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 ABSTRACT 

Two-dimensional semiconducting transition-metal dichalcogenides have attracted

considerable interest owing to their unique physical properties and future

device applications. In particular, grain boundaries (GBs) have been often

observed in single-layer MoS2 grown via chemical vapor deposition, which can 

significantly influence the material properties. In this study, we examined the

electronic structures of various GBs in single-layer MoS2 grown on highly 

oriented pyrolytic graphite using low-temperature scanning tunneling microscopy/

spectroscopy. By measuring the local density of states of a series of GBs with tilt

angles ranging from 0° to 25°, we found that the bandgaps at the GBs can be 

either broadened or narrowed with respect to the intrinsic single-layer MoS2. 

The bandgap broadening shows that the GBs can become more insulating,

which may directly influence the transport properties of nanodevices based on

polycrystalline single-layer MoS2 and be useful for optoelectronics. 

 
 

1 Introduction 

Since the discovery of graphene in 2004 [1], the epitaxial 

growth and electronic structure of two-dimensional 

(2D) transition-metal dichalcogenides—particularly 

single-layer molybdenum disulfide (MoS2) with a 

direct bandgap of ~ 2.4 eV [2]—on various substrates 

have attracted tremendous interest [3–7]. This structure 

offers a platform for investigating many new concepts 

in physics, such as the valley Hall effect [8], spin-valley 

locking [9], and the metal–insulator transition [10] 

and so on [11–13]. However, grain boundaries (GBs), 

which are one-dimensional line defects that mediate 

the transition from one crystalline orientation to another, 

are often observed in single-layer MoS2 grown via 

chemical vapor deposition (CVD) [14–18]. As the atomic 

arrangements at the GBs differ significantly from the 

perfect lattice of single-layer MoS2, the local electronic 
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structures around the GBs can be greatly altered with 

respect to that of perfect single-layer MoS2. Thus, the 

macroscopic properties, e.g., the optoelectronic and 

transport properties, of CVD-grown single-layer MoS2 

can deviate significantly from those of perfect single- 

layer MoS2. Therefore, it is of great importance to 

clarify the structural and electronic properties of the 

GBs in such CVD-grown single-layer MoS2. 

In recent years, many efforts have been made to 

understand the physical properties of the GBs in 2D 

MoS2 [19–24]. The atomic structures of the GBs in 2D 

MoS2 have been intensively studied via transmission 

electron microscopy, and a variety of dislocation cores, 

such as 4|4, 5|7, 6|8, and 4|6 structures, have been 

revealed [14, 15, 25]. These tilted GBs were found to 

impose a significant degradation effect on the mobility 

and transport characteristics of MoS2 [20]. The tilted 

GBs in single-layer MoS2 were predicted to exhibit gap 

states, according to density functional theory (DFT) 

calculations [19]. It was shown that GBs with a tilt 

angle of 60° can exhibit a metallic feature [19], similar 

to the metallic GBs in single-layer graphene [26, 27]. 

Recently, Huang et al. investigated the electronic 

structures of GBs with various tilt angles in CVD- 

grown single-layer MoS2 via scanning tunneling 

microscopy/spectroscopy (STM/STS) and observed a 

significant bandgap reduction for all GBs due to the 

combination of local strain fields and substrate- 

induced charge transfer [21]. It is well known that the 

bandgap of a semiconductor can be either narrowed 

or broadened by applying different strain. However, 

bandgap broadening has not been reported for the 

GBs in single-layer MoS2 to date, even though abundant 

GBs with different tilt angles—and therefore with 

variable strain—are formed in practical CVD-grown 

single-layer MoS2. 

In this study, we investigate the bandgap broadening 

at the GBs in single-layer MoS2 grown on highly 

oriented pyrolytic graphite (HOPG) via low-temperature 

(LT) STM/STS. By measuring the local density of states 

(DOS) of a series of GBs with tilt angles ranging from 

0° to 25°, we find that the bandgaps at the GBs can 

be either broadened or narrowed with respect to the 

intrinsic single-layer MoS2. The bandgap broadening 

shows that the GBs can become more insulating, which 

may directly influence the transport properties of 

nanodevices based on polycrystalline single-layer 

MoS2 and be useful for optoelectronics. 

2 Results and discussion 

Single-layer MoS2 was grown on HOPG via CVD to 

obtain various GBs. Because the step edges of HOPG 

serve as a nucleation center for the growth of single- 

layer MoS2 and the orientations of the nuclei are 

random, GBs with various tilt angles can be formed 

[7], as schematically illustrated in Fig. 1(a). Atomic 

force microscopy (AFM) measurements confirm that 

the MoS2 grows along the step edge of HOPG, as 

shown in Fig. 1(b). Figure 1(c) displays a typical STM 

image of the as-grown MoS2. Line profile analysis 

reveals an apparent height of ~ 8 Å (Fig. 1(c)) with 

respect to the HOPG substrate, showing that the 

as-grown MoS2 is single-layer, in agreement with a 

previous report [21]. The two linear protrusions 

(indicated by the white arrows) in the MoS2 island 

shown in Fig. 1(c) are assigned to GBs [21]. High- 

resolution STM images, as presented in Fig. 1(d), 

disclose a hexagonal lattice of the top-layer sulfur 

atoms of MoS2 and the moiré patterns originating from 

the lattice mismatch and misalignment of the MoS2 

and substrate [28, 29]. Figure 1(e) shows a representative 

differential conductance (dI/dV) spectrum (average 

over 100 spectra) collected in the perfect MoS2 regions 

without any defects. A bandgap of ~ 2.7 eV is measured 

for the single-layer MoS2 grown on HOPG, coincident 

with previous experiments and theoretical calculations 

[21, 30, 31]. Figure 1(f) illustrates the Raman spectrum 

of the single-layer MoS2 grown on HOPG. Both the 

line shape and the peak positions are in accordance 

with previous reports [32]. 

Figure 2 shows a selected set of GBs with different 

tilt angles in the single-layer MoS2 grown on HOPG. 

The tilt angles are directly derived from the atomic- 

resolution STM images of the neighboring MoS2 

domains. The MoS2 domains around the GBs exhibit 

different moiré patterns, owing to the different twisting 

angles between the lattices of the MoS2 and substrate 

[29]. The STM topographies of the GBs are more 

sensitive to the sample bias than those of the 

neighboring MoS2 domains (see Fig. 2(d) and Figs. S1(a), 

S1(c)–S1(f) in the Electronic Supplementary Material 
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(ESM)), suggesting different electronic structures of 

the GBs relative to their neighboring MoS2 domains. 

It is well known that the defects, including point 

defects, GBs, and step edges, can effectively scatter 

the electrons, forming certain scattering patterns that 

strongly depend on the detailed atomic structures of 

the defects [33, 34]. For instance, a threefold symmetric 

scattering pattern is formed around the point defect 

depicted in Fig. 2(c). For the GBs consisting of various 

dislocations, such as 5|7 and 6|8 structures [15, 19], 

the scattering patterns around them are usually 

rather complicated, hindering the straightforward 

 

Figure 1 Characterization of MoS2 grown on the HOPG substrate. (a) Cartoon illustrating the growth of single-layer MoS2 triangle 
islands along the step edges of HOPG. (b) Large-scale AFM image showing the formation of GBs between the MoS2 islands. (c) STM 
image of the as-grown single-layer MoS2 with two GBs (indicated by the two white arrows). The bottom-left inset shows the line profile 
along the white dashed line. The top-right inset shows the atomic resolution of the HOPG substrate. Sample bias: U = −3.97 V; set point: 
I = 30 pA. (d) High-resolution STM image showing the hexagonal lattice of the top-layer sulfur atoms of MoS2 and the moiré patterns. The
green and white arrows are along the lattice vectors of the Moiré pattern and MoS2, respectively. U = −1.48 V; I = 10 pA. (e) Averaged 
dI/dV spectrum obtained on a perfect MoS2 surface showing a bandgap of ~ 2.7 eV. (f) Raman spectrum of the as-grown single-layer 
MoS2 on HOPG. 

 

Figure 2 High-resolution STM images of six MoS2 GBs with different tilt angles ( ). (a)  = 0°, U = −2.0 V, I = 12 pA; (b)  = 3°, U
= −0.5 V, I = 12 pA; (c)  = 11°, U = −1.1 V, I = 55 pA. The white arrow indicates a point defect showing a scattering pattern with
threefold symmetry. (d)  = 16°, U = −0.5 V, I = 40 pA. The region marked by the white rectangle exhibits significant lattice mismatch
and distortion around the GB. (e)  = 20°, U = −0.9 V, I = 81 pA. (f)  = 25°, U = −0.7 V, I = 102 pA. 



 

www.theNanoResearch.com∣www.Springer.com/journal/12274 | Nano Research 

6105 Nano Res. 2018, 11(11): 6102–6109 

distinguishing of the atomic structures of the GBs. 

Figure 2(d) illustrates a butterfly-shaped scattering 

pattern, which most likely corresponds to a dislocation 

core, similar to that in single-layer WSe2 grown on 

graphite [35]. Significant distortion is clearly observed 

in the region (marked by the white rectangle in    

Fig. 2(d)) along the GB and close to the dislocation core. 

Such lattice distortion may result in considerable 

strain in the MoS2 lattice and thus modification of the 

topographies and electronic structures around the GBs. 

Notably, the GBs always show wrinkle structures   

in STM topographies (see Figs. 2, 3(a), and 3(e) and 

Table S1 in the ESM), indicating the presence of a 

vertical strain perpendicular to the plane of the MoS2 

lattice, in addition to lateral strains. Thus, the strain 

built up around the GBs is biaxial and highly spatially 

dependent. 

To explore the electronic structures of the GBs in 

detail, we systematically collected a series of dI/dV 

spectra along and across a family of GBs with different 

tilt angles. Figure 3 displays two sets of representative 

data. The GB with a tilt angle of 16° shown in Fig. 3(a) 

(see Fig. 2(d) and Fig. S1(a) in the ESM) consists of a 

nearly ordered row of dislocation cores with butterfly- 

shaped scattering patterns. The dI/dV spectra (Fig. 3(b)) 

acquired across this GB show that the valence-band 

maximum (VBM) is nearly pinned at −2 eV, while the 

conductance-band minimum (CBM) is shifted from 

0.8 eV for the intrinsic single-layer MoS2 to 2.4 eV for 

the GB (see Fig. 3(c)). The bandgap increases with the 

decreasing distance to the GB, as shown in Fig. 3(c). 

An unprecedented bandgap of 4.4 eV is measured at 

the GB, which is far larger than that of 2.7 eV for the 

intrinsic single-layer MoS2 far from the GB. This type 

of GB behaves as an insulator, possibly having a 

significant impact on the transport properties of the 

epitaxial single-layer MoS2. The dI/dV spectra (Fig. 3(d)) 

acquired along this GB show that the bandgap varies 

at different sites of the GB. The bandgap at the center 

of a dislocation core is narrower than that between 

two neighboring dislocation cores. This spatially 

dependent behavior of the bandgap straightforwardly 

 

Figure 3 Bandgap variation on and around two representative GBs. (a) STM image of a GB with a tilt angle of 16° showing a nearly 
ordered array of butterfly-shaped scattering patterns. U = −0.5 V, I = 11 pA. (b) and (d) dI/dV spectra collected across (arrow with points 
1–9) and along (arrow with points 10–18) the GB shown in (a), respectively. The CBM and VBM are indicated by the red and blue
vertical lines. The two peaks indicated by the black arrows in each spectrum are assigned to von Hove singularities. (c) CBM and VBM 
energy diagram determined from the dI/dV spectra collected across (points 1–9) the GB shown in (b). (e) STM image of a GB with a tilt 
angle of 25°. U = −0.21 V; I = 152 pA. (f) and (h) dI/dV spectra acquired across (arrow with points 1–12) and along (arrow with points 
13–20) the GB shown in (e), respectively. The CBM and VBM are indicated by the red and blue vertical lines, respectively. The features
indicated by the black arrows are attributed to the defect states. (g) CBM and VBM energy diagram determined from the dI/dV spectra 
collected across (points 1–12) the GB shown in (f). 
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demonstrates that the electronic structures of the  

GBs are essentially determined by their local atomic 

structures. Notably, each spectrum in Fig. 3(d) exhibits 

two sharp peaks (indicated by the black arrows) near 

the VBM and CBM. As this GB consists of a nearly 

ordered row of dislocation cores, we attribute these 

sharp peaks to von Hove singularities, similar to the 

case of GBs in single-layer graphene [36, 37]. 

Figure 3(e) shows a GB with a tilt angle of ~ 25°. 

This GB also consists of a row of dislocation cores but 

with some disorder. The dI/dV spectra collected across 

this GB are plotted in Fig. 3(f). The bandgap decreases 

with the decreasing distance to the GB and reaches  

a minimum of ~ 2 eV at the GB, indicating that this 

GB exhibits more metallic behavior than the intrinsic 

single-layer MoS2. In addition, both the CBM and 

VBM shift upwards with the decreasing distance to 

the GB (see Fig. 3(g)). The dI/dV spectra acquired along 

this GB (Fig. 3(h)) also show a spatially dependent 

behavior of the bandgap, again indicating that the 

electronic structures of the GBs are essentially 

determined by their local atomic structures. We 

observe additional peaks in the dI/dV spectra acquired 

at different sites of the GB, as indicated by the black 

arrows in Fig. 3(h). These peaks are located appro-

ximately −1.4 eV below the Fermi level and are localized 

at the dislocation core. The emergence of these 

localized states leads to significant deformation of the 

valence band edge and thus a reduced bandgap at the 

GB. These behaviors are very similar to a recent report 

of GBs in single-layer WSe2 [35]. Moreover, the tensile 

strain observed at the vicinity of the GBs can lead to 

the reduction of the bandgap, akin to previous works 

by Huang et al. [21]. 

We measured the bandgaps of 11 GBs with tilt 

angles ranging from 0° to 25°. Figure 4(a) presents the 

statistical analysis of our measurements as well as the 

results of Huang et al. [21]. It is clearly observed that 

approximately half of the GBs exhibit a broadened 

bandgap with respect to the intrinsic single-layer 

MoS2, while the other half show a narrowed one. This 

is different from previous experimental observations 

and theoretical predictions that the GBs of MoS2 always 

show a narrowed bandgap [19]. 

As the bandgap narrowing at the GBs in single-layer 

MoS2 was previously reported and the underlying  

 

Figure 4 Theoretical model for the bandgap broadening and 
narrowing on GBs. (a) Statistical data of the bandgap variation  
at the GBs with different tilt angles. The two blue triangles are 
results from Ref. [21]. (b) Structure of the model used in the DFT 
calculations. The GBs are modeled by the wrinkles with compressive 
strain along the armchair direction. (c) Total DOS of the pristine 
MoS2 and the wrinkles with different strains (1%, 3%, 5%, and 7%). 
The blue and red arrows indicate the positions of the valence 
band and the conduction band, respectively. 

mechanism has already been clarified, we focus on 

the physical origin of the bandgap broadening at the 

GBs. Our experiments reveal a long range and smooth 

nature of the bandgap variation (Fig. 3), indicating 

that the biaxial strain built up around the GBs has 

great impact on the electronic structures of the GBs. 

Considering such a strain-induced effect, we simply 

model the GBs by the bending of wrinkled structures 

along the z-direction in our DFT calculations. A com-

pressive strain of 1% to 7% is applied to the lattice of 

the wrinkle along the armchair direction, as shown in 

Fig. 4(b). The DOS of the wrinkles is calculated after 

geometry relaxation, as illustrated in Fig. 4(c). The 

CBM is shifted away from the Fermi level as the strain 

is increased to 3% and is shifted towards the Fermi 

level as the strain is further increased to 5%. The VBM 

is only slightly shifted in the same direction of the 

CBM. These behaviors indicate that the strain can result 

in not only bandgap narrowing but also bandgap 

broadening, depending on the magnitude of the strain. 

For the wrinkle with a strain of 3%, the bandgap is 

broadened, and the CBM and VBM are shifted upward 

with respect to the intrinsic single-layer MoS2. The 

upward band bending around the wrinkle can lead 

to significant charge transfer either between the flat  
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and rippled MoS2 or between the MoS2 and the 

substrate, which might contribute to the bandgap 

broadening at the GBs. We also model the GBs with a 

more realistic MoS2 wrinkle structure consisting of a 

GB with a tilt angle of 16°. The results (Fig. S2(a) in the 

ESM) are similar to those of the simple model described 

in Fig. 4(c), confirming that a comprehensive strain is 

counted for the bandgap broadening of the GBs in 

single-layer MoS2. 

3 Conclusions 

We studied the electronic structures of the GBs in 

single-layer MoS2 on a HOPG substrate via LT-STM/ 

STS. By measuring the dI/dV spectra of a series of 

GBs with tilt angles ranging from 0° to 25°, we found 

that the bandgaps at the GBs can be either broadened 

or narrowed with respect to the intrinsic single-layer 

MoS2. DFT calculations reveal that the strain field 

around the GBs, as well as the charge-transfer effect, 

contributes to the bandgap broadening. Our work 

shows that the GBs can become more insulating, 

which may directly influence the transport properties 

of nanodevices based on polycrystalline single-layer 

MoS2 and be useful for optoelectronics. 

4 Methods 

The growth of MoS2 on graphite was as follows. 

Single-layer MoS2 was grown on graphite using a 

three-temperature-zone CVD system. Prior to the 

growth of MoS2, the HOPG was exfoliated to obtain a 

fresh surface. High-purity sulfur (Alfa Aesar 99.9%) 

and MoO3 (Alfa Aesar 99.999%) powders were 

vaporized at 120 and 530 °C, respectively, while the 

substrate was kept at 750 °C. Ultrahigh-purity argon 

was used as the carrier with a flux of 130 sccm, and 

the growth time was 15 min. 

The STM/STS experiments were conducted in an 

ultrahigh vacuum (base pressure of 1 × 10−10 mbar) 

LT-STM system (Unisoku). STM images were acquired 

in the constant-current mode. Differential conductance 

(dI/dV) spectra were collected by using a lock-in 

technique with 5-mVrms sinusoidal modulation at a 

frequency of 973 Hz. All STM/STS experiments were 

performed with electrochemically etched tungsten 

tips at 4.3 K, which were calibrated with respect to the 

Au(111) surface state before and after spectroscopic 

measurements. The given voltages were referred to 

the sample. 

DFT calculations were performed by using the 

Vienna Ab initio Simulation Package with the projected 

augmented wave. Wave functions were expanded in 

a plane-wave basis set to a 400-eV energy cutoff. The 

rippled MoS2 was modeled by a (10 × 1) supercell (20 

molybdenum atoms and 40 sulfur atoms) with the 

strain applied along the armchair direction, which 

consisted of a single-layer slab with a vacuum layer 

of 15 Å. All atoms were fully relaxed until the net 

force was smaller than 0.02 eV/Å. The MoS2 structure 

under strain was simulated by fixing the length of the 

slab model. The bent MoS2 structure with the lowest 

energy was obtained by optimizing the distance 

between the two outmost Mo atoms to release the 

strain in the out-of-plane direction. The Brillouin 

zone was sampled with a grid of (1 × 5 × 1). 
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