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HIGHLIGHTS

Chapter I

Minority carrier 1lifetime degradation in silicon, as a
result of 200 Kev argon and 80 Kev silicon implantation, is
measured after a 1h anneal in dry oxygen or a 30 minute

anneal in nitrogen.

The lifetime degradation is studied for the implantation

1016 ions/cmz. For this range, a lifetime

range of 10" to

decrease spanning 5 orders of magnitude is observed. The

decrease in lifetime is minor for a low implantation dose
(1011 to 1012 ions/cmz) . It increases sharply with a higher O .

dose. It levels off for the amorphization dose at a

lifetime of approximately 1 seconds.

The lifetime degradation is different for argon and silicon

3 | implantations. For low argon implantations the decrease in

E f lifetime is impurity controlled. At a higher dose the v
E“.

| decrease in lifetime is caused by the argon impurity and by

the crystal defects generated by the recrystallization of

the amorphous layer.

For silicon implantations the decrease in lifetime is caused
o only by crystal defects. Lifetime degradation due to sit
s
¥ implantation is only minor up to a dose of 10"‘ s:l"/cmz. o ]




N

After reaching the amorphization dose (~5 x 101“ si+/cm2)

the lifetime drops rapidly to the 10-10

second level.
Correspondingly, the number of crystal defects increases in

the annealed implanted layer.

Lifetime recovery experiments, using gettering techniques
(ISS), are not successful because they do not anneal out the
defect state in the crystal caused by the high implantation
(amorphization) dose.

013 Ar"’/cm2 leads to the formation

Argon implantation of >1
of bubbles in the silicon lattice. It is shown that up to
92% of the implanted argon can be trapped in bubbles. Size
and number of argon bubbles increases with implantation
dose. However, argon bubbles are shown to have only minor

influence on lifetime degradation.

Low concentrations of oxygen, introduced through "knock-on"
into the substrate, as a result of implantation through an
oxide layer, are found to slow down the degradation of

lifetime.
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Chapter II

High energqy argon and oxygen implantations on wafer
backsides improve minority carrier lifetimes-measured by the

MOS C-t technique-on wafer front sides.

High energy implantations produce buried damage layers under
the silicon surface. Such buried damage layers are
resistant to annealing cycles as encountered during standard
semiconductor processing. Consequently, they provide more
efficient gettering action as compared to damage layers

produced by low energy implantations.

High energy argon gettering is found to be dependent on the

implantation dose. Maximum gettering efficiency is obtained

14

for high dose implantation (>10 Ar+/cm2) which leads to

the formation of sub-surface amorphous layers.

Oxygen gettering shows no clear dose dependency. A

remarkable gettering efficiency is already obtained for an

" °+/cn2.

implantation dose of 10
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CHAPTER 1

MINORITY CARRIER LIFETIME DEGRADATION IN ARGON

AND SILICON IMPLANTED SILICON
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MINORITY CARRIER LIFETIME DEGRADATION IN

ARGON AND SILICON IMPLANTED ANNEALED SILICON

INTRODUCTION

To control minority carrier lifetime in silicon for device
application recombination centers resulting from chemical
impurities and/or crystal imperfections are introduced
purposely into the silicon lattice. The most effective
centers are those whose energy level is near thé intrinsic

Fermi level.

Gold is known to have an energy level near the middle of the
bandgap and is widely used to achieve 1lifetime reduction1,
The diffusion rate of gold in silicon is very high and it is
not possible to limit lifetime reduction to certain areas of
the device if the wafer has to go through additional high

temperature treatments.

In a previous paper2 the use of cesium, which is a slow
diffuser in silicon, as a dopant to achieve controlled
reduction of minority carrier lifetime was described. 1In
the present investigation minority carrier lifetime in
silicon after argon and silicon implantation is studied.

Argon is stable in silicon even after annealing at




temperatures of up to 1050°C and has a deep energy level at
0.5 eV“. Thus argon seems very attractive as a dopant to

obtain low lifetimes in silicon.

The argon is introduced into the f’licon lattice by ion

implantation. Ion implantation, however, introduces defect

centers into the silicon in addition to the impurities.
These defect centers act also as recombination centerss'7.
Several papers have been published on minority carrier
lifetime degradation in silicon after ion
implantation1’8-1°. It is known that for implantatiops
below the critical amorphization dose annealing at
temperatures of up to 900°C9-11 removes the implantation
damage almost completely and lifetime recovers. For
implantations exceeding the amorphization dose only few data
on lifetime recovery are available. Davies and R0031169
studied the influence of ion damage on lifetime by
implantation of s{+ and d+ into silicon. Only partial or no

recovery of lifetime was observed.

Lifetime reduction in silicon due to argon implantation is
due to the argon and also due to the ion damage. In order

to separate these two lifetime degrading effects from each

other the microscopical nature of the damage centers must be

known. For this reason it is of interest to compare

lifetime degradation in silicon after argon implantation

with the degradation observed after silicon implantation.

e
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Silicon implantation degrades lifetime only through damage
centers. . Therefore, silicon implantation effects are also

discussed in this paper.

EXPERIMENTAL

Sample Preparation

Czochralski grown, p-type silicon wafers of approximately
1 to 2 gQ-cm resistivity, (100) orientation, and 2 1/4 inch
in diameter are used. After chemical cleaning, three

processing steps are applied to the wafers as follows:

1. Ion implantation - thermal oxidation - annealing (I-O-A),
2. 1Ion implantation - annealing - thermal oxidation (I-A-0),

3. Thermal oxidation - ion implantation - annealing (O-I-A).

Thermal oxidation is carried out in dry oxygen at 1000°C for

60 minutes and annealing is done in nitrogen at 1000°C for

30 minutes. Ion implantation is performed at 200Kev for art
and 80 Kev for si' implantation. The ion doses used range

1" to 1016 ions/cmz.

from 10
After removal of the oxide layer on the backside of the
wafers, MOS capacitors are formed on the implanted side.
Non-implanted wafers are simultaneously processed as control

wafers. Aluminum dots of 0.5mm diameter are evaporated on

Minority Carrier Lifetime 3




the front side and aluminum contacts are made to the
backside. A final sintering step for good ohmic contact is

made in forming gas at 400°C for 30 minutes.

Before any processing step, three wafers out of each group
have their backsides treated with Impact-Sound Stressing
(ISS)’. This is done in order to see if 1SS gettering has
any significant effect on lifetime improvement of the

implanted wafers.

Electrical Measurements

The minority carrier lifetime in the silicon is determined
from the transient response of the MOS capacitors‘z. To
avoid surface-state charging effects, the MOS capacitors are
initially biased into heavy inversion. Subsequently, a
depleting negative voltage step is applied to the MOS
capacitors. The relaxation of the MOS capacitance with time
is monitored. For transient response times of 1 msec to
1 sec an oscilloscope is used, while for times longer than 1
sec the capacitance versus time C(t) curve is plotted on a
K-t recorder. The measurement setup used and the computer

program for lifetime data as obtained from the C(i) curves

are described in Reference 12.

High frequency capacitance-voltage curves are measured at

1 Mhz. From these curves flatband voltages v&n and doping

(
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densities “D are determined using the computer calculations

of Goetzberger .

Transmission Electron Microscopy Investigation

For transmission electron microscopy (TEM) investigations,
specimens of 3mm diameter are cut ultrasonically from the
implanted wafers. Aluminum dots and oxide layers are
removed by etching the wafers in hot H,PO

3" 74
respectively. Subsequently, the specimens are thinned by a

and HF,

standard jet-etch technique. The specimens are then
v

investigated either in a JEOL 200A electron microscope

operated at 200Kev or in a Philips EM301G electron

microscope operated at 100Kev.
RESULTS

1. Minority Carrier Lifetime of ar' and sit Implanted

Silicon

The dependence of minority carrier lifetime on implantation
dose for Ar' ana si' implanted silicon is shown in Fig. 1
and 2, respectively. Each data point in these figures
represents the mean lifetime averaged from at least three
implanted wafers. The mean lifetime of a wafer is obtained
from the averaged value of 36 MOS capacitors measured. The

mean lifetime for non-implanted control wafers are indicated

Minority Carrier Lifetime
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at the dose of 1010 ions/cmz. The distribution of the

lifetime values in one wafer can spread over 1 to 2 decades

14

for the non-implanted and for the low dose (<10 ionl/cmz)

implanted samples. The variation of the mean 1lifetime

between the wafers, however, is less than a factor of five.

14 2

For doses of 10 ions/cm and higher, the variation

decreases to a factor of two.

a. Ar' Implanted Silicon

Figure 1 indicates that for the processing sequences of
implantation-oxidation-annealing (I-0-A) and implantation-
annealing-oxidation (I-A-0) the lifetime of Ar+ implanted
silicon is strongly influenced by the art  dose. The (f)

lifetime is in the range of 100 and 400us for both control

1" 2

and pre-implanted wafers. For a dose of 10 ions/cm™, the

degradation of lifetime resulting from the implantation is

very small. The degradation becomes more significant as the

1 14 2 ]

b % dose increases. Between 10 and 10'" ions/cm®, the

] : lifetime decreases drastically from 300 us for wafers

14 2

% implanted with 10 ions/cm”® to 1 ns for wafers implanted

;1 . ! with 10M ions/cmz. The lifetime decreases more than one

E'f ; order of magnitude for each decade of dose increments. The
L decrease of lifetime tends to level off for doses higher

SN #

1 i pe than 101“ ions/cmz.

| 75

| e
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Figure 1 indicates also that pre-annealing before oxidation
has no significant effect on the lifetime of art implanted

silicon.

The use of impact sound-stressing (ISS) gettering has also
been investigated. Gettering results only in a small
lifetime improvement for wafers implanted with a dose of
10'' ana 1012 ions/cmz. At higher doses, the lifetime

improvement due to ISS gettering is not significant.

For 1mpiantation through oxide with a processing sequence of
oxidation-implantation-annealing (O-I-A), art implantation
causes a smaller degradation of lifetime between 1011 and
1014 ions/cmz. A sharp decrease in lifetime is observed
between 1014 and sx10'4 ions/cmz. At higher doses, the

lifetime also reaches a value of 1 ns.
b. Si Implanted Silicon

The lifetime data of Si* implanted silicon are shown in
Fig. 2. The lifetime value is about 100 to 200us for both
control and pre-implanted wafers. A comparison with Fig. 1
shows different characteristic for the si* versus ar'
implanted silicon. Figure 2 indicates that there is no
significant degradation in lifetime up to ‘lo13 1on|/e-2 for
the I-0-A and the I-A-O cases, and up to 10‘. 1ons/eu2 for

the O-I-A case. A sharp decrease in lifetime occurs between

Minority Carrier Lifetime 9
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1013 and 101“ ions/cm2 for the I-0-A and the I-A-O cases,
and between 1013 and 5x10”ions/cm2 for the 0O-I-A case.
The lifetime decreases further with increasing dose and

reaches finally a value of 1 ns at 1016 ions/cmz.

Similar to art implantation, sit implantation through oxide
seems to retard degradation of lifetime. No apparent
degradation in lifetime is observed even up to
101“ ions/cmz. Preannealing before oxidation leads to a
pronounced improvement in lifetime at an implantation dose

14

of 10 ions/cmz. The lifetime for the I-A-0O wafers is

about two orders higher than that for the I-0-A wafers.

2. Defect Characterization of Ar' and si't Implanted

Silicon
a. Ar+ Implanted Silicon

The characteristics of crystal defects in Ar+ and sit
implanted silicon depend strongly on implantation dose, ion
species, and on the processing steps. In the as-implanted
state, the Ar+ implanted layer consists essentially of
damage clusters. The size as well as the density of the
clusters increase with implantation dose. At and below
1012 ions/cm?, clusters are not present. At 1013 and
101“ ions/cmz, the size of the clusters is about Sdﬂ,
Fig. 3 (a) and 3(b). Above 10'' ions/cm’, the clusters

start to aggregate and increase in size. At 1016 ions/cm?,

- T TP T —— _—m




11

*FWO/SUOT 9,01 (2) pPue 4,01 (9q) .m 0L (e) -aadet
kucmamEm +u< ut SI93snTo abewep burmoys m

ydexboxotw W3lL ¢ ‘b14

Minority Carrier Lifetime

i
§
%

“ i T
i = - ~—r i O Vi =g £l
* - - e e = - 5 . iutienss ke
e P YT 1= GO S RO 7P A O e Fort ki AR 3 ot y




the cluster size is about 100 ~ 2008, Fig. 3 (c). The
amorphization dose for Argon implantation is approximately

101” ions/cm2 as determined from TEM diffraction patterns.

After oxidation and annealing, the crystal defects undergo a
substantial change. This change is also influenced by the
implantation dose. This is shown in Figs. 4. At
1013 ions/cmz, the implanted layer contains mainly spherical
argon bubbles 28 ¢ 7% in size, Fig. 4(a). Damage clusters
similar to the arégﬁ bubbles are also observed in the
as-implanted layer. This indicates that below the
amorphization dose, the crystal defects in the implanted
layer do not undergo a significant structural change during
processing. The stacking fault present in Fig. 4(a) is
rarely observed in other areas of the samples and is not

representative of the damage.

At the amorphization dose (101u ions/cmz), the implanted
layer recrystallizes during oxidation and annealing. The
recrystallized layer contains a high density of stacking
faults, dislocation half-loops and argon bubbles, Fig. #4(b)
and 4(c). As shown in Fig. 4(b), the density of the
stacking faults is much higher than that of the loops. The
stacking faults lie in {111} planes while the loops are in
{113} planes perpendicular to the (001) surface. The
nature of the stacking faults can be determined either from

the fringe contrast of the faults in contrast or from the
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residual contrast of the faults which are out of contrast.
Both methods have been used and indicate that the stacking
faults are extrinsic in nature. From the analysis of
residual contrast, the dislocation loops are determined to
be interstitial in nature. These half-loops are unique in
so far as they lie in the {110} planes perpendicular to the
(001) surface. They consist of three segments, two of which
are in the <112> directions inclined to the surface while
one is in the <110> direction parallel to the surface. The
two inclined segments appear as dot contrast, and the
parallel segments show even contrast as shown for the loop,

L, in Fig. 4(b).

Argon bubbles can also be recognized. Such defects are
resolved by the weak-beam dark-field (WBDF) image shown in
Fig. 4(c). The size of these clusters is about 35 ¢ 108.

At an implantation dose of 101Sions/crn2

,» a change in the
characteristics of the crystal defects described so far is
observed. As shown in Fig. 4(d), defaulting of some stack-
ing faults leading to dislocations is observed. Glide of
the <112> segments of these dislocation half-loop makes the
loop plane ill-defined. However, the <110> segment, which
has an unfavorable (001) glide plane parallel to the wafer
surface is stationary. At this dose (10'5/cm2) the size of

the damage clusters (bubbles) increases to 75:19%. In




addition to these crystal defects, small dislocation loops,
in the range of 0.03 ~ 0.1um in size, are also be observed.

At an implantation dose of 1016 ions/cm2

, a further change
in the defect characteristics is noticed. As shown in
Fig. 4(e), the density of stacking faults is not
significantly reduced. The dominant defects are
three-dimensional dislocation networks. Examination of
stereo-micrographs indicates that the networks are connected
by zig-zag dislocation segments and by dislocation segments
parallel to the surface. The depth of the parallel segments
below the surface is almost equal to the one found for the
stacking faults. On the other hand, the zig-zag segments
either exit to the surface or stay at an average depth which
is equal to the stacking faults depth. In addition to these
defects, small dislocation loops and argon bubbles (similar

15 2

to those observed in the 10 ions/cm samples) can be

seen.

A summary of defect characteristics in art implanted silicon
after the processing steps of art implantation-

oxidation-N anneal (I-O-A) is given in Table I.

The influence of Nz pre-annealing on the defect characteris-
tics of Ar’ implanted wafers before oxidation is discussed
in the following. The defect characteristics for the I-A-0

case are shown in Fig. 5. A comparison of Fig. 4 and Fig. §

Minority Carrier Lifetime 15
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TEM micrographs showing
crystal defects in Art
implanted silicon after

F annealing and oxidation
: (1-A-0). (a) 1013, (b)
and (&) Vo1&, (&) vol9,
- and (e) 1016 ions/cmz.
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indicates that the Nz pre-annealing has no significant
effect on the defects characteristics. At 10'3 ions/cmz, no
damage clusters are resolvable, Fig. 5(a). At the amorphous
dose (101“ ions/cmz). the major crystal defects are stacking
faults, dislocation half-loops, Fig. 5(b), and argon
bubbles, Fig. 5(c). At 1015 ions/cmz, crystal defects
consist of a mixture of stacking faults, dislocation
half-loops, dislocation loops and argon bubbles, Fig. 5(d).

16 ions/cmz, three-dimensional dislocation loops become

At 10
dominant, Fig. 5(e). A summary of defect characteristics
for the I-A-O case is shown in Table II. A comparison
between Table I and II indicates that preannealing of art
implanted silicon before oxidation has a negligible effect
not only on defect characteristics but also on defect
density. The preannealing is also found ¢to have a

negligible effect on the qeneration lifetime as shown in

Fig. 1.

art implantation through an oxide layer requires a higher
dose for the formation of an amorphous layer. Analysis of

TEM diffraction patterns before annealing, indicates that

14 2

the amorphization dose is about 5 x 10 ions/cm”. The

defect characteristics after annealing for the O-I-A wafers
are shown in Fig. 6. Below the amorphization dose, the
predominant defects are damage clusters as shown in

13 and 10'.1on./c-2. respectively.

14

Figs. 6(a) and 6(b) for 10

At the amorphization dose (5 x 10 ions/emz), annealing

18
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TEM micrographs showing crystal defects
in through oxide Ar+ implanted silicon

(0-1-3). (a) 1013, (b) 1014, (c) 5x101%
and (d) 1015 ions/cm2.




causes the amorphous layer to recrystallize which generates
a high density of stacking faults and dislocation 1loops,
Fig. 6(c). At 1013 ions/cmz, dislocation loops of two sizes
are observed, Fig. 6(d). The defect characteristics for the

0-I-A wafers are summarized in Table III.
b. sit Implanted Silicon

Investigations of as-implanted wafers show that the
amorphous rings in the electron diffraction pattern first

iy ions/cmz. The intensity of the

appear at a dose of 10
amorphous rings in sit implanted wafers for this dose is
much weaker than found in art implanted wafers of the same
dose. This indicates that at 101“ ions/cmz, the degree of
amorphousness generated by sit implantation is much smaller

than that generated by art implantation.

For the I-O-A case, no resolvable damage cluster is observed
below the amorphization dose. At the amorphization dose
(101“ ions/cmz), oxidation induces stacking faults. This is
shown in Fig. 7(a). The faults are extrinsic in nature.
This follows from the fringe contrast of the faults in
contrast and also from the residual contrast of the faults
which are out of contrast. The size of the faults is quite
uniform and is approximately 1.2um. The fault density is
about 5 x 105 per cmz. This is much lower than found for

15

+
Ar implantation. At 10 and 1016 ionl/cm2 stacking
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faults, dislocation half-loops, dislocation 1loops, and
damage clusters are the dominant crystal defects, Fig. 7(b)
and 7(c). Surprisingly, the samples implanted with

1 x 1016 2

ions/cm® have a lower defect density than those
implanted with 1 x 1015 ions/cmz. The reason for this is
presently not understood. The defect characteristics are

summarized in Table 1IV.

Similar to the 1I-O-A case, no resolvable damage cluster is
observed below the amorphization dose for the I-A-O case.
At the amorphization dose preannealing causes a reduction in

the density of stacking faults, Fig. 8(a). The fault

density is estimated to be 5 x 103 per cmz. At 1015

1016 ions/cmz, preannealing causes most of the stacking

and

faults to default into dislocation half-loops, Fig. 8(b)
and 8(c). A summary of the defect characteristics is given

in Table V.

As found for Ar' implantation, sit implantation through
oxide also raises the amorphization dose, this time to
5 x 101“ ions/cmz. Below the amorphization dose, annealing
of the implant-through~oxide wafers does not generate any
resolvable crystal defects. At the amorphization dose and
higher, annealing causes generation of stacking faults,
dislocation loops and damage clusters, as shown in Fig. 9(a)
through 9(d). These results indicate that defect

characteristics depend on the implantation dose. While
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TEM micrographs showing crystal defects
in through oxide_ Si* implanted silicon
(0-1-A) . _(a) 101%, (b) Sx1014,

(c) 5x1015 and (d) 1016 ions/cm2.




stacking faults predominate at 5 x 1019 ions/cmz,
dislocation loops become the dominant defects at
1016 ions/cmz. The density of the 1loops increases, but
their size decreases as the implantation dose increases.
The defect characteristics for the O-I-A case are summarized

in Table VI.

DISCUSSION

1. Minority Carrier Lifetime and Defect Characteristics
a. Defect Profile

The most important event responsible for the nucleation of
lifetime degrading defects in the implanted samples is the
formation of an amorphous layer during ion bombardment. As
the ions penetrate the silicon substrate a damage layer is
formed with a maximum defect density at a depth of
Ry = Rp - 0_, where Rp is the projected range and ¢ the

P p
standard deviation.

Once a critical dose is exceeded a continuous amorphous

layer is formed at Rp. For both Ar* and si‘t irradiation at

room temperature the critical amorphization dose is between

e L ions/cmz. This is verified by TEM

1 x 10 and 5 x 10
diffraction patterns of implanted but unannealed specimens.

With increasing ion dose the thickness of the amorphous
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layer increases. The upper crystalline-amorphous interface
moves towards the surface and the lower one advances deeper

into the silicon crystal.

During a high temperature treatment above 600°C the
amorphous layer recrystallizes. The silicon crystal
regrowth epitaxially from both amorphous-crystalline
interfaces. Residual damage can remain in two regions below
the implanted surface. One defect layer remains in the
region of the 1lower crystalline-amorphous interface at a
depth of ~Rp or deeper. The damage nuclei present in this
layer grow above 920°C to extrinsic stacking faults and
small dislocation loops. Another defect layer is created at
the depth of the upper crystalline-amorphous intetface13.
The defect nuclei present in this layer grow above 650°C to
larger interstitial dislocation 1loops and form a sessile
dislocation network by dislocation reactions. Whether one
or two separate defect layers are finally present depends on

the thickness of the amorphous zone before

recrystallization.

This behavior explains the depth distribution of the defects
found in the samples. The depth distribution as determined
from the analysis of TEM stereo micrographs is schematically
shown in Fig. 10 for the Art 1-0-a and 1-a-0. Figure 11 is
for Art 0-1-A while Fig. 12 is for si* 0-I-A. The values of

Rp and op are obtained from Reference 4.
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After a 30 min. Nitrogen anneal at 1000°C the lower defect
layer consists of a high density of dislocation loops of up
to 0.2um diameter. The upper defect layer is formed by a
dislocation network or larger dislocation loops
(0.2 -0.5 yum). In the 5 x 101¢ Ar"/cm2 implanted samples,
Figs. 10(c) and 11(c), both defect layers overlap at a depth
equal to Rp below the silicon surface. In the
1 x 1015 Ar+/cm2 implanted samples Figs. 10(d) and 11(d),
the two defect layers are separated by about 1000 - 15008.
In Fig. 11(d), the upper defect layer, consists of small
stacking faults of 300 - 600A diameter, instead of ;
dislocations. This is due to the influence of the SiO,-Si |

2
interface on fault formation.

In the 0O-A-I case of Si* implanted samples the lower defect
layer consists of small stacking faults and dislocation

loops. The upper defect layer consists of small damage

clusters close to the Sioz-Si interface for the 5 x 101“ and

1 x 1016 Si+/cm2 implanted samples. At the higher

15 16 2

implantation doses of 5 x 10 and 1 x 10 sit/cm the

upper crystalline-amorphous interface has reached the

surface during the ion bombardment and the epitaxial

regrowth starts only from the lower crystalline-amorphous
interface. Due to the high implantation dose the depth of

this interface is larger than the projected range Rp'
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b. Bubble Formation

The argon bubbles observed in the samples of series A and B
are found in the most damaged region which extends from
Rp - op to Rp + °p' Table I, II and III indicate a steady
increase of size and density of the argon bubbles with
implantation dose. The formation of argon bubbles, however,
is related to a critical implantation dose which is

approximately 1013 to 101u Ar+/cm2. This is somewhat lower

than the amorphization dose.

The argon bubbles are formed during the high temperature
treatment, when vacancies and argon atoms are mobile. The
equilibrium radius r of the spherical bubbles is given by
r = 20/p, where ¢ means the surface energy and p the gas

15 of 1230 erg/cmz,

pressure in the bubble. Using a o-value
the data measured for the bubble size, the number of argon
atoms trapped in a bubble can be calculated by the van der
Waals equation of state for non-interacting rigid gas
atoms'®. The results are listed in Table I and III. The
data indicate that an increasing portion of the implanted
argon atoms is trapped in bubbles when the implantation dose
is increased. In the 1I-0-A case at a dose of

1015 ions/cmz, 92% of the implanted argon is trapped within

bubbles.

™
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¢c. Defect Characteristics

The dominant defects in the as-implanted state are damage

clusters. Their size and density increase with increasing
dose. Below the amorphization dose, the damage clusters are
mostly annealed out during high temperature processing, At
the amorphization dose, the implanted amorphous layer
crystallizes and generates a high density of stacking faults
and dislocations. The density of the faults depends on the
damage introduced during implantation. The number of faults
for sit implantation is lower than that for ar?
implantation. For sit implantation, the implantation damage
is partially annealed out during pre-annealing. Thus the
fault density for the I-A-O case is much lower than for the
I-0-A case. For art implantation, preannealing has no

significant effect on fault density. For low fault

densities, the fault size is quite uniform as shown in

Fig. 7(a). As the density increases, the variation in fault

size becomes significant, Fig. 4(d4), 5(d), and 7(b). In

addition, interaction between the faults takes place. The

interaction results in defaulting leading to dislocation

formation. The defaulting mechanisms can be very

complicated. Two mechanisms are frequently observed. The

first is due to an insufficient supply of silicon

interstitials. As the fault density increases, a high

concentration of silicon interstitials is required to

stabilize the faults. When the supply of interstitials is
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insufficient, some faults start to default and transform
into prismatic dislocation half-loops. This defaulting
mechanism is frequently- observed in preannealed samples,
Fig. 8(b), and high fault-density samples, Fig. 4(b), 5(b),
and 7(b). As can be seen in Fig. 8(b), the half-loops lie
in the (110} planes perpendicular to the (001) surface.
They consist of two glissile <112> segments inclined to the
surface and one sessile <110> segment parallel to the
surface. The <112> segments can glide easily in the {111}
glide planes. However, the <110> segment has an unfavorable
(001) glide plane. When two half-loops are close enough,
the interaction of the <112> segments between the two loops
can cause the two loops to combine into a larger one. In
Fig. 8(b), this interaction is in progress for the two
loops, L1 and L2. This interaction results into a
combination of these two loops into a larger one, such as L1
in Fig. 5(b). These combined loops can be seen in most of

15 ions/cmz. Perhaps due to

the samples implanted with 10
both glide and climb, some dislocation half-loops are found

to shrink as L3 in Fig. 8(b).

The second defaulting mechanism is due to the interaction
between two intersecting faults. When two faults of
opposite inclinations, such as the faults lying in (111) and
(117) planes, (faults F, and F, in Fig. 8(b)) intersect,

defaulting occurs immediately. This results in the

RICL5 s 7
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formation of a pair of dislocation half-loops, L, and L in
Fig. 8(b). When two faults intersect the (001) surface in
two perpendicular <110> directions, such as the (1T1) and
the (111) faults, a Lomer-Cottrell sessile dislocation forms
at the intersection, S in Fig. 5(b). When the sessile
dislocation reaches the bounding partial dislocation,
defaulting takes place and results in a dislocation segment
D. This defaulting mechanism has been first reported in one
of our previous reports17. In the work reported in Ref. 17,
we intentionally induced a high density of stacking faults
by oxidizing 1SS damaged wafer surfaces. After a second
oxidation, we investigated the interaction between the
faults while they grow and intersect. The described
defaulting mechanism due to fault intersection was

established.

At 1015 ions/cmz, defaulting becomes more pronounced. As a
result, the density of dislocation half-loops increases to a
value almost equal to that of stacking faults, Fig. 4(c) and
5(c). Furthermore, interaction between the half-loops
progresses relatively easy. This results into lengthening
of the half-loops and into the formation of dislocation
networks. It can be seen that most of the 1loops and
networks have <110> edge segments parallel to the (001)
surface. Some of them may deviate from this configuration
due to a combined motion of glide and climb of the <110>

segments. In addition to these defects, small dislocation
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z loops (approximately of 0.03~ 0.1um in size) can also be
| seen. These 1loops are prismatic and lie in <110> planes. (\
Examination of stereo-micrographs indicates that the loops
are positioned at a depth of 0.15 - 0.25um below the
surface. This depth corresponds to the projected range
which is 0.20ym for 200 Kev art ion implanted into silicon

with a standard deviation of 0.05um. 2

16 2

For 10 ions/cm®, the dominant defects are dislocation
networks. As discussed before, the networks are connected
by zig-zag dislocation segments and segments parallel to the
surface. The depth of the parallel segments below the
surface is almost equal to the one found for stacking

faults. This suggests that the formation of the networks

R i AN Gl e e -9

results from defaulting of stacking faults which leads to (~}
dislocations and their interaction. The first stage in the
formation of such networks can be seen in Fig. 4(c) and

S(c).

For the O-I-A case, the defect characteristics are somewhat

different from those observed for the I-O-A and the I-A-O
cases. As shown before, implantation through oxide .
j ; increases the amorphization dose of silicon to a . value of

approximately 5 x 101“ iona/cmz. At 101~ 2

ions/cm® only
damage clusters are observed after annealing. At the
amorphization dose, annealing leads to the generation of

stacking faults, small, and large dislocation 1loops,




Fig. 6(b). The size of the stacking faults and of the small
loops is about 0.1um. The small loops lie in the {011}
planes inclined to the (001) surface, and are interstitial
in nature. The large loops, about 0.5um in size, are mainly
connected by <110> segments parallel to the (001) surface.
This gives the over-all impression that the large loops lie
in the (001) plane parallel to the surface. We assume that
the formation of such loops arises from defaulting of
stacking faults which intersect the surface. As discussed
before, such defaulting results in the formation of
dislocation half-loops. The half-loops consists of two
glissile <112> segments and one sessile <110> segment. The
<112> segments facilitate interconnection of two neighboring
half loops through either lengthening of two parallel half
loops or through intersecting two perpendicular half-loops.
This leads to the formation of large loops consisting mainly
of discrete <110> sessile segments. The discrete <110>
segments can be seen in Fig. 6(b). They have a length

15 ions/cmz,

almost equal to that of stacking faults. At 10
three-dimensional dislocation networks similar to that of
Fig. U (e) are formed. We believe that the formation of such
dislocation networks arises from the mechanism as discussed

above.
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2. Minority Carrier Lifetime after Ion Implantation

The minority carrier lifetime t of the MOS capacitors was
determined by depleting the surface region and measuring the
relaxation of the capacitance. The lifetime is related to
the recombination centers of energy E (eV), capture cross

section ¢ (cm-z) and density Np (cm-3) by equation (1):

2cosh(Et -~ Ei)/kT

(1) &=
Ven O N

Here V., is the thermal velocity of the carriers and E1 is
the intrinsic Fermi 1level. Within the depletion region of
width W the density of recombination centers is given

by: N, = Nd/w, where Nd is the defect density per cm-z.

15

According to the doping densities of 4.6 x 10 and

1 x 1016 cm-3 the maximum width of the surface depletion
layer W,.. for the p-type samples is calcuiated to be
0.37um. By comparing this value with the depth profiles
presented in Figs. 10, 11 and 12 it is obvious that argon
impurities and residual defects are within this region.
Therefore both can act as recombination centers and have to
be considered as responsible for the reduction of minority

carrier lifetime after implantation and high temperature

annealing.
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As will be shown later, for doses egqual or higher than the

amorphization dose the decrease in 1lifetime is mainly
related to the residual damage, while for lower doses the
impurity effect is dominant. In the following, therefore,

the low and high dose implantation are discussed separately.
a. Low-Dose art Implantation

For argon implanted samples with doses smaller than the
amorphization dose a steep decrease of generation lifetime t
of up to 4 orders of magnitude is observed. 1In these
samples the only defects are argon bubbles. The size and
density of the bubbles depends on the implantation dose.
For the calculation of ‘lifetime degradation both the
contribution of the argon dissolved in the silicon lattice

as well as the argon bubbles have to be evaluated.

It is reasonable to assume that argon atoms which are
trapped in bubbles are not electrically active and that
argon bubbles can be treated 1like voids. In a previous
paper the influence of voids on lifetime observed after cst
implantation was discussed (Ref. 2). In the cst study it
was found that voids have negligible influence on the

generation lifetime.

Similar results are obtained for ar' implantation.
Calculations for argon bubbles indicate that a bubble
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density of 1.5 x 10'" cn™? and a bubble size as large as 92%

diameter would reduce the generation 1lifetime only to
1.24ysec. This leaves the lifetime about three orders of
magnitude higher than the measured experimental value of

0.001usec.

For the calculation of the minority carrier lifetime

dependence on the concentration of dissolved Ar atoms in the
silicon lattice an energy 1level value of E = 0.5 evu' is
used in eq. (1). The defect density is given

by N, = N_ - NB' where N, is the Ar implantation dose and N

d I I B
the amount of Ar atoms trapped in bubbles after the

heat-treatment as 1listed in Table I and III. The capture
cross-section o is assumed to be approximately equal to the

=16 m2. “he results of

size of an Ar atom, i.e. o0 = 10
these calculations are presented by the dashed 1line in
Fig. 1. The theoretical curve fits the experimental data

quite well.

Presently we have no explanation for the shallow step

present in the lifetime-vs-dose plot after the through-oxide

12 14 2

implantation in Fig. 1 between 10 and 10 ions/cm ‘. We

speculate that this might be due to the effect of knock-on

oxygen atoms which getter deep-level impurities and thus

improve the lifetime as observed by other authors18.

-
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b. High-Dose Si Implantation

Lattice damage without impurity effects is obtained after Si
implantation into silicon substrates. Figure 2 shows the
lifetime degradation versus implantation dose and Table IV
to VI list the defect densities for the Si implanted wafers.
A drastic decrease in minority carrier lifetime is observed
in samples where defects such as dislocation, loops, and

stacking faults are detecéed.

In order to evaluate the influence of dislocation loops on
minority carrier lifetime the dangling bond model is used,
According to this model the trap density Ny (last column in

Table I - III) can be estimated by N, = Ld/b, where L. is

d d
the total length of the dislocation 1lines and b is the

spacing between dangling bonds at the dislocation. The

value of b is assumed to be 3.348 for all types of
dzo. The capture cross-section was

20

dislocations observe
measured by Glaenzer and Jordan and is of the order of
10°15 - 10-16 cn2, Energy levels E_ corresponding to 60°
and edge dislocations have been investigated

21-23 28 yvarious values

experimentally and theoretically
have been published indicating that the energy levels are
located close to the center of the bandgap with

oy
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These data are not accurate enough to make meaningful
calculations of t. Consequently, we must be satisfied with
an estimate of lifetime dependence on the defect density Ng-
For such an estimate, we  assume E_~E

t i
1. and o = 10”15 em?. Ng is estimated from

= 0O;
V.. = 10 cm sec”
th
Table IV, V and VI. With such data, the estimate results in
a reduction of t which is too large by one to two orders of
magnitude. However, the estimate does not take into account
the Cottrell atmosphere around dislocations which most
likely could account for this inaccuracy. The influence of
the Cottrell atmosphere on lifetime degradation has been

observed by several authors®~21,

c. High-Dose art Implantation

The situation after high-dose art implantation is rather
complex. Four different types of recombination centers
contribute to the total lifetime degradation: 1) the
dangling bonds along the dislocation lines; 2) the Cottrell
atmosphere around the dislocations; 3) the dissolved Ar
atoms; and 4) the Ar bubbles.

As discussed above, the influence of the Ar bubbles appears
small in comparison to the other effects. The influence of
the dissolved Ar impurities has been calculated and is
plotted in the curves of FPig. 1. It is concluded that the
dominant contribution to lifetime degradation is due to the
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number of dissolved argon atoms and also due to the number

of dislocation,
SUMMARY

Minority carrier lifetime degradation in silicon as a result
of 200 KeV argon and 80 KeV silicon implantation is measured

after high temperature annealing.

The lifetime degradation is measured for the implantation
range of 1011 to 1016 ions/cmz. It is found that the
lifetime degradation is ion dose controlled but different
for argon and silicon implantations.

oM Ar"'/cm2 implantations the decrease is relatively

For 1
small but increases rapidly with increasing dose and it
reaches 5 orders of magnitude for 1014 Ar"'/cm2
implantations. The decrease of 1lifetime levels off for

higher doses.

For silicon implantation the effect is similar except that

14

for a silicon dose of up to 10 Si"'/cm2 the degradation is

found to be small. For higher implantation the lifetime

drops rapidly with implantation dose as found for argon.

The decrease in lifetime due to argon in the dose range of

14

1011 - 10 Ar+/cm2 is related to the impurity effect of the
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implanted argon ions. It is shown that for implantation
doses of 10'3 Ar*/cn? and higher argon bubbles form in the
silicon. The size and density of the argon bubbles
increases with the argon implantation dose. Such bubbles
can trap up to 92% of the implanted argon. However argon
bubbles have only negligible influence on lifetime

reduction.

The decrease in generation 1lifetime caused by argon
implanted through an oxide is not as severe as found in
samples implanted with argon directly into the silicon

substrate.

For silicon implantation doses higher than the amorphization
dose (>10M Si+/cm2) dislocation loops and stacking faults
are observed after annealing and the faults are responsible
for large lifetime degradations. In such samples the
lifetime drops by 5 orders of magnitude as a result of
lattice damage. An estimate of the lifetime decrease based
on the dangling bonds of dislocations cannot account for
such a large decrease. Therefore, it is assumed that the
Cottrell atmospheres which form around the dislocations,
introduce additional recombination centers which contribute
to the lifetime decrease.

ol c-l'

In high dose argon implanted samples, i.e. >1 x 1
lifetime degradation is caused by the argon impurities as

well as by the ion damage.
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CHAPTER 1II

BURIED LAYER GETTERING THROUGH HIGH

ENERGY (MEV) ARGON AND OXYGEN IMPLANTATION
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BURIED LAYER GETTERING THROUGH HICH ENERGY (Mev)

ARGON AND OXYGEN IMPLANTATION

INTRODUCTION

Argon implantation damage has been used as an effective
gettering agent (1-5). The gettering ability arises from
the lattice disorder introduced by the implantation (3).
For gettering purposes argon implantation is frequently done
at 100 Kev. The result is a damage layer approximately
10008 thick. Such shallow damage layers recrystallize
quickly during high temperature semiconductor processing.
For example, a 1 hour oxidation step at 1000°C anneals the
damage layer almost completely. Indications are that the
gettering action of such thin surface layers ceases after

the first oxidation.

Recently, it has been shown that pre-base Ar gettering is
less effective than pre-emitter gettering (4). This may
relate to the more or 1less total recrystallization of the

damage layer during the base diffusion.

For more effective ion damage gettering subsurface damage
layers offer an interesting potential. Such layers,
roduced through 1 or 2 Mev ions have been shown to

recrystallize slowly during high temperature heat treatments
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(kRef. 6,7,8). In this study, the potential of buried layer

gettering is evaluated.

EXPERIMENTAL

Buried layers are generated by implantation of 1 Mev Art ana
2 Mev 0%, These two ions have been shown to be most
effective in gettering intentionally copper and gold
contaminated silicon devices (3). To implant the ions, a
Van der Graaff generator is used. The ions are driven into
the Van der Graaff generator with the help of a variable
voltage probe. Emerging from the accelerator, the ions
drift into a magnetic analysing system. Here the ions are
bent 90 degrees into the exit port. The ion beam leaving
the analyzer implants a square area on a silicon wafer
mounted for backside implantation. The implanted area is
1 1/4" square and located in the middle of a 2 1/4 inch
wafer. Thus, implanted versus non-implanted areas can be

compared on each single wafer.

The silicon wafers are of (100) surface orientation and are
boron-doped to a resistivity of 2 ohm-cm. After ion
implantation, !0OS capacitors are fabricated on the wafer
frontside. The minority carrier lifetime in the silicon is
then determined from the transient response of the MOS
capacitors (Ref. 15). At least 30 capacitors positioned

over the implanted square area and 18 capacitors positioned
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over the non-implanted area are measured on the frontside of
the wafer. A comparison of the lifetime data obtained from
the capacitors positioned over the implanted area and over
the non~implanted area allows one to evaluate the efficiency
of damage gettering on a single wafer. The implantation

1 2

dose used ranges from 10 to 1016 ions/cm®. Two wafers are

always implanted with the same dose.

The implantation damage bhefore and after annealing is
characterized through x-ray topography and transmission
electron microscopy. The x-ray topographs are recorded
using Mo Ka radiation. The transmission electron microscopy

is performed with a 200 Kev electron microscopy.

RESULTS

Minority Carrier Lifetime Measurements

Figures 1 and 2 show the 1lifetime values obtained from
wafers implanted with 1lleV art  and 2Mev o*. The lifetime
values obtained inside and outside the implanted wafer area
are shown for comparison side by side in Figs. 1,2. The
values are averaged values obtained from at least 30 MOS

capacitors inside and from 18 capacitors outside the

implanted area.
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For argon implantation, Figure 1 shows that a dose of

: 1013 ions/cm2 or larger results in a substantial lifetime

5 { . improvement.

§ For 2Mev oxygen gettering, a similar lifetime improvement ]
: ; N ;
i can be seen (Fig. 2). However, lifetime improvement due to

ot implantation starts in this experiment at a dose as low

x as 1011

R A YR

ions/cmz. This effect is very surprising.
Furthermore, the lifetime improvement does not show any
clear dependency on implantation dose in contrast to the

argon implantation.

Damage Characterization

(a) X-ray Topographic Investigation

i Transmission x-ray topography of ot and Ar" implanted wafers
was used to investigate wafer perfection after implantation
and again after MOS processing. For o' implantation no

damage contrast due to implantation can be resolved at a

13 2 2

dose of 10 ions/cm and below. At 101& ions/cm and

above, two contrast regions, 1 and 2, are observed as shown
in Fig. 3(a). Region 1 corresponds to the non-implanted
substrate, which is shielded against the ion beam. The
contrast in Region 2 arises from the formation of a damaged
layer below the surface. After MOS processing, the
subsurface damage layer in the wafers implanted with {

14

10 ions/cm2 recrystallizes and leaves no resolvable x-ray
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contrast, as shown in Fig. 3(b). However, the wafers

15 and 1016 ions/cm2

implanted with 10 show no significant
change in damage contrast after the processing, indicating
that the damage has not yet been annealed out after the

first oxidation treatment.

For Ar' implantation, no damage x-ray contrast can be

12 2 13

resolved at 10 ions/cm® and below. At 10 ions/cmz, a

weak damage contrasts similar to that of Fig. 3(a), 1is

observed. As the dose increases to 101“

ions/cm2 and above,
the implanted wafers have three distinct contrast regions,
1, 2, and 3, as shown in Fig. 4(a). Region 1 corresponds to
the non-implanted substrate. The contrast in Region 2
arises from formation of a continuous damaged 1layer. The
fringe contrast in Region 3 is due to the maximum intensity
of the non-uniform beam (6-8). Similar to 0¥ implantation,
the damaged layer generated by art implantation
recrystallizes during MOS processing. The degree of crystal
perfection in the recrystallized layer depends upon
implantation dose, or more precisely, on the extent of the

14 2

implantation damage. At 10 ions/cm®, the recrystallized

layer in Region 2 gives no residual damage contrast, while

the layer in Region 3 shows residual damage

contrast, Fig. 4(b). The residual contrast indicates the

existence of crystal imperfections in Region 3. At 1015 and
16

10 ions/cmz, no significant contrast change is observed in

these three regions after annealing through oxidation.
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The three different contrast regions are characteristic of
non-uniform Mev implantation damage. This damage has
previously been studied in detail (6 - 8). It was shown
that high energy implantation produces a sub-surface layer
of heavily damaged silicon, which can be amorphous. This
lager is buried into a silicon matrix of good crystalline
perfection. Such a heavily damaged crystal can be compared
to a bi-crystal, consisting of a perfect bulk and a perfect
thin layer crystal, separated by a heavily damaged
(amorphous) layer. A simple picture describing this damage
model is shown in Fig. 5. The fringe contrast observed in
the topographs in Region 3 arises from simultaneous
diffraction of x-rays produced by such bi-crystals and can
be wused to study the annealing of the ion implantation

damage in the crystal. (6-8)
(b) Transmission Electron Microscopy Investigation

The crystal defects in the damaged layer were also
investigated through transmission electron microscopy (TEM).
TEM specimen preparation requires first controlled removal
of a surface layer on the implanted wafer side. The
thickness of the surface layer to be removed is about 0.8um
for Ar' implanted samples and about 1.5um for ot implanted
samples. Subsequently, the specimens are jet etched from
the non-implanted side until they are thin enough (1um) for

electron transmission.
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TEM investigation show that the crystal defects that form
during the annealing of the damaged layer as a result of MOS

processing depend on the implantation dose and on the ion

species. For art implantation at and below 1013'ions/cm2,

no resolvable crystal defect can be detected. This is in
good agreement with the rcsults obtained by x-ray topography

which show no residual damage contrast after MOS processing.

14 2

At 10 ions/cm®, the implantation damage causes formation

of stacking faults and dislocation 1loops during MOS

processing, Fig. 6(a). The de. ' .ty of the faults and loops

2 15

is about 1 x 106 per cm®. With a dose of 10 ions/cmz.

stacking faults, dislocation loops and networks are dominant
defects, Fig. 6(b). The density of the faults and loops
increases to about 4 x 10° per cm®.  In addition, argon
bubbles of approximately 70~ 80R in size and of a density of

1010 per cm? are also observed. For an implantation dose of

16 ions/cmz, the dominant defects are dislocation

1x 10
networks and argon bubbles, Fig. 6(c). The size of the

bubbles increases to 100~ 120R.

1 2

For o' implantation at and below 10 ions/cm the damage
anneals out during MOS processing. At 1015 ions/cmz,
dislocation 1loops and stacking faults are the dominant
defects, Fig. 7(a). The loops are of two different sizes.

One group is about 5008 in size, and the other approximately
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1000 ~ 2J00R large. at 10'¢ ions/cmz, stacking faults and
damage clusters are predominant, Fig. 7(b). The size of

these clusters is about 150R.

ot s et

For both Ar' and ot implantation, the formation of these
crystal defects starts from the implanted damaged layer.

The crystal defects formed are confined to a well defined

r———————

layer located between the bulk crystal and a thin surface
layer which is also of good crystal perfection. The bulk
crystal perfection is recognized from the observation that
no defects are detected at a depth beyond 2um for art
; implanted samples, and beyond 3um for ot implanted samplgs.

The thin layer crystal of the surface is also found to be

R R

defect-free. This result is shown in Fig. 7(c) for a sample
i implanted with 2Mev ot at 1016 ions/cmz. Fig. 7(c) shows
that the defect density decreases as the sample thickness
decreases, or as the sample approaches the surface layer.
The damage profile, as found by TEM investigation, is

consistent with the model shown in Fig. 5.

“ .

(c) Preferential Etching

The front surface of the wafers, after MOS lifetime

S99
7 s R

measurements, was also investigated by preferential etching.

Etching reveals only a relatively low density of stacking

j; ; faults, typically 102 to 103 per cmz. in the non-gettered r
{ : ; (_ ) area. In the gettered area, above the backside
jf 2 implantation, such faults are practically absent. 1
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DISCUSSION

The measurements indicate that substantial improvement in
minority carrier lifetime in silicon can be achieved through
high energy ar’ and ot implantation gettering. The
dependence of 1lifetime improvement on implantation dose is
different for Ar' and 07 implantation. For art gettering,
lifetime improvement is observed to start at a dose of

L ' and above. For o' gettering the 1lifetime

" ions/cmz. Based

10 ions/cm
improvement occurs at a dose as low as 10
on such findings, we assume that the dominant gettering

mechanisms for Ar' and 0% gettering are different.

As shown in the literature gettering can arise from strain
and/or ion pairing (3,5). The use of strain fields as
gettering sites has found application in mechanical damage
gettering (11,12), implantation damage gettering (1-5) and
surface layer deposition gettering (13). Ion pairing is
found to be responsible for phosphorous diffusion

gettering (3,5).

For ar’ implantation, the improvement in lifetime obtained
can be explained as a result of strain gettering. As shown

in the x-ray topographs of I'ig. 4, significant implantation

14 2

damage is observed for a dose of 10 ions/cm® and above.
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TEM investigation, Fig. 6, shows that as a result of such

damage, extended crystal defects are induced in the damaged wa

layer during MOS processing.

These results indicate that only those wafers, which have
either sufficient implantation damage or residual crystal
defects, improve lifetime as shown in Fig. 1. The minimum i

g ions/cm?. « B

dose for such gettering to occur is about 10
This dose corresponds to the amorphization dose of art
implantation. This suggests that for art gettering to be
effective, damage in the silicon lattice has to reach the

amorphous state.

Gettering efficiency of argon, as determined from the ratio —
of lifetime between the implanted and the non-implanted 7 f
parts, seems to increase with both implantation dose and

14 2

(<50usec) implanted at a dose of 10 ions/cm and above.

E
damage. This can be seen in Fig. 1 for low lifetime wafers i
The increase of implantation damage with ion dose is evident i
; from the TEM micrographs of Fig. 6 and the x-ray topographs » g
| of Fig. 4. The results of 1lifetime measurements and damage
characterization indicate again that the annealing of the

X implantation damage is the driving mechanism during argon

gettering. E

Contrary to the results obtained for argon gettering, where

the gettering efficiency is found to be dose dependent,
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oxygen gettering does not show such a dependency on
implantation dose. Surprising is that an implantation dose
of 10! ot/cm® already gives a strong improvement in
lifetime. Damage characterization of oxygen implanted
samples detects no defects due to implantation a) in the
as-implanted state up to 1013 0+/cm2 and b) after MOS
processing up to 1014 0+/cm2. These results indicate that
oxygen is capable of a gettering action independent of
lattice damage which seems to be necessary if argon is used.
These results are interesting if viewed in the context of
the results reported in Chapter I of this report. In this
work we found that degradation of 1lifetime due to ion
implantation is always 1less if the implantation is done
through an oxide layer. We speculated that oxygen ions,
which are transferred by "knock-on" from the oxide layer
into the silicon substrate are thus instrumental in
retarding lifetime degradation due to the argon or silicon

implantation.

To substantiate and verify the oxygen results we stripped
the MOS metallurgy and the oxide from all oxygen implanted
wafers and MOS processed the same wafers including the
control wafers for a second time. Again we find that oxygen
implanted wafer areas give better lifetime as found after
the first MOS processing. This experiment does not only
verify the first results but indicates also that high energy

implantations are active during a second heat-treatment.
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The results of the second MOS processing are summarized in

Fig. 8(a) and 8(b).

SUMMARY

High energy argon and oxygen implantations on wafer
backsides improve minority carrier lifetimes measured by the

MOS C-t technique on wafer front sides.

High energy implantations produce buried damage layers under
the silicon surface. Such buried damage layers are
resistant to annealing cycles as encountered during standard
semiconductor processing. Consequently, they provide more
efficient gettering action as compared to damage layers

produced by low enerqy implantations.

High energy argon gettering is found to be dependent on the
implantation dose. ‘laximum gettering efficiency is obtained

14

for high dose implantation (>10 Ar+/cm2) which 1leads to

the formation of sub-surface amorphous layers.

Contrary oxygen gettering shows no clear dose dependency. A
remarkaole gettering efficiency is already obtained for an

implantation dose of 1011 0+/cm2.
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