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A comparison of phase equilibria in 
some II-IV-Vl compounds based on PbTe 

B. d. SEALY* ,  A. d. CROCKERt  
Zenith Radio Research Coporation (UK) Ltd, Stanmore, Middlesex 

The solubilities of the group II elements Cd, Zn, Hg, Ca and Mg in PbTe are compared 
over the temperature range 250 to 800~ Cd, Zn and Mg have retrograde solubilities whilst 
Hg and Ca are virtually insoluble in "as-grown" material. A consequence of these 
solubilities is a change in the properties of the alloys compared with PbTe. Thus the 
phase widths of the Cd/PbTe, Mg/PbTe and Zn/PbTe systems differ from that of PbTe. 
With the exception of the Zn/PbTe system, (where there is reasonable evidence to support 
the solubility of Zn in PbTe) there is a significant change in all measured electrical 
properties compared with PbTe. 

1. Introduct ion 
In general, binary compounds may contain a 
variety of imperfections which may or may not 
affect the measured physical properties. The 
main expected defects for a compound AB are, 
(i) phonons, (ii) electrons, e', (iii) holes, h ' ,  (iv) 
excitons, (v) vacancies, i.e. vacant lattice sites 
VA • or VB • (vi) interstitials, i.e. atoms occu- 
pying sites other than lattice sites, Ai • or Bi • 
(vii) foreign atoms, either interstial, Mi, or 
substitutional MA or MR, (viii) dislocations, (ix) 
grain boundaries and (x) external surfaces. For 
undoped bulk single crystal lead chalcogenides 
(ii), (iii), (v) and (vi) are the important defects 
which control electrical properties. Atomic 
defects may exist singly or in association and 
may be either charged or neutral with respect to 
the crystal lattice. 

All binary compounds exhibit finite existence 
ranges, i.e. there is a range of compositions near 
[A]/[B] = 1 (where the square brackets indicate 
concentrations) for which a single phase material 
is obtained. In general, one finds that insulators 
and semiconductors have narrow existence 
ranges and metallic compounds wide ones [2]. 

The existence range is an important property 
of the lead chalcogenides because of its width 
and because it straddles the stoichiometric 
composition. By controlling the temperature and 
partial pressure of lead or chalcogen, varying 

degrees of non-stoichiometry may be achieved 
within the existence range. It is possible to relate 
such deviations from stoichiometry to lattice 
imperfections, such as vacancies or interstitials, 
which are assumed to have zero or very small 
ionization energy [3] and produce one charge 
carrier per defect [1 ]. Hence, either n-type or 
p-type conductivity may be obtained by changing 
the composition from lead rich to chalcogen rich 
respectively. 

There is some evidence from diffusion data 
that the ionized Frenkel defect is predominant 
in lead rich material [4-8]. However, we have 
assumed Schottky disorder in the analysis 
presented here (Section 3). 

Studies of the phase widths of PbTe [9-13] 
PbSe [13-16] and PbS [17] have been reported in 
some detail. However, more recently the pro- 
perties of ternary alloys based on one or other 
of the lead chalcogenides have received in- 
creasing attention. Thus alloys of PbTe with 
CdTe [18], InYe [19], SnTe [16] and MgYe [20] 
have been studied. It was discovered that the 
phase widths of PbTe and PbSe can be modified 
by the addition of some group II elements [18, 
20, 21] and that the solubility limit differs for 
each element. This paper compares the changes 
in phase widths, solubilities and some electrical 
parameters as a function of alloying PbTe with 
the group II elements, cadmium, zinc, mercury, 
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calcium and magnesium. In order to make a 
comparison of measured properties it is assumed 
that the imperfections in the ternary system are 
identical to those in the host crystal and that the 
group II element substitutes for lead. 

2, Preparation of materials and 
measurement techniques 

Single crystals were grown by the Bridgman 
method from the pure elements (99.999 %) except 
for the Pbl-~ Hg~ Te alloys where HgTe was 
used instead of liquid mercury. The use of HgTe 
was found to be more controllable than the 
method employing liquid mercury but the 
resultant ingot was porous and not suitable for 
electrical or optical (infra-red) analysis. The 
ingots with more than 1 mol % ZnTe contained 
second phase in the form of large intergranular 
masses. Second phase was found in both the 
Pbl-~ Hg~ Te and Pbl_~ Ca~ Te systems where 
x = 0.005 - 0.02 for the former and x = 0.01 
for the latter. No evidence of Widmanst~itten 
precipitates or eutectic was found in any of the 
alloys in contrast to Pb~_~ Cd~ Te [18] and 
Pbl-~ Mg~ Te [20]. 

The systems PbTe-HgTe and PbTe-CaTe were 
not pursued in detail because of the difficulty in 
growing good PbTe-HgTe ingots and the 
apparent low solubility of HgTe and CaTe in 
PbTe (suggested by large amounts of second 
phase in the as-grown ingots and electrical 
properties identical to those of PbTe). 

Following experiments to measure the phase 
width as a function of temperature (see [18] and 
[20] for experimental details) all samples were 
analysed for concentration of group II element 
using a Unicam SP90 atomic absorption spectro- 
meter, the probable error being 5 to 10 %. 

The lattice parameter of alloys containing 0.5, 
1.0 and 1.5 mol % ZnTe was determined by 
X-ray diffractometry and the optical energy gap 
of a polished p-type specimen ( ~  50 Bm thick- 
ness) containing approximately 1.5 mol % ZnTe 
was measured at 300K using a Grubb Parsons 
M2 infra-red spectrometer. The resulting para- 
meters were compared with the values for lead 
telluride and the other PbTe - group II alloy 
systems (see Table III). 

3. Results and discussion 
The variation of the phase width of Pbl_ ~ Zn~ 
Te with temperature and alloy content appears 
in Fig. 1, together with results for the Pbl_~Cd~ 
Te [18] and Pbt_~Mg~Te [20] systems at 250 and 
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TABLE I Solubilities of some group II elements in 
PbTe 

Tempera- Solubility (mol %) 
ture (~ C) 

MgTe* CdTet ZnTe HgTe$ CaTe 

800 6.5 18 1.5 5 ,'~ 0 
250 6 3 1.0 - -  --~ 0 

*From [201. 
fFrom [18]. 
SFrom [22], solubility at 600~ 

800~ The solubilities of  the alloys are seen to 
differ (Fig. 1 and Table I), those containing 
ZnTe, CdTe (and HgTe [22]) being retrograde 
in nature whilst the solubility of MgTe is not 
very dependent on temperature [20]. For  an 
alloy containing 1 mol % ZnTe, CdTe, or MgTe, 
the phase widths on the n-side at 800~ increase 
in the order MgTe-CdTe-ZnTe. However, on 
the p-side they are similar but are all smaller than 
that of  lead telluride [10, 13]. 

The rate of change of phase width with 
temperature differs for the three alloy systems 
(i.e. MgTe, CdTe and ZnTe) and is shown in 
Figs. 2 and 3 as a plot of log (carrier concentra- 
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Figure 1 Isotherms of alloy content versus room tem- 
perature carrier concentration for the systems Pbl-~A~Te 
(A ~ Cd, Mg, Zn). 
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TABLE II  Values of En, Ep and reaction enthalpies for PbTe and alloys (500 ~< T ~< 800K). 

Enthalpy (eV) Alloy 

PbTe Mg/PbTe Zn/PhTe Cd/PbTe 

En 0.66* 0.29 -4- 0.02I 0.20 • 0.03 0.21 -4- 0.02 
Ep 0.52* 0.36 -4- 0.04t 0.55 • 0.03 0.45 -4- 0.02 
HPM$ 1.9 1.55 1.37 1.10 
Hg - 1.0 - 1.3 - 1.5 - 1.5 
H~ - -  -- 1.2 - -  1.0 -- 0.7 
Hoxw 0.53 0.2 0.6 0.4 

* [10,  13]. 
t [20].  

$ [261. 
w using HpM = 1.0 eV for Te2 gas [13]. 
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Figure 2 Room temperature electron concentration versus 
reciprocal temperature for the systems Pbl-xA=Te 
(A = Cd, Mg, Zn). 

tion) versus reciprocal absolute temperature. 
The results for Pb0.asMgo.02Te are taken f rom 
[20] and the Pbo.o75Cd0.025Te have been re- 
determined here and agree with previously 
reported values [18]. 

Over the approximate temperature range 500 
to 800K, activation energies (E, for n-type and 
E~ for p-type material) may be calculated f rom 
the straight line portions of Figs. 2 and 3 and are 
compared for the different alloys in Table II. 
One notices a fairly large change in En for the 
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Figure 3 Room temperature hole concentration versus 
reciprocal temperature for the systems Pbl-=AzTe 
(A ~- Cd, Mg, Zn). 

alloys compared with PbTe which is difficult to 
explain definitively. However, a possible explana- 
tion is as follows. The soluble group I I  elements 
(Cd, Zn, Mg) do produce changes in all the 
properties of  the host material with the exception 
of Zn where changes are very small. Thus the 
band structure (energy gap) is altered, and so is 
the lattice parameter  and freezing point [18, 
20], (see Table III),  i.e. we essentially have a 
different semiconductor material f rom PbTe. 
The values of  En are effectively measures of  the 
enthalpy for defect formation in the material 

1 7 3 3  
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TABLE III Comparison of some properties of PbTe and alloys at 300K (x = 1.3 molto ) 

Property PbTe Zn/PbTe Cd/PbTe Mg/PbTe 

Direct energy gap 
Eg (eV), (4- 0.01) 0.29 0.30 0.32* 0.32* 
Lattice parameter 
(/~, 4- 0.001 A) 6.464~ 6.462 6.460~ 6.458~ 
Hall mobility tie 16005 1400 4" 240 1400:l: 13007 
cm ~ (Vsec) -~ ph 8505 800 4, 110 600:1: 580" 
Freezing point (~ 924w - -  923 II 927~ 

*[231. 
+~ [20]. 
~t [271. 
w [28 I. 
111181. 

[1, 10, 13]. Thus one may under equilibrium 
conditions derive mass action equations for the 
probable reactions that take place between the 
gas phase and the solid (assuming Schottky 
disorder predominates) [1, 13] namely 

Pb(g) = P b p b  •  + e ' ,  n 2 = K a P r b ( 1 )  

M(g) = Mrb • +VTe"  + e', n ~ = K ~ P ~ ( 2 )  

�89 = TeTe • + Vrb' + h ' ,  p~= KoxPTe2~ 
(3) 

where the neutrality conditions n = [VTe'] and 
p = [Vrb'] are assumed [13]. The notation used 
in the above equations is after Kr/Sger [1], Pi 
denoting the partial pressure of the species i 
and the K's are reaction constants which are of 
the form, K = Koexp( -H/kT) .  The assumption 
that Cd, Zn and Mg substitute for lead is 
implicit in Equation 2. Equations 1 and 2 
represent two competing processes which link 
the electron concentration n, to the partial 
pressures of both lead and alloying element. 
Consequently, the activation energy E~ is 
linked to the heat of vaporization of lead and 
metal and to the reaction constants KR and K~. 

Equations 1, 2 and 3 give rise to the following: 

2E.  = H~ + HPrb (la) 

2E,~ = HM + Hp~ (2a) 

2E~ = Hox  + HPTe2/2 (3a) 
where the heats of vaporization, Herb and HpM 
are the same as those over the pure elements (see 
Table II). Thus we may estimate values for the 
enthalpies Hm HM and Hox  using the experi- 
mental values of E ,  and E~. Notice that the trend 
in enthalpy values (Table II) follows the measured 
changes in E ,  and E~. We may now reverse the 
argument and say that as the incorporation of 
lead into PbTe is likely to differ from the 
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incorporation into an alloy with slightly dif- 
ferent properties, it is not surprising (considering 
Equations 1 and 2) that values of E,~ for the 
alloys and PbTe are different. It is surprising, 
however, that E~ is similar for the Cd and Zn 
alloys because Hp~ is appreciably different for 
these two elements. 

The Seebeck coefficient of the Pbl_~Zn~ Te 
alloy (x = 0.013 ~ 0.003) was measured as a 
function of electron and hole concentrations. 
From these results (Fig. 4) it was possible to 
estimate the value of the electron and hole 
density of states effective masses(m*)by using the 
expression 
/'/300, P300 

= (4/~/7r) (2rrmokT/h2)3/2(rn*/mo)~/2Fr/2(,q) 
where ~7 is the reduced Fermi energy (determined 
from the Seebeck coefficient), Fr/2@) is the Fermi 
Dirac integral and other symbols have their usual 
meanings. Hence the electron effective mass was 
found to be m*e = 0.30 :~ 0.03 rn o and the hole 
effective mass md~* = 0.33 4- 0.03 m 0 and are 
equal to the values for PbTe (derived by a 
similar method) within experimental errors. The 
values of me* and rnd~* for the Cd [23] and Mg 
[20] alloys containing 1.3 mol ~ of the group II 
element are significantly different from those of  
PbTe. 

The mobilities of n- and p-type Pb~_~Zn~Te 
alloys are indistinguishable from those of pure 
lead telluride, but for the Cd and Mg alloys 
there are significant changes (Table III). The 
large error quoted for the mobilities of the Zn 
alloy is partially explained by the fact that they 
are the mean result of samples having a variable 
zinc content, the average value of which is 1.3 

0.3 mol ~ .  A further error which is difficult 
to ascertain may be owing to the method of 
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Seebeck coefficient versus room temperature carrier concentration for Pbl-~ZnxTe. 

measurement (van der Pauw [24]) which can be 
less sensitive and accurate than the more 
conventional method. However, for the samples 
which were measured by both methods, good 
agreement was obtained. 

The optical energy gap of a p-type specimen 
which had been annealed at 800~ under 
tellurium rich concitions and contained ,-, 1.5 
m o l ~  ZnTe was compared with that of a 
vapour-grown PbTe crystal polished to similar 
thickness (~ 50 btm). Assuming the reflectivity 
of both specimens to be identical (~ 45 ~ [23]) 
the Pbl_xZnxTe alloy had an energy gap equal to 
that of PbTe within experimental error. 

There is a certain amount of evidence to con- 
firm the solubility of ZnTe reported in Table I. 
Thus, (i) compositions containing up to 1.5 
tool ~ ZnTe were found to be free of second 
phase as estimated metallographically, whilst 
those containing 3 mol 9/0 ZnTe had large 
lumps of second phase material, (ii) the phase 
width on the n-side is increased considerably 
compared with that for PbTe, (iii) it has been 
previously reported that ZnTe is partially soluble 
in PbTe [25]. 

Our results suggest that HgTe is not very 
soluble in PbTe but this may be owing to its 
retrograde solubility [22] and a consequence of 
the material produced being unsuitable for 
detailed annealing experiments to confirm the 
published work [22]. CaTe is virtually insoluble 
in PbTe and does not act as an acceptor or donor. 
Compared with Pb, Cd, Zn, Hg and Mg, Ca 
has a larger radius (covalent, ionic and atomic) 

which, because these elements are thought to 
substitute for lead, suggests that a reason for the 
insolubility of calcium in lead telluride is its 
large size. The other elements, Cd, Zn, Hg and 
Mg are all smaller than Pb. 

In order for a meaningful comparison with 
the Zn/PbTe alloys to be made, those properties 
of the alloys which have been mentioned (Table 
III) are mainly for concentrations of the group 
II element < 2 mol ~. However, Cd and Mg 
have appreciable solubilities in PbTe (Table I) 
and all their properties, e.g. direct energy gap, 
lattice parameter, Hall mobility, density of 
states effective mass, change monotonically 
with increasing Cd or Mg concentrations. Thus 
for alloys containing t> 6 mol ~ CdTe or MgTe 
there are very large differences in properties 
compared with those of PbTe [20, 23 ]. One major 
difference in the Cd/PbTe and Mg/PbTe alloys 
is that addition of Mg causes an increase in the 
freezing point of PbTe [20J whereas the addition 
of Cd causes a decrease [18, 19]. 

4. Conclusion 
The phase widths and solubilities of PbTe-ZnTe, 
PbTe-CdTe and PbTe-MgTe have been com- 
pared and are appreciably different from one 
another and from PbTe. Thus the addition of 1 
mol ~ group II element decreases the phase 
width on the p-side and causes an increase on the 
n-side for 250 < T < 800~ 

The electrical properties, lattice parameters 
and freezing points of the Cd/PbTe and Mg/PbTe 
alloys are significantly different from those of 
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P b T e .  S imi l a r  p r o p e r t i e s  m e a s u r e d  f o r  t h e  
Z n / P b T e  a l loys  a re  i n d i s t i n g u i s h a b l e  f r o m  t h o s e  
o f  P b T e .  T h a t  Z n  is s o l ub l e  in  P b T e  is s u p p o r t e d  
b y  t he  l a c k  o f  s e c o n d  p h a s e ,  t h e  m a r k e d  c h a n g e  
in  p h a s e  w i d t h  a n d  a p r e v i o u s  p u b l i c a t i o n .  

C a l c i u m  is i n s o l u b l e  in  P b T e ,  w h i l s t  t h e  H g T e  
a l loys  p r o v e d  diff icul t  t o  p r e p a r e  a n d  i n d i c a t e d  a 
s m a l l e r  s o l u b i l i t y  t h a n  p r e v i o u s l y  r e p o r t e d .  
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