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Low-dimensional materials, such as transition metal dichalco-
genides (TMDs), have attracted considerable attention as prom-
ising materials for the next generation of electronic devices. 
Both monolayer and few-layer TMDs have been suggested as 
materials with a variety of unique properties,[1,2] including spin–
orbit coupling effects for spintronic applications,[3,4] supercon-
ductivity,[1] ferromagnetism,[2] a direct bandgap in the optimal 
range for solar cell applications[5,6] and transistors.[7,8] Moreover, 
it was previously shown that the bandgap in 2H-TMDs can 

2D materials, such as transition metal dichalcogenides (TMDs), graphene, 
and boron nitride, are seen as promising materials for future high power/high 
frequency electronics. However, the large difference in the thermal expan-
sion coefficient (TEC) between many of these 2D materials could impose a 
serious challenge for the design of monolayer-material-based nanodevices. 
To address this challenge, alloy engineering of TMDs is used to tailor their 
TECs. Here, in situ heating experiments in a scanning transmission electron 
microscope are combined with electron energy-loss spectroscopy and first-
principles modeling of monolayer Mo1−xWxS2 with different alloying concen-
trations to determine the TEC. Significant changes in the TEC are seen as a 
function of chemical composition in Mo1−xWxS2, with the smallest TEC being 
reported for a configuration with the highest entropy. This study provides 
key insights into understanding the nanoscale phenomena that control TEC 
values of 2D materials.

be tuned using selective doping, which 
allows them to have high on–off ratios[9] 
for low-power logic and switching applica-
tions.[10,11] When single or few-layer TMD 
materials are combined with graphene and 
hexagonal boron nitride (hBN) to form 
heterostructures, novel electronic proper-
ties have been discovered, including fluo-
rescence intermittency,[3] high mobility, 
and optical transparency when integrated 
in thin film transistors,[12] fractional 
quantum Hall effects,[4] or valley-polarized 
excitons.[5] Moreover, tunneling-field effect 
transistors formed by stacking of these 
atomically thin 2D materials can enable 
energy-efficient transistors for digital and 
analog circuit applications.[13]

In this study, we report that the thermal 
expansion coefficient (TEC) of 2D TMDs 
can be engineered by changing the com-

position of alloyed 2D materials. In particular, we determine 
the TEC of Mo1−xWxS2 ranging from MoS2 to WS2 using a com-
bination of scanning transmission electron microscopy (STEM) 
and electron energy-loss spectroscopy (EELS) and first-princi-
ples density-functional-theory (DFT)-based modeling.[7] Our 
results reveal that the TEC depends on the composition and 
is lower for all Mo1−xWxS2 alloys compared to MoS2 and WS2, 
with a minimum in the TEC for the Mo0.5W0.5S2 structure.

MoxW1−xS2 structures were synthesized via chemical 
vapor transport (CVT) method using desired amounts of 
molybdenum (Mo), tungsten (W), and sulfur (S) powders 
in evacuated ampules based on the stoichiometric ratios (see 
more details in the Experimental Section). The obtained pow-
ders were then exfoliated in isopropyl alcohol (IPA) solution 
followed by centrifugation and drop casting on a holey-carbon 
film supported by a holey SiN film (Protochips thermal E-chips) 
for TEM measurements. Figure S1 in the Supporting Informa-
tion shows the dynamic light scattering (DLS) measurement 
of Mo0.7W0.3S2 solution using a NiComp ZLS 380 system at 
room temperature. We find that the average size of the exfoli-
ated flakes is 175  nm. Figure 1A shows a high-angle annular 
dark-field (HAADF) image of a freestanding Mo0.7W0.3S2 flake 
spanning the hole in the carbon film. Figure  1B–D shows an 
atomic-column resolved HAADF image of several Mo1−xWxS2 
flakes (x = 0.3, 0.5, 0.7) with 2H hexagonal structure (P63/mmc) 
along the [001] zone axis. Here, the transition metals (Mo or W) 
form a hexagonal lattice, while the S sublattice is not visible 
in the HAADF imaging mode. Moreover, the HAADF images 
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allow us to distinguish between the Mo and W atoms, since the 
image contrast is directly proportional to the atomic number, 
Z, and the heavier W atoms will appear as brighter spots in the 
images. Based on the comparison of these three samples, we 
find that the concentration of W atoms, i.e., x in Mo1−xWxS2, 
increases as expected for 0.3 ≤ x ≤ 0.7.

The positions of the Mo and W atoms are identified using 
2D Gaussian fitting,[14] and the resulting positions are marked 
as red and blue circles in Figure  1B–D for W and Mo atoms, 
respectively. Based on the identified distributions, the alloying 
degrees of W and Mo were calculated to be 99.4–100.9% and 
99.4–99.9% for different alloy concentrations, respectively (see 
more details in the Supporting Information and ref. [15]). This 
indicates that the high-contrast W atoms are homogeneously 
distributed into the MoS2 structure at the atomic scale and 
there is no evidence of any local ordering or clustering of W 
and Mo atoms. The observed formation of stable Mo1−xWxS2 
alloys across the entire compositional range with disorder of 
Mo/W atoms is in excellent agreement with our DFT-based 
results of the alloy formation energies. We performed a cluster 
expansion-based search for ordered and disordered Mo1−xWxS2 
alloys for the entire composition range. We find that the 
mixing enthalpy (ΔH) of the disordered alloys at all composi-
tions is negative as shown in Figure  1E, which explains the 
lack of phase segregation between MoS2 and WS2 in the STEM 
experiments. Moreover, we find 10 ordered alloys on the convex 

hull that are expected to be thermodynamically stable. The 
number of stable ordered alloys presented here is larger than 
that reported in a previous study, which had only considered 
symmetric structures at x  = 1/3 and 2/3.[16] However, due to 
the greater configurational entropy of the disordered alloys, we 
predict that chemically disordered Mo1−xWxS2 alloys have lower 
free energy than ordered alloys for temperatures above 50 K 
(see the order–disorder phase diagram in the Supporting Infor-
mation), which also explains the lack of any locally ordered 
structures in the synthesized samples.

X-ray photoelectron spectroscopy (XPS) was used to confirm 
the atomic composition of the alloyed structures. Figure  1C 
shows the Mo 3d, W 4f, and S 2p core levels for the Mo0.7W0.3S2 
sample. Our XPS results confirm the presence of MoS2 and 
WS2 phases corresponding to major peaks of Mo 3d at 229 and 
232 eV as well as W 4f peaks at 34 and 35.5 eV. Our high-resolu-
tion XPS quantification analyses indicate the composition ratio 
of 69.2–30.8% for Mo:W. The XPS results on other synthesized 
materials (Section S2, Supporting Information) confirm the 
stoichiometry of the other Mo1−xWxS2 alloys. Raman spectros-
copy was also performed on synthesized Mo1−xWxS2 samples 
with different compositions. Our results in Figure 1D show dis-
tinct peaks of MoS2 at ≈382 and ≈408 cm−1 and WS2 at ≈355 
and ≈420 cm−1. Moving from x = 0 to x = 1, the peak located 
at ≈408 cm−1 shifts to ≈420 cm−1, while the MoS2-like peak at 
≈382 cm−1 moves toward lower frequencies with a decrease in 
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Figure 1.  A) HAADF image of a Mo0.3W0.7S2 flake suspending across the holes on the carbon films. B–D) Atomic-resolution HAADF images of 
Mo1−xWxS2 (x = 0.3, 0.5, 0.7) at 423 K with identified atom locations marked in the centers (red and blue circles for W and Mo atoms, respectively). 
E) Convex hull plot of Mo1−xWxS2 generated using the cluster expansion method. The circles and diamonds represent the calculated training set and 
corresponding predictions, respectively. The x’s represent predictions without corresponding calculations. F) XPS results of synthesized Mo0.3W0.7S2. 
G) Raman spectra of Mo1−xWxS2 with different W compositions.
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intensity. A new WS2-like peak is observed at x  = 0.3, which 
has an increase in intensity while shifting toward ≈355 cm−1 
at x = 1.[17]

In situ heating experiments using a double-tilt Protochips 
Aduro stage were combined with ADF imaging and EELS 
to image the atomic structure and measure the shift of the 
plasmon peaks as a function of sample temperature. Each TEM 
sample was first gradually heated from room temperature to 
723 K. To monitor the structural change during the heating pro-
cess, atomic-resolution HAADF images were collected at sev-
eral different sample temperatures, from 423 to 723 K in 100 K 
increments. The heating process was followed by a gradual low-
ering of the sample temperature while low-loss EEL spectra 
were collected at four sample temperatures between 723 and 
423 K with ΔT = 100 K. The energy scale for all EEL spectra 
was calibrated using the zero-loss peak, and the intensity was 
normalized with respect to a 40–60  eV energy loss window 
after the plasmon energy area (5–40 eV energy loss). The initial 
sample heating process was used to minimize the sample con-
tamination with mobile carbon species, which will prevent the 
acquisition of the plasmon EELS. In addition, imaging was 
used to monitor any structural changes as the result of the in 
situ heating process, as discussed below.

Figure  2A shows the atomic-resolution HAADF images of 
Mo1−xWxS2 at four sample temperatures (423–723 K). During 
the heating process, the monolayer area (indicated by yellow 
rectangle) gradually receded, which could be either due to 
the temperature-induced creation of vacancies or due to the 

strain induced by the mismatch in thermal expansion between 
the monolayer area and nearby few-layer region. As a result, 
additional atoms accumulated at the edge of two-layers area 
(indicated by the red rectangle), and triangle-shaped vacancy 
clusters that have been reported in the literature[18] are formed, 
which also extend into the two-layer thick regions of the sample 
(indicated by the blue arrow). In thicker area of the sample, the 
in situ heating results in the formation of vacancy cluster (seen 
as triangular shape) and clustering of atoms on the surfaces. 
However, the relative distribution of Mo and W atoms did not 
change significantly. It is important to note here that the crea-
tion of vacancies and surface atom clusters can influence the 
low-loss EEL spectra. Therefore, our EELS measurements are 
performed only in areas with minimum structural change to 
eliminate any effects of defects, atom clustering, and vacancies. 
Moreover, due to the high spatial resolution (i.e., 2.1 nm[19]) of 
our approach and the ability to perform simultaneous imaging, 
we can measure the thermal expansion coefficients via the 
plasmon peak shift from regions without visible defects. This 
is to ensure that our measurements do not induce additional 
defects at elevated temperatures.

As an example of our EELS measurements, Figure 2B shows 
an atomic-resolution HAADF image of a Mo0.3W0.7S2 flake at 
T = 723 K and corresponding plasmon energy shift (Figure 2C) 
acquired from the area indicated by the red box in Figure  2B 
at different temperatures. In this monolayer sample, we do not 
detect any sign of defect formation during our measurements. 
The plasmon energy shift was measured to be −1.0 meV K−1, 
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Figure 2.  A) Atomic-resolution HAADF image of Mo0.5W0.5S2 at different temperatures. The yellow and red boxes, as well as the blue arrows indicate 
the defects forming during the heating process. B) HAADF image of Mo0.3W0.7S2 and C) the corresponding low-loss EELS recorded in the red rectangle 
area at different temperatures. The green lines present the plasmon peak positions by the Gaussian fitting. The black line indicating the plasmon peak 
at T = 423 K is used to provide a better visualization of the red shift during heating. D) The shift of the plasmon peak energy as a function of Mo1−xWxS2 
layers for 0.3 ≤ x ≤ 0.3. The two endmembers are also plotted.
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which is smaller than both pure MoS2 (−1.5 meV K−1) and 
WS2 (−2.5 meV K−1), we have reported previously.[19] Figure 2D 
shows a summary of the plasmon energy shifts for different 
sample compositions and number of layers. The results of 
alloyed Mo1−xWxS2 are compared with pure MoS2 and WS2. 
We find that the measured plasmon peak shifts of the alloys 
are smaller than the range of values measured for MoS2 and 
WS2. This observation runs counter to the empirical Vegard’s 
law, which is frequently followed by alloys, where a measured 
property of the alloy is a weighted average of the property of the 
end members.

To determine the thermal expansion coefficient for the 
three different types of alloyed samples, we performed first-
principles modeling. To approximate the random distribution 
of Mo and W in the Mo1−xWxS2 structures while using a peri-
odic simulation frame (as required for our calculations), we 
utilized special quasirandom structures (SQS) using a Monte-
Carlo algorithm implemented in the Alloy Theoretic Automated 
Toolkit (ATAT).[20,21] The SQS code considers the correlation 
of the nearby sites and creates a structure with correlations 
close enough to the one from the truly disordered structure. 
The SQS of monolayer Mo1−xWxS2 (x  = 0.33, 0.5, 0.67) were 
generated and relaxed to the corresponding energetically stable 
configuration. Figure 3A presents a typical SQS of monolayer 
Mo0.33W0.67S2 in the top and side view. In addition to the 
SQS structures, we also determined the atomic configuration 
directly from the atomic-resolution ADF images and generated 
an ordered structure, where two types of atomic structures are 
alternatively stacked along the b-axis. A complete discussion of 
each structure is included in the Supporting Information. We 

find a very close match between the experimental and simu-
lated alloy atomic structures.

Based on these relaxed SQS, the frequency dependent dielec-
tric functions (ε(ω)) for monolayer Mo1−xWxS2 (x  = 0.33, 0.5, 
0.67) are then calculated using the random phase approxima-
tion (RPA). We selected a monolayer structure for Mo1−xWxS2 
with x  = 0.33 (0.67) as an approximation to the structure we 
measured experimentally with x  = 0.3 (0.7). The calculated 
low-loss EELS signals, specifically Im(−1/ε), are simulated to 
determine the plasmon energy shift (γa) as a function of lat-
tice expansion. For more details, see our previous publica-
tion detailing the methodology used here.[19] The calculated 
plasmon energy shift γa as a function of x for monolayer 
Mo1−xWxS2 is plotted in Figure 3B. It can be clearly seen that 
γa reaches a maximum value for a 50% alloying concentration 
(i.e., Mo0.5W0.5S2). Based on this simulated shift (γa) and the 
experimental plasmon shift (R), the thermal expansion coeffi-
cients for monolayer Mo1−xWxS2 alloys were determined using 

/ aγ−R , where α is the thermal expansion coefficient. The meas-
ured values for α as a function of x are shown in Figure  3B 
and displayed as a full list in Table 1. It is interesting to note 
that the thermal expansion coefficient does not show a linear 
relationship with the alloy concentration, x. In fact, the thermal 
expansion coefficients are lower for all Mo1−xWxS2 alloys and 
reach a minimum value of 3.51 × 10−5 K−1 for Mo0.5W0.5S2.

The random distribution of Mo and W atoms alters the 
nearest neighbor surroundings around any given atom and 
leads to different metal–sulfur bond distances that range from 
2.41–2.43 Å (3.18–3.20 Å between transition metals) as observed 
in the optimized SQS structure of Mo0.5W0.5S2 (see Section S8 
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Figure 3.  A) The special quasirandom structure (SQS) of Mo0.33W0.67S2 in the top and side view. B) Simulate shift as a function lattice expansion and 
C) the thermal expansion coefficients (α) of monolayer Mo1−xWxS2 at different alloying concentrations (x = 0,[22] 0.3, 0.5, 0.7, 1[22]).
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in the Supporting Information for more details about the dis-
tortions). One possibility is that the measured decrease in the 
thermal expansion coefficient for Mo1−xWxS2 alloys could be 
due to these local distortions, but we find that the freezing of 
local distortions leads to only small changes in γ. A more direct, 
but computationally demanding, approach to understand 
how alloying and local distortions could affect thermal expan-
sion is to obtain TECs directly from first principles through 
the calculation of the phonon band structure and the mode  
Grüneisen parameters.[23] Work along this line is ongoing and 
will be presented elsewhere. We also conjecture that ordering 
of atoms, for example, by creating superlattice of MoS2 and 
WS2 in monolayer forms[24] will provide an additional level of 
control over the thermal expansion coefficient.

In summary, we utilized our in situ STEM/EELS nanoscale 
technique to measure the thermal expansion coefficients of 
monolayer Mo1−xWxS2 with 0.3 ≤ x ≤ 0.7. We found that during 
the heating process, the crystal structures can change dramati-
cally due to the formation and diffusion of defects. Atomic- 
resolution imaging was used to monitor this change and pro-
vide a guide for our EELS measurements and to eliminate the 
effects of defects on the low-loss plasmon peak study. Com-
bining the experimental temperature dependent plasmon 
peak shift with the simulated lattice-expansion dependent 
EELS signal, the thermal expansion coefficients of mono
layer Mo1−xWxS2 were determined. We found that the TECs 
are reduced compared to pure MoS2 and WS2 as the result of 
alloying and reaches a minimum for structure showing the 
highest entropy, Mo0.5W0.5S2. This reported reduction in the 
thermal expansion coefficient as a function of alloy concentra-
tion demonstrates the potential to control the thermal expan-
sion coefficient in 2D materials and to engineer the thermal 
expansion mismatch between different 2D materials. More 
interestingly, at heterointerfaces, where the alloying concen-
tration does not abruptly change, the nonlinear effect reported 
here may be of critical interest in the device design. Future 
studies of nanoscale thermal properties across the monolayer 
TMD in-plane heterostructures will be of great interest.

Experimental Section
Experimental Methods: MoxW1−xS2 structures were synthesized using 

desired amounts of molybdenum (Mo), tungsten (W), and sulfur (S) 
powders in evacuated ampules based on the stoichiometric ratios. 
The ampules were heated up in a two-zone furnace under vacuum to  
1353 K for 21 h. The cold zone of the furnace was slowly cooled down 
to 1209 K over 71 h while the temperature of hot zone remained at  
1353 K. The furnace was then cooled down to room temperature 
over 21 h. Through liquid-phase exfoliation technique, the obtained 
powders were exfoliated in IPA solution to prepare nanoflakes. The 
300  mg of alloyed material powder was dispersed in 60  mL IPA 

(Sigma Aldrich, UHP) and exfoliated for 30 h. The solution was then 
centrifuged for 1 h. The top two third of the solution was extracted 
to obtain the final solution for the characterizations and TEM 
experiments.

Following solution preparation, the dispersed nanoflakes were drop 
cast on holey carbon films supported on Protochips thermal E-chips 
and dried for 5 min under an infrared. The grids were then annealed in 
vacuum under argon at 373 K for 4 h to remove any solvent residues. 
The samples were then kept in a vacuum desiccator until loaded into 
the microscope.

The TEM samples were characterized using an aberration-corrected 
JEOL JEM-ARM200CF equipped with a cold FEG and a Gatan Continuum 
EEL spectrometer, providing a sub-Å probe-size and 350 meV energy 
resolution. To control beam-induced damages during imaging and EELS 
acquisition, an 80 kV accelerating voltage with a 15 µA emission current 
was used. A 28 mrad convergence semiangle was selected for STEM and 
EELS. The HAADF images were recorded with detector angles ranging 
from 68 to 280 mrad. The EEL spectra were acquired with a dispersion of 
0.05 eV per channel in the low-loss area.

For each in situ heating experiment, the sample was initially 
heated to 723 K and then the temperature was lowered by 100 K each 
time to record the data until 373 K was reached. At each sampled 
temperature, the sample was allowed to stabilize for half an hour  
(1 h for 723 K) or until no obvious drift was observed before the data 
acquisition.

Details about the Gaussian fitting of the bulk plasmon peaks were 
previously reported in ref. [19]. It is important to note here that the 
energy position of any peak in the electron energy-loss spectrum can be 
determined with a precision in excess of the energy-resolution of the EEL 
spectra using the types of curve fitting described in ref. [19].

Computational Methods: The energy dependence of the inelastic 
scattering was proportional to the energy-loss function, lm[−1/ε(q,E)]. 
To simulate the low-loss EELS signals, the frequency dependent 
dielectric functions were calculated using the Vienna Ab initio 
Simulation Package (VASP), including local field effects in the RPA. For 
a sufficiently accurate simulation, a plane wave cutoff of 600  eV was 
chosen. For the smearing method, the tetrahedron method with Blochl 
corrections was used. Monkhorst-Pack k-point meshes were chosen as 
21 × 21 × 1. The vacuum in the out-of-plane direction was set as 30 Å. 
In order to have a sufficient description of the unoccupied states, the 
total number of bands was selected as double the number of occupied 
bands.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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Table 1.  The measured in-plane thermal expansion coefficient (10−5 K−1) 
of monolayer Mo1−xWxS2 at different alloying concentrations.

System x = 0 x = 0.3 x = 0.5 x = 0.7 x = 1

TEC 6.59 ± 0.75a) 5.25 ± 0.88 3.51 ± 1.32 9.20 ± 0.50 15.21 ± 1.38a)

a)The data of pure materials (x = 0 or 1) are from ref. [22].
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