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ZT : Figure of Merit

How can we increase ZT?

Current Bulk Thermeoelectric Materials
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T.M. Tritt and M.A. Subramanian,
MRS Bulletin 31, 188 (March 2006)
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Thus far two approaches
have shown the greatest

promise:
1. Phonon-Glass
Electron-Crystal

(G. Slack)

2. Low Dimensional
Materials
(M. Dresselhaus)
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TE Enhancement : Nanostructured Materials

o Multilayered Structures o Ag,Pb,SbTe, ., with nanoscale PbTe?: k reduction
first proposed in 19874 o Nanostructured SiGe bulk alloys®: k reduction
One dimensional quantum wires® o Nanostructured Bi,Te; bulk alloys*: k reduction

0
o Bi,Te;/Sh,Te, supperlattice: ZT=2.4C o Nanocrystalline CoSb;>: k reduction
o Quantum dot supperlattice: ZT =1.6° o PbTe with Pb nanoprecipitates® : S increase
o Metal-based supperlattices® o PbTe nanocomposites’-3: S increase

o PbTe ‘dimensional’ nanocomposites® 1%: S increase
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‘Dimensional’

Nanocomposites

Macro-grains  Nano-grains
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Expectations:
Reduced thermal conductivity?
Enhanced thermopower?

Increased ZT?
Cheap, self-assembly method
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First Steps:

 Synthesis of high yield nanocrystals
 Densify into nanocomposites
e Measure transport properties
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PbS, PbSe and PbTe

» NaCl-like FCC lattice structure
 Relatively low thermal conductivity

 Direct-gap semiconductor at the L-point of the Brillouin .-

Z0Nc

« Bandgap between conduction and valence bands:

PbS > PbTe > PbSe

2712 2712
 Lattice parameter: Z ki + z ki =FE+E*/E;
PbS < PbSe < PbTe " "
Bulk Property PbS PbSe PbTe
Lattice Parameter (A) 5.94 6.12 6.46
E,at 77K (meV) 307 168 215
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PbTe energy bandstructure

X. Gao and M.S. Daw,
Phys Rev B 77, 033103 (2008)
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Requirement: High Yield Nanocrystal Synthesis
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PbTe Nanocomposites

S1ze & Shape Selectivity Densification

200 o SPS

& ek ¥
PbTe SPS1 e 25.0kV x13000 1um ¢

PbTe nanocrystals within
the bulk matrix

J. Martin, G. S. Nolas, W. Zhang, and L. Chen,
Appl. Phys. 90, 222112 (2007)

J. Martin, L. Wang, L. Chen, and G.S. Nolas,
Phys. Rev. B 79, 115311 (2009)
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Spark Plasma Sintering

Pressure

Mold, Punches Electric Current Discharge
& Sample

L
DC Pulse

A Generator

& Controller

Sintering Mold

___Punch
Electrode

v
Joule Heat Particle

Pressure Chamber Diffusion T
Pressure
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Intensity (Arbitrary)

Powder and Polycrystalline XRD

PbTe

Ag-doped PbTe
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J. Martin, G. S. Nolas, W. Zhang, and L. Chen, Appl. Phys. 90, 222112 (2007)
J. Martin, L. Wang, L. Chen, and G.S. Nolas, Phys. Rev. B 79, 115311 (2009)
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Resistivity (mQ-cm)

PbTe Nanocomposites
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@ 300 K Specimen D (%) p(mQ-cm) S (uV/K) k (W-m'K") p(em?®) S’ (uW/K’cm) Pb:Te

PbTe-1 ® 94 24.9 328 2.2 9.5x 10" 4.3 49.91 : 50.09
PbTe-11 A 95 12.6 324 2.5 1.5x 10" 8.3 50.42 : 49.58
B-I g 97 37 325 - 8.0x 10" 2.9 -
B-11 97 19 250 - 9.5x 10" 3.3 -

J. Martin, G. S. Nolas, W. Zhang, and L. Chen, Appl. Phys. 90, 222112 (2007)
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Seebeck Coefficient (LV/K)

PbTe Nanocomposites
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PbTe-l 94 24.9 328 22 95x%x10" 43 4991 : 50.09
PbTe-Il 95 12.6 324 25 15x10" 83 50.42 : 49.58
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J. Martin, L. Wang, L. Chen, and G.S. Nolas, Phys. Rev. B 79, 115311 (2009)
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Thermopower Enhancement in Nanocomposites
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Seebeck Coefficient (uV/K)
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H. Kirby, J. Martin, L. Chen, and G.S. Nolas,
Proc. Mater. Res. Soc. 1166 (2009)



PbTe Nanocompos1tes
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Model : Granular Nanocomposites

Goal - describe electrical conductivity and Seebeck coefficient
- understand the role of grain interface scattering
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diffusive, quasi-equilibrium transport

G, S — derived using linear response theory

e — electron charge
m* - effective mass

T — temperature

1 — chemical potential

7(E) — relaxation rate
g(E) — total density of states (DOS)
f(E) — energy distribution function

A. Popescu, L.M. Woods, J. Martin, and G.S. Nolas, Phys. Rev. B 79, 305302 (2009)
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Scattering Mechanisms

I Z 1 E5E,
Ep E<E,

Scattering due to acoustic phonons

h4 Iovz 1 E—I/Z
87> k,T 2m')’"> D’ L w

Scattering due to optical phonons Infinite number of barriers:
E, — barrier height

hZ
e =TS —E'"” w — barrier width
27m ek, T (e, —¢,) L — distance between the barriers

T (E) —

7(E)

Scattering due to ionized impurities

- through one barrier
Z'e'N, 2
r, (E)= N e 25| || B
3 l67x(2m ) "¢ E.
Interface grain barriers p — mass density
* longitudinal speed of sound
EY=A/v v=~2E/m V1 - JONSIHIEINAT Speet ©
7,(E) / D — deformation potential constant

A= i T" ( E)(l . T( E)) nl = w N, — concentration of impurities
n=l 1-T(E) & dielectric constants
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T(E) — quantum mechanical transmission



s (Om)”

Comparison: Experiment and Theory
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A. Popescu, L.M. Woods, J. Martin, and G.S. Nolas, Phys. Rev. B 79, 305302 (2009)
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s (Qm)”

TE Transport Properties:
The role of Carrier Concentration

| L 1 L . " 1 i L 1 i 1 L 1 " 1 n 1
2000 - . 4 980
w—0=5.5x10 " cm’ 1
——p=5.7x10" cm 200
1500 === p=5.9x10"° cm™ 250 4
- 18 -3 =
—0=6.1x10" cm 4 ]
to00.| ——P=6.3x10" cm” 2. 200-
= _
150 -
500 n 1 00 _
50 -
80 100 130 200 250 1300 50 100 150 200 250 300
T (K) T (K)
Higher concentration results oincreases &
in more transport carriers S decreases.

T\
'.f‘ NOVEL MATERIALS LABORATORY V

Oy |
\ - 4 UNIVERSITY OF SOUTH FLORIDA



s (QOm)”

Grain Boundary Height
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Grain Boundary Width
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Distance (L) Between Barriers
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S°c for PbTe granular nanocomposites
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A. Popescu, L.M. Woods, J. Martin, and G.S. Nolas, Phys. Rev. B 79, 305302 (2009)
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CoSb; for PbTe granular nanocomposites
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L.M. Woods, A. Popescu, J. Martin, and G.S. Nolas, Proc. Mater. Rec. Soc. 1166 (2009)
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Device manufacturing: Self Assembly
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AssemblyYield

Challenge of Self Assembly: Rate & Yield
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Assembly yield depend on process and design parameters.

Goal: Develop predictive models of self assembly process rate and yield to
facilitate design of high rate and yield processes at industrial scales.

N. Crane, P. Mishra, J. Murray, G.S. Nolas, J. Electronic Mater 38, 1252 (2009)
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