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Abstract The resultant thermoelectric power factor
P and figure of merit Z of two types of composite device
composed of a sandwich structure (A/B/A) were
calculated by treating these devices electrical and
thermal circuits. When the direction of the temperature
gradient is perpendicular to a sandwiched slab with a
lower p and a higher x than those of the dominant
material (a) and is parallel to a slab with a higher p and
a lower k than those of the dominant material (b),
P increased significantly at an optimum slab thickness
for device (a), in accordance with the result obtained by
Bergman and Fel for a similar composite device, but
decreased abruptly with increasing slab thickness for
device (b), while Z remained almost unchanged with
slab thickness for both devices as long as a thin slab is
used. It was clarified that well-known high-performance
thermoelectrics have crystal structures or microstruc-
tures corresponding to either device (a) or (b) fitted to
enhance the boundary effect at the interface. There-
fore, it is expected that when a number of thinly layered
phases aligned in one direction are introduced into the
microstructures of high-performance bulk materials;
they enable the significant enhancement of boundary
effect alone, resulting in a significant increase in Z of
such bulk materials.

Introduction

There has been considerable interest during the past
10 years in finding new materials and structures for use
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in clear, highly efficient cooling and energy conversion
systems [1]. The thermoelectric figure of merit ZT
provides a measure of the quality of such materials for
applications and is defined by ZT = «?T/pk, where o is
the Seebeck coefficient p is the electrical resistivity, « is
the thermal conductivity and 7 is the absolute
temperature. Even a modest increase in ZT would be
quite desirable for a number of applications previ-
ously. The n- and p-type materials with the highest
ZT(=1) at room temperature were Bi(Te;_,Se,); and
(Biy_,Sby),Te; alloys [2]. However, we have most
recently achieved significantly higher ZT of 1.19 at
298 K for n-type Biy(Te;_,Se,)s; [3] and 1.41 at 308 K
for p-type (Bi;_,Sb,),Te; [4], although it appears that
these compounds may be approaching the limit of their
potential performance.

Recently, the thermoelectric properties of quantum
well and quantum wire superlattices have attracted
considerable attention. There have been some theo-
retical predictions [5-9] that such superlattices will
eventually have extremely high ZT as compared with
those of the corresponding bulk materials due to the
effects of the quantum confinement of carriers. Indeed,
the significant increase in Z7 has been observed in
Si/Ge [10] and Bi,Tes/Sb,Te; [11] superlattice devices.
However, these superlattice devices are very thin,
being several micrometers at their thickest. For this
reason, the application of these devices is limited to
small cooling systems such as a pinpoint cooling
system, since the heat capacity of a superlattice is too
small to significantly cool various electronic devices
with relatively large heat capacities, such as solid-state
refrigerators. Therefore, the appearance of bulk ther-
moelectrics with high ZT is strongly desired because of
their availability for any applications.
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The use of a macroscopic composite device com-
posed of a sandwich structure was considered as means
of further increasing the Z of bulk thermoelectrics. The
resultant Z and thermoelectric power factor P(=u*/p)
for two types of device composed of slabs perpendic-
ular and parallel to the direction of temperature
gradient were calculated by treating their devices as
electrical and thermal circuits. It was proved by such
composite devices that well-known high-performance
thermoelectrics have crystal structures or microstruc-
tures fitted extremely to enhance the boundary effect
at their interface, resulting in an increase in Z.

The purpose of this paper is to show what micro-
structure is fitted to enhance the boundary effect at the
interface, resulting in the further increase in the Z of
bulk thermoelectrics through a significant decrease in
the lattice thermal conductivity.

Calculation of power factor and thermoelectric figure
of merit

Sandwiched slab perpendicular to the direction of
temperature gradient

Let us consider two-component composite thermoelec-
tric devices (CTDs) composed of a sandwich structure
(A/B/A) in which a slab of the material B is sand-
wiched between two parallelepipeds of the high-quality
thermoelectric dominant material A, as shown in
Fig. 1a. First, one calculates the macroscopic thermo-
electric figure of merit for CTD (a) by treating it as an
electrical and thermal circuit, in which the direction of
the temperature gradient is perpendicular to a sand-
wiched slab. The thermoelectric materials A and B
have the same cross-sectional area S and different
thicknesses ¢4 and fg, respectively. With o, x and p of
the two materials A and B given as o and ag, ka and
kg and pa and pg, respectively, the total electrical
resistivity p of CTD (a) is expressed as

2pat 1§
_ p?AerBtB (1)

Here if we suppose 2to = ¢ (1-x) and tg = tx, where ¢
is the total thickness and x is the ratio of the tg of a slab
to the total thickness ¢t and ap/os = a, pg/pa = b and
kp/ka = ¢, Eq. (1) can be rewritten as

p=pal(l—x) +bx} )

In the same manner, the total thermal conductivity x
is given by
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Fig. 1 Composite thermoelectric device (CTD) of a sandwich
structure (A/B/A) in which a slab of material B is sandwiched
between two parallelepipeds of high-quality dominant material
A. The slabs of CTDs (a) and (b) were sandwiched between two
dominant materials perpendicular and parallel to the direction of
the temperature gradient, respectively
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These equations are derived on the assumption that
the scattering of carriers and phonons never occurs at
the interface between a slab and two parallelepipeds.
For a given temperature difference A7, the tempera-
ture difference generated in each thermoelectric
should be proportional to thickness but inversely
proportional to thermal conductivity. Taking this into
account, the ratio of AT s to ATy is expressed as

AT A . tar1 B
ATy o IBKA

(4)

The total temperature difference AT between both
ends of CTD (a) is given by

AT =2ATa + ATg (5)
The total thermal voltage AV generated by AT 5 and

ATg is expressed as

AV =2AT a0 + ATgog (6)

Therefore, the overall Seebeck coefficient o is
expressed as
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., AV 2tak1Boaa + tgKkaaB ” c(l—x) + ax
“TAT T TOATA S0 £ o 2KAS S
AT 2tA KB + IB KA c(l—x)+x . Kg A KBSB — ka{(1 —x) + cx}, (11)

(7)

using Egs. (5) and (6). The thermoelectric power
factor P and figure of merit Z are defined as P = o%/p
and Z = o%/p K, respectively. Substituting Egs. (2), (3)
and (7) into the equations of P = o%/p and Z = «*/p k,
the macroscopic resultants P and Z are expressed using
the P, and Z, of the high-quality dominant material
as

P fc(l-x)+ ax 2 1
ﬁZ_’{dl—ﬂ-%x}{a—x)+b@ )
and

Z  fe(l—x)+ax\*f c(1-x) +x

7 {C(lx)+x} {C(1X)+bcx}’ 9)

respectively, where Pa = od4/ps and Za = 04/ pa Ka.
Of course, P and Z are equal to P, and Zx at x = 0,
and to Pg and Zy at x=1, where
Py = otlzg/pB: a@’Pa/b and Zgp = oclzg/pB kg =a’Za/bc.
It may be demonstrated by simple analyses that the
conditions necessary for making P/P, and Z/Z 4 larger
than 1 are a > 1+ ¢(b-1)/2 and a > (1 + bc)/2 for
x < 1, respectively. This indicates that P/Pa can have
a local maximum greater than its maximum among the
different pure components for any values of a when
a=0 and 2 + c¢(b-1) < 0, while Z/Z, increases only
when Zy > Z,, holds, but it has no local maximum of
Z|/Z5. The present composite device, thus, has a
favorable effect on P/P 4, in accordance with the result
of Bergman and Fel [12], while Z/Z 5 can never exceed
its maximum among the different pure components
[13].

Sandwiched slab parallel to the direction of
temperature gradient

In the same way, we calculate the resultants P/Pa
and Z/Za for CTD (b) as shown in Fig. 1b. A and B
have the same length / and different cross-sectional
areas Sao and Sp respectively. The total electric
resistivity p and thermal conductivity x for CTD (b)
are expressed as

1 25+ Sg 1 X
—=A B T —x) 42 10
p paS  peS pA{( ) b} 10)

respectively, where 255 = S(1-x), Sg = Sx, b = pp/pa
and ¢ = kp/icp Where S is the total cross-sectional area.
The temperature difference AT generated in CTD (b)
should be the same for each constituent component.
Therefore, the overall Seebeck coefficient o is ex-
pressed as

_g_ZpBSAaA—i-pASBocB _ b(1—x)+ax
2088 +paSs b(1—x)+x’

YTAT T
(12)

using Millman’s theorem, Where a = ap/aa. Substi-
tuting Egs. (10)-(12) into the above well-defined
equations, the resultants P and Z are expressed
using P, and Z, of the high-quality dominant
material as

e e SRR B
and

Z b(1 —x)+ax)*( b(1 —x)+x

7 { b(1 - x)J—ri—x } {b(l —X) ++bcx}’ (14)

respectively. The condition necessary for making P/Pa
larger than 1 is @ > (1 + b)/2 for CTD (b), unlike that
for CTD (a) and this indicates that P/P, increases only
when Pg > P holds, but it has no local maximum, of
P/P 4. However, the condition necessary for making Z/
Z A larger than 1 is quite the same as that for CTD (a),
since Egs. (9) and (14) transform into each other by
replacing b with c. It was thus found that both P/Pa
and Z/Z, for CTD (b) increases only when B is
superior in P and Z to A, but they do not have a local
maximum.

Results and discussion

Dependence of p/pa,k/ka, /oa, PIPa and Z/Z 5 on
volume fraction x

In order to investigate what effects the parameters b
and ¢ have on the resultant Z/Z s, Z/Z 5 was calculated
using Eq. (9) as a function of b and ¢ for CTD (a) of
a =0 and x = 0.05 and the contour map of Z/Z, was
plotted in Fig. 2. It can be seen from the figure that
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Z/Z A has a plateau when b < 1 and ¢ > 1, while in the
range of b > 1 and ¢ < 1, it falls abruptly with increas-
ing b and decreasing c and approaches zero at b = 10°
and ¢ = 107, For this reason, the same figure is also
obtained for CTD (b) by replacing b with c. This
suggests that p changes its role to x according to the
direction of the temperature gradient. Thus, in
subsequent calculation, two sets of a =0, b =0.10
and ¢ =10 and a = 0, b = 10 and ¢ = 0.10 which give
Z|Z o values of 0.99 and 0.43, respectively, at x = 0.05
for CTD (a), were employed as parameters to clarify
the effect of a sandwiched slab on P/PA and Z/Z 4.
The resultants p/pa, K/ c/oa, PIPa and Z/Z 5 were
calculated using Egs. (2), (3) and (7)-(9) as functions
of x for CTD (a) of a=0, b =0.10 and ¢ = 10, as
shown in Fig. 3. The parameters a, b and c indicate that
the sandwiched material B with ag = 0 has a lower p
and a higher « than the high-quality dominant material
A. As shown in Fig. 3a, p/pa decreases linearly with
increasing x, but x/k, increases monotonically with
increasing x and abruptly near x = 1. /o, decreases
slowly with increasing x and falls abruptly near x = 1.
As shown in Fig. 3b, P/P5 has a local maximum of
P/PA = 1.82, at x = 0.8, owing to a significant decrease
in p, because the present parameters satisfy
a > 1+ ¢(b-1)/2 necessary for making P/P A larger than
1. It is thus found that the macroscopic thermoelectric
power for CTD (a) can be enhanced strongly, so that it
is much greater than the largest value among the
different pure components. This coincides qualitatively
with the result calculated by Bergman and Fel [12] for
a similar composite device using the classical contin-

< 06

Z/Z,

Fig. 2 Contour map of Z/Z calculated as functions of b and ¢
for CTD (a) of a =0 and x = 0.05. The same figure is also
obtained for CTD (b) by replacing ¢ with b
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Fig. 3 (a) p/pa, k/ka and o/ and (b) P/Pa and Z/Z 4 calculated
as a function of x for CTD (a) of a = 0, b = 0.10 and ¢ = 10

uum linear transport theory. In contrast, Z/Zx
decreases slowly with increasing x and becomes zero
at x = 1, so that Z/ZA never exceeds 1, because the
present parameters never satisfy a > (1 + bc)/2 neces-
sary for increasing Z/Z,. However, Z/Z5 for CTD
(a) changes little with x near x = 0. On the other hand,
when a = 0, b = 10 and ¢ = 0.10 for CTD (a), x/xa and
o/os decrease abruptly with the increase in x, while p/
pa increases linearly with increasing x, so that the
resultants P/P, and Z/Z, decrease abruptly near
x = 0, as shown in Fig. 4.

Subsequently, the resultant thermoelectric proper-
ties were calculated for CTD (b) of a =0, b = 10 and
¢ = 0.10, where these parameters denote that a slab has
a higher p and a lower k than the dominant material.
As shown in Fig. 5a, x/ka decreases linearly with
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Fig. 4 (a) p/pa, k/ka and o/a s and (b) P/P5 and Z/Z 4 calculated
as a function of x for CTD (a) of a = 0, b = 10 and ¢ = 0.10

increasing x, but p/ps increases monotonically with
increasing x and abruptly near x = 1. /i and p/p4 in
Fig. 5a for CTD (b) of a =0, b = 10 and ¢ = 0.10 are
replaced with p/ps and x/k in Fig. 3a for CTD (a) of
a =0, b =0.10 and ¢ = 10, respectively. However, the
x-dependence of w/za in Fig. 5a is quite the same as
that shown in Fig. 3a. Therefore, the x dependence of
Z|Z 5 in Fig. 5b is the same as that of Z/Z 4 in Fig. 3b.
This is because the Z/Za calculated for CTD (a) of
a=0,b=0.10 and c = 10 is equivalent to that for CTD
(b) of a =0, b =10 and ¢ = 0.10. As shown in Fig. 5b,
however, P/P 5 decreases linearly with increasing x and
has no local maximum, unlike that for CTD (a) of
a=0,b=0.10 and ¢ = 10. On the other hand, when
a=0,b=0.10 and ¢ = 10 for CTD (b), p/pa and a/oa
decrease monotonically with increasing x, while «/ka
increases linearly with increasing x, so that both P/Pa
and Z/Z, decrease abruptly near x = 0, as shown in
Fig. 6, as in the case of CTD (a) of a = 0, b = 10 and
¢ = 0.10.

Fig. 5 (a) p/pa, /ka and o/os and (b) P/Ps and Z/Z 5 calculated
as a function of x for CTD (b) of a = 0, b = 10 and ¢ = 0.10

Next, we discuss the composite effect of a sand-
wiched thermoelectric slab on P/Ps and Z/Z 4 when a
thin slab with a low p and a high x was used for CTD
(a) and a thin slab with a high p and a low k was
employed for CTD (b). The main role of a slab fitted to
enhance the P of CTD (a) is to act as a low-thermal
impedance series conduit for heat flow into the high
quality thermoelectric dominant component, and also
as a low-electrical impedance series conduit for the
outflow of electric power. However, such a slab only
slightly changes the overall § when it is thin even if
the § of a slab is zero, because the temperature
difference is very small in a thin slab. Owing to such
thermoelectric properties of a slab, P/P, for CTD (a)
has a local maximum at a slab thickness while Z/Z A
remains almost unchanged with x near x = 0, at least
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Fig. 6 (a) p/pa, k/ka and w/os and (b) P/Pa and Z/Z 5 calculated
as a function of x for CTD (b) of a =0, b = 0.10 and ¢ = 10

for a thin slab, On the contrary, a slab having no
adverse effect on the Z of CTD (b) acts as a high-
thermal impedance row conduit for heat flow in the
direction of the temperature gradient and also as a
high-electrical impedance row conduit for electrical
current As a result, Z/Z, for CTD (b) changes little
with x at least for a thin slab, while P/P, tends to
decrease linearly with the increase in x.

In brief it was clarified here that the P/P5 and Z/Z s
of such composite devices depend strongly not only on
the thermoelectric properties of a slab, but also on
whether a sandwiched slab is parallel or perpendicular
to the direction of the temperature gradient. The
resultant Z unaffected by the introduction of a thin
slab can enhance the boundary effect alone, not so as
to degrade intrinsic Z. This is useful as a guide for
determining the crystal microstructure that is most
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desirable for increasing the P and Z of bulk thermo-
electrics as high as possible.

Relation between composite device and crystal
structures of high performance thermoelectrics

The boundary effect at the interface between the two
materials A and B is not taken into account in the
above calculation, but it should have a favorable effect
on Z when thin composite microstructures were
realized in thermoelectric crystals. It is shown here
that the crystal structures and microstructures of well-
known high-performance materials correspond to
either microstructure (a) or (b), as shown schematically
in Fig. 7.

When the superlattice material was fabricated by
stacking a number of thin films, an increase in ZT
along the stacked direction (c-axis) was observed by
Venkatasubramanian et al. [11], who showed that the p
of the superlattice material is about equal to that of the
corresponding bulk material but its x is much smaller
than those of the constituent bulk materials, owing to
the boundary effect, and the thin-film material com-
posed of 10/50 A Bi,Tes/Sb,Te; superlattices has an
extraordinarily high ZT of 2.4 at room temperature.
Indeed, the relative ratios of Sb,Tes; to Bi,Te; for p
and x are 0.17 and 2.0, respectively [14]. Therefore, this
microstructure is found to correspond to microstruc-
ture (a), as shown in Fig. 7.

Recently, oxide compounds such as NaCo,O,4 and
Cay,Co,05 with layered structures [14-17] have
attracted attentions as promising thermoelectric
materials because of their high potentials. The crystal
structures of NaCo,0,; and Ca,Co,0Os consist of

(a) (b)
O :matrix (p,.%,)
B:0<py . K>K,
Bl:0>04 . K<K,

Fig. 7 Two types of microstructure fitted to enhance the
boundary effect; (a) thin layers perpendicular to the direction
of the temperature radiant have a lower p and a higher « than
those of the matrix, and (b) thin layers parallel to the direction of
the temperature gradient have a higher p and a lower x than
those of the matrix
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two-dimensional CoO, and Na ion layers and similar
Co0O, and Ca,Co,0, rocksalt layers, respectively,
where their layers alternate in the c-axis direction.
The two dimensional CoO, layers act predominantly as
an electrical conduction layer and the insulating Na ion
and Ca,CoO, layers act to enhance the Seebeck
coefficient [16]. Such a periodic two-layer structure is
also effective in enhancing the phonon scattering at the
boundary between their layers, leading to a lowering in
k along the ab-axis. Indeed, Na ion layers are surmised
to have a low x along the ab-axis from the fact that in
the Na,CoO,_; single crystal the lattice x,, along the
ab-axis is only one quarter of the electron x. along the
ab-axis at 800 K [17]. Fujita et al. [17] reported that
Z along the ab-axis of the Na,CoO,_s single crystal
reaches a high value of 1.5x 107 K at 800K,
corresponding to a surprisingly high value of
ZT =1.2. These insulating layers act as a slab of
device (b), as shown in Fig. 1. Thus, the crystal
structures of these oxides just correspond to micro-
structure (b), as shown in Fig. 7.

Next, it is shown that the same is true for the
rhombohedral Bi,Te; crystal structure. The Bi,Te;
crystal structure forms “quintuple-layer” leaves along
the c-axis, where the layers in each leaf occur in the
order Te'-Bi-Te'-Bi-Te' [18]. The Te"-Bi bond is
covalent and the Te'-Bi bond is mixed covalent and
jonic; the bond between their leaves, i.e., the Te'-Te!
bond is of the van der Waals type [18]. The thermo-
electric high performance of Bi,T; is a result of this
weak van der Waals force, which is effective in
enhancing the boundary effect at the interface between
their leaves, leading to a significant lowering in . Such
is the case. x along the c-axis is less than one-half that
along the ab-axis [19]. In contrast, p along the c-axis is
much larger than twofold that along the ab-axis
because of the presence of insulating Te'-Te' layers
[19]. The Te"-Bi layer forming a covalent bond,
therefore, is considered to be responsible predomi-
nantly for electrical conduction along the ab-axis of the
crystal. However, no significant anisotropy has been
observed in Seebeck coefficient [19]. In practice,
bismuth telluride exhibits a high Z along the ab-axis.
The insulating Te'-Te' layers act as a slab of device (b)
as shown in Fig. 1. Therefore, the crystal structure
itself of Bi,Te; is considered to correspond to micro-
structure (b), as shown in Fig. 7, similarly to the
layered oxides.

It is thus found that the microstructures and crys-
tal structures of high-quality superlattices and bulk
materials correspond to either microstructure (a) or (b)
and are characterized by the layered structure fitted to
enhance the boundary effect. As we shall see in the

following section, this provides a simple physical
picture of the enhancement phenomenon in Z.

Crystal microstructure suitable for high-
performance bulk thermoelectrics

There is a limit to the increase in the Z of high-quality
bulk materials due to the improvement of the fabrica-
tion method. To exceed such a limit, it is necessary to
further introduce the boundary effect into the micro-
structure, as thin layers consisting of precipitated
phases or dopant segregations. For this reason, it is
necessary to introduce a number of thinly layered
phases aligned along almost the same direction into the
bulk matrix. The growth condition or annealing
condition of a thermoelectric ingot must therefore be
controlled carefully, so that such phases are precipi-
tated uniformly in either direction, that is, parallel or
perpendicular to the freezing direction. Probably it is
possible to find dopants or elements fitted to cause
such precipitation. As mentioned earlier, the precipi-
tated phases are required to have either a lower p and a
higher x or a higher p and a lower x than those of the
constituent matrix rather than to have a larger S. There
are many types of material useful as precipitated
phases; for examples, metallic materials are suitable for
the former phase and ceramic compounds for the latter
one. However, it is important whether such additives
suitable for a high performance bulk material can be
found.

The direction of the temperature gradient imposed
on such thermoelectrics must be changed with the
thermoelectric properties of the precipitated phases, as
shown in Fig. 7. It is considered that for an optimum
microstructure, the thickness of precipitated layers are
smaller than the average carrier wavelength of ~100 A
estimated from the optimum carrier concentration of
~10%> m~ but are much longer than the phonon Debye
wavelength of several angstroms. In such an ideal
microstructure, carriers responsible for electrical con-
duction are slightly scattered at the interface but
phonons are scattered predominantly. When such a
composite microstructure was realized in bulk materi-
als, therefore, the boundary effect at the interface
should be enhanced significantly, resulting in a signif-
icant decrease in «, as observed already in BiTe-SbTe
superlattices [11]. However, even if the precipitated
phases are considerably larger than the average carrier
wavelength, they would not decrease Z as long as their
volume fraction is very small, because the precipitated
phases with optimum thermoelectric properties have
little effect on intrinsic Z when the temperature
gradient is imposed along an appropriate direction. It
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may also be associated with such a phenomenon that
we have succeeded in significantly increasing the Z of
bismuth telluride compounds [3, 4], by producing thin
dopant segregations throughout the crystal.

Summary and conclusion

We have shown using a simple composite device that a
significant increase in the resultant P can be achieved
in a slab with a lower p and a higher x than two
dominant materials when a sandwiched slab is perpen-
dicular to the direction of the temperature gradient.
However, the resultant Z of composite devices can
never exceed the largest value among those of two
pure components for any components and arrange-
ments. These results coincide qualitatively with previ-
ous results [12, 13]. In addition, it was shown that well-
known high-performance thermoelectrics have crystal
structures or microstructures corresponding to either
device (a) or (b) as shown in Fig. 7. When the
temperature gradient was imposed on a device along
an appropriate direction according to the thermoelec-
tric properties of a slab, Z remained almost unchanged
with slab thickness as long as a thin slab is used. From
these results, it is considered that when thinly layered
phases with optimum thermoelectric properties are
precipitated and aligned to one direction among
various matrices, they should enhance readily and
significantly the boundary effect alone, resulting in a
significant increase in the Z of bulk thermoelectric
materials. This is because thinly layered microstruc-
tures themselves hardly degrade intrinsic Z, as long as

@ Springer

they have a small volume fraction under the temper-
ature gradient in the appropriate direction. If such thin
microstructures were realized in high-performance
bulk thermoelectric materials, it would be possible to
achieve an extremely high Z7(>2) in bulk materials.

References

1. Wood C (1988) Rep Prog Phys 51:459
2. Goldsmid HJ (1964) Thermoelectric refrigeration. Plenum,
New York, p 15
3. Yamashita O, Tomiyoshi S (2003) Jpn J Appl Phys 42:492
4. Yamashita O, Tomiyoshi S, Makita K (2003) J Appl Phys
93:368
5. Hicks LD, Dresselhaus MS (1993) Phys Rev B 47:12727
6. Hicks LD, Harman TC, Dresselhaus MS (1993) Appl Phys
Lett 63:3230
7. Hicks LD, Dresselhaus MS (1993) Phys Rev B 47:16631
. Broido DA, Reinecke TL (1995) Appl Phys Lett 67:1170
. Koga T, Rabin O, Dresselhaus MS (2000) Phys Rev B
62:16703
10. Koga T, Cronin SB, Dresselhaus MS, Liu JL, Wang KL
(2000) Appl Phys Lett 77:1490
11. Venkatasubramanian R, Siivola E, Colpitts T, O’quinn B
(2001) Nature 413:597
12. Bergman DJ, Fel LG (1999) J Appl Phys 85:8205
13. Bergman DJ, Leevy O (1991) J Appl Phys 70:6821
14. Ivanova LD, Granatkina YV (1995) Inorg Mater 31:678
15. Terasaki I, Sasago Y, Uchinikura K (1997) Phys Rev B
56:R12685
16. Funahashi R, Matsubara I (2001) Appl Phys Lett 79:362
17. Fuyjita K, Mochida T, Nakamura K (2001) Jpn J Appl Phys
40:4644
18. Wiese JR, Muldawer L (1960) J Phys Chem Solids 15:13
19. Ivanova LD, Granatkina YV, Sussmann H, Muller E (1993)
Inorg Mater 29:969

\O Co



	Crystal microstructure suitable for high-performance thermoelectric bulk materials
	Abstract
	Introduction
	Calculation of power factor and thermoelectric figure of merit
	Sandwiched slab perpendicular to the direction of temperature gradient
	Sandwiched slab parallel to the direction of temperature gradient

	Results and discussion
	Dependence of &rgr;/&rgr;A,&kgr;/&kgr;A, &agr;/&agr;A, P/PA and Z/ZA on volume fraction x
	Relation between composite device and crystal structures of high performance thermoelectrics
	Crystal microstructure suitable for high-performance bulk thermoelectrics

	Summary and conclusion
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /DEU <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [2834.646 2834.646]
>> setpagedevice


