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ABSTRACT

Understanding how thermal-phonon paths can be shaped is key for controlling heat dissipation at the nanoscale. Thermophononic crystals
are periodic porous nanostructures with thermal conductivity deviating from effective medium theory, which is possible if the characteristic
sizes are of the order of phonon mean free paths and/or if phonons are forced to flow in privileged directions. We investigate suspended
silicon nanomembranes with a periodic array of partially perforated holes of original paraboloid shape, with all characteristic lengths below
100 nm. Results from scanning thermal microscopy, a thermal sensing technique derived from atomic force microscopy, indicate that partial
perforation of the membranes impacts heat conduction moderately, with the holey crystals showing a thermal conductivity reduction by a
factor 6 in comparison to the bulk and a factor 2.5 in comparison to the non-perforated membrane. The impact of the phononic shapes is
analyzed in light of a complementary Monte Carlo ray-tracing estimate of the effective phonon mean free paths that include multiple phonon
reflection and highlights phonon backscattering.

© 2022 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0091539

Blocking thermal phonons in confined geometries is a global
strategy pursued by many groups in order to limit heat dissipa-

reduction of apparent thermal conductivity by a factor larger than
10 was demonstrated.'”'* The reason for the reduction is a ballis-

tion in crystalline materials. Configurations involving nanowires,’
suspended membranes,”” thin films," superlattices,s‘(’ or nano-
constrictions” have been considered. Dispersion of low-thermal
conductivity particles in a crystalline matrix is also an option and
is usually known as nanocomposite.”'’ Another key category of
materials is based on phononic crystals (PnCs),' """ i.e., periodic
arrays of inclusions or holes in 2D or 3D configurations, where

tic transfer between boundaries of the material and constrictions of
the flux path in the material between holes/inclusions, which both
induce a decrease in local effective mean free paths (MFP). While
there were originally some prospects for room-temperature coher-
ent effect on thermal conductivity in such structures,”” "’ it is now
well accepted that these effects manifest only at low temperature.'*"”
Typical phonon wavelengths are indeed usually lower than 10 nm at
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room temperature, and coherent effects require, therefore, material’s
science bottom-up nanofabrication to control sizes in this regime
close to ambient.””

At room temperature, understanding how phonon paths can
be blocked efficiently for a given amount of matter is, therefore,
a key issue.”””" It was shown that the surface/volume ratio is an
important parameter for many geometries.”” In addition, there
are prospects that dendritic-like structures possess phonon-open
channels while also holding “dead arms” where heat transport is
mostly inefficient.”> A drawback of these structures is their random-
ness. Here, we investigate partially perforated phononic membranes,
which are 60 nm thin suspended membranes®* with hole period-
icities in the sub-100 nm regime,” i.e., well below the average
mean-free path of silicon (close to 200 nm“’°). In contrast to
previous studies,””” *’ the holes are not fully perforating the mem-
branes and possess a paraboloid shape, with the maximal radius
on the surface close to 20 nm. These novel structures may be
more stable than fully perforated counterparts or could be filled
at will. The original shapes complicate the Raman-thermometry
analysis or other optics-based techniques as absorption may be non-
homogeneous in the structures. As a result, we measure the thermal
conductivity of these structures using scanning thermal microscopy
(SThM).” The experimental results are compared to a ray-tracing
estimation of frequency-dependent phonon mean free paths,’’
which accounts for multiple reflections and highlights phonon
backscattering.

The suspended silicon membrane strips have a length of
200 pm, a width of 10 ym, and a thickness t measured close to
60 nm as in Ref. 24 [see Fig. 1(a) for a cross-sectional schematic and
Fig. 1(b) for a top view]. The fabrication process flow””*” is illus-
trated in the supplementary material, Fig. 1, and briefly summarized
below. The sequence starts with a cleaned silicon-on-insulator (SOT)

(a) PhNC mer;\brane . : , (c)

$ 60nm Si

140 nm i
t Air cavity ~14 um ek
Si 100 nm

pitch 60 nm

3 TR A \\ R I TR |

(d)

FIG. 1. Phononic membranes investigated. (a) Schematic of the suspended sili-
con membranes fabricated from silicon-on-insulator samples. (b) SEM image of a
membrane strip viewed from the top (red arrow). (c) Zoom on the phononic crys-
tal in the case of a pitch of 60 nm. (d) Cross-section obtained by transmission
electron microscopy (different batch, before final top oxide etching) for a phononic
membrane of pitch 100 nm.
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wafer of thicknesses 68 + 0.5 and 147 + 1.7 nm for SOI and buffer
oxide (BOX), respectively, as determined by ellipsometric measure-
ments. The PnCs are defined by high-resolution electron beam
lithography and etched through the SOI layer using selective Cl,
Reactive Ion Etching (RIE) plasma. Three different pitches p of 60,
80, and 100 nm are targeted. The openings for the cavities are etched
down to the Si substrate using RIE plasma using SFe/Ar for top Si
layer etching and CF4/N/O; for BOX etching. Afterward, thermal
oxidation is performed in order to grow 12 nm of wet oxide (SiO;),
which is used to protect the SOI layer during the suspension steps. A
CF4/N,/O; based RIE plasma then selectively removes the wet SiO,
grown previously from the cavities’ bottom exposing the Si substrate.
The Si substrate is then isotropically etched to release the SOI-BOX
membrane using XeF, gas. The fabrication process is finalized by
removing the BOX and wet SiO, using hydrofluoric acid in the
vaporous phase. Figure 1(c) shows a zoom on the phononic holes at
the end of the process. White shells are observed around the holes.
By performing atomic force microscopy with a sharp tip on top of
the membranes (see the supplementary material, Fig. 2), we reveal
that the hole radius on the top surface includes these shells, which
are signatures of the non-vertical inner walls in the holes. Statistical
analysis of etched PnCs shows that holes have well-defined diame-
ters 2R with a standard deviation around 5% of the average diameter,
which represents less than 1 nm. It is important to note that the
hole radii are modified when changing the pitches (supplementary
material, Figs. 2 and 3). In addition, transmission electron micro-
scopy (TEM) cross sections are performed. They indicate that the
holes do not fully perforate the membrane [see Fig. 1(d)], having a
valley-shape with a depth h larger than 30 nm for the pitch 100 nm
and most likely smaller for smaller pitches. A table summarizing all
the dimensions is provided in the supplementary material. It is inter-
esting to note that three characteristic lengths can be associated with
the complex geometry: ¢, the neck size in-between holes p-2R, and
the distance between the bottom of a hole and the bottom of the
membrane ¢ - h.

The membranes are characterized thermally by SThM. This
technique is based on atomic force microscopy and involves a ther-
mal sensor in the tip.”” We use a Wollaston-microwire SThM probe,
which consists in a PtoggRhio metallic-alloy filament of ~200 ym in
length bent in a V-shape. The diameter of the filament is about
5 pym (see the supplementary material, Fig. 3, for a photograph of
the PtRh sensor). Note that these sizes are close to those of the mem-
brane. The SThM probe is self-heated through Joule effect by passing
a current in the filament. The filament average temperature rise
AT =T — Ty is determined by inserting it in a Wheatstone bridge,
which allows fine measurements of electrical resistance variations.
The probe electrical resistance depends on temperature,

R=Ro(1+a-AT), 1)

where Ry is the electrical resistance in the absence of Joule heating
at room temperature Ty and & = 1.66 x 107> K™' is the temperature
coefficient of the electrical resistance (TCR). A key point is that AT
decreases when the tip reaches a region where heat can be dissipated
more efficiently into the sample. The temperature rises resulting
from scans along the membranes performed under ambient condi-
tions are shown in Fig. 2. Large plateaus can be observed close to
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FIG. 2. SThM probe temperature rise according to the position along a membrane
for three periodicities (P, in nm) and a reference plain membrane.

the membrane centers indicating a fin-like behavior, which is asso-
ciated with heat losses in air for the membrane top surface and an
exchange through air with the substrate below (thermal radiation is
negligible).”* The plain membrane dissipates the most, and decreas-
ing the pitch induces an increase of the temperature. This means
that the membranes with the smallest pitches are thermally more
resistive, in agreement with the picture that the surface-to-volume
ratio in these objects is larger and that the phonon effective mean
free path is reduced accordingly. The thermal conductivity of the
membranes is determined from the plateau values (Fig. 2) according
to a method involving (i) a splitting of the heat transfer contri-
butions due to air and due to contact in the SThM-probe average
temperature variation, (ii) a calibration based on bulk materials, and
(iii) FEM simulation of the whole geometry, where the membrane is
considered as a single material. This method is described in detail in
a previous publication.”*

The effective thermal conductivities of the membranes, consid-
ered isotropic, are found to range between 40 and 15 W m™' K™*
(red bars in Fig. 3), which is between 3.7 and 10 times smaller than
the bulk value (Mg, = 148 W m™! K™1). It was shown in Ref. 24 that
SThM performed in ambient conditions probes both in-plane and
cross-plane heat conduction. While in-plane thermal conductivity
is often probed under vacuum condition, cross-plane heat conduc-
tion is affected by the presence of the native oxide. Considering the
two layers at each side of the membrane, the value of the inner part
made only of silicon, supposed isotropic, is found to range between
~60 and 23 W m™" K', which is 2.5 to 6.4 times smaller than
the bulk value (green bars in Fig. 3). The holes, therefore, decrease
thermal conductivity by a factor ~2.5, in addition to the 2.5 factor
associated with thickness reduction. This value shows that nanos-
tructuring allows reducing the effective thermal conductivity, but
not necessarily with a factor as large (~85 in Ref. 14) as suggested
by other works. In addition, reducing the thickness may be simpler
than obtaining complex shapes.

We now turn to a numerical analysis. For unperforated mem-
branes, the in-plane thermal conductivity can be calculated semi-
analytically with the Casimir-Fuchs-Sondheimer (CFS) model,”

scitation.org/journal/apm
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FIG. 3. Effective thermal conductivity of the suspended membranes. Red: thermal
conductivity assumed isotropic and not accounting for the presence of a native
oxide layer at each side of the membrane. Green: Thermal conductivity of the
inner part of the membrane assumed coated with 1.5 nm oxide layer at each side.

which considers that diffuse reflections by boundaries can reduce the
apparent free path in a confined geometry. Indeed, such reflections
with the top and bottom surfaces essentially extinguish phonons,
since they have equal probability to be scattered along the gradient
/membrane direction or in the opposite direction (diffuse reflection
induces a cosine distribution law for the phonon packets departing
from the surface, which is maximal at the normal to the surface). For
structural elements that do not have such equal probability, such as
surfaces of the holes that are not parallel to the gradient direction,
the path of the phonons is to be followed until they reach their bulk
mean free path. We extend the CFS theory by averaging the mean
free path in the membrane. The reduction factor F for the spectral
thermal conductivity is computed from the projection of the average
free path along the gradient direction (here y) for a membrane of
thickness ¢ and unit cell of period p,

14
2

3 RS
F(A)= — > eV (e,
(A) 2”'f'P2t'A0[§,7§,,§, ydzV (x,y,2)

x fnd6fnd¢ A(%,y,2,6,¢)sin” 0 sin ¢, (2)
0 0

V is a function that describes the local presence of matter or
void (f Vdxdydz = f - pt, where f is the filling fraction), A is
the bulk mean free path (for silicon its averaged value is 180 nm
when accounting only for acoustic modes®®), and A the position-
and angle-dependent free path. In the absence of hole (V = 1,
[ Vdxdydz = pzt) Eq. (2) reproduces the CFS model; it further
allows observing the impact of the phononic crystal for arbitrary
shapes of holes. Monte Carlo sampling is performed for initial
phonon position, initial phonon direction (forward direction only),
and total distance traveled, according to the bulk mean free path.
Directions after diffuse reflections are also selected from Monte
Carlo sampling. Examples of phonon paths for fully diffuse or fully
specular reflection are provided in the supplementary material (see
the video). The numerical results provided in the following consider
only diffuse reflections, which is most likely at room temperature. It
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is found that many reflections are still due to the membrane sides
due to the thinness of the membrane (60 nm) compared with the
average mean free path. The reduction factor F depends on the value
of the actual bulk mean free path and is given for varying hole shapes
in Fig. 4. It can be seen that paraboloids decrease the free paths less
efficiently (curves are located very close) than fully perforating cylin-
ders, the latter being able to reduce the effective mean free path by a
factor two with respect to the pristine membrane around 100 nm.
One of the reasons for the decrease in mean free path is the
possibility of backscattering of the phonons, as underlined by the
shape of the distribution shown in the inset of Fig. 4. Note that
backscattering cannot be predicted if the first scattering event with
a hole is assimilated to extinction as in the CFS usual model and
previous phonon ray-tracing treatments.”” The shape of the distribu-
tion of free paths (projected along the gradient direction) is therefore
modified with a more-pronounced peak, as shown for nanowires in
Ref. 38. For paraboloidal holes, the backscattering effect is weaker
and local free paths are positive, albeit reduced, behind the holes,
as shown by the position-dependent free path map of Fig. 5(a)
(see the supplementary material for the case of perforating holes).
It is also enlightening to analyze the direction dependence of the
free path distribution. Some directions are found to favor the trans-
portin Fig. 5(b), for instance, those parallel to the membrane surface
and keeping away from the holes. This feature was exploited by the
Nomura group to create staggered crystals, which are less favorable
for heat transport.”’ It is important to note that phonons trans-
ported cannot be distributed homogeneously after their free paths
[Fig. 5(a)], which probably induces local nonequilibrium distribu-
tion.”” In our model based on CFS, strong local nonequilibrium
inhomogeneities are not accounted for. To analyze the transport
beyond such approximation, a full Monte Carlo spatial scheme

would be needed.”””*!
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FIG. 4. Reduction factor for in-plane thermal conductivity in membranes for various
periodicities p and hole depths h. The paraboloidal holes have a maximal radius
R =20 nm. Inset: Probability for a phonon to travel a certain distance along the
flux direction in the case of a perforating cylindrical hole.
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The last ingredient missing for computing the in-plane thermal
conductivity in the membranes is the mean free path distribution
dA/dA in silicon bulk,*>*°

A -/ =
membrane = Ao dA

Many works aimed at determining this distribution dA/dA.
Some theoretical ones are based on the knowledge of relaxation
times and require inputs related to the phonon dispersion such as
heat capacity and group velocity (¢,(w), v (w)), while other works
do not need prior knowledge of dispersion. Regularization of ill-
posed inverse problem can be required, and there is still uncertainty
with respect to the actual distribution. As a result, we tested vari-
ous mean free path (MFP) distributions,’”">** as shown in Fig. 6
(light full lines—see the supplementary material, Sec. 5, for more
details on the distributions considered). In the following, we con-
sider that thermal conductivity in the membrane is isotropic, since
the experimental value was determined for an equivalent isotropic
material. This allows comparing equivalent quantities. Note also
that prediction of the cross-plane contribution depends on many

F(A)dA. 3)
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unknown parameters related to the native oxide. The four tested
distributions provide all values close to that found experimentally,
but with a slope vs porosity that seems less steep. We speculate that
the difficulty in reproducing the exact experimental trend with the
models is due to the local phonon nonequilibrium observed in Fig. 5.
Another reason could be some anisotropy of thermal conductivity.
Interestingly, all the model slopes are less steep than those of differ-
ent effective medium approximations (EMA, see the supplementary
material, Sec. 6), given by the black lines. In these models, the ther-
mal conductivity of the host medium is assimilated to the pristine
membrane one as in Ref. 22. An interesting point is that the exper-
imental thermal conductivities of the holey membranes are well
below the EMA predictions, demonstrating that the actual shape of
the hole is important and that ballistic thermal transport takes place
at the local scale. Note that this was not necessary the case for some
data reported for thermophononic crystals in the past,’” since some
works included objects with sizes larger than the average bulk mean
free path.

In conclusion, we have measured the thermal conductivity of
partially perforated phononic membranes. These structures could be
useful as more stable than fully perforated membranes. A porosity
only slightly larger than ~12% allows for reducing thermal con-
ductivity by a factor 2.5 with respect to the membrane, leading to
a factor 6 reduction in comparison with the bulk. Thermal con-
ductivity decreases in a more pronounced way than predictions of
effective medium approximations, and the pore shape influences the
thermal conductivity, which is a feature that is not captured by the
reduced mean free path approach. The exact paths traveled by ther-
mal phonons in sub-mean free path size objects is therefore key for
determining effective heat-conduction properties.

See the supplementary material for further information about
the fabrication process, the hole shape characterization, an image
of SThM scanning on a membrane, the Monte Carlo computing of
the mean free paths, the mean free path distributions tested, and the
considered effective medium approximations. Video samples of the
phonon paths are also provided.
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