
2D Materials

LETTER

Influence of defects and doping on phonon
transport properties of monolayer MoSe2

To cite this article: Zhequan Yan et al 2018 2D Mater. 5 031008

 

View the article online for updates and enhancements.

Related content
Unconventional thermal transport
enhancement with large atom mass: a
comparative study of 2D transition
dichalcogenides
Huimin Wang, Guangzhao Qin, Guojian Li
et al.

-

First-principles study of thermal transport
in nitrogenated holey graphene
Tao Ouyang, Huaping Xiao, Chao Tang et
al.

-

Strain modulated electronic and thermal
transport properties of two-dimensional O-
silica
Yang Han, Guangzhao Qin, Christoph
Jungemann et al.

-

This content was downloaded from IP address 143.215.28.164 on 14/09/2018 at 23:26

https://doi.org/10.1088/2053-1583/aabd54
http://iopscience.iop.org/article/10.1088/2053-1583/aa9822
http://iopscience.iop.org/article/10.1088/2053-1583/aa9822
http://iopscience.iop.org/article/10.1088/2053-1583/aa9822
http://iopscience.iop.org/article/10.1088/2053-1583/aa9822
http://iopscience.iop.org/article/10.1088/1361-6528/28/4/045709
http://iopscience.iop.org/article/10.1088/1361-6528/28/4/045709
http://iopscience.iop.org/article/10.1088/0957-4484/27/26/265706
http://iopscience.iop.org/article/10.1088/0957-4484/27/26/265706
http://iopscience.iop.org/article/10.1088/0957-4484/27/26/265706
http://oas.iop.org/5c/iopscience.iop.org/38772203/Middle/IOPP/IOPs-Mid-2DM-pdf/IOPs-Mid-2DM-pdf.jpg/1?


© 2018 IOP Publishing Ltd

MoSe2 as one of the two-dimensional (2D) ultrathin 
transition metal dichalcogenides (TMDCs) emerged 
as a promising alternative of graphene for nano-
electronic and opto-electronic devices [1–6]. It exhibits 
unique electronic and optical properties such as an 
intrinsic band gap [7–10], strong photoluminescence 
(PL) [11] and efficient photovoltaic (PV) response 
[12, 13]. In contrast to an indirect gap ~1.1 eV in bulk 
MoSe2, the monolayer MoSe2 exhibits direct bandgap 
of ~1.55 eV [7]. The unique electronic/optical 
properties and atomic-thickness make it promising 
for flexible nano-electronic applications such as 
switchable transistors [11, 14], photodetectors [12], 
ultrathin PV devices [10, 13], as well as thermoelectric 
applications [15, 16]. In addition, ultra-thin 
nanosheets of MoSe2 show a room-temperature 
mobility of ~50 cm2 V−1 s−1 [14], which increases 
almost four-fold when the temperature decreases 
to 78 K. Therefore, the monolayer MoSe2 becomes 

the promising material in next-generation ultrathin 
nano-electronic devices. However, inefficient 
thermal management may become challenging for 
the performance and reliability of ultrathin nano-
electronic devices as the device dimension scales down 
and power increases. Phonons are expected to be the 
dominant energy carriers for the thermal transport in 
2D TMDs [6, 17–19]. A fundamental understanding 
of phonon transport properties of the monolayer 
MoSe2 is of great importance for improving reliability 
and energy efficiency of the MoSe2-based devices. 
A recent theoretical study reported a relatively low 
thermal conductivity of monolayer MoSe2 (54 W 
mK−1 at room temperature) compared to other 
2D TMDs by solving Peierls–Boltzmann transport 
equation (PBTE) calculations [17]. A much lower 
thermal conductivity of 17.6 W mK−18 is obtained 
using Slack model [20, 21]. In addition, due to the 
imperfection of growth processes, the crystal lattice 
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Abstract
The doping of monolayer MoSe2 by tungsten (W) can suppress the Se vacancy concentration, but 
how doping and resulting change in defect concentration can tune its thermal properties is not 
understood yet. We use first-principles density functional theory (DFT) along with the phonon 
Boltzmann transport equation (BTE) to study the phonon transport properties of pristine MoSe2 
and W doped MoSe2 with and without the presence of Se vacancies. We found that for samples 
without Se vacancy, the W doping could enhance the thermal transport of monolayer MoSe2 due 
to reduced three-phonon scattering phase space. For example, we observed that the 16.7% W 
doping increases the thermal conductivity of the monolayer MoSe2 with 2% Se vacancy by 80% if all 
vacancies can be suppressed by W-doping. However, the W doping in the defective MoSe2 amplifies 
the influence of the phonon scattering caused by the Se vacancies, which results in a further decrease 
in thermal conductivity of monolayer MoSe2 with defects. This is found to be related with higher 
phonon density of states of Mo0.83W0.17Se2 and larger mass difference between W and Se atoms 
compared to Mo and Se atoms. This study deciphers the effect of defects and doping on the thermal 
conductivity of monolayer MoSe2, which helps us understand the mechanism of defect-induced 
phonon transport, and provides insights into enhancing the heat dissipation in MoSe2-based 
electronic devices.
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of monolayer TMDs contains unintentional localized 
defects such as vacancies [22–26], dislocation cores 
and grain boundaries [27] which could further 
suppress the thermal transport [28, 29]. Peng et al 
found that the defect-induced quasi-localized phonon 
states have a significant influence on reducing the 
thermal conductivity of MoS2 from the first-principles 
calculations [28]. Ding et al used non-equilibrium 
molecular dynamics simulations to demonstrate 
that thermal conductivity of monolayer MoS2 can 
be effectively tuned by introducing phonon–defect 
scattering [29]. However, very few studies has 
focused on exploring the effect of defects on the 
thermal transport in monolayer MoSe2. The defect 
engineering for Selenium vacancies in the monolayer 
MoSe2 can provide promising opportunities for 
tailoring its properties for various device applications 
[30–32]. Isoelectronic doping is one of the most 
effective strategies to suppress or to manage the 
vacancy concentration [33] and precisely tailor its 
properties for desired applications, such as enhancing 
the PL, modulating the carrier type and raising the 
carrier lifetime [23–25, 34]. Azizi, et al found that 
the triangular monolayer flakes of WxMo1−xS2  
(x ~ 0.5) is electronically isotropic but vibrationally 
anisotropic due to the nearly identical electronic 
properties but very different atomic masses of Mo and 
W [35]. However, the understanding of the effects of 
isoelectronic doping process on the thermal transport 
properties of monolayer MoSe2 is far from being 
completed.

In this letter, we use first-principle density func-
tional theory (DFT) along with the phonon Boltz-
mann transport equation (BTE) to study the phonon 
transport properties of monolayer MoSe2 considering 
the effects of scattering by the boundary, defects, and 
doping. The effect of sample size on thermal conduc-
tivity at different temperatures is studied along with 
the influence of Se vacancies. The model for estimating 
the effect of Se vacancies on phonon properties of the 
monolayer MoSe2 is developed by considering contrib-
utions of two different types of the defect-induced 
phonon scatterings: one caused by the missing mass of 
the Se atoms, the other caused by the change of force 
constants between the under-coordinated atoms near 
the vacancies. To further illustrate how the Se vacancies 
affect the phonon transport in the mono layer MoSe2 
meanwhile suppressing the Se vacancy concentration, 

we investigate the phonon property of the monolayer 
MoSe2 with 16.7% W doping. This percentage W dop-
ing is selected for the present study because samples 
with such percentage of doping has been fabricated 
and Se vacancy suppression has been demonstrated 
in [24, 36]. We find that the W doping could enhance 
the thermal transport of the pristine mono layer MoSe2 
if the boundary scattering is ignored, i.e. for large 
size samples. However, the W doping in the defective 
MoSe2 amplifies the influence of the phonon scatter-
ing caused by the Se vacancies, which results in a fur-
ther decrease in thermal conductivity of monolayer 
MoSe2 with Se vacancies.

Total energy calculations are based on the first-
principles DFT as implemented in the Vienna ab 
 initio simulation package (VASP) [37]. A plane-wave 
basis set and the projector augmented-wave (PAW) 
method are used with Perdew, Burke, and Ernzerhof 
(PBE) exchange-correlation functional [38–40]. The 
kinetic energy cutoff of the supercell is 500 eV. The sys-
tem energy convergence criterion is set to be 10−9 eV. 
The force convergence criterion is set to be  −0.01 eV 
Å−1. The structure of monolayer MoSe2 shown in 
figure 1(a) is optimized with an 18  ×  18  ×  1 grid for 
Brillouin zone sampling. An 18 Å vacuum space along 
the z-axis is used to eliminate the interaction emerg-
ing from the periodic boundary condition. The lattice 
constant of the monolayer MoSe2 is obtained with the 
value of 3.32 Å, which is in good agreement with the 
theoretical result of 3.32 Å [17], and the exper imental 
result of 3.30 Å [41]. Using this optimized lattice con-
stant, the 6  ×  6 and 4  ×  4 supercells of monolayer 
MoSe2 with 3  ×  3  ×  1 k-point grid are assembled 
for the calculations of the second-order harmonic 
and third-order anharmonic interatomic force con-
stants (IFCs), respectively. The displacement length 
of each atom from its equilibrium position is 0.01 Å. 
The interactions between atoms up to the 4th nearest 
neighboring shell are taken into account for the third-
order IFCs calculation. Using the second-order and 
third-order IFCs obtained from the first-principles 
calculations, the phonon relaxation times and thermal 
conductivities of monolayer MoSe2 can be calculated 
using Fermi’s Golden rule [42] with the relaxation 
time approximation (RTA) and the iterative solution 
of the BTE [19, 43–45] (see section A in the support-
ing information (stacks.iop.org/TDM/5/031008/
mmedia)). In addition, following the Matthiessen’s 

Figure 1. Top view of the structure of (a) monolayer MoSe2, (b) W doped monolayer MoSe2, (c) monolayer MoSe2 with Se 
vancancies (schematic). The purple, green, and blue spheres represent molybdenum, selenium, and tungsten atoms, respectively.
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rule [46] we calculate the size-dependent thermal 
conductivity at different temperatures by combining 
the phonon scattering due to anharmonicity and size 
effect [47, 48]. Furthermore, we consider the effects of 
Se vacancies in the monolayer MoSe2 on the phonon 
scattering rate and thermal conductivity by adding two 
different types of the defect-induced phonon scatter-
ing to the total phonon scattering rate:

1/τ = 1/τanh + 1/τb + 1/τV + 1/τF (1)

where 1/τanh and 1/τb are the intrinsic anharmonic 
phonon scattering rate and phonon boundary scatting 
rate, respectively. 1/τV is the scattering rate caused by 
the missing mass of the Se atom in the crystal, and 
1/τF is the scattering rate caused by the change of force 
constants between the under-coordinated atoms near 
the vacancies. They can be expressed as [49–52],

1/τV = x(−MV

M
− 2)

2 π

2

ω2g(ω)

G
 (2)

1/τF = x(
δC

C
)

2

4π
ω2g(ω)

G
 (3)

where x is the density of vacancies, M is the average 
mass per atom, MV is the mass of the missing atom, 
g(ω) is the phonon density of states (DOSs), G is 
the number of atoms in the crystal and C is the force 
constant.

Figure 2(a) presents the size-dependent ther-
mal conductivity of monolayer MoSe2 at different 
temper atures. Results show that the phonon bound-
ary scattering has a significant influence on the ther-
mal conductivity if the sample size is smaller than 1 
µm. Below that size, most of the phonons will have a 
higher probability to hit the boundary before they 
scatter with other phonons [19]. While the size effect 
can be ignored if the sample size is larger than 10 µm 
since the maximum phonon mean free path in MoSe2 
is around 10 µm. Furthermore, the boundary effects 
also play a significant role in the thermal conductivity 
at the low temperature. It is because the strength of the 
Umklapp three-phonon process [53] at low temper-
atures is relatively weak and the phonon boundary 
scattering becomes much more dominant in the pho-
non transport process. On the other hand, at high 
temper atures (>800 K), the size effect can be ignored 
because the phonon transport is dominated by the 
strong Umklapp process.

Besides the boundary effects, defects also have 
a significant impact on the thermal conductivity of 
monolayer MoSe2. Figures 2(b) and (c) shows the 
temperature-dependent thermal conductivity and 
phonon lifetime of monolayer MoSe2 with Se vacan-
cies. The calculations are based on the sample size 
of 2 µm. Results indicate that 1%, 2% and 4% Se 

Figure 2. (a) Size-dependent thermal conductivity of monolayer MoSe2 as a function of temperature. (b) Temperature-dependent 
thermal conductivity of monolayer MoSe2 with Se vacancies. The sample size is 2 µm. (c) Angular frequency dependent phonon 
lifetime of monolayer MoSe2 with Se vacancies at 300 K. (d) Anharmonic and two types of defect-induced phonon scattering rates 
(due to mass missing and IFC change) of monolayer MoSe2 with 2% Se vacancies.

2D Mater. 5 (2018) 031008
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 vacancies decrease the thermal conductivity of mono-
layer MoSe2 by 27.7%, 39.5% and 51.9%, respectively 
at room temperature. In our model (equations (2) 
and (3), the effect of Se vacancies in crystals on pho-
non transport is treated by perturbation theory, i.e., 
contrib ution to the phonon scattering rate by two dif-
ferent types of the defect-induced phonon scatterings. 
One corresponds to the missing mass of the Se atoms, 
which implies the removal of the kinetic energy and 
potential energy. The other corresponds to the change 
of force constants between the under-coordinated 
atoms near the vacancies. Both of these defect-induced 
phonon scattering increase the total phonon scattering 
rate and decrease the phonon lifetime in the entire fre-
quency range (figure 2(c)). Furthermore, we also find 
that the defect-induced phonon scattering rate caused 
by the change of the force constants near the vacan-
cies has more impact on the total thermal conductivity 
than that caused by the atom mass missing as shown in 
figure 2(d). We observe that Se vacancies have a weak 
impact on the thermal conductivity at high temper-
atures. It is because that the three-phonon scattering 
rates corresponding to anharmonicity become domi-
nant at high temperatures and the scattering rates 
corre sponding to the defect related terms, 1/τV and 
1/τF in equation (1), have less contribution to the total 
phonon scattering rate.

In order to understand the influence of methods 
to suppress the defect concentration in the monolayer 
MoSe2, we study the phonon transport property of 
MoSe2 under the influence of the W doping. The 
structure of the W doped monolayer MoSe2 used in 
this work is shown in figure 1(b), which is optimized 
with the same lattice constant as of monolayer MoSe2. 
The concentration of W atoms is about 16.7%, which 
makes the W doped MoSe2 as Mo0.83W0.17Se2. The 
2  ×  2 supercell of monolayer MoSe2 is assembled 
for the calculations of the second-order harmonic 
and third-order anharmonic IFCs. Figure 3(a) shows 
the temperature-dependent thermal conductivity 
of monolayer pristine MoSe2 and W doped MoSe2 
with various sample sizes. We find that the W doping 
increases the thermal conductivity of monolayer pris-
tine MoSe2. In addition, the difference becomes larger 
as the temperature increases (figure 3(a)). To better 
understand the impact of W doping on the thermal 
conductivity of the pristine MoSe2, we also calculated 
the size-dependent thermal conductivity of the mono-
layer MoSe2 and the W doped MoSe2,which is com-
pared to that of the monolayer WSe2 at 300 K (figure 
3(b)). Results indicate that the thermal conductivity of 
W doped MoSe2 is similar to that of the pristine MoSe2 
for sample sizes smaller than 1 µm. The phonon scat-
tering from boundary effect has a greater impact on 
the thermal conductivity of the W doped MoSe2 than 
that of the pristine MoSe2. If we reduce the boundary 
scattering influence by considering large-size samples, 
the W doping could increase the thermal conductiv-
ity of pristine MoSe2, e.g., 23.6% increase is observed 

for 10 µm sample (figure 3(b)). This indicates that for 
low sample size, boundary scattering effect is signifi-
cant leading to similar conductivity but the intrinsic 
thermal conductivity of W doped MoSe2 is higher than 
pristine MoSe2 as observed in large-size samples.

To further understand it, we calculate the pho-
non dispersions of monolayer MoSe2 and WSe2 along 
Γ−M  direction which is shown in figure 4(a). As 
expected, all the phonon branches of WSe2 are lower in 
frequency than that of MoSe2 because of the mass dif-
ference between W and Mo atoms. In addition, a larger 
gap between the optical and acoustic phonon branches 
in WSe2 (1.3 THz) is observed than that in MoSe2 (0.21 
THz). Due to the larger gap between optical and acous-
tic phonon branches of WSe2, more energy is needed 
for the annihilation process of two acoustic phonon 
modes into one optical mode in WSe2. As a result, 
probability of this type of phonon scatterings becomes 
less leading to the decrease of the Umklapp scattering 
strength in WSe2 compared to the MoSe2. Therefore, 
the thermal conductivity of the monolayer WSe2 is 
larger than that of the monolayer MoSe2. Introducing 
W atoms in the MoSe2 results in thermal conductivity 
values between that of MoSe2 and WSe2. Furthermore, 
it can also be supported by the three-phonon scatter-
ing phase space in figure 4(b). It indicates the volume 
of phase space available for three-phonon scattering, 
which is another way to indicate the likelihood of pho-
nons being scattered. The details of calculation are 
provided in the section B of the supporting informa-
tion. The phase space of the monolayer MoSe2 is larger 
than that of the Mo0.83W0.17Se2 as expected from the 
smaller phonon frequency gap between optical and 
acoustic branches (figure 4(b)). In other words, the 
phonons in Mo0.83W0.17Se2 will have fewer channels 
for three-phonon scatterings, which results in the rela-
tively longer phonon relaxation time (figure 5(b)) and 
larger thermal conductivity.

What happens to the thermal conductivity of the 
monolayer MoSe2 if there still exist defects such as Se 
vacancies after the W doping? In order to investigate 
the impact of the defects on the thermal conductivity 
of the W doped MoSe2, we calculate the temperature-
dependent thermal conductivity and phonon lifetime 
of the W doped MoSe2 with Se vacancies (figures 5(a) 
and (b)). Results indicate that after 16.7% W doping, 
the existence of 1%, and 2% Se vacancy concentration 
decreases the thermal conductivity of the monolayer 
MoSe2 by 34.0%, and 46.2%, respectively, at room 
temperature. Compared with the 27.7%, and 39.4% 
decrease of the thermal conductivity of monolayer 
MoSe2 with the same Se vacancy concentration, we 
find that the introduction of W atoms in the defective 
MoSe2 amplifies the influence of the phonon scatter-
ing caused by the Se vacancies, which results in a fur-
ther decrease in thermal conductivity compared to 
that of monolayer MoSe2 with defects. For example, 
the W doping suppresses the Se-vacant sites by 50% 
(from 4% to 2%). The thermal conductivity of the 2% 

2D Mater. 5 (2018) 031008
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defective W doped MoSe2 is just 1.4% higher than that 
of 4% defective monolayer MoSe2, figure 5(a). How-
ever, if the doping process makes the 2% Se-vacant 
MoSe2 into the W doped MoSe2 with no Se vacancies, 
the thermal conductivity can be increased dramati-
cally by more than 80%.

To further illustrate why the introduced defects 
amplify the influence of the phonon scattering in the 
W doped MoSe2, we investigate the phonon DOSs of 
the monolayer pristine MoSe2 and Mo0.83W0.17Se2  
(figure 5(c)). We find that in the low-frequency range, 
the DOSs of the Mo0.83W0.17Se2 is larger than those of 
the MoSe2. Due to the correlation between the phonon 
DOSs and the defect-induced phonon scattering rate 
as shown in equations (2) and (3), the defect-induced 
phonon scatterings of the W doped MoSe2 would have 
more impact on the thermal conductivity than that 

of the monolayer MoSe2. In addition, we noticed that 
the Mo0.83W0.17Se2 generates a new peak of DOSs at 
around 7.5 THz. However, this new peak of DOSs has 
a very limited contribution to the thermal conductiv-
ity because the group velocities of phonons around the 
7.5 THz frequency are almost zero. Another explana-
tion of how the introduced Se vacancies amplify the 
influence of the phonon scattering in W doped MoSe2 
is the mass difference between the W and Mo atoms. 
Since the mass of the W atom is larger than that of the 
Mo atom, the missing Se atom at a vacancy site results 
in a larger mass difference (compared to the average 
mass of the cell), which results in the larger kinetic 
energy and potential energy change. It enhances the 
defect-induced phonon scatterings and results in  
the further suppression of the thermal conductivity of 
the W doped MoSe2.

Figure 3. (a) Temperature-dependent thermal conductivity of monolayer pristine MoSe2 and W doped MoSe2 with various sample 
sizes. (b) Effect of sample size on the thermal conductivity of monolayer pristine MoSe2, WSe2 and W doped MoSe2 (16.7%), i.e. 
Mo0.83W0.17Se2 at 300 K.

Figure 4. (a) Phonon dispersions of monolayer MoSe2 and WSe2 along Γ−M  direction. The gap between the acoustic modes and 
optical modes are marked in the figure. (b) Three-phonon scattering phase space of monolayer MoSe2 and Mo0.83W0.17Se2.

2D Mater. 5 (2018) 031008
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Conclusion

In conclusion, we investigate the role of size, defects 
and W doping on thermal conductivity of monolayer 
MoSe2 by the first principles calculation and the 
phonon Boltzmann transport equation. We find that 
1%, 2% and 4% Se vacancies decrease the thermal 
conductivity of monolayer MoSe2 of size 2 µm by 
27.7%, 39.5% and 51.9%, respectively at the room 
temperature. However, 16.7% W doping could 
enhance the thermal transport of the monolayer 
MoSe2 with 2% Se vacancy by 80% if all vacancies can 
be suppressed by W-doping, which could be explained 
by the fewer three-phonon scattering phase spaces of 
Mo0.83W0.17Se2 and could also be supported by the 
larger gap between the optical and acoustic phonon 
branches in WSe2 than that in MoSe2. However, 
the W doping in the defective MoSe2 amplifies the 
influence of the phonon scattering caused by the 
Se vacancies, which results in a further decrease in 
thermal conductivity due to the higher phonon 
DOSs of Mo0.83W0.17Se2 and larger mass difference 
between W and Se atoms compared to Mo and Se 
atoms. Results indicate that for 16.7% W doping, the 
existence of 1%, and 2% Se vacancy concentration 
decreases the thermal conductivity of the monolayer 
MoSe2 by 34.0%, and 46.2%, respectively, at the room 
temperature. The results from this work will help 
to understand the phonon transport properties of 

monolayer MoSe2 under the influence of defects and 
doping, and provide insights for the future design of 

MoSe2-based electronics.
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