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Received: 30 November 2017 . Semiconductor nanowires are potential building blocks for future thermoelectrics because of their low
Accepted: 22 February 2018 : thermal conductivity. Recent theoretical works suggest that thermal conductivity of nanowires can
Published online: 13 March 2018 . be further reduced by additional constrictions, pillars or wings. Here, we experimentally study heat
. conduction in silicon nanowires with periodic wings, called fishbone nanowires. We find that like in
pristine nanowires, the nanowire cross-section controls thermal conductivity of fishbone nanowires.
However, the periodic wings further reduce the thermal conductivity. Whereas an increase in the wing
width only slightly affects the thermal conductivity, an increase in the wing depth clearly reduces
thermal conductivity, and this reduction is stronger in the structures with narrower nanowires. Our
experimental data is supported by the Callaway-Holland model, finite element modelling and phonon
transport simulations.

Thermal transport in low dimensional and nanostructured materials has attracted high attention over the
past decades, in particular with regards to promising prospects in thermoelectric energy generation’, includ-
ing the possibility of using the wave properties of phonons, which can be relevant at cryogenic temperatures®*.
Nonetheless, the main impact of semiconductor nanostructures on thermal transport comes from scattering of
the heat carriers — phonons. In that regard, semiconductor nanowires (NWs) are the focus of much attention**
and remain to date one of the most promising building blocks for thermoelectric®~? and other microelectronic
devices. Generally, the thermal conductivity of NWs depends on the diameter*'°* and surface properties*”!*-!8,
because heat conduction in nanostructures is suppressed by diffuse scattering of phonons on the surfaces!*%.
For example, a few experimental works?!** have demonstrated a reduction of thermal conductivity in corrugated
silicon NWs due to the limited phonon mean free path?"?2. To further enhance this surface scattering, theoretical
works?*~%¢ proposed various diameter-modulated NWs and found that heat conduction is strongly suppressed in
these structures. Not only is it possible to reduce thermal conductivity proportionally to the ratio between the
corrugation and the central constriction, but this reduction can be larger than an order of magnitude at room
temperature for structures of a couple of nanometers in width?>. Despite the difference in scales, lattice dynam-
ics®®, Monte-Carlo simulations*?’, and mixed calculations* agree that reducing the width of the central constric-
tion or increasing the depth of the corrugation reduces thermal conductivity. Thus, modification of the sidewall
shape of NWs is a promising approach to further thermal conductivity reduction.

In this work, we systematically study heat conduction in NWs with periodic wings, called hereafter fishbone
NWs, which have features of both NWs and phononic crystals. First, we find that thermal conductivity is reduced
as the central part — the neck — becomes smaller. Next, we demonstrate that wing size in the direction parallel
to heat flux does not strongly affect heat conduction, whereas wing size in the direction perpendicular to the heat
flux can significantly reduce thermal conductivity. We explain this reduction by the trapping and backscattering
of phonons in the wings. Overall, we experimentally demonstrate that the transient behaviour of the fishbone
NWs follow the mass contrast, and that thermal conductivity and thermal relaxation rates can be reduced at room
temperature by more than 20% and 35%, respectively.
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Figure 1. Samples and experimental setup. (A) SEM image of a suspended fishbone nanostructure. (B)
Close-up top view of fishbone NW's with relevant dimensions; Scale bars are 2 um in (A) and 500 nm in (B). (C)
Schematic of u-TDTR setup, with recorded signal and exponential fit.

Fabrication and Measurements

All samples are fabricated on a (100) silicon-on-insulator (SOI) wafer. The nanostructures are processed on the
145 nm-thick undoped upper single-crystalline silicon layer. 4 X 4 um? squares are drawn by electron beam
lithography and then 125-nm-thick aluminum pads are deposited via electron beam assisted metal evaporation.
The shape of the fishbone NWs are drawn by electron beam lithography around the existing aluminum pads
followed by a transfer to the silicon layer by means of an inductively coupled plasma reactive-ion etching (Oxford
instruments PlasmaLab 100) using a mixture of SF¢ and O,. To suspend the samples, the buried oxide layer is sub-
sequently removed with hydrofluoric acid in vapor phase. Figure 1A and B show scanning electron microscope
(SEM) images of a complete structure and a close-up view of a fishbone NW with relevant dimensions.

The thermal properties of all samples are measured using the micro time domain thermoreflectance (u-TDTR)
technique!®?’, which we have developed for the measurement of suspended nanostructures. A schematic of the
setup is shown in Fig. 1C. The aluminum pad in the center of the structures serves as a heater and sensor as
its temperature is monitored by a continuous-wave laser (785nm). After the pad is heated by the pulsed laser
(642 nm), the heat flows through the fishbone NWs. The corresponding cooling of the central pad is recorded as
a decay of the change in reflectance, which can be fitted by an exponential function in spite of the ballisticity of
phonons and intricate geometry of the structure. The decay curve is approximated by a single-parameter expo-
nential decay curve exp(—t/T), where T is the characteristic decay time inversely proportional to the thermal con-
ductance. To extract the thermal conductivity, we use a three dimensional finite element model, which virtually
reproduces our experiment?®%. The uncertainty on the measurement of the structure dimensions (43 nm) results
in an error in thermal conductivity of less than £5%. More details of the fabrication method and measurement
system are provided in the methods section and in our previous works*?*28-30,

Results and Discussion

To understand the mechanisms impacting thermal transport in these structures, we investigate the impact of
the geometry on thermal conduction by comparing samples with different necks (1), wing widths (w), and wing
depths (d) (Fig. 1B). From a geometrical point of view, fishbone NWs are NWs with wings every 300 nm. Thus,
we can expect that the neck controls heat conduction®*731*2 just as it does in NWs!®!!. Figure 2A shows that
the thermal conductivity of the fishbone NWs indeed decreases as the neck is decreased and the absolute val-
ues are similar to those of NWs without wings. This dependence is in agreement with the Callaway-Holland
model for NWs!?, as shown in Fig. 2A. In this model, the boundary scattering part of the phonon relaxation
time is proportional to the limiting dimension of the structure, which in this case is proportional to the NW
neck!?. For narrower fishbone NWs, the decrease in thermal conductivity seems more pronounced than that of
the Callaway-Holland model. As no data is available for NWs, the discrepancy can either stem from a difference
between the theoretical model and experimental measurements, or from a specific attribute of fishbone NWs.
Since the theoretical model uses one limiting dimension as the parameter to calculate the boundary scattering
term, it cannot properly render the geometric complexity of fishbone NWs. Furthermore, it seems that wide
NWs (120 nm) have higher thermal conductivity than the model, whereas narrower ones (70 nm) have a similar
thermal conductivity as the model, pointing again to the simplicity of the model being unable to fit the physical
phenomenon perfectly. Last, as will be shown below, the impact of the wings, i.e., a decrease in thermal conduc-
tivity, becomes stronger as the neck becomes narrower, thus partially explaining the trend observed.

As temperature is decreased, the thermal conductivity of fishbone NWs decreases, as shown in Fig. 2B. This
behaviour is similar to that of NWs'® and is also in good agreement with the Callaway-Holland model'®*. The
lower thermal conductivity at low temperatures stems from the reduced specific heat and enhanced surface scat-
tering. Indeed, as temperature decreases, the frequencies of phonons contributing to heat transport decrease,
hence their mean free path (MFP) in the bulk increases®*-*, but remains strongly limited in the nanowires!®!217,
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Figure 2. Neck dependence of thermal conductivity. (A) Dependence of thermal conductivity at room
temperature on the neck width () for NWs and two sets of fishbone NWs (d=190nm, w=93 and 183 nm). (B)
Thermal conductivity in the 10-300K temperature range for fishbone NWs with the necks of 65, 88 and 122 nm
(d=190nm and w =93 nm). Predictions of Callaway-Holland model are shown by solid lines.

Therefore, the suppression of thermal conductivity by surface scattering is stronger at low temperatures. These
results show that the neck is a key parameter in tuning thermal conductivity, as also predicted by Monte Carlo
simulations of NWs with constrictions??’.

Next, we fix the neck of the structure and study the impact of the wing width on the thermal conductivity,
keeping constant the wing depth (d =200 nm) for all samples. Interestingly, although an increase in the wing
width increases thermal conductance (G ~ 77!, due to the increase of material volume, the thermal conductivity
actually slightly decreases, as shown in Fig. 3. This dependence on the wing width cannot be understood within
the Callaway-Holland model because of the complicated geometry. Thus, we perform phonon transport simula-
tions?®%% of the phonon transport in this geometry, with diffuse surface scattering conditions. The simulation
details are provided in the methods section. Figure 3 shows that the simulation results agree with our experi-
mental data and confirm that the wing width does not significantly change thermal conductivity. The agreement
with the phonon transport simulations also indicates that the width dependence of thermal conductivity can be
explained by phonon boundary scattering alone. Indeed, the increase in the wing width increases the probability
for a phonon to enter the wing and thus be scattered backwards and trapped. Interestingly, the experimental data
for samples with the smallest neck (n =45 nm) is significantly below the predictions of the phonon transport sim-
ulations. This may indicate the narrow regions generate the confinement effects, which are not taken into account
in the simulation, as only boundary scattering effects are considered (see Methods).

Next, we fix the wing width (w =140 nm) and study the impact of wing depth (d). We measure three different
sets of samples with the necks of 60, 91 and 124 nm and wing depth in the 50-300 nm range for each neck. The
measurement results (Fig. 4) show that an increase in wing depth causes a reduction in thermal conductivity
and this reduction strengthens as the neck narrows. This might be explained by the fact that phonons have lower
probability to enter the next unit due to narrower neck and thus stay longer in the wings.
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Figure 3. Wing width dependent thermal conductivity. Thermal conductivity at 300K as a function of wing
width (w) for samples with different necks (1) and the same wing depth (d =200nm). Results of phonon
transport simulations are shown by solid lines with dots.
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Figure 4. Wing depth dependence of thermal conductivity. Thermal conductivity at room temperature as

a function of wing depth (d) for three sets of samples with necks of 60 (squares), 91 (circles) and 124 nm
(triangles), and the same wing width (w= 140 nm). Results of phonon transport simulations are shown by the
solid lines with dots.

Similar dependence on the wing depth has been predicted by some theoretical works. Lattice dynamics sim-
ulations?® showed a decrease in thermal conductivity with wing depth in atomic scale structures and explained
this reduction by the redistribution of the phonon energy spectrum and reduced phonon group velocities.
Monte-Carlo simulations” also showed that thermal conductivity decreased with the wing depth and that the
relative decrease is stronger for smaller necks.

Figure 4 also shows our phonon transport simulation data (lines) alongside the experimental results. The val-
ues of thermal conductivity for NW's agree within +2 Wm™K~! with similar Monte-Carlo simulations by Verdier
et al.?®. As the wings form and deepen, our simulations predict a slight reduction of thermal conductivity, but this
tendency saturates for wings deeper than 100 nm. Moreover, the dependence is much weaker than that observed
experimentally. These results suggest that some other mechanism, not taken into account in the phonon trans-
port simulations, affects phonon transport. For example, Nika ef al.”® proposed phonon trapping in the wings as
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Figure 5. Wing depth dependence of thermal dissipation. Measured room temperature decay times normalized
to that of the structure with d ~ 50 nm as a function of wing depth (A) and mass contrast (B) for three sets of
samples with necks of 60 (squares), 91 (circles) and 124 nm (triangles) and the same wing width (w=140nm).
Results of FEM simulations are by lines in panel (A).

a mechanism that hinders heat transport and is linked to the depth of the wings. They also showed that specular
reflections induce a stronger reduction of heat flux in the fishbone NWs. This phenomenon suggests that phonons
become trapped in the wing and cannot resume their path through the structure.

To better understand the observed wing depth dependence, we analyze the experimental data obtained in the
transient regime. Indeed, whereas thermal conductivity is calculated as a steady state property — the temperature
gradient is fixed — the experiment is characterized by the heat dissipation time (or decay time, T), which reflects
the transient behaviour of the system. We first use a simulation model based on finite element method (FEM)
to analyze our experiment in the Fourier law approximation. Figure 5A shows that introducing short (<50 nm)
wings to a NW causes faster heat dissipation, until a critical depth of around 50 nm is reached, after which a
further increase in wing depth increases the decay time, independently of the neck. The increase in the decay
time can be understood considering a solution of a classical heat transport equation: exp(— t/R-C), where R is the
thermal resistance and C is the heat capacity. From this form of solution, we can see that our experimental decay
time () is simply proportional to R-C. In turn, heat capacity is proportional to the volume of the structure, which
increases with the wind depth. Hence the decay time is proportional to the wing depth. Our experiments, how-
ever, show that the increase is stronger than predicted by the FEM simulations, and that this increase strengthens
as the NW narrows. We find that the normalized experimental decay time (7/7,,) is proportional to the mass
contrast (Myine/Mnea)> and that the proportionality is the same regardless of the neck, as shown in Fig. 5B.

The most probable explanation for the discrepancies between our experimental results and simulations stems
from elements not taken into account in our simulations, such as the group velocity of phonons and the energy
distribution. Indeed, the FEM analysis uses simple Fourier law whereas the phonon properties in our phonon
transport simulations are calculated from the bulk. Thus, modifications of the group velocities and redistribution
of the energy spectrum, as suggested by Nika et al.?®, are not taken into account. This phenomenon, that they
call phonon trapping, is more efficient for narrow necks and deeper wings, as is observed in our experiments.
Molecular dynamics simulations were used in two different works by Xiong et al.** and Ma et al.*! to arrive to
similar conclusions. Indeed, Xiong et al. observed a reduction in the group velocity of phonons, but also of the
mean free path, stemming from a hybridization of propagating modes with resonant ones. Ma et al., working with
nanowires cage structures, showed that localization occur at the junction of perpendicular nanowires, with local
resonances and hybridization also inducing a strong reduction in thermal conductivity, and demonstrated that
this was a local effect, independent of the periodicity. However, as our experiment do not directly prove these
theories, further investigations are needed to experimentally clarify the role of the phonon dispersion relation on
thermal transport in these structures.

In conclusion, we investigate heat conduction in silicon fishbone NWs at room temperature and report series
of thermal conductivity data measured for various structural parameters such as neck size, wing depth, and wing
width. Phonon transport simulations capture the steady state behavior of our structures, whereas transient FEM
simulations show an impact of geometry on the thermal relaxation time. We show experimentally that the ther-
mal conductivity can be tuned by adjusting the shape of the structures: in the range covered by our experiment, an
increase in mass contrast decreases the thermal conductivity by 20%. Since this decrease can be more than three
times stronger than predicted by simulations, our experimental results suggest the presence of some other mecha-
nism of thermal conductivity reduction, which is not captured by these simulations. We believe that the difference
stems from a transient mechanism and can be partially attributed to the trapping of phonons in the wings and
further experiments should clarify the additional mechanisms. However, it is clear that our fishbone NW's have
an additional degree of freedom in heat conduction control as compared with pristine NWs. Additionally, since
the total volume increases but the neck remains constant as the wings become bigger, the electrical conductivity
will not be reduced. Thus, fishbone NWs are promising for thermoelectric applications.
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Methods

Thermal conductivity measurements. The optical measurement system used in this work is an origi-
nally developed micro time-domain thermoreflectance (u-TDTR) system, using two separate laser diodes. The
pulsed pump and continuous probe laser beams have wavelengths of 642 nm and 785 nm, respectively. The laser
beams are focused through a 40 x microscope lens with a numerical aperture of 0.6 onto the aluminum pad which
serves as a heater and sensor. The sample is mounted in a He-flow cryostat (Oxford Instruments) and the pressure
is kept low enough to neglect all convection. Radiation can also be neglected. The reflected probe beam is then
detected by a silicon photodiode with a bandwidth of 200 MHz. The average of 10* waveforms is then calculated
by an oscilloscope with bandwidth of 1 GHz (Tektronix), before being further box-averaged to improve the sig-
nal-to-noise ratio. The heat provided by the lasers to the aluminum pads can dissipate through the structures
under study only. The measurement output is proportional to a temperature and reveals a decaying trend of the
form exp(—t/7) with T the decay time.

The experiment is then reproduced in a 3D Finite Element Model. Each structure parameters are measured
from SEM images and used to recreate this structure in 3D with Comsol Multiphysics. The aluminium pad is
heated by an inward heat flux of identical duration to the laser pulse in the experiment. The temperature of the
aluminium pad’s centre is then monitored until it is back to the bath temperature. This simulation is performed
for different values of the thermal conductivity, whereas all other parameters are fixed, and the decay time is
extracted for each simulation. We observe that a single exponential decay fits well on all nanowires and fishbone
decay curves. Thermal decay times are then plotted as a function of the thermal conductivity and the experimen-
tal measurement is fitted on this curve, thus giving the experimental thermal conductivity. Further details about
the experimental setup and thermal conductivity extraction can be found in our previous work>.

Phonon transport simulations. The heat conduction in fishbone NWs is simulated using ray tracing
method and assuming the bulk properties of phonons, obtained from the first principle calculations. In the
nanostructures, the bulk phonon MFP are shortened by boundary scattering at the sidewalls of the nanostruc-
tures, and the effective MFP (A ¢) can be expressed via Matthiessen’s rule as A = Ayl + Ag;y, where Ay
is the MFP in bulk and A, is the MFP shortened by boundary scattering. Since many phonon modes exist in
the bulk, the value of Ay depends on the wave vector q and phonon branch s. Using At and the bulk proper-
ties of phonons, namely the specific heat C and group velocity v, we obtain the thermal conductivity  in nano-
structures by:

Kk = ZcqqusAeff,qs
as 6]

Thus, the values of C, v, Ay, and Ay, are necessary to evaluate the thermal conductivity. The bulk proper-
ties of phonons are calculated by anharmonic lattice dynamics with interatomic force constants of silicon. Here
anharmonic lattice dynamics is performed with the ALAMODE package** and interatomic force constants are
obtained by the Quantum Espresso package*®. The thermal conductivity of a bulk silicon crystal calculated is 150
Wm 'K~ at room temperature, thus the method reproduces well the experimental value**.

In order to obtain Ay, we perform ray tracing simulations®. The method consists in statistically calculating
the phonon transmission probability f;, through the simulated system. Phonons are injected on one side of the
system with a polar angle 6, following which we evaluate their probability of reaching the opposite side of the
system at a distance L. Phonon reflections at the surfaces of the nanostructure are assumed to be diffuse. Then,
Aygy can be obtained as***:

A 3 Lfmf (0)cosfsinddd
= —_— cosvsim
My Tom o 2 )

where M is a correction factor”® accounting the effective cross-section area of fishbone NWs calculated by Comsol
Multiphysics. Since this method underestimates Ayq, when L is short, we use 100 unit cells of the fishbone NW
for our calculations.

References
1. Schierning, G. Silicon nanostructures for thermoelectric devices: A review of the current state of the art. Phys. Status Solidi 211,
1235-1249 (2014).
2. Zen, N., Puurtinen, T. A,, Isotalo, T. J., Chaudhuri, S. & Maasilta, I. ]. Engineering thermal conductance using a two-dimensional
phononic crystal. Nat. Commun. 5, 3435 (2014).
. Maire, J. et al. Heat conduction tuning by wave nature of phonons. Sci Adv 3, e1700027 (2017).
4. Zhang, G. & Zhang, Y.-W. Thermal conductivity of silicon nanowires: From fundamentals to phononic engineering. physica status
solidi (RRL) - Rapid Research Letters 7, 754-766 (2013).
5. Jiang, J.-W., Yang, N., Wang, B.-S. & Rabczuk, T. Modulation of thermal conductivity in kinked silicon nanowires: phonon
interchanging and pinching effects. Nano Lett. 13, 1670-1674 (2013).
6. Lu, W. & Xiang, J. Semiconductor Nanowires: From Next-Generation Electronics to Sustainable Energy. (Royal Society of Chemistry,
2014).
. Hochbaum, A. L. et al. Enhanced thermoelectric performance of rough silicon nanowires. Nature 451, 163-167 (2008).
. Boukai, A. L. et al. Silicon nanowires as efficient thermoelectric materials. Nature 451, 168-171 (2008).
9. Calaza, C. et al. Bottom-up Silicon Nanowire Arrays for Thermoelectric Harvesting. Materials Today: Proceedings 2, 675-679 (2015).
10. Maire, J., Anufriev, R. & Nomura, M. Ballistic thermal transport in silicon nanowires. Sci. Rep. 7, 41794 (2017).
11. Li, D. et al. Thermal conductivity of individual silicon nanowires. Appl. Phys. Lett. 83,2934 (2003).
12. Malhotra, A. & Maldovan, M. Impact of Phonon Surface Scattering on Thermal Energy Distribution of Si and SiGe Nanowires. Sci.
Rep. 6,25818 (2016).

w

SCIENTIFICREPORTS | (2018) 8:4452 | DOI:10.1038/s41598-018-22509-0 6



www.nature.com/scientificreports/

13. Wingert, M. C. et al. Thermal Conductivity of Ge and Ge-Si Core-Shell Nanowires in the Phonon Confinement Regime. Nano Lett.
11, 5507-5513 (2011).

14. Feser, J. P. et al. Thermal conductivity of silicon nanowire arrays with controlled roughness. J. Appl. Phys. 112, 114306 (2012).

15. Donadio, D. & Galli, G. Atomistic simulations of heat transport in silicon nanowires. Phys. Rev. Lett. 102, 195901 (2009).

16. Lim, J., Hippalgaonkar, K., Andrews, S. C., Majumdar, A. & Yang, P. Quantifying Surface Roughness Effects on Phonon Transport in
Silicon Nanowires. Nano Lett. 12, 2475-2482 (2012).

17. Anufriev, R., Yanagisawa, R. & Nomura, M. Aluminium nanopillars reduce thermal conductivity of silicon nanobeams. Nanoscale
9,15083-15088 (2017).

18. Hippalgaonkar, K. et al. Fabrication of microdevices with integrated nanowires for investigating low-dimensional phonon transport.
Nano Lett. 10, 4341-4348 (2010).

19. Yanagisawa, R., Maire, J., Ramiere, A., Anufriev, R. & Nomura, M. Impact of limiting dimension on thermal conductivity of one-
dimensional silicon phononic crystals. Appl. Phys. Lett. 110, 133108 (2017).

20. Anufriev, R., Maire, J. & Nomura, M. Reduction of thermal conductivity by surface scattering of phonons in periodic silicon
nanostructures. Phys. Rev. B93, 045411 (2016).

21. Blang, C,, Rajabpour, A., Volz, S., Fournier, T. & Bourgeois, O. Phonon heat conduction in corrugated silicon nanowires below the
Casimir limit. Appl. Phys. Lett. 103, 043109 (2013).

22. Poborchii, V., Morita, Y., Hattori, J., Tada, T. & Geshev, P. I. Corrugated Si nanowires with reduced thermal conductivity for wide-
temperature-range thermoelectricity. J. Appl. Phys. 120, 154304 (2016).

23. Zianni, X. & Chantrenne, P. Thermal Conductivity of Diameter-Modulated Silicon Nanowires Within a Frequency-Dependent
Model for Phonon Boundary Scattering. J. Electron. Mater. 42, 1509-1513 (2013).

24. Cocemasov, A. I, Nika, D. L., Fomin, V. M., Grimm, D. & Schmidt, O. G. Phonon-engineered thermal transport in Si wires with
constant and periodically modulated cross-sections: A crossover between nano- and microscale regimes. Appl. Phys. Lett. 107,
011904 (2015).

25. Nika, D. L. et al. Suppression of phonon heat conduction in cross-section-modulated nanowires. Phys. Rev. B 85, 205439 (2012).

26. Verdier, M., Lacroix, D. & Termentzidis, K. Heat transport in phononic-like membranes: Modeling and comparison with modulated
nano-wires. Int. J. Heat Mass Transf. 114, 550-558 (2017).

27. Zianni, X., Jean, V., Termentzidis, K. & Lacroix, D. Scaling behavior of the thermal conductivity of width-modulated nanowires and
nanofilms for heat transfer control at the nanoscale. Nanotechnology 25, 465402 (2014).

28. Nomura, M. et al. Impeded thermal transport in Si multiscale hierarchical architectures with phononic crystal nanostructures. Phys.
Rev. B91, 205422 (2015).

29. Maire, J. & Nomura, M. Reduced thermal conductivities of Si one-dimensional periodic structure and nanowire. Jpn. J. Appl. Phys.
53, 06JE09 (2014).

30. Anufriev, R., Ramiere, A., Maire, ]. & Nomura, M. Heat guiding and focusing using ballistic phonon transport in phononic
nanostructures. Nat. Commun. 8, 15505 (2017).

31. Zianni, X. Diameter-modulated nanowires as candidates for high thermoelectric energy conversion efficiency. Appl. Phys. Lett. 97,
233106 (2010).

32. Zianni, X. The effect of the modulation shape in the ballistic thermal conductance of modulated nanowires. J. Solid State Chem. 193,
53-57 (2012).

33. Marconnet, A. M., Kodama, T., Asheghi, M. & Goodson, K. E. Phonon Conduction in Periodically Porous Silicon Nanobridges.
Nanoscale Microscale Thermophys. Eng. 16, 199-219 (2012).

34. Casimir, H. B. G. Note on the conduction of heat in crystals. Physica 5, 495-500 (1938).

35. Weber, L. & Gmelin, E. Transport properties of silicon. Applied Physics A Solids and Surfaces 53, 136-140 (1991).

36. Gereth, R. & Hubner, K. Phonon Mean Free Path in Silicon Between 77 and 250 °K. Physical Review 134, A235-A240 (1964).

37. Raja, N. et al. Length Scale of Diffusive Phonon Transport in Suspended Thin Silicon Nanowires. Nano Lett. 17, 276-283 (2017).

38. Hori, T., Shiomi, J. & Dames, C. Effective phonon mean free path in polycrystalline nanostructures. Appl. Phys. Lett. 106, 171901
(2015).

39. Parrish, K. D,, Abel, J. R,, Jain, A., Malen, J. A. & McGaughey, A. J. H. Phonon-boundary scattering in nanoporous silicon films:
Comparison of Monte Carlo techniques. J. Appl. Phys. 122, 125101 (2017).

40. Xiong, S. et al. Blocking Phonon Transport by Structural Resonances in Alloy-Based Nanophononic Metamaterials Leads to
Ultralow Thermal Conductivity. Phys. Rev. Lett. 117, 025503 (2016).

41. Ma, D. et al. Nano-cross-junction effect on phonon transport in silicon nanowire cages. Phys. Rev. B 94, 165434 (2016).

42. Tadano, T., Gohda, Y. & Tsuneyuki, S. Anharmonic force constants extracted from first-principles molecular dynamics: applications
to heat transfer simulations. J. Phys. Condens. Matter 26, 225402 (2014).

43. Giannozzi, P. et al. QUANTUM ESPRESSO: a modular and open-source software project for quantum simulations of materials. J.
Phys. Condens. Matter 21, 395502 (2009).

44. Kremer, R. K. et al. Thermal conductivity of isotopically enriched 28Si: revisited. Solid State Commun. 131, 499-503 (2004).

Acknowledgements

This work was supported by the Project for Developing Innovation Systems of the Ministry of Education,
Culture, Sports, Science and Technology (MEXT), PRESTO JST (JPMJPR15R4), Japan, Kakenhi (25709090);
the Foundation for the Promotion of Industrial Science; the Japan Society for the Promotion of Science (JSPS)
Core-to-Core Program as a matching fund to the EU-FP7 Project EUJO-LIMMS; and JSPS postdoctoral
scholarship.

Author Contributions

J.M. conceived the study, fabricated the samples and performed the measurements. .M. and R.A. wrote the
manuscript. R.A. and S.V. performed the theoretical analysis. T.H. performed the phonon transport simulations.
J.S. contributed to the phonon transport simulations. M.N. supervised the entirety of the work. All authors
contributed to the analysis and discussion of the results.

Additional Information
Competing Interests: The authors declare no competing interests.

Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

SCIENTIFICREPORTS | (2018) 8:4452 | DOI:10.1038/s41598-018-22509-0 7



www.nature.com/scientificreports/

Open Access This article is licensed under a Creative Commons Attribution 4.0 International
CE | jcense, which permits use, sharing, adaptation, distribution and reproduction in any medium or

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2018

SCIENTIFICREPORTS | (2018) 8:4452 | DOI:10.1038/s41598-018-22509-0 8


http://creativecommons.org/licenses/by/4.0/

	Thermal conductivity reduction in silicon fishbone nanowires

	Fabrication and Measurements

	Results and Discussion

	Methods

	Thermal conductivity measurements. 
	Phonon transport simulations. 

	Acknowledgements

	Figure 1 Samples and experimental setup.
	Figure 2 Neck dependence of thermal conductivity.
	Figure 3 Wing width dependent thermal conductivity.
	Figure 4 Wing depth dependence of thermal conductivity.
	Figure 5 Wing depth dependence of thermal dissipation.




