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ABSTRACT 

The thermal conductivity of single crystal silicon was 
engineered to be as low as 32.6W/mK using lithographi-
cally defined phononic crystals (PnCs), which is only one 
quarter of bulk silicon thermal conductivity [1]. Specifi-
cally sub-micron through-holes were periodically pat-
terned in 500nm-thick silicon layers effectively enhancing 
both coherent and incoherent phonon scattering and re-
sulting in as large as a 37% reduction in thermal conduc-
tivity beyond the contributions of the thin-film and volume 
reduction effects. The demonstrated method uses conven-
tional lithography-based technologies that are directly 
applicable to diverse micro/nano-scale devices, leading to 
potential performance improvements where heat man-
agement is important.  
 
INTRODUCTION 

The importance of heat management is rapidly grow-
ing in many micro/nano-mechanical devices. For instance, 
thermal actuation is one of the most widely used transducer 
mechanisms in MEMS devices, where large actuation 
forces or large displacement are needed [2]. Recently 
demonstrated ovenized micromechanical resonators use 
localized heating to address temperature induced fre-
quency drift [3]. Micromachined thermoelectric converters 
are promising for next generation energy harvesters, ge-
nerating electrical power from waste heat [4]. In such 
applications, effective heat management is critical to 
guarantee optimized performance. 

However, in many cases, the issues of heat transfer are 
often coupled with the electrical conduction, complicating 
the situation. For instance, in the ovenized resonators 
demonstrated in [3], to enhance oven energy efficiency, 
high thermal isolation of the device from the surroundings 
is required; however, at the same time, for lower loss and 
noise, high electrical conductivity is desirable. In ther-
moelectric energy scavengers, their figure of merit, ZT, is 
proportional to the ratio between the electrical and thermal 
conductivity values. For maximum energy harvesting 
efficiency, high electrical conductivity and simultaneously 
low thermal conductivity are required. In general, however, 
these two conductivities track each other; if thermal con-
ductivity decreases, electrical conductivity also decreases, 
and vice versa; therefore, thermal management paired with 
the electrical connectivity issue is not a trivial problem. 

The manipulation of phonons is an effective way to 
deal with the heat transfer problem in micro/nano-scale 
devices. Unlike metals, where both electricity and heat are 

conducted through electrons, in many semiconductor ma-
terials, such as silicon, electrical conduction occurs 
through electrons while heat conduction is dominated by 
phonons, where the thermal energy is transferred through 
the vibration of the adjacent atomic lattices. In silicon, for 
instance, phonons of frequencies ranging from GHz to THz 
account for the majority of heat conduction [5]. Therefore, 
in such materials, if only phonons can be controlled, it is 
possible to manipulate thermal conductivity independently 
without altering the electrical conductivity.  

There are two approaches to control phonon transfer 
and manipulate heat conduction presented in this work. 
The first is enhancing phonon scattering by reducing fea-
ture sizes. As the size of thermal pathways becomes 
comparable to the phonon mean-free-path, heat transfer 
can be significantly impacted, as has been frequently ob-
served in small-scale structures such as thin-film deposited 
silicon and nano-wires [1, 6]. The second method is phonon 
dispersion modification using periodically variant acoustic 
media (i.e. phononic crystals or PnCs). Phononic crystals 
can change the dispersion relation of phonons, modulating 
the phonon energy-carrying efficiency (or group velocity) 
so that the thermal conductivity is altered. Also by creating 
phononic bandgaps [7], a band of frequencies for which 
phonon propagation is forbidden, phonons at the frequen-
cies responsible for heat transfer can be redistributed. The 
former is called incoherent phonon scattering and the latter 
is called coherent phonon scattering. 

Previously, we have demonstrated effective phonon 
manipulation using lithographically defined phononic 
crystals [8]. Such lithography-based technology has huge 
potential because it allows direct application to many ex-
isting micro/nano-mechanical devices with very little 
modification to their original fabrication processes. In this 
work, using lithography-based phononic crystals, we 
demonstrate the ability to control thermal conductivity in 
single crystal silicon. Specifically, by periodically placing 
sub-micron through-holes, both incoherent and coherent 
phonon scattering could be effectively enhanced leading to 
a significant reduction in thermal conductivity, while 
leaving its electrical conductivity almost unaltered.  

 
DESIGN AND FABRICATION 

Figure 1 illustrates the test structure design for pho-
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Figure 1. A schematic of the thermal conductivity mea-
surement test structure and the test setup.  
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nonic crystal thermal conductivity measurements. A pho-
nonic crystal bridge containing periodic through-holes is 
suspended from the substrate by two anchors at the ends. A 
250μm-wide aluminum serpentine trace functioning both 
as a heater and a temperature sensor is placed in the bridge 
center. To investigate device thermal characteristics, heat 
is supplied at the center and the temperature difference 
across the bridge is measured. Figure 2 shows the ANSYS 
FE-simulated thermal model and the equivalent thermal 
circuit model of the test structures. In these models, con-
vection and radiation heat transfer is ignored. The com-
plete design sets of hole diameters (D) and hole pitches 
(lattice constants, a), as well as the corresponding limiting 
dimensions (L) for the test structures are listed in Table 1. 

The test structure fabrication process is illustrated in 
Figure 3. The fabrication begins with 6-inch SOI wafers, 
with the device layer composed of 500nm-thick lightly 
p-type doped (boron 1016) single crystal silicon. On top of 
the single crystal silicon layer, 100nm of undoped 
amorphous silicon is deposited as an electrical isolation 

layer between the underlying device layer and the follow-
ing metal layer (Figure 3a). The high stress in the 
amorphous silicon layer is released via high temperature 
annealing. Aluminum is deposited and patterned for hea-
ters, temperature sensors, interconnects, and bondpads 
(Figure 3b). Phononic crystals and release trenches are 
defined in the silicon layers using an ASML UV stepper 
followed by plasma etching (Figure 3c). Finally, by timed 
HF vapor etching of the buried oxide (SiO2) layer, the 
bridge-shaped test structure is released (Figure 3d). Figure 
4 shows the SEM images of fabricated test structures. 

 
 MEASUREMENT 

In a separate heated chuck measurement, the temper-
ature dependence of the aluminum trace resistances was 
calibrated. Both traces were measured to have an almost 
identical relative resistance change due to temperature 
change, with the measured TCR (temperature coefficient 
of resistance) of 

0027.0/ =
Δ

Δ=
T

RRTCR  (1) 

To measure the device thermal resistance, the test se-
tup shown in Figure 1 was used. While heat was supplied 
by applying power across the aluminum trace at the bridge 
center, the amount of heating power and trace resistance 
were extracted by measuring the voltage across the heater 
and the current through the trace. Simultaneously, the 
resistance changes of the sensor serpentine traces at the 
bridge ends were also measured. Using equation (1), the 
temperature shifts of the heater and sensors were calculated, 
while the heating power was swept from 0 to 1 mW and 
back to 0 again. All measurements were conducted in 
vacuum (< 1mTorr) to minimize convectional heat leakage. 
From the measured data, using the thermal models shown 
in Figure 2, the thermal resistances across the phononic 

Table 1. Summary of phononic crystal design parameters and measured thermal conductivities and electrical conductivities.
For each phononic crystal design (hole pitch and diameter combination), a total number of 6 devices were measured. De-
sign ID-1 is the control device which doesn’t have any holes in the membrane. Thermal conductivity values are at 300K. 

Design ID 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 
lattice constant, a (nm) N/A 500 500 600 600 600 700 700 700 700 700 800 800 800 800 800 900 

diameter, D (nm) N/A 213 303 204 295 365 209 294 360 424 486 290 357 419 479 535 532 
limiting dimension,L(nm) N/A 286 196 395 304 234 491 405 339 275 213 509 442 380 320 265 367 

mean km (W/mK) 104 63.3 42.4 73.7 56.3 42.8 79.4 65.7 54.1 43.3 32.6 72.2 63.4 53.5 44.4 35.8 45.1 
standard dev. km (W/mK) 1.4 1.3 1.6 1.5 1.3 1.4 1.0 1.4 1.2 1.4 1.3 1.1 1.1 1.1 1.2 1.2 1.0 

σm (S/cm) 1.849 1.377 0.983 1.522 1.234 0.990 1.598 1.382 1.197 1.004 0.802 1.484 1.342 1.186 1.029 0.875 1.050
krelative = km/ km,control 1 0.608 0.408 0.708 0.541 0.412 0.763 0.632 0.520 0.416 0.313 0.694 0.609 0.514 0.427 0.344 0.434
σrelative = σm/ σm,control 1 0.744 0.532 0.823 0.668 0.535 0.864 0.747 0.647 0.543 0.434 0.802 0.726 0.641 0.556 0.473 0.568

ζFEM 1 0.750 0.551 0.834 0.679 0.547 0.871 0.757 0.655 0.551 0.447 0.813 0.729 0.645 0.558 0.478 0.568
mean kn  1 0.805 0.736 0.844 0.790 0.747 0.871 0.829 0.787 0.750 0.696 0.847 0.83 0.792 0.759 0.714 0.759

standard dev. kn 0 0.006 0.017 0.008 0.007 0.013 0.008 0.009 0.007 0.013 0.017 0.007 0.003 0.005 0.009 0.013 0.007
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Figure 3. Fabrication process flow schematics (cross sec-
tion view).Only conventional surface micromachining
techniques were used to construct phononic crystals. 
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Figure 4. SEM images of fabricated test structures. 



crystal membrane and the corresponding thermal conduc-
tivities, km, were extracted. Figure 5 shows example plots 
of measured temperature rise vs. supplied heating power 
and measured thermal conductivity vs. average device 
temperature. All of the measured thermal conductivity data 
is summarized in Table 1. For consistency, the values at 
300K were compared in this study. Electrical conductivi-
ties of the identical phononic crystal designs were also 
measured separately with n-type doped samples (phos-
phorus, 1019) and summarized in Table 1 as well. 
 
RESULT AND DISCUSSION 

As can be seen in Table 1, all the samples containing 
holes (phononic crystals) showed a significant reduction in 
thermal conductivity as compared to the control device 
(Design ID-1), which did not have any holes. However, to 
understand the real phononic effect, the amount of reduc-
tion in thermal conductivity coming from the volume re-
duction effect by introducing the through holes has to be 
decoupled from these measured values.  

To evaluate the volume reduction effect, ANSYS FE 
simulation models were used, as shown in Figure 6a. Since 
this ANSYS simulation only models continuum effects 
(Fourier’s law for the thermal conductivity and Ohm’s law 
for the electrical conductivity), and not any phonon scat-
tering effects, the absolute dimension does not impact the 
result; only material porosity and the relative ratio between 
the hole size and pitch effects the thermal conduction. 
Figure 6b plots the FE simulated volume reduction effect 
factor, ζFEM , as a function of the material porosity. 

Table 1 and Figure 7 compare relative thermal 
conductivities and relative electrical conductivities as well 

as the ANSYS FE modeled volume reduction effect factors 
for each phononic crystal design. Here, the relative thermal 
conductivity and electrical conductivity were defined as,  

controlmmrelative kkk ,/=  (2-1) 

controlmmrelative ,/ σσσ = (2-2) 
where, km  and σm are the measured thermal and electrical 
conductivities respectively, and km,control and σm,control are the 
measured thermal and electrical conductivities of the 
control device (Design ID-1) respectively. As can be seen 
in Figure 7, for all samples, the relative thermal 
conductivities were measured much lower than the 
predictions of the volume reduction effect. In contrast, the 
relative electrical conductivities match very well with the 
FE simulated predictions of the corresponding phononic 
crystal designs. These results suggest that the inclusion of 
sub-micron periodic holes reduced the thermal 
conductivity significantly beyond the contribution from the 
volume reduction effect, whereas the electrical 
conductivity was reduced simply by the amount of volume 
reduction. 

To evaluate the phononic effect on thermal conduc-
tivity more precisely, all measured relative thermal con-
ductivities were again normalized by the simulated volume 
reduction factors, i.e.,  

FEM

controlmm

FEM

relative
n

kkkk
ζζ

,/
==  (3) 
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Figure 5.  a) An example plot of the measured temperature 
vs. heating power plot (Design ID-7). The temperature
difference across the phononic crystal bridge was meas-
ured using calibrated serpentine traces while the heating
power supplied at the bridge center was swept between 0 to
1mW. b) An example plot of the measured thermal con-
ductivity vs. device average temperature. For the consis-
tency, the values at 300K were used for the data analysis. 
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Figure 6.  a) ANSYS finite element simulation of the effec-
tive conductivity reduction by introducing periodic through 
holes. This model captures only classical volume reduction
effects, not any phononic effects. b) Volume reduction effect
factors, ζFEM , vs. hole diameter/lattice constant. 
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This normalized thermal conductivity indicates how 
much the thermal conductivity is further reduced beyond 
the contribution from the simple volume reduction effect. 
For example, Design ID-2 measured kn=0.805 (see Table 
1), which means thermal conductivity is reduced 19.5% 
additionally, even after taking the volume reduction effect 
into account. Figure 8 compares the normalized thermal 
conductivities, kn, versus the limiting dimensions, L 
(spacing between adjacent holes) with the same lattice 
constant, a (hole pitch). For all measured devices, as the 
limiting dimension decreases, kn consistently decreases, 
indicating incoherent phonon scattering plays a significant 
role in the thermal conductivity reduction. 

Figure 9 compares the normalized thermal 
conductivities, kn, versus lattice constants, a, at the same 
limiting dimension, L. As can be seen, kn consistently 
decreases as the lattice constant increases even with the 
same limiting dimension. These differences in kn indicate 
that incoherent scattering is not the only mechanism 
contributing to the reduction in thermal conductivity 

beyond the volume reduction effect. A schematic in Figure 
10 describes a hypothetical explanation for this 
phenomenon. At the same limiting dimensions, as the 
lattice constant increases, the two Bragg resonant 
frequencies, fΓ-X and fΓ-M, of the phononic crystals approach 
each other. Therefore, possibly, at a certain lattice constant, 
a phononic bandgap opens, and as the lattice constant 
increases, the bandgap widens. This effect enhances 
coherent scattering, resulting in a further reduction in 
thermal conductivity.  It is well known that vacuum/solid 
phononic crystals only open a bandgap at very large filling 
fractions and that the bandgap widens the more the filling 
fraction increases [9]. 
 
CONCLUSIONS 

It has been demonstrated that the thermal conductivity 
of single crystal silicon can be effectively engineered using 
lithographically patterned phononic crystals. By 
introducing sub-micron diameter periodic through holes, 
the electrical conductivities of the phononic crystal 
membranes were changed only by the amount of the 
volume reduction effect, while their thermal conductivities 
were reduced much further due to the enhanced phonon 
scattering. This work also elucidates that not only 
incoherent scattering but also coherent scattering of 
phonons impact the single crystal silicon thermal 
conductivity, which has been vague in previous works [10]. 
These phononic crystals were constructed using only 
conventional lithography techniques, which not only opens 
direct applications to many micromachined devices 
without much modification to their original fabrication 
process but also allows for their repeatable mass 
production. 
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