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ABSTRACT

The thermal conductivity of silicon nanowires (SiNWs) is investigated by molecular dynamics (MD) simulation. It is found that the thermal
conductivity of SINWs can be reduced exponentially by isotopic defects at room temperature. The thermal conductivity reaches the minimum,
which is about 27% of that of pure  28Si NW, when doped with 50% isotope atoms. The thermal conductivity of isotopic-superlattice structured
SiNWs depends clearly on the period of superlattice. At a critical period of 1.09 nm, the thermal conductivity is only 25% of the value of pure
Si NW. An anomalous enhancement of thermal conductivity is observed when the superlattice period is smaller than this critical length. The
ultralow thermal conductivity of superlattice structured SINWs is explained with phonon spectrum theory.

Silicon nanowires (SiINWs) have attracted a great attention the hot end to the cool end. Therefore, reduction of thermal
in recent years because of their excellent electrical and conductivity is crucial in thermoelectric applications.

mechanical propertiéand the potential applicationsinmany  Compared with the study of electronic and mechanical
areas including biosensotSiNWs are an appealing choice  properties, much less has been done for the thermal property
because of their ideal interface compatibility with conven- of nanomateriald* 2! The thermal properties of nanomate-
tional Si-based technolody' It is found that the electronic  jals are much different from that of bulk materials. Due to
property of SiINWs depends on the surface and growth the high surface-to-volume ratio, the boundary inelastic
direction significantly. The band gap is found to be decreasedSca»[teringS affect thermal conductivity significantly. It is
with increasing diametér® These special properties are ghown that the thermal conductivity of SiNWs is about 2
partia!ly due to the quantum confinement effects in nano- grders of magnitude smaller than that of bulk crystas.
materials. The low thermal conductivity of SiNWs is of particular
On the Other hand, ||ke some Othel‘ nanomatel’ials, theinterest for thermoe|ectric app”cation_
silicon nanowires might be used as thermoelectric ma-
terials>”"1* The performance of thermoelectric materials
depends on the figure of merit ZTZT = oTS/k, whereS,
T, 0, andk are the Seebeck coefficient, absolute temperature
electronic conductivity, and total thermal conductivity,
respectively. ZT can be increased by increastor o or
decreasing. Unfortunately, in conventional materials, it is
difficult to improve ZT. First, simple increasefor general
materials will lead to a simultaneous decrease.if Also,
an increase ino leads to a comparable increase in the
electronic contribution t@.>'? An alternative way to increase
ZT is to reduce the thermal conductivity without affecting
electronic property® Moreover, ultralow thermal conductiv-
ity is also required to prevent the back-flow of heat from

The thermal conductivity of SINWs is lower than that of
the bulk silicon, whereas it is still larger than the reported
ultralow thermal conductivity (0.05 W/m K) found in layered
'materials? So it is indispensable to reduce the thermal con-
ductivity of SINW further in order to achieve high thermo-
electric performance. Isotope doping is an efficient way to
reduce the thermal conductivity. The isotope effects on
thermal conductivity of carbon nanotubes have been inves-
tigated by MD simulationd® and it is found that the thermal
conductivity of carbon nanotubes can be reduced more than
50% with isotope impurity. This large reduction by isotopic
doping effect has been confirmed experimentélly.

In this letter, we shall study the reduction of the thermal
conductivity of SINWs with two isotope-doping methods.
~ *To whom correspondence should be addressed. E-mail: zhangg@ The first one is to dope SiNWS With isotc_)pe impurity
Img-a-Star-edU-S_g- _ _ randomly. The second one is to build isotopic-superlattice
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dominate the heat transport in semiconductors. We thus focuswhere D(w) is the phonon density of states(w,T) =
on the isotope effect on phonons transport. 1/(ésT — 1) is the phonon average occupation number,
We study the thermal conductivity of SINWs along (100) and w is the phonon frequency, andp is the Debye
direction with cross sections of & 3 unit cells (lattice frequency. The real temperatufecan be deduced from the
constant is 0.543 nm) and 10 unit cells in the longitudinal MD temperaturelyp by this relatior?®2
direction which corresponds to a cross section area of 2.65 In order to establish a temperature gradient along the
nn? and a length of 5.43 nm. The total number of atoms in longitudinal direction, the two end units of SiINWs are put
the simulation is 720. into heat bathes with temperatufe and Tr for the left and
In our simulations, fixed boundary conditions on the outer right end, respectively. Négdoover heat bathésare used.
surface of NW are used, and the nonequilibrium molecular To ensure our results are independent of heat bath, Langevin
dynamics (NEMD) method is adapted. To derive the force heat batheé¥ are also used. Both types of heat baths give
term, we use StillingerWeber (SW) potential for SF which rise to the same results. The thermal conductivity is
includes both two-body and three-body potential terms. The calculated from the Fourier law,= —J/VT, where the local
two-body potential expression contains a short-distance heat fluxJ, along longitude direction is defined as the energy
repulsive term and a long-distance attractive term, and thetransported along the NW in unit time through the unit cross-
form is section area, andvT is the temperature gradient. The

expression of flux is defined as
I"i- rl —-r t -1
vy(ry) =A[B(EJ) — ] exp{(—' - cu) ] 1)

whererq, is the potential cutoff distance above which no

interaction occursp, B, ando are parameters, anglis the  \yhereg is the local site energys; is the two-body force,
interatomic distance. Since the silicon crystal structure is anq F(jjk) is the three-body force (for details see ref 28).

1 _ _
J(t) = Z Vi 1€ +£ Z ry (Fi=2) + ”Z ri ((Fi(ijk)-2;)  (5)

[ ij 1]

diamond-like, a three-body potentialy is introduced to Simulations are performed long enough( x 107 time

stabilize the correct angular configuration steps) such that the system reaches a stationary state where
the local heat flux is constant along NW. All results given

P (1 T Oi) = A explyol(ry — e~ in this letter are obtained by averaging about 80" time

1 1\2 steps. A time step is set as 0.8 fs. Using the longitudinal
(i = Teu) "1l (Coseijk + §) @) phonon group velocity of Si bulk in (100) direction (83
10°* m/¢), and the nanowire length (5.43 nm), the acoustic
where 0y is the angle between; andry andA andy are wave (phonon) will takey (6.5 x 17 fs) t_o propagate from _
parameters. The SW potential has been used widely to studyo"® end to the other through the nanowire. Therefore, within

the thermal property of SINWs and silicon bulk matéfigt?s 1.6 x 10" fs, a heat pulse will go through the system for
for its best fit for experimental results on the thermal @Pout2.5x 10*times which is long enough to establish a

expansion coefficients. stationary temperature distribution in the wire.
Generally, in MD simulation, the temperaturByp, is In silicon isotopes,?®Si is with the highest natural

calculated from the kinetic energy of atoms according to the @bundance (92%), followed KSi and*Si with 5% and

Boltzmann distribution 3% respectively? Besides these thre®Si and*®Si are also

observed! The nuclide 4°Si has become the focus of
N g 3 particular interest as it is a unique opportunity to study the
(El= Z ~“mv? == NkTyp (3) nuclear shell effects. Many experimental and theoretical
2 2 studie$?~3¢ have been conducted on the isotopic effect on
thermal conductivity of bulk Si. However, the results have
where[ELs the mean kinetic energy, the velocity of atom, ~ been controversial. The first study of isotopic pure b
mthe atomic masd\ the number of particles in the system, reported that the thermal conductivity at room temperature
andks the Boltzmann constant. However, this equation is Was enhanced by 60% relative to naturafSand calcula-
valid only at a very high temperatur& ¢ Tp, Tp is the tions found agreement between theory and experifiéhit
Debye temperature). In our case, the average temperaturdhe authors of ref 32 later retracted that conclusion and
(room temperature) of the system is lower than the Debye reported a change of only 10% at room temperatti@ther
temperature o = 645 K of Si), it is necessary to apply a experimental studies @FSi single crystals obtained similar
guantum correction to both the MD temperature and the values?® and some theories predict a-2R0% enhance-
thermal conductivity. Here the average system energy is ment¥ In this paper, the effect of dopin§Si and*’Si to
twice the average kinetic energy based on the equipartition>®Si NWs is studied, because it is convenient to déjss
theorem. Then there is an equality of the system energiesWith °Si. The mass difference betwe®8i andSi is large,

written in the mechanical and phonon pictures which provides a good possibility to study the mass influence
on thermal conductivities.
wp First, we study the effect of randomly distributed isotopic
3NkTvp = /-~ D(@)n(w N do ) atoms on the thermal conductivity 8#Si NWs. In our
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Table 1. Thermal Conductivity of SINWs with Two Kinds of

3 y 4' Randomly Doping Isotope Atomg2Gi and?°Si)

g 1.44 .

S 1) 2881 288i052Si05 28Si0,529Si0.412Si0.1 288i0.5298i0.5*2Si0 2

= 1.2 .

é | «(WmK) 149  1.17 0.64 0.48

S 104 & ¥ Si, 7SI (Nose-Hoover) ) : : : : : : : :

§ 05 ' ® ”Si_"Si (Nose-Hoover) ] 88i0.5”%Si02"2Sios  28Si0528i0.1"*8l0.s  *Si05*2Sios

g | Q; A “SIM""SL (Langevin Bath) ! K (W/Il’l K) 0.46 0.40 0.40

O 0.64 ! . - .

E ] N, * Next we study the thermal conductivity &5i NW doped

= 0.4+ i SR BT S Sl - with two different isotope atom£3Si and*?Si) at the same

e 0.2 time. The sum of isotope atom'’s percentages is fixed at 50%,
' 0.0 02 04 06 0.8 10 and we change the ratio of numbers of the two isotope atoms.

The results are shown in Table 1. And the thermal conduc-
tivity is 1.17 W/m K for 28Si, £2°Sip s NW, which is larger
Figure 1. Thermal conductivity of SINWs versus the percentage than that oP8Siy £2Siy 5, 0.40 W/m K. It is obvious that the
of randomly doping isotope atom&$i and”*Si) at 300 K. SINWs  paayier jsotopic atoms can induce a larger reduction of

are along (100) direction with cross sections 0k33 unit cells L . ; .
(Iattice constant i€.543 nm) and 10 unit cells in the longitudinal ~ th€rmal conductivity than that from lighter isotopic atoms.
direction. The results by Nosé¢Hoover method coincide with those Besides isotopic effects, the fact that the thermal conduc-
by Langevin methods indicating that our results are independenttivities of both bulk and nanoscale materials are greatly
of the heat bath used. The solid/dash curve is the best fitting to theinﬂuenced by vacancies has been confirmed experimenta”y
fooggu E|3a=K oz.lﬁ,lz:sch:Alz.ez_ (flo_rX)Z/:S?L afr:{dv/;T irelééo,:Af f%‘.@g; and theoretically*="** The reduction mainly comes from
= 0.054, andC = 0.42 for*?Si. the h|gh-freguency _phonc_)ns, Whlch are sensitive to the
vacancy?’ With MD simulations, it is found that the thermal
simulations, in order to reduce the fluctuation, the results conductivities of diamond and carbon nanotubes decrease
are averaged over five realizations. as the vacancy concentration increase with an inverse power
As shown in Figure 1, the value of thermal conductivity law relation,x O x ¢, where the exponernt is 0.79 for
is 1.49 W/m K for pure®Si NW, which agrees with previous  carbon nanotube and 0.69 for diamond cry&tal. The MD
simulation and experimental resulfsl® The thermal con-  calculation results show that vacancies in nanotubes are not
ductivity of SINW is about 2 orders of magnitude smaller much more influential than in 3-D diamond, whereas in this
than that of bulk silicon crystal. This is due to the following letter, we find that the thermal conductivity of SINW
facts. First, the low-frequency phonons, whose wave lengthsdecreases exponentially with the increase of isotope con-
are longer than the length of nanowire, cannot survive in centration. The vacancy effect on thermal conductivity of
nanowire. Therefore, the low-frequency contribution to SiINW needs to be studied further.
thermal conductivity, which is very substantial and signifi- Some experimental and theoretical wdfké* have been
cant, is largely reduced. Second, because of the large surfacearried out to study the effects of interface and superlattice
to volume ratio, the boundary scattering in a quasi-1D struc- period on thermal conductivity of various kinds of super-
ture is very significant. The curve of thermal conductivity lattice structures. Results show that superlattice structures
decreases first to reach a minimum and then increases asre an efficient way to get ultralow thermal conductivity.
the percentage of isotope impurity atoms changes from However, for structures built from different crystal materials,
0—100%. Interestingly, the conduction curves follow an the relatively high interface energy will limit the stability of
exponential law. So, at low isotopic percentage, the small these structures. The isotopic-superlattice (IS) is a good
ratio of impurity atoms can induce large reduction on con- structure to reduce the thermal conductivity without destroy-
ductivity. For example, in the case 8Biy 9g"Sip.0, Nnamely, ing the stability. On the other hand, most of the studies,
2% 4%Si, its thermal conductivity is only 65% of that of pure  especially experimental ones, have focused on the structures
285i NW. Contrast to the high sensitivity at the two ends, of the superlattice period longer than the phonon mean free
the thermal conductivity versus isotopic concentration curves, path?%-43 Here we study the thermal conductivity of IS
are almost flat at the center part as show in Figure 1, wherestructured NWs which consists of alternatiff$i/*?Si or
the value of thermal conductivity is only 27%%i doping) 285i/2%Si layers along the longitudinal direction and with
or 77% €°Si doping) of that of puréSi NW. ultra-short superlattice period lengths (see Figure 2). We
It is worth pointing out that?Si is not as stable a&Si select the SINW longitudinal axis as tRexis; atoms in the
and®°Si. We study the isotopic doping witiSi because of =~ same layer means they have the sarneordinate. The NW
the large mass difference betwe®8i and?8Si; thus, we length is fixed at 5.43 nm (10 unit cells) and with cross
can explore the mass influence on isotopic effect. To comparesections of 3x 3 unit cells. Figure 3 shows the thermal
with the experimental results in bulk Si, we also calculate conductivity of the IS SINWSs versus the superlattice period
the thermal conductivity with natural isotopic abundance, length. As expected, the thermal conductivitieSi/**Si
5% 2°Si and 3%°°Si. The calculated thermal conductivity is are much lower than those &%Si”°Si, so the mass effect
1.28 W/m K, around 86% of pur&Si NW, which is close on reduction of thermal conductivity is also obvious in the
to the experimental results in bulk $i% IS structures. Although there is a difference in absolute values

The concentration of doping atom (x)
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Superlattice structure

Figure 2. Schematic picture of the IS structured SINW. The period
length is 2.17 nm (16 layers) here. Atoms with different mass are
denoted by the different size.

1.4 & A *si”Sl  (Nose-Hoover Bath)
EI' S —o—"“8ifsi (Mose-Hoover Bath)
E 121 AN v “sifsi (Langevin Bath) ]
u &
2101 - 1
g ]
Tosl % ]
= )
T
E ol
o = .
= . —
£ 044 = 1
2
F o2l — S ; :

0 1 2 3 4 5

Period length [nm]

Figure 3. Thermal conductivity of the superlattice SINWs versus
the period length at 300 K. SiNWs are along (100) direction with
cross sections of & 3 unit cells (lattice constant is 0.543 nm) and
ten unit cells in the longitudinal direction. The results by Nose-
Hoover method coincide with those by Langevin methods indicating
that our results are independent of the heat bath used.

of thermal conductivity betweefiSi/*?Si and?8Sif?°Si struc-
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Figure 4. Average normalized density of states of phonons of
different mass atom<§Si or #2Si) along the longitude direction
for superlattice SiINW structures. (a) The period length of super-
lattice NW is 2.17 nm (16 layers). This structure has low
conductivity, 0.42 W/m K. (b) The period length of superlattice
NW is 0.27 nm (2 layers). This structure has high conductivity,
0.85 W/m K.

phonon wavelength. This result coincides with Simkin’s
result on harmonic modé?.

To get a better understanding of the underlying physics
of thermal conductivity reduction in superlattice NWs and
the anomalous increase phenomena, we calculate the phonon
density of states (DOS) &fSi layer and*?Si layer in two
IS structured SiNWSs: 2.17 nm-period NW and 0.27 nm-
period NW as shown in Figure 4. When period length is
2.17 nm (16 layers), there is an obvious mismatch in the
DOS spectra, both at low-frequency band and high-frequency
band, results in very low thermal conductivity (Figure 3).
On the contrary, the DOS spectra overlap perfectly for IS
structured SINW whose period length is 0.27 nm (2 layers).

tures, the dependence of thermal conductivity on superlatticeThe good match in the DOS (Figure 4b) comes from the
period length is similar. The thermal conductivity decreases collective vibrations of different mass layers which is harder
as the period length decreases from 4.34 nm (32 layers) toto be built in longer superlattice period structures. The match/
1.09 nm (8 layers), which means the number of interface mismatch of the DOS spectra between the different mass
increases. The thermal conductivity reaches a minimum whenlayers controls the heat current. When the two spectra largely
the period length is 1.09 nm. This is consistent with the fact overlap with each other, the heat current can easily go
that increasing number of interface for fixed length will through the system and thus results in high conductivity. On
enhance the interface scattering which gives rise to thethe other hand, when the spectra mismatch, the heat current
reduction of the thermal conductivity. As the superlattice is difficult to go through the structure and thus leads to very
period decreases further, interesting phenomena appeardow thermal conductivity.
With the period length smaller than 1.09 nm, the thermal To summarize, we have obtained ultralow thermal con-
conductivity increases rapidly as the period length decreasesductivity of SiINWs by isotopic doping. Two kinds of
At the smallest period length of 0.27 nm (2 layers, 1 layer methods have been used to reduce thermal conductivities.
285 plus 1 layer*sSi or 2°Si), the thermal conductivity of IS The first method is random doping of the NW structure. The
SiNW increases to 0.85 W/m K§Si/*2Si) or 1.38 W/m K random doping can lead to a large scale decrease of thermal
(8SiFPoSi). conductivity of SINW, even with only 2% isotopic atom.
This anomalous increase in thermal conductivity can be And the second method is isotopic doping in the superlattice
understood qualitatively from the dominant phonon wave- structure. The superlattice structure can reduce the conduc-
length theory. At room temperature, the dominant phonon tivity significantly because the mismatch in DOS spectra of
wavelength is about<2 nm in most material®, which is different mass layers. It is interesting that the thermal
very close to the critical period length of 1.09 nm found in conductivity increases anomalously when the superlattice
SiNWs in this letter. So it can be concluded that the thermal period length is smaller than a critical value (1.09 nm in
conductivity will increase significant after decreasing the SiNWSs). It is shown that there are collective vibrations of
superlattice period length to be smaller than the dominant different mass layers in IS structured SiNWs when super-
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lattice period is smaller than this critical value. The collective
vibrations result in large overlap in DOS spectra. The mass
effect on conductivity is obvious. The heavier isotope atoms
(*%Si) can decrease conductivity much more than the lighter
ones {°Si). This is consistent with the idea that, to increase
ZT, the only way to reduce without affectingSando is to

use heavier atoms.The remarkable isotopic effect observed
in this work provides an efficient approach to decrease
thermal conductivity of SINW. This is of great benefit to
improve the thermoelectric performance as low thermal
conductivity also can prevent the back-flow of heat. These
improvements have raised the exciting prospect that SINWs
can be applied as novel nanoscale thermoelectric materials.

Acknowledgment. The work is supported by the
Temasek Young Investigator Award from DSTA Singapore
under Project Agreement POD0410553 and an Academic
Research Fund Grant, R-14800-203-112, from Ministry
of Education of Republic of Singapore.

References

(1) Xia, Y.; P. Yang, et. alAdv. Mater. 2003 15, 353.

(2) Cui, Y.; Wei, Q.; Park, H.; Lieber, C. M5cience2001, 293 1289.

(3) Huang, Y.; Duan, X.; Cui, Y.; Lauhon, L. J.; Kim, K.; Lieber, C. M.
Science2001, 294, 1317.

(4) Lauhon, L. J.; Gudiksen, M. S.; Wang, D.; Lieber, C. Nature
2002 420, 57.

(5) Vo, T.; Williamson, A. J.; Galli, GPhys. Re. B 2006 74, 045116.

(6) Rurali, R.; Lorente, NPhys. Re. Lett. 2005 94, 026805.

(7) Venkatasubramanian, R.; Siivola, E.; Colpitts, T.; O’Quinn\Bture
2001, 413 597.

(8) Sun, X.; Zhang, Z.; Dresselhaus, M. &pl. Phys. Lett1999 74,
4005.

(9) Rabin, O.; Lin, Y. M.; Dresselhaus, M. &ppl. Phys. Lett2001
79, 81.

(10) Lyeo, H. K. et al.Science2004 303 816.

(11) Hsu, K. F. et al.Science2004 303 818.

(12) Hicks, L. D.; Dresselhaus, M. hys. Re. B 1993 47, 16631.

(13) Majumdar, A.Science2004 303 777.

(14) Che, J.; Cagin, T.; Goddard, W. A., INanotechnology00Q 11,
65

(15) Zhang, G.; Li, BJ. Chem. Phys2005 123 014705.

(16) Zhang, G.; Li, BJ. Chem. Phys2005 123 114714

(17) Chang, C. W.; Fennimore, A. M.; Afanasiev, A.; Okawa, D.; Ikuno,
T.; Garcia, H.; Li, D.; Majumdar, A.; Zettl, APhys. Re. Lett.2006
97, 085901.

(18) Volz, S. G.; Chen, GAppl. Phys. Lett1999 75, 2056.

(19) Li, D.; Wu, Y.; Kim, P.; Shi, L.; Yang, P.; Majumdar, Appl. Phys.
Lett. 2003 83, 2934.

(20) Lu, X.; Chu, J.J. Appl. Phys2006 100, 014305.

(21) Bourgeaois, O.; Fournier, T.; ChaussyJJAppl. Phys2007, 101,
016104.

280

(22) Chiritescu, C.; Cahill, D. G.; Nguyen, N.; Johnson, D.; Bodapati,
A.; Keblinski, P.; Zschack, PScience2007, 315, 351.

(23) stillinger, F. H.; Weber, T. APhys. Re. B 1985 31, 5262

(24) Feng, X.-L.; Li, Z.-X.; Guo, Z.-Y.Microscale Thermophys. Eng.
2003 7, 153.

(25) Maiti, A.; Mahan, G. D.; Pantelides, S. olid State Commui997,
102 517.

(26) Nose S.J. Chem. Physl984 81, 511. Hoover, W. GPhys. Re. A
1985 31, 1695.

(27) Bonetto, F.; Lebowitz, J. L.; Bellet, L. R.; et al. Mathematical
Physics Fokas, A., et al., Eds.; Imperial College Press: London,
2000; p 128.

(28) Schelling, P. K.; Phillpot, S. R.; Keblinski, Phys. Re. B 2002
65, 144306.

(29) Tamura, S.; Tanaka, Y.; Maris, H.Bhys. Re. B 1999 60, 2627.

(30) Rosman, K. J. R.; Taylor, P. D. Pure Appl. Chem1998 70, 217.

(31) Fridmann, J.; et aNature2005 435 922. Notani, M.; et alPhys.
Lett. B2002 542, 49.

(32) Capinski, W. S.; Maris, H. J.; Bauser, E.; Silier, I.; Asen-Palmer,
M.; Ruf, T.; Cardona, M.; Gmelin, EAppl. Phys. Lett1997 71,
2109.

(33) (a) Capinski, W. S.; Maris, H. J.; Tamura,Fys. Re. B 1999 59,
10105. (b) Sparavigna, Ahys. Re. B 2002 65, 064305.

(34) Ruf, T.; Henn, R. W.; Asen-Palmer, M.; Gmelin, E.; Cardona, M.;
Pohl, H.-j.; Devyatych, G. G.; Sennikov, P. 6olid State Commun.
2003 127, 257.

(35) (a) Gusev, A. V.; Gibin, A. M.; Morozkin, O. N.; Gavwva, V. A.;
Mitin, A. V. Inorg. Mater2002 38, 1305. (b) Kremer, R. K.; Graf,
K.; Cardona, M. et al.Solid State Commur2004 131, 499. (c)
Cahill, D. G.; Watanabe, FPhys. Re. B 2004 70, 235322.

(36) (a) Zhernov, A. PJ. Exp. Theor. Phy001, 93, 1074. (b) Morelli,

D. T.; Heremans, J. P.; Slack, G. Rhys. Re. B 2002 66, 195304.
(c) Murakawa, A.; Ishii, H.; Kakimoto, KJ. Cryst. Growth2004
267, 452. (d) Broido, D. A.; Ward, A.; Mingo, NPhys. Re. B 2005
72, 014308.

(37) Che, J.; Cagl, T.; Deng, W.; Goddard, W. A., Ul.Chem. Phys.
2000 13, 6888.

(38) Gurevich, V. L.Transport in Phonon System#lorth-Holland:
Amsterdam, 1986.

(39) (a) Morelli, D. T.Phys. Re. B 1991, 44, 5453. (b) Ositinskaya, T.
D.; Podoba, A. P.; Shmegera, S.Mamond Relat. Materl993 2,
1500. (c) Klemens, P. G.; Pedraza, D.Garbon1994 32, 735. (d)
Yamamoto, T.; Watanabe, ®2hys. Re. Lett 2006 96, 255503.

(40) Yao, T.Appl. Phys. Lett1987 51, 1978.

(41) Yu, X.Y.; Chen, G.; Verma, A.; Smith, J. 8ppl. Phys. Lett1995
67, 3554.

(42) Lee, S.-M.; Cahill, D.; Venkatasubramanian, Appl. Phys. Lett.
1997, 70, 2957.

(43) Huxtable, S. T.; Abramson, A. R.; Tien, C.-L.; Majumdar, A.; et. al.
Appl. Phys. Lett2002 80, 1737.

(44) Wang, L.; Li, B.Phys. Re. B 2006 74, 134204.

(45) Chen, G.; Borca-Tasciuc, D.; Yang, R. G. Nanoscale Heat Transfer.
In Encyclopedia of Nanoscience and Nanotechngldb@wa, H. S.,
Ed.; American Scientific Publishers: Stevenson Ranch, CA, 2004;
Vol. 7, pp 429-459.

(46) Simkin, M. V.; Mahan, G. DPhys. Re. Lett 200Q 84, 927.

NLO725998

Nano Lett., Vol. 8, No. 1, 2008



