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Heat flow control plays a significant role in thermal management and energy conversion processes.

Recently, two dimensional (2D) materials with unique anisotropic thermal properties are attracting

a lot of attention, as promising building blocks for molding the heat flow. Originated from its

crystal structure, in most if not all the 2D materials, the thermal conductivity along the Z direction

(kz) is much lower than x-y plane thermal conductivity (kxy). In this work, we demonstrate that 2D

nanoplates of vertically grown molybdenum disulfide (VG MoS2) can have anomalous thermal

anisotropy, in which kxy (about 0.83 W/m K at 300 K) is �1 order of magnitude lower than kz (about

9.2 W/m K at 300 K). Lattice dynamics analysis reveals that this anomalous thermal anisotropy can

be attributed to the anisotropic phonon dispersion relations and the anisotropic phonon group veloc-

ities along different directions. The low kxy can be attributed to the weak phonon coupling near the

x-y plane interfaces. It is expected that this 2D nanoplates of VG MoS2 with anomalous thermal

anisotropy and low kxy can serve as a complementary building block for device designs and

advanced heat flow control. Published by AIP Publishing. https://doi.org/10.1063/1.4999248

Nanoscale heat flow control through material designs is

critical for various energy conversion processes and thermal

management.1–6 Recently, there is growing interest in aniso-

tropic thermal properties of two dimensional (2D) materials

as it is not only fundamentally interesting7–11 but also critical

to many applications such as electronics,12 thermoelec-

trics,13,14 and thermal management.15–20 The thermal anisot-

ropy of 2D materials is fundamentally linked to their crystal

structures. In most if not all of 2D materials, the thermal con-

ductivity along the Z direction (kz) is much lower than ther-

mal conductivity within x-y plane (kxy) primarily because of

the much weaker van der Waals interactions between layers

in the Z direction compared to the stronger covalent bonds

between atoms in x-y plane.21

Here, we demonstrated that 2D nanoplates of vertically

grown molybdenum disulfide [VG MoS2, the schematic as

shown Figs. 1(a) and 1(b)] can have anomalous thermal

anisotropy with kxy of 0.83 W/m K at 300 K, one order of

magnitude lower than kz (9.2 W/m K) at the same tempera-

ture. This kxy of 2D nanoplates of VG MoS2 is two orders of

magnitude lower than that of normal 2D layered MoS2

[about 100 W/m K at 300 K (Ref. 22)]. Finally, the physical

mechanism for anomalous thermal anisotropy and low kxy

was also analyzed by using lattice dynamics and nonequilib-

rium molecular dynamics studies. It is expected that this 2D

nanoplates of VG MoS2 with anomalous thermal anisotropy

and low kxy can serve as a complementary building block for

device designs and advanced heat flow control.

2D nanoplates of VG MoS2 were synthesized by chemi-

cal vapor deposition using a horizontal tube furnace. First, the

substrates (Si) were coated with 10–20 nm thick Mo film as

a precursor by magnetron sputtering. Then, substrates are

placed at the hot center of the tube furnace and sulfur (Sigma

Aldrich) is placed at the upstream side. The tube is pumped to

a pressure of about 60 Pa and flushed with Ar gas (100 sccm)

to remove oxygen. Subsequently, the heating center of the

tube furnace is raised to reaction temperature of 750 �C in

35 min, and the sulfur powder is kept at about 300 �C. The

furnace is held at reaction temperature for 1 h, followed by

natural cool-down. Finally, the VG MoS2 film was obtained.

For exfoliation, the VG MoS2 film with substrate was put into

deionized water followed by ultrasound (100 W, 5 min).

Then, we can drip the solution with 2D nanoplates of VG

MoS2 to other substrates, and obtain 2D nanoplates of VG

MoS2 after volatilization of water.

The morphologies and structures of 2D nanoplate of VG

MoS2 were characterized by transmission electron microscopy

(JEM-200CX) and Raman spectroscopy (WITEC Raman

spectrometer). The thickness of 2D nanoplate of VG MoS2

was measured by AFM (Cypher S, Oxford instruments) on

thermal measurement devices.

The anomalous thermal anisotropy and low kxy of 2D

nanoplates of VG MoS2 is linked to its structure, achieved

by a unique process. The VG MoS2 films [as shown in Fig.

1(c)] are converted from magnetron sputtered, ultrathin Mo

films (10–20 nm thick) through a rapid sulfurization process

in a horizontal tube furnace, where sulfur powders are used

as the precursors (for more details, see above paragraph).23

Because of this sulfurization process, 2D nanoplates of

VG MoS2 have several unique structures, very different from
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normal layered MoS2 and other 2D materials. First, as shown

in the schematics [Fig. 1(a)], the VG MoS2 is composed of

vertically aligned layers [in other words, the layers are

aligned along Z direction, perpendicular to the substrate, as

shown in Fig. 1(b)]. The structures of vertically aligned

layers are confirmed by Raman spectra [Fig. 1(d)] and TEM

image [Fig. 1(e)] discussed as below. In Raman spectra, E1
2g

(x-y plane vibration mode) and A1
1g (Z direction vibration

mode) of MoS2 are, respectively, assigned to be �383 and

�408 cm�1.23,24 As shown in Fig. 1(d), the intensity ratio of

E1
2g/A1

1g is as low as �0.25, which indicates the domination

of vertical growth and exposed MoS2 edge sites.24 Second,

as demonstrated in the high resolution TEM image [Fig.

1(e)], 2D nanoplates of VG MoS2 are polycrystalline with

nanometer-scale grain size. Therefore, it is clear that this 2D

nanoplates is composed of densely packed, all vertically

aligned 2D MoS2 layers. These unique crystal structures of

2D nanoplates of VG MoS2 can enable anomalous thermal

anisotropy and low kxy, as explained in more details below.

For thermal conductivity measurement, 2D nanoplates of

VG MoS2 can be exfoliated from substrates through ultrasound

(for more details, see the above paragraph). The typical mor-

phologies and thickness of the VG MoS2 plate after exfoliation

are shown in Figs. 2(a) and 2(b), respectively. As shown in

Figs. 2(a), 2D nanoplates of VG MoS2 with about a few hun-

dred micron square area can be obtained after exfoliation. The

thickness of 2D nanoplates of VG MoS2 is about nanometer

thick, and can be tuned by the thickness of initial Mo film (2D

nanoplate of VG MoS2 with different thicknesses can be found

in supplementary material, S I). The corresponding optical

image of 2D nanoplates of VG MoS2 on suspended thermal

measurement device after transfer is shown in Fig. 2(c).

The kxy and kz of 2D nanoplate of VG MoS2 were

measured with suspended micro-bridge device25–30 and time-

domain thermoreflectance (TDTR),31 respectively (see sup-

plementary material, S II for more details). As shown in Fig.

3(a), the kxy and kz of 2D nanoplate of VG MoS2 are �0.83

and �9.2 W/m K at 300 K, respectively. As we know, for

almost all the 2D materials, kz is much lower than kxy because

of the much weaker van der Waals interactions between

layers along the Z direction compared to the stronger covalent

bonds between atoms in x-y plane. The anomalous thermal

FIG. 1. (a) Schematic of VG MoS2. (b)

Side-view of VG MoS2. (c) Optical

image of 2D nanoplates of VG MoS2

with different thicknesses on substrate

(about 1 cm� 1 cm). (d) Raman spec-

tra of 2D nanoplates of VG MoS2. (e)

TEM image of 2D nanoplates of VG

MoS2.

FIG. 2. (a) Optical image of 2D nano-

plates of VG MoS2 on substrate. (b)

AFM image of 2D nanoplates of VG

MoS2. (c) Optical image of 2D nano-

plates of VG MoS2 on suspended pads.
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anisotropy of 2D nanoplates of VG MoS2 (kxy/kz¼ 11)

is clear, compared to traditional MoS2 (kxy/kz¼ 0.0222)

which can be attributed to the anisotropic phonon dispersion

relations and the anisotropic phonon group velocities, as

explained in more details below.

It is also interesting that the kxy of 2D nanoplate of VG

MoS2 is very low, and thus the systematic thermal measure-

ments were employed. As shown in Fig. 3(b), The kxy of 2D

nanoplate of VG MoS2 increases from �0.26 (50 K) to

�0.83 W/m K (300 K) with increasing temperature (the analy-

sis of thermal contact resistance can be found in supplemen-

tary material, S III). It is about two orders lower than kxy of

normal layered MoS2 [100 W/m K at 300 K (Ref. 22)] and

even about three times lower than the kz of normal layered

MoS2 [2 W/m K at 300 K (Ref. 32)]. Scatterings related to

phonon-boundary and phonon-defects are the two possible

reasons for low kxy of 2D nanoplate of VG MoS2. It has been

reported in the literature, phonon-defects scattering can reduce

the kxy of MoS2 [the thermal conductivity can be reduced

about 2� when the defect concentration is 0.25% (Ref. 33)]

the dramatic reduction (about two order of magnitude lower

than normal layered MoS2) can be mainly ascribed to phonon-

boundary scattering. Hence, it is expected that the low kxy of

2D nanoplate of VG MoS2 can be attributed to the weak pho-

non coupling near the x-y plane interfaces (as explained in

more details below).

To further illustrate the underlying mechanism of the

thermal anisotropy and the low kxy of 2D nanoplate of VG

MoS2, we investigate its direction-dependent lattice vibra-

tion by using lattice dynamics and nonequilibrium molecular

dynamics studies (for more details about model preparation,

see supplementary material, S IV). We first build a small

unit cell of 2D nanoplate of VG MoS2 shown in the inset of

Fig. 4(a) to check the phonon dispersion curves and the

group velocities along different directions. It is seen in Figs.

4(a) and 4(b) that the phonon dispersion along the X direc-

tion (within the x-y plane) and the Z direction (perpendicular

to the x-y plane) differs greatly with each other. The acoustic

branches along the X direction grows much slower than that

of the Z direction, and the optical branches along the X

FIG. 3. (a) Thermal conductivity of

MoS2 with different structures at 300 K.

More details about referenced thermal

conductivity of horizontal growth MoS2

can be found in Ref. 22. (b) kxy of

2D nanoplate of VG MoS2 (where L

and T denote as length and thickness,

respectively).

FIG. 4. (a) and (b) Dispersion curves

along the X and Z directions, the

acoustic branches are colored specially

by red, blue, and yellow. The inset

shows the unit cell and the primitive

vectors. (c) and (d) The group veloci-

ties of the acoustic phonons along the

X and Z directions.
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direction are mostly flat while that along the Z direction

increases sharply with the wave vector. Since the slope of

the acoustic dispersion relation (@x/@k) is the phonon group

velocity, and the group velocity is a key factor for thermal

conductivity, we can calculate the phonon group velocity

along different directions to examine the thermal anisotropy.

Figures 4(c) and 4(d) show the phonon group velocity along

the X direction and Z direction, respectively. The group

velocity along the X direction is found to be very uniform

because the dispersion curves along the X direction are

nearly straight. In contrast, the dispersion curves along the Z

direction are twisty, and thus the corresponding group veloc-

ity presents several twists and turns. Nevertheless, it is

clearly seen that the group velocity of the two lower acoustic

branches along the X direction is always much smaller than

that along the Z direction, and thus contribute greatly to the

thermal anisotropy. Besides, the upper branch along the X

direction also presents much smaller group velocity except

at the middle wave vector range. All these results suggest the

existence of thermal anisotropy, and explain the low kxy in

2D nanoplate of VG MoS2.

Focusing on the x-y plane thermal transport, we calcu-

late the vibrational density of states (VDOS) of the atoms

around the interface to show the phonon scattering within

the x-y plane. A model that consists of two segments is built

and shown in Fig. 5(a). The two segments are designed to be

perpendicular to each other and vertical to the x-y plane to

resemble the experimentally grown samples. To generate a

heat flow through the hybrid structure, the Nose-Hoover

thermostat is utilized to keep the temperature of the left and

the right end at 350 K and 250 K, respectively. A thermal

transport progress is then triggered, and many thermal quan-

tities including temperature, heat flux, and vibration frequen-

cies and so on can be statistically collected.

With the VDOS of certain atom groups, we can not only

figure out at which frequencies the atoms are vibrating but

also determine whether the heat transfer is easy or not by

comparing the VDOS of adjacent atom groups. For example,

the change of the VDOS has been used to explain the

decrease of thermal conductivity,34 and the match or mis-

match of the VDOS has been widely used to explain the ther-

mal rectification effect in nanostructures.35,36 As shown in

Figs. 5(b)–5(d), the VDOS of the two interfacial atom groups

are put together to show their matching degree, and the com-

parison is made for all the three directions to show the

anisotropy. It is clearly seen that the VDOS of the two atom

groups matches well only along the Z direction, and they dif-

fer with each other along the X direction and the Y direction

greatly at both low-frequency range and high-frequency

range. The mismatch of the VDOS will undoubtedly result

in low phonon coupling near the interface, and induce the

reduction of thermal conductivity and an abrupt temperature

drop that can be seen in Fig. 5(a). The perfect match of the

VDOS along the Z direction, on the other hand, will facili-

tate the thermal transport. These results explain the low kxy,

and illustrate the thermal anisotropy of 2D nanoplate of VG

MoS2.

We demonstrated anomalous thermal anisotropy in this

structure in 2D nanoplate of VG MoS2. The results showed

that the kxy with 0.83 W/m K is �11� lower than kz with

9.2 W/m K at 300 K. Lattice dynamics analysis reveals that

this anomalous thermal anisotropy can be attributed to the

anisotropic phonon dispersion relations and the anisotropic

phonon group velocities. The low kxy can be attributed to

the weak phonon coupling near the x-y plane interfaces. A

material with anomalous thermal anisotropy can serve as a

complementary building block for device design that can

conduct heat along the Z direction instead of the XY direc-

tion, which prevent the generation of hotspot, protect neigh-

boring thermolabile device, and therefore enable advanced

heat flow control. We expect that the reveal of thermal trans-

port properties of 2D nanoplate of VG MoS2 not only can

broaden its potential applications in heat flow control, but

also provide complementary building blocks for designing

devices.

See supplementary material for the thickness character-

istic of 2D nanoplate of VG MoS2, thermal measurement,

calculation of thermal contact resistance, and model

preparation.
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FIG. 5. (a) Model and temperature distribution. (b)–(d) VDOS along the X,

Y, and Z directions. The structure grows along the Y direction.
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