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Materials with a large thermal anisotropy can be widely used to guide the heat flow for various energy-
related applications. Other than the well-known thermal conductivity contrast along the in-plane and
cross-plane directions of a thin film, the in-plane thermal anisotropy within a thin film is less em-
phasized. However, such a thermal anisotropy can be easily adopted for the thermal management of
thin-film-based electronic devices in practice. In this work, two-dimensional Si thin films patterned
with through-film nanoslots are studied for their enhanced in-plane thermal anisotropy. Specifically, the
anisotropy of the nanoslot pattern can be further increased if rows of nanoslot patterns have an offset.
Within the limitation of nanofabrication techniques, offset nanoslot patterns can provide more scopes for
tailoring the transport properties. These nanoslot-patterned thin films can be widely used for applications
such as heat guide, thermal insulation, and thermoelectrics.

© 2021 Elsevier Ltd. All rights reserved.

1. Introduction

Within nanostructured materials, the thermal transport can be
largely suppressed by the interfacial or boundary scattering of
phonons [1]. In addition to the reduced lattice thermal conductiv-
ity k;, the thermal anisotropy can also be critical in certain cases.
It is well known that the cross-plane k; of a film can be lower
than the in-plane k;. Examples can be found for a simple solid film
[2], a nanoporous film [3-5], and a superlattice thin film [6]. For
thermoelectric (TE) applications, the electrical and thermal prop-
erties of a film-like sample must be measured along the same di-
rection to compute the corresponding TE figure of merit (ZT). In
naturally formed materials, thermal anisotropy can be found for
those with layered atomic structures, e.g., graphite. More recent
studies on nanostructured materials also reveal thermal anisotropy
for few-layer black phosphorus [7-9], SiC/graphene nanocompos-
ites [10] along the in-plane and cross-plane directions.

Despite these anisotropic thermal conductivities in various
structures, it is hard to employ them in real applications. For
thin-film-based electronic devices, a large thermal anisotropy for
the in-plane heat conduction can be more effective to guide the
heat transfer across the chip. Efforts are made by synthesizing in-
plane anisotropic materials such as layered TiSs [11], black arsenic
[12], and black phosphorous nanoribbons [13]. Along another line,
a large in-plane thermal anisotropy can be achieved by fabricat-
ing anisotropic patterns within a solid film. For example, periodic
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nanoporous thin films with different cylindrical pore orientation
angles are used to tune the in-plane thermal conductivity [14].
Thickness-modulated thin films have also been proposed to modify
the in-plane thermal anisotropy [15]. However, such structures re-
quire a film to have a relatively large initial thickness to yield con-
trast by locally reducing the film thickness. When the initial film
thickness is already much shorter than majority phonon mean free
paths (MFPs), such thickness modification becomes ineffective. In
other studies, periodic square pores with different periodic lengths
along the x and y directions are patterned on a two-dimensional
(2D) thin film to achieve a high thermal anisotropy for the in-plane
phonon transport [16].

In this work, a simple but more effective anisotropic pat-
tern is proposed to achieve an even better in-plane k anisotropy
within thin films and general 2D materials. In this pattern, pe-
riodic nanoslots are arranged with an offset p, between two
parallel nanoslot rows (Fig. 1a). Such patterns can be found in
previous studies on graphene, but the focus is not on ther-
mal anisotropy [17]. In this work, a systematic study utiliz-
ing frequency-dependent phonon Monte Carlo (MC) simulations
[18,19] is carried out to obtain the thermal conductivities along
two major axis directions, which are denoted as ky and ky, respec-
tively. It is found that such an offset nanoslot pattern can dramat-
ically suppress kx while maintaining ky. As a result, the in-plane
thermal anisotropy, which is defined as y = ky/ky, can be increased
from patterns using aligned nanoslots. Other applications using the
proposed offset nanoslot patterns, including the TE energy conver-
sion and the heat guide for the thermal management of an elec-
tronic device, are also explored in this work.
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Nomenclature

2D Two-dimensional

3D Three-dimensional

BTE Boltzmann transport equation
EBL Electron beam lithography
MC Monte Carlo

MFP Mean free path

TE Thermoelectrics

ZT Thermoelectric figure of merit

Greek Symbols

Apuik Bulk phonon mean free path (m)

Apym  Effective in-plane phonon mean free path along a
solid thin film (m)

o Phonon suppression function

y In-plane thermal conductivity anistropy

o Electrical conductivity

Roman Symbols

b Channel depth of the nanoslot pattern (m)

Hy Heat-conduction-reduction factor due to porosity

k Thermal conductivity (W/m-K)

kp Lattice thermal conductivity (W/m<K)

kx In-plane thermal conductivity along the x direction
(W/m-K)

kx.a In-plane thermal conductivity along the x direction

with aligned nanoslot patterns (W/m-K)

Kyefs In-plane effective thermal conductivity along the x
direction (W/m+K)

kx.o In-plane thermal conductivity along the x direction
with offset nanoslot patterns (W/m-K)

ky In-plane thermal conductivity along the y direction
(W/m-K)

Ky eff In-plane effective thermal conductivity along the y
direction (W/m-K)

Lc Characteristic length of a nanostructure, as deter-
mined by the geometry (m)

Lefs Effective characteristic length of a nanostructure
(m)

l Pitch of the nanoslot pattern along the x direction
(m)

p Pitch of the nanoslot pattern along the y direction
(m)

Do Offset distance of the nanoslot pattern (m)

S Seebeck coefficient (uV/K)

T Absolute temperature (K)

w Neck width between adjacent nanoslots (m)

2. Determining the in-plane thermal anisotropy y

Frequency-dependent phonon MC simulations are utilized to
determine the in-plane thermal anisotropy y of 2D Si thin films
with offset nanoslot patterns. For a 2D thin film, the top and bot-
tom film surfaces are assumed to specularly reflect phonons so
that the thermal conductivity is unaffected by the film thickness.
By tracking the movement and scattering of individual phonons,
the solution for the phonon Boltzmann transport equation (BTE)
can be statistically obtained. The exact phonon MFP distribution
and complicated three-dimensional structures can be fully consid-
ered in these simulations. To improve the computational efficiency,
a variance-reduced MC technique developed by Péraud and Had-
jiconstantinou is employed [20]. As an input to the phonon MC
simulations, fitted bulk phonon MFP Ay, provided by Wang et
al. is adopted [21]. Only three identical isotropic and sine-shaped
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acoustic phonon branches are considered. The phonon scattering
mechanisms considered include the Umklapp scattering and the
impurity scattering [21]. The employed bulk phonon MFPs have
been adopted for the phonon MC simulations of nanoporous Si
thin films and the predictions can agree well with the experimen-
tal data [22,23]. All simulations are performed at 300 K.

Using the boundary condition developed for general periodic
structures [24], only one period of the offset nanoslot patterns is
selected as the computational domain to simulate ky and ky. For
each simulation, the sidewalls of the computational domain are en-
forced to have specular phonon reflection because of the structural
symmetry. In Fig. 1b, the nanoslot pattern can be defined using
the neck width w between adjacent nanoslots, nanoslot depth b,
y-direction pitch p and x-direction pitch I. The offset distance p, is
kept at p, = p/2 (Fig. 1), where the midpoints of the channels and
nanoslots are aligned to achieve the maximum suppression of the
x-direction thermal transport. As a comparison, the corresponding
patterns with aligned nanoslots (i.e., p, = 0) are also simulated for
each case. When a 3D thin film with diffusive film-surface phonon
scattering is considered, the bulk phonon MFP Ag,, can be sim-
ply converted into an effective in-plane phonon MFP Ag;,, using
the Fuchs-Sondheimer model [2]. As a special case, A, is simply
equal to Apy for 2D thin films or atomic thick materials. The rest
of the computations is essentially the same [25,26]. The edges of
nanoslots are assumed to have completely diffusive phonon scat-
tering. Above 300 K, this assumption is generally valid for rough
pore edges introduced by the nanofabrication [22,23,27,28].

3. Results and discussion
3.1. Thermal anisotropy

A systematic study of the thermal anisotropy y is carried
out using the frequency-dependent phonon MC simulations. For
lightly doped or undoped Si, the thermal conductivity can be
approximately as the lattice part only. Figure 2a shows the x-
direction thermal conductivities of 2D Si thin films with off-
set (kxo) and aligned (kx,) nanoslot patterns, as obtained from
frequency-dependent phonon MC simulations. The neck width w
of the 2D structures ranges from 20 nm to 120 nm, and Fig. 2a
inset illustrates the change of w on the nanoslot geometry. Other
adopted dimensions are [=30 nm, p=240 nm, p,=120 nm, and
b=10 nm. Considering the typical 5 nm spatial resolution for elec-
tron beam lithography (EBL), the minimum feature size b is con-
trolled at 10 nm to be more realistic. In Fig. 2a, the y-direction
lattice thermal conductivity ky is identical for aligned and offset
nanoslot patterns. It is also observed that both ky,and kyq in-
crease with an increased w. However, ky, is insensitive to the dra-
matic change of the neck width w. Such a trend indicates that the
requirement of a small w to suppress the phonon transport can be
largely mitigated in offset nanoslot patterns. At the extreme case
with w=120 nm, where no overlapping is found between adjacent
rows of nanoslots, the ky, can still be comparable to kx, with w
=20 nm.

With ky and ky values, the in-plane thermal anisotropy is cal-
culated (Fig. 2b). For 2D Si thin films with offset nanoslot pat-
terns, y = ky/ky for offset nanoslot patterns is consistently higher
than that for aligned nanoslot patterns, with the maximum y=37.5
found. This y value is significantly larger than the highest y ~ 12
for thickness-modulated thin films [15] and the highest y ~ 18.5
for nanoporous materials with anisotropic pore lattices [16]. Par-
ticularly for phonons with MFPs much longer than the neck width
w between nanoslots, the ballistic constriction resistance posed by
the neck width can dramatically suppress the contribution of these
phonons to the x-direction lattice thermal conductivity [17,29].
Similar discussions for the “ballistic thermal resistance” or Sharvin
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(a)

(b)

Fig. 1. (a) The offset nanoslot pattern. (b) Illustration of one period of the offset nanoslot pattern, with key geometries and in-plane heat transfer directions marked.

30 - - . . . ,

_ (a) —e— Offset (k)
—e— Aligned (k, ,)
o k,

N
(3]

N
o

Lattice thermal conductivity
(W/m-K)
S &

20 40 60 80 100 120
w (nm)

40 ‘ . . . .
Q
(b) o Offset
—a— Aligned
30 A
> o}
>
o
o o
3 20 " 1
(2
2 o
<
o]
10 + .\-\ ]
0 A s St S

0 20 40 60 80 100 120 140

w (nm)

Fig. 2. (a) In-plane lattice thermal conductivities as a function of the neck width w, as predicted by frequency-dependent phonon MC simulations. Inset: Illustration of neck
width w change of the offset nanoslot pattern. (b) Comparison of thermal anisotropy y. Other adopted dimensions are /=30 nm, p=240 nm, p,=120 nm, and b=10 nm.

resistance [30] can be found in Si nanoribbons with fins attached
to the two opposite sides [31], i.e., the fish bone structures [32].
Similar studies are also performed with varied x-direction pitch
I. Figure 3a presents the in-plane lattice thermal conductivities
with [=30-130 nm, as predicted by frequency-dependent phonon
MC simulations. Figure 3a inset illustrates the change of I. Other
geometry parameters are w=60 nm, p=240 nm and b=10 nm.
With an increasing [ and subsequently less cross-sectional reduc-
tion on y direction, ky, increases with I. For both offset and aligned
nanoslot patterns, ky will increase because an increased ! reduces
the suppression of the phonon transport. Such an observation is
well reflected in the characteristic length L. expression developed
for the aligned nanoslot patterns [33], nanoladder patterns [34],
and fish bone patterns [32]. However, the ky, is still lower than
kxq for all simulated | values. For a very large | value, both ky,
and kyq are mainly restricted by the ballistic thermal resistance
at the neck width w so that the two values would converge.
Figure 3b presents the thermal anisotropy y. Here 2D Si thin films
with offset nanoslot patterns have a maximum thermal anisotropy
y=214, comparing with only y ~4.0 with aligned nanoslot pat-
terns. Nanoslot patterns can be optimized to gain a higher thermal

anisotropy. In principle, w/p « 1 and b/l « 1 are preferred so that
ky can be close to that of a solid film but ky can be minimized.

For various nanoslot-patterned thin films, a characteristic length
Lc can be utilized to modify Ap;,,, using the Matthiessen’s rule
[33] to obtain effective in-plane phonon MFP A.s; of the corre-
sponding nanoslot-patterns:

Ay = (5 +ly1 (1)
eff = AFilm Lc '

and the in-plane thermal conductivity along the x direction, ky, can
be thus determined by

H, Omax,i
ky = ?W > fo Vg i(@)Gi(@) Aefri(w) do. (2)
i=3 ©=

In Eq. (2), w, Vg, and C represent the phonon angular fre-
quency, phonon group velocity and phonon specific heat, respec-
tively. The subscript i stands for the phonon branch, and three
acoustic phonon branches are considered in Eq. (2). It is noted that
the phonon dispersion may be modified within the narrow neck
region that can be viewed as an ultra-fine nanowire. However, the
overall impact of this nanowire region on the thermal resistance
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Fig. 3. (a) Different in-plane lattice thermal conductivities predicted by frequency-dependent phonon MC simulations as a function of the x-direction pitch . Inset: Illustra-
tion of pitch I change of the offset nanoslot pattern. (b) Thermal anisotropy y as a function of I. Other geometry parameters are w=60 nm, p=240 nm and b=10 nm.

of the whole structure can be small when the depth b is very
short. Therefore, the bulk phonon dispersion is still assumed for
the whole structure for simplification.

For aligned (i.e. no offset) periodic nanoslot patterns with p,=0
nm and a small channel depth b (Fig. 1b), a simple but accu-
rate analytical model L. = 3wl/[4H,, (p — w)] was previously devel-
oped to predict kyx [33]. The correction factor H,, is computed with
the Fourier’s law as a factor to account for the heat-flow reduc-
tion due to decreased cross-sectional area within a porous struc-
ture [26,33,35]. For offset nanoslot patterns, it is often observed
that with a fixed p, the L. and subsequently the ky are decreased
with reduced w and |, i.e., weak phonon size effects with increased
structure sizes [33]. On the other side, ky is anticipated to be very
close between the offset and aligned nanoslot patterns because the
offset shift along the y direction will not remarkably affect the
phonon transport along the same y direction.

For a given 2D nanoslot-patterned Si thin film, the charac-
teristic length L. under a x-direction heat flow can be extracted
by matching the simulated in-plane thermal conductivity ky with
predictions based on Eqs. (1) and (2). The extracted L. can then
be used to predict the transport properties of three-dimensional
porous thin films with possibly diffusive phonon scattering at the
top and bottom film surfaces [19,36]. Figure 4a presents the ex-
tracted L. corresponding to kx, and kx, for w=20-120 nm. For
offset nanoslot patterns, L. was maintained at around 13-15 nm
regardless of the w value, whereas L. of aligned nanoslot patterns
almost linearly increases with w. A comparison between L. for
aligned and offset nanoslot patterns is also given for increased I
(Fig. 4b). Although L. for offset nanoslot patterns increases at en-
larged [ values, it is still lower than that for the aligned nanoslot
patterns.

The characteristic length L. also reveals the phonon MFP sup-
pression due to the nanoslot structures with neck width w. A sup-
pression function S can be derived as

L
S() = ——
(n) nw+ Le

where 1 = Agj,/w [35]. The corresponding S represents the struc-
tural suppression of the thermal transport for phonons with a spe-
cific in-plane phonon MFP Agj,,. It is observed that when 1 —0,
i.e. Apjm < w, the suppression function S will converge to the sup-
pression under the Fourier’s law, where S=Hy,. Equation (3) is ver-
ified by performing the frequency-independent phonon MC simu-
lations with a fixed Agj,;, that is further varied across the whole
phonon MFP spectrum for S(#). The top and bottom film surfaces

Huw, (3)

both have specular phonon reflection in these simulations, where
possibly diffusive film-surface phonon scattering can be incorpo-
rated into Apj,<Apyy for a 3D thin film. The results are plot-
ted as symbols in Fig. 4c. A good agreement is observed between
Eq. (3) and phonon MC simulations, which further validates the L.
values in Fig. 4a and Eq. (3).

3.2. Anisotropic ZTs along the x and y directions

With a given characteristic length L., the corresponding
in-plane lattice thermal conductivity can be computed with
Egs. (1) and (2). Because charge carriers have the same boundary
scattering as phonons, the same L; can be used to modify the MFP
of charge carriers to compute the electrical properties. The elec-
trical conductivity o, the Seebeck coefficient S, thermal conduc-
tivity k and subsequently the TE figure of merit ZT = 0S2T/k can
be predicted, where T is the absolute temperature. All employed
equations and models for the TE property calculations of periodic
porous thin films with L. can be found elsewhere [33,37,38].

An n-type 2D Si thin film with a doping level of 2 x 1020
cm~3 is considered. For such heavily doped samples, the impurity-
phonon scattering rate, given as 1/t =Aw* [39,40], has an
increased A =1.647 x 1044 s3 according to studies on heavily
doped single-crystal Si films [41]. The neck width is selected as
w=5, 20, and 120 nm. Other dimensions are the same as those
used in Fig. 2, i.e.,, [=30 nm, p=240 nm, p,=120 nm, and b=10
nm. A six-fold degenerate conduction band and a valence band
are adopted for Si. The charge carrier scattering by the acous-
tic phonons and ionized impurities are considered for the em-
ployed bulk charge-carrier MFPs. The influence of possible pore-
edge charges trapped by surface defects of nanofabricated pores is
not considered [38]. In practice, such charge-carrier trapping can
deplete nearby charge carriers and build up a potential field to
scatter charge carriers.

Figure 5 presents the calculated x-direction ZTs for 2D Si thin
films with aligned and offset nanoslot patterns, with w varying
from 5 nm to 120 nm. For offset cases, the ZT can still be largely
maintained at larger w values for the offset nanoslot patterns due
to a L. value that is insensitive to an increased w value. In com-
parison, a notable ZT decrease is observed with the increased w for
aligned nanoslot patterns. With the same feature sizes for nanofab-
rication, the calculated ZTs of the offset nanoslot patterns are
higher than that of the corresponding aligned nanoslot patterns.
For the w=5 nm case, ZT=0.58 is predicted at 1100 K. The results
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Fig. 5. Temperature-dependent ZTs of nanoslot-patterned 2D Si thin films, in com-
parison with experimental results of nanostructured bulk Si.

here are further compared with experimental results for nanos-
tructured bulk Si with nanograin boundaries to scattering phonons,
including Zhu et al. [42], Yusufu et al. [43], Petermann et al. [44],

and Bux et al. [45]. For nanoporous Si films, existing thermoelec-
tric measurements are mostly below 300 K and are restricted for
thermal conductivities in most studies [26]. Some ZT overestima-
tion may also occur due to measurement errors with nanoporous
thin films [46]. In practice, fabricating ultrafine nanoporous pat-
terns across a thin film is also restricted by the aspect ratio of
the etching process, where the minimum feature size is smaller
than the film thickness by a factor of 3 for dry etching [26]. This
limitation can be removed for atomic-thick materials or ultrathin
films.

In addition, concerns may exist on the thermal stability of
nanoporous Si films for high-temperature applications. In this as-
pect, one recent study suggests that the possible nanopore contrac-
tion can be largely suppressed even at 1173 K for a nanoporous Si
thin film placed on a thermally insulated SiO, substrate [47]. This
can be attributed to the selected substrate that can prevent the
spreading of softened Si at elevated temperatures.

3.3. Heat guide

The largely suppressed ky, but maintained ky, can be widely
used to guide heat flow within thin-film-based devices. An early
study can be found for thin films patterned with varied circu-
lar nanopores [48]. Here Fig. 6a as a film with offset nanoslots
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(@)

Fig. 6. Temperature profiles for Si thin films (a) with and (b) without the offset nanoslots to guide the heat flow, obtained from frequency-dependent phonon MC simulations.

and Fig. 6b as a comparison solid film demonstrate the use of
nanoslot-patterned thin films in guiding the heat flow. Frequency-
dependent phonon MC simulations are used to produce Fig. 6. Both
three-dimensional films have a thickness of 100 nm, with diffu-
sive phonon scattering on top/bottom film surfaces. The simulated
structures are in contact with a heat reservoir with a width of 40
nm at 305 K at the bottom and anther heat reservoir at 295 K
at the top. The rest of the sidewalls is adiabatic. Clearly, the heat
flow can be largely confined in the middle channel after adding
offset nanoslots (Fig. 6a). Without nanoslots, the heat flow spreads
within the cross section and becomes one-dimensional when it is
close to the cold end (Fig. 6b). Offset nanoslots can also be pat-
terned circularly around a protected region to largely cut off its
thermal “talking” to the surrounding, while keeping mechanical
connections to the rest of the film. If the structure is well designed,
heat can go around the object without leaving a trace to form a
“thermal cloak.” In a general 2D thin film, the concentric rings as
the cloaking region can be carefully designed for their k(0,r) in
the cylindrical coordinate system [49,50].

4. Conclusion

In summary, periodic nanoslot patterns are explored as an ef-
fective way to tune the in-plane thermal anisotropy of a thin
film, which can be easily extended to 2D materials such as
graphene. Among all simulated cases, the maximum in-plane ther-
mal anisotropy y can be as high as 37.5 at 300 K, compared
with y=8.1 for aligned nanoslots. The y value with offset patterns
is significantly higher than y <19 for thin films modified with
other nanopatterns, including thin films with periodic trenches
[15] and rectangular pores [16]. Beyond thermal conductivities, the
temperature-dependent ZT is predicted using the extracted charac-
teristic length L. for both phonons and charge carriers. Comparing
with the aligned nanoslot patterns, the same ZT can be achieved
in the offset nanoslot patterns with a much larger neck width w
to restrict the heat flow. The dramatic suppression of kyx along the
direction perpendicular to the neck width can also be used as an
effective heat guide, or thermal cloaking within a thin-film device.
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