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Thermoelectric properties of superlattice nanowires

Yu-Ming Lin
Department of Electrical Engineering and Computer Science, Massachusetts Institute of Technology, Cambridge,
Massachusetts 02139-4307, USA

M. S. Dresselhatfs
Department of Physics, Department of Electrical Engineering and Computer Science, Massachusetts Institute of Technology, Cambridge,
Massachusetts 02139-4307, USA
(Received 1 March 2003; published 7 August 2003

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(Bal& PbSe, and PbjTare 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
guantum confinement, which is a uniqgue phenomenon in superlattice nanowires, is predicted as the wire
diameter decrease&T values higher than 4 and 6 are predicted for 5-nm-diameter PbSe/PbS and PbTe/PbSe
superlattice nanowires at 77 K, respectively. Th&3evalues are significantly larger than those of their
corresponding alloy nanowires, indicating that superlattice nanowires are promising systems for thermoelectric

applications.
DOI: 10.1103/PhysRevB.68.075304 PACS nunt®er73.63.Kv, 72.15.Jf
I. INTRODUCTION material$1%! Since the enhancement in thermoelectric

properties is anticipated to be more pronounced as the di-

Studies on low-dimensional systems, such as onemensionality decreases, 0D structures hold even greater
dimensional(1D) quantum wires and 2D superlattices, havepromise than 1D and 2D systems. However, unlike 1D or 2D
attracted considerable attention, spurred on by the urge teystems, where at least one of the directions is not quantum
develop smaller and faster electronic devices and by the hopgonfined and thus can provide electrical conduction, 0D
to exploit their unusual properties for improved performancestructures, such as quantum dots, are confined in all direc-
in various applications, such as opticsmicroelectronics,  tions, and this may present difficulties for some applications.
thermoelectricé; ® and magneticd Due to the large surface- To utilize the unique properties of quantum dots for situ-
to-volume ratio for enhanced surface effects and possiblations where electron conduction is required, it is necessary
quantum confinement effects, these nanostructured materiglig devise some means for carrier transgerg)., tunneling or
are expected, and in some cases have been demonstratedh@pping between individual dots. For this purpose, several
exhibit dramatically different behaviors that are absent innovel structures based on quantum dots that capture the es-
their bulk counterparts, and can benefit certain applicationssence of 0D structures and enable transport phenomena have
For example, Hicks and Dresselh&Bisave predicted en- been proposed and synthesized, such as quantum dot array
hanced performance for thermoelectric applications in 1Dsuperlatticeband superlattice nanowirééThese new struc-
and 2D systems compared to their counterpart bulk materitures have shown great promise in the context of thermoelec-
als, due to both a sharper density of states in lowdricity, and Harmaret al. have measured an impressive ther-
dimensional systems for enhanced thermopower and an inmoelectric performance oZT~2 at 300 K for PbTeSe-
creased phonon scattering for reduced lattice thermabased quantum dot superlatti¢esompared to a highe&T
conductivity. Thermoelectric refrigeration based on nano-of ~1 for conventional bulk material$.A possible mecha-
structures has other advantages, in addition to improved penism for this enhanced thermoelectric performance has been
formance, in that a very small active region with a muchproposed to be due to the miniband formation in coupled
shorter response time than those of bulk thermoelectric de3D quantum dot arrays. Other nanostructures based on quan-
vices or conventional mechanical cooling systems can b&um dots that are of great interest for thermoelectricity are
achieved, which is of great interest for modern microelecsuperlattice nanowireSSLNW's) [see Fig. 8], which con-
tronics where the efficiency bottleneck is usually limited by sist of a series of interlaced nanodots of two different mate-
certain local hot spots. It is expected that by integratingials (denoted byA and B). In the superlattice nanowire
nanostructured thermoelectric materials into critical region§SLNW) structure, the electronic transport along the wire
of microelectronic circuits, the excess heat that limits theaxis is made possible by the tunneling between adjacent
device performance can be effectively removed. quantum dots, while the uniqueness of each quantum dot and

Theoretical calculations and experimental investigationsts OD characteristics are maintained by the energy difference
of the thermoelectric properties of low dimensional 1D andof the conduction or valence bands between different mate-
2D systems have been pursued extensively for varioudals[see Fig. 1b)]. The band offset not only provides some
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Ly Ly ties of these lead salt superlattice nanowires, with particular
attention to PbS/PbSe systems, are investigated to elucidate

@ | ) u u u u u ) their performance dependence on the segment length, wire

A B diameter, crystal orientation along the wire axis, and the
length ratio of the constituent nanoddtee Fig. L

- ----ES+el
(b) Eg+8A____| | ' |"'B | } AE,, Il. THEORETICAL MODEL OF SUPERLATTICE

NANOWIRES

FIG. 1. (a) Schematic diagram of a superlattice nanowire con-
sisting of interlaced nanodofsandB. (b) Schematic potential pro-
file of one conduction subband in a superlattice nanowire. In superlattice nanowires, their transport and other elec-

tronic properties are determined by the electronic band struc-
amount of quantum confinement, but also creates a perioditire, which exhibits dramatically different features from that
potential for carriers moving along the wire axis, which mayof a simple 1D nanowire or bulk materials. To model the
result in a sharper density of electronic states than is presestectronic band structure of superlattice nanowires, we as-
in ordinary 1D systems. This new structure is especially atsume that each segment has a circular cross section with a
tractive for thermoelectric applications, because the heterainiform wire diameted,, [see Fig. 1a)], and the carriers in
geneous interfaces between the nanodots can reduce the lakch cylindrical nanodot are confined by an infinite potential
tice thermal conductivity by blocking the phonon conductionat the wire boundarythe cylindrical sidewa)l which is a
along the wire axi$; while electrical conduction may be good approximation for nanowires embedded in a wide band
sustained and may benefit from the unusual electronic bangap insulating matrix or for free-standing nanowires. We also
structures due to the periodic potential perturbation. Thesassume that each nanodot consists of a sufficient number of
one-dimensional heterogeneous structures also hold promisgoms so that the effective-mass theorem is valid to describe
in other applications, such as nanobarcodesanolasers®  the local electronic properties of a nanodot by the band-
1D waveguides, and resonant tunneling diotes. structure parameters of the bulk material.

Various approaches have been developed to synthesize su-For the following discussions, theaxis is chosen to be
perlattice nanowire structures with different materials. Co/Cualong the wire axis, and we first consider the electronic struc-
superlattice nanowires were first fabricated in nanoporougure in one nanoddtmaterial A in Fig. 1(a), for examplé.
templates using electrochemical depositiérand more re- Due to the quantum confinement normal to the wire axis,
cently, researchers have successfully synthesized highlyuantized subbands are formed in the nanodot. These con-
crystalline semiconductor superlattice nanowir¢s.g., fined electrons are described by the wave function
Si/SiGe!® GaAs/GaP? and InP/InA3®) by the vapor-liquid-
solid growth mechanism. Due to the structural complexity Ph(X,Y,2)= dh(x,y)expikz), (1)
and the materials diversity in these quantum dot—based sys-
tems, it is essential to develop a model to understand therhere the superscrigt denotes the material typé,,(X,Yy)
behavior and to predict properties of interest in these novek the quantized wave function normal to the wire axis that is
structures, especially for practical applications and devicelassified by the quantum numbers, i), andk represents
optimization. the electron wave vector along the wire axisais). In Eq.

In this paper, we present a general theoretical model fo(1), the plane wave function exigg) emphasizes the unre-
the electronic structure and transport properties of superlastricted motion for electrons in the direction within the
tice nanowires, which explicitly takes into account the cylin-nanodot. The energy corresponding to the electronic states of
drical wire boundary conditions, the diameter-dependenggq. (1) is given by
band offsets for the periodic potential along the wire axis,

A. Electronic band structure

and the multiple anisotropic carrier pockets. The density of 22
electronic states and the dispersion relations for each quan- Eﬁm(k)= Eé+ ef}m+—A, (2
tum subband in superlattice nanowires are presented in Sec. 2m;

Il using the Kronig-Penney model. With the electronic band A )

structures thus obtained, a transport model based on the 1{ghereEc is the energy of the conduction band edge for bulk
Boltzmann transport equations is then developed. The effednaterialA, €, is the quantization energy of the,m) sub-

of the superlattice structure on the phonon thermal condudsand, andm is the transport effective mass along the wire
tivity, which is an important factor determining the thermo- axis. We note that the quantization energy, and the cor-
electric performance, is also discussed. In Sec. lll, the estalstesponding wave functiop,,(X,y) both depend on the ge-
lished transport model is utilized to study the thermoelectricometry of the wire cross section, the wire diameter, and the
properties of superlattice nanowires made of various leadarrier effective masses. For cylindrical 1D wires with aniso-
salts(PbS, PbSe, and PbSat 77 K, which is a temperature tropic carrier mass tensors, the approach to calculate the
of interest for cryogenic cooling. The lead salts are chosemave functione,,, and the quantized energy,,, has been
for our studies of superlattice nanowires because they argescribed in Ref. 10.

conventionally good thermoelectric materials with well- By arranging the two types of nanodotd &ndB) into a
established transport properties. The thermoelectric propesuperlattice nanowir¢see Fig. 1a)], the electrons in the
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(n,m) subband will experience a periodic square-well poten- kB=\2mB(E—EE— B )/h. (11)
tial U(z) with an energy barrier height
By applying the boundary conditions of Edd), (6), and(7)
AE = (E2+€b,)— (Ea+eny), (3) to Egs.(8) and (9), and eliminating the four constants

_ _ _ (a—d), we obtain the following dispersion relation fat2°
when traveling along the wire axisee Fig. 1b)]. Although

independent quantum dots possess discrete energy levels like ( mZBkA m/Z-\kB)

that of atoms, superlattice nanowires exhibit 1D-like disper- cog «L)=cogk"L,)cogkBLg)— 5
sion relations along the wire axis due to the wave-function
leakage across the finite barrier heigtE,,,, between quan- A -
tum dots. The(sub band offset energieAE,,,, are usually X Sin(k?La)sin(k"Lg). (12
different from that of bulk materialsEc—EZ) due to the  Similarly, for electrons with energies below the potential bar-
quantum confinement eneray,, for each type of quantum rier (Ea+ e <E<Eg+e€f.), the wave vecto is deter-
dot. AE,,,, may also depend on the subband indeyif) and ~ mined by°
the wire diameted,, .

According to the Bloch theoref the eigenfunctiory(z) A 5 1{ mBkA  miqgB
of the Schrodinger equation for electrons in a superlattice COSxL)=COSk"La)cosia"Le)— 5 A mEKA
structure with a periodic potentidl(z) takes a different z z

_— +
mokB  mBkA

form from expikz), and 5»(z) must be of a special periodic x sin(kAL )sinh(qBLg), (13
form:
where
D)= expin (), @ q®=2mJ(ES+ ey, —E)/. (14)
wherex is the 1D wave vector of electrons moving along the
superlattice nanowire, arld=L+ L is the periodic length The density of state),(E), of the (n,m) subband is

of the superlattice nanowire. It should be pointed out that related to the energy dispersion relation by
in Eq. (4) describes the energy-momentum relation of the .
entire superlattice nanowire, whileappearing in Eq(l) is a D, (E)= z( ﬁEnm)
property related to one nanodot only. nm 2\ dk

We note that while the electronic wave function in each
nanodot is described by linear combinations of EQ, the
overall envelope wave function of electrons in the superlat
tice nanowire should be expressed as

(15

We note that, due to the periodic potential perturbation, the
density of state$D,(E)] in a superlattice hanowire may
possess a very different energy dependence from that of a
simple nanowirdsee Eq(2)]. The electronic band structure
DX, Y52) = brm(X,Y) 7(2). (5) [Eqm(x) andD,(E)] of one subband is _highly eren_dent
on the segment length, or Ly, the potential barrier height
The energy of electrons described by E8), which can be v, . and the transport effective massa$ andmZ. For ex-
solved as a function ok using the Kronig-Penney model, ample, Fig. 2 shows the density of states funci(E) and
constitutes the important dispersion relatiBpy(«) of the  the number of stateN(E)=fD(E)dE calculated for a sub-
(n,m) subband in the superlattice nanowire. Assuming a pepand with various segment lengthisy=Lg=1, 5, 20, and

riodic square-well potential along tizeaxis, the conservation 60 nm), assuming a potential barrier height \¢f=50 meV
of the electron flux along the axis is taken into account by ang an effective mass of:=mZ=0.5m,, wheremy is the

the following boundary conditions at the interfaces: free-electron mass. The zero in energy is chosen to be at the
- ©) top of the potential _barrier._ It is found in Fig(& that for_
’ very short superlattice periodd (=1 nm), the electronic

band structure approaches that of an alloy systaftoy
limit) with a density of states similar to that of a simple 1D
system[see Fig. 2a)]. In this limit, the onset of the density

of states corresponds to an effective band edge in the middle
For electrons with energies above the potential barrier ( of the potential well, and this effective band edge is equal to
>EE+ eﬁm), the wave functions in each nanodot can be exthe average of the periodic potent[akee Fig. 2a)]. As the

1 d77A_ 1 dy® 7
wh 4z e Az .

pressed as segment length increases, the density of stadeshe num-
ber of statesbegins to develop minibands and minigaps in
=aexpik”z)+b exp —ik"z), (8)  the subband structurisee Figs. ) and 2c)], exhibiting
features unique to the superlattice nanowires. The widths of
nB=cexp(ikBz)+d exp —ikBz), (9)  these minibands are usually very narrpw1 meV for the

] first miniband in Fig. 2b)] for energies below the potential
wherea, b, ¢, andd are constants to be determined, and  \ye|| (E<0), yielding as function—like density of states in
A - — the potential well, as represented by vertical lines in Figs.
kA= 2m}(E—Eg— ep,)/, (100 2(b) and 2c), which is similar to the discrete states of quan-
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tum dots. It is found that the width of these minibands gen-hand, if the thermal enerdys T is much larger than the mini-
erally increases and the miniband gap decreases with increagapseg, the minibands can be treated as continuous states
ing energy. We also note that the number of these narrowlue to the thermal smearirglassical limi}. We define two
minibands in the potential well increases with increasingdimensionless quantities

segment lengthsee Fig. 2c)]. And for long segment lengths

(LA=60 nm), these minibands become so close to each L/2  Ly2m,V,

other in energy that they may be approximated by a con- (= TV (16)
tinuum, if the minigaps are much smaller than the thermal €

energy|[see Fig. 2d)]. In this long segment length limit, the and

density of states of the superlattice nanowire is approxi-

mately equivalent to the averaged density of states of the two

constituent material§classical limi}. In the following, we _ S _ wh Vb 17)
define thealloy andclassicallimit for superlattice nanowires kgsT kgTL V2m,

that have very short and very long periods with the electronic
subband structures shown in Figéazand 2d), respectively. for the determination of the subband structure. The criteria
It is also worth noting that in Fig.(2), while the minibands for the alloy limit is then given by. <A, or /<1, while the
are well separated in energy for states with energies in theondition for the classical limit ig;<kgT or £<1. Table |
potential well E<0), the electronic band structure approxi- lists the calculated values @f and ¢ corresponding to the
mates the continuum of the classical limit for electrons withparameters in Fig. 2 8t=77 K. We note that is calculated
energies above the potential barri&>0). to be 0.13 forLy,=1 nm [Fig. 2(@)], and ¢ is 0.16 for a
The dramatically different electronic band structures ofsegment length of 60 nifFig. 2(d)], indicating that{=<0.1
superlattice nanowires shown in Fig. 2 can be qualitativelyand £<0.1 are satisfactory criteria for identifying the alloy
categorized, based on different length and energy scales: thieit and the classical limit, respectively, for the subband
electron de Broglie wavelength., the segment length,  structures of superlattice nanowires. For superlattice nano-
orLg, the mini-gap energy,, and the thermal enerdisT.
In the potential well regiorje.g., in the nanodot made of TABLE |. Calculated andé¢, defined in Eqs(16) and(17), for
material A in Fig. 1(b)], the energy separation between two determining the subband structure in a periodic potential, for vari-
miniband£! is on the order Ofeg~(7rh/L)«/Vb/2m§, and ous segment lengths at 77 K, assuming a potential barrier of 50
the wavelength of electrons with energy near the potentialn€V and an effective mass of .
barrier is approximatelyxefv27-rﬁ/\/2m;zivb. When the seg-
ment length is much shorter than the de Broglie wavelengt

Segment length 1 nm 5nm 20 nm 60 nm

A, a full electronic wavelength would cover many super- L72) (Alloy limit) (Classical limi)
lattice periods, so the electrons only experience an averaged 0.13 0.64 257 7.73
potential without noticing the detailed potential structure asg 9.69 1.93 047 0.16

they travel along the nanowir@lloy limit). On the other
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wires with unequal segment lengths, it is found that these | L, Lg 1 1 tap+tpa
conditions of{ and ¢ for the alloy and classical limits still e )\—+)\—+ (C ot + Coot i
hold for 0.1<L/Lg<10. st %A B ATATAB  -BUBIBA
3/ La Lg
B. Electri ' +— + , (23
. Electrical transport properties dy\Cavaap Cpugag

With the dispersion relatio&,n(«) of each subband thus \where), C, andv are the lattice thermal conductivity, heat
obtained, important transport properties can be derived base@pacity per unit volume, and sound velocity of the bulk
on the Boltzmann transport equations for 1D systéhfzor material (A or B), respectivelyt,g (or tg,) is the phonon
simplicity, we use the constant relaxation-time apprOXimaTransmissivity from nanodof to nanodotB (or B to A),
tion to qalculate the following fundamental integrals for the ynich is defined as the probability of phonon energy transfer
conduction band: through theA-B (or B-A) interface.a, (or ag) is a geomet-

ric factor that only depends on the aspect rdtj/d,, (or
47, f (E-Ep)*[ ﬂ)dE (18) Lg/d,) of the nanodots, and it has values between 0.75 and
7242d2 m ) Dam(E) dE/ 1 for cylindrical wires'* In Eq. (23), the contributions of the
segment interface and the wire boundary scattering processes
wherea=0,1, or 2,7, is the relaxation time for electrons, to the lattice thermal resistivity are contained in the third and
Er is the Fermi energyf (E) is the Fermi-Dirac distribution  fourth terms, respectively, and the first two terms in &9
function, and the summation is over all subbands for all elecaccount for intrinsic phonon-scattering events present in bulk
tron pockets. A similar expression for holes is given by  materials. Using the diffuse mismatch mddéP approxima-
tion for segment interfaces,g is given by

Ke,az

4 E—E)“ df
Kh,a Th (Ee ) (

= - —|dE. 19
thzdev n,m Dnm(E) dE) ( ) tAB:&
CAUA+ CBUB,

The electrical conductivityr, the Seebeck coefficiel®  andt,,=1—t,5. Equation(23) can then be rearranged as
and the electrical contribution to the thermal conductiwity

(24)

are then obtained fror, b L L 4 A A L 4 A A
o o TS T S Tl )
O':ez(Ke,o"‘ Kh,O)! (20) SL A A AYw B B B W(25)
1 Kei—Kpa where A, and Ag are the phonon mean free paths of bulk
S=——=——, (21)  materialsA and B, respectively, which are derived from ki-
eT Koot Kho -
: ' netic theory,
1 (Ke1—Kpp)? 1
Ne=7 | KeatKnom . (22) \=3CvA. (26)

Since there is no general expression for the density oft is convenient to define an effective phonon mean free path
states[D(E)] of superlattice nanowires, the calculation of Aett for one segmentA, for example in the superlattice
the integrals in Eq¥18) and(19) usually requires a consid- nanowire by
erable amount of computing resources. However, for sub- 4 1
bands in the alloy or classical limits, the computational task -1 _ A1y -1, = 4-1

S ; . : Aper=An tgla™+ —dy ", (27)
can be greatly simplified by adopting analytical expressions ' 3 an

for D(E) for these two limiting conditions. and the corresponding effective thermal conductivity in

each segment by
C. Lattice thermal conductivity

The phonon transport in superlattice nanowires is influ- M= (Anei/An)ha, (28)
enced by additional phonon scattering at the wire boundaryhich implies effective phonon-scattering lengths af,34
and at the interfaces between the quantum dots. It is expecteshd asd,, for interface and wire boundary scattering, respec-
that the lattice thermal conductivity should be significantlytively. The lattice thermal conductivitys, can then be con-
reduced as the wire diameter or the segment length becomegsely expressed in terms of a series of two nanodatarfd

smaller than the bulk phonon mean free path. The lattica) with effective thermal conductivities a e and A g o DY
thermal conductivity for superlattice nanowires has been

modeled, based on the phonon Boltzmann transport equa- L La Lg

tions with diffuse mismatch interface conditiosAssuming )\_SL: N Aot + N (29)

a diffuse nanowire boundary for phonons, which is a good ' '

approximation for nanowires with rough or imperfect sur- It should be noted that the derivation of E§3) assumes
faces, the phonon thermal conductivity, of superlattice a linear phonon dispersion relation with a constant sound
nanowires is given by?? velocity, which is only valid for temperatures much lower
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TABLE Il. The direct band gajE, and the effective-mass components of thpoint electron and hole
pockets for bulk PbS, PbSe, and PbTe, and their temperature deperBefnc2s.

PbS PbSe PbTe

Eq(T)(meV) 263+ 400+ 0.256T2 125+ 400+ 0.25612  171.5+ \(12.87+0.19(T + 20)?

me, /m (10 GE—EQ(O) 1.9 - (207m 4.3 - (30 58E—E9(0) 14 29)1
el o . g(T)+ . 'Eg(T)+ . . g(T)+ .
E4(0) -t E,(0) )1 ( E4(0) )1
meH/mO (58m+37) (11 g(T)+2.9 2.98Eg(—_|_)+2.42
Eg0) 7! Eg0) _\7* Eq(0) ) =
My, /Mg (10. i +2.7 (20.7m+8 7 (30.5 Y5 +10.0
(58Iﬂ 3771 (11 Eq(0) 3371 (29E9(0) 125)1
My /o Em o S

than the Debye temperature. A more accurate description faevolution centered at the four equivalelntpoints in the

the lattice thermal conductivity of superlattice nanowires thaBrillouin zone, and the major axes of these ellipsoids are in
takes into account a nonlinear phonon dispersion relation ahe [111] directions?® There is a considerable band offset
higher phonon frequencies can be obtained by replacing th@hen combining two dissimilar lead salts together, and this
product of the heat capacity and the sound velo@ty in  band offset provides carrier confinement between quantum
Egs. (23)—(26) with the integration ofC(w)v(w) with re-  dots. The band structures of lead salts in bulk form have been

spect to the phonon frequeney, [C(w)v(w)do. studied extensively, and some of the important temperature-
dependent parameters related to their transport properties are
[ll. LEAD SALT SUPERLATTICE NANOWIRES listed in Table Il. To minimize the lattice mismatch at the

. . . eterogeneous interfaces, we choose to study PbS/PbSe and
In this section, we apply the electronic band model an g y

) . . X bSe/PbTe superlattice nanowires in this paper, with particu-
transport equations developed in Sec. Il to investigate th?ar emphasis on the PbS/PbSe systems. We note that the lat-
thermoelectric properties of superlattice nanowires com- '

posed of lead saltéPbTe, PbSe, and PhS_ead salts and tice mismatch may not be as significant an issue in superlat-

their alloys are narrow-gap semiconductors that have beelice nanowires as in superlattice thin films, since researchers

widely studied. They have well-established electronic prop_have found that in superlattice_ nanowires, the _Iattice strain
erties because of their potential for tunable photoelectroni€an be laterally relaxed to avoid defects at the interféce.
devices in the infrared and visible rantfeLead salts have Based on the band-structure parameters in Table II, we
also been found to be promising thermoelectric materialsfirst calculate the quantized subband eneegy, related to
going back to the early stage in thermoelectrics research, arifie confinement of the wire boundary in tkey directions
PbS and PbTe were used in the first thermoelectric generand the transport effective masses along the wire axis.
tors and cooling units, respectivéfRecently, a thermoelec- Since the carrier pockets of these lead salts are highly aniso-
tric performance twice as high as the best conventional thettropic, €,, and m, are dependent on the crystallographic
moelectric material has been demonstrated by lead satiirection of the wire axis. For wires oriented along {6€1]
quantum dot array$suggesting that superlattice nanowires direction, the fourl pockets are all degenerate and are de-

consisting of lead salt quantum dots may also be promisingoted asL(*); for wires oriented along thgl11] direction,

thermoelectric materials. this fourfold degeneracy is lifted, resulting in two inequiva-
lent groups of carrier pockets: a single pocket with its major
A. Electronic band structure axis along the wire axigdenoted ad.(V)), and the other

The lead chalcogenide familfPbTe, PbSe, and Pb8on- three pockets that are still degengratg ill”l enddpnoted as
stitutes an attractive model system to study the effect of thé?). The subband energs,, which is inversely propor-
superlattice structure on the transport properties of nandional tody, is calculated for the three lead salts at 77 K for
wires, because of their simple crystal and electronic structwo wire orientations[001] and[111]), and the results are
tures with well-known properties over a wide temperaturelisted in Tables Il and IV for the first five subbands for the
range. These lead salts all possess the same NaCl-like facglectrons and holes, respectively. The transport effective
centered lattice structure with lattice constaags=5.94 A,  masses along the wire axis of the various lead salts and ori-
6.12 A, and 6.46 A for PbS, PbSe, and PbTe, respectiiely, entations are given in Table V. We note that since Ithe
and they all have similar direct-gap semiconductor bandarriers of these lead salts usually have their largest mass
structures. The constant energy surfaces for the conductiocomponent along the wire axis and their smallest mass com-
and valence bands of these lead salts are prolate ellipsoids pbnents in the quantum confined directions, they possess a
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TABLE lIl. The first five subband energies{n= enmd2) normalized to the wire diametek, and given
in units of eV nnt for each distinct electron pocket in various lead salts and wire orientations at 77 K. The
Xxnm Values are listed in the order of increasing energy.

Material Orientation Pocket Ordet 1 2 3 4 5
[o01] L 9.52 23.17  25.14 42.49 43.48
PbS [111] L& 10.30  26.12  26.12 46.92 46.92
[111] LY 9.26 2219  24.80 40.69 42.19
[001] L 16.70  38.85 4585 70.90 75.99
PbSe [111] L& 19.47  49.40  49.40 88.72 88.72
[111] LY 15.77 2531  44.63 63.70 71.65
[001] L 2532 50.79  77.38  87.37 114.35
PbTe [111] L® 3598 91.27 9127 16394  163.94
[111] LY 2161 3685 5779 7211 84.65

larger subband energy and a heavier transport effective magsad salts is PbSePbTe<PbS, and hence PbSe constitutes
along the wire axis compared to other pockets. the potential-well region for electrons in PbSe/PbS or PbSe/
The subband energy and the transport effective masses {shTe heterostructures, as depicted by the upper-right inset of
each segment are the fundamental parameters in determlnlrpgg_ 3. However, as the wire diameter decreases, the subband
the subband offsesee Eq(3)] and the subband dispersion gqge energy of PbS nanodots increases at a slower rate than

relation E,(x) of the superlattice nanowires. ASSuming anhat of PhSe or PhTe nanodots because of the heavier carrier
equalbulk band offset for the conduction and valence bandseffective masses in PbS, and the first subband energy of PbS

ina hetero_geneous structure constructed fro.m two lead sal nodots crosses that of PbTe and PbSé,at18 and 10
and choosing the zero energy to be at the middle of the bul . . R .
nm, respectively. The insets in Fig. 3 sketch the relative en-

S?rr:?a?;?é&e(g’g sPut?Sb:n(c)iregg]e_énge;\r/gey:]ogya segment madeergy levels of the first subband edge of these lead salts in

three different diameter ranges, showing that for small-
X x diameter superlattice nanowirgs.g., PbSe/Ph$S some of
EX —+ E+Xnm (30) the subbands in the nanowire may undergo a potential
nm 2 d@ barrier—well inversion when the subband edge energies of
PbS nanodots become lower than those of the corresponding
for electrons () and holes ¢ ), wherex,m=€enm-d2 is a  PbSe subbands. Due to the carrier anisotropy of these lead
diameter-independent parameter, with values given in Table3alts, the critical wire diamter for the potential barrier—well
[l and IV for electrons and holes, respectively. inversion is also dependent on the crystallographic direction,
It should be noted that the potential barrier and well re-and for the[111] orientation, the Iowest-lyingyff’) conduc-
gions of abulk heterogeneous structure may be inverted in aion subband of PbS crosses those of PbSe and Pbdg at
superlattice nanowire due to this diameter-dependent sub-16 and 10 nm, respectively. This subband edge crossing
band energy,,,. For example, Fig. 3 shows the first sub- and barrier-well inversion induced by quantum confinement,
band edge energies of PbS, PbSe, and PbTe nanodots oarihich is absent in other systems, such as 2D superlattice thin
ented in thg001] direction as a function of wire diameter at films, are unique properties of superlattice nanowires, and
77 K. In bulk form, the band-gapg;) relation of the three they hold important implications for carrier transport phe-

TABLE IV. The first five subband energieg (= enmd\fv) normalized to the wire diametek, and given
in units of eV nn? for each distinct hole pocket in various lead salts and wire orientations at 77 Ky Fhe
values are listed in the order of increasing energy.

Material Orientation Pocket Order 1 2 3 4 5
[001] L 9.99 2407  26.62 44.14 4551
PbS [111] LM 11.00 2791 2791 5013 50.13
[111] L 9.65 22.78  26.19 41.70 43.95
[001] L 19.39  44.18  54.16 80.17 88.19
PbSe [111] LD 2335 5924 59.24  106.40  106.40
[111] S 18.06  39.12 5241 69.69 81.95
[001] LW 22.46 4471  68.97 76.61 101.39
PbTe [111] LD 3219 81.68 81.68  146.70  146.70
[111] L 19.06  31.94  49.54 64.11 72.03

075304-7



YU-MING LIN AND M. S. DRESSELHAUS PHYSICAL REVIEW B68, 075304 (2003

TABLE V. Calculated transport effective masses along the wire ' T '
axis for each carrier pocket in various lead salts with different wire
orientations. All effective mass coefficients are normalized to the
free electron mass.

—— PbSe/PbS SL NW
——= PbS,Se,; alloy NW

Material ~ [100] Direction [111] Direction
Mee M mE @ mE m) _ |
PbS 0.0939 0.0903 0.1105 0.0884 0.1105 0.0835

PbSe 0.0564 0.0506 0.0788 0.0490 0.0764 0.0421
PbTe 0.0829 0.1051 0.2000 0.0440 0.2607 0.0533

Density of States (arb. units)

o —— ——

nomena. Since the theoretical formalism developed for su- ,
perlattice nanowires in Sec. |l treats the potential wedind 200 300 400 500 600
barrier B symmetrically, the effect of this potential barrier- Energy (meV)

well inversion can be readily addressed in the following

model calculations for lead salt superlattice nanowires. We FIG. 4. Calculated density of states f@01] PbSe/PbS super-
note that since the band offset vanishes at the crossing ddttice nanowire§—) with wire diameterd,,=10 nm and segment
corresponding subbands of the two materials, the carriers ilengthsLp,se=Lpps=5 nm at 77 K. The arrows indicate the mini-
that subband may travel along the wire like free carriersgaps resulting from the periodic potential in the superlattice nano-
without the potential barrier, which may be desirable for cer-Wires. It is noted that due to the superposition of multiple subbands,
tain transport-related applications. It is also interesting tdhe minigap indicated by the second arrow Eat-490 meV has
compare this potential-well inversion in superlattice nano-nonvanishing deqsity of statt_as. The calcuIaFed d_ensity of state_s for
wires to the semimetal-semiconductor transition observed iFP2.55&. hanowires(- - -) with the same wire diameter and ori-

Bi nanowires%o which results from the subband crossing dueentatlon is also shown in the dashed curve for comparison.

to a diameter-dependent phase diagram.

Figure 4 shows the calculated density of states of the corelectronic density of states correspond to individual 1D sub-
duction band fof001] PbSe/PbS superlattice nanowires as aband edges,,, and for each subband the density of states
function of energy at 77 K with a wire diameter of, varies as E—¢,,) Y2 In contrast, the density of states for
=10 nm and equal segment lengths,se&=Lp,s=5 Nm. The  superlattice nanowires usually exhibits a more complicated
density of states of PlygSe s alloy nanowires with the same energy dependence with additional singularities resulting
diameter and orientation is also plotted in Fig. 4 for comparifrom the minigaps, as indicated by the arrows in Fig. 4. The
son. We note that for alloy nanowires, the singularities in thesuperposition of multiple subbands further enriches the be-
havior of the density of states in superlattice nanowires, as
those shown aE~450 meV. It should also be pointed out
that the density of states profile of these lead salt superlattice
nanowires is highly sensitive to the crystal orientation be-
cause of their multiple anisotropic carrier pockets. These in-
teresting features in the dispersion relation along the trans-
port direction, which are absent in either simple nanowires or
in 2D superlattice systems, are unique to superlattice nano-
wires, and they are responsible for some unusual transport
properties predicted in the superlattice nanowires, as will be
discussed in the following section.

400

300

200

Energy (meV)

100 |

POS | e PbSe PbS B. Transport and thermoelectric properties

- - In this section, we calculate transport properties for super-
0 10 20 30 lattice nanowires composed of various lead salts, and we
Wire diameter (nm) investigate their potential for thermoelectric applications,

FIG. 3. The subband energy of various lead salt nanodots Oribased on the electronic band structure model and the trans-
ented in the[001] direction at 77 K, showing the first subband port equations developed in previous sections. The thermo-

S ; electric performance is usually measured in terms of a di-
energy vs wire diameter. The zero energy refers to the middle of the . . .
ensionless figure of merT, defined as

bulk band gap. Asl,, decreases, the subbands moves up in energ);,n
and the PbS subbard-) crosses those of PbTe - -) and PbSe
(---) atd,~18 nm and 10 nm, respectively. The three insets de- 2

pict the relation of the subband edge energies of the three lead salts _ So

R : ZT= T, (31
in different diameter ranges. N
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n
o

the existence of the minigaps. We note that for alloy nano-
wires, the Seebeck coefficient is always negative, and the
magnitude diminishes rapidly with increasing Fermi energy,
except for some small fluctuations near the subband edges.
Interestingly, for superlattice nanowires, the Seebeck coeffi-
cient not only shows strong oscillations near the minigaps,
but it also becomes positive for certain energy ranges. This
sign change in the Seebeck coefficient as the Fermi energy
varies has important implications, indicating that the super-

- p

-100 |

Seebeck Coefficient (WV/K)

Electrical Conductﬁity (106 o m")

— PbSe/PbS SL NW lattice nanowires may be tailored to exhibit or p-type
——— PbS,PbSe, NW properties, using the same dopafgg., electron donoydy
200,00 200 600 800 carefully controlling the Fermi energy or the dopant concen-

Fermi Energy (meV) tration. More importantly, we also note that the Seebeck co-
efficient extrema of superlattice nanowires have substantially
FIG. 5. Calculated Seebeck coefficient and electrical conductiviarger magnitudes for Fermi energies near the minigaps with
ity as a function of the Fermi energy fg001] PbSe(5 nm/PbS(5  only slightly reduced electrical conductivity compared to al-
nm) superlattice nanowires—) and PbgsSe s nanowires(- - -) at  loy nanowires(see Fig. 5, which is a direct consequence of
77 K. The diameters aré,,=10 nm for both types of nanowires.  the unique potential profile in the transport direction. It is
noted that a similar behavior of enhanced Seebeck coeffi-
where S, o, and A are the Seebeck coefficient, electrical cient due to miniband formation has also been predicted by
ConductiVity, and the thel’ma| COhdUCtiVi('y'ICluding Contl’i- Ba'andin and Co_Workers for 3D quantum dot array
butions from electrons and phongneespectively. structures; showing the impact of the periodic potential per-
Figure 5 shows the calculated Seebeck coefficient angrbation on transport properties. These observations are
electrical conductivity as a function of Fermi energy for significant because they not only illustrate one of the advan-
[001] PbSe/PbS superlattice nanowires with a diameigr tages of superlattice nanowires for thermoelectric applica-
=10 nm and segment lengthgps=Lppse=5 NMat 77 K, as  tions, but they may also account for the enhanced Seebeck
well as the calculated results for R3Se 5 alloy nanowires  coefficient and power factoiSo) measured in quantum dot
with the same diameter and crystal orientation. The relaxarray systems and reported by Harneral, since both sys-
ation timesr of electrons and holes, required for calculating tems have similar periodic potential structures in the direc-
various transport-related integrélsee Eqs(18) and (19)],  tion of carrier transport.
are derived from the carrier mobility of bulk materfdisis- In order to obtain the thermoelectric figure of merit for the
ing the relationu=er/m*, as listed in Table VI for various superlattice nanowires, Eq&€3)—(29) are employed to cal-
lead salts at 77 K. However, we note that the carrier mobilityculate the lattice thermal conductivity. The heat capacity and
of low-dimensional systems may possess different valuethe sound velocity of these lead salts, which are essential
from those of their bulk counterparts. It is expected that parameters in determining the phonon mean free frafh)
may be lowered due to the extra scattering at the wire boundn bulk materials, are inferred from the Debye temperature
ary and the heterogeneous interfaces, whereas the reductigg using the Debye model for the phonon dispersion rela-
in available final states for scattering events in low-tions. Table VII lists the Debye temperature, lattice thermal
dimensional systems may incregse Therefore, careful ex- resistivity 1A, and the calculated phonon mean free paths
perimental studies are required to obtain a more accura®r various bulk lead salts at 77 K.
estimate foru and to further improve model calculations. With the lattice thermal conductivities thus obtained, Fig.
As shown in Fig. 5, the electrical conductivity of a homo- 6 shows the calculatedT as a function of Fermi energy for
geneous(alloy) nanowire increases monotonically with in- [001] PbSe(5 nm)/PbS (5 nm) superlattice nanowires, and
creasing Fermi energgor electron density while that for  for the corresponding PbSe, PbS, and f458 - alloy
the Superlattice nanowires exhibits nonmonotonic Variation&nanowires with diameterdwz 10 nm at 77 K, Showing an
with local minima corresponding to the minigaps in the den-enhancement iZ T for superlattice nanowires over alloy or
sity of stategsee Fig. 4. In Fig. 5, the Seebeck coefficient of pyre lead salt nanowires. At the appropriate placement of the
superlattice nanowires also shows unusual behaviors due frmi energy, optimaZT values of 0.65, 0.46, 0.36, and
0.22 are obtained for PbSe/PbS superlattice nanowires,
Pbg sSe s alloy, PbSe, and PbS nanowires, respectively.
Compared to homogeneous nanowires, there are more pro-
nouncedZT extrema as a function of Fermi energy for su-
PbTe perlattice nanowires due to the unusual Seebeck coefficient

TABLE VI. Mobility of electrons and holes for various lead
salts at 77 K(Ref. 29. The carrier relaxation time is derived using
the relationT=mgu/e.

Property, unit PbS PbSe features in superlattice nanowires discussed eddies Fig.
e (77 K), cmPV-ts? 11000 16500 31600 5). It is interesting to note that, in Fig. 6, the second
un (77 K), cmPv-1g71 15000 13700 21600 maximum for superlattice nanowires corresponds to a posi-
7o (77 K), s 58310 1 5.11x10° 13 8.86x10 13  tive Seebeck coefficient, whereas the first and the third peaks
m (77 K), s 7621028 3.73x10° %8 7.13x10°18  have negative Seebeck coefficients. Since the sign of the

Seebeck coefficient is critical in determining the direction of
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TABLE VII. Selected thermal properties of bulk lead salts. The temperature dependence of the thermal
resistivity is linearly interpolated from values in Ref. 28 below 300 K, and the phonon mfp is calculated using

Eq. (26).
Property PbS PbSe PbTe
Debye temperaturéRef. 28 6 220 K 160 K 130 K
Thermal resistivity X 17.9T (T<180K) 24.2T (T<160 K) 16.42r
(W™ mK) 13.4T (T=240 K) 19.5T (T=200 K)
Phonon mfpA (77 K) 14.5 nm 13.2 nm 25 nm

heat and current flows for thermoelectric devices, this sigrwires, which contain the same number of Pb, S, and Se at-
should be carefully identified in determining the optirZal  oms, can be tailored by controlling the spatial arrangement
for the superlattice nanowires. (alloy vs periodic segment®f these constituent species.
Figure 7 shows the optima@T for n-type 10-nm-diameter Figure 8 displays the optimaZT for n-type 5-nm-
PbSe/PbS superlattice nanowires as a function of segmediameter PbSe/PbS superlattice nanowires as a function of
length Lppse Lpp for two crystal orientationg[001] and  segment lengthl(p,ss= Lppg for two crystal orientations at
[111]) at 77 K. For comparison, the inset of Fig. 7 shows the77 K, showing an oscillatorZ T behavior as the segment
optimal ZT for PbS S, 5 alloy nanowires calculated as a length varies. For comparison, th&T values for 5-nm-
function of wire diameter at 77 K. At a diametat,,  diameter Pb$sSe, 5 alloy nanowires are calculated as 1.7
=10 nm, the optimakZT values are 0.46 and 0.39 ff®01] and 1.4 for thd001] and[111] orientations(see the inset of
and [111] alloy nanowires, respectively. We note that for Fig. 7), respectively. Thes&T oscillations, which are absent
both the PbSe/PbS superlattice and RI$®, 5 alloy nano-  or insignificant in larger diameter superlattice nanowises
wires, the nanowires oriented along tf¥1] direction pos- Fig. 7), are due to the larger subband separation as the wire
sess a slightly higheZ T than[111] wires, possibly due to a diameter decreases. For example, the inset of Fig. 8 depicts
higher density of states and smaller transport effectivéhe density of states for a 5-nm-diameter PlfS& nm/PbS
masses fof001] wires resulting from the four degenerate (10 nm) superlattice nanowire oriented along {0@1] direc-
carrier pockets. As indicated in Fig. 7, the thermoelectriction, showing that onlynesubband contributes to the trans-
performance of the 10-nm superlattice nanowires increasgort properties in the energy range of importance, since the
rapidly as the segment length decreases, \ith values onset of the second subband does not appear until
higher than those of the corresponding alloy nanowires foe>1000 meV. In contrast, the density of states of 10-nm-
segment lengthss7 nm. However, it is also noted that for diameter PbSe/PbS superlattice nanowise® Fig. 4 exhib-
longer segment lengths s Lpps>7 nm), these superlat- its a much more complicated energy dependence due to the
tice nanowires exhibit a loweZ T than alloy nanowires, superposition of multiple subbands in the energy range of
which may be due to a lower lattice thermal conductivity inoptimal ZT. Therefore, for small diameter superlattice
the alloy nanowires. It is interesting to note how the thermo-
electric performance of these superlattice and alloy nano- 2.0

' 3 : : :
0.8 [001] SL NW Alloy NW,

PbSe/PbS SL NW

06 1 PbS,Se,; Alloy NW ]
N
PbSe NW
5 0.4 |
PbS NW
0.2 j
0‘0 L 1 L
0 5 10 15 20
0 E . = Segment Length (nm)
200 250 300 350
Fermi Energy (meV) FIG. 7. Calculated optimaZT as a function of the segment

length forn-type 10-nm-diameter PbSe/PbS superlattice nanowires
FIG. 6. CalculatedT as a function of Fermi energy f¢001] oriented along th¢001] (—) and[111] (- - -) directions at 77 K.
PbSe(5 nm)/PbS (5 nm) superlattice nanowires, as well as PbSe, Inset: calculatedZT for PbS sSe 5 nanowires oriented along the
PbS, and PhSe, 5 nanowires at 77 K. The wire diameters are 10 [001] (—) and [11]] (- - -) directions as a function of the wire
nm in all cases. diameter at 77 K.
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6 —— 8
- [001]
[001] SL NW ; l [001]
x 1 A ol
4r M g
700 800 900 1000
I,:‘ Energy (meV) I’:‘ 4t
2 -
2 -
[111] SL NW
0 . . . 0 . . .
0 5 10 15 20 0 5 10 15 20
Segment length (nm) Segment length (nm)

FIG. 8. Calculated optimaZ T of n-type 5-nm-diameter PbSe/ FIG. 9. Calculated optimaZ T of p-type PbSe/PbS superlattice
PbS superlattice nanowires as a function of the segment lengthanowires as a function of the segment lengdth,gs= L g, for two
(Lppse Lppg for [001] (—) and[111] (- - -) orientations at 77 K.  different wire diameters oriented alofig01] (—) and[111] (- - -)
Inset: electronic density of states [#01] PbSe/PbS superlattice directions at 77 K.
nanowires with a wire diameter of 5 nm ahd,se& Lpp,s= 10 nm at
77 K. The arrow indicates the Fermi energy 182 meV) where

the optimalZT oceurs. Figure 10 shows the optim@T of n-type PbSe/PbTe super-

lattice nanowires as a function of segment lengthpyge

nanowires, their transport properties are mainly determined Lrord for different diameter$5 nm and 10 r!ma}nd crys-

by the bandwidths of the minibands and the minigaps, whici@! orientations([001] and [111]) at 77 K. As indicated by
are highly dependent on the segment length, instead of thgid- 3, PbTe nanodots always consitute the potential barrier
diameter-dependent subband energies. As shown in Fig. $2gion in PbTe/PbSe superlattice nanowires, regardless of the
the miniband and the minigap structure of one subbandviré diameter. We note that, in addition to the 5-nm-diameter
evolves from that of thalloy limit to the classicallimit as ~ nanowires, the oscillatory T behavior, although weaker, is
the segment length increases, resulting in an oscillatory opRlSO observed in the 10-nm PbSe/PbTe superlattice nano-
timal ZT due to the variation in the widths and gaps of theWires because of smaller effective masses and larger subband

minibands. However, for larger-diameter superlattice nanoSeparations for PbTe. The optimal segment lengths for 5-nm-
wires, thisZT oscillation as a function of segment length diameter PbTe/PbSe superlattice nanowires are both about 2
becomes smeared out due to the averaging effect of the coRm for [001] and[111] orientations, with optimaZ T values
tributions from multiple subbands. In Fig. 8, the optimal seg-Of 6.4 and 8.1, respectively. Compared with the results for
ment length for 5-nm-diameter PbSe/PbS superlattic&PSe/PbS superlattice nanowires in Fig. 7, we note that the
nanowires is about 3 nm for bo{901] and[111] orienta- PbSe/PbTe _superlattlce nanowires u_sually possess better
tions, with optimalZT values of 4.4 and 3.7, respectively, thermoelectric performance than their PbSe/PbS counter-
which are much higher than the optimZIT of 10-nm-  Parts, which may be due to the better thermoelectric proper-

diameter superlattice nanowires.

Since the lead salts have valence-band structures similar
to their conduction bandsp-type lead salt superlattice g8t
nanowires are expected to exhibit similar thermoelectric per-
formance in comparison to theirtype counterparts. Figure
9 calculates optimalZT of p-type PbSe/PbS superlattice 6
nanowires as a function of the segment lenglhpye
=Lpy,9 for two different wire diameters and crystal orienta-
tions, showing comparabl2T values and a similar depen-
dence on the segment length to that for thiygpe PbSe/PbS
superlattice nanowires. The optimZIT values for 5-nm- ot
diameterp-type PbSe/PbS superlattice nanowires are calcu-
lated as 6.2 and 4.4 with segment length® nm and
~3 nm for [001] and [111] orientations, respectively. We 0
note thatp-type PbSe/PbS superlattice nanowires have opti-
mal ZT values, slightly higher than the-type wires, which
may be due to the smaller effective masses for holes than for F|G. 10. Calculated optima@ T of n-type PSe/PbTe superlattice
electrons in PbSe and PliSce Table V. nanowires as a function of the segment lendth,c=Lpy7) for

The thermoelectric performance of superlattice nanowireswo different wire diameteré&s and 10 nmoriented along thg001]
consisting of PbTe and PbSe segments is also calculate—) and[111] (- - -) directions at 77 K.

0 5 10 15 20
Segment length (nm)
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TABLE VIII. Optimal segment lengths and the highesT of K. The optimalZT of 5-nm-diameter PbSe and PbS nano-
5-nm-diameten- andp-type lead salt superlattice nanowi@bSe/  wires at 77 K are also shown in Fig. 11 f@01] and[111]

PbS and PbSe/PbJrat 77 K. orientations as circles and squares, respectively. From Fig.
11, we see that a high&T can be achieved for PbSe/PbS
Material PbSe/PbS SLNW  PbSe/PbTe SLNW superlattice nanowires with unequal segment lengths for
Orientation [001]  [11 [001] [11q PbSe and PbS nanodots. F001] orientations, PbSE& nm)/
- PbS (8 nm) superlattice nhanowires have the high&st of
ntype  OptimalzT 4.4 3.7 6.4 8.1 3.3, while PbSe&3 nm)/PbS (7 nm) superlattice nanowires
Segmentlength  3nm  3nm  2nm  2nM  are optimal for the[111] orientation withZT~2.8. As a
ptype  OptimalZT 6.2 4.4 6.0 7.6 comparison, folppse= Lpps=5 NM, the optimaZ T values

Segment length 2 nm 2nm 2nm 2nm  of corresponding001] and[111] superlattice nanowires are
calculated as 3.0 and 2.7, respectively. We note that since the
electronic band structure and the lattice thermal conductivity
ties for PbTe than for PbS in bulk form. In addition, the of superlattice nanowires are highly dependent on the wire
higher carrier anisotropy and smaller effective masses igliameter, segment lengths, and the transport properties of
PbTe than in PbSsee Tables Il and ) which provide a their constituent materials, this optimal length ratio for the
larger density of states and lighter transport effective massesvo components is not universal and may vary for different
in nanowires, may also account for the higlZeF observed period lengths and wire diameters. Physically speaking, su-
in PbTe/PbSe superlattice nanowires. Table VIII summarizegerlattice nanowires with unequal segment lengths may pos-
the optimalZT (n andp types and the corresponding seg- Sess better thermoelectric properties than the ones with equal
ment lengths for PbSe/PbS and PbSe/PbTe superlatii@gment lengths because the thermal resistivity and/or ther-
nanowires at 77 K. We notice thpttype PbSe/PbTe super- Mopower can be maximized by increasing the length of ma-
lattice nanowires possess a low&T than theim-type coun-  terials with desirable attributes without losing the advantage
terparts, in contrast to the case of PbSe/PbS superlatti the superlattice structure.

nanowires, which may result from the larger effective masses Ac”cordiﬂg to (‘jl’afble Viil, we f?undhthat thehoptimZI'ZI' is .
and lower mobilities for holes than for electrons in Pli3ee usually achieved for segment lengths as short as 2 nm for
Tables Il and V). lead salt superlattice nanowires at a diameter of 5 nm. How-

. . ver, it is necessary to check these length scales for internal

The calculations shown so far are made assuming aﬁonsistency with the model assumption. First, since the lat-
equal segment length for the two constituent materials. How:.

tice constants of these lead salts are about 5 A, there are

ever, for a given period length=L,+Lg for superlattice ~400 unit cells in a nanodot with a diameter of 5 nm and
nanowires, the thermoelectric performance may be further

optimized by adjusting the length ratio of the two materials.segm.ent length of 2 nm, validating the application of the
i effective mass theorem and the band-structure parameters
As an example, Fig. 11 shows the calculai#d for 5-nm-

) . . used in the model calculation. In addition, thevalues de-
diametern-type PbSe/PbS superlattice nanowires as a funcf-. din Eq.(16) ar lculated as 0.4 and 0.5. 1 tivel
tion of the PbSe segment length,scat a given periodL inedin =q. are cajcuated as'v.4 a 2, TESPECUVELY,
Lot Lo =10 nm. along two crvstal orientations at 77 for the first subband of 5-nm-diametg301] PhSe(2 nm)/
PbSe’ -PbS™ : 9 y PbS (2 nm and PbSe(2 nm)/PbTe (2 nm) superlattice
nanowires. Based on the criteri@<t0.1) for the alloy limit
from previous discussions, these superlattice nanowires are
o'[001] not in the alloy limit, and they do possess a unique electronic
m[111] band structure that is dramatically different from that for a
simple nanowire, and this unique band structure partly ac-
counts for their superior performance when compared to
their corresponding alloy nanowires. Recently, Bjork and co-
workers have fabricated InP/InAs superlattice nanowires
with atomically perfect interfaces by chemical beam
: N epitaxy'® for segment lengths as short as 1.5 nm, indicating
1l : = that the proposed superlattice nanowire structures that are
here discussed for thermoelectric applications may be
achieved experimentally. Experimental studies of these
. . . . nanowires, especially their carrier mobility, carrier concen-
0 2 4 6 8 10 tration, and the interface and wire boundary conditions, are
Segment Length L, (nm) important in order to check the validity of the assumptions
made in model calculations, such as are given here, and to

FIG. 11. Calculated optimaT for 5-nm-diameten-type PbSe/  rther improve the values of the parameters used in such
PbS superlattice nanowires as a function of the PbSe segmeqtqel predictions

lengthL ppseat 77 K with different nanowire crystalline orientations.

The segment length of PbS is chosen such that the pdriod IV. CONCLUSIONS

=Lppset Lppsis constant and equals to 10 nm. The optizial for

5-nm-diameter PbS and PbSe nanowires is shown as circles and In this paper, we present a model for superlattice nano-
squares fof001] and[111] orientations, respectively. wires to calculate their electronic band structure and trans-

PbS - PbSe

~———

L=Lpg + Lppg=10nm
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port properties. The model considers the quantum confineesponding PbSe/PbS systems with values as higdTas
ment effects due to a cylindrical wire boundary and the for->6 for optimal doping because of a larger carrier anisotropy
mation of 1D subbands of anisotropic carriers. Theand smaller effective masses in PbTe. The results indicate
dispersion relation of each subband in the superlattice nandhat superlattice nanowires are promising systems for ther-
wire is derived using the Kronig-Penney potential model,moelectric applications, when the nanowires are properly
and exhibits very different features depending on the segdoped and designed. For the lead salt superlattice nanowires
ment length. It is found that the electronic band structure oftudied here, it is necessary to choose segment lengths
superlattice nanowires of very short and very long segmergmaller than the wire diameter in order to have highgr
lengths can be well approximated by the superpositions oyalues _than for their cor(espondmg_ alloy nanowires, and for
simple 1D band structures to substantially reduce the re2-M-diameter superlattice nanowires, the optimal segment
quired computational complexity. length |_s~2—3 nm. For a given superlattlce.perlod, model
The thermoelectric properties of superlattice nanowireg@lculations show that thET can be further improved by
made of various lead salt®hS, PbSe, and PbjTare inves- adoptl_ng different segment lengths for the two constltuent
tigated based on the electronic band structure model dénaterials. The model developed here not only makes predic-
scribed above and on the 1D Boltzmann transport equationd0ns for the optimal parametetsegment length, diameter,
Due to the electron mass differences between different mgnaterials, and doping levefor thermoelectric applications,
terials, the potential barrier—well inversion induced by quan_but it can also be extended to other superlattice systems, such
tum confinement, which is a unique phenomenon in super®S $D qgantum dot arrays. _Furthermore, the theoretical foun-
lattice nanowires, is observed as the wire diameter decreasétion given here also provides a general framework to study
The thermoelectric figure of meriZT, of these superlattice properties of interest for other applications of superlattice
nanowires is found to be highly dependent on the segmertanowires. It should pe noted thgt, although the results de-
length, wire diameter, crystal orientation, selection of mate-”Ved_ from th_e theoretical caIcuIat|or_15 are found to be self-
rial constituents, Fermi energy, and the segment length rati¢Onsistent with the model assumptions, transport measure-
It is found thatZT generally increases with decreasing wire MENtS on realistic superlattice nanowires, which, to the
diameter and with decreasing segment length before the afUthors’ knowledge, are not currently available, would pro-
loy limit is reached. As a general guidance for thermoelectric/ide valuable information to verify the important approxima-
applications, it is usually desirable to design superlatticd!onS and predictionge.g., the Kronig-Penney potential for
nanowires composed of materials that hélesemiconduct-  SubPands and the potential barrier—well inversiand to
ing band structureg?) low interdiffusion at the interface for further improve the theoretical model.
effective carrier confinement to occur, af® multiple car-
rier pockets with high anisotropy to achieve a large density
of states and small transport effective masses simultaneously. The authors thank Dr. G. Dresselhaus, Dr. J. Heremans,
For PbSe/PbS superlattice nanowirgg; values higher 0. Rabin, and M. R. Black for valuable comments on the
than those of Ph3Se s alloy nanowires are possible for band structure calculations. They are also grateful to Profes-
segment lengthk pps and Lppsesmaller than~10 nm, with  sor G. Chen and C. Dames for inspiring discussions on the
an optimalZT>4 for 5-nm-diameter PbSe/PbS superlatticethermal conductivity issues. The support from the DARPA-
nanowires. PbTe/PbSe superlattice nanowires are expected#ERETIC/Caltech-JPL Contract No. 1237157 and the ONR
possess even better thermoelectric performance than the c@rant No. NO0014-02-1-0865 is gratefully acknowledged.
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