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Abstract

o Radiatlon damage 1s a powerful tool for the study of p01nt defect

.interactions 1n'SOlldSw- The large numbers of p01nt defects produced
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and 11near defects. A study of the nature of these defects prov1des

’ bas1c understanding of the mechanlcs of defect formation in solids.
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electron.mlcrqscope. A mechanism for the formation of the observed
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g I.: INTRODUCTION
Radiation damage results from the deposition of the energyvof the
incomlng radiation 1nto the material irradiated.‘ The'irradiated material'
| is transformed from a- low to a high energy state._ a:part of the'added'
energy appears as radiation damage , O’ atoms’ displaced from the1r

.~ mormal sites. In crystals radiation damage results 1n the production

of a large number of point defects (interstitials:‘”‘atoms dlsplaced

from theirtnormal sites'and vacancies:_'empty 1att1ce sites) In siliéon;’

large 'areas in the region where the 1ncoming particles come to.a stop,
are.driven amorphous.'.. |
| On annealing,the damage isvrepaired and the crvstal reverts to a

lower energy_state. This occurs by pOint defects collecting into various-j
types of clusterst stacking faults bounded by Frank dislocation loops
and perfect prismatic dislocation loops are two 1mportant ‘types. In
this paper defects produced on the annealing of ion damage in silicon
.are studied using the transmission electron m1croscope. Such studies
suggest that certain families of the defects are absent. vTheir absenCe
must therefore be 1ntimately.connected with the internal stresses
resultingvfrom,radiation damage. A model in which the compressive ’
:stresses in the damaged regions.aid the nucleation and growth of'only
those varients experimentally observed is.proposed An attempt is

made to show that. radiation damage studies are helpful in the under=-

standing of ba51c atomic motion in solids.




II EXPERIMENTAL
Samples of (111) silicon (0. SQ cm p type) were bombarded with a

high energy (100 kV) beam of phosphorous ions., The damaged samples'T_,

“were aanealed in an inert stmosphere by heating to 800 C for 15 20

‘tminutes.' Samples for electron microscopy were chemically thinned and

_'were'examined_in avHitachi HUlgS-electron microscope.;

III. - ELFCTRON MI:CROS.COPE vRESULTS AND"DEFINI;l‘:IOl;Ilv'()‘F THF' PROBLEM'v.

_ The results, typical of the electron microscope observations, are -
shown in the bright field 1mage (Fig l), the dark field 1mage (Fig. 2)£
and the weak beam dark field image (Fig 3) of the same area. The weak._j-
beam technique 1s a non—conventional imaging technique whereby very
narrow images are obtained as is clearly shown in Fig 3. It-is
.concluded from analysis of such p1ctures (Bicknell and Allen,, Seshan,
~Bell and Washburn), that the small (SOOA) hexagonal shaped loops are.:'x
>.1nterstitia1 and have Burgers vector of the type §-<110) | Interstitial':
loops are formed by interstitials coalescing (Fig 5 ) Vacancy 1oops
:are formed by the partial removal of an atomic layer by the congregationd
of vacancies. | | ' ‘ | | |

"The nucleation problem that needs to.be eXplainedlmay be'defined
with. reference to the Thomson tetrahedron in Fig 4 ‘Frismatic‘dis? |

'location loops have Burgers vectors —-(llO) ly1ng along the six. sides

':FAB, BC, etc,_of the Thomson4tetrahedron. Frank loops have Burgers

vector %f(lllf along Ao i.et, from an apex to the center of the opp051te

face.



. In the most.general case; therefore; prismatic"loops w1th six
possible'—-(llO) type Burgers vectors ought to be’ seen. Electron.
'microscope studies show that only three are present in 1arge numbers.
_i;these are along DA DB and DC i e., along (110) directions 1nclined to

" the foil surface 6

A mechanism for the formation of these 1oops must therefore explain'

1. why there is a predominance of interstitial type 1oops.
I,fi .: why most loops have Burgers vector inclined along (110)

'Adirections.' o

: v PROPOSED MODEL

1. Explaining the predominance of" interstitial;;ype loops

Interstitial loops are formed by the collection and continuous
.addition of interstitials during annealing.' The problem, therefore,'

i con51sts in identifying the sinks for interstitlals and vacancies during

'gthe annealing'process.__7

' It is known from experimental and theoretical work3 thathfor‘light o

ions (P in this case) intense radlation damage 1s_locallzed to the

. region where the bombarding radiatlon is brought to adhalt.‘ This

. ‘ .
results in a buried amorphous 1ayer (BAL) at a. depth of SOOA to ZOOOA
from the surface.. It is further known that the volume of amorphous .
silicon is ~107‘greater than the crystalline material

| The state of the material after irradiation 1s shown in F1g 5
- The BAL, being of. greater volume than the surrounding crystalline
yymaterial, expands. It is constrained in the direction_parallel to the
hsurface by:;the crystalline1materialiaround it. j:ﬁi;-seﬁé up biaxial

" compressive stresses in the damaged material.




During annealing crystallinity is restored in the danaged regions
I

accompanied by the clustering of the p01nt defects to produce Frank
" loops. - Nucleation and growth of that kind of Frank 1oop is most
favored that.most rapidly‘relieves,the'internalgstresses dueato damage.
From;thefexpected streSS-fields around thefpointldefectslinyFig..5{ it
is clear that interstitials arelattracted to the regions ofptension o
evJust above and Just below the damaged layer.b Clusteringfof these
11nterstit1als results in interstitlal Frank loops onwthevinclined {111}
fplanes. The flux of 1nterstitials from the damaged zone into the regions'
of tension is. probably so high that predominantly interstitial loops ‘
vare nucleated | | : .

This model alsofpredicts~few vacancy type Frankfloopsvto form'
parallel to the f01l surface in regions of ten51on .The presence of such
.loops has recently been reported by Bicknell 4 R

ii. Explanation of the presence of onlyﬁthree of the six_poss1ble :
' Burgers vectors. © o R

The model proposed here is based on consideration of the atom '
B ‘|

motlons reou1red to unfault an 5-<lll) type extrinsic Frank loop.
Growth of the observed loops probably proceeds as follows. Isolated

1nterst1tials first reduce their energy by clustering on a (lll) type .

close packed plane creating a planar defect or an extrlnsic Frank loop

w1th Burgers vector -[lll] e. g Dd in Fig 4 At-some crltical.size,

o the enclosed stacking fault is eliminated and a lower energy defect in

produced by the unfaulting of the Frank loop to produce an: §-<110) type

prismatic loop._ This occurs by the nucleation of a Shockley partial

.which sweeps away the stacking fault. ‘The‘unfaulting sequence for an
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3 [lll] Frank 1oop lying on the § plane 1s shown in F1g 4
Crystal structure require that only certain speciflc atomic motions

ﬁcauSe the;unfaulting of an eXtrinsic Frankvloopr;:These atom motidns

are descrlbed in Figs.(iand 7. Tn’Figr 6;hthe arrahgements ofvatoms‘

in a fee metal is shown In Fig. 7, the same atomsfare viewed along

the [lll] body diagonal | There are certain restrictions on atom motion .

arising from the fact that it is energetrically unfavorable to bring .
’ two atoms in adJacent layers on top of each other. The’allowed atom
g motions are shown in Fig; T. “ | | e

- The unfaulting of a Frank loop probably proceeds by passage of two
\Shockley partials on successive layers.v The resultant is a single
_:Shockley partials such as. GC GB and dA on the 5 plane in Fig 4
' On the inclined plane e.g. a these -are aD aB and’ aC

The absence of the three —-(llO) Burgers vectors AB AC and BC

v.may be explained with reference to Fig 8a and b : Here (Fig 8w the Thomson

tetrahedson 1n a state of biaxial compression.. Suchtcompre551on arises

from the stress field of the interstitial Frank 1oops formed ' on. the

inclined planes (Flg. 8a) Reference to. Fig. 8b shows that compression aids

the motion of the ‘three Shockleys aD YD and BD These three react with
U_respective Frank Burgers vectors to produce to experimentally observed
v; (110) inclined Burgers vectors | |
:"In'Figr'Q is shown the effect of‘tension stress on 1o§§s'1§1§g on
: inclined“planes.' It is seen that in the presence of a biaxial tension :
vstress interstitial loops form on inclined planes and vacancy loops on
planes parallel to the (111) foil plane. ,Further;the'stress has a zero-

"resolved.shear stress on the planes.parallel to.the‘foilfplane ‘




(Schmidt Law) and does not aid the motion of Shockley partlals. Therefore,

vaccording to this model unfaulted Frank loops are expected on the (111)

planes parallel to the foil

o It is of interest to note that precisely this observation has

‘been made, experimentally, by R. W Bicknell



V. .CONCLUSION

Electron microscope studies of 1on damaged silicon shows a pre-

:‘domlnance of extrinsic prismatic loops with only three of the six
possible Burgers vectors. A model in which the compres31ve stresses
produced by radiation damage may aid the formatlon and growth of such

loops is proposed It is shown that this model explains why a large

E number of the loops are interstitial and should have only those 2 ¢ 110

2

: Burgers vectors 1nc11ned to the foil surface. The 1mportance of radiation

damage to the understanding of basic processes in crystals is therefore f

-demonstrated,_
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FTGURE CAPT IONS

'Fig,‘1;2,33 Bright-field dark—field and weak beam dark field 1mages of

Fig. 5

the~same area. The tremendous reduct1on of image width
:tvusing the weak—beam method is shown in.F1g 3  Analysis of
ghsuch images show that the small hexagonal loops (SOOA) are _.
; ;extrinsic and have Burgers Vvectors- of the type —-(100)

2
hdlnclined to the (111) foil surface..'

: Fig 4 The Thomson tetrahedron showing the arrangement of (111) planes

Hin~a fec cell The edges of the tetrahedron are: made up of

2 (110) type d1rect10ns and are the Burgers vectors of prlsmatic

dislocation loops. Frank loops have Burgers vectors from an apex

to the center of the oppdsite faceve g"D6 The unfaulting

-‘sequence of a. Frank loop with Burgers vector DG 1s shown

:The internal stresses caused by the radiation induced buried
‘amorphOUS'layer is shown The amorphous material being of larger
;volume than crystalline materlal expands.” Constralned by theA
.surrounding crystalline material, compressive stresses.are set

-up inside the damaged layer

Fig. 6 and 7 The arrangement of atoms in ‘an fcc crystal is shown.

: : Flg o Sa

damaged region are extrinsic in nature.

Figure 7 shows the cube viewed along the body diagonal
Any atom motlon that brings two atoms on top of each other :
are_energetiCally unfavorable..'Theuresultingtrestrictions;..
"f:;on thevmotion of.atomsvare.shOWn inﬁfig: 7; | |
: R !
Stress fields around the point defects show that interstitiaIS'

. collecting to form extr1n81c Frank loops produce compress1ve stresses.

Il

‘f_‘Thisbtherefore helps.explain_why the loopS'which:grow in the .

S cn e



Fig. 8b

Fig. 9.

T =

The Thomson tetrahedron in a state of biaxial compression.
Compressive stresses arise from the strain fields of the F
interstitial Frank loops on the inclined planes. Compression
aids the motion of the shockleys, oD, YD and BD only. The results
are the predominance of the three %—(110) Burgers vectors AD,

BD and CD found experimentally.

Here the effect of a biaxial tension on the type of loops formed
on the various (111) planes is illustrated. Such biaxial tension
exists on either side of the damaged region as shown in Fig. 5.
The biaxial tension favours the formation of vacancy loops on

the (111) planes parallel to the foil surface and interstitial
loops on the (111) planes inclined to the foil. Also note the
resolved shear-stress in the foil plane is zero. So, no Shockley
motion is expected. Therefore, unfaulted Frank loops may be

expected on planes parallel to the foil. This is the experimental

observation (Bicknells).
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Fig. 3
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Unfouulng of Exhwn&c Fronk Loop
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Fig. 4
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IﬁterstifiéifUnfaulting.'
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 Boplane B8+ B = BD
S Yplene Oy + yp = oD B
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