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Thermoelectric figure of merit of Bi/Pb;_,Eu,Te superlattices
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An enhanced thermoelectric figure of meZipT is predicted for Bi/(111)Pp ,Eu Te superlattices. The
values ofZ;pT obtained forx~1 superlattices are 2.31, 1.55, and 1.61 at 300, 150, and 77 K, respectively,
showing that they are promising candidates for thermoelectric elements in the temperature range 77—-300 K.
Even withx as small as 0.1, where the conduction-band offsgt is estimated to be 0.25 eV, the predicted
Z3pT values are 1.75, 1.16, and 1.18 at 300, 150, and 77 K, respectively. It is proposed that other families of
Bi-based superlattices, such as(Bi/1)CdTe superlattices, should also be good candidates for low-temperature
thermoelectric elements.

The use of superlattice structures to design useful thermo- Here we report a theoretical investigation of the thermo-
electric materials with a large thermoelectric figure of meritelectric properties of Bi/(111)Rb,EuTe superlattices. We
ZT(=S%0T/k, whereS o, k, andT are the Seebeck coef- choose Ph ,EuTe alloys for the barrier layer material for
ficient, electrical conductivity, thermal conductivity, and ab-the Bi quantum wells becaudd) the Bi hexagonal001)
solute temperature, respectivelyas attracted significant in- plane has good lattice matching with the;PfEuTe cubic
terest in the thermoelectric materials communit}f The  (111) plane[lattice mismatch-0.3% and~2% for (001)Bi/
basic strategies for enhancirgT using low-dimensional (111)PbTe and(001)Bi/(11D)EuTe interfaces, respectivdly
structures are based ¢b) the use of an enhanced density of (2) Bi/(111)PbTe superlattices have already been
states for electronér holes near the band edge to increase fabricated’®?® and there are good prospects that
the magnitude of the Seebeck coeffici¢dtt at a given car- Bi/(111)Ph ,EuTe superlattices will be grown in the near
rier concentration an¢R) the use of increased boundary scat-future, and(3) the ability to change the energy band gap
tering of phonons at the quantum well-barrier interfaces irbetween 0.32 eVPbTe and 2.2 eM[EuTe continuously(by
the superlattice to reduce the lattice thermal conductixjiy changing the value of) provides us with a large controlla-
relative to the bulk value5:'® Recently, the original pro- bility in materials design when and if this material reaches
posal by Hickset al”'%*3%®has been extended to more re- the stage of actual superlattice fabrication for thermoelectric
alistic systems, such as GaAs/AlARefs. 1-3 and Si/Ge applications. The first and simplified approach to modeling
(Refs. 1,4 short-period superlattices, and an enhanced threghis superlattice system, presented below, is intended to es-
dimensional figure of meritZ;5T) for the whole superlat- timate its prospect as a thermoelectric material in the tem-
tice was predicted relative to tH&T’s for the corresponding perature range 77-300 K and to guide further experimental
bulk materials. and theoretical efforts.

The key strategy for the successful design of thermoelec- The calculation oZ,pT for isolated quantum wells of Bi
tric materials using a superlattice structure is to find materihas been reported elsewhéféExtension of this model is
als with highly anisotropic constant energy surfaces for thenade here to include the effects of finite barrier width and
quantum well layers and materials for the barrier layers thafinite barrier heightKronig-Penney modgf® and to include
are chemically(and structurally compatible with the quan- the opposite sign for the electron and hole contributions to
tum well material and have large values for the energy banthe thermoelectric transpoftwo-band, two-carrier modgl
gaps to provide sufficient conduction- and valence-band offFor simplicity, we assume a parabolic energy dispersion re-
sets for the superlattices. BismutBi) is a semimetal that lation for all electron and hole pockets. For the barrier layer,
has various unique properties, such as a highly anisotropie effective mass tensor component perpendicular to the
Fermi surface, large electron and hole mobilities, and a smalplanes of the superlattioa, has the values of 0.03@2(for
lattice thermal conductivity’ ! These features of Bi make an oblique valley coupled to tHevalleys in Bj and 0.425n
it potentially a very desirable material for thermoelectric ap-(for a longitudinal valley coupled to the valley in Bi), for
plications, especially in its semiconducting foffi!’ A electrons and holes, respectively. In the bismuth layer, the
semimetal-semiconductor transition in Bi has been predicteéffective mass tensor for the electron pockets is given by
and experimentally demonstrated using low-dimensionamg=0.006 5In, m!=1.362n, andm.=0.0101n, where the
structures, such as quantum wells and wifeé® The two-  x, y, andz axes are taken to be parallel to the principal axes
dimensional nature of the electron transport iNBU1)PbTe  of the constant energy ellipsoid, and the effective mass ten-
superlattices has also been reported experimerf&if§. sor for the holes is given by} =0.0644n, mﬁ=0.69€m.18
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FIG. 1. Conduction- and valence-band offset diagram forigxen to be 1 eMcorresponding tox~1).

Bi/(111)Ph _,Eu,Te superlattices. BL-point conduction valleys
are assumed to be coupled with the oblidwupoint conduction-
band valleys of Ph ,Eu Te, whereas the BT-point valence-band located in the Bi layers. Appropriate adjustments of the
valley is assumed to be coupled with the longitudihapoint —~ model would have to be made, however, as experimental
valence-band valley of Rb,Eu,Te. HereAE.=AE, is assumed in  results accumulate, particularly if it were found that the

the present work. alignment of the band offsets for some rangexaf of a
type-1l superlattice.
In reality, the electronic energy dispersion at thpoints for The lattice thermal conductivity;, used in the calcula-

bu'k Bi is h|gh|y nonparabo“c and temperature tiOI’l iS determined by USingph Va|ueS f0r bulk Bi and bulk
dependent®?° However, at the optimal structure of the su- PbTe. We choose an average value between thege (
perlattice, the energy for the lowest conduction subband edge 1.5 W/m K) as an upper-limit estimate foky, for
is always higher than the Fermi energy of bulk E¢&23  Bi/(111)Ph_,EuTe superlattices at 300 K. The actual val-
meV), and in this energy range the mass variations with reHes for«p, for the Bi/(111)Ph_,EuTe superlattices should
spect to energy and temperature are relatively weak. Therée smaller thark,,=1.5 W/m K, due to the alloy scattering
fore, the values given above, which correspond to the effec@d the boundary scattering of phonons at the
tive mass tensor at the Fermi energy of bulk bismuth at lowB/(111)Ph _Eu,Te interfaces. We also assume tkgj for
temperatures, are a conservative approximation for the vathe Bi/(111)Ph_,EuTe superlattices obeysTa * tempera-
ues of the effective mass tensor components of the lowedtre dependence, unless the phonon mean freel pathm-
conduction subband of the superlattice. ited by the boundary scattering of phonots-@y,dg). We

The carrier mobility values for bulk Bi and their tempera- take the value ofc,, to be independent of temperature for
ture dependenéé are used in the model calculations re- T<T;, the threshold temperatuflg below whichl is limited
ported here. Experimental work on Bi films and by the boundary scattering of phonons, truncated by the layer
superlattice¥' has shown that the mobilities are affected bythicknesses. In the present Bi/(111)PLEu,Te superlat-
the layer thickness, suggesting a linear dependence on filtices, T, is calculated to be approximately 150 K.
thickness. However, there is no clear evidence whether these Shown in Fig. 2 are the calculatethpT values at the
observations are intrinsic to the Bi/semiconductor interfacedptimum  carrier ~ concentration  for  the n-type
(present even at a perfectly structured boungaoy rather ~ Bi/(111)Ph_,EuTe superlatticegdenoted byZzpT({op) ]
result from the difficulty of fabricating good quality super- as a function of quantum welBi) and barrier (Pp_,Eu,Te)
lattices and interfaces as the layer thicknesses decrease. Player thicknesse&enoted bydy, anddg, respectively. Ex-
ticularly, the unintentionalp-type doping observed in the plicit calculations are made fox~1, AE.=AE,=1 eV,
sample&*?%3js consistent with the presence of defects orand A,=104.2 meV at 300 Ksee Fig. 1 For most of the
the interdiffusion of atoms between the layers. Experimentyalues ofdg considered in Fig. 2, we observe tafpT({op)
in PbTe/PbEuTe superlattices indicate that the mobilities ofirst increases with decreasinly,, reaches a maximum at a
the quantum wells should not differ significantly from those certain value ford,y (denoted aslyqy), and then decreases
of the bulk!? asdyy is further decreased. The first increas@&ip T ({op) is

The temperature dependence of the band overlap energlue to the increased density of states for electftresheight
A, for bulk Bi (see Fig. 1is also consideretf. We assume of the steps in the electronic density of states is proportional
that the conduction- and valence-band offsets, denoted b (dy,+dg) %] and due to the elimination of the holes with
AE; and AE,, respectively(as defined in Fig. 1 are ob- the formation of the quantum confinement induced band gap
tained by equally splitting the difference in the energy bandn bismuth. The decrease ExpT({op) below dy = dyop; IS
gaps between Bi and Pb,EuTe, since there is no prior due to the increased tunneling of electrons between the Bi
literature available oM\ E. and AE, in this system. This layers across the barrier regions. The highest value for
leads to a model of a type-l superlattice, in which the ex-Z3pT[Z3pT({op) =2.31] for this condition is obtained for
trema of both the valence band and the conduction band ad;=50 A and dwy|op= 30 A at a carrier concentration of
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0.6 T x TABLE I. Optimum structures and calculated;pT’s for
\ — Conduction subband edge Bi/(111)Ph _,Eu,Te superlattices.
b\ === Valence subband edge
_, 04 N\ T o ] 5
= T T [K] dw [A] dg [A] NopelCM™] Z3pT
% oz d,80h O\ 2t o AE.=1.0eVix~1)
= n,=8.6x10" em™ T3 7
© ey am056 300 30 50 8.6¢ 10" 2.31
e T - 150 30 60 5.% 10" 1.55
7 4, =120A 77 28 75 2.6¢10" 1.61
N ‘
02, 50 . 100 750 AE.=0.5eV(x~0.3)
dy [A] 300 26 75 7.% 10" 2.03
. . . 150 36 75 5.k 10Y 1.34
FIG. 3. Relative energies for the conductiolid curve and 40 85 > 4107 137

valence(long-dashed curyesubband edges as a function of quan-
tum well thicknessd,, for Bi/(111)Ph_,Eu,Te superlattices X
~1) at 300 K. The conduction- and valence-band offsets and thé& Ec=0.25eVk~0.1)

barrier layer thicknesdg are taken to be 1 e¥see textand 50 A, 300 18 85 7. %107 1.75
respectively. The zero energy in the figure is the midpoint in thel50 36 100 4.% 10" 1.16
overlap energy £,=104 meV at 300 K between the conduction 77 50 105 2.x10Y 1.18

and valence bands for bulk Bi.

8.6x 10'"cm™ 3 (see Fig. 3. It is noted that for the values of port properties. Strain accommodates the lattice mismatch
dw neardwjop, Bi/(111)Ph_,EuTe superlattices are al- between Bi and PhEu,Te (Ref. 27 and is controllable to
ways semiconductingfor all values ofdg that are consid- some extent by the choice of substrate, buffer layer, and
ered herg For example, the band edge energies as a functiopyer thicknesses. The strain is expected to be more signifi-
of quantum well thickness are shown in Fig. 3@y=50 A.  cant with increasing concentrations of Eu in the barrier layer
Even ford,~70 A, where the holes in the valence band startyye to the increase in the lattice mismatch. Of great impor-
to push the optimum chemical potentig}, up into the con-  tance to accurate modeling are also the nature of scattering
duction band, the band gap energy for the superlattice i§;gcesses in specific samples, the sources of unintentional
several times as large as the thermal enefgly<(103 meV,  qoping, and the values of the band offsets, all of which might
whereaskgT=26 meV at 300 K. For n-type superlattices paye 3 large impact on the optimayT values.
with dy<60 A, the contribution of holes to the total ther- |5 summary, an enhanced thermoelectric figure of merit
moelectric transport is negligible. _ ZspoT is predicted fom-type Bi/(111)Ph_,EuTe superlat-
We have also investigated the optimum structures angcag at optimal doping concentrations. The valueZg§T
doping levels that give the largest values ZapT at various  for x~1 superlattices are predicted to be 2.31, 1.55, and 1.61
temperature$77, 150, and 300 Kand for various values of 4; 300, 150, and 77 K, respectively. These valuesZigyT
the conduction band offsetA€;=0.25,0.5, and 1.0 &V ang the optimum structural design for the superlattice are
The investigation and prediction of the materials with en-f5,nd to depend on the conduction-band offAd. . It is
hanced values fdZspT at low temperatures(<150 K) are  hroposed that Bi/(111)RbEu,Te superlattices should be a
important because there are virtually no thermoelectric map omising candidate for thermoelectric elements at low tem-
terials at present that are useful at low temperatures, Whe"ﬁeratures. Other families of Bi quantum well superlattices,
there exist strong demands for thermoelectric refrigerators tQ ,ch as B11)CdTe superlattice¥:*° should also show

cool high-T, superconductors. The results for these calculagjmilar thermoelectric properties at low temperatures.
tions for Z;pT are summarized in Table .
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