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Thermoelectric properties of superlattice nanowires
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We report here on a theoretical model for the electronic structure and transport properties of superlattice
nanowires, considering their cylindrical wire boundary and multiple anisotropic carrier pockets. The thermo-
electric properties of superlattice nanowires made of various lead salts~PbS, PbSe, and PbTe! are investigated
as a function of the segment length, wire diameter, crystal orientation along the wire axis, and the length ratio
of the constituent nanodots of the superlattice, based on the Kronig-Penney potential for each one-dimensional
~1D! subband and on the 1D Boltzmann transport equations. A potential barrier–well inversion induced by
quantum confinement, which is a unique phenomenon in superlattice nanowires, is predicted as the wire
diameter decreases.ZT values higher than 4 and 6 are predicted for 5-nm-diameter PbSe/PbS and PbTe/PbSe
superlattice nanowires at 77 K, respectively. TheseZT values are significantly larger than those of their
corresponding alloy nanowires, indicating that superlattice nanowires are promising systems for thermoelectric
applications.
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I. INTRODUCTION

Studies on low-dimensional systems, such as o
dimensional~1D! quantum wires and 2D superlattices, ha
attracted considerable attention, spurred on by the urg
develop smaller and faster electronic devices and by the h
to exploit their unusual properties for improved performan
in various applications, such as optics,1,2 microelectronics,3

thermoelectrics,4–6 and magnetics.7 Due to the large surface
to-volume ratio for enhanced surface effects and poss
quantum confinement effects, these nanostructured mate
are expected, and in some cases have been demonstrat
exhibit dramatically different behaviors that are absent
their bulk counterparts, and can benefit certain applicatio
For example, Hicks and Dresselhaus8,9 have predicted en
hanced performance for thermoelectric applications in
and 2D systems compared to their counterpart bulk ma
als, due to both a sharper density of states in lo
dimensional systems for enhanced thermopower and an
creased phonon scattering for reduced lattice ther
conductivity. Thermoelectric refrigeration based on nan
structures has other advantages, in addition to improved
formance, in that a very small active region with a mu
shorter response time than those of bulk thermoelectric
vices or conventional mechanical cooling systems can
achieved, which is of great interest for modern microel
tronics where the efficiency bottleneck is usually limited
certain local hot spots. It is expected that by integrat
nanostructured thermoelectric materials into critical regio
of microelectronic circuits, the excess heat that limits
device performance can be effectively removed.

Theoretical calculations and experimental investigatio
of the thermoelectric properties of low dimensional 1D a
2D systems have been pursued extensively for vari
0163-1829/2003/68~7!/075304~14!/$20.00 68 0753
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materials.6,10,11 Since the enhancement in thermoelect
properties is anticipated to be more pronounced as the
mensionality decreases, 0D structures hold even gre
promise than 1D and 2D systems. However, unlike 1D or
systems, where at least one of the directions is not quan
confined and thus can provide electrical conduction,
structures, such as quantum dots, are confined in all di
tions, and this may present difficulties for some applicatio

To utilize the unique properties of quantum dots for si
ations where electron conduction is required, it is necess
to devise some means for carrier transport~e.g., tunneling or
hopping! between individual dots. For this purpose, seve
novel structures based on quantum dots that capture the
sence of 0D structures and enable transport phenomena
been proposed and synthesized, such as quantum dot
superlattices4 and superlattice nanowires.12 These new struc-
tures have shown great promise in the context of thermoe
tricity, and Harmanet al. have measured an impressive the
moelectric performance ofZT;2 at 300 K for PbTeSe-
based quantum dot superlattices,4 compared to a highestZT
of ;1 for conventional bulk materials.11 A possible mecha-
nism for this enhanced thermoelectric performance has b
proposed13 to be due to the miniband formation in couple
3D quantum dot arrays. Other nanostructures based on q
tum dots that are of great interest for thermoelectricity
superlattice nanowires~SLNW’s! @see Fig. 1~a!#, which con-
sist of a series of interlaced nanodots of two different ma
rials ~denoted byA and B). In the superlattice nanowire
~SLNW! structure, the electronic transport along the w
axis is made possible by the tunneling between adjac
quantum dots, while the uniqueness of each quantum dot
its 0D characteristics are maintained by the energy differe
of the conduction or valence bands between different m
rials @see Fig. 1~b!#. The band offset not only provides som
©2003 The American Physical Society04-1
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amount of quantum confinement, but also creates a peri
potential for carriers moving along the wire axis, which m
result in a sharper density of electronic states than is pre
in ordinary 1D systems. This new structure is especially
tractive for thermoelectric applications, because the het
geneous interfaces between the nanodots can reduce th
tice thermal conductivity by blocking the phonon conducti
along the wire axis,14 while electrical conduction may b
sustained and may benefit from the unusual electronic b
structures due to the periodic potential perturbation. Th
one-dimensional heterogeneous structures also hold pro
in other applications, such as nanobarcodes,15 nanolasers,16

1D waveguides, and resonant tunneling diodes.17

Various approaches have been developed to synthesiz
perlattice nanowire structures with different materials. Co/
superlattice nanowires were first fabricated in nanopor
templates using electrochemical deposition,12 and more re-
cently, researchers have successfully synthesized hi
crystalline semiconductor superlattice nanowires~e.g.,
Si/SiGe,15 GaAs/GaP,16 and InP/InAs18! by the vapor-liquid-
solid growth mechanism. Due to the structural complex
and the materials diversity in these quantum dot–based
tems, it is essential to develop a model to understand
behavior and to predict properties of interest in these no
structures, especially for practical applications and dev
optimization.

In this paper, we present a general theoretical model
the electronic structure and transport properties of supe
tice nanowires, which explicitly takes into account the cyl
drical wire boundary conditions, the diameter-depend
band offsets for the periodic potential along the wire ax
and the multiple anisotropic carrier pockets. The density
electronic states and the dispersion relations for each q
tum subband in superlattice nanowires are presented in
II using the Kronig-Penney model. With the electronic ba
structures thus obtained, a transport model based on the
Boltzmann transport equations is then developed. The e
of the superlattice structure on the phonon thermal cond
tivity, which is an important factor determining the therm
electric performance, is also discussed. In Sec. III, the es
lished transport model is utilized to study the thermoelec
properties of superlattice nanowires made of various l
salts~PbS, PbSe, and PbSe! at 77 K, which is a temperatur
of interest for cryogenic cooling. The lead salts are cho
for our studies of superlattice nanowires because they
conventionally good thermoelectric materials with we
established transport properties. The thermoelectric pro

FIG. 1. ~a! Schematic diagram of a superlattice nanowire co
sisting of interlaced nanodotsA andB. ~b! Schematic potential pro
file of one conduction subband in a superlattice nanowire.
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ties of these lead salt superlattice nanowires, with particu
attention to PbS/PbSe systems, are investigated to eluc
their performance dependence on the segment length,
diameter, crystal orientation along the wire axis, and
length ratio of the constituent nanodots~see Fig. 1!.

II. THEORETICAL MODEL OF SUPERLATTICE
NANOWIRES

A. Electronic band structure

In superlattice nanowires, their transport and other el
tronic properties are determined by the electronic band st
ture, which exhibits dramatically different features from th
of a simple 1D nanowire or bulk materials. To model t
electronic band structure of superlattice nanowires, we
sume that each segment has a circular cross section w
uniform wire diameterdw @see Fig. 1~a!#, and the carriers in
each cylindrical nanodot are confined by an infinite poten
at the wire boundary~the cylindrical sidewall!, which is a
good approximation for nanowires embedded in a wide b
gap insulating matrix or for free-standing nanowires. We a
assume that each nanodot consists of a sufficient numbe
atoms so that the effective-mass theorem is valid to desc
the local electronic properties of a nanodot by the ba
structure parameters of the bulk material.

For the following discussions, thez axis is chosen to be
along the wire axis, and we first consider the electronic str
ture in one nanodot@materialA in Fig. 1~a!, for example#.
Due to the quantum confinement normal to the wire ax
quantized subbands are formed in the nanodot. These
fined electrons are described by the wave function

cnm
A ~x,y,z!5fnm

A ~x,y!exp~ ikz!, ~1!

where the superscriptA denotes the material type,fnm(x,y)
is the quantized wave function normal to the wire axis tha
classified by the quantum numbers (n,m), andk represents
the electron wave vector along the wire axis (z axis!. In Eq.
~1!, the plane wave function exp(ikz) emphasizes the unre
stricted motion for electrons in thez direction within the
nanodot. The energy corresponding to the electronic state
Eq. ~1! is given by

Enm
A ~k!5EC

A1enm
A 1

\2k2

2mz
A

, ~2!

whereEC
A is the energy of the conduction band edge for bu

materialA, enm
A is the quantization energy of the (n,m) sub-

band, andmz
A is the transport effective mass along the w

axis. We note that the quantization energyenm and the cor-
responding wave functionfnm(x,y) both depend on the ge
ometry of the wire cross section, the wire diameter, and
carrier effective masses. For cylindrical 1D wires with anis
tropic carrier mass tensors, the approach to calculate
wave functionfnm and the quantized energyenm has been
described in Ref. 10.

By arranging the two types of nanodots (A andB) into a
superlattice nanowire@see Fig. 1~a!#, the electrons in the

-
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THERMOELECTRIC PROPERTIES OF SUPERLATTICE . . . PHYSICAL REVIEW B 68, 075304 ~2003!
(n,m) subband will experience a periodic square-well pot
tial U(z) with an energy barrier height

DEnm5~EC
B1enm

B !2~EC
A1enm

A !, ~3!

when traveling along the wire axis@see Fig. 1~b!#. Although
independent quantum dots possess discrete energy level
that of atoms, superlattice nanowires exhibit 1D-like disp
sion relations along the wire axis due to the wave-funct
leakage across the finite barrier heightDEnm between quan-
tum dots. The~sub! band offset energiesDEnm are usually
different from that of bulk materials (EC

A2EC
B) due to the

quantum confinement energyenm for each type of quantum
dot.DEnm may also depend on the subband index (n,m) and
the wire diameterdw .

According to the Bloch theorem,19 the eigenfunctionh(z)
of the Schrodinger equation for electrons in a superlat
structure with a periodic potentialU(z) takes a different
form from exp(ikz), andh(z) must be of a special periodi
form:

h~z1L !5exp~ ikL !h~z!, ~4!

wherek is the 1D wave vector of electrons moving along t
superlattice nanowire, andL5LA1LB is the periodic length
of the superlattice nanowire. It should be pointed out thak
in Eq. ~4! describes the energy-momentum relation of
entiresuperlattice nanowire, whilek appearing in Eq.~1! is a
property related to one nanodot only.

We note that while the electronic wave function in ea
nanodot is described by linear combinations of Eq.~1!, the
overall envelope wave function of electrons in the super
tice nanowire should be expressed as

cnm~x,y,z!5fnm~x,y!h~z!. ~5!

The energy of electrons described by Eq.~5!, which can be
solved as a function ofk using the Kronig-Penney mode
constitutes the important dispersion relationEnm(k) of the
(n,m) subband in the superlattice nanowire. Assuming a
riodic square-well potential along thez axis, the conservation
of the electron flux along thez axis is taken into account b
the following boundary conditions at the interfaces:

hA5hB, ~6!

1

mA

dhA

dz
5

1

mB

dhB

dz
. ~7!

For electrons with energies above the potential barrierE
>EC

B1enm
B ), the wave functions in each nanodot can be

pressed as

hA5a exp~ ikAz!1b exp~2 ikAz!, ~8!

hB5c exp~ ikBz!1d exp~2 ikBz!, ~9!

wherea, b, c, andd are constants to be determined, and

kA5A2mz
A~E2EC

A2enm
A !/\, ~10!
07530
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kB5A2mz
B~E2EC

B2enm
B !/\. ~11!

By applying the boundary conditions of Eqs.~4!, ~6!, and~7!
to Eqs. ~8! and ~9!, and eliminating the four constant
(a–d), we obtain the following dispersion relation fork:20

cos~kL !5cos~kALA!cos~kBLB!2
1

2 S mz
BkA

mz
AkB

1
mz

AkB

mz
BkAD

3sin~kALA!sin~kBLB!. ~12!

Similarly, for electrons with energies below the potential b
rier (EC

A1enm
A <E,EC

B1enm
B ), the wave vectork is deter-

mined by20

cos~kL !5cos~kALA!cosh~qBLB!2
1

2 S mz
BkA

mz
AqB

1
mz

AqB

mz
BkAD

3sin~kALA!sinh~qBLB!, ~13!

where

qB5A2mz
B~EC

B1enm
B 2E!/\. ~14!

The density of states,Dnm(E), of the (n,m) subband is
related to the energy dispersion relation by

Dnm~E!5
p

2 S ]Enm

]k D 21

. ~15!

We note that, due to the periodic potential perturbation,
density of states@Dnm(E)# in a superlattice nanowire ma
possess a very different energy dependence from that
simple nanowire@see Eq.~2!#. The electronic band structur
@Enm(k) and Dnm(E)] of one subband is highly depende
on the segment lengthLA or LB , the potential barrier heigh
Vb , and the transport effective massesmz

A andmz
B . For ex-

ample, Fig. 2 shows the density of states functionD(E) and
the number of statesN(E)[*D(E)dE calculated for a sub-
band with various segment lengths (LA5LB51, 5, 20, and
60 nm!, assuming a potential barrier height ofVb550 meV
and an effective mass ofmz

A5mz
B50.5m0, wherem0 is the

free-electron mass. The zero in energy is chosen to be a
top of the potential barrier. It is found in Fig. 2~a! that for
very short superlattice periods (LA51 nm), the electronic
band structure approaches that of an alloy system~alloy
limit ! with a density of states similar to that of a simple 1
system@see Fig. 2~a!#. In this limit, the onset of the density
of states corresponds to an effective band edge in the mi
of the potential well, and this effective band edge is equa
the average of the periodic potential@see Fig. 2~a!#. As the
segment length increases, the density of states~or the num-
ber of states! begins to develop minibands and minigaps
the subband structure@see Figs. 2~b! and 2~c!#, exhibiting
features unique to the superlattice nanowires. The width
these minibands are usually very narrow@;1 meV for the
first miniband in Fig. 2~b!# for energies below the potentia
well (E,0), yielding ad function–like density of states in
the potential well, as represented by vertical lines in Fi
2~b! and 2~c!, which is similar to the discrete states of qua
4-3
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FIG. 2. Calculated density o
states~- - -! and the number of
states~—! of a 1D subband in a
periodic potential with segmen
lengthsLA5LB of ~a! 1 nm, ~b! 5
nm, ~c! 20 nm, and~d! 60 nm, as-
suming a potential barrier heigh
of 50 meV and effective masses o
0.5m0. The zero in energy is cho
sen to be at the top of the potentia
barrier.
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tum dots. It is found that the width of these minibands ge
erally increases and the miniband gap decreases with inc
ing energy. We also note that the number of these nar
minibands in the potential well increases with increas
segment length@see Fig. 2~c!#. And for long segment length
(LA>60 nm), these minibands become so close to e
other in energy that they may be approximated by a c
tinuum, if the minigaps are much smaller than the therm
energy@see Fig. 2~d!#. In this long segment length limit, th
density of states of the superlattice nanowire is appro
mately equivalent to the averaged density of states of the
constituent materials~classical limit!. In the following, we
define thealloy andclassicallimit for superlattice nanowires
that have very short and very long periods with the electro
subband structures shown in Figs. 2~a! and 2~d!, respectively.
It is also worth noting that in Fig. 2~c!, while the minibands
are well separated in energy for states with energies in
potential well (E<0), the electronic band structure approx
mates the continuum of the classical limit for electrons w
energies above the potential barrier (E.0).

The dramatically different electronic band structures
superlattice nanowires shown in Fig. 2 can be qualitativ
categorized, based on different length and energy scales
electron de Broglie wavelengthLe , the segment lengthLA
or LB , the mini-gap energyeg , and the thermal energykBT.
In the potential well region@e.g., in the nanodot made o
materialA in Fig. 1~b!#, the energy separation between tw
minibands21 is on the order ofeg;(p\/L)AVb/2mz

A, and
the wavelength of electrons with energy near the poten
barrier is approximatelyLe;2p\/A2mz

AVb. When the seg-
ment length is much shorter than the de Broglie wavelen
Le , a full electronic wavelength would cover many sup
lattice periods, so the electrons only experience an avera
potential without noticing the detailed potential structure
they travel along the nanowire~alloy limit!. On the other
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hand, if the thermal energykBT is much larger than the mini
gapseg , the minibands can be treated as continuous st
due to the thermal smearing~classical limit!. We define two
dimensionless quantities

z[
L/2

Le
5

LA2mzVb

4p\
~16!

and

j[
eg

kBT
5

p\

kBTL
A Vb

2mz
~17!

for the determination of the subband structure. The crite
for the alloy limit is then given byL!Le or z!1, while the
condition for the classical limit iseg!kBT or j!1. Table I
lists the calculated values ofz and j corresponding to the
parameters in Fig. 2 atT577 K. We note thatz is calculated
to be 0.13 forLA51 nm @Fig. 2~a!#, and j is 0.16 for a
segment length of 60 nm@Fig. 2~d!#, indicating thatz&0.1
and j&0.1 are satisfactory criteria for identifying the allo
limit and the classical limit, respectively, for the subba
structures of superlattice nanowires. For superlattice na

TABLE I. Calculatedz andj, defined in Eqs.~16! and~17!, for
determining the subband structure in a periodic potential, for v
ous segment lengths at 77 K, assuming a potential barrier o
meV and an effective mass of 0.5m0.

Segment length 1 nm 5 nm 20 nm 60 nm
(L/2) ~Alloy limit ! ~Classical limit!

z 0.13 0.64 2.57 7.73
j 9.69 1.93 0.47 0.16
4-4
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wires with unequal segment lengths, it is found that th
conditions ofz and j for the alloy and classical limits stil
hold for 0.1,LA /LB,10.

B. Electrical transport properties

With the dispersion relationEnm(k) of each subband thu
obtained, important transport properties can be derived ba
on the Boltzmann transport equations for 1D systems.10 For
simplicity, we use the constant relaxation-time approxim
tion to calculate the following fundamental integrals for t
conduction band:

Ke,a5
4te

p2\2dw
2 (

n,m
E ~E2EF!a

Dnm~E! S 2
d f

dEDdE, ~18!

wherea50,1, or 2,te is the relaxation time for electrons
EF is the Fermi energy,f (E) is the Fermi-Dirac distribution
function, and the summation is over all subbands for all el
tron pockets. A similar expression for holes is given by

Kh,a5
4th

p2\2dw
2 (

n,m
E ~EF2E!a

Dnm~E! S 2
d f

dEDdE. ~19!

The electrical conductivitys, the Seebeck coefficientS,
and the electrical contribution to the thermal conductivityle
are then obtained fromKa by

s5e2~Ke,01Kh,0!, ~20!

S52
1

eT

Ke,12Kh,1

Ke,01Kh,0
, ~21!

le5
1

T S Ke,21Kh,22
~Ke,12Kh,1!

2

Ke,01Kh,0
D . ~22!

Since there is no general expression for the density
states@D(E)# of superlattice nanowires, the calculation
the integrals in Eqs.~18! and~19! usually requires a consid
erable amount of computing resources. However, for s
bands in the alloy or classical limits, the computational ta
can be greatly simplified by adopting analytical expressi
for D(E) for these two limiting conditions.

C. Lattice thermal conductivity

The phonon transport in superlattice nanowires is in
enced by additional phonon scattering at the wire bound
and at the interfaces between the quantum dots. It is expe
that the lattice thermal conductivity should be significan
reduced as the wire diameter or the segment length beco
smaller than the bulk phonon mean free path. The lat
thermal conductivity for superlattice nanowires has be
modeled, based on the phonon Boltzmann transport e
tions with diffuse mismatch interface conditions.14 Assuming
a diffuse nanowire boundary for phonons, which is a go
approximation for nanowires with rough or imperfect su
faces, the phonon thermal conductivitylSL of superlattice
nanowires is given by14,22
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L

lSL
5

LA

lA
1

LB

lB
14S 1

CAvAtAB
1

1

CBvBtBA
D S 12

tAB1tBA

2 D
1

3

dw
S LA

CAvAaA
1

LB

CBvBaB
D , ~23!

wherel, C, andv are the lattice thermal conductivity, hea
capacity per unit volume, and sound velocity of the bu
material (A or B), respectively.tAB ~or tBA) is the phonon
transmissivity from nanodotA to nanodotB ~or B to A),
which is defined as the probability of phonon energy trans
through theA-B ~or B-A) interface.aA ~or aB) is a geomet-
ric factor that only depends on the aspect ratioLA /dw ~or
LB /dw) of the nanodots, and it has values between 0.75
1 for cylindrical wires.14 In Eq. ~23!, the contributions of the
segment interface and the wire boundary scattering proce
to the lattice thermal resistivity are contained in the third a
fourth terms, respectively, and the first two terms in Eq.~23!
account for intrinsic phonon-scattering events present in b
materials. Using the diffuse mismatch model22,23approxima-
tion for segment interfaces,tAB is given by

tAB5
CBvB

CAvA1CBvB
, ~24!

and tBA512tAB . Equation~23! can then be rearranged as

L

lSL
5

LA

lA
S 11

4

3

LA

LA
1

LA

aAdw
D1

LB

lB
S 11

4

3

LB

LB
1

LB

aBdw
D ,

~25!

whereLA and LB are the phonon mean free paths of bu
materialsA and B, respectively, which are derived from k
netic theory,

l5
1

3
CvL. ~26!

It is convenient to define an effective phonon mean free p
Leff for one segment (A, for example! in the superlattice
nanowire by

LA,eff
21 5LA

211
4

3
LA

211
1

aA
dw

21 , ~27!

and the corresponding effective thermal conductivityleff in
each segment by

lA,eff5~LA,eff /LA!lA , ~28!

which implies effective phonon-scattering lengths of 3LA/4
andaAdw for interface and wire boundary scattering, respe
tively. The lattice thermal conductivitylSL can then be con-
cisely expressed in terms of a series of two nanodots (A and
B) with effective thermal conductivitieslA,eff andlB,eff by

L

lSL
5

LA

lA,eff
1

LB

lB,eff
. ~29!

It should be noted that the derivation of Eq.~23! assumes
a linear phonon dispersion relation with a constant sou
velocity, which is only valid for temperatures much low
4-5
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TABLE II. The direct band gapEg and the effective-mass components of theL-point electron and hole
pockets for bulk PbS, PbSe, and PbTe, and their temperature dependence~Ref. 24!.

PbS PbSe PbTe

Eg(T)(meV) 2631A40010.256T2 1251A40010.256T2 171.51A(12.8)210.19(T120)2

me' /m0 S10.6
Eg~0!

Eg~T!
11.9D 21 S 20.7

Eg~0!

Eg~T!
14.3D 21 S 30.58

Eg~0!

Eg~T!
114.29D 21

mei /m0 S 5.8
Eg~0!

Eg~T!
13.7D 21 S 11.4

Eg~0!

Eg~T!
12.9D 21 S 2.98

Eg~0!

Eg~T!
12.42D 21

mh' /m0 S 10.6
Eg~0!

Eg~T!
12.7D 21 S 20.7

Eg~0!

Eg~T!
18.7D 21 S 30.58

Eg~0!

Eg~T!
110.0D 21

mhi /m0
S 5.8

Eg~0!

Eg~T!
13.7D 21 S 11.4

Eg~0!

Eg~T!
13.3D 21 S 2.98

Eg~0!

Eg~T!
11.25D 21
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than the Debye temperature. A more accurate description
the lattice thermal conductivity of superlattice nanowires t
takes into account a nonlinear phonon dispersion relatio
higher phonon frequencies can be obtained by replacing
product of the heat capacity and the sound velocityCv in
Eqs. ~23!–~26! with the integration ofC(v)v(v) with re-
spect to the phonon frequencyv, *C(v)v(v)dv.

III. LEAD SALT SUPERLATTICE NANOWIRES

In this section, we apply the electronic band model a
transport equations developed in Sec. II to investigate
thermoelectric properties of superlattice nanowires co
posed of lead salts~PbTe, PbSe, and PbS!. Lead salts and
their alloys are narrow-gap semiconductors that have b
widely studied. They have well-established electronic pr
erties because of their potential for tunable photoelectro
devices in the infrared and visible range.24 Lead salts have
also been found to be promising thermoelectric materi
going back to the early stage in thermoelectrics research,
PbS and PbTe were used in the first thermoelectric gen
tors and cooling units, respectively.25 Recently, a thermoelec
tric performance twice as high as the best conventional t
moelectric material has been demonstrated by lead
quantum dot arrays,4 suggesting that superlattice nanowir
consisting of lead salt quantum dots may also be promis
thermoelectric materials.

A. Electronic band structure

The lead chalcogenide family~PbTe, PbSe, and PbS! con-
stitutes an attractive model system to study the effect of
superlattice structure on the transport properties of na
wires, because of their simple crystal and electronic str
tures with well-known properties over a wide temperatu
range. These lead salts all possess the same NaCl-like
centered lattice structure with lattice constantsa055.94 Å,
6.12 Å, and 6.46 Å for PbS, PbSe, and PbTe, respective26

and they all have similar direct-gap semiconductor ba
structures. The constant energy surfaces for the conduc
and valence bands of these lead salts are prolate ellipsoi
07530
or
t
at
he

d
e
-

en
-
ic

s,
nd
a-

r-
alt

g

e
o-
c-
e
ce-

d
on
of

revolution centered at the four equivalentL points in the
Brillouin zone, and the major axes of these ellipsoids are
the @111# directions.26 There is a considerable band offs
when combining two dissimilar lead salts together, and t
band offset provides carrier confinement between quan
dots. The band structures of lead salts in bulk form have b
studied extensively, and some of the important temperat
dependent parameters related to their transport propertie
listed in Table II. To minimize the lattice mismatch at th
heterogeneous interfaces, we choose to study PbS/PbSe
PbSe/PbTe superlattice nanowires in this paper, with part
lar emphasis on the PbS/PbSe systems. We note that th
tice mismatch may not be as significant an issue in supe
tice nanowires as in superlattice thin films, since research
have found that in superlattice nanowires, the lattice str
can be laterally relaxed to avoid defects at the interface.18

Based on the band-structure parameters in Table II,
first calculate the quantized subband energyenm related to
the confinement of the wire boundary in thex-y directions
and the transport effective massesmz along the wire axis.
Since the carrier pockets of these lead salts are highly an
tropic, enm and mz are dependent on the crystallograph
direction of the wire axis. For wires oriented along the@001#
direction, the fourL pockets are all degenerate and are d
noted asL (4); for wires oriented along the@111# direction,
this fourfold degeneracy is lifted, resulting in two inequiv
lent groups of carrier pockets: a single pocket with its ma
axis along the wire axis~denoted asL (1)), and the other
three pockets that are still degenerate in energy~denoted as
L (3)). The subband energyenm , which is inversely propor-
tional todw

2 , is calculated for the three lead salts at 77 K f
two wire orientations~@001# and @111#!, and the results are
listed in Tables III and IV for the first five subbands for th
electrons and holes, respectively. The transport effec
masses along the wire axis of the various lead salts and
entations are given in Table V. We note that since theL (1)

carriers of these lead salts usually have their largest m
component along the wire axis and their smallest mass c
ponents in the quantum confined directions, they posse
4-6
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TABLE III. The first five subband energies (xnm[enmdw
2 ) normalized to the wire diameterdw and given

in units of eV nm2 for each distinct electron pocket in various lead salts and wire orientations at 77 K
xnm values are listed in the order of increasing energy.

Material Orientation Pocket Order5 1 2 3 4 5

@001# Le
(4) 9.52 23.17 25.14 42.49 43.48

PbS @111# Le
(1) 10.30 26.12 26.12 46.92 46.92

@111# Le
(3) 9.26 22.19 24.80 40.69 42.19

@001# Le
(4) 16.70 38.85 45.85 70.90 75.99

PbSe @111# Le
(1) 19.47 49.40 49.40 88.72 88.72

@111# Le
(3) 15.77 25.31 44.63 63.70 71.65

@001# Le
(4) 25.32 50.79 77.38 87.37 114.35

PbTe @111# Le
(1) 35.98 91.27 91.27 163.94 163.94

@111# Le
(3) 21.61 36.85 57.79 72.11 84.65
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larger subband energy and a heavier transport effective m
along the wire axis compared to other pockets.

The subband energy and the transport effective masse
each segment are the fundamental parameters in determ
the subband offset@see Eq.~3!# and the subband dispersio
relationEnm(k) of the superlattice nanowires. Assuming
equalbulk band offset for the conduction and valence ban
in a heterogeneous structure constructed from two lead
and choosing the zero energy to be at the middle of the b
band gap, the (n,m) subband edge energy of a segment ma
of materialX ~PbS, PbSe, or PbTe! is given by

Enm
X 56S Eg

X

2
1

xnm
X

dw
2 D ~30!

for electrons (1) and holes (2), wherexnm5enm•dw
2 is a

diameter-independent parameter, with values given in Ta
III and IV for electrons and holes, respectively.

It should be noted that the potential barrier and well
gions of abulk heterogeneous structure may be inverted i
superlattice nanowire due to this diameter-dependent
band energyenm . For example, Fig. 3 shows the first su
band edge energies of PbS, PbSe, and PbTe nanodots
ented in the@001# direction as a function of wire diameter a
77 K. In bulk form, the band-gap (Eg) relation of the three
07530
ss

in
ing

s
lts
lk
e

es

-
a
b-

ori-

lead salts is PbSe,PbTe,PbS, and hence PbSe constitut
the potential-well region for electrons in PbSe/PbS or Pb
PbTe heterostructures, as depicted by the upper-right ins
Fig. 3. However, as the wire diameter decreases, the sub
edge energy of PbS nanodots increases at a slower rate
that of PbSe or PbTe nanodots because of the heavier ca
effective masses in PbS, and the first subband energy of
nanodots crosses that of PbTe and PbSe atdw;18 and 10
nm, respectively. The insets in Fig. 3 sketch the relative
ergy levels of the first subband edge of these lead salt
three different diameter ranges, showing that for sm
diameter superlattice nanowires~e.g., PbSe/PbS!, some of
the subbands in the nanowire may undergo a poten
barrier–well inversion when the subband edge energies
PbS nanodots become lower than those of the correspon
PbSe subbands. Due to the carrier anisotropy of these
salts, the critical wire diamter for the potential barrier–w
inversion is also dependent on the crystallographic direct
and for the@111# orientation, the lowest-lyingLe

(3) conduc-
tion subband of PbS crosses those of PbSe and PbTe adw
;16 and 10 nm, respectively. This subband edge cros
and barrier-well inversion induced by quantum confineme
which is absent in other systems, such as 2D superlattice
films, are unique properties of superlattice nanowires,
they hold important implications for carrier transport ph
TABLE IV. The first five subband energies (xnm[enmdw
2 ) normalized to the wire diameterdw and given

in units of eV nm2 for each distinct hole pocket in various lead salts and wire orientations at 77 K. Thexnm

values are listed in the order of increasing energy.

Material Orientation Pocket Order5 1 2 3 4 5

@001# Lh
(4) 9.99 24.07 26.62 44.14 45.51

PbS @111# Lh
(1) 11.00 27.91 27.91 50.13 50.13

@111# Lh
(3) 9.65 22.78 26.19 41.70 43.95

@001# Lh
(4) 19.39 44.18 54.16 80.17 88.19

PbSe @111# Lh
(1) 23.35 59.24 59.24 106.40 106.40

@111# Lh
(3) 18.06 39.12 52.41 69.69 81.95

@001# Lh
(4) 22.46 44.71 68.97 76.61 101.39

PbTe @111# Lh
(1) 32.19 81.68 81.68 146.70 146.70

@111# Lh
(3) 19.06 31.94 49.54 64.11 72.03
4-7
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YU-MING LIN AND M. S. DRESSELHAUS PHYSICAL REVIEW B68, 075304 ~2003!
nomena. Since the theoretical formalism developed for
perlattice nanowires in Sec. II treats the potential wellA and
barrier B symmetrically, the effect of this potential barrie
well inversion can be readily addressed in the followi
model calculations for lead salt superlattice nanowires.
note that since the band offset vanishes at the crossin
corresponding subbands of the two materials, the carrier
that subband may travel along the wire like free carri
without the potential barrier, which may be desirable for c
tain transport-related applications. It is also interesting
compare this potential-well inversion in superlattice nan
wires to the semimetal-semiconductor transition observe
Bi nanowires,10 which results from the subband crossing d
to a diameter-dependent phase diagram.

Figure 4 shows the calculated density of states of the c
duction band for@001# PbSe/PbS superlattice nanowires a
function of energy at 77 K with a wire diameter ofdw
510 nm and equal segment lengthsLPbSe5LPbS55 nm. The
density of states of PbS0.5Se0.5 alloy nanowires with the sam
diameter and orientation is also plotted in Fig. 4 for compa
son. We note that for alloy nanowires, the singularities in

TABLE V. Calculated transport effective masses along the w
axis for each carrier pocket in various lead salts with different w
orientations. All effective mass coefficients are normalized to
free electron mass.

Material @100# Direction @111# Direction
me,z mh,z me,z

(1) me,z
(3) mh,z

(1) mh,z
(3)

PbS 0.0939 0.0903 0.1105 0.0884 0.1105 0.08
PbSe 0.0564 0.0506 0.0788 0.0490 0.0764 0.04
PbTe 0.0829 0.1051 0.2000 0.0440 0.2607 0.05

FIG. 3. The subband energy of various lead salt nanodots
ented in the@001# direction at 77 K, showing the first subban
energy vs wire diameter. The zero energy refers to the middle o
bulk band gap. Asdw decreases, the subbands moves up in ene
and the PbS subband~—! crosses those of PbTe~- - -! and PbSe
(•••) at dw;18 nm and 10 nm, respectively. The three insets
pict the relation of the subband edge energies of the three lead
in different diameter ranges.
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electronic density of states correspond to individual 1D s
band edgesenm , and for each subband the density of sta
varies as (E2enm)21/2. In contrast, the density of states fo
superlattice nanowires usually exhibits a more complica
energy dependence with additional singularities result
from the minigaps, as indicated by the arrows in Fig. 4. T
superposition of multiple subbands further enriches the
havior of the density of states in superlattice nanowires,
those shown atE;450 meV. It should also be pointed ou
that the density of states profile of these lead salt superla
nanowires is highly sensitive to the crystal orientation b
cause of their multiple anisotropic carrier pockets. These
teresting features in the dispersion relation along the tra
port direction, which are absent in either simple nanowires
in 2D superlattice systems, are unique to superlattice na
wires, and they are responsible for some unusual trans
properties predicted in the superlattice nanowires, as wil
discussed in the following section.

B. Transport and thermoelectric properties

In this section, we calculate transport properties for sup
lattice nanowires composed of various lead salts, and
investigate their potential for thermoelectric application
based on the electronic band structure model and the tr
port equations developed in previous sections. The ther
electric performance is usually measured in terms of a
mensionless figure of meritZT, defined as

ZT5
S2s

l
T, ~31!

e
e
e

1

ri-

e
y,

-
lts

FIG. 4. Calculated density of states for@001# PbSe/PbS super
lattice nanowires~—! with wire diameterdw510 nm and segmen
lengthsLPbSe5LPbS55 nm at 77 K. The arrows indicate the min
gaps resulting from the periodic potential in the superlattice na
wires. It is noted that due to the superposition of multiple subban
the minigap indicated by the second arrow atE;490 meV has
nonvanishing density of states. The calculated density of states
PbS0.5Se0.5 nanowires~- - -! with the same wire diameter and or
entation is also shown in the dashed curve for comparison.
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THERMOELECTRIC PROPERTIES OF SUPERLATTICE . . . PHYSICAL REVIEW B 68, 075304 ~2003!
where S, s, and l are the Seebeck coefficient, electric
conductivity, and the thermal conductivity~including contri-
butions from electrons and phonons!, respectively.

Figure 5 shows the calculated Seebeck coefficient
electrical conductivity as a function of Fermi energy f
@001# PbSe/PbS superlattice nanowires with a diameterdw
510 nm and segment lengthsLPbS5LPbSe55 nm at 77 K, as
well as the calculated results for PbS0.5Se0.5 alloy nanowires
with the same diameter and crystal orientation. The rel
ation timest of electrons and holes, required for calculati
various transport-related integrals@see Eqs.~18! and ~19!#,
are derived from the carrier mobility of bulk materials27 us-
ing the relationm5et/m* , as listed in Table VI for various
lead salts at 77 K. However, we note that the carrier mobi
of low-dimensional systems may possess different val
from those of their bulk counterparts. It is expected thatm
may be lowered due to the extra scattering at the wire bou
ary and the heterogeneous interfaces, whereas the redu
in available final states for scattering events in lo
dimensional systems may increasem. Therefore, careful ex-
perimental studies are required to obtain a more accu
estimate form and to further improve model calculations.

As shown in Fig. 5, the electrical conductivity of a hom
geneous~alloy! nanowire increases monotonically with in
creasing Fermi energy~or electron density!, while that for
the superlattice nanowires exhibits nonmonotonic variatio
with local minima corresponding to the minigaps in the de
sity of states~see Fig. 4!. In Fig. 5, the Seebeck coefficient o
superlattice nanowires also shows unusual behaviors du

TABLE VI. Mobility of electrons and holes for various lea
salts at 77 K~Ref. 27!. The carrier relaxation time is derived usin
the relationt5mm/e.

Property, unit PbS PbSe PbTe

me ~77 K!, cm2 V21 s21 11000 16500 31600
mh ~77 K!, cm2 V21 s21 15000 13700 21600
te ~77 K!, s 5.83310213 5.11310213 8.86310213

th ~77 K!, s 7.62310213 3.73310213 7.13310213

FIG. 5. Calculated Seebeck coefficient and electrical conduc
ity as a function of the Fermi energy for@001# PbSe~5 nm!/PbS~5
nm! superlattice nanowires~—! and PbS0.5Se0.5 nanowires~- - -! at
77 K. The diameters aredw510 nm for both types of nanowires.
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the existence of the minigaps. We note that for alloy na
wires, the Seebeck coefficient is always negative, and
magnitude diminishes rapidly with increasing Fermi ener
except for some small fluctuations near the subband ed
Interestingly, for superlattice nanowires, the Seebeck coe
cient not only shows strong oscillations near the miniga
but it also becomes positive for certain energy ranges. T
sign change in the Seebeck coefficient as the Fermi en
varies has important implications, indicating that the sup
lattice nanowires may be tailored to exhibitn- or p-type
properties, using the same dopants~e.g., electron donors! by
carefully controlling the Fermi energy or the dopant conce
tration. More importantly, we also note that the Seebeck
efficient extrema of superlattice nanowires have substanti
larger magnitudes for Fermi energies near the minigaps w
only slightly reduced electrical conductivity compared to
loy nanowires~see Fig. 5!, which is a direct consequence o
the unique potential profile in the transport direction. It
noted that a similar behavior of enhanced Seebeck co
cient due to miniband formation has also been predicted
Balandin and co-workers for 3D quantum dot arr
structures,13 showing the impact of the periodic potential pe
turbation on transport properties. These observations
significant because they not only illustrate one of the adv
tages of superlattice nanowires for thermoelectric appli
tions, but they may also account for the enhanced Seeb
coefficient and power factor (S2s) measured in quantum do
array systems and reported by Harmanet al., since both sys-
tems have similar periodic potential structures in the dir
tion of carrier transport.

In order to obtain the thermoelectric figure of merit for th
superlattice nanowires, Eqs.~23!–~29! are employed to cal-
culate the lattice thermal conductivity. The heat capacity a
the sound velocity of these lead salts, which are essen
parameters in determining the phonon mean free path~mfp!
in bulk materials, are inferred from the Debye temperat
uD using the Debye model for the phonon dispersion re
tions. Table VII lists the Debye temperature, lattice therm
resistivity 1/l, and the calculated phonon mean free pathsL
for various bulk lead salts at 77 K.

With the lattice thermal conductivities thus obtained, F
6 shows the calculatedZT as a function of Fermi energy fo
@001# PbSe~5 nm!/PbS ~5 nm! superlattice nanowires, an
for the corresponding PbSe, PbS, and PbS0.5Se0.5 alloy
nanowires with diametersdw510 nm at 77 K, showing an
enhancement inZT for superlattice nanowires over alloy o
pure lead salt nanowires. At the appropriate placement of
Fermi energy, optimalZT values of 0.65, 0.46, 0.36, an
0.22 are obtained for PbSe/PbS superlattice nanow
PbS0.5Se0.5 alloy, PbSe, and PbS nanowires, respective
Compared to homogeneous nanowires, there are more
nouncedZT extrema as a function of Fermi energy for s
perlattice nanowires due to the unusual Seebeck coeffic
features in superlattice nanowires discussed earlier~see Fig.
5!. It is interesting to note that, in Fig. 6, the secondZT
maximum for superlattice nanowires corresponds to a p
tive Seebeck coefficient, whereas the first and the third pe
have negative Seebeck coefficients. Since the sign of
Seebeck coefficient is critical in determining the direction

-
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TABLE VII. Selected thermal properties of bulk lead salts. The temperature dependence of the th
resistivity is linearly interpolated from values in Ref. 28 below 300 K, and the phonon mfp is calculated
Eq. ~26!.

Property PbS PbSe PbTe

Debye temperature~Ref. 28! uD 220 K 160 K 130 K
Thermal resistivity1/l

(W21 mK) H17.9T ~T<180 K!

13.4T ~T>240 K!
H 24.2T ~T<160 K!

19.5T ~T>200 K!

16.42T

Phonon mfpL ~77 K! 14.5 nm 13.2 nm 25 nm
ig

e

h
a

or

tiv
te
tri
s

fo
r
-

in
o
n

at-
ent

n of
t
t

.7

t

wire
icts

s-
the
l
m-

the
of

e

e
10

t
ires

e

heat and current flows for thermoelectric devices, this s
should be carefully identified in determining the optimalZT
for the superlattice nanowires.

Figure 7 shows the optimalZT for n-type 10-nm-diameter
PbSe/PbS superlattice nanowires as a function of segm
length (LPbSe5LPbS) for two crystal orientations~@001# and
@111#! at 77 K. For comparison, the inset of Fig. 7 shows t
optimal ZT for PbS0.5Se0.5 alloy nanowires calculated as
function of wire diameter at 77 K. At a diameterdw
510 nm, the optimalZT values are 0.46 and 0.39 for@001#
and @111# alloy nanowires, respectively. We note that f
both the PbSe/PbS superlattice and PbS0.5Se0.5 alloy nano-
wires, the nanowires oriented along the@001# direction pos-
sess a slightly higherZT than@111# wires, possibly due to a
higher density of states and smaller transport effec
masses for@001# wires resulting from the four degenera
carrier pockets. As indicated in Fig. 7, the thermoelec
performance of the 10-nm superlattice nanowires increa
rapidly as the segment length decreases, withZT values
higher than those of the corresponding alloy nanowires
segment lengths<7 nm. However, it is also noted that fo
longer segment lengths (LPbSe5LPbS.7 nm), these superlat
tice nanowires exhibit a lowerZT than alloy nanowires,
which may be due to a lower lattice thermal conductivity
the alloy nanowires. It is interesting to note how the therm
electric performance of these superlattice and alloy na

FIG. 6. CalculatedZT as a function of Fermi energy for@001#
PbSe~5 nm!/PbS ~5 nm! superlattice nanowires, as well as PbS
PbS, and PbS0.5Se0.5 nanowires at 77 K. The wire diameters are
nm in all cases.
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wires, which contain the same number of Pb, S, and Se
oms, can be tailored by controlling the spatial arrangem
~alloy vs periodic segments! of these constituent species.

Figure 8 displays the optimalZT for n-type 5-nm-
diameter PbSe/PbS superlattice nanowires as a functio
segment length (LPbSe5LPbS) for two crystal orientations a
77 K, showing an oscillatoryZT behavior as the segmen
length varies. For comparison, theZT values for 5-nm-
diameter PbS0.5Se0.5 alloy nanowires are calculated as 1
and 1.4 for the@001# and@111# orientations~see the inset of
Fig. 7!, respectively. TheseZT oscillations, which are absen
or insignificant in larger diameter superlattice nanowires~see
Fig. 7!, are due to the larger subband separation as the
diameter decreases. For example, the inset of Fig. 8 dep
the density of states for a 5-nm-diameter PbSe~10 nm!/PbS
~10 nm! superlattice nanowire oriented along the@001# direc-
tion, showing that onlyonesubband contributes to the tran
port properties in the energy range of importance, since
onset of the second subband does not appear untiE
.1000 meV. In contrast, the density of states of 10-n
diameter PbSe/PbS superlattice nanowires~see Fig. 4! exhib-
its a much more complicated energy dependence due to
superposition of multiple subbands in the energy range
optimal ZT. Therefore, for small diameter superlattic

,

FIG. 7. Calculated optimalZT as a function of the segmen
length forn-type 10-nm-diameter PbSe/PbS superlattice nanow
oriented along the@001# ~—! and @111# ~- - -! directions at 77 K.
Inset: calculatedZT for PbS0.5Se0.5 nanowires oriented along th
@001# ~—! and @111# ~- - -! directions as a function of the wire
diameter at 77 K.
4-10
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THERMOELECTRIC PROPERTIES OF SUPERLATTICE . . . PHYSICAL REVIEW B 68, 075304 ~2003!
nanowires, their transport properties are mainly determi
by the bandwidths of the minibands and the minigaps, wh
are highly dependent on the segment length, instead of
diameter-dependent subband energies. As shown in Fig
the miniband and the minigap structure of one subb
evolves from that of thealloy limit to the classical limit as
the segment length increases, resulting in an oscillatory
timal ZT due to the variation in the widths and gaps of t
minibands. However, for larger-diameter superlattice na
wires, this ZT oscillation as a function of segment leng
becomes smeared out due to the averaging effect of the
tributions from multiple subbands. In Fig. 8, the optimal se
ment length for 5-nm-diameter PbSe/PbS superlat
nanowires is about 3 nm for both@001# and @111# orienta-
tions, with optimalZT values of 4.4 and 3.7, respectivel
which are much higher than the optimalZT of 10-nm-
diameter superlattice nanowires.

Since the lead salts have valence-band structures sim
to their conduction bands,p-type lead salt superlattic
nanowires are expected to exhibit similar thermoelectric p
formance in comparison to theirn-type counterparts. Figure
9 calculates optimalZT of p-type PbSe/PbS superlattic
nanowires as a function of the segment length (LPbSe
5LPbS) for two different wire diameters and crystal orient
tions, showing comparableZT values and a similar depen
dence on the segment length to that for then-type PbSe/PbS
superlattice nanowires. The optimalZT values for 5-nm-
diameterp-type PbSe/PbS superlattice nanowires are ca
lated as 6.2 and 4.4 with segment lengths;2 nm and
;3 nm for @001# and @111# orientations, respectively. W
note thatp-type PbSe/PbS superlattice nanowires have o
mal ZT values, slightly higher than then-type wires, which
may be due to the smaller effective masses for holes than
electrons in PbSe and PbS~see Table V!.

The thermoelectric performance of superlattice nanow
consisting of PbTe and PbSe segments is also calcula

FIG. 8. Calculated optimalZT of n-type 5-nm-diameter PbSe
PbS superlattice nanowires as a function of the segment le
(LPbSe5LPbS) for @001# ~—! and @111# ~- - -! orientations at 77 K.
Inset: electronic density of states of@001# PbSe/PbS superlattic
nanowires with a wire diameter of 5 nm andLPbSe5LPbS510 nm at
77 K. The arrow indicates the Fermi energy (;782 meV) where
the optimalZT occurs.
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Figure 10 shows the optimalZT of n-type PbSe/PbTe super
lattice nanowires as a function of segment length (LPbSe
5LPbTe) for different diameters~5 nm and 10 nm! and crys-
tal orientations~@001# and @111#! at 77 K. As indicated by
Fig. 3, PbTe nanodots always consitute the potential bar
region in PbTe/PbSe superlattice nanowires, regardless o
wire diameter. We note that, in addition to the 5-nm-diame
nanowires, the oscillatoryZT behavior, although weaker, i
also observed in the 10-nm PbSe/PbTe superlattice n
wires because of smaller effective masses and larger sub
separations for PbTe. The optimal segment lengths for 5-
diameter PbTe/PbSe superlattice nanowires are both abo
nm for @001# and@111# orientations, with optimalZT values
of 6.4 and 8.1, respectively. Compared with the results
PbSe/PbS superlattice nanowires in Fig. 7, we note that
PbSe/PbTe superlattice nanowires usually possess b
thermoelectric performance than their PbSe/PbS coun
parts, which may be due to the better thermoelectric prop

th
FIG. 9. Calculated optimalZT of p-type PbSe/PbS superlattic

nanowires as a function of the segment length (LPbSe5LPbS) for two
different wire diameters oriented along@001# ~—! and @111# ~- - -!
directions at 77 K.

FIG. 10. Calculated optimalZT of n-type PSe/PbTe superlattic
nanowires as a function of the segment length (LPbSe5LPbTe) for
two different wire diameters~5 and 10 nm! oriented along the@001#
~—! and @111# ~- - -! directions at 77 K.
4-11
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ties for PbTe than for PbS in bulk form. In addition, th
higher carrier anisotropy and smaller effective masses
PbTe than in PbS~see Tables II and V!, which provide a
larger density of states and lighter transport effective mas
in nanowires, may also account for the higherZT observed
in PbTe/PbSe superlattice nanowires. Table VIII summari
the optimalZT (n andp types! and the corresponding seg
ment lengths for PbSe/PbS and PbSe/PbTe superla
nanowires at 77 K. We notice thatp-type PbSe/PbTe supe
lattice nanowires possess a lowerZT than theirn-type coun-
terparts, in contrast to the case of PbSe/PbS superla
nanowires, which may result from the larger effective mas
and lower mobilities for holes than for electrons in PbTe~see
Tables II and VI!.

The calculations shown so far are made assuming
equal segment length for the two constituent materials. H
ever, for a given period lengthL5LA1LB for superlattice
nanowires, the thermoelectric performance may be furt
optimized by adjusting the length ratio of the two materia
As an example, Fig. 11 shows the calculatedZT for 5-nm-
diametern-type PbSe/PbS superlattice nanowires as a fu
tion of the PbSe segment lengthLPbSeat a given period,L
5LPbSe1LPbS510 nm, along two crystal orientations at 7

TABLE VIII. Optimal segment lengths and the highestZT of
5-nm-diametern- andp-type lead salt superlattice nanowires~PbSe/
PbS and PbSe/PbTe! at 77 K.

Material PbSe/PbS SLNW PbSe/PbTe SLNW
Orientation @001# @111# @001# @111#

n type OptimalZT 4.4 3.7 6.4 8.1
Segment length 3 nm 3 nm 2 nm 2 nm

p type OptimalZT 6.2 4.4 6.0 7.6
Segment length 2 nm 2 nm 2 nm 2 nm

FIG. 11. Calculated optimalZT for 5-nm-diametern-type PbSe/
PbS superlattice nanowires as a function of the PbSe seg
lengthLPbSeat 77 K with different nanowire crystalline orientation
The segment length of PbS is chosen such that the perioL
5LPbSe1LPbS is constant and equals to 10 nm. The optimalZT for
5-nm-diameter PbS and PbSe nanowires is shown as circles
squares for@001# and @111# orientations, respectively.
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K. The optimalZT of 5-nm-diameter PbSe and PbS nan
wires at 77 K are also shown in Fig. 11 for@001# and @111#
orientations as circles and squares, respectively. From
11, we see that a higherZT can be achieved for PbSe/Pb
superlattice nanowires with unequal segment lengths
PbSe and PbS nanodots. For@001# orientations, PbSe~2 nm!/
PbS ~8 nm! superlattice nanowires have the highestZT of
3.3, while PbSe~3 nm!/PbS ~7 nm! superlattice nanowires
are optimal for the@111# orientation with ZT;2.8. As a
comparison, forLPbSe5LPbS55 nm, the optimalZT values
of corresponding@001# and @111# superlattice nanowires ar
calculated as 3.0 and 2.7, respectively. We note that since
electronic band structure and the lattice thermal conducti
of superlattice nanowires are highly dependent on the w
diameter, segment lengths, and the transport propertie
their constituent materials, this optimal length ratio for t
two components is not universal and may vary for differe
period lengths and wire diameters. Physically speaking,
perlattice nanowires with unequal segment lengths may p
sess better thermoelectric properties than the ones with e
segment lengths because the thermal resistivity and/or t
mopower can be maximized by increasing the length of m
terials with desirable attributes without losing the advanta
of the superlattice structure.

According to Table VIII, we found that the optimalZT is
usually achieved for segment lengths as short as 2 nm
lead salt superlattice nanowires at a diameter of 5 nm. H
ever, it is necessary to check these length scales for inte
consistency with the model assumption. First, since the
tice constants of these lead salts are about 5 Å, there
;400 unit cells in a nanodot with a diameter of 5 nm a
segment length of 2 nm, validating the application of t
effective mass theorem and the band-structure parame
used in the model calculation. In addition, thez values de-
fined in Eq.~16! are calculated as;0.4 and 0.5, respectively
for the first subband of 5-nm-diameter@001# PbSe~2 nm!/
PbS ~2 nm! and PbSe~2 nm!/PbTe ~2 nm! superlattice
nanowires. Based on the criteria (z<0.1) for the alloy limit
from previous discussions, these superlattice nanowires
not in the alloy limit, and they do possess a unique electro
band structure that is dramatically different from that for
simple nanowire, and this unique band structure partly
counts for their superior performance when compared
their corresponding alloy nanowires. Recently, Bjork and
workers have fabricated InP/InAs superlattice nanowi
with atomically perfect interfaces by chemical bea
epitaxy18 for segment lengths as short as 1.5 nm, indicat
that the proposed superlattice nanowire structures that
here discussed for thermoelectric applications may
achieved experimentally. Experimental studies of the
nanowires, especially their carrier mobility, carrier conce
tration, and the interface and wire boundary conditions,
important in order to check the validity of the assumptio
made in model calculations, such as are given here, an
further improve the values of the parameters used in s
model predictions.

IV. CONCLUSIONS

In this paper, we present a model for superlattice na
wires to calculate their electronic band structure and tra

nt

nd
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port properties. The model considers the quantum confi
ment effects due to a cylindrical wire boundary and the f
mation of 1D subbands of anisotropic carriers. T
dispersion relation of each subband in the superlattice na
wire is derived using the Kronig-Penney potential mod
and exhibits very different features depending on the s
ment length. It is found that the electronic band structure
superlattice nanowires of very short and very long segm
lengths can be well approximated by the superpositions
simple 1D band structures to substantially reduce the
quired computational complexity.

The thermoelectric properties of superlattice nanowi
made of various lead salts~PbS, PbSe, and PbTe! are inves-
tigated based on the electronic band structure model
scribed above and on the 1D Boltzmann transport equati
Due to the electron mass differences between different
terials, the potential barrier–well inversion induced by qua
tum confinement, which is a unique phenomenon in sup
lattice nanowires, is observed as the wire diameter decrea
The thermoelectric figure of merit,ZT, of these superlattice
nanowires is found to be highly dependent on the segm
length, wire diameter, crystal orientation, selection of ma
rial constituents, Fermi energy, and the segment length ra
It is found thatZT generally increases with decreasing w
diameter and with decreasing segment length before the
loy limit is reached. As a general guidance for thermoelec
applications, it is usually desirable to design superlatt
nanowires composed of materials that have~1! semiconduct-
ing band structures,~2! low interdiffusion at the interface fo
effective carrier confinement to occur, and~3! multiple car-
rier pockets with high anisotropy to achieve a large den
of states and small transport effective masses simultaneo

For PbSe/PbS superlattice nanowires,ZT values higher
than those of PbS0.5Se0.5 alloy nanowires are possible fo
segment lengthsLPbS andLPbSesmaller than;10 nm, with
an optimalZT.4 for 5-nm-diameter PbSe/PbS superlatt
nanowires. PbTe/PbSe superlattice nanowires are expect
possess even better thermoelectric performance than the
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