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Electron Microscope Study of Defects in
Annealed Boron Implanted Silicon

1. INTRODUCTION

The generation of defects in semiconductors such as silicon during device
processing, is of serious concern because of the deleterious effect dislocations,
precipitates and stacking faults have on the electrical properties of a device. b
These defects lead to increased leakage currents, thereby affecting lifetime and
reliability. Before these defects can be avoided or eliminated, they must be
detected at various stages of processing to determine what causes them. One of
the most powerful tools for doing this is the transmission electron microscope.
This report describes the application of this instrument to the study of defects in
boron implanted silicon.

In the fabrication of devices utilizing ion implanted silicon where a passivating
dielectric layer is required, the dopant, in this case boron, is often implanted
through a thermally-grown oxide film at the surface of the silicon wafer, In this
way one avoids a high temperature post-implantation oxidation which would cause
some redistribution of the boron atoms by diffusion. However, it is still necessary
to anneal the specimen to 950°C to reach maximum electrical activity by causing
the boron atoms to move into substitutional positions in the crystal. Bicknell and

(Received for publication 5 January 1977)




Allen1 employing transmission electron microscopy found that the temperature
required to reach this condition, coincides with the disappearance of rod-like
defects first appearing after a 700°C anneal when boron ions are implanted into
bare silicon. These rod-like defects are considered by some to be caused by rows
of boron atoms. k=
While studying specimens which had been implanted with boron through an
oxide film and then annealed to ‘JS()O(.‘, some regions were found to contain rows 3
of small loops, often of the same diameter and equidistant from each other. These
loops form as the rod defects disappear. This report describes these loop rows
and shows how they are related to the rod defects observed at lower temperatures.

It also describes other defects believed to be related to the rod defects.

2. ENPERIMENTAL

The silicon specimens were in the form of (111) oriented n-type wafers of
10-mils thickness, having a resistivity of 90 to 100 Q2em, A 2000A thick oxide
film was grown on the chemically polished surface using steam at 950°C for 30
min, Boron was implanted through the oxide at 180 keV to a dose of 1015}?' cmg.

After implantation, specimens were annealed in nitrogen at 950°C for 1/2 hr. The

oxide layer was removed in 1:1 HF-H,0O and specimen discs 3 mm in diameter

were cut ultrasonically and thinned for transmission electron microscopy by jet

chemical etching. Specimens were examined in a JEM-6A electron microscope

containing a tilting attachment limited to angles of +20°, The microscope was )

operated at an accelerating voltage of 100 kV.

1. Bicknell, R.W., and Allen, R.M. (1970) Correlation of electron microscope
studies with the electrical properties of boron implanted silicon, Rad. i
Effects 6:45-49, ;
2, Davidson, S.M., and Booker, G.R. (1970) Damage produced by ion implanta-
tion in silicon, Rad. Effects 6:33-43.
3. Chadderton, I..T., and Eisen, F.H. (1971) On the annealing of damage pro-
duced by boron ion implantation of silicon single crystals, Rad. Effects
7:129-138.

4. Wu, Wei-Kuo, and Washburn, J. (1975) Boron precipitates in ion implanted
silicon, Proc. 33rd Annual Meeting of the Electron Microscopy Society of

America, pp. 256-257.
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3. RESULTS

3.1 Types of Defects Observed

The various defects observed in these specimens are categorized as follows:
(1) Single dislocation loops or dipoles are shown in Figure 1; (2) small rounded
precipitate particles shown in Figure 2; (3) rod-shaped defects generally believed
to be boron pr‘ecipitates:l_4 and (4) rows of closely-spaced loops. The rod-
shaped defects first appearing at about 700°C are shown in Figure 3 in a specimen
annealed to 800°C where they are aligned along <110> or <112> directions,
Figure 4 illustrates that after annealing to 950°C some rod defects are stll pres-
ent, but the main defects are loops, both rows of circular ones or of dipoles.
Some workers have observed the dipoles to form from the rod defects upon anneal-
ing to this temperature. 3 As with the rods, many of the dipoles also lie along
<110> or <112> directions. Both elongated and circular loops occurring in rows
lie on {111} planes. The rounded precipitate particles seen in Figure 2 are
usually associated with the dipoles or other loops. These particles are not to be
confused with copper silicide particles which have been found in colonies in simi-

4

lar samples when cooled rapidly from 950°C."” The identity of the precipitates in
I )

the present study has not been established.

3.2 Description of the Loop Rows

The lengths of the loop rows varied from about 0.5 um to 2 um or within the
size range observed for the rod-shaped defects. Stereo electron microscopy
showed that the rows vary in depth in the section under examination, with none
found closer than ~2500A to the surface. The remarkable uniformity in diameters
and spacing of the loops in some rows is seen in Figure 4, But in other rows the
diameters of the loops at each end becomes greater than those in the middle, and
as this occurs there is a corresponding increase in separation from the nearest
neighbor. This tapering effect is seen in a highly enlarged image of a row in
Figure 5. This indicates that the diameter of the loops is limited by the stress

imposed by its nearest neighbors.

e

5. Comer, J.J., and Roosild, S.A. (1976) Transmission Electron Microscope

Study of Oxidation-Induced Precipitate Defects in Boron-Implanted Silicon,
Presented at Electronic Materials Conf., Salt Lake City, Utah, June 23-25,
1976, Submitted to J. Electronic Materials.







Figure 3. Rod-Shaped Defects in Boron Implanted Silicon After
Annealing to 800°C
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Figure 4. Rod-Shaped [)(-r‘(-('ts and Toop Rows in Boron Implanted
Silicon Annealed to 9507C
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Figure ta. Contrast Behavior of l.oop Rows. With g [220] parallel
to loop row A, only a faint residual contrast is seen. Rod Defects B
and C are in Strong Contrast

Figure 6b. Contrast Behavior of Loop Rows, With g = [202] parallel
to rods B and C, they are at minimum contrast. Loop row A is now
in strong contrast




Note segment AB lies along

Figure 7. Showing Bent Loop Rows.
[202] and BC along the (022] direction

segments. It was not possible to analyze the loops in the rows but those single
loops lying on {111} planes were mainly prismatic, with Burgers vectors of

a
b Z(110]

3.1 Deseription of Other Defects

Not all regions contain rows of loops. In fact, most of the specimen resem-

bles the area shown in Figure 8 containing larger loops, single dislocations, and
g , £1¢ ’

some small stacking faults. Another region shown in Figure 9 shows dipoles
pinching off loops at A, B, and C. Strain contrast within the dipole D suggests
partial dissolution of one of the rod defects. A similar feature is seen in Iigure
This same micrograph shows black spots believed to represent strain fields
2. Another

10.
around precipitate particles similar to those shown earlier in Figure

example of precipitate formation, on a faulted loop, is seen in Figure 11.




Iligure 8. Region Showing Larger lLoops, Single Dislocations and
Stacking Faults (Arrows)

Figure 9. Dipoles Pinching Off Loops. See A, B, and . Note
the unusual strain contrast at D
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I'igure 10, Partial Dissolution of a Rod Defect. See arrow (A).
Other arrows show precipitate particles
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Lo DISCUSSION OF RESULTS

Two possible mechanisms for the formation of the loop rows must be consid-
ered: (1) The loops are generated to relieve stress set up around a defect in the
crystal which may be an artificially intfroduced inctusion or particle of a precipi-
tated second plmso;“ or (2) the loops form by break-up of a dipole to lower its
elastic energy.

Many examples of the first type of loop formation are found in the literature
for various materials including silicon. PRt In each case the generation of pris-
matic loops was initiated by differential expansion, or volume change of a precipi-
tate, or inclusion due to rapid cooling of the specimen, and it has been suggested
that they form by degeneration of dislocation helices. 5

In a theoretical treatment dealing with the spacings of these loops, Bullough
and \c\\‘m:m” derived the stresses and displacement associated with a single
circular edge prismatic loop of strength b and radius r on a cylindrical glide sur-
face., They showed how the shear stress Prz around a single loop decreases
rapidly with distance z from the loop. According to their interpretation, when a
loop is generated at a precipitate it glides on the glide cylinder surface under
axial stress and causes the other loops in the row to move further away until a
final equilibrium configuration is attained. At this point, the shear stress on each
loop due to its neighbors is equal to the critical shear stress required to move the

loop. The critical shear stress is given as
Prz crit, = Vbu/4ma(l - v)

where u is the shear modulus, v Poisson's ratio, a the loop radius, and V a
dimensionless parameter which is a function of the loop radius.

Regarding the second method of loop formation, which involves the break-up
of dipoles to lower their elastic energy, both Bicknell and Allen, - and Chadderton
and Ivliscn" observed the transformation of rod defects into circular loops upon
annealing boron implanted silicon, but there was no report of loop rows of the type
under discussion here., In the present study, many examples of dipoles pinching
off into loops were found as illustrated earlier in Figure 9, Most of these evolved

6. Jones, D.A., and Mitchell, J. W. (1958) Observations of helical dislocations
in silver chloride, Phil. Mag. 3:1-

7. Barnes, R.S., and Mazey, D.J. (1963) Stress-generated prismatic disloca-
tion loops in quenched copper, Acta, Met. 11:281-286.

Dash, William C. (1958) Generation of prismatic dislocation loops in silicon,
Phys. Rev. lLetters 1:400-402,

Bullough. R., and Newman, R,C. (1960) The spacing of prismatic dislocation
loops, FPhil. Mag. 5:921-927,




into irregularly shaped loops of various sizes and numbers of no apparent rela-
tionship to the rod defects. It appears that the evolution of the loop rows reported
in this study is a unique occurrence representing almost a spontaneous generation
of loops from the rod defects, This is suggested by the similarity in lengths of

‘ loop rows and rods as well as their diameters,

Obviously, the identity of the rod-like defects is basic to understanding the
annealing characteristics of boron-implanted silicon within the temperature range
under discussion. There is no ready analytical technique which can be applied to
solve this problem. Attempts by workers to obtain selected area diffraction pat-
terns have been unsuccessful, and because of its low atomic number boron cannot
be identified in transmission electron microscopes using energy dispersive tech-
niques. Therefore, at the present time, one can only speculate as to the identity
of the rod defects on the basis of indirect evidence obtained by transmission elec-
tron microscopy coupled with electrical measurements.

The rod-shaped defects have been observed over a range of temperatures
from 600 to 900°C with some persisting to 950°C or more. They are out of con-
trast only when g, the reciprocal lattice vector of the diffracted beam used in image
formation, is parallel to the long direction of the rod. This indicates a cylin-
drically symmetric strain field, suggesting to various workers that the rods are
boron precipitates, rows of interstitials, vacancies, or some other form of impur-
ity. The disappearance of most of the rods, coinciding with the attainment of

maximum electrical activity, indicates that most of the boron atoms have gone into

substitutional positions and further supports the view that these defects contain
boron.

Recently, Wu and Washburn4 in studies of boron, implanted silicon annealed
in the electron microscope and applied annealing kinetics to identify the defects in
question. On holding the specimen at 8000(‘, they observed differences in the rate
of shrinkage of the rods. For one type they derived an activation energy of
3.5 + 0.1 eV and concluded that the rate controlling process was boron diffusion,
leading to the conclusion that at least one type of rod defect is composed of boron
atoms., Their observation that some rods rotate off the <110> direction to a <112>
direction is in agreement with our observation of bent loop rows. Although we
observed bending from one <110> direction to another, the results support our view
that the loop rows are derived from dissolution of the rods where the loop rows
maintain the original positions of the rods.

While most of the results obtained in this study are merely in agreement with
results reported earlier by others, we feel that the new evidence of loop rows

supports the idea that the rod defects are composed of rows of boron atoms. In

summarizing the events that occur upon annealing, it is observed that some rod
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defects may rotate and align themselves along different crystallographic direc-

tions upon heating from 600"C through 450”C; some will shrink without leaving a
trace or else leave an elongated dipole or loop row reflecting the behavior of the
rods. In a few examples, we have found possible evidence of a transitional state
between rod and dipole as shown in Figures 10 and 11 where the contrast suggests
partial dissolution of a rod defect over part of its length rather than by shrinkage.
The break-up of a dipole to lower its elastic energy is seen in several micro-
graphs in this report. Although it is not known why dipole or loop formation is
not alwavs seen following the disappearance of a rod defect, it is not unusual for
these defects to form to minimize stress in the region, The formation of rows of
loops described in this report is not a common occurrence, vet it appears from
the evidence presented that they evolve from the dissolution or break-up of the rod
defects., ‘The loop rows closely resemble those produced by prismatic pinching;
for example, the envelope of the loop tapers on either side of the row center as
the loop diameter and spacing between loops increase simultaneously to maintain
equilibrium, =9 In effect, as end members of the rows are repelled by their
neighbors, they are free to increase their diameter by climb. This was illustrated
in Figure 5. Yet, despite the resemblance to loop rows formed by prismatic pinch-
ing, there is no other evidence to support the idea of this type of loop generation.
However, as there is evidence of dipole formation following dissolution of the rod
defects, it seems likely that the loop rows result from the break-up of the elonga-
ted loops. But the unusual contrast behavior of the loop rows has still not been
explained. The rows behave as though they were part of a single edge dislocation
at maximum contrast with Enormnl to the long direction, This suggests that the
loops have a strain vector normal to the loop plane. This could occur if the loops
actually enclosed thin discs of impurities having their displacement vector normal
to the plane of the disc. In the case of those loops which have been determined to
be interstitial, climb occurs by absorption of interstitial atoms. Since electrical
measurements at this stage indicate that most of the boron atoms are in substitu-
tional positions, it is concluded that the loops contain silicon atoms as proposed
by others. i
The Watkins mm'hntﬂﬁmll has been proposed by Bicknell and Allon1 as a pos-
sible explanation of how the rod defects form, By this mechanism, interstitial

silicon atoms produced by implantation damage eject substitutional boron atoms

10. Bicknell, R.W. (1969) The distribution of condensed defect structures formed

in annealed boron-implanted silicon, Proc. Royv. Soc. A 311:75-78.

11. Watkins, G.D. (1964) A review ol EPR studies in irradiated silicon radiation
damage in semiconductors, Tth Inter. Conf. on the Physics of Semiconduc -
tors, Academic Press, pp. 97-111.
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upon annealing to about 700°C. This is accompanied by clustering and precipita-

tion of boron atoms while the silicon goes into substitutional positions. The same
mechanism was recently proposed by Hul’kcl‘u as a result of studies made of the
redistribution of boron by secondary ion mass spectrometry,

Assuming that this mechanism is reversible, the following explanation for
the rod defects is offered. These defects consisting of rows of interstitial boron
atoms are no longer stable at temperatures of 700°C or higher and move into
substitutional positions to replace silicon atoms. The dipoles and loops result
from a coalescence of these interstitial silicon atoms. Actually, this idea had
been proposed by Bicknell several vears ago. 10 The presence of small precipi~
tate particles at dislocation sites at 950°C or above is believed related to the
formation of a small amount of silicon boride. It is quite possible to form com-
pounds such as .\'iB_‘ or .\'iB“ at temperatures above 900°C. Arai, Nakamura and
'l'm‘ummm“ have presented electron diffraction evidence of such compound forma-
tion at the interface of B.‘_’()B and silicon within the temperature range 900" -
1200°C. Also, the present authors have identified by selected area electron dif-
fraction single crystal precipitates of SiBH following a 1250°C anneal of boron
implanted silicon. 14 The presence of precipitates following anneals up to 000"C
has not been reported by others, However, they are not unique to specimens
implanted through an oxide film and have been observed upon implantation in bare
silicon followed by annealing to 1100°C, i

There are many questions remaining to be answered. For example, it is not
known why some rod defects simply shrink and disappear without trace, or why
some rods bend along different planes. [F'rom observations of the bent loop rows,
which are assumed to form from bent rod defects, it appears that bending is due
to transferrence of material to a different plane in a different crvstallographic
direction. The resulting segments of loop rows lie on different {111} planes. The
formation of the loop rows represent a stage in the dissolution of the rod defects

which may be seen only under certain conditions of specimen annealing or cooling.

12. Hofker, W, K. (1975) Implantation of boron in silicon, Philips Res. Report.
Suppl. 8:1-7. e e A A = S

13. Arai, E., Nakamura, H., and Terunuma, G. (1973) Interface reactions of
BoO3-Si system and boron diffusion into silicon, J. Electrochem. Soc.
120:9080-987.

14, Comer, J.J., and Roosild, S.A. (1975) Electron microscope observations of
precipitation in boron implanted silicon, Rad. Effects 25:275-277

sla=cid,
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5. CONCLUSIONS

The results reported here support the view that boron atoms coalesce to
form the rod defects observed on annealing boron implanted silicon to 700°C. At
higher temperatures the defects become unstable and eventually most of the boron
atoms move into substitutional positions. Associated with this dissolution is the
formation of dipoles and loops resulting from the coalescence of silicon atoms
which are displaced into interstitial positions. A small number of boron atoms
interact with silicon to form small particles, possibly a silicon boride, occurring
mainly at the sites of dislocations. The loop rows, seen infrequently, are gen-
erated by the break-up of the rod defects. The end loops grow by climb, increas-
ing their diameters and separation from their neighbors, and eventually breaking

free of the attractive forces holding them to the row.

21
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