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Page 2Outline
â€¢ Measurement: Modulated time-domain
thermoreflectance (TDTR)
â€¢ Thermal conductivity: Phase change materials and
the minimum thermal conductivity.
â€¢ Thermal conductance of interfaces with electrodes:
Interfaces between highly dissimilar materials andanharmonic phonon transport.
â€¢ Controlling thermal conductance with thin interfaciallayers: C
60
films (demonstrated); disordered layeredcrystals WSe
2
(proposed).
Page 3Modulated pump-probe apparatus
f=10 MHzrf lock-in
Page 4IPM system built January 7-8, 2008  
Page 5Time-domain Thermoreflectance (TDTR)data for  TiN/SiO
2
/Si
â€¢ reflectivity of a metaldepends ontemperatureâ€¢ one free parameter:the â€œeffectiveâ€�thermal conductivityof the thermallygrown SiO
2
layer(interfaces notmodeled separately)
SiO
2
TiNSi
Page 6thermal conductivity map ofcross-section of thermal barriercoating, with J.-C. Zhao (GE)
Flexible, convenient, and accurate technique...
â€¢ ...with 3 micron resolution
Page 7Ge
2
Sb
2
Te
5
during temperature ramp
â€¢ Low conductivity in the cubic-phase (comparableto predicted Î›
min
) increases modestly withannealing. 
Page 8Cubic Ge
2
Sb
2
Te
5
formed by nsec laser pulse
â€¢ 523 nm, Q-switched doubled-YAG laser
Page 9Minimum thermal conductivity
â€¢ Both amorphous and â€œearlyâ€� cubic phase havethermal conductivities comparable to thepredicted minimum conductivity   http://www.nuokui.com/pdf/-P96oBziG67I.html  based on atomicdensity n and speeds of sound v.â€¢ v
l
measured directly by picosecond acousticsâ€¢ Assume v
t
= 0.6 v
l
High T limit
Page 10Thermal conductivity and interface thermal conductance
â€¢ Thermal conductance (per unit area) G is aproperty of an interfaceâ€¢ Thermal conductivity Î› is a property of thecontinuum
Page 11Interface thermal conductance between GSTand electrodes
maxmaxD
: vibrational cutoff frequency of material A(1.8 THz for Bi, 2.23 THz for Pb)v   : Debye velocity of material B
â€¢ Difficult to measure because thermalconductivities are small and, for c-GST,depends on thickness; see Reifenberg et al.(2007) and Lee et al. (2000).â€¢ And hard to predict because analytical modelsdo not include anharmonicity or details of theinterface structure and bonding.
â€¢ high temperature limit of the radiation limit
Î½Î½ =
3max2
3
bD
kGv
Î½Ï€
=
R. J. Stoner and H. J. Maris, Phys.Rev.B 48, 22, 16373 (1993)
Page 12Room temperature thermal conductance
â€¢ Pb and Bi show similarbehavior.  Electron-phonon coupling is notan important channel.â€¢ Weak dependence onDebye velocity of thesubstrate.â€¢ For Pb and Bi,conductance alwayslarger than predictedby a purely elasticprocess.
Page 13Interface thermal conductance: Factor of 60 range atroom temperature
L = Î›/GÎ› = 1 W m-1 K-1
a-GST/ZnS:SiO
2
Lee et al. (2000)
Page 14Bottom lineâ€¦
â€¢ Thermal conductance of Ge
2
Sb
2
Te
5
/nitrideinterfaces is not known precisely. Limited data andanalogy to Pb interfaces suggests G â‰ˆ25 MW m-2 K-1at room temperature.â€¢ Kapitza length L = Î›/G â‰ˆ10 nm for a-Ge
2
Sb
2
Te
5
â€¢ Not yet measured but G will probably increasesignificantly with temperature.â€¢ For liquid (metallic) Ge
2
 http://www.nuokui.com/pdf/-P96oBziG67I.html  Sb
2
Te
5
, conductance willbecome large because of electronic thermaltransport.
Page 15C
60
fullerene as thermal insulation
â€¢ Evaporate C
60
on TiN or TiAlNback-electrode contactsâ€¢ Add Ge
2
Sb
2
Te
5
layer (or not)â€¢ Coat with Al for thermaltransport measurements bytime-domain thermoreflectance
Page 16C
60
fullerene as thermal insulation
Al/C
60
/TiN
Al/C
60
/TiAlN
Al/c-GST/C
60
/TiN
C
60
AlTiN or TiAlN
C
60
GSTAlTiN or TiAlN
Fit gives interfaceconductance andconductivity of C
60
G=13 MW m-2 K-1Î› = 0.13 W m-1 K-1
Al/c-GST/C
60
/TiAlN
Page 17Layered disordered crystals: WSe
2
byâ€œmodulated elemental reactantsâ€�
â€¢ Deposit W and Selayers at roomtemperature on Sisubstratesâ€¢ Anneal to removeexcess Se andimprove crystallinityâ€¢ Characterize by RBS,x-ray diffraction (labsources and AdvancedPhoton Source) andTEM
David Johnson group, U. Oregon
Page 18Cross-sectional TEM of 60 nm thick WSe
2
Seongwon Kim and Jian Min Zuo
Page 19Thermal conductivity of WSe
2
â€¢ 60 nm film has the lowestthermal conductivity everobserved in a fully densesolid. Only twice the thermalconductivity of air.â€¢ A factor of 6 less than thecalculated amorphous limitfor this material.
Chiritescu et al. Science (2006)
Page 20Conclusions
â€¢ Thermal conductivity of amorphous and â€œearlyâ€�cubic phase and laser crystallized cubic phase areall comparable to the predicted minimum thermalconductivity â†’ strong disorder in the crystalâ€¢ Thermal conductance of interfaces with nitrideelectrodes is equivalent to â‰ˆ10 nm thick layer ofamorphous GST, decreases with thickness.â€¢ C
60
layer provides thermal resistance equivalent t  http://www.nuokui.com/pdf/-P96oBziG67I.html  oâ‰ˆ20 nm thick layer of amorphous GSTâ€¢ Could, in principle produce the same thermalresistance with a 5 nm thick layer of a disorderedlayered crystal such as WSe
2
.
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