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Anisotropic phonon transport is observed along different lattice directions in two-dimensional (2D) and
layered materials. However, this effect vanishes in homogeneous, covalently bonded films, as the thickness
is increased beyond few atomic layers. Here we establish a fundamental mechanism to induce anisotropic
phonon transport in quasi-2D materials with in-plane isotropic symmetry. The anisotropy is engendered
by the resonant modes of surface nanostructures that hybridize with membrane modes. Using atomistic
lattice dynamics and classical molecular dynamics we demonstrate that the thermal conductivity of sil-
icon membranes with surface nanofins is larger by approximately 100% parallel to the fins than in the
perpendicular direction. The primary advantage of these configurations is that they would be technolog-
ically viable for implementation to existing and innovative material architectures. We anticipate that our
results will open up alternative research directions to control phonons of technology-enabling nanomateri-
als for a broad range of applications, including thermal management in three-dimensional interconnected
nanoelectronics, thermoelectric conversion to IR sensing.
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I. INTRODUCTION

Heat conduction in bulk materials is well described by
Fourier’s law [1] in terms of the proportionality between
the heat current and the local temperature gradient. The
coefficient of proportionality defines the thermal conduc-
tivity, x: an intensive property, independent of material
dimension and geometry. However, recent works height-
ened the debate over the applicability of Fourier’s law
to describe heat conduction in low-dimensional materials
[2—4]. In fact the thermal conductivity (TC) of materials at
the nanoscale can differ significantly from their bulk coun-
terparts [5—12], with major consequences for the appli-
cation of low-dimensional materials, such as graphene
[6-8,13,14], transition metal dichalcogenides [15—17],
nanotubes [9], and nanowires [11,12], in electronic, opto-
electronic, and phononic and/or thermal devices [15,18—
24,26].

Dimensionality reduction significantly affects lattice
thermal transport, even violating Fourier’s law. For exam-
ple, TCs of one- and two-dimensional nanostructures
exhibit anomalous size dependence [8,9,27,28], and TCs
of nanowires and nanomembranes show an enhanced sen-
sitivity on surface features [29,30]. Anisotropic in-plane
TC manifests itself in two-dimensional materials, such as
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few-layer black phosphorus [31], and has been theoreti-
cally predicted for phosphorene [32], borophane (hydro-
genated boron sheet) [33], arsenene [34], and silicene [35].
The anisotropy emerges as a consequence of differing
bonding environments along the zigzag and the armchair
lattice directions in these materials. Surface reconstruc-
tions are also shown to create in-plane TC anisotropy
in two-four atomic-layer-thick silicene, with the effect
monotonically decreasing with increasing thickness [35].
In bulk materials, TC anisotropy stems from the var-
ied bonding environment. For example, strong anisotropy
between the in-plane and the cross-plane directions occurs
in van der Waals layered materials due to chemical bond-
ing [7,36,37], or in-plane anisotropy arises in nanoporous
thin films due to anisotropic pore spacing [38]. To date,
however, in-plane anisotropic thermal conductivity has not
been reported for single-crystal thin films of materials with
isotropic bond symmetry, e.g., cubic or hexagonal.

In this article, we introduce a physical mechanism to
engender anisotropic in-plane phonon transport in thin
films and membranes of isotropic materials. Such an
anisotropy, which can exceed by a ratio of 2 between
the parallel and perpendicular components of TC, is
introduced by exploiting the hybridization of membrane
phonon modes with the resonant modes of surface nanos-
tructures. Using atomistic lattice dynamics and classical
molecular dynamics simulations we illustrate that phonon
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propagation in suspended silicon membranes (> 20 atomic
layers) with surface “fins” is anisotropic and guided by the
fin geometry. We demonstrate the concept on silicon mem-
branes with periodic surface nanoscale pillars and fins.
Silicon is chosen because of its wide use in a broad range
of technological applications and the ease of fabrication,
however the concept is applicable to other materials.

In recent years, the effect of dimensionality reduction
[29,30,39—46] and surface roughness, due to oxidation [30,
44,47], amorphization [29,39,40], or engineered nanos-
tructures [41-43,45,46] have been extensively discussed
as strategies to reduce TC of silicon, yielding potential
thermoelectric applications [48,49]. In particular, nanopil-
lar resonators on silicon thin films have been illustrated
to exhibit unique subwavelength phonon properties at the
nanoscale, resulting in strong « reduction [42,46]. Whereas
former works focused on TC reduction in either thin-film-
based phononic crystals or metamaterials, our simulations
unveil a fundamental mechanism to tune phonon prop-
agation direction and localization, and, as a result, the
directionality of heat transport in thin films, using nano-
engineered surfaces. While we also observe an overall TC
reduction, here we primarily discuss the microscopic ori-
gin of the anisotropic in-plane phonon transport induced
by surface nanoscale resonators, using a recently devel-
oped unified theory of thermal transport in crystalline and
disordered solids [50].

II. METHODS AND MODELS

Representative atomistic model configurations of sus-
pended silicon (Si) membranes with surface nanoscale (a)
pillars and (b) fins are shown in Fig. 1 (inset). We prepare
the membrane configurations by cleaving bulk Si super-
cells along the [001] direction to construct membranes
with pristine surfaces as well as membranes with mono-
lithic pillars and fins at both surfaces. The supercells are
constructed by replicating a Si cubic conventional cell
(CC): the pristine membrane supercells consist of 8 x 8 x
n, CCs, the monolithic surface nanopillars 4 x 4 x 2 CCs,
and nanofins 4 x 8 x 2 CCs, respectively, where n, is the
number of unit cells in the z direction. We investigate
single-crystalline membranes with four different thick-
nesses: 3, 5, 10, and 20 nm, with n, = 6, 10,20, and 37,
respectively. Both the surfaces of the pristine and the struc-
tured membranes are 2 x 1 reconstructed forming rows of
dimers [51], to minimize the number of dangling bonds.
The supercells are heated to 1500 K for 2 ns and then
quenched to 300 K by Langevin dynamics with a cool-
ing rate of approximately 10'! K/s to obtain equilibrated
configurations. The surface nanopatterns relax into peri-
odic features with spacing 2 nm, height 1 nm. and area
2.1 x 2.1 nm? (pillars) or 2.1x(sample length) nm? (fins),
respectively.
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FIG. 1. Ratio between the room-temperature thermal conduc-
tivity of bulk silicon and silicon membranes (k/kpyx) With
atomistic smooth surfaces (white), surface nanoscale pillars (red)
and fins (gold, orange) with thicknesses 3, 5, 10, and 20 nm,
respectively. Cartoons (bottom) refer to the corresponding con-
figurations above them. The « values represent the in-plane «
tensor components along the arrow direction shown at the bottom
of the figure. The results illustrate the anisotropy of the in-plane
k as a function of the fin orientation. (Inset) Representative
microscopic configurations of the membranes with nanoscale (a)
pillars, (b) fins at the top and the bottom surfaces.

In order to gain microscopic understanding of heat trans-
port in the nanostructured membranes, we perform equi-
librium molecular dynamics (EMD) simulations, in which
the interatomic interactions are modelled using the empiri-
cal Tersoff potential [52] (see details [53]). Although more
accurate machine-learning models are now available, [54,
55] and even though the Tersoff potential overestimates
the bulk TC of crystalline silicon, it provides an excel-
lent compromise between performance and transferability.
In fact, it reproduces well the TCs of amorphous silicon
[50,56] and, most importantly, the changes in TC induced
by nanostructuring and surface engineering [30,39,43].
The EMD simulations are carried out using LAMMPS
[57]. The TC is computed from the fluctuations of the heat
current in the EMD simulations, using the Green-Kubo
relation [58—60]. We verify that a X -Y periodic cell dimen-
sion of 16 x 16 x n. CCs (8.7 x 8.7 x thickness nm?),
is sufficient to achieve well converged values of x [43],
by comparing results with cells as large as 64 x 64 x n,
CCs (34.8 x 34.8 x thickness nm?®). We then perform a
spectral analysis of the heat-carrying vibrations of the
membranes and computed modal contributions to «, imple-
menting a lattice-dynamics-based quasiharmonic Green-
Kubo (QHGK) approach [50], which naturally bridges the
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Allen and Feldman model for heat transport in glasses
[61] and the phonon Boltzmann transport theory for crys-
tals [62]. We adopt a perturbative approach to compute
the three-phonon scattering rates, and neglect contributions
from four or higher-order scattering processes. The super-
cells used in the lattice dynamics calculations are pristine
membranes with 8 x 8 x 6 CCs containing 3072 atoms,
and membranes with 1-nm-high pillars (2.1 nm x 2.1 nm
lateral dimension) and fins (2.1 nm thickness) containing
3584 and 4160 atoms, respectively. All calculations refer
to systems at room temperature (300 K).

ITI. RESULTS AND DISCUSSION

Figure 1 summarizes the in-plane x of nanopatterned
membranes computed from EMD with the Green-Kubo
relation. The « values are scaled with respect to the
bulk Si reference: kpyx = 197 + 20 W/m-k [56]. The pres-
ence of surface nanostructures significantly reduces TCs
(red, gold, and orange blocks) compared to pristine mem-
branes (white blocks) of similar thicknesses, confirming
the trend reported in the literature [30,42—46,63]. For-
mer works showed that localized resonant modes of the
nanopillars hybridize with the underlying phonon disper-
sions of the base Si membranes and such couplings, in
combination with surface scattering, drastically lower the
in-plane TC [30,42,43]. For a given shape and size of the
surface nanostructure, the reduction of « increases with
decreasing membrane thickness. In our study, x drops by
a maximum of 13-fold and 16-fold for the 3-nm-thick
membranes with nanopillars and fins, respectively. The
reduction factor is approximately 3 for the 20-nm-thick
membranes. The reduction of ¥ with decreasing membrane
or thin-film thickness is attributed to the increase of the
surface-to-volume ratio and consequentially, the enhance-
ment of mode coupling between the membrane and the
resonators [43,45]. Whereas we observe similar trends,
our results are in stark contrast with former simulations
that predict x reduction of about 2 orders of magnitude
[46]. These discrepancies may arise either from the dif-
ferences in the equilibrated structures of the nanopillared
membranes, or from the differences in the protocol how
EMD simulations are carried out (e.g., how size and time
convergence issues are addressed in the EMD simula-
tions). Remarkably, as opposed to pillars, which reduce
k homogeneously, the nanofins break the membrane X -Y
in-plane symmetry engendering strongly anisotropic TC.
The TC parallel to the nanofins (k) is much higher than
in the perpendicular direction (x| ) (Fig. 1). k) exceeds x|
by ~ 100% in the 3-nm and > 30% in the 20-nm-thick
membranes.

Hereafter, we aim at unraveling the microscopic origin
of the observed anisotropic thermal conductivity, and its
relation to the phonon localization and hybridization due to
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FIG. 2. Spectral analysis of phonon propagation in nanostruc-
tured 3-nm-thick silicon membranes: (a) Phonon dispersion (L)
and group velocities (R) in membranes with periodic nanoscale
approximation along different symmetry directions. Cartoons on
top of the figure represent the corresponding geometries. The in-
plane phonon properties are shown along (ii) perpendicular (L)
and (iii) parallel (]|) to the fins in the membranes with nanofins.
The black and red lines in the L panels represent pristine and
nanostructured membranes, respectively. The flattening of modes
due to resonances can be clearly discerned in the two L pan-
els [(i), (ii)] while “guide”like modes are visible in (iii). The
blue, black, and red X’s in R panels represent bulk Si, pristine,
and nanopatterned membranes, respectively. The R panels reflect
the direct effect of phonon hybridization on group velocities. (b)
calculated with anharmonic lattice dynamics. Blue dashed lines
indicate the fitting of 7 of bulk silicon to 1/w?. The signatures
of anisotropic phonon properties are manifested in the L and ||
panels.
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Phonon-mode hybridization in nanostructured membranes. (a) Polarization vector of the membrane mode with frequency

approximately 0.8 THz, corresponding to wavevectors at the I" point. Red lines represent the projection of the eigenvector e, (i) of
mode i on the coordinates of atom n. Here i = (q, s). (b)~(f) Polarization of the membrane modes, which hybridize with the resonances
of the surface nanopillars, leading to modes localized at the pillar and reduced displacements of the core atoms. (g)—j) Hybridization
of the membrane mode with resonances of the surface nanofin, leading to anisotropic displacement patterns in the perpendicular (g)
and parallel (h) to the fin direction. (i}<j) Alternative views of the “guide”like modes of the membrane with nanofins.

the presence of the surface resonators. To this end, we per-
form a detailed spectral analysis using anharmonic lattice
dynamics and the QHGK approach.We highlight the low-
frequency phonons, below 1.5 THz, since they provide the
dominant contribution to TC, thus elucidating the trends
exhibited in Fig. 1. Both w,(q) and v4, shown in Fig. 2(a),
display the evidences of hybridization of the propagating
membrane phonons with the surface nanostructure reso-
nances. The comparison between the dispersion of modes
of the pristine (black) and the nanostructured membranes
(red) [Fig. 2(a) (i-L)] reveals that the surface nanopillar
introduces numerous resonances that hybridize with the
membrane modes, leading to the appearance of multiple
flat branches in the dispersion diagram. The polarization
vectors of these flat modes are significantly modified due
to hybridization [44,45]. In Fig. 3 we show the polar-
ization vectors, corresponding to wavevectors at the I’
point, of a representative membrane mode with frequency
approximately 0.8 THz [Fig. 3(a)], and of the hybridized
modes at similar frequencies in nanostructured membranes
[Figs. 3(b)-3(j)] (also at I' point). Figure 3(a) shows the
polarization vector of the TA mode of the membrane,
which involves participation of all atoms. In comparison,

the flat branches are fully or partially localized in the
nanopillars [Figs. 3(b)-3(f)], with reduced participation
from the membrane core atoms, indicating hybridization
and localization. Flat modes also appear in the dispersion
diagram of the membranes with nanofins, for q propa-
gation vector perpendicular to the fins [Fig. 2(a) (ii-L)]
(hereafter will be referred to as L modes), with reduced
participation from atoms belonging to the core of the
membrane [Fig. 3(g)]. Remarkably, the dispersion rela-
tions parallel to the fins do not exhibit flat modes, but
rather the presence of “guide”like modes [Fig. 2(a) (iii-L)]
[64](referred to as || modes), with extended participation
of both the fin and the membrane atoms [Figs. 3(h)-3(j)].
Acoustic phonon dispersions at small frequencies (approx-
imately 0.4 THz) or wavevectors are not affected by
surface features, as revealed across the panels represent-
ing different cases in Fig. 2. However, the lowest fre-
quency of the flat phonon branches could possibly be
tuned by altering the dimensions of the surface nanoscale
patterns [45].

The mode flattening has a direct influence on the phonon
group velocities (vqs = dws/dq); they are significantly
smaller in nanostructured membranes than in the pristine
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FIG. 4. Participation ratio (p;) of phonons of nanostructured
silicon membranes: surface nanostructures are instrumental in
localizing phonon modes, especially in the low-frequency region.
p; indicates the fraction of atoms participating in a given eigen-
mode and is defined as p,-_l =N, e (Dean ()]?, where
€4, (i) is the  component of the mode i relative to the coordinate
of the atom 7.

membrane [Fig. 2(a)-R] panels, and Fig. S1 within the
Supplemental Material [65]). Such a reduction of v, is the
main cause for the TC reduction in pillared membranes,
and along the direction perpendicular to the fins (along
[100]) in membranes with nanofins. In both the cases vq,’s
are drastically reduced at the frequencies where the sur-
face resonances couple with the membrane phonon modes
[Fig. 2(a) (i-R) and (ii-R)], and result in flat branches. In
contrast, vq s of | modes (along [010]), remain significantly
larger (iii-R). This aspect reveals the advantage of the fin
geometry to induce anisotropy, and offers insight to guide
phonon propagation in quasi-2D materials by exploiting
surface nanostructure geometry.

The altered dispersions also impact the phonon relax-
ation times (7q,,) in nanostructured membranes [Fig. 2(b)
and Fig. S2 within the Supplemetal Material [65]]. For
bulk Si, 74, diverges for frequency tending to zero as 1 /w®,
with a ~ 2 (blue) [66], whereas for pristine membranes
Tq,s €xhibits a slightly weaker divergence, oo ~ 1.5 (black).
In comparison, phonon lifetimes are considerably lower
in nanopatterned membranes than in pristine membranes

at low frequencies (< 3 THz). An even more remark-
able impact of resonances can be noted when we sort 74
according to phonon main polarization direction. We iden-
tify the main polarization direction from the maximum
projection of the eigenvectors [e, ,(i)] of the dynamical
matrix along the three Cartesian axes, « [Fig. 2(b)]. Here n
denotes atoms and i = (q, s). The 74’s of low-frequency
phonons, mainly polarized in plane, show identical behav-
ior (along X or Y) in the nanopillared membrane, and
reach a plateau (< 1 THz) [Fig. 2(b)(i)]. However, the
low-frequency || modes, are long-lived while 74 of the
1 modes reach a plateau [Fig. 2(b)(ii) and (iii)]. This
suggests that mode hybridization not only affects vq, but
impacts the phonon-phonon scattering processes as well.
In fact, the additional surface modes provide a larger num-
ber of three-phonon scattering channels that satisfy energy
and quasimomentum conservation [67], which reflects in
higher overall scattering rates and lower lifetimes. Such
enhancement of the three-phonon scattering phase space
is more efficient in reducing phonon lifetimes when the
surface modes are flat, i.e., either in nanopillared mem-
branes or for propagation perpendicular to the fins. The
Tq,s’s of higher-frequency phonon modes are not affected
significantly. A similar observation is reported for oxidized
silicon membranes that native oxide at surfaces induces
resonances to strongly suppress the phonon mean-free
paths below 4 THz [44].

As we illustrate earlier, resonance hybridization alters
the propagation character of vibrational modes in nanos-
tructured membranes. Figure 4 shows the participation
ratio [68] of the vibrational modes of the membranes with
and without surface nanostructures. Surface reconstruc-
tion does not impact significantly the extended nature of
the phonons of the pristine membrane [top, Fig. 3(a)],
other than localizing some modes near the surfaces both
in the high-frequency (> 14THz) and in the 4-6THz
range. In the nanostructured membranes, the latter modes
are extended to engage the surface nanostructures, result-
ing in higher participation. However, the most striking
impact of resonance hybridizations can be observed in the
reduced participation ratio of the low-frequency phonon
modes (w < 2 THz), reflecting the localized nonpropagat-
ing character of these modes [Fig. 4 (middle and bottom),
Figs. 3(b)-3()]. Most of these modes can be catego-
rized as “diffusons,” with approximately 0 group velocity
but still extended to significant portion of the membrane
model, and few of them are fully localized (“locons”)
[68]. Note that the participation ratio is not resolved with
respect to the propagation direction and thus it does not
offer any information regarding anisotropic transport. In
recent years, remarkable evidences of phonon localization
have been demonstrated in nanostructured materials due
to the introduction of multiple scattering and interference
mechanisms with periodicity on the order of the length
scale of the propagating waves [69—73]. Our calculations
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FIG. 5. Diffusivity of vibrational modes of membranes with
periodic nanoscale surface (a) pillars (red) and (b) fins [L
(green), || (orange)], calculated within the quasi-harmonic Green-
Kubo approach. (¢) Thermal conductivity accumulation function
of nanostructures membranes. Both (b) and (c) panels exhibit
anisotropic phonon properties.

suggest that localization can be induced through surface
resonances, without introducing internal scatterers within
the material. Surface nanostructures induce numerous res-
onances, each of which may hybridize with the host
phonons, and thus enable the emergence of unique local-
ization, thus engendering “glasslike” phonon transport,
and turning the host membrane or film into a “phonon-
glass” for low-frequency modes.

The hybridized vibrational modes are localized and
nonpropagating with approximately 0 group velocity, how-
ever, they may have finite diffusivity, and thus carry heat
[61,74,75]. We computed the mode-resolved TC of the
nanostructured membranes by QHGK. The TC contribu-
tion of each mode i with frequency w can be expressed
as k*(w) = ¢;Df, where « is the direction of propaga-
tion (we consider only the diagonal elements of «), ¢; the
modal heat capacity per unit volume of each state i and D;
is the mode diffusivity, DY = Zj (vg)zty. vi‘j and 7;; are
generalized velocities and generalized phonon lifetimes,
as defined in Ref. [50]. The diffusivity of the vibrational
modes of the nanostructured membranes at lower frequen-
cies, < 4 THz exhibits clear signatures of resonance
hybridization (Fig. 5): D; of the modes of nanopillared
membranes and the L modes in the membranes with fins
are orders of magnitude lower than the || modes. Low

D; values indicate the “glassy” nature of the vibrational
modes engendered by surface resonances, and it is a conse-
quence of the localization displayed in Fig. 4. Particularly
remarkable is the anisotropic nature of phonon diffusivity
in the membranes with nanofins: a number of || modes
retain a propagating phonon character with D; exceed-
ing 10° mm?/s at low frequency, whereas the | modes
have mostly diffusive character with lower values of D;
at low frequency. In the lower panel of Fig. 5, we inte-
grate the contribution from all phonons up to a frequency w
to obtain the frequency-dependent TC accumulation func-
tion [Kaec(w)]. The integrated values of «,.. to the end
of the spectrum is in excellent agreement with the EMD
results (Fig. 1). The accumulation function shows that the
origin of the strong TC anisotropy observed for the mem-
branes with fins mostly originates from the low frequency
“guidelike” || modes with propagating phonon character
and high diffusivity. In turn, there is no substantial differ-
ence between the heat carriers L to the fins and those in
nanopillared membranes.

IV. CONCLUSION

In conclusion, we establish that anisotropic surface
nanostructures can engender directional mode propaga-
tion, and therefore anisotropic TC, in otherwise isotropic
membranes or films. The modal propagation is guided
by resonance hybridization induced by surface nanos-
tructures. We demonstrate this mechanism by analyzing
phonon properties of ultrathin silicon membranes with
periodic nanoscale pillars and fins on their surfaces. Local-
ized, nonpropagating modes with flat dispersion relations
appear across the whole frequency spectrum in nanopil-
lared membranes. Similar bands exist in membranes with
fins, in the direction perpendicular to the fins. As a con-
sequence, group velocities are strongly reduced in these
cases. Remarkably, “guide”like modes appear parallel to
the fins, resulting in less reduction of group velocities. The
lifetimes of low-frequency modes reach a plateau in the
pillar and across-fin directions, and they have low thermal
diffusivity. While modes in the parallel-fin direction show
weak divergence and reveal onset of ballistic propagation,
mostly retaining propagating character. The thermal con-
ductivities computed with EMD and QHGK approaches
reflect the reduction and the anisotropy. k| exceeds k|
by approximately 100% in 3 nm and >30% in the 20-
nm-thick membranes. Our results establish the physical
mechanism to localize and guide phonons of quasi-2D
materials using surface nanoscale engineering.

The primary advantage of these configurations is that
they will be technologically viable for implementation in
existing devices and innovative material architectures. The
periodic nanopillars or fins could be fabricated using dry
etching [76], metal-assisted chemical (wet) etching [77],
dislocation-driven mechanism [78], and vapor-liquid-solid
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processes [79,80]. We anticipate that our results showing
direct relationship between engineered nanoscale surface
resonators and phonons will open up alternative research
directions to control phonons of existing and alternative
technology-enabling nanomaterials for a broad range of
applications, including thermal management in nanoelec-
tronics, thermoelectric conversion to IR sensing.
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