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Threading dislocation evolution in mega-electron-volt phosphorus
implanted silicon
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The effect of dose and energy on postannealing defect formation for high energy
~mega-electron-volt! phosphorus implanted silicon has been studied using etch pit studies and
transmission electron microscopy~TEM!. Previous work has shown that after annealing there is a
strong dependence of dislocation density threading to the surface on the implanted phosphorus dose
and energy. A superlinear increase in threading dislocation density~TDD! with implant energy
between 180 and 1500 keV is observed for a dose of 131014cm22. In addition as a function of ion
fluence, there is a maximum in the threading dislocation density at a dose of 131014cm22 followed
by a rapid decrease in TDD. Both the superlinear increase in TDD with increasing energy and the
rapid decrease with increasing dose have been further investigated by TEM. A TEM study of these
higher doses revealed formation of a strong bimodal loop distribution with small loops averaging
,1000 Å and large loops averaging around 1mm in size. Over the dose range of 131014cm22 to
531014cm22, the superlinear decrease in TDD from 13106 cm22 to ,13104 cm22 coincides with
the superlinear increase in small dislocation loops from below 13106 cm22 to above 1
31010cm22. It is suggested that the homogeneous nucleation theory can explain many of the
results. However, the chemical presence of phosphorus appears to also play an important role in the
formation of the small dislocation loops and possibly threading dislocations. ©2001 American
Institute of Physics.@DOI: 10.1063/1.1351865#
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I. INTRODUCTION

High energy ion implantation processes are becom
increasingly important in the manufacture of silicon bas
semiconductor devices. The manufacturing processes inc
formation of buried collectors in complementary meta
oxide–semiconductors with bipolar~BiCMOS! devices1

proximity gettering centers,2 and profiled tubs or wells.3

However, severe lattice defects can be generated in the
gion near the projected range (RP) of the implanted
impurities.4 Etch pit densities, plan-view and cross-section
transmission electron microscopy~TEM! studies of the sili-
con substrate have shown the existence of defects that o
nate at the projected range of the implant and extend all
way to the surface of the silicon substrate.5–8 These extended
defects, which are known as ‘‘threading dislocations,’’5 ap-
pear to be responsible for high leakage currents inn1/p and
p1/n junction diodes fabricated above high energy bor
and phosphorus implanted layers.3,9 Therefore, a fundamen
tal understanding of the physical phenomena that contrib
to the formation of threading dislocations is essential prio
incorporating high energy ion implantation into the fabric
tion of silicon based semiconductor devices. The goal of

a!Electronic mail: rxtp20@email.sps.mot.com
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article is to show how competing extended defect format
mechanisms interact to affect threading dislocation form
tion.

II. EXPERIMENT

Extended defect formation was studied for a range
doses and high energy~mega-electron-volt! implant condi-
tions followed by a low temperature anneal. Etch pit den
ties, plan-view and cross-sectional TEM were used to ch
acterize the type, depth, and concentration of dislocation
the material. The implants were carried out in 7-mm-thick
lightly doped (131015cm23) p-type epitaxial silicon grown
on ~100! p1 silicon. Phosphorus implant energies were v
ied from 180 to 5000 keV, at various doses, ranging fro
131013 to 531014cm22. After implantation the samples
were annealed at 800 °C for 90 min followed by a 550
anneal for 60 min and finally a 950 °C anneal for 10 min,
emulate some of the thermal cycles of an advanced CM
process. Etch pit samples were produced using a Schim
etch consisting of a 2:14 9% HF:1 M CrO3 solution. An etch
of 20 s was used.

To examine the projected range defects both plan-v
and cross-sectional TEM were done on the samples a
annealing. The plan-view samples were prethinned~when
necessary! using chemical mechanical touch polishin
6 © 2001 American Institute of Physics
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~CMP! with a silica slurry, to position the peak of the pro
jected range damage approximately 3000–4000 Å below
surface. A high-resolution TEM operating at 200 kV w
used to study the projected range defects in plan view.
crographs were taken using bright fieldg220 imaging condi-
tions. These conditions allow one to observe defects as d
as 5000–10 000 Å deep. TEM of unimplanted cont
samples show that the CMP process does not introduce
observable defects.

III. RESULTS

Figure 1 depicts the results from etch pit studies of
surface threading dislocation density~TDD! for varying en-
ergies of phosphorus implants. The background thread
dislocation density of 53103 cm22 was obtained by etching
an unimplanted sample wafer. Two distinct effects are s
from the figure. First, there exists the effect of implant do
For implant energies greater than 1500 keV, the surf
threading dislocation density increases from near ba
ground density levels (;53103 cm22) for an implant dose
of 131013cm22 to a maximum of;23106 cm22 for an
implant dose of 131014cm22. For implant doses greate
than 131014cm22 the TDD levels start decreasing. Ther
fore, the TDD level appears to saturate at;23106 cm22 for
an implant dose of 131014cm22. The second effect is the
effect of energy. The trend in TDD levels discussed earlie
seen only for implant energies greater than 1500 keV. Fo
the energies from 1500 to 5000 keV studied, the trends w
remarkably similar with a near identical TDD saturatio
level of 23106 cm22 achieved at an implant dose of
31014cm22. However, for implant energies less than 15
keV no such clear trends are visible. In fact, for an impla
energy of 180 keV the TDD level seems to remain n
constant and below 13104 cm22.

To understand the decrease in TDD levels for ph
phorus implant doses greater than 131014cm22, a series of

FIG. 1. Results of etch pits density counts of the threading disloca
density for varying doses and energies of mega-electron-volt phosph
implanted samples after annealing. A peak threading dislocation dens
shown to be at a dose of approximately 131014 cm22.
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TEM studies was done. Four different implant energies~180
keV, 1.5, 2.5, and 5 MeV! and four different doses (5
31013, 131014, 231014, and 531014cm22! were chosen
for this TEM study. Figure 2 shows the TEM results of th
1500 keV phosphorus implant at four different doses a
annealing. Because of the use of a CMP process to thin
samples, the defects shown are those at the projected r
of the implant. These micrographs are indicative of the e
lution of defects for most of the high energy implants stu
ied. The density of defects can be quantified by taking m
crographs of several different regions and counting e
image after printing. It is clear there is a rapid increase in
density of the defects upon annealing. Figure 3 show
graph of the total dislocation loop density determined fro
TEM versus the implant dose. Cross-sectional TEM co
firmed the defects were in a band around the projected ra
of the implants. For the implants at various energy lev
~180, 1500, 2500, and 5000 keV!, the total defect density
increases from;13107 cm22 to ;131010cm22. From
Figs. 1 and 3, we can see that beyond an implant dose
31014cm22 there is an increase in the total defect dens
concentration, but there is a decrease in the TDD concen
tion. This implies that the surface threading dislocations m
be evolving into another form of dislocation loop that do
not thread to the surface.

n
us
is

FIG. 2. Plan-view TEM micrographs of phosphorus implanted sample
varying doses at 1500 keV and annealed.~a! Phosphorus dose 5
31013 cm22, ~b! phosphorus dose 131014 cm22, ~c! phosphorus dose 2
31014 cm22, ~d! and phosphorus dose 531014 cm22. The micrographs
show the evolution of dislocations at various doses for a constant ene
Note the large increase in small dislocation loops with increasing dose
e or copyright; see http://jap.aip.org/about/rights_and_permissions
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TEM micrographs were analyzed at different doses a
energies to extract the average diameter of these disloca
loops. Figure 4 is a plot of the average diameter of the d
location loops at various energy levels~180, 1500, 2500, and
5000 keV! for implant doses greater than 131014cm22. This
plot shows a superlinear decrease in the average loop d
eter with an increasing implant dose. These results wo
support the hypothesis that the surface threading dislocat
are evolving into smaller dislocation loops for implant dos
greater than 131014cm22.

The size distribution behaves in a very unexpected fa
ion. With increasing dose rather than getting a simple
crease in the average diameter, the system actually deve

FIG. 3. The total defect density dependence on dose is shown. Beyo
dose of 131014 cm22 there is a superlinear increase in the total concen
tion of defects from;13107 cm22 to ;131010 cm22.

FIG. 4. The average diameter of the dislocation loops at various en
levels ~180, 1500, 2500, and 5000 keV! for implant doses greater than
31014 cm22. This plot shows a linear decrease in the average loop diam
with an increase in the implanted dose.
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a bimodal loop distribution. This can be seen in Fig. 5 for t
1500 keV phosphorus implanted samples as a function
dose. At low doses~the solid symbols! the only defects ob-
served by TEM are the large loops. However, with incre
ing dose a high density of very small dislocation loo
forms. In order to further analyze the effect of energy a
dose on this bimodal distribution, the dislocation loops ha
been grouped into two different sizes, large loops~.1500 Å!
and small loops~,1500 Å!. The classification of large loop
as being greater than 1500 Å and small loops being less
1500 Å is arbitrary. However, there is a clear bimodal d
tribution in defect sizes and in general the small loops are
average about 500 Å in diameter and the large loops are
average around a micron in length.

Figure 6 shows the density of large dislocation loo
~.1500 Å! as a function of the phosphorus implant dose
different implant energies. For an implant energy of 1
keV, the density of large loops is;13106 cm22, which is at
the TEM detection limit. However, for the other implant e
ergies studied, the large dislocation loop density increa
from 53106 cm22 for an implant dose of 531013cm22 to a
maximum value of;73107 cm22 at an implant dose of 2
31014cm22. For implant doses greater than 231014cm22

the large dislocation loop density remains nearly constan
a value of;73107 cm22. These results show that there is
weaker dependence on dose for the formation of large di
cation loops and there is even a possible decrease in
density for higher doses.

Figure 7 shows a graph of the density of small disloc
tion loops ~,1500 Å! as a function of the phosphorus im
plant dose. For doses<131014cm22 the density of small
dislocation loops is below the detection limit. However, t
small dislocation loop density increases at least two to th
orders of magnitude when the implant dose is sim
doubled from 131014 to 231014cm22. An additional one to
two orders of magnitude increase is observed when the d
is increased from 231014 to 531014cm22. Thus, there is a

a
-
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FIG. 5. Size distribution of the 1500 keV phosphorus implanted sample
a function of implant dose after annealing. Note the formation of a bimo
distribution with increasing dose.
e or copyright; see http://jap.aip.org/about/rights_and_permissions



op
ac
im
ar

e
de

t i
s

on

as-
e
s and
ace.
n-

le-
ing
ess
ts
se

oth
he

ase
the
ob-

for
in
of
nd

en-
ould
ing
sults
m-
ize.
her
her
ail-
ace.
ra-

of
as
ara-
sur-
ted
is
rce of
ay
ld

the

e-
5.
n in
ith
ore
cle-
a-

ly
of
, it
s

n
om

n
se

4329J. Appl. Phys., Vol. 89, No. 8, 15 April 2001 Jasper et al.

Down
superlinear increase in the density of small dislocation lo
with increasing dose. Figure 1 showed that the surf
threading dislocation density reaches a maximum for an
plant dose of 131014cm22 and then showed a superline
decrease in density for doses between 131014cm22 and 5
31014cm22. This suggests there could be correlation b
tween the formation of small dislocation loops and the
crease in threading dislocations.

IV. DISCUSSION

In order to explain the results observed in Figs. 1–7 i
important to examine what theories have been previou
proposed to explain the correlation of threading dislocati

FIG. 6. Plan-view TEM results of the large~.1500 Å! dislocation loop
density in phosphorus implanted samples after annealing as a functio
implant dose for various implant energies. The large defects show s
increase followed by a slight decrease in density with increasing dose.

FIG. 7. Plan-view TEM results of the small~,1500 Å! dislocation loop
density in phosphorus implanted samples after annealing as a functio
implant dose for various implant energies. Note the superlinear increa
defect density with increasing dose.
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on implant conditions. Chenget al.5 proposed a simple
model for the decrease in threading dislocation with incre
ing dose above 131014cm22. They proposed that as th
dose increases the average size of the defect decrease
thus the threading dislocations no longer reach the surf
The primary source of interstitials for their model is the co
tribution from the implanted dose~so-called ‘‘plus’’
factor!.10 This model, which is in effect homogeneous nuc
ation theory,11 offers the simplest approach to understand
the loop nucleation kinetics. It has been shown that exc
interstitials in silicon will precipitate into extended defec
called $311% defects.12 It has also been shown that the
$311% defects can transform into dislocation loops.13 The
shape of the large dislocation loops and their size are b
consistent with the threading dislocations forming from t
transformation ~presumably unfaulting! of isolated large
$311% defects.5,6,14

Figure 3 shows that there is a clear superlinear incre
in defect density with dose and that the average size of
defects does indeed decrease with increasing dose as
served in Fig. 4. Thus, this model on the surface works
these results. One complicating factor is the observation
Fig. 1, where the defect density behavior as a function
dose is very similar for implant energies between 1500 a
5000 keV. If the simple model is used then the plus conc
tration for these various energies is the same so one w
expect the higher energy implants to have fewer thread
dislocations simply because they are deeper. These re
imply that the increase in defect depth with increasing i
plant energy must be off-set by the increase in defect s
This in turn means that there are fewer defects at hig
energies which is possibly seen in Fig. 7. Therefore, eit
the average size is larger or there are more interstitials av
able to make the defects larger and thus reach the surf
More interstitials could form because of Frenkel pair sepa
tion.

Frenkel pair separation is a well documented source
excess interstitial for higher energy implants into Si. It h
been shown that for mega-electron-volt implants the sep
tion can lead to an excess vacancy population near the
face and a higher interstitial population around the projec
range of the implant.15–17 Thus, the observation that there
a very weak energy dependence suggests a second sou
interstitials above the simple plus one concentration m
contribute. Additional low temperature experiments wou
need to be done to quantify the trapped interstitials in
$311% defects before this could be verified.

Another complication from the simple model arises b
cause of bimodal loop distribution that is observed in Fig.
This arises because of the saturation in large loops show
Fig. 6 and the rapid increase in small loops in Fig. 7 w
increasing dose. This bimodal distribution suggests a m
complicated mechanism than simple homogeneous nu
ation is involved. One possibility is that there are two mech
nisms for loop formation. It has been shown18 that transfor-
mation of $311% defects into dislocation loops, presumab
through unfaulting, can account for a significant fraction
the dislocation loops that form upon annealing. However
was also pointed out18,19 that many of the dislocation loop
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form prior to the observation of visible transformation fro
$311% defects. Thus, it is possible that the bimodal distrib
tion observed arises because at low doses the mecha
involving transformation of$311% defects to loops domi-
nates, whereas at higher doses a ‘‘direct’’ formation of loo
without involving $311% defects dominates at some subm
croscopic cluster regime. It is impossible at this time to r
out this alternative pathway because it is not possible to
serve this possible submicroscopic transformation.

A second possibility to explain the bimodal loop dist
bution is that the concentration of phosphorus is affecting
loop formation process. Keyset al.20 has shown using phos
phorus wells and Si1 implants, that with increasing phos
phorus concentration there is a tendency to reduce the
mation of $311% defects and increase the formation of sm
dislocation loops. More recently this effect was shown
track with the so called ‘‘kink’’ concentration in the phos
phorus diffusion profiles.20 This phosphorus was shown t
start increasing the loop formation process at a phosph
concentration approximately one order of magnitude be
the kink concentration. For the first anneal in this stu
~800 °C!, the kink concentration is approximately
31019cm22.21

To further investigate this possibility the total disloc
tion loop concentration extracted from TEM micrograp
was plotted versus the peak phosphorus concentration d
mined by secondary ion mass spectrometry for all the e
gies and doses in this study in Fig. 8. The peak phosph
concentration was used since these are nonamorphizing
plants. This figure shows that the total dislocation loop c
centration increases dramatically for phosphorus concen
tions between 131018cm22 and 231019cm22 ~approxi-
mately an order of magnitude below the kink concentratio!.
Thus, the concentration of phosphorus is in the correct ra
to be affecting the loop formation process. The mechan
by which phosphorus enhances loop formation is not
understood but the effect is well documented. Without me

FIG. 8. The dependence of the dislocation loop concentration on the
phosphorus concentration for all of the samples examined in this study.
strong correlation is consistent with phosphorus having a chemical sp
effect on loop nucleation.
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electron-volt Si1 implants for comparison it cannot be con
clusively stated that the phosphorus is affecting the loop
tribution, however, the correlation in Fig. 8 suggests t
mechanism may be significant. Further experiments with1

implants are in progress.

V. CONCLUSION

In conclusion, for high energy phosphorus implants th
appears to be a direct correlation between the decreas
threading dislocation density with increasing dose and
increase in dislocation density at the projected range.
results show a weak energy dependence above a certai
ergy threshold. TEM studies reveal the formation of a bim
dal dislocation loop distribution of small and large loop
These large loops start to appear at an implant dose o
31013cm22 and increase in density from 53106 cm22 to a
maximum of 63107 cm22 at a dose of 231014cm22. With
further increases in the dose the density of large loops
crease gradually to 33107 cm22 at a dose of 5
31014cm22. The small loops are below TEM detection lim
its until a dose of 231014cm22 when they appear at a den
sity of ;53108 cm22. With increasing the dose the sma
loop density exhibits a superlinear increase in density to
31010cm22 for a dose of 531014cm22. The superlinear in-
crease in the formation of small dislocation loops coincid
with the superlinear decrease in threading dislocation d
sity. It is suggested that understanding the energy, dose,
loop size distribution dependence of the threading dislo
tions requires understanding the sources of interstitials
the loop nucleation kinetics. The presence of phospho
may play a significant role in the formation of dislocatio
loops and thus threading dislocations.
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