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Abstract

The potential of the semiconducting compound B-ZnsSb; for
thermoclectric encrgy conversion was investigated. The
thermoclectric properties were mecasured on bol-pressed
samples characterized by X-ray and microprobe analysis. All
samples had p-type conductivity and the thermoclectric
propertics of the samples were measured between room
temperature and 400°C.  Exceptionally low thenmal
conductivity values were measured and the room temperature
lattice thermal conductivity was estimated at 7 mW cm’' K-,
High figures of merit were obtained between 200 and 400°C
and amaximum dimensionless thermoclectric figure of merit
27T of about 1.3 was obtained at atemperature of 400°C. The
stability of the compound was investigated by
thermogravimetric studies and showed t hat the samples were
stable under Ar atmosphcre Up to about 400°C and up to
250°C in dynamic vacuum. The high thermoclectric
performance Of B-ZnSbs in the 200 to 400°C tempcerature
range fills the gap established in the ZT spectrum of p-type
date-of-the-art thermoclectric materials between BijTc3-based
alloys and PbTc-based alloys. This material, relatively
inexpensive, could be used in more efficient thermoclectric
gencrators for waste heat recovery and automobile industry
applicat ions, for example.

introduction

Thermoclectric generator-s convert heat encrgy directly into
electrical energy without moving parts. They are reliable,
operate unaticnded in hostile environments and arc also
cnvironmentally friendly. However, their applications have
been limited until now because of the relatively low efficicncy
of the thermoelect ric materials as well as their relatively high
cost. New more efficient materials should be developed in
order to expand the range of applications of thermoclectiic
generators, For applications such as heat recovery from
processing plants of combustible solid waste, the materials
have also to be inexpensive enough to make the thermoclectric
power gencration a viable option. Many ncw potential
applications of thermoclectric generators have been recently
described in theliterature. For many of the.sc applications, the
heat source temperature ranges between 100 and about 400°C
where there exists a gap in ZTs between the low temperature
stale-of-tbc-art thermoclectric materials (13izTc3-based dloys)
and the intermediate temperature materials (}'bTc-based alloys)
and TAGS (Te-Ag-Ge-Sb). Therefore, it is important to
develop cfficicnt thermoclectric materials in this temperature
range.

Rascd on literature data and theoretical considerations, several
ncw matcrials were investigated over the past fcw years as
potential ncw thermoclectric materials at Jpl.. Several of these
ncw materials have shown interesting potential — for
thermoelectric applications [ 1]. As part of this broad search for
more cfficicnt thermoclectric materials, we have prepared and
investigated the properties of the semiconducting compound
B-Zn,Sb;. Three compounds have been well identified in the
system Zn-Sb: ZnSb stable up to the melting point (546°C),
ZmSb,, metastable, and Zn,Sbs, stable, which melts
congruently at 566°C [2,3]. For ZnsSb,, three modifications
arc known: -, B-, y-Zn,Sb; which arc stable below -10°C,
between -10 and 492°C, and above 492" C, respectively. The
phase diagram has been rc-investigated by Mayer et . [2]. B-
ZnsSb; is an hexagona rhombohedric compound, space group
R3C with a=12.231 A and c =12.428 A [2,4]. The unit ccll
contains 66 atoms.

A fcw investigations of the electrical and thermoclectric
properties of B-ZnsSby were performed [4-6]1but the results
were sometimes contradictory. Some attempts were also made
to dope the compound with various impuritics [7]. The
optical properties were investigated and an optica band gap of
about 1.2 CV was measured [4], in agreement with some
cstimations made from h i g h temperature eloctrical
measurements [5]. To our knowledge, the only thermal
conductivity data available in the literature was published by
Spitzer [8] who reported a room temperature lattice thermal
conductivity value of 6.5 mW cm K™ on apolycrystalline
sample of unknown density.

Experimental

Single phase, polycrystallinc hot-pressed samples of B-ZnSbs
were prepared from pre-reacted mixtures of zinc (99.99990/0
purc) and antimony (99.999% pure), The samples (about 12
mm In diameter and about 2 cm long) were of good
mechanica strength, The density of the samples was measured
by the immersion technique using toluenc as the liquid. The
density of the hot-pressed sample was typically between 95
and 97°/0 of the theorctical density. The microstructure of the
samples, polished by standard mctallographic techniques, was
investigated using a Nikon optical microscopc under both
ordinary and polarized light. The microprobe analysis of
sclected samples was performed on a JEOL JXA-733
superprobe. XRD analyses were performed on @ Siemens D-
500 diffractometer using Cu-K, radiation with silicon as a
standard. The thermal expansion cocefTicient was measured
using a standard dilatomcter.



Resistivity and 1 1all effect measurements were conducted on
samples between ooM temperature and about 400°C. ‘1 he
high temperature resistivity (P) was measured using the van
dcr Pauw technique with acurrent of 100 mA using a special
hightemperature apparatus [9]. The Hall cocfficient (Ry) was
mcasured in the Same apparatus with a constant magnetic field
val uc of 8000 Gauss. Assuming a scattering factor of 1ina
single carrier scheme, the carrier density was calculated from
the Hall cocflicient by p = 1/Ry € where p is the density of
holesand e is the electron charge. The Hall mobility (i) was
calculated from the I lan cocfTicient and the resist ivity values
by 1= Ru/p. The error was estimated at4 0.5°A and 4 2%
for the resistivity and Hall cocfficient measurements,
respectively. The Scebeck coefficient Of the samples was
measured on the same samples used for resistivity and 11all
cocfficicnt measurements using a high temperature light pulse
technique [10]. The error of measurements of the Secbeck
coefficient was estimated to bc less than 1 10/O. The thermal
conductivity of the samples was calculated from the
experimental density, heat capacity and thermal diffusivity.
The heal capacity and thermal diffusivity were measured using
aflash diffusivity technique [1 1] and the overall error in the
thermal conductivity mcasurement was about + 10°/0,

Results and Discussion

A total of about 30 samples were prepared and their propertics
measured, All samples had p-type conductivity and were
heavily doped with similar thermoclectric propertics and little
variation in carrier concentration. The typical room
temperature properties of hot-pressed B-ZnsSbs arc listed in
Table 1. The Hall mohility and Secbeck coefficient values arc
relatively large at this doping level. Hall mobility values in
the order of 1000 cm’ V''s” were reported by Ugaict al. [5]
atadoping level of 8.8 x 10" cm™ but were in contradiction
to some results obtained later also by Ugai ct a. [6]. The
complexity of the Zn-Sb phase diagram makes the preparation
of single phase samples difficultand might explain the
discrepancies in the results. Unfortunately, no details were
given by Ugai etal. [S] on the composition analysis of their
samplcs.

Jable 1. Some room temperature properties of 8-Zn.Sb,

Property B-Zn,Sb,

Meclting point (C) 566 [2,5]

Type of formation from the melt ~ congruent [2,5]
Structure type hexa. thom, [2,3]
Number of atoms/unit cell 66[2]

1 attice paramcier a=12.231, ¢=12.428A [2]
X-ray density (g cm™) 6.077

Thermal expansion coefTicient (C*') 1.93x 10

1:nergy band gap (cV) 12[34]
Conductivity type P
Electrical resistivity (m€2 cm) 2

Hall mobility (cm’ V' S) 30

Hall carrier concentration (cm'3) 9 x 10"
Scebeck coefficient (LVK™) 120

Thermal _conductivity (mWem'K") 9

Typical temperature dependence Of  the thermoclectric
propertics Of hot-pressed B-ZnSbssamples arc showninFig.
1 (electrical resistivity), Fig. 2 (Seebeck cocfficient), and Fig.
3 (power factor Values). The Secbeck coefficient and electrical
resistivity increase Up to about 350°C where an onset of
mixed conduction sccms to appear, lowering the clectrical
resistivity and Secbeck cocefTicient, However, the intrinsic
behavior is difficult to establish definitively because of the
small tcmperaturc  range Where it scems to  occur.
Mcasurements were limited to  400°C because o f
transformation from the 3 to y phase at higher temperatures.
The results of the Seebeck cocfficient measurements arc in
agrecment with the results of Tapicro cl al. [4]. A maximum
power factor of 12.5pWem™ K* %?/as calculated at 350°C.
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Figure 1: Typical clectrical resistivity values as a function of
inverse temperat urc for p-t ype B-Zny Sby
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Figure 2: Typical Scebeck cocfficient values as a function of
temperatuse for p-type B-Zn.Sb;

Fig. 4 shows the thermal conductivity values of B-ZnSbs
between room temperature and about 250°C. The values for
state-of-the-ar-t p-type thermociectric materials PbTe- and
Hill’ckbased aloys as well as TAGS (Te-Ag-Ge-Sb aloys)
arc also shown for com »arison. The room temperature value is
about 9 mW cm” K” for B-ZnSby samples. The thermal
conductivity decreascs to about 6 mW em™ K*” at 250°C.
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Figure 3: Typical power factor values (a’/p) as a function of
temperature for p-type B-Zn,Sb;
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Higure 4: Typica therma conductivity values as a function of
temperature for p-type B-ZmSbs. Results arc compared to
stalc~f-the-arl p-t ypc thermocelect ric materials PbTe- and
[lizTc)based alloys, and also TAGS (Te-Ag-Ge-Sb aloys).

1.ow thermal conductivity is onc of the most interesting
fecature of B-ZnsSbs. This is the lowest of al the
thermoclectric materials Known until now. As wc mentioned
before, the only value reported in the litcrature for B-Zi.Sb;
was a room temperature lattice thermal conductivity of 6.5
mW cm™ K [8] measured on a polycrystalline sample. Wc¢
calculated @ room temperature lattice thermal conductivity by
subtracting the electronic component to the total thermal
conductivity. We found a value of 7 mW em™ K-I, in good
agreement With the literature results, The thermal conduct|V|ty
values for 3-ZnsSbs arc typical of glass-like materials. Thisis
duc to its complex crystal structure and also most likely to
the presence of some antistructure defects resulting in ahighly
disordcred structure. } lowever, glass-like materials have
usually high electrical rcsistivity such as TlAsScs [ 12] which
iS not desirable to achicve high figure of merits. This iS not
the case for -7.n,Sb;. In this compound, there is a unique
combination Of low thermal conductivity and good clectrical
resistivity which makes it a very intcresting thermoclectric

material. The analysis Of the low thermal conductivity values
will bc the object of a separate publication,

The dimensionless thermoclectric figure of merit ZT is a
function of the clectrical resistivity (p), the Scebeck coefficient
(o) and the thermal conductivity (A):

= o’/ph (1)

The calculated figure of merit for several p-type B-Zn.Sb, arc
shown in Fig. 5. This figure shows that there is a gap
between the low temperature stale-of-the-art  thermoclectric
materials (Bi;Tes-based alloys) an d the intencediate
temperature materials (PoTe-based alloys) and TAGS (Te-Ag-
Gce-Sb). P-type B-ZnsSbs fillsin this gap in the 200 to 400°C
temperature range.
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Figure 5 Dimensionless figure of merit ZT as a function of
temperature for severa p-type B-Zn.Sbs samples. Results arc
compared to state-of-the-art p-type thenmoclectric materials:
PbTe- and Ili,Tc,-based alloys, and TAGS (l¢c- Ag-Ge-Sb
aloys).

Although TAGS have also a good thermoclectric figure oOf
merit in this tcmperature range, they have been little used duc
to their high sublimation rate and low temperature phase
transition | 13]. Thermogravimetric studies have shown that -
Zn,Sb; samples did not 100SC any weight at all under argon
atmosphere up to about 400°C and for Up to 6 hours.
Elcctrical resistivity measu rcinents were conducted as a
function of time in dynamic vacuum. It was found that no
significant variations in electrical resistivity was observed for
Samples maintained at a temperature of 250°C for Up to 5
days. Microprobe analysis of the same samples did not show
any dissociation of the samples. }low’ever, for higher
temperatures, Some partial decomposition was observed in
dynamic vacuum and some ZnSb inclusions were detected by
nucroprobc analysis, The stability of the samples was aso
tested by annealing samples of B-ZmSbs in scaled quartz.
ampoules under argon or vacuum at 400°C for about 5 days.
In both cases, no significant changes in the electrical
resistivity was found before and after the anneals and
mitt-oprobc analysis of tile anncaled samples showed that no
dissociation was obscrved. P-type -7 niSbs has the highest
thermoclectric figure Of merit in the 200" to 400°C teinperature



range. Further improvements of the figure of merit could
likely be obtained by optimizing the doping levet of the
samples. Also, for many applications using thermoclectric
generators, the cost of the matcrial is important. B-ZnSbs is
rclatively  inexpensive  Compared to  state-of-tke-all
thermoclectric matcrials.

There are many potential applications for thermoclectric
gencrators using P-ZmSbs. Onc of them is waste heat
recovery. Large efforts in Japan have been recently initiated to
develop thermoclectric power gencrat ion systems 1o recover
wastc heat from various sources. solid waste, geothennal,
power plants and automobile [ 14]. Many potential
appl i cations have hecat sources in the 100 to 400°C
temperature range ~~’ here the B-Zn,Sbs thermoclectric propertics
arc optimal. For example, a study of a thermoclectric
generation system USing the waste heat of phosphoric acid fuel
cells was recently proposed {1 5]. in this system, the hot side
of the heat source is al a temperature of about 200°C and the
cold side is at room tempcrature. Another potential
application was also recently described using geothcrmal heat
from North Sca oil platforms [16]. Heat sources with
temperatures between 10010 200°C are available form these
oil platforms and the potential usc of a thermoclectiic
generator to recover this heat was described. The actual need
for more efficient and cleancr cars has resulted in a strong
interest from car manufacturers in recovering the waste heat
generated by the vehicle exhaust to replace or supplement the
aternator [17-1 9]. The temperature range for these applications
would be in the 100 to 400°C temperat urc range where high
71 values have been measured on -Zn:Sbs, and the rclatively
low cost of this material makes it an excellent candidate for
these applications.

Conclusion

Thermoclectric propertics of B-ZniSby were measured on hot-
pressed sample.s. Exceptionally low thermal conductivity were
measured and a maximum ZT value of 1.3 was measured al
400°C. The good thermoclectric performance of B-Zn,Sb; fills
agap cxislingin ZT values between the low temperature
state-of-the-arl thermoclectric materials Bi2Tc-based alloys
and the internicdiate tempcerature materials PoTc-based alloys
and TAGS (Te-Ag-Ge-Sb). The stability of the material was
studicd and it was found that the thennoclectric  properties
remain stable up to 400°C under static vacuum and argon.
This material, relatively inexpensive, could be used in
thermoclectric and gencrators and a brief description of the
numerous potential applications was given.
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