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ABSTRACT 

Several contradictions about the nature of defects. formed on the 

annealing of P + ion-implantation d,.mage in (111) silicon are resolved. 

It is confirmed that the defects are interstitial type. The analysis 

still does not determine the exact displacements associated with the 

defects. The 180 0 ambiguity in crystal orientation was resolved using 

the Kikuchi poles and the asymmetry of the dark field image of rod 

shaped defects. 

The habit planes of the defects were determined using weak-beam 

techniques. The defects are shown to be hexagonal, faulted and lying 

on the four {Ill} planes with displacements of the type ~(lll). This 
x 

distribution of defects suggest that they are formed by the growth 

uf interstital clusters on close packed planes. 
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1. I~troduction 

It is known tha't annealing of ion-implantation damage in silicon 

results in a debris of small defects. The characterization of these 

defects is difficult and has been plagued with contradictions because 

of their small size and complex image behavior. 

Some workers have reported that the loops are perfect [1,2,3], and 

a 
have Burgers vectors of the type 2 (110), all inclined to the (111) foil 

plane [3]. It has been suggested [3] that most of the loops lie in the 

foil plane. These authors have proposed no explanation for the three 

missing loop families having t (110) Burgers vectors that lie in the foil 

plane. Some of the loops in the foil plane also have been reported to be 

imperfect and vacancy type [4]. The habit planes of the inclined loops 

have not previously been determined. Recently a great majority of the 

defects have been shown to be interstitial type Frank (i.e. imperfect) 

loops. 

Since earlier reports are contradictory and incomplete it is clear 

that a further investigation of defects in p+ ion-implanted and annealed 

(Ill) silicon is needed. In this study, we have determined the type 

(interstitial or vacancy) of the defects, using conventional diffraction 

contrast analysis, as well as their habit planes using the weak-beam 

technique [6,6a]. 

2. Experimental 

Samples of polished p-type (Boron doped) silicon implanted with 

100 keV p+ ions to a dose of 2xl014 i/cm2 were supplied by the 

Fairchild Company R&D division. These were ultrasonically cut into 

discs of 2.3 rom and dished on the non-implanted side. They were then 

chemically thinned in a solution made up of two parts (3HNO:IHF) to 

one 'part (2.5 g I2 in 1100 ml Acetic acid). The thinned samples were 
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examined in a Siemens lA and a Philips 301 electron microscope. 
, 

3. Results 

The conventions used for the projections are shown in Fig. 1. Given 

the diffraction pattern there is a 180 0 ambiguity in the orientation 

of the crystal. In Fig .. lb, it is shown that the ambiguity is resolved 

by noting the position of the [211] pole in the Kikuchi pattern. This 

information was found experimentally by tilting the crystal 18°. 

Figure 2 shows the stero pair obtained while tilting to determine the 

position of the [211] pole. Viewing Fig. 2a and Fig. 2b through a 

stereo-viewer shows that the linear rod like defect AC lies in the 

plane of the foil and that BD is inclined at a very steep angle to the 

foil surface. Marked below the micrographs are the corresponding 

tetrahedra. The change in the direction of the inclined rod BD can be 

directly correlated to the tilting of the crystal. 

Figures 3a and 3b show how dark field images may also be used to 

eliminate the ambiguity by changing the sign of s, the deviation from. 

exact Bragg orientation. The deviation s is defined as positive (s>O) 

when the reciprocal lattice point lies within the Ewald sphere (Fig. lb). 

In Fig 3a (s<O) the top of the inclined rod (near the upper surface of 

the crystal) is in good contrast whereas in Fig. 3b (s>O) the bottom 

end of the rod D is seen in good oscillating contrast. Thus the sense 

of inclination of the rod BD is known [8] (B near the top of the crystal 

and D near the bottom of the crystal) and the tetrahedra correctly 

oriented are shown below the images in Figs. 3a and 3b. 
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4. Analysis of Loops on Inclined Planes 

The correct tetrahedron as viewed above the crystal (taking into 

account the inversion involved in the Siemens Elmiskope I) is shown 

in Fig. lb. This tetrahedron and the crystal shown below it are used 

for the formal analysis [7]. (The tetrahedron as seen in a positive 

print, emulsion down, is shown in Fig. la.) The correct crystallographic 

orientations can be found with the (Ill) stereogram shown in Fig. lc. 

All micrographs used in the analysis are imaged with positive values 

of "s" the deviation parameter and printed emulsion down. 

In the images used for analysis (Figs. 2a and 2b) the loop variant 

marked Y is assumed to lie inclined as the plane ABD and the loop marked 

f3 inclined as the plane ADC. For such small loops it is difficult to 

acertain the exact habit planes from bright field images, even by high 

angle (over 30°) tilting. The high normal and lateral strain fields 

around these small defects make the bright field images insensitive to 

the orientation of the core of the defect. To determine the habit planes 

of these defects we have used weak-beam microscopy. 

5. Determination of Loop Habit Plane 

In Section 4 it was assumed that the loops marked Y (Fig. 2a) lie 

on a plane inclined in the sense of the plane ADB and f3 in the sense of 

the planeADC. It was, however, impossible to determine exactly the 

habit planes from the bright field images alone. 

The haLit planes have been determined using weak beam electron 

microscopy [6,6a]. In Figs. 4a and 4b the defects are imaged in weak 

beam at the [211] and at the [233] poles respectively. In Fig. 4a the 
i 

variant marked f3 lying on the plane ADC appears edge....;on while the loops 
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a and y lie on inclined planes ADC and ADB. (The loop marked y is cut by 

the foil surface.) Loops lying on the (111) plane, 6, appear hexagonal 

and support the view that all loops are equal sided hexagons. 

In Fig. 4b the foil is imaged at the [233] pole with two reflections 

[022] and [313] such that all four variants are seen. Imaging with only 

[022], e.g., g = AB, would put the y loops out of contrast as g'by = O. 

The y plane is at a shallower inclination than a or B and this is 

confirmed by the appearance of the y loop in the image. Loops a and 13, 

by virtue of their high inclinations appear narrow~ Hexagonal loops 

in the foil plane, 6, appear by m-term contrast [7a] sYlnmetricwith 

respect to g. 

That the habit planes of these defects are (111) is concluded 

from trace analysis. Their sides are accurately along (110) and only the 

(111) planes contain three (110) directions. Further, if the loops are 

regular hexagons the ratio of the length of the sides gives the cosiness 

of the angles of inclination. Thi~ method gave angles of 63° and 68° for 

the inclined loops 13 and a respectively. This is in reasonable agree-

ment with the fact that the inclined (111) planes make 70° angles with 

the (111) plane of the foil. Lastly, the loops show displacement fringe 

contrast implying that they are faulted and, therefore, must lie.on {Ill} 

planes. The displacement vectors for the large majority of the loops 

a are not lattice translations 1. e., .not 2" < 110) , as suggested by earlier 

results [1-3] but rather 2:. [111]. Certain contrast effects suggest that x 

x is not exactly three. Segregation of dopants or impurities on the 

stacking fault probably changes the displacement vector slightly. A 

result which is consistent with this hypothesis may he seen at the 
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unfaulted loop at A (Fig .. 4b) which appears dark ins.ide. This contrast 

effect may be explained if it is assumed that the segl'egation remains 

inside the loop even after it has transformed to a "perfect" loop. There 

would still be a small displacement remaining in the [111] direction which 

could give rise to this dark center. 

6. Determination of Loop Type 

The analysis confirming that the loops on the inclined planes are 

interstitial is given in Fig. 5. Figure Sa shows the situation as 

found in the micrograph in Fig. 2. In terms of the FSRH [7] convention 

only extrinsic defects on the inclined planes are expected to give 

images consistant with those observed experimentally in Fig. 2a 

(Fig. Sb). A separate analysis showing the rotations of the planes 

around the defects is also given in Fig. Sb. Here use is made of the 

fact that at t",0 s>o condition a clockwise rotation of the crystal planes 

brings them into 'he reflecting condition. This analysis also confirms 

the interstit ial nature of the defects on the inclined 'planes. Only 

the sense of the inclination of the habit plane and the displacement 

vector are involved in this analysis. 

Similar analysis of the loops in the plane of the foil shows that 

they are also interstitial type. The resulting distribution of defects 

is shown in Fig. Sc. 
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7. Conclusions 

The loops are shown to be interstitial type. The habit planes of the 

loops have been determined to be the four {lll} planes and the disp1a.cements 

are of the type ~(111) with x not being exactly three, probably because 

of the segreation of dopants or impurities on the stacking fault. There 

are a few perfect loops which also show evidence of precipitation or 

segregation remaining inside the loop. The distribution of defects in 

Fig. Sc suggests that the loops are formed by the clustering of 
\ 

interstitia1s on close packed planes, which subsequently grow during 

the annealing treatment. 

It has been mentioned that varying accounts exist regarding the 

nature of defects in p+ ion-implanted silicon. Studies in progress 

indicate that defect morphology and type is very sensitive to the 

presence of impurity (e.g., oxygen), the element used for dopant of 

substrate prior to implantation and type of substrate (n or p type). 

Therefore, the different results of other workers. may be caused by 

differences in the material or implantation procedure. 
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Figure Captions 

Fig. 1. (a) Shows the crystal with the [Ill] tetrahedron as seen in an 

emulsion side down print. (b) Shows that the 180 0 ambiguity is 

resolved by noting the position of the [211] pole in the Kikuchi 

pattern. The correctly oriented tetrahedron (including 180 0 

inversion and magnetic lense rotation) projected above the crystal 

is shown, as is the crystal with the Band y planes inclined in 

the proper sense. All pictures used for the analysis were images 

at s>o, with the reflection inside the Ewald sphere as shown. 
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(c) The [111] stereogram from which the correct crystallographic 

directions may be obtained. E.g., the operation reflection in 

Fig. 2a is along BC or [022]. 

Fig. 2. Shows the stereo-pair obtained while tilting the crystal to 

determine the position of the [211] pole. Tetrahedra are drawn 

below to coincide with the defect directions. E.g., rod AC 

\ 

lies along the side marked AC. Notice the change in the position 

of the rod DB on tilting from the [IiI] to the [211] pole. 

Viewi~g these images through a stereo viewer shows that B is 

far below D; i.e., B is near the top of the foil. Loops marked 

y show inside contrast; 8 shows outside contrast. These are 

assumed inclined in the sense of the planes ADB and ADC. This 

assumption is validated by weak-beam images (Fig. 4). 

Fig. 3. Shows how dark field images may be used to determine the'correct 

orientation of the crystal. Figure 3a (s<o) the top of the foil 

is in good contrast and the top end of the inclined rod at B 

is seen. In Fig. 3b (s>o) the bottom of the rod Dis seen in 

good oscillating contrast. The crystal must then be oriented 

as shown in the line drawings and this procedure easily 

eliminated the 180 0 ambiguity. 

Fig. 4. Shows weak-beam images at the [211] and [233] poles. These 

images show that the loops are hexagonal and the distributed 

on the four {Ill} planes. Figure4a shows the loops at the 

[211] pole. Defect marked B lies edge,one. a and yappear 

steeply inclined to the foil. 6 on the plane of the foil ABC 
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appears hexagonal. In Fig. 4b the foil is imaged at the [233] 

pole. The plane ADe is at a shallower angle than Ci. orB and this 

is seen in the image. A three beam condition with the ref1ectiJns 

[022] and [313] operating was used for this image. At the 

unfau1ted loop at A has a strong black contrast inside the 

loop suggesting precipitation inside the loop. 

Fig. 5. (a) Summarizes the experimental situation in Fig. 2a. The crystal· 

with the relevant planes is shown with the observed nature of 

the images. At this stage only the sense of inclination of the 

defects need be known. (b) Shows the formal FSRH (perfect 

crystal) analysis [7]. For outside images (s>o) goR is negative 

and for inside·images g·R is positive. Therefore, the dis­

placement vectors must be as shown in order to agree with the 

observation of Fig. 2a. The analysis is also done in terms 

of the rotations of the planes. At s>o a clockwise rotation 

of the planes brings the crystal into the reflecting position. 

The rotations around interstitial loops give the required images. 

It is concluded that the loops on the inclined planes are 

interstitial. (c) Shows the distribution of defects in the 

crystal. The distribution suggests a ripening of interstitial 

clusters during the annealing treatment. 
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