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Mean Free Path Effects
on the Experimentally Measured
Thermal Conductivity
of Single-Crystal Silicon
Microbridges
Accurate thermal conductivity values are essential for the successful modeling, design, and
thermal management of microelectromechanical systems (MEMS) and devices. However,
the experimental technique best suited to measure the thermal conductivity of these systems, as well as the thermal conductivity itself, varies with the device materials, fabrication
processes, geometry, and operating conditions. In this study, the thermal conductivities of
boron doped single-crystal silicon microbridges fabricated using silicon-on-insulator (SOI)
wafers are measured over the temperature range from 80 to 350 K. The microbridges are
4.6 mm long, 125 lm tall, and either 50 or 85 lm wide. Measurements on the 85 lm wide
microbridges are made using both steady-state electrical resistance thermometry
(SSERT) and optical time-domain thermoreflectance (TDTR). A thermal conductivity of
77 Wm1 K1 is measured for both microbridge widths at room temperature, where the
results of both experimental techniques agree. However, increasing discrepancies between
the thermal conductivities measured by each technique are found with decreasing temperatures below 300 K. The reduction in thermal conductivity measured by TDTR is primarily
attributed to a ballistic thermal resistance contributed by phonons with mean free paths
larger than the TDTR pump beam diameter. Boltzmann transport equation (BTE) modeling
under the relaxation time approximation (RTA) is used to investigate the discrepancies and
emphasizes the role of different interaction volumes in explaining the underprediction of
TDTR measurements. [DOI: 10.1115/1.4024357]
Keywords: phonon mean free path, short pulsed laser heating, phonon spectroscopy,
thermal conductivity
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Introduction

The design and thermal management of MEMS and devices
requires that accurate thermal properties be known. Specifically,
the rate of thermal energy generation and conduction strongly influence device performance and reliability [1–6]. Designing around
thermal requirements is complicated by the fact that thermal conductivity varies with the device materials, dimensions, processing
conditions, and operating conditions (i.e., temperature). The convolution of these factors often necessitates that theoretical values or
predictions of thermal conductivity be confirmed experimentally
[7,8]. However, the selection of an experimental technique involves
tradeoffs which are typically sample-specific. These tradeoffs are
frequently driven by spatial or temporal resolution requirements
necessary to probe inhomogeneous properties, and practical considerations, including access for characterization (i.e., optical or electrical) as well as device geometry and composition (i.e., complexity
of the associated thermal model, meeting model assumptions while
maximizing sensitivity) [9,10].
In this study, the thermal conductivity of single-crystal silicon
microbridges is measured using two experimental techniques:
steady-state electrical resistance thermometry (SSERT) and timedomain thermoreflectance (TDTR). The thermal conductivity of
thin single-crystal silicon layers has been reported for a range of
thicknesses from 20 nm [8] to 3 lm [7,11,12]. Therefore, the
test structures in this study augment the data available for

single-crystal silicon layers with dimensions larger than the previously described limits and at high dopant concentrations
(>1019 cm3) relevant to low power devices, while also serving
as a case study for comparing the experimental techniques. In the
remainder of this manuscript, emphasis is placed on understanding
and quantitatively explaining the discrepancies between the
reported thermal conductivity data measured by each technique.
Electrical resistance thermometry has been applied to measure
the thermal conductivity of low dimensional solids (films, membranes, wires, and bridges) [13–15] in both direct [16–20] and
modulated (1-omega, 2-omega, 3-omega) [21,22] current configurations. Electrical resistance thermometry is frequently chosen for
its simplicity and the fact that suitable electrical contacts for testing are compatible with standard fabrication processes. Therefore,
in the case that a sample is otherwise well suited for electrical
testing, few modifications are required in order to package a device for thermal conductivity testing. Optical time-domain thermoreflectance is a short pulsed laser pump-probe technique which
offers a noncontact method for measuring thermal conductivity. It
has been applied to measure the thermal conductivity of single
[23] and multilayer [24] metal films, bulk [25,26] and thin film
semiconductors [27], as well as anisotropic materials [28] and
superlattice structures [29]. TDTR requires a more complicated
analysis procedure, yet can offer different insights compared to
SSERT due to its transient, localized, and noncontact nature.
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Microbridge Test Structures

The microbridge test structures were designed and fabricated at
Sandia National Laboratories using SOI wafers sourced from
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Table 1
Die number

Test structures

B/NB

Widths tested (lm)

Method

1
2
3
4

B
B
NB
NB

50, 85
50, 85
50, 85
85

SSERT
SSERT
SSERT
SSERT

5

B

85

TDTR

Ultrasil. The handle layer is p-doped h100i silicon, with a thickness of 550 6 5 lm, while the buried oxide thickness is
2 6 0.1 lm. The device layer is h100i silicon with a thickness of
125 6 1 lm, and is p-doped (boron) at a concentration of
3.8  1019 cm3 measured by time-of-flight secondary ion mass
spectrometry (SIMS). The single-crystal silicon microbridge test
structure dimensions are 4.6 mm long (from the inside edge of
each bond pad), 125 lm tall, and either 50 or 85 lm wide. The
microbridge test structures span between bond pads to which electrical leads are wire bonded for testing purposes. The bond pads
on all beams are nominally 1000  1000 lm, and a 900  900 lm
pad on the top surface is deposited with 10, 80, and 500 nm of Cr,
Pt, and Au, respectively, which provide a well adhered metal contact for wirebonding. Scanning electron microscope images show
that the microbridges do not have perfectly rectangular cross sections, as nominally designed. Instead, the widths are slightly
tapered (þ2 lm top, 2 lm bottom), which is attributed to the use
of high aspect ratio deep reactive-ion etching. The dopant concentration measured by SIMS was also found to be 5.4  1019 cm3
within the first 50 nm from the surface, tapering off to
3.8  1019 cm3 over the next 100 nm. Microbridges of each width
were fabricated in two configurations, backside (B) and no backside (NB), where the handle layer was either left intact or
removed, respectively. In cases where the backside is removed, it
is etched prior to etching the device layer. A summary of the die
tested in this study is provided in Table 1.

3

Fig. 1 Image of a packaged die (microbridges span left to
right) with no backside. A subset of microbridges are wired in a
four-point probe configuration with two wirebonds connected
to the bondpad at each end of the structure.

Steady-State Electrical Resistance Thermometry

Die selected for SSERT testing were packaged in a four-point
probe configuration using 68-pin leadless chip carriers to be
inserted into a Henriksen cryostat. An image of a packaged NB
die is shown in Fig. 1. During all tests, the cryostat chamber was
pumped below 4.6  104 Torr to minimize convective losses.
The four-point probe measurements were made using a Keithley
source meter and Agilent digital multimeter.
3.1 Thermal Model. SSERT measures the temperature dependent change in sample resistance, which is related to thermal
conductivity through a heat diffusion equation [16]. This model
assumes 1D conduction occurs along the length of the microbridge
and that there are no losses to convection or radiation. During testing, a direct current is applied across the outer leads while the voltage drop is measured from the inner leads, from which resistance
can be calculated as a function of applied current. By applying a series of currents, an R versus I curve is constructed. Thermal conductivity is calculated by applying a least-squares fitting routine which
minimizes the difference between the predicted and measured resistance values as shown in Fig. 2. Also shown inset in Fig. 2 is the
resistance of a microbridge as a function of temperature, which
shows a linear temperature coefficient of resistance dependence
down to low temperatures, where nonlinearities appear as predicted
by Bloch-Grüneisen theory [30]. A delay time of 10 s between successive current measurements was sufficient to provide adequate
time to reach steady-state for a given current, which was confirmed
by the repeatability of the R versus I curve.
3.2 Corrected Temperature Calculations. The SSERT
technique predicts a single thermal conductivity value for the test

Fig. 2 Resistance measured as a function of current for an
85 lm wide microbridge at a nominal cryostat temperature of
253 K, and best fit model resistance predictions. The average
temperature rise of the beam is shown for the maximum and
minimum measurement currents. (Inset) Resistance of a test
structure from 77 to 350 K.

structure despite the fact that the test structure is not at a uniform
temperature during testing. Ideally, the temperature rise in the test
structure may be assumed to be negligible if sufficiently small
currents are applied. However, the test structures in this study
required currents which induce significant Joule heating in order
to produce a R versus I curve with sufficient curvature to fit the
thermal conductivity. To account for the nonuniform temperature
distribution in the beam, we calculate corrected temperatures via
two methods. In method 1, the average temperature of the test
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Table 2
Nominal
83
153
233
293
348

Nominal and corrected temperatures (K)

Method 1

Method 1% (%)

Method 2

Method 2% (%)

89.5
164.8
253.2
322.0
379.9

7.9
7.7
8.7
9.9
9.2

90.2
165.8
255.1
325.3
382.3

8.7
8.3
9.5
11.0
9.9

Fig. 4 Schematic of the TDTR instrument at Sandia National
Laboratories
Fig. 3 Average and maximum test structure temperature for
the largest applied current at several nominal (cryostat) temperatures. The departure from the solid black line (no temperature
rise) increases with nominal temperature due to the decrease in
the test structure thermal conductivity.

structure is calculated for each applied current over which the
thermal conductivity model is fit, producing a series of average
temperatures, TðI1 ;I2 ;I3 ;:::Þ . We then average the series to compute
an effective average temperature. Second, in method 2, the average of two values, the average microbridge temperature at the
maximum applied current, and To, the nominal cryostat temperature, is calculated.
Table 2 compares a subset of the nominal and corrected temperatures for each method. The nonmonotonic increase in the temperature corrections is due to changes in the maximum applied
current over the range of nominal temperatures tested. While
method 2 may be considered an upper bound to the average temperature, method 1 is used to correct results throughout this study.
The impact of heating is shown in Fig. 3, which plots the average
temperature and maximum temperature for the largest applied
current at several temperatures. The departure from the nominal
temperature (black line), demonstrates that both the average and
maximum temperature increase with nominal cryostat temperature. This is attributed to a decreasing thermal conductivity with
increasing temperature, which restricts the conduction of thermal
energy out of the microbridge structures. The temperature associated with all subsequent SSERT results in this study are corrected
using method 1.

4

Time-Domain Thermoreflectance

Die selected for TDTR testing were coated with thin Al films
via electron beam evaporation at vacuum pressures of
3  107 Torr. The metal film acts as a transducer that relates
the slight change in optical reflectance induced by the pump
pulses to the change in temperature on the surface of the metal.
A metal film is also necessary to ensure that the optical absorption
occurs within 10 nm beneath the surface. The thermoreflectance
is monitored as a function of time and related to the thermal
Journal of Heat Transfer

properties of interest via some form of the heat equation (as discussed below). The thickness of the metal (Al) film was 88 nm on
average, as confirmed with picosecond ultrasonics [31,32].
In this work, we measure the thermal conductivity of the die as
a function of temperature by mounting the samples in a liquid
nitrogen cooled cryostat. Pressures in the cryostat were pumped
down to 1:0 mTorr during TDTR testing. An overview of the
configuration of our specific TDTR setup at Sandia National Laboratories is discussed elsewhere and shown in Fig. 4 [26]. In short,
the laser source is a Spectra Physics Mai Tai oscillator with a
beam power of 300 mW at a repetition rate of 80 MHz and pulse
widths of 90 fs at a wavelength of 800 nm. The pump and probe
beam radii (1/e2) at the sample surface are focused to 12 lm.
We modulate the pump path at f ¼ 11 MHz with an electro-optic
modulator and all TDTR results are calculated via an axially symmetric model [26,33] using temperature dependent heat capacity
values [34,35]. This algorithm has been described in detail previously assuming a layered material geometry [28,33]. Furthermore,
due to the thickness of the silicon microbridges compared to the
modulation frequency of the pump, the silicon microbridges appear
as semi-infinite media. This assumption is based on the fact that the
thermal
penetration
depth during TDTR heating is on the order of
pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
ﬃ
d  C=ðpkf Þ, where C is the heat capacity of Si, k is the thermal
conductivity, and d is more than an order of magnitude less than
the microbridge film thickness. Therefore, we note that our TDTR
measurements probe the volume localized near the surface and
governed by the beam geometries and thermal penetration depth.

5

Thermal Conductivity Results

The results of thermal conductivity testing are shown in Figs.
5(a) and 5(b) for the 50 and 85 lm microbridges, respectively. For
comparison, the thermal conductivity of bulk, high-purity,
undoped, single-crystal silicon is also shown [36]. The thermal
conductivity is reduced significantly below that of the bulk reference silicon in the case of both microbridge widths, which is
attributed to the high concentration of dopant (boron) atoms and
associated impurity scattering. The uncertainty associated with
the SSERT measurements is dominated by the application of corrected temperatures which are as large as 10% near room
SEPTEMBER 2013, Vol. 135 / 091103-3
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in TDTR measurements on natural silicon [39,40]. Both of these
phenomena would lead to lower measured thermal conductivities
using TDTR, however, their relative strengths require a more
detailed analysis of scattering and the spectral phonon contribution
to thermal conductivity.

6

Thermal Conductivity Modeling

To assess these two factors, thermal conductivity is calculated
using the Boltzmann transport equation (BTE) under the relaxation time approximation (RTA). The approach is similar to that
developed by Callaway [41] and extended by Holland [42], except
that an exact dispersion relation was fit from Ref. [43] along the
[100] direction and used in all calculations. The thermal conductivity assuming an isotropic Brillouin zone is defined as
ð
1 X qmax
Cj ðqÞv2g;j ðqÞsj ðqÞdq
(1)
k¼ 2
6p j 0
where Cj ðqÞ is the specific heat capacity, vg;j ðqÞ is the group velocity, and sj ðqÞ is the total scattering time, where each quantity is
polarization, j, and wavevector, q, dependent. Each constituent
scattering mechanism is assumed to be independent and is combined using the Matthiessen’s rule [44]. Scattering coefficients for
phonon–phonon scattering are fit to reference experimental data
for single-crystal silicon [42]
 
h
2
(2)
ðqÞ
¼
bx
ðqÞT
exp
s1
pp
j
T
yielding coefficients b ¼ 4:4  1019 (s K1) and h ¼ 160 ðKÞ.
The impurity scattering coefficient, A ¼ 2  1043 (s3), is fit from
the SSERT measured thermal conductivity data at high temperatures and used in an impurity scattering rate
4
s1
I ðqÞ ¼ Axj ðqÞ

Fig. 5 Thermal conductivity plots for the 50 lm and 85 lm
microbridges

temperature. The uncertainty associated with TDTR measurements is due to several sources, including uncertainties in the spot
size and Al film thickness at the point of measurement on the sample surface. These uncertainties, along with the standard deviation
of the mean resulting from multiple measurements at a given location on the sample, are used in calculating the error bars associated with each TDTR data point in Fig. 5(b).
The thermal conductivity of the 50 and 85 lm wide microbridges
measured by SSERT are comparable from 80 to 350 K. The agreement amongst SSERT measurements, along with comparison to
Raman thermometry [37,38] measurements and continuum multiphysics modeling not presented here, provides confidence in the
SSERT measurements and repeatability across test structures. The
thermal conductivity of the 85 lm wide microbridge measured by
TDTR agrees with SSERT near room temperature, but diverges at
lower temperatures. We consider the fact that at lower temperatures, the mean-free-path (MFP) of phonons, the primary energy
carrier contributing to thermal transport, increases. However, the
TDTR interaction volume defined by the beam geometries (pump
and probe) and the thermal penetration depth is primarily the nearsurface and nonuniform volume which includes a gradient in boron
dopant concentration as measured by SIMS. Therefore, shortwavelength phonons may undergo greater scattering due to the
higher concentration of impurity dopant atoms. However, at the
same time, the escape of longer wavelength phonons from the interaction volume may result in a quasi-ballistic thermal transport
regime with a finite ballistic thermal resistance, as has been shown

(3)

Similarly large values for the impurity scattering coefficient have
been routinely used to model highly (>1  1019 cm3) boron
doped single-crystal silicon [12,45]. Oxygen contamination and
precipitation [46,47] have been proposed as one potential source
of increased impurity scattering. Asheghi and coworkers [12,45]
also found that these strong impurity scattering effects were more
pronounced in bulk samples in comparison to highly boron doped
thin films. Finally, a boundary scattering rate is introduced
vg;j ðqÞ
s1
b ðqÞ ¼ pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
2 Ac =p

(4)

where Ac is the microbridge cross-sectional area.
For the purposes of investigating the relative difference in thermal conductivity between techniques, we consider additional scattering times which are dependent upon doping concentration.
Specifically, we consider impurity scattering of the form [12,48]
s1
impurity ðqÞ ¼

 2
nVa2
dM
x4j ðqÞ
4pv2p;j ðqÞvg;j ðqÞ M

(5)

where n is the dopant concentration, Va is the volume of the host
atom, x is the phonon frequency, vp;j ðqÞ is the phase velocity, and
dM is the difference of the substitutional impurity mass relative to
the host mass (M). The introduction of strain and disruption of the
local crystallographic arrangement due to dopant atoms contributes to scattering of the form [12,48]
s1
strain ðqÞ ¼

 2
2nVa2
2 2 dR
c
x4j ðqÞ
Q
R
pv2p;j ðqÞvg;j ðqÞ 0
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Fig. 6 Thermal conductivity calculated via the Boltzmann
transport equation considering phonon–phonon, boundary, impurity, strain, and free hole-phonon scattering times with a dopant concentration n 5 3.8 3 1019 cm23. Contributions from
longitudinal and transverse acoustic phonon modes are
shown.

Fig. 7 Thermal conductivity calculated using the BTE and
excluding phonons with MFPs larger than 24 lm, normalized to
the SSERT measurements. Reduction in thermal conductivity
reported in Ref. [39] for varying TDTR pump beam diameters on
natural silicon are shown with select error bars from the original data.

where Q0 is a parameter describing the anharmonicity of interactions amongst neighboring atoms of the impurity, c is the Grüneisen
constant, and dR is the difference of the substitutional impurity
radii relative to the host radii R. We consider the scattering of phonons with free hole carriers, noting that the lowest measured dopant
concentration in these samples (3.8  1019 cm3) is greater than the
metallic transition threshold (Si:B  4  1018 cm3 [49]). Thus, we
assume that the free hole concentration is equal to the doping concentration, and neglect the scattering contribution of any bound
holes. For wavevectors less than twice the Fermi wavevector, Qf,
we use a simplified version of the Ziman [50] scattering rate from
Ref. [12]

to the effective dopant concentration within the TDTR interaction
volume because the near-surface increase in dopant concentration
extends roughly 150 nm from the surface. This distance is considerably less than the interaction volume defined by the thermal
penetration depth (1.2 lm). Therefore, we conclude that dopant
effects alone cannot explain the large reduction in the TDTR
measured thermal conductivity, especially at lower temperatures.

s1
free ep ðqÞ ¼

ðme Ed Þ2 hxj ðqÞ
2pqh4 vg;j ðqÞ

q < 2Qf

(7)

whereas for wavevectors greater than twice the Fermi wavevector,
we consider the scattering time proposed by Kosarev [51,52] for
heavily doped silicon
s1
free ep ðqÞ ¼

185nðme Ed Þ2 hxj ðqÞ
qh3 q5 a3b

q > 2Qf

(8)

where me is the effective mass, Ed is the deformation potential, q
is the mass density of silicon, h is the reduced Planck constant,
and ab is the effective Bohr radius. We take all parameters in Eqs.
(5) and (6), as well as Ed, from Ref. [12] for a similarly boron
doped single-crystal silicon sample (1  1019 cm3). The effect of
varying dopant concentrations is thus reflected in Eqs. (5)–(8) via
Ed because it is a function of dopant concentration, Ed / n2=3
[53]. The BTE calculated thermal conductivity for the 85 lm
microbridge is shown in Fig. 6 using the background dopant concentration (n ¼ 3.8  1019 cm3) as measured by SIMS and agrees
with the SSERT measurements.

7

Near-Surface Dopant Effects

The former scattering times are used to investigate the impact
of the increased dopant concentration in the surface region of the
microbridges. We find that the magnitude of reduction in the
TDTR measurements are not explained by dopant effects alone,
which were evaluated for dopant concentration up to
5.4  1019 cm3, the maximum value reported by SIMS characterization near the surface. This value is considered an upper bound
Journal of Heat Transfer

8

Ballistic Thermal Resistance

The impact of ballistic thermal resistance is considered within
the BTE model by neglecting the thermal conductivity contribution
from phonon modes whose MFPs are larger than the pump beam
diameter (24 lm). The calculated reduction in thermal conductivity
plotted in Fig. 7 trends closely with the TDTR data. Qualitatively,
this explains the large reduction in thermal conductivity below
200 K which is not explained by the near-surface dopant gradient,
or differences in intrinsic scattering mechanisms provided that both
SSERT and TDTR test structures are cofabricated. Furthermore,
the thermal conductivity reductions reported by Minnich et al. [39]
for comparable pump diameters in natural silicon agree in trend
over the reported temperature range, as shown in Fig. 7. This suggests that discrepancies in the thermal conductivity between the
electrical and optical techniques in this study are due primarily to
the ballistic thermal resistance measured via TDTR, with the nearsurface dopant concentration playing a comparatively less important role with decreasing temperature. This is consistent with the
results of Minnich et al. whose measurements were independent of
modulation frequency (i.e., varying thermal penetration depth), but
instead showed a pump diameter dependence. Furthermore, experimental measurements have recently demonstrated nondiffusive
(ballistic) transport of long MFP phonons in silicon at room temperature [54]. These findings are consistent with the conclusion that
the ballistic thermal resistance effects found in TDTR measurements in both this and previous [39] works can contribute over a
wide temperature range extending from cryogenic up to even room
temperatures.

9

Conclusion

The present study evaluates the role of interaction volumes and
mean free path effects in the measurement of thermal conductivity
via an electrical (SSERT) and optical (TDTR) technique. Measurements comparing these techniques are performed on cofabricated boron doped single-crystal silicon microbridges, eliminating
SEPTEMBER 2013, Vol. 135 / 091103-5
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sample variations in microstructure and morphology as a factor in
this study. The reported thermal conductivity values are below
those of bulk undoped single-crystal silicon and attributed to the
large (degenerate) doping of the microbridges. While thermal conductivity measurements by SSERT and TDTR agree near room
temperature, discrepancies at lower temperatures are found to be
the result of differences in the interaction volume probed by each
technique.
By investigating the impact of near-surface variations in the
dopant concentration and TDTR pump beam diameter on thermal
conductivity, we show that the discrepancy between techniques
may be explained in light of an additional ballistic thermal resistance measured via TDTR. This ballistic thermal resistance is proposed to originate from phonons with MFPs larger than the pump
beam diameter. This demonstrates the importance of considering
the interaction volume of experimental techniques when using
measured thermal conductivity values in design or in comparing
values with other experimental, theoretical, or simulated results.
Electrical metrology techniques such as SSERT may be advantageous when seeking to measure the effective thermal conductivity
of an entire device layer, as the measurement will include the various imperfections and inhomogenous features within the electrically active interaction volume. In this study, we believe the
SSERT measurements best reflect the true intrinsic thermal conductivity of the structures, as these results are obtained in the limit
of low frequency (dc measurements), or equivalently, an infinite
spot size. In contrast, TDTR may be employed when a spatially
localized measurement is of interest, potentially to resolve the
spectral contribution of long MFP phonons to thermal conductivity. In the case of SSERT, we also investigate the need for corrected temperatures due to elevated and nonuniform test structure
temperatures. Each of the highlighted issues may play into the
future design of experiments, where multiple measurement techniques may be used to gain complementary information about the
thermal properties and transport within a test structure.
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