
t hs  approach IS closely related to maximum Ikei-  
hood methods of fittng models to data 

3 The number of bits required to specify the generative 
weights should also be Included in the descrption 
length ( I ) ,  but we currently ignore t 

4. G E H~nton and R S Zemel, n Advances in Neural 
Information Processing Systems J. D. Cowan. G 
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Kulback-Leber divergences. 
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description length of the reconstruction error. 
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Crack-Li ke Sources of Dislocation Nucleation 
and Multiplication in Thin Films 

D. E. Jesson,* K. M. Chen, S. J. Pennycook, T. Thundat, 
R. J. Warmack 

With the combination of the height sensitivity of atomic force microscopy and the strain 
sensitivity of transmission electron microscopy, it is shown that near singular stress 
concentrations can develop naturally in strained epitaxial films. These crack-like insta- 
bilities are identified as the sources of dislocation nucleation and multiplication in films 
of high misfit. This link between morphological instability and dislocation nucleation 
provides a method for studying the basic micromechanisms that determine the strength 
and mechanical properties of materials. 

Dislocat ion ~lucleation in thin films is 
of considerable scientific and technological 
Importance in research areas ranglng from 
the transport properties of superconductlng 
layers to the  regulation of electrical and op- 
tical properties in semiconductor devices. 
T h e  mechanism by which the first dis- 
locations nucleate in a continuous thin film 
has been a central and unresoh~ed Issue 
of strained-layer epltaxy. It 1s k n o w ~ l  
that  misfit stress 111 t h in  films can be 
relieved by the  introduction of either a 
nonplanar surface inorphology (1-7) or 
inisfit dislocations (8 - lo ) ,  but the  con- 
nect ion and relative importance of these 
mechanisms has not  been explored. Fur- 
thermore, the  identificatlon of dlslocatio~l 
sources and multiplication lnecha~lislns 
presents a n  outstanding experimental 
challenge. 

Here we study strain relaxation in the  
technologically important Si-Ge system, 
which illustrates the general physlcal prin- 
ciples governing the growth of strained thin  
films. Our  approach is to combine atomic 
force microscopy (AFM) with transmission 
electron microscopy (TEM) to provide 
complementary local height and strain in- 
formation. This procedure reveals that 
crack-llke surface instabilities develop 
spontaneously and act as the sources of 
misfit dislocations in  strained thin  films. 
These obsen~ations connect the previously 
disparate fields of morphological instability 
and dlslocation nucleation through the  nat- 

ural framework of fracture mechanics. 
T o  examine the connection between dis- 

location nucleation and inoml~olooical in- - 
stability at high misfits, it is necessary to 
study the critical transition regime between a 
coherent (highly stressed) and dislocated 
(partially relaxed) film. This transition, 
which occupies only a very small region of 
the enormous phase space of deposition vari- 
ables, was achieved In two stages. Initially, a 
10-nm-thick Si,,jGe,,j alloy layer was depos- 
ited o n  Si(001) by molecular beam epitaxy 
at 400°C to create a dislocation-free film 
associated with a nominally planar surface. 
T h e  morphological instability of this surface 
was demonstrated bv a 1-min in situ anneal 
at 560°C, during w h ~ c h  a surface ripple mor- 
phology develops, as shown in Fig. 1,  A and 
B. T h e  ripple consists of island-like features 
that align along the elastically soft [loo] and 
[010] directions, resulting in a n  arrangement 
of orthogonal domains. Typically, the  is- 
lands are 15 n m  high and 100 n m  in  
diameter, with a strong tendency to facet 
along (501) planes. T h e  forination of these 
low-enerev nlanes would seem to  stabilize -, 
t he  misfit-induced morphological instabil- 
ity, resulting in  a network of significantly 
stressed vallevs a t  island intersections lo- 
cated -4 n m  above the  alloy-substrate 
interface. W e  would emphasize that  this 
situation results from the  instability of a 
planar film surface and  is appreciably dif- 
ferent from the  case in  which the  film 
grows mitially by means of isolated islands 
(1  1 )  or fractures to  create islands (1  2 ) .  

D. E. Jesson, K. M Chen, S J. Pennycook, S O I I ~  State T h e  AFM image in Fig. 1 A  directly llnks 
D~vsion. Oak Ridge National Laboratory, Oak Ridge, TN this critical point in momlIoloEical instabil- 
37831 USA 

- 
T, Thu'ndat and J, Warmack, Health Sciences R e  ity with the onset of dislocation nucleatio~l 
search Div~sion, Oak R~dae National Laboratorv, Oak ( 13).  Although lsla~ld heights range from 13 
Ridge, TN 37831, USA, to 18 nm,  the dislocations (arrowed) are 
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The dislocation densitv is lo7 cmP2. which 
is three orders of magnitude greater than the 
threading dislocation density in the sub- 
strate. Thus, the height sensitivity of AFM 
demonstrates that a surprisingly small 
amount of surface ripple is sufficient to in- 
duce dislocation nucleation. A Burgers vec- 
tor analysis by weak beam TEM (Fig. 2B) 
reveals that the dislocations are, surprisingly, 
of the perfect 90" edge type. After nucle- 
ation, they can be seen to propagate in (1 10) 
directions ~arallel to the allov-substrate in- 
terface. The most likely propagation mech- 
anism of sessile 90" dislocations is by the 
decomposition of one end of the dislocation 
into two 60" threading segments, which then 
propagate parallel to the 90" dislocation line 
on (111) planes. Each dislocated island is 
relaxed by -0.4% in a direction perpendic- 
ular to the dislocation line. The subsequent 
alignment of adjacent islands presents a clear 

Fig. 1. (A) AFM image that shows dislocation 
nucleation as a result of the morphological insta- 
bility of a Sio,5Geo,5 alloy film. The dislocations 
(arrowed) are associated with the tallest "islands" 
corresponding to the brightest regions of the gray 
scale. (6) An expanded view of the junction be- 
tween Dl and D2 where the primary dislocation 
Dl acts as a source for the secondary dislocation 
D2. The tendency of the islands to align along 
[I 001 (vertical) and [Ol 01 (horizontal) directions re- 
sults in a domain-like surface ripple. 

fingerprint of dislocation passage, allowing 
the height sensitivity of AFM to provide 
unique insight into the relaxation processes. 

The detailed nature of the dislocation 
source and mechanism of nucleation is re- 
vealed by plan view TEM (Fig. 2, A and B) 
(14). Although the regions between disloca- 
tion-free islands are under appreciable com- 
pressive stress, remarkably sharp stress con- 
centration lines (S) occasionally occur along 
(1 10) directions. From the narrow width and 
magnitude of the weak beam images, we can 
deduce that the stress lines are manifesta- 
tions of the crack-like surface instabilities 
considered theoreticallv bv Yane and Srolo- , , - 
vitz (15) and observed in cross section by 
Jesson et al. (16). The critical stress concen- 
trations responsible for dislocation nucle- 
ation are at 45" to the prominent (100) 
surface ripple. Presumably, the strong ten- 
dency for the surface to facet along (501) 
planes kinetically stabilizes the ripple mor- 
phology along elastically soft (100) direc- 
tions, preventing the formation of deep 
cracks. Therefore, (1 10) crack-like stabilities 
arise at intersections between islands belong- 
ing to different (100) domains. This avoids 
the low-energy (501) planes so that the stress 
concentration is free to evolve (1 5 ,  16). The 
strain field of the cusp-like intersection un- 
der com~ression is formallv the reverse of a 
crack under tension (1 7), which is consistent 
with the nature of our weak beam images 
(Fig. 2B). We therefore propose a crack 
blunting mechanism as a general method of 
dislocation injection during strained-layer 
epitaxy, as shown schematically in Fig. 3. To 
blunt the crack tip and nucleate a disloca- 

tion, it is only necessary to shear a single 
crystal   lane. The dislocation, if sessile, is 
then "trapped" by the motion of the film 
surface during the growth or anneal. 

According to a dislocation emission 
analysis based on the Peierls concept, the 
critical island height dQ for nucleation is 
given by (18) 

16pfS [I + (1 - v)cot2 cp] dQ = 
.rra2(1 - v)(l + cos O)sinz 0 

(1) 

Here, 0 is the angle between the glide and 
fracture plane, cp is the angle between the 
Burgers vector and the dislocation line, p is 
the shear modulus, v is Poisson's ratio, and u 
is the misfit stress. The unstable stacking 
energy yzs is defined by Rice (18) and 
characterizes the resistance to dislocation 
nucleation. The competition between yrs 
and the dislocation geometry embodied in 
Eq. 1 is central to the physics of crack blunt- 
ing and the brittle-to-ductile transition. 

Our surprising observation that 90" dis- 
locations nucleate in preference to other 
dislocation types at crack-like instabilities 
provides important information on the role 
of these quantities. The nucleation of a 
complete 60" dislocation or dissociated par- 
tials is likely to involve first the nucleation 
of a 30" partial on a (1 11) glide plane. As 
the in-plane shear stress is greater on the 
30" (1 1 1) glide plane than on the 90" (001) 
glide plane, this will favor nucleation of the 
30" partial. However, the pure edge nature 
of the 90" dislocation more than compen- 
sates for this reduction and so it experiences 
the greater force. Our experimental obser- 
vation of 90" edge dislocations establishes 

Fig. 2. (A) Bright-field (220) two- 
beam and (B) (220) @, 39) weak 
beam TEM images of dislocation 
multiplication induced by morpho- 
logical instability. High stress con- 
centrations associated with the 
crack-like instabilities (S and M) are 
revealed as short bright segments 
in (B). The dislocation lines Dl and 
D2 define [I 101 and [I 701 direc- 
tions, respectively. The nature of 
the diffraction conditions means 
that dislocation D2 is in strong con- 
trast in (A), and Dl is in contrast in 
(B). Similarly, stress lines (M) asso- 
ciated with D2 are in strong con- 
trast in (B). 

Fig. 3. The crack blunting mecha- A B 
nism of dislocation nucleation pro- 
posed for thin-film relaxation. The 
stress concentration at the tip of the 
crack-like instability shown in (A) re- 
sults in the development of a 90" 
dislocation (6). This dislocation 
blunts the tip and lowers the stress 
concentration by analogy with a 
crack under tension. 
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that d" > dd"', so that  from Eq. 1 y:e/y,',; < 
5.3. Recent ab initio calculations of y:: 
(19) then imply yz < 8.85 J mp'. In  the  
nonuniform field at the crack-like tip, the  
perfect edge character of the  90" disloca- 
tions rflould, therefore, appear to dominate 
the  nucleation process, explaining why 90" 
dislocations are nucleated in  preference to 
60" dislocations (20). 

A most surprising feature of Fig. 1 is the  
secondary dislocation (D2) that arises frorn 
the  primary dislocation line (D l ) .  W e  have 
observed a large number of isolated disloca- 
tion junctions consisting of short but mul- 
tiply branched segments; this observation 
has led us to the conclusion that an  existing 
dislocation can act as a multiplication 
source. This idea can also be understood in 
terms of our crack blunting nucleation 
mechanism. T h e  partially relaxed islands 
decorating D l  provide low-energy binding 
sites for diffusing adatoms and grow prefer- 
entially during the annealing process. H o w  
ever, the  90" edge dislocation cannot re- 
lieve the  stress along the  ilirection of the  
dislocation line, and this stress will contin- 
ue to  increase as the  islands grow in  size. 
This stress is clearly a maximurn at the  
island intersections orthogonal to the  dislo- 
cation line, as evidenced by the distribution 
of stress lines ( M )  visible by weak beam 
TEM in Fig. 2B. It is therefore valid to  
consider multiplication as an  efficient ex- 
ploitation of primary nucleation because a n  
existing dislocation line p ro~~ides  a large 
density of highly stressed island intersec- 
tions. In  order to relieve the stress colncen- 
tration, D2 rnust be orthogonal to Dl as 
observed in Figs. 1 and 2. 

T h e  nucleation of 90" dislocations in 
high-misfit films has been a subject of some 
controversy because these dislocations are 
unable to glide to the interface. Various for- 
mation mechanisms have been proposed 
that involve the reaction of 60" dislocations 
(21, 22). Although it is colnceivable that 
such mechanisms may occur, our observa- 
tions have revealed a direct nucleation path 
for 90" dislocations driven by stress concen- 
trations at crack-like instabilities. Further- 
more, this mechanism suggests the possibility 
of the opposite process in thicker films: A 
90" dislocation that nucleates away frorn the 
i~ntelface in the residual strain field of the tip 
may subsequently decompose into two 60' 
dislocations, which glide to the interface o n  
different (111) planes under the action of 
the misfit stress. This will be an activated 
process requiring a sufficiently thick rvetting 
layer for the decomposition to occur, which 
explains the stability of the 90" dislocations 
in our images. Under these circumstances, 
the  critical thickness for dislocation nucle- 
ation will depend o n  the formation kinetics 
of the crack-like instability geometry defined 
by Eq. 1. 

Dislocation elnissioll a t  crack-like sur- 9, S, V. Kamat and J. P Hrth. /bid. 67. 6844 (1990). 

face instabilities that  develon naturallv 10. L. B. Freund, /Water. Res. Soc. Res. Bull. 17. 52 ,, n n - 5  \ Y Y L J .  

during t h e  growth of high misfit films can  11, R, vlncent. Philos. ~ a a .  19, I 127 (1969) 
p r o ~ ~ i d e  insigllts into the  basic physics of 12. J. W. Matthews. ibid. 23. 1405 (1971). 

subcritical crack grorf~tl1 and crack blunt- 13, AFM Images were acquired I n  the tapping mode 
(Dlgltal Instruments, Santa Barbara, CA) n a dry, 

ing i n  a controlled and clean environ- H e - f e d  glove box. 
ment .  An accurate characterization of the  14 TEM was performed on a P h p s  EM400 mlcro- 

unstable tip geometry based o n  surface 
microscopies and a comparison with ther- 
mallv activated models of dislocation 
emission should allow the  extraction of 
core parameters or  unstable stacking ener- 
eies. This ma!, lead to advances i n  our 
understanding of the  brittle-to-ductile 
transition and to a determination of the  
chief causes of the  fracture and failure of 
materials in service. 
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Efficient Oxidative Dechlorination and,Aromatic 
Ring Cleavage of Chlorinated Phenols Catalyzed 

by Iron Sulfophthalocyanine 
Alexander Sorokin, Jean-Louis Seris, Bernard Meunier* 

An efficient method has been developed for the catalytic oxidation of pollutants that are 
not easily degraded. The products of the hydrogen peroxide (H202) oxidation of 2,4,6- 
trichlorophenol (TCP) catalyzed by the iron complex 2,9,16,23-tetrasulfophthalocyanine 
(FePcS) were observed to be chloromaleic, chlorofumaric, maleic, and fumaric acids from 
dechlorination and aromatic cycle cleavage, as well as additional products that resulted 
from oxidative coupling. Quantitative analysis of the TCP oxidation reaction revealed that 
up to two chloride ions were released per TCP molecule. This chemical system, consisting 
of an environmentally safe oxidant (H202) and an easily accessible catalyst (FePcS), can 
perform several key steps in the oxidative mineralization of TCP, a paradigm of recalcitrant 
pollutants. 

Halogenated aromatic compounds are corn- 
Inon environmental pollutants because of 
their llalopen content (1  ). Manv of these . , 

pollutants c a n  be converted into less danger- 
ous organic products and call be eventually 
degraded by different microorganisms (1-3). 
However, some of these chlorinated corn- 
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pounds are extremely persiste~nt in the envi- 
ronment because of their slorv degradation 
by reductive or oxrdative enzymatic path- 
ways (4,  5). Systems that can remove halo- 
gen substituents from aromatics may produce 
compounds that can be more easily bioiie- 
graded. Efficient chemical catalysts are need- 
ed that can oxidatively degrade halogenated 
pllenols, especially industrial effluents that 
include large amounts of chemicals that call 
overload the transformation capacity of mi- 
croorganisms. In this case, the use of chem- 
ical catalysts to convert recalcitra~nt pollut- 
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