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ABSTRACT: Although it has been qualitatively demonstrated
that surface roughness can reduce the thermal conductivity of
crystalline Si nanowires (SiNWs), the underlying reasons
remain unknown and warrant quantitative studies and analysis.
In this work, vapor−liquid−solid (VLS) grown SiNWs were
controllably roughened and then thoroughly characterized
with transmission electron microscopy to obtain detailed
surface profiles. Once the roughness information (root-mean-
square, σ, correlation length, L, and power spectra) was
extracted from the surface profile of a specific SiNW, the
thermal conductivity of the same SiNW was measured. The
thermal conductivity correlated well with the power spectra of surface roughness, which varies as a power law in the 1−100 nm
length scale range. These results suggest a new realm of phonon scattering from rough interfaces, which restricts phonon
transport below the Casimir limit. Insights gained from this study can help develop a more concrete theoretical understanding of
phonon−surface roughness interactions as well as aid the design of next generation thermoelectric devices.
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Recent studies have employed various methods to suppress
phonon propagation as a strategy toward realizing efficient and
cost-effective thermoelectric devices.1−6 Chiritescu and Cahill
et al. demonstrated that disordered layers of WSe2 exhibited
dramatically low thermal conductivity due to interface phonon
scattering from random stacks of adjacent layers,4 while Kim et
al. were able to reach a thermal conductivity below the ‘alloy
limit’ by embedding ErAs nanoparticles in crystalline
In0.53Ga0.47As to efficiently scatter a broad range of phonons
at the heterogeneous interfaces.5 While those studies used
relatively exotic materials, Joshi et al. showed that even
nanostructured bulk (nano-bulk) Si/Ge alloys exhibit reduced
thermal conductivity via increased phonon scattering at grain
boundaries.6

Similar to nano-bulk Si/Ge alloys, single-crystalline Si
nanowires (SiNWs) have also shown depressed thermal
conductivity due to phonon scattering from the nanowire
surface. However, unlike previously mentioned systems, all of
the factors that can influence phonon propagation have not
been quantitatively studied. It has previously been reported by
Li et al. that when the diameter of smooth single-crystal SiNWs
that are grown by the vapor−liquid−solid (VLS) process
reduces below 150 nm, the thermal conductivity is significantly
lower than the bulk value and can closely follow predictions
based on Boltzmann transport theory, assuming diffuse
boundary scattering as the dominant phonon scattering

mechanism.7 Specifically, the thermal conductivity at 300 K
ranges from 40 to 9 W/(m K) for SiNWs with diameters from
115 to 22 nm, respectively. To help explain this dependence,
Mingo et al. proposed that despite the smooth surface nature of
VLS SiNWs, phonon-surface boundary scattering is diffusive
rather than specular.8 This diameter-limited thermal con-
ductivity based on diffuse phonon scattering at surfaces follows
what has been described as the Casimir limit. Although the
smooth VLS SiNWs show thermal conductivity reduction,
roughened SiNWs produced by electroless etching of Si wafers
(EE-SiNWs) were found to produce even lower thermal
conductivity, as low as 1.6 W/(m K) for a SiNW of 56 nm
diameter at 300 K.1 This surprising result of thermal
conductivity below the Casimir limit cannot be explained and
warrants more quantitative study.
While the exact mechanism of phonon-roughness scattering

is not clearly understood, there have been various attempts at
developing theories behind such interactions.9−16 One such
study by Martin et al. employed the Born approximation
toward phonon scattering to explain the large suppression in
thermal conductivity.9 They proposed that the roughness
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causes an alteration in the phonon dispersion and used
perturbation theory to explain the enhanced scattering. Carrete
and Mingo et al, however, believe the Born approximation is
invalid at phonon wavelengths similar to the size of the
scatterer.10 Instead, they used an atomic level investigation for
2.2 nm diameter SiNWs with surface disorder to conclude that
reducing the thermal conductivity by 1 order of magnitude is
difficult. Using another approach, Moore et al. proposed a
backscattering mechanism by using Monte Carlo (MC)
simulations of SiNWs with sawtooth structures but could still
not fully explain the large decrease in thermal conductivity.11

More recent indirect MC simulations by Wang et al. proposed
multiple scattering of phonons at the rough surface, while also
accounting for impurity scattering, in order to fit their
simulation to the experimental data of Hochbaum et al.12

However, the random nature of roughness on the EE-SiNWs
was not taken into account, which presumably could lead to
frequency-dependent scattering from the surface. While these
theoretical works shed some light on the dependence of
thermal conductivity on rough surfaces, experimental determi-
nation of the dependence of thermal conductivity on surface
roughness of SiNWs is still lacking.18,19

This work introduces a quantitative correlation between
thermal conductivity and surface roughness by considering the
full length of SiNWs under measurement. As opposed to EE-
SiNWs, which are prepared from doped wafers, intrinsic VLS-
grown SiNWs were etched in a controlled manner to create
roughened surfaces. With this approach, the possible effects of
impurity phonon scattering are eliminated.1,7,8 We characterize
the roughness on the roughened SiNWs by transmission
electron microscopy (TEM) and statistically extract parameters
to quantify the roughness on the surface. We found that root-

mean-square (σ) and correlation length (L) of surface
roughness do not individually correlate that well with the
thermal conductivity. We introduce in this work a coefficient
obtained from power law behavior of the roughness power
spectrum at higher frequencies (αp), which seems to correlate
well with thermal conductivity reduction in single crystalline
SiNWs.

Experimental Section. SiNWs having smooth surfaces
were grown via the VLS growth mechanism using Au
nanoparticles. Briefly, monodispersed Au nanoparticles were
used as catalysts on a Si(111) wafer. The wafer was heated to
850 °C, while a mixture of SiCl4 and H2/Ar (1:9) was flown
into the system. This synthesis process produced single-crystal
Si nanowires with smooth surfaces grown along the ⟨111⟩
direction. More details about SiNW growth and conditions can
be found elsewhere.20,21 After growth, the Si die was immersed
in buffered hydrofluoric acid (BHF, ammonium fluoride:hydro-
fluoric acid = 5:1), rinsed in deionized (DI) water, and then
immersed in KI/I2 solution to remove the Au residue. To
induce roughness, two different processes were employed, each
showing distinctly unique roughness features (Supporting
Information Figure 1), which enabled us to study a variety of
rough surfaces of SiNWs.

Surface Roughening Process 1. Prior to the surface
roughening steps, the native oxide on the SiNWs was etched
in HF vapor, and the collection of SiNWs was sonicated with
DI water. When added to a mixture of AgNO3 (1.74 × 10−3 M)
and HF (3.53 M), the following reactions took place: The
SiNW surface becomes oxidized as a result of a galvanic
displacement reaction between Ag+ ions and Si, which is then
subsequently etched by HF. Metallic Ag nanoclusters grow on

Figure 1. Surface roughness characterization. (a) Serial TEM images of a SiNW along the length with zoomed-in images at different positions. (b)
SEM image of the identical nanowires from (a) on thermal measurement device. (c) Surface profile from serial TEM images. Full length is sectioned
by 1 μm followed by fifth-order background elimination. (d) Averaged power spectrum from sectioned surface profiles. Scale bars for panel a are 500
and 20 nm, and panel b is 1 μm.

Nano Letters Letter

dx.doi.org/10.1021/nl3005868 | Nano Lett. 2012, 12, 2475−24822476



the surface where the initial reduction of Ag+ ions took place,
thereby indicating where Si was etched.22−24

+ + → ++ − −4Ag Si 6F 4Ag SiF
(aq) (s) (aq) (s) 6

2
(aq) (1)

After 2 min, the reaction was quenched with excessive
amounts of DI water, and then the solution was centrifuged to
separate the SiNWs. Once isolated, they were immersed in
concentric nitric acid for 30 min to remove residual Ag
nanoclusters. Suspended SiNWs were retrieved after repeating
the centrifuge and rinsing process (Supporting Information
Figure 1).
Surface Roughening Process 2. SiNWs were immersed in a

mixture of AgNO3 (1.74 × 10−3 M), HF (3.53 M) and H2O2

(5.57 M) solution for 3 min.22 The reaction was followed with
a DI water rinse and immersion into concentric nitric acid for
residual Ag nanoparticle removal. Since the Ag nanoparticles
are abundant and etching occurs only locally around them, the
surface of SiNWs in both etching conditions showed a random,
rough morphology (Supporting Information Figure 1). After
treatment, roughened SiNWs were transferred to a TEM grid
for surface analysis and physical manipulation.
The surface roughness of SiNWs was characterized by TEM.

A series of images at 80 000× magnification were taken along
the length of each SiNW and then stitched together, which
enabled us to obtain information about the surface roughness
along the entire length (Figure 1a). The diameter is obtained
from the TEM images and defined by assuming a circular cross
section at each point along the SiNW. Therefore, the average
diameter of the entire SiNW is obtained from the average of all
the individual cross sections. After TEM characterization, those
specific individual SiNWs were manipulated onto prefabricated
microdevices to measure the thermal transport properties
(Figure 1b).25 To reduce the thermal contact resistance, a Pt/C
composite was deposited on both ends of the nanowire using

electron beam induced deposition (EBID) inside a FEI-Strauss
Dual Beam FIB (Supporting Information Figure 2). This
method was used previously in literature and was successful in
reducing thermal contact resistance for different materials.26,27

Since only a 2−6 μm long section of the wire bridges the
thermal device, only the roughness of that specific active
segment between the contacts was considered in all
calculations. Additionally, since curvature of even a 2−6 μm
segment can affect the roughness measurement, surface profiles
were sequentially analyzed along the length in 1 μm segments
at a time (Figure 1c). To remove any marginal curvature effects,
a fifth-order polynomial was used to subtract any background
curvature. This procedure was insensitive to the order of
polynomial chosen, as any polynomial higher than 5 produced
the same quantitative result. After background subtraction, the
rms and the power spectrum of each 1 μm section were
averaged to generate the entire nanowire’s rms, σ, and power
spectrum, S(q), respectively (Figure 1d).
Martin et al. postulated based on the Born approximation9

that the frequency-dependent boundary scattering rate τi,j
−1(E)

can be represented by a surface integral in energy, S(E′), where
the integral is taken over the area of the surface of constant
energy, E′, as

∫τ ∝
′ ∇

′
′ ′

′ = ′ −−

=
E

S q

E
S E q

k
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Here they considered a phonon with wavevector k from
branch i scattering to a phonon with wavevector k′ from branch
j. Also, S(q) is the Fourier transform of the spatial
autocorrelation function or, in other words, the power
spectrum, the dilated rough surface that scatters the phonons,
which constitutes the perturbed Hamiltonian H′ allowing for
the transition from the incoming wavevector, k to the scattered
wavevector k′. Sadhu and Sinha, using a wave-like phonon

Figure 2. Extraction of σ and L from TEM images and their effect on thermal conductivity. (a,b) rms (σ) effect on thermal conductivity and (c,d)
correlation length (L) effect on thermal conductivity. All scale bars are 1 μm.
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transport approach, considered coherent scattering of phonons
from a rough surface and presented that for modes at frequency
ω:17

∑ω ∝ = −−l S q q k k( ) ( ),mn

pq

mn pq
1

(3)

where lmn
−1(ω) is the mean attenuation length for those phonons

scattering from incident direction kmn to a scattered direction
kpq and S(q) is the power spectrum. Thus, in order to
understand scattering of phonons from a rough surface,
experimental determination of S(q) is crucial.
It is common to assume that the autocovariance function of a

random rough surface follows an exponential curve given by
CE(r) as also evidenced in literature shown in eq 4
below:9,28−31

σ= −C r( ) e r L
E

2 /
(4)

where CE(r) is the autocovariance function of the Si surface
roughness, σ is the rms value of the extracted surface profile and
L is the correlation length, which is a statistical parameter that
determines the decay of the autocovariance and is related to the
lateral length scale of the roughness. By convolution theorem,
the power spectrum is the Fourier transform of the
autocovariance function, yielding a Lorentzian form given by

π

= Δ
+

S q L
Lq

( ) 2
1

[1 (2 ) ]
E

2
2

(5)

In this study, one-dimensional (1-D) power spectrum
derived from the fast Fourier transform (FFT) was calculated
for the surface profile with ordinary wavevectors given by q in
units of nm−1. As a first approximation, since previous
theoretical work has assumed an exponential autocovariance
fit for calculating surface roughness, the Lorentzian defined in
eq 5 is used to extract L from the total power spectrum,
S(q).9,28,29

As seen in Figure 2, this method produced σ and L values
from TEM images of individual rough SiNWs. Two SiNWs
with comparable L (8.9 and 8.4 nm) and similar D (77.5 and
69.7 nm) are shown in Figure 2a,b, respectively. The TEM
images clearly depict the significantly different rms values of the
two SiNWs (σ = 2.3 and 4.3 nm), which lead to their
correspondingly different thermal conductivities (10.68 and
5.09 W/(m K), respectively). In Figure 2c,d, on the other hand,
the nanowires have comparable diameters D (78 and 70 nm)
and σ values (∼ 3.3 and ∼2.8 nm), respectively. However, the
SiNW in Figure 2d has roughness with L ∼ 6.4 nm, which is
half the value of that for the SiNW in Figure 2c (L ∼ 13.1 nm).
A smaller value of L corresponds to roughness features
occurring at a shorter length scale, which scatter broadband
phonons more effectively.9,15,28,29 The resulting thermal
conductivity at 300 K of the SiNW in Figure 2d [7.78 W/(m
K)] is lower than that of the nanowire in Figure 2c [17.16 W/
(m K)]. This provides evidence toward enhanced phonon-
surface scattering in SiNWs with shorter L.
The thermal conductivities of these and other SiNWs are

plotted as a function of temperature in Figure 3. Nanowires
with comparable L (8.4 − 8.9 nm) and D (67.9 − 79.8 nm)
were selected in Figure 3a, while nanowires with comparable
rms (σ = 2.8 − 3.3 nm) and D (70 − 77.9 nm) were chosen in
Figure 3b. Clearly, the increase in rms from σ ∼ 0 (as-grown)
to 4.3 nm drops the thermal conductivity from 25 to 5.09 W/
(m K) at 300 K. Similarly in Figure 3b, as σ remained

comparable and L decreased (down to 6.4 nm), a drop in
thermal conductivity from 24.63 to 7.78 W/(m K) was
observed. Thus, utilizing the full power spectrum of the
roughness profile and looking at the σ and L values, we can
predict that rougher wires with higher σ and lower L tend to
have a lower thermal conductivity.
However, in order to understand the nature of scattering

from the surface of the nanowires, we need to consider phonon
wavelengths as well, which previous studies have lacked. In
using the kinetic theory for phonons, we can consider that at
any temperature, the order of magnitude estimate for a
dominant wavelength carrying the heat is given by λdom ∼

(2hvg)/(kBT), where vg is the average group velocity of the
phonons at thermodynamic temperature T.32,33 At 300 K, λdom
is ∼1 nm. However, in reality, there is a large spectrum of
phonon wavelengths that contribute to the thermal con-
ductivity. As shown in Figure 4a (reproduced with permission
from A. Henry et al. and publishers J. Comput. Theor.
Nanosci.),34 a strong spectral dependence of the contribution
of phonons to thermal conductivity exists, and up to 80% of the
thermal conductivity at 300 K in bulk Si can arise from phonon
wavelengths ranging from 1 to 100 nm. Using this as a starting
point for analysis and taking a careful look at this wavelength
bandwidth of the roughness power spectrum, S(q), it is found
that a power law fit captures the power spectrum more
accurately (with a least-squares fit of >0.9 for all nanowires

Figure 3. Thermal conductivity with temperature as a function of L
and σ. (a) Thermal conductivity dependence on σ with controlled L
and D. (b) Thermal conductivity dependence on correlation length L
with controlled σ and D.
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measured) than a Lorentzian, as shown in Figure 4b.35 The fit
used to then define the roughness is given by

α=→−

⎛

⎝
⎜

⎞

⎠
⎟S q

q

q
( )

n

10 10 p
0

2 0

(6)

where only wavevectors, q of the roughness from 10−2 to 100

nm−1 (1−100 nm) are considered; αp and n are parameters
derived from the fit; and q0 = 1/0.313 nm is the inverse of the
lattice constant of Si in the ⟨111⟩ direction. The exponent n is
related to the nature of the roughness, which is roughly the
same for all nanowires measured in this study, and was
determined to be nrms = 2.77 and nstandard deviation = 0.075
(Supporting Information Table 1). This indicates that the
intentional etching of the VLS nanowires described in the
earlier section produces a certain type of roughness where the
relative amplitudes at different wavelengths or the ratio of
amplitudes at different wavelengths, represented by the
exponent n, remain roughly the same. On the other hand, αp
is related to the broadband roughness amplitude parameter of
the nanowire surface at these relevant wavelengths. We expect a
larger αp for a rougher nanowire. Thus, the thermal
conductivity is anticipated to be lower when the value of αp
is higher, while the exact functional dependence is difficult to
ascertain.
In order to better understand the individual roles played by

rms, diameter, correlation length, and the high-frequency
amplitude term, αp, toward reducing phonon propagation, the
room temperature thermal conductivity of SiNWs as a function
of different parameters is plotted in Figure 5a−f. Comparing
Figure 5a,b, it can clearly be seen that rms exhibits a more
pronounced impact on the thermal conductivity than the
diameter. This clearly indicates that for rough nanowires, rms,
rather than diameter (within the range measured), is the major
limiter of phonon propagation. Further, as illustrated in Figure
5c, there is no clear dependence of thermal conductivity purely
on the correlation length L, which indicates that L by itself does
not capture the surface roughness accurately. The fact that the
rms rather than the diameter has more influence on phonon
transport is qualitatively different from the trend observed with

smooth SiNWs, where boundary scattering occurs in the
diffusive regime.7,8 In this diffusive picture, the nanowire surface
absorbs all phonons impinging upon it and thermalizes it and
then, behaving as a blackbody (to ensure elastic scattering), re-
emits the phonons at a rate proportional to the local
temperature of the surface. In this new subdiffusive regime,
where the thermal conductivity, k is lower than the Casimir
limit, we first propose a dimensionless roughness correlation
factor to define the total roughness, σ/L, which is based upon
the following physical intuition: the magnitude of the
roughness is (1) proportional to σ and (2) inversely
proportional to L at 300 K (Figure 5d). While it is clear that
σ and L are the important parameters that define the roughness
of the surface, they do not directly represent the roughness
parameter that is relevant for phonon scattering. Therefore, it is
not surprising that although there seems to be a better trend of
thermal conductivity with σ/L as opposed to that with σ or L
individually, the correlation is not very strong and shows
scatter.
Looking back at Figure 4b in detail, the Lorentzian fit does

not capture roughness spectrum at the relevant wavelengths
(1−100 nm) very well. Also, the roughness length scales that
are relevant for phonon scattering are better captured in the
power spectrum, which is represented by two parameters αp

and n. Since n is a constant across all the etched wires, what
captures the roughness structure over the relevant phonon
scattering band is the parameter αp. Figure 5e plots the thermal
conductivity as a function of αp for various wires at 300 K, and a
much stronger trend is observed. This indicates that directly
relating the lateral length scale of the roughness to the
wavelength bandwidth of phonons contributing to thermal
conductivity is key to understanding the physics of roughness
boundary scattering. Figure 5f plots the thermal conductivity as
a function of αp for the same wires at 100 K, which is a
marginally better fit.
The enhanced scattering of phonons from rough surfaces

observed in this study qualitatively follows predictions from
earlier theoretical work. Separately, both Alvarez et al. and
Moore et al. predicted stronger backscattering of phonons at

Figure 4. (a) Thermal conductivity accumulation as a function of wavelength at 300 and 1000 K (reproduced with permission from the authors and
publishers in J. Comput. Theor. Nanosci.).34 Roughly 80% of contribution to thermal conductivity at room temperature comes from phonons with
wavelengths between 1 and 100 nm. (b) Roughness power spectrum at the selected length scales (1−100 nm). While the actual power spectrum is
shown in blue, the Lorentzian fit used to extract σ and L is shown in red to be a poor fit at the relevant length scales. The power law fit shown in
black captures the roughness better.
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periodically rough surfaces with longer σ and shorter L by using
phonon hydrodynamics and MC simulations, respectively.11,13

However, direct application of this analysis is hindered by the
nonuniform roughness profile obtained from the electro-
chemical etching technique, which may behave differently
than the periodic structure. A possibly more applicable theory
by Wang et al.12 suggested that phonons are localized at the

rough surface due to multiple boundary scattering occurrences
within a single roughness feature on the surface. They pointed
out that thermal conductivity decreases as features become
sharper, which can be interpreted as a shorter L and higher σ.
However, they did not look at the effect of high-frequency
roughness that may selectively scatter phonons more effectively
than the low-frequency ones.12 Martin et al.9 and Santamore et

Figure 5. Thermal conductivity as a function of four roughness factors (σ, L, σ/L and αp). (a). Thermal conductivity at 300 K as a function of
diameter with different range of rms. (b). Thermal conductivity as a function of rms with different range of diameter. (c). Thermal conductivity as a
function of L with different range of diameter. (d). Thermal conductivity as a function of σ/L for 300 K. Correlation between thermal conductivity
and σ/L gets stronger than rms or D only and has a trend similar to Figure 3a in ref 9, except the discrepancy in L. (e,f) Thermal conductivity as a
function of αp (plotted on a log scale) at 300 and 100 K, respectively. As αp increases, the wires are rougher, with wavelengths in the 1−100 nm
range and the thermal conductivity drops significantly.
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al.31 use a perturbative approach due to the change in potential
at the surface resulting in enhanced boundary scattering,
however it remains to be seen if these claims are valid given the
range of correlation lengths and rms we have observed in our
work. While their study used a correlation length, L = 6 nm, our
observed L varies from 5.3 to 15.7 nm, with rms values, σ,
ranging from 1.8 to 4.3 nm. Sadhu et al. used a broader range of
correlation lengths that fit the power spectrum and used a
green Kubo analysis coupled with the Landauer formalism to
extract attenuation lengths for all phonon modes. Some modes
had reduced phonon group velocity in their analysis, which they
postulated resulted in a lower thermal conductivity.17

However, none of these theoretical studies looked at the
wavelength-dependent conductivity with scattering from the
surface for a selective range of roughness wavelengths. To our
best knowledge, our experimental work provides first evidence
for frequency-dependent phonon scattering from rough
surfaces. We hypothesize that as high-frequency roughness of
the nanowire surface increases, there is enhanced boundary
scattering, thus reducing the thermal conductivity significantly.
This experimental study warrants further theoretical exploration
of scattering of phonons from a rough boundary at specific
relevant wavelengths in order to understand the exact
correlation between the statistically defined αp parameter and
the thermal conductivity.
Every attempt was made at obtaining the most accurate and

certain data possible, but there are, however, limitations to our
method of characterizing roughness. First, TEM images are 2-D
projections of a 3-D material. Therefore, roughness profiles
from the projected surface images neglect hidden roughness
features not occurring at the respective edge of the sample. But
due to the isotropic nature of the etching process and the large
number of samples measured, the determined relations found
here are statistically meaningful. Second, the Lorentzian fitting
curve to power spectrum is strongly sensitive to low-frequency
peaks which account for not only rough surface but also the
curvature of the SiNWs. Hence, the choice was made to fit a
power law to the high-frequency section of the power spectrum
only. Third, since L is calculated using the assumption that the
autocovariance of the surface profile is an exponential, the
uncertainty of L can be estimated based on the coefficient of
determination from a least-squared fit, R2, when eq 5 is used to
fit the original power spectra. Hence, only the Lorentzian fitting
functions where R2 is larger than a certain value (0.63) are
strictly chosen. Despite the relatively large uncertainty in L, as
can be seen in Figure 5d, trends of the dependence of thermal
conductivity, k with σ/L, are clearer than that of thermal
conductivity purely with rms. In terms of the power law fit, the
choice of frequency limits was informed from A. Henry et al.34

First principle calculations, however, show a tighter phonon
wavelength bandwidth contributing to thermal conductivity,
and this bandwidth can also be significantly temperature
dependent.36,37 The thermal conductivity strongly correlates
with the parameter, αp, extracted from a power law fit of the
roughness power spectrum, which opens up a new way of not
only characterizing rough surfaces but also shedding some light
on the possible physics at work.
In conclusion, this study has experimentally shown that

surface roughness can be captured accurately by applying
spectral techniques to the profile obtained from high-resolution
TEM images. The study suggests that the surface roughness
interacts with a broadband spectrum of phonons in SiNWs,
resulting in decreased thermal conductivity due to frequency-

dependent scattering. Additionally, the quantitative relationship
between three independent roughness parameters, σ, L, and αp,
has been measured and shown to have a greater effect on the
thermal conductivity of SiNWs than diameter. Specifically, the
power spectra of the roughness with a power law fit in the
wavelength range of 1−100 nm scale strongly with the
reduction in thermal conductivity. With these results, it is
clear that quantifying the surface roughness is crucial to both
understanding the fundamental physics of phonon transport as
well as engineering practical thermoelectric devices.
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