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I. RESEARCH OBJECTIVES

A) Thermodynamically characterize the Hg-Cd-Te system by determining
the partial pressures of Hg, Cd, and Te2 as a function of composition and
temperature. In particular determine the partial pressures for Te-saturated
and for metal (Hg-Cd)-saturated solid solutions of various x-values in the
formula, Hgl_xCdee(s). The partial pressures will be determined by
measuring the optical absorbance between 200 and 800 nm of the vapor phase
coexisting with a liquid phase, or a solid solution phase, or a combination
of two such condensed phases of known composition and temperature.

B) Combine the above experimental data with all other available,
reliable, phase diagram and thermodynamic data and seek a simultaneous, quan-

titative, fit with a thermodynamic model.

11. STATUS OF THE RESEARCH EFFORT

The research objectives set forth have almost all been achieved. Since
most of the results have already been written up and published, or accepted
for publication, in the scientific literature, only a summary of these
results will be given here. The full details are available in the references

cited.

The details of our experimental system, the experiments necessary to
obtain the partial pressures of Hg, Cd, and sz from measurements of the
optical absorbance of the vapor between 210 and 800 nm, and the partial
pressures for both the Te-saturated and the metal (Hg-Cd)-saturated solid
solution, “‘.6o°‘.aoT°(')' have been given (1). These partial pressures were
then measured for both Te-saturated and for metal-saturated “'1-:“‘:"(') for

’

for x = 0.10 and 0.20 and for Te-saturated x = 0.58, as well as for composi-
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tions within the homogeneity range for these x-values (2). These experiments
establish that the chemical potentials of the thermodynamic species, HgTe and
CdTe, in the solid solutions are stoichiometric invariants i.e. independent
of the Te to Hg + Cd atomic ratio, as expected theoretically (3). 1In effect
numerical relations are established so that for a8 given temperature and x-
value, the partial pressures of any two of the vapor species, Hg, Cd, and
Tez, can be calculated if one is given. These experiments also yield the
solidus temperatures for x = 0.108, 0.198, and 0.41 in good agreement with
values obtasined by more conventional techniques., Moreover they showed that
Hg is the predominant vapor species over the solid solutions and that at
temperatures below 500°C that the partial pressure of Hg over the Te-
saturated solid solutions is under 1 atm, thus indicating the feasibility of

epitaxial growth of these solid solutions from Te-rich liquids below 500°C.

The basic thermodynamic equations fixing the liquidus surface of a

solid solution such as (Bgl-xCdx)y Te _y(n). when y is confined to values

1
close to unity, have been derived in a form independent of the thermodynamic

i

mwodel of the liquid phase (4). A number of previous analyses of phase
diagrams could then be shown to have used incorrect starting equations. A

videly used simplification of the associated solution model introduced by

Jordan was then used to successfully fit the phase diagram and thermodyanmic

2 -t 29 PP LTad

x data for the HgTe-CdTe-Te subsystem but was also shown to be incapable of ;
Ei fitting the entire Hg-Cd-Te system (5). As a consequence, a more general |
= associated solution model for the liquid phase was successfully employed to

obtain a quantitative, simultaneous fit to the phase diagram and thermo-

Ef dynamic data for the entire Hg-Cd-Te system (6). This paper included an

repetition and extension of our earlier measurements for the partial

pressures over Te-saturated solid solutions with x = 0.40 and 0.58. The
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theoretical analyses in Ref. (6) used a value for the enthalpy of fusion of
HgTe(s) obtained in measurements (7) of the partial pressures over Te-
saturated HgTe(s) and over the 50 at X Te melt. These measurements in Ref.
(7) also gave corrected values for the partial pressure of Téz over Te-
saturated HgTe(s) at high temperatures.

The theoretical analysis given in Ref. (6) was then extended (8) and
found to give liquidus isotherms and tie-lines in the Hg-rich cormer between
360 and 500°C in good agreement with experiment. These data show the
striking feature, reproduced by calculation, that the tie-lines tend to
converge towards the Hg corner of the Hg~-Cd-Te phase diagram so that almost
pure CdTe(s) is grown from an almost pure Hg(L). Thus extraordinary composi-
tion control of the melt is required to grow a crystal of ugl-xCdx Te(s) of a
specified x-value. The theoretical analysis also gave the partial pressures
of Hg required for metal-saturation of Hgl_xCdee(s) between 250 and 300°C
and showed these to be very close to the vapor pressure of Hg.

Concurrently with the application of the associated solution model to
the Hg-Cd-Te system described above, the same general model was successfully
applied to an analysis of the phase diagram and thermodynamic properties of
the Ga-In-Sb system (9). The situation is simpler than for the Hg-Cd-Te
system in that more of the interaction parameters for the liquid phase
systems can be set equal to zero.

An extensive report (10) of the properties of the associated solution
model and of its application to the Ga-In-Sb and Hg-Cd-Te systems has been
prepared and should soon appear in print. This report includes more experi-
mental data for the Hg-Cd-Te system and corresponding calculated values

obtained from our model. In particular, the liquidus surface in the Hg-Cd-Te
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system forms a ridge, which although terminating at the HgTe and CdTe
compositions, falls outside the HgTe-CdTe pseudobinary section and towards
the Hg-Cd binary for intermediate x-values. Recent liquidus temperatures
obtained by others using differential thermal analysis are reproduced within
10°C by our model. Moreover, total pressure measurements obtained earlier by
Steininger can now be accounted for, although some of these can be plausibly
concluded to be in error in that they were assumed to be for a liquid phase

rather than a liquid-solid two phase mixture. Essentially all of the exten-

sive phase diagram and partial pressure data for the Hg-Cd-Te system can be
quantitatively reproduced with a single set of liquid phase model parameters
and input thermodynamic quantities for the binary compounds, HgTe and CdTe. ii

We had earlier (11) given a defect chemistry analysis of Hs.6OCd.aO :
Te(s) based upon the saturation experiments of Schmit and Stelzer. More .
recently Vydyanath and his coworkers have obtained more extensive carrier ih
concentration - Hg pressure - temperature data for x = 0,20 and 0.40 and ;

given a defect chemistry analysis. We have generalized (12) this analysis

for x = 0.20, 0.40, and 1.0 using values for the intrinsic carrier concentra-
tion at high temperature calculated from the band structure parameters rather :
than obtained as arbitrarily disposable parameters of a fitting process. In
so doing we found and used an exact expression for the density of states in
the Kane conduction band, rather than the approximate expressions previously X
used. The results of x = 0.20 and 0.40 are good, but not quite as good as we
believe they should be. Whether this is to be attributed to error in the
experimental values for the carrier concentrations, which were obtained on
quenched samples, or in the high temperature band structure is uncertain at

the moment.
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The defect chemistry analysis briefly described above and given in Ref.
(12) was one of our objectives for the final nine months of this Grant.
Another objective was to attempt to improve the accuracy with which the
partial pressure of Cd is measured. The optical absorbance of the vapor over
a number of Hg-Cd amalgams was measured and the extensive thermodynamic data
on the Hg~Cd system critically reviewed. As a result the quantitative rela-
tionship between the integrated absorption of the Cd peaks and the Cd partial
pressures has been changed slightly. The previously obtained Cd pressures
have then been recalculated using this new relationship. The largest
corrections are in the lowest pressure range where the new values for the Cd
pressure are about twice as large as the old values., These results, as well
as the partial pressures over the Te-saturated Hgl_xCdee(s) for x = 0.70 and
0.95, which have not been published previously, are being incorporated in the
Dissertation of Pok-Kai Liao (13).

Most recently we have repeated and extended our measurements of the
optical absorbance over pure Hg, pure Cd, and pure Zn samples. We have always
used this type of measurement as a basis for obtaining partial pressures.
However, a theoretical analysis of the line shape based on the recent litera-
ture and using the statistical broadening theory has allowed a determination
of the oscillator strengths of the Cd 228 nm line and the Zn-217 nm line.
Moreover, the ground state pair-interaction potentials as a function of
separation have been obtained for Hg-Hg, Cd-Cd, and for Zn-2Zn as well as the

pair interaction potentials for Hg63P1 - Hg6lso, anolP1 - znalso. and for

CdSlPl - CdSlso. We are in the process of writing up these results.
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a Ph.D, in Materials Science and Metallurgy.

I11]. PUBLICATIONS PLANNED

We plan to write up and submit for publication the results obtained on
the vapor phase interaction of Hg, of Cd, and of 2Zn as described in the last

paragraph of Section II.

IV. PERSONNEL

Robert F. Brebrick, Professor, Mechanical Engineering and principal
investigator has been supported full time for 2 months each summer and 1/4

time during the academic year since July 1, 1978,

............

n - .- .
. P A S - . A .

1 e v, e . e W e e T T L L . L. R LN ) .

DA A S LT PN R TN T N A T R P R P Sy Y S LI S “ — B A Bt oz ml aaata " -




a Gl aft Tl T ArRAr S P N S T MR L

;i Dr. Ahmed Mubarek worked full time on the grant for one month, 8/1/78 to
9/1/78. Ahmed is now teaching at the University of Jordan.

Dr. Leszek Golonka worked full time on the grant as a research associate
from 9/15/78 to 10/1/79. He then returned to his position as a professor in
the Technical University, Institute of Electron Technology, Wroclaw, Poland.
Dr. Maria Golonka worked 1/2 time on the grant from 4/1/79 to 7/1/79.

Tse Tung worked on the grant as a graduate student in the Material
Science and Metallurgy Ph.D. program., He was supported full time throughout
the year from July 1, 1978 to July 1, 1981, Since then he has been working as
a research scientist at Martin Marietta Lab., Baltimore on the epitaxial
growth of Hgl_xCdee(s). Mr. Tung passed his final doctoral examination in
May, 1983.

Ching-Hua Su entered the program in Materials Science and Metallurgy in
Jan. 1980. He was supported on the grant for 3 summer months in 1981 and 1982
and has been supported full time from Sept. 1, 1981 to date. Mr. Su is
currently finishing the writing of his dissertation, “Defect Chemistry and
Intrinsic Carrier Concentration for Hgl_xCdee(s) for x = 0.20, 0.40, and
1.0". We anticipate that he will pass his final examination for the Ph.D.
degree sometime in the summer of 1983,

Pok-Kai Liao entered the Materials Science and Metallurgy program at
Marquette in June, 1980. He was supported on the grant for 3 summer months in
1981 and 1982 and by a University Fellowship during the academic year.

Mr. Yu Huang entered the program in Materials Science and Metallurgy at
Marquette in Sept. 1980. He was supported undeér the grant for 3 summer months

in 1981 and 1982, During the academic y ar he has served as a Teaching

{ . Lw e v ta - L caa . e R S P S G S
- PR ol - R o G A R
e .

I N R I PR DR AR
a A oMt A A L el e M e i atat AT Al ALA PSP




2l s Endt sear Jred M- s s bran aredee S-oudiadb s i o ARV SRR ot Vel SEEE WL AR W

Lt N’ LY A ALY R e i Al L e e e Tl e
LR i E AL o el st sl el ARSI AL R N e e

10

Assistant until Sept. 1982 when he was awarded a Research Fellowship by the

University. Mr. Huang will continue experimental and theoretical research as

a candidate for the doctoral degree.

V. SUMMARY

The partial pressures of Hg, Cd, and Te2 have been determined for a
range of compositions and temperatures in the Hg~Cd-Te system. A few solidus
temperatures in the HgTe-CdTe pseudobinary section and a few liquidus tempera-
tures for Te-rich melts have also been determined. These have been used to
obt;in a number of thermodynamic quantities for the system. These data as
well as the extensive phase diagram data have been simultaneously and quanti-
tatively fit in a thermodynamically self-consistent way using an associated
solution model for the liquidus phase. The vapor - (Hsl-xCdx)l-yTey(S)’ solid
solution equilibrium i.e. the defect chemistry of the "pseudobinary" solid
solaution, has been analyzed in a more generalized and more sstisfactory manner
than before for x = 0.20, 0.40, and 1.00. This analysis is based upon values
of the high temperature intrinsic carrier concentration calculated from the
band structure parameters using a simple, but hitherto overlooked, way of
getting the exact density of states in a Kane conduction band. The results
are given in detail in a number of papers which, with one exception, are

already published or in press. These are cited here under references in

Section II, Status of the Research Effort. The one exception is the

dissertation cited in Ref. (13). This is now being written and should be

completed and a copy in the Marquette Library by Sept. 1983.
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