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Thermal conductivity of Si  /SiGe 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 Physic§DOI: 10.1063/1.1619221

Semiconductor superlattices are attracting increasing aind 10%. Selected-area-electron-diffraction pattern and high-
tention due to their potential applications in thermoelectricresolution transmission electron microscofBEM)** show
and optoelectronic devicés.Control of thermal conductiv- that the nanowires were nearly dislocation-free single crys-
ity of semiconductor superlattice films is important becausdalline and grew along th€l11) direction with a superlattice
lower thermal conductivity could greatly improve the mate-period ranging from 50 to 150 nm depending on the diam-
rial's thermoelectric figure-of-merit in cooling and power eter. Figure (a8 shows a TEM image of a Si/SiGe nanowire.
generation applications and pose challenging thermal marnFhe interface between Si and SiGe can be readily seen in
agement problems for optoelectronic applications. WhileFig. 1(a). However, it is not expected to be as sharp as epi-
two-dimensional2D) superlattice structures show promising taxial superlattice films due to diffusion at high synthesis
properties™® one-dimensional superlattice nanowires maytemperature.
possess even more desirable characteristics and further im- The thermal conductivity measurement was performed
prove device performanc8. Recently, block-by-block Wwith a microdevicé*~*® consisting of two silicon nitride
growth of single crystalline Si/SiGe superlattice nanowires(SiN,) membranes, each suspended by five,SiBlams that
was achieved! In this letter, we report the results of thermal
conductivity measurements on individual Si/SiGe superlat- =
tice nanowires. The observed thermal conductivity indicates W
that alloy scattering in the SiGe segments is the dominant
phonon scattering mechanism, while additional scattering
mechanisms such as nanowire boundary scattering also con-
tribute to thermal conductivity reduction.

The superlattice nanowires were synthesized by a hybrid
pulsed laser ablation/chemical vapor deposition prdtess
based on vapor-liquid-solid mechani¢ft3A (111) Si wafer
coated with 5 nm Au thin film was inserted in a quartz fur-
nace tube at 910°C. A gas mixture of 10% Si€B% H,
+81% Ar was continuously introduced into the reaction tube
with a flow rate of 400 sccm. At high temperatures, the Au
thin film forms a liquid alloy with Si and spontaneously
breaks up into nanometer-sized droplets. Si nanowires grow
by precipitation at the liquid-solid interface. To form the
SiGe sections, Ge vapor was generated periodically through
the pulsed laser ablation of a pure Ge target with a frequency
doubled Nd:yttritium—aluminum—garnet laser. The laser was
programmed to turn on and off every 10 s. The typical aver-
age Ge concentration in the SiGe sections was between 5%

FIG. 1. (a) A transmission electron micrograph of a Si/SiGe superlattice
dAlso at: Materials Science Division, Lawrence Berkeley National Labora-nanowire.(b) A scanning electron micrograph of an 83 nm Si/SiGe super-

tory, Berkeley, California, 94720. lattice nanowire bridging the two suspended heater pads. The arrows point
YElectronic mail: majumdar@me.berkeley.edu to the carbon deposits.
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were 420um long. A thin Pt resistance cofused as both < 16 T 8 T T T
heater and resistance thermomgi@nd a separate Pt elec- £ 14 | sirsig 7Geq.3 superlattice film 7], o (.a)-
trode were patterned on each membrane and electrically con- 3 121 N0t ° J
nected to contact pads by metal lines on the suspended legs. ‘E 10l .,." Si0.9Geo 1 alloy film [7]
Solution drop-dry methdd were used to place a nanowire g -

in-between the two suspended membranes and amorphous -§ 8r ::;moooooo 0090 ¢ RvYTIVITY
carbon films were locally deposited at the nanowire-heater 8 6 vv;zzivv' MAMAMMAAES
pad junctions with a scanning electron microsc¢S&M). s 4r <7¥"\ 83 nm Si/Si,Geq.x nanowire|
Estimation similar to that in Ref. 15 shows that the error g 2k " e SUSIGeq nanowire
introduced from the contact should be less than 4% for the c 0 ; : : | ! L
Si/SiGe superlattice nanowires after this contact treatment. A 0 50 100 150 200 250 300 350
SEM image of an 83 nm diameter Si/SiGe superlattice nano- Temperature (K)

wire bridging the two suspended pads is shown in Fig).1

All measurements were performed in a cryostat at a Q 60 T ; T T T T
vacuum level~2x 10 ® Torr. To a very accurate approxi- £ v (b)
; ; E 50 I 115 nm 7]
mation, the nanowire forms the only heat path between the = ST L TIYT P ool
two suspended heater islands. A bias voltage applied to the ‘E 40 F o* $00ee,, -
heating resistorr,,, creates joule heating and increases the 5 . 56 nm
temperatureT},, of the heater island above the thermal bath -§ or ..' °o°o°°°°°°°°°°oooooooooo |
temperatureT . Under steady state, part of the heat transfers Q 2l ®0° 37 nm i
. . . . O 0 yYVYYYYVYYVVYVVyyyyyy
through the nanowire to the sensing resisRy, and raises = . v,'
its temperatureT. Solving the heat transfer equations of E 10 w7 220M oguyvvvvTY |
. . v
the systent? denoting the thermal conductance of the wire, l.ag’ 0 _&:wwvwvvvvv?v dias

Gy, and the suspending leg§,, we have, T,,=Ty+ [(G, 0 50 100 150 200 250 300 350
+GW)/G|(G|+2GW)] P, and TS:TO+ [GW/G|(G|
+2G,)]P, whereP=1%(R,+R,/2). HereR, is the total
electrical lead resistance of Pt lines that connects the heat&lG. 2. () Thermal conductivities of 58 and 83 nm diameter single crys-

: : alline Si/SjGe, _, superlattice nanowires. The valuexois ~0.9—-0.95 and
coil. The nanowire thermal conductance and, hence, the theﬁe superlattice period is 100—150 nm. Thermal conductivities of a 30 nm

mal conductivity can be then derived. During the experi-period 2D SilSjGe, s superlattice film and $iGe,, alloy film (3.5 um
ments, the maximum power dissipation at the heating sideénick) are also shown(b) Thermal conductivities of single crystalline pure

was below 1uW and the maximum temperature rise at theSi_ naqowires. The number besides each curve denotes the corresponding

. . wire diameter.
heating side was below 5 K.

Thermal conductivities of 58 and 83 nm diameter single
crystalline Si/SiGe superlattice nanowires were measuresgtill sufficiently low that, depending on the growth condi-
from 20 to 320 K, as shown in Fig(&. For comparison, the tions, the generation of interfacial defects and dislocations
thermal conductivities of a 2D Si/$jGe, 5 superlattice film  can be reduced or eliminatéd.However, the acoustic im-
(3 um thick with 30 nm periogland a SjGey 4 alloy flm  pedance mismatch is large enough for phonon reflection at
(3.5 um thick) are also showf.” In addition, Fig. Zb) shows  the interfaces to be the dominant scattering mechanism. In
the thermal conductivities of intrinsic single crystalline Si such cases, although the superlattice thermal conductivity is
nanowires of different diametet§ The thermal conductivity inversely proportional to the interfacial density, it is difficult
of the Si/SiGe nanowire increases rapidly from 20 to 200 Kto decrease the thermal conductivity below the alloy scatter-
and then increases only marginally f6r>200 K, which is ing limit, i.e., if the SiGe, _,/Si,Ge, _, superlattice is mixed
quite similar to the behavior of the 2D superlattice film. homogenously into an alloy. Fgx—y|=0.6, however, the
However, the value of the nanowire thermal conductivity islattice mismatch is large enough for crystal imperfections to
only about half of that of the 2D Si/§jGe, ;3 superlattice  be generated at the interfa@es., if the period is thicker than
film. the critical thickness determined by the strain created by lat-

Heat transport in the superlattices can be controlled byice mismatch® which dominate phonon scattering. In such
several phonon scattering mechanisi namely:(i) alloy  cases, the superlattice thermal conductivity is generally
scattering{(ii) interface scattering due to mismatch in acous-lower than the alloy scattering limit and depends on the de-
tic impedance; andiii ) scattering by defects and dislocations fect and dislocation density, and their structure, which are
at interfaces created due to lattice mismatch. It is worth notelifficult to predict. In the case of our nanowire samples,
ing that for S{Ge,_,, both the lattice parameter and the since|x—y|<0.1, generation of misfit dislocations and de-
acoustic impedance can be estimated as a linear combinatidécts is unlikely, as evidenced in our TEM studies. The
of the respective Si and Ge properties. Systematic sttidies lengths of the nanowires between the two heater pads are
on SiGe, _,/SiGe,_, 2D superlattices have suggested the2.08 and 2.86.m for the 58 and the 83 nm diameter nanow-
following scenario. Whenx—y|=<0.1, acoustic impedance ires, respectively. The period of the nanowires depends on
and lattice mismatches in the two materials are sufficientljthe wire diameter and increases roughly linearly with the
small that interfacial phonon scattering is marginal whereasvire diametet:! However, since the diameters of these two
alloy scattering is dominant, rendering the superlattice strucwires are not very different, their periods are not very differ-
ture unimportant. Whefx—y|~0.3, the lattice mismatch is ent either, and lie between 100 and 150 nm. Within the mea-

Temperature (K)
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surement section, there are only a small number of interfacdsigher at lower temperatures. This is indeed observed in
(<28 interfacespresent. This leads us to believe that inter-Fig. 2(a).
face scattering is not very significant because both the acous- In summary, the thermal conductivities of 58 and 83 nm
tic impedance mismatch and the number of interfaces ardiameter Si/SiGe single crystalline superlattice nanowires
small. Based on 2D superlattice studies, one expects allowere measured. Comparison with the results of pure Si
scattering to dominate the thermal conductivity of ournanowires suggests that alloy scattering is the dominant pho-
nanowires. While we believe this is indeed the case for th@on scattering mechanism for the thermal transport in these
nanowires, it is important to point out that the thermal con-wires. However, nanowire boundary scattering is also impor-
ductivity of superlattice nanowires, for whigx—y|<0.1  tant in reducing the thermal conductivity. A possible expla-
and period~100-150 nm, was found to be lower by a fac- nation is that while short-wavelength acoustic phonons are
tor of 2 compared with that of 2D superlattice film for which effectively scattered by atomic scale point imperfections in
|x—y|=0.3 and period~30 nm. This leads us to believe the SiGe alloy segments, long-wavelength acoustic phonons
that in addition to alloy scattering, nanowire boundary scatare scattered by the nanowire boundary.
tering should also be taken into account. ) ) )
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