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: In the recent progress of utilizing ion bombardment technique to ion
implantation and neutron irradiation simulation, the experimental data
have accumulated concerning the depth distribution of deposited atoms and
induced damage along ion incident direction. 1In the ion-induced damage
experiments, the density of point defects or void swelling has been investi-
gated as a function of depth. 1In this study, the data available until the
present time are compiled and compared with theoretical prediction represented
by E-DEP-1 computer code.

It is recognized in general that the experimentally observed damage peak
is deeper than that E-DEP-1 calculated using the LSS electronic stopping
parameter, kygg. Agreement between the observation and calculation can be
obtained using a modified electronic stopping parameter k = 0.8-0.9 kygg-
With regard to the deposited atoms by ion bombardment, the peak of the
observed distribution is deeper in some cases and shallower in other cases
than that calculated by E-DEP-1, indicating that the modified electronic
stopping parameter k is oscillating relative to kygg. This oscillatory

i behavior is not recognized in the damage distribution. It is suggested
that future work should be made to determine the distribution of ion-induced
damage in relation to that of the deposited atoms, since the defect evolution

may directly be related to the implanted atoms.

Keywords: Fusion Reactor, Damage Ion-Implanation, Void Swelling, Point
Defect, Cluster, Neutron Irradiation Simulation, Data Base.
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This report was prepared as an account of work supported partly by a
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. INTRODUCTION

In the recent progress of utilizing ion bombardment technique to ion
implantation and neutron irradiation simulation, precise experimental data
concerning the depth distribution of implanted atoms and induced displace-
ment damage in solid materials have become to be required. Although there
are still very limited works to meet the requirement, the experimental
data have been accumulated some extent so far. Several calculation methods
based on theoretical model have also been developed. The ion species and
target materials investigated in the experimental work range widely and
also the incident ion energies range from the energy lower than 10 keV to
some 10 MeV. Consequently it seems hard to obtain unified relation between
the experimental result and the theoretical calculation.

In this work, the experimental data on the depth variation of iom-
induced displacement damage in metals, i.e. void swelling and point defects
and their clusters, and the data on ion-implanted atom depth distribution
are compiled and compared with theoretical calculation. As for implanted
atom distributien, though plenty of the experimental works have been made
for these several decades, literatures issued after 1975 are surveyed,
intending to collect new experimental data. A computer code called E-DEP-1
is widely used for ion-induced displacement damage calculation. Although
Brice code, Winterbon's method or Monte Carlo calculation like TRIM code
is also available, the E-DEP-1 is rather simple and easy to use, being
usefull for parameter survey and designing experiment. In this study,
theoretical calculation by the E-DEP-1 is imployed in order to compare

with the experimental data.

2. THEORETICAL CALCULATION BY E-DEP-1

Theoretical calculation for the damage energy distribution was
developed and made up to a computer code named E-DEP-1 by Manning and
Mueller [1]. This code is the one by which one calculates the depth
distribution of the energy dissipated to target atoms through elastic
atomic collision when projectile ions are incident on the target. The
calculation is based on the approximation of Kulcinski et al, which estimates
the energy straggling by relating it to the range straggling. The mean range

and range straggling are obtained from the theory of Lindhard et al (LSS)

— 1 —
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t. INTRODUCT I ON
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with the experimental data.

2. THEORETICAL CALCULATION BY E-DEP—1

Theoretical calculation for the damage energy distribution was
developed and made up to a computer code named E-DEP-1 by Manning and
Mueller [1]. This code is the one by which one calculates the depth
distribution of the energy dissipated to target atoms through elastic
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and range straggling are obtained from the theory of Lindhard et al (LSS)
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[2]. The calculation is refined by using the Lindhard partition theory to
exclude the energy lost to inelastic processes.

The computer code E-DEP-1, since it is based on the LSS theory, has a
restriction in use due to the applicability limitation of the theory. The
incident ion beam energy EB should be lower than El e @S shown in eq. (1).

CEp 2 Broy (L

(MeV) = 0.02480 3

This relation is resulted in considering the validity of the assumption

that an electronic stopping power Sp can be represented by eq. (2).

_ ap _ 172
Se = (- 3), = Kiss © (2)
/2
0.0793 211/2221/2(A1+A2)3
k =t ' . (3)
LSS e 2,3 23, 374, 5./2 1/2
(2% 42, ") A e,

where, Zi and Ai (i=1 for incident ion and i=2 for target atom) is atomic
number and mass number, respectively. And £ and p is dimensionless energy

and range, respectively, introduced by Lindhard et al.
In the E~-DEP-1 code, one makes the assumption that the primary knock-

on atom (PKA) ranges are small. A condition for the wvalidity of this
assumption is represented by eq. (4).

172 1.2
A7 Ay

E. > 0.28 E (&)
B A1+A2 L
E, (keV) = 0.0307358 zlzzz‘/3(Al+A2)/A2
2.3 2/3 3.2
Z = (Zl + 22 )

Fig. 1 shows the energy range where the E-DEP-1 calculation can be
applied for various ions incident on 81, Ni, Mo and Au. Solid line indicates
the upper energy limit given by eq.(l), showing independence.on target

materials. Broken lines indicate the lower energy limit given by eq.(4)

-2 —
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for the target materials pointed out. As shown in the figure, there is
essentially no high energy limitation to be applied to heavier projectiles,
while the limit for light projectiles such as protons and helium ions is
in the energies of some 100 keV, above which, because the LSS theory is
not relevant, an appropriate correction should be made for the electronic
stopping power in the E-DEP-1 calculation. The electronic stopping power
extended to higher energies was tabulated by Ziegler or Northcliffe and
Schilling by evaluating experimental data [3,4].

In addition, a convenient functional form for the electronic stopping
power developed by Brice and the required three parameters tabulated for a
number of ion-target combinatioms [5]. The extended energy region is an
intermediate region just below the Bethe-Bloch-Bohr region, where the
stopping power has a maximum value and then decreases in proportion to
inverse incident energy. Fig. 2 shows electronic stopping power as a
function of projectile energy for A1ToNi.  The LSS theory, Brice calcu-
lation, Ziegler's data, and the data by Northcliffe and Schilling are
compared in the figure. In the LSS calculatlon, a modified electronic

stopping power Se' is obtained using modified k as follows:

k =w kLSS s Vo= k/kLSS (5)
S, = ke (6)

where, k/kLSS (=v) = 1.0 is for the original LSS. The LSS-calculated
electronic stopping power is higher than the experimental data above the

energy around EL It is noted that, even in lower energies, the experi-

mental stopping éfwers deviate from the L8S (v=1.0), and the extent of the
deviation varies with energy. It is known that the stopping powers show
strong quantum oscillations in relation to the electronic shell structure
of the projectile and target atoms. The oscillation is not described in
the LSS theory. In comparing the experimental data with the FE-DEP-1
calculation on depth-distribution of induced-damage or implanted atoms
in ion bombardment, the influence due to the discrepancy in the stopping
poﬁer should be considered.

The E-DEP-1 calculation can also be excecuted by modifying it using
other electronic stopping power like Brice's three parameter formulation
than the LSS.

' +
Fig. 3 shows damage curves calculated for 4 MeV Ni -+Ni process by

— 4 —
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E-DEP-1 code, Brice's code and TRIM Monte Carlo program. In the figure,

RP means projected range, DRP range straggling, ED total energy dissipated
to displacement damage. Peak damage depth obtained by the E-DEP-1 is the
shortest, while the peak by TRIM is the deepest., The difference between

three calculations seems rather significant.

3. DEPTH DISTRIBUTION OF VOID SWELLING

The experimental studies concerning distribution of void swelling or
void number density along projectile incident direction are reviewed. The
experimental data of 21 cases (the number of the original papers is 18)
are compiled (See Appendix 1). Swelling is an eventual damage phenomena
resulted in after diffusion of irradiation-induced point defects under
high temperature, and, then, mutual interaction between point defects
themselves or interaction between point defects and solutes, dislocations,
and precipitates. Although there is a difficulty to compare directly the
experimental swelling data with the E-DEP-1 damage curve showing primary
displacement damage distribution, the comparison might be valid in eluci-
dating swelling mechanism and supply meaningful informations in designing
swelling experiment.

Summaries of the comparison are as follows:

(1) The depth showing swelling maximum (peak depth) tends to be

larger than the peak depth in the E-DEP-1 damage curve.

(2) Damaged region width (full width at half maximum in swelling

distribution) is generally broader than that predicted by the
E-DEP-1 calculation,

(3) Void density distribution shows sometimes better agreement with

the E-DEP-1 curve than swelling distributiom.

(4) Swelling per deposited energy [%Z/(MeV/um)}] at near surface is

sometimes different from that at around peak depth, implying
a surface effect on void formation and growth.

Almost of all swelling experiments have been performed at higher
enérgy than 10 keV/amu, where electronic interaction is dominant energy
loss process to decide range and damage depth distribution. The LSS theory,
as mentioned above, predicts that electronic stopping power is proportional
to a square root of projectile energy, the proporticnal constant being

kLSS' In considering the disagreement between the swelling and the E-DEP-1

-7 —
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E-DEP~1 calculation,
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gsometimes different from that at around peak depth, implying
a surface effect on void formation and growth.
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enérgy than 10 keV/amu, where electronic interaction is dominant energy
loss process to decide range and damage depth distribution. The LSS theory,
as mentioned above, predicts that electronic stopping power is proportional
to a square root of projectile energy, the proportional constant being
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damage calculation using kLSS’ a modified constant k (= vkLSS) is selected

so that the E-DEP-1 damage peak coincides with the swelling peak. Tf v<1,
i.e. k<<kLSS, the modified stecpping power is smaller, and damage peak depth

is deeper than the LSS prediction.

Fig. 4 shows the void number density and swelling data in 8.1 MeV
Al++Ni. The damage curves calculated by E-DEP-1 with v = 0,93 and 1.0 are
also shown, indicating that the former agrees well with the experimental
data. v = (.92 is also obtained in 14 MeV Ni+$Ni, and 19 MeV Cu++Ni. In
the irradiation of austenitic stainless steel with 5 MeV Ni+, v = 0.96
for Type 304SS, v = 0.9 for Type 31655, and v = 1.1 for Type 3218S are
obtained. In addition, one obtains v = 0.85 in Type 30485 irradiation
with 4 MeV Ni', and v = 1.1 in Type 3168S irradiation with 1.1 MeV N,
while, in 3.2 MeV Ni++Nb, the swelling distribution agrees with the LSS (v =
1.0). Table 1 and Fig. 5 show the value of v obtained in the best-fit

analysis for various combination of projectile and target materialis.

Table 1 The wvalue of k/kLSS in void swelling for various
projectile-target combination

PROJECTILE TARGET K/kiss PROJECTILE TARGET K/kiss

8.1 Mev Al Ni 0. 83 5 MeV Nit  SUS B. 90
(316>

18 MeV Ni' Ni ¥. 88 S MeV Ni'  SUS @. 96
(304>

14 MeV Ni* Ni 3. g2 5 MeV Nit  SUS 1. 19
(3217

19 MeV Cu’ Ni g. g2 4 MeV Nit  SUS @. 85
(384>

g.5 MeV He Ni 0. 99 3.5 MeV Ni¥ suUs i.B85

14 MeV Cu* Ni 7. 89 5 MeV Nif Mo 7. 81

5 MeV C* N i ¢. 93 3.2 MeV Nif Nb 1. B0

1.1 MeV N7 sus 1.18
316>
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Summaries of the analysis are as follows:

(1) 1In general, k is less than kLSS’ i.e. v<1l, 1In the cases of Ni
target irradiated with the projectiles ranging from Z = 2(He)
to 29 (Cu), v = 0.9 is obtained.

(2) In the irradiation of stainless steel with Ni+, the values of

v show broad scattering, i.e. v = 0.85 ~ 1.10,

Although there is a difficulty to evaluate directly electronic stopping
power from swelling data, as mentioned preveously, the evidence that v tends
to be less than 1.0 appears even in.the point defect distribution, as shown
later, suggesting a generic problem in radiation damage study.

It is suggested that, in jion bombardment, the injected interstial
atoms deposit around range region in the target materials, and may enhance
annihilation of ion-induced defects due to their vacancy trapping and
segregation to dislocation networks [6]. There is a possibility that
swelling peak may show a shift to surface from the original damage peak
due to the reduced void nucleation arcund range region. The observed data
showing v > 1.0 are considered as examples to show the comsequence. How-

ever, many experimental data show v % 0.9 and contradict the speculation,

being an article to be discussed further.
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4 DEPTH DISTRIBUTION OF POINT DEFECTS AND THEIR CLUSTERS

The experimental studies with respect to depth distribution of point
defects and their clusters, and disordering and amorphization in single
crystal materilas are reviewed. The experimental data of 39 cases (the
number of the original papers is 23) are compiled. (See Appendix 2).
Since the experiments have been made at lower temperature than room
temperature, where primary defect diffusion is substantially limited,
one expects meaningful comparison.between the experiment and theoretical
calculation. Although the data concerning low energy ion implantation
are included in the compile, they are only listed in Appendix 2. For
low energy region, Brice's or Winterbon's methods would be preferable to
calculate depth distribution.

In the comparison between the experimental data and the E-DEP-1
calculation, one obtains summaries as follows:

(1) When projectile ion energy is relatively high, the observed
damage depth profile is very similar to the E-DEP-1 calculated
damage curve. It is noted, however, that the observed peak is
deeper than that calculated.

(2) width of damaged region is broader than that predicted by the
E-DEP-1 calculation, though the difference is not large.

(3) When projectile ions are incident along a low index crystal
direction, damage region extends deeper than predicted by
E-DEP-1, suggesting the occurrence of ion channeling.

The experimental damage distribution is well understood by the
theoretical calculation using the E-DEP-1 code except the peak shift.
Modified constant k, as intrcduced in 3, is chosen so that the E-DEP-1
damage peak coincides with the observed peak. Fig. 6 shows the point
defect density data in 4 MeV Ni+$Ni. The damage curves calculated by
E-DEP~-1 with v = 0,78 and 1.0 are also shown, indicating that the former
agrees well with the experimental data. Fig. 7 and Table 2 show v = k/kLSS
obtained in the best-fit analysis for various combination of projectile
and target materials.

' Summaries of the analysis are as follows:

(1) The E-DEP-1 calculation using v v 0.8 shows general agreement
with the experimental data.

(2) Atomic number oscillation of electronic stopping power or

v o= k/kLSS is not recognized.
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Table 2 The value of k/kLSS in point defects and their
clusters for various projectile-target combination

PROJECTILE TARGET K/kiss PROJECTILE TARGET K/kiss
1.3 MeV He' Cu g. 84 0. 22 MeV Ne™ Si .78
2 MeV N* Mo A. 8p @.3 MeV N* Si 1. 49
4 MeV Ni¥ N i 3. 78 2 MeV Si' Si 7. 9
1.4 F Il |
+ -
O3MeV NY/Si O Target Nickel
1.3+ m) Silicon
| Copper
Lol A Molybdenum
1.1
oF———— = - ——-—- - — — — ——— — = = —— —— — ——— — ]
+ .
Z2NMeV Si/Si
09 " iMev He* /Cu -
|
4MeV Nit /Mo
08F JAN 0
2MeV Nt /Mo O
, 022MeV Net/si
O7F
| | ] 1 i | |

O 10

20 30
PROJECTILE ,Z

Fig. 7 The value of k/kpgg in point defects and their
clusters for various projectile-target combination.
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It is noted that the observed damage peak shows systematic displacement
against the E-DEP-1 damage peak. Although, as described in 2, the damage
peak in Brice's calculation is slightly behind the peak in the E-DEP-1
calculation with v = 1.0, the peak in the E-DEP-1 with v = 0.8 is far
behind the peak with v = 1.0. The experimental data agree with the E-DEP-1
calculation using v = 0.8 for point defects and and their clusters and v =
0.9 for void density and swelling. This result indicates that the swelling
peak appears near to the surface compared to the peak in the primary
damage, which may be considered as a consequence of injected interstitial

accumulation, mentioned in 3. However, more experimental studies are

required in order to obtain more concrete conclusion.

5. DEPTH DISTRIBUTION OF IMPLANTED ATOMS

Distribution of implanted atoms in solid materials in ion implantation
is described by projected range Rp or range R and range struggling AR. The
investigations on the range and stragging have been executed for long from
early 1940's. Moreover, recent ion implantation works in semiconductor
development have offered a number of experimental data. It is almost
impossible to collect all of those data because they are widely distributed.
Northcliffe and Schilling (1970) and Ziegler (1980) have already issued the
tables of range and stopping power for various projectile-target combinations,
generalizing the experimental data [3,4]. Range is considered one of the
primary sources causing the discrepancy between the experiment and theoreti-
cal calculation on ion-induced damage distribution mentioned in the previous
sections. 1In this work, range and straggling data reported since 1975 are
collected, The number of the reports collected are 92, which are mainly
issued from 1977 to 1981. Almost of those, however, are concerned with ion
implantation of semi-conductor, in which projectile energy is usually low.

A few works have been performed at energies £ > 1.0, where many ion irradi-
ation works have been carried out and electronic stopping power is a
principal factor to determine projectile range and damage depth. The
latter high energy data will be considered in this section. At energies

e § 1.0, where nuclear stopping is main process of the energy loss, it is
known that the range is higher than predicted by the LSS theory [71.
Moreover, at Bethe-Bloch-Bohr energy region { & 2 103), electronic stopping

is not described by the simple LSS theory, as mentioned previously.
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It is noted that the observed damage peak shows systematic displacement
against the E-DEP-1 damage peak. Although, as described in 2, the damage
peak in Brice's calculation is slightly behind the peak in the E-DEP-1
calculation with v = 1.0, the peak in the E-DEP-1 with v = 0.8 is far
behind the peak with v = 1.0. The experimental data agree with the E-DEP-1
calculation using v = 0.8 for peoint defects and and their clusters and v =
0.9 for void density and swelling. This result indicates that the swelling
peak appears near to the surface compared to the peak in the primary
damage, which may be considered as a consequence of injected interstitial

accumulation, mentioned in 3. However, more experimental studies are

required in order to obtain more concrete conclusion.

5. DEPTH DISTRIBUTION OF IMPLANTED ATOMS

Distribution of implanted atoms in solid materials in ion implantation
is described by projected range Rp or range R and range struggling AR. The
investigations on the range and stragging have been executed for long from
early 1940's. Moreover, recent ion implantation works in semiconductor
development have offered a number of experimental data. It is almost
impossible to collect all of those data because they are widely distributed.
Northecliffe and Schilling (1970) and Ziegler (1980) have already issued the
tables of range and stopping power for various projectile-target combinations,
generalizing the experimental data [3,4]. Range is considered one of the
primary sources causing the discrepancy between the experiment and theoreti-
cal calculation on ion-induced damage distribution mentioned in the previous
sections. In this work, range and straggling data reported since 1975 are
collected., The number of the reports collected are 92, which are mainly
issued from 1977 to 1981l. Almost of those, however, are concerned with ion
implantation of semi-conductor, in which projectile energy is usually low.

A few works have been performed at energies ¢ > 1.0, where many ion irradi-
ation works have been carried out and electronic stopping power is a
principal factor to determine projectile range and damage depth. The
latter high energy data will be considered in this section. At energies

¢ £ 1.0, where nuclear stopping is main process of the energy loss, it is
known that the range is higher than predicted by the LSS theory [7].
Moreover, at Bethe-Bloch-Bohr energy region ( € 2 103), electronic stopping

is not described by the simple LSS theory, as mentioned previously.
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The experimental range data are compiled for 46 projectile ion-target
combinations. (See Fig. RA-1 to Fig. RA-6 in Appendix 3). They show general
agreement with LSS calculation (v = 1.0). 1In Fig. 8, the ratio of the
observed Rp to that predicted by LSS is shown as a function of e for X++Ta
and lSN+-+Y, where X and Y mean various elements as shown in the figure.

The ratio to the theoretical calculation by Monte Carlo method are also
shown as a reference., At energies ¢ > 3, the ratio is almost unity, indi-
cating good agreement between the experiment and theory. With decreasing
energy the ratio tends to increase apart from unity. It is noted that the
Monte Carlo calculated ranges are éloser to the observed ones than the LSS
calculated ones especially at low energies.

The observed range data are more carefully compared with the LSS
calculation, examples of which are shown for 3He++Cu and N++Be in Fig. 9
and Fig. 10, respectively. The LSS calculation is performed for various
v ranging from 0.75 to 1.25 (v = 1.0 is for the original LSS theory). It
is suggested that the v value chosen so as to fit the observed data wvaries
significantly depending on ion-target combination, while it varies slightly
with ion energy. The same comparisons are made for other various ion-
target combinations, (See Fig. RB-1 to Fig. RB-46 in Appendix 3) Fig. 11
3He+, 15 +

+
N, and Xe projectiles as

>

shows v (= k/kLSS) thus obtained for
a function of target atomic number ZZ' There are some data showing the
v values significantly higher or lower than unity. It is seen, though
the number of the data compiled is not much, that V varies periodically
against 22’ suggesting the increase of v around innert atoms. Fig. 12
shows v for Be and C targets as a function of projectile atomic number
Zl, indicating again that v varies periodically against Zl. The atomic
number periodic oscillation, which has been previously recognized in
electronic stopping power, is confirmed to be observable in these range
data.
As a result of the comparison of the observed range data with the LSS
calculation, one obtains summaries as follows:
(1) The observed Rp shows agreement with the LSS calculated one in
the energies € % 3, while the former tends to be higher than
the latter in the energies & < 1,
{2) The v value varies periodically against Zl and 22.
In relation to the projected range, the straggling showing the spatial
distribution of the implanted atoms is also an important physical parameter.

The experimental investigations on the straggling are scarce. Moreover,
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the straggling data show broad scattering. (See Fig. WA-1 to Fig. WA-4

in Appendix 3) Fig. 13 shows the relative range straggling as a function

of the projectile energy. In addition to the observed data, the LSS
calculations are shown taking V as a parameter., Although the calculation
seems to show general trend of the straggling, there is a difficulty in
educing a definite conclusion due to the broad data scattering. Fig. 14

is another example showing the range straggling comparison between the
observed data and the LSS theory in energies £ % 1.0, showing that agreement
is good in high energies, while discrepancy appears and increases with

decrease in energy. Further development in the theory is required.

6. CONCLUSION

The experimental data with respect to the depth distribution of void,
swelling, and point defects and their clusters induced by ion bombardment,
and the projected range and straggling of ion-implanted atoms have been
accumulated recently. In this work, the data are collected and compared
with the LSS theoretical calculation using the E-DEP-1 computer code.

Tt is recognized in general that the experimentally observed damage
peak is deeper than that E-DEP-1 calculated using the LSS electronic stopping

parameter, k Agreement between the observation and calculation can be

obtained usiizsa modified electronic stopping parameter k = 0.8 - 0.9 kLSS'
With regard to the deposited atoms by ion bombardment, the peak of the
observed distribution is deeper in some cases and shallower in other cases
than that calculated by E-DEP-1, indicating that the modified electromic
stopping parameter k is oscillating relative to kLSS' This oscillatory
behavior is not recognized in the damage distribution. Tt is suggested

that future work should be made to determine the distribution of ion-induced

damage in relation to that of the deposited atoms, since the defect evolution

may directly be related to the implanted atoms.
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The experimental data with respect to the depth distribution of void,
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and the projected range and straggling of ion-implanted atoms have been
accumulated recently. In this work, the data are collected and compared
with the LSS theoretical calculation using the E-DEP-1 computer code.

It is recognized in general that the experimentally observed damage
peak is deeper than that E-DEP-1 calculated using the LSS electronic stopping

parameter, k Agreement between the observation and calculation can be

obtained usiizsa modified electronic stopping parameter k = 0.8 - 0.9 kLSS'
With regard to the deposited atoms by ion bombardment, the peak of the
observed distribution is deeper in some cases and shallower in other cases
than that calculated by E-DEP-1, indicating that the modified electromnic
stopping parameter k is oscillating relative to kLSS' This oscillatory
behavior is not recognized in the damage distribution. It is suggested

that future work should be made to determine the distribution of ion-induced

damage in relation to that of the deposited atoms, since the defect evolution

may directly be related to the implanted atoms.
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APPENDIX 1. EXPERIMENTAL DATA AND LITERATURES
CONCERNING VOID SWELLING
Table SA-1 is a list of projectile-target combinations which void
swelling data are compiled. The experimental data on the void density '
and swelling as a function of depth are reproduced in the figures from
Fig. SA-1 to Fig. SA-23. The dashed line in the figures shows damage

curve calculated by the E-DEP-] code with k=k In the last part in

T.§S°
this Appendix, all the literatures collécted are listed.
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Table SA-1

Ion Target Energy Reference Figure

Al Nickel 3.1MeV 3-2 SA-1

Al Nickel 3.1MeV 3-2 SA-2

Ni Nickel 18MeV 3-1 SA-3

Ni Nickel 14MeV 3-8 SA-4

Cu Nickel 19MeV 3-8 SA-5

Cu Nickel 14MeV 3-8 SA-6

C Nickel S5MeV 3-2 SA-7

He Nickel 500KeV 3-5,6,7 SA-8

Ni Stainless 5MeV 3-1 SA-9
Steel

Ni Stainless 5MeV 3-13 SA-10
Steel

Ni Stainless 5MeV 3-1 SA-11
Steel

Ni Stainless 4MeV 3-1 SA-12
Steel

Ni Stainless
Steel 3.5MeV 3-3 SA-13

Ni Stainless 5MeV 3-13 SA-14
Steel

Ni Stainless 4MeV 3-10 SA-15
Steel

Ni Stainless 4MeV 3-10 SA-16
Steel

Ni Niocbium 3.2MeV 3-4 SA-17

Ni Molybdenum 5MeV 3-15,16 SA-18

Al Aluminum 100KeV 3-12 SA-19

N Stainless 1.1MeV 3-17 SA-20,
Steel

C Stainless 1.0MeV 3-18 SA-22,

Steel

21

23
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APPEND!X 2. EXPERIMENTAL DATA AND LITERATURES CONCERING
POINT DEFECTS AND THEIR CLUSTERS

Table DA-1 is a list of projectile-target combinations which damage
data are compiled. The experimental data on the point defects or their
clusters as a function of depth are reproduced in the figures from DA-1
to DA-7. The dashed line in the figures shows damage curve calculated

by the E-DEP-1 code with k=k In the last part in this Appendix 2,

1.SS°
all the literatures collected are listed.
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Table DA-1

Ion Target Energy Reference Figure
Ni ‘Nickel - 4MeV 4-6 DA-1
N Mo__ljbdéﬁu’m  2MeV 4-14 - DA-2
Ni ‘Alﬁminum”, 150KeV | 49 N DA-3
He Copper 1MeV 4-7- DA-4
Si Silicon 2MeV h-4 DA-5
N Silicon 50KeV 4-5 DA-6
N Silicon 220KeV 4-10 DA-7
N Silicon 300KeV 4-8 DA-8
He Silicon 30KeV 4-13 DA-9
Li Silicon 30KeV 4-13 DA-10
C Silicon 40KeV 4-13 DA-11
0 Silicon 60KeV 4-13 DA-12
Ne Silicomn 80KeV 4-2 DA-13
Ne Silicon 220KeV 4-10 DA-14
Xe Silicon 300KeV 4-3 DA-15
P Silicon 200KeV 4-9 DA-16

(111>
P Silicon 300KeV 4-12 DA-17
(110)
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Table DA—1 {(Continued)

Ion Target Energy Reference
He Gold 2MeV 4-15
Kr Gold 150KeV 4-16
Xe Gold 150KeV 4-16
Rb Gold : 50KeV 4-16
Kr Gold 150KeV 4-16
Fe Gold 50KeV 4-16
K Gold 80KeV 4-16
Rb Gold 150KeV 4-16
Kr Gold 50KeV 4-16
He/H Molybdenum 50/100KeV 4-17
Au Gold 80KeV 4-19
Hg Gold 150KeV 4-19
Au,Cu Copper 150KeV 4-19
Hg Nickel 150KeV 4-19
Pb Silicon 80KeV 4-18
In Silicon 30KeV 4-22
N Silicon 40KeV 4-22
N GaAs 40KeV 4-21
Ccl Silicon 30KeV 4-23
Ar Silicon 30KeV 4-23
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APPENDIX 3. EXPERIMENTAL DATA AND LITERATURES CONCERNING
IMPLANTED ATOMS

Table RA-1 is a list of projectile-target combinations which range
data are compared. The experimental data on projected range as a function
of projectile energy are reproduced in the figures from Fig. RA-1 to
RA-6. The solid line in the figures shows the range obtained by the LSS
calculatien (v=1.0). Fig. RA-7 is taken from Ref. 5-14.

In the figures from Fig., RB-1 to RB-46, the Rp data are compared
with the LSS for each projectile - target combination shown in Table RB-1.
The LSS calculation is performed for various v ranging from 0.75 to 1.25
with interval of 0.05 (v=1.0 for the original LSS theory). Fig. WA-1 to
Fig. WA-4 show the range straggling as a function of the projectile
energy. The experimental data are compared with the LSS calculation.

In the last part of this Appendix 3, all the literatures collected are

listed.
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Table RA-1
Ref. Iecn Target Energy Comment
5-1. Sb Al 30keV RBS
Segregation effect
5-2. 0 Si 2MeV
5-3. H,He Si 5-90KeV Monte-Carlo
5-4, e Si 30KeV AES
TEM
Damage density
5-5. B Si 10KeV SIMS
Atomic mixing
5-6. "N,As Fe,S1i 150KeV RES
Energy loss
5-7. B Si 300KeV AES
Damage distribution
Annealing
5-8. Ne Nb 300-600KeV (p,Gamma) reaction
5-9. Pb Si 20-200KeV RBS
. 5-10. 3, 5e GaAs 260-300KeV SIMS
Implantation Temp
5-11. Si Gahs 50-600KeV C-V measurement
Annealing
5-12. B Si 10-200KeV (n,Alpha) reaction
5-13. As GaAs, 51 40-600KeV SIMS
Annealing
5-14. As-Tb 5i,C,Ge SIMS
RBS
5.15. He W 0.1-1.5KeV Field-Ton microscopy
5-16. He Ni 20KeV ERD
Void
5-17. B S1i 300KeV AES
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Table RA—-1 (Cont.)

Ref. Ion Target Energy Comment
5-18. As,B Si,SiOz, (n,Alpha) reaction
Si.N Activation analysi
38y, ysis
5-19. Ti,Ni Zr RBS
. Void

Corrosicocn behaviour

5-20. He Ni,SUS316 8KeV He trapping
Bubble formation

Surface blistering

5-21. N SUS304,316  400KeV AES
Lamage
Impurity distribution

5-22. He Al 150KeV RBS
5-23. N Co 0.5-5KeV AES
5-24. B Si (n,Alpha) reaction
Range paramerers
5-25, P S5i 250¥eV SIMS
Metallisation silicon
5-26. B,Fe,In,P Si General ,Review
SIMS
Annealing
5-27. D SUS304 6KeV (°He ,Alpha) reaction
Travping
Diffusicn
Damage
5-28. B Si SIMS
Annealing
5-29. Ar As S5i 130KeV RBS
Diffusion
5-30. Cu Si Ion induced X-ray emission
5-31. As,B Si Theoretical

Monte-Carlo
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Table RA—1 (Cont.)
Rel. Ion Target Energy Comment
5-372. Cu Ni 15MeV Monte-Carlo
E-DEP-1
Brice code
Physics computing
5-33. Li,Be,B Si 150KeV SIMS
5-34. D Ti 6.6KeV (3He,A1pha) reaction
diffusion
Impurity distribution
5-35, An 51i 10-60KeV STMS
' REBS
5.36. In Si 30-50KeV C-V measurement
Annealing
5-37. Be Si 300KeV SIMS
Annealing
Damage
5-38. Be,L1 Si Thecoretical Pearson IV distribution
Range mcments
5-39, B-An CMT 10-500KeV (n,Alpha) reacticn
5_40. Li-Cs 8i,GaAs 100-250KeV SIMS
GaP,In,Ge
5-41. 0 Cu,Ni,Al 10-45KeV Ion Probe Microanalyser
5-42. 0 Cu,Ni,Al 10-45KeV Ton Probe Microanalyser
5-43, Al Zn 60KeV (p,Gamma) reaction
5-44, D Si 0.1-5KeV SIMS
5-45. Ni,Cr,Ar Fe 25KeV Proton induced X-ray
emission analysis
5-46. B CMT 60-400KeV (n,Alpha) reaction
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Table RA—1 (Cont.)
Ref. Ton Target Energy Comment
5-47. H Si 0.5-300KeV (n,Gamma) reaction
5-48, o] Si 2-2(MeV X-ray emission
5-4G, He Be-Au 100-300KeV (n,p) reaction
5-50. N Si 0.67-3.17MeV  RBS
5-51. An,Sb C(Diamond) 350KeV (n,Gamma) reaction
5-52. Li C(Diamond) 30-450KeV SIMS
5-53. He Nb 30,100KeV RBS
SEM
Elister
5-54 He Ni 20KeV TEM
Bubbles
5-55. Si-Te GaAs,GaP 10-350KeV Calculation
5-56 P,As 810, SIMS
5-57. Zn,N SiOz,GaAs 50-300KeV SIMS
Impurity distribution
Masking effect
5-58. N Al-Au 20-200KeV (p,Gamma) reaction
5-59. H W 300,475eV Field ion microscopy

Diffusion
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Table RA—1 (Cont.)
Ref. Ion Target Energy Comment
5-60. N Fe,Zr,Ni,Au ~200KeV (p,Gamma)reaction
5.61. He Nb,Cu,Be,Al‘ -25KeV ERD
Monte-Calro
5-62. He Al .4-1.8MeV (p,Gamma)reaction
5-63. He Ni,Nb I0KeV (p,p),(D,Alpha) reaction
5-64. Ne Ti,S1i (p,Gamma) reaction
5_65. D 7r 10-30KeV (3He ,Alpha) reaction
Temp-dependent
Annealing
5-66. D C,AL,Ni,Zr 10-30KeV (3He ,Alpha) reactionm
5-67. 0,81 Si ZMeV RES
Damage
TEM
5-68. B Si 100,150KeV SIMS
Sputtered surface
5-69. 3He C,Al,s51,V 20-60KeV (D,Alpha) reaction
Ni,Zr
5-70. Ar LiO2 300,450KeV RB5
5-71. He Ge 1MeV Comparison of range
Codes
5-72. Havey ion Ni,Ta,Au -50Mev Gamma-ray specltroscopy

Radioactive evaporation
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Table RA—1 (Cont.)

Ref. Ion Target Energy Comment

5-73. B Si 20-40KeV (n,Alpha) reaction

5-74, He Cu 25Kev ERD
Blistering

5-75. Li Nb _ 8MeV (p,N) reaction
Annealing

5-76. As, 51 SiOz,Si3Na 50-50CkeV Neutron activation

5-77. T Ti Neutron spectra
Time-of-flight specroscopy

5-78. C,Na,Mg Ta,Al 20-100KeV (p,Gamma) reaction

al,s,si

5-79. B Si (n,Alpha) reaction

5-80. B Si 150KeV Theoretical
Monte-calro

5-81. P Si 50KeV Neutron activatilon
analysis

5-82. B Si 80KeV C-V measurement

5-83. As 510, 100-350KeV RBS

5-84. Bi,Xe,Kr,Ar C,Al,Si 0.12-2MeV RBS

5-85. D Al,Au 20KeV

5-86. Cu . Au Cu,Au 1-100KeV Monte-calro
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Table RA—1 (Cont.)
Ref. Ion Target | Energy Comment
5-87. C,N,0,F,Ne Be,C ,5-2MeV RBS
Stopping power
5-88. B,P,As Si .1-1.8MeV
5-89. Rb,Cs Cu,Ag,Au Energy straggling
H-L 20KeV RBES
5-90. H,He Ar,N,,0, .2-2MeV
5-G1. Ar ,Kr,Xe Be,C,Ag .5-2MeV RBS
5-92. Cs-Au Al 100KeV RBS
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Tabie RB-1
Fig. Ion Target Fig. Ton Target
RB-1 He Aluminum RB-24 15N Tungsten
RB-2 SHe Beryllium RB-25 1°N Gold
RB-3 3He Iron RB-26 O Beryllium
RB-4 3He Nickel RB-27 O Carbon
RB-5 3He Copper RB-28 O Silicon
RB-6 3He Niobium RB-29 Ne Beryllium
RB-7 3He Molybdenum RB-30 Ne Carbon
RB-8 °He Silver RB-31 Ne  Niobium
RB-9 3He Platinum RB-32 Na Tantalum
RB-10 -He Gold RB-33 %®Mg Tantalum
RB-11 C Beryllium RB-34 2981 Tantalum
RB-1i2 13c Tantalum RB-35 Al Tantalum
RB-13 N Beryllium RB-36 Ar Beryllium
RB~14 N Iron RB-37 Ar Carbon
RB-15 N Zirconium RB-38 Kr Beryllium
RB-16 N Gold RB-39 Kr Carbon
RB-17 l5N Aluminum RB-40 Kr Aluminum
RB-18 5y Titanium RB-41 Xe Beryllium
RB-19 15N Nickel RB-42 Xe Carbon
RB-20 15y Copper RBR-43 Xe Aluminum
RB-21 15N Zinc RB-44 Xe Vanadium
RB-22 15N Molybdenum RB-45 Xe Nickel
RB-23 1oy Silver i RB-46 Xe Copper
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