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Abstract: Heat conduction has been shown to be greatly suppressed in Si nanomeshes, which has
attracted extensive attention for potential thermoelectric applications, yet the precise suppression
mechanism remains to be fully understood. Attempting to further disclose the underlying
mechanisms, we report on the thermal conductivity of the building block for nanomeshes, i.e., Si
nanoribbons with fins attached to the two opposite sides. By expanding only the fin width while
keeping both the period length and backbone size constant, we observed an unexpected non-
monotonic trend of the effective thermal conductivity normalized with the backbone cross-section.
Further analysis showed that the corrected thermal conductivity extracted with proper
consideration of the geometrical effect on diffusion followed a monotonically decreasing trend,
reaching a maximum thermal conductivity reduction of 18% at 300 K for a ribbon with the
maximum explored fin width of 430 nm, as compared to that of the straight ribbon of 66 nm
backbone width. We attribute the thermal conductivity reduction to the thermal constriction
resistance induced by the cross-section reduction between the fin and backbone sections. For
ribbons with larger fin width, the effective phonon mean free path is longer for phonons arriving
at the constriction, which boosts the ballistic constriction resistance, i.e., Sharvin resistance, and

leads to a lower thermal conductivity.

Keywords: Si fishbone nanoribbons, Si nanomesh, thermal conductivity, nanoscale constriction,

Sharvin resistance
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Introduction

Understanding thermal transport through various nanostructures of silicon, the most widely
used semiconductor material, has attracted a great deal of attention in the past two decades as it is
critical for many applications.! For example, recognizing the opportunity of massive production
through either bottom-up synthesis or top-down microfabrication approaches, significant efforts
have been devoted to prepare silicon nanostructures with drastically reduced thermal conductivity
as high-performance, scalable thermoelectric materials.*7  Although bulk Si is a poor
thermoelectric material due to its rather high thermal conductivity, a remarkable improvement has
been achieved with rough Si nanowires, demonstrating a figure-of-merit (Z7) of ~0.6, nearly two
orders of magnitude higher than that for bulk Si.* For most studies, including those on Si thin
films®® and nanowires'®!! or rough nanowires,*!? the thermal conductivity reduction has been
attributed to scattering of phonons at thermal boundaries that leads to enhanced phonon scattering
rates, following the phonon particle picture. On the other hand, through fabricating thin Si meshes
with periodic nanoscopic holes, it has been suggested that taking advantage of the phonon wave
nature can further suppress thermal transport by reshaping the phonon band structures.!3-1¢ For
instance, a room-temperature thermal conductivity of 1.9 W/m-K has been achieved for a 22 nm
thick Si nanomesh, approaching the amorphous limit of ~1 W/m-K.13

Although the prospect of exploiting the phonon wave properties could hold promise for
potential phononic applications, recent theoretical and experimental results cast doubts on the
importance of phonon coherence in Si nanomeshes.!”"!° For example, Jain et al. calculated the
thermal conductivities of Si nanomeshes using a Monte Carlo method, and by considering only
the phonon boundary scattering effect, their results captured the magnitudes and trends of the

experimental data quite well.!” More recently, Lee et al. tried to isolate the contribution of wave
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effects by comparing the measured thermal conductivity of Si meshes with periodic and aperiodic
hole arrangements; however, the identical thermal conductivity values for these two cases suggest
that above 14 K phonon coherence does not play any significant role in Si nanomeshes with period
lengths larger than 100 nm.!® Instead, phonon backscattering, a picture based on phonon particle
transport, is believed to be responsible for the thermal conductivity reduction.!®-2!

In explaining thermal transport through nanomeshes, it has been claimed that ballistic phonons
travelling to the neck areas are likely to be scattered backwards. As such, the thermal conductivity
reduction is attributed to the trapped phonon modes induced by the backscattering effect.!®2!
Alternatively, we believe that the underlying physics can be understood from another perspective
and quantitatively described by employing the concept of ballistic constriction resistance, i.e.,
Sharvin resistance.?>?* For Si nanomeshes with periodic holes, each neck area can be regarded as
a geometrical constriction, and when the phonon mean free path (mfp) is longer than the neck
width, Sharvin resistance would pose additional impedance to phonon transport.?3->4

To unravel the role of Sharvin resistance, we investigate thermal transport through the
building block of Si nanomeshes with aligned holes,® i.e., straight Si nanoribbons with fins
attached to the two opposite sides, which form the fishbone structure that has been studied by
Nomura et al. in several reports.>27 Different from previous experimental studies on Si
nanomeshes,!31419-21 we keep both the period length and backbone size the same and only vary
the fin width. The corrected thermal conductivity, extracted with proper consideration of the
geometrical effect on diffusive phonon transport, demonstrates a monotonically decreasing trend
as the fin width increases, reaching a maximum thermal conductivity reduction of 18% at 300 K
for a ribbon with the largest explored fin width of 430 nm, as compared to that of a straight ribbon

of 66 nm backbone width. As both the period length and limiting dimension are kept the same,
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the reduced thermal conductivity should not be the result of either phonon coherence or stronger
phonon boundary scattering. Instead, expanding the fin width effectively elongates the mfp of
phonons before they arrive at the constriction area, which leads to enhanced ballistic constriction

resistance, and hence lower thermal conductivities for fishbone Si nanoribbons with wider fin

width.

Results and discussion

In the experiment, we fabricated single crystalline Si fishbone nanoribbons using electron-
beam lithography (EBL) from a silicon-on-insulator (SOI) wafer.!!® To pattern nanostructures
with tightly arranged features of widely varying sizes, such as fishbone nanoribbons, proximity
effect correction was performed to ensure the target electron energy distribution of the design
matches as precisely as possible the actual energy requirement.?® As shown in the SEM images in
Fig. 1a, five different Si fishbone nanoribbons were fabricated to have the same backbone width
(ws, typically 68 + 2 nm s.d. between samples), but different fin width (wy from 121 to 430 nm).
Other dimensions, including the period (p = 307 + 4 nm), fin length (/;= 149 + 5 nm), as well as
the backbone length in each period (/, = 159 + 4 nm), are kept approximately the same. Fig. 1b
shows a 3D profile of the nanoribbon sample (w,= 312 nm) obtained via atomic force microscopy
(AFM, Bruker Dimension Icon), from which the thickness is measured as 38 nm. Owing to the
existence of ~2 nm-thick native oxide layers on both the top and bottom surfaces, the thickness of
the Si core layer, ¢, is taken as 34 nm. To quantitatively evaluate the fin effects on phonon transport,
a straight Si nanoribbon with a width of 66 nm was also fabricated to serve as a baseline sample.
The detailed geometries of all samples are summarized in Table 1. After the as-fabricated

nanoribbons were transferred to a piece of polydimethylsiloxane (PDMS) through a stamping
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transfer process,'!3% an in-house built micromanipulator was used to pick up the sample with a
sharp probe and placed it between two suspended micro-membranes in the measurement device
for subsequent thermal measurements,'%313# as shown in Fig. 1c. Note that owing to the flat
contact between the nanoribbon and Pt electrodes, the relatively large contact area as compared to
the nanoribbon cross-section leads to a negligible contact thermal resistance.!!-3

Fig. 2a plots the measured room-temperature thermal conductivity of the Si fishbone
nanoribbons in comparison to that of the baseline straight ribbon (shown as the dash dotted line).
Here the blank squares represent the effective thermal conductivity, x4 extracted based on the
cross-section dimension of the backbone width and ribbon thickness. It can be seen that x4 is
higher than that of the straight ribbon, which is different from the reported results of a SiC
nanowire with periodically modulated cross-section studied using molecular dynamics (MD).3¢ In
that case, the effective thermal conductivity of the modulated SiC nanowires derived based on the
smaller section’s area was lower than that of the corresponding wire with an equal and uniform
cross-section, which was attributed to the additional resistance at the constrictions.3®

Interestingly, the effective thermal conductivity of the Si nanoribbons shows a non-monotonic
trend as the fin width increases, with x.; increasing with the fin width before wy reaches 216 nm,
and then decreasing as wy further extends. This non-monotonic variation is out of our expectation
because one would normally anticipate that as the fin gets wider, the additional volume contributes
less to thermal transport and x.; approaches asymptotically to a maximum value, similar to the
case as discussed with respect to the thermally dead volume in Si nanoladders.’” However, the
decreasing trend as wybecomes larger than 216 nm cannot be explained by the concept of thermally
dead volume as it will not further affect the thermal conductance and hence the effective thermal

conductivity.
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The effective thermal conductivity is always higher than the corresponding value of the
straight ribbon of backbone width; therefore, it is clear that the larger cross-sectional area at the
fin section facilitates heat flow. As such, without taking into account of the cross-sectional size
variation, i.e., using the backbone cross-sectional area to extract thermal conductivity, results in
higher effective thermal conductivity. However, the non-monotonic dependence of x4 on the fin
width indicates that effects beyond pure diffusion has to play a role. To disclose this non-diffusion
mechanism, we have to properly account for the size variation in interpreting the measured data.
The effects of size variation on pure diffusion transport should be the same for nanoribbons or
bulk ribbons as long as the entire structure scale proportionally. As such, we introduce a correction
factor to the cross-sectional area, f, through finite element method (FEM) simulations using the
ANSYS® software on bulk beams that are scaled by 10° in size. For the bulk beams, we can safely
take their thermal conductivities as the bulk value and based on the obtained heat flux as well as
the imposed temperature difference, the thermal conductance can be easily derived. The correction
factor, f, can then be readily defined as the ratio of the thermal conductance of the beams with
different fin geometries to that of the corresponding straight beam without fins.

We note that other approaches of defining the correction factor could be introduced. For

example, one potential way is based on equivalent volume, with an effective width defined as w,sf

= (wp X Iy + wy x Ip)/ (Ip + L) and the correction factor defined as f = Weff/wy,. This approach
gives a much larger correction factor than what we obtained from the FEM modeling because the
outer edges of the fin section contribute less to the heat conduction, so giving the same weight to
all the volume in considering the contribution of the fin section severely over-estimates the
correction factor. Another approach was adopted by Nomura et al.?® in their studies of thermal

transport through fishbone nanoribbons, which is based on equivalent thermal resistance. In their
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calculation, the thermal conductivity is derived based on an effective width that is defined as w,sf

l 1y 1
= (Wib + é) (I, +1 f),38 and the correction factor can also be regarded as f = Weff/w,;,. We note

that the above treatment assumes that the fin and backbone sections as well as the unit cell in the
fishbone structure possess the same thermal conductivity, which neglects the difference of the
effective phonon mfp in the fin and backbone sections. As such, our approach of defining the
cross-section, 1.e., introducing a correction factor to consider the effects of geometrical variation
purely based on diffusive transport, better distinguishes the impacts of factors other than diffusion.
The calculated correction factor is also plotted in Fig. 2a, which increases as the fin width expands
(See Supplementary Information for comparison of correction factors from different approaches).
The corrected thermal conductivity, «.,,,, can then be calculated as K.y = GL/ ( f wpt), where G
and L are the measured thermal conductance and the length of the sample between the two
suspended membranes, respectively.

The room-temperature «.,,, is also plotted in Fig. 2a as the filled squares, which exhibits a
continuously decreasing trend as the fin width increases and is lower than that of the straight
ribbons for all cases. A thermal conductivity reduction ratio, (Kstmight — Ky ishbone)/ Kstraight> €an
be defined, which enlarges from 2% to 18% at 300 K as wy expands from 121 to 430 nm. Note
that even for the sample with the widest fins (W, = 430 nm), radiation from the sample to the
surrounding is still three orders of magnitude lower than heat conduction through the sample at
300 K; thus, it is indeed the nanoscale geometric effect causing the lower corrected thermal
conductivity in the Si fishbone nanoribbons. To show the thermal transport behavior in a wider
temperature range, we plot ., from 50-350 K in Fig. 2b. The calculated thermal conductivity
reduction ratio increases as temperature reduces, and for wy= 430 nm, it rises to 26% at 50 K. We

note that the calculated surface-area-to-volume ratio (S§/V) of the fishbone nanoribbons are all

8
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lower than that of the straight ribbon, and in fact, it reduces as the fin width expands (Table 1). As
nanostructures with lower S/V experience weaker phonon boundary scattering effect,!! an increase
trend in thermal conductivity would be expected for wider fins if we only consider the classical
size effect, which is, however, opposite to our experimental observation.

To further understand phonon transport in fishbone nanoribbons, we consider the thermal
resistance of a unit cell, as shown in Fig. 2c. The thermal resistance network of the unit cell
includes those of the backbone R;, the fin section R, and the constriction R., which connect in

series, as shown at the bottom of Fig. 2c. Thus, we can calculate R.according to

/.
Rl b L (1)
2\ G, k4, kA,

u

where G, is the measured thermal conductance of a unit cell, /,5 Ay ki are the length, cross-
sectional area, and thermal conductivity of backbone/fin section, respectively. The room-
temperature thermal conductivity of the fin section is obtained based on the calculated S/ ratio of
the fin section.'!

Fig. 2d plots the extracted room-temperature thermal resistance of the constriction, backbone
and fin, respectively. It can be seen that the primary thermal resistance stems from the narrow
backbone due to the strong phonon boundary scattering, and it only changes marginally across
different samples, which is due to the slight backbone width difference caused by inevitable
variations during nanofabrication. In addition, as the fin width expands, thermal resistance of the
fin section decreases, but the constriction resistance induced by the cross-section change increases
significantly. Therefore, as shown in Fig. 2a, the calculated x4 first increases with the fin width
due to the reduced total thermal resistance caused by the lower fin section resistance. However,

for wywider than 216 nm, the enhancement of R, more than compensates the reduction of R; and
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therefore, the total thermal resistance starts to escalate, which explains the observed peak effective
thermal conductivity.

It is usually illustrative to compare the constriction resistance with the Kapitza resistance at
the interface between two different solids.’*#! The extracted constriction resistance for unit cross-
sectional area ranges from 0.52-1.81x10" m2-K/W for the five different Si fishbone nanoribbons
at 300 K, which converts to an interfacial thermal conductance (ITC) of 552-1923 MW/m?-K.
This level of resistance is not trivial, as for the interface between TiN/MgO (both with similar
Debye temperature, 0p), the measured ITC is ~700 MW/m?-K at 300 K;3° and for the Au/Si
multilayer nanostructures (6,4, = 165 K, 6; = 640 K), which represents a highly mismatched system
in inorganic multilayers, the room-temperature ITC is shown to be ~100 MW/m2-K.** Therefore,
our extracted constriction resistance is on the same order as common interfacial thermal resistance
between inorganic materials.

The constriction resistance at nanoscale contacts between two solid materials has been
investigated previously;>#>44 and when the phonon mfp is comparable to the characteristic size
of the constriction area, the total thermal constriction resistance, including both diffusive and
ballistic components, is approximated as:?>%

1 4A
Rc :Rcd +Rcb = ZKLZ + 3/('14 : (2)

Here, « is the thermal conductivity of the semi-infinite objects; a is the radius of the contact; 4. is
the constriction area; and 4 is phonon mfp. R.;denotes the diffusive constriction resistance, caused
by the heat flux lines’ constriction in the vicinity of the constriction, while R, (ballistic constriction
resistance, i.e., Sharvin resistance) is the resistance when phonon mfp is much larger than the
contact radius, a. For our Si fishbone nanoribbons, the nanoscale constriction forms owing to the

cross-section dimension reduction between the fin and backbone sections. Although R.;remains

10
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nearly constant due to the constant backbone width, as the fin width w,expands, phonons would
have longer mfp in the fin section and as a result, R, increases with wy, which is consistent with
the results in Fig. 2d. It is important to note that even though the smallest dimension of the
nanoribbon is its thickness (34 nm), confinement from the two side walls still significantly affect
the phonon mfp, as demonstrated in our recent study of thermal transport through different aspect
ratio nanoribbons.!' In fact, the confinement effect from the two side walls is clearly illustrated
by the ratio of the reduction function of nanoribbons to that of a thin film of the same thickness,
as shown in the Supplementary Information. Moreover, phonon mfp increases at lower
temperatures, which leads to enhanced R., and more significant thermal conductivity reduction
observed for each Si fishbone samples, as depicted in Fig. 2b.

We note that the constriction in the fishbone Si nanoribbons only confines the cross-sections
along the width direction, not like the diameter modulated nanowires that have been investigated
by theoretical modeling.3¢*46  As mentioned previously, Termentzidis et al. modeled thermal
transport in diameter modulated SiC nanowires using MD,*® which showed effective thermal
conductivities lower than that of the corresponding small cross-section nanowire. We believe that
this could be explained by the stronger constriction effect in the diameter modulated SiC nanowires.
For the Si fishbone nanoribbon with w,= 430 nm, the constriction resistance counts for 31% of the
total thermal resistance, while the thermal constriction resistance represents 65% of the total
resistance in the SiC nanowire with a cross-section combination of 15.67-35.25 nm?.36

To further understand thermal transport in Si fishbone nanoribbons with geometric
constriction only in the width direction, we also performed non-equilibrium MD (NEMD)
simulations. The NEMD simulations were carried out using the well-established LAMMPS

package; and the Stillinger-Weber (SW) potential was adopted to describe the interaction between

11
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silicon atoms.*’” The Newton equations of motion for each atom were numerically solved using
the velocity Verlet algorithm with an integration time step of 0.5 fs and the total simulation time
is 20 ns. In the simulation, fixed boundary conditions are applied in the axial direction, and free
boundary conditions are applied in the lateral directions. The two regions close to the left/right
ends are designed as the hot and cold reservoirs with temperatures controlled by the Langevin
thermostat.*®* Note that the geometry of the modeled fishbone nanoribbons mimics the as-
fabricated samples, but the size is scaled to be ~20 times smaller due to the limitation on system
size in NEMD simulations. To best resemble the experimental case, we only vary the fin width
(from 6.5 to 13 nm) while keeping all other parameters the same (backbone width is kept as 3.3
nm).

Fig. 3a plots the modeled temperature distribution along the axial direction of the Si fishbone
nanoribbon. Instead of following a continuous temperature gradient, two abrupt temperature drops
between the backbone and fin section could be clearly discerned. More importantly, as the fin
width increases, the magnitude of the temperature drop, and hence the constriction thermal
resistance, increases. From the modeled temperature distribution and the calculated heat transfer
rate, we can extract the thermal resistance for each section. At 300 K, as the fin width increases
from 6.5 to 13 nm, the thermal resistance of the backbone R; remains nearly the same, and R,
reduces from 6.47x107 to 3.05x107 K/W; however, R, increases from 1.89x107 to 3.64x107 K/W.

To examine the detailed lattice vibration characteristics across the constriction, similar to the
approach used by Termentzidis et al.,3¢ we selected four slabs of atoms as indicated in Fig. 3b and
calculated the phonon DOS in the frequency range of 0~20 THz. The resulting phonon DOS for
position 1 and 4 (P1&4) essentially overlaps with each other due to the same limiting dimension

(thickness). However, we do observe distinct vibrational properties for silicon atoms at P2 and

12
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P3. First, the peak intensities for the transverse optical (TO) branch at P2 and P3 are different
from that at P1&4, which could be explained by the altered surface stress, as demonstrated in Ge
nanoparticles.#’ At the first layer in the fin section (P3), the atoms are weakly bonded surface
atoms, and the slight lattice expansion would result in softening of interatomic force constant,
which leads to the reduced TO peak intensity.*® In contrast, for Si atoms at P2, especially those at
the corners, they could interact with the nearby atoms at the fin surface, and exhibit an enhanced
TO peak intensity.* More importantly, for atoms at the first layer in the fin section (P3), the
transverse acoustic (TA) peak shifts to lower frequencies. This could be explained as the mfp of
low frequency phonons is much larger than the constriction size, only phonons pointing to the
small constriction area could directly pass through (Fig. 2¢), and the blocked phonons form
stationary modes, leading to the peak shifting to lower frequencies. In fact, the existence of the
confined phonon modes has also been observed in the width modulated SiC nanowires.’¢ As
shown in Fig. 3d, when wy increases from 6.5 to 13 nm, a greater mismatch between the phonon
DOS distributions at P2 and P3 could be observed, which helps to account for the observed
increasing thermal constriction resistance.

As mentioned previously, Si fishbone nanoribbon could be regarded as the building block for
Si nanomeshes with aligned hole arrangement (inset in Fig. la), and investigating thermal
conductivity reduction mechanisms in fishbone nanoribbons could help to further understand the
low thermal conductivities of nanomeshes. In general, previous reports have suggested three
different strategies to suppress thermal transport in Si nanomeshes, namely (i) decreasing both the
neck width and period length (neck is the backbone part in the fishbone nanoribbons);!3-14-20 (ii)
decreasing neck width while keeping period length constant;?!' (iii) keeping neck width constant

while reducing the period length.'” For nanomeshes with reducing neck width (i&ii), the

13
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constriction area becomes smaller, and according to Eq. (2), both diffusive and ballistic
constriction resistance would increase. On the other hand, nanomeshes with shorter period length
(i&iii) would increase the constriction scattering center density. Therefore, all these strategies are

consistent with enhancing the thermal constriction resistance of the neck.

Conclusions

In summary, we investigate thermal transport through the building block of Si nanomeshes,
i.e., straight Si nanoribbons with fins attached to the sides, to understand the underlying
mechanisms of the reduced thermal conductivity observed for Si nanomeshes. The results show
an unexpected effectively thermal conductivity, which after properly taking into account the
geometrical size variation, becomes a monotonically reduced thermal conductivity for wider fin
width samples while keeping all of the rest dimensions the same. We attribute this to the ballistic
constriction resistance induced by the cross-section dimension reduction between the fin and
backbone sections, as manifested by the temperature distribution discontinuity near the
constriction area in MD simulations. This work provides additional insights for the design of

complicated nanostructured geometries for thermoelectric applications.
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Page 14 of 21



Page 15 of 21 Nanoscale

Table 1. Summary of the geometry of Si fishbone nanoribbons and the obtained corrected thermal

conductivity at 300 K.2
backbone backbone fin length fin
s . -1 _

length, J, (nm)  width, w, (nm) [y (nm) w1(drfrl;1,)wf SV (nm) Koo (W/m-K)

#1 164 68 140 121 0.084 21.1 (£1.96)

#2 157 66 155 158 0.082 20.4 (£1.75)

#3 162 68 148 216 0.080 19.6 (+1.87)

#4 152 67 148 312 0.078 18.8 (£1.72)

#5 158 72 152 430 0.076 17.7 (£1.56)
straight 66 0.089 21.6 (£1.99)

aAll samples are 34 nm in Si core thickness. All x,,,, are corrected values using the correction
factor f.
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Figure 1. (a) SEM micrographs showing the as-fabricated Si fishbone nanoribbons, where all
dimensions are kept the same but only the fin width, wy, is changed across different samples. The
inset image shows that fishbone nanoribbons could be regarded as building blocks for nanomeshes
with aligned hole arrangement. (b) A 3D AFM scanning result showing the profile of the
fabricated Si fishbone nanoribbons (w, = 312 nm). (c) An SEM image showing a fishbone
nanoribbon sample (wy= 312 nm) after transferred to bridge the two membranes of the suspended
microdevice. Scale bars: 300 nm in (a) and 3 pum in (c).
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Figure 2. (a) Measured room-temperature effective thermal conductivity x.;of the Si fishbone
nanoribbons with the cross-sections as the backbone width and ribbon thickness, where x. is
calculated based on the cross-section dimension of the backbone width and ribbon thickness. The
corrected thermal conductivity value ., is calculated after x.; is normalized with the correction
factor f'(right axis). The measured room-temperature thermal conductivity of the straight ribbon
(34 nm thickness and 66 nm width) is also plotted for comparison as the dash dotted line. (b)
Temperature dependent corrected thermal conductivity for five different Si fishbone nanoribbons,
where the measured « of the straight ribbon is also plotted for comparison. The calculated thermal
conductivity reduction for the fishbone nanoribbon with the fin width of 430 nm is plotted as a
function of temperature (right axis). (c) Schematic diagram showing the ballistic thermal
constriction resistance. Within the hemisphere of the ballistic phonon mean free path, only
phonons pointing to the small constriction can pass through. The bottom panel is an illustration
of the thermal resistive network. (d) Extracted thermal resistance of the constriction (R.),
backbone (R;) and fin section (Ry) for five Si fishbone nanoribbons at 300 K.
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Figure 3. Molecular dynamics simulation results. (a) Simulated temperature distribution along
the axial direction of the fishbone nanoribbons with fin width of 6.5 and 13 nm. (b) The four
considered groups for the calculation of the phonon density of states, highlighted as P1, P2, P3,
and P4 from left to right. (c) Comparison of the calculated phonon density of states at positions
P1-4 for fin width of 6.5 nm. (d) Comparison of the phonon DOS at P2 and P3 when the fin width
is increased from 6.5 to 13 nm.
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Phonon mean free path increases with fin width, boosting the Sharvin resistance at the constrictions.
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