-relativistic effects included for Au), were 

employed for all calculations. For structure and transport calculations, a 7×1×1 k-point 

Monkhorst–Pack mesh in the Brillouin zone is used. For the density of states (DOS) 

calculations, a denser 13×1×1 k-point grid is utilized to enhance accuracy. The electronic 

band structures of the isolated MoS₂ nanoribbon were calculated along the high-symmetry k-

path Γ–X in the one-dimensional Brillouin zone. Convergence criteria for energy and force 

are set to 10-4 eV and 0.03 eV/Å, respectively. In SS-DFT calculations, nonequilibrium 

corrections for exchange energy functionals are considered [28, 29].

   The DFT calculations with Vienna Ab initio Simulation Package (VASP) [30] were done 

to benchmark the band structures obtained from SIESTA. The VASP calculations used a 

plane-wave basis set with a kinetic energy cutoff of 450 eV, projector augmented-wave 

(PAW) pseudopotentials [31], and the generalized gradient approximation (GGA) in the 

Perdew–Burke–Ernzerhof (PBE) form. 
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3. Results and Discussion

A. Au(111)/MoS2/Au(111) Device Model

FIG. 1 (a) Top and side views of a MoS2 nanoribbon with the width N = 10. (b) Calculated total 

energy as a function of the vertical distance (y direction) between the MoS₂ nanoribbon and the 

Au(111) substrate.  (c) The initial structure of the Au/MoS2/Au device. 

  The structure (top view and side view) of a MoS2 nanoribbon is shown in Fig. 1a, where two 

edges are saturated with H atoms. The ribbon is periodic along the x direction. The width of the 

ribbon is defined by the number of Mo atoms in the z direction as shown in the side view of the 

ribbon. The calculated energy as a function of distance between a N = 10 MoS2 nanoribbon and 

Au(111) substrate is plotted in Fig. 1b (inset shows the structure), which suggests that 2.5 Å is 

the optimal binding distance. In the calculations, the structures of both the ribbon and Au surface 

are fixed. Because the electronic properties of MoS₂ are highly sensitive to strain [32], the lattice 
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constant of Au was uniformly compressed by approximately 3% to minimize the lattice 

mismatch between MoS₂ and the Au(111) surface. This small compression has been known to 

have a negligible influence on the electronic properties of Au [33]. In Fig. 1c, we show the 

initial structure (before the structure optimization) of the Au/MoS2/Au device made of two 

Au(111) electrodes and a flat MoS2 nanoribbon in middle. In the supercell shown in the figure, 

the structures of Au electrodes and the middle ribbon shown here are chosen to be optimized 

ones for isolated Au electrodes and the MoS2 nanoribbon. The distance between Au electrodes 

and the middle ribbon is set to 2.5 Å. A 15-Å vacuum layer in y direction is added in the 

supercell to avoid interactions with adjacent cells. The following-up structure optimization of 

the supercell is done with DFT-based SIESTA package and will be discussed in the next session. 

The band structures of monolayer MoS2 and the bulk Au obtained from SIESTA are almost 

identical with those calculated from the plane-wave based VASP package, as shown in 

supporting information Fig. S1a (monolayer MoS2) and Fig. S1b (bulk Au), suggesting that the 

parameters we used for SIESTA calculations are reliable.
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B. Spontaneous structure deformation of MoS2 nanoribbons

FIG. 2. Energy variation during the structure optimization process. The spontaneous deformation of 

the MoS2 nanoribbon can be clearly seen. The definition of the curvature κ is also indicated.

  During the structure optimization of the junction, three outermost layers on the left and right 

(enclosed parts in Fig. 1c) as well as the bottom layer of Au(111) are fixed, while all other atoms 

are allowed to move. Energy variation as a function of the iteration step during the optimization 

process is plotted in Fig. 2. The initial structure at step 0 is the same as that in Fig. 1(c), where 

the central ribbon with width N = 10 is flat. We see that during the optimization, the energy 

quickly drops, and the system finally ends up with a structure with a significantly deformed 

MoS2 nanoribbon in the middle. The energy of the optimized structure is about 0.97 eV lower than 

the initial one with flat ribbon. The spontaneous structure deformation includes an obvious bending 

with a curvature around 0.03/Å (corresponding to a curvature radius around 32 Å) and a 

stretching in z direction around 0.12 Å. The definition of the curvature κ can be found in the inset 

of Fig. 2. Similar structure deformations are also observed for MoS2 nanoribbons with different 
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widths. In Table S1 (supporting information), we list the calculated curvature, curvature radius 

and the stretching of a few ribbons with the width ranging from N = 10 to N = 18.

The structure deformation is caused by the relatively strong interaction between the MoS2 

and the two Au electrodes. The deformation leads to higher energy of the ribbon due to the 

increased mechanical strain, while at the same time, the bending and stretching effectively 

increase the contact area between the ribbon and two electrodes, resulting in significantly 

stronger adsorption of the ribbon. Taking the N = 10 ribbon as an example, our calculations 

show that the energy of the isolated ribbon with structure deformation is about 0.48 eV higher 

than the flat one, while on two Au electrodes, the adsorption energy of the deformed ribbon is 

0.97 eV stronger than that of the flat ribbon (Fig. 1c). The Bader charge analysis indicates that 

there are around 0.55 electrons transferred from Au electrodes to the deformed MoS2 mainly 

happens in the contact region. As a comparison, for the structure with the flat ribbon (Fig. 1c), 

the charge transfer from Au electrodes to the ribbon is about 0.24 electrons. 

We test the effects of van der Waals (vdW) interactions using the DFT+D3 correction [34] on the 

deformation of the ribbon. It is found that the vdW interactions cause a negligible increase of the 

curvature approximately 0.001 Å⁻¹. It is worth mentioning that whether an applied gate electric 

field [35] can be used to tune the structural deformation is a highly intriguing question, which 

we will address in future studies.  

FIG. 3. The iso-surface of calculated differential charge density:  ∆ρ = ρsystem − ρMoS2 – ρAu. 
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Yellow (blue) represents electron accumulation (depletion). 

C. Deformation caused bandgap decrease

FIG. 4. (a) Band structures of the isolated flat (blue dashed line) and deformed (red solid line) 

MoS2 nanoribbons with N = 10. C1, C2 and V1, V2 are two nearly degenerate conduction and 

valence bands, respectively. (b) Calculated wave functions of conduction and valence bands (at 

Gamma point) of the isolated flat and deformed MoS2 nanoribbons. 

The structure deformation can have important effects on electronic structures of MoS2 

nanoribbons. In Fig. 4a, we plot band structures of both flat and deformed N = 10 ribbons, where 

C1, C2 and V1, V2 are two nearly degenerate conduction and valence bands, respectively. Two 

valence bands of the deformed ribbon remain almost the same as those of the flat one, while the 

deformation significantly brings down the energies of two conduction bands, resulting in a 

deformation-caused decrease of the band gap around 0.3 eV. Two conduction bands are localized 

edge states while two valence bands are more extending in nature, as clearly shown in iso-surface 

plots of wavefunctions (Fig. 4b). Apparently, the deformations (the bending and the stretching) 
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significantly enhance the interactions between ions and localized electrons at edges (due to the 

weaker contributions from other ions), while having little effect on extending electron orbitals. To 

see this more clearly, we calculated the plane-averaged electrostatic potential along the transport 

direction for the deformed N=10 ribbon on two electrodes (Fig. S2). Locations of Mo layers at two 

edges (layers 1,2 and 9,10) are labeled in the figure. Significantly lower electrostatic potentials at 

edge layers can be seen in the figure. Similar effects of deformation on band structure are found for 

other ribbons with different widths (see Fig. S3 in supporting information).  In Table S1 in 

supporting information, we list the calculated deformation-caused bandgap drops for MoS2 

nanoribbons with various widths (from N = 10 to N = 18). In all cases, the bandgap drop is quite 

significant ranging from 0.27 eV (for N = 18) to 0.41 eV (for N = 14).

D. Transport properties of the Au(111)/MoS2/Au(111) device 

Here we study how the deformation-caused electronic structure changes affect transport properties 

of MoS2 nanoribbons. For this purpose, we set up an Au/MoS2/Au device made of two Au(111) 

electrodes and a middle N = 10 MoS2 nanoribbon. We consider both cases of flat (Fig. 1c) and 

deformed (Fig. 3) ribbons. Note that the source is on the left and the drain is on the right. In Fig. 

5(a), the calculated projected density of states (PDOS) of MoS₂ adsorbed on two Au(111) 

electrodes in the Au/MoS₂/Au junction is shown. The upper panel is for the case of flat ribbon and 

the lower panel for the one with structure deformation. By comparing wave functions at PDOS 

peaks with those of isolated ribbons, conduction bands (C) and valence bands (V) are identified in 

the plots. Due to the coupling with Au electrodes, both systems are metallic as there are no clear 

gaps in PDOS spectra. The charge transfer from Au to the ribbon shifts the Fermi energy 

significantly towards the conduction bands for both cases, and the deformed ribbon shows a 

narrower separation between conduction and valence peaks than the flat one by about 0.22 eV, 
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consistent with the trend observed in band structures.    

FIG. 5.  (a) Calculated PDOS for the flat MoS2 nanoribbon (upper) and the deformed ribbon when 

MoS2 nanoribbons are adsorbed on two Au(111) electrodes. Conduction (valence) peaks are 

denoted by C (V). The Fermi level of both systems is set to 0.0 eV. (b) Calculated I–V 

characteristics for Au/MoS2/Au devices with a flat and deformed MoS₂ nanoribbon.

We then calculate the current-voltage (I-V) characteristics of the Au/MoS2/Au device for both flat 

and deformed ribbons. The results are shown in Fig. 5b, which indicates that the structure 

deformation significantly improves the conductivity of the N = 10 MoS2 nanoribbon. At 0.5 V, 

the electric current starts to increase rapidly for the deformed ribbon. At 0.7 V, the electric current 

is around 215 nA for the deformed ribbon and 66 nA for the flat one.   
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FIG. 6. (a) Transmission spectra of the system with a flat MoS2 nanoribbon (N = 10) at bias voltages 

of 0, 0.3, and 0.5 V. The blue dashed lines indicate the bias window. (b) Transmission spectra of the 

system with a deformed MoS₂ nanoribbon (N = 10) at 0, 0.3, and 0.5 V. Peaks C1 and C2 originate 

from tunneling through edge states localized on the right (drain) and left (source) contacts, 

respectively. Tunneling eigenchannels at peaks C1 and C2 for the deformed ribbon under 0.5 V are 

shown in (c) and (d) respectively. 

To understand transport properties of the device, we calculate the transmission spectrum under 

various bias voltages for both the flat (Fig. 6a) and the deformed (Fig. 6b) ribbons. Under 0 V, 

the tunneling through two degenerate conducting edge states yields a transmission peak (peak 

C) around the Fermi energy (0 eV in two figures) for both cases. The center of the peak C is 

slightly above (below) the Fermi energy for the flat (deformed) ribbon, which is consistent with 

the PDOS shown in Fig. 5a. When the bias is nonzero, the degeneracy of two edge states is 

lifted. When the bias increases, transmission peaks of two edge states, C1 and C2, move with the 

Fermi energies of the drain (on the right) and the source (on the left), respectively. For both ribbons, 

two transmission peaks are suppressed by the bias voltage, as shown in Fig. 6a and 6b. For the flat 
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ribbon, the C₁ peak almost disappears (falling below the numerical accuracy limit). In contrast, for 

the deformed ribbon, the C₁ peak shifts into the bias window at 0.5 V, markedly enhancing the 

current relative to the flat case. Iso-surface plots for tunneling eigenchannels at peaks C1 and C2 for 

the deformed ribbon under 0.5 V (Fig. 6c and 6d) clearly show that the two peaks are caused by 

tunneling through two edge states of the N = 10 ribbon (see two edge states in Fig. 4b). 

FIG. 7. ( a )  I–V characteristics of different widths of the MoS2 nanoribbon within the Au/ 

MoS2/Au devices. The bias voltage is applied between two Au electrodes. (b) PDOS and 

transmission spectrum for the deformed MoS2 nanoribbon with N = 12. The blue line represents 

the PDOS, while the red line represents the transmission. Peaks C and V correspond to states 

primarily originating from the conduction and valence bands of the MoS2 nanoribbon, 

respectively. The wavefunctions C1 and C2 correspond to the degenerate conduction bands, while 

V1 and V2 correspond to the degenerate valence bands of the MoS2 nanoribbon.

The transport properties of localized edge states would be sensitively dependent on the width of the 

ribbon. Indeed, our transport calculations for the deformed ribbon with N = 12, 14, 16 and 18 show 

that the conductivity of these ribbons at lower biases (< 0.6 V) are essentially the same and 

significantly lower than that of N = 10 one (Fig. 7a). In PDOS and transmission spectrum for N = 
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12 ribbon (Fig. 7b), we see that the edge states, C and V, are all insulating. The inset in Fig. 7b 

(lower panel) shows iso-surfaces of localized states (C and V), in which we see that N=12 ribbon 

is wide enough to completely separate two edge states, causing low conductance of the ribbon. We 

also show the calculated PDOS and transmission function for N=18 ribbon in Fig. S4 in supporting 

information, for which similar trends as those of N=12 can be seen.  

4. CONCLUSIONS

In conclusion, by first-principles calculations, we show that MoS2 nanoribbons adsorbed on two 

Au(111) electrodes in an Au/MoS₂/Au junction undergo spontaneous structural deformation 

involving bending and stretching. The deformation lowers the energies of conduction bands formed 

by localized edge states, leading to significant decrease of band gaps of the ribbons. For narrow 

ribbons (N =10), in which the edge states are conducting, we find that the spontaneous deformation 

greatly enhances the conductivity of the ribbon. For longer ribbons (N ≥ 12), the deformation shows 

little effects on transport properties. These studies enhance our understanding of the structural and 

electronic properties of MoS₂ nanoribbons on metal electrodes within device configurations, 

providing valuable insights for the future development of MoS₂-based electronic devices.
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• The data supporting this article have been included as part of the Supporting Information. 
Supporting information: Fig. S1, band structures of MoS2 ribbon and bulk Au from SIESTA 
and VASP calculations; Fig. S2, definition of bending curvature; Tables S1, effective 
curvature, curvature radius, stretching, and deformation induced bandgap drops of 
nanoribbons with different width; Fig. S3, band structures of isolated MoS2 ribbons with 
different width. See DOI: [URL – format https://doi.org/DOI]

• All structural and energy calculations were done with widely used commercialized VASP 
(version 5.4) and free SIESTA (version 5.1) computational packages. The nonequilibrium 
transport calculations were done with our homemade code SS-DFT that has been widely 
used for studying transport properties of nanoscale junctions. References for these 
computational packages can be found in the main text.
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