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Abstract -

Compared to other extrinsic phonon sc terilxmnisms such as surface and interior

\

defects, phonon scattering and latti L%n esistance due to structural rippling in few-layer

USA \
*Department of Aerospace Engineering and Engineering MechaQUn rsity of Texas at

.
two-dimensional (2D) materials Qd\eexamined. Here the temperature-dependent basal-
plane thermal conductivities ¢ rippled and four flat molybdenum disulfide (MoSz)
samples are measured ifh-%ur-probe thermal transport measurement method. A flat 18 nm

thick sample and ip}}le 0 ¥m thick sample show similar peak x values of 122417 and

12919 W mAK', res céely. In comparison, a 32 nm thick flat sample has a peak x of

espite having increased thickness. The peak thermal conductivities of
the five samples‘decrease with increasing integrated Raman intensity caused by defects in the

4

fi q@ncy range of the phonon band gap in MoS:. In conjunction with the experimental

“findin

=2

eoretical calculations of the temperature-, thickness-, strain-, and defect-dependent
}xin MoS: layers reveal the importance of interior defect scattering over scattering from
\ <
compression-induced ripples and surface defects in these samples. The results further clarify
the conditions where ripples are important in determining the basal plane thermal resistance in

layered systems.
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Main Text
Due to thermal fluctuations,' structural rippling is ubiquitous in monolayer and few-

layer two-dimensional (2D) materials, including both supported®> and?spended“‘8
structures, such as molybdenum disulfide (MoS2) and graphene. Thi riereates
inhomogeneous strain fields due to the changed crystal structur t@gly affect electronic
and vibrational behaviors. For example, severe rippling in ap‘;jh shown to generate a
long-range scattering potential for electrons and strongly suppr ?1:&} weak localization.”-

11

In addition, the effects of ripples and kinks on therga;l co cti)ity (%) in 2D materials has
12-18

been considered in several theoretical studies, ifieluding L@que strain effects, which can

influence the performance and thermomecbm\x@ ility of emerging 2D devices.'*2!

Contrary to bulk materials for which compressive.and tensile strains generally increase and

decrease the thermal conductivity,'* r }pti{g

that both tensile and compres ive&\a\kKr duce the thermal conductivities of graphene and
%\{

y, molecular dynamics studies have suggested

MoS,.!21415:17 [n particular, co ssive strain in 2D layers tends to drive the formation of

buckling and ripplin

thh?cture to relax the induced strain. Although a few theoretical

studies have :)?) ed that buekling or rippling due to compressive strains can increase
phonon scatt: iM,

been sugg chat the basal plane thermal conductivity of 2D layers is rather robust against

14,17

d thus reduce the thermal conductivity of 2D layers,'*'’ it has also

ripplin '5/1" hly the conditions and criteria for the importance of compression-induced ripple
-

effects onﬂshermal transport in 2D materials remains unclear.

_—

\J

5 Here, we report four-probe thermal transport measurements of the intrinsic basal plane
thermal conductivities of both rippled and flat multilayer molybdenum disulfide (MoS2)
-
samples, which are representative of 2D layered materials in general. Our experiments

demonstrate that the basal plane thermal conductivity is robust against compression-induced

ripples and kinks with radius of curvatures on the micrometer scale, but sensitive to phonon-
2
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defect scattering. A clear correlation is drawn between the peak thermal conductivity and the
integrated Raman intensity caused by defects in the frequency range of the phonon band gap
in MoS». In conjunction with experiments, first principles calculations of temperature,
thickness, strain, and point defect concentration dependent x provide Iysical insights into
phonon-defect interactions and thermal resistance, and thus clarify the conditions for which
)

ripples become an important mechanism for thermal conductivi %ion.

Multilayer MoS2 samples were exfoliated from natural MoS: crystals that were used in

~——
a previous two-probe thermal transport measurement of few-lay 0S52.2% The exfoliation
and dry transfer method for the MoS2 samples was/&imila th> process reported for four-
S

probe thermal transport measurements of multilayer a@hosphorus samples.?® The one

rippled and four flat samples examined by(@ e microdevice shown in Figure 1(a)

are between 18 nm and 57 nm thick, a range Whete intrinsic rippling due to thermal
fluctuations is negligible and the exis }oﬂn pling is solely induced by compressive strain.
S

Figures 1(b) and 1(c) show th%\%sk nded segments of the rippled sample and another

flat sample, respectively. Based om the different heat flow rates through the contact points and
in the sample, this un e%nrobe thermal transport microdevice simultaneously measures

the intrinsic theral reistance (R:) of the center suspended segment of the sample as well as

the contact th rWs nce with the two inner resistance thermometers (Rc.2 and Rc,3).23%

>
y.

—~ 4
)
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FIG. 1. Four-probe microdevice with rippled and flat MoS: samiples. (a) Optical micrograph
of'a 20 nm thick, 3.4 um wide rippled MoS2 sample suspended on a four-probe thermal
measurement device that consists of four suspended Pd/€#/SiNx beams. The scale bar is 20
pum. (b, ¢) Scanning electron microscopy (SEM) images of the center suspended segments of
(b) the 20 nm thick rippled sample and (¢) 257 nm thick flat sample. The scale bars are 1 pm

and 2 pum for (b) and (c), respectively.

Upon completion-of the transport measurements, atomic force microscopy (AFM) was
used to probe the suffacetopography of the 20 nm rippled sample directly on the suspended
device, as seengn Figure 2 & or this AFM profile, a third-order plane fit is used to show the
ripples cleafly<by remgving the curvature due to a sag of the suspended sample segment, as
showndn Figuse S3 of the Supplementary Material. Sagging of the multilayer material can
lead-to compreSsion of the top layers and tension in the bottom layers. With relatively weak
yvan'der Waals interactions between the layers, rippling of the top layers relaxes the
comptessive strain, as illustrated in the schematic of Figure 2. A similar ripple morphology
has been observed in multiwalled carbon nanotubes under bending and predicted for
multilayer graphene under compression.?6~2° Previous studies have demonstrated 6-10 nm

wavelength and 0.6—1 nm amplitude for ripples in suspended monolayer MoS: samples, and
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Publishing 40-300 nm wavelength and 1-25 nm amplitude for ripples in supported monolayer MoS2
samples.>® In comparison, the average wavelength (1) and amplitude (A) of the ripples in the
20 nm sample are 0.67 um and 7.4 nm, respectively, with radius of curvatures in the range
between 1 and 7 um. In addition, a kink is present at the midpoint of the center suspended
segment at a depth of 580 nm below the plane of the supporting thermometer lines, as
depicted in Figure S3, and exhibits a radius of curvature of 0.67, &train is calculated
by comparing the top surface contour length from AFM dat, a%the ths of a smooth 2"

—
order polynomial fit to the left and right sides of the kink."Assuming the ripples fully relax the
@8 m}

compressive strain in the top layer, the contour length. is unstrained and the smooth

polynomial fit yields the compressed length (8.3¢ 1 @ut rippling. Hence, the relative

difference between the two lengths gives accompressive strain of 0.14% if the strain were not
relaxed by rippling. The tensile strain h‘&;\;@ layer is approximately the same in
magnitude as the compressive strain ‘m'?agu ing the neutral plane remains close to the

idde lyer \k\
N
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FIG. 2. Rippled sample surface morphology (a)\Am%ié“force microscopy (AFM) height
image of the center suspended segment of r[k%k‘hick rippled sample. The scale bar is 1
&W

\

pm. (b) The measured AFM height laS as a function of the sample position for a
.

typical individual scan line. The@ed dashed fitting curve aids the visualization of the ripples.

The inset illustrates the prop r morphology of the ripples that relax the compressive

£
The c?ﬂ’a&a}/ resistances measured for the MoS: samples here are appreciable

only at te ures below 150 K, as shown in Figure S4. The intrinsic thermal conductivities

strain.

depicted in/ Figuge 3 of the one rippled and four flat MoS2 samples are calculated from the
thérmal resi ta{ce, R2, of the center suspended segment and the measured sample dimensions.

“Lhe'measured peak thermal conductivities of the 20 nm rippled sample and the 18 nm flat
%ﬁe are comparable, 129419 and 122+17 W m™! K-!, respectively, at temperatures near 85

S K*Thus, the rippling observed in the 20 nm sample appears to yield negligible impact on

phonon transport. In comparison, the peak thermal conductivity for a 32 nm flat MoS2 sample

is 58+11 W m™! K-! at 87 K, considerably lower than the corresponding values for three other


http://dx.doi.org/10.1063/1.5099103

! I | This manuscript was accepted by Appl. Phys. Lett. Click here to see the version of record. |
Publishing samples, including the rippled 20 nm sample, flat 18 nm sample, and 28 nm flat sample that
has a peak thermal conductivity of 94+14 W m™! K-!. Additionally, the largest peak thermal

conductivity of 1515 W m™! K-! is found in the thickest 57 nm flat sample measured.

00 200 300
T (K)

0
FIG. 3. Temperaturedependxﬁbx\?x:e thermal conductivities of MoS:z flakes. The filled

circles are measurement.results for'samples of varying thickness as indicated in the legend.

The solid curves arg/caleulations for defect-free samples at the thickness corresponding to the
color of the cirgle s éols/l" he dashed curves are calculations with additional phonon
scattering %Mcies at concentrations of 2 Xx10'° cm?, 3.75 x10'° cm™, and 1.5 x10%°
cm?3 fof the m, 28 nm, and 32 nm thick samples, respectively. The error bars on the

m asug{%aﬁre determined from Monte Carlo error propagation of the random and

S atiberrors in the thermal resistance measurements and account for dimensional and

=/

samp¥ angle uncertainties.

NI

To understand the measurement results, Raman spectroscopy was utilized to indirectly

probe point defects in the samples. Based on the calculated phonon dispersion of MoS:, the
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phonon density of states (pDOS) vanishes in the frequency range between 245.5 to 288.75
cm!, as shown in Figure 4(a). The background intensity measured by Raman spectroscopy in
this frequency range is caused by interaction with localized electronic and vibrational defect

states.?® Figure 4(b) demonstrates that the measured peak thermal condugtivities of the five

?hwonductivities

generally decrease with increasing integrated Raman background intensity in the zero pDOS

region. A similar correlation between the reduced thermal ¢ ndTﬁtiw and large integrated
. . . . H

Raman intensity was recently observed in boron arsenidé samples,’' These results reveal the

importance of point defect scattering in high-thermal.con tiV)y materials. The variation in

the point defect densities in the five MoS2 sam ‘:i.hkfl.
for the exfoliation. ‘\\

samples normalized by the corresponding theoretical defect-free pe

traced to the source materials used
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Publishing FIG. 4. Raman spectroscopy characterization. (a) Raman spectra of two representative MoS2
samples along with the phonon density of states from first principles calculations. The black
dashed rectangles indicate the phonon frequency range where the Raman background
intensities were integrated. (b) Measured peak thermal conductivity no?lalized by the

calculated theoretical defect-free peak value for each sample thickness aWtion of the

integrated Raman spectra intensity in the frequency range betij to 288.75 cm’!.
D
To develop microscopic physical insights of thegmeasurements, first principles phonon

transport calculations were carried out, accountingiron intri ic)nree—phonon scattering3%33,

and extrinsic scattering by isotopes,** top and béito ur@es, and Mo vacancies that are

o
Wt ese scattering terms as inputs, full

ion determines the transport phonon

used here to represent point-defect scatteri

solution of the Peierls-Boltzmann trans
lifetimes that are critical for determin'}?@ mal conductivity.>>7 To evaluate the effect
of phonon-point-defect scattering&?&;g al conductivity in the MoSz samples, Mo vacancies
were introduced into the calculm mass defects similar to phonon-isotope scattering,
with the defect conce ratimi the single tuning parameter varied to fit the measured data of
each sample. Scattering froni*force variance due to vacancies was not considered but is

4

expected to give similar behavior for concentrations less than those determined here. 3840

Furthermo Dner point defect types are expected to give similar frequency dependence of

ering 1?6 and similar temperature dependent behavior of the thermal conductivity
but will alier he concentrations needed to fit the experimental data. S vacancies were also
-
exangne , but they gave much weaker thermal resistance, at similar concentrations, than the
S acancies as the vibrations of the heavier Mo atoms govern the behavior of the heat-
-
carrying acoustic modes.

Accounting for diffuse scattering by surface roughness, the calculated thermal

conductivities for interior defect-free 18 nm and 20 nm samples agree reasonably with the
9
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Publishing measured data over the entire temperature range, as shown in Figure 3. However, fitting the
calculation results to the measured data for the 57 nm, 28 nm, and 32 nm flat samples requires
significant concentrations of interior point defect vacancies, 2x10'°, 3.75x10', and 1.5x10%°
cm3, respectively. The obtained point defect concentrations increase with increasing Raman
background intensity values measured in the zero pDOS region shown irh%’&re 4(b).
Comparison of the measured and calculated conductivity data sugge >hat phonon surface

scattering is mostly diffuse and phonon scattering from poi d'f?&cts important.

T—
We next consider the effect of ripple geometry and strainien the lattice thermal
t a

conductivity. As shown in the Supplementary Material, length and mean free paths

of the heat carrying phonons calculated via firstprin 'ple;)re shorter than approximately 5
o

nm and 500 nm, respectively, which are sn:aWt e 1-7 um radius of curvatures of the

induced ripples and the 3.9 and 4.4 uym tween the kink and either edge. This

comparison suggests that the ripple %&has a negligible effect on phonon scattering
rger t

uch\\gﬂ an the wavelengths and mean free paths of the

heat-carrying phonons. Additionally, our first principles calculations demonstrate that the

when the ripple geometry is

lattice thermal condu 'Vit%@jreases with increasing biaxial tensile strain, as shown in

4

Figure S7, in ? ent with*previous theoretical studies of 2D materials.!?!415:17.18 Under
ssiv strain, first principles calculations give imaginary phonon modes for bulk

biaxial com

geome hy,e relaxation of the compressive strain in the top layer via the ripples of

-

MoSz&g\th structural instability, likely due to the energetically favorable rippling

m rometSr curvature results in negligible effect on the phonon dispersion and scattering,
-
tensiﬁ strain at a level of ~0.14% in the bottom layers may reduce basal plane thermal

S conductivity by a few percent.'®
.y
In conclusion, the ripple geometry observed here has negligible effect on phonon

scattering because the radius of curvatures of the compression-induced ripples in the 2D

layers are on the micrometer scale and much larger than both the mean free paths and
10
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Publishing wavelengths of heat-carrying phonons. In addition, the ripples relax the compressive strain in
the top layers, while the tensile strains in the bottom layers are calculated to be insufficient to
cause apparent suppression of the thermal conductivity. The ripple effect on the basal-plane

thermal conductivity is expected to be important when the radius of curvature of compression-
induced ripples in 2D layered materials decreases toward the mean free paths of heat-carrying
phonons. On the other hand, phonon scattering by point defects whésb\ere correlated with
integrated Raman intensity in the MoS2 phonon bandgap, i n‘??}mq extrinsic phonon
“""'\
mechanism that determines the thermal conductivity in multilayer MoS2 nanoflakes.
Comparisons between measurements and first pringiples culgions also reveal an
approximately diffuse nature of phonon scatteri g‘lhf.:ta) and bottom surfaces of the
exfoliated MoS: flakes due to the presence face defects. These findings clarify the

extrinsic phonon scattering effects in e functional materials.

N\
Supplementary Material \\
See Supplementary I\m details of the device fabrication, measurement with

the four-probe micro%nple characterization, Raman spectroscopy, and theoretical
L/

calculations. /
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