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Chromium sulfo-selenides are extrinsic semiconductors which are stable at moderately high tempera- 
tures. Low thermal conductivity and good electrical properties make these materials interesting with 
respect to their applications in thermoelectric technology. Preparation and thermoelectric properties of 
various compositions of chromium sulfo-selenides are reported. 

Introduction 

In the last few years there has been a great 
interest in transition metal chalcogenides, 
because of their unusual electrical and 
magnetic properties (1). Current research 
activities include exploration of these 
materials for technological applications such 
as solar cells, electrochemical cells, catalysts, 
etc. It has been known that some of the rare 
earth chalcogenides are good thermoelectric 
materials (2) and could be used for ther- 
moelectric power conversion for various 
space applications. Since physical properties 
of the semiconducting transition metal chal- 
cogenides have not been investigated for 
applications in thermoelectric technology 
and some of them are very stable at 
moderately high temperatures required for 
thermoelectric power generation, we 
investigated the thermoelectric properties of 
the semiconducting chromium sulfo- 

*This paper presents the results of one phase of 
research carried out at the Jet Propulsion Laboratory, 
California Institute of Technology, under Contract 
7-100, sponsored by the National Aeronautics and 
Space Administration. 
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selenides. The results of preliminary 
investigations show them to have many 
characteristics required of a good thermo- 
electric material. We have studied the elec- 
tricalresistivity, Seebeck coefficient, thermal 
conductivity and charge carrier mobilities of 
rhombohedral chromium sulfa-selenides, 

Experimental 

Preparation of Materials 

Cr$-,Sex (0 C x G 1) 
reacting high-purity 

were prepared by 
elements in 

stoichiometric quantities in evacuated silica 
tubes at 1000°C. The temperature of the 
reaction was increased slowly in order to 
avoid breakage of the tube due to excess 
pressure of the chalcogens. Small amounts of 
I2 added to the reactants helped to get a 
homogeneous single compound. After 
complete reaction, the polycrystalline 
material was pulverized and pressed into a 
pellet in vacuum at 750°C for 5 hr under a 
pressure of 30 000 psi. The pellets were 
further sintered in evacuated silica tubes at 
900°C for 1 week. In this way pellets with 
96% theoretical density could be obtained. 
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The cdmpounds were identified and crystal 
lattice parameters were determined by X-ray 
powder diffraction. The densities of the 
pellets were determined by hydrostatic 
techniques using isopropyl alcohol. 

Electrical Properties 

Electrical resistivities of the different 
materials were measured on cylindrical 
pellets by a direct-current four-probe 
method. The pellet was mounted in an 
apparatus which could be used for measuring 
Seeback coefficient, thermal conductivity, 
and resistivity simultaneously at various 
temperatures. The details of the apparatus 
are given elsewhere (3). The whole appara- 
tus was kept in an evacuated chamber. The 
electrical and thermocouple wires were 
positioned on the sample into precisely 
drilled microholes along the sample length. 
Good electrical and thermal contact with the 
sample could be achieved in this way. For 
resistivity measurements, correction for 
Seebeck voltage was done by alternating the 
current directions. 

Hall coefficients were measured on 
rectangular slices of about 0.005 in. thick, 
cut from the pellets. Gold wires were bonded 
to the sample by silver conducting paste. 
Because of the thermal noise, an ac method 
was used with a PAR lock-in amplifier for 
signal measurements. The sample was placed 
in the field of an electromagnet which could 
be varied up to 6000 G. The Hall voltage was 
measured at various fields in both field 
directions. An alloy of Si-Ge of known 
doping level was used to check the accuracy 
of the results. No magnetoresistance was 
found at room temperature and no cor- 
rection to the Hall voltage was necessary. 

Thermal Conductivity Measurements 

Thermal conductivity of the cylindrical 
pellet was measured using a steady state 
comparison method (4) with longitudinal 
heat flow. Experimental details are described 
elsewhere (3). Pyroceram cylinders were 

used as standards. The accuracy of our 
measurements (f 15%) was determined 
using several standard materials of known 
thermal conductivities. The errors at higher 
temperatures were larger than at lower 
temperatures because of the radiation loss 
inherent in this type of measurement. The 
temperature gradient along the sample at the 
steady state conditions was measured by 
thermocouples placed in microholes drilled 
into the pellets. Sufficient time was allowed 
to attain temperature equilibrium before 
doing the measurements. 

Results and Discussions 

We have prepared and characterized six 
different compositions of the CrZS+Sex 
alloys. A solid solution of any composition 
could be made between Cr& and 
CrzSe3 (5). Single crystals of these solid 
solutions could also be made by chemical 
transport reactions. The compounds were 
identified by X-ray powder diffraction (Table 
1). The hexagonal lattice parameters a0 and 
co obey “Vegard’s” law. co values depend 
upon the stoichiometry of the compound, 
since the presence of interstitials affects these 
values. 

Thermal Conductivity 

Thermal conductivities of various 
chromium sulfa-selenides, at different 
temperatures, are given in Figs. 1 and 2. 

TABLE I 

HEXAGONAL LATTICE PARAMETERS OF POLY- 
CRYSTALLINE CHROMIUM SULFO-SELENIDES 

Composition 

Cr& 5.951 16.69 
Cr2S2.4Seo.6 6.012 16.90 
CrzS2.lSe0.9 6.043 16.95 
Cr2%5%.5 6.097 17.10 
Cr2So.6Se2.4 6.192 17.25 
Cr2Se3 6.247 17.36 



CHROMIUM SULFO-SELENIDES 151 

- 

0 
300 500 700 900 1100 

TEMPERATURE OK 

FIG. 1. Temperature dependence of the thermal conductivities of various Cr$-,Se, solid solutions. 
(The numbers in the figure refer to sample numbers in Table II.) 

Thermal conductivities of chromium sulfide tivity by alloying, first proposed by Ioffe (6), 
and selenide are higher than the solid solu- has been done in several cases to increase the 
tions. This is expected due to the increased figure of merit of a thermoelectric material. 
phonon scattering as inhomogeneities in The thermal conductivity values are in the 
atomic ordering are introduced by anionic range of 10 to 25 mW/cm-“C; such low 
substitution. Reduction of thermal conduc- values are quite close to those of some of the 
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Cr2S3 PERCENTAGE OF CHROMIUM SELENIDE IN Cr2Se3 
THE SOLID SOLUTION Cr2S3-xSe, 

FIG. 2. Room temperature thermal conductivities of CrzS3-xSex solid solutions as a function of the 
composition. 
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well-known thermoelectric materials such as 
(Bi/Sb)2Tes and some rare earth selenides 
and are considerably lower than those of 
silicon-germanium alloys which are 
presently used for thermoelectric power 
generation in space applications (7, 87. The 
major contribution to the total thermal 
conductivity is from the lattice alone, since 
these samples did not have high electrical 
conductivlties. The low lattice thermal 
conductivity could be attributed to the 
nature of the crystal structure. Cr2X3 crys- 
tallized with the NiAs-type structure with 
ordered defects (9). When all the octahedral 
holes within the hexagonal close-packed 
anion lattice are filled, a NiAs-type structure 
is formed. In Cr2X3, one half of the octa- 
hedral holes in alternate cation layers are 
empty, creating ordered cation vacancies. 
Due to the existence of these vacancies, 
Cr2X3 has a tendency to form nonstoi- 
chiometric compounds, Cr2+xX3, at higher 
temperatures. Nonstoichiometric CrZtxX3 
could be represented as (Cr:*Cr?& 
Cl&e-*, where Cl represents inherent lattice 
vacancies. Since these materials have 
ordered lattice defects in alternate chromium 
atom planes lying perpendicular to the a- 
axis, and lattice defects are known to reduce 
the thermal conductivity significantly due to 
scattering by defects, the inherent crystalline 
defects in these materials contribute a major 
factor to the low thermal conductivities of 
these materials. Even though these 
measurements were carried out on sintered 
hot-pressed pellets with porosities of less 
than 5% measurements on single crystals will 
be of interest because of the anisotropic 
nature of these crystals. The excess 
chromium atoms contribute electrons to the 
conduction band. We have purposely pre- 
pared Cr2.,& and measured its physical 
properties. The thermal conductivity of 
Cr2.&& is slightly higher than that of the near 
stoichiometric compound, probably due to 
smaller numbers of defects and also due to 
larger electronic contribution to the thermal 

conductivity. In order to understand the 
influence of charge carrier concentration and 
the influence of defects, we are studying the 
properties of the materials where part of the 
defects are replaced by Ca and Mg. Adjust- 
ments to the carrier concentration can be 
easily achieved by such substitutions. 

Electrical Properties 

Electrical and magnetic properties of 
Cr2S3 have been studied by earlier workers 
(10). The electrical resistivity and Seebeck 
coefficients of different chromium sulfo- 
selenides at various temperatures are plotted 
in Figs. 3 and 4, respectively. These results 
are in good agreement with earlier work 
(10). Both p-type and n-type Cr2S3 have 
been reported depending upon the stoi- 
chiometry. Excess chromium atoms give n- 
type and excess Se or S atoms give p-type 
polarity. All of the samples which we pre- 
pared showed n-type characteristics. p-type 
material with excess Se or S became n-type 
after annealing at high temperature, prob- 
ably due to loss of sulfur or selenium. 

The electrical resistivity of Cr2S3 decreases 
with increasing temperature, within the 
temperature interval of our study, with an 
activation energy of = 0.05 eV. Selenium- 
substituted compounds showed smaller 
excitation energies. Cr2S3 and Cr2!LxSex 
behave as extrinsic semiconductors. The 
behavior of electrical resisitivity of pure 
Cr2S3 with increase of temperature is in good 
agreement with the results of earlier workers 
(10). The charge carriers in the conduction 
band are produced by excitation of the elec- 
trons from the donor levels which are present 
as a result of nonstoichiometry. The band 
gap between the valence and conduction 
band in these materials are not. known. 
Electronegativity considerations should 
suggest that the band gaps should increase 
from selenides to sulfides. The increase of 
Seebeck coefficient with increase of 
temperature is characteristic of extrinsic 
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FIG. 3. Temperature dependence of the electrical resistivities of various CrzS3-,Se, solid solutions. 
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FIG. 4. Seebeck coefficients of different CrzSx-,Se, samples as a function of temperature. 
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FIG. 5. Hall mobilities at room temperature of different CrzSs-,Se, alloys. 

semiconductors. In extrinsic semiconduc- 
tors, Seebeck’s coefficient increases linearly 
with [log RT3'*], where R is the Hall 
coefficient. Pure CrzSe3 becomes intrinisc at 
much lower temperatures and the resistivity 
data give an activation energy of approxi- 
mately 0.3 eV. 

The electron mobilities at room tempera- 
ture of different Cr2S3-Sex compounds are 
shown in Fig. 5. The accuracy of Hall 
coefficient measurements were tested using 
standard silicon-germanium alloys of known 
mobility. Also, our mobility values are in 
good agreement with the values reported for 
Cr2S3 (8). Hall effect measurements on 
single crystals are required in both a and c 
crystal axis directions. The mobilities are 
rather small compared to those of good 
thermoelectric materials. The mobility is 
gradually increased as sulfur is gradually 
substituted by selenium. This is reasonable 
since selenium is a bigger and more polariz- 
able atom then sulfur and the covalent nature 

of the Cr-X bond is increased with selenium 
substitution. The large charge carrier 
concentrations in these materials suggest the 
possibility of large numbers of ionic Cr3 + 
scattering centers and mobility might be 
higher for lower concentrations of charge 
carriers. The mobility of Cr2S3 at 300°K has 
been reported (8) to be 4 cm*/V-set at a 
charge carrier concentration of 6 x 

10” cme3. In addition mobility is dependent 
upon the nature and number of defects 
inherent in these materials. 

Both the number of vacancies and the 
charge carrier concentrations could be 
adjusted independently. The carrier 
concentration could be adjusted without a 
change in the vacancy concentration by 
replacing chromium ions with divalent ions 
such as Ca+* or Mg+*. By varying the values 
of x in Cr2+xX3r in the range Cr2X3 to Cr3X4, 
it is possible to change the vacancy con- 
centrations. These experiments are in 
progress. 



CHROMIUM SULFO-SELENIDES 155 

Figure of Merit 

The figure of merit, 
material is defined as 

2, of a thermoelectric 

where (Y is the Seebeck coefficient, cr is the 
electrical conductivity, and k is the total 
thermal conductivity. Since the thermoelec- 
tric power conversion efficiency of a ther- 
moelectric material depends upon the 
product of the figure of merit and the 
temperature differential, it is necessary that 
the material be very stable at moderately 
highe temperatures with a high figure of 
merit. Also the band gap should be large 
enough that the minority carrier concen- 
tration is small at the temperature of opera- 
tion. Most of the thermoelectric materials 
with large 2 have small band gaps and are 
unstable at moderately high temperatures. 
An alloy of silicon and germanium doped 
with phosphorus or boron is being used cur- 
rently for thermoelectric generators, because 
of its large band gap and high temperature 
stability, but its figure of merit is relatively 
low (0.7 x low3 “K-l at 900°C). Some rare 
earth chalcogenides have also been reported 
(2) to have 2 of approximately 0.8~ 

10-3”K-’ at 1000°C but they are very 
susceptible to oxidation and their prepara- 
tion is rather involved and needs special care 
with highly pure rare earth elements, which 
are expensive. Chromium chalcogenides 
have many of the properties of rare earth 
chalcogenides and are relatively easy to 
prepare. 

Table II shows the figure of merit at 200 
and 600°C of the various chromium chal- 
cogenides which we prepared. CrzSz.ISe,,g 
has a figure of merit of 0.45 x 10V3 “K-l at 
900°K while CrzSe3 becomes intrinsic at 
higher temperatures. When compared with 
Si-Ge alloy which has a figure of merit of 
0.5 x 1o-3 at 600°C these numbers look 
very encouraging since these materials 
have not been optimized for the 
charge carrier concentration and for the 
number of defects, both of which could 
be adjusted, as stated earlier by alkaline 
earth substitution. 
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TABLE II 
THERMOELECTRIC PROPERTIES OF CHROMIUM SULFO-SELENIDES 

T = 500°K T = 870°K 

Com- n, x 1020 px1o3 (m$/ ZX103 3 (mk/ ZX103 
Sample position (cme3) (@“a/OK) (&cm) “C-cm) (“K-i) (WV&K) yLz$ “C-cm) (“K-l) 

1 Cr2S3 2.0 -285 39.5 22 0.09 -320 31.5 20 0.16 
2 Cr2S2.4Se0.6 2.8 -192 18.0 13 0.15 -220 13.5 10 0.36 
3 Cr2S2.1Seo.9 2.9 - 150 8.8 11 0.23 - 180 8.0 9.0 0.45 
4 Cr2fk.Sel.5 3.3 -130 6.3 13 0.21 -180 6.5 14 0.36 
5 Cr2Se3 0.6 -158 12.8 19 0.10 +30 1.0 22 - 

Un- (intrinsic) 
6 Cr2.& measured - 120 5.5 28 0.09 - 160 4.8 25 0.22 



156 K. R. PISHARODY 

References 6. A. F. IOFFE, S. V. AIRAPETIANTS, A. V. IOFFE, 

1. C. N. R. RAO AND K. P. R. PISHARODY, Progr. 
Solid State Chem. 10, 207 (1976). 

2. F. J. REID, L. K. MATSON, J. F. MILLER, AND R. 
C. HIMES, J. Electrochem. Sot. 111, 943 (1964). 

3. V. S. TOULOUKHAN (Ed.), “Therm0-Physical 
Properties of Matter,” The TPRC Data Series, Vol. 
1, Purdue University (1970). 

4. R. R. HEIKES AND R. W. URE, JR., “Ther- 
moelectricity in Science and Engineering,” p. 298, 
Interscience, New York (1961). 

5. H. D. LUTZ, K. BERTRAM, M. SRECKOVIC, AND 
W. MOLLS, 2. Naturforsch. B. 28,685 (1973). 

7. 

8. 

9. 
10. 

N. V. KOLOMOETS, AND L. S. STIL’BANS, Dokl. 
Akad. Nauk. SSSR 106,98 (1956). 
R. C. MILLER AND R. W. URE, JR., in “Energy 
Conversion for Space Power” (N. W. Snyder, Ed.), 
Academic Press, New York (1961). 
S. K. URNICK, R. L. FITZPATRICK, AND M. F. 
MERRIAM, in “Rare Earth Research” (C. Lundin 
and J. Nachmam, Eds.), Gordon and Breach, New 
York (1962). 
F. Jellinek, Acta Crystaflogr. 10, 620 (1957). 
C. F. VON BRUGGEN, M. B. VELINGA, AND C. 
HAAS, Solid State Chem. 2, 303 (1970). 


