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1. INTRODUCTION 

1.1 Scope of Study 

The overall study includes the entire range, 0 < x < 1, of Hgl-,CdXTe 

alloy compositions. Crystals will be prepared by the Bridgman-Stockbarger 

method with a wide range of crystal growth rates and temperature gradients 

adequate to prevent constitutional supercooling under diffusion-limited, 

steady-state, growth conditions. The longitudinal compositional gradients for 

different growth conditions and alloy compositions will be calculated and 

cmpared with experimental data to develop a quantitative model of solute 

redLetribution during the crystal growth of the alloys. Measurements will be 

performed to ascertain the effect of growth conditions on radial compositional 

gradients. The pseudobinary HgTe-CdTe constitutional phase diagram was 

determined by precision dif ferential-thermal-analysis measurements and used to 

calculate the segregation coefficient of Cd as a function of x and interface 

temperature. Experiments are being conducted and a theoretical analysis will 

be performed to determine the ternary phase equilibria in selected regions of 

the Hg-Cd-Te constitutional phase diagram. Electron and hole mobilities as 

functions of temperature are being analyzed to establish charge-carrier 

scattering probabilities. Computer algorithms specific to 

Hg1-,Cd,Te are being developed for calculations of the charge-carrier concen- 

trations, charge-carrier mobilities, Hall coefficient , and Fenni energy as 
functisns of x, temperature, ionized donor and acceptor concentratione, and 

neutral defect concentrations. 

1.2 Summary of Progress 

1.2.1 Previously Reported Progress for the Period 5 December 1978 - 
5 July 1980 (Reference 1) 

A series of ditferential-thermal-analysis (DTA) measurements was per- 

formed for Hgl-xCdxTe alloy compositions with x = 0, 0.1, 0.2, 0.3, 0.4, 0.6, 

0.7, 0.8, 0.9, and 1.0. The liquidus and solidus temperatures deduced from 

the DTA data were used to establish the pseudobinary HgTe-CdTe constitutional 

phase diagram. The segregation coefficient of Cd was determined as a func- 

tion of x and interface temperature. 



Iterative phase-equilibritun calculations based on the regular associated 

solution (US) were performed, and a set of RAS parameters was ob- 

tained by simultaneously least-squares-fitting the binary Iig-~e6 and ~d-~e'-' 

and pseudobinary HgTe-CdTe phase diagrams. The RAS parameters were used to 

calculate the activities of Hg, Cd, and Te2 and their partial pressures over 

pseudobinary melts. 

Hgl,xCdxTe alloy crystals were grown by the Bridgman-Stockbarger method 

with constant furnace-translation rates of 0.0685 to 5.62 um/s. For three 

H g ~ .  gCd0. 2Te ingots, the longitudinal compositional prof ilea were determined 

by precision density measurements and were compared with calculated profiles 11 

for various assumed values of D, the liquid HgTe-CdTe interdif f usion coef- 

ficient. The best fits to the data for the alloys with x = 0.2 yielded 5.5 x 

lo-' cm2/s for D and 1.5 x lo6 ~ * s / c m ~  for C/R, the interface-temperature- 

gradient to growth-rate ratio required to prevent constitutional supercooling 

in the melt during crystal growth of H80.8Cd0.2Te alloys. 1*3,12 Radial 

compositional variations were aeasured on thin 9lices from a series of ingots 

by infrared (IR) transmission-edge mapping. The radial compositional profiles 

deduced from the cut-on wavelengths implied concave solid/liquid interfaces 

for the entire lengths of the crystals. 

Theoretical models and computer programs specific to Ugl-xCdxTe were 

developed for calculations of charge-carrier concentrations, Hall coefficient, 

Fermi energy, and conduct ion-e lect ron mobility as f unc t ions of x, temperature, 

and ionized-def ect and neutral-def ect concent rat ions. As in previous work on 

the HgCdSe alloy system,13,14 the Kane three-band model15 was used to describe 

the band structure of the HgCdTe alloys, and the best available band param- 

eters e r r  compiled from the literature. The temperature dependence of the 

electron concentration was calculated for various net donor concentrations 

from 4.2 to 300 K, and the calculated results agree well with available 

experimental data. 1 

The mobility calculations included the following instrinsic scattering 

mechanisms: longitudinal-optical phonon, longitudinal- and transverse- 

acousttcal phonon, heavy-hole, and alloy disorder potential. The extrinsic 

scattering mechanisms included charge and neutral point-defects. A comparison 

of calculated results with available experimental data indicate that 

longitudinal-optical phonon, and charged and neutral defecc scattering are the 

dominant mobility-limiting mechanisms. 



1.2.2 Progress for the Current Period: 5 July 1980 - 30 September 1981 
A series of dif ferential-theml-~~Iyeis w a r u r e ~ n t s  was perf oraed for 

(Hgl-xCdx)yTel-y alloy compositions with x - 0.091 and y - 0.648; x - 0.100 
and y = 0.550 and 0.591; x = 0.200 and y - 0.544, 0.554, 0.60, acd 0.952; 

r - an399 and y - 0.544 ar.d 0.589; and x - 0.401 and y - 0.545. The DTA data 

vete usr?c! to establish the liquidus temperature6 for the alloy compositions. 

?he pseudobinary data obtained during the previous funding period were 

re-f:t:ed to 8 set of empirical equations to obtain m r e  accurate expressions 

for ti:e seyregatlon coefficient of Cd ae a function of x and interface temper- 

ature c h t n  -wae given in Reference 1. Preliminary theoretical analysis uas 

p e r t o m d  to establish the ternary phase equilibrium parameters for the metal- 

rich region of the phase diagram. Pseudobinary HgTe-CdTe phase equi li brim 

calculations were performed to determine the sensitivity of the thermodynamic 

fitting parameters to various assumptions used in the calculatlonal models. s 4 s 5  

Hgo.8Cdo.ZTe alloy crystals were grown by a Bridgman-Stockbarger method 

at constant furnace-translation rates of 0.241, 0.245, and 0.247 pm/s, and a 

alloy crystal was grown at a furnace translation rate of 

0.231 pm/s. The lower-zone temperatures ranged fron 175 to 600°c, and the 

upper-zone temperatures ranged f r m  810 to 920'~. Radial compositional vari- 

ations were measured on thin slices from the ingots by infrared transmission 

mapping. Similar measurements w r e  performed for an ingot grown during the 

previous contractual period. The radial alloy homogeneities of the ingots 

showed a strong correlation to the growth parameters egployed. The variation 

of the radial compositional distributions with changes in the upper- and 

lower-tone temperatures supgests significantly higher thermal conductivities 

in the melt than in the solidified alloys. 

Galvanomgnetic measurements uere performed to expand the data base for 

well-characterized, homogeneous HgCdTe crystals. Using r 5  van der Pauw tech- 

nique, Hail coefficient and resistivity oeasuremears from 10 to 300 K were 

performed on slices, taken from a 1 C m  and a 5-ma diameter ingot. For a 

numher of slices the measurements were repeated following annealing in a mer- 

cury atmosphere at several temperatures. Theoretical analyees were performed 

to estimate point-defect concentrations in n-type samples. 
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2. TEMARY Hg-Cd-Te PHASE DIAGRAM 

Differential-thermal-analysis (DTA) measutements were performed for a 

series of (Hg l-x~dx)y~e l-y ternary alloy compositions. The DTA data were used 

to establish the liquidus temperatures for selected regions of the Hg-rich 

segment of the constitutional phase diagram. 

2.1 Alloy Preparation 

With the exception of Te preparation, the procedure for the preparation 

of the constituent elements and the casting of the alloys was the same as des- 

cribed in Reference 1. For the present study, in contrast to the previous 

procedure, the Te charge was prepared by crushing large Te ingots in an agate 

mortar in a dry nitrogen atmosphere. No further macerial processing was 

performed. 

The alloy compositions that were prepared and the alloy compositions for 

which satisfactory liquidus data were obtained are summarized in Ftgure 1. 

~ g ~ e  H ~ I ~ . ~ C ~ ~  5Te 

0 Ltqutdus tempvrature 
determ~ned 

A Burst d u r ~ r g  
lnttlal re,ictlon . . 

4 Not reacted HQ re ...: ::;: ............ ............ ....... ....... ..:.:.:.:.:.:.: ................. ................. ................... P Cd 

1 0  
0 0 1 0 2 0 . 3  0 4 0 5 
4 x = nCd!(nCd + nHgl 

O C I l  Q l I  7 



2.2 Experimental Mthod for Differential Thermal Analysis 

Except for data acquisition and recording, the experimental arrangement 

and procedure were similar to those described in Reference 1. A block diagram 

of tile present data acquisition and recording system is shown in Figure 2. 

The type-K chromel-alumel thermocouples used previously1 were replaced by 

more-stable type-S ( PtIPt-1ORh) thermocouples. The triple ..point-of -wate: cell 

and x-y recorder of the previous experimental arrangement were replaced by a 

data logger (Fluke 2240B) with isothermal, thermally-compensated junctions and 

a microcomputer (Digital Equipment Corp. MINC-l? . The melting point of 

antimony (Sb) wae used as the temperature calibration point during each 

experimental run. A typical DTA curve obtained by using the new data 

acquisition arrangement is shown in Figure 3. 

2.3 Differential Thermal Analysis Results for the Hg-Rich - Region of 
the Ternary System 

Successful DTA measurements were performed for the Hg0,4g5Cd0~05STe0,450 

Hg0.425Cd0. 109~~0.456, N0.443~~0.1 11Te0.446, %0*38lCd0. 163Te0*456, 

Hg0*326Cd0.219Te0.455~ ~ 0 ~ 5 3 2 ~ ~ 0 . 0 5 9 ~ ~ 0 ~ 4 0 9 ~  ~0.481~~0.120~~0.399, 

Hg~.413Cd0. 17bTe0.41 1, ~0.589~~0.059~~0.352* and N0.762~~0. 190Te0.048 
alloy compositions. As implied by Figure 1, a subatantial number of prepared 

ampules were discarded for various rt.isans. The measured liquidus temper- 

atures, elemental masses, and free volumes inside the ampules are summarized 

In Table 1. 

Thermocouples Pomr to 
In furnam furnace 

I z~ # Furnace # - - - PtIlM; Rh with 
protsctlon controller Programmet coppe~ r vtenrlon wore 

--------a Pt wrth r l l w  No.11 
0 extension wire 

P o w  In ~wthermel junctions 

O I 1 1 . C Y 1 U  

Figure 2. Ekrtronlc imsIrumatalio* for dltfaalid tbermd amdysis. 



Temperature (OC) 

Figure 3. Typical diffamtid-thcrmd-Pn.lysis recorC. 

TABLE 1. LIQUIDUS TEMPERATURES FOR Hg-RICH 
( H ~ I - ~ C ~ , )  yTel,y ALLOYS. 

Observed Freevolume Nbzt Man Mass 
Overal' l,%jdus inside ampule of Hg of Cd of Te " " ( C )  1%) (9) 19) 19) 

0.100 0.550 751 + 3 20 10.344 0 644 5.986 
E.:OC 0.591 77324 19 10.206 0.636 5.000 
0.091 0.648 788 + 4 22 11 532  0.649 4.380 

Because the  p a r t i a l  vapor p ressu res  of Hg over t h e  a l l o y  me l t s  a r e  ex- 

pected t o  be much l a r g e r  than the  p a r t i a l  p ressu res  of Cd and ~ e , '  t he  p r e f e r -  

e n t i a l  evapora t ion  of mercury f-nto the  ampule f r e e  volume a l t e r s  both t h e  

Telmetal and CdIHg f r a c t i o n s .  Hence, t h e  a c t u ~ ~ l  melt  compoait ions a t  t h e  

l i q u i d u s  a r e  somew:lat h igher  i n  x and somewhat lower i n  y than t h e  va lues  



listed in Table 1. The precise melt compositions cannot be calculated from 

the masses of the elements and the free volume in an ampule because of the 

lack of vapor pressure data for metal-rich melts and a realistic thermodynamic 

model for the ternary system (see Section 3). 

The major recognized sources of error in the liquidus temperature data 

are the uncertainty in the temperature measurements and the subjectivity in 

selecting the proper liquidus points from the DTA curves. Estimates of the 

uncertainties associated with the temperature measurements were obtained from 

calibration runs using an ampule containing silver as a DTA sample. The celi- 

bration runs indicated a maximum discrepancy of 1.5'~ between the actual 

melting Cemperature of silver (961.93'~) and the value measured relative to 

the melting temperature of Sb in the DTA apparatus. The DTA signals were 

recorded at 1°c intervals, which implied an additional inherent uncertainty of 

f 0. 5OC. Thus, the uncertainties arising from temperature measu2ements ranged 

from about ) 0.5Oc at the melting point of Sb (630.74OC) to about f 2OC at the 

melting point of Ag. 

2.4 Liquid-Solid Equilibrium Parameters for the Pseudobinary Alloy System 

The pseudobinary data obtained during the previous funding period1*2 were 

reanalyzed to obtain more exact expressions for the compositional and tempera- 

ture dependences of the Cd segregation coefficient than were given in 

Reference 1. The new empirical expressions for the solidus curve of the phase 

diagram are 

S 71 * n *1/2 * 
x (T) - C1 81. ( i T )  + C2sin (f T ) + L3 logl0 (9T + 1) 

and 

xS(~) = xS (690'~) (T - ~ ~ O ~ C ) / Z O ~ C  (670'~ < T < 690'~). 

9 



The functional form for the liquidus cur-~e remains 

*4 xi (T) = Dl T* + D2 T * ~  + D ~ ' C * ~  + D4T , 

where f = (T - 670°C)/4120C and the least-squares f i t  values for the Ci and 

D are given i n  Table 2. Figures 4-7 are revisions based upon Equations ( 1) i 
and (2)  of Figures 8 ,  10, 11, and 13, respectively i n  Reference 1 .  

TABLE 2. VALUES FOR THE CON8TANTS C, AND 4 
IN EQUATIONS 1 AND 2. 

CdTe fraction, x 
O?ll.atC~o 

h r n  4. Hgl ,xwTt  phase diyrm. 

600 700 800 900 lo00 1 1 0 0  

Temperature (OC)  

GC11-WlC11 

Flgare 5. Tcmpmt~m deptadeact of the CdTc 
-t9oll coeffkkat. 



Temperature ("c) 
oPllQIlClJ 

F i~ure  7. Tbe tempcrrlmre depclldnec of ik nit of cbmge with respect 
to temperatare of the alloy liquid frretior for various J l o y  
compodiioos. 



3. PHASE EQUILIBRIUM CALCULATIONS 

Preliminary calculations were performed to establish correlations between 

the masured ternary liquidus data and the regular-associated-solution (RAS) 

thexai.dy~mic parameters established previously. The comparisons between the 

sa%;red and calculated results suggested significantly larger values for both 

w (t.~e interaction paralceter between Hg and Cd in the melt) and W (the inter- 

ac:ti>n parameter between HgTe and CdTe in the solid phase) than were obtained 

by least-squares-fitting the HgTe-CdTe pseudobinary phase diagram data. 1 

Co~scquently, additional pseudobinary phase-equilibrium calculations were 

perfc rmed to determine the sensitivity of the thermodynamic fitting parameters 
1 

to alsumptions about the structure in the HgTe-CdTe melts and evaluate the 

valiciity of some of the approximations of the RAS theory when applied to the 

thermadynamic modeling of the Hg-Cd-Te alloy system. 

Calculations were performed for two sets of assumptions: (1) HgTe is a 

completely dissociated regular solution and CdTe is a regular associated 

sclution, and (2) HgTe is a completely dissociated regular solution and CdTe 

ia a completely associated regular associated solution. A review of the 

results of these ca1cu;ations and of the mathematical approaches used in the 

de relopment of the RAS  formalism^^,^,^^ suggests that because of the 
apyroxi~lations uspd, the RAS models used previously are inadequate, without 

major revisions, to correctly describe the thermodynamic behavior of the 

cou~plete ternary alloy system. 



4. DIRECTIONAL SOLIDIFICATION OF Hgl - xCdxTe 

ALLOYS FROM PSEUDOBINARY MELTS 

4.1 Alloy Preparat ion and Crys ta l  Growth Runs 

Three Hgo.gCd0,2Te and one lQ0 .7Cd~,~Te  a l l o y  i w o t s  were prepared by 

r e a c t i n g  99.3999% pure elemental  c o n s t i t u e n t s  i n  sea led ,  evacuated,  fused- 

q u a r t z  tubing. The tubing dimensions were S-am i.d. x 10-mm 0.d. The ampules 

were prepared and loaded, and the  a l l o y s  were reacted as descr ibed i n  

Reference 1 and Sect ion 2.1. 

The p recas t  a l l o y s  were regrown by u n i d i r e c t i o n a l  s o l i d i f i c a t i o n  i n  t h e  

growth apparatus  i l l u s t r a t e d  i n  Figure 8. The d e t a i l s  of the  experimental  

arrangement and procedures a r e  descr ibed i n  Reference 1. 

Crys ta l  growth runs were completed f o r  ampules L13, L14, L15, and L16 a t  

furnace t r a n s l a t i o n  r a t e s  of 0.241, 0.231, 0.245, and 0.247 pm/s ,  respec- 

t i v e l y .  For ingot  L16, the  growth ;-2 stopped and the  melt was quenched when 

about half  of the  a l l o y  was c r y s t a l l i z e d  t o  demarcate t h e  shape of t h e  growth 

i n t e r f a c e .  The long i tud ina l  temperature p r o f i l e s  i n  the  furnace p r i o r  t o  

growth i n i t i a t i o n  a r e  shown i n  Figures 9-12. The p e r t i n e n t  growth parameters 

a r e  summarized i n  Table 3. Ingots  L6 and L7 were grown dur ing t h e  previous 

c o n t r a c t i n g  period and a r e  repeated here f o r  the  purposes of l a t e r  d is-  

cuss ions .  The l o n g i t u d i n a l  temperature p r o f i l e  i n  the  furnace p r i o r  t o  the  

growth of ingo t s  L6 and L7 is shown i n  Figure 13. 
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Figure 8. Mdgmm-Stockbarger crystal-growth furnace uscmbly. 
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Figure 12. Temperature profile of crystal-growth furnace during growth 
of ingot L16. 



TABLE 3. CRYSTAL-GROWTH SAMPLES AND GROWTH CONDITIONS. 
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Figure 13. Tempemtun profile of crystd-grow8b furnace during growth 
of ingots L6 md L7. 

4.2 Infrared Transmission Measurements 

Thin (* 200 - 300 um) slices from ingots L7, L13, L14, L15, and L16 were 
prepared for evaluation of radial compositional variations by infrared 

transmission-edge mapping. The transmission measurements were made at room 

temperature through 1-mm diameter areas at regulary spaced locations on each 

slice. 



I n i t i a l l y ,  s l i c e s  from ingot L16 were e s s e n t i a l l y  opaque t o  in f ra red  

rad ia t ion  because of the highly p-type character  of the s l i c e s .  The s l i c e s  

were subsequently annealed i n  mercury vapor t o  reduce the hole c a r r i e r  concen- 

t r a t i ons  and thus t o  enhance in f ra red  transmissiorr . 
The inf ra red  cut-on wavelengths along the growth ax i s ,  the corresponding 

a l l oy  compositions, and the r a d i a l  var1atio-w of the a l loy  compositions a r e  

srmuarized fo r  ingot L7 i n  Table 4. Typical r e s u l t s  f o r  the r a d i a l  va r i a t i on  

of the  cut-on wavelength6 and corresponding a l l oy  compositions f o r  s l i c e s  cu t  

from ingots  L13, L14, and L16 a r e  shown i n  Figures 14-16. 

TABLE 4. COMPOSITIONAL VARIATIONS ALONG THE GROWTH 
AXIS OF INGOT L7. 

L7-30 3.16 4.10+0.025 0.310 0.001 2 

L7-57 5.70 503 5 0.025 0.270 0.0008 

L7-97 9.54 7.65 2 0.10 0.21 2 0.0014 

L7.119 11.66 14.2 0.160 - 
L7-141 14.17 NO obsennble transrnlrrlon through sl~ce 



mare 14. Trpkrl rdtd vuhliom of tk cot-011 w a v w t b  d Cd 
rorpodtloll for r rtkc cot from i . t d  L13. 

Figure 15. Typkd d r l  vuhUow of t k  c o l a  wrvehgth rod Cd 
compodtiom for dka cot from ilyol L14. 
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Figure 16. Typical ndld vrrlrtlonr of the cut- wrvdcngth and Cd 
cornpositlorn for slices cut from 1-01 L16. 

4.3 Discussion of Resu l t s  

A s  1nd:cated by the  d a t a  i n  Table 4,  t h e  i n f r a r e d  measurements i n d i c a t e d  

a high degree of r a d i a l  composit ional  uniformity  f >r more than hal f  of t h e  18- 

cm growth l eng th  of ingo t  L7. For about 9 cm of t5e  ingot  l eng th ,  the  r a d i a l  

v a r i a t i o n  i n  the CdTe mole f r a c t i o n ,  x, was wi thin  f 0.0015 over e n t i r e  

wafers. Ingot L7 was grown using a r e l a t i v e l y  slow growth r a t e  (0.0685 p a l s )  

and a r a t h e r  t h i n  (0.4 cm) thermal b a r r i e r .  For the  p rese lec ted  upper-zone 

temperature of 820°C, an appropr ia te  value  f o r  the  lower-zone temperature,  T ~ '  
was c a l c u l a t e d  from 

where TI is the growth i n t e r f a c e  temperature f o r  an  a l l o y  composition of 

x = 0.2 and TU is the upper-zone temperatq~re.  Equation ( 3 )  r e p r e s e n t s  t h e  



condition f o r  rad ia t ive  heat balance a t  the middle of the t h e m 1  b a r r i e r  fo r  

the case of equal values fo r  the per t inent  e m i s s i v i t i e ~ .  

For comparison with the r e s u l t s  for  ingot L7, the  r a d i a l  c~mpoe i t i ona l  

var ia t ions  along the growth ax i s  of ingot L6 a r e  reproduced from Reference 1 

i n  Figure 17. The growth parameters fo r  ingot L6 were the same a s  f o r  ingot 

L7 except fo r  the growth r a t e  of 0.31 pm/s ,  which was about four times l a r g e r  

than tha t  fo r  ingot L7. I n  con t r a s t  t o  ingot L7, iagc.': L6 showed s ig3 i f  i ?an l  

r a d i a l  compositional var ia t ions  fo r  the e n t i r e  growth length. The observed 

r ad i a l  compositional p r o f i l e s  fo r  the ingot ind ica te  a concave so l id / l i qu id  

in '  e r f  ece during the growth of ingot L6. 

Apparently, the la rge  d i f fe rences  i n  the r a d i a l  compoeitional homogenei- 

ties of ingots  L6 e-d L7 a r e  r e l a t ed  t o  the d i f f e r en t  growth r a t e s  involved. 

The characte:'.stic d i f fus ion  length t ha t  governs the l ong i tu i l na l  ao lu te  

(CdTe) r ed i s t r i bu t ion  i n  the melt during the growth of a c r y s t a l  is inversely 

propcrt ional  t o  the growth (furnace t ranola t ion)  r a t e  (see, f o r  example, 

References 1 and 11). The magnitude of the longi tud ina l  aolute  concentration 

lljure 17. Ilrdld variatiors of lk cutor wclvdeq~b a d  Cd 
compdtloa for ingot U. 



gradient is inversely proportional to the diffusion length and thus directly 

proportional to the growth rate. Consequently, the longitudinal compositional 

gradients in the melt just ahead of the interface during the growth of ingot 

L6 were substantiaily larger than those during the growth of ingot L7. The 

comparison of the compositional data for ingots L6 and L7 therefore suggests a 

strong correlation between radial compositional redistribution and the magni- 

tude of the longitudinal alloy gradient in the nelt ahead of the growth 

interface. 

Because the HgTe-rich component rejected during the Bridgman-Stockbarger 

grauth of the alloys is more dense than the original melt, the melt ahead of 

the growth interiace should be gravitationally etable against convection if a 

flat growth interface is maintaiwd during the growth process. However, be- 

cause the liquidus and solidus boundaries of the Hgl-,Cd,Te pseudobinary con- 

stitutional phase diagram are widely separated, the growth interface temper- 

ature undergoes large changes during the crystal growth,' thereby making a 

curved isotherm at the solidification temperature unavoidable at some point 

during the growth process. This curved isotherm can readily lead to a curved 

(concave or convex) solid-liquid interface, which need be neither an isothcrm 

nor an isoconcentrate. Consider the case of a concave liquid interface. The 

rejected HgTe-rich liquid will tend to flow along the interface under the 

influence of gravity, resulting in a higher HgTe concentration at the cetter 

than at the edges of the interface. Because the alloy solidus temperature 

decreases with increased HgTe concentration, the interface temperature at the 

:enter will be decreased with respect to the edges, causing the interface to 

become more conceve. Similar considerations apply to a convex liquid inter- 

face. Lateral difftiaion tends to drive the interfacial melt compositions to 

some equilibrium condition. For a giken interface radius of curvature, the 

condition izr the onset of an interfacial fluid flow should be directly re- 

lated ts the initial longitudinal comgositional gradient in the melt and hence 

to the growth rate. It is likely therefore that the large disimilarltiee in 

the radial alloy compositional di~tributions in ingots M and L7 are a direct 

c~nsequence of dif ferances in ihe gravlty-i nduced inter£ ac ial fluid flows. 

To ascertain the effects of variat.'~ns in th? thermal barrier width (see 

Figure 8) on raa:~l alloj homogeneity, ingots L13, L14, L15, and L l b  were 

grown using thermal barrier widths of 3.8 cm in contrast to the barrier w!dths 



of 0.4 t o  0.8 CAE employed previously. Similar ly  t o  the case of ingot  L6, the  

r a d i a l  compositional p r o f i l e s  f o r  each ingot ind ica te  concave so l id / l i qu id  

in te r faces  for  the e n t i r e  growth length and thus s ign i f i can t  r ad i a l  tempera- 

tu re  gradients  In the v i c in i t y  of the in te r face .  

Approximate ca l cu l a t i ons  were performed fo r  the  temperature distribution 

i n  the v i c i n i t y  of the growth in t e r f ace  fo r  varioue assumed valuer  f o r  t he  

l i qu id  and s o l i d  thermal conduct ivi t ies .  Although the v a l i d i t y  of e m  of the  

approximatione used is suspect,  the  q u a l i t a t i v e  dependence of t he  ca lcu la ted  

r ad i a l  temperature d i s t r i b u t i o n  on the upper- and lower-zone temperatures sug- 

ges t  tha t  the thermal conductivity i n  the l i qu id  jus t  ahead of t he  growth 

in te r face  i e  higher than i n  the r e so l id i f i ed  a l loys .  This r e s u l t  con t r a s t s  

with previous assumptions t ha t  the thermal conductivity of the  s o l i d  is higher 

general ly  than tha t  of the melt. 17 

Although ingot L7 showed a high degree of r a d i a l  homogeneity, t he  ingot 

was polycrystal l ine.  Similar r e s u l t s  a l s o  have been seen fo r  c r y s t a l s  grown 

a t  HDRL under the kDonnel l  Douglas Corporation Independent lbsearch and 

Develapmtnt (IRAD) program. Since g ra in  s e l ec t i on  is usual ly  favored by 

convex in t e r f ace  shape, l 6  t he  growth of high-quality Hgl-,CdxTe c r y s t a l s  by 

the Bridgman-Stockbarger method m y  require  a curved growth in t e r f ace ,  which 

i e  l i k e l y  t o  be unstable aga ins t  gravity-induced convective f l u i d  flow.. 



5. ELECTRICAL CHARACTERIZATION 

Galvanomagnetic measurements were performed t o  expand the data  base fo r  

well-characterized, homogeneous HgCdTe cy r s t a l s .  Measurements =re ~ a d e  on 

s l i c e s  cut  from ingot L7, described i n  tne previous sec t ion  and on s l i c e s  cu t  

from a 10-mm diameter ingot (L0721-51) t ha t  was grown fo r  the McDonilell 

Douglas Corporation IRAD program. Ingot L0721-51 was grown by the Bridgnan- 

Stockbarger method and was r ad i a l l y  homogeneous (Ax c n.005) f o r  a 70-mm 

length over which x increased monotonically from 0.27 t o  0.32. For a number 

of s l i c e s ,  the measurements were repeated following annealing i n  s Hg 

atmosphere at severa l  temperatures. Theoret ical  analyses were performed t o  

es t imats  point defect  concentrations i n  a typ ica l  sample from ingot L7. 

5.1 Sample Preparation and Screening 

The samples used for  Lhe measurements were s l i c e d  from the ingots  with a 

wire saw using a s l u r r y  of bOO-mesh SIC, water, and glycer in .  The plant  of 

each s l i c e  was perpendicular t o  the growth axis.  To remove sur face  damage 

caused t y  s l i c i n g ,  the samples were etched i n  a Br2-methanol so lu t ion .  

The a l l oy  compositional va r i a t i ons  and the ove ra l l  a l .oy  composition f o r  

each sample vere deduced from inf ra red  transmission cut-on measurements a s  

described i n  Section 4.2. Table 5 summarizes the compositionnl character- 

i s t i c s  for  ssmples for  which data a r e  reported. 

TABLE 5. ALLOY COMPOSITIONS AND COMPOSITIONAL 
VARIATIONS OF SAMPLES USED FOR ELECTRICAL 
CHARACTERIZATIONS. 



5.2 E l e c t r i c a l  Res i s t i v i t y  and Hall Coeff ic ient  Heasurements 

The e l e c t r i c a l  r e s i s t i v i t y  and Hell coe f f i c i en t  measurements \*=re aade by 

the method of van der ~auw.* Following attachment of the e l e c t r i c a ~  leede 

with indium, the  samples were fastened t o  the sample block of a closed-cycle 

helium re f r ige ra to r ,  which is an in t eg ra l  par t  of an MDRL-deaigned automated 

galvanoaagnetic data  acqu i s i t i on  system. A block diagram of the system is 

shown i n  Figure 18. The e n t i r e  experiment, including temperature va r i a t i ons  

and ~vlgne t ic  f i e l d  d i r ec t i on ,  is control led by a microcomputer (Dig i ta l  

Equipment Corp. HINC-11). 

The temperature dependence of the e lec t ron  concentration f o r  a sample 

from ingot L7 (L7-57) is shown i n  Figure 19. The sample was n-type and had a 

net donor concentration, ND-NA, of 5-9 x lo1' C Q - ~ *  Ingots gram a t  high 

lower-tone temperatures (: 450°C) tend t o  be p-type. The lower-zone tempera- 

t u r e  during the growth of ingot L7 was about 5 2 0 ~ ~ .  However, following 

growth, the zone temperature was rese t  t o  270°c, and the ingot  was annealed a t  

t h a t  temperature fo r  about 340 h. 

Following the i n i t i a l  measurements, sample L7-57 was annealed i n  mercury 

vapor, and measurement of the temperature dependence of the e l e c t r i c a l  proper- 
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Figrn 18. Block diagram of automated system for mcuI)ranats of 
g&MOmqme* propvrtks of sclriconductorr. 
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t i e s  was repeated.  The anneal ing cond i t ions  are given i n  Table 6. The 

temperature dependence of the  c a r r i e r  concen t ra t  ion i n  the sample fol lowing 

anneal ing is a l s o  shown i n  Figure 19. 

The s o l i d  curves  shown i n  Figure 19 were c a l c u l a t e d  using t h e  t h e o r e t i c a l  

model and band parameters descr ibed i n  Reference 1. The c a l c u l a t e d  r e s u l t s  

agree  remarkably well wi th  t h e  experimental  d a t a ,  e s p e c i a l l y  f o r  t h e  as-grown 

cond i t ion.  

The measured and ca lcu la ted1  a l e c t r o n  m o b i l i t i e s  f o r  t h e  as-grown sample 

L7-57 a r e  shown i n  Figure  20. The var ious  curves i l l u s t r a t e  the  r e l a t i v e  

v a r i a t i o n s  of the  c a l c u l s t e d  mobilities with a l loy-disorder  energy and 

acceptor  concen t ra t ions .  Tile best  f i t  t o  the  temperature dependence of t h e  

~ o b i l i t y  suggests  an  a l loy-disorder  energy of 3.5 - 4.5 eV, about a f a c t o r  of 

two higher than the  e x p e c ~ e d  value1 of - 2 eV. The bes t  f i t  t o  the  d a t a  f o r  

an a l loy-disorder  energy of 3 eV impl ies  a donor coilcentration of 8.9 x 1015 

~ m ' ~  and an acceptor  concen t ra t i an  of 3.0 x l 0 I 5  



wcuiatioclc for x -O.ZQ. N, - N, - 5.90 x 1 0 ~ 5 ~ "  
- 

The mobility at l w  temperatures in sample L7-57 following annealing 

shows a large reduction, which implies a large increase in the defect concen- 

trations in the sample as the result of annealing. A more complete evaluation 

of this result will require further experimentation and theoretical analysis. 

The measured Hall coefficients and resistivities for as-grown samples 

from ingot LO721-51 are shown in Figures 21 and 22. In agreement with previ- 

ously published results20 for iig0.62Cd0.38Te samples with NA - N~ slightly 
larger than 1016 the Hall coefficients below about 50 K s h w  acceptor 

freezeout with activation energies of 9-10 meV. 
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Figure 21. Tempmture dependence of Hall coefficient for r r m w n  samples 
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Figures 23-26 show the temperature dependence of the Hall coefficients 

and resistivities of samples L0721-51-49 and L0721-51-118 following various 

annealings in an Hg atmosphere. The annealing parameters are given in Table 

6 .  The choice of the parameters was based on data given in References 21 and 

22. The temperature dependences of the Hall coefficients and resistiviti:!~ 

indicate that the carrier concentrations in the samples did not reach equi- 

librium values during any of the annealings. Specifically, the temperature 

dependence of the Hall coefficients in Figures 23 and 25 cannot be explaii~ed 

on the basis of a homogeneous sample. Apparently, much longer annealing times 

are required to achieve carrier equilibration than the times employed. 
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Rjure 23. Tmper8tm dcpradcm of Hall racffldat for mmplc LOnl4149. 
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Rgure 26. Temptratore dg.dracc of raiaivity for sample LbfZ141-118. 



REFERENCES 

S. L. Lehoczky, F. R. Szofran,  and B. G. Martin,  Advanced Methods f o r  

P repara t ion  and Charac te r i za t ion  of In f ra red  Detector M a t e r i a l s ,  

McDonnell Douglas Corporation Report MDC 40717 ( 5  J u l y  19RO), ( F i n a l  

Report f o r  the  period 5 December 1978 - 5 J u l y  1980 f o r  the  George C. 

Marshall  Space F l i g h t  Center Contract  No. NAS8-33107). 

F. R. Seofran and S. L. Lehoczky, The HgTe-CdTe Pseudobinary Phase 

Diagram, 22nd Annual E lec t ron ic  Mate r i a l s  Conference, I t h a c a ,  New York, 

24-27 June 1980; Journa l  of E l e c t r o n i c  Materials ( i n  press) .  

S. L. Lehoczky, C. J. Summers, and F. R. Szofran,  D i r e c t i o n a l  

S o l i d i f i c a t i o n  and Charac te r i za t ion  of Hgl.-_Cd,Te (x c 0.25), 

NATO Cadmium Mercury T e l l u r i d e  (CMT) Workshop, Grenoble, France, 

23-24 Apri l  1980. 

A. S. Jordan,  A Theory of Regular Associated So lu t ions  Applied t o  t h e  

Liquidus Curves of the  Zn-Te and Cd-Te Systems, Met. Trans. - 1, 239 

(1970). 

S. Szapiro,  Solid-Liquid E q u i l i b r i a  i r l  Ternary Regular Associated 

So lu t ions ,  J. Electron.  Mat. - 5, 223 (1976). 

A. J. S t r a u s s ,  M.I.T. Lincoln Lab., p r i v a t e  communication. 

B. M. Kulwicki, The Phase E q u i l i b r i a  of Some Compound Semiconductors by 

DTA Calorometry, ?h.D. D i s s e r t a t i o n ,  Univ. of Michigan (1963). 

M. R. Lorenz, Phase E q u i l i b r i a  i n  the  System Cd-Te, J. Phys. Chem. S o l i d s  

23, 939 (1962). 
7 

Jacques S t e i n i n g e r ,  Alan J. S t r a u s s ,  and Robert F. Brebrick,  Phase 

Diagram of the  Zn-Cd-Te Ternary Systems, J. Electrochem. Soc. - 117, 1305 

( 1970) 

Jacques S t e i n i n g e r ,  Hg-Cd-Te P b x e  Diagram Determination by High Pressure  

Reflux, J. E lec t ron ic  Mat. - 5, 299 (1976). 

V. G. % i t h ,  W. A. T i l l e r ,  and J. W. Rut te r ,  A Mathematical Analysis  of 

Solute  R e d i s t r i b u t i o n  During S o l i d i f i c a t i o n ,  Can. J. Phys. - 33, 723 

( 1953) 

S. L. Lehoczky and F. H. Szofran,  Diffusion-Limited D i r e c t i o n a l  

S o i i d i f i c a t i o a  cf Hgo,8Cdo,2Te, F i f t h  I n t e r n a t i o n a l  Conference on Vapor 

Growth and F i f t h  American Conference on Crys ta l  Growth, Coronado, 

C a l i f o r n i a ,  19-24 Ju ly  1981. 



i ; 
S. L. Lehoczky, J. G. Broennan, D. A. Nelson, and C. R. Whitsett, I 

! 
Temperature-Dependent E l e c t r i c a l  P r o p e r t i e s  of HgSe, Phys. Rev. B - 9, 1598 

( 1974) 

D. A. Nelson, J. G. Broerman, C. J. Summpers, and C. R. Whitse t t ,  

E l e c t r i c a l  Transport  i n  the  Hgl,,CdxSe Alloy System, Phys. Rev. B - 18, 

1658 (1978). 

E. 0. Kane, Band S t r u c t u r e  of Indium Antimonide, J. Phys. Chem. S o l i d s  1, - 
249 (1957). 

Tse Tung, L. Golonka, and R. F. Brebrick, 'Ittennodynamic Analysis of t h e  

HgTe-CdTe-Te System Uaing t h e  Simpl i f ied  RAS Model, J. Electrochem. Soc. 

128, 1601 (1981). - 
F. Rosenberger, Fundamentals of C r y s t a l  Growth I (Springor-Verlag, 

Ber l in ,  Heidelberg, New York, 1979), p. 305. 

C. E. Chang and W. R. Wilcox, Control  of I n t e r f a c e  Shape i n  t h e  V e r t i c a l  

Bridgman-Stockbarger Technique, J. C r y s t a l  Growth - 21, 135 (1974). 

L. J. van der  Pauw, A Method of b a a u r i n g  S p e c i f i c  R e s i s t i v i t y  and Hal l  

E f f e c t s  of Discs of Arb i t ra ry  Shape, P h i l i p s  Research Reports 13, 1 - 
( 1958) 

W e  Scot t ,  E. L. S t e l z e r ,  and R. J. b g e r ,  E l e c t r i c a l  and Far-Infrared 

Opt ica l  P roper t i e s  of p-Type Hgl-,CdXTe, J. Appl. Phys. - 47, 1408 (1976). 

J. L. Schmit and E. L. S t e l z e r ,  The Ef fec t  of Annealing Temperature on 

t h e  C a r r i e r  Concentrations of Hg0.6Cd0,4Te, J. E l e c t r o n i c  Mat. 7, - 
65 (1978). 

H. H. Shimizu, Improving t h e  P r o p e r t i e s  of Cadmium Mercury T e l l u r i d e ,  

Ger. Offen. 2, 723, 891 i n  Chemical Abs t rac t s  88- 8 2 7 2 8 ~ ~  581 (1978). --' 


	0001A02.JPG
	0001A03.TIF
	0001A04.TIF
	0001A05.TIF
	0001A06.TIF
	0001A07.TIF
	0001A08.TIF
	0001A09.TIF
	0001A10.TIF
	0001A11.TIF
	0001A12.TIF
	0001A13.TIF
	0001A14.TIF
	0001B01.TIF
	0001B02.TIF
	0001B03.TIF
	0001B04.TIF
	0001B05.TIF
	0001B06.TIF
	0001B07.TIF
	0001B08.TIF
	0001B09.TIF
	0001B10.TIF
	0001B11.TIF
	0001B12.TIF
	0001B13.TIF
	0001B14.TIF
	0001C01.TIF
	0001C02.TIF
	0001C03.TIF
	0001C04.TIF
	0001C05.TIF
	0001C06.TIF
	0001C07.TIF
	0001C08.TIF
	0001C09.TIF
	0001C10.TIF
	0001C11.TIF
	0001C12.TIF



