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 ABSTRACT 

Beyond graphene, two-dimensional (2D) transition metal dichalcogenides (TMDs)

have attracted significant attention owing to their potential in next-generation 

nanoelectronics and optoelectronics. Nevertheless, grain boundaries are

ubiquitous in large-area as-grown TMD materials and would significantly affect 

their band structure, electrical transport, and optical properties. Therefore, the

characterization of grain boundaries is essential for engineering the properties

and optimizing the growth in TMD materials. Although the existence of

boundaries can be measured using scanning tunneling microscopy, transmission 

electron microscopy, or nonlinear optical microscopy, a universal, convenient,

and accurate method to detect boundaries with a twist angle over a large scale

is still lacking. Herein, we report a high-throughput method using mild hot H2O

etching to visualize grain boundaries of TMDs under an optical microscope,

while ensuring that the method is nearly noninvasive to grain domains. This

technique utilizes the reactivity difference between stable grain domains and 

defective grain boundaries and the mild etching capacity of hot water vapor. As

grain boundaries of two domains with twist angles have defective lines, this

method enables to visualize all types of grain boundaries unambiguously.

Moreover, the characterization is based on an optical microscope and therefore

naturally of a large scale. We further demonstrate the successful application of

this method to other TMD materials such as MoS2 and WSe2. Our technique 

facilitates the large-area characterization of grain boundaries and will accelerate 

the controllable growth of large single-crystal TMDs. 
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1 Introduction 

Atomically layered two-dimensional (2D) materials, 

ranging from graphene and molybdenum disulfide to 

black phosphorus and others have gained widespread 

research interest owing to their fascinating properties 

and numerous applications. 2D transition metal 

dichalcogenides (TMDs), such as MX2 (M = Mo, W; X = 

S, Se, Te), are the most prominent 2D materials after 

graphene. A thickness-dependent band structure 

[1, 2], circular dichroism [3–6], high on/off current 

ratio [7, 8], valley-spin locking effect [9–11], and strong 

light–matter interactions [11–14] of TMDs have been 

discovered. Significant potential in future electronics 

[15–17], optoelectronics [18–22], valleytronics [23, 24], 

and catalysts [25–29] have also been demonstrated. 

It is widely believed that TMDs will be a very 

important building block in future nanotechnology 

[30–32]. 

Despite these exciting merits, the inherent properties 

of TMDs can be easily influenced by grain boundaries 

[33–37]. Sometimes, these defects can introduce many 

novel properties such as band gap variation [33], 

longitudinal acoustic mode [34], edge nonlinear 

optics [35, 36], and significantly improved catalytic 

activity [25]. However, usually, the grain boundaries are 

defective and degrade the electrical/thermal transport 

and optoelectronic properties [37]. In the ideal 

materials design, a large-sized single crystal without 

grain boundaries is always a long-term pursuit. To 

eliminate the grain boundaries in TMDs, an effective 

and accurate technique to visualize grain boundaries 

over a large scale is a prerequisite. Until now, numerous 

efforts have been made to investigate the grain 

boundaries of TMDs [38–47] and other 2D materials 

[48–52]. Transmission electron microscopy (TEM) 

and scanning tunneling microscopy can provide 

accurate information of the boundary structure with 

atomic-level spatial resolution, but both fail to 

characterize large-scale materials [41]. Optical nonlinear 

second-harmonic generation (SHG) [35, 36] or third- 

harmonic generation (THG) have also been applied 

to observe the grain boundaries [45]; exposure of 

nematic liquid crystal thin layer on TMD surface to 

visualize the grain boundaries under an optical 

polarized microscope has also been developed [46]. 

However, the above optical techniques become 

invalid when the twist angle of the two domains is 

close to zero [35, 36]. Raman or photoluminescence 

(PL) spectroscopy also enables to characterize the 

grain boundaries, but the mechanism is still under 

debate. UV irradiation or high-temperature oxidation 

may be used to visualize boundaries over a large 

scale [41, 42]. Nevertheless, these treatments may 

damage the grain domain and induce ambiguity in 

the identification of grain boundaries [41, 42]. An 

effective and accurate technique to visualize grain 

boundaries with an inter-domain twist angle over a 

large scale is still lacking. 

Herein, we report a high-throughput method for 

visualizing grain boundaries of TMDs over a large 

scale using an optical microscope. After exposure to 

hot water vapor, the grain boundaries of TMDs are 

mildly oxidized with evident optical contrast, 

whereas the grain domains themselves maintain their 

intact lattice structure. This technique is based on the 

reactivity difference between grain domains and defec-

tive grain boundaries and the mild etching capacity of 

hot water vapor. As grain boundaries of two domains 

with a twist angle are defective lines, this method 

enables to visualize all types of grain boundaries 

unambiguously. We also successfully apply this 

method to characterize other TMD materials such  

as MoS2 and WSe2, where only the treatment time 

required is different. Our results provide a convenient 

and accurate approach to visualize grain boundaries 

and would accelerate the controllable growth of large 

single crystals of TMD materials. 

2 Results and discussions 

In our experiment, monolayer MoSe2, MoS2, and 

WSe2 were synthesized on 300-nm-thick SiO2/Si via 

chemical vapor deposition (CVD) (see Experimental 

for details of the growth process). Owing to D3h 

lattice symmetry, the domains are triangular in shape 

(Fig. S1 in the Electronic Supplementary Material 

(ESM)), and thus, we can easily obtain their 

crystalline orientation information [39, 40]. To study 

the grain boundary information of MoSe2, two merged  
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domains with twist angle ~ 50° (θ, defined using the 

corresponding relative edge directions) were chosen 

and investigated in detail (Fig. 1(a)). Raman and PL 

spectra obtained at the two MoSe2 domains and the 

merged area show no distinct difference (Figs. 1(b) 

and 1(c)), and thus, it is difficult to directly detect the 

boundary. Further, as the boundary is only atomic 

wide, it cannot be observed even using scanning 

electron microscopy (SEM) or atomic force microscopy 

(AFM) in our experiment (Fig. S2 in the ESM). Recently, 

the SHG technique has been used to probe grain 

boundaries in MoS2 because it is strongly dependent 

on the lattice orientation and light polarization [35, 36]. 

Using this method, we visualized the grain boundary 

of the two merged domains (Fig. 1(d)). However, this 

technique requires time-consuming SHG mapping, 

and becomes invalid when the twist angle is close to 

zero [35, 36]. 

As water vapor is a well-known mild reactant and 

has been used to etch amorphous carbon on carbon  

 

Figure 1 Probing grain boundaries of MoSe2 with optical micros-
copy. (a) Optical image of two merged MoSe2 domains with a twist 
angle of ~ 50° on 300-nm-thick SiO2/Si substrate. (b) Raman 
spectra of MoSe2 at regions 1, 2, and 3 marked in (a). Peaks at 244 
and 287 cm–1 correspond to A1g and E2g modes, respectively. (c) PL 
spectra of MoSe2 at regions 1, 2, and 3 marked in (a). The identical 
peaks show that it is difficult to detect the boundary using Raman 
or PL measurements. (d) SHG mapping of MoSe2 sample shown 
in (a). A clear boundary line appears owing to the distinctive 
polarization-dependent SHG intensities of the two domains. 
(e) Optical image of the merged MoSe2 domains after hot vapor 
etching for 30 h at 50 °C. The boundary line is the same as that 
shown in (d). (f) AFM phase image of the merged MoSe2 domains 
after hot vapor etching. The boundary line is consistent with that 
in (d) and (e). The image sizes of (a) and (d)–(f) are the same. 

nanotubes or graphene [53, 54], it is sufficiently 

active to etch the defective grain boundaries and 

sufficiently inert not to attack grain domains in 

MoSe2. To test our design, an as-grown MoSe2 sample 

was exposed to hot water vapor at 50 °C. After mild 

treatment for 30 h, the grain boundary shown in Fig. 1(d) 

was observed using an optical microscope, but the 

MoSe2 grain domains did not show any observable 

changes (Fig. 1(e)). AFM and SEM measurements were 

thereafter conducted to observe the morphology of 

the grain boundary and domains. As expected, the 

domain boundary could be observed under both 

AFM and SEM after hot vapor treatment (Fig. 1(f) 

and Figs. S3 and S4 in the ESM) and the surface 

roughness of the grain domains was almost the same 

as that of the as-grown MoSe2 (Fig. S5 in the ESM). 

The domain surface was very clean and the dirty 

spots reported with previous wild etching methods 

could be avoided [41, 42]. We further applied our 

technique to a large-area continuous MoSe2 film and 

observed that the boundaries were evident (Fig. S6 in the 

ESM), demonstrating the capability of our technique 

for probing grain boundaries in large-scale MoSe2 

films.  

We further conducted control experiments to 

qualitatively determine the capability of visualizing 

grain boundaries formed between two domains with 

different twist angles. Four typical configurations 

were chosen with the twist angles of 0°, < 1°, 27°, and 

60°. After hot vapor treatment for 30 h, the grain 

boundaries for the sample with twist angles of 0°, 

< 1°, and 60° did not appear but the sample with θ = 

27° exhibited grain boundaries (Figs. 2(a)–2(d)). 

Upon further treatment with hot vapor for 60 h, 

boundary lines appeared on domains with θ = 60° 

and < 1° as well (Figs. 2(f) and 2(h)) and the boundary 

line of the domains with θ = 27° became evident  

(Fig. 2(g)). We also observed that very small domains 

(such as the one on the right side of Fig. 2(b)) 

disappeared after etching (Fig. 2(f)). This is because 

the H2O vapor etching occurs at both boundaries and 

edges and the very small domains can be etched 

away over a long time. However, no boundary lines 

could be observed for the two domains with θ = 0° 

(Fig. 2(e)), even after treatment for more than 300 h  
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Figure 2 Etched grain boundaries between domains with 
different twist angles. (a)–(d) Optical images of two MoSe2 
domains with the twist angles θ = 0°, < 1°, 27°, and 60° after hot 
water vapor etching for 30 h. (e)–(h) Optical images after etching 
for 60 h. Only the two domains with zero twist angle (merged 
into a big domain without grain boundary) show no etching line, 
and grain boundary lines are unambiguously visualized between 
domains with a non-zero twist angle. The image sizes of (a)–(h) 
are the same.  

(Fig. S7 in the ESM). Previous results show that only 

two domains with θ = 0° can merge into a large domain 

and do not have a grain boundary (the so-called 

epitaxial growth with seamless stitching) [50–52]. It 

is also observed that the grain boundary with 

θ = 60° is more stable than that of the others, which 

originates from the special twin boundary structure 

with θ = 60° [55]. As a defective grain boundary line 

is ubiquitous between the domains of any non-zero 

twist angles, our technique is applicable to any kind 

of grain boundaries. This is a significant advantage over 

the previous SHG/THG mapping or liquid-crystal- 

assisted polarization method, where only domain 

boundaries with non-zero twist angle (typically θ > 2°) 

are visible.  

To further confirm that the optically visible line 

between the two merged domains is the grain 

boundary rather than the cracks or other additional 

changes introduced during the treatment, aberration- 

corrected TEM (AC-TEM) was used to characterize 

the atomic structure and the lattice orientations near 

and at the visualized boundary line. After the 

exposure to hot vapor, MoSe2 samples were transferred 

onto TEM grids (See Experimental for transfer details). 

High-angle annular dark-field scanning transmission 

electron microscopic (HAADF-STEM) image shown 

in Fig. 3(a) is a typical area with three merged 

domains, where etched grain boundary lines can be 

observed at the merged region. Subsequently, atomically  

 

Figure 3 Atomic-level characterizations of grain boundary 
after etching. (a) Low-magnification STEM image of MoSe2 
domains with clear boundary lines transferred onto TEM grid. (b) 
and (c) Atomically resolved HAADF-STEM images of MoSe2 at 
region 1 (b) and region 3 (c) marked in (a). The atomic structure 
of the two MoSe2 domains are twisted by 13°. The overall 
defect-free atomic images shown in (b) and (c) confirm the 
noninvasiveness of the mild etching method. (d)–(f) The SAED 
patterns of MoSe2 at regions 1 (d), 2 (e), and 3 (f) marked in (a). 
The SAED patterns are consistent with the atomic structure (b) 
and (c), and a twist angle of 13° is identified (e). 

resolved STEM characterizations were conducted on 

the two domains near the grain boundary line (Figs. 3(b) 

and 3(c)). The atomic lattices of MoSe2 on the two 

sides of the domain boundary line are twisted with 

an angle of 13°, demonstrating that domains separated 

by the boundary line have different lattice orientations. 

Furthermore, selected-area electron diffraction (SAED) 

measurements were carried out to further confirm 

the lattice orientations. The SAED patterns of the two 

domains (Figs. 3(d) and 3(f)) and the merged area 

(Fig. 3(e)) are consistent with the atomic lattice structure, 

and a twist angle of 13° is again observed (Fig. 3(e)). 

In other words, the TEM characterizations confirm 

that the visible lines appearing after the hot vapor 

treatment are the grain boundaries.  

The atomic images in the grain domain area also 

reveal negligible defects after treatment (Figs. 3(b) 

and 3(c)), which confirms that the mild H2O vapor 

etching is nearly noninvasive to the grain domains, 

as expected. The noninvasive characteristic can also 

be evaluated using Raman and PL spectra (Fig. 4). 

The three characteristic peaks corresponding to A1g and 

E2g modes retain their both position and amplitude 

after the treatment [56]. The PL peak redshifts by ~ 4 meV  
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Figure 4 Noninvasive characteristics of the mild etching on 
grain domains of MoSe2. (a) Representative Raman spectra of 
MoSe2 obtained before and after the hot water vapor treatment. 
The intensity and position of the peaks corresponding to A1g and 
E2g modes change negligibly. (b) Representative PL spectra of 
MoSe2 obtained before and after the hot vapor treatment. The 
intensity and position of the peaks changes only slightly. Both (a) 
and (b) indicate the noninvasive characteristics of our mild 
etching technique.  

and the integrated intensity decreases by only ~ 20% 

(induced by the charging effect from water adsorption) 

[57]. These results are in striking contrast to other 

wild etching techniques where the amplitude in both 

Raman and PL spectra decreases significantly [41, 42], 

which proves that mild water vapor is noninvasive to 

MoSe2 grain domains. 

To assess the versatility of our technique, WSe2 and 

MoS2 were thereafter tested using the same strategy. 

Grain boundaries in both WSe2 and MoS2 appeared 

after the hot vapor treatment (Figs. 5(a) and 5(b)). 

Notably, the required treatment time can be different 

for different TMD materials (Fig. 5(c)), indicating the 

material-dependent boundary stability. The MoS2 

grain boundary is the most stable one, which is 

evident considering that MoS2 is widely used as a  

 

Figure 5 Versatility of the mild etching technique for other 
TMD materials. (a) and (b) Optical images of WSe2 and MoS2 
domains after the hot vapor treatment. The domain boundaries 
can be visualized using an optical microscope. (c) The required 
treatment time for different TMD materials. The time difference 
reflects the boundary stability between them. The error bars 
originate from the different inter-domain twist angles. 

lubricant (as a solid lubricant, it must be sufficiently 

stable to avoid easy degradation in air).  

3  Conclusions 

In conclusion, we report an effective grain boundary 

visualization method for TMDs over a large scale 

using an optical microscope via mild hot water vapor 

etching. The boundaries of TMDs were etched and 

could be observed optically with clear contrast. This 

method can probe grain boundaries of any twist 

angle but is noninvasive to grain domains. This 

convenient method can visualize grain boundaries 

effectively and accurately, which can help to verify 

whether the TMDs samples are single crystals and in 

turn to help optimize the growth procedure and 

therefore, it should accelerate the controllable growth 

of large single-crystals of TMDs. 

4  Experimental 

4.1 Growth of MoSe2 domains 

We grew MoSe2 on SiO2/Si substrate using the CVD 

method with MoO3 and Se powder as precursors. 

Accordingly, 20.0 mg of MoO3 powder was placed at 

the center of a tube furnace and 40.0 mg of Se 

powder was placed at the upstream side 13 cm from 

the MoO3 powder. Substrates were placed on the 

crucible containing MoO3 powder. The CVD process 

was performed under ambient pressure and controlled 

ultrahigh-purity Argon gas. The method of prepara-

tion is as follows: maintained at 105 °C, gas flow of 

500 sccm for 1 h, ramped to 800 °C with gas flow of 

15 sccm for 50 min, maintained at 800 °C with gas 

flow of 15 sccm for 10 min, and thereafter naturally 

cooled down to room temperature. 

4.2 MoSe2 transfer onto TEM grids 

The MoSe2 sample for TEM characterization was 

prepared using a standard polymethyl methacrylate 

(PMMA)-assisted transfer method. The MoSe2 sample 

was spin-coated with PMMA and baked at 150 °C for 

5 min. Thereafter, 1 M NaOH solution was used to 

etch the SiO2 substrate and PMMA/MoSe2 film floats  

on the surface of the solution. The PMMA/MoSe2 film 
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was thereafter washed with deionized water for five 

times. Finally, the PMMA/MoSe2 film was scooped out 

with a TEM grid (GIG-1010-4C, Beijing Zhongjingkeyi 

Technology Co., Ltd.) and dried under ambient 

conditions for 6 h. PMMA was removed with acetone 

subsequently. 

4.3 Material characterization 

Raman spectra were obtained using a homemade 

Raman system with the laser excitation wavelength 

of 532 nm and power of ~ 1 mW. Optical images were 

obtained using an Olympus BX51 microscope. SHG 

mapping was obtained using the same system 

combined with a piezo stage and controller (Physik 

Instrumente P-333.3CD and E-725). Samples were 

excited using a femtosecond OPO laser centered at 

820 nm with the average power of 800 μW (Spectra- 

Physics Inspire ultrafast OPO system with pulse 

duration of 100 fs and repetition rate of 80 MHz). The 

excitation photon was normally incident and linearly 

polarized. At each point, the parallel component of 

the generated SHG signal was selected by a linear 

polarizer before applying the grating spectrograph 

(Princeton SP-2500i). AFM measurements were per-

formed using Bruker Dimensional ICON under 

atmospheric environment. STEM experiments were 

performed in an FEI Titan Themis G2 300 operated at 

300 kV with low electron dose to minimize the beam 

damage. 
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