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ABSTRACT 
The morphology and structural stability of metal/2D semiconductor interfaces strongly affect the performance of 2D electronic devices and 
synergistic catalysis. However, the structural evolution at the interfaces has not been well explored particularly at atomic resolution. In this 
work, we study the structural evolution of Au nanoparticles (NPs) on few-layer MoS2 by high resolution transmission electron microscopy 
(HRTEM) and quantitative high-angle annular dark field scanning TEM. It is found that in the transition of Au from nanoparticles to dendrites, 
a dynamically epitaxial alignment between Au and MoS2 lattices is formed, and Moiré patterns can be directly observed in HRTEM images 
due to the mismatch between Au and MoS2 lattices. This epitaxial alignment can occur in ambient conditions, and can also be accelerated by 
the irradiation of high-energy electron beam. In situ observation clearly reveals the rotation of Au NPs, the atom migration inside Au NPs, and 
the transfer of Au atoms between neighboring Au NPs, finally leading to the formation of epitaxially aligned Au dendrites on MoS2. The 
structural evolution of metal/2D semiconductor interfaces at atomic scale can provide valuable information for the design and fabrication of 
the metal/2D semiconductor nano-devices with desired physical and chemical performances. 
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1 Introduction 
Two-dimensional (2D) semiconductors, such as semiconducting 
transition metal dichalcogenides (TMDs), have attracted growing 
interests owing to their promising physical and chemical properties 
[1–7], and shown great potentials in many charge-splitting applications 
[8–10]. In these applications, interfaces between metals and 2D 
semiconductors widely exist and play key roles in determining  
the efficiency of charge transport [11]. Extensive efforts have been 
devoted in the past years to study electrical [12–14], optoelectrical 
[15–18], and catalytic behaviors [19–23] of materials or devices 
with metal-2D semiconductor interfaces. It has been demonstrated 
that the morphology and structure of metals can dramatically modify 
the properties of 2D semiconductors, particularly when metals become 
nanostructured [24]. As the particle size decreases, the importance 
of morphology and structure stability increases, especially when 
the nanostructures are exposed to a complex environment [25, 26]. 
Therefore, it is essential to investigate the morphology and structural 
evolution of nanostructured metals on 2D semiconductors. 

As a typical and stable material in the family of TMDs, MoS2 has 
been employed to build versatile electronic devices [27–29]. Au is 
one of the most widely used electrode materials as contacts in the 
circuits of electronic devices. In addition, interfacing of MoS2 
with nanostructured Au has been used as active composites in 
electrochemical catalysis [19, 30]. The Au/MoS2 interfaces strongly 
affect the performance of 2D electronic devices and synergistic 
catalysis. Direct observation of Au-MoS2 interface is crucial to 
understand the nature of their interactions. Compared to the 

studies of interface static morphology, dynamic evolution of the 
Au-MoS2 interface is to some extent more important because Au is 
an easily mobile metal and thus the interface may change with time. 
Recently a few studies have reported the evolution of nanostructured 
Au on 2D materials [31–37], and some of them revealed the 
coalescence of chemically synthesized Au nanoparticles (NPs) on 
chemical-vapor-deposited graphene or mechanically exfoliated 
MoS2 [31–33]. However, the principle of the interface evolution 
remains largely unknown, because either the relationship between 
Au and MoS2 lattices or the transfer channel of Au atoms has yet to 
be observed in the evolution. 

In this work, we in situ and quantitatively investigated the 
morphology and structural evolution of Au nanoparticles on MoS2 
by aberration-corrected transmission electron microscopy (TEM) 
and scanning TEM (STEM). We found that in the transition of Au 
from NPs to dendrites, an epitaxial alignment between Au and MoS2 
lattices is formed, and Moiré patterns with 2D honeycomb structures 
and 1D fringes can be directly observed in high-resolution TEM 
(HRTEM) images due to the mismatch between the Au and MoS2 
lattices. This epitaxial alignment can occur in ambient conditions, 
and can also be accelerated by the irradiation of high-energy 
electron beam. Further observation clearly reveals the rotation of 
Au NPs, the atom migration inside Au NPs, and the transfer of Au 
atoms between neighboring Au NPs, finally leading to the formation of 
epitaxially aligned Au dendrites on MoS2. The temporal evolution 
in the spacing of Moiré fringes and the lattice parameter of Au   
on MoS2 were also analyzed quantitatively. Our work provides  
comprehensive analyses on the structural and morphological evolution 
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of metal-2D semiconductor interfaces at atomic scale, which is 
essential to the design and fabrication of the metal-2D semiconductor 
nano-devices with desired performances. 

2 Results and discussion 

2.1 Structural evolution of Au NPs on MoS2 under ambient 

conditions 

Atomically thin MoS2 flakes were mechanically exfoliated from 
bulk MoS2 crystals onto Si substrates covered with a 300-nm-thick 
SiO2 layer. Figure 1(a) shows an optical image of a local area with 
3 layers (3L), 4 layers (4L), and bulk MoS2. The number of layers was 
determined through both optical contrast and Raman spectrum. 
The interval between Raman in-plane mode 1

2gE  and out-of-plane 
mode 1gA  can be used as an indicator of the layer number of an 
ultrathin exfoliated MoS2 flake [38, 39]. Figure 1(c) shows that the 
separations between 1

2gE  and 1gA  Raman modes are about 23.0 and  
24.1 cm−1 (extracted by a Lorentzian peak fitting) for 3L and 4L MoS2, 

respectively, which are consistent with previous reports [38, 39]. 
Figure 1(b) shows an optical image of the MoS2 flake transferred 
onto a gold TEM microgrid coated with a holey carbon film, where 
the 3L MoS2 flake was tightly folded on top of the 4L one. Our TEM 
characterization was focused on the 4L part as indicated by the 
white dashed curves in Fig. 1(b). The MoS2 flake with micrometer 
size is big enough for the TEM characterization. To compare the 
morphology and structural evolution of Au NPs on MoS2, we 
characterized the same location with Au on 4L MoS2, as indicated 
by the arrow at the bottom of Fig. 1(b) (unfolded part of MoS2). 

The few-layer MoS2 on TEM grids were deposited with Au (2 nm 
in nominal thickness) by e-beam evaporation, and the schematic 
diagram of fabrication process was revealed in Fig. S1 in the Electronic 
Supplementary Material (ESM). The samples were immediately 
characterized in a vacuum chamber under TEM just after Au 
deposition, as shown in Fig. 2(b). The grids were then stored in dry 
N2 box at room temperature after TEM characterization. The results 
of X-ray energy dispersive spectroscopy (EDS) of Au-MoS2 in Fig. S2  
in the ESM show that the elements in samples are Au, Mo and S. 

 
Figure 1 (a) Optical image of 3 and 4 layers (L), and thick MoS2 flakes on SiO2/Si wafer. (b) Optical image of the specific MoS2 flake transferred on gold TEM grid 
with amorphous carbon film. Our TEM characterization was focused on the 4L part as indicated by the white dashed curves. (c) Representative Raman spectra excited 
by a 532-nm laser line of 3- and 4-layer MoS2 flakes. 

 
Figure 2 (a) The schematic diagrams of the transformation from Au NPs to dendrites with time elapse or electron beam irradiation. The blue substrate represents the 
MoS2 flake. TEM images of Au on MoS2 at the same location just after deposition (b), after 6 days (c), and after 9 days (d). The dashed white line marked the boundary
between Au NPs and dendrites. (e) The time dependence of center diameters of Au NPs, changing from 6.1 to 8.8 nm. The statistic distributions of Au particle sizes
were shown in Fig. S4 in the ESM. Inset: the time evolution of Raman spectra of 4-layer MoS2 deposited with Au NPs on SiO2/Si. No evident shift is observed in the 
Raman modes with time elapse. (f) SAED patterns for the NP and dendrite regions indicated by the orange frames in (d). The scale bar is 3 nm−1. 
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The signal of copper may come from the TEM sample holder. The 
mapping image of Au (Fig. S2(c) in the ESM) is consistent with  
the STEM image of Au (marked by the yellow frame in Fig. S2(a) in 
the ESM), while the mapping images of S and Mo are homogenous 
in the mapping area, indicating the existence of MoS2 substrate. 
Figures 2(c) and 2(d) show the bright field TEM images of the 
sample after 6 and 9 days. All the images exhibit two types of 
nanostructures: isolated NPs and short dendrites, while the fresh 
sample has more NPs and the stored one for 9 days has more dendrites. 
The boundaries of the NP and dendrite regions were marked by the 
white dashed lines. It is noted that the spacing between the NPs and 
the dendrites is well controlled, which is comparable with the 
characteristic length of the nanostructures. With the elapse of the 
storage time, the size of NPs and the width of the dendrites become 
larger, indicating the occurrence of a ripening process [40–42]. The 
schematic diagrams in Fig. 2(a) shows the transformation from Au 
NPs to dendrites with time elapse or the assistance of electron beam 
in TEM. For the fresh sample, the size of the NPs is measured to be 
about 6.1 nm, and the width of the dendrite is ~ 5.2 nm. The size of 
the NPs grows to ~ 8.2 and ~ 8.8 nm, and the width of the dendrite 
grows to ~ 6.8 and ~ 6.9 nm after 6 and 9 days’ storage in N2. The 
time dependence of the mean diameter of NPs is shown in Fig. 2(e). 
Particularly, some NPs transform into dendrites slowly, leading to 
the boundary of the two areas smoother as time elapse (Figs. 2(b) 
and 2(c)). The evolutions of both NPs and dendrites appear to slow 
down afterwards. After 9 days, the enlargement of the dendrite area 
is less noticeable, although the coalescence of NPs still occurs as 
indicated by white arrows in Figs. 2(c) and 2(d). The overview of 
sample morphologies at 0, 1, 6, and 9 days show a larger view of the 
evolution of morphology with time elapse (Fig. S3 in the ESM), 
further validating the coalescence of NPs and growth of dendrites. 

Figure 2(f) shows selected-area electron diffraction (SAED) 
patterns obtained from Au NP region (left) and dendrite region 
(right). The complex SAED pattern from the Au NP region can be 
divided into three parts. The diffraction circles can be attributed to 
the Au NPs, indicating that most of them oriented randomly. The 
bright spots on the third circle can be attributed to {220} plane of 
Au, indicating the existence of Au NPs with preferential crystalline 
orientation along Au [111] zone axis. The bright spots within the 
first circle can be attributed to MoS2 [0001]. However, the SAED 
pattern of Au NPs on amorphous carbon film (Fig. S5 in the ESM) 
only exhibits diffraction rings without any bright diffraction spots, 
indicating that the supporting MoS2 flake is essential to the preferential  
orientated Au NPs. On the contrary, the complex SAED pattern 

from the Au dendrite region in Fig. 2(f) (right) only consists of two 
parts, suggesting a well-epitaxial alignment between Au and MoS2. 
Crystallographic analysis indicates that the orientation between Au 
and MoS2 can be described by a typical crystallographic orientation 
relationship, (112

＿

0)MoS2//(220)Au, [0001]MoS2//[111]Au, which indicates 
that the closed directions of the two structures are parallel to each 
other. This result reveals that during the evolution of Au NPs into 
dendrites, the lattice direction of Au gradually evolves to match the 
[0001] direction of MoS2. In this way, both the structures of Au and 
MoS2 have three rotational symmetries, which is beneficial to lower 
the total energy of the heterostructure. We also measured Raman 
spectra of the sample for different storage time. No distinct difference 
can be observed in Raman spectra (inset of Fig. 2(e)), which 
indicates that Raman spectroscopy is not sensitive to the crystal 
orientation, despite of its sensitivity to local strain along the 
boundaries between metal NPs and MoS2 [43]. Instead, TEM provides 
an efficient way for the evolution of metal-2D semiconductors 
interface. 

2.2 Accelerated structural evolution of Au NPs under high 

energy electron beam irradiation 

Dynamic high-resolution TEM investigations provide further insight 
into the evolution of the nanostructures. In our experiment, the 
images were taken at a dose rate of ~ 4.0 × 104 e−/Å2∙s at 300 kV. We 
observed the evolutions of different Au NPs from tens to hundreds 
of seconds, respectively. The dynamic motions of Au NPs include 
the rotation of a single NP, the coalescence of two adjacent NPs, 
and the Ostwald ripening growth, etc. Figure 3 shows two typical 
dynamic motions of Au NPs on MoS2: the rotation of an individual 
Au NP (Figs. 3(a)–3(d)) and the coalescing of two adjacent NPs 
(Figs. 3(e)–3(h)). As marked by white arrows in Figs. 3(a) and 3(b), 
the five interfaces of twin crystals depict a five-fold symmetry, 
which indicates that the pristine Au NP has an icosahedron structure 
randomly deposited on the surface of MoS2. One (111) plane of 
one tetrahedron of the Au NP has a misorientation angle of ~ 17.2° 
with the (112

＿

0) plane of MoS2. After 44 s, the misorientation angle 
reduces to ~ 15.8º, revealing the rotation of the Au NP along MoS2 
[0001] direction (Fig. 3(b)). Meanwhile, the NP crystalline quality 
improves with the formation of facets of the tetrahedrons under the 
irradiation of the high-energy electron beam. Eventually, preferred 
crystalline orientations of Au NPs with MoS2 forms after 455 s 
irradiation. As shown in Fig. 3(c), the Au (111) plane turns parallel 
to the (112

＿

0) plane of MoS2 without misorientation, which forms a 
semi-coherent interface with the closed planes of Au and MoS2. The 

 
Figure 3 Two typical motions of the NPs on MoS2: the rotation of an individual Au NP ((a)–(d)) and the coalescence of two adjacent NPs ((e)–(h)) with time record. 
White small arrows in (a) and (b) mark the five interfaces of twin crystals in the Au icosahedron. (a)–(d) have the same scale bar, as shown in (d); (e)–(h) have the 
same scale bar, as shown in (h). 
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atom diffusion on the surface of Au NPs also existed under the 
irradiation of high-energy electron beam. Under longer irradiation, 
the preferred crystalline orientation remains unchanged only with 
the migration of some outermost atoms (Fig. 3(d)), which indicates 
that the interface between Au and MoS2 is stable with lowered 
energy. The migration of Au atoms could be captured by the shift of 
atom steps (Figs. 3(c) and 3(d)). Within 260 s, the outermost atom 
steps of the right-bottom tetrahedron in Fig. 3(c) was upshifted by 
2–3 atom intervals, indicating the migration of Au atoms on the 
surface. 

Figures 3(e)–3(h) reveal the coalescence of two adjacent NPs 
under the irradiation of electron beam. With the elapse of time, the 
position of the bigger NP remains almost fixed and the smaller 
NP moves into the bigger one. The gap distance between the two NPs 
gradually reduces from 0.86 to 0.26 nm after 75 s, and eventually 
disappeared after 82 s. As marked by a black arrow in Fig. 3(f), the 
darker contrast between the nearest points of the gap may come 
from the migration of Au atoms from the smaller NP (Fig. S6 in the 
ESM). Accompanying the atom migration of the smaller NP, the 
rotation of the bigger one also occurs, which can be illustrated from 
the change of diffraction contrasts in Figs. 3(e)–3(h). The migration 
channel may accelerate the coalescence process. At the first stage 
(Figs. 3(e) and 3(f)), the atom migration is relatively slow. However, 
once the atom channel forms, the two nearest NPs contact together 
within only several seconds (Figs. 3(f) and 3(g)). And then a part of 
dendrite structure was formed only after 14 s (Figs. 3(g) and 3(h)). 

2.3 Direct observation of atom migration within and 

between Au NPs 

The 3D atomic-scale change of the NP structures and their coalescence 

under electron beam irradiation can be well resolved by quantitative 
high-angle annular dark field (HAADF) STEM imaging. The 
time-series HAADF images, shown in Figs. 4(a)–4(c), represent 
increased electron dose impinged to the sample area illuminated. 
The bridging of two initially separated NPs indicates the start of 
the coalescing process. In Fig. 4(a), the superimposed contrast in 
the gap (marked by a white arrow) may also be ascribed to the 
migration of Au atoms, similar to the HRTEM result in Fig. 3(f). 
Figure 4(b) shows a HAADF STEM image of the two NPs in the 
merging process. The missing of clear atomic features indicates a bit 
disordered state at the bridging interface. After 17 min, as shown in 
Fig. 4(c), a clear twin boundary between the two NPs are observed. 

The counting of Au atom numbers in a NP at different electron 
irradiation dose through time-series quantitative HAADF STEM 
imaging gives the dynamic atom distribution and migration during 
the coalescence. From the selected serial STEM images of an Au NP 
in Figs. 4(e) and 4(f), the atom counting results can be obtained 
in Figs. 4(g) and 4(h). From the top view of Figs. 4(g) and 4(h), the 
apex atom of the icosahedron is absent, while a few atoms at the 
edges of icosahedron are deficient, which is similar to the surface 
structure of FePt NP [44, 45]. During the process of coalescence, 
the migration of outermost atoms to the boundary of the two NPs 
can be observed (Figs. 4(g) and 4(h)). It is noted that some of the 
surface atoms derive away from their equilibrium positions, forming 
bending planes as marked by white arrows in Fig. 4(h). Disordered 
structure with a thickness of about 2-atomic layers can be observed 
around the NP surface. Quantitative statistics reveals that the mean 
distances between the nearest atoms in Figs. 4(g) and 4(h) remain 
almost the same, which is ~ 2.94 Å with a full-width-at-half-maximum 
of ~ 0.23 Å. About 5% of the numbers of Au atoms have atomic 

 
Figure 4 The coalescence process of Au NPs verified by atomic-resolution STEM (a)–(c). They have the same scale bar, as shown in (c). (d) The atomic-resolution 
HAADF STEM image showing matter transfer channels of Au atoms on MoS2. Au NPs with different sizes are marked by the dashed circles. The isolated Au atoms are
marked by yellow arrows. Two small Au NPs adhere to the edge of different layers of MoS2, which can be identified by the z-contrast in STEM. (e) and (f) Selected 
serial STEM images for the atom counting. (g) and (h) The atom counting results of Au NP in (e) and (f), showing the atomic planes bending towards to migrating 
particle under electron beam illumination, as indicated by the white arrows in (h). The white dashed lines indicate the approximate profiles of the adjacent NP. The
scale bars for (g) and (h) are the same as those in (e) and (f). (i) and (j) 3D atom models of the left particle at the stage of starting contact (a) and being merged 
together with the right particle (c) under e-beam irradiation, respectively. With the e-beam irradiation, the surface atoms with lower coordination number increase
(indicated by darker colored atoms). The dashed lines marked the profiles of the adjacent NPs when they just contact with each other and merge together, respectively.
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spacing over 3.15 Å due to the contribution from surface atoms. 
The bending of outermost atomic layer and the increased distances 
between the nearest surface atoms may be attributed to the electron 
beam irradiation and the attraction from the adjacent bigger NP. 
When the distance expansion increases to 10%, the atom is possible 
to detach from the NP [45], and become the material source for 
atomic channel. The matter transfer channels for Au atoms can be 
observed in STEM image, as shown in Fig. 4(d). The Au atoms are 
marked by yellow arrows, which may form atomic channel to 
realize matter transfer between the bigger Au NP at the bottom and 
the small Au NPs. The migration of Au atoms on MoS2 is also 
observed in other STEM images (Fig. S7 in the ESM). The formation 
process of the matter transfer channels of Au atoms on MoS2 is also 
revealed by the time series HAADF STEM images in Fig. S8 in  
the ESM. 

From the quantitative analysis of the number of atoms in each 
column from HAADF STEM images, 3D reconstruction of atom 
models can be obtained [46, 47]. Figures 4(i) and 4(j) show the 3D 
atom models of the left particle at the stage of starting contact  
(Fig. 4(a)) and being merged together with the right particle (Fig. 4(c)) 
under e-beam irradiation, respectively. With the irradiation, the 
number of atoms with low coordination number increases (Fig. 4(j)), 
which confirms the migration of surface atoms. However, the overall 
coordination number increases due to the aggregation of the two 
NPs. The total number of atoms in the left particle increases, with the 
number of atoms in each column increasing, indicating the extra 
atoms mostly migrated from the right particle. This coalescence 
process actually exists and is competitive with the Ostwald ripening 
process, which is a thermodynamically-driven process with large 
particles to grow by the cost of the smaller particles shrinking [48, 
49]. The migration of surface atoms, including the migration of Au 
atoms on MoS2 (Fig. 4(d)) and from the nearby NPs (Figs. 4(a)–4(c)), 
may result in the formation of the dendrite structures. 

The formation of Au NPs on MoS2 by e-beam evaporation 
follows the Volmer-Weber island growth mode [50]. Atom clusters 
nucleate and grow on MoS2 surface, forming isolated metal islands. 
As Au is a highly mobile material, its islands can change dynamically 
even near room temperature, where the large islands grow at the 
expense of the shrinking of small ones [50]. Pashley et al. demonstrated 
that Au deposited on crystalline MoS2 flake have final grain sizes 
larger than the initial island spacing in in situ electron microscopy 
studies [35, 36], revealing a liquid-like behavior of the coalescence 
of the initial metal nuclei. Thermodynamically, the system of Au NPs 
should evolve towards the minimum of its total energy. Therefore, 
the system tends to coalesce to reduce the surface energy at Au-air 
or Au-vacuum interfaces, and reconstruct the crystalline orientations 
to minimize the elastic energy induced by the stress at the Au-MoS2 
interface due to their lattice mismatch. Kinetically, the atom 
diffusion of Au should overcome an energy barrier, and the driving 
force may originate from thermal fluctuation in ambient conditions 
(the case shown in Fig. 2) or inelastic scattering between the incident 
electron beam and the surface atoms under TEM (the case shown 
in Fig. 4). Coalescence of Au NPs has also been observed for both 
pristine and hydrogenated graphene as a result of long electron 
beam exposure [34]. For 2D materials, like graphene and MoS2, 
there are few dangling bonds at the surface, and the interaction 
between Au and graphene or MoS2 is weak. Thus the coalescence of 
Au NPs into larger particles or dendrites can be easily realized. The 
observed evolution of Au NPs at ambient conditions suggests that it 
is crucial to study the interface stability of metal and 2D materials 
under conventional working conditions. For the substrates of 
non-2D materials, if the interaction between Au and the substrate is 
strong, it is hard to observe the coalescence process. For example, 
on the amorphous carbon film in TEM grid, Au NPs were not 
coalescent into dendrites in our experiment (as shown in Fig. S9 in 

the ESM). It was clear that the Au NPs on few-layer MoS2 had 
evolved into dendrites, while those on amorphous carbon film still 
remained as isolated NPs (Fig. S9 in the ESM). 

2.4 Formation of epitaxial alignment between Au and MoS2 

lattices 

After sufficient coalescence and lattice relaxation, Au dendrites form 
and gradually grow bigger. In fact, the formation of dendrites could 
occur in the pristine sample just after ~ 1 h in ambient conditions, 
with relatively low proportion but without preferred crystalline 
orientation to MoS2 (Fig. 2(b)). During the HRTEM observations, 
the proportion of Au dendrites on the MoS2 was continuously 
increased with time proceeding. Finally, most of the Au NPs were 
found to transfer into dendrites. Figure 5 shows the typical TEM 
images of Au dendrites. Due to the mismatch between the Au and 
MoS2 lattice, Moiré patterns can be observed directly in HRTEM 
images (Figs. 5(a) and 5(b)). As shown in Fig. 5(a), the Moiré fringes 
are mostly parallel to (112

＿

0)MoS2 planes with the maximum spacing 
Dmax of ~ 16.63 Å and the mean spacing of ~ 15.86 Å. D is defined 
by the equation 1 2 2 1c |os / |D d d α d d= - , where d1 and d2 are the 
lattice spacing of the two crystal planes that give rise to the Moiré 
pattern, α is the rotation angle of the Moiré pattern relative to the 
original crystal plane. Compared with the ductibility of Au, the 
few-layer MoS2 can be treated as a rigid suspended substrate with 
bulk lattice structure and the spacing of (112

＿

0) planes 1.580 Å. 
Therefore, the spacing of (22

＿

0) planes of Au is derived to be 1.443 Å. 
Then the lattice parameter of Au is calculated to be 4.081 Å, 
consistent with the unstrained lattice parameter of Au, 4.078 Å. The 
Moiré fringes are magnified by ~ 10.8 times relative to the spacing 
of (112

＿

0)MoS2 planes. Detailed analysis shows that rotation angles still 
exist between the Moiré fringes and the (112

＿

0)MoS2 planes. The angles 
distribute in a range of ±25.0°, which can be measured from the 
expansion of diffraction spots in the fast Fourier transform (FFT) 
images (inset of Fig. 5(a)). The corresponding rotation angle of 
(112

＿

0)MoS2 planes with respect to the (22
＿

0)Au planes is about 25.0°/   

 
Figure 5 Two typical kinds of Moiré patterns in HRTEM images of Au dendrites 
on MoS2 (a) and (b). Inset of (a): fast Fourier transform (FFT) of (a). The 
expansion of the diffraction spots near the center spot reflects the distribution  
of the rotation angles. The included angle between the two white dashed lines is 
measured to be 49.9°. Therefore, the rotation angles distribute in a range of ±25.0°. 
(c) The atomic-resolution STEM shows the lattice match of Au dendrite with MoS2 
lattice. (d) The extracted intensity profiles from SAED patterns of Au NPs/MoS2 
and dendrites/MoS2 after calibrating the length by the lattice spacing of (112

＿

0) 
planes of MoS2. The lattice parameters of Au in NPs and dendrites can be 
derived respectively. 
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10.8 = 2.3°, showing that Au atoms have preferential crystalline 
orientations to the MoS2 lattice. Under a specific condition, 2D 
Moiré patterns can also be observed, where the electron beam is 
strictly parallel to [0001]MoS2//[111]Au. Figure 5(b) shows the typical 
hexagonal Moiré patterns. After several days’ storage, the Au dendrites 
still maintain their morphologies. Dedicated measurement from the 
HRTEM image in Fig. 6(a) reveals that the mean spacing of Moiré 
fringes extended to ~ 16.80 Å. After 9 days’ storage, the Au dendrites 
still maintain their morphologies, but the mean spacing of fringes 
increases compared with the mean spacing of Moiré fringes in pristine 
sample (~ 15.86 Å). The increase of fringe mean spacing indicated 
that the Au lattice parameter expands a little with the time elapse. 
Besides Moiré patterns in the pristine sample after e-beam irradiation 
for tens of minutes (shown in Figs. 5(a) and 5(b)), similar Moiré 
patterns were also observed in the samples stored in dry N2 box at 
room temperature without the irradiation of electron beam (Fig. 6(b)). 
Au dendrites with preferential crystalline orientations to the MoS2 
lattice have lower energy and higher stability. The irradiation of 
electron beam can accelerate the formation of Au dendrites. Figure 5(c) 
shows the top-view atom arrangement of an Au dendrite and MoS2 
lattice, which is imaged by atomic-resolution STEM. It further validates 
that Au atoms indeed have preferential crystalline orientations to 
the MoS2 lattice after relaxation. The Au dendrites with controllable 
formation under the e-beam irradiation may have potential 
applications as interconnects in nano- or molecular devices. The 
size-dependent grain-boundary structure in pure sub-10-nm gold 
nanorods has been studied recently [51]. 

From the SAED patterns of Au NPs/MoS2 and dendrites/MoS2, we 
can obtain the intensity profiles in the two cases, after calibrating 
the length by the lattice spacing of (112

＿

0) planes of MoS2 (Fig. 5(d)). 
The Au lattice parameters of NPs and dendrites are derived to be 
4.075 and 4.087 Å, respectively, indicating that the metal lattice is 
expanded by ~ 0.3% with the interaction from the bottom MoS2 
lattice. This result indicates the strong impact from the rigid MoS2 
lattice on the lattice structure of the ductile Au nanostructures [52]. 
As Au is a highly mobile material, its NPs can merge dynamically 
into dendrites even near room temperature. The gap distance 
between Au NPs is a crucial parameter to affect the transformation 
from NPs to dendrites. In our experiment, the mean gap distance 
between NPs is about 5 nm, which is small enough to realize the 
dendrite formation at room temperature. This result further validates 
our analysis on the thermodynamic and kinetic mechanisms of  
the Au evolution on MoS2. Previous study has shown that Au NPs 
have facet-dependent sintering behaviors on different surfaces of a 
crystal [53]. It is known that at edges of a MoS2 flake, either Mo- or 
S-terminated surface exists and may have different adsorption 
energies with Au, which may drastically influence the evolution of 
Au NPs there. This leaves an interesting topic to study the evolution 
of Au NPs at the edges of a MoS2 flake in our future work. 

 
Figure 6 (a) HRTEM image of Au dendrites on MoS2 after 9 days’ storage. The 
mean spacing of the Moiré fringes is ~ 16.80 Å. (b) HRTEM image of Au dendrites 
on MoS2 in the sample stored in dry N2 at room temperature for several months 
without the irradiation of electron beam. Similar dendrite structure and Moiré 
patterns were also observed in this sample. 

Ag is as mobile as Au, similar structural evolution may exist for 
Ag NPs on MoS2, taken into account the same crystalline symmetry 
and similar lattice parameters of Au and Ag. But the Ag NPs are not 
as stable as Au NPs, and are easier to form Ag–S chemical bond 
between Ag and MoS2. Therefore, the evolution of Ag NPs is more 
complicated. For other metals, it is also valuable to explore the 
possible interaction between metal and 2D materials. The migration 
and aggregation of Pd NPs on graphene has been reported [54]. 
Damaging of graphene has been observed in the presence of Al, Ti, 
Cr, and Ni, although their interaction with graphene varies [55]. 
The refacetting process of Pd NPs, induced by N2 under atmospheric 
pressure at elevated temperatures, was observed by in situ TEM [56]. 
The etching of MoS2 by Pt nanocrystals has also been reported at 
high temperature [52]. So the interaction of metal with 2D materials 
under different conditions has attracted much attention, and is a 
fundamental issue to gain a better understanding of the metal 
contacts and so on. 

3 Conclusion 
In summary, we have investigated the structural evolution of Au 
from NPs to dendrites on 2D MoS2 thin layers. The Au NPs with 
polycrystalline structure can merge together with the assistance of 
electron beam, and rotate to match the lattice direction of MoS2. Au 
dendrites with monocrystalline structure, can be formed on MoS2 
with distinctly periodic Moiré patterns, which indicates the strong 
epitaxial alignment between the crystal planes of (112

＿

0)MoS2 and 
(220)Au. The atom-resolved morphology and structural evolution  
of Au NPs/MoS2 in this alignment process was investigated by 
HRTEM and quantitative HAADF STEM. In situ TEM observation 
shows the migration of Au atoms on MoS2 and the coalescence of 
adjacent NPs, which may lead to the formation of the dendritic 
structures. The paved channel of Au atom on MoS2 can also be 
distinguished. The structural evolution of metal-2D semiconductor 
interfaces at atomic scale can provide valuable information for   
the design and fabrication of the metal-2D semiconductor nano- 
devices. 

4 Experimental section 

4.1 Sample preparation 

Mechanically exfoliated MoS2 flakes from bulk MoS2 crystals were 
used for the merits of the surface cleanness and stability, i.e., few 
defects or dangling bonds, and variable thickness of MoS2 flakes from 
single- to thick-layer. Atomically thin MoS2 flakes were exfoliated 
onto Si substrates covered with a 300-nm-thick SiO2 layer. The layer 
number of MoS2 flakes was firstly identified by the optical contrasts, 
and further confirmed by Raman spectra where the interval between 
the in-plane mode 1

2gE  and the out-of-plane mode 1gA  was found 
to depend on the thickness of MoS2. Gold microgrids coated with 
holey carbon films were used for TEM investigations. A nitrogen 
gun was used to blow and clean the surface of MoS2 flakes before 
laying a TEM microgrid on top of them. After the blowing procedure, 
the 3L MoS2 was folded. The microgrid was laid on the top of MoS2 
flake with carbon film side in contact, as shown in the schematic 
diagram of fabrication process in Fig. S1 in the ESM. A droplet of 
acetone was then applied to strengthen the adhesion between the 
microgrid and the flake. After that, a piece of polydimethylsiloxane 
(PDMS) was attached closely to the wafer with TEM grid. The 
sample was immersed in a 1 M KOH solution until the microgrid 
and the flake detached from the substrate. Finally, the microgrid 
with the flake was rinsed in DI water and then dried for Au 
deposition. Au was deposited using e-beam evaporation at a rate of 
0.2 Å/s under 5 × 10−6 Torr base pressure. The nominal thickness 
of Au was monitored by a quartz crystal oscillator. To obtain the 
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proper sizes and gaps between Au NPs, a nominal thickness of 
about 2 nm was adopted in our current experiments. The samples 
were kept in a dry nitrogen box for storage. 

4.2 Characterizations 

Raman measurements were performed in air using a Raman 
spectrometer (Horiba Jobin Yvon HR800) with an excitation 
wavelength of 532 nm. Raman spectral resolution was ~ 1.5 cm−1. 
A low laser power of ~ 200 μW was used to prevent overheating 
of MoS2. The structure and morphology of the transferred samples 
were characterized by an image-aberration-corrected TEM (Titan 
ETEM G2) operated at 300 kV and a probe-aberration-corrected 
TEM (JEOL ARM-200F) operated at 200 kV.  

4.3 Atom counting of Au nanoparticle 

The experimental HAADF images were obtained using JEOL 
ARM-200F. The experimental convergence semi-angle was 21 mrad. 
The corresponding inner and outer collection semi-angles were 
set to 63–175 mrad. An individual frame of HAADF image were 
acquired with 2 μs/pixel, 1,024  1,024 pixels per frame (sampling 
of 0.18 Å/pixel), and a flyback time of 1,000 μs, which result in an 
acquisition time of 3.12 s/frame. The electron beam current was 14 pA, 
which gives a single frame dose of around 2.7  105 e–/Å2. 

The as-acquired HAADF images were firstly normalized to a 
fractional intensity scale relative to the incident beam intensity, as 
required for a quantitative comparison with simulated HAADF images 
[57, 58]. The scattering from TEM grid carbon and supported MoS2 
was subtracted from the images before comparison to the simulations. 
A hybrid statistics-simulations based method for atom-counting 
from the HAADF images [59] was applied to determine each 
column’s atom counts. The simulations presented in this paper were 
computed with the frozen phonon multi-slice method as implemented 
by Kirkland [60] with 15 phonon configurations. For comparison 
with experimental data, the detector sensitivity map was firstly 
normalized to the mean intensity of the detector map and multiplied 
with convergent-beam electron diffraction (CBED) pattern before 
integrating the CBED to HAADF intensity at that pixel. 
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