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DETERMINATION OF LOOP TYPE IN 
As+ 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 have been deduced making use of the Kikuchi. pattern 

I to determine the loop types of double-arc prismatic loops of any size. 

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

Si have been shown to be of interstitial type. 
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I. INTRODUCTION 

Double-arc prismatic loops have been found in deformed or quenched 

materials and also in radiation damaged materials., For diamond cubic 

materials, the loop planea are of {Ill} type. 

The t'(oTO beam el,ectron diffraction contrast 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 loop 

plane, lying along the (110) direction that is perpendicular tO,the out 

of contrast line. The details of double-arc contrast from dislocation 

loops of fcc, bcc and dc crystals are described in Ref. 1. 

It is convenient to describe loop planes and Burgers vectors with 

the aid of the Thompson tetrahedron (see Fig. 1) '. The four faces of 

the tetrahedron are the possible loop planes-while all the edges are 

the possible out of contrast line as well as possible Burgers vectors. 

Because for each of the (110) directions, there is only one other (110) 

that is perpendicular to it. Hence, Burgers vector can be determined 

from the direction of the out of contrast line. 

Several methods have been described for distinguishing between 

vacancy and interstitial loops.2,3 

The general rules for determining loop types following the con­

vention of P. B. Hirsch, et ale 4 can be stated as (see Fig. 2): 

1. (g. b) < 0 

(g • li) > 0 

For outside contrast (keeping S always positive) 

For inside contrast (keeping S always positive) 
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2. b· n > 0 For vacancy type 

b • n < o For interstitial type 

In Fig. 2, it is clear that in order to distinguish between these 

two types, one can tilt the specimen through a large angle so that one 

type will increase in size, while the other will decrease' (Usually 

called high angle tilting and stereomicroscopy method). Alternatively, 

if the loops are large enough, or if other reference planes are identified 

by a fault, or a precipitate that lies on a known crystallographic plane 

and extends through the foil, then the top and bottom of the foil can 

be determined from dark-field pictures at S > 0 or S< 0 (Fig. 3). This 

also permits the,. loop plane to be determined and therefore· the loop 

type. 5 

More quantitatively, the sense of the Burgers vector can be 

determined by the :first rule shown above. Also from Fig. 2,we find 

that no matter what type the loops are,the plane normals n are 

defined so that they always make an abtuse angle with the beam direction. 

Hence, knowing the beam direction, i.e., at right angles to the foil 

pla~e, the loop plane .is uniquely determined. Finally, by the second 

rule, the loop type is determined right away. Thus . far the only problem 

that is left unsolved is how to uniquely determine the foil orientation, 

i.e., g vectors. 

For a given diffraction pattern, there always exists an 1800 

-ambigui ty~that-ma.kes it impossible to uniquely determine the foil 

orientation directly. 

The Kikuchi pattern 6 ,7 ,8 is not symmetrical along the ( 220) band 

on the two sides of the [Ill] pole (Fig. 4). Many authors have used 
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,the Kikuchi pattern along with high angle tilting and stereomicroscopy 

to determine loop type. This is a rather inaccurate method for small 

loops unless other easily identifiable reference defects are available. 

In this paper, for {Ill} foils in silicon, it is pointed out that 

only the Kikuchi pattern is necessary. High angle tilting and stereo­

microscopy is unnecessary. If we know the relative position of two 

poles along the asymmetric (220) band, then we know exactly how the 

tetrahedron is oriented in the foil. For dc or fcc crystals near [lllJ, 

the nearest asymmetric pole from [lllJ is only about 5°. Hence this 

method permits determination of loop types of prismatic loops in (Ill) 

foils in a very quick way. (Usually only 6 pictures are enough to 

identify all three sets of double-arc loops.) 

This method has been tested with some known loop types in ion 

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

show that this has no effect on the result. 



-4-

II. DESCRIPTION OF THE METHOD 

For simplicity, we shall only consider orientations near [Ill]. 

A. General Consideration 

From Fig. 5, we can see that there are four possible ways that we 

can arrange the Thompson tetrahedron in order to get the Kikuchi pattern 

as shown. However, with the transformation matrix 

o 
1 

o 

1 

o 
o 

a 
a 
1 

the two tetrahedra shown on Fig. 6 have exactly the same parallel planes, 

but with their plane normals reversed in sign relative to the beam 

direction. Hence the four orientations of Thompson tetrahedron in 

Fig. 5 can be reduced to the two shown in Fig. 7(a) and Fig. 7(b). This 

means the tetrahedron can be considered as being in the [Ill] or the 

[Ill] orientation. 

B. Sense of Tilting 

From Fig. 8, it is clear that the relationship between the Kikuchi 

pattern and the Thompson tetrahedron should be as shoWn. 

The Thompson tetrahedron for Fig. 8(a) should be oriented with 

the corners pointed opposite to {112} poles and with [Ill] up, while 

for Fig. 8(b) it should be with corners pointing toward {112} poles with 

[IiI] up. 

Also from Fig. 8, we can see that in order to see the {112} pole 

after tilting from {Ill} pole, the sense of movement in the Kikuchi 

pattern should be in a consistent way in both cases, i.e., the sense 

of tilting should be in the same direction as the direction of 

movement of the Kikuchi pattern. 
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Hence from Fig. 8, we can conclude that for a [Ill] oriented 

tetrahedron, the corners should be pointing away from the {112} pole 

while for [IIIJ type tetrahedron the corners should be pointing toward 

. the {112} pole. 

C. Conclusions 

We conclude that Fig. 7 can be further reduced to either [Ill] 

or [Ill]. 

Hence we conclude that in determining the loop type of double-arced 

loops we can assume either that the tetrahedron is as in Fig. 9(a) with 

[lllJ up and index all g vectors accordingly or that it is as in Fig. 9(b) 

with [IIIJ up. Because of the equivalency, here after we shall use 

only (III) up orientation to interpret all the micrographs. 

This equivalency also means that it does not matter from which 

side the plate is viewed i.e. (whether the beam detection is taken 

correctly or opposite). 
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III. EXPERTh1ENTS 

For phosphorus implanted silicon, two different methods have been 

used to determine the loop type. Both these methods come to the same 

+ results showing the loops to be of interstitial type. For As implanted 

silicon loop type has not previously been determined. In the present 

experiments, with this new quick method for indexing g vectors without. 

. 1 1· 11 1 . As+ (1 x 1014/cm2) l.. mplanted lug 1 ang e tiltl.ng, the sma oops l.n 

Si after 1 hour annealing at 800°C are also of interstitial type. The 

details of these experiments and the results are discussed in this section. 

A. 
+.. 14 2 . 

p (2 x 10 / cm ) Implanted S1. After 
750°C Annealing for 1/2 Hour 

1. Top Bottom and Slip Plane Method 

For p+ implanted Si, there were many bar_shaped9 ,10 defects along 

( 110) as have been found in B + implanted Si. 11 ,12 

When S > 0 the bottom of the foil should be in stronger contrast. 

Those bars.marked T. B. in Figs. 11 and 12 are inclined to tne foil 

normal and along ( 110) with the end in good contrast marked B. Hence, 

the tetrahedron 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. l2{c}. 
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+ 3. Determination of Loop Type of p Implanted Si 

a. The direction of g vectors on Fig. 13 were assigned by assuming 

(Ill) orientation. The Burgers vectors for the three main kinds of 

loops are 

- a [ b :: ±- 011] 
A 2 

As shown in Fig. 13(b), when g :: {202}, A-type is of outside 

- a[] a(] contrast while B-type is of inside. Hence, bA ="2 all and bB ="2 110 • 

- ~ a 
Also, when g :: [022J. C type is of inside contrast. So, bC = "2 [101]. 

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

ei ther (Ill), (Ill), (111) or (Ill), but for any of those loop planes. 

~ ~ 

b .• n < 0 
J. 

i = A.B.C. 

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 this case, bA = 1 [110], bB :: 1 [011] and bc :: 1- {101}. 

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

C8,n uniquely determine the Burgers vectors of those three types as: 

-+ a--
bA = "2 [llOJ 

-+ a -- -+ a --
bB = "2 [all] and b C :: "2 [101] 

And for this case, the plane normals should be taken as (lll), (121). 

(111) or (111). 

However, no matter what the plan.e normal really is, vre have 

-+ ... 
b .• n < 0, i = A.B.C. which again implies that 2.11 the;;E' loops are of 

1. 

interstitial type. 
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B. As + (1 x 1014/ cm2 
) Implanted . Si After 

1 Hour Annealing at 800°C 

+ For As implanted Si, the loops formed after annealing at high 

temperature are very small in size, also there is no apparent slip 

planes or defects along crystallographic directions inclined to the 

+ . foil as in the.p implanted Si. Hence, the quick method is utilized 

to determine the loop types. In this experiment, the first part is a 

sample with implanted face toward, gun and in the second part , we use 

the same sample but flipped over. In both 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.' i4(a), 

and the Burgers vectors were determined by inside and outside contrast 

to be as: 

- a [ - a ~ a . 
bA = 2" 110J , bB = 2" [lOlJ ,bC = 2" [OllJ 

~ ~ 

As far as the loop type is concerned, we found that n • b. < 0 
~ 

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

2. Flipped Over 

We us~ the same concept assuming that the tetrahedron is with 

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

~ ~ 

As in Section III-B-l, so' far as loop type is concerned, n • b. < 0, 
~ 

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



-9-

IV. SUMMARY AND CONCLUSION 

1. 
. + 

For As implanted silicon, it has been shown that all the dislocation 

loops forming on annealing after implantation are of interstitial 

type and it has been analyzed with the aid of high angle tilting 

that most of them lie on the {Ill} plane parallel to the surface 

of the foil and have Burgers vectors inclined to the plane of the 

foil. 

2. According to the previous discussion and experiments, we conclude 

that we can state some simple rules for determing loop type in {Ill} 

foils for dc and fcc structures for the case where loops are known 

to lie on {Ill}. 

The rules are: 

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

b. Index the g vectors with the corners of the Thompson tetrahedron 

toward the {112} poles assuming that the [Ill] direction is up. 

c. 'l'ake photographs of loops using ( 220) reflection wi th +g and -g 

...... 
to determine Burgers vectors ((g -b) s < 0, for outside contrast). 

d .. Then if: 
...... 
b - n < 0 loops are of interstitial type 

or if: 

-+ ... 
b - n > 0 loops are of vacancy type (see Fig. 10) 

3. The advantages of this method over others are: 

a. Only small angle tilting is necessary to know the sense bf the 

Kikuchi pattern. 
... ... 

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

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

other· poles for which similar rules could be deduced. 

5. The only limitation of the use of this method is that there has to 

be Kikuchi pattern from the sample to be dealt with.. For specimens 

that do not give a Kikuchi pattern, the method of " 2nd Laur zone 

,,13 . 
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 

Fig. 1. Thompson tetrahedron. 

Fig. 2. Helationship between loop type and contrast following the 

4 convention of P. B. Hirsch, et al. 

Fig. 3. Relationship 9f contrast at top or bottom of foil surface at 

S < 0 or S > 0 in dark field. 

Fig. 4. Kikuchi pattern of (Ill). 
. 6 

(Courtesy of J. Appl. Phys. ) 

Fig. 5, 7 and 9. Showing relationship between Kikuchi pattern and 

Thompson tetrahedron. 

Fig. 6. Showing relationship between two Thompson tetrohedrons of 

parallel planes but different orientations .. 

Fig. 8. Showing relationship among Thompson tetrahedron, Kikuchi 

pattern and Stereographic projection. 

Fig. 10. Table of contrast changes between vacancy and interstitial 

type at different g vectors. 

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

the bottom (marked B) of the rod defects along ( 110> direction 

inclined to the foil. 

Fig. 12(a) Dark field pictures showing that at S > 0 diffraction 

condition, the bottom (marked B) of the rod defects along 

(110) direction inclined to the foil. 

Fig. 12(b) Those inclined rod defects along (110) crystallographic 

directions tell how the Thompson ,tetrahedron is oriented. 

Fig. 13(a) SAD near (111) and the corresponding Kikuchi pattern and the 

orientation of Thompson tetrahedron relative to the given 

Kikuchi pattern. 
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Fig. 13(b) ,(c,) ana Cd} ,Showing sequence of p+ implanted Si with 

-+ 
different g vectors as indicated. 

Fig. l4(a)SAD near (111) and the corresponding Kikuchi pattern and the 

orientation of Thompson tetrahedron relative to the given 

Kikuchi pattern. 

Fig.14(b) and Cc) Showing sequence of pi:. implanted S1 with 

-+ 
different g vectors as indicated. 

Fig. l5(a) SAD near (111) and the corresponding Kikuchi pattern and the 

orientation of Thompson tetrahedron relative to the given 

Kikuchi pattern. 

Fig. 15(b),(c) and (<.1) + Showing sequence of As implanted Si with 

-+ 
different g vectors as indicated. 
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