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WSe2 thin films are obtained by annealing tungsten and selenium constituents in thin-film form, 
under selenium pressure. Thin films have been investigated by X-ray analysis, scanning and 
transmission electron microscopy, and by microprobe analysis. Annealing temperature and time 
were used as parameters. It is shown that stoichiometric thin films, crystallized in the hexagonal 
structure, are systematically obtained. The grain-size evolution with increasing temperature 
and/or annealing time is interpreted in terms of primary and second crystallization processes 
(crystallization and recrystallization). 

1. I n t r o d u c t i o n  
W S e  2 is a layer-type semiconductor with a band gap 
of 1.35 eV [1] which can be an efficient electrode in the 
realization of photoelectrochemical solar cells [2, 3]. 
In earlier papers [-4, 5], we have described a process 
for obtaining stoichiometric textured WSe2 thin films. 
The WSe2 coatings were obtained by solid state reac- 
tion, induced by annealing under selenium pressure, 
between the tungsten and selenium constituents in 
thin-film form. It has been shown by X-ray diffraction 
and scanning electron microscope studies that the 
crystallite morphology depends on annealing time and 
temperature. In the present work, after a complement- 
ary study with electron microscopes (scanning and 
transmission), this evolution was interpreted in terms 
of recrystallization as developed by Thompson and 
co-workers [6, 7]. 

2. Experimental procedure 
The deposition techniques have been described in 
earlier papers [4, 5]; they will be only briefly recalled 
here. Layers of tungsten and selenium were deposited 
sequentially, by sputtering of tungsten and evapor- 
ation of selenium. The number of layers varied from 
six to ten. The W/Se /W/ . . . /Se  structures were an- 
nealed in a vacuum-sealed glass tube at a temperature 
between 773 and 823 K for 72-168 h. The WSe2 films 
were synthesized by solid-state reaction of the thin 
layers. The last amorphous selenium capping layer 
protects the tungsten films from oxidation during 
transfer from the deposition apparatus to the glass 
tube 1-8] and also permits annealing to be carried out 
under a small selenium pressure, which increases the 
quality of the films, as discussed in a preceding paper 
[5]. Therefore, during annealing, the last selenium 
layer was evaporated and the thicknesses of the other 
layers were calculated to achieve the desired composi- 
tion, varying from 25-50 nm and from 90-775 nm for 
tungsten and selenium, respectively. 

As shown earlier [4, 5], during the cooling of the 
glass tube, some selenium condensation takes place on 
the surface of the layers. This selenium excess is sub- 
limed by annealing the samples under dynamic va- 
cuum for 24 h at T = 123 K. 

An X-ray diffractometer (XRD) using monochro- 
matic CuK= radiation was employed to obtain diffrac- 
tion patterns from the films. Detailed morphological 
analysis of the films was carried out by scanning 
electron microscopy (SEM) us!ng a Jeol 6400F field 
emission electron microscope. Another electron 
microscope equipped with a microprobe analyser, was 
used to check the composition of the films. Transmis- 
sion electron microscopy (TEM) and electron diffrac- 
tion were used to control the orientation, homogen- 
eity; and morphology of the deposits. For examination 
in the TEM, the films were chemically removed from 
the glass substrates and then attached to copper grids. 

3. Results 
As shown by microprobe analysis, the films are 
stoichiometric. The results of XRD and SEM studies 
are shown in Figs 1-3. It can be seen that the grain size 
and the texture of the films increased with the time 
and/or temperature of annealing. 

At 773 K after 72 h, small grains, about 100 nm in 
size, are embedded in less-crystallized matrix. The 
films show the beginning of (00 l) preferred orienta- 
tion. However, peaks with other orientations are de- 
tected (Fig. la). 

At the same temperature but after 168 h, the grain 
size has increased (a few 100 nm), and the badly 
crystallized matrix has disappeared. The crystallites 
have the (001) preferential orientation; however, the 
(0 0 2) ray is not detected and the relative intensities of 
the peaks, I/Io, are not in agreement with those of the 
ASTM data [9]. For the same duration when the an- 
nealing temperature is increased from 773 K to 823 K, 
the grain size is much higher (a few micrometres) and 
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Figure I WSe2 thin film after annealing at 773 K, 72 h: (a) XRD 
pattern, (b) scanning electron rnicrograph. 
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Figure 3 WSe2 thin film after annealing at 823 K for 168 h: (a) XRD 
pattern, (b) scanning electron micrograph. 

Figure 4 (a) Electron micrograph of a WSe 2 thin film after anneal- 
ing at 823 K for 168 h; (b, c) electron diffraction patterns of regions 
1 and 2 in the micrograph, respectively. 

Figure 2 WSe 2 thin film after annealing at 773 K for t68 h: (a) XRD 
pattern, (b) scanning electron micrograph. 

the XRD pattern is exactly that expected for a tex- 
tured film with the c-axis perpendicular to the plane of 
the substrates. However, there are many pinholes in 
the films. 

When visualized by TEM, these films exhibit very 
large, hexagonal-shaped crystallites (Fig. 4a). The elec- 
tron diffraction pattern of these crystals confirms the 
fact that they have the hexagonal structure of WSe2 
(Fig. 4b) and that they have the c-axis perpendicular to 
the plane of the substrate. At the grain boundaries, the 
diffraction pattern (Fig. 4c) shows the existence of 
small badly oriented microcrystals of WSe2. 
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4. Discussion 
The evolution of the morphology of the crystallites 
will be discussed with the help of the model proposed 
by Thompson and co-workers [6, 7], who have shown 
that, after a polycrystalline film has been formed after 
deposition of an amorphous film and subsequent crys- 
tallization (primary crystallization), a subsequent 
recrystallization can occur. Recrystallization or sec- 
ondary crystallization refers to a process in which new 
grains nucleate and grow within a pre-existing crystal- 
line matrix. 

Grain growth occurs in order to reduce the total 
energy of a solid. Therefore, grain growth is driven by 
the elimination of grain-boundary energy which ac- 
companies the reduction in the total area of grain 
boundaries per unit volume. Thompson and co- 
workers demonstrated that, when the grain size is 
comparable to the film thickness, the energy of a grain 
includes not only the energy associated with the grain 
boundaries, but also the energy of the top surface and 
of the film substrate interface, therefore we have [6, 7] 

dr 

dt 

+ -~ + Vgb - (1)  

where f is the rate of growth of a grain, M the average 
grain-boundary mobility, h the thickness of the film, 
~/s the surface energy of the growing grain, ~* the 
average surface energy of the film, ~(i the energy of the 
film substrate interface, y* the average grain-bound- 
ary energy, ~ the average grain radius, and r the radius 
of the grain under consideration. 

Therefore, if the surface (interface) energy is a func- 
tion of the crystallographic orientation of the grains, 
those grains with orientations that lead to low surface 
energies will grow faster than those grains with other 
orientations. The surface (interface) energy of a crystal 
is a fundamental property which depends on the na- 
ture of the bonding of the material [-10]. The surface 
(interface) energy is the work required to separate 
a crystal into two parts along a plane and is equal to 
half the energy of cohesion. In the case of layer-type 
structure such as WSe2, the bonds between the planes 
perpendicular to the c-axis are Van der Waals bonds, 
while in the other directions the bonds are iono- 
covalents. Therefore, the surface energy of the planes 
perpendicular to the c-axis is far smaller than the 
others. 

We have seen that at the onset of crystallization 
(Fig. 1), the crystallites are small and badly oriented, 
this may roughly correspond to the primary crystalli- 
zation state. When the annealing time and/or temper- 
ature increases, there is a recrystallization process. As 
we have shown, y is strongly dependent on the crystal- 
lographic orientation of a grain, this leads to preferred 
growth of the plane perpendicular to the c-axis. This 

growth results in films composed of large grains, hav- 
ing the same plane parallel to the plane of the film, but 
random in plane orientations (Fig. 3), while all other 
grains which do not minimize ~/, neither grow nor 
shrink. This process is visualized in Fig. 4 where we 
can see the large hexagonal grains grown during the 
recrystallization, while non-oriented microcrystallites 
remain at the grain boundaries. By comparison with 
the grain-size distribution proposed by Thompson 
[6], Fig. 4a shows that our films correspond to a pic- 
ture situated between Fig. 2e and f of Ref. 6. 

5. Conclusion 
XRD, SEM and TEM studies describe the process of 
recrystallization well, as proposed by Thompson and 
co-workers, when the surface energy is strongly de- 
pendent on the crystallographic orientation of the 
grain, which is the case in layer-type WSe/. 

Other metal dichalcogenides with the same hexa- 
gonal structure can be obtained in the textured thin- 
film form. MoTe2 is very easy to obtain with the c-axis 
perpendicular to the plane of the substrate. The first 
state of crystallization has not been visualized, but this 
is only because the process is faster than with WSe2 
and we can imagine that MoTe2 thin films follow the 
same process as that described here. In the laboratory 
we are now trying to obtain textured WSe/ th in  films 
without pinholes at the end of the recrystallization; for 
this, a better control of the process is required. 
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