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We have investigated the system ZnSn8bthe course of our attempts to modify thermoelectric
Zn—Sb frameworks. ZnSn$hs only accessible when employing Sn as reactive flux in the synthesis.
The material shows an ordedisorder transition in the temperature interval between 225 and®@40
and decomposes peritectically at about 360 The high-temperature form of ZnSnSizlopts the Zn/Sn
disordered cubic sphalerite-type structure. Electron microscopy investigations reveal that samples quenched
from 350°C already contain domains of the low-temperature form, which has the Zn/Sn ordered tetragonal
chalcopyrite structure. The#a ratio of the tetragonal structure is, within experimental errors, identical to
the ideal value 2. This gives rise to intricate microtwinning in the low-temperature chalcopyrite form of
ZnSnSh as obtained in samples quenched from 260First principles electronic structure calculations
demonstrate that the tetragonal low-temperature form of ZnSh&ba narrow band gap of about 0.2
eV. This is in agreement with the semimetallic behavior of the material found from resistivity measurement.
The shape of the electronic density of states for ZngnSlsimilar to thermoelectric binary 2nSb
frameworks. However, the thermopower of ZnSpBlrather low with room-temperature values ranging
from 10 to 30uV/K.

1. Introduction electron count relations typical of the metalonmetal
border.

We have started to investigate the possibility to modify
Zn—Sb frameworks by reacting Zn/Sb mixtures with low-
melting metals or semimetals (e.g., In, Sn, Bi, Te). From
these experiments we hope to obtain (i) new insights into
the intricate chemical bonding mechanism of electron poor
s—p bonded intermetallic systems and (ii) a deeper under-
h standing of the origin of thermoelectric properties of the

remarkable Zr-Sb materials. In this work we present results
d from our reactions with Sn. We find that Zgb 11—V
frameworks may accommodate between 0.8 and 1.5 at. %
Sn, depending on the reaction conditions and the kind of
framework. These small concentrations can be considered
as doping and have interesting consequences to thermoelec-
tric properties. In the case of complex, temperature poly-

The binary zinc antimonides ZnSb and .8l display
interesting thermoelectric properties. This holds especially
for -Zn,Shs, which is considered as a state-of-the-art
material at moderate temperatures (880 °C), closing
the gap between low-temperature materials, 18§ based
systems) and intermediate temperature materials (AgSbTe
GeTe-based systems (TAGSPeculiar to zinc antimonides
are their complex crystal structures, which are combined wit
narrow gap semiconductor propertied.In a recent work
we could show that ZrSb structures actually correspon
to weakly polar, sp bonded framework&In this respect
zinc antimonides are similar to HV semiconductors with
a simple tetrahedral framework structure; however, they are
more electron-poor and thus multicenter-bonded. Interest-
ingly, multicenter bonding appears localized and is confined : X ) -]
to rhomboid rings ZShy. Thus, zinc antimonides not only ~ MOrPhIC, ZnSk: Sn doping also influences decisively
display useful properties but also provide an important structural propertiesHowever, thereT |s.only one true ternary
contribution toward an understanding of the involved structure- phgse in the system ZrSn—Sb—st0|c_h|om¢tr|c ZnSnSh-

which can be assessed when reacting mixtures Z#/3t2

* To whom correspondence should be addressed. E-mail: ulrich@inorg.su.se. II’.] excess tin. As a matter of fact, ZnSnS3tas be_en know'n
t Stockholm University. since the late 1960sThe crystal structure of this material
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§“R"g;‘af'Iﬁ’;g't‘ulgsgftﬁgcfﬁr’]jggs State Research. was reported as either Zn/Sn disordered cubic sphalerite
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represent simple tetrahedral frameworks, which fits the parameters were relaxed until forces had converged to at least less
average electron count of 4 e/atom. Interestingly, bonding than 0.005 eV/A. Equilibrium volume and lattice shape were relaxed
in ZnSnSh follows the simple octet rule, whereas Z8b as well. The relaxation procedure and accurate total energy
frameworks display complex multicentered bonding patterns. calculations were done with the linear tetrahedron method with
There are several open questions connected with ZnSnSb Blochl correctiong® All necessary convergence tests were per-

. . . formed and total energies were converged to within 0.1 meV/atom.
First, its actual crystal structure should be unambiguously - . .
. . Zn/Sn site disorder in the cubic disordered phase was modeled
determined. At the moment it is not clear whether the

. . . __within the special quasirandom structures (SQS'’s), which mimic
material adopts the cubic sphalerite or tetragonal ChaICODyr'terandom atomic distribution for several coordination shells in a

structure. If the material displays polymorphism, the tem- supercell” We employed two supercells containing 16 and 32
perature stability ranges of the different phases should beatoms, respectively. To generate Zn/Sn distributions with required
established. Second, it has been proposed that Zn®a8b  correlation functions according to SQS, we made use of a
be alloyed with Sn to form solid solutions ZnSnSisn,.° Metropolis-like algorithmt® The Ni correlation functions that we
However, explicit homogeneity range and crystal structure want to match determine a vectorin an Nc-dimensional space.

of this solid solution have not been reported. Finally, in the Starting from an arbitrary initial configuration corresponding to
light of the interesting thermoelectric performance of-zn ~ Some vectopy, a particular pair of atoms of different kind, chosen

Sb frameworks the characterization of some thermoelectric &t rﬁndom, flsthcotnsmetred and al V?th; cl?;rheszpnzdmg to an
properties of this material is desirable. exchange of the two atoms is calculated. If the distance ifNthe

dimensional space betweesi' and o; is less than the distance
betweerp;' andg;, the exchange is accepted; otherwise, the initial
configuration is kept. The procedure is repeated until a configuration
2.1. Synthesis and CharacterizationMixtures of Zn (ABCR, sufficiently close to the one required is generated. For the 32 atom
99.9%) and Sn and Sb (ABCR, 99.999%) with an atomic ratio of supercell a Zn/Sn distribution was obtained where all short-range
1:2:5 were pressed into pellets and loaded into specially preparedorder parameters are equal to zero up to the seventh coordination
quartz ampule¥ These ampules contained the reaction mixture at Shell. This cell can be considered as a very good approximation
the bottom and a layer of coarsely crushed quartz glass fixed by afor randomly dlsordereq cubic sphalerite. In contrast, the distribution
plug of quartz wool at the top. Sealed ampules were put into a of Zp and Sn atoms in the 16 atom supercell corresponds to a
quartz wool insulated reaction container made of stainless steel,Partially ordered one.
which was subsequently placed into a furnace. The reaction mixture ~ 2.3. Thermal Property Measurements.The thermal behavior
was first heated to 656C for 12 h to ensure complete melting of ~Of powdered and single crystalline samples of ZnSn@las
the metals. During this time containers were periodically shaken. investigated by differential thermal analysis (DTA-TG, Setaram
Subsequently, the temperature of the homogeneous melt waskabsys 1600). If visible, traces of Sn on the surface of the material
lowered at rates between 2 and 0/h to a holding temperature ~ Were carefully removed by scratching and polishing. Samples were
between 250 and 35W. After the temperature was held for 48 h, placed in a steel container and the temperature was raised from 40
the reaction container was turned upside down into a centrifuge, °C to either 300 or 400C. The experiments were performed under
which was operated at 3000 rpm for 3 min. The ampule was opened@ flow of dry Ar and with temperature increase rates between 5
and the crystalline product was collected from the top of the quartz and 10°C /min.
wool plug. Phase characterization was performed by powder X-ray ~ 2.4. Physical Property MeasurementsResistivity and ther-
diffraction patterns taken on a Guinier powder camera with @y K~ mopower measurement were performed on crystalline rods as
radiation ¢ = 1.540562 A) and by compositional analysis with obtained from flux synthesis. For resistivity measurements a four-
EDX (energy-disperse X-ray) spectroscopy in a JEOL 820 scanning Point in-line contact arrangement was employed. Contacts were
electron microscope. Lattice constants were obtained by least-prepared by applying strips of liquid silver paint (Demetron D200),
squares refinements of the indexed powder patterns using thewhich were dried in air. Resistances were continuously measured
PIRUM programt! Specimens for electron microscopy studies were as a potential drop of a generated current rendered during cooling
prepared by crushing and dispersing the samples onto holey-carborfind heating in an interval between 100 and 300 K. For thermopower
coated copper grids. These grids were examined in a Philips CM30 measurements, the sample was attached with silver paint to the hot
transmission electron microscope operated at 300 kV. and cold side of the sample holder, respectively. The thermoelectric
2.2. Electronic Structure Calculations.Calculations of the total ~ Voltage U was measured for different temperature gradieXits
energies were performed in the framework of the frozen core all- between the two sides. A straight line was fittedt@\T), which
electron Projected Augmented Wave (PAW) metfbdhich is has the slope /dAT = S, — S whereS; is the thermopower of
implemented in the program VASP.The cutoff energy for the  the sample and, is the thermopower of the connecting wires.
plane wave expansion was set to 350 eV. The cutoff for the When determiningds, data from a calibration run of the sample
augmentation charges was set to 550 eV. Exchange and correlatiofholder (using a Pb wire with known thermopower) was used in
effects were treated with the generalized gradient approximation order to compensate f@,.
(GGA).* The integration over the Brillouin zone (BZ) was done
on a grid of special k-points determined according to the Monkhorst- (14) (a) Wang, Y.; Perdew, J. Phys. Re. B 1991, 44, 13298. (b) Perdew,
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2. Experimental Section
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Figure 1. Structures of ZnSnS$b(a) Zn/Sn disordered cubic sphalerite
and (b) Zn/ Sn ordered tetragonal chalcopyrite. Red, blue, and yellow circles
denote Sb, Zn, and Sn atoms, respectively. Green circles indicate Zn/Sh
random disorder.

3. Results and Discussion

ZnSnSh belongs to the class of HIV—V, (ABCy)
materials which all adopt the tetragonal chalcopyrite structure
(space group42d, Z = 4). In this structure each A- and
B-atom are tetrahedrally coordinated by four C-atoms while
the C atoms are tetrahedrally coordinated by two A-atoms
and two B-atoms in an ordered manner. The atoms occupy
the following positions: A in 4a (0,0,0), B in 4b (0'B),
and C in 8d %,%4,Yg). A random distribution of A(ll) and
B(IV) atoms produces the cubic sphalerite (zinc blende)

Tenga et al.

structure. Thus, the chalcopyrite structure can be consideredigure 2. SEM pictures of ZnSnSterystals from a sample annealed at

as a superstructure of the sphalerite structure with ideal
parameters/a = 2 andxc = Y. For II—-IV—V, systems
c/a ratios are typically slightly lower than 2 (around 1.9)
andxc = 0.22-0.24. Many of these systems display a high-
temperature phase transition to the sphalerite structure (Figur
1).

ZnSnSh can only be prepared from reaction mixtures
containing a large excess of Sn, i.e., where Sn is employed
as reactive fluR.We found that ratios Zn:Sh:Sn 1:2x with
X > 4 result in a single-phase product consisting of
millimeter-sized, mostly agglomerated, rod or block shaped
crystals (Figure 2). In the applied melt-centrifugation syn-
thesis method ZnSngban be obtained within an annealing
temperature window between 240 and 3€&) which is in
agreement with earlier observatiofis he lower limit is set
by the crystallization of excess Sn. Above 38D no solid
product is formed. This behavior points to a peritectic
formation of ZnSnSh We performed about 30 synthesis
reactions where the Sn content in the reaction mixture, the
cooling rates, and the holding temperature has been varied
The obtained products were virtually identical. Only reflec-
tions from the cubic sphalerite structure type were observed
in the X-ray powder diffraction patterns. The refined lattice
parameter varied slightly but significantly between 6.2798-
(2) and 6.2849(2) A. There is no obvious correlation between
this variation and the applied reaction conditions. Extensive
compositional analysis of the products by using EDX
spectroscopy never showed any significant deviation from
the composition ABg(i.e., 25 at. % Zn, 25 at. % Sn, 50 at.
% Shb) and as a result we can rule out the proposed existenc
of a solid solution (ZnSnSh-xSn—«. Importantly, the

(19) Khudolii, V. A.; Golovei, M. |.; Novoselova, A. VDokl. Akad. Nauk
SSSRL976 228 1126.

250°C.

tetragonal chalocopyrite structure for ZnSaSfannot be
detected by using powder diffraction techniques with in-
house instrumentation. Therefore, if this structure is adopted,

SGhe parameters have to be very close to the ideal valizes

= 2.0 andxsp = ¥4 and tetragonal symmetry is primarily
the result of Zn/Sn ordering.

The investigation of several crystals on an image plate
single-crystal diffractometer revealed the presence of weak
superstructure reflections in addition to the set of Bragg
reflections from the basic sphalerite structure type. Indexing
of all observed reflections could be done by assuming a
doubling of the cubic basic unit cell along all symmetry
equivalent direction§100 (p for parent or basic structure).
However, attempts to resolve the superstructure from X-ray
data were unsuccessful. Subsequent electron diffraction
studies clearly showed that thisx22 x 2 superstructure is
fictitious and arises from an intricate domain twinning of
the tetragonal chalcopyrite structure type for ZnSnSb
‘Additionally, experiments in the electron microscope re-
vealed different degrees of Zn/Sn ordering as a function of
annealing temperature.

Figure 3 presents results from the electron diffraction
studies. Figures 3ad show typical electron diffraction
patterns, EDPs, recorded in crystals from samples annealed
at 350°C. In Figure 3a a EDP dowil 00} is shown, which
reveals well-defined weak satellite reflections of the tgpe
= +1/, [024*. Experiments by moving the incident beam

é)f electrons to diffract in different areas of the same crystal

allowed us to conclude (i) that the modulation wave vector
changes from area to area and (ii) that only one of the two
possible equivalent modulation wave vectors down every
(1004 is excited at any local domain. Such a result is more



Sphalerite-Chalcopyrite Polymorphism in ZnSnSb

020, *
42VGD‘ . ,m_4:, .
“lg
'8’ y R
. -
107,
. _:
[010], [001], [210],
G > .

d .. 228

. [00 . i
e 101, 200, f 121,
220p / 0045 g2 4;,-—-—-.1, d
004, \ L, s ol G SR
2003, % -2
. _/ . ; '- : .'308‘1
: [8F [ Tz g 400d:
| e s el fo0
010}, . [001], [021], (770, [011],

Figure 3. Typical EDPs dowrf100 (a) and [1®] , (b) from a crystal
annealed at 350C. The EDP in (c) was recorded in a different crystal
down [1003; a pattern slightly away from the exact Bragg conditions is
shown in (d). The presence of well-defined weak satellite reflections of the
type g = £, [024* along with the different intensity in the satellite
reflections stemming from different twins domains are clearly visible in
(a) and (b). The presence of highly structured diffuse scattering is apparent
in (c). Its condensation into reflections is seen in (d). The EDPs presented
in (e) and (f) are from a sample annealed at 260Indexing is presented

for the different twin domains present, as well as for the corresponding
directions in the sphalerite basic structure.

apparent in the EDP taken down [J2 (Figure 3b), where
clear differences in the intensity of the satellite reflections
from different twins domains are observed. This EDP is
indexed according to the strongest present twin domain; the
weak satellite reflections from the second domain are
indicated by arrowheads. Thus, all observed reflections from

any single domain can be indexed by using an expression

of the typeH = G + %, [024],*, where G are Bragg
reflections from the basic cubic (sphalerite) structure. The
resulting new reciprocal lattice vectors a® = a,*, bs* =

bp*, cs* = ,c,* (s for superstructure) and the corresponding
real space unit cell vectors are givendy= a,, bs = by, Cs

= 2G,. The observed extinction conditions fully agree with
space group-42d which strongly indicates that the super-

structure corresponds to the tetragonal chalcopyrite structure

wherec/a takes the ideal value 2.

The EDP presented in Figure 3c was recorded in a different
crystal and discloses pronounced and highly structured
diffuse scattering. Additionally, weak satellite reflections of
the typeq = +%, [024* are visible, but they are much

Chem. Mater., Vol. 17, No. 24, 2005083

Figure 4. High-resolution image of a crystal oriented down [Q]¢ffom
a sample annealed at 28C. The insets are the digital diffraction patterns
obtained in the squared areas.

more blurred and diffuse compared to those in Figure 3a.
As a matter of fact, they form part of the lines of diffuse
scattering running exactly perpendicular f00J*. This
becomes more apparent after tilting off the crystal a few
degrees away from the exact Bragg condition (Figure 3d).
The occurrence of diffuse scattering should be due to the
presence of Zn/Sn compositional short-range ordering in the
cubic basic structure, which embeds domains of completely
ordered tetragonal superstructure. The observed reciprocal
space distribution of the diffuse diffracted intensity repro-
duces the expected shape of purely compositional short-range
ordering in a sphalerite type structure, as reported in ref 20.

Figures 3e and 3f present two EDPs from a sample
annealed at 250C. The patterns are indexed according to
the basic structure and to the different observed superstruc-
ture twinned domains (subscripts d1 and d2). Tilting experi-
ments carried out in the same way as for 38D samples
showed the complete absence of diffuse scattering associated
with compositional short-range orderifty.This strongly
indicates that the ordered tetragonal chalcopyrite structure
has fully developed at lower temperatures. Careful analysis
of the reciprocal lattice showed that all possible twin domains
are present in all crystals. Figure 4 shows a high-resolution
image of a crystal annealed at 280 oriented down [01Q],

The domains, as seen in the image, have typically a size of
less than 10 nm. Analysis of the recorded images reveals a
complicated situation when interpreting the observed contrast.
In the insets we present the digital diffraction patterns
corresponding to the squared areas. While in (a) one single
domain is present, a second domain appears in (b). This is
evident from the presence of the satellite reflections indicated
by arrowheads. As a matter of fact, the majority of suppos-
edly single domains in 250C ZnSnSh give rise to digital
diffraction patterns similar to that of (b). This means that

(20) Sauvage, M.; Parth&. Acta Crystallogr. A1974 30, 239.

(21) At this point we should mention that we also observed diffuse scattering
in 250 °C annealed crystals. This scattering (i.e., sheets of diffuse
intensity in{110}*) is conspicuously different from that observed in
high-temperature annealed crystals and characteristic for displacive
short-range order [see e.g. Withers, R. L.; Welberry, T. R.; Pring, A;;
Tenailleau, C.; Liu, YJ. Solid State Chen2004 178 655].
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T of the decomposition of ZnSngkakes place at around 360
°C. The X-ray powder diffraction pattern of a DTA 40C
heated and cooled sample showed a complex mixture of
T ZnSh, SnSh, traces ¢FSn, and partly reformed ZnSngb
We mention that the related systems ZnSpasd ZnSnP
have considerably higher melting temperatures (740 and 930
°C, respectivelyy. The appearance of the heat effect con-
N nected with the orderdisorder transition indicates that this
210 220 230 240 250 process is actually composed of several steps. This is
understandable against the background that the transition is
accompanied by the formation of a complicated, twinned
microstructure. Otherwise, from group theoretical consider-
b b b b ations the sphaleritechalcopyrite ordering process can take
100 150200 250 300 350 400 place in a continuous, second-order fastionhe peritectic
T(°C) melting temperature of ZnSngis in agreement with our
Figure 5. DTA curves for ZnSnSpobtained from a 250C annealing observation from synthesis which does not afford a solid
synthesis reaction. The inset shows the heat effect of the edisorder product above 360C. Although the orderdisorder transi-
transition between 200 and 280 for a sample consisting of several crystals tion takes place before 25, it does not seem to be possible

(cycled two times, red and blue lines, respectively) and a finely ground .
sample (black lines). to quench pure ZnSnglgphalerite.

We performed first-principles density functional calcula-
they are actually composed by two, or more, twin domains tions in order to analyze the electronic structure of Zn$nSb
sitting on top of each other. The results of the computational structure optimization for

In conclusion, we find that ZnSnglindeed adopts the tetragonal ZnSnStwasc/a = 2.01 andxs, = 0.2237 which
tetragonal chalcopyrite structure. Electron diffraction experi- agrees with the experimental finding of the chalcopyrite
ments show that this phase forms continuously from the structure having structural parameters close to ideal values.
disordered cubic sphalerite type: Annealing at 3%D However, the parameteg, deviates considerably from the
produces ZnSnShwhere Zn and Sn atoms are short range ideal value 0.25, which implies that in tetrahedra Si&fs
ordered along with domains of fully ordered tetragonal Sh atoms are displaced from the center toward the edges
structure. When samples are annealed at a lower temperatureaccupied by Zn atoms. In the computationally relaxed struc-
250 °C, the tetragonal chalcopyrite structure develops ture distances SbZn and Sb-Sn are 2.67 and 2.87 A,
completely but in a complicated, domain twinned, form. The respectively. The density of states for tetragonal Zn$nSb
slightly varying cubic cell parameter of our samples is at equilibrium volume displays a narrow band gap of 0.2
probably due to the fact that they are composed of different eV at the Fermi level (Figure 6a). The shape of the valence
ratios of short-range ordered sphalerite and chalcopyrite band is very similar to the one we found for thermoelectric
modification. In chalcopyrite ZnSnghall possible twin Zn—Sb framework structurésThe narrow band gap of the
domains are present at roughly the same proportion. Thetetragonal structure is rapidly closed when Zn/Sn disorder
observed fine scale twinning is most likely a consequence is introduced. This is shown in Figures 6b and 6¢ where the
of the peculiarc/a ratio of the tetragonal structure, whichis DOS for two model structures with different distributions
virtually identical to the ideal value of 2. This in turn gives of Zn and Sn atomssimulating different degrees of Zn/Sn
a perfect coherence between different domains in high- disorder-are displayed. In the 16 atom supercell Zn and Sn
resolution experiments. Interestingly, the same situation hasatoms are partially ordered, whereas the 32 atom supercell
been reported for ZnSnAsind ZnSnk??-25 Also for these  should correspond closely to randomly disordered cubic
compounds the chalcopyritg/a ratio is very close to 2;  ZnSnSh with the sphalerite structure. The total energy is
however, the tetragonal structure appears more pronouncedowest for the completely ordered tetragonal structure; the
and as larger domains, which allowed the study of its twin- 16 and 32 atom structures are 14 and 44 meV/atom higher
ning by single-crystal X-ray diffraction. For ZnSnA& is in energy.
even possible to quench the disordered sphalerite struéture. Finally, we turn to the characterization of some properties

Figure 5 shows various DTA traces for ZnSp$btained  of ZnSnSh relevant to thermoelectricity. Resistivity mea-
from a 250°C annealing reaction. The thermal behavior of surements are shown in Figure 7a. The room-temperature
differently annealed samples is basically identical. We value of the specific resistivity of ZnSnSh is around 0.3
observe an endothermic effect in the temperature range 225 mQcm. Between 80 and 300 I varies only little with
240°C, which is reversible. This effect is attributed to the temperature. This semimetallic behavior is in agreement with
chalcopyrite-sphalerite orderdisorder transition. The onset  the calculated electronic structure. The presented three
measurements illustrate that the material ZnSniSbnot
(22) Pfister, H.Acta Crystallogr.1963 16, 53. homogeneous; even crystals from the same sample may
(23) ,\\l/ggprg“”mgeﬁg%sgmg‘iy* F.PRud, Y. Vzo. Akad. Nauk SSSR, 504 ce significantly different results. This is not surprising
(24) Vaipolin, A. A.; Goryunova, N. A.; Kleshchinskii, L. I.; Loshakova, ~considering the complicated microstructure of ZnSnSb

G. V.; Osmanov, E. OPhys. Status Solidi968 29, 435.

(25) Seryogin, G. A.; Nikishin, S. A.; Temkin, H.; Mintairov, A. M.; Merz,
J. L.; Holtz, M. Appl. Phys. Lett1999 74, 2128. (26) Folmer, J. C. W.; Franzen, H. Phys. Re. B 1984 29, 6261.
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atom/unit cell structure (b), and with a random Zn/Sn distribution in a 32 distributed over the same crystallographic position. This
atom unit cell approximating the cubic sphalerite structure (c). phase, however, cannot be obtained in a pure form from
synthesis. Electron microscopy investigations reveal that
samples quenched from 38Q already contain domains of

DOS/atom (states/e V)
o o

/\ﬂ\
L
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Different degrees of Zn/Sn order as well as size and

arrangement of microtwinned domains of the tetragonal form .

should influence strongly transport properties. This is the Iow-temperature_ form, ‘which ha§_the Zn/Sn ordered
especially seen in the thermopower measurements (Figuretetrag_onal chalcopyrlte_ structure. A_dd|t_|0n_ally, pronounce_d
7b) where room-temperature values vary between about 10and highly structured diffuse scattering indicate a substantial
and 30uV/K. The positive value oSimplies that holes are degree of Zn/Sp ordering present inhigh-temperature
charge carriers in ZnSngbAccording to its resistivity and ~ SamPples. Interestingly, thea ratio of the tetragonal structure
thermopower values, ZnSnShepresents a rather poor IS virtually identical to the ideal value 2. This gives rise to

thermoelectric material, although its complex microstructure Intricate microtwinning in the low-temperature chalcopyrite
probably gives rise to a desirable low thermal conductivity form of ZnSnShas obtained in samples quenched from 250

x, which together withS and p defines the thermoelectric  C- According to first-principles electronic structure calcula-
figure of meritZ = S/p«. Interestingly, it has been stated tions, the tetragonal low-temperature form of ZnSnBas
that compounds with tetrahedral structures typically do not & narrow band gap of about 0.2 eV. This is in agreement

represent good thermoelectric materfiShe reason for this ~ With the semimetal behavior of the material in resistivity
is not clear but ZnSnStseems to confirm this observation. Measurements. Although the electronic structure of ZngnSb

is qualitatively similar to thermoelectric binary zZ$b
4. Summary frameworks, its thermopower is rather low as room-temper-

We reinvestigated the system ZnSp3b the course of ~ ature values range from 10 to 3W/K.
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