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MoS, phononic crystals for advanced

thermal management
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Effective thermal management of electronic devices encounters substantial challenges owing to the notable pow-
er densities involved. Here, we propose layered MoS; phononic crystals (PnCs) that can effectively reduce thermal
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conductivity (k) with relatively small disruption of electrical conductivity (¢), offering a potential thermal manage-
ment solution for nanoelectronics. These layered PnCs exhibit remarkable efficiency in reducing k, surpassing that
of Si and SiC PnCs with similar periodicity by ~100-fold. Specifically, in suspended MoS, PnCs, we measure an ex-
ceptionally low k down to 0.1 watts per meter kelvin, below the amorphous limit while preserving the crystalline
structure. These findings are supported by molecular dynamics simulations that account for the film thickness,
porosity, and temperature. We demonstrate the approach efficiency by fabricating suspended heat-routing struc-
tures that effectively confine and guide heat flow in prespecified directions. This study underpins the immense
potential of layered materials as directional heat spreaders, thermal insulators, and active components for ther-

moelectric devices.

INTRODUCTION

The development of three-dimensional (3D) integrated circuits (ICs)
has brought notable challenges in power and thermal management
due to their higher power density compared to traditional 2D chips
(1). Effectively managing the excess heat generated by these devices
is of paramount importance. Consequently, recent research efforts
have been devoted to control and manipulate heat transport at the
nanoscale (2-7). In particular, effective temperature regulation of
hotspots in high-speed circuits is essential as these localized regions
affect device performance and reliability, ultimately determining ther-
mal design considerations. A potential avenue to advance current
thermal engineering solutions lies in the integration of 2D materials
within 3D ICs. These materials exhibit strong anisotropic thermal
conductivity. For instance, layered crystalline MoS,, one of the most
extensively investigated transition metal dichalcogenides (TMDs), ex-
hibits a factor of 10 anisotropy ratio between in-plane and cross-plane
thermal conductivity (8-14). This anisotropic behavior indicates that
MoS,; can expeditiously dissipate heat in the in-plane direction with-
out adversely affecting other vertically aligned chips in its proximity.
By contrast, conventional 3D isotropic heat spreaders such as copper
plates cannot achieve a similar type of directional heat dissipation.
Moreover, other 2D materials, such as hBN and graphene, which have
an intrinsically high k (15), exhibit similar heat guiding functionalities
but cannot be used as active materials in electronic devices.
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In this context, with the ability to direct heat along a precisely
defined path through a combination of blocking and subsequent
guiding of heat, one can envisage air-stable, 2D layered materials for
heat-routing structures in 3D ICs (16, 17). This would enable the
dissipation of heat away from hotspots, mitigating any potential
damage to subjacent structures. Since 2D materials have the inher-
ent advantage of limited heat transfer in the cross-plane direction
due to the weak van der Waals interactions between individual lay-
ers, modification of the k could allow effective in-plane heat flow
control. Moreover, TMDs have attracted notable attention as prom-
ising thermoelectric materials (18, 19) capable of harvesting electri-
cal energy from temperature gradients. The additional patterning
of 2D semiconductors could enable in-plane heat guiding and in-
creased heat dissipation.

In general, the reduction of k in 2D materials can be achieved by
introducing defects or grain boundaries (20, 21). Other approaches,
such as nanopatterning by electron beam lithography or focused ion
beam (FIB) can also be used to produce 2D PnC structures, where
the periodic patterning of holes results in a reduction of k¥ due to
increased phonon boundary scattering (22-25). Nanostructur-
ing techniques also have shown promising results in 3D materials
such as silicon by reducing the acoustic phonon mean free path
(MFP) (26, 27). Nevertheless, there is a lack of similar studies on
thermal transport engineering, particularly in 2D semiconductor
materials. In the case of MoS,, theoretical investigations suggest that
the phonon MFP spans a range from 5 to 20 nm (8, 11, 28). How-
ever, a recent theoretical study indicates that nanostructures with a
periodicity of about 400 nm can yield a substantial reduction in the
k of monolayer MoS; (29).

In this work, we first demonstrate the efficient reduction of k in
freestanding MoS, membranes using FIB nanopatterning. The
functionality and underlying mechanisms of heat transfer in these
structures are supported by thermal transport experiments and
equilibrium molecular dynamics (EMD) simulations in both few-
layer pristine and nanopatterned MoS, consisting of periodically ar-
ranged holes of varying periods (100 to 500 nm). Specifically, the k
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of all the MoS, membranes in this study were determined by two-
laser Raman thermometry (2LRT) and one-laser Raman thermom-
etry (ILRT). The effect of sample thickness and temperature on the
k of MoS, and MoS, PnCs were calculated by EMD simulations
based on the autocorrelation function of the heat flux. The findings
reveal that periodic arrays of holes, even with periods larger than
the average phonon MFP, substantially reduce the k with relatively
small disruption of the . Furthermore, this study reports the first
realization of heat routing structures nanopatterned in layered 2D
materials including a thermal insulating ring, which confines heat in
a delimited area, and a heat guiding channel, which confines heat
and conducts it away from a hotspot in the in-plane direction. This
straightforward approach, which can direct the heat flow through
arbitrary paths, is a promising thermal management strategy for
various applications such as 3D ICs and potentially for thermoelec-
tric generators and other nanoelectronics.

RESULTS AND DISCUSSION

The MoS, samples were prepared using mechanical exfoliation and
subsequent dry transfer techniques. Schematics of the side and top
views of the crystalline MoS, with PnCs structure are shown in
Fig. 1A. The morphological and structural characterization of the
samples was performed using optical microscopy, Raman scattering
spectroscopy, high-resolution scanning transmission electron mi-
croscopy (TEM), and atomic force microscopy (AFM). A represen-
tative optical image of the 4.5-nm-thick MoS, membrane is shown
in Fig. 1B. The crystalline nature of MoS, was confirmed through
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Raman spectroscopy as shown in Fig. 1C, in agreement with previ-
ous reports (30). The thickness of the samples was obtained from
tapping mode AFM measurements (details in fig. S1).

After conducting k measurements on the pristine MoS, mem-
branes, PnCs were fabricated within these membranes with periods
ranging from 100 to 500 nm. Using the Ga + ion FIB, a prevalent
tool with high process efficiency in nanofabrication facilities, nanopat-
terning was performed in this study. The dimensions of the FIB-
fabricated PnCs were characterized using TEM and scanning electron
microscopy (see Fig. 1D and fig. 52). The 30-kV Ga* ion beam can
be approximated as a Gaussian shape. The ion exposure can cause
partial damage to the non-milled material, resulting in increased
surface roughness and an introduction of defects in the crystalline
structure that could affect the properties of the MoS; (24). To mini-
mize the damage, a low gallium ion current of 2 pA was used. Even
so, an amorphous region with a width of approximately 10 to 30 nm
resulting from local FIB damage surrounding each hole in the TEM
image was observed (Fig. 1E). The remaining area between holes
maintained its crystalline structure, as confirmed by TEM and elec-
tron diffraction examination (Fig. 1F and fig. $3). The amorphous
dimensions of other samples were obtained from TEM images
(fig. S4). As expected, for the same exposure time, the hole diam-
eter decreased with increasing MoS, thickness, while the width of
the amorphous region slightly increased with increasing thickness
(fig. S5). Furthermore, the gallium atom trace acquired through
TEM energy dispersive spectroscopy revealed the restricted influ-
ence of gallium doping on MoS,, as illustrated in fig. S6. The 2LRT
and 1LRT setups (20, 31-33) were used to determine the k of these
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Fig. 1. Characterization of freestanding MoS, phononic crystals. (A) Side and top schematic of the MoS; crystal structure, in which Mo atoms (blue spheres) are sand-
wiched between sulfur atoms (light blue spheres). The left and right sides of the membrane were placed on a Au (95 nm)/Ti (5 nm)/Si TEM substrate with holes. (B) Optical
image of a 4.5-nm-thick MoS; membrane. (C) Raman scattering spectrum of the MoS, membrane obtained with a 532-nm laser. (D) TEM image of the 4.5-nm-thick MoS;
PnC membrane was nanopatterned by FIB with a hole period of 500 nm. (E) A high-resolution TEM image of the hole edge of the region corresponding to the green square
in (D). (F) A high-resolution TEM image of the crystalline neck of the region corresponding to the blue square in (D) and the corresponding electron diffraction pattern.

a.u., arbitrary units.
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samples, and both were done to achieve an accurate measurement
by two separate and independent methods. The 2LRT configuration
is illustrated in Fig. 2A. A heating laser (405 nm) shone onto to the
sample from below generates a temperature gradient that induces
shifts in the frequencies of the Raman active modes of MoS,, name-
ly, EZg and Ajg. The Raman spectra were measured by a low-power
probe laser (532 nm) focused on the top of the samples, which cou-
pled the scattered light to the Raman spectrometer. All shifts in Ra-
man peak positions were then converted to temperature changes
using pre-established calibration curves (fig. S7 and table S1). Be-
cause of the system symmetry, a Raman spectra line scan can be
collected in 2LRT when the probe laser linearly scans the freestand-
ing membrane across its diameter (Fig. 2, B to D) (20, 27, 34). In
1LRT configuration, with increasing laser intensity of the 532-nm
laser, which was focused on the center of the MoS, membrane, the
relation between temperature and absorbed laser power was mea-
sured and matched to the COMSOL simulation to extract the value
of k. In contrast, in 2LRT experiments, the temperature distribution
on the freestanding membranes was determined using 2D thermal
maps. However, these cannot be used for the MoS, PnCs with peri-
ods <200 nm due to the effect of holes on the Raman signals. Spe-
cifically, with the reduction in the period of PnCs, there is a
noticeable shift in the Raman peak position and a substantial de-
crease in the intensity of the Raman spectra (fig. S7). The spectra
show a very weak signal-to-noise ratio when the MoS, PnCs period
falls below around 200 nm. Therefore, using 1LRT experiments for
all the samples, the k was obtained from the COMSOL model.

Details on the experimental methodology and «k calculations are de-
scribed in Materials and Methods.

Thermal transport in freestanding layered membranes is domi-
nated by the in-plane k, which can be calculated using Fourier’s law:
P/(2art) = —xdT/dr, where P is the power absorbed by the mem-
brane, r is the distance from center, and ¢ is the membrane thickness
(27, 31). By taking rdT/dr = dT/d(Inr) the following expression for

dr

d(inr)
scan curve measured by 2LRT, which demonstrates a symmetric
temperature decay from the center of the sample toward the heat
sink (membrane edge), where it reaches room temperature. The pro-
files are well fitted with a constant k, as depicted in Fig. 2C, where the
slope of the fitting lines corresponds to dT/d(Inr). We note that the
background scan curves exhibit changes in the A, peak frequency
before and after nanopatterning (fig. S8), which can be attributed to
size effects (35). Figure 2D shows the 1LRT measurement results,
which were compared to the simulated data from the COMSOL
model (fig. S8F) to obtain a final value of k. To extract the intrinsic k
of the MoS; PnCs, the experimental value was corrected using a vol-
ume correction factor &, which takes into account the volume reduc-
tion of the patterned samples, where € = (1 — 8)/(1 + ), and where
the porosity & is given by the equation & = nd*/4a” (27, 36).

To gain further insights into the impact of thickness and pattern-
ing on k, we performed EMD simulations (37). k was studied with
the EMD method using the Large-scale Atomic/Molecular Mas-
sively Parallel Simulator package and the Reactive Empirical Bond

K was obtained: k = — P/ [2nt ] Figure 2B shows the heating
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Fig. 2. Thermal characterization of patterned freestanding MoS, membranes. (A) Schematic of a thermal conductivity measurement of a MoS; PnC membrane by the
2LRT setup, in which a heating laser (405 nm) was focused onto the membrane center and a probe laser (532 nm) used to scan straight through the center point.
(B) Temperature profile over the sample extracted using the 2LRT line scan measurement and (C) the corresponding left and right sides from the center temperature
profiles as a function of In (r). The solid lines show the linear fits of the experimental points. (D) The Raman shift versus absorbed power measured in 1LRT experiments.

The results were matched to the COMSOL simulated data (red line).
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Order-Lennard Jones potential (38), which indicated that the x of
MoS,; increased from approximately 9 to 24 W/mK as the thickness
was increased from 4 to 10 nm. The x of 10-nm-thick Mo$S, reached
62% of the bulk value. These simulations were compared to the ex-
perimental data from the 11-nm-thick MoS; PnCs, which have the
lowest intrinsic k achieved in this study. The EMD model of the pris-
tine MoS, and MoS, PnCs is illustrated in Fig. 3 (A and B). The
sulfur atoms are irregularly arranged on the hole surface in the
MoS, PnCs due to their greater mobility relative to the molybdenum
atoms (39). The whole surface was partially covered with sulfur atoms.
The EMD simulations indicated that the « of the 11-nm-thick MoS,

6.0 x 10° 1.2 x 10° 1.8 x 10° 2.4 x 10°

membranes with a period of 122 nm was 0.85 + 0.50 W/mK, which
is on the same magnitude as the experimental value (0.2 + 0.1 W/mK).
The qualitative agreement between the experimental and theoretical
results validates our approach, a strategy that can be readily extended
to other patterned layered materials.

Moreover, from the nonequilibrium MD simulations, we calcu-
lated the phonon MFPs in the in-plane direction of the MoS, sample
to be approximately 41 nm in a 4-nm-thick MoS, (fig. S14) (40).
Using the MFP reconstruction method, an MFP of 30 nm was ob-
tained for bulk MoS,. This method was applied to the experimental
results assuming that the diffusive thermal transport is governed by

MoS, PnCs
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0.0
Number of steps Number of steps
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Fig. 3. MD simulations and temperature-dependent thermal conductivity of MoS,. (A) and (B) show the atomistic configurations of the pristine MoS; membrane and
the 11-nm-thick MoS; PnCs membrane, respectively. (C) and (D) show the EMD simulated «i,plane results corresponding to the pristine MoS; and MoS; PnCs, and the mean
values were calculated using 10 random seeds. (E) Comparison between 1LRT-based experiment (12-nm-thick MoS,) and EMD simulations (10-nm-thick MoS,) of
temperature-dependent « of a freestanding MoS; membrane. (F) The 1LRT-based experimental (12-nm-thick MoS,) temperature-dependent k of the same membrane

after FIB nanopatterning. Dashed lines are guides to the eye.
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the Fuchs-Sondheimer approach (fig. S14) (31, 41-45). In addition,
we studied the temperature dependence of the x of a 10-nm-thick
MoS, membrane Average temperature values were used for k deter-
mination. Through this method, both experimental and theoretical
results closely align the expected T™' trend. Both experiment and
simulations showed that the k decreases with increasing tempera-
ture, as shown in Fig. 3D. Figure 3E shows that MoS; PnCs also ex-
hibit the same temperature-dependent properties. For pristine MoS,
membranes, this effect originates from the temperature dependence
of the phonon MFP; e.g., with increasing temperature, the wave-
length of phonons dominating the heat transport becomes short-
er, and phonon-phonon scattering (Umklapp processes) becomes
dominant (31, 46). In contrast, for the MoS, PnCs, the inclusion of
an extra scattering mechanism (hole scattering) together with the
surface overwhelms the phonon-phonon processes leading to the
smaller temperature dependence of thermal conductivity (47).

Two sets of samples were designed and measured to understand
the effect of membrane thickness and PnC periodicity on the ther-
mal reduction efficiency. The reduction efficiency is defined by a
reduction factor of R = Kpristine/Kp-in- Where Kpristine i the thermal
conductivity of a pristine 2D membrane and «.in; is the intrinsic
thermal conductivity of a 2D MoS, PnC. These results are compared
to the original k¥ and the MD simulated data, as shown in Table 1.
The first set of samples contains PnCs with a period of about 500 nm
to study the effect of thickness on the thermal reduction efficiency in
the 2D layered system. The second set of PnC samples had smaller
periods and was used to study the effects of neck size and porosity
on k of the MoS; PnCs. The information is graphically represented
in Fig. 4 to facilitate comparison and further analysis. The depen-
dence of Kin-plane 0N the thickness in MoS; is shown in Fig. 4A. In
pristine MoS;, Kpristine increases almost linearly from 29.4 + 1.5 to
86.9 + 4.8 W/mK for thicknesses from 4.5 to 40 nm. The minimum
value of Kpristine measured in the 6-nm-thick sample can be explained
considering two competing scattering mechanisms, i.e., phonon-
phonon and surface-phonon scattering, as has been previously reported

in supported six to eight layers of MoS; (8). By comparing the Kpristine
and Kp.ine of PnCs with period a = 500 nm, we found that the reduc-
tion factor R for PnCs is approximately 10 as the thickness increas-
es from 4.5 to 40 nm. Notably, kp.int and Kpristine exhibited a consistent
dependence on thickness, with all showing a small dip in Kpristine for
the 6-nm-thick sample. The thermal conductivity of amorphous
materials is typically around 0.1 W/mK, while the thermal conduc-
tivity of our MoS; PnCs is larger than this value (10). This observa-
tion serves as an additional validation, reaffirming the preservation
of the layered structure of MoS, following the FIB nanopatterning
process. In addition, the Gpyistine 0f 2 layered MoS, was characterized
using the four-probe method under the flow of nitrogen (fig. S10).
After patterning PnC with the typical period of 500 nm using Ga™
FIB, the samples 6, was measured with the same conditions. As
shown in table S2, the ¢ reduction factor R for a 118-nm-thick
MoS, PnC (a = 500 nm) is ~2.1.

Furthermore, MoS; PnCs with smaller periods (100 to 300 nm)
were fabricated to investigate the role of neck size and porosity on k
in such engineered 2D materials. It was found that «;, i, decreased
almost linearly with decreasing neck size and increasing porosity on
a logarithmic scale, as shown in Fig. 4 (B and C, respectively). This
finding is consistent with prior observations in nanopatterned sili-
con membranes (48). As the neck size decreases to approximately
100 nm, and the porosity increases to about 30%, the k of the MoS,
PnCs drops to about 0.5 W/mK. Most notably, an ultralow effective
k of 0.1 + 0.1 W/mK was measured in the MoS, PnC with a period
of 122 nm, a neck size of 29 nm, and a porosity of 40%. Compared
to patterned structures in other semiconducting homogeneous ma-
terials such as Si and SiC, and other nanopatterned membranes with
a similar porosity (10 to 50%), MoS; exhibits notably larger values of
R, (Fig. 3D). Ry increased from 7.5 to ~211.8 as the porosity in-
creased from 9 to 40%. Nanopatterned Si and SiC membranes re-
quire porosities larger than 50% to obtain reduction factors below 5
(49-53). This finding confirms that nanopatterning is an effective
method to reduce the k of MoS,.

Table 1. Parameters for the MoS, PnC samples. t is the membrane thickness, a is the PnC period measured as the center-to-center distance between the
holes, d is the hole diameter, n, is the amorphous area size, kp.eff is the effective k, kp.int is the intrinsic k, and R, represents the thermal conductivity reduction

factor, which is defined by Ry = Kpristine/Kp-int-

t (nm) a(nm) d (hm) N (NM) Koot 2LRT)  Kpet ILRT)  Kpint (W/MK)  Kprstine (2LRT)
(W/mK) (W/mK) (W/mK)
4(EMD) 500 315 A A /A 46+20 /A
45 500 170 136 32412 32+02 39415 204415
6 520 187 16 23402 21401 29403 277+15 96
0 318 187 ns 02+01 /o 04+02 309+20 773
o 122 93 99 /o 0.06+002 0.17+006 360430
11(EMD) 1217 1069 A /o ;o 0.85+050 A
2 494 164 207 27407 40+04 32408 375+19 17
4 205 139 20 /o 04+01 08402 397 +3.0
18 ;T /A A A /A A 503+40  /
235 154 63 233 A 05401 07+01 550450 786
24 524 131 27 26402 54405 29402 60.1+48 207
5 06 67 ;o /A 03+01 06402 820430
0 537 93 245 62+09 94405 65+09 869+48
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Fig. 4. Reduction of the thermal conductivity of crystalline MoS; membranes. (A) Comparison of the experimental kin-plane Of the pristine and nanopatterned MoS,
PnCs, with the EMD simulated «. (B) and (C) show the k of MoS, PnCs with different periods as a function of neck size and porosity, respectively. (D) Comparison of the
reduction factor as a function of porosity for MoS; in this work and other nanopatterned semiconducting membranes (49-53).

The large reduction factor in MoS; can also be attributed to a
high degree of thermal anisotropy between the in-plane and cross-
plane directions of MoS;,, arising from the different crystalline
bonds in these directions. Nanopatterning reduces the k of materials
due to diffusive phonon scattering at the hole boundaries. In isotro-
pic materials such as Si and SiC, phonons undergo similar scatter-
ing, independent of the direction of propagation. However, in
anisotropic materials, the transport of scattered phonons may be
limited in certain directions (in the cross-plane direction in the case
of 2D materials), making scattering more efficient, thus leading to a
strong suppression of k. The variation of R, with thickness is shown
in fig. 9. By comparing the PnC samples with a similar period of
500 nm, an increase trend in Ry is observed with thickness. This
trend likely arises from the coupling between the phonon-surface
scattering and the hole-introduced boundary scattering for thin film.

Termentzidis and colleagues have demonstrated that amorphiza-
tion of the hole walls substantially influences heat transport in sili-
con PnCs (54). When considering FIB patterned MoS,, the presence
of amorphous MoS; at the hole edges also decreases k,.in; however,
this effect is less important in 2D materials compared to silicon due
to the presence of the van der Waals interlayer gaps. Another poten-
tial explanation for the large observed R, is the existence of defects
in the nanopatterned MoS,. Using FIB to pattern MoS, can lead to
preferential sputtering of sulfur from the samples, resulting in a
change in material stoichiometry and an increased presence of sul-
fur vacancies (23, 24). It has been shown that sulfur atoms are pre-
dominantly sputtered away from the top or bottom layers of MoS,
(55, 56). The presence of the amorphous phase and defects, such as

Xiao et al., Sci. Adv. 10, eadm8825 (2024) 29 March 2024

sulfur vacancies, can be seen in the Raman scattering spectra of the
MoS, PnCs (fig. S7). The absence of spatial order and long-range
translational symmetry leads to a red shift of the Raman modes, a
broadening of their linewidth, and a remarkable decrease in their
intensities.

The figure of merit (zT) in thermoelectric materials exhibits a
direct correlation with the square of the Seebeck coefficient and o,
while it is inversely related to k. In the layered MoS,, the enhanced
zT is expected because the electrical reduction factor (R;) is smaller
than the thermal conductivity reduction factor (Ry). Therefore, our
study proposes a promising strategy to enhance the thermoelectric
zT of layered materials by using low-porosity PnCs. The low poros-
ity of PnCs implies that only a minor volume fraction of material is
removed from the membrane, which limits any decrease in 6. More-
over, the neck size, exceeding 200 nm, notably surpasses the elec-
tron MFP, thereby reducing the electron-boundary scattering
intensity in the PnCs. Effectively, this means that the thermal and
electrical conductivities can be decoupled, allowing for the tunabil-
ity of the thermal properties independently from the electrical ones,
ultimately leading to the increase in the thermoelectric zT.

To further advance our understanding of heat flow in patterned
MoS,, we fabricated heat-routing structures based on freestanding,
single-crystalline 10-nm-thick MoS, membranes of 30-pm diame-
ter. A heat-insulating ring with a radius » = 7.5 pm consisting of four
lattice periods in width with a = 300 nm on a freestanding MoS,
membrane is shown in Fig. 5A and fig. S11. The heating laser was
focused on the center of the membrane to create a hotspot. The tem-
perature profile for the absorbed heating power P = 28.4 pW was
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recorded along the dashed line in Fig. 5B. The center of the mem-
brane, i.e., inside the ring, maintained a temperature of approxi-
mately 500 K. A sharp drop of the temperature down to 330 K was
recorded between the inner and outer parts of the ring, indicating
that the ring blocked most of the heat flow from the center to the
edges of the membrane. The temperature of the outer part of the
MoS, was almost unaffected and maintained a temperature between
300 and 330 K since it was thermally anchored to the supporting
metal-coated frame. All measurements were performed in a vacu-
um to avoid convection or heat transfer to air. Therefore, no other
dissipation channels were available, and the only path for the heat to
flow was through the patterned area. The corresponding thermal re-
sistance Ry, of the patterned region can be calculated from Q = AT/
Ry, where Q is the heat flux and AT is the temperature drop. The
calculated Ry, is 4 X 107° m? K/W, which corresponds to a thermal
boundary conductance G = 1/Ry, = 0.25 MW/m? K and Kp-int De-
low 1 W/mK.

We extended this experiment by fabricating a Z-shaped heat
guiding channel (a = 300 nm; patterned area width, 2.1 pm; channel
width, 3.6 pm) on the MoS,; membrane (Fig. 5C and fig. S12). The
heating laser was focused on the center of the membrane, creating a
hotspot with a temperature of 560 K. Figure 5D shows the tempera-
ture distribution on the sample. The temperature inside the channel
decreased from the hotspot toward the heat sink at the membrane
edges. Thus, the lateral heat flow was delimited by the patterned area,
and the area outside the channel was protected from high tempera-
tures. The temperature outside the channel was close to that of the
heat sink, at about 300 K. Such directional heat flow is not possible
using existing heat spreading materials, such as copper or sintered
silver pastes, where thermal transport is isotropic. Compared to ex-
isting 2D materials, the ultralow value of k for nanopatterned MoS,

B | Temperature distribution

Temperature (K)

0 5 0 5 10 15
Position (um)

c pnc D
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— 295 K

Fig. 5. MoS; thermal insulator and heat conduction channel. (A) SEM image of
a freestanding MoS, membrane patterned with a thermal insulator ring. The
dashed line indicates the scan axis. (B) The corresponding temperature profile for
the absorbed power P = 28.4 pW focused on the center of the sample. (C) SEM im-
age of a freestanding MoS; membrane with a Z-shaped heat conduction channel.
(D) The corresponding temperature map for an absorbed power P = 8.5 pW focused
on the center of the sample. The dashed line indicates the membrane edge.
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is comparable to its polycrystalline counterpart in the nanometer-
scale grain size limit, which is in the range of 0.5 to 2 W/mK (21). To
the best of our knowledge, this is the first attempt to create thermal
interfaces in the in-plane direction in 2D materials that exhibit such
high Ry, due to such an effect. Moreover, Ry, scales linearly with the
width of the nanopatterned region, which provides another degree of
freedom in the design of the heat-routing structures based on PnCs.
Our device-like structures perform well even when the temperature
of the hotspot is much higher than the hotspot temperature in a real
electronic circuit, which is on the order of 400 K (57).

In summary, we have fabricated suspended crystalline MoS,
membranes of various thicknesses and applied advanced FIB-based
nanopatterning techniques to develop PnCs in these membranes.
Our comprehensive investigation into the thermal conductivity of
MoS, before and after nanopatterning encompasses a range of ex-
perimental and theoretical methodologies, including 1LRT, 2LRT,
MD simulation, MFP reconstruction method, and COMSOL simula-
tions. The nanopatterning technique has proven to be highly effective
at enabling efficient thermal management. We achieved an unprece-
dentedly low thermal conductivity value of 0.1 & 0.1 W/mK for the
layered crystalline PnC structure. Our findings demonstrate the ex-
ceptional efficiency of these layered PnCs in reducing k, surpassing
the capabilities of Si and SiC PnCs with comparable periodicity by
approximately 100-fold. Furthermore, we have realized MoS,-based
thermal routing nanostructures for thermal isolation and heat guid-
ance in prespecified directions. Our strategy can be readily extended
to other layered materials, such as graphene or hBN, which have high
thermal conductivities that make them interesting candidates for heat
spreading applications. These findings enable innovative strategies for
thermal management in future 3D IC electronics and thermoelectric
devices containing 2D layered materials. By using nanopatterned 2D
layered materials to reduce thermal conductivity while maintaining
electrical conductivity, substantial improvement in both thermal
management efficiency for electronics and waste heat conversion ef-
ficiency for thermoelectric devices can be achieved.

MATERIALS AND METHODS

Sample fabrication

An Au/Ti (95 nm/5 nm) layer was deposited on a SiNx TEM grid
substrate (Norcada Inc., Canada) by e-beam metal deposition. A 2-mm
thick polydimethylsiloxane (PDMS) film was created using a 10:1 ratio
of silicon base to curing agent (Sylgard 184, Dow Corning, USA)
and cured at room temperature for 24 hours. The PDMS film was
used to mechanically exfoliate MoS, membranes from bulk MoS,
crystals (Graphene Supermarket, USA), and the MoS, membranes
were dry transferred onto the Au/Ti-coated substrate, leaving a free-
standing MoS, membrane.

An FIB (Zeiss 1560XB Cross Beam, Germany) was used to mill
periodic holes into the MoS, membrane with a beam current of 2 pA,
a voltage of 30 kV, and an etch time of 10 ms. An unetched center
area of diameter ~5 pm was left on each membrane to be used as the
heating island.

Thermal conductivity measurement

Two-laser Raman thermometry

As the frequency of a Raman mode depends on the material tem-
perature, it can be used to probe the material temperature. The Ajq
peak position of the MoS; Raman spectrum was used to probe the
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temperature of MoS, membranes in this work, as its peak intensity
is much stronger than that of the Elzg peak.

A probe laser (532 nm, Cobolt) and a heating laser (405 nm, Co-
bolt) were focused on the center of a freestanding membrane from
the top side and bottom side, respectively. The heating laser and the
freestanding membrane were fixed on a motorized stage (Marzhauser),
which sets their relative position and prevents a change in the position
of the heating laser during measurement to ensure a stable and un-
contacted heating source. The probe laser was coupled to the Raman
spectrometer (Horiba T64000) and scanned at various points on the
sample. The probe laser spot size was 1.2 pm. The laser power ab-
sorbed by the membranes was measured in situ using a configura-
tion described elsewhere (20, 27).

All samples were measured in a temperature-controlled vacuum
chamber at a pressure of ~3 X 10~> mtorr (Linkam). The gold layer
also acted as a heat sink to ensure that the MoS, temperature in the
supported area is the same as that of the vacuum chamber. To calcu-
late the thermal conductivity, a temperature distribution around the
heating source on the freestanding membrane was required.

The 2LRT experiment consists of two consecutive scans: (i) no
heating applied (“baseline”)—this measurement also helps to assess
the sample quality (strain, contamination, etc.); (ii) heating applied
using a 405-nm wavelength laser coupled from below the sample.
The Ajg frequency difference between the background scan and
heating scan was divided by the A4 peak’s temperature coefficient of
each sample and converted to the temperature (fig. S1 and table S1).
The profiles of regions near the heat sink could be well fitted by the
constant k (Fig. 2E) where the slope of the fitting lines corresponds
to the dT/d(Inr). The spectra are collected every 0.5 pm using a
Mirzhduser stage with a Tango controller, which provides a repeat-
ability <1 pm (bidirectional) and a resolution of 0.01 pm (smallest
step size).

One-laser Raman thermometry

A heating-probe laser (532 nm, Cobolt) was used to heat the sam-
ples at the center as well as collect the corresponding Raman spectra.
All the measurements were performed in a temperature-controlled
vacuum chamber (Linkam) and the laser power absorbed by the
samples was measured in situ using the configuration described
elsewhere (21).

Supplementary Materials
This PDF file includes:

Figs.S1to S14

Tables S1 to S4
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