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Electrical properties of liquid Cd-Te alloys

A. Ben Moussd, B. Giordanengo, J. C. Humbert, H. Chaaba, M. Bestandji, and J. G. Gasser
Laboratoire de Physique des Liquides et des Interfaces, 1 Bd Arago, 57 078 Metz Cedex 03, France
(Received 30 November 1999; revised manuscript received 2 Augus} 2000

The electrical resistivity and the thermopower of liquid,aa; _, have been investigated experimentally as
a function of temperature over the whole composition range. Due to the high melting point of
Cdy5Tey 5(1098 °C) and the low boiling points of cadmiuime5 °Q and tellurium(990 °OQ), the measurements
were difficult. Nevertheless, with a different experimental setup we were able to measure the resistivity and the
thermopower from the liquidus up to 1200 °C. The resistivity shows a maximuts8t54 reaching a value
of 130002 cm at 1100 °C. A marked feature of liquid Gdle, _, is that the thermopower varies rapidly
from a positive value in the tellurium rich region to a negative value in the cadmium rich one around the
equiatomic composition. The electronic properties, near this composition, were analyzed by using equations
derived from the Kubo-Greenwood formula.

[. INTRODUCTION dependence o together with that op gives further infor-
mation about the transport mechanism.

In recent years, several measurements have been The resistivity as well a$ have been measured using a
reported‘3 concerning the electrical and other properties ofhomemade apparatus that permits to measure both at the
liquid tellurium-based alloys because of their interesting besame time. This method has been completely described by
havior such as compound formation at a particular composivinckel et al>!° It combines a measurement pfby the
tion and the ‘p-n transition” from a semiconducting state to four-point technique, and o8 by employing a smalAT
a metallic one with increasing temperature. But properties Ofethod that suppresses the errors due to small variations of
II-VI compounds, in the liquid state, have not received muchne thermoelectric properties of the reference wires. The lig-
attention, due to the experimental difficulties coming from i 50y is contained in a silica cell and the measurement are
their high vapor pressures and high melting temperatures. 5 e ysing two tungsten and two tungsten-rheriW26%

Cadmium tellurides are known as important materials fo.rRe) electrodes. Previous calibration of the tungsten reference

the fabrication of gamma-ray detectors. This is due to theit, | . iec as well as of the tungsten-rhenium counter-

large atomic number and their high band gap at room tem- X : . .
perature. The nature of bonding in these compounds ha [ectrodgs has been made with calibrated “platinum 67

been the subject of many speculations. Recently, Prige Ire, using the results of Roberest al'l_l " The tungsten
etal? and Gasparcet al® carried out neutron-diffraction callbratlogshas also beer_l compared_ with th_e values of Rob-
measurements on liquid Gde, , and showed that liquid ertset al, an:j we obtained a maximum difference of 0.2
Cd, sTey 5 keeps its fourfold coordination, which corresponds"‘wK at 1200 C
to an extension of the semiconducting state across the melt- e geometrical constant of the cell, that correlates the
ing point. This is in contradiction with the more close- resistance withp, has been carefully calibrated with triple
packed structures of liquid 111-V alloys. Coordination num- distilled mercury at room temperature. We do not corgect
bers in these systems change from 4 in the crystalline phadeom the thermal expansion of the silica because this effect
(semiconductingto ~6 in the liquid phas&(metallio. Itis  (0.02% is much smaller than the total experimental uncer-
interesting to study in details, as a function of composition tainty (0.1%. The potential drop across the cell capillary
the liquid Cd-Te system which exhibits a transition betweenvas measured twice by reversing the current to eliminate
a liquid metal(cadmium or telluriumand a liquid semicon- small thermoelectric voltages.
ductor (C@sTeps). Cadmium (Cd) and tellurium (Te) were supplied by

In this paper, we present the electrical resistijty and  Johnson Matthey Co. and were 99.999% pure. Measure-
thermopowe«S) of liquid Cd,-Te; _, over the entire compo- ments were carried out in an argon gas atmosphere. Because
sition range(x). We analyze the electrical conductivityr(  of the high vapor pressure and low boiling points of both
=1/p) and S nearx=0.5, assuming an energy dependentelements, it is necessary to apply pressure to avoid the for-
conductivity o(E). The three regimes af (metallic, semi- mation of bubbles inside the liquid. Special care has been
metallic and nonmetallicoften referred to in the literature taken for the Cd-rich compositions. The 9 bars pressure that
(Cutlef) represent a useful framework for our discussion. we applied allowed us to measure liquid £k, , up to

1200 °C.

II. EXPERIMENTAL PROCEDURE

For the discussion of electronic transport properties of Ill. EXPERIMENTAL RESULTS
liquid Cd,-Te, , it is necessary to know whether electrons
or holes predominate. To obtain this information, mostly
measurements db are used, because its sign is closely re- Measurements were made on 21 different compositions.
lated to the change of the dominating kind of carriers. The Figure 1 showg and Fig. 2 show$ both as a function of.

A. Resistivity
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FIG. 1. Electrical resistivity as a function of temperature for
liquid Cd,Te; . FIG. 2. Absolute thermopower as a function of temperature for
liquid Cd,Te, .

For the Te-rich side (&x=<0.2) liquid Cd-Te;_, has a ) _
relatively low resistivity and a negative temperature coeffi-°(dp/dT>0). Both alloys have a more metallic behavior
cient (NTC). This negative coefficient becomes smaller at'ith & coordination numbef~10) close to that of pure lig-
higher T. For pure Te, the temperature coefficient becomeé"d Cd at the melting poirf.
even positive above 850 °C.

For alloys with 0.36=x=<0.54, p increases withx towards B. Thermopower
the equiatomic stoichiometry and decreases With is very
sensitive tox and T. One finds a pronounced maximum at

x=0.54 W"hpg.?‘* OOO’“% cm at 1100°C. It was a;sumed and shows a negative temperature coefficiefy{ T<0).
t_hat_ a conductivity gal¥ AEG=EC—E_\,_remalns in the The largest value is 12@V/K at 1050 °C forx=0.45. For
liquid state Ec andEy are the conductivity edges of con- e same composition it has the largest NTC. Near the equi-
duction and valence bands, respectiyelear the maximum  aiomic stoichiometry, there is still aptype” behavior. The

of p, we observe the largest NTC. To our knowledge, thergyperimental values are very large if we compare them with
exist only resistivity measurements near the equiatomic comiquid metals. Thep-n transition can be observed between
position (Glazov et al,'® 1969. Although they claimed to (0.50<x=<0.54 whereS rapidly varies from positiveliquid
have measured the equiatomic alloy, they reported a meltingg, .Te, s has a positivéS with a negative slope versas to
point of about 1050 °C. Massalsét al” indicates a value of negative(liquid Cd, 54Tey 46 has a negativé with a positive
1098 °C. Due to the low melting point observed1050°Q,  slope. It stays negative between=0.54 and 1. The mini-

it could be that Glazov did not reach the equiatomic compomum is reached at=0.60. TheT dependence db becomes
sition. His resistivity measurement corresponds almost to ounegative for 0.64&x<1. Within this range, liquid Cd-Te
experimental data fox=0.48. shows a characteristic liquid metals thermopower.

For 0.58<x=<0.75,p now decreases withandT. Prigent Some isotherms op and S over the entire composition
et al* showed that this composition range exhibits an intertange are shown in Figs(& and 3b), respectively, at dif-
mediate coordination number and a structure different fronferent T, as well as 30 °C above the liquidus. Those pof
that of a liquid metal. For liquid CghTey, (x=0.8), p is  display a sharp peak at a concentration corresponding almost
almost temperature independent and reaches a value of abdatthe equiatomic stoichiometry (0.5=<0.54). The peak
280 uf) cm at the melting point which corresponds roughly may be as high as Q. cm or more, which is about 100—
to the limit between metallic and semimetallic liquid allby. 1000 times higher thap of usual liquid metals and metallic
Liquid CdyqTey; has a positive temperature coefficient of alloys. If the composition at which the maximum occurs is

Figure 2 shows the thermopower of liquid J&, _, as a
function of temperature. It is positive betwers 0 and 0.5
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FIG. 3. Electrical resistivitfa) and thermopowetb) as a func-
tion of cadmium concentration for liquid Gdre;_, . The lines are
guides to the eyes.

changed byAx~0.1, the resistivity decreases very rapidly tion charactgrllzed_ by a ’l‘{nagnltude of 396

by a factor of 3. We observe thatreaches its maximum at a =3000 (@ cm) ™, o is given by

composition different from the expected equiatomic one. It o=Aln(Ep))2 1)

can not be excluded that the nominal composition is shifted '

because of the high vapor pressure of Cd, although the meaheren(Eg) is the DOS aEf, the Fermi energy and is a
surements have been repeated giving exactly the same reenstant which depends on the interatomic spacing and co-
sults. As shown in Fig. ®), the sign ofS changes abruptly ordination number as follows:

near the equiatomic composition, being positi&>0) at v, 3

the Te-rich side and negativ&€0) at the Cd-rich side. The A=2m ehL 2

x dependence ofS exhibits, at 1100°C, a maximumS( m?

=99, V/K) at x=0.45 and a minimum$= —46 uV/K) at
x=0.60. The change in the sign 8f from positive to nega-
tive, can be understood in terms of a transition from a hole
like p-type transport to an electron-like oneype.

We assume that the mean free phtis comparable with the

mean interatomic distanca. The value ofa, for liquid

Cd-Te'is about 2.85 A at 1100 °C. Then, under the assump-

tion thatmin Eq. (2) is equal to the electronic mass(Eg)

can roughly be estimated from the extrapolation to 1100 °C

IV. DISCUSSION of the experimental value af using Eq.(1).
A. Strong scattering regime (x<0.39,x=0.64) As shown in l_:ig. 4a), n(Eg) decreases, from each side,

when approachingk=0.5. The decrease of(Eg) may

In the range 308&p=3000ulcm [~300<s0  (losely be related to the formation of covalent bonds be-

=3000 (2 cm) 1], most liquids are characterized by a nega-nyeen Cd and Te ions. In the diffusion regin®js given
tive dp/dT and can be classified as semimetallic. At thep,814

Te-rich side as well as at the Cd-rich sifet too close to

pure Cd, the values ofr are located at the border from weak -, 2 dn(Egp)
to strong scattering. The conductivity is of the order of 2000 S= 3le] kg ‘n(E ) dE }
(Qcm)~? for pure liquid Te and decreases approaching F
=0.54. The density of state®OS should deviate to the Using Eq. (3) and the value on(Eg), we can estimate
DOS of a liquid metalnearly free electrons, NBEWe pos- dn(Eg)/dE at Er as shown in Fig. #). The value of
tulate that a pseudog&p® associated with the localization of dn(Eg)/dE for alloys with 0<x=<0.39 and 0.64x<1 de-
electrons, appears. In a diffusion regime of the electron moereases gradually with Thex dependence is fairly different

()
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FIG. 6. Variation ofo (curves a and S (curves b for liquid
Energy Cd, Te;_, with 0.39<x=<0.54 as a function oEg— E,, for various
AEg with a;=a,=910(Q cm eV) ! within the semiconducting re-
FIG. 5. Schematic representation of the density of states in thgime. The open circles represent the corresponding experimental
pseudogap modéktrong scattering regime values at 1100 °C.

from that observed for the NFE model, suggesting that ang in this system. The large values 8fsuggest that a real
deep pseudogap developsri(Eg) nearEr when approach- gap or a very deep pseudogap opens in the DOS. According
ing x=0.5. The origin of the pseudogap may reflect a ten10 experiments and simulation studie® of liquid Cd-Te,
dency of both elements to be coordinai¢mterocoordina- AEg varies as a function ok as well asT. In this paper
tion) due to a high electronegativity differentdhe DOS therefore we treat the value &fE; as a parameter as de-
can be described by a pseudoddp.As the composition scribed by Okadat al*®

varies from Te to CdEg will move from the left to the right For liquid binary alloys, Enderby and Barridsave em-
side of the pseudogap as shown in Fig. 5. This explains thehasized that the electrical properties of liquid semiconduc-

sign change irS by a positive value{dn(E)/dE}g_<0) for tors can be explained by the equations derived from the
Te-rich alloys to a negative one for Cd-rich alloys Kubo-Greenwood expressioffs?! The electrical conductiv-

({dn(E)/dE}g,_>0). The Fermi energy moves through the ity and Sare given by

minimum in the DOS(or zero if there exists a gaplf the

conduction is ambipolar with a contribution from both elec- +oo If(E)

trons and holes,S can be equal to zero due to o= _f _o(B)—g—dE 4
{dn(E)/dE}e_=0.

At a qualitative and semiquantitative level, this model can
explain in a satisfying manner the observed electronic propz—in
erties of liquid Cg¢-Te, _, whoseo is characterized by val-
ues in the range of 30@2cm)* to 3000(Q cm) ™, kg [+ o(E) [E—Eg] 0F(E) _

Nearx=0.5, thex dependence db exhibits the so-called S=-— —f p T E dE, respectively,
p-n transition. The high ionicity of Cd-Te bonds limits the o B
delocalisation of the electrons and contributes to the semi- ®)
conducting propertie§ Near this composition, we will ana-
lyze the electronic properties of liquid Cd-Te by a semicon-where f(E) is the Fermi-Dirac distribution function, and
ducting model. o(E) includes all the system-dependent features. Equations
(4) and(5) predict that, ifEg crosses the minimum ior(E),

a change in the sign @& is likely.

Enderby and Barnes have suggested that the energy de-

The abrupt decrease i on approaching the equiatomic pendent conductivity is given, in spirit of scaling theory, by
composition indicates a strong tendency for chemical ordera simple two-band model as follows:

d

B. Semiconductor regime(0.39<x=<0.64)
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FIG. 8. Plots ofS as a function ofo for liquid Cd,Te,_, for
0.39<x=0.64. The open circles represent the experimental values

where the experimental value ofis equal to that estimated

As shown in Figs. @) and 1b), we draw the experimen-

tal values ofSat 1100 °C against the position B — E,, (or
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FIG. 7. Variation ofo (curves a and S (curves b for liquid
Cd, Te;_, with 0.54<x=<0.64 as a function oE— E for various
AEg with a;=a,=910(Q cm eV) ! within the semiconducting re-

Er—Ec) which were determined by fitting ot (open

circles. The rapid change in the sign &from positive to
negative reflects the-n transition asEg moves across the
conductivity gap fromg,, to Ec. The data ofo and S sug-

gime. The open circles represent the corresponding experimentglest thatA Eg reaches a maximum at a composition near
CdysaTeyae At this value we obtainEg—E,=0.1046 eV

values at 1100 °C.

aC(E_Ec)U EZEC
O'(E)Z a,,(EV—E)v EgEV
0 Evs<E<Ec

hole states, respectively, andis a parameter to be deter-

andAE;=0.20eV.

Figure 8 shows the theoretical and experimental correla-
tion betweenos and S There is a cancellation between the

(6)

positive and negative contributions $due to electron and

hole transport near= 0.5. With the just presented model, we
can understand the experimental correlation betv&amnd o
wherea. anda, are the coefficients af(E) for electron and by assuming a smatkeal gapAE;=0.20eV at 1100 °C.

In Fig. 9, we plot the conductivity gag-—Ey and the

mined empirically. We explain our experimental data nearposition of E¢ relative toE,, as a function of concentration
betweenx=0.39 andx=0.64 under the assumption thet

the p-n transition with this model.

Putting Eq.(6) into the Kubo-Greenwood formulgEgs.
(4) and(5)], we can estimate, as Enderby and Bafriesthe
liquid Mn-Te, thex dependence af andSfor various values
of AEg. For most liquid semiconductordEg is in the

range of 0—0.5 eV. The deep minimum @fat x=0.54 may

be closely related to the large positive valueX£g. For
liquid Cd-Te, we have compared our experimental data with
Ozols theoretical formuf& using an ambipolar model. For
simplicity, the parameters entering Edq4)—(6) are chosen
as follows:v=1 (parabolic bands|if conduction band tail-
ing is ignoredn(E)xo?<EY? at the bottom of the barf#
anda./a,=1, then the values &, anda, can be estimated
from the experimental data @f at x=0.54. The values ob-
tained are about.=a,=910(Q cmeV) ! at 1100°C. The
position of Eg and the value oAE; can be obtained by
adjusting the calculated data 8fto the experimental ones.
This allows us to construat(E—Ey) and S(Eg—Ey)

=a,=910(Q cmeV) L. As a result, AEg closes more
quickly at the excess Cd side. In Fig. 10, we represent sche-
matically the broadness &Es and the position oEg for

the same range of The formation of covalent bonds, near

<
N
T

Cd,Te,,

0

AE>04

AE,; at 1150°C

E; and E_ relative to E;, (eV)

(Fig. 6) ando(Er—E¢) andS(E—E() (Fig. 7) for differ-

ent values ofAE;. To clarify the results, the origin of the

0.1
0.2+ pseudogap
031 ~ o—E_.-E,
1100°C cv
-04 1 1 1 1 1 A |EF N EV
0.40 0.44 0.48 0.52 0.56 0.60 0.64
X

FIG. 9. Broadening ofAEg and of the position of the Fermi

energies is taken at the edgg in Te-rich region, as shown energy relative tcEy for liquid Cd,Te;_, with 0.39<x<0.64 at
in Fig. 6, and at the edgE¢ in Cd-rich region, as shown in 1100 °C anda,=a,=910 (2 cmeV)~! (semiconducting regime

Fig. 7. The position oEx—E,, (or E-—E_) lies on the point

The lines are guides to the eyes.
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04 02 00 02 04 04 02 00 02 04 Liquid Cd,Te,_, have negative values &fE; below x
(@) x =039 (© x =0.54 =0.41 and above~0.57 coming from the overlapping be-
Ep—e E, tween the conduction and valence bands to form a
\/ pseudogap, as indicated by the dotted line in Fig. 10.
‘ : V. CONCLUSION
() x~0.41| @ x ~ (.56 . . Lo
E, E In this work, the electrical resistivity and the ther-

mopower of Cg¢-Te; _, were measured in the liquid state,
confirming that this system becomes semiconducting around
the stoichiometric composition. The composition depen-
dence ofS exhibits ap-n transition in the composition range
between 0.5&x=<0.54. The well-known sigmoid shape for

a semiconductor to metal transition was observed.

The sharp peak of the electrical resistivity versus compo-
sition observed suggests the existence of a conduction pro-
cess invoking a conductivity gap near the equiatomic com-
position and a pseudogap for nearly all other concentrations

© R y=04s] @

Conductivity, o(E)

@ & e~ 048 @

x=0.64 (except for very rich cadmium alloys and pure)Citlhere-
Er ; fore ¢ and S were analyzed by assuming an energy-
\_/ dependent conductivity. According to this analysis the con-
: {Er ductivity gap AEg was about 0.2 eV at 1100 °C near the
i i equiatomic stoichiometry. It decreases as a function of Cd
04 02 00 0z 04 04 02 00 02 04 and Te content and as a function of increasing
Energy (eV) Three signatures of a semiconducting behavior near the

FIG. 10. Schematic representation ®fE) at 1100 °C within equiatomic _st0|ch|omet?_§_we_re (_)bs_e_rved:
the semiconducting regime. The broadnesa\&; as well as the ° The electrical cond_uct|V|ty is significantly lower than those_
position of Er can be deduced at the different concentrations fortyPical of the metallic state. Its temperature dependence is
liquid Cd,Te;_, following Fig. 9. positive.
* The thermopower changes its sign frgwtype to n-type
around the equiatomic stoichiometry as the composition var-
ies from tellurium to cadmium.
e The microstructure of liquid Cd-Te shows pronounced lo-
cal order as evidenced by structural studies.

x=0.5, is well reflected b)AE;. The alloys are semicon-
ducting above their melting temperature. The decrease in
indicates thatAE¢ closes withT. At 1150 °C andx=0.54,
we foundAE;=0.14eV andEr— E,,=0.1040 eV as shown
in Fig. 9 (solid circle. Godlevskyet al!® found, by simula-
tion, that heating CdTe much above its melting point leads to
substantial structural changes with a transformation to a
more close-packed atomic structure, suggesting a gradual We would like to express our thanks to Dr. A. Makradi
semiconductor-metal transition withT. for useful discussions and his technical support.
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