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Ballistic Phonon Transport in Holey Silicon 
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1Department of Chemistry, 2Department of Materials Science and Engineering, University of 

California, Berkeley, California 94720, 3Materials Sciences Division, Lawrence Berkeley 

National Laboratory, Berkeley, California 94720, 4Kavli Energy Nanosciences Institute, 

Berkeley, California 94720, 4Department of Mechanical and Aerospace Engineering, University 

of California, Irvine, California 92697, United States 

ABSTRACT When the size of semiconductors is smaller than the phonon mean free path, 

phonons can carry heat with no internal scattering. Ballistic phonon transport has received 

attention for both theoretical and practical aspects because the Fourier’s Law of heat conduction 

breaks down and the heat dissipation in nanoscale transistors becomes unpredictable in the 

ballistic regime. While recent experiments demonstrate room-temperature evidence of ballistic 

phonon transport in various nanomaterials, the thermal conductivity data for silicon in the length 

scale of 10-100 nm is still not available due to experimental challenges. Here we show ballistic 

phonon transport prevails in the cross-plane direction of holey silicon from 35 nm to 200 nm. 

The thermal conductivity scales linearly with the length (thickness) even though the lateral 

dimension (neck) is as narrow as 20 nm. We assess the impact of long-wavelength phonons and 

predict a transition from ballistic to diffusive regime using scaling models. Our results support 

strong persistence of long-wavelength phonons in nanostructures and are useful for controlling 

phonon transport for thermoelectrics and potential phononic applications.  
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Ballistic phonon transport received large attention for fundamental interests in heat conduction 

across superlattices and nanoscale materials1,2. When the length scale in the direction of 

temperature gradient is shorter than the phonon mean free path, phonons can travel through the 

medium with no internal scattering, which leads to absence of local temperature or 

thermodynamic equilibrium. The thermal conductivity becomes a property that depends on the 

system size. The ballistic phonon transport in silicon has great relevance to practical 

applications3-7 due to the change in thermal conductivity. Thermal conductivity reduction in 

silicon nanostructures has been one of the major themes of thermoelectrics in the past decade8-15. 

The vapor-liquid-solid grown nanowires8-10 provided lateral spatial confinement below the 

phonon mean free path and reduced the thermal conductivity by an order of magnitude compared 

to bulk silicon. The crystalline nanowires with induced surface roughness9-13 demonstrated 

thermal conductivity approaching the amorphous limit. While many versions of silicon nanowire 

thermal conductivity data exist, experimental reports showing the length dependence below the 

phonon mean free path are not available. The average phonon mean free path of silicon at room 

temperature is known to be around 200-300 nm based on theoretical predictions1 and thin film 

experiments18. The past thermal conductivity measurement12 for silicon nanowires of varying 

length from 3 μm to 50 μm did not show any appreciable dependence because of the relatively 

large length scale. Thermal conductivity of silicon nanowires in submicron length scales may 

show further reduction, which is desirable for thermoelectric applications.  
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Ballistic phonon transport in silicon is important in nanoelectronics because transistor length 

scales are actively scaling below the phonon mean free path and the resultant thermal 

conductivity reduction leads to excessive heat generation3,4. The ballistic phonon transport in 

silicon is also important for potential phononic applications, which are aiming to process 

information by controlling heat flow6,7. The phononic applications have not been explored much 

because inelastic phonon scattering is considered dominant at room temperature and destroys 

wave characteristics or information processing capabilities. In other words, ballistic phonon 

transport at room temperature has been considered negligible at room temperature. Only recently, 

novel experiments have demonstrated strong presence of ballistic phonon transport at room 

temperature through ultrafast X-ray beams16, transient thermal gratings17, and homogeneously-

alloyed nanowires5. Chang et al.5 utilized an alloy filtering mechanism for high-frequency 

phonons in SiGe nanowires and successfully showed the low frequency driven ballistic thermal 

conductivity in the range of 1-8 µm. However, the ballistic thermal conductivity data for single-

crystalline silicon, particularly in the length scale of 10-100 nm, is not available despite its direct 

relevance to nanoscale transistors and potential phononic devices. The experimental 

demonstration of ballistic phonon transport in silicon nanostructures imposes great challenges. 

For silicon nanowires, the challenge lies at the MEMS device fabrication, in which the spatial 

resolution typically exceeds the phonon mean free path. For silicon thin films, the challenge lies 

at the measurement sensitivity, which is typically very low due to the large thermal conductivity 

of silicon. While the literature is rich with the thermal conductivity data for silicon thin films in 

the in-plane direction18,32,33, the cross-plane thermal conductivity still lacks length (thickness) 

dependence data. Here we utilize an inverse-nanowire system, i.e. holey silicon, to study ballistic 

phonon transport and characterize the cross-plane thermal conductivity in the length scale of 35-
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200 nm. Holey silicon has very low effective thermal conductivity due to porosity and provides 

substantially increased sensitivity for cross-plane measurements. The holey silicon 

nanostructures have demonstrated great potential as thermoelectric materials11-12, and our results 

showing strong ballistic phonon transport may have important implications for the future of 

phononic applications.   

We fabricated holey silicon devices using highly-ordered block copolymer (Fig. 1). Firstly, we 

prepared thickness-varying silicon layers from 200 nm to 35 nm in Silicon-on-Insulator (SOI) 

wafers by consuming silicon via thermal oxidation and subsequently etching the oxide in 

buffered hydrofluoric acid. We then coated the wafers with PS-b-P2VP polymer and annealed 

them in solvent for a sufficient time to create 60-nm-pitch self-assembled holes14. After 

evaporating a thin layer of chromium for protecting the polymer pattern, a deep reactive ion 

etching process created vertical trenches with the aspect ratio up to 5 (Fig. 2). Controlled etching 

recipes provided the hole diameter of 40 nm ± 2 nm and the neck size of 20 ± 2 nm in multiple 

samples of varying thickness. In order to heal surface defects that were possibly created during 

the etching process, we post-annealed the samples at 800 °C in argon. The holey silicon 

structures were covered by a thin film of sputtered SiO2, and then four-probe platinum electrodes 

were fabricated using a standard photolithography process. Using the platinum as a mask, we 

then removed the SiO2 and the holey silicon outside the electrode area using anisotropic dry 

etching processes. This created a one-dimensional structure on silicon substrate for cross-plane 

thermal conductivity measurements (Fig. 2). Additional fabrication details are in the supporting 

document.  

We characterize the cross-plane thermal conductivity of holey silicon using the 3ω method20- 

21. When a platinum electrode transmits current at frequency ω (Iω = Io cos(ωt)), Joule heating 
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occurs at 2ω (Q2ω) because the heating power is Iω
2R = Io

2R(1+cos(2ωt))/2 . Consequently, the 

temperature oscillates at 2ω, and the temperature dependent electrical resistance also has a 

component at 2ω (R2ω). The resultant voltage drop across the heater now contains a 3ω 

component (V3ω = IωR2ω). A circuitry of differential amplifiers and lock-in amplifiers captures 

the in-phase 3ω voltage with high sensitivity. The measured 3ω voltage is directly related to the 

temperature oscillation in the platinum heater, which is a function of thermal properties of 

underlying materials including the holey silicon layer. We fit the data to a multilayer heat 

conduction solution that accounts for the thermal conductivity, the anisotropy ratio, the boundary 

resistance, and the heat capacity of each layer using recursive matrix formulation21. We 

maximize the measurement sensitivity to the cross-plane thermal conductivity of holey silicon by 

optimizing the heating frequency, forcing the heat conduction in one-dimensional, and 

minimizing the uncertainty in other materials using control devices. The control devices are 

identical to holey silicon devices except for the absence of holes and provide the information 

about SiO2 layers and Si substrates for determining the thermal conductivity of holey silicon. 

This is based on the assumption that holey silicon and control devices share the same thermal 

properties in the SiO2 layers and the Si substrate. The SiO2 layers are created on both holey 

silicon and thin film control devices simultaneously inside the same chamber, and we assume 

any geometric effects such as phonon crowding are negligible in the sputtered SiO2 because the 

phonon mean free path is very small in the amorphous material. The difference in the cross-

sectional areas of holey silicon and thin film control devices are treated with the measured 

porosity from the image processing characterization. Another assumption is in using a theoretical 

thermal conductivity for silicon films in control devices, but the uncertainty is low because the 

silicon films have a very small contribution (< 2%) to the total resistance. The sensitivity to 
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holey silicon increases further when the porosity is higher because the effective thermal 

resistance of holey silicon increases compared to other materials. For porosity 30% or higher, the 

uncertainty in differential analysis is 6% or lower. Additional experimental details are in the 

supporting document.  

Figure 3 shows the length dependent thermal conductivity of holey silicon at room temperature. 

The thermal conductivity increases with the length from 1.5 ± 0.2 Wm-1K-1 to 2.8 ± 0.4 Wm-1K-1, 

3.9 ± 0.6 Wm-1K-1, and 7.5 ± 1.5 Wm-1K-1 for 35 nm to 70 nm, 100 nm, and 200 nm respectively. 

The reported values are the material thermal conductivity that is numerically independent of the 

boundary resistance and the porosity. The porosity values ranging from 20% to 40% are obtained 

from the image processing method. The strong length dependence indicates that ballistic phonon 

transport dominates heat conduction in the cross-plane direction of holey silicon. The presence of 

ballistic phonons in the length scale of 35-200 nm is not surprising because the phonon mean 

free path in silicon can range up to several µm25, 26. It is, however, important to note that the 

holey silicon has lateral dimensions as narrow as 20 nm. While classical models predict the 

smallest dimension regardless of heat flow direction limits phonon transport, the experimental 

data suggests the length scale that is not the smallest dimension but in the same direction with 

heat flow can be important.  

In general, the Boltzmann Transport Equation (BTE) is a great resource to understand phonon 

transport in semiconductors. The thermal conductivity can be expressed in spherical coordinates 

as,   
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where the heat capacity (Cph ), group velocity (vg), relaxation time (τ), are each dependent on the 

phonon dispersion relations (ω, k). The relaxation time due to cross-plane boundary scattering is 

L/(2 vph cosθ) where vph = ∂ω/∂k. The modeling details are in the supporting document. In the 

worst-case scenario, phonons scatter completely diffusely at the lateral boundaries and the mean 

free path is limited by the neck size, as if they are passing through nanowires of the diameter 

equivalent to the neck size. The nanowire analogy provides the classical lower bound for the 

holey silicon nanostructures (Fig. 3).  

The length dependent thermal conductivity in silicon nanostructures, while not easily observed 

in experiment, has been investigated by many theoretical studies22-25. One popular approach is 

using a gray model, which has been reported to reproduce the values from the Green-Kubo 

calculations22 and used to study the size effect in the thermal conductivity of silicon 

nanostructures22, 25. The thermal conductivity scaling in gray model can be expressed as, 

 

௬ߢ ൌ ஶߢ ቀ1 
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ቁ
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                                   (2) 

 

where к∞ and λ∞ are the thermal conductivity and phonon mean free path of an infinitely-long 

system. This requires information about the average mean free path as a fitting parameter. The 

average mean free path estimation based on the kinetic theory (λ = 3к/Cv) is about 40 nm for 

bulk silicon, but this method grossly underestimates heat conduction at room temperature. Not 

all phonons contribute equally to heat conduction because the most phonon population is near the 

zone boundary and optical phonons have substantially small group velocity compared to acoustic 

phonons. The average mean free path accounting for the spectral dependence (λ = 3к/∫Cvdω) is 

about 200 nm1, 25. The average mean free path that best matches the data for silicon thin films18 
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and VLS silicon nanowires19 is also reported as 200~300 nm. By using the average mean free 

path of 200 nm and the gray model (Eq. 2), the thermal conductivity in the infinity converges to 

20 Wm-1K-1, which closely matches the reported data for the 37-nm-wide VLS nanowire6. The 

thermal conductivity prediction in the infinitely-long limit also agrees well with a classic 

modeling of periodic nanoporous silicon2 and our BTE solution for a nanowire. These imply that 

the phonon transport in the inverse nanowire holey silicon system resembles that in nanowires of 

the equivalent cross-sectional area.  

While the gray scaling model (Eq. 2) captures the holey silicon data with the use of average 

mean free path, a number of recent studies emphasize the use of frequency dependent modeling 

and accounting for the broad spectrum of phonons in silicon17, 24-26. For bulk silicon at room 

temperature, phonons with the mean free path greater than 1 µm contributes about 50% of heat 

conduction (Fig. 4). The median mean free path is several factors larger than the average mean 

free path, and this provides a more complete picture in analyzing the thermal conductivity size 

effect. A spectral scaling model accounting for the frequency (ω) dependence of the phonon 

mean free path can be express as, 
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This requires functional forms of the thermal conductivity and the mean free path in the 

infinitely-long system. As mentioned earlier, the classical modeling based on the BTE (Eq. 1) 

cannot explain the length dependence in holey silicon because the mean free path is limited by 

the neck size. We find the mean free path in holey silicon can be greater than the neck size in the 
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modeling framework developed by Murphy et al. 27 and Chen et al. 8, which is based on 

Landauer Formalism,   
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where L is the length, A is the cross-sectional area, d is the diameter, l is the frequency dependent 

mean free path, N1 is the number of modes with the mean free path l, and N2 is the number of 

modes with the mean free path limited to d, and X = ħω/kBT. This model accounts for specular 

scattering by long wavelength phonons, which have the mean free path scaling by ω-4, and 

predicts their contribution increases in nanowires with smaller diameter8, 27. The frequency 

dependence (l~ω-4) resembles that of Rayleigh scattering, and the model treats surface disorder 

as a collection of point-like impurities. Additional modeling details are in the supporting 

document. Although the original model was developed in the ballistic limit, here we have 

included Umklapp scattering and applied the cut-off frequency suggested by Mingo28 to obtain 

the effective mean free path contributions (Fig. 4). Combining the Landauer model (eq. 4) and 

the spectral scaling model (Eq. 3), we can explain the scaling trend (Fig. 3) without using the 

bulk thermal conductivity or the average mean free path as a fitting parameter. The spectral 

scaling model predicts the thermal conductivity in the infinity approaches a higher value than the 

prediction based on the gray model. This is because the Landauer model accounts for long-

wavelength phonons that are specularly scattering with lateral boundaries. The transition from 

ballistic to diffusive transport also occurs at a larger length scale (~300 nm). This implies that the 

long-wavelength phonons could be responsible for the mean free path greater than the neck size 

and the strong size effect observed in the holey silicon. We could also infer that short wavelength 
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phonons are effectively filtered by the surface disorder and the ballistic phonon transport is 

predominantly due to long-wavelength phonons.  

The long-wavelength phonons also play an important role in understanding the temperature 

dependence. Figure 5 shows the temperature dependent thermal conductivity of holey silicon 

down to 20 K. At cryogenic temperatures, or when the dominant phonon wavelength is greater 

than the size of impurities, the thermal conductivity should scale by the power of 3 (k~T3), based 

on the classical law for heat capacity. However, the holey silicon thermal conductivity data in the 

range of 20-60 K show the temperature dependence scaling by the power of 2 (k~T2). This non-

classical observation is not new for silicon nanowires. Li et al.8 and Chen et al.10 showed VLS 

nanowires of diameter in the range 20-40 nm exhibit unusual temperature dependence (k~T1~2) at 

low temperatures (20~60 K). One perspective is to consider quantum confinement effect, which 

changes phonon dispersion relation29. However, other studies argue the confinement effect is 

only relevant for temperatures below 10 K because roughness destroys coherence for short-

wavelength phonons30. Another perspective is to consider increased contribution of surface 

disorder and account for frequency boundary scattering27, which is consistent with our 

explanation for the ballistic transport at room temperature. The combined contributions of 

specular and diffusive transport depending on the phonon frequency with respect to the length 

scale of surface disorder can result in the low temperature thermal conductivity deviating from 

the classical dependence.  

The thermal conductivity data and the scaling models presented here have great implications 

for thermoelectric applications14, 15. Tang et al.14 demonstrated the block copolymer patterned 

holey silicon can have the thermoelectric figure of merit (ZT) up to 0.4 at room temperature. Our 

cross-plane data is directly applicable for planar devices where temperature gradients occur 
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across layers. Holey silicon nanostructures are also more attractive in such integrated systems 

compared to nanowire arrays because of mechanically and electrically stable contact qualities. 

One of major technological challenges for holey silicon thermoelectric devices would be scaling 

up to higher-aspect-ratio structures while keeping the thermal conductivity low. The scaling 

models predict that the thermal conductivity might reach a plateau when the length is sufficiently 

larger than the phonon mean free path. Past studies on the roughness suggest the phonon mean 

free path in silicon can be strongly suppressed by various methods of surface treatment7-11. For 

instance, the electroless etching method9 has demonstrated a successful reduction of the thermal 

conductivity by creating surface roughness in the order of 1-5 nm. In such roughened holey 

silicon systems, the transition from ballistic to diffusive transport would happen in a shorter 

length scale, which would be more favorable for thermoelectric applications. The results here 

also suggest that keeping the neck size small is important. Ongoing development of etching 

process can shed light on fabricating higher-aspect-ratio holey silicon nanostructures, which may 

become a commercially viable thermoelectric material particularly at high temperatures.  

The silicon thermal conductivity data in the length scale of 35-200 nm has immediate 

implications for nanoscale electronic systems. With the rapid scaling trend in transistors, heat 

generation in reduced geometry is of ever-increasing importance for both device performance 

and reliability. We expect the thermal conductivity of silicon to scale linearly down with the 

reduced dimension in transistors. The ballistic phonon transport would be responsible for 

hotspots in nanoscale systems and the heat generation would be beyond the predictions based on 

classical size effect models.  

Although the impact is not as immediate as on electronic applications, the observed room-

temperature ballistic phonon transport in the holey silicon nanostructures is very promising for 
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potential phononic applications. Our work suggests that thermal diodes or potential phononic 

waveguides can benefit from the persistent long-wavelength phonons in silicon nanostructures 

even when the limiting dimension is down to 20 nm with fabrication involving conventional 

etching processes. Surface engineering that filters high-frequency phonons and increases the 

contribution of low-frequency phonons could provide new pathways for manipulating phonons 

and controlling heat flows.  We expect that the scaling trend of transistors would be more 

favorable for potential integration of nanoelectronics and phononics because the mean free path 

of long-wavelength phonons exceeds typical dimensions of commercial transistors. The fact that 

silicon has excellent electrical and thermal properties is a great advantage for the development of 

phononic devices. Holey silicon nanostructures, with strong ballistic phonon transport as 

presented here, show potential to become a building block of future phononic systems.  

The fundamentals of heat transfer governed by the Fourier Law break down at the nanoscale, 

specifically when the length scale is smaller than the carrier mean free path. This work provides 

self-consistent experimental data sets for holey silicon in the length scale below the average 

phonon mean free path of bulk silicon. The scaling models show the length dependent thermal 

conductivity could be due to specular scattering in lateral boundaries by long wave-length 

phonons. The frequency dependent boundary scattering could be responsible for both the unique 

size effect and the non-classical temperature dependence of the holey silicon. These results are 

particularly important for managing heat generation in silicon transistors that are scaling much 

below the phonon mean free path. The holey silicon is providing pathways for engineering the 

thermal conductivity in silicon nanostructures, which can lead to cost-effective thermoelectric 

devices and could potentially be a breakthrough for phononic devices.  
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Supporting Information. Additional SEM images of the holey silicon, Raman spectroscopy 

results, thermal conductivity modeling details, and additional figures for the holey silicon data. 

This material is available free of charge via the Internet at http://pubs.acs.org.  
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