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I. Phy.: Condens. Matter 4 (1992) 58254834. Printed in the UK 
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AbsImcL Doppler broadening measuremenu of the 511 keV pmimn annihilation line- 
shape have been carried out t o  study the nature of vacancy-type defects in samples of 
cadmium mercury telluride. Results from annealing in the temperature range 300-450 K 
indicate an unusual, reversible variation with temperature which is attributed to the role 
of impurities or native defecls in the sample. Funher annealing (to 570 K) produces 
an increase in the vacancy concentration due to the formation of a new ’ype of defect. 
Extensive annealing at this temperature gradually changes the sample to a coral structure 
of C d 2  as Hg and Te are lost I” the sample. 

1. Introduction 

The mixed crystal cadmium mercury telluride, Cd,Hgl-,R (CMT) is an important 
infrared detector material. From the viewpoint of the device physics it is in many 
respects an ideal substance. By altering +, the mole fraction of CdR, the forbidden 
energy gap can be varied continuously from that of the semimetal HgR(-0.3 eV at 
0 K) to that of CdTe (1.6 eV at 0 K) and within this bandgap range detectors can 
therefore be tailored for a specified spectral response with optimum performance. 
Most interest is in detectors operating in the atmospheric windows lying between the 
spectral wavelengths 8-14 p m  and 3-5 p m  requiring CMT with +-values around 0.2 
and 0.3 respectively. The lower value leads to a very small electron effective mass 
and a very high electron mobility (> lo5 cm2 V-’ s- ). Detectors made from small- 
bandgap material generally require cooling, usually to liquid nitrogen temperature, 
to reduce the thermal generation of carriers, but current research is aimed at raising 
the operating temperature. Both photoconductive and photovoltaic detectors are 
required-hence the need to make n- and p-type CMT with specified properties. 

From the materials aspect, CMT is a very difficult substance to prepare with the 
necessaTy degree of uniformity in composition and electrical properties, especially 
when relatively large areas are required for the fabrication of detector arrays. In 
recent years improvements in the defecr structure have resulted from the lower tem- 
peratures associated with the epitaxial growth techniques (liquid and vapour phase) 
which have, to a large extent, replaced bulk growth. However, since CMT is a defect 
semiconductor, native defects play a large part in determining the electrical proper- 
ties. As-grown CMT usually has a fairly high concentration of mercury vacancies which 

W53-8984/9w265825+10x14.50 0 1992 IOP Publishing Ltd 5825 



5826 C Sntifh ef ai 

act as acceptors. Post-growth annealing is used to alter the concentration to give the 
hole concentrations required for a particular detector. At sufficiently low levels the 
material becomes n-type as residual donor impurities become dominant. Current re- 
search is aimed at producing the ‘p’ and ‘n’ regions of the photovoltaic detectors by 
incorporating dopants during growth. However, complex reactions between dopants 
or impurities with native defects may be detrimental to device performance. Point 
defects in CMT have not been extensively studied due to lack of suitable techniques. 
Most of the methods used with wide-bandgap materials cannot be applied for one 
reason or another. Carrier lifetimes are too short for EPR and photoluminescence 
although the latter has been used with higher-z-value CMT (Lusson ef  ai 1990, Werner 
et a1 1990) and the small bandgap prevents the attainment of good Schottky barriers 
which would be required for DLTS to be used. Some progress has been made with 
radiotracer diffusion (Chen 1985, Archer ef ai 1991) but most of the information has 
been inferred from electrical properties determined from measurements of the Hall 
effecr Positron annihilation spectroscopy offers a possible means of complementing 
the electrical measurements with direct determination of the concentration of certain 
defect species. 

2. Positrons in semiconductors 

The use of positrons as probes for studying lattice defects in semiconductors is a 
powerful technique which is sensitive to relatively low concentrations. Energetic 
positrons from radioactive sources rapidly slow down in solids to thermal velocities, 
then diffuse and after a period typically 200-400 ps eventually annihilate and emit 
gamma rays in the process. Lattice defects, especially open-volume defects such as 
negatively charged vacancies, are potential wells, which are liable to trap a fraction 
of the positrons prior to annihilation. The trapping probabilities are governed by the 
density of electrons experienced by the positron, and this will vary according to its 
circumstances: positrons trapped in vacancies will encounter a lower electron density 
than those free in the lattice and hence will have a longer lifetime. The early work 
on positron trapping in semiconductors was done with lifetime measurements, by 
Dannefaer ef a/ (1976) on silicon, and by Dannefaer (1982) on gallium arsenide. In 
such studies the time taken from the birth to the eventual annihilation of each positron 
is recorded and the statistical distribution plotted. Each distribution is an exponential 
and can be characterized by a mean lifctime that reflects the constant probability of 
annihilation for a particular defect and gives an indication of its concentration. 

So far, only a few studies have been made on 11-VI semiconductors. Krause ef a1 
(1990) found with lifetime measurements in Cd,,22Hg,,78Te that they could observe 
mercury vacancies (Vi;) in the concentration range between 1015 and lo1* Af- 
ter a sequence of post-growth annealings, with estimates of concentrations of defects 
based on thermodynamical equations and comparisons with Hall effect measurements, 
their positron measurements led to an estimate for the specific positron trapping rate 
@ of (6 & 0.5) x cm3 s-l (9.0 * 1.0) x 1014 s-I where the bulk lifetime 
T~ = 264 5 1 ps. In another study, thje Beijing group (He et af 1989) found a value 
of (5 & 1) x 1014 s-l for the spc~ilic trapping rate for Vi;. 

3. Experimentation with Doppler broadening 

An alternative approach to investigating defects is to exploit the Doppler broadening 
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of the 511 keV photons arising from the motion of the electron participating in the 
annihilation. This is a well established technique for defects in metals (see, e.g., Hau- 
tojslvi 1979, Rice-Evans et af 1978). Positrons trapped in vacancies are more likely to 
couple with an outer rather than a core electron and these will narrow the ObSeNed 
distributions. For a particular defect the broadening will vary in a characteristic way 
with the defect concentration and hence may be used as an indication of the change 
in the concentration. By varying the temperature of a material the defect concentra- 
tion can be altered as can the type of dominant defect. Positron annihilation offers 
the potential to monitor the evolution of such changes in semiconductors. 

In this study of CMT a 20 pCi 2ZNa positron source was used; this precluded the 
use of epitaxial material (typically Y 10 pm thickness) since positrons produced by 
the source penetrate a mean distance of Y 300 pm into this material. Recourse was 
made to slices cut from bulk material grown by the cast-recrystallize-anneal (CRA) 
process (Vere er af 1982) with an z-value of 0.22 corresponding to a bandgap of 
0.19 eV at 300 K. The starting materials were Cominco quadruply zoned Cd and Td 
and 7N purity Hg. The major impurities found by spark source mass spectroscopy 
in samples similar to that from which the slices used in this study were cut were Li 
at around 3 x lor5 atoms cma3 and Na at 4 x 1015-2 x lor6 atoms an-3. Our 
as-grown material is p-type with a hole concentration of Y 2 x 1017 c w 3  and a 
mobility of 280 an2 V-' s-l. It is interesting to note that after an isothermal anneal 
at 250 O C  in Hg vapour the material converts to n-type with an electron concentration 
which is typically mid 1014 ~ m - ~  and a mobility of 1.5 x lo5 cmz V-' s-l. The slices 
were cut with a reciprocating blade and carborundum polished with Linde A alumina 
and then etched in a 2% solution of Br in methanol to remove work damage caused 
by cutting and polishing. 

The positron source was contained between two leaves of AI foil 3 pm thick 
and sandwiched between two slices of CMT (8 x 6 x 0.6 mm3). 'WO experiments 
were undertaken, each requiring its own sample structure which was positioned in 
a continuously evacuated furnace. In the first experiment the sample was heated in 
steps from ambient to 460 K and then cooled in a similar way. The sample was 
then reheated in steps from ambient to 590 K which resulted in some degradation. 
The behaviour at the lower end of the temperature range was studied in the second 
experiment using a fresh sample. The temperature was again changed in steps and 
cycled with the maximum temperature in each cycle being successively increased from 
418 K to 550 K by approximately 20 K per cycle with a total of six cycles. In both 
experiments at each stabilized temperature a spectrum was accumulated over a period 
of one hour using a germanium detector of resolution 1.1 keV at 514 keV Rather 
than conduct a separation of each photopeak into its components we have used 
the conventional line-height parameter S, changes in which will indicate linearly the 
variations in the numbers of positrons being trapped. S is defined as the ratio of the 
counts in the central fifteen channels to the counts in the whole line (40 channels) 
after background subtraction (Chaglar el al 1981). 

4. Results 

Figure 1, cume A shows the response of the as-grown sample as the temperature is 
raised from 300 K to 460 K. The S-parameter remains constant to about 380 K sug- 
gesting no changes in the defect concentration, a specific trapping rate for positrons 
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that is independent of temperature, and traps that are relatively deep. Above 380 K, 
the declining value of S, shown in broadening of the photopeak, indicates a reduction 
in the number of traps. 

However, taking the sample down from 460 K back to 300 K results in the curve 
seen in the lower part of figure 1, curve B: its negative slope is most unusual as is 
the fact that it is reversible. 

0.483 

0.483 0 

. , ,. .,., . , , . , .. ,. ..., 
. 0 

I . .  , , , . . - L  

M ~ O W I ~ ~  r s m p m u r e  (K) 
300 320 340 360 380 400 420 440 461 

Figure 1. The effect on the Doppler S-parameter of raising the original c m  crystal 
temperature from 300 to 460 K. and lhe subsequent values as the temperature was cycled 
back to 300 K and back up lo  460 K again. 
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Figure 2, curve C shows the results of raising the temperature to 570 K. Up 
to 530 K the annealed sample initially holds a steady value of S at about 0.478 
indicating little change in the cMT. At the highest temperatures S rises slowly (each 
point corresponds to one hour) indicating the creation of new traps. After about 56 
hours, the sample was measured as it was taken back to 300 K, curve D. The flat 
curve (S c- 0.481) supports the assumption of the temperature independence of the 
trapping rate. 

The study of the transition region, curve A in figures 1 and 2, by taking a similar 
sample through a number of temperature cycles is shown in figure 3. By using the two- 
state trapping model (West 1973) the vacancy concentration Cv can be determined 
from the S-parameter: 

cV = (Ab / f i ) (s -  sb)/(sV - s, 
and, adopting the values of Krause ef a1 , we have 

Cv = 6.21 x 10l6(S - Sb)/(Sv - S). 
'Wing the original vacancy concentration for the as-grown sample as 1.0 x 10'' 
where S = 0.4822, and the expected concentration of 2.5 x 1015 ~ m - ~  at 475 K where 
S = 0.478, we obtain values of Sb and Sv and hence the relation for the vacancy 
concentration at any temperature in the range 300-5133 K 

Cv = 6.21 x 10l6(S - 0.477)/(0,485 - S). 

x 
0 

300 325 350 375 400 425 450 475 500 5 
Measuring Tamperalure (K) 

Figure 3. A second idenlical CMT sample showing the variation of the S-parameter for 
the temperalure cycles ( 3 O a - 4 0 0 - 3 0 ~ 2 0 - 3 6 4 0 - 3 0 ~ 0 - M o - z w - 3 0 ~ 5 1 ~ 3 0 ~ ~ 0 -  
300 K). The lines are drawn as a guide to the eye only. 

In obtaining this relation we have taken the hole concentrations at 475 K from 
Dest6fanis et a1 (1987) and assumed the vacancies to be doubly ionized. Using this 
expression the information can be replotted in terms of the vacancy concentration 
and this is demonstrated in figure 4 where two of the cycles from figure 3 are shown. 
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Figure 4. Ihe defect concentration derived from the S-parameter for the cycles 3W- 
400-3W K, and 30049&3W- K in figure 3 (solid lins: as the temperature is raised in 
each case; dolled lines: as the temperature is reduced). 

5. Discussion 

Originally, the samples of Cd,,,Hg,,,Te are expected to have had a hole concentra- 
tion of 2 x lot7 which currently is believed to be due to Hg vacancies that 
have been ‘frozen-in’ during growth; hence in this explanation the material is not in 
equilibrium. In figure 1 it is thus tempting to interpret the decline in S as an indica- 
tion that the vacancies become mobile at about 380 K and anneal out by migrating 
to sub-grain boundaries or the like where they are annihilated. However, the cyclic 
behaviour in figures 3 and 4 is inconsistent with this explanation. The cycles are 
repeatable and reversible. In metal physics, reversible negative slopes are rare, and 
are often hypothesized to correspond with detrapping of positrons from shallow traps 
as temperatures are raised (Smedskjaer 1980). However, in the present case, the fact 
that negative slopes are seen in figure 3 long before the deep traps have annealed 
out casts doubts on this interpretation-the deep traps would dominate and merely 
cause flat ‘go back’ lines. 

Vacancies in semiconductors, unlike metal vacancies, can exist in one of several 
charge states. Elizarov el a1 (1990) have shown that at low temperatures the vacancies 
are singly ionized, but they become doubly ionized above ZOO K This contradicts 
the findings of Vydyanath (1981) who concluded that mercury vacancies are doubly 
ionized in the range 77-300 K, but it is possible that the latter study related to too 
high a dopant level. It is interesting to note that Corbel er ai (1988) have observed a 
reduction in the positron trapping in arsenic vacancies for gallium arsenide due to the 
transition from V z  at 100 K to V, at 200 K. However, according to both Elizarov 
and Vydyanath at 300 K the mercury vacancies in CMT are in the Vi- state, and it 
therefore seems unlikely that the observed temperature dependence in figure 3 is due 
to the change in the ionization state. 

Puska et a1 (1990) have discussed the influence of temperature on the positron 
trapping rates of negatively charged vacancies in semiconductors. They predicted 



A PA study of defects in c m  5831 

a T-’12 dependence. However, we are not aware of any evidence to support this 
model; our own Doppler results with identical as-grown material indicate a constant 
trapping rate between 77 and 300 K (Smith et a1 1992b). and Gbly ef a1 (1990) find a 
similar flat response with positron lifetime measurements between 15 and 300 K. In 
any event, the magnitudes of the negative slopes between 300 and 500 K in figure 3 
exceed the T-llZ dependence by a factor of about 5. We therefore prefer to advance 
another hypothesis. 

It can be seen that in each cycle the vacancy concentration falls as the temperature 
is raised, then increases above the lowest value as the temperature falls and, when 
back at ambient temperature, exhibits a value slightly less than at the start of the 
cycle. If the positrons are indeed annihilating at Hg vacancies-as we have good 
reason to believe because of the correlation found with measured hole concentrations 
(Krause el a1 1990, Smith et a1 1992a)-then this quasi-reversibility must imply that 
the core of the sample is close to thermodynamic equilibrium. This being so, the Hg 
vacancy concentration cannot be ‘frozen-in’ but must be controlled by another point 
defect such as an impurity or native defect that is relatively immobile. 

It is suggested that as the temperature is raised it becomes energetically favourable 
for the controlling defect to switch to a new atomic site. This could be a Na atom, 
initially on a Hg site, moving to an interstitial position. In this new configuration 
the Hg vacancy concentration rapidly adjusts to comply with the prevailing charge 
neutrality condition by falling in value, and when the temperature is reduced it should 
return equally rapidly to its original value. However, the core of the sample cannot be 
regarded as a completely isolated system, hence while in the high-temperature state 
the controlling defect can diffuse to a region that acts as a sink, and it will effectively 
be removed from the system. Examples of such sinks are Te precipitates which 
are present in bulk-grown CMT (Williams 1986) and are known (in CdTe) to getter 
many impurities (Pautrat et a/ 1982) and also the surfaces of slices that accumulate 
impurities such as the more mobile alkali metals Li, Na (Astles et a1 1988, Blackmore 
et a1 1990) and Cu (Jin et a1 1990). Should the controlling centre be a native defect 
(e.g. a R antisite), then presumably this can similarly be removed. This loss from 
the system means that the Hg concentration cannot return to its original value but 
must always be less than at the start of a cycle unless new types of defect-controlling 
centres are created. The process will continue until the vacancy level falls to a value 
determined by non-mobile controlling defects or the equilibrium value that would 
pertain in their absence. 

As the maximum temperature experienced in a cycle increases above 530 K there 
is a slight increase in the defect concentration on cooling back to ambient. Again this 
is reversible and the increase continues in each succeeding cycle. This could be due to 
the creation of another type of defect which may not be mobile and is possibly shown 
in an advanced state of development in figure 2, cuwe D. The observed reliability 
would thus be related to the continuing decay of the original defect (Hg vacancy) 
concentration. 

For the lower maximum temperature cycles the difference in Hg vacancy concen- 
tration between the start and end of a cycle is in good agreement with what would 
be predicted using the empirical equations of Destifanis (19S7) (taking into account 
the time spent at each temperature), given by 

( P -  f i ) / ( P ,  - P,) = e x p [ - ~ ~ ~ t e x p ( - l . ~ / k T ) ]  

where Po and P are the acceptor concentrations at 1 = 0 and t respectively, and Pr 
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is the equilibrium acceptor concentration at temperature T, given by 

Pr = 1.07 x 1O2'exp(-0.5/lzT) ~ m - ~ .  
However, for the cycles with higher maximum temperatures the difference is not 
as large as predicted due to the countereffect of newly created defects As an 
example, applying the Destkfanis equations to cycle 5, figure 4, where initially the 
defect concentration is 5 x 10l6 cme3 and the temperature changes in 8 K increments 
from 305 K to 489 K and then returns, dwelling at each temperature for 1 hour, the 
integrated difference in concentration is 3 x 1016 ~ m - ~  but a difference of about 1 
x 10" is all that is observed indicating the generation of 2 x 10l6 new 
defects. 

The concept of point defect centres controlling the low-temperature Hg vacancy 
concentration can be used to explain the discrepancy between the low-temperature 
hole concentration and the vacancy concentration at elevated temperatures (67C- 
870 K) determined by a mass-loss method (Wiederman and Gao Sha 1990). Wieder- 
man and Y measured vacancy concentrations two to three orders of magnitude greater 
than the low-temperature hole concentrations. He argues that at low temperatures 
only a fraction of the vacancies are measured electrically because a preponderance 
of them are neutral and there is a high degree of self-compensation. However, since 
both Elizarov and bdyanath agree that Hg vacancies are fully ionized above 200 K 
the high concentrations observed by Wiederman would be revealed by room temper- 
ature (300 K) Hall measurements. An alternative explanation is that the number of 
controlling centres present is very much less than is needed to retain the high vacancy 
concentrations found at elevated temperatures. The excess vacancies quickly migrate 
U) suitable s i n k  and disappear from the system, leaving only those associated with 
controlling centres. 

x 
= 0.2, Vydyanath (1989) and > 2.5 x lOI7  x = 0.4 Schmit and Stelzer (1978) 
and W E  (> lo'* cm-', x = 0.2, Vydyanath (1989) CMT after high-temperature 
annealing (773-873 K) in a mercury atmosphere followed by quenching. Further 
work is required on similarly prepared material to ascertain whether there acceptor- 
like defects behave in the same way as those that arise during growth. 

The effect of further heating is shown in figure 2 where little effect is observed 
until 560 K is reached, and successive measurements at 570 K reveal a slow increase 
in the amount of positron trapping up to an S-parameter of 0.481 after 56 hours. 
This increase can be explained by the results of Farrow et a1 (1979), who have shown 
that significant quantities of mercury are lost above 363 K, which leaves tellurium- 
rich material. Above 593 K both Hg and Te diffuse out at equal rates until the HgTe 
component is depleted and hence tellurium-rich CdTe remains. Micrographs taken by 
Farrow el a1 show that at these high temperatures in vacuum a porous surface layer of 
tellurium-rich CdR develops which grows with time, and it is this development that 
is being recorded by the S-parameter. The final reduction in temperature in figure 2, 
curve D, yielding a flat response in S, suggests a fxed concentration of deep traps. 

Large hole concentrations have, however, been measured in bulk (> 1Ola  

6. Conclusions 

The reversible behaviour of the S-parameter with temperature for temperatures less 
than 500 K is taken to indicate that the system is close to thermodynamic equilibrium. 
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As a consequence it is suggested that the mercury vacancy concentration is not 
'frozen-in' but is controlled by some other defect, which may be a native defect 
or a mobile impurity such as sodium. Hence high mercury vacancy concentrations 
at low temperatures will be determined by the number of controlling centres. As 
the number of these centres diminishes as a result of diffusion to sinks during heat 
treatment, so the low-temperature vacancy concentration will similarly decrease. 

In the region 590 K the defect concentration increases with time and does not 
alter on cooling. This can be taken as evidence of the creation of a different type 
of defect whose onset may occur at  a lower temperature around 530 K Prolonged 
heating at 590 K alters the structure of the material and a coral layer of CdTe slowly 
grows from the surface (Farrow et al 1979). 
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