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Thermal conductivity of Si ÕSiGe superlattice nanowires
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The thermal conductivities of individual single crystalline Si/SiGe superlattice nanowires with
diameters of 58 and 83 nm were measured over a temperature range from 20 to 320 K. The observed
thermal conductivity shows similar temperature dependence as that of two-dimensional Si/SiGe
superlattice films. Comparison with the thermal conductivity data of intrinsic Si nanowires suggests
that alloy scattering of phonons in the Si–Ge segments is the dominant scattering mechanism in
these superlattice nanowires. In addition, boundary scattering also contributes to thermal
conductivity reduction. ©2003 American Institute of Physics.@DOI: 10.1063/1.1619221#
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Semiconductor superlattices are attracting increasing
tention due to their potential applications in thermoelec
and optoelectronic devices.1,2 Control of thermal conductiv-
ity of semiconductor superlattice films is important becau
lower thermal conductivity could greatly improve the ma
rial’s thermoelectric figure-of-merit in cooling and pow
generation applications and pose challenging thermal m
agement problems for optoelectronic applications. Wh
two-dimensional~2D! superlattice structures show promisin
properties,3–9 one-dimensional superlattice nanowires m
possess even more desirable characteristics and furthe
prove device performance.10 Recently, block-by-block
growth of single crystalline Si/SiGe superlattice nanowi
was achieved.11 In this letter, we report the results of therm
conductivity measurements on individual Si/SiGe super
tice nanowires. The observed thermal conductivity indica
that alloy scattering in the SiGe segments is the domin
phonon scattering mechanism, while additional scatter
mechanisms such as nanowire boundary scattering also
tribute to thermal conductivity reduction.

The superlattice nanowires were synthesized by a hy
pulsed laser ablation/chemical vapor deposition proce11

based on vapor-liquid-solid mechanism.12,13A ~111! Si wafer
coated with 5 nm Au thin film was inserted in a quartz fu
nace tube at 910 °C. A gas mixture of 10% SiCl419% H2

181% Ar was continuously introduced into the reaction tu
with a flow rate of 400 sccm. At high temperatures, the
thin film forms a liquid alloy with Si and spontaneous
breaks up into nanometer-sized droplets. Si nanowires g
by precipitation at the liquid-solid interface. To form th
SiGe sections, Ge vapor was generated periodically thro
the pulsed laser ablation of a pure Ge target with a freque
doubled Nd:yttritium–aluminum–garnet laser. The laser w
programmed to turn on and off every 10 s. The typical av
age Ge concentration in the SiGe sections was between
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and 10%. Selected-area-electron-diffraction pattern and h
resolution transmission electron microscopy~TEM!11 show
that the nanowires were nearly dislocation-free single cr
talline and grew along thê111& direction with a superlattice
period ranging from 50 to 150 nm depending on the dia
eter. Figure 1~a! shows a TEM image of a Si/SiGe nanowir
The interface between Si and SiGe can be readily see
Fig. 1~a!. However, it is not expected to be as sharp as e
taxial superlattice films due to diffusion at high synthe
temperature.

The thermal conductivity measurement was perform
with a microdevice14–16 consisting of two silicon nitride
(SiNx) membranes, each suspended by five SiNx beams that

-
FIG. 1. ~a! A transmission electron micrograph of a Si/SiGe superlatt
nanowire.~b! A scanning electron micrograph of an 83 nm Si/SiGe sup
lattice nanowire bridging the two suspended heater pads. The arrows
to the carbon deposits.
6 © 2003 American Institute of Physics
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were 420mm long. A thin Pt resistance coil~used as both
heater and resistance thermometer! and a separate Pt elec
trode were patterned on each membrane and electrically
nected to contact pads by metal lines on the suspended
Solution drop-dry method14 were used to place a nanowir
in-between the two suspended membranes and amorp
carbon films were locally deposited at the nanowire-hea
pad junctions with a scanning electron microscope~SEM!.
Estimation similar to that in Ref. 15 shows that the er
introduced from the contact should be less than 4% for
Si/SiGe superlattice nanowires after this contact treatmen
SEM image of an 83 nm diameter Si/SiGe superlattice na
wire bridging the two suspended pads is shown in Fig. 1~b!.

All measurements were performed in a cryostat a
vacuum level;231026 Torr. To a very accurate approx
mation, the nanowire forms the only heat path between
two suspended heater islands. A bias voltage applied to
heating resistor,Rh , creates joule heating and increases
temperature,Th , of the heater island above the thermal ba
temperature,T0 . Under steady state, part of the heat transf
through the nanowire to the sensing resistor,Rs , and raises
its temperature,Ts . Solving the heat transfer equations
the system,15 denoting the thermal conductance of the wi
Gw , and the suspending legs,Gl , we have,Th5T01 @(Gl

1Gw)/Gl(Gl12Gw)# P, and Ts5T01 @Gw /Gl(Gl

12Gw)# P, where P5I 2(Rh1Rl /2). Here Rl is the total
electrical lead resistance of Pt lines that connects the he
coil. The nanowire thermal conductance and, hence, the t
mal conductivity can be then derived. During the expe
ments, the maximum power dissipation at the heating s
was below 1mW and the maximum temperature rise at t
heating side was below 5 K.

Thermal conductivities of 58 and 83 nm diameter sin
crystalline Si/SiGe superlattice nanowires were measu
from 20 to 320 K, as shown in Fig. 2~a!. For comparison, the
thermal conductivities of a 2D Si/Si0.7Ge0.3 superlattice film
~3 mm thick with 30 nm period! and a Si0.9Ge0.1 alloy film
~3.5mm thick! are also shown.6,7 In addition, Fig. 2~b! shows
the thermal conductivities of intrinsic single crystalline
nanowires of different diameters.16 The thermal conductivity
of the Si/SiGe nanowire increases rapidly from 20 to 200
and then increases only marginally forT.200 K, which is
quite similar to the behavior of the 2D superlattice film
However, the value of the nanowire thermal conductivity
only about half of that of the 2D Si/Si0.7Ge0.3 superlattice
film.

Heat transport in the superlattices can be controlled
several phonon scattering mechanisms,17,18 namely:~i! alloy
scattering;~ii ! interface scattering due to mismatch in acou
tic impedance; and~iii ! scattering by defects and dislocatio
at interfaces created due to lattice mismatch. It is worth n
ing that for SixGe12x , both the lattice parameter and th
acoustic impedance can be estimated as a linear combin
of the respective Si and Ge properties. Systematic studie4–7

on SixGe12x /SiyGe12y 2D superlattices have suggested t
following scenario. Whenux2yu<0.1, acoustic impedanc
and lattice mismatches in the two materials are sufficien
small that interfacial phonon scattering is marginal wher
alloy scattering is dominant, rendering the superlattice str
ture unimportant. Whenux2yu'0.3, the lattice mismatch is
n-
gs.
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still sufficiently low that, depending on the growth cond
tions, the generation of interfacial defects and dislocatio
can be reduced or eliminated.6,7 However, the acoustic im-
pedance mismatch is large enough for phonon reflectio
the interfaces to be the dominant scattering mechanism
such cases, although the superlattice thermal conductivit
inversely proportional to the interfacial density, it is difficu
to decrease the thermal conductivity below the alloy scat
ing limit, i.e., if the SixGe12x /SiyGe12y superlattice is mixed
homogenously into an alloy. Forux2yu>0.6, however, the
lattice mismatch is large enough for crystal imperfections
be generated at the interface~i.e., if the period is thicker than
the critical thickness determined by the strain created by
tice mismatch!,19 which dominate phonon scattering. In suc
cases, the superlattice thermal conductivity is gener
lower than the alloy scattering limit and depends on the
fect and dislocation density, and their structure, which
difficult to predict. In the case of our nanowire sample
since ux2yu,0.1, generation of misfit dislocations and d
fects is unlikely, as evidenced in our TEM studies. T
lengths of the nanowires between the two heater pads
2.08 and 2.86mm for the 58 and the 83 nm diameter nano
ires, respectively. The period of the nanowires depends
the wire diameter and increases roughly linearly with t
wire diameter.11 However, since the diameters of these tw
wires are not very different, their periods are not very diffe
ent either, and lie between 100 and 150 nm. Within the m

FIG. 2. ~a! Thermal conductivities of 58 and 83 nm diameter single cry
talline Si/SixGe12x superlattice nanowires. The value ofx is ;0.9– 0.95 and
the superlattice period is 100–150 nm. Thermal conductivities of a 30
period 2D Si/Si0.7Ge0.3 superlattice film and Si0.9Ge0.1 alloy film ~3.5 mm
thick! are also shown.~b! Thermal conductivities of single crystalline pur
Si nanowires. The number besides each curve denotes the correspo
wire diameter.
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surement section, there are only a small number of interfa
(,28 interfaces! present. This leads us to believe that int
face scattering is not very significant because both the ac
tic impedance mismatch and the number of interfaces
small. Based on 2D superlattice studies, one expects a
scattering to dominate the thermal conductivity of o
nanowires. While we believe this is indeed the case for
nanowires, it is important to point out that the thermal co
ductivity of superlattice nanowires, for whichux2yu,0.1
and period'100– 150 nm, was found to be lower by a fa
tor of 2 compared with that of 2D superlattice film for whic
ux2yu50.3 and period'30 nm. This leads us to believ
that in addition to alloy scattering, nanowire boundary sc
tering should also be taken into account.

Comparison with the results in Fig. 2~b! shows that the
thermal conductivities of the Si/SiGe superlattice nanowi
are much lower than those of pure Si ones of similar dia
eters. This also suggests that the predominant scatte
mechanism is alloy scattering in the SiGe regions. Howe
the fact that the thermal conductivity of the 58 nm diame
wire is smaller than that of the 83 nm diameter wire indica
that the phonon scattering by the nanowire boundary is
important. Note that because of the strong alloy scatter
the boundary scattering effect for superlattice wires is no
significant as that for Si wires, whose thermal conductiv
shows a much pronounced diameter dependence. This is
the reason for that the thermal conductivity of superlatt
nanowires never decreases with increasing temperature
tween 20 and 320 K. This is because alloy scattering do
nates over phonon–phonon Umklapp scattering.

How could both scattering mechanisms play a role? A
cording to Rayleigh scattering theory, the phonon scatte
efficiency of atomic scale defects follows the fourth power
the ratio of the defect size to phonon wavelength. Since
loys are composed of atomic scale lattice imperfections, t
can efficiently scatter short-wavelength~high-frequency!
acoustic phonons, while scattering of long-wavelen
phonons remains ineffective. We believe that in addition
alloy scattering of short-wavelength phonons in the super
tice nanowires, the nanowire boundary provides an effec
scattering mechanism for the long-wavelength phonons. T
additional phonon scattering mechanism further reduces
thermal conductivity below that of 2D superlattices. Sin
the role of long-wavelength acoustic phonons in therm
transport becomes more dominant at lower temperatures
would expect the discrepancy between the thermal cond
tivity of bulk alloy and our superlattice nanowires to b
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higher at lower temperatures. This is indeed observed
Fig. 2~a!.

In summary, the thermal conductivities of 58 and 83 n
diameter Si/SiGe single crystalline superlattice nanowi
were measured. Comparison with the results of pure
nanowires suggests that alloy scattering is the dominant p
non scattering mechanism for the thermal transport in th
wires. However, nanowire boundary scattering is also imp
tant in reducing the thermal conductivity. A possible exp
nation is that while short-wavelength acoustic phonons
effectively scattered by atomic scale point imperfections
the SiGe alloy segments, long-wavelength acoustic phon
are scattered by the nanowire boundary.
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