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Motivation

Seebeck Coefficient Conductivity

\ / / Temperature
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ZT ~ 3 for desired goal

Difficulties in increasing Z7 in bulk materials:
StU=0!
ot =251 and Kt

= A limit to Z is rapidly obtained in
conventional materials

= So far, best bulk material (Bi, ;Sb, sTe;)
has ZT ~ 1 at 300 K

Low dimensions give additional control.:
e Enhanced density of states due to quantum confinement effects

= Increase S without reducing O

e Boundary scattering at interfaces reduces K more than o
 Possibility of carrier pocket engineering to further improve ZT



Enhanced Thermoelectric Properties of
Conventional Materials
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Introduction to Low Dimensions

 Density of states and predicted ZT:
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e Promising low-dimensional systems:
2D Quantum Wells: PbTe/PbEu,  Te,
S1/Ge and GaAs/AlAs
1D Quantum Wires: Bi and B1,_Sb,
0D Quantum Dots: PbSe Te,

segmented nanowires
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PbTe/Pb, 4,-Eu, ,,;Te superlattice samples with thick barrier
layers show enhanced thermoelectric properties relative to bulk
values for small quantum well widths (1996).



Carrier Pocket Engineering Approach to

GaAs AlAs

1.4eV

2.96eV

Enhance Z;,T

Application of Carrier Pocket Engineering
Concept 1n GaAs/AlAs quantum well
superlattice systems
—Optimization of well and barrier widths
—Determination of lattice growth
orientation
—Enhancement in ZT from various carrier
pockets other than I point pockets

» Concept successfully applied to GaAs/AlAs and Si/Si,_ Ge, superlattices.



Enhanced Z7 in PbSe Te, /PbTe
Quantum Dot Superlattices
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e Enhancement of Z7 at 300 K in quantum dot superlattice 1s more
than a factor of two relative to best available bulk PbTe
e More favorable carrier scattering mechanism due to adsorbed or
precipitated Te
e Partial carrier confinement in quantum dots of PbSe, (s Te, o,
e Lower lattice thermal conductivity in alloy
e Highest Z7 = 2 1s obtained in quantum dot superlattice



Thermoelectrics in 1D systems —
B1 nanowires

* Why B1?
— Smallest electron effective mass (~0.001m,) of known
materials.
— Favorable to observe quantum confinement effects
— Highly anisotropic Fermi surface (ratio > 100)
—> More variability for band structures
— Long mean free path (~mm at 4 K)
—> Suitable for studying transport properties
— Low carrier concentration (~10'%cm™)
—> Can be easily managed by doping: Te (n-type) or Pb, Sn
(p-type)



Band Structure of B1
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Template-Assisted Nanowire Fabrication

« Synthesis of porous templates (e.g., anodic alumina)

 Filling of nanopores with target material

— Pressure injection

~ 40 nm

|
f

— Vapor deposition
— Electrochemical deposition
* Post-filling treatment ALO; {

Target material (Bi,_Sb,)

Filled template

Al

Barrier Layer

Template
Dissolution

Al and Barrier

Layer Removal H H H H

Nanowire array Free-standing wires




Synthesis of Nanowires

Pressure Injection

Bi-filled channels Empty channels

SEM image of top surface of porous alumina
anodized in 4 wt% H,C,0, at 45 V. The pore
diameter is ~ 44 nm.

SEM image of bottom surface of Bi nanowire
arrays after the barrier layer has been removed.
The wire diameter is ~ 40 nm.




Intensity (Arbitary Units)

X-Ray Diffraction of Nanowire Arrays
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X-ray diffraction of Bi nanowire arrays
with different diameters: (a) 40 nm, (b)

52 nm, and (c) 95 nm.
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X-ray diffraction of 40-nm Bi nanowire
arrays with different compositions: (a)
undoped, (b) doped with 0.15 at% Te,
and (c) alloyed with 15 at% Sb.



TEM and Electron Diffraction

» The nanowires are
uniform, continuous
and highly crystalline

Electron
| diffraction

High resolution TEM of a 40-nm Bismuth oxide

B1 nanowire /s el S

4 um 1@_[‘."1

TEM image of a long free-standing Bi
nanowire . The average wire diameter is
~ 65 nm.




Semimetal-Semiconductor Transition in B1

trigonal (z)
— Group V element

. . hole pocket
— Semimetal in bulk form

— The conduction band (L-electron)

overlaps with the valence band
(7-hole) by 38 meV

electron pocket (A)

. . .- bisectrix (y)
 Binanowire binary (x)

— Semimetal-semiconductor
transition at a wire diameter Brillouin zone of Bi

about 50 nm due to quantum
confinement effects \/

Semimetal /\ Semiconductor
>

Decreasing wire diameter



R[T]/R[T=300K]
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Measured R(7) for different wire diameters.
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 Provides confirmation of modeling
e Provides evidence for semimetal-semiconductor transition



Boundary Scattering Effect
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* Provides evidence for wire boundary scattering and for ballistic transport
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Seebeck Coetficient Measurements
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* For semimetallic Bi nanowires, the
thermoelectric power increases with
Te dopant concentration.
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Seebeck measurements of 200 nm Bi
nanowire arrays as a function of 7.

J. Heremans et. al., Phys. Rev. B 59, 12579 (1999)




Measurements of Individual B1 Nanowires

4-Point Resistivity Measurement — Differential Seebeck Measurement
- Seebeck measured with respect to

known bulk Bi1 film
* Contact resistance > IMQ =47
* Non-linear I-V AT

- AT~0.5K easily attained




4-Point Measurement at Room Temperature

of a 200nm B1 nanowire

Current (pA)
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Optical Properties Measurements
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The dielectric function (€,+i€,) of Bi nanowires with different
diameters obtained from analysis of reflectivity measurements.



Alumina Templates on Silicon Wafers

thermal evaporation Al

N

‘ ; Si (100) \
/

patterned conducting layer

electrochemical Al

/

patterned conducting layer

selective etch

3
>

Si (100)

‘ ; Si (100) \
/

patterned conducting layer

anodization

N

>

Si (100)

porous alumina

patterning

>
>

deposition
Si (100)

nanowires



Nanowire Growth in Templates

vacuum
' nanowires

o
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template Si wafer

Bismuth nanowires grown Bi2T63 nanowires grown by
by electrochemical electrochemical deposition
depOSItlon (COmpOSIthIl- (Courtesy of Dr. M. A. Ryan).

contrast image).



Towards Multi-Component

Nanowire Arrays

By means of lithography, a design allowing deposition of both p-type
and n-type components on the same support could be achieved.
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Z,pT of n-type B1 Nanowires

40 nm

10" 10" 10‘*’3 10%
Dopant Concentration (cm )
Z,T as a function of donor
concentration for different

wire diameters at 77 K.
Wire orientation: Trigonal.
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Carrier Pocket Engineering —

Bi,_Sb.

Bi and Sb

Group V elements

Semimetals in bulk form 40

Completely miscible with each

other 20

Introduction of Sb in Bi moves
down the 7-point valence band
edge in energy relative to the L-
point carriers

Provides a promising approach to -20
achieve desirable band structure

(i.e., semiconducting) in Bi
nanowires

E (meV)

Alloy

Bismuth >

Antimony

0.05 0.10 0.15

Band structure of B1,_Sb, alloy as a function of Sb

SM: Semimetal
SC: Semiconductor

concentration x.



Wire Diameter (nm)

Electronic Band Structure of

B1, Sb_Nanowires
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Wire Diameter (nm)

Predicted Z,,T of B1, Sb_ Nanowires
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Z,pT of both p-type and n-type Bi, Sb, nanowires are improved, and performance
of practical interest is predicted at easily accessible wire diameters

n-type and p-type nanowires have matched Z7 (~1.2) at a wire diameter of ~ 40
nm and Sb concentrations of x ~ 0.13



Semimetal-Semiconductor Transition
Observation
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Measured R(T) of pure Bi nanowires. Measured R(T) of 65-nm Bi,_Sb, nanowires.

J. P. Heremans et al.

65-nm Bi1,_Sb_nanowires exhibit semimetal-semiconductor
transition behaviors similar to those of pure Bi nanowires.



Seebeck Coetficient
Measurements
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Thermoelectrics in Low-D
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Segmented Nanowire Systems
2D + 1D = Better Thermoelectncs”

* Segmented Nanowires:
—  Superlattice in a 1D system

* Motivation
— To take advantage of both the superlattices
and the nanowires to design a better
thermoelectric system

Wu et al Nano Letters (2002)

— To substantially reduce the lattice thermal conductivity by
increasing the phonon scattering at the segment interfaces

— To gain insight and understanding of the enhanced thermopower S
(and the power factor $?0) in quantum dot arrays (Harman et al.) and
cross-plane superlattice systems (Venkatasubramanian et al.)

* In practice, segmented nanowires can be synthesized using
a controlled electrochemical deposition system or laser-

ablation approach (Lieber et al, Samuelson et al., and Yang et al.)



Enhancement 1in Seebeck
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Summary

« 2D
— Proof of principle of enhanced ZT
— Carrier pocket engineering concept applied

— Experimental results show high ZT for cross-plane
geometry

« 1D
— Theoretically predicted enhancement of ZT
— Experimental measurements verify theoretical model

« 0D

— Experimental results of quantum dot superlattices show
high ZT

— Preliminary modeling results show enhanced Seebeck for
segmented nanowires





