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DETERMINATION OF LOOP TYPE IN
Ast IMPLANTED SILICON

Wei-Kuo Wu
Inorganic Materials Research Division, Lawrence Berkeley Laboratory and
Department of Materials Science and Engineering, College of Engineering;
University of California, Berkeley, California
ABSTRACT
Simple'rules héve been deduced making use of the Kikuchi pattern
to determine the loop types of double-arc prismatic lqopsl of any size.

: : . ' +
With this method, small double-arc prismatic loops in As implanted

Si have been shown to be of interstitial type.



1.." INTRODUCTION
bouﬁie4arc prismatic loops have been found in deformed or quenched
materials and glso in radiétion damagéd materials.L:Fbr,diamond cubic
. materiéls,-the loop planes are of {111} type.
| The ﬁvo beam electrén diffraction cbntrast image of the loops has
an out of contrast line along one of the (110) directions in the loop
.plane. | | |
The Burgers vectors for‘this‘kind of'loop.are inclined to the ioop
plane, lying along the'(llo) direction that is perpendicular to the out
of‘contrést'lineQ‘ The details‘of double-arc contrast from'dislécation
‘loops of fec, bee and de crystals are described in Ref. 1.
| It is convenient tb describe loop planes and Burgers véctors with
thg aid of the Thompson tetrahédrqn (see Fig. l): The four faces of
the tetrahedrén are the possible loop planes while all the edges afe
the possible out of contrast line as well as possiblé Burgers vectors.
Because for each of the (110) directions, there is_dnly_one other (110)
that is perpendicular to it. Hence, Burgers vector can be:determined
- from the direction of the out of contrast line.
-'Sev;ral methods have been described for distinguishing between
vacancy and interstitial J_oops.g’3
. The general rules for determining loop types following the.con—
vention of P; B. Hirsch, et za'.l.l‘l can be stated as'(éee.Fig. 2):
1. (g * b) <0 For outside contrast (keeping_s alweys positive)

(g +B) >0 For inside contrast (keeping S always positive)



>0 For wvacancy type

f- 1

o, B -
5 -

=53

<0 For interstitial type
In Fig. 2; it is clear that in §rder to disfinguish between these
two types, one can tilt the specimen through a large qnéle s0 thgt one
type will increase in siié, while the other will decrease'(usualiy
called high angle tilting and steréomicroscopy method). Altefnatively,
if the loops are large enough, or if other.referénée planes are identifiéd
by a fault, or a precipitgte that lies on a known crystéllographic plane
| énd extends through the foil, then the'top and bottqmiof the foil can
be detefmined from’dérk-field pictures at S > 0 or SA<O,(Fig. 3). This

: o ?
also permits the loop plane to be determined and therefore. the loop

type.s

More quantitative;y; ﬁhe sense of the Burgers vector can be
determined by the fifst rule shown above. Also froﬁ Fig. 2, we find
that no matter what type the loops aré,fthe.plane normals fi are
-définedfso that they élwayé_make an abfuse angle with the beam direction.
Hence, kndwing thé beam direction, i.e., at rightvangles to. the foil
plane, the loop plane is uniquely dgtermined. Finally, by the second
rﬁle, the lobp'type is determined right away. Thus.far the only problem
that is ieft unsolved is how to uniquely determine the foil orientation,
i.e., g vectors.

For.a given diffraction pattern, there alwa&s exists an 180°

*ambiguity~that—ﬁakes it impossible to uniquely determine the foil
orientation directly. -

6,7,8

The Kikuchi pattefn is not symmetrical along the.{220) band

on the two gides of the [111] pole (Fig. 4). Many authors have used



. the Klkuchl pattern along w1th hlgh ‘angle tlltlng and stereomicroscopy
to determine loop type. This is a rather 1naccurate method for small

. loops unless other easily identifiable reference defects are available.
In this paper, for {111} foils in éilicon, it is pointed out that
- only the Kikuchi pattern is necessér&.- High angie tiltingrand stereo-
.miéfbscopy is unhecessary.' If we know the felative position of two |
poles along the asymmetrlc (220} band, then we know exactly how the
tetrahedron ;s oriented in the foil. For dc or fce crystals near {111],
+the nearest asymmetric pole frém [111] is only about 5°.v Hence this-
method permits determination of loop types of prismatic loops in (111)
foils in a very quick way; (Usually only 6.pic£ures are enough to

~ identify all three sets of double-arc loops.)

This méthod hés been tested with some known ldop_types in ion

implanted silicon. In one case, the foil was also flipped over to

show that this has no effect on the result.



II. DESCRIPTION OF THE METHOD
For simplicity, we shall only consider orientations near [111].

A. General Considersation

From Fig. 5, we can See that there are four possible ways that we
can arrange the ThompSoh tetrahedron in order to get the Kikuchi pattern

as shown. However, with the transformation matrix

o +I o
o O i
HIl O O

the two tetrahedra.shown on Fig. 6 have exactly the same parallel planes,
but with_their plane normals reversed in sién relative to the be#m .
direction. . Hence the four‘orientations of Thompson tetrahedron in

Fig. 5 can be reduced to the two shown in Fig. 7(a) and Fig. T(b). This
means the tetrahedron can be considered as being in the [111] or the
tiii] orientdtion.

B. Sense of Tilting

From Fig. 8, it is clear that thg relationship between the Kikuchi
pattern and the Thompson tetrahedron should be as shown.

The Thompson tetrahedron for Fig. 8(a) should be oriéhted with
the corners pointed opposite to {112} poles and with [111] up, while
foerig..B(b) it should be with corners pointing toward {112} poles with

[iii]‘up..

Also from Fig. 8; we can see thét in order to see the {ll?} pole
_after tiltiﬁg from {111} poie, the sense of movemenflin the Kikuchi
‘pattern should be in a consistent way in both cases, i;e., the sense
_of tilting shéuld be in the same direction as the direction of

- movement of the Kikuchi pattern.



Hence ffom Fig; 8, we can conclude that for a [111] oriented |
"'tetrahedron; the cornérs'shduld be pointing'éway from the {112} pole
while'fbr [iii] type fetrahedron‘the corners should be pointing tdward
'fhe {112} pole. |
| C. Conclusions -

We conclude that Fig. T can be further'redﬁced to either Iiii]
K or [lll].  -

Hence we‘conclude that in-determining the loop type of double-arced
loops we can assume éither that the tetrahedron is as in Fig. 9(a) withb
[111] up‘ana index ail g vectors accordingly or thét it is as in Fig. 9(3)_
with [111] up; Because of‘the equivalency, here after we'shall use
only (iiij up orientation to ihterbpef all the micrographs.

This‘equivalency aiso means that it dogs not maiter from which
| side the plafe is viewed i.e. (whethér the beam detection is taken

correctly or opposite).
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III.F EXPERIMENTS

For phosphorus impiaﬁted silicon, two differeht_methods have been
used .to determine the loop type. Both these methods come to the same
results éhowing,the loops to be of interstitial type;: For As+ impianted
silicon ioop type has nof previously been determined}' In the present
experiments, with this new quick methdd_fof indéxing é vectors withéut
high ﬁngle iilting, the small loops in As+.(l X iOlh/¢m2) implanted
Si after i:hour annealing at 800°C are aléo of interstitial type. The
'.details of these experimeﬁts and.the reéults are discussed in this section.

+ o
A, pY(3 x 10%/crf ) Inplanted Si After
750°C Annealing for 1/2 Hour

1. Top Bottom and Slip Plane Method _
+ . . 3 9,10
For p implanted Si, there were many bar-shaped defects along
(110) as have been found in B implanted Si.ll’12
When S > Q0 the bottom of the foil should be in stronger contrast.
Those bars marked T. B. in Figs. 11 and 12 are inclined to the foil
normal and along 110 with the end in good contrast marked B. Hence,

the tetrshedron is oriented as shown in Fig. 12(c).

2. Quick Method

The series of pictures in Fig. 13 were taken with diffraction
conditions as shown in Fig. 13(a). Hence, from the Kikuchi pattern,
the tetrahedron is oriented as shown in Fig. 13(a). It is the same

orientation arrived at in Fig. 12(ec).



. +
3. Determination of Loop Type of p Implanted Si

a. ‘The directioh of é vectors on Fig. 13 were assigned by assuming
(11I) orientation. The Burgers vectors for the three main kinds of

loops are

= + = +—= = += T
b, = +x[o011] by = £ [110) b +> [101)

TS

As shown in Fig. 13(b), when g = {202}, A-type is of outside
contrast while B-type is of inside. Hence, BA = %-[Oll] and EB = g-[llOJ.
. - — —
Also, when g = [022], C type is of inside contrast. So, b, = %-[101].

For all those three kinds of loops, the plane normals should be

either (111), (111), (1I1) or (I1I), but for any of those loop planes.

Hence, all loops are of interstitial type.
b. If we assume that the tetrahedron is oriented with (111) up,
then the.g vectors should be assigned as shown in Fig. 13{a).
In thi v = +2[110], ®
n is case, b, = 3 » by

Again from Fig. 13 with inside and outside contrast experiment, we

= tg-[Oll] and b = r% {101}.

c

can uniquely determine the Burgers vectors of those three types as:

—-)_ == -—>=—a_‘- -~ —>=?_'...._
b, = [110] by = 3 [011] end b, > [101]

NI

And for this case, the plane normals should be taken as (111), (I11),
(111) or (111).

However, no matter what the plane normal really is, we have
g —’ > . K3 3 . . X
b. *n <0, 1= A.B,C. which again implies that 2ll thcse loops are of

i

interstitial type.
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B. As (1 x 1olh/cm2)‘1mp1anted_8i After
1 Hour Annealing at 800°C

For_As+'implanted S5i, thg loops'formed after annealing at high
temperature are very small in size, also there is no apparent slip
plahes or'defects along crystallogréphic directidns inciined to the
foil as in'thé'.p+ implanted Si. Hence, the quickvmethod is utilized
to determine ‘the loop typeé. In this‘experimeht,_the first part is a
sample wiih implanted facebtoward,gun and in the secqnd‘part, we use
the same sémple but fiipped over. Iniboth cases, the same method is
used, and we found the same result.

1. Normal Site |

In this case, the g is assigned with (III) up as shown in Fig. 1k(a),
and the Buréers vectors were determined by inéidé‘and outside contrast
to be aé:

- _a = _ 811011 T = &[0
b, =3 f110] , by = 3 [101] , b, = 3 [o11]

’ - -
As farvas the loop type is concerned, we found that n .~bi <0

i = A.B.C. which implies that they are of interstitial type.

2. Flipped.Over

We use the same concept assuming that the tetrahedron is with

(1I11) up, as shown in Fig. 15(a), and find that:

e - ] T =8 o= 8 '
bA =3 [110] , bB 5 [101] and bc 5 [911]

) - -
As in Section III-B~1, so-far as loop type is concerned, n ° bi <0,

1= A.B.C._which also implies that they are of interstitial type.



Iv. SUMMARY AND CONCLﬁSION
For As+ implanted silicon, it has been shown that all the dislocation
loops fqrming onfannealing aftervimplantation aré.of interstitial
type and it has been analyzed with fhe aid‘of high angleltilting
that mbét of them lie on the {111} plane parallel to the surface
6f the foil and have Burgers vectprs inglined'fo the plane of the
foil. | |
Accordiﬁg to the previous discussion and experiments, we concludé
thaﬁiwé can stéte someysimple rules for determing loop type in {111}
foils for dc and fcc sfructurés for the case where loops are known
to lie on {111}.
Thevrules are:

a. Determine the direction of {112} poles from the Kikuchi pattern.

-
b. 1Index the g vectors with the corners of the Thampson tetrahedron

toward the {112} poles assuming that the [111] direction is up.
c. Take photographs of loops using ( 220) reflection with +g and -g
> - o
to determine Burgers vectors ((g *.b) s <0, for outside contrast).
d. Then if':
- - ' . N
b * n <0 loops are of interstitial type
or if:
-
b * n > 0 loops are of vacancy type (see Fig. 10)
The édvantages of this method over others are:
a. Only small anglé tilting is necessary to know the sense of the
Kikuchi pattern.

- ->
b. Only simple plus g and minus g photographs are required.
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All the above discussion has been limited to foil orientations near

'[111]. However, it should be possible to expand this concept to

other'poies for which similar‘rulés could be deduced.

The only limitation of the use of this‘mefhod is that there has té
be Kikuchi pattern from the sample to be dealt.with., For specimené
that do not_éive a Kikuchi pﬁttefn, the method;of " 2nd Laur zone

nl3 can be used to determine the sense of the Kikuchi»pattern,

then the same method can be used to determine loop types.
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FIGURE CAPTIONS

1. Thompson tetrahedfon.

2. Reldtionshib between loop type and contrésflfollowing the
convention of P. B. Hirsch, et'al}hv. |

3. ’RelétionShip of contrast at top or bottémjofbeil surfaée at

‘S <0 or S >0 in dark field. |
h.”'Kikucﬁi pattérn‘of (111). (CQurtesy of J,vAppl. Phys.6)
5, T ahd.9. Shoﬁing relationship between‘Kikuéhi patterﬁ and
Thompsoﬁ tetrahedron. |

6. Showing relatibnship between tﬁo.Thompsqn tétrohedrons of
paréllei planes But different o?iéntatiohswi

8. Sﬁowing relationship>among Thompsbn tetrahédron, Kikuchi

pattern and Stereographic projection.

10. Tsble of contrast éhanges between vacancy'and interétitial

type at different g vectors.

11 .Dark field pictures showing that at S > 0 diffraction condition,

;fhe bottom (marked B) of the rod defects along (110) direction
ihélined to the foil. | N
12(a). Dark field pictures showing that at S >0 diffraction
cohdition, the bottom (marked B) of the rod defects along
. (110) direction inclined to the fdii; |
12(b) »fhosé inclined rod defects along (110} qrystalldgraphié

"directions tell how the Thompson_tetrahedron is oriented.

‘13(a)> SAD near (111) and the correspbndiﬁg Kikuchi pattern and the

orientation of Thompson tetrahedron relative to the given

Kikuchi pattern.
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lB(b),(c) anda (d) 'Sﬁowing sequence of P implanted Si with
: different E vectors as indicated.

14(a) ~SAD near (111) and the corresponding Kikuchi pattern and the
orientation of Thompson tetrahedron relative to tﬁe given
Kikuchi pattern. | v

14(pv) and (e) Showing sequence of Pf-impianted Si with

. différent g vectors as indicated.

15(a) SAD near (111) and fhe corresponding'Kikuchi pattern and the

orientation of Thompson tetrahedron relative to the given
- Kikuchi pattern. |
15(b),(c) and (d) Showing sequence of As' implanted Si with

>
different g vectors as indicated.
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Fig. 1
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Fig. 13(b)



"

9cc9—ctlcl d4ax

(2)ET B4




-30-

t2e9-gTel gax




<F=

XBB T212-623L4

Fig. 1k(a)



=80




=33~

Lzgg9-ctel ddx




~3h-

4
'3

XBB 7212-6235

Fig. 15(a)



.-

XBB T7212-6230

Fig. 15(Db)



-36-

8cc9

ctel

g9x

(2)ST 914




@

TE29-2Tel 94X

(p)ST 814




LEGAL NOTICE

This report was prepared as an account of work sponsored by the
United States Government. Neither the United States nor the United
States Atomic Energy Commission, nor any of their employees, nor
any of their contractors, subcontractors, or their employees, makes
any warranty, express or Implied, or assumes any legal liability or
responsibility for the accuracy, completeness or usefulness of any
information, apparatus, product or process disclosed, or represents
that its use would not infringe privately owned rights.




TECHNICAL INFORMATION DIVISION
LAWRENCE BERKELEY LABORATORY
UNIVERSITY OF CALIFORNIA
BERKELEY, CALIFORNIA 94720



