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1. Si Nanowire Synthesis
Nanowire Synthesis: High purity single‐crystalline silicon nanowires (NWs) are synthesized based on the
VLS method while using gold nanoparticles (NPs) as a catalyst. The VLS nanowires have uniform
diameter with the standard deviation of 3 % across the entire length. The high aspect ratio, smooth
surface areas, and well‐distributed diameters are desirable for studying the size dependence. Gold
colloids are known to produce well‐dispersed and diameter‐controlled Si NWs1. However, the Au‐
catalyzed silicon NWs synthesized by the VLS method may suffer from tapering from one end to another
end because of high diffusion rate of Au catalysts under growth conditions2. Here, we synthesized high‐
quality Si NWs with the length greater than 10 µm and with the diameter as thin as 40 nm by using Au
colloids as the seed and SiCl4 as the vapor‐phase reactant. The substrate was p‐type Si in the <111>
orientation with the resistivity of 1.7~2.8 Ohm‐cm. After cleaning sequentially in acetone and
isopropanol, the substrate was etched in 10:1 buffered hydrofluoric acid for about 10s to remove the
oxide. The substrate was placed 1‐2 cm downstream from the furnace center in a quartz tube. We used
pure H2 gas instead of H2/Ar (volume ratio 1:10) mixture gas in order to improve the growth rate and
resultant synthesized nanowires have a uniform diameter along the growth direction.
Rough Nanowire Synthesis: Rough Si NWs are synthesized using two independent methods: EE
nanowires3 and roughened VLS (RVLS) nanowires4. The EE nanowires are synthesized by employing
galvanic displacement of silver onto silicon wafers. Clean boron doped <100> silicon wafers were
immersed in mixture of aqueous 0.02M AgNO3 and 5M HF solution. Ag+ ion reduces onto a silicon
surface by injection holes into silicon valence band. The silver deposit acts as a cathode on which more
Ag+ reduce and form silver dendrite by oxidizing surrounding silicon, which is subsequently removed by
HF. As silver dendrite etch down the wafer, vertical single crystalline nanowire arrays form. After the
synthesis, the silver dendrite is washed off by DI water and the Si NW arrays are immersed in the
concentrated nitric acid solution to remove residual silver nanoparticles. After soaking into IPA,
nanowire arrays were released by critical point dryer to minimize adhesion among surrounding
nanowires. The vertically aligned nanowire arrays are oriented the same as wafer direction. The surface
texture can be affected by the doping concentration of the starting wafer, and lower resistivity increases
the surface roughness5,6. The RVLS nanowires are synthesized from the VLS nanowires by subsequently
roughening in a controllable manner. Before introducing the roughness to as‐grown VLS Si nanowires,
the gold catalyst on the tip was removed in KI/I2 solution and then the native oxide was etched in vapor
HF. Then nanowires were roughened by either of the two processes, which produces distinctly unique
surface roughness features and enables us to study a variety of surface roughness effect. In the first
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Figure S1
1. HRTEM images of as‐prepared a, VLS
V and b, EEE Si NWs. Bo
oth as‐preparred VLS and EE Si
nanowires have clear crystalline structure with 1‐2 nm of n ative oxide laayer, but EE Si nanowiress have
more rou
ughness than VLS Si nano
owires. Inset of a shows selected area electron diffraction pattterns
confirming the crystallinity of Si NW
Ws.
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3. Thermal Optimization of Experimental Setup
The sample stage is thermally optimized by reducing the physical distance from the heater to the
sample, improving thermal and mechanical contacts, and incorporating a radiation shield, which are
extra modifications applied to a commercially available simple stage. The optimized stage achieves
about 6 % in the temperature rise at the sample location compared to a simple conventional stage when
the heater is set to 720 K (Fig. S2). The optimized stage also has a smaller thermal time constant, which
facilitates temperature excursions and reduces the experimental exposure time at high temperatures.
The improved thermal coupling in the optimized stage allows thermal conductivity measurements at a
higher temperature in a more stable manner.
In order to estimate the effect of radiation shield on sample temperature, we performed finite
element model (FEM) simulation using COMSOL. The temperature of the bottom plate, which is in
contact with a heater stage, was modelled to be 720 K. The thermal conductivity of copper and chip
carrier (Kyocera a440) was assigned to be 375 Wm‐1K‐1 and 12 Wm‐1K‐1, respectively7. The thermal
boundary resistance for the interface between the copper block and chip carrier under vacuum
condition is assumed to be ~10‐3 m2K/W8. The emissivity of copper and chip carrier is chosen to be 0.07
and 0.9, respectively8.
As shown in Fig. S2a and b, employing radiation shield can effectively isolate radiation heat loss to
the environment and sample temperature increases from 680 K to 700 K. We note that the comparison
between radiation shield and no radiation shield is made with all identical physical parameters. While
computed ratio of temperature with radiation shield to temperature without radiation shield is ~3 %, we
experimentally observed ~6 % increase in sample temperature, as can be seen in Fig. S2c. This further
increase was accomplished through a reduction in the physical distance from the sample to the heater
and an improved fixture design where samples can be effectively tightened against the copper block.
Sample temperature is essentially determined by heat conduction from the copper block to the chip
carrier and radiative heat loss from the chip carrier to the environment. Thus, better mechanical contact
between chip carrier and copper block decreases thermal boundary resistance between them,
consequently increasing sample temperature. Finite element modelling also confirms sample
temperature is sensitive to thermal boundary resistance between the sample and the copper block. In
addition, the optimized stage has achieved significantly improved temperature stabilization, as shown in
Fig. S2d.
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Figure S2
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3. Preparatio
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pended therm
mal devices. b,
b Nanowire‐‐electrode theermal contacct. The nanow
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6. Analysis of Noise Equivalent Conductance, Effect of Radiation, and Background Conductance
The minimum thermal conductance one can measure with suspended thermal devices is
represented by the noise‐equivalent thermal conductance (NEG),

NEG 

NETs
Gb ,
( Th  Ts )

where ΔTh and ΔTs is the temperature rises of the heating and sensing membranes, respectively, Gb is
the thermal conductance of beams supporting each membrane, and NETs is the noise equivalent ΔTs. In
order to estimate NEG, we followed a procedure similar to that described in detail in previous work9. We
first obtained thermal conductance of beams supporting each membrane using the following equation,

Gb 

Qh  QL
,
Th  Ts

where Qh is the Joule heating in the membrane and QL is the Joule heating in one of two beams carrying
the heating current. Gb at various temperatures is shown in Fig. S4a. Then, NETs can be estimated by

NETs 

NER / Rs
TCR

where NER is the noise equivalent resistance, Rs is the resistance of serpentine Pt electrode in the
sensing membrane, and TCR is the temperature coefficient of resistance. We estimated NER to be 35
mΩ by applying 0.5 µA across 2kΩ precision resistor for 10 minutes and obtaining standard deviation of
signals. Since Rs and TCR are known from measurements, NETs can be easily calculated at each
temperature. For example, at room temperature TCR value of Pt electrode is ~0.0014, Rs is ~2.3 kΩ and
NETs is ~11 mK.
Fig. S4b shows the NEG as a function of temperature in our experimental setup, given ΔTh‐ ΔTs = 10
K. NEG is estimated to be ~80 pW/K at room temperature and less than 300 pW/K at 700 K. The lowest
thermal conductance of Si NWs measured in this work is ~ 5nW/K around 700 K. Therefore, measured
thermal conductance of Si NWs is two orders of magnitude larger than NEG and in measurable
conductance range.
Next, we discuss the radiation heat exchange at high temperature and measurement limit due to
radiative heat transport. We can consider two main scenarios. First scenario is a radiative heat exchange
between a nanowire and large surrounding such as a radiation shield. The thermal conductance due to
radiative heat transport can be estimated as

Grad ,1  4 T 3 PL ,
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where ε is the emissivity of the nanowire, σ is the Stefan‐Boltzmann constant, T is the absolute
temperature, P is the perimeter of the nanowire, and L is the length of the nanowire. Assuming the
worst case where ε = 1, Grad,1 is ~ 0.15 nW/K at 700 K for nanowires with 120 nm in diameter and 5 µm in
length. Since Grad,1 is much smaller than measured thermal conductance of Si NWs, radiative heat
exchange between a nanowire and radiation shield can be safely neglected. Second scenario is a
radiative heat exchange between two SiNx membranes including supporting beams. One can model the
radiative heat exchange between two long beams,

Grad ,2  4 f  T 3 Lt ,
where f is the view factor, L is the length of beams, and t is the thickness of beams. View factor between
two beams can be readily calculated with appropriate dimensions10. Using identical dimensions of our
suspended devices (635 µm in total length including two long beams, 300 nm in thickness, 5 µm gap),
view factor is estimated to be 0.03. With ε=0.88 for SiNx11,Grad,2 is estimated to be 0.4 nW/K at 700 K. We
note that near‐field radiative heat transport between dielectric materials is negligible for gaps larger
than 1 µm, since recent studies show that radiative transport for SiO2‐SiO2 and SiC‐SiC for gaps larger
than 1 µm is dictated by the far‐field radiation12,13. Thus, the lowest thermal conductance of ~5 nW/K
measured in this work is more than 10 times larger than Grad,2 and the resultant error is ~8 %. The
comparison among NET, Grad,1, and Grad,2 suggests that the measurement at high temperature is mainly
limited by the radiative heat transfer between membranes and the limit is 0.4 nW/K at 700 K with our
measurement platform.
Finally, we characterize the background conductance. Background conductance is the parasitic
thermal conductance even when nanowire is not suspended across two membranes. The cause for this
background conductance is the radiation and conduction through residual gas molecules14. In order to
obtain the background conductance, we measured the temperature rise of sensing membrane in the
absence of nanowires, and the temperature rise was unnoticeable (<40 mK). Therefore, we estimate
background conductance to be smaller than the noise equivalent conductance (NEG), which is 80 pW/K
at room temperature. This value is smaller than the values (400 pW/K and 200 pW/K) from previous
reports that used devices with similar dimensions15,16 and similar to the value (30 pW/K for the gap
length of 7 µm) from the device with a smaller dimension17. The reduced background conductance is
ascribed to the experimental platform with excellent temperature stability and lower vacuum level.
Background conductance is ignored for the thermal conductivity calculation, since it is much smaller
than thermal conductance of Si NWs studied here.
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to estimate the temperature dependent thermal contact resistance, at each temperature we obtained
length dependent thermal resistance and extracted thermal contact resistance. The measured thermal
contact resistance at the interface of silicon nanowire and platinum electrode on the suspended
membranes is 3.4 × 10‐8 m2KW‐1 at room temperature, which is equivalent to the resistance of 30 nm
thick oxide material. The thermal resistance is attributed to processing impurities and acoustic mismatch
between silicon and platinum. Since phonons dominate the interfacial thermal transport, the diffuse
mismatch (DMM) model is well‐suited to describe the temperature‐dependent trend in thermal
boundary resistance. While many variations of these models exist, the DMM21 using heat capacity
information properly captures temperature dependent boundary resistance values,

,

T

1
12 ∑

∑

,

,

∑

,

,

where Rb,1‐2 is the thermal boundary resistance at the interface of material 1 (Si) and material 2 (Pt), C1 is
the heat capacity of material 1, i is the mode of the incident phonons, and v1,i and v2,i are the mode‐
dependent sound velocities of material 1 and 2, respectively. Using the temperature dependent heat
capacity of bulk silicon22, the DMM predicts the room temperature thermal boundary resistance of Pt
and Si to be 5 × 10‐10 m2KW‐1. The large disparity between the experimental value and DMM model value
can be attributed to a contribution of processing impurities. We note that the thermal contact resistance
at each temperature point did not change after experiencing wide temperature changes from 20 K to
700 K, demonstrating that the thermal contact formed by Pt EBID deposition is stable even under very
large temperature variations.
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Figure S5
5. Length de
ependent the
ermal conducctivity data ffor a, 70 nm
m and b, 12
20 nm VLS ssilicon
nanowires. The Pt‐Si co
ontact conductance is extrracted from t he length dep
pendent dataa. The conducctance
nductance and less
of the 70 nm nanowires is about an order of magnitude smaaller than thee contact con
d by the con
ntact quality compared to
o the 120 nm
m nanowires, in which ign
noring the co
ontact
influenced
conductan
nce can result in a significant error. c, Thermal
T
bounndary resistan
nce of Si‐Pt in
nterface, extrracted
from the length depen
ndent silicon nanowires. The
T diffuse m ismatch mod
del (DMM) predicts much lower
values forr a pure interfface, but the model capturres the tempeerature dependence.
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8. Phonon Transport Modeling for Silicon Nanowires
Phonon transport modeling for computing thermal conductivity requires information about heat
capacity, group velocity, and relaxation time. While the heat capacity and the group velocity are based
on bulk dispersion relations, the relaxation time captures the size effect in nanowires by accounting for
scattering events. The relaxation time can be modeled in the framework of Matthiessen’s Rule, in which
scattering events are parallel and independent from each other. The phonon relaxation time in
crystalline materials can be expressed as;
(s.1)
where τU is the relaxation time accounting for Umklapp scattering, τD is for defect scattering, and τB is for
boundary scattering. The Umklapp scattering represents an anharmonic interaction among phonons
that makes the thermal transport diffusive and is responsible for finite thermal conductivity in solids.
The Umklapp scattering relaxation time can be expressed as,
τ

exp

(s.2)

where A and B are fitting parameters. The A = 1.4×10−19 s/K and the B = 152 K that are commonly used
fitting parameters that reproduce the bulk silicon thermal conductivity by simply using acoustic phonon
branches23. In this study, we implemented full dispersion relations including optical phonon branches.
The fitting parameters for the acoustic branches are adjusted to A = 1.8×10−19 s/K and B = 200 while
fitting the model to the bulk silicon thermal conductivity and accounting for the contribution of optical
phonons that become appreciable at high temperature. The optical phonon relaxation time is fitted to
first principles calculation results24, and the fitting parameters of A = 4.3×10−20 s/K and B = 0 are used in
this study. At high temperature, the Umklapp scattering relaxation time begins to scale with
temperature, which corresponds to increasing population of phonons and increasing phonon‐phonon
scattering events. For this reason, at high temperatures (i.e. > 175 K for the nanowires studied in this
work), the thermal conductivity of silicon decreases with increasing temperature. The defect scattering
relaxation time can be expressed as,
τ

(s.3)

where C can be a fitting parameter. For nearly pure silicon, the parameter C mainly depends on the
isotope concentration and has been determined (C = 1.32 x 10‐45 s3)25. This scattering becomes
important at low temperatures when Umklapp process diminishes, but when temperature is low enough
that phonons have wavelength greater than defects and the defect scattering becomes less important.
The phonon boundary scattering term is important for low temperatures.
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Phonon‐boundary scattering can have strong dependence on the sample size. In the Casimir limit,
the mean free path limited by phonon‐boundary scattering becomes equivalent to the characteristic
length scale. For polycrystalline materials, the characteristic length scale corresponds to the grain size.
For single crystalline materials, the characteristic length scale is given by the sample size. For thin films
or nanowires, the characteristic length scale may correspond to film thickness or diameter respectively.
For nanowires of diameter d, the relaxation time accounting for specular and diffuse scattering can be
accounted by
τ

(s.4)

where p is the specular coefficient, which represents the probability of specular phonon reflection from
the sample boundary (0 ≤ p ≤ 1). For p = 0, phonon‐boundary scattering is assumed to be completely
diffuse. In that case, the boundary is an entirely rough surface that diffusely, or randomly, scatters all
incident phonons For p = 1, phonon‐boundary scattering is assumed to be completely specular. In that
case, the boundary is a perfectly smooth surface that completely reflects all incoming phonons. The
specular coefficient may be expressed in terms of the phonon wavelength and surface roughness for
qualitative understanding26;
(s.5)
where λ is the phonon wavelength, η is the length scale representing surface disorder. This illustrates
that a surface or interface appears rough for phonon wavelengths shorter than the average surface
roughness but smooth for phonon wavelengths much longer than the surface roughness. At low
temperatures, the excited phonon modes tend to have low frequencies and long wavelengths, so the
boundary may appear smooth and specularly reflect incident phonons. At higher temperatures,
phonons occupy the more energetic modes with high frequencies and short wavelengths, so the
effectively rough boundary diffusely scatters most of phonons. Here η = 0.3 nm is used to fit the bulk
silicon data and for showing the size effect in nanowires.
For nanostructures with arbitrary heat flow directions and complex geometries, the angular
dependence needs to be accounted by converting the BTE solution in the frequency space into an
integral in spherical coordinates. For cross‐plane heat flows with vertical boundary scattering at top and
bottom interfaces of bounded in the length L, the average distance traveled ballistically by a phonon
before hitting the top or bottom surface can be expressed27,
τ

|

|

(s.6)
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where L is the length scale in the direction of heat flow, and θ spans from 0 to π. For cross‐plane
heat flows with lateral geometric confinement, i.e. nanowires, the average distance traveled
ballistically by a phonon before hitting the side can be expressed27,
τ

|

|

(s.7)

For nanowires with length shorter than the mean free path, the boundary scattering terms for both
perpendicular and parallel interfaces are needed due to the presence of ballistic phonons28. For very
long nanowires, the effect of perpendicular interfaces becomes negligible.
Fig. S6 shows the BTE calculation results for bulk silicon and nanowires. The same fitting
parameters, which include the relaxation time (A, B) and the surface disorder length scale (η), are
consistently used for the bulk and the nanowires of varying diameter. The difference between the total
thermal conductivity and the acoustic thermal conductivity (LA + TAx2) indicates the contribution of
optical phonons. The optical phonon contribution increases at high temperatures and particularly for
smaller nanowires. The calculations without accounting for the optical modes underestimate the
thermal conductivity values, and this is apparent for the 40 nm silicon nanowires.
These results indicate that the classical phonon dispersion treatment that ignores the contribution
of optical phonon modes needs to be called into question for small nanowires. The group velocities of
optical phonons, which can be computed from the slopes of dispersion relations (Fig. 3a), are small but
not completely negligible; the group velocity of longitudinal optical phonons ranges up to 3700 m/s at
12‐16 THz and the group velocity of transverse optical phonons ranges up to 2600 m/s at 14‐16 THz.
Because the low‐frequency acoustic phonons have longer mean free paths and scatter more often with
surface boundaries, the contribution of high‐frequency optical phonons becomes appreciable in small
nanowires, particularly at high temperatures.
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Figure S6
6. BTE calculaation results based on th
he full‐disperrsion model showing the mode‐dependent
thermal transport in siilicon nanowiires. The phonon relaxatioon time coeffiicients (eq. S2) are fitted tto the
bulk silico
owire data. The total thermal
on data, and
d the same modeling
m
parrameters maatch the nano
conductivvity model accounting for optical phonons (LO, TO) as well as accoustic phono
ons (LA, TA) m
match
the data better
b
than th
he model with
h acoustic mo
odes only (LA + TA x2) at high temperattures.
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9. Phonon Transport Modeling for VLS Si Nanowires at room temperature
We have compared the experimental results of diameter‐dependent thermal conductivity at room
temperature with various theoretical models (gray model and two BTE models), as shown in Fig 2a. We
have employed two BTE models, one with full phonon dispersion relation29 and the other with sinusoidal
phonon dispersion relation, so called Born von Karman Slack (BvKS) model30,31 to compare sophisticated
models with all six independent branches and a relatively simple standardized single branch
approximation. The first approach is described in detail in the earlier section. In the second approach
(BvKS model), the three acoustic branches are approximated to a single effective branch and thermal
conductivity is calculated based on the single effective branch. For BvKS model, we used parameters
provided by Yang et al.30. We also used a gray body approximation, as a quick analysis tool, to capture
the size dependent thermal conductivity of VLS Si NWs. The gray model is expressed as kgray =
kbulk(D/(D+λ)), where kbulk is the thermal conductivity of bulk Si, D is the diameter of VLS Si NW, and λ is
the average mean free path of bulk Si (300 nm).
10. Roughness Effect on Thermal conductivity
A frequency‐dependent Monte Carlo simulation using the Born approximation32 showed that the
surface roughness can alter the frequency of incident phonons leading to stronger phonon scattering.
Later, a multiple‐scattering theory33 showed coherent phonon interference by surface roughness. The
experimental work using EE3 and RVLS4,33 Si NWs showed low thermal conductivity in correlation with
the measured roughness values and supported spectral phonon boundary scattering being responsible
for the thermal conductivity reduction up to room temperature. In this work, we investigated the impact
of surface roughness on thermal conductivity of both EE and RVLS NWs over the broad temperature
range from 20 K to 700 K. Based on the TEM analysis of EE and RVLS NWs of which the thermal
conductivity was measured, we characterized the roughness factors. The surface roughness factors,
root‐mean‐square(rms) (σ) and correlation length (L) of roughness, were calculated using the outline of
the nanowire surface along the length as captured in HRTEM4. In this manner, the surface roughness
effect on phonon transport was directly investigated for individual nanowires (Fig. S7). The rms
roughness is the standard deviation of roughness amplitude, which represents a vertical length scale of
roughness. The correlation length of roughness is a statistical parameter that determines the decay of
the autocorrelation function, which represents a lateral length scale of roughness.
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Figure S7. Surface Rou
ughness Anallysis for EE ro
ough nanowi res. The RMSS (σ) is calcullated from su
urface
profiles and the correllation length (Lc and LAF) values
v
are obbtained by an
nalyzing specttral informatiion of
surface ro
oughness in TEM
T
images. Lorentzian and
a Gaussian functions were fit to pow
wer spectrum
m and
autocorre
elation functio
on of surface roughness, re
espectively, aand show reassonable agreeement4,33.

S17

ency
11. ZT Esttimation and Energy Convversion Efficie
The maximum
m
the
ermoelectric energy conve
ersion efficienncy can be exxpressed by
√
√

(s.8a)

/

(s.8b)
where TH is the tempe
erature at the hot side an
nd TC is the ttemperature at the cold side. The praactical
ectric devicess may suffer from temperature lossess through con
ntacts and deevice constitu
uents,
thermoele
and the device
d
level energy converrsion efficienccy will be low
wer than the rrough estimaate used heree. Fig.
S8 shows theoreticallyy optimal valu
ues using the calculated el ectronic prop
perties (
er study34, an
nd the measu
ured thermal conductivityy (
obtained from anothe

.

,

), whicch are

) thatt is obtained from

n
Th
he ZT value of EE nanowiree is significan
ntly higher thaan that of thee bulk
our work with the EE nanowires.
mparable to that of com
mmercial theermoelectric materials. TThe prospectts are
counterpaart and com
especiallyy good at high
h temperaturres (> 550 K),, in which thee thermoelecctric efficienccy of EE nano
owires
exceed th
hat of conve
entional therrmoelectric materials
m
bassed on BiTe alloys. The high temperrature
performance is importtant for therm
moelectric pow
wer generatoors that are taargeting low‐ to mid‐gradee heat
a this workk demonstrate
es silicon as a favorable m aterial.
sources, and

Figure S8. a, Thermoe
electric figure
e of merit (ZTT) and b, maxximum energgy conversion
n efficiency fo
or the
best‐case VLS and EE NWs.
N
The ZT is
i calculated by
b using the tthermal cond
ductivity data in this work (EE_1
N with 40 nm
n diameter)) and theorettically optimizzed electronicc properties344. The
from Fig. 4a and VLS NW
eported in our earlier workk3 indicates th
hat further opptimization of surface rougghness and doping
high ZT re
concentraation can lead
d to even higgher ZT values at high tem
mperatures. TThe thermoelectric efficien
ncy of
rough siliccon nanowire
es may exceed that of com
mmercial therrmoelectric m
materials such
h as BiTe alloyys35 at
temperature greater th
han 550 K.
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