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A strategy is presented for determining sublattice polailty at defects in compound semi- 
conductors. Core structures of 60-degree and Lomer dislocations in the CdTeIGaAs(001) 
system have been obtained by the application of maximum-entropy analysis toZ-contrast 
images (Z is atomic number) obtained in a 300-kilovolt scanning transmission electron 
microscope. Sixty-degree dislocations were observed to be of the glide type, whereas in 
the case of Lomer dislocations, both a symmetric (Hornstra-like) core and an unexpected 
asymmetric structure made up of a fourfold ring were seen. 

O f  critical importance in the understand- 
ing of the transport and optoelectronic 
properties of semiconductor devices is a 
knowledge of the precise atomic arrange- 
ments at dislocations in fabricated materi- 
als. Although many models for dislocation 
core structures in diamond-cubic-based lat- 
tices have been proposed [see, for example, 
(1-4)], direct observation has not been pos- 
sible. Interpretation of experimental evi- 
dence has therefore relied on the properties 
of preconceived, nonunique atomic models 
as corroboration (5). Using 2-contrast im- 
aging on a 300-kV scanning transmission 
electron microscope (STEM) in conjunc- 
tion with maximum-entropy image analysis, 
we have acquired directly interpretable 
atomic resolution images of dislocation core 
structures in compound semiconductors. 
Besides the crucial ability to directly distin- 
guish glide and shuffle dislocations, we 
demonstrate the existence of unexpected 
core structures. Insight into the dislocation 
core structures of polar semiconductors rep- 
resents an important step toward an under- 
standing of their electronic and optical 
properties. 

One system in which dislocations play a 
crucial role (6) is that of CdJ-Ig,-,Te 
(CMT), which is used in a broad range of 
infrared optoelectronic applications, in- 
cluding, for example, two-dimensional fo- 
cal-plane detector arrays (7). In the fabri- 
cation of CMT systems, there has been 
considerable interest in the use of relatively 
inexpensive GaAs(001) substrates [see, for 
example, (8, 9)]. However, because of the 
large lattice mismatch that exists between 
GaAs and CdTe, a wide variety of defect 
structures can occur that can. in turn. seri- 

ously affect device performance. 
In the investigation of the interrelation 

among growth conditions, materials struc- 
ture, and electronic properties in highly 
mismatched 111-V/II-VI heteroepitaxial sys- 
tems, the growth of CdTe on GaAs(001) 
provides an ideal model system (10-12). 
The CdTe can be grown epitaxially on 
GaAs(001) in two orientations, (001) or 
(1 11); the preferred orientation is critically 
dependent on the growth conditions. In 
the former orientation, the lattice mis- 
match between substrate and epilayer is 
-14.6%, whereas in the latter, the CdTe 
grows so that [lTO]CdTe is parallel to 
[liO]GaAs (- 14.6% misfit) but [11Z]CdTe 
is parallel to [11O]GaAs (+0.7% misfit). 
The results described here have been tak- 
en from both (1 11)- and (001)-oriented 
CdTe systems grown by molecular beam 
epitaxy. Previous analysis (1 3, 14) carried 
out with high-resolution electron micros- 
copy (HREM) has provided important and 
detailed information on, for example, the 
relative density of different defect struc- 
tures and the angle of substrate tilt. How- 
ever, it has not proved possible to provide 
direct structural information with 2 sensi- 
tivity on the precise sublattice arrange- 
ments at interfaces and defects. 

The method of 2-contrast imaging (15) 
in STEM is an incoherent imaging tech- 
nique in which, when the crystalline spec- 
imens are oriented along principal zone 
axes, the recorded image can be interpret- 
ed simply as a convolution between an 
object function (the 2-sensitive columnar 
scattering cross section into the high-an- 
gle electron detector) and a point spread 
function (the incident electron   robe in- 
tensity). In this way, the recent develop- 
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tuitive data at atomic resolution (that is, 
regions of high intensity can be directly 
correlated to atomic column positions) 
(Fig. 1A). Furthermore, as a result of im- 
age incoherence it is possible, by applying 
the technique of maximum entropy (1 7, 
18), to retrieve the "most likely" Z-con- 
trast object function from each image. A 
detailed discussion of the implementation 
and subsequent interpretation of the max- 
imum entropy approach as applied to the 
study of 2-contrast images is given in (19). 
This method is robust and insensitive to 
small specimen tilts and exact probe defo- 
cus, and the retrieved object function con- 
tains quantitative positional and composi- 
tional information. It comprises an array 
of narrow intensity spikes (effectively del- 
ta functions) located at the atomic col- 
umn sites. each with a streneth related to - 
that column's scattering power (Fig. 1B). 
This information is more readily presented 
by convolution with a small Gaussian 
probe to form a "maximum entropy im- 
age" (Fig. 1C). In this way, quantitative 
object function information is  reserved, 
and it is still possible to observe structures 
intuitively as in Fig. 1A but in the absence 
of shot noise. It is bv this route that an 
atomic resolution image of a region of 
CdTe in the CdTe(l1 l)/GaAs(001) sys- 
tem is presented in Fig. ID. In this mate- 
rial, HREM observation along [I101 has 
indicated the presence of multiple twins 
parallel to the heteroepitaxial interface. In 
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Fig. 1. (A) As-acquired Z-contrast image of 
CdTe in CdTe(l1 l)/GaAs(001) viewed along the 
[I 101 projection, directly revealing sublattice po- 
larity. (B) The "most likely" Z-contrast object 
function of (A) obtained by maximum entropy 
analysis. (C) Maximum entropy image of (A). (D) 
Maximum entropy image of a wider area in the 
same material showing a twinned region of crys- 
tal. The direction of structural polarity (marked) is 
continuous across the boundary. The scale 
marker refers to (D); (A) through (C) are enlarge- 
ments showing the resolution of the dumbbells, 
separation 1.62 A. 
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the same way, such features can also be atomic columns can be directly located. 
observed with 2-contrast imaging but at a Clearly identifiable in the image is the 
level of resolution at which individual structural polarity in each layer (Te 

Fig. 2. Sixty-degree dislocations at the interface in CdTe(OOl)/GaAs(OOl) viewed in the (A) [I 501 and (B) 
[I 101 orientations. (C and D) Schematic representations of (A) and (B), respectively. Both dislocations are 
of the glide set. 

Fig. 3. Lomer dislocations at the interface in CcTTe(001)/GaAs(001) viewed in the (A) [I 701 and (8) [I 101 
orientations. (C and D) Schematic representations of (A) and (B), respectively. The dislocation in (A) 
possesses an unexpected core structure and that in (B) is Homstra-like. 

brighter than Cd), which is continuous 
across the twin boundary. With 111-V and 
11-VI semiconductors in which the intrin- 
sic 2 contrast between anion and cation 
columns is low, there is, as a result of 
image noise, a finite probability that a 
small number of dumbbells will exhibit an 
anomalous polarity "inversion." Thus, to 
discern local polarity, it generally requires 
information from more than an individual 
dumbbell. The effect of a small misorien- 
tation in the crystal with respect to the 
incident beam direction is a reduction of 
spatial resolution and 2 contrast. Thus, 
although significant tilt can make it im- 
possible to assign sublattice polarity, it 
cannot lead to an overall polarity inver- 
sion. Silicon, for example, has never 
shown any apparent lattice polarity. 

In the analysis of the CdTe(001)/ 
GaAs(001) system, we used 2-contrast im- 
aging to probe microstructures at both 60" 
and Lomer dislocations at the interface 
(Figs. 2 and 3). At the dislocations cores in 
each of the images, the presence of local 
strain results in a reduction of channeling 
contrast and hence 2 sensitivitv. Column 
positions are, nevertheless, clear. Our strat- 
egy for determining core structures at dislo- 
cations from the 2-contrast object function 
is as follows: First, the interface between 
GaAs and CdTe is distinguished by the 
increase in signal intensity over one mono- 
layer. Second, the direction of structural 
polarity on both sides of the interface is 
deduced from reeions outside the core. - 
where, as in the analysis of Fig. 1, it is 
directly observable. Finally, at the disloca- 
tion core, we assign column compositions 
consistent with the sublattice polarity in 
the surrounding matrix. 

The dislocations shown in Fig. 2, A 
and B, with schematic representations in 
C and D, respectively, are core structures 
in CdTe viewed along [I101 and [110]. As 
expected from the growth conditions used 
in the fabrication of these materials (13), 
the first monolayer above the interface is 
occupied by Te. It can be seen that, be- 
cause the two dislocations are viewed in 
orthogonal directions, Te occupies the up- 
per column of each dumbbell in Fig. 2A 
but the lower column in Fig. 2B. Accord- 
ing to the information in these images, the 
atomic arrangements correspond to per- 
fect 60" dislocations, the core of which is 
located in the CdTe epilayer and not at 
the interface, as may have been expected. 
Because of the double-layer atomic ar- 
rangement of the diamond cubic lattice, 
two sets of 60" dislocations (elide or shuf- .w 

fle) with identical Burgers vectors can ex- 
ist (20), the former showing a single atom- 
ic column at the core, the latter a dumb- 
bell when viewed along (110). Further- 
more, in compound semiconductors, the 
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electronic characteristlcs of a dislocation 
will vary depending o n  which atomic spe- 
cies is Dresent a t  t he  dislocation core 121 ). ~, 

From the  image data alone, it is clear that  
both dislocations shown here are of the  
glide set (as were all 60" dis locat~ons an- 
alyzed), ind~cat ing the  presence of Cd-  
terminated d i s loca t io~~s  along [ l iO]  and 
Te-terminated d~slocat ions  along [110]. 

In  a manner similar to  that  o fF ig .  2, 
Lorner dislocations viewed along [ I  101 and 
[I101 are shown in  Fig. 3, A and B, respec- 
tively, wlth their corresponding core 
structures in  C and D. As  in the  case of 
60" dislocations, two possible conf~gura-  
tions can  exist that  possess identical Burg- 
ers vectors. In tlljs case, the  core structure 
viewed along [I101 is situated above the  
~nterface  and IS asymmetric in  nature,  best 
described as consisting of five irregular 
sixfold rings surrounding a fourfold ring. 
T h e  exnerimental evidence shows tha t  the  
observed structure is unlike tha t  of the  
Hornstra model i 1 ) ,  which can .be de- 
scribed as a sevenfold ring coupled to  a 
fivefold ring. However, atomic arrange- 
ments similar to the  Hornstra model were 
observed along [I101 but with the  disloca- 
t ~ o n  located exactly a t  the  interface, i n -  
plying that  the  two columns common t o  
both  the  five- and seven-membered rines 

0 

(marked a' and P ' )  were occupied by G a  
atoms. T h e  most likelv rationalization of 
the  observed atomic airangements in  the  
asvmmetric structure is tha t  C d  columns a 
atld P each possess one dangling bond per 
a tom and that  there is also a small shear 
(positive for a and negative f o r  p or vice 
versa) of each column along [ I  101 (paral- 
lel t o  the  dislocation line direction) to  
accommodate a skewed tetrahedral bond- 
ing configuration for atoms in  T e  columns 
y and 6. These  data suggest that ,  possibly 
as a result of the  highly polar nature of t h e  
CdTe ,  the  Hornstra structure is not  ener- 
eeticallv favored when a d~slocat ion oc- 
curs en;irely within the  material. 

T h e  nature of the  observed structures 
in  bo th  the  60" and Lomer dislocations 
glves rise to  a number of questions relating 
to,  for example, dislocation energy, the  
chemical bonding i n  each region, the  elec- 
trical activity, and the  posslble existence 
of a small number of stabilizing impurity 
atoms a t  dislocation cores. Such  phenom- 
ena can  now also be investigated experi- 
mentallv wi th  atornlc resolution varallel- 
detection electron energy-loss spectrosco- 
py (22) .  It should be stressed tha t  although 
asymmetric L o ~ n e r  dislocation core struc- 
tures in  both  Si  (5) and compound semi- 
conductor ( 2 )  systems have been pro- 
posed, they differ from that  observed here 
because it has no t  hitherto been oossible 
to  obtain direct evidence of c o l u ~ n n  ar- 
rangements solely from experimental data.  
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and chemistry of such atomic conflgura- 
tions can  use the  directlv observed struc- 
tures as a firm foundatioil from which to  
nroceed. Our  observation tha t  core struc- 
tures in  polar materials can  be significant- 
ly different from those i n  nonoolar mate- 
rials should enhance the  imderstanding of 
compound semiconductor heterostruc- 
tures. T h e  ability to  determine dislocation 
core structures directly is expected to  have 
a major impact In lllany other  fields of 
materials science, leading perhaps to  the  
i~nders tandine and control of brittleness. - 
the  key factor l i m ~ t i n g  the  performance of 
structural materials. 
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Sterkfontein Member 2 Foot Bones of the 
Oldest South African Hominid 
Ronald J. Clarke and Phillip V. Tobias* 

Four articulating hominid foot bones have been recovered from Sterkfontein Member 2, 
near Johannesburg, South Africa. They have human features in the hindfoot and strikingly 
apelike traits in the forefoot. While the foot is manifestly adapted for bipedalism, its most 
remarkable characteristic is that the great toe (hallux) is appreciably medially diverged 
(varus) and strongly mobile, as in apes. Possibly as old as 3.5 million years, the foot 
provides the first evidence that bipedal hominids were in southern Africa more than 3.0 
million years ago. The bones probably belonged to an early member of Australopithecus 
africanus or another early hominid species. 

Bloedalisln was attained earlv 111 holninid 
evolution. Skeletal adaptations for this 
form of stance and galt are apparent in  the  
pelvic girdle, h ip  complex, knee joint, and 
foot of African apemen, t h e  australo- 
pithecines ( 1  ) .  T h e  locomotor apparatus 
of early ho~n in ids  was derived from that  of 
quadrupedal, arboreal ancestors (2 ) .  There  
is debate whether arboreal adaptations 
persisted in  australopithecines and,  if so, 
whether arboreal activities were part of 
their locomotor repertoire or whether 
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such traits were simply evolutionary bag- 
gage ( 3 ,  4) .  

A discovery a t  Sterkfontein near Johan- 
nesburg, South Africa, of four foot bones 
provides evidence that the  australo- 
pithecine foot possessed an  apelike great toe 
that diverged from the  other toes and was 
highly mobile. T h e  foot bones (Stw 573) 
were found among ~ n a ~ n m a l ~ a n  relnalns that 
had been extracted from Dumn 20 In 1980. 
Although they were not found in  situ, there 
is n o  doubt that they came from Member 2 
of the  six-member Sterkfontein Formation 
(5, 6) .  T h e  approximately 670 homlnid 
mecimens recovered from Sterkfonte~n to 
date have come exclusively from Members 
4 and 5 (7).  
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