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The liquidus curve of the Pb--Te binary was measured using two different 
DTA systems, one employing a small sample (0.2 g) and the second a large sample 
(5 g). An additional liquidus measurement method was employed for the Pb-rich 
region in which the liquid equilibrated with PbTe was analyzed chemically. The 
liquidus for the PI>--PbTe subsystem obtained is in agreement with several sets of 
data reported in the literature. The literature data for the PbTe--Te are in 
disagreement. Our measured values resolve this discrepancy and yield a eutectic 
temperature of 410.9 -+ 0.8 °C at 89.1 + 0.3 at % Te. The system was thermochemi- 
cally modelled using an associated solution model for the liquid phase and a defect 
model for PbTe. This mo'del not only accounts for compositional and temperature 
dependences of the thermodynamic data but also for electron and hole concen- 
trations within the homogeneous range of PbTe(c). 

( Keywords : Thermodynamics; Phase equilibria; Lead-tellurium binary) 

Thermodynamische Eigenschaften und Phasengleichgewichte des biniiren Systems 
Blei - Tellur 

Die Liquiduskurve des Bin/irsystems Pb--Te wurde unter Verwendung von 
zwei verschiedenen DTA-Systemen (eines unter Anwendung kleiner Probenmen- 
gen von 0.2g, das zweite fiir gr6f3ere Probenmengen yon 5 g) gemessen. Eine 
weitere MeBmethode wurde fiir die Pb-reiche Region herangezogen, wobei die mit 
Pb--Te iiquilibrierte fliissige Phase chemisch analysiert wurde. Der erhaltene 
Liquidusverlauf ffir das Pb--PbTe-Subsystem ist mit verschiedenen Litera- 
turdaten in ~bereinstimmung. Die Literaturdaten ffir PbTe-- Te sind allerdings 
abweichend. Unsere Mel3daten klS.ren diese unterschiedlichen Angaben und 
ergeben eine eutektische Temperatur von 410.9_ 0.8 °C bei 89.1 _ 0.3 at% Te. 

* This paper is dedicated to Prof. Dr. Kurt L. Komarek on the occasion of 
his 60th birthday. 

** With Johnson Controls, Inc., Milwaukee, W153201, U.S.A. 
*** On leave from India Institute of Technology-Kanpur, Kanpur, India. 



278 T.L. Ngai etal.: 

Fiir das System wurde ein thermochemisches Modell unter Verwendung eines 
assoziierten L6sungsmodells fiir die fliissige Phase und eines Defektmodells ftir 
PbTe angewandt. Dieses Modell gab nicht nur die Zusammensetzungs- und 
StrukturabNingigkeiten der thermodynamischen Daten wieder, sondern auch die 
Elektronen- und Liickenkonzentrationen innerhalb des homogenen PbTe(c)- 
Bereichs. 

1.0 Introduction 

As a part of a program to investigate the thermodynamic properties 
and phase equilibria of multi-component compound semiconductors 
from groups IV and VI elements, experimental measurements were 
obtained on the phase equilibria of the important Pb--Te binary. The 
liquidus for the binary has been determined by Fay and Gillson [1], 
Pelabon [2], Kimura [3], Gravemann and Wallbaum [4], PelzeI [5], Davey 
[6], Lugscheider etal. [7], Miller and Komarek [8], Wagner and 
Thompson [9], Harris et al. [10], Moniri and Petot [11], Astles et al. [12], 
Petukhov et al. [ 13], Kharifet al. [14], and Glazer and Pavlova [ 15]. While 
the data reported by several groups of investigators for the liquidus from 
Pb to PbTe are in agreement, this is not true for the liquidus from PbTe to 
Te. In fact, the PbTe--Te eutectic temperature and composition have not 
been determined with a high degree of accuracy. The intermediate phase, 
PbTe, has also attracted many investigations because of its potential 
applications in infrared detection, both as sensors of thermal radiation 
and as wide-band detectors in the emerging area of laser radar and laser 
communications. The large range of homogeneity for PbTe based on 
earlier studies [1, 16-18] was shown to be in error by more recent 
investigations [19-22]. In fact, the range of homogeneity is so small it 
cannot be determined by standard metallographic techniques [21]. 
Dedgkaev etal. [23] determined that PbTe melts congruently at 50.014 
at% Te. The exact range of homogeneity for the intermediate phase was 
obtained from experimentally determined sign and charge carrier concen- 
trations assuming that the non-stoichiometry is caused by the presence of 
fully ionized vacancies on the Pb and Te sublattices. These measurements 
for PbTe were carried out by Brebrick and Allgaier [20], Fritts [24], 
Brebrick and Gubner [25], Chou et al. [21], Hewes et al. [26], and Strauss 
[27]. Using these data, several groups of investigators have computed the 
compositional stability of PbTe [20, 22, 28-30]. 

Enthalpies of mixing for the liquid phase were determined by Castanet 
et al. [31] at 737 K, Maekawa et al. [32] at 736 K, Moniri and Peto t [11] at 
879 K and BIachnik and Gather [33] at 1 210 K. There is agreement among 
these data within the uncertainties of the measurements. The partial Gibbs 
energies of Te at 1 277 K were measured by Predel et al. [34] while those of 
Pb at 1 123 K were measured by FugIevicz [35]. These data are at variance 
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with each other. The partial Gibbs energies of both Pb and Te were 
measured in the liquid + PbTe two-phase fields by several groups of 
investigators [36~43]. Likewise, heat content, enthalpy of melting and 
enthalpy of formation of PbTe were also determined in several in- 
vestigations 1-31, 44-51]. The Gibbs energy of formation of PbTe was 
determined by McAteer and Sehz [52], Sadykov et al. [41], Shamsuddin 
[42], and Shamsuddin and Misra [53]. Most of these data and the vapor 
pressure data of PbTe(g) in equilibrium with PbTe(c) reported by 
Pashinkin and Novoselova [54], Brebrick and Strauss [37] and Sokolov 
et al. [55] were assessed by Mills [56]. Within the narrow homogeneous 
range of PbTe, Fujimoto and Sato [36] and Gas'kov etal. [39] also 
measured the partial pressure of Te2 in equilibrium with PbTe. The 
pressure-temperature-composition (P-T-JO data were analyzed in terms 
of a defect model. 

Phase diagram calculations of Pb--Te were carried out by Laugier 
[57], Laugier and Cadoz [58], Szapiro et al. [59] and Kharifet al. [14]. An 
associated solution model was used to describe the liquid phase, and PbTe 
was treated as a line compound. More recently Kattner et al. [60] assessed 
the entire system using an associated solution model for the liquid phase 
and a Wagner~Shottky model for PbTe. They used a structural defect 
model for the PbTe phase, but neglected mixing of the electrons due to 
ionization of vacancies. 

The objectives of this study were (1) to determine the liquidus of the 
PbTe---Te subsystem and the PbTe--Te eutectic temperature and com- 
position and (2) to model the entire system thermochemically using the 
new experimental data and those reported in the literature as given above. 
As was done previously [57-60], an associated solution model was used to 
account for the thermodynamic properties of the liquid phase. For the 
semiconducting phase, PbTe, a defect model was used. The resulting 
thermochemical model of this system not only yields a set of consistent 
thermodynamic values of the various phases but also provides reliable T- 
P-X data for PbTe which would be extremely useful for controlled crystal 
growth of this compound semiconductor. 

2.0 Experimental Method 

Two methods were used to measure the liquidus temperatures. The DTA 
method was used for tellurium concentrations in excess of 3 at%. For com- 
positions containing ~< 3 at% Te, the composition of a liquid phase in equilibrium 
with PbTe at a specific temperature was analyzed chemically. 

In order to reinforce the reliability of the DTA results, two different apparatus 
were used; a commercial Perkin-Elmer unit using a small sample (0.2g) and a 
home-made unit using a large sample (5 g). The Perkin-Elmer DTA 1700 unit 
consists of a basic high-temperature differential thermal analyzer, a micropro- 
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eessor temperature programmer, a thermal analysis data station, and a graphics 
plotter. This entire unit allows us to carry out DTA experiments either manually or 
automatically at any desired heating or cooling rate. Each sample, weighing about 
0.2g, was contained in an evacuated quartz tube 3ram ID, 4ram OD and 
approximately 20 mm in height. The reference container was made from a quartz 
tube with the same dimensions and filled with A1203 of approximately the same 
mass. The data were obtained at heating rates of 6, 4 and 2 °C/min and were 
extrapolated to zero heating rate in order to obtain the liquidus temperatures or 
the invariant points. The DTA system was calibrated using the IPTS-68 melting 
points of In, Pb, Te, Sb, Ag and Au with a precision of _+ 1 °C. But the accuracy is 
estimated to be +_ 1 °C for the low-temperature range and ___ 2 °C for the high- 
temperature range. 

The DTA employing a large sample was constructed at Johnson Controls, 
Inc., Milwaukee, Wisconsin. Each sample weighing about 5 g was contained in a 
quartz tube of 8 mm ID, 10 mm OD and 50 mm in height. The tube was evacuated 
and backfilled several times and finally evacuated to fill with argon to a maximum 
pressure of 10 Torr and sealed. Each sample was homogenized at I 150 °C for four 
hours before carrying out DTA measurements. The reference container was made 
of a quartz tube with the same dimensions as the sample tube, and filled with AI203 
of the same mass as the sample. Heating rates varied from 4.5 to 0.7 °C/min. This 
DTA system was calibrated using IPTS-68 melting points of Pb, Ag and Cu with a 
precision of +_ 1.5°C. Again, the accuracy is estimated to be +_ 2°C at high 
temperatures. 

For  samples containing less than 3 at% Te, an aliquot method was used to 
determine the location of the liquidus. This portion of the study was also carried 
out at Johnson Controls, Inc. Approximately 300 g of COMINCO AMERICAN 
pure lead, minimum 5-9's purity, was placed in a high purity (Grade 580) graphite 
crucible made by Helwig Carbon, Inc., Milwaukee, Wisconsin. Curcible dimen- 
sions were 4.5cm ID x 5.1 cm OD x 6.4cm high. To this was added sufficient 
tellurium shot (ALFA Products, minimum 6-9's, Cat. No. 00692) to give an 
overall composition of about 3 at% Te. The crucible and its contents were then 
placed in a quartz glass vessel to which was fitted an O-ring seal coupling 
containing appropriate gas connections. A melt was established under a con- 
tinuous, slow flow of 99.998% argon gas and at a temperature well above the 
liquidus. Melt temperature was monitored with a thermocouple contained in a 
quartz glass well. The portion of the thermocouple well contained in the melt had a 
small paddle fused to it which facilitated melt stirring. The melt was stirred 
periodically over a three hour period to insure that all the tellurium was in 
solution. 

Following melt formation, the crucible temperature was lowered to a point 
estimated to be somewhat below the liquidus. During cool-down to the lower 
temperature, a Pyrex tube (2 mm ID x 4 mm OD, both ends open) was inserted 
through an O-ring seal at the top of the apparatus and lowered to a position about 
one centimeter above the melt. With the upper end of the tube connected to an 
argon line, the tube was purged just before insertion to minimize air entry into the 
vessel. Once the melt temperature had reasonably stabilized, the Pyrex tube was 
lowered in increments into the melt while maintaining a positive pressure inside the 
tube to prevent crystals of PbTe near the top of the melt from entering the tube. 
The pre-heat time above the melt and gradual insertion reduce the tendency for 
PbTe to nucleate on the tube. The tube was inserted to a point about one-half 
centimeter off the bottom of the crucible and the whole apparatus was allowed to 
equilibrate with periodic stirring. 
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Once equilibrated, a partial vacuum was applied to the top of the Pyrex tube, 
forcing an aliquot of the melt phase up the tube. Being substantially cooler above 
the melt, the aliquot in the tube froze quickly, so the vacuum must be applied 
rapidly. The tube was then withdrawn from the apparatus, but gradually enough 
to allow for cooling so as not to damage the O-ring seal. A new tube was then 
inserted as above and the temperature lowered to establish a new equilibrium. The 
process was repeated several times for a given melt. 

At temperatures sufficiently below the liquidus of the bulk melt, the amount of 
primary crystallisation may become excessive. This can make it difficult to insert 
the aliquot tube in the melt, or it can increase the tendency for a primary crystal to 
enter the tube and be "counted" in the chemical analysis of the liquid phase. Such 
effects are apparent as a slope change on a graph of log composition vs. lIT. Where 
this was encountered, a new melt was prepared by diluting the original melt with 
lead. 

The Pyrex glass was removed fi'om the aliquot samples by either mechanical or 
chemical means. For the latter, the glass was dissolved offwith HF. To minimize 
the risk of an extraneous primary crystal influencing the chemical analysis, the top 
and bottom two centimeters of the sample were cut off. The remainder of the 
sample was then dissolved in nitric acid for analysis on an Inductively Coupled 
Plasma (ICP) Emission Spectrograph. Sample tellurium levels were measured 
along with internal working reference materials prepared from PbO which was 
spiked with a known quantity of tellurium. The resulting tellurium values for the 
aliquot samples have a relative accuracy of + 10% or less of the amount present. 

3.0 Experimental Results 

The exper imenta l  results are  given in Table  1 A and  1 B and  shown in 
Figs. 1 and  2. The results  ob ta ined  by  the two D T A  techniques and  the 
a l iquot  technique ( identif ied as I C P  on Figs.  1 and  2) are  in agreement  wi th  
one another .  As  shown in Figs.  1 and  2, our  d a t a  f rom Pb to PbTe  are in 
agreement  with the d a t a  o f  Kimura [3],  Miller and  Komarek [8],  Moniri 
and Petot [11],  Davey [6],  Harris et al. [10],  and  Petokhov et al. [7].  The  

Table 1 A. Experimental results for the liquidus from Pb to PbTe 

XTe T1 (°C) xTe r(°c)  

0.0015 352.5 ICP 0.051 638.1 
0.0019 368.9 ICP 0.179 757.7 
0.0021 375.1 ICP 0.292 812.5 
0.0044 418.6 ICP 0.301 813.2 
0.0055 433.4 ICP 0.10 685 
0.0062 445.0 ICP 0.15 735 
0.0115 489.0 ICP 0.25 793 
0.0112 493.2 ICP 0.35 838 
0.0205 539.4 ICP 0.40 867 
0.0233 556.3 ICP 0.45 914 

Perkin-Elmer 1700 

Johnson Controls, Inc. 
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Table 1 B. Experimental results for the liquidus from PbTe to Te 

XTe Teutectic (°C) Tliquidus (°C) 

0.6006 410.9 845.0 
0.6455 412.1 783.7 
0.6720 410.2 741.9 
0.6989 411.4 715.4 
0.7202 411.3 681.7 
0.7610 410.1 619.8 
0.7851 412.3 592.8 
0.8300 411.4 524.3 
0.8457 409.5 496.7 
0.8750 410.2 - -  
0.9003 410.5 - -  
0.9105 411.2 - -  
0.9252 410.9 425.9 
0.9501 410.7 433.8 
0.9722 410.3 441.4 

Avg. T~utectic = 410.9 ___ 0.8 °C 

Table 1 C. Experimental results for the PbTe--Te eutectic 

XTe Primary Phase 
of Solidification 

0.8543 PbTe 
0.8648 PbTe 
0.8748 PbTe 
0.8835 PbTe 
0.8892 PbTe 
0.8903 PbTe 
0.8930 (Te) 
0.8966 (Te) 
0.8982 (We) 
0.9005 (Te) 
0.9026 (Te) 
0.9069 (Te) 

data  of  Lugscheider et al. [7] are too low in temperature between 10 and 
30 a t% Te (Fig. 1) while those of Pelzel are too  high (Fig. 2). F r o m  PbTe to 
Te, our  data  are in general agreement  with those of Moriri and Petot [11] 
and Lugscheider et al. [7-1 a l though one data  point  o f  the latter study seems 
too low in temperature.  It  is also evident f rom Fig. 1 that  previous data  do 
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Fig. 1. The Pb--Te phase diagram: comparison between the experimental data 
obtained in the present study with those reported in the literature, and comparison 

between the experimental data with the calculated diagram 

not adequately resolve the PbTe--Te  eutectic temperature and CO1Tt- 
position. We have carried out DTA measurements on numerous samples 
(Fig. 1) and have determined the average and standard deviation for the 
eutectic temperature to be 410.9 + 0.8 °C. The eutectic composition was 
determined metallographically as given in Table 1 C. These samples were 
held at 600 °C for one hour and furnace cooled to room temperature for 
metallography. On the basis of these examinations, the eutectic com- 
position was determined to be 89,1 __ 0.3 at% Te. DTA results for three 
Te-rich alloys with 99.5, 99.0 and 97.5 at% Te showed thermal arrest at 

411 °C upon heating. These results suggest negligible solubility of Pb in 
Te(c). 

21 Monatshefte fiir Chemic, Vol. 118/3 
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Fig. 2. The lead-rich Pb--Te phase diagram: comparison between the experi- 
mental data obtained in the present study with those reported in the literature, and 

comparison between the experimental data with the calculated diagram 

4.0 Analysis of the Data 

4.1 Thermodynamic Models 

4.1.1 The Liquid Phase 

An associated solution model [61-65] was used to describe the 
thermodynamic properties of the liquid phase in the Pb--Te system. 
According to this model, the liquid Pb--Te phase is assumed to consist of 
"Pb", "Te" and "PbTe" species in the liquid, governed by the following 
equilibrium: 

"Pb" (/) + "Te" (/) = "PbTe" (/) (1) 

with an equilibrium constant given by: 

f3Y3 K -  (1 A) 
0el Yl) 0c2 Y2) 
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wherefa,f2 and f3 are the activity coefficients and Yl, Y2 and Y3 are the mole 
fractions of "Pb", "Te" and "PbTe", respectively in the liquid. The mole 
fractions, yi'S, are related to the actual mole fractions, xpb and Xze of Pb 
and Te, respectively, by the following mass balance equations: 

Yl = X p b - - X T e Y 3  (2) 

and 

Y2 = Xs--  Xpb Y3 (3) 

The activity coefficients,f 's, are described by a Margules type equation as 
given below [-66, 67]: 

Inf. = ~ [(Wij + Wji)/2 "Jr" (Wij-- Wji ) (yj/2 --yi)]  yj 
j = l  

- -  ~ ~ [wjp/2--(Wjp--Wpj)yj]yjyp (4) 
j = l  p - : l  

where i,j and p vary from 1 to 3, and w~, wji are the interaction parameters 
of the solutions, with wii =wjj = 0. The interaction parameters are 
represented as 

wij = Ao~T + Bij (5) 

with A U and B U, being constants whose values must be obtained from 
experimental data. The activities of "Pb" and "Te" species are 

al = f~ Yl (6 A) 

and 

a2 = f2 Y2 (6 B) 

with Pb(/) and Te(/) as the standard states. Since the activities of the "Pb" 
and "Te" species are the same as those of the Pb and Te components [-68], 
we have the following equations: 

al = f I  Y~ = apt, = 7Pb xvb (7) 

and 

a2 = J) Y2 = are = 7Te XTe (8) 

where 7Pb and 7Te are the activity coefficients of Pb and Te which differ 
from f~ and f2- Values for the various parameters may be obtained using 
available thermodynamic and phase equlibria data. 

Although the associated solution model is able to account for the 
compositional dependence of the thermodynamic properties of the Pb - -  
Te melts from pure Pb to Te, it is cumbersome to use for numerical 
computation without the aid of a computer. Since some of the practical 

21" 
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calculations involve dilute solutions we have used the interaction para- 
meters introduced by Wagner [65, 69]. The relationships between In 7 °, ~ 
and p2 and the parameters of the solution models are given below where x 2 
approaches zero. 

in 70 w31 - -  in K (9) 2 = 

e~ = 2(1 + w13--2 w31) (10) 
p2 (11) 2-~  2 - - W I 3 - - W 3 1  

The term 7~ is the activity coefficient of Te at infinite dilution, e~ is the self- 
interaction parameter of Te and p2 is the second-order self-interaction 
parameter of Te. Conversions of 52 and p2 to e~ and r~ in terms ofwt% and 
logarithm to the base 10 may be made using the formulas given by Lupis 
and Elliott [69]. 

4.1.2 The PbTe Phase 

Since the stability range of PbTe is very narrow, it may be considered 
as a stoichiometric compound for the purpose of calculating the liquidus 
in equilibrium with PbTe. Its Gibbs energy of formation from pure Pb(/) 
and Te2(g) can be expressed as a linear function of temperature 

AG~ = C + D T  (12) 

where C and D are contents. 
The PbTe phase, however, does have slight deviations from stoichio- 

metry which affect its semiconducting properties. The model developed by 
Lin etal. [70] has been used here to describe the thermodynamic 
properties of this phase as a function of composition. According to this 
model, doubly ionized vacancies exist on the Pb and Te-sublattice in the 
PbTe phase. At the stoichiometric composition, the concentration of 
vacancies on either sublattice is equal to the concentration of vacancies on 
the other sublattice. An excess of vacancies on the Te-sublattice gives a Pb- 
rich phase and vice versa. For small deviations from the stoichiometric 
composition, the following equilibrium equations may be written [70, 
71]: 

[I-q +2q n 2 
Pb(g) = [Pb] + g]~ 2 + 2e--; Kp b - ~Te J (13) 

PPb 

1/2Te2(g) = [Te] + [-q~2 + 2h+; K,r~ - [ I~ 2 ]P2  (14) 
PT% 

and 

1 
Pb(g) + 1/2Tez(g) = PbTe(c); gPbTe - -  ~ ~1/2 (15)  

FPb FTe2 
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where D~e 2 and D ~  2 refer to the ionized vacancies on the Te-sublattice 
and Pb-sublattice, respectively, and +2 [[2]Te ] and [ g ] ~  2] are their respective 
concentrations in the PbTe lattice. The quantities e-- and h + refer to the 
free electrons in the conduction band and holes in the valence band, 
respectively, and n andp are their corresponding concentrations. The term 
Peb and PWe2 are  the partial pressures of  Pb (g) and Te 2 (g), respectively, in 
equilibrium with the PbTe phase. Kvb, Kwe and Kvb-re are equilibrium 
constants for the corresponding reactions. Now, for a non-degenerate 
semiconductor, 

np = n~ = p2; (16) 

and also 
[I--1+2,01 [I-q~..~Te+2-1_l [ - [ ~ 2 ]  = Ks = t--JT e .1 [ [ -~2 ,0 ]  

[ l~ +2,0q 2 ~Te A = [[-lpb2'O]2 (17) 

where ni and Pi are the concentrations of electrons and holes, respectively, 
for the stoichiometric (intrinsic) compound semiconductor PbTe; 

+20  DWe ' ] and [I-1~ 2'°] are the defect concentrations of vacancies on the 
Te-sublattice and Pb-sublattice, respectively, for the stoichiometric com- 
position, and K s is the equilibrium constant. Finally, to maintain the 
electrical neutrality of the compound, we have: 

( n - - p )  + 2 ( [ ~ 2 ] - -  [ Vq + 2q3 ~-'~Te .I) -~- 0 (18) 

Now by rearranging and simplifying equations (13) to (18), we obtain [70] 

lnpre2 = lnP°e2 + 4Sinh -1  p - - n  p - - n  

where p°o2 is the partial pressure of  T%(g) in equilibrium with stoichio- 
metric PbTe. Based on the theory of non-degenerate semiconductors, Lin 
et al. [70] obtained: 

lnni = A' + B ' / T +  1.51n T (20) 

where B' = --E~g/2 k, A' is an adjustable parameter, E°g is the energy of 
band gap at 0 K and k is the Boltzmann constant. Furthermore, in K s and 
lnP°e2 are assumed to vary linearly with reciprocal temperature to give: 

inKs = E +  F I T  (21) 

and 

lnp°e  = + H / T  (22) 

where E, F, G and H are constants. The composition of  the PbTe phase is 
related to the relative concentrations of vacancies on the two sublattices 
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and, therefore, also to the relative concentrations of electrons and holes 
via equation (18), to give: 

(p- -n)  M (p - -n )  
Xa'e = 0.5 + 8 p N 0.5 + 11.88 x 1022 (23) 

where xre is the atomic fraction of Te in the PbTe phase, n and p are the 
concentrations of electrons and holes per cm 3, respectively, M and p are 
the molecular weight and density, respectively, of PbTe and N is the 
A vogadro's number. Equation (19), therefore, gives the equilibrium partial 
pressure of Tez(g ) over the PbTe phase (or the activity of tellurium) as a 
function of composition. The activity of Pb may then be obtained from the 
activity of tellurium and the Gibbs energy of formation of the PbTe phase. 

4.2 Data Evaluation 

4.2.1 The Pure Components 

The enthalpies of melting and the melting points for Pb and Te were 
taken from the literature [72, 73]. The derived Gibbs energies of melting 
are given in Table 2. 

4.2.2 The PbTe Phase 

Using the assessed value of AH~f by Mills [56] and the Gibbs energy 
functions of PbTe [56], Pb [72] and Te [72], the Gibbs energies of 
formation for PbTe were obtained as given in Table 2A. The enthalpy of 
melting was obtained by optimizing all the pertinent thermodynamic and 
phase equilibrium data. The resulting value of 42.0 kJ/mol, as given in 
Table 2, is in agreement with the measured value of 41.4 + 1.3 kJ/mol by 
Shamsuddin [42] and Shamsuddin and Misra [53]. 

4.2.3 The Liquid Phase 

Values of K and w U given in Table 3 were obtained using the 
calorimetric data [11, 31-33], the activity data of Fuglevicz [35], the 

Table 2 A. Thermodynamic data of Pb, Te and stoichiometric PbTe 

Phase reactions A G °, J/mol Refs. 

Pb(c) = Pb(/) 
Te(e) = Te(l) 

Pb(/) + Te(/) = VbTe(c) 
PbTe(c) --- PbTe(/) 

4799-- 7.99 T 
17489--24.199 T 

--95 193 + 43.30 T 
41 956--35.05 T 

[72], [73] 
[72], [73] 

this study 
this study 
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Table 2 B. Thermodynamic data of the PbTe phase in terms of deviations from 
stoichiometry 

468.17 
log n i - + 14.711 + 1.5log T this study 

T 

6 223.32 
log K~/2: + 24.284 this study 

T 

13085.35 
l°gP~'e21 (bars) - t- 7.155 this study 

T 

p, g/cc 8.25 [203 
Z 2 [75], [763 
E~, ev 0.1859 [803, [813 

Table 3. Thermodynamic data of the liquid phase-subscript 1: the "Pb" species, 
subscript 2: the "Te" species, and subscript 3: the "PbTe" species 

"Pb" (/) + "Te" (/) = "PbTe" (/) K=(Y--3~(J3~ 
v~ yd V, A) 

In K = - - 2 . 0 6 4 3  + -  
7417.3 

W12 ~ W21 ----- 0 
T 

841.8 
wi3 = 0.0408 + - -  

T 

w23 = - -  1.7464 + - -  
1371.4 

T 

2344.5 
w3t = - -0 .649 0  + - -  

T 

1613.7 
w32 = 1.1527 

T 

5 O73 
ln7 ° = 1 . 4 1 5 - - - -  

T 

7 695 
e 2 = 4 . 6 7 7 - - - -  

T 

3186 
p2 2 . 6 0 8 - - - -  2-~- 

T 

54.22 
e~ = 0 . 0 3 0 2 5 - - - -  

L 

T 

2.636 
r~ = 0 . 0 1 0 1 3 - - - -  

T 

Pb(/) + Te(/) = PbTe(/) AGP = - - 5 3 2 3 7  + 8.25 T in J/tool 
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Fig. 3. The partial Gibbs energy of Pb at 1 123 K (850 °C): comparison between the 
experimental data and the calculated values 

melting point of PbTe at 924 K [19, 42], the liquidus data obtained in the 
present study and the agreeing values reported in the literature [3, 6, 8, 10, 
11, 13]. The enthalpy of melting was treated as a parameter but was 
allowed to vary within the uncertainty of the experimental data [42, 53]. 
As shown in Fig. 3, the calculated values ofA Gpb are in agreement with the 
measured values of Fuglevicz [35]. The experimental vapor pressure data 
of Predel et al. [34] are high when compared with the calculated values. 
Fig. 4 shows a comparison of the calculated AH values with those of 
Blacknik  and Gather [33] at 1 210K. The data of Constanet etal. [31], 
M a e k a w a  etal. [32] and Monir i  and Petot  [11], which are not shown in 
this figure, are in agreement with the calculated values and the experi- 
mental data of Castanet  etal. Within the uncertainities of the data, AH 
values are temperature-independent. Fig. 5 provides a comparison 
between the experimental and calculated entropy values. The experi- 
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Fig~ 4. The enthalpy of formation of the liquid phase at 1 210K (937°C): 
comparison between the experimental data and the calculated values 

mental entropy values were obtained using the A G values calculated from 
the model and the AH values of Blacknik and Gather at 937 °C [33]. 

Using Eqs. (9)-(11) values of in y~, e2 and p2 z were obtained as given in 
Table 3. Values ofe~ and r~, expressed in terms of logarithm to the base 10 
and wt%, are also given in the same table [69]. 

Using the relationships given by Schmid and Chang [653, values of 
A G} for the liquid phase at 50 at% Te are also calculated and given in 
Table 3. 

4.3 Phase Diagrams Calculation 

The liquidus in equilibrium with PbTe(c) was calculated using the 
following equation: 

AGpb + AI~'Te = AG~,PbTe(c ) (24) 
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Fig. 5. The entropy of formation of the liquid phase at 1210K (937°C): 
comparison between experimental data and the calculated values 

where A Gpb and A GTe are the relative partial Gibbs energies of Pb and Te 
for the liquid phase with respect to Pb(/) and Te(/) and AG~,vbTe is the 
Gibbs energy of formation of PbTe at the stoichiometric composition also 
with respect to Pb(/) and Te(/). In calculating the liquidus curves in 
equilibrium with pure Pb or Te, the solubilities of the minor components 
are taken to be zero. 

The calculated phase diagram as shown in Fig. 1 is in good agreement 
with the experimental data obtained in the present study and those of 
Kimura [3], Miller and Komarek [8], and Moniri and Petot [11]. The data 
of Lugscheider et al. [7] in the mid-composition range are in agreement 
with other data and the calculated values but they are too low in 
temperatures elsewhere. Other than our experimental data, the data of 
Moniri and Petot [11] are the most extensive between PbTe and Te. The 
agreement of our data and our calculated values with their study is good. 
Many of the data reported in the literature (see 2.0) are not plotted in Fig. 
2 either because they cover a limited concentration range or deviate 
significantly from the agreeing data shown in Fig. 1. Also shown as dashed 
lines in Fig. 1 is a calculated metastable liquid miscibility gap between Pb 
and PbTe. The short-dashed line represent the calculated spinodal for this 
metastable miscibility gap. 
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Comparisons between our experimental and calculated liquidus 
temperatures for the Pb-rich region and the experimental values reported 
in the literature are given in Fig. 2. With the exception of Pelzers data [5], 
all others are in reasonable agreement with one another. 

Our calculated invariant equilibria are compared with the experi- 
mental data and those calculated by Kattner et al. [60] as given in Table 4. 

Table 4. Comparison between the calculated and experimental invariant equilibria 

T, K Xxe Refs. 

1. The congruent-melting point of PbTe 

1 190 - -  [ 1 ]  
1 177 - -  [ 3 ]  
1 197 0.50002 [19] 
- -  0.50012 [20] 
1 1 8 7  - -  [ 7 ]  
1 197 - -  [42] 
- -  0.50014 [23] 
1 196 0.5001 [60] (cal'd) 
1 197 0.50007 this study (cal'd) 

2. The Pb--PbTe-eutectic 

600.0 0.0004 [74] 
600.1 0.0010 [60] (cal'd) 
600.1 0.00109 this study (cal'd) 

3. The PbTe -Te eutectic 

673 0.852 [1] 
685 0.837 [3] 
651 0.82 [7] 
686 0.893 [11] 
684.1 ± 1 0.8913 ± 0.003 this study (exp't) 
684.3 0.8926 [60] (eal'd) 
684.1 0.8913 this study (eal'd) 

The calculated value of  1 197 K for the melting point of  PbTe agrees with 
the experimental data of Shamsuddin [42] and Miller and Komarek [ 19]. 
The calculated congruent-melting composition OfXTe = 0.50007 is close to 
the average value of Miller and Komarek [19], Brebrick and Allgaier [20] 
and Dedgkaev etal. [23]. For the Pb- -PbTe  eutectic, the calculated 
temperature of 600.1 K is in agreement with that of Greenwod and Warner 
[14] but the calculated eutectic composition of  Xre = 0.00109 is higher 
than the experimental value. However, in view of  the intrinsic experi- 
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mental difficulty in determining the eutectic composition for a degenerate 
eutectic, the calculated composition may be more reliable. For the PbTe-- 
Te eutectic, our experimental determination is the most extensive and 
reliable one as shown in Fig. 1 and Table 1. Our calculated values for the 
eutectic temperature and composition are in agreement with the experi- 
mental results as given in Table 4. 

4.4 Discussion 

In view of the extremely narrow range of homogeneity for PbTe (c), its 
integral Gibbs energy remains essentially constant with composition 
within the homogeneous range. However, the partial Gibbs energies 
change appreciably even with minute deviations from stoichiometry. In 
order to calculate the variations of the partial Gibbs energy of Te with 
composition using Eq. (19), we need to know the values of the 5 model 
parameters, i.e. A', E, F, G and H given in Eqs. (20)-(22). These values are 
obtained by equating the partial Gibbs energies of Pb and Te between 
PbTe and the liquid phase using known phase boundary and thermody- 
namic data within the homogeneous field of PbTe. A set of values for these 
parameters is obtained by optimization as given in Table 2 B (section 
4.2.2). The value of B' is obtained from the energy of band gap at 0 K [81, 
82]. Fig. 6 shows the calculated phase boundaries of PbTe(c) in 
equilibrium with the liquid phase as compared to the experimental data. 
The calculated phase boundaries are in agreement with the experimental 
data of Fritts [24] and Hewes et al. [26]. The Pb-rich phase boundary data 
of Brebrick and Gubner [25] are in agreement with the other two sets of 
data and our calculated values. But the Te-rich data at high temperatures 
seem too low in Te concentrations. One plausible explaination for the 
apparently low Te concentrations obtained by Brebrick and Gubner [25] is 
the inability to quench the homogeneous solid solutions to lower 
temperatures. As shown in Fig. 6, the solubility of Te in PbTe decreases 
rapidly with decreasing temperature below ~ 800 °C. The 5 data points at 

800 and ,-~ 700 °C have essentially the same compositions as those data 
points at ~ 600 °C. This can be readily explained if we cannot quench the 
single-phase solutions to temperatures below ~ 600 °C. The retrograde 
behavior for the compositional stability of PbTe (c) appears to be real. We 
have analyzed the thermodynamic and phase equilibrium data of several 
other IV-VI semiconductor compound phases. They all exhibit behavior 
similar to PbTe(c) [77]. The data of Brebrick and Allgaier [20] are too low 
in Te concentrations for the Pb-rich phase boundary and too high in Te 
concentration for the Te-rich phase boundary. Fig. 7 shows a comparison 
between the calculated stability diagram and the experimental data. With 
the exception of few data points, the calculated iso-compositional lines are 
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Fig. 6. The Pb--Te phase diagram in the vicinity ofPbTe(c): comparison between 
experimental data and the calculated values 

in agreement with data of Fujimoto and Sato [36] and Gaskov et al. [29]. 
Also shown in Fig. 7 are Te 2 partial pressure data of Bis [38] and Brebrick 
and Strauss [37] in the L + PbTe two-phase fields. Within the un- 
certainties of the methods, the calculated partial pressure values along the 
phase boundaries are in agreement with their data. The abrupt change in 
the slope of Bis' data for the Te-rich phase boundary is not easily 
reconciled. 

Although the model used is able to describe the thermodynamic 
behavior of PbTe, a word of caution should be made. The model was 
derived assuming non-degenerate semiconducting behavior. The concen- 
trations of electrons and holes as shown in Fig. 7 are somewhat high for 
this assumption. A more realistic description is to relax this assumption. 
We are currently working on such a model. But in the meantime, the model 
as presented is able to describe quantitatively the compositional and 
temperature dependences for the concentrations of the electrons and holes 
for PbTe(c) and several IV-VI compound semiconductors [76]. It is 
noteworthy to point out that Kattner et al. [60] also modelled the Pb~Te 
system thermochemically as mentioned earlier. 
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Fig. 7. The stability diagram for PbTe(c): comparison between experimental data 
and the calculated results 

Although there is no evidence for the existence of "PbTe" (/) in the 
Pb--Te liquid phase as pointed out previously [64, 65], the associated 
model is able to describe the thermodynamic properties of this liquid 
phase from pure Pb to Te. Moreover, we may use this model to calculate 
the concentration-concentration correlation factor Scc [65]. According to 
B h a t i a  and T h o r n t o n  [78], the scattering function for binary alloys may be 
expressed in terms of three structure factors constructed from the F o u r i e r  

transforms of the local number density and concentration in the alloy. 
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These structure factors  are a funct ion of  the wavelength used in scattering 
experiments.  In  the limit o f  long wavelength,  or zero wave vector,  the 
concent ra t ion-concent ra t ion  corre la t ion function,  Scc (0, xe, 7), is related 
to the mean  square thermal  f luctuat ion in concentra t ion,  ( ( A c f ) ,  by 

S~c (0, xs, 7) = N ((A c) 2) (25) 

where N is the A vogadro's n u m b e r  and the concent ra t ion  is on a mole  
fract ion scale [39]. Sc~ m a y  be obta ined  either f rom ext rapola t ion  of  x-ray 
scattering densities to zero wave vector  [78] or  fo rm activity da ta  via the 
following relat ionship [78, 79]: 

0.3 
r r , L L 1 2 1 1 0  K r ~ i 

. . . .  Idea l  s o l u t i o n  

/ \ 

2 0 2  
_N 

x 

02 
o o 

0.1 

0 ] p r I I l I i 
0.0 0.1 0.2 0.3 0.4 ×Te 0.6 0.7' 0.8 0.9 1.0 

Pb Te 

Fig. 8. The concentration-concentration correlation function, Scc, for zero wave 
vector at 1 210 K indicating the mean square thermal fluctuations as a function of 

composition in the Pb--Te  liquid phase 

R T _ 1 - -  x B (26) 
Scc(O, xB, 7) = (~2AG/#x~) T (OlnaB/OxB)r 

For  an ideal solution, Eq. (26) reduces to 

S~ (0, x~) = x B (1 - - x e )  (27) 

Fig. 8 shows the concent ra t ion-concent ra t ion  correlat ion funct ion 
id Sc~ (0, xTe, 1 273 K) and also S~(0 ,  XTe) for  compar i son .  As would be 
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expected, S~ (0, XTe) varies symmetrically with composition and exhibits a 
maximum at XTe = 0.5. Scc (0, XTe, 1 273 K) shows a minimum at XTe = 0.5 
and a pronounced maximum at Xze = 0.235. This composition corre- 
sponds closely to the critical composition for the metastable liquid 
miscibility gap as shown in Fig. 1. 
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