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CASTING OF HgCdTe 

Part I: Themphysical Property Values 

Vasiiios Alexiades 

Mathematics Department and Mathematical Sciences Section 
University of Tennessee Oak Ridge National Laboratory 
Knoxville, Tennessee 37996-1300 Oak Ridge, Tennessee 3783 1-8083 

ABSTRACT 

Mercury-Cadmium-Telluride is a technologically important electronic material, used 
primarily as an infrareddetector. In such applications, large crystals of uniform concentration are 
desirable, which is difficult to achieve when the crystal is grown under gravity. Modeling and 
numerical simulation can help us gain insight, in the interpretation of experiments, and in 
designing future earth-bound and microgravity experiments. 

In this report we present a compilation of the relevant thennophysical properties of the 
pseudo-binary (HgTe)l,(CdTe), , as functions of composition, x , and temperature, for both the 
solid and liquid phases, at the high temperatures ( =: 600 - 1100°C ) relevant in the casting 
process. We compile those properties which are needed in our solidification model and 
numerical code presented in El]. In addition to the liquidus and solidus curves of the phase 
diagram. these include: densities, heat capacities, partial enthalpies, thennal conductivities and 
solute diffusivities. They ate pnesented in the form of formulas, easy to evaluate, obtained by 
curve-fitting available data. 

1. INTRODUCTION 

Mercury-Cadmium-Telluride is a versatile inftared-detector alloy for which large crystals of 
uniform composition are desirable. This is very difficult to achieve in any of the bulk crystal 
growth methods used for its prepartion, see Nelson-Higgins-hater [SI for a review. A better 
quantitative understanding of the solidification p m s s  is necessary in order to know how the 
various parameters of the process effect the final composition. 

Modeling and numerical simulation can help us gain such insight, as well as help in 
interpwting experimental measurements and in designing future earth-bound and microgravity 
experiments. In support of an ongoing experimental program at NASA/Huntsville, we have 
undertaken the modeling and simulation of the casting pmcess used in the pFepardtion of the 
alloy. 
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The models require values of the thermophysical properties of the alloy as input parameters, 
so in this first report we present a compilation of the relevant properties. In addition to the 
liquidus and solidus curves of the phasediagram, these include: densities, heat capacities, 
partial enthalpies, thermal conductivities and solute diffusivities for both the solid and liquid 
phases, as functions of composition, x, and temperature, T, of the pseudo-binary 

The range of temperatures relevant for the casting process is roughly 600-1100°C. Such high 
temperatures make direct experimental measurements difficult, so few of the properties have been 
measured directly, [2-91. 

Fortunately, good thermodynamical models have been developed for both the solid and liquid 
phases [2], [lo], from which we can obtain needed property values (see §2,3,4). 

It is convenient for computational purposes (and necessary for efficiency) to have simple 
expressions for all the thermophysical properties, so that, given x and T I  the desired value can be 
found by a simple evaluation. This report presents a list of such formulae, compiled by least- 
squares-fitting of property values to as simple expressions as we could generate to within an error 
of about 1 %. 

The basic thermophysical properties discussed are: 

0 Liquidus and Solidus curves of the phase-diagram: 

0 heat capacities: cp"(x, T), cp"(x, T); 

0 partial enthalpies: KL ( x ,  T I ,  KS (X  , TI; 
0 densities: pL (x , T ) ,  ps (x , T); 

0 thermal conductivities: kL (x  , T ) .  k s ( x ,  T); 

e solute diffusivities: D L  (x  , T ) ,  Ds ( x  , T )  . 

x = x L  (T), x = x s  (T) ;  

In addition, various related quantities needed in our models will be discussed. 

Concerning units, we will consistently use: cm, g(grm) ,  s(sec), "C , and our final formulae 
will be for the specijic hears, (in callg "C) specific partial enthalpies (in callg),  densities (in 
glcm3), conductivities (in culls cm "C), and difisivities (in cm'ls). The composition variable 
x , is the x in the formula (HgTe)1,(Cfle), , which for convenience we will represent by the 
simpler symbols (AC)I,(BC),. i.e. A = H g ,  B =Cd, C = T e .  Following standard practice in 
the Physical Chemistry literature [lo], we interpret the formula in g-atoms, meaning "per 
Avogadro's number". Thus 1 g-atom of A lRX B, C consists of %(x - 1) moles of A atoms, 'hx 
moles of B atoms, and 'h moles of C atoms. Therefore, the mass, in grams, of 1 g-atom of 
Al, B, C is: 
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whexe M i ,  denotes the g -atomic weight of component i = A ,  B , C , and 

is the gram-formula weight (also commonly called molecular weight). For us, 
MA E M H ~  = 200.6, MB E Mcd = 112.4, Mc 5 M T ~  = 127.6, SO 

M ( ~ ) = 3 2 8 . 2 ( 1 - ~ ) + 2 4 0 . 0 ~  =328.2-88 .2~ ,  O I X  I l ,  (1.2) 

2 
and the conversion factor from “per g -atom” to “per gram” is - 

M ( x )  

2. PHASE DIAGRAM 

The phase diagram of the pseudobinary (HgTe)I,(CdTe), is discussed in [l l] ,  [12], [9]. 
The most complete data are from the book chapter by Brebrick-Su-Liao [2], shown in Table 2.1. 
These values are consistent with an associated solution model for the liquid phase and a 
quasiregular solution model for the solid phase, developed in [2]. These same models will be 
used in 53 and 34 also, resulting in property values thermodynamically consistent with the 
phase-diagram. Such consistency is important, at least conceptually, for our solidification model 
which will be presented in [ 11. 

TABLE 2.1 Solidus and Liquidus data from [2] 

x Solidus T = TS ( x )  Liquidus T = TL ( x )  Solidus composition x s  (T) 
corresponding to T = T L  

0.0 
.1 
.2 
.3 
.4 
.5 
.6 
.7 
.8 
.9 
.925 
.95 

1 .o 

670.0’ 
686.2 
703.6 

745.5 

803.8 

897.5 
969.4 
991.8 

1018.2 
1092.0 

670.0’ 
736.0 
792.0 
838.0 
879.0 
918.0 
955.6 
991.0 

1025.0 
1059.0 

1092.0 

0. 
.36 
.564 
.685 
.768 
332 
.882 
.9233 
.957 
,983 

1 .o 

The first vs third columns of Table 2.1 display 11 points for the liquidus curve x = x L  (T), 
which we have fitted to the expressions: 



4 

a 1 = 0.567785834310387 

(I 2 = 1.23 107714691 8574 

a 3 = 4.7995987 198265 

with maximum relative error 0.86% and average relative error 0.55%; its inverse, T = T L ( x )  may 
be represented by 

TL(x) = 670+422*[blx + b z ~ ~ ~ + b 3 ~ ~ ~ ]  (T hoc) 
b 1 = 1.996705576827808 

b2 =-1.310070463246959 

b 3 = 0.3 145679 1861OO10 

with maximum relative error 0.83% and average relative e m r  0.47%. 

Note that x L  and T' are supposed to be inverse functions of each other, but the relation 

one of (2.1) or (2.2) provides an excellent fit to the liquidus data, but to retain full precision one 
should find the inverse by solving the appropriate equation (x'(T0) = x  or TL ( x )  = T) via a 
Newton-Raphson method, rather than using the corresponding fit. 

x L L  (To ( x ) )  = x is only satisfied numerically to a much lower precision due to roundoff. Either 

For the solidus curve, x = x s ( T )  or T = T s ( x )  , 15 points are available from Table 2.1, 
which we have fitted to the expressions: 

A 1 =-6.699411637535547 

A2 = 1.141303649411918 

A3  = 9.470191809366767 

with maximum relative e m r  0.43% and average relative e m r  0.41%; and 

T s ( x )  = 670+422 [B1(2x2-  l)+B2cosx +B3e2x2-1+B&(l + x ) + B 5 ( e X  - 1)l ("C) 

B1= 7.51007039423875 8 4  = 12.334324484013730 (2.4) 
8 2  =7.306891966118074 B=j =-11.94918l192924680 

B3=0.556367799165661 
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with maximum relative error 1.22% and average relative e m r  0.79%. Despite an extensive 
search, we couldn't find a better looking fit to the solidus temperature! All simpler expressions 
we tried had negative slope near x = 0 and were rejected. TRus, it is better to represent the 
solidus by (2.3) and then find its inverse via Newton-Raphson to machine precision, whenever the 
latter is needed. 

The curves (2.1) and (2.3) are plotted in Figure 2.1. 

3. SPECIFIC HEATS 

No direct experimental measurements of the heat capacities of HgCdTe exist. This has 
prompted C.-H. Su [lo] to calculate them directly from the thermodynamic models for the melt 
and the solid developed in [2]. 

3.A Specific Heat of Liquid, ck(x, T) 

Values for the integral heat capacity Cp"(x, T), in callg-atom K, have been pmduced by C.-H. 
weight of a g-atom of components, see Su [ 101. To convert to c d / g  K , we divide by * / r M ( x )  

(1.1). The resulting values of the specific heat of liquid were fitted to the expression 

c1=-0.16025 C6=-0.297 
C2 = 0.46369 
C3 = -0.60127 
C 4 = 0.0342575 
Cs = 0.0661 

C7 = 0.450327 
Cg = 0.01056 
C 9 = 0.10229 

with maximluff relative emr 1.9% and average relative e m r  0.6%. Figure 3.1 shows the tem- 
perature dependence of ck at compositions x = 0,O. 1 ,..., 1, calculated from (3.1). 

3.B Specific Heat of Liquid HgTe, cp4Ac(T) 

In our solidification model we shall use integrations of the specific heat c ~ J c ( T )  of 
AC =HgTe repeatly, so we consider it prudent to employ a better approximation than the one 
obtained fiom (3.1) for x = 0. Such an expression is 

D 1 = 0.085101608837466, Dz = -O.069850198915, 0 3  = 0.029490481686328 

with muximum relative error 0.95% and average relative e m r  0.5%. It is plotted in Figure 3.2. 
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HgTe - CdTe Phase Diagram 
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Specific Heat of Liquid vs T 
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3.C Specific Heat of Solid, c&x, T) 

A "quasiregular solution model" for the solid phase has been shown to be satisfactory [9], 
[lo]. Consequently, the integral heat capacity is given by 

and expressions for the heat capacities of HgTe and CdTe are known from Mills [7], see Su [ 101. 
Dividing by l h M ( x ) ,  the resulting expression for the specific heat of solid may be written in the 
form 

T "C 
$ ( x ,  T)= (13.042736- 1.3148505~ +(2.17+5.73x)-}/M(x) (cal /g"C),  (3m4) Id 

with M (x) as in (1.2). Representative plots are shown in Figure 33. 

4. PARTIAL ENTHALPIES 

The partial molar enthalpies EA, and for either phase, as functions of composition, x , 
and temperature, T, can be obtained from the thermodynamic model of the pseudobinary 
(AC)I,(BC), , described in [2]. [lo]. This requires considerable computation for each ( x  , T), so 
we have fitted the values to convenient expressions, for those quantities needed in our 
solidification model. 

4.A Partial Specific Enthalpy Difference for Liquid 

We have implemented the associated solution model of Brebrick-Su-Liao [2] for liquid in a 
computer code. For each given (x , T ) ,  a cubic equation is solved @sing the C02AEF routine of 
the NAG Library) and we compute the partial molar enthalpies Hi&, T) and @c(x, T), in 
cal fmol . Then we form the difference 

of the partial specific enthalpies, which is needed in our solidification model (see [ 11). The values 
thus obtained we have fitted to the expression 
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E 1 = -1602.7758 
E 2 = 255.4845 
E ,  = 199.9833258 
E4 =-2438.29341 E 10 =-146.3777659 
E5 =-121.1964972 E l l  =-94.5888894 
E6 =-89.30305 

E 7 = 359.220979 13 
E8 = 3620.894679 
Eg = 75.204749 

With maximum relative e m r  5.6% and average relative error 1.4%. Its temperature dependence 
is shown in Figure 4.1 for several z values. 

4B Specific Partial Enthalpy Difference for Solid 

The quasiregular solution model for the solid phase [2], leads to the following expressions for 
the molar partial enthalpies: 

f i&(x,  T ) = e i g ( T ) +  1384x2 (callmol) (4.3) 

E;&, T) = c i , ( T )  + 1384( 1 - x ) ~  (cal /mol) (4.4) 

where the reference values H,$'(7') and F,$$(T) (to the liquid components A ,  B , C)  arc given by 

7135.68 
179.1 H j t ( T )  = -12829 - 4040.3 107.1 - 1122.8 + 1354.7 - [ (Til@) (T/ ld)2 (T/103)3 

(callmol), T in Kelvin, (4.5) 

Then, the difference of specific partial enthalpies is found to be -" -- 
h s ( x , T ) : = - - -  H i C  

240 328.2 

= has(T) - 80.241 - 11.54~ - 9 . 9 8 6 9 ~ ~  (cal /g)  
(4.7) 

where 
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13822.0373 + 16676.357 2204.7211 e - ~  7135.68 

has(T) = [ 1318.401 - - 
(Tlld) (T /i @)2 (TI  1d)3 Y 

(callg),  T in Kelvin 

5. DENSITIES 

SA Density of Liquid, pL(x, T) 

The density of liquid (HgTe)1,(CdTe), was measured by Chandra and Holland [3] in the 
range of 0.05 S x I 0.3, 710 I T S 850°C. The experimental values may be represented by the 
expression 

~'(X,T)=F~+F~X + ( F ~ + F ~ x } -  T (glcm3) (5.1) 
Id 

F1= 7.897123 
F2 = -0.726329 

F 3 = 0.18854754 
F4 = -2.221354 

with maximum relative error 0.23%. 

5.B Density of Solid, ps(x, T) 

The density of solid solution is reported by Schwartz-Tung-Brebrick [8] as 

ps ( x ,  T )  = 8.077 - 2.225 x (81cm3) . 

6. THERMAL CONDUCTIVITIES 

There are no direct experimental measurements of thermal conductivity, see Su [lo] for a 
discussion. We calculate them from the relationship 

k = p c p a  . (6.1) 

The only available measurements for the thermal dimivity, a, are by Holland-Taylor [4], in 
the range 0 5 x S 0.301. They have curve-fitted the temperature dependence as 

and reprt valuesforthe coefficientsAo.A1,A2.A3,B,A atx=0.,0.052,0.107,0.205,0.301. 
Since we need the full dependence of k(x , T) = pcp a on borh x and TI we have curve-fitted the 
x -dependence of each of the above coefficients to expressions linear in x . 
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6.A Thermal Conductivity of Liquid, kL(x, T) 

Using (5.1). (3.1), (6.2) in (6.1), we have 

valid, roughly, in the range 0 I x I 0.3, T I 900°C. where 

pL (x ,T)  is given by (5.1) , cp"(x ,T) is given by (3.1) , 
$. (x ,T) is given by (6.2) with 

B (x) = (9.085703 - 12.741994~ ) / 100, 
A (x) = (58.499034 - 79.4574~ ) /100 . 

6.B Thermal Conductivity of Solid, kS(x, T) 

Using (5.21, (3.2). (6.3) in (6.1), we have 

valid, again, for 0 I x 5 0.3, where 

ps ( x  ,T)  is given by (5.2) , cp"(x ,T )  is given by (3.2) , 
c? (x ,T)  is given by (6.3) with 

Ao(x) = (2.305915 - 5.050485~ ) / 100, 
A I ( X )  = (8.33024 - 14.938646~ ) / 100, 
A2(~)=(17.472562 -24.771145~ ) /  100, 
A3(~)=(13.068309 - 17.96172~ ) / 100, 

The temperature dependence of the thermal difhsivities and conductivities is shown in 
Figures 6.1 and 6.2 respectively, in the range 650 I T I 900°C. for x = 0,0.1,0.2,0.3. 

7. SOLUTE DIF'FUSIVITIES, DL, DS 

Lxhoczky-Szofran-Martin [a] report the approximate value 

for the interdiffusion coefficient in the melt. No other data have been found. 

For the solid phase, Zanio-Massopust [ 131 have determined the interdiffusion coefficient in 
the range 400OC to 600°C to be 
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Thermal Diffusivities vs T 
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) 
22400 

Ds(x ,  T ) =  315*10-3*53xexp(-- T (cm 2/s , T inKelvin . 

At x = .2, T = 600°C , this is of the order 5.10-10 cm2/s.  Extrapolating the validity of (7.2) to 
T =700”C, we find Ds(x  = .2, T = 700°C) r= 6 x lv cnz21s. 
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