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Overviewglobal Innovations: materials for energy

How would you…
…describe the overall signifi cance 
of this paper?

Thermoelectricity	provides	
an	important	route	for	energy	
conservation	by	turning	waste	
heat	energy	into	useful	electrical	
energy	and	for	new	uses	of	energy	
generation	in	the	future	from	solar	
energy	sources.

…describe this work to a 
materials science and engineering 
professional with no experience in 
your technical specialty?

The	recent	development	of	
materials	with	nanostructures	
allows	properties	like	electrical	
conductivity	and	thermal	
conductivity,	which	are	important	
for	thermoelectric	applications,	to	
be	independently	controlled	through	
the	size	of	the	structures,	whereas	
the	same	materials	in	bulk	form	
follow	a	physical	relation	between	
these	two	quantities,	preventing	their	
independent	control.

…describe this work to a 
layperson?

Close	to	20	years	ago	the	fi	rst	
author	of	this	paper	proposed	that	
better	thermoelectric	performance	
could	be	achieved	based	on	the	
use	of	nanostructures.	Laboratory	
experiments	were	designed	and	
carried	out	over	a	ten-year	period	
to	demonstrate	that	these	concepts	
were	correct	in	principle.	The	work	
reported	here	is	a	scaled-up	version	
of	the	laboratory	tests	to	make	
samples	large	enough	for	useful	
harnessing	of	waste	heat	energy	to	
electricity,	showing	a	performance	
40%	better	than	present	commercial	
bulk	modules.

The	concept	of	using	nanostructured	
composite	materials	to	enhance	the	di-
mensionless	 thermoelectric	 fi	gure	 of	
merit	ZT	relative	to	that	for	their	coun-
terpart	 homogeneous	 alloyed	 bulk	
crystalline	materials	of	similar	chemi-
cal	composition	is	presented	in	general	
terms.	 Specifi	c	 applications	 are	 made	
to	the	Si-Ge	and	Bi

2–x
Sb

x
Te

3
	systems	for	

use	in	high-temperature	power	genera-
tion	and	cooling	applications.	The	sci-
entifi	c	advantages	of	the	nanocompos-
ite	 approach	 for	 the	 simultaneous	 in-
crease	in	the	power	factor	and	decrease	
in	the	thermal	conductivity	are	empha-
sized	insofar	as	their	simultaneous	oc-
currence	is	enabled	by	the	independent	
control	 of	 these	 physical	 properties	
through	the	special	properties	of	 their	
nanostructures.	 Also	 emphasized	 are	
the	practical	advantages	of	using	such	
bulk	 samples	 both	 for	 thermoelectric	
property	measurements	and	for	provid-
ing	 a	 straightforward	 path	 to	 scaling	
up	the	materials	synthesis	and	integra-
tion	 of	 such	 nanostructured	 materials	
into	 practical	 thermoelectric	 power-
generation	 and	 cooling	 modules	 and	
devices.	

IntRodUctIon

	 Recent	advances	in	the	practical	uti-
lization	 of	 thermoelectric	 devices	 for	
cooling	 car	 seats,	 providing	 electrical	
power	for	both	deep	space	probes	and	
for	data	communications	 from	remote	
areas,1	 together	 with	 recent	 research	
advances	in	the	performance	of	bulk2–5

and	 low	 dimensional6–8	 thermoelectric	
materials	 have	 set	 the	 stage	 for	 new	
vistas	for	the	use	of	advanced	thermo-
electric	materials	for	energy	harvesting	
applications.	 Such	 applications	 are	
needed	 to	 address	 the	 challenges	 of	 a	
transition	to	renewable	energy	sources	
by	 the	 end	 of	 the	 21st	 century.	 This	
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summary	 briefl	y	 reviews	 a	 role	 that	
thermoelectric	materials	might	play	in	
this	 transition	 process	 and	 the	 recent	
progress	that	has	been	made	in	the	ther-
moelectric	 materials	 research	 fi	eld,	
thereby	 lending	 support	 to	 the	 imple-
mentation	of	this	vision	for	providing	a	

viable	technology	to	convert	waste	heat	
energy	 (thermal	 energy)	 to	 electrical	
energy	within	a	useful	time	frame	(20	
years)	 and	 on	 a	 useful	 energy	 scale	
(GW	scale)	for	impact	on	the	larger	en-
ergy	picture.	
	 Thermoelectric	energy	conversion	is	
based	on	the	Seebeck	effect	and	allows	
for	the	generation	of	electricity	directly	
from	a	 supply	of	 thermal	 energy.	The	
Seebeck	effect	occurs	when	a	material	
is	subjected	to	a	temperature	gradient,	
where	electrons	diffuse	from	the	hotter	
region	of	the	material	toward	the	colder	
region	 and	 consequently	 build	 up	 a	
small	 voltage	 on	 the	 order	 of	 micro-
volts	per	degree	of	temperature	differ-
ence	between	the	two	ends	of	the	mate-
rial.	If	dissimilar	p-	and	n-type	materi-
als	are	connected	electrically	 in	series	
and	 thermally	 in	 parallel	 a	 more	 sub-
stantial	 voltage	 can	 be	 developed,	
which	can	then	be	used	to	supply	elec-
trical	power	to	a	load,	as	shown	in	Fig-
ure	1.	The	open-circuit	voltage	obtained	
is	directly	proportional	to	the	tempera-
ture	difference	 that	can	be	maintained	
(∆V	 =	 S	 *	 ∆T).	 The	 overall	 perfor-
mance	 depends	 on	 three	 key	 material	
properties	that	affect	the	device’s	abili-
ty	to	sustain	the	temperature	difference	
and	 to	 effectively	 generate	 electrical	
power.	 Improving	 thermoelectric	 effi	-
ciency	 hinges	 on:	 increasing	 the	 See-
beck	 coeffi	cient	 S	 so	 that	 larger	 volt-
ages	can	be	obtained	for	each	leg	of	the	
thermoelectric	 device	 (see	 Figure	 1);	
decreasing	 the	 thermal	 conductivity	 κ
to	minimize	 the	heat	being	conducted	
(parasitic	heat	leakage)	through	the	leg,	
which	 warms	 the	 cold	 side	 and	 de-
creases	the	temperature	difference;	and	
increasing	 the	 electrical	 conductivity	
σ,	 so	 that	 joule	 heating	 is	 minimized	
(parasitic	heat	generation),	which	also	
serves	to	warm	the	cold	side.	
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	 During	 the	 past	 15	 years,	 research	
activities	 in	 the	 thermoelectrics	 field	
have	focused	on	new	strategies	for	en-
hancing	the	dimensionless	thermoelec-
tric	figure	of	merit	ZT,	which	is	a	mea-
sure	of	the	performance	of	thermoelec-
tric	energy	conversion	between	thermal	
and	 electrical	 energy,	 where	 ZT	 =	
S2σT/κ	 and	 S	 is	 the	 Seebeck	 coeffi-
cient,	 σ	 the	 electrical	 conductivity,	 T	
the	 absolute	 temperature,	 and	 κ	 the	
thermal	conductivity,	consisting	of	the	
contribution	 from	 phonons	 κ

ph
	 from	

electrical	carriers	κ
e
	and	from	a	bipolar	

contribution	 κ
e–p

	 from	 electron-hole	
pairs	 that	 carry	heat	 but	 do	not	 trans-
port	charge	or	contribute	to	σ.	During	

this	 15	 year	 time	 frame,	 fundamental	
studies	on	bulk	materials	have	focused	
on	 the	 study	of	 advanced	 thermoelec-
tric	materials	where	phonon-glass	and	
electron-crystal	 behavior	 could	 be	 es-
tablished,	 such	 as	 in	 the	 skutterudite	
and	clathrate	families	of	semiconduct-
ing	 materials,	 which	 contain	 cages	
where	 phonons	 can	 rattle3	 and	 yield	
very	 low	 thermal	 conductivities.	 An-
other	 approach	 has	 focused	 on	 study-
ing	 model	 low-dimensional	 materials	
like	 quantum	 wells,	 quantum	 wires,	
and	quantum	dots	where	the	small	sam-
ple	size	could	be	used	as	a	parameter	to	
independently	 control	 σ,	 S,	 and	 κ.8	
Laboratory	 studies	 have	 successfully	

demonstrated	 that	 both	 of	 these	 ap-
proaches	can	enhance	ZT.8	The	concept	
of	modifying	the	properties	of	thermo-
electric	 materials	 using	 low-dimen-
sional	structures	was	introduced	by	L.
D.	 Hicks	 and	 M.S.	 Dresselhaus	 in	
19939	as	a	means	to	increase	the	densi-
ty	 of	 electron	 states	 near	 the	 Fermi	
level	 and	 thereby	 to	 increase	 the	See-
beck	 coefficient	 without	 lowering	 the	
electrical	 conductivity.	 By	 the	 intro-
duction	of	suitable	interfaces,	the	ther-
mal	 conductivity	 could	 also	 be	 de-
creased	while	not	significantly	decreas-
ing	 the	 electrical	 conductivity.	 In	 the	
following	decade	 these	concepts	were	
introduced	 at	 the	 laboratory	 scale	 to	
many	 systems.	 More	 recently,	 strate-
gies	have	been	developed	for	scale	up	
of	the	nanostructuring	process	and	the	
fabrication	 of	 bulk	 samples	 of	 suffi-
cient	size	and	heat	capacity	to	be	prac-
tical	 for	 energy-related	 applications.	
These	 strategies	 have	 brought	 the	 re-
search	 programs	 on	 advanced	 bulk	
thermoelectrics	 and	 low-dimensional	
thermoelectrics	 together,	 as	 various	
forms	of	bulk	nanocomposite	materials	
were	developed	and	demonstrated.6,8,10

	 The	 increased	 activity	 in	 the	 field	
stimulated	 further	 advances.	 Spurred	
on	 by	 theoretical	 studies	 of	 resonant	
impurity	 states	 giving	 rise	 to	 big	 in-
creases	in	the	density	of	states	just	be-

Figure 1. A schematic of 
a thermoelectric module 
made of p- and n-type 
materials used for power 
generation. 

Figure 2. (a) A plot of the thermal conductivity vs. interface density for several different particle sizes and shapes in comparison to the minimum 
thermal conductivity of the SiGe alloy with the same stoichiometry.12 (b) A plot of the percent accumulation of the lattice thermal conductivity 
of silicon as a function of the phonon mean free path at two values of the temperature.13
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Figure 3. A comparison between 
the temperature dependence of 
(a) the power factor (S2σ) and 
of (b) the thermal conductivity 
(κ) of the P-JIMO advanced bulk 
thermoelectric material (prepared 
for NASA for power generation 
on board satellites operating on 
space missions) as compared to 
a bulk nanocomposite Si0.80Ge0.20 
(SGMA04) material prepared by 
ball milling a bulk material of the 
same stoichiometry as P-JIMO 
into a nanopowder and rapidly 
hot pressing the nanopowder into 
a bulk nanocomposite material 
(from Reference 8). 

a b

low	the	Fermi	level	in	p-type	PbTe,	this	
phenomenon	 has	 now	 been	 observed	
experimentally	 giving	 rise	 to	 a	 large	
increase	 in	 ZT	 to	 a	 value	 of	 1.5	 for	
this	 bulk	 thermoelectric	 system.5	 An-
other	 promising	 approach	 to	 enhanc-
ing	the	performance	of	thermoelectric	
materials	 has	 been	 the	 development	
of	 thermoelectric	 materials	 with	 very	
complex	crystal	structures	as	a	means	
to	 reduce	 the	 thermal	 conductivity	 of	
bulk	materials.11

	 Modeling	 studies	have	been	highly	
influential	in	guiding	the	development	
of	nanostructured	thermoelectric	mate-
rials.	One	important	breakthrough	was	
the	demonstration	that	the	reduction	in	
the	 thermal	 conductivity	 was	 mainly	
controlled	 by	 the	 interface	 density	
(the	 surface	 area	 to	 volume	 ratio),	 as	
shown	 in	 Figure	 2a,12	 indicating	 that	
long-range	crystalline	order	is	not	nec-
essary	for	producing	a	material	with	a	
high	ZT,	and	the	introduction	of	crys-
talline	disorder	through	the	generation	
of	a	high	interface	density	was	in	fact	
desirable	for	enhancing	ZT.	A	second	
breakthrough	 was	 the	 modeling	 stud-
ies	to	identify	the	contribution	of	each	
phonon	branch	to	the	thermal	conduc-
tivity	 of	 a	 material	 used	 for	 thermo-
electric	 applications	 such	 as	 silicon.13	
Some	of	the	early	modeling	approach-
es	approximated	phonon	transport	with	
an	average	phonon	mean	free	path.	By	
conducting	a	more	detailed	analysis	of	
the	 different	 phonon	 contributions	 to	
thermal	conductivity,	the	necessity	for	
considering	the	frequency	dependence	
of	 phonon	 mean	 free	 paths	 became	
clearer.	This	then	stimulated	the	strat-

egy	of	targeting	the	most	efficient	heat	
carriers,	which	 are	 the	 low	 frequency	
modes	with	long	mean	free	paths.	For	
silicon,	these	modeling	studies	indicat-
ed	that	a	mean	free	path	of	less	than	10	
nm	was	needed	to	reduce	 the	 thermal	
conductivity	by	a	factor	of	10	(see	Fig-
ure	2b),	thereby	setting	a	scale	for	the	
grain	 size	 that	 is	 necessary	 for	 good	
thermoelectric	 performance	 in	 nano-
structured	nanocomposite	materials.	
	 These	 concepts	 were	 exploited	 in	
the	 fabrication	 of	 the	 earliest	 bulk	
nanocomposite	 material	 based	 on	 the	
Si

0.80
Ge

0.20
	alloy,	which	had	been	used	

by	NASA	in	its	bulk	form	for	thermo-
electric	 power	 generation	 for	 various	
space	 missions.	 Figure	 3	 presents	 re-
sults	 from	 this	 early	 nanocomposite	
thermoelectrics	work,	showing	that	for	
a	nanostructured	material	it	is	possible	
to	produce	a	 reduction	 in	 the	 thermal	
conductivity	 and	 at	 the	 same	 time	 to	
enhance	 the	 power	 factor,	 thereby	
demonstrating	 an	 enhancement	 in	 ZT	
in	 this	 nanostructured	 bulk	 thermo-
electric	material.	Such	an	approach	is	
shown	here	to	simultaneously	increase	
the	power	factor	S2σ	and	decrease	the	
thermal	conductivity	κ,	a	phenomenon	
that	does	not	occur	in	three-dimensional		
(3-D)	bulk	materials.8

	 The	nanocomposite	material	is	pre-
pared	 by	 simply	 ball	 milling	 macro-
size	 pieces	 taken	 from	 ingots	 of	 the	
desired	 chemical	 composition	 into	 a	
nano-scale	 powder	 as	 pioneered	 by		
the	 Thermoelectric	 Group	 at	 the	
NASA	Jet	Propulsion	Laboratory.	The	
powder	is	then	pressure	sintered	at	el-
evated	temperatures	into	a	bulk	mate-

rial	to	achieve	a	mass	density	close	to	
(within	 1%)	 the	 theoretical	 bulk	 den-
sity	of	the	stoichiometric	composition	
of	the	powdered	material.	Tests	of	the	
thermal	stability	of	the	nanostructured	
material	 (over	 a	 one	 month	 period	 at	
1,000C)	were	also	carried	out	to	con-
firm	the	viability	of	such	a	nanocom-
posite	material	for	practical	in-service	
applications	 by	 examining	 the	 grain	
size	 distribution	 using	 high-resolu-
tion	transmission-electron	microscopy	
(TEM)	imaging.	Such	structural	char-
acterization	 revealed	 the	 presence	 of	
smaller	 grains	 within	 a	 grain	 of	 ∼10	
nm	 size.	 Such	 convoluted	 complex	
structures	were	 found	 to	 inhibit	grain	
growth	even	at	elevated	temperatures,	
thereby	 contributing	 to	 the	 stability	
of	 the	nanocomposite	materials	under	
service	conditions,	which	is	critical	for	
possible	application	to	power	systems	
for	long	life	deep	space	and	planetary	
science	missions.
	 One	example	of	materials	for	which	
a	more	complete	development	of	such	
bulk	nanocomposite	samples	has	been	
successfully	demonstrated	is	the	nano-
composite	Bi

2–x
Sb

x
Te

3
	system.	Results	

are	 shown	 in	 Figure	 4a–e.6	 In	 bulk	
form,	this	material	is	the	most	common	
thermoelectric	material	used	today	for	
fabricating	commercial	thermoelectric	
modules.	The	main	result	of	Figure	4	is	
the	demonstration	of	a	40%	increase	in	
ZT	in	the	bulk	nanocomposite	material	
relative	to	its	3-D	bulk	counterpart,	as	
seen	in	Figure	4e.
	 This	 increase	 in	 ZT	 mainly	 arises	
from	 the	 reduction	 in	 the	 thermal	
conductivity	shown	in	Figure	4d.	The	
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main	 reason	 for	 the	 decrease	 in	 κ	 is	
the	increased	phonon	scattering	at	the	
many	grain	boundaries	and	by	the	lat-
tice	defects	 introduced	 into	 the	nano-
structured	material.	The	 increase	 in	κ	
occurring	at	temperatures	above	150C	
is	due	to	an	increase	in	 the	electronic	
contribution	to	the	thermal	conductiv-
ity	associated	with	the	increase	in	the	
concentration	of	thermally	excited	car-
riers.	 This	 increase	 in	 κ(T)	 is	 not	 as	
pronounced	in	the	nanostructured	ma-
terial	as	it	is	in	its	bulk	counterpart	be-
cause	of	the	larger	amount	of	phonon-
electron	scattering	which	decreases	the	
thermal	conductivity.	It	is	furthermore	
of	interest	to	note	that	it	is	possible	for	
this	system	to	realize	at	the	same	time	
an	 enhanced	 electrical	 conductivity	
and	an	enhanced	Seebeck	coefficient,	a	
phenomenon	that	only	occurs	for	nano-
structured	systems	and	does	not	occur	
in	 their	3-D	counterparts.	As	a	result,	
this	nanostructured	composite	material	
shows	an	enhanced	power	factor	at	the	
same	time	that	the	thermal	conductiv-
ity	 is	 reduced,	 which	 only	 occurs	 for	
nanostructured	 systems.	 At	 the	 heart	
of	these	findings	are	the	small-grained	
nanostructures	of	less	than	5	nm	con-
tained	within	 larger	nanostructures	of	
∼50	nm	size.	

	 A	detailed	high-resolution	HRTEM	
structural	study	of	the	nanostructure	of	
this	 Bi

2–x
Sb

x
Te

3
	 nanocomposite	 mate-

rial10	shows	four	types	of	nano-precipi-
tates,	 including	 type-1	 which	 is	 a	 re-
gion	which	is	antimony-rich	and	tellu-
rium-poor	and	has	diffuse	boundaries;	
type-2	 which	 has	 the	 same	 composi-
tion	 as	 the	 surrounding	 material	 but	
shows	a	twisted	boundary	with	respect	
to	 it;	 type-3	which	also	has	a	 twisted	
boundary	 but	 is	 antimony-rich;	 and	
type-4	which	is	a	pure	tellurium	nano-
dot	 with	 sharp	 boundaries	 to	 its	 sur-
roundings.	 About	 50%	 of	 the	 grains	
are	surrounded	by	an	 interface	region	
that	 is	 on	 the	 order	 of	 4	 nm	 thick	 as	
observed	by	high-resolution	TEM	im-
ages.	 Energy	 dispersive	 x-ray	 spectra	
(EDS)	 show	 that	 the	 stoichiometric	
composition	of	these	interface	regions	
are	often	different	from	their	surround-
ings,	thereby	generating	charged	carri-
ers	which	in	fact	contribute	significant-
ly	to	increasing	the	electrical	conduc-
tivity,	 and	 the	 power	 factor.	 Even	
though	the	volume	of	the	nano-precipi-
tates	and	the	interface	regions	are,	re-
spectively,	 only	 5%	 and	 1.3%	 of	 the	
total	 volume	 of	 the	 nanocomposite,	
they	 result	 in	 a	 25%	 increase	 in	 the	
electrical	 conductivity,	 largely	 due	 to	

carriers	generated	by	the	differences	in	
the	 stoichiometry	 of	 the	 interface	 re-
gions	 relative	 to	 their	 surroundings.	
Structural	 analysis	 of	 the	 nanostruc-
tures	of	these	nanocomposite	materials	
is	 important	 for	 formulating	 theoreti-
cal	 models	 for	 gaining	 a	 detailed	 un-
derstanding	of	the	role	of	each	of	these	
defect	 types	 and	 of	 the	 interface	 re-
gions	 in	 controlling	 the	 temperature	
dependence	 of	 the	 physical	 transport	
properties	 affecting	 ZT.	 Such	 model-
ing	studies	can	then	be	used	in	an	opti-
mization	 procedure	 to	 provide	 feed-
back	 for	 the	 preparation	 of	 the	 nano-
structured	 powders	 and	 for	 the	 pro-
cessing	 parameters	 to	 be	 used	 in	 the	
hot	 press	 processing	 to	 form	 bulk	
nanocomposite	 materials	 with	 yet	
higher	ZT	values.	
	 As	mentioned	above,	one	advantage	
of	 working	 with	 bulk	 nanostructured	
composite	samples	is	the	fact	that	ther-
moelectric	property	measurements	can	
be	made	on	bulk	size	samples,	which	
improves	the	reliability	and	repeatabil-
ity	of	the	measurements	using	well-es-
tablished	measurement	techniques	and	
measurement	 instrumentation.	 Never-
theless,	 the	practice	of	making	an	ac-
tual	 device	 out	 of	 the	 nanocomposite	
material	to	test	its	performance	in	cool-

Figure 4. Results for the temperature dependence of the parameters describing the thermoelectric properties of the nanostructured bulk 
nanocomposite Bi

2–x
SbxTe3, including the: (a) electrical conductivity (σ), (b) Seebeck coefficient (S), (c) power factor (S2σ), (d) thermal 

conductivity (κ), and (e) the dimensionless thermoelectric figure of merit (ZT = S2σT/κ).6 (f) A TEM image of nanometer-sized grains with 
crystalline structure that comprise the nanocomposite material (from Reference 6).
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ing	 or	 in	 power	 generation	 is	 highly	
recommended.	Such	a	cooling	test	was	
in	fact	reported	for	a	device	based	on	
the	Bi

2–x
Sb

x
Te

3
	nanocomposite	materi-

al	 shown	 in	 Figure	 4,	 operating	 be-
tween	a	hot	side	and	cold	side	at	100C	
and	 0C,	 respectively,	 showing	 good	
agreement	between	the	measured	curve	
for	 the	 cooling	 temperature	 achieved	
over	 a	 thermal	 load	 as	 the	 current	
through	the	device	was	varied.6

	 The	 approach	 of	 using	 nanostruc-
tured	 nanocomposite	 thermoelectric	
materials	 has	 also	 been	 demonstrated	
by	 using	 the	 ball	 milling/hot	 press-
ing	approach	discussed	above	 to	both	
p-type	 SiGe14	 and	 n-type	 SiGe15	 sys-
tems.	Here	again	the	goal	is	to	exploit	
the	 length-scale	 differential	 between	
electrons	and	phonons.	With	nanome-
ter-sized	grains	of	different	materials,	
silicon	 and	 germanium,	 the	 thermal	
conductivity	 is	 reduced	 because	 of	
enhanced	boundary	scattering	of	pho-
nons,	which	have	long	mean	free	paths	
on	the	order	of	hundreds	of	nanometers	
(see	 Figure	 2b).	 For	 electrons,	 which	
have	 shorter	 mean	 free	 paths	 on	 the	
order	of	several	nanometers,	boundary	
scattering	is	not	significantly	enhanced	
and	therefore	the	electrical	conductiv-
ity	 is	 largely	 preserved.	 Furthermore,	
the	choice	of	two	semiconductors	from	
the	same	column	of	the	periodic	table	
allows	conduction	electrons	to	cross	a	
grain	boundary	into	a	similar	electron-
ic	 environment,	 which	 helps	 reduce	
the	probability	of	electron	scattering	at	
the	interfaces.	In	the	case	of	the	p-type	
SiGe	 nanocomposite	 material	 an	 en-
hancement	in	ZT	by	a	factor	of	about	
2	was	achieved	for	operation	at	about	
800C,	 while	 the	 enhancement	 in	 ZT	
for	 the	 n-type	 SiGe	 nanocomposite	
was	 about	 30%	 for	 similar	 high-tem-
perature	operation.	Tests	at	 long-term	
(1	month)	high-temperature	operation	
conditions	 were	 carried	 out	 on	 both	
these	materials	 systems,	verifying	 the	
thermal	stability	of	these	materials	for	
high	temperature	operation.	
	 The	advances	in	the	development	of	
thermoelectric	 materials	 with	 ZT	 ap-
proaching	a	value	of	1.5	is	expected	to	
enable	the	increased	use	of	thermoelec-
tric	materials	as	a	cost-effective	route	
for	 increasing	 the	 energy	 efficiency	
of	 large-scale	 systems,	 such	 as	 auto-
mobiles,	 buildings,	 and	 various	 high-

temperature	 commercial	 processes	
through	energy	harvesting	applications	
by	the	conversion	of	waste	heat	energy,	
now	released	into	the	atmosphere,	into	
electrical	energy	for	increased	system	
efficiency.	These	prospects	are	having	
a	significant	impact	on	stimulating	the	
development	 of	 start-up	 companies	
and	 on	 the	 education	 of	 a	 new	 cadre	
of	engineering	and	applied	science	stu-
dents	 working	 on	 materials	 research,	
chemistry,	 nanomaterials,	 nano-heat	
transfer,	and	related	fields.	On	a	longer	
time	 scale	 are	 visions	 of	 using	 ther-
moelectric	 materials	 for	 photovoltaic	
and	 thermo-photovoltaic	 applications	
to	 expand	 the	 future	 possibilities	 of	
renewable	 energy	 availability	 and	 ef-
ficient	utilization.	

Acknowledgements

	 The	authors	gratefully	acknowledge	
the	 assistance	 of	 Mario	 Hofmann	 for	
help	with	the	preparation	of	the	figures.	
MSD,	 GC,	 and	 ZR	 acknowledge	 sup-
port	for	this	work	under	U.S.	Depart-
ment	of	Energy	BES	Grant	DE-FG02-
08ER46516.	Part	of	this	work	was	per-
formed	at	 the	Jet	Propulsion	Labora-
tory/California	Institute	of	Technology	
under	contract	with	NASA.	

References

1. Lon E. Bell, Science, 321 (2008), p. 1457.
2. G.S. Nolas, J. Sharp, and H.J. Goldsmid, 
Thermoelectrics (Berlin: Springer-Verlag, 2001). 
3. C. Uher, Thermoelectrics Handbook: Macro to 
Nano, ed. D.M. Rowe (Boca Raton, FL: Taylor & 
Francis/CRC Press, Inc., 2006), Chapter 34, pp. 34-
1–34-17.
4. T.M. Tritt and M.A. Subramanian, MRS Bulletin, 31 
(2006), p. 188–198.
5. J.P. Heremans et al., Science, 321 (2008), pp. 
554–557.
6. Bed Poudel et al., Science, 320 (2008), pp. 634–
638. 
7. A.I. Hochbaum et al., Nature, 451 (2008), pp. 
163–167.
8. M.S. Dresselhaus et al., Advanced Materials, 19 
(2007), pp. 1043–1053. 
9. L.D. Hicks and M.S. Dresselhaus, Phys. Rev. B, 47 
(1993), pp. 16631–16634.
10. Yucheng Lan et al., Nano Letters, article ASAP (25 
February 2009), DOI: 101021/nl803235n.
11. G.S. Snyder and E.S. Toberer, Nature Materials, 
7 (2008), p. 105. 
12. Ronggui Yang, Gang Chen, and M.S. Dresselhaus, 
Phys. Rev. B, 72 (2005), pp. 125418-1–125418-7.
13. A. Henry and G. Chen, J. Computational and 
Theoretical Nanosciences, 5 (2008), pp. 141–152.
14. Giri Joshi et al., Nano Letters, 8 (2008), p. 4670.
15. Xiaowei Wang et al., Applied Physics Letters, 93 
(2008), p. 193121.

M.S. Dresselhaus, G. Chen, G. Dresselhaus, and 
A. Henry are with the Massachusetts Institute of 
Technology, 77 Massachusetts Ave., Cambridge, 
MA 02139; Z.F. Ren is with Boston College, 140 
Commonwealth Ave., Chestnut Hill, MA 02467; and 
J.-P. Fleurial is with Jet Propulsion Laboratory/
California Institute of Technology, 4800 Oak Grove 
Dr., Pasadena, CA 91109. M.S. Dresselhaus can be 
reached at millie@mgm.mit.edu.


