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Currently the materials with the highest thermoelectric figure of merit Z are Bi2Tes alloys. There-
fore these compounds are the best thermoelectric refrigeration elements. However, since the 1960s
only slow progress has been made in enhancing Z, either in BizTes alloys or in other thermoelectric
materials. So far, the materials used in applications have all been in bulk form. In this paper, it is
proposed that it may be possible to increase Z of certain materials by preparing them in quantum-
well superlattice structures. Calculations have been done to investigate the potential for such an
approach, and also to evaluate the effect of anisotropy on the figure of merit. The calculations show
that layering has the potential to increase significantly the figure of merit of a highly anisotropic
material such as BizTes, provided that the superlattice multilayers are made in a particular orienta-
tion. This result opens the possibility of using quantum-well superlattice structures to enhance the

performance of thermoelectric coolers.

I. INTRODUCTION

For a material to be a good thermoelectric cooler, it
must have a high thermoelectric figure of merit Z. The
figure of merit is defined by!

S%a
Z - P ’ (1)
where S is the thermoelectric power (Seebeck coefficient),
o is the electrical conductivity, and x is the thermal con-
ductivity.

Currently, the materials with the highest Z are BizTes
alloys such as Big.5Sb; 5Tes, with ZT ~ 1.0 at 300 K.!
Only small increases in Z have been achieved in the past
two decades, so it is now felt that the Bi;Tez compounds
may be nearing the limit of their potential performance.?

For a material to have a high Z, one requires a high
thermoelectric power S, a high electrical conductivity o,
and a low thermal conductivity . It is difficult to im-
prove Z for the following reasons. Increasing the thermo-
electric power S for simple materials also leads to a simul-
taneous decrease in the electrical conductivity. Also, an
increase in the electrical conductivity leads to a compa-
rable increase in the electronic contribution to the ther-
mal conductivity. So with known conventional solids, a
limit is rapidly obtained where a modification to any one
of these parameters adversely affects the other transport
coefficients so that the resulting Z does not vary signifi-
cantly.

In this paper, it is proposed that it may be possible to
increase Z of some materials by preparing them in the
form of multilayered superlattices. These structures may
significantly alter Z since the electrons are now confined
to move in two dimensions. In addition, the layering
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may reduce the phonon thermal conductivity and there-
fore increase Z as phonons can now be scattered by the
interfaces between layers. Calculations have been per-
formed to investigate the potential of such an approach,
and also to explore the effect of using the anisotropy of
some materials to enhance Z.

II. CALCULATION

The figure of merit Z has been calculated for (i) a
three-dimensional (3D) bulk material and (ii) a 2D mul-
tilayered superlattice. The calculations assume a one-
band material. This is because one-band materials (such
as heavily doped semiconductors) give the best Z. The
reason for this is as follows. For a two-band material, the
measured thermoelectric power is

S = 0151 + 0252
o1 + 09

)

where the subscripts 1 and 2 denote the contributions
from bands 1 and 2, respectively. For S; and Sz of op-
posite sign, S and Z are greatly reduced from either of
their one-band values. This is the case for an intrinsic
semiconductor, where the two bands are the conduction
and valence bands. If S; and S3 are of the same sign,
then S is still reduced from the better of the one-band
values.

The calculations are for a general, anisotropic, one-
band material (assumed to be the conduction band). The
only other assumptions are that of a constant relaxation
time 7 and that of parabolic bands.

Note that the calculations are not restricted to semi-
conductors. The material can be a metal, semiconductor,
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or semimetal, as long as it is effectively a one-band ma-
terial.

A. Z for a 3D bulk material

The methods for calculating S, o, k, and hence Z have
been described elsewhere.34 Since parabolic bands are
assumed, the electronic dispersion relation used is

h2k2 N h2k2 N hzkf.
2m,  2my,  2m,

For conduction along the x direction, one obtains

1 (2ksT\*?
("ﬁ%“) (mamym,)*/2Fy joeps, (4)

ek, ky, kz) = (3)

7T o2
kB 5F3/2
= e — —= ¢ 5
s--f2(FL-¢), %)
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Fe = &2 K2 Mg
7 25F3,
SFe gy — — 32
xkp (2 5/2 6F, )’ (6)
where the Fermi-Dirac function Fj is given by
. *©  zldz
F; = Fi(¢ )2/0 pE=OEE (7

¢* = ¢/kBT is the reduced chemical potential (relative
to the edge of the conduction band), 7 is the relaxation
time, mg, my, m, are the effective-mass components, p,
is the mobility in the x direction, and k. is the electronic
thermal conductivity.
So, using
2
g S0 (8)

Ke + fiph

where kph is the phonon thermal conductivity, gives

5F: 2
2 L2 ¢ Fiys
2 \3Fy3
Z3pT = , (9)
25F2
i+ZF _ 93y
B 277 BFy,,
where
1 [2ksT\%? 12 k3T s
B = 372 ( h2 ) (mzmymy) _enph . (10)

For a given value of B, the reduced chemical potential
¢* = (/ksT may be varied to change the value of Z3pT'.
The maximum value of Z3pT occurs when (* is equal to
its optimal value (3¢ (inset of Fig. 1). Figure 1 shows a
graph of (3, against B, and Fig. 2 a graph of Z3pT'((3y)
against B.

In 3D bulk materials, B is determined largely by the
intrinsic properties of the material, but ¢* may be varied
by doping. To maximize ZspT for a material, one first
calculates B for the intrinsic material, then uses Fig. 1
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FIG. 1. Plot of {5, vs B. The inset shows the variation

of Z3pT with ¢* at fixed B.

to determine the value of (J,; for this value of B. The
next step is to adjust ¢* so that ¢* = (J;: this may be
achieved by doping with suitable impurities. The maxi-
mum Z3pT attainable for this value of B can be found
from Fig. 2. Note that although doping changes (* signif-
icantly, the corresponding change in B is negligible unless
the material is very heavily doped, resulting in significant
changes in the band structure or mobility.

From the graph of Z3pT against B in Fig. 2, it is clear
that increasing B increases ZspZ'. With an anisotropic
crystal in 3D, Z3pT varies with current direction and it
is possible to increase B and therefore to maximize Z3pT
by choosing the current to flow along the direction z of
highest mobility y.

B. Z for a 2D quantum well

For a suitably fabricated superlattice, the electrons are
confined to move within the narrow-gap material in 2D
quantum wells. Expressions for S, o, «, and Z are de-
rived for transport in such quantum wells. The calcu-
lations assume that the electrons occupy only the low-
est (n=1) subband of the quantum well (this is consis-
tent with the optimization of Z arising from a one-band
model), and also that there is no tunneling through the
wide-gap semiconductor. The wide-gap semiconductor
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FIG. 2. Plot of ZspT((%) vs B.
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does not contribute to the conduction since its carriers
have found lower-energy states in the narrow-gap semi-
conductor.

Let the multilayers be parallel to the z-y plane and the
currents flow in the = direction. The general expressions
in Ref. 3 which were used to derive S, o, k, and Z in 3D
were also used to derive the transport coefficients in a 2D
quantum well. The electronic dispersion relation used is

R2k2  RPkZ R2g2

kz,ky) = ,
&k, ky) 2m, | 2m, = 2m,a?

(11)

indicating free-electron-like motion in the z-y plane and
a bound state (for an infinite potential barrier) in the z
direction. The results of the derivation are shown below:

1 (2kgT
= ora ( 72 ) (mxmy)l/zFoeﬂza (12)
ks (2F, .
5=k ( L ) , (13)
2 2 1/2 2
Ke = Th” _2k_B_2_T my kg (3F; — 4FY ,
dma \ h My Fo
(14)
where F) is defined in Eq. (7), a is the width of a quantum
well, and
. hin?
= (C— W) /kBT- (15)
So ZT for a 2D quantum well becomes
2
(F-¢)®
ZppT = == 5 (16)
L oy3m - ARy
B TR
where
, 1 (2T /2K T
B' = e -2 (mgmy) . (17)

For a given value of B’, ¢* in Eq. (15) may be varied to
change the value of ZopT. The variation of Z;pT with
¢* at fixed B’ is similar to the variation of Z3pT with ¢*
at fixed B shown as an inset in Fig. 1. The maximum
value of ZopT occurs when ¢* = (J;. Figure 3 shows a
graph of (;; against B’, and Fig. 4 a graph of ZopT'((5,)
against B’.

Note that for a 2D quantum well, the expression for
¢* in Eq. (15) is different from the expression for the

3D case by the term %{—;B—T, which is associated with
confinement in the quantum well. Thus for the 2D case,
¢* may be varied both by doping and by changing the
layer thickness a. This extra degree of freedom allows an
approach to increase ZopT' above the value characteristic
of the bulk material as discussed below.

To maximize ZopT for a given quantum-well structure
(and hence a fixed B’), one proceeds in a manner similar
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FIG. 3. Plot of {5, vs B’ for a 2D quantum well.

to the 3D case. B’ is calculated from Eq. (17) and (3 is
determined from Fig. 3. {* = (3, is achieved by doping.
Note that it is not possible to vary a to optimize (*, as
this will change the value of B’ [Eq. (17)].

Recall that in 3D, the only means available to increase
B in an anisotropic crystal is to choose the current di-
rection to be the direction of highest mobility. For 2D
quantum wells, the situation is more complex. There
are more degrees of freedom available to increase B’ and
hence optimize ZopT. A higher mobility current direc-
tion will still give a higher B’, but so will a narrower layer
thickness a. It may also be possible to increase B’ by a
judicious choice of the crystallographic plane in which to
make the layers. If the layers are made in the z-y plane
and the currents flow along the z direction, then B’ will
be the expression in Eq. (17). If the layers are made in
the z-z plane and the currents still flow along the z di-
rection, then m, will replace m, in the expression for B’.
In this orientation, B’ and therefore ZopT will be higher
than the previous case if m, > my. So one can increase
ZypT not only by choosing the optimum current direc-
tion, but also by using narrower layers and by choosing
the best orientation in which to make the layers.

FIG. 4. Plot of ZapT'({3pt) vs B’ for a 2D quantum well.
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III. EFFECT OF QUANTUM-WELL
STRUCTURES ON Bi,Teg

One of the best materials for thermoelectric refriger-
ation is BiyTes, with a ZzpT = 0.67 at 300 K.! The
expressions derived previously are now used to calculate
ZT for BisTes in both bulk form and in a quantum-well
superlattice structure.

The equations for ZT derived so far assumed a single
constant energy ellipsoid in the Brillouin zone. For mul-
tiple ellipsoids, the values of B and B’ derived need to
be multiplied by a number of the order of the number of
ellipsoids. BiyTes has six ellipsoids,! and multiplying B
by a factor of 6 gives a value of Z3pT' in good agreement
with experiment, as shown below. The exact multiplica-
tive factor will be slightly different from 6 because not
all ellipsoids are oriented in the same direction, but this
factor should not significantly affect the comparison be-
tween ZspT and ZopT.

A. Calculated ZT for 3D bulk Bi;Teg

BisTez has a trigonal structure, which can be ex-
pressed in terms of a hexagonal unit cell of lattice pa-
rameters ag = 4.3 A and ¢y = 30.5 A.! The compound
has a highly anisotropic effective-mass tensor, with effec-
tive mass components m; = 0.021mg, my = 0.081my,
and m, = 0.32mo.> The phonon thermal conductiv-
ity is kpn = 1.5 Wm~'K~! and the direction of high-
est mobility is the along the ag axis, with u,, = 1200
cm?V-lg-11

Substituting these values into Eq. (10), one obtains
B = 0.076 at 300 K (after multiplying by 6). This gives
a maximum ZspT of Z3pT = 0.52. This value is slightly
different from the experimental result of Z3pT = 0.67
(Ref. 1) because first the relaxation time 7 may have
a slight energy dependence, and second not all carrier
pockets contribute equally, as mentioned previously. The
maximum Z3pT occurs at (3, = 0.9, so the chemical
potential is just above the conduction-band edge and the
material is a partially degenerate n-type semiconductor.

B. Calculated ZT for Bi,Te; layers
in a quantum-well superlattice structure

In a quantum-well structure, since the electrons are
confined to 2D motion parallel to the layers, there is no
scattering off the interface between layers, so the carrier
mobility in a direction parallel to the layers is unchanged.
So if the ag axis is parallel to the layers, then p,, = 1200
cm?s~1V~1! as before. However, phonons are not con-
fined to move in 2D, so they can scatter off the interfaces.
In thin layers this may reduce the phonon thermal con-
ductivity xpn. Now

Kph = %val» (18)

where | is the phonon mean free path, C, is the lat-
tice heat capacity, and v is the velocity of sound in the
material. For BiyTes, C, = 1.2 x 108 JK~1m~3 and
v = 3x 103 ms™1,5 giving a value of | = 10 A. If the layer
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thickness a is greater than 10 A, then layering does not
seriously affect the mean free path ! and xp}, should then
be the same as its bulk value. This is a conservative as-
sumption used to make numerical estimates for ZopT, as
interface scattering will still occur for a > 10 A; this will
cause a slight decrease in Ky, and an increase in ZypT.
However, if a is less than 10 A, then ! and Kph are lim-
ited by phonon scattering off the interfaces and a good
estimate for xpp is obtained by setting | = a and using
Eq. (18). Again, this is a conservative estimate because
the surface roughness and imperfections are expected to
reduce kpy further.

From the expression for B’ in Eq. (17), decreasing
the layer thickness a increases B’ and therefore increases
ZypT. Also, if a < 10 A, then Kph is reduced from its
bulk value, resulting in an even greater increase in ZopT.
So to achieve the best ZopT, it is necessary to make the
layers as thin as possible.

When calculating (5, for a material, one must use Eq.
(15) to check the value of ¢ to make sure that it does
not lie above the energy FE,,—o of the next to lowest sub-
band of the quantum well. If { does lie above E,,—2, then
both the n=1 and n=2 subbands would contribute signif-
icantly to ZopT': this is inconsistent with the assumption
of a one-band system and one would need to extend the
model in order to get meaningful results. In practice,
this is not a problem for the following reasons. In order
to obtain a high Z>pT, one requires a low a. This raises
the energy of the n=2 subband because E,—=2 = 2—;‘%.
At the same time, a lower a results in a higher B’ and
from Fig. 2 this means a lower (5, and hence a lower (.
So decreasing @ moves E,_o up in energy and ¢ down
in energy. This means that for values of a below a cer-
tain characteristic thickness, ¢ will always lie below E,,—»
and the model will be self-consistent. This characteristic
thickness will usually be above the values of a which are
of interest, as shown in the calculations for Biy;Tez below.

Z2pT ((5pt) Was calculated as a function of a for super-
lattice layers of BiyTes in two distinct orientations: (i)
layers parallel to the z-y plane (ap-bg plane) and (ii) lay-
ers parallel to the z-z plane (ag-co plane). The current
was assumed to flow along the high-mobility ag axis.

If the layers are made parallel to the z-y plane, the
minimum possible layer thickness is 10.2 K, as this is
the length of the smallest repeating distance in the z
direction.! Since this thickness is greater than 10 A,
kph = 1.5 Wm™1K~! as in 3D. If the layers are paral-
lel to the z-2z (ap-cop) plane, the minimum possible layer
thickness is 3.8 A. This is because the shape of the hexag-
onal unit cell is a parallelepiped, and the height of the
cell perpendicular to the ag-co plane (i.e., in the y direc-
tion) is agsin60° = 3.8 A. So for a > 10 A, Kph = 1.5
Wm~' K=, while for a < 10 A, kpy = 1C,vl where
| = a. Figure 3 was used to calculate Zop7'((5,), after
multiplying B’ by a factor of 6. Note that layering lowers
the symmetry of the material, so the effective number of
carrier pockets contributing to ZopT may be less than
that for Z3pT'. Since there is no reliable way to estimate
the actual number, the 3D value of 6 was assumed. The
results are shown in Fig. 5, together with a line indicat-
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FIG. 5. Plot of ZapT({5p4) Vs layer thickness a for (1) ao-

bo plane layers and (2) ao-co plane layers. The dashed line
indicates the best ZT for 3D bulk Bis;Tes.

ing the best 3D figure of merit of Z3pT = 0.52.

Before any conclusions can be drawn, it is necessary
to check the validity of the results by making sure that ¢
does indeed lie below E,—, for the values of a in Fig. 5,
i.e., for a < 90 A. For the ag-bg plane orientation, B’ =
0.085 at a = 90 A, giving ¢},, = 0.2 from Fig. 2. Using

Eq. (15), this gives ¢ = 0.7 %2,—”;;, which is significantly

less than E,_, = 2%;, so the results for a < 90 A
are valid. Similarly, an ap-cp plane layer of thickness
a=90 A gives B’ =0.17 and (%,, = —0.05. As (%, is
negative, { must be even lower than the n=1 subband,
so the one-band model results are valid.

The results show that for layers parallel to the ag-bg
plane, ZopT is higher than ZspT for layers thinner than
about 40 A. The maximum Z;pT that can be obtained
for this layer orientation is 1.5, which is about 3 times
higher than the bulk value of 0.52. This value of ZopT
occurs at ¢ = 10.2 A, which is the minimum possible
layer thickness.

For layers parallel to the ag-co plane, ZopT is higher
than Z3pT for layers thinner than 85 A. As the layers
are made even thinner, the increase in Z>pT becomes
more significant, increasing sharply when a < 10 A at
which point phonon scattering off the interfaces becomes
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important. To estimate a maximum Z>pT that can be
obtained for this layer orientation, we assume a = 3.8 A,
a single-layer-thick quantum well, for which Z,pT = 6.9,
a 14-fold increase over the bulk value.

So, in principle, a huge increase in ZT can be achieved
by using superlattices of BizTes, provided the BizTeg lay-
ers are oriented in the ag-co plane. Even if the layers are
prepared in the ap-bp plane, a factor of 3 increase over
Z3pT is still possible, provided that very thin layers are
used. To realize these increases, a number of experimen-
tal difficulties must be overcome. It may be difficult to
produce ao-co plane layers, since thin films of Bi;Te3 grow
predominantly in the ag-by plane.® It may also be difficult
to prepare layers of uniform thickness if they are only a
few unit cells thick. However, if these potential problems
can be overcome, then a suitable lattice-matched wide-
gap semiconductor must be found which will act as the
quantum barrier in the superlattice. The band gap of the
barrier material and the band offsets must be such that
the electrons are confined to 2D motion in the BiyTes
layers.

IV. CONCLUSIONS

Using BizTes in a quantum-well structure has the po-
tential to increase ZT by a factor of 13 over the bulk
value. This large increase depends crucially on the mate-
rial’s highly anisotropic effective-mass tensor. In order to
achieve this increase, the layers must be prepared in the
ag-co plane and the current must flow along the high-
mobility ag axis. If, however, the multilayers are pre-
pared perpendicular to the ¢y axis along the ag-bg plane,
then there is still an increase of a factor of 3 over the
bulk value, provided the layers can be made 10 A thick.

The results of these calculations show that quantum-
well structures can significantly modify and perhaps
greatly improve the thermoelectric figure of merit of cer-
tain materials.
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