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The ZTThe ZT--Problem: Problem: 

The task is to min The task is to min  and max S & and max S &  ::

 TheThe -- Problem:Problem:

»» In semiconductors, “In semiconductors, “” is dominated ” is dominated 
by the phonon contributionby the phonon contribution

»»  to reduce “to reduce “”, we need to increase ”, we need to increase 
phonon scattering!phonon scattering!

»»  leads to an increase in electron leads to an increase in electron 
scatteringscattering

»»      

 The SThe S-- Problem:Problem:

»» SS: is like a : is like a measure of the electronic measure of the electronic 
entropy (disorder/scattering) in the entropy (disorder/scattering) in the 
systemsystem

»» : is a measure of how fast we can : is a measure of how fast we can 
propagate a propagate a currentcurrent decreases decreases 
with increasing disorder!with increasing disorder!

»» Mott Equation:Mott Equation:

»»  S S    
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Objective HighObjective High--ZT: ZT: 

ZT ZT –– a 3D dilemma!a 3D dilemma!

Z is a 3D problem in nature, meanwhile almost all 
literature attempts deal with one parameter at a time!

Z

S



••Cooler:Cooler: Apply DC voltage Apply DC voltage  heat moves heat moves 
from coldfrom cold--side to hotside to hot--sideside

••Generator: Generator: Heat gradient Heat gradient  current flowcurrent flow
••Efficiency:Efficiency: Quantified by the dimensionless Quantified by the dimensionless 

quantity ZT  quantity ZT  
••Figure of merit : Figure of merit : Z = SZ = S22σ/σ/
••S:  S:  SeebeckSeebeck coefficient coefficient ((V/ V/ T)T)
••σ: σ: Electrical conductivityElectrical conductivity
••: : Thermal conductivity (= Thermal conductivity (= ee+ + phph))

TE GeneratorTE Generator

TE TE PeltierPeltier Effect:Effect:
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3 Objective HighObjective High--Temperature HighTemperature High--ZT : ZT : 
““Traditional Approaches” and their DrawbacksTraditional Approaches” and their Drawbacks

»» -- Problem:Problem:

»» ““Hard interfacial boundaryHard interfacial boundary” ”  Lots Lots of electron of electron 
scatteringscattering

»» Fabrication:Fabrication:

»» ““Small layer thicknessesSmall layer thicknesses” ”  ALD: Non scalable!ALD: Non scalable!

»» Integration:Integration:

»» ““Small separation between hot and cold sidesSmall separation between hot and cold sides” ” 
 low performance! low performance! 

Super Lattices:Super Lattices:
10Å/50Å10Å/50Å

Bi2Te3/Sb2Te3Bi2Te3/Sb2Te3
StructureStructure

»» -- Decoupled:Decoupled:

»» ““Unimpeded transport Unimpeded transport of electronsof electrons” ” 

»» Fabrication:Fabrication:

»» ““Too many wiresToo many wires” ”  lose quantum effects and lose quantum effects and 
approach thin filmsapproach thin films

»» Integration:Integration:

»» ““Requires vertical integrationRequires vertical integration” ”  Practically Practically 
impossibleimpossible

NanoNano--Wires:Wires: Doped Si Doped Si 
nanowirenanowire arrayarray

»» -- Problem Problem (low (low  ~10w/~10w/mKmK& low & low  ):):

»» ““Incoherent scatteringIncoherent scattering” ”  Affects both Affects both 
electrons and phononselectrons and phonons

»» Fabrication:Fabrication:

»» ““Nanostructures Nanostructures selfself--assemblyassembly” ” 
Nondeterministic outcomeNondeterministic outcome

»» IntegrationIntegration ((verticalvertical):):

»» ““very thin films~0.5µmvery thin films~0.5µm” ”  Questionable!Questionable!

Ceramics (Oxides):Ceramics (Oxides):

Issues:Issues:

»» Fabrication/Integration:Fabrication/Integration:

»»Compatibility with standard Compatibility with standard FabFab..

»»Need pNeed p--n junctionn junction SiGeSiGe

»» Common Literature Mistake:Common Literature Mistake:

»»Mention only nMention only n--type or ptype or p--type ZTtype ZT

»»ZTZTSiGeSiGe--nn~0.8~0.8 & & ZTZTSiGeSiGe--pp~0.5~0.5

»»ZTZTSiGeSiGe--pnpn~0.7 (@1000K)  low!~0.7 (@1000K)  low!

Bulk TE Materials:Bulk TE Materials:

0.5

0.8

G. Jeffrey et. al., Nature Materials, Feb 2008



4 Reducing Reducing : : 
Phononic Crystal Approach A lateral (planar) DevicePhononic Crystal Approach A lateral (planar) Device

The thermal conductivity is given by The thermal conductivity is given by 
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To change To change  need to change :need to change :
a.a. Dispersion “Dispersion “(q)”(q)”
b.b. Minimum feature size “Minimum feature size “L”L”

 What is a Photonic Crystal?What is a Photonic Crystal?

–– CreatedCreated by superposing Mie and by superposing Mie and 
Bragg resonant scattering by a Bragg resonant scattering by a 
periodic arrangement of  periodic arrangement of  
scattering centers in a lattice.scattering centers in a lattice.

–– RequiresRequires sufficient acoustic sufficient acoustic 

impedance mismatch.impedance mismatch.

Allowed States

Forbidden States

gap

Nph
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5 Reducing Reducing : : 
Planar Planar PnCPnC ApproachApproach

•• Dispersion Engineering: How Coherent Dispersion Engineering: How Coherent 
Scattering WorksScattering Works

Bragg Resonance Bragg Resonance  Creation of gap (long wavelength Creation of gap (long wavelength 
acoustic phonons)acoustic phonons)

Flat Bands Flat Bands  LLess in number but higher in densityess in number but higher in density
 Reduced group velocityReduced group velocity

Negative Bands Negative Bands  Backward  propagation (backward Backward  propagation (backward 
scattering)scattering)

~10GHz
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Reducing Reducing : : 
Planar Planar PnCPnC ApprachApprach

•• AdditionalAdditional EvidenceEvidence ofof CoherentCoherent
ScatteringScattering

•• SuspendedSuspended--islandisland techniquetechnique::
 The only thermal path between the heating

stage and the detector stage is the PnC
sample.

 Pick-and-place technique using a Omniprobe
needle tip used to place the PnC samples
between the suspended islands.

 SEM close-up showing the quality of the FIB
welding of the PnC sample to the islands
using platinum.

 Comparison of the square PnC lattice with a
triangular PnC lattice of the same thickness,
hole diameter, critical dimension L (minimum
feature size).

 22DD AirAir FractionFraction::

 RatioRatio::

 SinceSince allall otherother parametersparameters areare
constantconstant::

 SameSame holehole sizesize
 SameSame slabslab thicknessthickness
 SameSame criticalcritical lengthlength
 SameSame materialmaterial

 ThenThen::

Sq

Hex

Hex

Sq

ff

ff





1.152.88

 OffOff byby aa factorfactor ofof 22..55!!
 MustMust bebe topology!topology!
 DispersionDispersion !!
 CoherentCoherent !!

Incoherent boundary Incoherent boundary 
scattering onlyscattering only

Coherent + Incoherent Coherent + Incoherent 
scattering (scattering (PnCPnC theory)theory)

P. Hopkins, et. al., P. Hopkins, et. al., NanolettersNanoletters, 2010 , 2010 

PnCs

TheoryTheory VersusVersus ExperimentExperiment::
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Reducing Reducing : : 

How can such widely spaced holes affect high frequency phonons?How can such widely spaced holes affect high frequency phonons?

•• WhenWhen dodo ourour predictionspredictions breakdown?breakdown?::
•• SensitiveSensitive toto thethe latticelattice periodicperiodic topologytopology

PWE PWE ––PnCPnC theory predictions  theory predictions  remain:remain:
••Quantitatively validQuantitatively valid ::

••In In the Debye Limit portion the Debye Limit portion of the dispersion:of the dispersion:
•~7.5THz for LA
•~3.5 THz for TA

••Qualitatively validQualitatively valid ::
•• In In the linear/slow portion of the material the linear/slow portion of the material 
dispersiondispersion

•• ReductionReduction MechanismMechanism::
1.1. PnCPnC--coherentcoherent scatteringscattering directlydirectly affectsaffects lowlow

frequencyfrequency acousticacoustic phononsphonons
2.2. PnCPnC--coherentcoherent scatteringscattering affectsaffects highhigh frequencyfrequency

opticaloptical phononsphonons inin anan indirectindirect mannermanner::
 OpticalOptical PhononsPhonons areare responsibleresponsible forfor uptoupto ~~2727%% ofof

crosscross--planeplane  [[Sellan, et. al, , JAP 108, 113524 (2010) ]]..
 ~~3030%% ofof allall opticaloptical phononphonon scatteringscattering involvesinvolves anan

acousticacoustic phononphonon modemode [[BroidoBroido,, PRBPRB 8181,, 085205085205
((20102010)])]..

 PnCPnC anomalousanomalous dispersiondispersion affectsaffects lowlow layinglaying acousticacoustic
modesmodes

3.3. IncoherentIncoherent PnCPnC boundaryboundary scatteringscattering affectsaffects highhigh
frequencyfrequency acousticacoustic andand opticaloptical phononphonon modesmodes

EndEnd resultresult:: IsIs aa reductionreduction inin thethe overalloverall thermalthermal conductivityconductivity
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Anticipated Performance Anticipated Performance 

SemiconductorSemiconductor--Air Air PnCPnC ZT EstimateZT Estimate

•• PredictedPredicted  ReductionReduction:: HollandHolland--CallawayCallaway EquationEquation

•• Ok,Ok, butbut whatwhat happenshappens toto thethe
electronselectrons @@ L~L~500500nm?nm?

•• MeanMean freefree pathpath ofof thethe electronselectrons isis ~~1010nmnm
oror lessless @@10001000KK   shouldshould bebe affectedaffected
atat mostmost byby thethe porosityporosity factorfactor

Controlled OxidationControlled Oxidation
a=1a=1m, r=250nm, L=500nmm, r=250nm, L=500nm

Standard PhotolithographyStandard Photolithography
a=1a=1m, r=250nm, L=500nmm, r=250nm, L=500nm

 

BulkSCPnC

BulkSCPnC

BulkSCBulkSCairPnC
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A factor A factor of of 44 enhancement in enhancement in ZT@1000K!ZT@1000K!



9 Increasing Increasing  While Maintaining Low While Maintaining Low 
Semiconductor/Metal PnCSemiconductor/Metal PnC

MetalSC SC

Depletion 
Layer

x
Thot Tcold

- -
x

•• EffectiveEffective ::
 IncreasedIncreased dopingdoping

 decreasesdecreases thethe interfaceinterface
potentialpotential widthwidth
 ElectronElectron tunnelingtunneling

 ““OhmicOhmic ContactContact”!”!

•• AtAt degeneratedegenerate dopingdoping::

BulkSCBulkSCMetal

PnCMetalMetalMetalWPnC
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•• EffectiveEffective ZTZT::
•• AssumingAssuming:: nmLffnmrma W 500&2.0~250&1  

•• EffectiveEffective  (( ))::
•• WhatWhat happenshappens toto thethe thermalthermal resistanceresistance nownow thatthat wewe havehave

pluggedplugged thethe holesholes withwith “metal”“metal”??
 MechanicalMechanical impedanceimpedance mismatchmismatch isis stillstill veryvery highhigh
 IncoherentIncoherent scatteringscattering almostalmost unaffectedunaffected
 CoherentCoherent scatteringscattering slightlyslightly enhancedenhanced


1

- Tunneling

Fabricated Example: 
Si/W PnC

A factor A factor of of 5 5 enhancement in enhancement in ZT@1000K!ZT@1000K!
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SiCSiC--PnCPnC + + MetalicMetalic--
nanoparticlesnanoparticles

•• IfIf WW effecteffect onon  isis drasticdrastic::
•• WeWe cancan increaseincrease SS andand mildlymildly affectaffect  andand  byby ionion

implantationimplantation ofof metallicmetallic nanoparticlesnanoparticles::
 AlAl ionsions implantedimplanted inin SiCSiC--PnCPnC atat IBLIBL--SNLSNL
 AnnealAnneal  congregatecongregate islandsislands ~~55--2020nmnm
 ConceptualConceptual proofproof datadata isis forfor PbTe: samesame argumentsarguments

holdhold forfor aa highlyhighly--dopeddoped SC,SC, althoughalthough quantumquantum
mechanicalmechanical treatmenttreatment wouldwould bebe bestbest (SNL(SNL--California)California)

Solid circles:Solid circles:

Electron & phonon Electron & phonon 
scattering on the inclusions; scattering on the inclusions; 

Open Open circles: circles: 
Include electron scattering Include electron scattering 
on the inclusions but with on the inclusions but with 
bulk values of bulk values of ; ; 

Solid Solid lines (filled squares): lines (filled squares): 
Experimental & calculated Experimental & calculated 
Bulk valuesBulk values

PHYSICAL REVIEW B 77, 214304 2008

R=1.5nm; x=5%
100% increase!100% increase!

decreasedecrease

decreasedecrease

Additional Factor Additional Factor  2 2 
enhancement in enhancement in ZT@1000KZT@1000KIncreasing S (quadratic) Increasing S (quadratic) 

Metallic Metallic NanoNano--Particle implantationParticle implantation
((Up to a factor of 8 total enhancement!Up to a factor of 8 total enhancement!))
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Overall Picture: Overall Picture: 3 Possible Approaches in Order of Difficulty3 Possible Approaches in Order of Difficulty

Possible Material Systems (test beds)Possible Material Systems (test beds)

#1 #1 SC/Air  SC/Air  PnCPnC #2 #2 SC/Metal  SC/Metal  PnCPnC #3 #3 SC/Air  SC/Air  PnCPnC + MNPs+ MNPs

ZT up by 4 ZT up by 4 @@1000K1000K ZT up by 5 ZT up by 5 @@1000K1000K ZT ZT up by 8 up by 8 @@1000K 1000K 

These are These are NOTNOT independent routes, but rather independent routes, but rather different different postpost--processing techniques for the processing techniques for the 
same PnC same PnC device with device with different different optimal parameters!optimal parameters!

•• Si/AirSi/Air && Si/WSi/W::
EasyEasy toto processprocess
CMOSCMOS fabfab.. compatiblecompatible
Cheap!Cheap!
ProvidesProvides aa proofproof ofof concept!concept!
SiSi hashas aa largelarge powerpower factorfactor
SuitableSuitable forfor roomroom TT applicationsapplications

•• SiCSiC/Air/Air && SiCSiC/W/W::
CorrosionCorrosion resistantresistant
ResilientResilient inin harshharsh environmentsenvironments
WithstandsWithstands cyclingcycling atat highhigh TT
CMOSCMOS fabfab.. compatiblecompatible

KnowKnow howhow toto processprocess wellwell andand controlcontrol
minimumminimum featurefeature sizesize

HardHard toto dopedope ((pp--typetype))
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Reducing Reducing : : 
Planar Planar PnCPnC ApproachApproach

•• EvidenceEvidence ofof CoherentCoherent ScatteringScattering::
•• SensitiveSensitive toto thethe latticelattice periodicperiodic topologytopology Porosity correction

Same L different t & a  only influence dispersion


