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Selective Vertical and Horizontal Growth of 2D WS2 
Revealed by In Situ Thermolysis using Transmission Electron 
Microscopy

Dnyaneshwar S. Gavhane,* Atul D. Sontakke, and Marijn A. van Huis*

Direct observation of the growth dynamics of 2D transition metal dichalco-
genides (TMDs) is of key importance for understanding and controlling the 
growth modes and for tailoring these intriguing materials to desired orientations 
and layer thicknesses. Here, various stages and multiple growth modes in the 
formation of WS2 layers on different substrates through thermolysis of a single 
solid-state (NH4)2WS4 precursor are revealed using in situ transmission electron 
microscopy. Control over vertical and horizontal growth is achieved by varying 
the thickness of the drop-casted precursor from which WS2 is grown during 
heating. First depositing platinum (Pt) and gold (Au) on the heating chips much 
enhance the growth process of WS2 resulting in an increased length of vertical 
layers and in a self-limited thickness of horizontal layers. Interference patterns 
are formed by the mutual rotation of two WS2 layers by various angles on metal 
deposited heating chips. This shows detailed insights into the growth dynamics 
of 2D WS2 as a function of temperature, thereby establishing control over orien-
tation and size. These findings also unveil the important role of metal substrates 
in the evolution of WS2 structures, offering general and effective pathways for 
nano-engineering of 2D TMDs for a variety of applications.
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yield comparable to MoS2 implies prom-
ising candidature of monolayer WS2 in 
2D optoelectronic devices.[3,8,9] Consid-
ering its exceptional electronic proper-
ties, efforts were made to use single layer 
and multilayer WS2 as a thin film tran-
sistor.[4,10] Various synthesis routes were 
employed to prepare thin WS2 layers 
ranging from single to few layers.[11–13]  
Through the conventional chemical 
routes, like chemical vapor deposition 
(CVD), horizontally grown WS2 layers on 
the substrate with basal plane orientation 
exposing terrace sites, can be prepared 
with a large area.[14–17] WS2 layers can be 
grown with a vertical orientation, standing 
upright on the substrate exposing the edge 
sites.[18] Horizontal WS2 layers can be used 
in optoelectronics and electronics,[10,19–21] 
and vertically aligned WS2 layers are used 
as catalysts for the hydrogen evolution 
reaction (HER) due to their chemically 
reactive edge sites.[22,23] Thus, depending 

on the orientation of the 2D layers on the growth substrate, WS2 
exhibits distinctive properties suited for specific applications.

Thermal decomposition of ammonium tetra-thiotungstate 
(ATT), an amorphous single solid-state precursor, produces 
WS2 structures.[24,25] Synthesis of WS2 from this single pre-
cursor is straightforward and no specific conditions are required 
to decompose it thermally. Few efforts were made to use this 
unique synthesis method to produce WS2 structures.[26,27] Apart 
from those studies, this synthesis route has not been explored 
much in comparison to other more conventional synthesis 
methods. An amorphous and single solid-state precursor pro-
vides an exceptional opportunity to grow and explore the under-
lying growth mechanisms of WS2 structures.

The conventional CVD method is the most commonly 
used technique to grow large area, pure, and monolayer thin 
2D TMDs, including WS2 layers grown on a SiO2/Si sub-
strate.[11,16–18,28,29] Growth of WS2 on the amorphous and inert 
SiO2/Si substrate usually forms randomly oriented domains 
with high angle grain boundaries,[14] having low quality and 
uncontrolled structure.[11–13,16,30] Also, in order to transfer WS2 
materials grown via CVD from an inert substrate, it has to go 
through a substrate etching process by using acidic or basic 
solutions.[11,13,16,30] This causes unwanted damage to the WS2 
material and substrate residues contaminate the material to 
some extent.[31] A single crystal c-plane (0001) sapphire wafer 
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1. Introduction

2D layered WS2, an important member of the transi-
tion metal dichalcogenides (TMDs) family having a direct 
bandgap, displays intriguing physical and chemical proper-
ties and is used for a multitude of applications in electronics 
and optoelectronics.[1–7] High photoluminescence quantum 
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was also used as a substrate to epitaxially grow unidirectional 
WS2 using a multistep metal-organic CVD growth process.[14] 
In another approach, metal substrates or inert or insulating 
substrates were used instead, with the advantage of metal that 
it can catalytically promote the reaction from the precursor.[31,32]

High spatial and temporal resolution by in situ transmission 
electron microscopy (TEM) provides real-time monitoring of 
various physical and chemical processes including, growth,[33–36]  
phase transformations,[37–40] sublimation,[41–47] and electron 
beam induced modifications.[48–50] The in situ TEM technique is 
extensively used to capture dynamics of processes in TMDs as 
well.[51–55] In particular, in situ edge engineering in 2D TMDs,[53] 
in situ TEM studies of phase transformations of CoSe2,[56] 
PdSe2,[57] PtSe2,[58] and SnS2,[59] and the in situ TEM study of 
mechanical properties of TMDs,[60] have been investigated. In 
situ TEM growth of MoS2 through thermolysis of ammonium 
tetrathiomolybdate (NH4)2MoS4 (ATM) was observed on the SiNx 
membrane of the heating chip[61,62] and a Ni deposited heating 
chip.[63] Electron beam-induced crystallization and reconstruc-
tion of amorphous MoS2 into crystalline MoS2 were also studied 
through atomic scale in situ TEM.[64] In situ TEM was employed 
on WS2 layers as well, through the fabrication of atomically thin 
nanowell patterns[28] and atomic-scale localized thinning of 2D 
WS2 layers.[55] Vertical layers of WS2 were grown in an in situ 
TEM experiment through thermolysis of K2WS4 precursor,[65] but 
a detailed understanding of the growth of horizontal WS2 layers 
was not reported yet and is still lacking.

In this work, we use in situ TEM heating with the combina-
tion of thermolysis of (NH4)2WS4 inside TEM on SiNx mem-
brane and metal (Pt and Au) substrates, to observe real-time 
the consequent crystallization and growth behavior of WS2. We 
show that the vertical layers of WS2 grew on thick precursor 
areas on the SiNx membrane at lower growth temperatures 
(450 °C), while horizontal growth of WS2 layers was observed at 
thin precursor areas through crystallization of smaller particles 
at higher temperatures (650 °C). The grain size of WS2 layers 
increased via different growth mechanisms including merger 
of nanograins, at elevated growth temperature (800  °C). The 
growth of WS2 horizontal layers was much enhanced on both 
the Pt and Au deposited heating chips. Twisted layers of WS2 
formed different moiré patterns depending on the twist angle 
on metal substrates, through altered mobility of interfaces. 
Raman spectroscopy and ex situ experiments on SiNx mem-
brane and metal substrates validated the in situ TEM growth. 
These in situ TEM results can be used to adjust the growth 
parameters during the thermolysis to design WS2 materials for 
applications in catalysis and electronics.

2. Results and Discussion

2.1. Thermolysis of Ammonium Tetrathiotungstate

The growth dynamics of WS2 were investigated using in situ 
TEM experiments in which a single solid-state precursor, 
(NH4)2WS4 (ATT) was heated using an in situ heating holder. It 
has been reported in previous research that the thermal decom-
position of ATT in an inert atmosphere (N2 ambiance) produces 
crystalline WS2 through the following steps:[24,25,66]

(NH ) WS (s) 2NH (g) H S(g) WS (s) (170 280 C)4 2 4 3 2 3→ ↑ + ↑ + −∆
  

 (1)

WS s WS s S 330 470 C3 2 ( )( ) ( )→ + ↑ −∆
  (2)

The growth of crystalline WS2 through thermolysis of ATT is 
less complex as there is no need for a sulfurizing atmosphere, 
which makes it straightforward to prepare WS2 for use in appli-
cations. Few-layer-thin, large area, and continuous films of 
WS2 have been synthesized via the spin-coating method using 
this precursor which showed good performance in electronic 
applications comparable to the crystalline WS2 grown via CVD 
through sulfurization of WO3.[26] The CVD produces large crys-
tals with uniform thickness, whereas in thermolysis of ATT pre-
cise control over the growth is lacking. Despite this drawback, 
the ATT thermolysis route is very viable as it does not require 
specialized equipment and likely can be easily scaled up, while 
it provides a great advantage to the investigation by in situ TEM 
experiments to observe the growth of WS2 during the thermal 
decomposition of this single solid-state precursor, which also 
provides the opportunity to fine-tune this synthesis route.

2.2. In Situ TEM Growth of WS2 on SiNx Membrane

The samples for the in situ TEM experiments were prepared 
by drop-casting of ATT in ethanol solution onto a ≈30 nm thick 
SiNx membrane of a TEM heating chip and drying in the air 
where islands of ATT are formed having different thicknesses. 
The heating chip is then inserted into the TEM column with 
a controlled heating setup. Figure S1, Supporting Information 
shows a schematic of the process of drop-casting of ATT on the 
heating chip and the introduction of a chip in the TEM column. 
In the first step, the chip was heated from room temperature 
to 100 °C and kept for 10 min to remove any residues from the 
solvent (see Figure S2, Note S1, Supporting Information for 
more details). The temperature was then increased to 900  °C 
in steps of 25 °C and the changes were monitored at each stage 
by holding the temperature for few minutes (more details on 
sample preparation and experiments are provided in the Exper-
imental Section).
Figure 1 presents the short story of the growth of both ver-

tically oriented and horizontal layers of WS2. As mentioned 
above, during sample preparation, ATT islands of varying thick-
ness were formed on the windows of the chip. This was mainly 
divided into thick and thin precursor parts, where a thick bunch 
of ATT forms the thicker parts and the relatively thin and 
smaller islands form the thin precursor parts. Figure 1a shows a 
thick precursor area at room temperature with dark contrast in 
the image. The absence of any visible lattice fringes and the dif-
fuse ring without any sharp structures is also evidenced by the 
corresponding fast Fourier transform (FFT) in the inset, which 
confirms the amorphous nature of ATT at room temperature. 
Inspection of the as-deposited sample under the electron beam 
did not lead to significant changes at room temperature (see 
Figure S3, Supporting Information). Similar large areas with 
dark contrast and relatively large thicknesses were observed on 
different parts of the same window and on other windows of 
the heating chip.
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Upon increasing the temperature from room temperature 
in steps of 25 to 450  °C, the first signs of growth of polycrys-
talline WS2 were observed with equally spaced (002) crystal 
fringes on top of an amorphous precursor. These fringes cor-
respond to vertically oriented layers of WS2, which are observed  
on-edge in the TEM. At 450 °C, a number of these vertical slabs 
started to grow at random positions with the amorphous pre-
cursor still surrounding them. The corresponding FFT pattern 
in the inset of Figure  1b verifies the growth of these vertical 
slabs with sharp, discrete, and intense concentric rings at the 
same reciprocal spacing as that of the diffuse ring in Figure 1a 
(inset). These rings suggest the growth of disordered horizontal 

structures at thick areas in small amounts while there is pre-
dominantly a growth of vertical layers. With further heating to 
650 °C, the vertical clusters grow in number, converting most 
of the precursor into vertical layers standing upright on the 
SiNx membrane.

In contrast to the thick areas, the thin areas consist of 
smaller and thin particles at room temperature showing rela-
tively less contrast in the TEM images as shown in Figure 1d. 
These particles evolve into horizontal domains displaying a hex-
agonal crystal structure when increasing temperature to 450 °C. 
As shown in Figure 1e, each particle can be seen to grow with a 
hexagonal structure and having a random shape. With heating 

Figure 1. Evolution of vertical and horizontal structures of crystalline WS2 during in situ TEM heating of ATT precursor. Bright-field TEM images 
showing: a) Pure ATT precursor, amorphous at room temperature with no fringes in the image. b) Initiation of conversion of the amorphous precursor 
at a thick area, into vertically oriented WS2 nanosheets at 450 °C. c) Fully grown clusters of vertical layers of WS2 at 650 °C. d) Thin precursor area 
at room temperature with smaller particles and is amorphous in nature. e) Crystallization of smaller particles to crystalline domains with hexagonal 
structure at 450 °C. f) Larger horizontal structures with sharp edges formed by the merger of nanograins at 650 °C. Insets in (a–f) are fast Fourier 
transforms (FFT) of the images. Diffuse ring in the FFT patterns (a,d) shows the amorphous nature of the ATT precursor at both thick and thin areas. 
The thermal evolution of ATT to polycrystalline WS2 reflects from the bright, sharp, and intense rings in FFT of (b,c,e,f) corresponding to the different 
lattice fringes of WS2. g) Schematic illustration of the evolution of polycrystalline WS2 through thermolysis of ATT precursor, showing a growth of vertical 
layers and horizontal structures with heating at thick and thin precursor areas, respectively.
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at 650 °C, these particles become bigger with finely sharp crystal 
facets (shown in Figure 1f). The FFT in the inset of Figure 1d 
depicts the amorphous ATT with a diffuse ring which converts 
to the sharp and intense ring and bright spots correspond to 
different lattice fringes of WS2 with increasing temperatures 
of 450 and 650 °C (Figure 1e,f). This indicates that the average 
nearest-neighbor distances in the amorphous material are sim-
ilar to the well-defined nearest-neighbor distances in crystalline 
WS2. The schematic illustration shown in Figure 1g represents 
the evolution of both vertical and horizontal structures of WS2 
at various stages. As depicted in the schematic, with continued 
and increased heating, more and more vertical clusters and 
horizontal structures grow in numbers at thick and thin pre-
cursor areas, respectively. Details on both types of growth pro-
cesses are discussed in the following sections.

The first signs of the crystallization of the amorphous ATT pre-
cursor during thermolysis appeared as vertically oriented layers 
of WS2. Snapshot frames from a movie recording (Movie S1,  
Supporting Information) captured at 400  °C, in Figure  2a, 
shows layer-by-layer growth of vertical layers of WS2 to form 
clusters consisting of a few layers that are mutually equally 
spaced. Figure 2a shows an amorphous region of the precursor 
with slightly visible edge steps of two vertical layers at 400 °C, 
which is the initiation of the growth of vertical layers on top of 
the amorphous precursor. In the next frame, two grown vertical 
layers surrounded by the amorphous precursor with a step edge 
of another layer can be observed.

It has been reported previously that for vertical growth 
of MoS2, the step edges of previous layers are energetically 
favorable for initiating the growth of the next layer,[61] which we 
have noticed in this case as well. A close look at these frames 
reveals that the vertical layers are growing next to each other 
and matching the size of existing ones to form a cluster of 
vertical slabs (≈8 layers) of WS2 at 450  °C. In the subsequent 
frames, these vertical layers grow to similar lengths while 
maintaining equal interlayer spacing. With continued heating, 
monomers are attached to the existing clusters and grow with 
the number of vertical slabs to some extent. Figure 2b–e shows 
one of the examples where the amorphous region is kept under 
continuous electron beam exposure during heating. The thick 
precursor with dark contrast and no features at room tempera-
ture can be seen in Figure 2b, which evolves into the few ver-
tical layers at 400 °C (Figure 2c). With increasing temperature, 
the number of vertical layers evolves as clusters at 650 °C that 
are covering almost all of the precursor area (Figure 2e). From 
our methods and experiments, we do not have exact informa-
tion on the atomic structure of the base of the vertical layers, 
but there are several reports that provide interesting concepts 
on the base of the nanowalls of vertically oriented 2D mate-
rials.[18,67–70] According to the study done on MoS2,[61] during the 
beginning of the crystallization, vertically oriented layers have 
a lower formation energy (i.e., a low interface energy with the 
SiNx membrane) in comparison to horizontally oriented layers.

These growth patterns were found everywhere on the heating 
chip, also in areas not previously exposed to the electron beam. 
This shows the negligible effect of the electron beam and local 
heating induced by the electron beam, on the growth of these 
structures. Similar vertical structures observed in areas where 
the sample was not continuously exposed to the electron beam 

are presented in Figures S4–S6, Supporting Information, and 
described in Notes S2,S3, Supporting Information. It has been 
reported that the metal (Mo or W) seed layer thickness plays 
a critical role in the growth orientations of MoS2 or WS2,[18] 
whereas in the present study we show that the thickness of 
the ATT precursor is a key factor in the growth of vertical or 
horizontal structures of WS2. The interlayer spacings observed 
by high-resolution TEM (Figure 2f) and by high-angle annular 
dark-field scanning TEM (HAADF-STEM) (Figure 2h) imaging, 
are 0.62 and 0.6 nm, respectively (in Figure 2g,i) similar to the 
value in bulk WS2. These vertical structures grew in size (i.e., 
through an increase in the number of layers in a cluster) with 
continuous heating. Figure 2j–m shows TEM images captured 
at 450, 500, 650, and 800  °C, respectively. With the increase 
in temperature from 450  °C, the number of layers started to 
increase in the vertical cluster, leading to a larger lateral dimen-
sion of these clusters. As discussed above, the in-plane length 
of the vertical layer matches the previously grown layers by 
growing next to them also when more layers are added to the 
cluster. The statistical histograms are shown in Figure 2n–q for 
the corresponding TEM images at 450, 500, 650, and 800  °C 
and provide the average number of layers ≈4 ± 2, 5 ± 1, 6 ± 2, 
and 8 ± 3 for each temperature, respectively. This confirms that 
the size of the vertical clusters increases with temperature to 
800 °C, but further heating does not add any number of layers 
to the existing cluster, thus keeping the same cluster size above 
800 °C. At temperatures of 650 and 800 °C, a maximum of 15 
and 18 layers are observed in an individual cluster. In the case 
of MoS2 growth, it has been observed that the formation of a 
new layer is energetically more favorable than the elongation of 
existing layers,[61] which we have noticed in the growth of ver-
tical layers of WS2 as well. This can be seen from the images 
at higher temperatures showing bigger cluster sizes and while 
having limited in-plane lengths of the vertical layers inside the 
clusters. It is possible to grow only vertical layers of WS2 by con-
trolled deposition of thick precursor as presented in Figure S7,  
Supporting Information.

Horizontal growth, in which WS2 layers grow in planar 
direction with their basal plane parallel to the SiNx membrane 
of the heating chip, was observed at thin precursor areas. 
As shown in Figure 3a, the ATT precursor also formed thin 
areas containing only small and thin particles compared to the 
thick parts. The TEM image in Figure 3a depicts the randomly 
shaped precursor particles with low contrast at room tempera-
ture after drop-casting ATT precursor onto the heating chip. 
The lack of any lattice fringes at room temperature reflects 
the amorphous nature of the ATT precursor. At the onset of 
heating, these small and thin amorphous particles start to 
show modifications with signs of crystallization. Notably, at 
400  °C, hexagonal crystallites of different crystal orientations 
form at thin precursor areas all over the SiNx membrane. 
Figure  3b shows one of the areas shown in Figure  3a where 
the precursor has transformed into crystallites after heating to 
400 °C. These crystallites that are exposing (100) crystal planes 
are found in different orientations while being in contact with 
each other, as can be seen in Figure 3b. With increasing tem-
perature to 450 °C, these particles go through crystal orienta-
tions to align and match the (100) planes, forming a single 
crystal through coalescence and oriented attachment[71] as 
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Figure 2. Growth of vertically aligned layers of WS2. a) Snapshot frames are taken from Movie S1, Supporting Information showing the dynamics of 
layer-by-layer vertical growth of WS2 layers. b–e) Thick precursor area under continuous electron beam exposure during thermolysis of ATT: (b) Amor-
phous ATT precursor with dark contrast at room temperature in the TEM image. (c) Initiation of growth of vertical layers at 400 °C standing upright 
on the SiNx membrane. (d,e) Vertical clusters of WS2 grown with more layers attached to the existing ones at 450 and 650 °C. f,h) Magnified TEM and 
STEM images of vertical layers. g,i) Intensity line profiles along the lines indicated in panels (f) and (h), from which an interlayer spacing of ≈0.6 nm 
was measured for both cases. j–m) TEM images of vertical clusters and n–q) histograms showing the number of layers in vertical clusters observed 
at 450, 500, 650, and 800 °C, respectively.

Adv. Funct. Mater. 2021, 2106450



www.afm-journal.dewww.advancedsciencenews.com

2106450 (6 of 16) © 2021 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH

shown in Figure  3c. The randomly shaped crystallites show 
a clear hexagonal crystal structure at 450  °C as in Figure  3c. 
The smaller nanograins that are formed at 400 °C, fuse into a 
single crystallite as can be clearly seen from Figure 3c. A sim-
ilar type of growth was observed in one another experiment  
carried out with identical conditions and this is shown in 
Figure S8a–c, Supporting Information.

As the temperature reached 400 °C, crystallites of WS2 exhib-
iting (100) interplanar spacings and found in different crystal 
orientations were formed. All these crystallites can be seen to 
be in contact with each other in Figure S8a, Supporting Infor-
mation. As mentioned above, these particles also went through 
rotations where crystals orient to align and match (100) planes 
to form a big single particle as shown in Figure S8b, Sup-
porting Information, at an increased temperature of 450 °C. At 
500  °C, all these particles result in large, well-faceted crystals 
through coalescence and 2D crystal fusion (Figure S8c, Sup-
porting Information). This growth mechanism is referred to 
as oriented attachment,[71–73] wherein the crystals with different 

orientations approach each other, rotate to align crystal planes, 
and after attachment and further relaxation form a single 
crystallite.

When the temperature was increased further to 500 °C, small 
flakes merged and formed bigger flakes as shown in Figure 3d. 
At 550  °C, these big flakes started to form well-faceted edges 
through mass redistribution, and at 650 °C it resulted in a quasi-
hexagonal structure with well-faceted edges. Figure  3k shows 
one of the examples through a sequence of stills from Movie S2,  
Supporting Information, wherein nanograins merged to form 
bigger flakes at 500 °C. A part of the grain from the right side 
in Figure 3k approached another grain at the left and merged 
with it, making it larger. This process, where large crystals grow 
at the expense of small ones, is generally known as Ostwald 
ripening[74] and is observed in coexistence with other growth 
mechanisms. One more example of this type of growth is 
shown in Figure S8d–f, Supporting Information, where already 
crystalized particles merged and formed bigger ones at 550 °C 
with facet development at the edges at 650 °C. With increasing 

Figure 3. Horizontal growth of WS2 layers. a) Thin precursor area with smaller randomly shaped and thin particles at room temperature. b) Crystalliza-
tion of thin precursor particles at 400 °C. c) Hexagonal crystal lattice formation at thin precursor particles at 450 °C. d,e) Formation of bigger particles 
by merging nanograins at 500 and 550 °C, respectively. f) Quasi hexagonal horizontally oriented nanoflakes with crystal facets exposed at the edges at 
650 °C. g) High-resolution TEM image of the hexagonal structure of a horizontal WS2 layer. h) Simulated TEM image of the basal plane oriented WS2 
layer. i,j) Intensity line profiles of the lines drawn on the TEM images in (g) and (h) respectively. k) Snapshot frames from Movie S2, Supporting Informa-
tion showing the fusion of nanograins at 550 °C. The images in (g,h) are applied with the GEM LUT effect in ImageJ software for better display purposes.
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temperature, the degree of crystallization increases as the 
number of defects is lowered during the growth, that is, con-
currently a ripening process is taking place. A high-resolution 
TEM image of the hexagonal honeycomb crystal structure 
recorded from one of the fully grown horizontal flakes is shown 
in Figure 3g. The intensity line plot profile in Figure 3i corre-
sponds to the line drawn in Figure 3g, which shows a 2H (trig-
onal prismatic) type of WS2. Figure  3h depicts the simulated 
TEM image and a line profile (Figure  3j) for W and S atoms 
in WS2. The experimental and simulated TEM images agree 
well, which confirms that the grown material is 2H WS2. From 
our in situ TEM data, the edge terminations of flat WS2 layers 
could not be resolved in detail. However, scanning tunneling 
microscopy studies on the edge termination of MoS2,[75] which 
strongly resembles the WS2 lateral structures, have previously 
shown preferential S-termination at the horizontal edges.

Figure S9, Supporting Information shows yet another 
example wherein already crystallized grains are nearing, attach, 
and form a new, big crystal. Specifically, the grains indicated 
by 1 and 2 in Figure S9a, Supporting Information at 550  °C 
approached each other, both having hexagonal lattices with 
different orientations. In Figure S9d, Supporting Information 
these grains attach and form a neck at the point of attach-
ment (indicated by the arrow), which is followed by complete 
attachment in Figure S9f, Supporting Information whereby a 
new and big grain was formed with the same crystal lattice. 
In another example in Figure S10, Supporting Information 
(from Movie S3, Supporting Information) and Figure S11a–d, 
Supporting Information, small grains simply approached each 
other and fused at 550 °C. The grains with sharp edges which 
are formed by the facet rearrangements can be seen to merge 
at 650  °C in Figure S11e–h, Supporting Information. Snap-
shot frames from a movie with edge reconstructions of WS2 
are shown in Figure S12, Supporting Information. A big area 
where the whole growth process could be followed is shown in 
Figure S13, Supporting Information, where a relatively big area 
of the thin precursor was monitored during heating from room 
temperature to 650 °C. The amorphous precursor at room tem-
perature (Figure S13a, Supporting Information) was heated to 
500 °C, at which temperature it formed randomly shaped crys-
tallized grains (Figure S13b, Supporting Information), with 
slightly different contrast in the TEM image. An HR-TEM 
image of one of these grains is shown in Figure S13e, Sup-
porting Information, showing hexagonal crystal lattices of WS2. 
Furthermore, an increase in temperature to 650  °C resulted 
in the darker and bigger grains with fine edges (attributed to 
form by facet development) (Figure S13c, Supporting Infor-
mation). An HR-TEM image of one of these grains shown in 
Figure S13f, Supporting Information, which was captured from 
the same area in Figure S13e, Supporting Information, con-
firms the merging of small grains and the formation of sharp 
boundaries. STEM-EDS (energy dispersive X-ray spectrometry) 
elemental maps in Figure S13h,i, Supporting Information sug-
gest the uniform distribution of S and W in these grains with a 
1:2 ratio for W and S.

Another example of the formation of a large flake of WS2 
is shown in Figure S14, Supporting Information where the 
merged small grains became one large flake through grain 
boundary migration. During the merging of different grains, a  

poly crystalline nanosheet was formed, which can be best 
described as a large flake with grain boundaries between the 
smaller crystalline domains. It has been reported that in 2D 
crystals like WS2, dislocations exist on the surface and can 
interact with the surface atoms.[76] Mobile S atoms can interact 
with the dislocation cores and can form derived dislocation 
structures through migration processes that involve a rear-
rangement of W and S atoms around the defect, which in 
turn leads to grain boundary reconstruction.[76] In the present 
case as shown in Figure S14, Supporting Information, ther-
mally induced grain boundary migration occurred, resulting 
in a large single crystalline flake. Different grains are indicated 
by numbers and grain boundaries between them are indexed 
by the colored dotted lines in Figure S14a, Supporting Infor-
mation. While the temperature was kept at 700  °C, all these  
separate grains disappeared, and a single crystalline large flake 
(indicated by a white dotted border in Figure S14d, Supporting 
Information) was formed by migration of the grain bounda-
ries to the surface. A similar type of process was observed at 
a smaller scale and is shown in Figure S15, Supporting Infor-
mation. As depicted in Figure S15a, Supporting Information, 
the configuration consisted of six different grains as indicated 
by the different colors. After few minutes of heating, these 
grains vanished and a new relatively large single-crystalline 
flake was formed (shown by the yellow color in Figure S15d, 
Supporting Information). The white arrow in Figure S15b,c, 
Supporting Information indicates the direction of propaga-
tion of grain boundaries. FFTs shown in Figure S15e–h, Sup-
porting Information confirm the transition from multi-grained 
flake to single-crystalline flake. Fairly large flakes of WS2 
were obtained through thermolysis of ATT precursor inside 
TEM and are shown in Figure S16, Supporting Information. 
The HR-TEM image and FFT in Figure S16b,c, Supporting 
Information confirm the single-crystalline nature of the WS2 
flake. Further heating of these WS2 flakes to 900  °C resulted 
in the transformation process in which WS2 transformed into 
elemental metallic tungsten (W). As shown in Figure S17,  
Supporting Information, the hexagonal structure of WS2 
transformed to the cubic crystal structure of W at 900 °C. The 
time-series images (frames from Movie S4, Supporting Infor-
mation), shown in Figure S17a–d, Supporting Information 
depict how the WS2 structure breaks into metallic W. The inter-
planar spacings for WS2 and W structures were found to be 
0.27 and 0.23 nm for (100) and (110) planes, respectively when 
imaged through the [001] zone axis. Therefore, the WS2 layers 
had transformed into body-centered cubic (bcc) tungsten (W). 
The corresponding FFTs are shown in the inset of Figure S17e,g,  
Supporting Information. Intensity line plot profiles for WS2 
and metal W are shown in Figure S17f,h, Supporting Infor-
mation, respectively, and the intensity line profile for metal W 
shows the disappearance of S peaks in the cubic crystal struc-
ture which indicates the removal of S atoms.

2.3. Ex Situ Growth of WS2 on SiNx Membrane

The thermal evolution of WS2 through thermolysis of solid-
state precursor, as described above, has been disclosed through 
in situ TEM experiments. These experiments were carried out 
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on a local area of the TEM heating chip which is not neces-
sarily representative of the thermal evolution of large areas 
of the sample. To confirm the global growth process, and to 
validate in situ TEM results, we have conducted ex situ experi-
ments with a large amount of ATT precursor within a vacuum 
oven (see the Experimental Section for details). The schematic 
of the vacuum oven is depicted in Figure 4a, with a quartz tube 
accommodating ATT precursor in the form of powder on a 
TEM heating chip that is placed at the center of the oven which 
was evacuated down to a pressure of 2 mbar. The temperature 
profile for heating in the vacuum oven is shown in Figure  4b 
(full temperature profile is shown in Figure S18a, Supporting 
Information). As shown in Figure 4b, the ATT precursor in the 
form of powder, drop cast on the TEM heating chip was heated 
at 350 °C for 10 min.

This is referred to as the growth period in Figure  4b indi-
cated with the red patch, in which both vertical and horizontal 
WS2 structures grew. As shown in Figure  4c, Raman spectra 
of pure ATT precursor before heating and after ex situ growth 
of WS2 powdered samples were recorded at room temperature 
with laser excitation at a wavelength of 532  nm. No Raman 
signal was observed for the pure ATT precursor and the two 
characteristic first-order optical modes of E2g

1  (in-plane vibra-
tional mode) and A1g (out-of-plane vibrational mode) at 350 and 

420 cm−1, respectively, are observed for the ex situ grown WS2 
samples.[16] A frequency separation of ≈70 cm−1 between E2g

1  
and A1g modes[30] at 532  nm laser excitation may perhaps be 
the spectral fingerprint of a few-layer thin WS2. TEM images 
of both the powdered sample and the sample on a heating chip 
are recorded and are presented in Figure 4d–f. Bath sonication 
was used to exfoliate powdered samples before drop-casting 
them onto the TEM chip. Figure  4d shows one of the exam-
ples of ex situ prepared powdered samples, wherein vertically 
oriented layers can be seen. A magnified view of the vertical 
layers with an interlayer spacing of ≈0.6  nm is shown in the 
inset of Figure 4d. A detail of a horizontal WS2 layer is shown 
in Figure  4e and depicts thickness-dependent contrast in the 
TEM image with a different number of horizontal layers. An 
HR-TEM image showing the hexagonal lattice structure and 
interplanar spacing of 0.27  nm, corresponding to (100) planes 
for horizontal 2H-WS2, along with corresponding FFT in the 
inset, is shown in Figure  4f. EDS elemental mapping for W 
and S in as grown WS2 samples are shown in Figure S18c,d, 
Supporting Information for the area shown in Figure S18b, 
Supporting Information. Figure S18f, Supporting Information 
shows WS2 clusters formed on the heating chip in an ex situ 
experiment along with HAADF-STEM image and STEM-EDS 
elemental maps for W and S in Figure S18g–i, Supporting 

Figure 4. Ex situ growth of WS2 structures. a) Schematic representation of vacuum oven used for the ex situ experiments. b) Temperature profile for 
the vacuum oven heating including a horizontal profile of 10 min at 350 °C to promote the growth. c) Raman spectra of ATT precursor and ex situ 
grown WS2 structures recorded at room temperature. d) Growth of vertical layers in ex situ experiment at one of the parts of ATT precursor with a 
magnified view of vertical layers in the inset. e) Vacuum oven growth of horizontal structures of WS2 at 350 °C. f) HR-TEM image captured from one 
of the horizontal structures with corresponding FFT in the inset.
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Information, respectively. An EDS spectrum recorded from the 
powdered samples is shown in Figure S18e, Supporting Infor-
mation and quantification of EDS data confirms ≈1:2 ratio for as 
grown WS2 sample. Thus, both vertical and horizontal growths 
of WS2 are observed through ex situ vacuum oven heating of 
ATT precursor and are in good agreement with our in situ TEM 
observations. The thick precursor area which grew into the ver-
tical layers of WS2 (in Figure 4d) was pre-checked using TEM, 
and images of the area before and after ex situ heating are pre-
sented in Figure S19, Supporting Information.

2.4. In Situ TEM Growth of WS2 on Metal (Pt and Au)  
Deposited Chips

The in situ TEM growth of both vertical and horizontal struc-
tures of WS2 discussed in the above sections was observed on a 
chemically inert SiNx window. Inspired by the metal substrate 
approach,[31,32] we have employed metal film deposition on 
TEM heating chips (see details in the Experimental Section) to 
observe any structural modifications during thermolysis driven 
growth of WS2. As depicted in Figure  5, two different metal 
films, platinum (Pt) and gold (Au) with a thickness of ≈5  nm 
were deposited onto the heating chips by applying a mask to 
the chip, leaving the SiNx window area unmasked. These metal 
films were used as a substrate and the ATT precursor was drop 
cast onto these metal deposited heating chips and subsequently 
heated inside the TEM to investigate modified, enhanced, or 
catalytically activated growth. For the heating of ATT precursor 
onto the metal deposited heating chips, procedures similar to 
the in situ TEM investigations of growth of WS2 on the bare 
SiNx membrane were followed.

2.5. In Situ TEM Growth of WS2 on Pt Deposited Chip

The Pt deposited film onto the SiNx window of the heating chip 
and the amorphous ATT precursor on top of it can be seen in 
a TEM image captured at room temperature in Figure 6a. The 
dark contrast represents ATT precursor and irregular structures 
with varying contrast depict a ≈5  nm thick Pt film. It can be 
seen that the Pt film is non-continuous with small voids in 
between Pt particles. With an increase in the temperature, the 
ATT precursor begins to transform to the crystalline structure, 
and at 450 °C vertical layers of WS2 grow to display on-edge the 
(002) layered planes, standing up as shown in Figure 6b. The 
contrast in Figure  6b changes as the vertical clusters of WS2 
form at different positions on the precursor. Figure 6c shows a 
magnified view of the area marked with a square in Figure 6b 
and shows the interlayer spacing of 0.6  nm for WS2 vertical 
layers. In a single vertical cluster of WS2, 4–9 layers can be seen 
with Pt film in the background.

Dynamics of the growth of vertical layers during heating 
were recorded and is shown in Movie S5, Supporting Informa-
tion. Snapshots from Movie S5, Supporting Information are 
shown in Figure 6d and the area where the vertical layers grow 
is indicated with a rectangle. This layer-by-layer growth of ver-
tical layers is identical to the growth observed on the inert SiNx 
window as described in the first part, but with a slight increase 
in the length of layers (see Figure S20, Supporting Informa-
tion). In the background in Figure  6d, Pt particles are visible 
which might have played an important role in increasing the 
lengths of these layers. As this transformation from amor-
phous precursor to crystalline WS2 occurs under the electron 
beam, the effect of illuminating electrons cannot be ruled out. 
Therefore, the growth of vertical layers of WS2 on Pt deposited 

Figure 5. Schematic illustration of deposition of metal (Pt/Au) film onto the TEM heating chip. Panels (a–f) show the subsequent steps in the procedure.
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heating chips under the continuous electron beam exposure but 
also growth at areas where the process was not continuously 
monitored by the electron beam, are presented in Figures S21  
and S22, Supporting Information, respectively. Both these 
observations show similar growths of vertical layers which in 
turn suggest a negligible effect of an electron beam on WS2 
growth (details on Figures S21 and S22, Supporting Informa-
tion are discussed in Note S4, Supporting Information).

Growth of horizontal, basal plane oriented layers of WS2 
was observed on Pt deposited heating chips when the ATT pre-
cursor was heated to 650 °C. Different stages of WS2 growth are 
shown in Figure 7a–d after heating at temperatures of 400, 450, 
550, and 650 °C. The same precursor area (thin) was monitored 
during in situ TEM heating to observe various steps of growth. 
In Figure 7a, the amorphous ATT precursor area is shown with 
no visible fringes but some developing structures as shown 
in Figure 7e, which is a magnified view of the square marked 
in Figure  7a. This does not display any clear crystal structure 
but the FFT in the inset of Figure 7e shows short-range struc-
tural ordering. An increase in the temperature by 50 °C leads 
this structure to organize into domains of hexagons of WS2 
at 450  °C as depicted in Figure  7f. The slightly different FFT 
with bright spots in the inset of Figure 7f suggests the develop-
ment of the hexagonal crystal structure of WS2 displaying a few 
more spots. These hexagons of WS2 extend with further growth 
during an increase in temperature to 550  °C and show more 
hexagons with more bright spots in FFT as shown in Figure 7g 
and the inset, respectively.

An interesting pattern can be seen in Figure 7d which can be 
recognized as a moiré pattern which is the interference between 
two layers that are twisted by an angle with respect to each 
other. A bigger picture of this pattern is shown in Figure S23, 
Supporting Information with corresponding FFT in the inset. 
A close look at this moiré pattern (Figure 7h) suggests that the 

growth of WS2 at a thin precursor area leads to the formation of 
two WS2 layers on top of each other with slightly different rota-
tions. The FFT in the inset of Figure 7h clearly shows different 
spots for each layer separated by some angle. To investigate the 
moiré patterns in detail, the FFT from a clear area with a moiré 
pattern (Figure 7i) was taken and shown in Figure 7j. The FFT 
reflects bright spots for both layers of WS2 and is separated 
by an angle of 9° as shown in Figure  7j. To elaborate on this, 
schematic illustrations are shown in Figure 7l,m. Two layers of 
WS2 with no mismatch angle (0°) between them would look like 
a single layer as shown in Figure  7l and if one of the layers is 
twisted by 9° the pattern would be as shown in Figure 7m which 
exactly matches the HR-TEM image in Figure  7i. A clear dif-
ference between a single layer and bi-layer WS2 with a 9° twist 
angle can be seen from Figure 7k, where the moiré pattern with 
two layers differentiates the single layer of WS2. The schematic 
illustration of this type is shown in Figure 7n with one layer of 
WS2 beneath another which is twisted by 9°, which indeed gen-
erates the moiré pattern. This is further explained in Figure S24,  
Supporting Information by taking the FFT of the moiré pattern 
and forming its inverse FFT (IFFT) filtered image to visualize 
it better (as shown in Figure S24c, Supporting Information). 
Applying masks to the bright spots for each layer in the bilayer 
configuration of WS2 in FFT, filtered IFFT images of both the 
layers are separated as shown in Figure S24d,e, Supporting Infor-
mation. The twist angle of 9° between these two layers (shown in 
Figure S24e, Supporting Information) creates the moiré pattern.

Thus, on Pt deposited heating chips, bilayer growth of WS2 
was observed and no signs of the formation of platinum sulfides 
were observed during the in situ TEM heating of the ATT pre-
cursor. With the Pt film deposited onto the heating chip, Pt 
nanoparticles formed and settled at the edges of WS2 structures 
during in situ TEM heating as shown in Figure S25, Supporting 
Information. This was found to take place at different windows 

Figure 6. Growth of vertical layers of WS2 on Pt deposited heating chip. a) Amorphous ATT precursor (with dark contrast) on Pt film (≈5 nm) deposited 
onto the heating chip. b) Growth of vertical layers of WS2 at 450 °C. c) Magnified view of the square marked in (b), with vertical layers visible with an 
interlayer spacing of 0.6 nm. d) Snapshot frames captured from a Movie S5, Supporting Information, showing the real-time growth of vertical layers 
of WS2 on Pt deposited heating chip.
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of the heating chip with different thicknesses of the precursor. 
As depicted in Figure S26, Supporting Information, Pt nanopar-
ticles nucleate and aggregate at the edges of thin, medium-thin, 
and thick precursor areas that are grown to the crystalline WS2 
structures after heating to 800  °C. Thus, Pt deposition over the 
heating chip provides a metal substrate that acts as a catalyst in 
the growth of WS2 layers with growth limited to two layers, and 
which also plays role in producing Pt-WS2 hybrid structures. Fur-
thermore, a Pt deposited SiNx window of the heating chip after 
heating to 800 °C with WS2 structures is shown in Figure S27a, 
Supporting Information. The HAADF-STEM image (Figure S27b, 
Supporting Information) and EDS elemental maps for Pt, W, and 
S recorded from the same area (Figure S27c–e, Supporting Infor-
mation) suggest the growth of WS2 and aggregation of Pt particles 
at the edges of WS2 structures to form Pt-WS2 hybrid structures. 
Very thin WS2 layers are shown in Figure S27g, Supporting Infor-

mation and EDS line scans for WS2 layers without and with Pt 
particles (with 1:2 ratio for W and S in both the cases) are shown 
in Figure S27l,m, Supporting Information, respectively. This con-
firms the growth of fairly thin WS2 layers on Pt deposited heating 
chips along with the hybrid Pt-WS2 structures.

2.6. In Situ TEM Growth of WS2 on Au Deposited Chip

The growth of WS2 layers on Au films is studied extensively 
in ex situ experiments (in CVD), where reusable Au foils were 
used as a substrate to grow large area, high quality, and uni-
form monolayer WS2.[31,32] In some other studies, Au drop-
lets were used as nucleation centers to grow monolayer and 
single-crystal WS2.[77] As reported earlier,

[31] Au doesn’t react 
with the sulphur to form sulphides at higher temperatures, 

Figure 7. Growth of horizontal WS2 layers on Pt deposited heating chip. a–d) Different growth stages of horizontal WS2 layers on Pt deposited heating 
chip at 400, 450, 550, and 650 °C (all images are from the same area). e–h) Enlarged view of the growth steps from the areas marked with squares 
in (a–d) and the inset shows corresponding FFTs. All the images are applied with the GEM LUT effect in ImageJ software for better visualization.  
i) HR-TEM image of moiré pattern formed due to the twist of one WS2 layer to the other in a stack of two layers. j) FFT of two layers of WS2 forming 
moiré pattern and showing twist angle of 9°. k) Two layers of WS2 mismatched by 9° with moiré pattern and a single layer beneath it with a hexagonal 
structure. l–n) Schematic representation of two WS2 layers with a rotation of 0° between them, with a rotation of top layer by 9° to the bottom layer 
forming moiré pattern and a single (indicated by 1L) and a double layer (indicated by 2L) with moiré pattern, respectively.
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and low solubility of W in Au (<0.1 at% at 800  °C) avoids 
multilayer growth of WS2 through a self-limited surface cata-
lytic process. By considering these advantages of an Au sub-
strate, we also deposited an Au film onto the TEM heating 
chip as shown in Figure 5 followed by a drop-cast of ATT pre-
cursor (Figure 8a with amorphous ATT precursor and Au film 
in the background) to further observe the growth of WS2. As 
mentioned in the earlier sections, the growth of vertical WS2 
layers appears first on thick precursor areas after heating to 

400 °C as shown in Figure 8b with few short in-plane length 
of vertical layers. With an increase in temperature, these ver-
tical layers grow in size (number of layers in a cluster) and in 
in-plane length as shown in Figure 8c–e, at temperatures of 
450, 550, and 650 °C, respectively. The length of vertical clus-
ters in the Au deposited chip is the longest one compared to 
the growth on SiNx window and on Pt deposited heating chip. 
An interlayer spacing of ≈0.6 nm (Figure 8e) is in good agree-
ment with the interlayer spacing in bulk WS2.

Figure 8. Growth of vertical and horizontal WS2 structures on Au deposited heating chips. a) Amorphous ATT precursor onto the Au deposited heating 
chip at room temperature. b–e) Growth stages of vertical layers of WS2 at 400, 450, 550, and 650 °C, respectively (Au particles are visible in the back-
ground). f) High-resolution TEM image of the rectangle marked in (e) with an interlayer spacing of ≈0.6 nm. g,j) The moiré patterns are formed by a 
twist of two WS2 layers (on the Au deposited chip) by 26° and 9° respectively. h,k) FFTs of the HR-TEM images in (g,j), with angle representation of 
26° and 9° respectively for the bright spots appearing due to the overlay of two layers of WS2. i,l) Schematic illustration of the moiré patterns formed 
by twist angles of 26° and 9° between two layers of WS2.
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One more example of the dynamics of vertical growth of 
WS2 layers on an Au deposited chip is depicted in Figure S28, 
Supporting Information. Images were recorded at different 
temperatures (400, 450, 500, 550, 600, and 650 °C) during the 
growth process and are shown in Figure S28b–g, Supporting 
Information. The growth was observed on the windows on the 
heating chip that were not continuously illuminated by the 
electron beam during heating (Figure S28i–l, Supporting Infor-
mation). The EDS measurements (Figure S28n–p, Supporting 
Information) suggest a uniform distribution of W and S in the 
WS2 with irregularly shaped Au particles in the background.

A different type of moiré pattern was observed during the 
growth of horizontal layers of WS2 on Au deposited chip and is 
shown in Figure 8g. The analysis of bright spots in FFT of this 
type of moiré pattern suggests a 26° mismatch between two 
layers of WS2 (as shown in Figure 8h). The schematic displayed 
in Figure 8i illustrates the formation of the moiré pattern when 
one layer is twisted by 26° with respect to the other, which cre-
ates the pattern corresponding well to the experimental image 
in Figure  8g. Further details of the formation of this moiré 
pattern are described in Figure S29, Supporting Information 
with FFT analysis, IFFT filtered images, and schematic illus-
trations. The moiré pattern shown in Figure  8j resembles the 
moiré pattern observed in the growth of WS2 on Pt deposited 
heating chip (Figure 7i). The FFT and schematic illustration in 
Figure  8k,l supports the fact that the twist by 9° of the layers 
of WS2 in bilayer configuration generates the moiré pattern 
shown in Figure 8j. A detailed explanation of this type of moiré 
pattern was discussed in earlier sections of Pt deposited growth 
of WS2 and in Figure S24, Supporting Information. Figure S30, 
Supporting Information depicts the larger picture of this type 
of moiré pattern formed on Au deposited chip along with its 
FFT in the inset. Another type of moiré pattern with a twist 
between the layers by 18° is shown in Figure S31, Supporting 
Information along with FFT, IFFT filtered images, and sche-
matic illustrations. This type of moiré pattern was observed in 
small areas compared to the other two types which were found 
in larger scales. Figure S32, Supporting Information depicts the 
large view of WS2 structures on the Pt deposited SiNx window 
of the heating chip.

The two different types of moiré patterns were observed 
during the growth of WS2 on Au deposited heating chips. 
During in situ TEM heating, mobility of Au particles was 
observed at higher temperatures (>500 °C), and the growth of 
WS2 layers forming moiré patterns was also observed at the 
same temperatures. Mobility of Au particles beneath the WS2 
layers at higher temperatures might have triggered the rotation 
of WS2 layers and led to the formation of various types of moiré 
patterns depending on the twist angles. Thus, Au particles and 
their catalytic reactivity with a precursor provided solubility 
limited growth of WS2 layers which limited the bilayer thick-
ness. As Au was not found to form sulfides by reacting with the 
sulfur in the precursor, it also helped to grow pure and single-
crystal domains of WS2.[31,32] In contrast to the Au substrate 
case, Pt particles were observed to display very little mobility 
during the growth of WS2 layers at high temperatures and lim-
ited the formation of different types of moiré patterns of WS2 
layers on Pt deposited heating chip. It was also observed on the 
Au deposited chip that the Au particles mostly don't stick to the 

edges of WS2 structures, leaving WS2 structures free from Au 
particles and Au-WS2 hybrid structures.

In both the Pt and Au deposited chip growth, the metal films 
(with random shape and size metal islands) were deliberately 
not annealed before using them in the in situ TEM heating 
to avoid the formation of islands and nanoparticles of metals  
(Pt and Au) before the growth of WS2. This has avoided mul-
tiple nucleation centers that likely would have resulted in the 
smaller and multi-crystalline domains of WS2.[77] As the growth 
of WS2 depends on the morphology of metal substrate, it would 
be interesting to see how WS2 grows on a surface-treated sub-
strate such as annealed and polished substrate. It has been 
observed earlier that monolayer WS2 film was grown on sur-
face-treated Au foil.[32] The ATT precursor formed more con-
tinuous and thin structures on metal (Pt and Au) substrates 
compared to the growth observed on the bare SiNx membrane. 
This in turn changed the overall growth process of horizontal 
layers of WS2 on metal substrates. The weak interaction 
between WS2 and Au was reported earlier,[31] which enables a 
more easy transfer of the WS2 layer to the desired substrate to 
enable use in applications.

The WS2 layers showed good stability at 800  °C, and 
increasing the temperature further led to the removal of S atoms 
from WS2 to form metal tungsten (W) islands by breaking the 
2D structure as shown with frames captured from Movies S6,  
S7, Supporting Information in Figure S33a,b, Supporting 
Information. It has been observed for other 2D materials that, 
at high temperatures and/or under the influence of the elec-
tron beam, chalcogen atoms tend to sublimate leaving metal 
behind.[59] This transformation was observed in the earlier part 
where WS2 was grown on SiNx membrane and heated above 
800  °C (as shown in Figure S17, Supporting Information). 
FFTs taken from the areas before and after transformation con-
firm the appearance of bcc W for both cases. This is shown in  
Figure S33, Supporting Information with the help of false-colored 
IFFT filtered images (Figure S33c,f,h,k, Supporting Informa-
tion) and FFTs (Figure S33d,g,i,l, Supporting Information) for 
the corresponding structures. The bright spots in the FFT in  
Figure S33d, Supporting Information marked with yellow, 
white, and blue circles correspond to W crystal with {111}, {110}, 
and {002} patterns viewed along [001] direction. In the FFT of 
the area marked with green square in Figure S33j, Supporting 
Information, bright spots indicated in yellow, blue, and white cir-
cles correspond to bcc W crystal with {112}, {002}, and {110} pat-
terns viewed along [110] direction. The interplanar distance 0.23, 
0.16, and 0.13 nm correspond to {112}, {002}, and {110} planes 
of W. Thus hexagonal crystal structure of WS2 transformed 
into the bcc W after heating to 900 °C. FFTs in Figure S33g,l,  
Supporting Information depict the bilayer WS2 forming the 
moiré pattern by twist of one of the layers by 26° on both Pt and 
Au deposited chip, respectively. An estimation of the number of 
layers in twisted layers or horizontal structures on Pt film is 
presented in Figure S34, Supporting Information.

2.7. Ex Situ Growth of WS2 on Pt and Au Deposited Chips

Finally, using the vacuum oven we investigated the ex situ 
growth of WS2 on Pt and Au deposited heating chips. To this 
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end, the Pt and Au deposited chips were drop cast with ATT 
and heated in the vacuum oven, maintaining the temperature 
at 350 °C for 10 min in the middle of the heating profile to pro-
mote the growth. These chips were then introduced into the 
TEM to investigate the as-grown WS2 structures. As shown in 
Figure S35, Supporting Information, a large area of WS2 hori-
zontal layers grew on the Pt deposited chip. A detailed analysis 
of this growth shows that the bilayer WS2 with a twist with 26° 
grows onto (111) surface of Pt. FFT and IFFT filtered images 
shown in Figure S35, Supporting Information reveal the fact 
that along with bilayer growth of WS2 there is a crystalline back-
ground that corresponds to Pt (111) surface. To enhance this 
background in the picture, the bright spots in the FFT pattern 
were masked and an IFFT of the unmasked area was generated. 
This confirms that during the ex situ heating of ATT precursor 
on the Pt deposited chip, the Pt surface displays predominantly 
the (111) surface and that WS2 horizontal layers are grown on 
this surface. The formation of the Pt (111) surface helped in this 
process to achieve self-limited surface catalytic growth of WS2, 
limiting the 2D WS2 to two-layer thickness (as can be seen from 
the FFT). Similar results were obtained on the Au deposited 
chip and these results are shown in Figure S36, Supporting 
Information. In this case, the Au surface evolved along with the 
growth of WS2 layers. The IFFT filtered images blocking the 
marked area show a background that reflects the Au surface. 
Thus in both cases, WS2 horizontal layers grew on modified 
surfaces of Pt and Au. Though the ex situ heating might have 
modified the metal (Pt/Au) surfaces, the growth of WS2 was 
obtained similar to the growth obtained during the in situ TEM 
heating experiments.

3. Conclusion

In summary, we observed growth dynamics of 2D WS2 struc-
tures on amorphous SiNx and on metal (Pt and Au) substrates 
using in situ TEM heating of a single solid-state precursor. Two 
different growth types are observed microscopically; vertical 
growth of WS2 layers at thick precursor areas and horizontal 
growth of WS2 layers at thin precursor areas. Either vertical 
or horizontal growth can therefore be initiated by controlling 
the thickness of the drop cast precursor. Layer-by-layer growth, 
which is taking place during the vertical growth in thicker 
areas, leads to the formation of larger vertical clusters of WS2 
layers that can be self-limited in the length of the 2D layers 
and the number of layers in the stack. During the growth of 
horizontal layers in thin precursor areas, various mechanisms 
such as oriented attachment, Ostwald ripening, coalescence, 
and merging of nanograins, as well as edge reconstructions, 
eventually lead to the formation of large and well-defined 
nanosheets of WS2. By depositing Pt and Au on heating chips 
the growth of WS2 structures was strongly enhanced, with the 
horizontal layers growing to a maximum thickness of 2 to 3 
layers through solubility limited surface-mediated growth. 
On metal substrates, mutually twisted WS2 layers were found 
through the observation of the associated moiré patterns in 
bilayer or trilayer configurations. The twist of WS2 layers can 
be controlled through substrate treatments by inspection of the 
moiré patterns. The ex situ experiments validated the results of 

the in situ measurements, with observations of similar types 
of growth on bare SiNx and on metal (Pt and Au) deposited 
substrates. Our study offers a fundamental understanding of 
the growth of 2D WS2 structures on different substrates and 
can be employed to design and fabricate 2D WS2 and associ-
ated 2D TMDs for various catalytic and electronic applications.

4. Experimental Section
In Situ Transmission Electron Microscopy: In situ TEM heating 

experiments were performed on DENSsolutions heating holder and 
Wildfire S3 heating chip with electron transparent ≈30  nm thick SiNx 
windows. Before the in situ TEM heating, the samples were prepared 
by dissolving high purity (NH4)2WS4 (ATT) (Sigma Aldrich, 99.9%) in 
ethanol to form 1% and 5% solutions. These solutions were sonicated for 
15 min, and drop casted onto the plasma cleaned heating chip and dried 
in air. 1% solution was used to get thin precursor while 5% solution was 
used for thick precursor regions on the heating chip. The heating chip 
was then introduced into the FEI Talos F200X TEM operated at 200 kV for 
imaging. In all the TEM heating experiments, samples were preheated to 
100 °C for at least 10 min to remove organic residues. The temperature 
was then increased from 100 to 900 °C in steps of 25 °C. During in situ 
TEM heating, after each 100  °C the temperature was held constant to 
observe and image growth changes in the first pilot experiment. Each 
TEM heating experiment was repeated at least five times. Scanning 
TEM (STEM) imaging on the FEI Talos F200X was conducted using a 
probe current of 30 pA and a dwell time per pixel of 4.0 µs. All EDS 
chemical mapping experiments were performed on the Talos F200X TEM 
equipped with a Chemi-STEM elemental analysis setup. Each of the EDS 
maps was recorded for 15 min to improve the signal-to-noise ratio. All 
of the EDS maps in the Supporting Information are presented in atomic 
percent. For all the filtered images in the Supporting Information, the 
contrast was improved between the material and the amorphous region 
in the background by applying a mask on the amorphous region followed 
by the IFFT for better display purposes. The images in Figures 3g,h,7e–h 
were applied with the GEM LUT effect in ImageJ software for better 
visualization. The TEM imaging simulation in Figure 3h was performed 
using QSTEM software. The simulated image was generated with the 
following settings: accelerating voltage: 200  kV, objective aperture:  
15 mrad, convergence angle: 1 mrad, focal spread: 2 nm, defocus: 10.

Metal (Pt and Au) Film Deposition: The metal films (Pt and Au) with  
≈5 nm thickness were deposited onto the heating chips using sputter coater 
equipment. A specific target was chosen to deposit the desired metal and 
settings were optimized to achieve ≈5 nm thickness of deposited material.

Ex Situ Experiments and Characterization: The ex situ heating 
experiments were performed in a vacuum oven Nabertherm RHTH tube 
oven with maximum of 1800 °C heating capacity at 2 mbar pressure. All 
the ex situ experiments reported in this article were performed at 350 °C 
for 10 min, after carrying a few pilot experiments at 350, 500, and 700 °C 
to optimize the growth temperature. The samples for ex situ vacuum 
oven growth were prepared similarly as they were made for in situ TEM 
heating. Except that, few samples were prepared in powder form to use 
them to characterize using Raman spectroscopy. Raman spectroscopic 
measurements were performed on Renishaw Raman spectroscope 
equipped with RL532C50 and RL633 HeNe laser giving 532 and 633 nm 
light, respectively and had maximum power of ≈12.5 mW. The presented 
spectroscopic results were performed at 532  nm excitation laser. The 
samples for Raman measurements were prepared by placing ex situ 
prepared powder samples of WS2 directly onto the glass slides.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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