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DEFECTS IN BORON ION IMPLANTED SILICON
Wei-Kuo Wu
Inorganic Materials Researeh Division, Lawrence Berkeley Laboratory and
Department of Materials Science and Engineering, College of Engineering;
University of California, Berkeley, California 9hkT720
ABSTRACT -

The crystal defects formed after poét—implantatien annealing of boron
ion implanted silicon irradiated at 100 keV to avmoderate dose (2X101h/cm2)
have been studied by transmission electron microscopy.

Both centrast analysis and annealing kinetics show that there exist
at least twe different kinds of linear rod-like defects along €110?
directions. It is shown in the annealing kinetics study that one kind
either shrinks steadily remaining on (110) at high temperatﬁres (>850°C),
or transforms into a perfect dislocation loop which rotates toward (112)
perpendiculaf to its Burgers vector. The other kind shrinks steadily at
moderate temperatures (~800°C). The activation energy for shrinkage Qf
the latter kind has been determined to be 3.5%0.1 eV which is the same as
the activation energy for boron diffusion in silicon. This suggests that
this type of linear defect is a boron precipitate.

Besides these linear defects there are also a large number of small
faulted dislocation loops on {111} planes which are hexagonal in shape
and have Burgers vector a/3{(111). They grow in sizevduring the time that
the boron'pfecipitates shrink and then subsequently shrink at higher
temperature after prolonged annealing. Assuming that diffusion at |
900°C takes place by motion of interstitials and that the loop shrinkage
rate is_emissidn controlled, the measured activation energybfor shrinkage

of these lobps of 5.620.5 eV is consistent with the activation energy
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for self—diffusidn. This suggests that these interétitial dislocation
loops consist mostly of silicon atoms. PR

Tn addition to the faulted dislocation loops, there also exist é
large number of perfect dislocation loops with Burgers vector a/2(110),
élso interstitial in nature. The loop plane for some of the perfect
dislocation lobp is clearly shown to be {110} witﬁ edges along (110)
and (112).

The depth distribution of all these defects was determined by stereo-
microscopy utilizing latex balls of diameter lO9OKi3OX as the reference
points on the surface. It was shown that these boron precipitates lying
parallel to the foil surfaces are at a depth of about 3SOOXt6OOK. The
loops are also at the same depth, but with a broader spread, +11008.

To further,substéntiate the hypothesis that the predominant type of
liﬁear defect is a form of boron precipitate silicon samples containing
boron and samples containing no borpn were irradiated on the hot stage
in the 650 kV electron microscope. The specimens were: p-type (boron
doped 0.75 Q-cm) and n-type (phosphorous doped 2 Q-cm) silicon.’ An
irradiation at 620°C resulted in the growth of very long linear defects
in the samples containing boron but not in the samples containing no boron.

This suggests that at 620°C silicon intérstitials produced by the |
electron beam.replace substitutional boron some bf.which precipitates
in the form of long rods along (110}. A similar replaceﬁent probably
accounts for the observed reverse annealing stage and the growth of rod

defects in boron implanted silicon.
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I. INTRODUCTION
Ton implantation is the introduction of atoms into the surface layer
of a-solid substrate by bombérdment of the solid with ions in the keV
' to MeV energy range.

It has proved-to be a successful alternative method of intrdducing

dopant atoms iﬁto a sémicondcutor substrate. The adﬁantage of this method

- for electronic.circuitry is iﬁ providing a wide range.of dopant species,
easily introduced into any kind of substrate at quite low temperature,
(usually room temperature) to an exact level of impurities, in a short
time, in a vefy narrow region (shallow junction) néar the surface. The
convéntional thermal diffusion method isvrestricted by the solid |
solubility of the dopant hence requiring higher diffusion tempefatures
.(900°~1100°C) for longer times and usually produces much less sharp
dopant concentration gradients.

Boron is a widely used three-valent, p—type dopant in four-valent
semiconducfors. It will occupy a substitutionai 1attice‘site and act
as a leg!which.ténds tovabsorb an eleptron due to its three-?alent
character (Fig. 1).

There has been a large volume of liteératures on thé electrical
proberties of.ion implanted silicon within the past few'years due to ifs
'potential of wide application in electronic circuitry. Among the.

_ 12 electrical properties that héve been investigated after ion implantétioﬁ
» ére sheet resistivity, Junction lqcation, and Junction characteristics;
These are determined primarily by'the dopant and defect distributions,

which control.cﬁrrier densities, mobilities and iifetimes.' A wide

range of experimental techniques has been developed to determine these
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properties. For examplé, Hall measurements or four-point probe technique
combined with anodic oxidation and layer removing techniques have been
succéssfully'applied in determining the depth distribution of carriers

and mobilities in both group III (B, Al, Ga and T1) and group V (As,

Sb and Bi) ién implanted silicon.l'-l'L It has been found from these étudies

5

that the electrical carriers concentration has a reverse annealing stage
at about 6bO°C in boron ion implanted silicon for doses up to lols/cm2
(Fig. 2). A similar reverse annealing stage is also showh in the four-
point probe sheet resistivity measurement (Fig. 3). 'However, no such
reverse annealing stagé_is seen either for low temperature irradiation
(1iquid nitrogen temperature) or heavy dose ion impldnted silicon, where
a éomplete.surface amorphous layer is formed during irradiation. |

Similar reverse annealing stages have also been seen in Al,2 Ga7
and P8 ion implanted silicbn.

These electrical pfopertiés have been correlated with channeling~
effect measurements which detect the lattice location of boron atbms;9—ll
For lighter elements such as boron, the direct back scattering nmeasure-

12,13 is of no use, hence a profon induced nuclear reaction, llB

ment
(P,o) 8Be, hés been used to detect the ldttice location of implanted
bofon atoms. It is shown in Fig. 4 that there are always a*certaih
fraction of imp;anted boron atoms on substitutional laﬁtice sites after
implantatioﬁ. There is a reverse annealing stage_at about 600°C when

the percentage of boron atoms on subsfitutional siteé decreases'and then

increases again upon further annealing. After about 1000°C annealing,

almost 90% of the implanted boron atoms become substitutional and

Sari
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electrically_active. Although the reverse annealing stage ét about
600°C is important, not much is known about its mechanism.
| Modernltransmission as well as scanning electron micrbscopy techniques

have been applied to study of the crystélvdefects formed during post~
implantation annealing. The imporgance of studying these defects is that
in'order t0 recover the electrical proﬁefties after ion implantatién,
the implanted material has to be anneaied as seen in Fig. 2, 3 and k.
One of the unafoidéble effects after posf-implantation annealing is tﬁe
formaﬁion of defect clusters, disloéation loops, dislocation entanéleﬁents-
or precipitates,vwhich mey influence the electrical prdperties and the
performance of devices.

For boron ion implanted silicon up to a dose of 10lh ﬁo lols/cm2;
the crystal defects fofmed after post-implantation annealing are a large
number of isolated dislocation loops and many linear defects along all
the (110) directions.

'Although éxténéive transmission electron microscoby work has been
done in an'aftempt to identify the nature of these defects much
controversy étill exists. For example, the linear defécts_along (110)
directions have been identified as boron precipitates,l§ iines of point
defects,ls or dislocation dipoles.16 Similarly, the dislocation.loops

1T

have been identified either as vacancy8 or interstitial type, or as

perfectlT or faulted.8

This thesis consists mostly of experimental results aimed at
identifying the crystal defects formed'during post-implantation annealing

of boron ion implanted silicon to a dose of 2X101h/cm2.
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‘Tt was found that the conventional bright'field (B.F.) contrast
analysis18 was usually not enough, hence the weak-beam dark field - .

19

(W.B.D.F.) technique which gives very narrow images of dislocation lines

was used to determiné diélocation loop planes. This is crucial in the -
determination of loop types.20 Although it has been found that at leést.
two different kinds of linear defects exist due to their very narrow
spacings the exaét nature of these defects is still mysterioué. In the
present work, a newly developed outside the'microéCOPe thin film anneaiing
téchnique permits repeated observation of the same defects (area) after
different heat treatments.

These annealing kinetic studies, have‘provided new informatioh on
the nature.not only of the linear defects but also of’the‘very Smali
dislocation loops. The stereomicroscopic technique, utilizing latex
balls of diameter lO90t30K as reference points on the foil surfaces, was
also used to determine the depth distribution of defects. This gives
information on the depth distribution of radiation damage during
implantation'and helps to clarify the nechanism of formation of linear
defects.

To further>substantiate the meéhanism of formation of linear defects
a high voltage transmission electron microscope operating at 650 kV -
equipped with a hot stage fhat can ﬁe heated up to lOOO°C21 was used to
study the effeét of boron atoms on the formation of linear defects.

vThese cémbined experiments utilizing contrast analysié, anneaiing
kinetics, stereomicroscopy and high voltage transmission electron microscopy

have resulted in a more complete understanding of the nature and mechanism

of formation of linear and loop defects in boron implanted silicon.
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IT. EXPERIMENTAL

1. Specimen Preparation

n-type silicon slices, 5 §-cm, of (111) and (100) orientations were
irradiated at room temperature withvboron ions at 100 keV tq a dose of
2X101h/cm2.

A piece of 1/2 in.x1 in. was scribed from the (111) slice for éheet
resistivity measurementé and the rest was ﬁltrasonically cut into discs
of 3 mm in diametervfor_transmissionvelectron microscope obéervations.

The piecg.of sheetlresistivit& measurements was annealed isochronally
from 400°C up to 1050°C in 50°C intravals for 20>miﬁ in a quartz tube
furnace with dry nitrogen passing through it.

The discs for electron microscopical observafions were anﬁeaied'in
the same tﬁbe furnace with dry nitrogen flow. The aﬁnealed specimens
were then chemically polished from the“unimplanted sides invéne part

solution A (2.5 g iodine and 1100 cc CH_,COOH) and two parts solution B

3
(1HF + 3HNO3).

2. Sheet Resistivity Measurement
The sheeﬁ resistivity measufements ﬁere performed by the.fdur—point
ﬁrobe technique.22 .
:In thié technique a fixed current is injected througﬁ the two‘ouﬁer

probes and the voltage drop is measured across the two inner probes (Fig.-5).

The sheet resistivity is then related to the current and voltage as:

- v
Py = C1Co T



os = gheet resistively
' C1 = geometrical factor depending on the shape of the specimen . -t
and the probe spacings
(W
C2 = doping depth correction factor -

I = applied current
~ V = measured voltage

3. Electron Microscopy

The thinhed specimens were repestedly examined in the Philips 301
transmission electron microscope operating at 100 kV after-each furnace
anneal. Tﬁe annealing temperatures were monitored to an accuracy within
+1°C by a chromel alumel thermocouple sealed in a small quartZ’tubé‘
positioned near the specimen; |

It was observed that clean annealing could always be obtained not
only for bulk specimens but also for thinned specimens in dry nitrogen
flow up to 1000°C.

Most micrographs were taken under two beam diffraction conditions
with s > o. The orientation of the micrograph was determined by making
use of the Kikuchi mép.

| In the contrast analysis; the weak beam dark field (W.B.D.F.)_

technique was used to reveal the true shape of most defects, the E-E =:o' .
criterion waSvuséd to determine the Burgers vectors.

In the anneéling kinetics study, great care was necessary to v
successfully‘take the épecimen out of the microscope anneal it iﬁ dry
nitroéen flow and then put it back. This technique not only gave a
direct observation on the evolution of many defects but also can be

used as a method for determining diffusion coefficients of both impurities

and self-atoms.
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For the measurements of depth distribution of defects, latex balls

- of diameter 10901303 were diluted in 5 cc distiiled water with each drop

and applied on the surfaces of the specimen. The tilting angle and

tilting axis_for stereo pictures were determined by making use of the

Kikuchi map.
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III. - RESULTS

1. Sheet Resistivity Measurements

Typical sheet resistivity measurements after post-implantation
annealing are shown in Fig. 3. It is seen that there exists a reverse
annealing stage at about 600°C. A similar result was also reported by
Bicknell et a.l.lh No such reverse annealing stage is observed when the
surface becomes completely amorphous during implantation.

2. Transmission Electron Microscopy

A. General Observations

For boron ion implanted silicon, the crystal defects formed after
post-implantation annealing above T50°C consisted of a large number of
linear defecté along (110) directions and a large number of small dis-
location loops as shown in Fig. 6.

The linear defects showed clear in-side and out-side contrast similar
to that from dislocatiéh loops  (Fig. 7).18_ However, a close look at
Fig. T shows that there exists two different kinds of linear defects
showing different diffraction contrast (one shows in-side while the
other shows out-side for the same diffraction conditions and vice versa)
as marked by "A" and "A". Nevertheless, these linear defects both go
out of contrast completely when the diffracting vector is parallel to the
(110 rod direction. This means that the Burgers vectors (if they are
dislocation loops) or displacement vectors (if they are layers of
impurities) are‘perpendicular to the elongated directions.

Besides these linear defects, there are a large number of small
dislocation loops with a line of no contrast along ¢110). These are out
of contrast when the operating é vector is along this (110) direction,

see "a" and "b" in Fig. 7.
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In the next sections, these defects will each be studied by contrast
analysis, annealing kinetics, stereomicroscopy énd high voltage hot stage
transmission electron microscopy.

B. Contrast Analysis

i. Introduction

According to the two beam kinematical or dynamical theory of electron
diffra.ctio_n,l8 a crystal defect will give an additional phase factor,

omigeR
e-_- g ,

where E is the diffracting reciprocal lattice vector and ﬁ is the dis-
placement or Burgers vector of the defect followed by the convention of

18,20

> ,
Hirsch et al., in the wave equation. Hence, if g°§ = o, there

would be no coﬁtrast due to the defect, this has;Been the basis for the
determination of the Burgers vecfors of dislocations.

It is necessary to know the inclination of the dislocation loop
besides knowing the Burgers vector in order to determine the diélocation

3 for determining

loop type, e.g., vacancy or interstitial. A quick m.éthod2
the sense of diffracting veétors uﬁambiguously makes use of the_Kikuchi
pattern, so that the Burgers vectors of the dislocation loops can be
determined cofrectly. Recently it has been reported2h that similar
small dislocétion loops observed in P+ implanted silicon show clear
stacking fault fringes inside the loops. The weak beam dark field
technique decreases the effective extinction distance, £g, and gives a
very sharp, narrow image of the dislocation lines (width of dislocation

line ~1/3(g), so that the oscillating fringé contrast of the stacking

fault can be seen clearly and the shape and loop can also be determined.
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In the following contrast analysis, the W.B.D.F. technique is used
extehsively together with conventional B.F. and stereomicroscopy to
reveal the dislocation loop plane by trace analysis and the stacking

fault fringe contrast for small faulted dislocation loops.'

ii. Defermination of Dislocation Loop Types

a. For faulted dislocation 1oops. Figure 8 is a set of W.B.D.F.
piétures of.the éame area with the diffracting vectors as indicated
(s > o, where ; is the deviation vector away from exact Bragg cqndition).

It is seen in Fig. 8, A and B, that most of the small dislocation
loops are hexagonal in shape with edges along (110} directions. From
trace anélysis, loops a; b and c are clearly shown on the inclined {111}
planes, while d is on the foil plane. This is further proved as shown
in Fig. C, D, E end F 6f this‘sequence, when the foil was tilted from
{111) orientation to (112) orientations so that loop ¢ and a are showing
. edge-on in Fig. C and E respectively.

It is noted that loop b and ¢ show in-side and out-side contrast
when the diffracting vector E is inclined to the loop planes as in
Fig. A and B, while loops a and d are showing residual contrast
(gb = o and §4ﬁxﬁ # o where u is along the dislocation line), if the
diffracting E vector is on the loop planes. These obéervations are all 
consistent with the assumption that loops of this kiﬁd are‘faﬁltéd‘Ffank
partial dislocation loops25 with Burgers vectors, a/3(111), perpendicﬁlar
to the {111} loop planes.

Although it is not possible to seé fringes due to the stacking

fault in this set of pictures, the bright centers of the loops in Fig. C

through E suggest that the fringes are too close together to be resoived.
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In Fig. 9, where larger loops of the same kind are observed under similar

conditions,vthe fringe contrast is clearly resolved. The fringes are

_parallél to the foil surface for those loops that were cut by the surface

such as loop A as is expected from the cbntrast'tﬁeory. However, the
fringes appear to be bent so as t; be parallel to the near by bonding
partial dislbcation lines for those loops that are completely. inside the
foil,ve.g., ioop B or E. Similar contrast is élso_pbserved in the dbright
field pictures as shown in Figs. 28-30. This result raises some inter-
estihg questions as to what factors determine the fringe contrast of
stacking faults of small faulted dislocation loops. The fringe contrast
is further evidence that all these small 1oops are Frank partial dis-
location léops.

Thé contrast due to stacking faults and boﬁnding.fartials were
reported in detail by Booker and Tunstall26 for the two dimensional
defects présent in silicon after annealing in air. In their case, the
defects were very large so that both the fringes of.the stacking faults
and the contrast due to the boundihg partials could be seen unambiguously.
For.the very tiny Frank loops observed in this éase, an alternative method
has to be used to identify the nature of these defects. Tunsta.1127 has
made some theoretical contrast calculations to prove the falidity of
utilizing the sign of (E-g)s as a criterion for determining the sign of
3 (the sién.of the Burgers vector g of a dislocation loop could always
be either positive or negative as determined by E-g = o0 alone). He
concluded that Frank loops with (E-g)s positive would appear smaller than
when (E-g)s waé negative. This was the éame criterion’used in determining

18,20 27

Tunstall also pointed

the sign.of b for perfect dislocation loops.
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out that |g+B| = 1/3 might not be useful in determining the size of the

loop since the contrast due to bounding partials should be weak.28 He .

suggested an alternative method,29 with g-% = +2/3 (s > o) showing good
contrast and E~g = -2/3 (s > o) showing weak or invisible confrast, that
enables the'natuie of partial dislocations to be determined. However,
this method is again the same as utilizing the sign of (g-g)s as criterion,
S0 thatvloops with (E-K)s > o (no matter 1/3, 2/3 or 4/3) would show
strong, in—side contrast while (g-g)s < o would show weak, invisible or
out-side contrast of the partials. This is sﬁown to be true in Fig. 8,
for all small faulted loops.

The contrast of these very small Frank dislocation loops are
tabulated in Table 1. It is concluded that all ﬁhese loops are inter-
étitial type lying on all four poésible {111} planes.

‘b. For perfect dislocation loops. Besides these small faulted

Frank dislocation loops, there are also some perfect dislocation loops
with loop planes either {111} or {110}.
A typical example is shown in Fig. 8. Loop C with an elongated

direction along [011] lying on (111) plane as determined from trace

analysis. It shows strong in-side and out-side contrast when the operating

g vector is on the loop plane (Fig. 8A and B). This excludes the
possibility of its being faulted with Burgers vector a/3[111]. Howeyer,

it did sﬂqw weak residual contrést'(also_shown by loop "d" in Fig. A and B),
which is characterized by remaining the same size, when the g vector is
reverséd in ﬁhe direction in Fig. 8E and F. The contrast of this loop

is also tabulated in Table 1. It is concluded that this perfect loop,

Yol
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‘ Table I.
g
[220] [} [Tl n. .. b
R O -0 [1] sl
I 0 I (] oshimi]
o EO0 o [l 9sli]
R I I [(111]  9ain)
0] I R (1]  apfol]
I: Inside Contrast
O: Outside Contrast
E-O: Edge-on
| Neg: Negative Value
- Int: Interstitial Type

Neg.
Neg. |
Neg.

Nég.

| Type

| Int.
Int. -
Int.
Int

Int.

Residual Contrast (g-b=0; EBXE #* 0)

XBL 753-5928

~ET1-



=1kh-

is intersﬁitial in nature, lies on (111) and, has a Burgers vector
perpendiculaf to its elongated direction.

" In ahother example shbwn in Fig. 10, a wvery large perfect dis-
location loop A (no_stacking fault fringes or dark center) with edges
of the léopvlying along either (110) or (112) directions is observed
together with faulted Frank loops B and C.lying bn-the inclined {111}
planes. From trace analysis, loop A is lying on (10I) plane. The loop
shows residual contrast when the operating E vector is parallel to the
loop edges along [101] direction. This shows that the Burgers vector
is ‘a/2[101] pefpendicular to both the loop edges along the [101]
direction and the loop plane. Hence, it is a pure edge interstitial
typed dislocation loop. This big loop slipped oﬁt of the foil during
further annealing as shown in'Fig. 10b.

Beéides these regularly shaped perfect dislocation loops, many
irregularly shaped perfeét dislocation ioops weré also bbserved, which
tended to lie with iong'dimensions along €112) directions and with
Burgers veétors perpendicular to the (112) direction. A typical example
is shown in Fig. 17, where one ehd of thé linear defect B suddenly broke
up and became a dislocation 1o;p C which continued to rotate so as to
lie along [112] (Fig. 17a through f). The loop C has a different dis-
placement vector fromvthat of the linear defect B from which it originated
as shown in Fig. l1g and h. When the Ervectof is parallel to [205], loop
" C shows strong contrast while defect B is out of contrast. However, if
the [I11] diffracting vector is used, defect B is in contrast and loop

"C" shows weak residual contrast. This suggests that loop C has a perfect
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Burgers vector perpendicular to its elongated (ll2)‘direction.

iii. bn the Contrast Study of Linear Defects

As was pointed out in Fig. T, the observation of two kinds of linear
defects, one showing outside contrast while the other shows inside
contrast may indicate thét one is vacancy type while the other is inter-
stitial type but with the same inclination with respect to the electron
beém. They may aléo be of the same type, e.g., bOth vacancy or béth'
interstiti&l, but having opposite inclinations as shown in Fig. 11;
Since both kiﬁds‘of linear defects disappear when the operéting E vector
is along the.elongated (110) direction, this indicates that the
displacement vectors of both are perpendicular to the elongated (110>
directions. However, for each (110) direction, this leaves at leaét thiree
low index possibilities for displacément vector, €.g., a/x(1105, a/x(lll)
and #/kuOO) where x may not be an intéger. The existence of more than
one kind of defect has not previously been pointed out. Madden and
Dévidsonl6 concluded that the linear defects were lying on {lOO}»planes
with Burgeré vectors a/x€100) péfpendiculﬁr to them and interstitial in
ﬁature. | |

It is found that in order to determine the Burgers vector of dis-
placement.vector unambiguously by contrast analysis,_oﬁservation of the
same defectvfor many different E ﬁectérs is desirable. Hénce, a (100)

oriented foil was used in place of (111) foils and the seléction of g

vector was facilitated by a high angle tilting stage which could be

rotated up to 60° in any direction.
A typical example is shown in Fig. 12. Figures 12a through h were

taken near [001] orientation. The foil was then roﬁated to [011] and
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[011] orientations with the diffracting g vectors as indicated

(Fig. 1pi through 1). It is seen that linear defects a and 4 are

showing very weak contrast in [001] orientation, while "A", "A" and "D"
are showing-stfong in and outside contrast. When the foil is tilted

away from [001] to either [I01] or [011] orientation, a and d also show
strong contrast too. It is noted that A and A show different contrast

in Fig. 12a and b. As mentioned before, this might be due to the fact
that they are either of different types or that they havé different
inclinatioﬁs. AThe'different contrast of A and A isvalso shown in Fig. 12i
and j, where defect A shows strong but same contrast ﬁhen the g is reversed
in direction (typical of an edge-on view) while defect A shows very weak
residual contrast. The reverse is observed in Fig. 12k and 1.

A completé contrast analysis starting with all possible displacement
vectors of these linear defects is tabulated in Table II. It is observed
that only a Burgers vector along the [111] direction (here we ignore the
magnitude of the Burgers vector) satisfies all the observec contrast
observations for.lbop A, the other possible Burgers vectofé can’ not
satisfy the observed contrast eithér in [011] or [0I1] orientation.
‘Similarly, only [111] and [111] satisfies all observed contrast for
loop A and D. The loop plane for loop A, A of D is obtained from the
orientation where_it shows edge-on. It is, therefore, concluded'that
loop A, A and D observed in this case are elongated faulted Frank
dislocation loops, interstitial in nature.

The very weak contrast for defects a and 4 in [001] orientation
with all different diffracting E vectors suggests that the Burgers vector

is parallel to' the beam direction, e.g., #[001]. The weak contrast is,
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Table 1I. Diffracting contrast of rod-like defects with different g vectors.

>
g ' : '
Loon CA=[001] A=[0I1] A=[011]  Possible
0op ~ = = N e : po~ ‘ > . - > >
No. [220] (220} [400]  [040] [022] [022] b b n ben Type
A 0 N I 0 E-0 R [1101(001] [111) [111] -  Interstitial
. [1111[111] - :
A 1 N 0 1 R E-0  (110][001] (1111 (Ii1] -  Interstitial
[111][111] ,
D N 0 I I R E-0 [1107{001] (11I) [1i1] - Interstitial
[111]{111]
a R N R R 0 0 [00I) [001] -  Interstitial
b £-0 E-0 E-0 R H-0 N +[100]
c E-0 E-0 R E-0 I I £[010] £[010] -  Interstitial
d N R R R 0 0 [o0I]1 [001] -~  Interstitial
e E-0 E-0 . R E-0 T I +[010] #[0l0} - Interstitial
£ E~0 E-0 . E-0 R N  H-0 © £[100]
0 ‘Outside Contrast
I Inside Contrast
R Residual Contrast; g‘g = 0, E-ﬁxﬁ #0
N ‘No Contrast; g5} = o,Ag-Bxﬁ = 0
E~0 Edge-On ' N
11-0 Head-On

-LT-
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therefore; due to the residual contra.st.18 From the contfast observed.in
[011] and [011] orientations, the Burgers vector for defect a and d is
- further substantiated to be tOOi]. The magnitude of the Burgers vector
ié téntatively assigned as a/x. The loop plane is very difficult to .
» determine in this orientation, since a tilting of ub to 90° may be _
required to make it show edge-on. However, some defects 4 which show clear
vin and outside contrast in both [011] and‘[Oll] orientations as shown
in Fig. 12i through 1, is, therefore, not.lying on {lil} planes. It
can not also lié on the {110} plane which is parallel to the displacement
vector. In an (111) foil,'the spacing of a similar defect C in Fig. 8i
was obser?ed to increase as tilted from (111) to (112) orientation |
(comparing the spacing of defect C in Fig. b and e). This excludes the
possibilities of either {111} or {110} habit planes which should
correspond to a decrease in the spacing of the defect when tilted from
(111) to (112) and is consistent with the idea that linear defect of
this kind are lying on the {100} planes.

| The existence of linear defects lying on {100}'planes with a/x{100)
Burgers vectors is further substantiated from the contrast observations
for these defects along the inclined (110) directions, e.g;, b, c, e
and f in Fig. 12. These defects all show.about the same kind of cqntrasﬁ
when the E is reversed in direction (typical of an edge-on view)'in
Fig. 12a to d. They show very weak or invisible contrast when the E
vectors are parallel to the projected elongated loop directions in
Figs. 12e to h. The complete contrast analysis for these defects is

also tabulated in Table II. It is noted that the signs of plane normal

e

L ]
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and Burgers vector for defect c and e suffer an inversion from [011] to_
[011] orientation following the convention of Hirsch et al.l8 However,
they are still interstiﬁial in natufe. The sign of plane normal for
defect b or f is undetermined, since the habit plane is always para}lel
to the electron beam.

From these results and that in the previous section, it is concluded
that there are at least three kinds of linear defects, two kinds are on
“the {111} planes with Burgers vectors of a/3{111) type pérpendicular to
the loop plahe or of a/2(110) type* still perpendiéular to the elongated
direction. The other type is on {100} with Burgers vector a/x(100) |
perpendicular to the loop plane. They are all interstitial in nature.

The“different contrast of linear defects lying along the same
direction as observed in Fig. 7 is due to the defects being of different

inclinations instead of being of different types'(Fig. 11).

C. Annealing Kinetics

i. Introduction

In the previous contrast analysis, the Burgers vectors or displacement
vectors.and the habit planes of all defects including dislocation lbops‘
and linear defecfs are determined. However, a layer or layers of impurities
may show similar contrast aé a dislocation loop, so that there is ﬁo.way
to~distinguishva plate of impurities from a layer of self atoms by éontrast
‘analysis alone. Also it is not clear from the contfast-analyéis vhy
there_exists af least two majér kinds of linear defects with different

displacement vectors and habit planes? Nor is it understood how irregularly

*Since this type of linear defect is rarely seen and usually shorter and
fatter, hence it will not be treated as linear defect in the following
sections. In the following sections, type A and A are a851gned to the
linear defects on {111} and {100} planes respectively.
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shaped perfect dislocation loops which are sometimes connected to linear

defects are formed. .
In order to resolve‘these problems, repeated observations of the same

defect during an annealing sequence a£ different annealing temperatures o -

and for diffefent times were made. The aim was to find out the activation

energy for diffusion of the atoms that these defects are composed of. |

This method also provides direct observation on the evolution of all

defects, so that their true natures can be more fully understood.

ii. General Observations

In order to find out the temperature range where these defects would
start to shrink, an isochronal annealing sequence from 800°C up to 1050°C
for 20 min with-50°C intervals was performed. The following results were

obtained.

a. The existence of two kinds of linear defects. This is plearly

shown in Figs. 13 and 14. Type A and A defects are parallel to:each other
but show different kinds of contrast (one shows outéide contrast while

the other ihside and vice versa). Type A usually shriﬁks much faster than
type A and completely disappears aftervabout 950°C. Though type A
sometimes show drastic irrégular shrinkage as in Figs. l3anand b, yet

it willrshrink‘continuously up t§ 1050°C and show clear stacking fault :
frihges. This is consistent with the conclusioﬁs of the contrast

analysis that one kind of linear defect is a faulted Frank dislocatién
dipole. It is also noted that the widths of type A defects remainvthe

same during their shrinkage, while the widths of type A increase.
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b. The transformation of type A linear defects into a perfect

elongated dislocation loop that then rotates to a (112) direction. This

is chown in Fig. 15, where a type A linear defect similar to that found
in Fig. 14 suddenly changes into a perfect dislocation loop and rotates
into a (112) direction with its new Burgers vector perpendicular to its

elongated direction. A similar example is shown in Fig. 15A.

' ¢. The nucleation and growth of a perfect dislocation loop when

type A linear defects are shrinking.‘ This is shown in Fig. 16, where a

perfect dislqcation loop B is formed adjacent to tﬁe linear defect A.
This peffect dislocation loop has an elongafed direction and tendé to
lie parailelvfo a (112) direction with its Burgers vector berpendicular
to it. It érew when fhe linear defect A was shrinking. Another.example
is showﬁ in Fig. le |

d. The evolution of irregularly shaped dislocation loops.

Irregularly curved dislocation ioops such-as loop A and B in Fig. 18 were
also observed. They also show a tendency to lie along a (112) direction
with a Burgers vector perpendicular to it.

e. Breaking up of elongated dislocation loops into strings of

smaller ldes._ Though loop A in Fig. 18a appeérsvto be starting to break

up into smaller loops, no Such'seéuence of bresking up has ever been
observed in the annealing sequences carried out on thin foils. .However.‘
when a thick sample was annealed up to 1050°C before thinning, the
eldhgated-dislocation loops (type A linear defects) would break up into
stfings of sméller loops as shown in Figs. 19, 28 and 29. The absence
of strings of smeller loops during thin foil annealing shows that the

free surface. plays an important role in determining whether an elongated
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dislocation loops will shrink steadily from its ends as in Figs. 13 or 1k,

or first break up into strings of smaller loops.

f. The evolution of small dislocation loops. The small dislocation

loops formed along with the linear defects first grow in size even in

a thin foil when the type A linear defects are shrinking. At a later
stage they then shrink too. This is shown in Fig. 20, where small loop

3 (Frank loop) and L4 (perfect loop) both grow in size as the linear
defects are shrinking as shown in Figs. 20a through c¢. They subsequently
shrink and disappear after the type A linear defects have been annealed
out (Figs. 20d and e).

g. Interactions between disliocation loops. During high temperature

annealing, the mobility of dislocations increases. Therefore, mutual
“interaction may cause displacement.

A typical example is shown in Fig. 21, where a more mobile perfect
dislocation loop B on the inclined (I11) plane with a Burgers vector
a/2[110] perpendicular to its long direction is influenced strongly by
the strain field of a near-by faulted Frank dislocation loop A also on
the sa@e plane. A schematic illustration of the interaction between
these loops is shown in Fig. 22. This interaction can be represented

by their'Burgers vectors.

b, + B, > B
1 3 2

a/3[111] + a/6[112] » a/2[110]

2

a 1 a°
2

2

O\H

b %‘a

It is noted that the recombined segment of the dislocation loops

>

>
and elastic energy (abe) smaller than both by

has a Burgers vector b3
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and 3é. The recombinatipn is, therefore, energetically favorablg. g3
also lies on thevloop plane, so that it can glide easiiy into loop A’énd
sweep away the stacking fault as shown by the disappearance of the dark
center in loép A. |
Another kind of interaction between dislocation loops of the same
kind is shown in Fig. 28, where two Frank dislocation_loops on the same

plane climb together and coalesce at A.

iii. On the Annealing Kinetics of Type A Linear Defects

a. Introduction. From the contrastvanalysis, type A linear defects
show contrast similér to that expected for an elongatéd dislocation loop
on {100} with displacement vector a/x{100) perpendicular to the elongated
(110? direction and loop plane.

‘The abo?evcharacterization confirms that of Madden and Davidson'.l
They also reported that these iinear defects should be composed mostly
of silicon atoms since they were also observed in Neon30 and high energy
electron31 irradiated silicon. |

However, the annealing study in the previous section indicated that
type A linear_defects shrank steadily and disappeared completely at a |
lower temperéture range than type A linear defects. This fact suggests
that fhese two types of linear defects may be composed of different
atoms with different thermal diffusion coefficients whiéh control the
shrinkage rate. .

vIn ofder to investigate this possibility a more exteﬁsive set of
annealihg observations was conducted'in the temperature range from T750°C
to 850°C. The activation energy for shrinkage of ty?e A defepts was

determined.
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b. Model for shrinkage of an elongatéd dislocation loop.
Dislocatidn loops tend to shrink dﬁring annealing due to the liﬁe | _ S
tension of the dislocation32 and the energy of the stacking fault. The
type A lineér defects have very narrow spacings aﬁd straight edges along
(110) directions. Because they are probably more widely dissociated
on the long sidés and becsause the climb force on the dislocation is
greater at the ends it is not surprising that the’defects are observed
to shrink in length during annealing without any appafent change in widthf

It was pointed out by Seeger33 that self-diffusion iﬁ silicon below
900°C'was possibly controlled by a vacancy mechanism. The vacancy
self;diffusion mechanism was assumed to operate in the temperature range
from T750°C to 850°C in the following analysis. |

The ends of the dislocation loops act like point sinks for vacancies
migrating from the foil surfaces which cause the dislocation loops to
shrink. At steady state, the concentration of vacéncies between the
foil surfaces and the ends of the loop near the centér.of the foil of

thickness 2% can be expressed as (based on a spherical diffusional

geometry):
\' - “Hy ‘ .
c [?(2 - Reexp __I) - RZ(l - exp ———)] . :
-~ _Of. 2kT 2kT .
C(r? T r(2 - R) (1)

where u, is the chemical potential of vacancies at'the dislocation loop

due to the line tension and stacking fault energy.

2.2 :
. _ Gv°B R, .2
Y T Im(l - v) R in r, +YB
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and G is the shear modﬁlus of silicon

Vv is the Poisson's ratio of silicon

b is the Burgers vector of the dislocation loop
B is the cross sectional area of an atom on the loop plane
Y is the.stacking fault énergy of silicon -

r 1is the dislocation core radius

C: is the equilibrium vacancy concentration at the foil surface
2R is the width of thé dislocatibn loob.
(The factor 2 occurred in the exponent in Eq. (1) because ééch lattice
ﬁéint is associated ﬁith two atoms in diamond cubic lattice.)
The flux of vacaﬁciés at the ends of the dislocation loop, which

causes it to shrink is:

-D'C'N

V. H
F=-DN aCl . moo: _ _ v :
m o ar>R = — (l exp (_2kT)) (2)

where D; is the vacancy nmigration coefficient
No is the atomic density of silicon.

The number qhange of atomé inside each loop is, therefore, expressed

as:
d_szgX2 | .
B %Nt— = ———%t—-— = LTR2(F) o (3)
hence; |
dL 2 8D (% )\ '
ol -mB NoD (l - exp--(ﬁ;,f)) T (k)

where D°0 = D C. is the self-diffusion coefficient for silicon.
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¢. Model for shrinkage of sheets of boron atoms of n-layers thick.

Sheets of impurities, like partially-coherent precipitates, wiil also show .
contrast similar to that éf dislocation loops.18 The driving force for
shrinkage of this kind of precipitate contains terﬁs similar to the A
above except~phat it envolves diffusion of the solute atoms. Assuming

that the type‘K linear defects are boron precipitates with a borqn'

concentration approaching one, the boron density in silicon after.boron

ion implantatién at 100 keV to a dose of 2><10lh B/cm2 distributed uhiformly

through a depth of 60008 would be only about 3X1018.atom/cm3, as compared

to the atomic density of silicon, 5><1022 Si/cm3. Therefore, boron

precipitates will tend to redissolve by thermal diffusion during annealing.

Based on a spherical diffusion geometry, the shrinkage rate of a

linear defect composed of impurities can be expressed as:

4L 2ﬂB2NODB ’

where, DB is the diffusion coefficient for boron in silicon
- pB & |
Do exp - kT
n is the number of layers of impurities

Cs’Co are the impurity concentrations at the defécts and free

surfaces respectively.
d. Results. in order to avoid the errors inherent in comparing
shrinkage rates of different defects that may have different}widths v
" and be at different depths the same defects (same area) were studied
at different annealing temperatufes for different times.
A typical annealing sequence is shown in Fig. 2k. Again it is-

shown that small interstitial type dislocation loops, e.g., b aﬁd'g in
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Fig. 2&, afe growing‘while the.type K linear defects are shrinking.

It is also shown that a small perfect dislocation ioop a is nucleated

or grows to a visible size and continues to grow while linear defect 1

is shrinking. The grthh of theseAdisloeation loops is thought to be

ceused by their acting as vacancy sources similar to fhe behavior observed
during Cu precipitation in Si3h or NbC precipitation'in austenitic stainless

29

steel. These dislocation loops can cause a near-by lineaf defect to
shrink'rapidly as long as its end is neaf a loop. This is shown by the
shrinkage of linear defect 1 in Fig. 24 which is near a number of loops.
Its shrinkage rate is.shown as curve (1) in Fig. 25. Sometimes, they
can even cause an originally single defect to break up into two as shown
by loop g in Fig. 24. These results strongly suggest that the shrinkage
of linear defects in this temperature range is diffusion controlled
instead of emissional controlled.

For linear defects such as 4 and 5 in Fig. 24 which are far away
from internal vacancy sources such as interstitia11100ps, the shrinking
rates are very regular as shown by curves (4) and (5) in Fig. 25. This
behavior has been confirmed by many other similar defects. It is also
noted that the type A linear defects such as 3 in Fig. 24 occasionally
shrinksvrather drastically and beeemes wider, but mostly shows a‘much
slower shrinking rate as shown by the dotted lines in Fig. 25.

From Eqs. (4) or (5) iﬁ the previous sections, it is shown that the
shrinkage rate (length change) of linear defects should be constant
at constant temperature. The temperature dependence of the shrinking

rate for a given defect is, therefore, determined by the diffusion

coefficient, i.e.,‘DSD or DB.
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Piotting the logarithmic shrinking rates of these linear defects
with respect to the reciprocal of the annealing temperatures (Fig. 26),
an Arrhenius piot is obtained which gives an activation energy of
3.5%0.1 eV, which corresponds to that of diffusion of boron atoms in
35 | |

silicon.

If all known parameters are inserted into Eq. (4), it is shown that

aL 8..SD cm
—_— = =2,5% — .
dt 2.5%10"xD sec

33 hencé the resultant

20 cm2/séc at 802°c,

since D0 is only about 10~
shrinking rate based on the shrinkage of dislocation lbops of self atoms
would be at least 1000 times smaller than obserfed in Fig. 25.

However, putting reasonable values into Eq. (5), the calculated
result fits the observed rate, if sheets of boron atoms of 12 layers

are assumed.

e. Discussion and conclusions. From the temperature dependence and

the magnitude of the shriﬁkage rate of type E linear defects it is
concluded that.they are boron precipitates; Although they show a
contrast similar to that of a dislocation loop on {100} planes with
Burgers vector a/x{100) perpendicular to both the (110) elongated
direction and fo'the loop plaﬁe, however, they are appareﬁtly coherent
precipitates of boron atoms séveral layers thick (possibly 12) on {100}
planes. |

The mechanism that causes their grbwth may be similar to that
proposed by Watkins and Corbett36 for electron irradiated Al-dopped

silicon where interstitial silicon eject the substitutional Al impurity

atoms from substitutional sites. A difference between Al dopped silicon

o
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and this case is that an Al atom is muchvlargervthan silicon, while a
5oroh atom is smaller. This should tend to make displacemeet of a boron
atom by a siiicqn interstitial even more likely:v Ion implantation
éroduees a large number of_supersatureted silicon interstitials or very
small clusters of silicon interstitials. Durihg low temperature

post implantation annealing the latter probaﬁly break up and thenidisplaee
boron atoms which have already found a substitutional site after |
impiantation as;shown in Figr L. These interstitial boron atoms then
diffuse rapidly at the annealing temperaturevand precipitate out as
linear .defects. The 600°C reverse annealing phenomenon observed in the
electrieal measurements is probably related to this displaeement.of
boron from substitutional sites. ©Since the‘silicon single interstitial
is thought to have a low activation energy for migrétion‘(E? ~ 0.8 eV),33
this temperature probably corresponds to the break up of small interstitial
clusters into single interstitials which then displace boron atoms. Since
the linear boron precipitates observable in the transmission electren
microscope arevseen only after T750°C annealing which is at least 150°C
higher than the temperature that reverse annealing occurs, this indicates

that the boron interstitials are not mobile until at least T50°C. To a

first approximation, the diffusion length, VIF%, of boron atoms in

silicon is 0.84R atI6OO°C as compared to 268 at 750°C for 20 min annealing.
SO that as fhe annealing temperature is raised, the locallf supersaturated
interstitial boron atoms diffuse rapidly>and_precipitate out‘as rqd
defects. | |

- These 1ineer boron precipitates tend to be redissolved by thermal

diffusion at higher annealing temperature,'because the density of boron
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atoms a short distance away from the precipitates is always much lower
than the solid solubility of boron in silicon. This is shown in Fig. 2,
where the béron-concentration at the peak region after implantation to
a dose 10 times larger than the present case is still much smaller than
the solid solubility. (The solid solubility of borbn in silicon at

20 3 )

800°C is about 2x10°" B/cm

This also proves tha£ the precipitation
of bqron atoms is not due to a dose that has exceeded the solid
solubility, but'is due to the clustering of boron interstitials.

The bounding dislocation line around the precipitate probably causes
it to shrink only from the ends. There is no indication why and how
these precipitates should behave like this; however, the stress field
of the coherent ﬁrecipitate may cause preferential drift of wvacancies
to the ends and the annihilation of a vacancy may be able to take:  place
readily only at the ends. The redissolved boron atoms occupy
substitutional lattice sites and result in the observed increase in
conductivity.

The irregular and slower shrinking rate for‘type A linear defects
such as 3 in Fig. 2L, indicates that linear defects of this kind are
composed mostly of silicon atoms which have a much smaller self—diffusion
coefficient. They often transform into a perfect dislocation loop and
rotate on the resulting glide cylinder to a (112) direction as is shown
in Fig. 15. This behavior is consistent with the assumption that they
are formed mostly by‘interétitial silicon.

Occasionally, it is alsovobserved that a portion of a boron

precipitate transforms into a perfect dislocation loop which also rotates

to a (112) direction as is shown in Fig. 17. This may suggest that
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some silicon atoms are incorporated in the boron precipitates as the
borbn diffuses'away the remaining silicon tends to form a new perfect
dislocation loop composed mostly of silicon atoms.

iv. The Climb of Dislocation Loops

a. Introduction. Silcox and'Whelan?’7 were the first to study the

climb of dislocation loops in a thin film using transmission electron
microscopy. ‘Although this technique has proven to be useful for measuring

" self-diffusion coefficients and stacking fault energies in metals?’sn'hl

h2,h3 no one has applied the technique_to silicon.

and'ionic‘crystéls,
Also, all previous observations of dislocation loop shrinkage or
migration have been made on vacancy type loops.

In this section, both faulted circular or hexagonal disloéation
loops with Bpfgers vector a/3{(111) and elongated ﬁerfect‘dislocation
loops formed during post-implantation annealing in boron ion implantéd
silicon were studied in the temperature range between 940°C to lOOO?C.

"The mechanism of shrinkage of dislocation loops is discussed

based on the experimental observations. The activation energy for

shrinkage of these loops is determined.

b. On the mechanism of climb of dislocation loops

Diffusion vs emission controlled mechanism

Interstitial type dislocation loops, both faulted and perfect,
were observed to shrink after the boron pfecipitates had been redissolved
as observed previously.

There are two extreme cases for theIShrinkage of dislocation loops.

37

Silcox and Whelan propbsed that the réte of shrinkage was controlled

by the emission of vacancies at jogs for the climb of prismatic
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dislocation»lpops in quenched aluminum. On the othér hand, Seidman
‘and Balluffihh proposed that the rate controlling pfocess should be the
diffusion of pdiﬁt defects away from the dislocation loops. Theoretical
considerationshs indicate that the two mechanisms lead to essentially
the same functional form of the rate equation and that the difference in
rate is marginal and too small to allow any definite conclusion as to
whigh process is rate controlling.

The general equation for the shrinkage of a circular dislocation
loop of radius r in most metals (fcc structure) can be expreésed as:h6
Based on the emission controlled process:

g2 b)) o

3

where D is the coefficient of self-diffusion, b is the Burgers vector
of the dislocation loop and B2 is the cross~sectional area of an atom
on the {111} plane. Fec is the driving force for climb and for a faulted

loop is given by Bacon and Crocker.hY

) ,
_ 3Gb arry .
Fe = g7 [1n(————b ) 0.37] +y (&) |

where G is the shear modulus and Y the stacking fault energy.

Based on the diffusion controlled process:

21,52' [exp(%i) } ] - 3)

b 1n .

ele
1]

with r > £ (hald foil thickness), (assuming qylindrical diffusion

geometry) and:
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. |
dr _ 2D FcB _ S
&2 [exp(——kT ) ] | ()

for r < £ (assuming spherical diffusion geometry).

CompariﬁgiEqs. (1), (3) and (4), it is seen that the functional
forms for the shrinkage rate of &isldcation loopé are the.sémef The
only differenée among them is the pre-exponential term. However, ther
shrinkage rate of Eq. (1) based on the emission controlled ﬁrocess is
independent of the diffusion distance betwéen the dislocation loop and .
sinks for point defects, whereas for thevdiffusion controlled process,
this should not be the case. This difference providés.a criterion for
determining whether the process is emission or diffusion_controlled
experimentally. Hence, it is expected that if the process is diffusion
controlled, then changes in the loop to sink distancg'shoﬁld alter the
climb rate for big loops. The shrinkage rate for'large loops Should
depend on the depth of the loop in the foil.

The present>experimental results show.that the shrinkage rate of.
large dislocation ioops in silicon is independent of the diffusion
distance between the‘dislocation loops andvsinks, bth forvexternal
sinks such as a frée surface or internal sinks as a dislocation line
or a bigger loép. "In Fig. 28, a Frank loop "F" , cut by the surface
_does not shrink faster than loops "D" or "E" of comparable size which
are not touching the surface and, therefore, have longer diffusion
lengths. It is‘aléo noted that two loops of different sizes close
together such as at A all shrink independently, instead of the bigger
one growing at the expense of the smaller one as would have expected |

on the basis of the diffusion controlled process. A similar behavior
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is also observed in Fig. 29. Loops cut by the surface do not shriﬁk
faster than those of the same size inside the foil. These results
strongly suggest thet point defect concentration is essentially the
same and close to the equilibrium value throughout thejfoil so that

the shrinkage of dislocation loops is controlled by‘the emission or
~absorption of point defects rather than by their diffusion away from or
to the defects. |

Vacancy vs interstitial mechanism

Sanders and Dobsonh8 obeerved that extinsic stacking faults grow
into a silicon wafer during thermal oxidation and shrink'on annealing
in vacuo at the same temperature. They explained this behavior in terms
of the diffusibn of vacancies between defect and surface. The sense
of this flow depends on the vacancy concentration in equilibrium with
the surface. During thermal exidation, the faults emit vacancies to the
surface, causing fault growth, whereas the vacancy flow is reversed on
anhealing in vacuo.

This diffusion of vacancies can also be interpreted as the diffusion
of interstitials in the epposite direction. In order to accommodate
the inward growing oxide which is controiled by the transport of,oxygen,Ll9
either vacancies should flow to the surface or excess interetitiels.
produced by thermal oxidation should flow into the substrate. However,
in order to explain experimentally observed abnormal imburity concentration
prefilesso which were not of the expected complementary error-diffusion
type, Dobsonsl’52 concluded that impurity diffusion in éilicon occurred

by the interstitialcy mechanism. Similarly prussin53 attributed the growth

of stacking faults and dislocation loops during wet oxidation to the
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continuous genération of interstitials and distruction of vacéncies
at the silicon-oxide interface.

The e#istihg data to date do not conélusively prové whether self-
diffusion in éilicon in the temperature range 950 fQ 1000°¢C is by a
vacancy or an interstitial meéhanism. Seeger33 suggesfed from the
existing datavﬁhat in order to account for the unusually large pre-
exponentiai factof for self-diffusion at high temperatures in silicon
én interstitial mechanism is needed. He, therefore, chcluded that
above 900°C, an interstitial ﬁechanism is more-likely than a vacancy
mechanism. |

The temperature range in this study is between 9h0°C and 1000°C,
therefore,.a self—interstitial_mechanism'is assumed;"Mofe sophisticated
annealing studies during wet oxidation might be.capable of deciding

the'question.

¢. Models fof shrinkage of circular and elongated dislocation

loops. Based on emission control and an interstitial méchanism, the
interstitials must be emitted from the jogs on the dislocation loop as

illustrated in Fig. 31. The Jog velocity Vj depends on the climb force

acting on the dislocation. Following Friedel:sh'
i i i i : .
= zVb e - U::If: + Um e Sf Sm ex FCB2 - il_ - (5) :
3 sino *P KT X2 TR P TokT c, | S

where z is the coordination number of an interstitial, v is the atomic
vibrational frequency, 0 is the angle between Burgers vectér and dis-
location line (sina = 1 for an edge dislocation), b is the}Burgers

vector, Ui énd Ui afe the formation and migratibn enefgy for interstifials,

S; and S; are the entropies of formation and migration for interstitials,
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B2'is the cross-sectional area of atoms on {111} planes, Cl and Co are

the interstitial concentration around the dislocation loop under non-
equilibriumvand equilibrium condition respectively. Fc is the driving
force for dislocation élimb and can be expressed by Eq. (2). |

At thermal equilibrium which would be the case during annealing,

the average jog concentration can be expréssed as:
s, U ' -
«enll) o - (3
Cj exp(k exp o | (6)

where SJ and Uj are the entropy énd energy of formation of a jog on a
dislocation line respectively.
The flux of point defects (interstitials) emitting»away from the

dislocation loop per unit length is, therefore, expfessed as:

C.V,
— J

Hence, the number of atoms change inside a circular'loop of radius

r is:
2an2
d 2
dn _ __ b _ _
at - Cenrxe » : | (8)

, i i i 4
9‘3—='-1'-z\)bex‘-Uf+Um+gie Sf+sm+s'j ex F—-—-—CB2 -C—l
at 2 P KT xp k P\ ok c_

Similarly the shrinkage rate of an elongated dislocation loop of
length I, and width 2r which shrinks only in the lengfh direction due to
the smaller radius of curvature at the ends of the loop as shown in -

Fig. 23 can be expressed as:
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4 2 L22r
dn _ _ b _ _
at - T at amrxe >

. _ E-zvb exp - J ex
at 2 P Kt b
2kT C
d. Results
General

Circular or hexagonal faulted dislocation loops, either parallel
to the foil surfaées as loop "B" and "C": in Fig. 30, or on the
inclined {111} planeg as loop "A", all shrink steadily during annealing
in the absence of oxidation. However, if surface oxidation occurs as shown
in seQuence 1 and 2 of Fig. 28-30 (due to forgettihg.to turn on the
dry nitrogen flow) all loops bigger than the critical loop size "G"
iﬁ Fig. 28 or "C" in Fig. 29 grew into hexagonal shape, while those smaller
still shrank. This behavior is e#pécted from Eg. (8), the line tension
and stacking fauit energy associated with the dislocation loqp contained |
in Fec tend to make the dislocation loop shrink, while supersaturation'of
-interstitialsvcaused by oxidation as expressed by Cl/Co tends to make
the dislocation loop grow. At the critical loop size, these two
driving forces céncel out. |

It is also éhown in Figs. 32 and 33 that_elongated perfect dis-~
location loops aloné (112) directions such as "A" in Fig. 32 of in Fig. 33,
show a téndency to break up into smaller loops during bulk ahnealiné.but

during a thin film anneal, they either continue to shrink in the elongated
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direction with the original shape or become more circular as they shrink.

The annealing rate of faulted dislocation loops

Shrinkage rates for a number of faulted dislocation loops at different _
annealing temperatures ére shown in Fig. 34. The purves A, B and C are
the annealing rates for loop A, B and C in Fig. 29 respectively. Curve D
'is the annealing rate for loop A in Fig. 30.

It is shown in this figure that the annealing rates for bigger loops
aré always élower than that for the smaller ones. The shrinkage rates
accelerate as the loop sizes decrease.

This result is expected as predicted by Eq. (8). Under equilibrium

annealing conditions, C, = Co’ the driving force for faulted dislocaticn

1
lcops to shrink would be the line tension and stacking fault energy.
Figure 35 shows the variation of liﬁe tension with reépect to the lodp
radius. Also illustrated are the stacking fault energy (55 ergs/cmg)55
and the corresponding thermal energy (kT) at different temperatures. |

Since the line tension term is loop size dependent and has a smaller
value for big loops as compared to the stacking fault energy, hence for.
big loops, the driving force for shrinkage is mainly due to the stacking
faﬁlt. It is also noted that for smaller loops, such as B and C, the
line tegsion plays an important role so that loop C shrinks faster fhan
"B", yet the slower shrinkage rate at this temperature (942°C) makes
them still fall on a straight line. However, if the shrinkage curves
were corrected for the difference in the line tension56 the results are
as shown by the dotted lines in Fig. 34k. It is then observed that ali

loops shrink at the same rate independent .of loop size, due to the

- constant driving force of the stacking fault. The logarithmatic
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shrinkage rates are plotted with respect to the reciprocal of the.annealing

temperatures in Fig. 36. The data gives an activation energy of 5.65%0.5 eV.

The annealing,rate of perfect dislocatién loops

| Perfeét dislocation lodps sﬁch as.those in Figs. 32 and 33 shrink
steadily only_in the length direction, This resultsvin a constant
driving fofce‘of line tension vhich depends on the radius éf curvature
at the ends of the loop. The'dependence of driving force on the width
of elongated loops is shown in Fig. 32, where loop C is nérrower than
loop B, theréfore, has a larger driving force for shrinkage.. Herice
although loop B is longer than loop C, loop B shrinks féster than léop C.

Curve 1 in Fig. 37 shows the shrinkage rate of the loop in Fig. 33,

. curve 2 shows that of loop A in Fig. 32. It is noted that the éhrinkage
rates are constant at constant temperatures as expected in Eq. (9). The
widths of these two loops are about the same, therefore, they show almqst
the same shrinkage rates at the same temperature because of the same
driving fo?ce. If the logarithmic shrinkage rates are again plotted
with respect té the reciprocal of the annealing temperatures (Fié. 36)
an Arrhenius plot is again obtained which gives the same activation

enérgy for shrinkage, 5.65i0.5.eV, as fOr faulted dislgcation loops.

e. Discussion and conclusion. The‘remaining dislocation loops boﬁﬁ
faulted and perfeét are observed to shrink after the'iinear boron
precipitates have been redissolved. However, theré exists a critical
loop sizebabove which ﬁhé loop will grow instead of shrinking if any

thermal oxidation is taking place as was also observed by Sanders and

53

¢

Dobsonh8 and Prussin. From a preliminary calculation, it is concluded -

that oxidation at 942°C causes a supersaturation of ihterstitials up -
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to 1.4 times that in equilibriuﬁ in the absence of oxidation.

The experimentally observed fact that loops of similar sizes shrink
at the same fate independent of the positions of the loops in the foil
strongly sﬁggests that the loop shrinkage is controlled by the emission
of point defects instead of by diffusion. '

Eéuations (8) and (9) express the shrinkage rate of a faulted
circular loop_and an elongated perfect dislocation loop respectively.
The activation energy for shrinkage obtained experimentally ie 5.65%+0.5 eV
in both cases es would have been expected from Egs. (8) or (9)f If the |
activation energy forvself—diffusion U§ + Ui, is assumed to be S.lS'eV
as reported from radio-tracer analysis by Fairfield and Masters,57 a
- jog formation energy Uj of about 0.5 eV is obtained from Eq. (8) or»(9);
Putting all known values into either Eq. (8) or (9) and using the shrinkage
rate as obserVed experimentally, the total entropies were calculated to
be 17.9 k. If we assume that the entropy fer self-diffusion is 15 k,33
the entropy for jog formation in silicon is then reughly 2.9 k. Therefore,
as pointed out by Seeger33 the enormously large entropy or pre-exponential
factor for self-diffusion, makes the vacancy mechanism as observed in
most metals seems imparable for silicon.

ﬁecause the activation energy for loop shrinkage corresponds to

that for silicon self-diffusion, it is concluded that both faulted

. Frank loops and perfect loops are composed mostly of silicon atoms.
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D. On the Depth Distribution of Crystal Defects in Boron
Ion Implanted'Si

i. Introduction

The depth distribution of defects in crystals is important in many
~ cases such as when studying surface effects or the fectors that control
defect nucleatinn and growth. It is.particularly‘important for'studyingv
the defecthdistribution in radiation damaged crystals such as after ion
implantation in silicon.
| The depth distribution for the primary defects is very difficult to
determine experimentally with known technnlogy. Heﬁever, theoretical
considerations58 based on interactions between inconing particles and
the substrate lattice atoms have mede it possible to determine the depth
distribution of the incident ions theoretically. It is eXpected‘that
the depth distribution of the incident ions in an amornhous neterial
(or crystalline material in the absence of channeling effects) is
roughly Gaussian in shape. |

Akasaka et a1.59 have determined the depth'distributien of boron
atoms and radietion induCed defects in boron ion implanted silicon by
“utilizing the llB(P,ot)8 Be nuclear reaction and by chnnneling analysis
with 1.5 MeV Hef ions, combined with anodic»oxidation'and.stripping for
temoval of a known thickness. They observed that the aistribution of
boron atoms and the primary defects are asymmetric end significantly |
deviated from the Gaussian distribution.v They also observed that the
secondary defects have a Gaussian distribution, the peak depth of which
almost coincides with that of the boron distribution.

It is the purpose ofvthe followingvexperiment to study the depth

distribution of the secondéfy defects after post—iﬁplantatiOn annealing
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utiliziné transmission electron microséopy, so that direct correlation
between the crystal defects and electrical properties, and a bétter
understanding of the mechanism of formation of these defects, especially
the linear boron érecipitates, can be achieved.

ii. Experimental

Latex.balls of diameter lO90iBOK were diluted inAdistilled H2O
(1 drop concentrated + 5 cc H20) before being applied.to the thin foil
surfages. |

The thin foil was then put into a Philips 301 transmission électron
microscope equipped with a high angle tilting stage ﬁhat could be tilted
up- to 60°. Pictures wefe taken with more than two beams operating, S0
that all defects could be in contrast simultaneousl&. All pictures
were taken either near (111) or (112) orientations. The tilting axis,
- tilting angle and tilting direction were correctly determined from the
Kikuchi pattern as described previously.23

111. Results

In order to determine the depth of defects inside the thin foil,
some reference points on the foil surfaces are required. Unifofmly ‘
sized latex balls were first suggested as reference points by Sadhukhan,60.
later also by\mﬁ1Heimendahl,6l for determination of foil thickness.
Geometrical considerations enable us to distinguish between -latex balls
on one side of the foil from those on the other, if the tilting é#is

and the tilting direction are known. This technique provides an accurate

method for foil thickness determination.
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"A~furthef utilization of latex balls is the determination of the
depth distribution of crystal defects.

A typiéal.example is shown in Fig. 38. The first picture was taken
near (111) (see the included diffraction pattern) orientation, the |
second was taken near (112) orienta;ion. The double images, due to
more than one diffracting vector operating, are clearly shown for defect
"F". It is also noted that defect "D" and "E" are pérallel to each
other near (111) orientation, however, defect "D" lies parailel to defecﬁ
"C" which is along the (110) tilting axis when tilted to (ilE) orientation,
while defect “E" is still inclined to defect HC".. This further proves
that linear defects lie along all six possible (110» directions and
that'therelexist some perfect dislocation loops with elongated directions
along (112) such as "C".

From the measured projected distance change between latex balls "A"
and "B", it is concluded that both balls are on the same top surface of
the foil. Then from the Eq. (9) in the Appendices, the defect dis-
tribution can be determined accurately. | |

Figure 39 shows the depth distribution of boron precipitates that
are parallel fo:the»foil surfaces in the unit of length per vblume;

Also shown in this figure.are the positions of fhe ends of those |
precipitates thé.fc are inclined to the foil as marked by 1, 2, 3 etc.
Figure L0 shows the depth distribution of the dislocation loops

in the unit of area per unit volume.
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iv. Discussions and Conclusions

The depth distri%ution of linear boron precipitates, is véry_shallow
and not symmefric. If an imaginary Gaussian distribution curve ié
applied to these data as shown by the dottéd line in Fig. 39, it is
nofed that the peak depth is about SSOOK from the implanted side which
is exactly as reported by Akassaka et al.so for the distribution of
boron atoms as determined by an entirely different method. This also
suggests that these linear defects are closely related to boron atoms
(precipitates). The asymmetric nature of the distribution of boron
precipitates is probably due to the surface effect as reported préviously.
As pointed out in Section iii, the growth of thesé linear boron precipi-
tates is explained as the diffusion of supersaturated boron atoms to the
precipitation sites. For béron atoms above the peak depth, they can Very
easily become substitutional again'not only because they are closer to
~the free surface but ;lso because a lot of vacancies produced during ion
implantation are available. However, the supersafurated boron atoms
distributed deeper than the peak dépth have mofe diffiéulty findiﬁg a
. vacancytduring bulkfannealing, so that they tend to precipitate out
forming linear boron precipitates. This surféce‘éfects on the formation
. of linear boron précipitates is mést clearly shown in Fig. hl,_where
Fig. bla shows the morphology of a sample thinned down before successively
annealing to the températures indicated. Figure Llc shows the_effeét of
first Eulk annealing to TOO°C_before thinning down and then reannealing .~
vto the‘températures indicated. Figure lWle shows the result of bulk
annealing to the temperatureé indicated before thinning down. If the

specimen was subjected to two free surfaces during annealing, most of
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the supersaturated boron atoms tended to become substitutiqnal again,
so that only véry few narrow faint boron precipitates were observed.
However, if the specimen was bulk annealed to the temperature where
bdron atoms are mobile;/the Supersaturated boron atoms distributed
.lideeper thaﬁ the peak region tended to precipitate out to form the
linear defects along (110) directions.

It is also noted that most linear boron precipitates inciined td
tﬂé foil surfaces were nucleated'around the peak region and then grev
'mbstly toward the implanted free surface, but some aléo grev inward
as marked by 2 or 3 in Fig. 39. | |

The depth distribution for small dislocation loops also shows a
peak depth at about 3500ﬁ from the implanted side, but it was a much
wider spread aé compared to‘the boron precipitates; This result is
also in good agreement with the secondary defect distribution as réported
by Akasaka59 with peak depth of 0.34*0.2u and peak width 0.18u.

E. Direct Observation of Radiation induced Precipitation in the
High Voltage Electron Microscope

i. Introduction

The advantages of highvvoltage electron microscopy (HVEM) (operating
at 300 kV or more) lie not only in its larger penefration power, capable
of examining specimens a few microns thick62 as compared to 0.05u to 0.5u
for the normal 100 kV instrument (so that the structures observed in the
HVEM are more representative of that in the bulk material), but also
in iﬁs simple mode of producing radiation damage without the introduction

63,6U

of impurities and without collision cascades. HVEM has been proven

to be a powerful instrument for studying radiation damage in situ.
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31 first observed radiation induced precipitation

Nés and Washburn
in high purity Lopex (low-oxygen dislocation—freé Siiicon) which had
been contaminated with copper. They observed two kinds of radiation
induced precipitation, 1) at room temperature, avwhisker-like precipitate
structure which developed along the dislocation lines, 2) during hot
stage observations, long needle-shaped precipitates oriented along
(110’ directions were formed. They did not identify these precipitatés.
However, the linear rod-like defects observed in boron ion implanted
silicon which have been proved to be boron precipitates in the previous
section, take the same shape as the long needle-shaped precipitates.
Similar defects are also observed in Ne ion implaﬁted silicon.30 It is,'
therefore, Of'intereét to study the effects of boron atoms and irradiaﬁion
temperature on the formation of these lihear defects by direct observatibn
in HVEM equipped with a hot stage, so that the mechanisms that cause.the

formation of these linear defects can be better ﬁnderstood.

ii. Experimental

P-type, boron doped, (111} oriented silicon wafers of resistivity

16 B/cm3), and n-type, phosphorous doped, {111) oriented

15

0.75 f~cm (~2.5%10

silicon wafers of resistivity 2 Q-cm (2.7X10 P/cm3) were used in this

experiment.
They'were cut into discs and then thinned down from one side as

23 he thinned foil was then put into a Mo-tipped

described previously.
hot stage specimen holder of the Berkeley Hitachi HVEM operating at
650 kV. The temperature of the hot stage was pre-calibrated to an

accuracy of +10°C.
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iii. Resuits

Figure 42 is an example of the formation and development of linear
defects in p-type silicon irradiated with 650 keV electrons at 620°C.
It is noted that fhese linear defects develop very rapidly in the
three <110 directions parallel to the foil surface and become
saturated in about 20 min. This latter fact strongly suggests that
the férmation of these defects is limited by the boron content which,
therefore, implies that they are some sort of boron precipitate. It
is also noted that there are a lot irregularly shaped dislocation loops
similar to those in boron ion implanted silicon. Figure 43 shows a
comparisdn between the morphology in boron ion implanted silicon after
annealing at 800°C and high voltage electron irradiated boron doped
silicon.

The formation of linear defects (boron precipitates) is very
temperature sensitive as is shown in Fig. kb, Qhére_Fig. 4ha, shows the
morphology during 720°C irradiation as compared to Fig. Lbb during 620°C
irradiation. The defects formed during 720°C irradiation show a.
characteriétic similar to that of stacking faults 6n the inclined {111}
planes. There has been no effort to identify the nature of these defects.

No defects of any kind wére observed in the phosphorous dbped
silicon irradiated at the same temperatures as boron doped up to 1 hr
irradiation.

iv. Discussion and Conclusion

The formation of linear defects, in high voltage electron irradiated

boron doped silicon implies that:
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1) The ﬁéchanisﬁ for formation of these linear defecfs is probably
coprecipitatiqn of silicon and boron interstitials. Some of the
interstitiél boron is probably produced by_replacement reaction with
intersﬁitiai siiicon. | |

2) If the irradiation temperature is too high, the crifical super-
saturation of boron and silicon interstitials necessary for nucleation
and growth of rod shaped precipitates ié probably not achieved. Moét
of the point defects reach the surfaces of the thin»foil. Irradiation
at T20°C resulted in formation of a few defects that appeared to be
Frank loops. | |

65

As was pointed out by Makin, the electron energy E required so

that an energy Em can be given to an atom of mass M2 during a Rutherford
collision is given by

m 2
M2C

where m is the electron feét mass and ¢ the velocity of light. The values
of E for a range of Em in the vicinity of the displacemént energy Ed
.are given in TaBle III for Si and B.

It is clear that the operating voltage, 650 kV, is high enough
to produce lattice displacements for both B and Si in this case. Since
the ratio of boron atoms to silicon atoms is very small, (10-6),
nearly all the direct iﬁterstitials are silicons.

The collision cross section for lattice displacements as given by

Dugdale and Green66 is:
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Table III. Electron energy E required to transfer Em to a Si or B atom.

Em (eV) o 20 25 ' 30
E (keV) (si) 217 270 315

E (keV) (B) 91 ‘ So111 13
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[l + 2mof + (82 + moB) 1n %g]

where Z2 is the atomic number of the target atoms; ER is the Rydberg
energy (13.6 eV), ﬂAs is 8.8x107 %7 émz, o is 22/137 and B is v/c, where

'V is electron velocity. If‘all the known values are put into Eq..(2)

o4 for silicon is about 10 barns (10'2h cm2)

The displacement rate "K" can be estimated as:

K = No. of displacement/cm3, sec = odNo¢eP (3)
where No is the atomic density for silicon, ¢e is the flux of electrons,

Em
= + 1n— > .
P 1 ln2Ed , for Em _2Ed
_ e 19 -, -2 -1 .
The value for ¢e is about 1077 e /ecm sec (0.4 pA in a Sup spot)
vhich is much higher (>1000x) than in a conventional electron accelerator.
Therefore, the displacement rate of silicon atoms during high
voltage'eléctron nmicroscope observation is approximately ~SX101 Frankel
. -3 - '
pairs cm ~, sec .
This very high production rate of silicon interstitials explains
why only a few minutes are required to reach the critical superssaturation
of silicon and boron interstitials, most of the boron interstitials

probably resulting from replacement of a substitutional boron atom by

a silicon interstitial.
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IV. DISCUSSION

The crystal defects formed after post-implantation annealing in boron
ion implanted silicon have been investigated and identified as described
in the pfevious chaptér.

The very long t&pe A linear defects which appear in boron ion implanted
silicon have been shown to be boron precipitates which are best described
as having a {100} habit plane a a/x(100) burgers vector and a (110) long
axis. OSince this type of defect is qlso observed in boron-doped silicon
when it is irradiated at 620°C in the beam of the high voltaée electron
microscope but is not observed in phosphorous doped silicon under similar
conditions, this again suggests thgt these defects cannot 5e entirely
silicon defects. Interstitial boron atoms must play a crifical role in
their'nucleation or growth. The_temperature dependence of the shrinkage
v rate of these defects during annealing suggests that a large fraction of
the atoms meking up the rod defects are boron atoms. The probablé
mechanism of nucleation and growth of these linear defects during high
voltage electron irradiation at 620°C is represepted schemgtically in
Fig. 45. The high energy electrons first produce Frankel pairs at 1,
the silicon interstitials then move about and substitute a boron atom
at 2. The substituted boron atoms, therefore, cause local super-
saturation of boron interstitials and nucieate a precipitate or migrate
interstitially to existing precipitates and cause them to grow.

From the experimental results described in the previous chapter,v
it is concluded that during boron ion impiantioneﬁ;room temperature; thé A
silicon and many of the boron interstitials form small clusters that are7.

metastable at room temperature.
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As the annealing temperature is raised to the range 600°C, to T50°C.

Some of these clusters gradually break up releasing mobile silicon
intérstitials. The silicon interstitials replace substitutional borqn
atoms, so that‘a-féverse annealing stage is observed in sheet resistivity
Fig. 3. Most of the silicon and boron étoms in the clusters are released
at about 750°C where growth of rod shaped defeéts is observed. The results
also suggest that boron diffusion in siliéon must be by an interstitial
mechanism as pointed out by Dobson.sl’52 Otherwise the replaced inter-
stitial borons would not diffuse to form precipitates but rather ﬁould
become substitutional again after a single diffusion Jjump.

The reverse annealing observed after boron ion implantation ﬁo‘
moderate doses is, therefore; closely related to the replacement of sub-
stitutional boron by interstitial silicon.

Besides these type A linear defects, there also exists a type A
linear defect which can best be described as narrow spaced Frank dis—
location loops with a (110) long axis. Unlike type A defects which
maintain their width during_their shrinkage at moderate temperatﬁre
(~800°C), type A linear defects usually shrink more slowly and bécome_
fatter up to about 1000°C. Occasiohally they also shrink irregularly
fast from one end of the loop (Fig. 13 and Fig. 24) or change into
a perfect dislocation loop with a (112) long axis (Fig. 15 and Fig. 15A).
From the shrinkage rate of either the small Frank dislocation loops
which originated from the breaking up of an elongated tYpe-A defect
during bulk annealing or from the shrinkage rate of perfect elongated

dislocation loops with (112) long axis it is concluded that type A

defects are composed mostly of silicon atoms. The occasionally observed
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irregularly fast shfinkage from one end of type A—defects suggests that
some segments of these loops may be impurity rich. The gradual increase
in the loop width compared té its length may be attributed to the
decrease of dislocation strain energy. |

The sudden change of a type A defect into a perfect elongated loop
which rotates to (112), wusually happens during the first time the thin
foil is annealed. This suggests that the image force acting on & dis-
location loop near the surface may help in nucleating a Shockley partial
which can sweep away the enclosed stacking fault.

-The reason for coexistence of two different types of rod-like:
defécts, e.g., A and K, on different planes is nﬁt understood. However,-
one kind composed mostly of boron atoms (type A) and the other.composed:
largely of silicon atoms (type A) sugéest that during their nucleétibn
and growth, silicon interstitials are probably more easily precipitated
on {111} planes while boron interstitials on {100} plane. There might
be some interruption on the regular precipitation of Si and B intefstitials
on {111} and {100} planes, respectively. So that some segment of type A
defects might be composed largely of silicon atoms instead_of borons as
possibly suggested by the different contrast of ségmént x of defect A
in Fig. h6; This possible silicon rich segment may also account for the
occasional observation of nucleation and growthjof a pérfect.dislocation
loop with long axis along (1ié) adjacent to a type A defect. Similarly,
the precipitation of silicon interstitials on {111} plane may also be
interrupted by 5orons oerther impurities (like oxygen) which can cause

the irregular shrinkage of type A defects from one end.
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The contrast for small loops as well as narrow spaced dipoles is
complicated particularly when observations are made in weak beam dark
field conditions by several factors; e.g., s value, foil thickneés, width

67,68 As shown in Fig. 46, defects of the same kind

and depth of defects.
(pérallel to the same direction) varies in contrast (visibility) under
the same conditions (same picture). (Obviously due to depth or width
or b vector of the défect.) They also vary in visibility when the s value
is changed, as shown by the disappearance of defect K, D or X in
Fig. L46; s = 6x10—3, h.7X10—3 and 7.56x10—3K from left to right. This
makes Burgers vector determination very diffisult under weak beam dark
field (s>>0) on higher order reflection bright field condition as was
pointed out by Chen and Thomas. |
In order to avoid tﬁis complication in contrast under W.B.D.F or
higher order bright field conditions, the diffracting condition was
carefully chosen for the Burgers vector determination in this experiment.
All pictures for contrastvanalysis were taken under B.F. conditions with
only the first order reflection excited with s slightly larger than zero.
This diffracting condition usually gives reasonable visiﬁility which is
insensitive to the foil thickness and depth of defects.18 The W.B.D.F
technique though useful in determining the shape of small defects is not
appropriate in determining dislocation Burgers vectors as was also pointed
out by Chen and Thomas.67 |
The weak‘contrast of type A defects, e.g., a2 and 4 in Fig. 12(a-k),"

is, therefore, thought to be due to residual contrast of the dislocation

lines instead of being due to any of the above factors.
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From the contrast analysis, it is concluded that there exist at
least two different types of linear defects, €.8-» A and A, both
interstitial in nature. It is also concluded that most of the small
hexagonal or circular dislocation loops are interstitial Frank sessile

loops lying on all four {111}.
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Fig. 2.

Fig. 3.

Fig. k4.

Fig} 5..
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FIGURE CAPTIONS
Electrons and-holes associated with boron impurities'in silicon.
Eleqtrical carrier profiles for 4o kV'B+ in silicon ifradiated°
at room temperature (courtesy of S. M. Davidsons).
Sheet resistivity annealing curve for Si.- |
Concentration of boron]atoms on sﬁbstitgtional sites:as a
junction of annealing temperatures (cdurtesY‘of Appl. Phys.
'Lett.ll).
The: electrical configuration for sheet résisti#ity measurement .
Typiéal.crystal‘rejects formed after post-implantation annealing
in boron ion implanted silicon.
The existence of two kinds of'iinear defects, A and K, parallel
to the same direction, but showing different contrast.
The W.B.D.F. contrastsvof.defects as observed at different
orientétions. The loop planes of these small -dislocation loops
are determined from the: trace analysis ahd tilting experiments.
Figure A and B are near [111] éfientation. Figure C and D are
near [éii].orientafion. Figure E and F are near [112] orientation.
Showing the starting fault fringe contrast of small diélocation
loops. It is nofed that the fripges arevparallel~tonthe bounding _'

partials for loops inside the foil, e.g., E. Looﬁ A and B are T

on the inclined {111} planes and loop D is or the foil plane.



"Fig. 10.

Fig. 11.

Fig. 12.

Fig. 13.

Fig. 1k,

Fig. 15.
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Shéwing.the coexistence of a pure edge perfect disloéation Joop

A on_{lll} plane andismall faulted dislqcation loops B and C on
the inclinéd'{lll} plahes.' Loop A has been annéaled out of the
foil at 942°C for 1 hr as shown in Fig. 2. |
Illﬁstrationiof the effeét df inclinations‘of the same kind of
defects on the.obsérVed contrast. Figure (b) shbﬁs the top»

fiev of Fig. (a). Figure (c) shows the observed contrast of

Fig. (a). |

Showing the contrast of linear defects in diff;rent orientations -
Fié.'a-e are near’' {001] éfientgtion.‘ Figure f and g afe-neér'
[101] and Fig. h and i are near 011 orientation. The spotly
backéround reveals the oxide sites étched in deoxide solution
after the thin foil was made.

Isoéhfonal“annealing.sequence of linear defects A and K in boron
ion implanted silicon thin fbil; Figure is bulk anhealed at
800°C in 20 min.béfore thinniné. Figuré.b—é'are thin foil
annealed at 850°C, 900°C, 952°C and 1017°C for 20 min successively.

It is noted that the closely spaced type A linear defect shrinks

‘continuously and becomes wider showing contrast similar to that

of the Frank dislocﬁtibn loop.

Similar sequence as in Fig. i3.

Similgrvannealihg sequence as in Fig. 13. It is nofed_that type
A linear defect may suddenly change intovan elongatedvpeffeqtli

disloéétion loop along (112) direction. The dotted line is the

" position where linear defect A was.



Fig. 15A.

Fig. 16.

- Fig. 17.
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'Another example of the transformation of type A defect into a

perfect dislocation loop along (112):." Also shown is an inclined

‘ defect "a" that has transformed into a small loop as shown in

" Fig. b. Figure a is bulk annealed at 800°C for 30 min and

Fig. B is thin foil annealed at 800°C for 25 min.

Similér annealing sequence as Fig. 13. This sequence'shows'the
evblﬁtién of a perfect dislocation loop "B" fotrmed adjacent to
a type A linear defect. Ti is‘noted tﬁdt loop B will grow when’
defeét A shrinks and then loop "B“ shrinks too.

The annealing sequence of type A linear defects. Figure:a is
bulk annealed at 800°C for 30 min. Figufe b-d ‘are thin £oil -
annealed gt 802°C for 25 min sﬁdcessivély; Figuré'3 is
annesled at 802°C for 50 min additionally. Figure f ié
annealed at 750°C for 70 min. It is noted that defecf "B"
suddenly bends from one end and féfms'a perfect-dislocation
loop C.ﬁhich'tends to lie along (112) direction. ' The original
aefect B is out of contrast when the g vector is along its axis -
as shown in Fig. 2 and loop "C" showé.weak‘residual contrast
when the‘é vector is.[iil] as»shown in Fig. ﬁ. This indicates
that the Burgeré'vector for loop "C" is a/2(110) 'perpendicﬁlar

to the elongated loop direction and different than that of the

original linear defect.



Fig. 18.

Fig. 19.

Fig. 20..

Fig. 21.

Fig. 22.

Fig. 23.

6l

Showing the evolution of irreguiarly shaped dislocation loops

A and B. Figure a4d as thin foil annealed at 850°C, 900°C,
952°C and 1017°C for 20 min respectively. It is noted that
perfect dislocation loop A and B tend to lie along (112)
directions.

Showing the shrinks of small Frank dislocation loops along (110
directions. It is thought that they are originated by breaking
up big elﬁngated dislocation loops. |

Showing the evolution of‘small dislocation loops. The heat_
treatment is the same as Fig. 13. It is noted that small
dislocation loops ﬁuch as looﬁ 3.and 4 just grow in size when
thé 1inear defects ére shriﬁking and then shrink too.

Shoﬁing the sequence of inﬁeraction between a faulted dislocation
loop "A" and a perfect dislocation loop "B". The starting fault
of 190p A was swept away during this intéraction,as shown by

the diSappearance of dark center for loop A. The heat treatment

is the same as Fig. 18.

Sequential illustration of interaction of dislocation loops A
and B in Fig. 21.
Schematic illustration of elongated defect of length L and width

2R sit dt the center of foil of thickness 24%.
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Showing the annealing sequence of type A linéar defecté. The
heat treatment isrthe same as in Fig.'17, It is noted that ar
new perfect dislocation loop a is nucieated'andfcontinue to
grow when defect 1.1is shrinking. Also:noted;is the-slower
ifreéulaf shrinkage rate fof defect 3 whiéh-shows_different
contrast:than others.

The shrinkage rate for linear.defects at different annealing
temperatures. The solid lines represent the'shrinkagevcurvev
for .type A linear defects. The dotted linés are for t&pé_A.
The»parabolic;like'solid line shows the effect of_diffusion
length on the shrinkage rate.

The plot of logarithmic shriﬁkage rate with respect to the
reéiprocalvof absélute annealing temperature.

The annealing sequence of faulted Frank dislocation'lobps.

- Figure 1 is bulk annealed isochronally from L400°C to 1050°C

for 20 min in 50°C intervals before thinning. Figure 2-L4 are
thin foil annealed at 9h2§C for I hr successively. 'Figure 5=T
are;then'annealed at 970°C for 15 min and 30 min rgspectively.
Figure 8 and 9 are snnesled st 1001°C for 10 and 20 min.

It is noted two loops at A coalesced into one. ﬁoép F is cut
by the surface. |

Similar\annealing sequence of small dislocation loops'aé in
Fig. 28.

Similar annealing sequence of dislocation loops as Fig. 28.
Loop B and Cvare parallel to the foil plane and loop A'is

‘inclined to it.
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The schematic illustrétion'of Jogs on ﬁhe pfeiphery of a dis-
location loop of-radius r. The emiséion of atoms at Jjogs is
aléokiliustrated in terms of jog volicity vj.

The annealing sequence for perfect disiocation loop A, B and
C. .The heat treatment is similar t@AFig. 28.

Similar annealiné sequence for pérfect dislocation loop as in
fig. 32. | H

The shrinkage rates for fa.i;lted dislocation“loops at different

annealing temperatures. The open insides indicate the measured

data. The closed circlés indicate that after line tension

i correction. . The accelerating shrinkage rate for smaller loops

is noted.

The dislocation energy due to line tension as & junction of
lOopradiué. ry is the dislocation core radius.f Also kﬁown
are the starting fault energy and thermél energies (kT) at
different temperatures. |

‘The4p10tvdf logarithmic shrinkage rates and the reciprocal of
annealing temperatures for bdth perfect énd faulted dislocation
1obps. |

The”shrinkagg rates for perfect dislocation loops at different
annealing temperatures.

Stefeo pairs of the defects in boron ion implantéd silicon. '
Figure 1 is taken near (111) orientation and Fig. 2 is near
(112). The tilting axis and tilting direction are showh as -
indicated. Latex balls A‘and B are used as reference points on

the foil surface, so that the depth distribution of defects:

can be‘determined.
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Fig. b43.
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Fig. U45.

00 30430297

-67-

¥

The depth distribution for boron precipitates parallel to the

" foil surface in a bulk annealed silicon at 800°C for 30 min.

The number shows the positions of boron,preéipitatés inclined

to the foil surfaceé.

The depth distribution of dislocation loops in the same foil

as iﬁ.Fig. 39. |

Showing the effect of free surfaces on the formation of ﬁefectsQ
Figure a and b are thinned before annealing from 400°C up to

thejtemperatures indicated. Figure c and d are bulk annealed

_to T00°C before thinning and followed by the annealing as

indicated for 20 min. Figure e and f~are bulk annealed at -

'800°C and then thin foil annealed at 850°C for 20 min respectively.

' The sequence of nucleation and growth of linear borbn pre-

cipitates in high voltage eleétfon (650 kef) irradiated boron
doped silicon at 620°C; The time intervals between each
pictu-e ére as indicated. |

The.comparisbn beﬁween the defect structures in boron ion
impla#ted silicon after annealing at 800°C for 30 min (Fig. A)
and-HVEM on boron doped silicon.at 62Q°C (Fig. B). |
Showing the effect of irradiation temperatﬁre bn the defect
structurés in high voltage eléctron irradiated Boron'doped
silicon. |

The séhematic diagram on the formation of boron‘precipitates by
the proéosed replacemenf mechanism during high energy electrbn

irradiation.
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é

Fig. 46. The W.B.D.F. pictures of some defects with different s values.

The variation of contrast due to the depth of defects and

slightly change in s values is clearly shown. s = 6X10-3,

3

4.7x1073 and 7.56x10 38  from 1-3.
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