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f evaporation modes in two
different morphologies of 2D WS2 film

Yanlu Yu,ab Lan Meng, *ab Wei Yan,c Jingjing Feng,ab Heng Lide and Xiaohong Yan*ab

Exploring the inverse process of materials growth, evaporation of atoms from the material, is a crucial

method to investigate the physical properties of two dimensional (2D) nanomaterials. Here, the

evaporation modes of two different morphologies of 2D WS2 film, stacked film and normal film, were

investigated by thermal annealing. It is found that the atomic evaporation rate increases and the

crystallinity deteriorates when annealing temperature rises. During the evaporation process, atom

evaporation firstly starts from the boundaries and defects. The evaporation rate is proportional to the

free energy of S and W atoms, and inversely proportional to the local S–W atomic concentration. There

is a striking difference in the evaporation modes between stacked film and normal film; layer-by-layer

peeling off the surface only appears in normal film. These results imply that the interlayer coupling

strength of stacked film is greater than that of the normal film with uniform thickness.
1. Introduction

The discovery of graphene has spawned entirely new elds of
research on two dimensional (2D) layered materials since 2004.
However, the metallic properties of graphene with zero-
bandgap limits its applications in electronic circuits and eld-
effect transistors.1,2 Over the past ten years, a large number of
different 2Dmaterials with novel properties have been explored.
Among them, 2D transition metal dichalcogenides (TMDs) have
attracted a lot of attention due to their interesting electrical,
chemical and optical properties.3–6 This category of materials
may span the full range of electronic behavior from metallic to
semi-conductive and wide band-gap insulating properties.7,8

Extensive investigations show that 2D TMDs have revealed
affluent properties, such as, valley polarization,9,10 quantum
spin Hall effect,11,12 type-II Weyl semimetal,13,14 etc. Besides, the
applications and the synthesis techniques of 2D TMDs have also
been investigated extensively up to now.15–20 However, the
inverse process of lm growth by thermal annealing, evapora-
tion of atoms from the lm as grown, is scarcely discussed. As
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a conventional technology, thermal annealing can help us
further study the physical properties of the 2D nanomaterials.
Based on previous research, annealing can be used to investi-
gate the interlayer forces,21 the thermal stability of grain
boundaries,22 phase transformation,23,24 etc. The coupling
behavior of heterojunctions could be modulated by low
temperature annealing.25 Besides, lms can be thinned down to
desired thickness by thermal annealing.26 Also, by using tech-
niques such as in situ Transmission Electron Microscopy
(TEM)27,28 and Scanning Electron Microscopy (SEM),29 it is
possible to directly observe changes in the atomic microstruc-
ture before and aer annealing. Nevertheless, the thermal
annealing research for 2D TMDs lm grown by chemical vapor
deposition (CVD) method, especially when the annealing
temperature is close to the growth temperature has not been
reported up to now.

In this paper, the effects of four annealing parameters: the
annealing temperature, the carrier gas ow rate, the sample
positions on the substrate and the annealing time on the
morphologies of 2D WS2 lm were explicitly explored. Our
results show that the atomic evaporation rate gradually
increases and the crystallinity becomes worse and worse when
annealing temperature rises. More importantly, both of the two
morphologies lm (stacked lm and normal lm) obtained by
the CVD method are peeled from the boundaries and defects.
The evaporation rate is proportional to the free energy of S
and W atoms, and inversely proportional to the local S–W
atomic concentration. However, layer-by-layer peeling off the
surface only appears in normal lm, which is similar with the
stripping sequence of few-layers akes obtained by mechanical
exfoliation.26 This implies that the normal lm of WS2 behave
more like mechanically exfoliated lm, whose interlayer
RSC Adv., 2019, 9, 26799–26806 | 26799
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coupling is van der Waals force. Whereas there may be
a “pinning effect” at the center of stacked lm, whose interlayer
coupling strength is larger than that of normal lm.
2. Experiment results and discussion

In this work, we synthesize 2D WS2 lm on SiO2 (300 nm)/Si
substrates using chemical vapor deposition (CVD) method
(see the Methods section). As shown in Fig. 1(a), two different
morphologies of 2D WS2: normal lm with uniform thickness
and stacked lm with center region thicker can be obtained on
one substrate. The samples as grown were annealed in Ar gas
atmosphere for a certain time, as shown in the schematic of
Fig. 1(b). Aer the annealing process nished, these samples
were rapidly cooled down to room temperature by moving the
furnace away. It can be clearly seen that the area of the lm is
signicantly reduced aer annealing by comparing the scan-
ning electronmicroscopy (SEM) images (Fig. 1(a) and (c)) of WS2
lm before and aer annealing. Besides, there are some lm
with fewer layers may disappear aer annealing. Meanwhile, an
interesting phenomenon appeared, the remaining lm is sur-
rounded by a circle of granules, as shown in Fig. 1(d). According
to the energy dispersive spectrometer (EDS), the mainly
constituents of these granules are W atoms, which escaped
from the 2D WS2 akes to gather together. This may indicate
that S atoms are prone to evaporate with relative to W atoms at
the same condition.

To further explore the mechanism of evaporation modes in
2D WS2 lm with two different morphologies, annealing in
different parameters were performed. Firstly, with other
Fig. 1 (a) and (c) SEM images of 2DWS2 film before and after annealing at
thermal annealing for WS2 film. (d) is a high magnification SEM image of

26800 | RSC Adv., 2019, 9, 26799–26806
annealing parameters xed (Ar gas ow rate �150 sccm,
annealing time �3 min), we explore the inuence of annealing
temperature on the morphologies of WS2 akes. Fig. 2 shows
the optical micrographs of 2D WS2 lm before and aer
annealing at 600 �C, 800 �C and 900 �C, respectively. It shows
that there is a tiny decrease in the edge length of the triangular
WS2 ake aer annealing the samples at 800 �C by accurate
measurement. While this phenomenon becomes extremely
prominently when the annealing temperature increases to
900 �C. That is to say more atoms evaporate from the lm in the
same time when the annealing temperature increases. In other
words, larger free energy of atoms will lead to a higher evapo-
ration rate during annealing. To further obtain quantitative
information about how the deviation of the evaporation rates
depend on the different annealing temperature, Raman spectra
were explored.

Fig. 3 shows the Raman spectra (excitation wavelength: 532
nm) performed on these triangular WS2 lms in Fig. 2 before
and aer annealing. By tting each Raman spectra with Lor-
entzian function, three Raman peaks: 2LA (M), E12g, and A1g are
obtained. The statistical data of these Raman information are
explicitly listed in the Table 1. By analyzing the Raman spectra,
especially the relationship between the number of layers and
A1g–E

1
2g,30–32 the number of layers of the lm could be deter-

mined. Here, the number of layers of the triangular akes
shown in Fig. 2 before annealing at 600 �C, 800 �C, and 900 �C
are 2, 3, and 3, respectively, which change to 2, 3 and 2 aer
annealing. In other words, the number of layers of the lm is
reduced by one layer aer annealing at 900 �C, but the lm is
only peeled off from the edge aer annealing at 800 �C. Besides,
800 �C for 5minutes (Ar gas flow rate�150 sccm). (b) Schematic of the
(c) with the EDS result of the granule.

This journal is © The Royal Society of Chemistry 2019
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Fig. 2 (a) and (d), (b) and (e), (c) and (f) are optical micrographs of WS2 film before and after annealing at 600 �C, 800 �C and 900 �C for 3minutes,
respectively (Ar gas flow rate �150 sccm).
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by analyzing the optical micrographs through image segmen-
tation method,33 the area of these lms before and aer
annealing could be acquired. Therefore, the atomic evaporation
rate of WS2 lm at a certain annealing condition can be
approximately estimated using this simple empirical formula:
Fig. 3 (a), (b) and (c) are Raman spectra of WS2 film before and after ann
minutes, Ar gas flow rate �150 sccm).

This journal is © The Royal Society of Chemistry 2019
Vevp ¼ ðS1l1 � S2l2Þd
t

where Vevp is the atomic evaporation rate, S1 and l1 are the lm
area and layer number before annealing, respectively. S2 and l2
ealing at 600 �C, 800 �C and 900 �C, respectively (annealing time �3

RSC Adv., 2019, 9, 26799–26806 | 26801
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Table 1 The statistical data of Raman and other information obtained from Fig. 3

Annealing E2g (cm
�1) A1g (cm

�1) A1g–E
1
2g (cm

�1) FWHM of E12g (cm
�1)

DFWHM
(cm�1) Area (�10�10 m2)

Atomic evaporation
rate (min�1)

600 �C Before 354.3 419.3 65.0 5.9 1.1 7.55 z0
Aer 354.3 419.3 65.0 7.0 7.55

800 �C Before 352.9 419.4 66.5 7.1 1.5 10.35 1.03 � 105

Aer 352.9 419.4 66.5 8.6 9.63
900 �C Before 354.3 420.8 66.5 7.1 2.5 13.58 8.23 � 105

Aer 354.3 419.3 65.0 9.6 7.85
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are the lm area and layer number aer annealing, respectively.
d represents the atomic density (4.312 � 1015 atoms per cm2) of
the WS2 monolayer.34 t is the evaporation time. From Table 1, it
could be clearly seen that with the temperature increases, the
atomic evaporation rate increases signicantly from about 0 to
1.03 � 105 and 8.23 � 105 (atoms per minute) when the evap-
oration temperature increases from 600 �C to 900 �C.

Another important information can be achieved from the
Raman spectra, that is full-width at half maximum (FWHM) of
E1
2g, which reects of the structural distribution of lm.35 The

higher the crystallinity, the narrower the FWHM of E1
2g. In Table

1, it can be clearly seen that the FWHM of E1
2g becomes larger

aer annealing, which demonstrates the crystallinity of the lm
deteriorated and more defect emerged aer annealing.
Furthermore, the variations of FWHM of E1

2g before and aer
annealing at 600 �C, 800 �C, and 900 �C are 1.1, 1.5 and 2.5,
respectively. Therefore, we can draw a conclusion that the
higher the annealing temperature, the atomic vibration
becomes stronger and the crystallinity of the lm is destroyed
more severely. This can also be further conrmed by Fig. 2(f),
where an observable vacancy emerges within the triangular lm
aer annealing at 900 �C.

Carrier gas ow rate is another parameter which may exert
signicant inuence on the evaporation of atoms during
annealing process. Fig. 4(a)–(c) are optical micrographs before
and aer annealing 2DWS2 samples at 50 sccm and 300 sccm Ar
gas ow rate (800 �C, annealing time �5 minutes), respectively.
We observe that the evaporation rate of lm increases remark-
ably as the carrier gas rate increases. Besides, we found that the
evaporation rate of atoms during annealing is closely related to
the position of the akes on the substrate. As shown in
Fig. 4(d)–(f), the remaining area of the lm gradually increases
along the direction of the Ar gas. Another interesting
phenomenon is that the inner part of stacked lm always
stripped at the end during the annealing process, which is
completely different from the stripping sequence of mechanical
exfoliated layered lm, with layer-by-layer peeling mode during
the annealing process.

In fact, carrier gas ow rate and the position of the akes on
the substrate exert similar effect on the evaporation rate during
the annealing process. The evaporated S and W atoms are
continuously transported backward by the carrier gas, and the
delivery rate is proportional to the rate of the carrier gas.
Therefore, higher carrier gas rate would result in lower
remainder local S–W atomic concentration evaporated from
26802 | RSC Adv., 2019, 9, 26799–26806
WS2 lm. Oppositely, the carrier gas will increase the local S–W
atomic concentration at downstream part. Based on the above
discussion, it can be concluded that evaporation rate is nega-
tively correlated with the “local S–W atomic concentration”.

Another critical factor affecting the morphology of 2D WS2
lm is annealing time. As it is difficult to observe the variations
of 2D WS2 lm in real-time during annealing process, we
conduct short-time and continuously annealing one substrate
to simulate continuous changes. Fig. 5(a)–(h) show the
morphologies of 2D WS2 lm under series of annealing for 0, 2,
4, 6, 8, 11, 14, 17 minutes, respectively. In addition to the
decreased area of akes as mentioned above, which means
atoms gradually evaporate from the boundaries, vacancies in
many akes are also observed during annealing process.

Like the mechanically exfoliated lm,16,36 defects are ubiquitous
among the lms obtained by CVD method,37,38 atoms near the
defects are more unstable, so these atoms are prone to evaporate
rstly during the high temperature annealing process. As a result,
defects will gradually expand to become vacancies and new
boundaries, as shown in Fig. 5(d)–(h). Therefore, our experimental
results demonstrate that atoms evaporation rstly starts from the
boundaries and defects during the annealing process.

In order to further explore the inuence of annealing on the
morphologies of 2D WS2 lm, atomic force microscopy (AFM) was
employed to measure the thickness variation of WS2 akes in our
experiments. Fig. 6(a), (b), (e) and (f) show the variation of
morphologies of normal WS2 lm and stackedWS2 lm before and
aer annealing. In our experiments, the distance between these two
akes on the substrate does not exceed 100 mm, so it's convinced
that the four annealing parameters we have mentioned above are
identical. As can be seen from Fig. 6(b) and (f), vacancies emerge on
both types ofWS2 lm aer annealing, which aremarked by the red
arrows. More importantly, from the deviation of height proles
between normal lm and stacked lm in Fig. 6(c) and (g), we can
clearly nd that the stacked lm peeled only from the edges, but the
normal lm peeled not only from the edges but also peeled layer-by-
layer from the surface. This means the evaporation rate of upper-
most layer for stacked lm is much lower than that of the bound-
aries. Furthermore, friction forcemicroscope (FFM)measurements,
shown in Fig. 6(d) and (h), demonstrate that the friction of both
kinds of lm increase aer annealing. This further reveal that the
roughness of WS2 lm increase, and further demonstrate the
increased defects or vacancies aer annealing.

Up to now, it is most fascinating to us: what is the origin of
the deviation of evaporation modes between normal WS2 lm
This journal is © The Royal Society of Chemistry 2019
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Fig. 4 (a) Optical micrographs of 2DWS2 before annealing. (b) and (c) Optical micrographs of film annealing at 50 sccm and 300 sccm of carrier
gas flow rate, respectively (annealing temperature �800 �C, annealing time �5 min). (d)–(f) Optical micrographs of different locations along the
direction of carrier gas at the same sample (annealing temperature �800 �C, annealing time �5 min, carrier gas flow rate �300 sccm).
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and stacked WS2 lm. As the evaporation mode of normal WS2
lm with layer-by-layer peeled from the surface is much analo-
gous to that of mechanically exfoliated lm. So, the inner
Fig. 5 Optical micrographs of 2D WS2 film annealing for 0, 2, 4, 6, 8, 11,
sccm), respectively.

This journal is © The Royal Society of Chemistry 2019
structure and interlayer coupling of normal WS2 lm synthe-
sized by CVD method and mechanically exfoliated 2D lm are
similar. As we know, the stronger binding force of one atom
14, 17 minutes (annealing temperature �800 �C, Ar gas flow rate �150

RSC Adv., 2019, 9, 26799–26806 | 26803
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Fig. 6 (a) and (b) AFM images of normal WS2 film before and after annealing (annealing temperature �800 �C, annealing time �10 minutes, Ar
gas flow rate�150 sccm). (e) and (f) AFM images of stacked WS2 film before and after annealing, the scale bar in the insets in (e) and (f) is 1 mm. (c)
and (g) Cross-sectional profiles correspond to the dotted lines in (a), (b), (e) and (f), respectively. (d) and (h) Friction curves obtained on the surface
of 2D WS2 before and after annealing.
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with the surrounding atoms, the more difficult for this atom to
evaporate during annealing. Therefore, the stacked WS2 lm
synthesized by CVD method peeled only from the edge and
defects, which may indicate that the interlayer coupling
Fig. 7 (a) A, B1, B2 are Raman spectra for the normal film, outer region
Raman spectra obtained on the same position as A, B1, B2 after annealing
flow rate �150 sccm). (b) and (c) Diagram model illustrating the evapora

26804 | RSC Adv., 2019, 9, 26799–26806
strength of stacked lm is stronger than that of normal lm and
mechanically exfoliated lm. Combining with the unique
stacked pattern of these stacked lm, we speculate that the
and center region of the stacked film before annealing. A0, B10, B20 are
(annealing temperature �800 �C, annealing time �10 minutes, Ar gas
tion modes for normal 2D WS2 film and staked 2D film.

This journal is © The Royal Society of Chemistry 2019
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much stronger interlayer coupling strength may come from the
“pinning effect” at the central region of the stacked lm.

This deviation of evaporation modes between normal and
stacked lm can be further conrmed by comparing the Raman
spectra of WS2 lm before and aer annealing for a long time or
higher temperature. As shown in Fig. 7(a), A, B1, B2 are Raman
spectra for the normal lm, outer region and center region of
the stacked lm before annealing, which are denoted by the
blue arrows in the model diagram of Fig. 7(b) and (c). A0, B10, B20

are Raman spectra obtained on the same positions as A, B1, B2
aer the sample was annealed at 800 �C for 10 minutes. By
tting each Raman spectra with Lorentzian function, it can be
clearly seen that there is an obvious difference in the E1

2g peak
before and aer annealing, which represents the in-plane
vibrations of W and S atoms.39,40 The strength of E1

2g peak of A
and B1 spectra signicantly reduce aer annealing. This means
that a large number of S–W bonds are destroyed during the
annealing process,41 resulting in new defects, which is also
consistent well with the friction measurements. However, the
deviation of Raman spectra in the center part (B2) of stacked
lm before and aer annealing could be ignored, which means
the S–W bonds here are rarely destroyed. This result also
conrms the “pinning effect” we mentioned above. According
to the results and analysis above, we propose the diagram
model illustrating the evaporation modes for normal 2D WS2
lm and staked 2D lm, as shown in Fig. 7(b) and (c). Further,
we could deduce that the deviation of evaporation mode
between stacked lm and normal lm may stem from their
growth mechanism's disparity.
3. Conclusion

In conclusion, we have studied the evaporation mode of two
different morphologies of 2D WS2: normal lm with uniform
thickness and stacked lm with center region thicker by
thermal annealing. The evolution of morphologies in 2D WS2
lm were explicitly explored by modulating four annealing
parameters: the annealing temperature, the carrier gas ow
rate, the position of the akes on the substrate and the
annealing time. The microstructure and quality of 2D WS2 were
characterized by SEM, optical microscopy, AFM and Raman
spectroscopy. The atomic evaporation rate of WS2 lm at
a certain annealing condition can be approximately estimated
aer recognizing the lm area and layer numbers before and
aer annealing. We observe the evaporation rate is proportional
to the free energy of S and W atoms, and inversely proportional
to the local S–W atomic concentration. There is a striking
difference in the evaporation mode between stacked lm and
normal lm: stacked lm peeled only from the boundaries and
defects, but normal lm peeled not only from the boundaries
and defects but also peeled layer-by-layer from the surface. This
implies that normal lm of 2D WS2 behave more like
mechanically exfoliated lm, whose interlayer coupling is van
der Waals force. Whereas there may be a “pinning effect” at the
center of stacked lm, whose interlayer coupling strength is
larger than that of normal lm.
This journal is © The Royal Society of Chemistry 2019
4. Methods
4.1 CVD synthesis of 2D WS2 lm

The stacked lm and normal lm were grown by CVDmethod at
atmospheric pressure with S and WO3 as precursors. Like the
usual method, S powder (Alpha Aesar, 99.5%, 300 mg) and WO3

powder (Alpha Aesar, 99.5%, 30mg) were placed in two furnaces
(low temperature zone and high temperature zone) respectively,
at the same time, SiO2 (300 nm)/Si substrates were placed in
growth zone which was 2 cm away from the WO3. Before heat-
ing, the tube was pumped down to 20 Pa and ushed with 300
sccm high-purity Ar gas several times to exclude oxygen, then
lled with Ar gas until the pressure in the tube is atmospheric
pressure. Subsequently, Ar gas ow rate was adjusted to 120
sccm and kept until the end of the experiment. During the
heating process, the low temperature zone for S precursors was
rst kept at room temperature for 24 minutes, then heated to
250 �C in 8 minutes, and held for 17 minutes. Meanwhile, the
high temperature furnace for WO3 precursors and SiO2 (300
nm)/Si substrates were heated from room temperature to
1150 �C and 880 �C in 34 minutes, respectively, and then held
for 15 minutes for growth. Aer growth process, the furnace was
removed to allow the substrate naturally cooled.
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V. H. Crespi, F. López-Uŕıas, J.-C. Charlier, H. Terrones and
M. Terrones, Sci. Rep., 2013, 3, 1755.

32 W. Zhao, Z. Ghorannevis, K. K. Amara, J. R. Pang, M. Toh,
X. Zhang, C. Kloc, P. H. Tan and G. Eda, Nanoscale, 2013,
5, 9677–9683.

33 N. R. Pal and S. K. Pal, Pattern Recognit., 1993, 26, 1277–1294.
34 L. Ma, Y. Tan, M. Ghorbani-Asl, R. Boettger, S. Kretschmer,

S. Zhou, Z. Huang, A. V. Krasheninnikov and F. Chen,
Nanoscale, 2017, 9, 11027–11034.

35 A. McCreary, A. Berkdemir, J. Wang, M. A. Nguyen,
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