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Wei-Kuo Wu 

Inorganic Materials Research Division, Lawrence Berkeley Laboratory and 
Department of Materials Science and Engineering, College of Engineering; 

University of California, Berkeley, California 94720 

ABSTRACT 

The crystal defects formed after post-implantation annealing of boron 

14 2 
ion implanted silicon irradiated at 100 keV to a moderate dose (2x10 /em ) 

have been studied by transmission electron microscopy. 

Both contrast analysis and annealing kinetics show that there exist 

at least two different kinds of linear rod-like defects along (110) 

directions. It is shown in the annealing kinetics study that one kind 

either shrinks steadi],y remaining on (110) at high temperatures (>850°C), 

or transforms into a perfect dislocation loop which rotates toward <112 > 

perpendicular to its Burgers vector. The other kind shrinks steadily at 

moderate temperatures (-800°C). The activation energy for shrinkage of 

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 size during the time that 

the boron precipitates 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 emission controlled, the measured activation energy for shrinkage 

of these loops of 5.6±0.5 eV is consistent with the activation energy 
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for self-diffusion. This suggests that these interstitial dislocation 

loops consist mostly of sil'icon atoms. 

In addition to the faulted dislocation loops, there also exist a 

large number of perfect dislocation loops with Burgers vector a/2(110), 

also interstitial in nature. The loop plane for some of the perfect 

dislocation loop is clearly shown to be {110} with edges along (110) 

and <112 ). 

The depth distribution of all these defects was determined by stereo-

0 0 
microscopy utilizing latex balls of diameter 1090A±30A 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 3500K±6ooX. The 

loops are also at the same depth, but with a broader spread, ±llOOK. 

To further substantiate the hypothesis that the predominant type of 

linear defect is a form of boron precipitate silicon samples containing 

boron and samples containing no boron 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 interstitials produced by the 

electron beam replace substitutional boron some of which precipitates 

in the form of long rods along (110). A similar replacement probably 

accounts for the observed reverse annealing stage and the growth of rod 

defects in boron implanted silicon. 
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I. INTRODUCTION 

Ion implantation is the introduction of atoms into the surface layer 

of a solid substrate by bombardment of the solid with ions in the keV 

to MeV energy range. 

It has proved to be a successful alternative method of introducing 

dopant atoms into a semicondcutor substrate. The advantage of this method 

for electronic circuitry is in 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 very narrow region (shallow junction) near the surface. The 

conventional thermal diffusion method is restricted by the solid 

solubility of the dopant hence requiring higher diffusion temperatures 

(900°-ll00°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 

semiconductors. It will occupy a substitutional lattice site and act 

as a hole which tends to absorb an electron due to its three-valent 

character (Fig. 1). 

There has been a large volume of literatures on the electrical 

properties of ion implanted silicon within the past few years due to its 

potential of wide application in electronic circuitry. Among the 

electrical properties that have been investigated after ion implantation 

are sheet resistivity, junction location, and junction characteristics. 

These are determined primarily by the dopant and defect distributions, 

which control carrier densities, mobilities and lifetimes. A wide 

range of experimental techniques has been developed to determine these 
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properties. For example, Hall measurements or four-point probe technique 

combined with anodic oxidation and layer removing techniques have been 

successfully applied in determining the depth distribution of carriers 

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

Sb d B . ) . . 1 t. d .1 . l-4 an ~ ~on ~mp an e s~ ~con. It has been found from these studies 

that the electrical carriers concentration5 has a reverse annealing stage 

at about 600°C in boron ion implanted silicon for doses up to 1o15/cm2 

(Fig. 2). A similar reverse annealing stage is also shown in the four-

point probe sheet resistivity measurement (Fig. 3). However, no such 

reverse annealing stage is seen either for low temperature irradiation6 

(liquid nitrogen temperature) or heavy dose ion implanted silicon, where 

a complete surface amorphous layer is formed during irradiation. 

Similar reverse annealing stages have also been seen in Al, 2 Ga7 

and P8 ion implanted silicon. 

These electrical properties have been correlated with channeling­

effect measurements which detect the lattice location of boron atoms. 9-ll 

For lighter elements such as boron, the direct back scattering measure-

12 13 . 11 ment ' ~s of no use, hence a proton induced nuclear reaction, B 

8 (P,a) Be, has been used to detect the lattice location of implanted 

boron atoms. It is shown in Fig. 4 that there are always a certain 

fraction of implanted boron atoms on substitutional lattice sites after 

implantation. There is a reverse annealing stage at about 600°C when 

the percentage of boron atoms on substitutional sites decreases and then 

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

almost 90% of the implanted boron atoms become substitutional and 
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electrically active. Although the reverse annealing stage at about 

600°C is important, not much is known about its mechanism. 

Modern transmission as well as scanning electron microscopy techniques 

have been applied to study of the crystal defects formed during post-

implantation annealing. The importance of studying these defects is that 

in order to recover the electrical properties after ion implantation, 

the implanted material has to be annealed as seen in Fig. 2, 3 and 4. 

One of the unavoidable effects after post-implantation annealing is the 

formation of defect clusters, dislocation loops, dislocation entanglements 

or precipitates, which may influence the electrical properties and the 

performance of devices. 

For boron ion implanted silicon. up to a dose of 10
14 

to 1o15/cm2 , 

the crystal defects formed after post-implantation annealing are a large 

number of isolated dislocation loops and many linear defects along all 

the (110) qirections. 

Although extensive transmission electron microscopy work has been 

done in an attempt to identity the nature of these defects much 

controversy still exists. For example, the linear defects along (110) 

directions have been identified as boron precipitates,14 lines of point 

defects,15 or dislocation dipoles. 16 Similarly, the dislocation loops 

have been identified either as vacancy8 or interstitial type,17 or as 

17 8 perfect or faulted. 

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 2x1o
14!cm2

• 
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It was found that the conventional bright field (B.F.) contrast 

1 . 18 11 t h h th ak b d k f" ld ana ys1s was usua y no enoug , ence e we - earn ar 1e 

(W.B.D.F.) technique19 which gives very narrow images of dislocation lines 

was used to determine dislocation loop planes. This is crucial in the 

20 determination of loop types. Although it has been found that at least 

two different kinds of li~ear defects exist due to their very narrow 

spacings the exact nature of these defects is still mysterious. In the 

present work, a newly developed outside the microscope thin film annealing 

technique permits repeated observation of the same defects (area) after 

different heat treatments. 

These annealing kinetic studies, have provided new information on 

the nature not only of the linear defects but also of the very small 

dislocation loops. The stereomicroscopic technique, utilizing latex 

balls of diameter 1090±30i 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 mechanism of formation of linear 

defects. 

To further substantiate the mechanism of formation of linear defects 

a high voltage transmission electron microscope operating at 650 kV 

21 equipped with a hot stage that can be heated up to l000°C was used to 

study the effect of boron atoms on the formation of linear defects. 

These combined experiments utilizingcontrast analysis, annealing 

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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II. EXPERIMENTAL 

1. Specimen Preparation 

n-type silicon slices, 5 Q-cm, of (111) and (100) orientations were 

irradiated at room temperature with boron ions at 100 keV to a dose of 

2x1o14/cm2 . 

A piece of 1/2 in. Xl in. was scribed from the .(111) slice for sheet 

resistivity measurements and the rest was ultrasonically cut into discs 

of 3 mm in diameter for transmission electron microscope observations. 

The piece of sheet resistivity measurements was annealed isochronally 

from 400°C up to 1050°C in 50°C intravals for 20 min in a quartz tube 

furnace with dry nitrogen passing through it. 

The discs for electron microscopical observations were annealed in 

the s~e tube furnace with dry nitrogen flow. The annealed specimens 

were then chemically polished from the unimplanted sides in one part 

solution A (2.5 g iodine and 1100 cc CH
3

COOH) and two parts solution B 

(lHF + 3HN0
3
). 

2. Sheet Resistivity Measurement 

The sheet resistivity measurements were performed by the four-point 

probe techniqU:e. 22 

In this technique a fixed current is injected through the two outer 

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: 
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ps = sheet resistively 

cl = geometrical factor depending on the shape of the specimen 

and the probe spacings 

c2 = doping depth correction factor 

I = applied current 

v = measured voltage 

3. Electron Microscopy 

The thinned specimens were repeatedly examined in the Philips 301 

transmission electron microscope operating at 100 kV after each furnace 

anneal. The annealing temperatures were monitored to an accuracy within 

±1°C by a chromel alumel thermocouple sealed in a small quartz tube 

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 map. 

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 g·b = o 

criterion was used to determine the Burgers vectors. 

In the annealing kinetics study, great care was necessary to 

successfUlly take the specimen out of the microscope anneal it in dry 

nitrogen 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 1090±30X were diluted in 5 cc distilled 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 

an~ealing 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 al. 14 No such reverse an~ealing 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 750°C consisted of a large number of 

linear defects 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 dislocation loops (Fig. 7). 18 However, a close look at 

Fig. 7 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 g 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 and high voltage hot stage 

transmission electron microscopy. 

B. Contrast Analysis 

i. Introduction 

According to the two beam kinematical or dynamical theory of electron 

diffraction,18 a crystal defect will give an additional phase factor, 

-+-+ 

e 
-2Trig•R 

-+ -+ 
where g is the diffracting reciprocal lattice vector and R is the dis-

placement or Burgers vector of the defect followed by the convention of 

18 20 . -+ -+ Hirsch et al., ' 1n the wave equation. Hence, if g•R = o, there 

would be no contrast due to the defect, this has been the basis for the 

determination of the Burgers vectors of dislocations. 

It is necessary to know the inclination of the dislocation loop 

besides knowing the Burgers vector in order to determine the dislocation 

loop type, e.g., vacancy or interstitial. A quick method23 for determining 

the sense of diffracting vectors unambiguously makes use of the Kikuchi 

pattern, so that the Burgers vectors of the dislocation loops can be 

determined correctly. Recently it has been reported
24 

that similar 

+ small dislocation 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 -l/3~g), so that the oscillating fringe 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 

extensively 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. Determination of Dislocation Loop TYpes 

a. For faulted dislocation loops. Figure 8 is a set of W.B.D.F. 

pictures of the same area with the diffracting vectors as indicated 

~ 

(s > o, where s is the deviation vector away from exact Bragg condition). 

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 analysis, loops a, band 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 and F of this sequence, when the foil was tilted from 

(111) orientation to (112) orientations so that loop c and a are showing 

edge-on in Fig. C and E respectively. 

It is noted that loop b and c show in-side and out-side contrast 

~ 

when the diffracting vector g is inclined to the loop planes as in 

Fig. A and B, while loops a and d are showing residual contrast18 

~~~ ~ 

(g·b = o and g·bXu 1 o where u is along the dislocation line), if the 

~ 

diffracting g vector is on the loop planes. These observations are all 

consistent with the assumption that loops of this kind are faulted Frank 

partial dislocation loops25 with Burgers vectors, a/3(111), perpendicular 

to the {111} loop planes. 

Although it is not possible to see 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 resolved. 
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In Fig. 9, where larger loops of the same kind are observed under similar 

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

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

such as loop A as is expected from the contrast theory. However, the 

fringes appear to be bent so as to be parallel to the near by bonding 

partial dislocation lines for those loops that are completely. inside the 

foil, e.g., loop BorE. Similar contrast is also observed in the bright 

field pictures as shown in Figs. 28-30. This result raises some inter-

esting 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 loops are Frank partial dis-

location loops. 

The contrast due to stacking faults and bounding partials were 

reported in detail by Booker and Tunsta1126 for the two dimensional 

defects present 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 bounding partials could be seen unambiguously. 

For the very tiny Frank loops observed in this case, an alternative method 

has to be used to identif.y the nature of these defects. Tunstall27 has 

made some theoretical contrast calculations to prove the validity of 

-+-+ 
utilizing the sign of (g•b)s as a criterion for determining the sign of 

-+ -+ 
b (the sign of the Burgers vector b of a dislocation loop could always 

-+-+ 
be either positive or negative as determined by g•b = o alone). He 

-+-+ 
concluded that Frank loops with (g•b)s positive wou1d appear smaller than 

-+-+ 
when {g•b)s was negative. This was the same criterion used in determining 

the sign of b for perfect dislocation loops. 18 ' 20 Tunstall27 also pointed 
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out that jg•bl = 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•b = +2/3 (s > o) showing good 

-+-+ 
contrast and g•b = -2/3 (s > o) showing weak or invisible contrast, that 

enables the nature of partial dislocations to be determined. However, 

-+-+ 
this method is again the same as utilizing the sign of (g•b)s as criterion, 

-+-+ 
so that loops with (g•b)s > o (no matter l/3, 2/3 or 4/3) would, show 

-+-+ 
strong, in-side contrast while (g•b)s < o would show weak, invisible or 

out-side contrast of the partials. This is shown to be true in Fig. 8, 

for all small faulted loops. 

The contrast of these very small Frank dislocation loops are 

tabulated in Table l. It is concluded that all these loops are inter-

stitial type lying on all four possible {lll} 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 [Oll] lying on (lll) 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]. However, 

it did show weak residual contrast (also shown by loop "d" in Fig. A and B), 

which is characterized by remaining the same size, when the g vector is 

reversed in the direction in Fig. 8E and F. The contrast of this loop 

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

..... ..... --[220] [i I 1] [II T] n I b b·n Type 
-

a R 0 E-O [ill] 0/3[11 i] Neg. Int. · 0 

c 

b I 0 I [iii] o/3[1 i I] Neg. Int. <:~. 

t,~..., .. , 
'=6 

c 0 E-O 0 [I il] 013[i II] Neg. . Int. .l\_ 

v-.s 

d R I I [iiT] 0/3[111] Neg. Int. c 
I 

I-' 1\.: w 
I - 0 [iiT] 0/2[011] ... !;: c I R Neg. Int. 

tn 

-... - .... - .... 
R: Residual Contrast (g·b=O; g·bxu=I=O) 
I : Inside Contrast 
o: Outside Contrast 

E-o: Edge- on 

Neg.: Negative Value 

Int.: Interstitial Type 
XBL 753-5928 
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is interstitial in nature, lies on (111) and, has a Burgers vector 

perpendicular to its elongated direction. 

In another example shown in Fig. 10, a ~ery large perfect dis-

location loop A (no stacking fault fringes or dark center) with edges 

of the loop lying along either <110> or <112> directions is observed 

together with faulted Frank loops B and C lying on the inclined {111} 

planes. From trace analysis, loop A is lying on (lOl) plane. The loop 

-+ 
shows residual contrast when the operating g vector is parallel to the 

loop edges along [lOl] direction. This shows that the Burgers vector 

is a/2[101] perpendicular to both the loop edges along the [lOl] 

direction and the loop plane. Hence, it is a pure edge interstitial 

typed dislocation loop. This big loop slipped out of the foil during 

further annealing as shown in Fig. lOb. 

Besides these regularly shaped perfect dislocation loops, many 

irregularly shaped perfect dislocation loops were also observed, which 

tended to lie with long dimensions along (112) directions and with 

Burgers vectors perpendicular to the (112) direction. A typical example 

is shown in Fig. 17, where one end of the linear defect B suddenly broke 

up and became a dislocation loop C which continued to rotate so as to 

lie along [ll2] (Fig. 17a through f). The'loop C has a different dis-

placement vector from that of the linear defect B from which it originated 

' -+' 
as shown in Fig. llg and h. When the g vector is parallel to [202], loop 

C shows strong contrast while defect B is out of contrast. However, if 

the [lll] 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 (112) direction. 

iii. On the Contrast Study of Linear Defects 

As was pointed out in Fig. 7, the observation of two kinds of linear 

defects, one showing outside contrast while the other shows inside 

contrast may indicate that one is vacancy type while the other is inter-

stitial type but with the same inclination with respect to the electron 

beam. They may also be .of the same type, e.g., both vacancy or both 

interstitial, but having opposite inclinations as shown in Fig. 11. 

-+ 
Since both kinds of linear defects disappear when the operating g 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 least three 

low index possibilities for displacement vector, e.g., a/x(llO), a/x(lll) 

and a/ x <100) where x may not be an integer. The existence of more than 

one kind of defect has not previously been pointed out. Madden and 

Davidson16 concluded that the linear def'ects were lying on {100} planes 

with Burgers vectors a/x<lOO) perpendicular to them and interstitial in 

nature. 

It is found that in order to determine the Burgers vector of' dis-

placement vector unambiguously by contrast analysis, observation of the 

-+ 
same defect for many different g vectors is desirable. Hence, a (lOO) 

oriented foil was used in place of <111> foils and the selection of g 

vector was f'acilitated 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 rotated to [011] and 
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[Oll] orientations with the diffracting g vectors as indicated 

(Fig. l~i through 1). It is seen that linear defects a and dare 

showing very weak contrast in [ 001] orientation, while "A", '~A" and "D" 

are showing strong in and outside contrast. When the foil is tilted 

away from [001] to either [lOl] 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 have different 

inclinations. The different contrast of A and A is also shown in Fig. 12i 

-+ 
and j, where defect A shows strong but same contrast when 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 complete 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 [lll] direction (here we ignore the 

magnitude of tl;le Burgers vector) satisfies all the observec contrast 

observations for. loop A, the other possible Burgers vectors can not 

satisfy the observed contrast either in [011] or [Oll] orientation. 

Similarly, only [lll] and [lll] satisfies all observed contrast for 

loop A and D. The loop plane for loop A, A or 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 Frarik 

dislocation loops, interstitial in nature. 

The very weak contrast for defects a and d in [001] orientation 

-+ 
with all different diffracting g vectors suggests that the Burgers vector 

is parallel to' the beam direction, e.g., ±[001]. The weak contrast is, 
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Table II. Diffracting contrast of rod-like defects with differerit g vectors. 

---+ 
g 

Loop 
n=[OOl] n=[Olll n=[Olll Possible c 

-+ -+ ->- ->--
No. [220] [220} [400] [040] [022] [022) b b n b•n Type c 

A 0 N I 0 E-O R r!~QJ rQQll [lll) [111] - Interstitial \,.,......,. 

[111] [111] 
c~ .. 

A I N 0 I R E-0 [110] [001] [lli] [lll] - Interstitial ,., 
~,.;.. 

[111) [lll] 
G.! 

D N 0 I I R E-O [!lO][.QO!] [lll] [lll] - Interstitial 
[111] [111] I c 

1-' 
~ fo • 

[OOl] 
I ":..-

a R N R R 0 0 [001] - Interstitial 
~ 

b E-0 E-0 E-0 R H-0 N ±[100] o: 
c E-0 E-O R E-0 I I ±[010] ±[OlO] - Interstitial .~ 

d N R R R 0 0 [OOl) [001] - Interstitial 

c E-0 E-0 R E-0 I I ±[010] ±[OlO] - Interstitial 

f E-0 E-0 E-0 R N H-0 ±[100] 
-
0 Outside Contr8st 
I Inside Contr~st + + . -+ + + 
R Residual Contrast; g•b = 0, g•bxu ~ 0 
N No Contrast; g·~ ~ 0, g•tx~ ~ 0 
E-0 Edge-On 
ll-0 Hc;ld-On 

------- - ·-------------·~--· 
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therefore, due to the residual contrast.18 From the contrast observed in 

[011] and [Oll] orientations, the Burgers vector for defect a and d is 

further substantiated to be [ool]. The magnitude of the Burgers vector 

is tentatively assigned as a/x. The loop plane is very difficult to 

determine in this orientation, since a tilting of up to 90° may be 

required to make it show edge-on. However, some defects d which show clear 

in and outside contrast in both [Oll] and [011] orientations as shown 

in Fig. 12i through 1, is, therefore, not lying on {111} planes. It 

can not also lie 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 observed to increase as tilted from <111> to <112> orientation 

(comparing the spacing of defect C in Fig. band 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(lOO) 

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 contrast 

-+-
when the g is reversed in direction (typical of an edge-on view) in 

-+­
Fig. 12a to d. They show very weak or invisible contrast when the g 

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 

f.;o 



0- ur_ u 

-19-

and Burgers vector for defect c and e suffer an inversion from [Oll] to 

[011] orientation following the convention of Hirsch et a1. 18 However~ 

they are still interstitial in nature. The sign of plane normal for 

defect b or f is undetermined~ since the habit plane is always parallel 

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 {lll} planes with Burgers vectors of a/3(111) type perpendicular to 

the loop plane or of a/2(110) type* still perpendicular 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 loops 

and linear defects are determined. However~ a layer or layers of impurities 

may show similar contrast as a dislocation loop~ so that there is no way 

to distinguish a plate of impurities from a layer of self atoms by contrast 

analysis alone. Also it is not clear from the contrast analysis why 

there exists at least two major 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 assigned to the 
linear defects on {lll} 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 at different annealing temperatures 

and for different 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 clearly 

shown in Figs. 13 and 14. Type A and A defects are parallel to each other 

but show different kinds of contrast (one shows outside contrast while 

the other inside and vice versa). T,ype A usually shrinks much faster than 

type A and completely disappears after about 950°C. Though type A 

sometimes show drastic irregular shrinkage as in Figs. 13a·and b, yet 

it will shrink continuously up to 1050°C and show clear stacking fault 

fringes. This is consistent with the conclusions of the contrast 

analysis that one kind of linear defect is a faulted Frank dislocation 

dipole. It is also noted that the widths of type A defects remain the 

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. 

c. 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 dislocation loop B is formed adjacent to the linear defect A. 

This perfect dislocation loop has an elongated direction and tends to 

lie parallel to a (112) direction with its Burgers vector perpendicular 

to it. It grew when the linear defect A was shrinking. Another example 

is shown in Fig. 17. 

d. The evolution of irregu1ar1y shaped dislocation loops. 

Irregularly curved dislocation loops 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 loops. Though loop A in Fig. 18a appears to be starting to break 

up into smaller loops, no such sequence of breaking 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 

elongated dislocation loops (type A linear. defects) would break up into 

strings of smaller loops as shown in Figs. 19, 28 and 29. The absence 

of strings of smaller loops during thin foil annealing s.hows that the 

free surface. pl~s 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 14, 

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 4 (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 dislocation 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 (lll) plane with a Burgers vector 

a/2[ll0] perpendicular to its long direction is influenced strongly by 

the strain field of a near-by faulted Frank dislocation loop A also on 

the same plane. A schematic illustration of the interaction between 

these loops is shown in Fig. 22. This interaction can be represented 

by their Burgers vectors. 

+ 

a/3[lll] + a/6[112] ~ a/2[ll0] 

1 2 -a 
3 

1 2 -a 
2 

It is noted that the recombined segment of the dislocation loops 

~ 2 ~ 
has a Burgers vector b

3 
and elastic energy (ab ) smaller than both b1 
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+ + 
and b

2
. The recombination is, therefore, energetically favorable. b

3 

also lies on the loop plane, so that it can glide easily into loop A and 

sweep away the stacking fault as shown by the disappearance of the dark 

center in loop 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 contrast analysis, type A linear defects 

show contrast similar to that expected for an elongated dislocation loop 

on {100} with displacement vector a/x(lOO) perpendicular to the elongated 

(110) direction and loop plane. 

The above characterization confirms that of Madden and Davidson.
16 

They also reported that these linear 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 temperature range than type A linear defects. This fact suggests 

that these two types of linear defects may be composed of different 

atoms with different thermal diffusion coefficients which control the 

shrinkage rate. 

In order to investigate this possibility a more extensive set of 

annealing observations was conducted in the temperature range from 750°C 

to 850°C. The activation energy for shrinkage of type A defects was 

determined. 
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b. Model for shrinkage of an elongated dislocation loop. 

Dislocation loops tend to shrink during annealing due to the line 

tension of the dislocation32 and the energy of the stacking fault. The 

type A linear defects have very narrow spacings and straight edges along 

(110) directions. Because they are probably more widely dissociated 

on the long sides and because 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 apparent change in width. 

It was pointed out by Seeger33 that self-diffusion in 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 750°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 vacancies between the 

foil s.urfaces and the ends of the loop near the center of the foil of 

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

geometry): 

C(r) 
R·exp -~v) - R~(l -

2kT 
r(~ - R) 

exp :;)] 
(1) 

where ~ is the chemical potential of vacancies at the dislocation loop 
v 

due to the line tension and stacking fault energy. 

Gb
2

B
2 

R yB2 = 4n(l - v) R ln ;- + 
0 
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and G is the shear modulus of silicon 

v is the Poisson's ratio of silicon 

b is the Burgers vector of the dislocation loop 

B2 is the cross sectional area of .an atom on the loop plane 

y is the stacking fault energy of silicon 

r is the dislocation core radius 
0 

cv is the equilibrium vacancy concentration at the foil surface 
0 

2R is the width of the dislocation loop. 

(The factor 2 occurred in the exponent in Eq. (1) because each lattice 

point is associated with two atoms in diamond cubic lattice.) 

The flux of vacancies at the ends of the dislocation loop, which 

causes it to shrink is: 

where Dv 
m 

N 
0 

The 

as: 

hence; 

SD where D 

is the 

is the 

number 

vacancy migration coefficient 

atomic density of silicon. 

change of atoms inside each 

d LX2RX2 

B
2 

2 dN= 
dt 

_ __..;:;;:, __ = 4'1TR (F) 
dt 

loop 

dL 2 SD ( ( llv )~ - = -'ITB N D 1 - exp ·- -dt o . 2kT 

is, therefore, 

= DvCv is the self-diffusion coefficient for silicon. 
m o 

(2) 

expressed 

( 3) 

(4) 
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c. Model for shrinkage of sheets of boron atoms of n-layers thick. 

Sheets of impurities, like partially-coherent precipitates, will also show 

contrast similar to that of dislocation loops. 18 The driving force for 

shrinkage of this kind of precipitate contains terms similar to the 

above except that it envolves diffusion of the solute atoms. Assuming 

that the type A linear defects are boron precipitates with a boron 

concentration approaching one, the boron density in silicon after boron 

ion implantation at 100 keV to a dose of 2x1o14 B/cm2 distributed uniformly 

9 18 3 through a depth of 6000A would be only about 3Xl0 atom/em , as compared 

to the atomic density of silicon, 5x1o22 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 canbe expressed as: 

n 
(C 

s 
c ) 

0 

B where, D is the diffusion coefficient for boron in silicon 

= DB exp - SL 
o kT 

n is the number of layers of impurities 

C ,C are the impurity concentrations at the defects and free s 0 

.surfaces respectively. 

d. Results. In order to avoid the errors inherent in comparing 

shrinkage rates of different defects that may have different widths 

and be at different depths the same defects (same area) were studied 

at different annealing temperatures for different times. 

A typical annealing sequence is shown in Fig. 24. Again it is 

shown that small interstitial type dislocation loops, e.g., band gin 

(5) 
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Fig. 24, are growing while the type A linear defects are shrinking. 

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

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

is shrinking. The groWth of these dislocation loops is thought to be 

caused by their acting as vacancy sources similar to the behavior observed 

during Cu precipitation in Si34 or NbC precipitation in austenitic stainless 

stee1. 29 These dislocation loops can cause a near-by linear defect to 

shrink rapidly as long as its end is near 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 interstitial loops, 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 

shrinks rather drastically and beeomes wider, but mostly shows a much 

slower shrinking rate as shown by the dotted lines in Fig. 25. 

From Eqs. (4) or (5) in 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 

ff . . t . SD DB coe l.cl.en , l.. e. , -n or • 
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Plotting the logarithmic shrinking rates of these linear defects 

with respect to the reciprocal of the annealing temperatures (Fig. 26), 

an Arrhenius plot is obtained which gives an activation energy of 

3.5±0.1 eV, which corresponds to that of diffusion of boron atoms in 

silicon. 35 

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

Since DSD is only about lo-20 cm2/sec at 802°C, 33 henc~ the resultant 

shrinking rate based on the shrinkage of dislocation loops of self atoms 

would be at least 1000 times smaller than observed 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 shrinkage rate of type A 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<lOO) perpendicular to both the (110) elongated 

direction and to the loop plane, however, they are apparently coherent 

precipitates of boron atoms several layers thick (possibly 12) on {100} 

planes. 

The mechanism that causes their growth 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 

... 



0 0 3 0 9 9 

-29-

and this case is that an Al atom is much larger than silicon, while a 

boron atom is smaller. This should tend to make displacement of a boron 

atom by a silicon interstitial even more likely. Ion implantation 

produces a large number of_ supersatur.ated silicon intersti tials or very 

small clusters of silicon interstitials. During low temperature 

post implantation annealing the latter probably break up and then displace 

boron atoms which have already found a substitutional site after 

implantation as shown in Fig. 4. These interstitial boron atoms then 

diffuse rapidly at the annealing temperature and precipitate out as 

linear defects. The 600°C reverse annealing phenomenon observed in the 

electrical measurements is probably related to this displacement of 

boron from substitutional sites. Since the silicon single interstitial 

is thought to have a low activation energy for migration(~~ 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 electron 

microscope are seen only after 750°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 750°C. To a 

first approximation, the diffusion length, ~' of boron atoms in 

0 0 
silicon is 0.84A at 600°C as compared to 26A at 750°C for 20 min annealing. 

So that as the annealing temperature is raised, the locally supersaturated 

interstitial boron atoms diffuse rapidly and precipitate out as rod 

defects. 

These linear 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 boron 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 boron in silicon at 

800°C is about 2x1o20 B/cm3.) This also proves that the precipitation 

of boron 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 precipitate m~ cause preferential drift of vacancies 

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. 24, 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 interstitial silicon. 

Occasionally, it is also observed 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 

boron 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 Whelan37 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 

lf d.ffu · ff. · t an· d t k" f ult · · tal 38- 41 se - 1 s1on coe 1c1en s s ac 1ng a energ1es 1n me s 

42 43 and ionic crystals, ' no one has applied the technique to silicon. 

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 dislocation 

loops with Burgers vector a/3(111) and elongated perfect dislocation 

loops formed during post-implantation annealing in boron ion implanted 

silicon were studied in the temperature range between 940°C to 1000°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 precipitates had been redissolved 

as observed previously. 

There are two extreme cases for the shrinkage of dislocation loops. 

Silcox and Whelan37 proposed that the rate of shrinkage was controlled 

by the emission of vacancies at jogs for the climb of prismatic , 
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dislocation loops in quenched aluminum. On the other hand, Seidman 

and Balluffi44 proposed that the rate controlling process should be the 

diffusion of point defects away from the dislocation loops. Theoretical 

considerations45 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 

which process is rate controlling. 

The general equation for the shrinkage of a circular dislocation 

. 46 
loop of radius r in most metals (fcc structure) can be expressed as: 

Based on the emission controlled process: 

dr -=-
dt 

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 

(l) 

on the {lll} plane. Fe is the driving force for climb and for a faulted 

loop is given by Bacon and Crocker. 47 

( 4) 

where G is the shear modulus andy the stacking fault energy. 

Based on the diffusion controlled process: 

dr = _ ----'2;.;...1T~D-::--
dR. R, 

b ln b 

r (FcB
2

) lexp "kT ( 3) 

with r > R. (hald foil thickness), (assuming cylindrical diffusion 

geometry) and: 

' 

' 
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dr = _ 2D fexp (FcB
2

) _ l] 
dt b [ kT 

( 4) 

for r < t (assuming spherical diffusion geometry). 

Comparing Eqs. (1), (3) and (4), it is seen that the functional 

forms for the shrinkage rate of dislocation loops are the same. The 

only difference among them is the pre-exponential term. However, the 

shrinkage rate of Eq. (1) based on the emission controlled process is 

independent of the diffusion distance between the dislocation loop and 

sinks for point defects, whereas for the diffusion controlled process, 

this should not be the case. This difference provides 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 distance should 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 loops in silicon is independent of the diffusion 

distance between the dislocation loops and sinks, both for external 

sinks such as a free surface or internal sinks as a dislocation line 

or a bigger loop. 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 also 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 obs.erved in Fig. 29. Loops cut by the surface do not shrink 

faster than those of the same size inside the foil. These results 

strongly suggest that point defect concentration is essentially the 

same and close to the equilibrium value throughout the foil 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 Dobson
48 

observed 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 diffusion of vacancies between defect and surface. The sense 

of this flow depends on the vacancy concentration in equilibrium with 

the surface. During thermal oxidation, the faults emit vacancies to the 

surface, causing fault growth, whereas the vacancy flow is reversed on 

annealing in vacuo. 

This diffusion of vacancies can also be interpreted as the diffusion 

of interstitials in the opposite direction. In order to accommodate 

the inward growing oxide which is controlled by the transport of oxygen,49 

either vacancies should flow to the surface or excess interstitials 

produced by thermal oxidation should flow into the substrate. However, 

in order to explain experimentally observed abnormal impurity concentration 

profiles50 which were not of the expected complementary error-diffusion 

type, Dobson51 ' 52 concluded that impurity diffusion in silicon 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 generation of interstitials and distruction of vacancies 

at the silicon-oxide interface. 

The existing data to date do not conclusively prove whether self-

diffusion in silicon in the temperature range 950 to 1000°C is by a 

vacancy or an interstitial mechanism. Seeger33 suggested from the 

existing data that in order to account for the unusually large pre-

exponential factor for self-diffusion at high temperatures in silicon 

an interstitial mechanism is needed. He, therefore, concluded that 

above 900°C, an interstitial mechanism is more likely than a vacancy 

mechanism. 

The temperature range in this study is between 940°C and 1000°C, 

therefore, a self-interstitial mechanism is assumed. More sophisticated 

annealing studies during wet oxidation might be capable of deciding 

the question. 

c. Models for shrinkage of circular and elongated dislocation 

loops. Based on emission control and an interstitial mechanism, 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: 54 

zvb 
VJ = sina. exp - exp (5) 

where z is the coordination number of an interstitial, V is the atomic 

vibrational frequency, a. is the angle between Burgers vector and dis:-

location line (sina. = 1 for an edge dislocation), b is the Burgers 

i i vector, Uf and Um are the formation and migration energy for interstitials, 

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, c1 and C
0 

are 

the interstitial concentration around the dislocation loop l.inder non-

equilibrium and equilibrium condition respectively. Fe is the driving 

force for dislocation climb and can be expressed by Eq. (2). 

At thermal equilibrium which would be the case during annealing, 

the average jog concentration can be expressed as: 

where Sj and Uj are the entropy and 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, expressed as: 

(6) 

(7) 

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

r is: 

2xnr2 
d.;;;..."""'--

dn b
2 

- = --=-- = -21Trx<j> -+ 
dt dt 

(8) 

dr = - 1 zvb exp 
dt 2 

Similarly the shrinkage rate of an elongated dislocation loop of 

length L and width 2r which shrinks only in the length 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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d 2 L 2r 

dn b
2 

- = __ ..::;__ = - 21frX<f> -+ 
dt dt 

(9) 

General 

Circular or hexagonal faulted dislocation loops~ either parallel 

to the foil surfaces as loop "B" and "C": in Fig. 30, or on the 

inclined {111} planes 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 forgetting to turn on the 

dry nitrogen flow) all loops bigger than the critical loop size "G" 

in Fig. 28 or "C" in Fig. 29 gre"t-T into hexagonal shape, while those smaller 

still shrank. This behavior is expected from Eq. (8), the line tension 

and stacking fault energy associated with the dislocation loop contained 

in Fe tend to make the dislocation loop shrink, while supersaturation of 

interstitials caused by oxidation as expressed by c1 /C
0 

tends to make 

the dislocation loop grow. At the critical loop size, these two 

driving forces cancel out. 

It is also shown in Figs. 32 and 33 that elongated perfect dis-

location loops along (112) directions such as "A" in Fig. 32 or in Fig. 33, 

show a tendency to break up into smaller loops during bulk annealing bU:t 

during a thin film anneal, they either continue to shrink in the elongated 



-38-

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 are shown in Fig. 34. The curves 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 

are always slower 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, c1 = C
0

, the driving force for faulted dislocation 

loops to shrink would be the line tension and stacking fault energy. 

Figure 35 shows the variation of line tension with respect to the loop 

radius. Also illustrated are the stacking fault energy (55 ergs/cm
2

)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 

fault. It is also noted that for smaller loops, such as B and C, the 

line tension plays an important role so that loop c shrinks faster than 

"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. 34. It is then observed that all 

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

constant driving force of the stacking fault. The logarithmatic 



• 'i 

0 0 d 0 ") 
..;;. 9 

-39-

6 4 

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 dislocation loops 

Perfect dislocation loops such as those in Figs. 32 and 33 shrink 

steadily only in the length direction. This results in a constant 

driving force of line tension which depends on the radius of 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 narrower than 

loop B, therefore, has a larger driving force for shrinkage. Hence 

although loop B is longer than loop C, loop B shrinks faster than loop 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 shrinkage 

rates are constant at constant temperatures as expected in Eq. (9). The 

widths of these two loops are about the same, therefore, they show almost 

the same shrinkage rates at the same temperature because of the same 

driving force. If the logarithmic shrinkage rates are again plotted 

with respect to the reciprocal of the annealing temperatures (Fig. 36) 

an Arrhenius plot is again obtained which gives the same activation 

energy for.shrinkage, 5.65±0.5 eV, as for faulted dislocation loops. 

e. Discussion and conclusion. The remaining diSlocation loops both 

faulted and perfect are observed to shrink after the linear boron 

precipitates have been redissolved. However, there exists a critical 

loop size above which the loop will grow instead of shrinking if any 

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

48 . 53 Dobson and Prussin. From a preliminary calculation, it is concluded 

that oxidation at 942°C causes a supersaturation of interstitials up 



-40-

to 1.4 times that in equilibrium in the absence of oxidation. 

The experimentally observed fact that loops of similar sizes shrink 

at the same rate independent of the positions of the loops in the foil 

strongly suggests that the loop shrinkage is controlled by the emission 

of point defects instead of by diffusion. 

Equations (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 is 5.65±0.5 eV 

in both cases as would have been expected from Eqs. (8) or (9). If the 

activation energy for self-diffusion U~ + Ui, is assumed to be 5.13 eV 
J m 

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 for self-diffusion is 15 k, 33 

the entropy for jog formation in silicon is then roughly 2.9 k. Therefore, 

33 . . as pointed out by Seeger the enormously large entropy or pre-exponent~al 

factor for self-diffusion, makes the vacancy mechanism as observed in 

most metals seems imparable for silicon. 

Because 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 factors that control 

defect nucleation and growth. It is particularly important for studying 

the defect distribution 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 technology. However, theoretical 

considerations 58 based on interactions between incoming particles and 

the substrate lattice atoms have made 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 amorphous material 

(or crystalline material in the absence of channeling effects) is 

roughly Gaussian in shape. 

Akasaka et al. 59 have determined the depth distribution of boron 

atoms and radiation induced defects in boron ion implanted silicon by 

utilizing the 11B(P,a)8 Be nuclear reaction and by channeling analysis 

with 1.5 MeV He+ ions, combined with anodic oxidation and.stripping for 

removal of a known thickness. They observed that the distribution of 

boron atoms and the primary defects are asymmetric and significantly 

deviated from the Gaussian distribution. 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 of the following experiment to study the depth 

distribution of the secondary defects after post-implantation annealing 
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utilizing transmission electron microscopy, so that direct correlation 

between the crystal defects and electrical properties, and a better 

understanding of the mechanism of formation of these defects, especially 

the linear boron precipitates, can be achieved. 

ii. Experimental 

0 
Latex balls of diameter 1090±30A were diluted in distilled H

2
o 

(1 drop concentrated + 5 cc H20) before being applied to the thin foil 

surfaces. 

The thin foil was then put into a Philips 301 transmission electron 

microscope equipped with a high angle tilting stage that could be tilted 

up to 60°. Pictures were taken with more than two beams operating, so 

that all defects could be in contrast simultaneously. 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 

iii. Results 

In order to determine the depth of defects inside the thin foil, 

some reference points on the foil surfaces are required. Uniformly 

sized latex balls were first suggested as reference points by Sadhukhan,
60 

later also by von Heimendahl, 61 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 axis 

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

method for foil thickness determination. 

.-
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A further utilization of. latex balls is the determination of the 

depth distribution of crystal defects. 

A typical 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) orientation. 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 parallel to each 

other near (111) orientation, however, defect "D" lies parallel to defect 

"C" which is along the <110) tilting axis when tilted to <112) orientation, 

while defect "E" is still inclined to defect "C". This further proves 

that linear defects lie along all six possible <110) directions and 

that there exist 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 to the foil surfaces in the unit of length per volume. 

Also shown in this figure are the positions of the ends of those 

precipitates that are inclined to the foil as marked by 1, 2, 3 etc. 

Figure 40 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 distribution of linear boron precipitates, is very shallow 

and not symmetric. If an imaginary Gaussian distribution curve is 

applied to these data as shown by the dotted line in Fig. 39, it is 

noted that the peak depth is about 3500K from the implanted side which 

50 is exactly as reported by Akasaka et al. 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 previously. 

As pointed out in Section iii, the growth of these linear boron precipi-

tates is explained as the diffusion of supersaturated boron atoms to the 

precipitation sites. For boron atoms above the peak depth, they can very 

easily become substitutional again not only because they are closer to 

the free surface but also because a lot of vacancies produced during ion 

implantation are available. However, the supersaturated boron atoms 

distributed deeper than the peak depth have more difficulty finding a 

vacancy during bulk annealing, so that they tend to precipitate out 

forming linear boron precipitates. This surface efects on the formation 

of linear boron precipitates is most clearly shown in Fig. 41, where 

Fig. 4la shows the morphology of a sample thinned down before successively 

annealing to the temperatures indicated. Figure 4lc shows the effect of 

first bulk annealing to 700°C before thinning down and then reannealing 

to the temperatures indicated. Figure 4le shows the result of bulk 

annealing to the temperatures 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 substitutional again, 

so that only very few narrow faint boron precipitates were observed. 

However, if the specimen was bulk annealed to the temperature where 

boron atoms are mobile, the supersaturated boron atoms distributed 

deeper than the peak region tended to precipitate out to form the 

linear defects along (110) directions. 

It is also noted that most linear boron precipitates inclined to 

the foil surfaces were nucleated around the peak region and then grew 

mostly toward the implanted free surface, but some also grew inward 

as marked by 2 or 3 in Fig. 39. 

The depth distribution for small dislocation loops also shows a 

0 
peak depth at about 3500A from the implanted side, but it was a much 

wider spread as compared to the boron precipitates. This result is 

also in good agreement with the secondary defect distribution as reported 

by Akasaka59 with peak depth of 0.34±0.2~ and peak width 0.18~. 

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

i. Introduction 

The advantages of high voltage electron microscopy (HVEM) (operating 

at 300 kV or more) lie not only in its larger penetration power, capable 

of examining specimens a few microns thick
62 

as compared to 0.05~ to 0.5~ 

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 its simple mode of producing radiation damage without the introduction 

of impurities and without collision cascades. 63 •64 HVEM has been proven 

to be a powerful instrument for studying radiation damage in situ. 
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Nes and Washburn31 first observed radiation induced precipitation 

in high purity Lopex (low-oxygen dislocation-free silicon) which had 

been contaminated with copper. They observed two kinds of radiation 

induced precipitation, 1) at room temperature, a whisker-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 precipitates. 

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 implanted silicon. 30 It is, 

therefore, of interest to study the effects of boron atoms and irradiation 

temperature on the formation of these linear defects by direct observation 

in HVEM equipped with a hot stage, so that the mechanisms that cause the 

formation of these linear defects can be better understood. 

ii. Experimental 

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

0.75 n-cm (-2.5Xlo16 B/cm3 ), and n-type, phosphorous doped, (111) oriented 

silicon wafers of resistivity 2 n-cm (2.7x1o15 P/cm3 ) were used in this 

experiment. 

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

described previously. 23 The thinned foil was then put into a Mo-tipped 

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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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 these 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 formation 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 

comparison 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. 44, where Fig. 44a, shows the 

morphology during 720°C irradiation as compared to Fig. 44b during 620°C 

irradiation. The defects formed during 720°C irradiation show a 

characteristic similar to that of stacking faults on the inclined {111} 

planes. There has been no effort to identify the nature of these defects. 

No defects of any kind were observed in the phosphorous doped 

silicon irradiated at the same temperatures as boron doped up to 1 hr 

irradiation. 

iv. Dis.cussion and Conclusion 

The formation of linear defects, in high voltage electron irradiated 

boron doped silicon implies that: 
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l) The m~chanism for formation of these linear defects is probably 

coprecipitation of silicon and boron interstitials. Some of the 

interstitial boron is probably produced by replacement reaction with 

interstitial silicon. 

2) If the irradiation temperature is too high, the critical super-

saturation of boron and silicon interstitials necessary for nucleation 

and growth of rod shaped precipitates is probably not achieved. Most 

of the point defects reach the surfaces of the thin foil. Irradiation 

at 720°C resulted in formation of a few defects that appeared to be 

Frank loops. 

As was pointed out by Makin, 65 the electron energy E required so 

that an energy Em can be given to an atom of mass M
2 

during a Rutherford 

collision is given by 

E 
m 

(1) 

where m is the electron rest mass and c the velocity of light. The values 

of E for a range of Em in the vicinity of the displac~~ent 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 

( -6 the ratio of boron atoms to silicon atoms is very small, 10 ), 

nearly all the direct interstitials 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) 

E (keV) (Si) 

E (keV) (B) 

20 

217 

91 

25 

270 

111 

30 

315 

131 
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where z2 is the atomic number of the target atoms, ~ is the Rydberg 

energy (13.6 eV), ~A~ is 8.8xlo-17 cm2 , n is z
2

/137 and B is v/c, where 

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

( -24 2 crd for silicon is about 10 barns 10 em ). 

The displacement rate "K" can be estimated as: 

K =No. of displacement/cm3 , sec= crdNo~ P . e (3) 

where No is the atomic density for silicon, ~ is the flux of electrons, e . 

Em 
P = 1 + ln2Ed , for Em > 2Ed. 

19 - -2 -1 4 The value for ~ is about 10 e /em sec (0. ~in a 5~ spot) 
e 

which is much higher (>lOOOx) than in a conventional electron accelerator. 

Therefore, the displacement rate of silicon atoms during high 

voltage electron microscope observation is approximately -5x1o18 Frankel 

. -3 -1 paJ.rs em , sec 

This very high production rate of silicon interstitials explains 

why only a few minutes are required to reach the critical supersaturation 

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 previous chapter. 

The very long type 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<lOO) burgers vector and a <110> long 

axis. Since this type of defect is also observed in boron-doped silicon 

when it is irradiated at 620°C in the beam of the high voltage electron 

microscope but is not observed in phosphorous doped silicon under similar 

conditions, this again suggests that these defects cannot be entirely 

silicon defects. Interstitial boron atoms must play a critical role in 

their nucleation or growth. The temperature dependence of the shrinkage 

rate of these defects during annealing suggests that a large fraction of 

the atoms making up the rod defects are boron atoms. The probable 

mechanism of nucleation and growth of these linear defects during high 

voltage electron irradiation at 620°C is represented schematically in 

Fig. 45. The high energy electrons first produce Frankel pairs at l, 

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 nucleate a precipitate or migrate 

interstitially to existing precipitates and cause them to grow. 

From the experimental results described in the previous chapter, 

it is concluded that during boron ion implantionat room temperature, the 

silicon and many of theboroninterstitials form small clusters that are 

metastable at room temperature. 
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As the annealing temperature is raised to the range 600°C, to 750°C. 

Some of these clusters gradually break up releasing mobile silicon 

interstitials. The silicon interstitials replace substitutional boron 

atoms, so that a reverse annealing stage is observed in sheet resistivity 

Fig. 3. Most of the silicon and boron atoms in the clusters are released 

at about 750°C where growth of rod shaped defects is observed. The results 

also suggest that boron diffusion in silicon must be by an interstitial 

mechanism as pointed out by Dobson. 51 ' 52 Otherwise the replaced inter­

stitial borons would not diffuse to form precipitates but rather would 

become substitutional again after a single diffusion jump. 

The reverse annealing observed after boron ion implantation to 

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 temperature 

(-800°C), type A linear defects usually shrink more slowly and become 

fatter up to about 1000°C. Occasionally 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 shrinkage 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 to 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), usually happens during the first time the thin 

foil is annealed. This suggests that the image force acting on a 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 

defects, e.g., A and A, on different planes is not understood. However, 

one kind composed mostly of boron atoms (type A) and the other composed 

largely of silicon atoms (type A) suggest that during their nucleation 

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 interstitials 

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 segment x of defect A 

in Fig. 46. This possible silicon rich segment may also account for the 

occasional observation of nucleation and growth of a perfect dislocation 

loop with long axis along (112) adjacent to a type A defect. Similarly, 

the precipitation of silicon interstitials on {111} plane may also be 

interrupted by borons or other 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 thickness, width 

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

(parallel to the same direction) varies in contrast (visibility) under 

the same conditions (same picture). (Obviously due to depth or width 

orb vector of the defect.) They also vary in visibility when the s value 

is changed, as shown by the disappearance of defect K, D or X in 

-3 -3 -39 Fig. 46; s = 6x10 , 4.7Xl0 and 7.56x10 A from left to right. This 

makes Burgers vector determination very diffisult under weak beam dark 

field (s>>o) on higher order reflection bright field condition as was 

pointed out by Chen and Thomas. 

In order to avoid this 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 ~n this experiment. 

All pictures for contrast analysis 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 visibility 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., a and din 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, e.g., 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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FIGURE CAPTIONS ':.'•. 

Fig. l. Electrons and holes associated with boron impurities in silicon. 

4 . + 
Fig. 2. Electri_cal carrier profiles for 0 kV B · in silicon irradiated · 

at room temperature (courtesy of S. M. Davidson5). 

Fig. 3. Sheet resistivity annealing- curve for Si. · 

Fig. 4. Concentration of boron atoms on substitutional sites as a 

junction of annealing temperatures (courtesy 'of Appi. Phys. 

ll Lett. ) • 

Fig. 5. Theelectricalconfiguration for sheet resistivity measurement. 

Fig. 6. Typical .crystal rejects formed after post-implantation annealing 

in boron ion implanted silicon. 

Fig. 7 .. The existence of two kinds of linear defects, A and A, parallel 

to the same direction, but showing different contrast. 

Fig. 8. The W .B.D.F. contrasts of defects as observed at different-
8i. 

orientations. The loop planes of these small dislocation loops 

are determined from the-trace analysis and tilting experiments. 

Figure A and B are near [:III] orientation. Figure c and D are 

near [2II] orientation. Figure E and F are near [1I2] orientation. 

Fig. 9. Showing the starting; fault fringe contrast of small dislocation 

loops. It is noted that the fringes are parallel- to th~ bounding 

partials for loops inside the foil, e.g., E. Loop A and Bare 

on the inclined {111} planes and loop D is ori the foil plane. 
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·Fig. 10. Showing the coexistence of a pure edge perfect dislocation loop 

A on {111} plane and small faulted dislocation loops B and C on 

the inclined {111} planes. Loop A has been annealed out of the 

foil at 942°C for 1 hr as shown in Fig. 2. 

Fig. 11. Illustration of the effect of inclinations of the same kind of 

defects on the observed contrast. Figure (b) shows the top 

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

Fig. (a). 

Fig. 12. Showing the contrast of linear defects in different orientations 

Fig. a-e are near; ~01] orientation. Figure f and g are near 

[101] and Fig. h and i are near 011 orientation. The spotly 

background reveals the oxide sites etched in deoxide solution 

after the thin foil was made. 

Fig. 13. Isochronal annealing sequence of linear defects A and A in poron 

ion implanted silicon thin foil. Figure is bulk annealed at 

800°C in 20 min before thinning. Figure b-e 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 dislocation loop. 

Fig. 14. Similar sequence as in Fig. 13. 

Fig. 15. Similar annealing sequence as in Fig. 13. It is noted that type 

A linear defect may suddenly change into an elongated perfect 

dislocation loop along <112> direction. The dotted line is the 

position where linear defect A was. 

• 
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Fig. 15A. Another example of the transformation of type A defect into a 

Fig. 17. 

perfect dislocation loop along <112 L 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. 

Similar annealing sequence as Fig. 13. This sequence shows.the 

evolution of a perfect dislocation loop "B" formed adjacent to 

a type A linear defect. Ti is noted that loop B will grow when 

defect 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. Figure b~d are thin foil · 

annealed at 802°C for 25 min successively. Figure 3 is 

annealed at 8026 C for 50 min additionally. Figure f is 

annealed at 750°C for 70 min. It is noted that defect "B" 

suddenly bends from one end and forms a perfect dislocation 

loop C which tends to lie along <112> direction. The original 

defect B is out of contrast when the g vector is along its axis 

as shown in Fig. 2 and loop "C" shows. wea.k residual contrast 

when the g vector is [lll] as shown in Fig. h. This indicates 

that the Burgers vector for loop "C" is a/2(110) ·perpendicUlar 

to the elongated ioop direction and different than that of the 

original linear defect. 
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Fig. 18. Showing the evolution of irregularly shaped dislocation loops 

A and B. Figure a-d 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. 

Fig. 19. Showing the shrinks of small Frank dislocation loops along (110) 

directions. It is thought that they are originated by breaking 

up big elongated dislocation loops. 

Fig. 20. Showing the evolution of small dislocation loops. The heat 

treatment is the same as Fig. 13. It is noted that small 

dislocation loops such as loop 3 and 4 just grow in size when 

the linear defects are shrinking and then shrink too. 

Fig. 21. Showing the sequence of interaction between a faulted dislocation 

loop "A" and a perfect dislocation loop "B". The starting fault 

of loop A was swept away during this interaction .as shown by 

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

is the same as Fig. 18. 

Fig. 22. Sequential illustration of interaction of dislocation loops A 

and B in Fig. 21. 

Fig. 23. Schematic illustration of elongated defect of length L and width 

2R sit at the center of foil of thickness 21. 
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Fig. 24. Showing the annealing sequence of type A linear defects. The 

heat treatment is the same as in Fig. 17~ It is .noted that a 

new perfect dislocation loop a is nucleated and continue to 

grow when defect 1 is shrinking. Also noted .is the slower 

irregular shrinkage rate for defect 3 which shows different 

contrast than others. 

Fig. 25. The shrinkage rate for linear defects at different annealing 

temperatures. The solid lines represent the shrinkage curve 

for.type A linear defects. The dotted lines are for type A. 

The parabolic-like solid line shows the effect of diffusion 

length on. the shrinkage ra''te. 

Fig. 26. The plot of logarithmic shrinkage rate with respect to the 

reciprocal of absolute annealing temperature. 

Fig. 28. The annealing sequence of faulted Frank dislocation loops . 

. Figure 1 is bulk annealed isochronally from 400°C to 1050°C 

for 20 min in 50°C intervals before thinning. Figure 2-4 are 

thin foil annealed at 942°C for l hr successively. Figure 5-7 

are then annealed at 970°C for 15 min and 30 min r~spectively • 

. Figure 8 and 9 are annealed at 1001°C for 10 and 20 min. 

It is noted two loops at A coalesced .into one. Loop F is cut 

by the surface. 

Fig. 29 .. Similar.annealing sequence of small dislocation loops as in 

Fig. 28. 

Fig. 30. Similar annealing sequence of dislocation loops as Fig. 28. 

Lo(.)p B and C are parallel to the foil plane and loop A is 

inclined to it. 
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Fig. 31. . The schematic illustration of jogs on the preiphery of a dis-

location loop of radius r. The emission of atoms at jogs is 

also illustrated in terms of jog volicity v .. . J 

Fig. 32. The annealing sequence for perfect dislocation loop A, B and 

C. The heat treatment is similar to Fig. 28. 

Fig. 33. Similar annealing sequence for perfect dislocation loop as in 

Fig. 32. 

Fig. 34. The shrinkage rates for faulted dislocation loops at different 

annealing temperatures. The.open insides indicate the measured 

data. The closed circles indicate that after line tension 

correction. The accelerat~ng shrinkage rate for smaller loops 

is noted. 

Fig. 35. The dislocation energy due to line tension as a junction of 

loop radius. r is the dislocation core radius. Also known 
0 

are the starting fault energy and thermal energies (kT) at 

different temperatures. 

Fig. 36. The plot of logarithmic shrinkage rates and the reciprocal of 

annealing temperatures for both perfect and faulted dislocation 

loops. 

Fig. 37. The shrinkage rates for perfect dislocation loops at different 

annealing temperatures. 

Fig. 38. Stereo pairs of the defects in boron ion implanted silicon. 

Figure 1 is taken near (111) orientation and Fig. 2 is near 

<112>. The tilting axis and tilting direction are shown 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. 39. The depth distribution for boron precipitates parallel to the 

foil surface in a bulk annealedsilicon at 800°C for 30 min. 

The number shows the positions of boron precipitates inclined 

to the foil surfaces. 

Fig. 40. The depth distribution of dislocation loops in the same foil 

as in Fig. 39. 

Fig. 41. Showing the effect of free surfaces on the formation of defects.-

Figure a and· b a:re thinned before annealing from 400°C up to 

the temperatures indicated. Figure c and d are bulk annealed 

to 700°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. 

Fig. 42. The sequence of nucleation and growth of linear boron pre­

cipitates in high voltage electron (650 keV) irradiated boron 

doped silicon at 620°C. The time intervals between each 

pictu-e are as ~ndicated. 

Fig. 43. The comparison between the defect structures in boron ion 

implanted silicon after annealing at 800°C for 30 min (Fig. A) 

and HVEM on boron doped silicon at 620°C (Fig. B). 

Fig. 44. Showing the effect of irradiation temperature on the defect 

structures in high voltage electron irradiated boron doped 

silicon. 

Fig. 45. The schematic diagram on the formation of boron precipitates by 

the proposed replacement mechanism during high energy electron 

irradiation. 
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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. 

-3 -39-l 4.7Xl0 and 7.56x10 A from l-3. 

-3 
S = 6XlQ , 
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