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Abstract

Ballistic heat conduction in semiconductors is a remarkable but controversial nanoscale
phenomenon, which implies that nanostructures can conduct thermal energy without dissipation.
Here, we experimentally probed ballistic thermal transport at distances of 400 — 800 nm and
temperatures of 4 — 250 K. Measuring thermal properties of straight and serpentine silicon
nanowires, we found that at 4 K heat conduction is quasi-ballistic with stronger ballisticity at
shorter length scales. As we increased the temperature, quasi-ballistic heat conduction weakened
and gradually turned into diffusive regime at temperatures above 150 K. Our Monte Carlo
simulations illustrate how this transition is driven by different scattering processes and linked to the
surface roughness and the temperature. These results demonstrate the length and temperature limits
of quasi-ballistic heat conduction in silicon nanostructures, knowledge of which is essential for

thermal management in microelectronics.
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Introduction

Ballistic phonon transport is a remarkable nanoscale phenomenon with potential
applications in thermal management'-2[ 1] and optomechanics®#[] at room temperature, as well as
in low-temperature sensors>°[ | and systems for quantum informatics’ (. In crystals, some
phonons can preserve their phase as they travel over hundreds of nanometers!%!!'[] and reflect from
crystal boundaries'?>!31. Due to such a long lifetime and the elastic reflections, phonons can
transport energy over long distances without dissipation. In semiconductors, where phonons play
the role of heat carriers, such phonon transport results in non-diffusive conduction of heat'#(1. In
nanostructures, phonons can even cross without resistance the entire structure or at least cover its
significant part, thus participating in ballistic or at least quasi-ballistic heat conduction!3 | and
violating Fourier’s law!'6[ .

Signs of such unusual heat conduction appear in experiments on various nanostructures,
such as Si'>1719[] SiGe?*22, and Ta3;Pd;Ses?3 [ nanowires (NWSs), carbon nanotubes?*26, and
graphene ribbons?’-?8, However, the experiments usually involve non-negligible thermal contact
resistance?!-?>2°[], and some studies were criticised for mistakenly attributing their observations to
ballistic heat conduction?'?*3%(]. For example, some authors suggested'®?! (] that the previous
observations of non-linear resistance in silicon membranes®'[] and NWs!3[1 at room temperature
might be caused by the thermal contact resistance or other resistive processes. Indeed, several recent
experiments'’-?232:33[] showed purely diffusive heat conduction in silicon NWs at room
temperature, with ballistic contribution visible only at lower temperatures'>!7[]. Thus, ballistic
thermal conduction in silicon remains a controversial topic due to the metrological issue of contact
resistance.

To avoid this and other metrological issues, one can use contactless optical experiments and
comparative study design. Previously, Heron et al.>*[] proposed to compare straight and serpentine
NWs to observe phonon blocking effect, which implies ballistic phonon transport, at ultra-low

temperatures. In this work, we probe ballistic heat conduction in silicon NWs in a broad
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temperature range using a comparative design, inspired by Heron et al.3*(1, and contactless method
that avoids parasitic thermal contact resistance. This allows us to reliably observe signs of ballistic
thermal transport by directly comparing the time of heat dissipation through straight and serpentine
NWs. Studying different NW dimensions and temperatures, we discuss the length scales and
temperatures at which heat conduction remains quasi-ballistic in silicon nanostructures.
Experimental

To prepare our samples, we used conventional top-down fabrication methods applied to a
silicon-on-insulator wafer with 145-nm-thick top silicon monocrystalline layer (Methods). Each
sample consisted of four NWs supporting a suspended island with Al pad, which acts as both heater
and detector (Fig 1a). We designed this study as comparative and prepared pairs of samples with
serpentine (Fig. 1b) and straight (Fig. 1c) NWs. The serpentine NWs consisted of seven equal
segments, each of the length Lg, and had the same total length as their straight pair. To study
ballistic heat conduction at different length scales, we prepared pairs of samples with different

segment lengths (Lg) and thus different corresponding total lengths (L).

To measure the thermal properties of our NWs, we used the micro time-domain thermoreflectance
technique (WTDTR). In our setup, a pulsed “pump” laser periodically heats the Al pad placed on the
suspended island in the centre of each sample. The heat brought by each pulse dissipates from the
island through the NWs towards the surrounding wafer, which acts as a heat sink. Since the
reflectance of the Al pad changes proportionally to its temperature, we can monitor heat dissipation
from the island by continuously measuring the intensity of the second “probe” laser reflected from
the Al pad (Methods). Figure 1d shows examples of decay curves measured for straight and
serpentine NWs measured at 4 K. To quantitatively compare the decay curves, we fit them with an

exponential function exp( — ¢/ 7), from which we can extract the decay time (7).

To extract the thermal conductivity from the measured decay time, we performed the finite element
method (FEM) simulations of this experiment. In the simulations, we used the value of thermal

conductivity as a parameter to fit the experimentally measured decay curve by the curve from the
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simulation, thus finding the thermal conductivity corresponding to the experimental data. For each
sample, we fabricated and measured two additional copies. Hence, data points in this work show the
average of three measurements, with the error bars indicating the standard deviation (Methods).
More details on the sample fabrication and the experimental method can be found in our previous

works35-3717],

d FPump — Straight NWs
Serpentine NWs

exp (-t/ 1)

Probe signal

Time, t (us)
Fig. 1 (a) Schematics of a sample. SEM images of samples with (b) serpentine and (c) straight
NWs. Scale bars are 1 um. (d) The decay curves for straight and serpentine NWs measured at 4 K
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and fitted with exponential functions. The fitting curves show that decay time for serpentine NW is
longer.

Ballistic conduction in different geometries

Figure 2 shows the decay times for all samples measured at temperatures in the 4 — 250 K
range. At 4 K, decay times in aligned NWs are shorter than in serpentine. In other words, heat
dissipation is slower in serpentine NWs. We explain this difference by the presence of ballistic
phonon transport, which is limited in the serpentine NWs due to the phonon scattering on the

sidewalls at the turns.

As we increase the temperature, the ballistic effects weaken and the decay times inverse, so
that heat dissipation in straight NWs becomes slower. This inversion occurs because in the diffusive
regime heat flows to the heat sink through the most direct path. This path is shorter in serpentine
than in straight NWs because heat flux cuts corners in serpentine geometry'> [, as illustrated by the
finite element method simulations in the insets of the Fig. 2. The simulations show that heat fluxes
follow a zigzag pattern inside the serpentine NWs, as if cutting the corners, and thus reach the heat
sink faster . The strength of this corner-cutting effect depends on the segment length (Lg). Naturally,
the effect is stronger in shorter segments, and the inversion of decay times occurs at lower
temperatures. As we increase the segment length, the effect weakens, the zigzag pattern becomes
less clear, and the inversion takes place at higher temperatures, as shown by dashed vertical lines in

Fig. 2.

To eliminate the corner-cutting effect, we extracted the thermal conductivity using FEM
modelling, which takes the shape of heat flux path into account. Figure 3 gives an example of the
extracted thermal conductivity for the measurements at 4 K. All the straight NWs show the thermal
conductivity of about 0.018 Wm 'K™!. Such a low thermal conductivity in NWs as compared to
bulk silicon (> 100 Wm™'K™!) is determined by the low heat capacity and strong impact of the

surface phonon scattering at 4 K. This value is 10% lower than measured in our previous work!>[]
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due to the visibly higher surface roughness. The serpentine NWs show lower thermal conductivity

than the straight NWs. Moreover, the thermal conductivity depends on the segment length (Lg).

—e— Straight - - - Serpentine
15 T ¥ T T T T T T T T T

Decay time (us)

e ; L, =800 nm
' | L 1

o s 100 150 200 250
Temperature (K)
Fig. 2 Thermal decay time in straight and serpentine NWs inverses as the temperature grows, and

the effect depends on the segment lengths (Ls). The intersection point (dashed vertical lines) drifts
with temperature. The insets show the finite element method simulations of the heat fluxes in the
serpentine NWs, illustrating the corner-cutting effect.
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On the one hand, we can discuss this length dependence using phonon mean free path: Since
lengths of free phonon flights are limited by the length of one segment!®( ], the thermal conductivity
naturally depends on the segment length. On the other hand, we can consider the length dependence
as a sign of ballistic heat conduction within each segment. Indeed, experiments on serpentine NWs
essentially probe the thermal conductivity of individual segments connected in sequence via
diffusive junctions. Thus, the thermal conductivity of serpentine NWs behaves like that of short

straight NWs.

Total length, L (nm)

1920 2620 3320 4020 4720
0.020 T T T T T g T y T

0.016 =

0.018

Thermal conductivity, K (W m™ K™

0.014 | 4 T -
®
0012F e -
¢ Straight
e Serpentine
0010 1 " 1 N 1 L 1 " 1
400 500 600 700 800

Segment length, L, (nm)
Fig. 3 Thermal conductivity of serpentine NWs is lower than that of straight NWs and depends
on segment length.

To illustrate this point of view, we plot the thermal conductivity of the segments together
with our data on straight NWs measured in our previous work!31 for a wide range of lengths (Fig.
4). The data measured on serpentine NWs seem to complement the data measured on straight
NWs!>[], and the thermal conductivity of the serpentine NWs with segment length Lg = 800 nm is

almost identical to that of straight NW with the total length L = 775 nm. The thermal conductivity
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data form a length-dependent trend, which indicates the presence of ballistic heat conduction.

Measurements at higher temperatures revealed similar trends (Fig. S1).

To verify that this trend is not caused by some parasitic resistance?!-*°[1, we also plot the

thermal resistance per unit area (Fig. 4), given by 4 / K, where A4 is a cross-section area and K is the

thermal conductance. The data points measured on serpentine NWs deviate from the linear trend

(4 /K ~ L) while longer (> 2 pm) NWs follow the linear trend that indicates diffusive heat

conduction. Thus, we can consider the measurements on the serpentine NWs as a method to probe

heat conduction in short NWs.
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Fig. 4 Length-dependent thermal properties. The thermal conductivity of serpentine NWs and
straight NWs from Ref.!3[] measured at 4 K form a common length-dependent trend, which

indicates quasi-ballistic heat conduction. The inset shows that the normalised thermal resistance per

unit area in deviates from a linear trend.

Length and temperature scales of ballistic conduction

5000

Regardless of our point of view on the segment-length dependence, the difference in thermal

conductivity of straight («uaight) and serpentine (Kserpentine) NWs indicates quasi-ballistic heat

conduction regime. Thus, analyzing the Kguaight / Kserpentine Tatio, we can characterise the strength of

ballistic heat conduction at the length scale comparable with the segment length (Ls). Figure 5

Page 8 of 19
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shows the Kaight / Kserpentine Tatio for different segment lengths and temperatures. At 4 K, as
segments become shorter, the ratio increases and reaches 1.4 for the shortest segments of 400 nm in
length. Similar dependence on the segment length has been predicted theoretically3®[ 1. However, as
we increase the temperature, this trend flattens, and the ratio gradually reduces to one at 150 K and
higher. These measurements show that temperature has a substantial impact on the presence of

ballistic heat conduction.

To study this effect in more details, we replot the data as a function of temperature.
Figure 5b shows that the &gt / Kserpentine Tatio decreases for all segment lengths alike and reaches
one at about 150 K. In our previous work!3[], a similar transition occurred but at the temperature of

200 K due to lower surface roughness.

1 1 T 1 T T T 1 1 1 T
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Fig. 5 Transition from quasi-ballistic to diffusive heat conduction. The relative thermal conductivity
of pairs of NWs (a) with different segment lengths measured and (b) at different temperatures show
that signs of ballistic heat conduction disappear above 150 K.

Phonon transport simulations

To better understand heat conduction in our NWs, we conducted Monte Carlo simulations
(Methods) of phonon transport in a three-dimensional model of serpentine NWs (Figs. 6a-c). First,
we study where and how phonons are scattered at different temperatures. Figures 6d-f show points
of diffuse surface scattering (blue), specular surface scattering (green), and internal phonon-phonon

scattering (red) events at different temperatures.
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At 4 K, scattering events are mainly specular. At the polished top and bottom surfaces of the
wafer only 1.5% of scattering events are diffusive, so these surfaces have a negligible impact on
heat conduction. At the rougher side walls, the scattering is more diffusive (37 %). The histograms
in Figs. 6d-f show the relative number of diffuse and specular scattering events at the upper
sidewall. The histogram at 4 K highlights that the phonon back-scattering on the upper sidewall is
especially prominent near the corner, where the sidewall is perpendicular to incoming heat flux. At
50 K, specular scattering weakens, and sidewall scattering becomes 98% diffusive. Moreover, rare
phonon-phonon scattering events occur. At 100 K, surface scattering becomes 99% diffusive
whereas phonon-phonon scattering now constitutes 41% of all scattering events. Table S1 lists the
exact percentages of each scattering type and Fig. S2 shows scattering maps for the surface
roughness of 1 nm. These scattering maps illustrate a temperature-driven transition from the quasi-
ballistic regime with mainly specular surface reflections to the diffusive regime with internal and
diffuse surface scattering dominating phonon transport. This transition explains why the impact of

the corners disappears at higher temperatures.

Let us now study the impact of corners more quantitatively. Figure 6g shows how far
phonons can travel along the axis of serpentine NWs between diffuse scattering events at 4 K. The
peaks at 400, 600, and 800 nm correspond to segment lengths and show that many phonons are
freely flying inside one segment but are back-scattered from the perpendicular wall at segment end.
Nevertheless, most phonons seem to be scattered before they reach the end of a segment. Indeed,
the distributions reach maxima at zero, showing that many phonons do not travel along the NW axis
at all. To clarify this feature, we also plot original lengths of phonon flights, not projected on the
NW axis (Fig. 6h). Whereas the peaks corresponding to the segment lengths are still visible, a
common dominant peak appears at 155 nm — the width of our NWs. This peak shows that most of
the scattering events occur on the NW side walls. In other words, the phonons transport is mainly

controlled by the scattering on NW sidewalls, whereas turns of the serpentine NWs play a
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secondary role even at 4 K. The situation is qualitatively the same even for lower surface roughness

(Fig. S3).

However, the surface quality plays a critical role in the scattering on sidewalls at 4 K. Figure
61 shows that as we reduce surface roughness (#), phonon flights become longer. For a realistic
value #7 = 0.5 nm the length distribution becomes almost flat. Thus, improving surface quality
makes ballisticity stronger. Despite that importance of surface roughness, the most substantial
impact on the phonon flight lengths comes from temperature. Figure 6j shows that the distribution
drops by orders of magnitude as we increase the temperature from 4 to 100 K. As we saw earlier,
the impact of temperature is related to both more diffusive surface scattering and more frequent
internal scattering events. The plot also shows that even improving surface roughness cannot
compensate for these temperature-induced changes. The curves for surface roughness of 1 and 2 nm

are noticeably different only at 4 K but not at higher temperatures.
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Fig. 6 (a) Schematic of the simulation model. Example of (b) phonon trajectories and (c) thermal
energy density map at 4 K in the steady state regime. Maps of diffuse (blue), specular (green), and
internal (red) scattering events at (d) 4 K, (e) 50, and (f) 100 K. (g) The normalised number of
phonons as a function of phonon flight lengths projected on NW axis. The original length of phonon
flights for different segment lengths (h), the surface roughness (i), temperatures ().

Discussion and conclusions

In this work, we compare heat conduction in straight and serpentine NWs under various

conditions. Like in the pioneering experiments by Heron ef al.3*[], we find that turns of serpentine
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NWs partly block thermal transport at low temperatures. At 4 K, serpentine NWs are less thermally
conductive than straight NWs of the same length, and the difference depends on the length of
segments in serpentine NWs. We attribute faster heat dissipation in straight NWs to the presence of
ballistic phonon transport, which is interrupted by the back-scattering at the turns of serpentine
NWs.

Indeed, the average phonon wavelength at 4 K is about 25 nm!’[ |, whereas phonon mean
free path in bulk silicon is much longer than the segment-length!!3°(]. As such, phonons may travel
experiencing no diffuse scattering, unless they strike a wall perpendicularly, in which case the
probability of diffusive scattering is the highest3>[ 1. Thus, phonons may ballistically cover a large
part of a straight NW, whereas in serpentine NWs their ballistic path would be limited by the length
of one segment. Similar blocking of phonon path has been predicted for kinked silicon3*4°[1 and

boron carbide*![ ] NWs.

Our simulations confirmed that turns of serpentine NWs block the direct flights of some
phonons and thus limit their free paths proportionally to the segment length. Due to this limitation
of phonon paths, measurements on serpentine NWs seems to yield the thermal conductivity of
individual segments. This technique allows us to probe thermal conductivity in NWs shorter than

we could probe in our earlier experiments on straight NWs!>17[1].,

As we increase the temperature, both wavelengths and mean free path of phonons become
shorter making heat conduction more diffusive. Our simulations illustrate how this transition is
driven by both more diffusive surface scattering and more frequent internal scattering events.
Remarkably, even improving surface roughness cannot delay these temperature-induced changes.
Experimentally, we observed that an increase in temperature gradually weakened the ballistic

contribution almost independently of the segment length.

Above 150 K, the difference in thermal conductivity of straight and serpentine NWs

disappears completely. This result resembles that of a recent experiment by Zhao et al.*°[], where
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the difference between a straight silicon NW and a NW with one turn quickly dropped as the

temperature increased up to 150 K but saturated around 5 — 6 % above this temperature.

Thus, above 150 K we can no longer observe ballistic effects at the length scale of the NW
segments (> 400 nm). In some sense, this means that heat conduction becomes diffusive at this
scale and temperature. However, in the length-dependent experiments on straight NWs!3[1, we
could measure deviations from purely diffusive behaviour even up to room temperature. In this
sense, heat conduction above 150 K is only quasi-diffusive because it remains quasi-ballistic at the
length scales that we cannot probe directly yet can feel via non-linear thermal resistance. In this
quasi-diffusive regime, the difference in decay time inverses, featuring the corner-cutting effect,
recently observed in simulations'>#2[]. This geometrical effect naturally depends on the segment

length and can be useful for applications requiring both suspension and faster heat dissipation.

Although we could not directly observe quasi-ballistic heat conduction above 150 K,
simulations suggest that silicon NWs with better surface quality and lengths shorter than one micron
should display quasi-ballistic heat conduction even at room temperature*>**[ 1. Moreover,
simulations*?[] predict 10% lower thermal conductivity in serpentine NWs with segments as short
as 225 nm. Thus, to experimentally demonstrate ballistic heat conduction in silicon nanostructures
at room temperature, future studies should strive for lower surface roughness and shorter length

scale of samples.

Methods

Samples fabrication

Our samples were fabricated on a silicon-on-insulator wafer with 145-nm-thick device
monocrystalline (100) layer and undoped 2-um-thick SiO, sacrificial layer. First, we deposited 70-
nm-thick aluminium squares (5 x 5 um) using electron beam lithography and electron-beam
assisted physical deposition (Ulvac EX-300) processes. Then, top silicon layer was etched using

electron beam lithography followed by inductively coupled plasma (ICP) reactive ion etching (RIE)
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at —145°C (Oxford Instruments Plasmalab System 100 ICP) using SF¢ and O, gases. As a final step,
we removed the SiO; sacrificial layer under the samples using hydrofluoric (HF) acid vapour. As a
result, silicon island with a metal pad was suspended on four NWs, as shown in Fig. 1a. The surface
roughness of our samples was visibly higher than in our previous work!’[]. We can estimate the

r.m.s. surface roughness to be about 2 nm or higher.
Errors analysis

One iteration of the U TDTR experiment consists in integrating the probe laser signal over
10* pulses of the pump laser. The obtained decay curves are continuously averaged over the last 20
iterations to get the curves shown in Fig. 1d. At each iteration, the algorithm fits the decay curve by
exp( — t/ 1) function and records t values. This process continues until a standard deviation of T in
the last 20 iterations does not become less than 1%, at which point algorithm records the final value
of the decay time for the given sample. To account for fabrication imperfection, we fabricated and
measured three copies of each sample. The thermal conductivity is extracted for each of the three
samples. Thus, each data point in this work shows the average of these three measurements with
error bars indicating standard deviation, which typically is 3 — 10%. For plots with the thermal
conductivity, the error bars also include an additional 1% uncertainty due to the SEM measurements

uncertainty*[ ], which affects the FEM simulations.
Mote Carlo simulations

In our simulations, we use particle approximation of phonons and ray-tracing approach*®[]
to simulate the phonon transport in a three-dimensional model of our NWs. At the hot side, the
algorithm generates 5000 phonons with frequencies according to Planck distribution at the given
temperature. The frequency determines the group velocity according to the phonon dispersion
(o(k)) in bulk silicon, with polarization branch chosen randomly (Fig. S4). Generated phonons start
moving in a random direction towards the cold side. The algorithm traces phonon trajectories as

they travel through NWs and records the lengths of flights between diffusive scattering events, as
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well as the projection on the NW axis. Whenever a phonon encounters a boundary, the probability
of specular reflection is calculated as p = exp(—16 7> #* cos*(a) / 1), where A is the wavelength, « is
the incidence angle, 7 is r.m.s. surface roughness*’[ 1. The surface roughness was set to 0.2 nm for
the top and bottom surfaces and 2 nm for the sidewall, unless marked otherwise. Moreover,
phonons experience internal scattering processes, which cause scattering after time ¢ = — In(7) Tj,
where 7 is a random number between zero and one, unless a diffuse boundary scattering occurred
first3 1. The internal scattering rate is calculated as 1 / =1/ 71+ 1 / 7y, where 1 / 7 =
2.29x10"%-w»* is the impurity scattering rate, and 1 / 7y = 0.95x1071%@? -T-exp(—152/T) is the

Umklapp scattering rate.
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