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THE NATURE AND HABIT PLANES OF DEFECTS
IN Pt ION-IMPLANTED SILICON

K. Seshan and J. Washburn
Inorganic Materials Research’Diviéion, Lawrence Berkeley Laboratory and
Department of Materials Science and Engineering, College of Engineering;
~ University of California,»Berkeley, California 94720 '
ABSTRACT |

Several contradiétions about the nature of defécts formed oﬁ the
anneaiing of P+ ion-implantation dumage in- (111) silicon are resolved.
It is confirmed that the defects are intefstitial type. The aﬁalysis
still does not determine the exact displacementsvassociéted with the
defects. Thé'180° aﬁbiguity in crystal orienfétion 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‘uéing'weak—beam
techniques.' The defects are shown to be hexagonal, faulted and lying

on the four {111} planes with displacementé of the type %Klll). 'This

>distribution of defects suggest that they are formed By the growth

of interstital clusters on close packed planes.
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1. Introduction

It is known that 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 wbrkers have reported that the loops are perfect [1,2,3], and
have Burgers vectors of the type %—(1105}, all inclined to the (111) foil-
plane [3]. It has been.Suggested [3] tﬁat most of the loops lie in tﬁe
foil plane. These authors have proposed no explanation for the three
missing loop families having %-(110) Burgers vectdrs that lie -in the foil
plane. Soﬁe of the loops in the foil plane also have been reported td be
imperfect and vacancy type [4]. The habit planes of the inclined loops.
have not pféﬁiously been determined. vRecehtly a great majority of the
defects have been shown to be interstitial type Frank (i.é. imperfect) -
loops. |

vSince earlier repbrts are contradictéry and incompiete it is clear
that a further'investigation of defects in P+ ion-implanted and aﬁneéled
(111) silicon is needed. 1In this stﬁdy, we ﬁave determined the type
(ihterstitial or vacancy) of the.defécts; using conventional diffraction
contrast analysis, as well as theif habit planes using-fhe weak-beam

technique [06,6a].

2. ‘Experimental

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

14 i/cm2 were supplied by the

100 keV P’ ions to a dose of 2x10
Fairchild Company R&D division. These were ultrasonically cut into
discs of 2.3 mm and dished on the non-implanted side. They were then

chemically thinned in a solution made up of two parts (3HNO:1HF) to

one part (2.5 g 12 in 1100 ml Acetic acid). The thinned samples were



examined in a Siemens 1A and a Philips 301 electron microscope.
3. Results

The conventions used for the projections are shown in»Fig. 1. Given
the.diffraction patternvthere is a 180° ambiguity in the orientation
of -the cnystal. In Fig. 1b, 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 tiltiné 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 positiye (s>0)
when the reciprocei 1attice noint lies within the Ewald gphere (Fig. lb).
~In Fig 3a (s<0) the top of the inclined rod (near the upper surface of
the ¢rystal) is in good contfast whereas in Fig. 3b (s>0) the bottom |
end of the rod D is seen in good oscillating contrast. ‘Thus the sense
of incllnation 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.



4. Analysis of lLoops on Inclined Planes

 The correct tetrahedfon as viewed aBove the crystal (taking into
account the inversion involved in the Siemens Elmiskope I) is shown
in Fig. 1b. This tetrahedron and the crystal.sho&n below it are used
for the formal analysis [7]. (The tetrahedron as seen in a pbsitive
print, emulsioﬁ dowﬁ, is shown in Fig. la.) The correct érystallographic
orientations can be found with the (111) stereogram shown in Fig. lc.
All microgréphs 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
markéd Y is assumed to lie inclined as the plane ABD and the 1§ob_marked
f inclined aé the planeiADC. For such small loops it is difficult to
acertain the exact habit planes from bright field images, even:by high
angieb(over 30°) tilting. -The high normal and lateral strain fields;’
around these small defects make the bright field imagés insensitive to
tﬁe orientation of the core of the defect. Tdvdetermine thévhabif planes
of these defects we have used weak-beam micrdscopy,

5. Determination of Loop Habit Plane

In Section 4 it was assumed that the loops marked Y (Fig. 2a) lie
on a plané inclined in thevéense of the plane ADB ana B in the Seqse»of
the_plane_ADC. It was, however, impossible to determine exactly the
habit blanes from the bright field images alome. |

The habLit planes have been determined using weak-beam:electronb
miéroséopy [6,6a]. In Figs..4a and . 4b the defecﬁs are_iméged in weak
beam at the [211] and at the [233] poles respectivelx.' In Fig. 4a the

i

variant marked B lying on the plane ADC appears edge-on while the loops



o and Y lie on inciined planes ADC and ADB. (The loop marked vy is cut by
the foil surface;) Loops.lying on the (111) pl;ne,i §, appear hekagonal
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
.[052], e.g., g = AB, would put the Y loops ouF of contrast as g'bY = 0.
The Y plane is at a shallower inclinatioﬁ than o or B and this is
confirmed by the appeérance of the ¥ loop in the image. Loops o and 8,

by.virtue of their high inclinations appear narrow. Hexagonal loops

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

v respect to g.

That the'habit planes of these defects are (111) is ;ohcludedv
from trace analyéis. Their sides are éccurately‘along <110} and 6n1y the
'(111) planes contain thfee {110) directions. Furthef, if the ldops.are
regular hexagons.the ratio of the length of the sides gives the cosiness
of the angles of inclination., This method gave angles of 63° and 68° for .
the inclihed loops B and o ‘respectively. This is in reaspnablé égree—
‘ment with the'fact‘that the inclinéd (111) planes make 70° angles with
the (111) plane of the foil. Lasfly, the loops show displacemént.fringe
contrast implying fhat they are faulted and, therefore;.must lie . on {111}
planes. The displacement vectors for the large majority of the loops |
" are not lattice translétions i.e.,Anot g-(110> , aé suggésted by earlier
results.[l—3] but rather-% [111]. Certaié contrast effects suggest thaf
x is ﬁot exactly three. Segregation of dopants or impurities on-;ﬁev. |
stacking fault probably changes the displacement vecfor'slightly.' A

result which is consistent with this hypothesis may be seen at the



unfaulted loop at A (Fig. 4b) which appears dark inside. This contrast
effect may he explained if it is assumed that the segreéation remains
inside the loop even after it has transformed to a "perfect" loop; There
would stiil bg a small displacement remaining in the [111] direction which

could give rise to this dark center.

6. Determination of Loop Type.

The analysié confirﬁing that the loops on the inclined planes are
interstitial is given in Fig; 5. Figﬁre 5a shows the situation as
found in the micrograph in Fig. 2. 1In terms of the FSRH {71 convenfipn
only extrinsic defects on the inclined planes are éxpected’to give
images consistant with those observed experimentally in Fig. 2a
(Fig. 5b). FA‘separate analysis showing the roﬁétiﬁns of the planes
around the defects is élso given in Fig. 5b.  Here use is made of the
fact that at t%e s>o condition a clockwise rotation of the crystal planes
" brings them into the reflecting condition. This analysis also confirﬁs>
the interstitiél naturé of the defects on the inclined planes. Only
the sense of the inclination of the hébit plane and the displacemént
vector are involved in this‘analysis. |
Similar analysis of the loéps in the plaﬁe of the foil shows that

they are also interstitial type. The resulting distribution of defects

is shown in Fig. 5c.
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7. Conclusions

The loops aré shown to be interstitial tyée. .Thé habit planes of the
loops have been determined to be the four {111} planes aﬁd‘ghe diéﬁi;cements
are of the type i&lll) with x not being exactly three, probabiy becau;e
of the éegreation of &opants or impurities‘on the stacking fault. There
are a few perfect loops which also show evidence'éf.precipitatién or
'segregation remaining inside the loop. The distribution of defects in
Fig. 5c suggests that the loéps are formed by the clustéring of

N .
interstitials on close packed planes, which subsequently grow'during-
the annealing treatment. . » | .

‘It has been mentioned that varying accounts exist :egardiﬁg the
nature of defects in P+ ion-implanted silicon. Studies iﬁ progress
indicate that deféCtbmorphology éndktype is very sensitive to the
presence of impurity (é.g., oxygen), the element used for.dopant of
_éubstrate pfior to implantation and type of-substfate‘(n ér p type).
Thefefpre,-the different resultS'bf'other workers, may Be‘caused.by
differences in tﬁe material or impiantation‘procedure. |
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Figure Captions

Fig. 1. (a) Showé the crystal with-the [iii] tetrahedron as seén‘in an
emulsion side down priﬁt. “(b) Shows that thé‘lSOé ambiguity is
resolved by noting the position of.the [211] pole in the Kikuchi
pattern. ‘The correctly oriented tetrahedron_(including 180f
inversion and magnetic lense rota;ion) projécted abo&e the crjsfal
is shown, as is the crystal with the 8 and Y‘plénes inclinéd in
thé proper sense. All pictures used for the analysis were images

at s>o0, with the reflection inside the Ewald sphere as shown.



Fig. 2.

Fig. 3.

Fig. 4.

(c) The [111] stereogram from which the corfect crystallographic
directions may be obtained. E.g., the operationvreflection in
Fig. 2a is along BC or [025].

Sths the stereo-pair obtained while tilting the crystal to
determine the position of the fiii] pole. Tetrahedra are drawn
below to coincide with thé.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 [111} to the [211] pole.

Viewing these images through a stereo vieWervshows that B is

far below D; i.e., B is near the top of therfoil. Loops marked
Y show inside contrast; B shows outsidé contrast. These‘are
assumed inclined in the sense of the planes ADB and ADC. This
assumption is validated by weak-beam images (Fié. 4).

Shows hqw dark field images may Ee used to.deterﬁiné the- correct
orientation.of the crystal. Figure 3a (s<o) the top of the foil
is in good contrast and tﬁe top end of the inclined_rod at B

is seen; in Fig. 3b (s>0) the bottom of the rod D is seen in
good osciilating contrast. The crystalymusf then be oriented

as shown in the line drawings and this procedure easily

eliminated the 180° ambiguity.

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

images show that the loops are hexagonal and the_distributéd

‘on the four {111} planes. Figure 4a shows the loops at the

[211] pole. Defect marked B lies edge‘one.'>a and Y appear

steeply inclined to the foil. & on the plane of the foil ABC



~10-

appears hexagonal. 1In Fig. 4b the foil is imaged‘at the [233]
pole. The plane ADC is at a shallower angle than o or 8 and this
is éeen in the image. A three beam éondition with the reflections
[022] and [313] operating was used for this image. At the
unfadlted 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 érystal'

with the relevant planes is shown with the observed nature of
the iméges. At this stage only ﬁhe sensevof inclination of the
defects need be known.  (b) Shows the formal FSRH (perfect
crystél) anaiysis [7]. TFor outside images (s>o0) g°*R is negative
and for inside images g-R is positive. Thérefore, the dis—_
placémenf vectors must be as shown in.order to agreé Qith the
obéervation of Fig. 2a. The analysis- is also done in terms
of the rotations of the planes. At s>o avclogkwise rotation
of the planes brings the crystal into the reflecting'pésition.
The rotations around interstitial loops give the required images.
It is concluded that the loops on the inclined planes ére .
iﬁterstitial. (¢) Shows the.distribution Qf defects in the

, crystaif The distributiqn suggests a ripening of interstitial

clusters during the annealing treatment.
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