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A Monte-CarIo-program has been used to study the ehannelling process in NbC-single erystals implanted with C-ions at
830°C. The dechannelling yields measured in the (1I0)-direction separately for the Nb- and the C-sublattice are eom
pared to calculated results. In the calculation two defect models (statistieally displaeed C-atoms and staeking faults) were
applied and the eharaeteristie parameters for these models were varied in order to reproduee the behavior of the experi
mental speetra. Tbe best agreement was obtained by assuming adefeet strueture eonsisting of staeking faults with a
Burger's vector of a/6 [112] and a staeking fault length of 7 nm. The analyzing ion beam energy was varied in the eal
eulation and the expected energy independence of the deehannelIing yield for staeking faults was found whieh lies in
reasonable agreement with the exPerimental values.

1 INTRODUCTION

Refractory materials with NaCI-crystal structure
such as NbC are superconductors of potential use
for application. The superconducting transition
temperature, Tc, of these materials strongly de
pends on the non-transition metal (NTM) con
centration.1 The maximum obtainable content of
the NTM is often limited in an equilibrium process.
For the case of NbC ion implantation has been
used to increase the NTM-concentration and thus
to increase Tc•

2
,3 Ion implantation necessarily

produces radiation damage, therefore implanta
tion at high substrate temperatures (830°C) or
implantation at room temperature followed by
an annealing process up to 1200°C was necessary
in order to increase Tc' Channelling measurements
have been used to study the damage structure and
the annealing behaviour in the Nb- and in the C
sublattice separately by determining the yields of
the Nb (a,a) elastic scattering process and of the
12C(d,Po)13C nuclear reaction.4

After C-implantation at 830°C a large dechannel
ling component up to 50 %of the random level was
found for the Nb-sublattice whereas for the C-sub
lattice the dechannelling component reached the
random level. The distorted crystal was annealed
at a temperature of 1070°C but the dechannelling
curves were onIy lowered by about 5%. Therefore
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the crystal was annealed at 1200°C where it is
known that carbon starts to diffuse. Channelling
measurements showed that for both sublattices the
surface region of about 300 nm was annealed. Only
at greater depths the dechannelling curves were
steeper than those of the unimplanted crystal.

The transition temperature Tc was 11 K right
after the implantation procedure. After the first
annealing process at 1070°C it was increased to
11.5 K and it was not affected by the second
annealing process at 1200°C.

The experimental fact that high Tc-values are
observed only for stoichiometric NbC with Nb
and C-atoms on A and B atom sites1 seemed to be
in contrast with the presence of defects which
survived the first annealing stage at 900-1070°C.

A thorough analysis of this defect structure as
observed by channelling measurements4 is there
fore necessary. For a compound crystal the problem
arises that scattering from the A-atoms will affect
the channelling parameters of the B-atom and
vice versa. For a compound crystal with defects
this problem is even more severe as in addition
dechannelling from defects in the A-atom sub
lattice will influence the dechannelling from defects
in the B-atom sublattice and opposite. A compli
cated situation like this can only be solved by
computer simulation applying possible defect
models. From the resulting flux distribution and
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the mean vibration amplitudes have been deter
mined from the Debye-temperatures of 390 K for
the Nb- and 1100 K for the C-sublattice as evaluated
from neutron scattering data. 7

Channelling experiments have been performed
with deuterons and He-ions along the <110)
direction displaying parallel rows of Nb- and
C-atoms. Normalized angular yield curves have
been caIculated for backscattering processes from
Nb-atoms for 2 MeV-He-particles and for 1.27
MeV-deuterons. In addition the yield curves for the
12C(d,Po)13C nuclear reaction products were cal
culated. These calculations have been performed for
various tiIt planes in order to investigate at first to
what extent the critical angle, t/J1/2' which is the
half-angular width at half height between the
minimum yield at a tilt angle of t/J = 0 deg and the
random yield, depends on the tilt plane.

It has been found that the shape of the angular
, yield curves strongly depends on the choice of the

tilt plane. Even a change of 0.5 degrees of the angle
between the tiIt plane and the {OO I} reference plane
brought significant changes in the shape of the
shoulders of the yield curve. The half width also
varied within several hundredths of a degree. This
behaviour is in agreement with experimental
investigations. For this reason care was taken to use
the same tiIt plane in the simulation as in the
experiment. Figures 2a, 2b, 2c show calculated
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dechannelling spectra in comparison with measured
spectra conclusions can be drawn on the most
probable defect structure present.

In the first part the channelling parameters of
an undisturbed NbC-single crystal are calculated
and compared with experimental results. In the
second part the infiuence of randomly distributed
C-atoms on the fiux distribution near the Nb-rows
and on the dechannelling behaviour in the Nb
sublattice is caIculated. In the third part results are
presented which show that stacking faults are the
most probable defect structure present after the
first annealing stage.

2 COMPUTER SIMULATION OF THE
CHANNELLING EXPERIMENTS FOR
THE UNDISTURBED NbC-SINGLE
CRYSTAL

A disorder analysis in damaged NbC-single crystals
requires a detailed comparison of computer simu
lation data and measured channeIIing data for the
undisturbed crystaI. As the experiments were per
formed with an understoichiometric NbCo.89
single crystal the simulation was done for a crystal
with the same stoichiometry. For the structure
model only C-vacancies were assumed whereas the
neighbourhood of the vacancy remained un
disturbed.

The special features ofthe Monte-Carlo-program
used are described elsewhere. 5

,6 For the present
purpose the scattering cell was changed to the
NaCl~structure type. This cell is shown in Figure 1.
The atoms are assumed to vibrate isotropically and

FIGURE I Scattering cell for the <IIO>-channelling direction
in NbC.

FIGURES 2a, 2b, 2c Comparison ofmeasured and calculated
angular yield curves through the <llO>-direction for a NbCo.89"

single crystal.



CHANNELLING MEASUREMENTS IN CARBON-IMPLANTED NbC-SINGLE CRYSTALS 55

1.5

angular yield curves in comparison to experimental
results for the Nb (ex,ex), the Nb (d,d) and the
12C(d,Po)13C reactions, respectively. 'there is good
agreement in the whole shape of the yield curves,
even in the formation of the significant shoulder

I effect. The half widths of the theoretical curves for
; the backscattering cases are about 0.14 degrees

larger than the experimental ones whereas for the
reaction case both are in agreement in the limits
of the statistics. The results are presented in more
details in Table 1.

The difference between measured and calculated
critical half angles seems to exist because of lattice
distortions in the neighbourhood of C-vacancies
leading to a static contribution in addition to
thermal dynamic displacements. Similar lattice
distortions have been observed for example in
non-stoichiometricNbN. 8 The Debye temperatures
used in the calculations however are derived from
the phonon density distribution and take only
account for the thermal part of the atomic dis
placements. The nature of these distortions in NbC
is subject of present investigations and will not be
discussed in this paper. The influence of this defect
structure on the minimum yield seems to be very
small as indicated by experimental Xmin-values of
0.015. Therefore in the following simulations the
influence of these distortions on the dechannelling
behaviour was neglected.

Deviations in angular yield curves can also occur
due to non-ideal crystal surfaces in the experiment.
Therefore in the calculation amorphous layers on
the surface were simulated by choosing the trans
versemomentum ofthe startingion from a Gaussian
distribution. The thickness of the layers was deter
mined from the surface peak area of the experi
mental spectra. The calculation shows that Xmin
ofthe C-sublattice is more sensitive to surface layers
than the Xmin of the Nb-sublattice. The ljJ 1/2-values
do not depend on layer thicknesses of 2 to 5 nm as
were used in the simulation.
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TABLE I

Measured and ca1culated X"'in-and 'l'1/2-values averaged over a depth of 100 nm
below the surface

Exp. Ca\. Exp. Ca\.
Reaction 'l'1/2ldeg 'l'1/2/deg Xmin Xmin

Nb (a,a) 0.90 ± 0.01 1.03 ± 0.01 0.015 ± 0.003 0.01 ± 0.005
Nb (d,d) 0.76 ± 0.01 0.90 ± 0.01 0.015 ± 0.005 0.01 ± 0.005
C (d,po) 0.34 ± 0.02 0.32 ± 0.02 0.10 ± 0.01 0.09 ± 0.01
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FIGURES 3a, 3b Influence of 10 % and 50 % statistically
disph:ced C-atoms on the dechannelling yield far the C-sub
lattice (Figure 3a) and for the Nb-sublattice (Figure 3b).
CaIculated spectra (dashed lines, No. 5 to 8) are compared to
measured spectra (solid lines, No. 1 to 4).

O~------.------4'--------~

3.2 Defect Model: Stacking Faults

Energy-dependent channelling measurements of
the distörted NbC-crystal did not show any
dependence of the dechannelling curves on the
energy of incident He-particles. The same be
haviour was found in analytical treatments of
stacking faults by Quere. 9 Therefore as a second
defect structure a stacking fault model was in
serted in the computer program using two param
eters:

a) the projection of the Burger's vector onto the
(llO)-plane.

b) the length of the stacking fault.

0
800 0

DEPTH/nm

(a)

NbC <lW> Ed =1.275 MeV
Experiment:

1 Random

1,,- 2 Atigned
5"'-. 3 " C+ Implanl

8 ,~ 4 Amealed

~ Manie Car/a:
z 5 Random:::>

ai 3~ 6 Atigned

'" 7 •50% slalislic:! 8 .10% ,
~4 4~
:::>
0
u

2~

3 COMPUTER SIMULATION OF THE
CHANNELLING EXPERIMENTS FOR
THE CARBON-IMPLANTED
NbC-SINGLE CRYSTAL

3.1 Defect Model: Statistically Displaced C-Atoms

For the computer simulation two models out of
the great number of possible models were chosen.
Because of the 100 %dechannelling yield of the
C-sublattice the existence of displaced C-atoms
with random distribution across the channel was
assumed as a first defect structure. The depth
distribution of the damage profile was chosen to be
constant over a depth of 300 nm according to the
implantation profile achieved by the two energies.
As a free parameter the total amount of displaced
C-atoms was varied until the calculated C-de
channelling yield reached the same level as deter
mined in the experiment. The dashed lines (No. 7
and 8) in Figures 3a and 3b show the dechannelling
curves for 10 % and 50 % displaced C-atoms,
respectively. It is seen that for 50 % displaced
C-atoms the C-dechannelling yield reaches the
random level (dashed line No. 7 in Figure 3a)
whereas this large amount of displaced C-atoms
does not provide any appreciable increase of the
dechannelling yield for the Nb-sublattice (dashed
line No. 7 in Figure 3b) in contrast to the experi
mental result.

NbCo.89-single crystals were implanted at 830°C
with C-ions at energies of200 keVand80 keVand
with fluences of 1.5 x 1017 and 5 x 1016 cm - 2,

respectively. Thus a relatively homogeneous im
plantation profile is achieved over a depth of 300
nm. The radiation damage was partially annealed
out due to the hot implantation and Tc was about
11 K. Channelling experiments were performed
prior and after implantation with 2 MeV-He-ions
and 1.275 MeV-deuterons to study the damage
structure in the Nb- and in the C-sublattice,
respectively. After the implantation process the
dechannelling yield for the C-sublattice reaches
the random level whereas for the Nb-sublattice
it reaches about half of the random level as can be
seen in Figures 3a and 3b (solid lines No. 3). At
temperatures of about l200°C where the C-ions
start to diffuse the annealing process of the damage
structure is nearly completed as indicated from
the dechannelling curves for both sublattices
(solid lines No. 4 in Figures 3a and 3b).
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between calculated and measured values is demon
strated in the Figures 5a and 5b for the C- and the
Nb-sublattice, respectively. For the C-sublattice
the agreement is reasonable over the depth region
considered. The deviations in the shape of the
dechannelling curves are due to the energy depen
dence of the nuclear reaction cross section. In the
simulation only a linear approximation was used
which is a good fit in the surface region up to a
depth of 450 nm for an incident energy of 1.275
MeV. The dechannelling behaviour for the Nb
sublattice is sufliciently reproduced in the calcula
tion. Small differences exist in the surface region up
to 200 nm. The dechannelling yield for the perfect
crystal is considerably smaller than the experi
mentallevel indicating that the crystal already was
slightly disturbed before implantation.

760 DEPTH/nm Q

(b)
FIGURES 4a, 4b Influence ofthe stacking fault length on the
dechannelling yield for the C-sublattice (Figure 4a) and for
the Nb-sublattice (Figure 4b). The different lengths used are
indicated in the figures.

2048

NbC ~ =1275 MeV Nb - sublottice stocking foult:

16384 b=t1112J

From experiments on plastic deformation in
refractory materials it is known that a {111}
(110) slip system exists similar to those observed
for fcc-metals.1. In a fcc-crystal the glide motion
may occur in a two step path and a perfect dis
location could degenerate into two partial dis
locations (Shockley partial dislocations) thus
forming a disturbed region with a stacking fault:
a - a _ a __
2: [101J -t 6 [l12J + 6 [211J + stacking fault

Burger's vector of a Burger's vector of
perfect dislocation two partial dislocations

where a is the lattice parameter.
A similar model for the dislocation motion was

proposed for refractory materials with NaCI
structure.1.0 In this case the metal atoms have to
move through the carbon sites and therefore it is
first necessary that a carbon diffusion process
occurs.

For the defect model used in the simulation a
Burger's vector ofb = af6 [112J was used. The pro
jection onto the xy-plane which is marked in the
scattering cell in Figure 1 can be performed in two
different ways described by two possible projected
vectors:

a
bx = 0; by = 6 and

a a
bx = 6.Ji; by = 6'

The calculations have been performed for both
vectors but as the results were the same only the
results of simulations for the first vector of bx = 0,
by = af6 are presented. As a free parameter the
length of the stacking fault was varied and the
results are shown in Figures 4a and 4b for the
C- and the Nb-sublattice, respectively. It is seen
that the dechannelling yield exhibits maxima for
stacking fault lengths between 7 and 10 nm in the
C-sublattice and between 5 and 7 nm in the Nb
sublattice. The depth dependence is influenced by
the length of the stacking fault especiaHy for the
C-sublattice (Figure 4a). A slight rechannelling is
observed beyond the damage region in the Nb
sublattice (Figure 4b).

In the channelling experiment it was found that
the dechannelling yield of the C-sublattice reached
random level whereas the yield for the Nb-sub
lattice was about 50 %of the random level. There
fore the range of the stacking fault length is limited.
The experimental results are weH described by
choosing a Burger's vector of b = af6 [112J and a
stacking fault length of 10 nm. The comparison
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FIGURE 6 Flux distributions at a depth of 100 um averaged
over 50 nm inan undisturbed NbC-lattice (upper part) and in a
lattice with stacking faults (lower .part). Thesectional areafor
the flux distributions is the yz-plane as indicated in Figure 1.

0+-----1CJOO~------=-200r----3TOO~----,400r---..-J

DEPTH/nm

FIGURE 7 Depth dependences of measured and calculated
dechannelling yields fm'Re-ions ofl, 2 and 2.8 MeV incident
energy, scattered from Nb-atoms.

The dependence of the dechanneIling yield on
the analyzing beam energy provides additional
information on the type ofdefects.9 The de
channeIling yield as a function of depth was
measured for He"ions with 1.0, 2:0and 2.8 MeV
incident energy. ResuIts of these measurementsare
shown in Figure 7. No energy dependence could be
observed up to a depth of 250 nm. This fact ex
cIudes point defects. The calculated valuesdo
not show any energy dependence in' the limits of
statistical errors thus confirming the analytical
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The infIuence of stacking faults on the de
channeIling yield for both sublattices as a function
of depth can only be understood from the change
of the fIux distribution in the disturbed lattice. As
an example the fIux distributions registered along
the yz-plane as indicated in the scattering cell in
Figure I prior and after inserting stacking faults in
the program are shown in Figure 6. The stacking
fault parameters used were a Burger's vector of
b = a/6 [112J and a length 00 nm. After inserting
the stacking fault the fIux distribution is nearly
constant between the rows whereas the amount of
fIux at the rows is considerably enhanced. The ratio
of the fIux at the C-rows to the fIux at the Nb-rows
explains the different dechanneIIing yields for the
C- and the Nb-sublattices as seen ·in Figures 5a and
5b.

(b)

FIGURE 5a, 5b Calculated dechannelling yield with a
stacking fault model of b = a/6 [112J and Is = 7 nm in com
parison with measured values.
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treatment of stacking faults by Quere.9 Neverthe
less, there are differences in the height of the de
channelling curves between measured and caIcu
lated values indicating that the simulation model is
not yet optimized.

4 DISCUSSION AND CONCLUSIONS

The superconducting transition temperature of
11 K in NbC-single crystals implanted with C-ions
at 830°C can be understood by assuming that all
atoms occupy their lattice sites and that the C
vacancies are filled with C-atoms after implantation.
This seems to be in contrast to the dechannelling
behaviour ofthe C-sublattice proposing a statistical
distribution of C-atoms or the formation of
C-precipitates. The answer to this apparent con
tradiction could be ruled out by the computer
simulation using statistically displaced C-atoms as
a defect model. The caIculated spectra for the C
sublattice showed a strong rechannelling behind the
disordered C-Iayer in contrast to measured spectra.
The calculation further revealed that the dis
ordered C-sublattice does not affect the dechannel
ling behaviour in the Nb-sublattice. Thus the
measured dechannelling yield from the Nb-sub
lattice must be attributed to damage in the Nb-sub
lattice. The fact that the dechannelling yield in the
Nb-sublattice does not depend on the analyzing
beam energy already rules out the existence of high
dislocation densities and suggests the defect model
of stacking faults. 9

Stacking faults have been observed in refractory
materials1 and mechanisms for glide motion
similar to those found for fcc-metals have been
proposed. 10 The observed annealing behaviour of
the damage in implanted NbC above l200°C at
temperatures where the C-atoms start to diffuse can
weIl be explained by annealing of stacking faults
due to glide motion.

For the defect model only one parameter namely
the length of the stacking fault has been used

because the Burger's vector in refractory materials
is known, b = alb [112]. By choosing a length of
7 nm the measured dechannelling yields could
reasonably be reproduced in the simulation. The
difference in the fiux distribution near the Nb- and
the C-rows for such a defect model provides an
explanation for the higher dechannelling yield for
the C-sublattice in comparison to the observed yield
for the Nb-sublattice. The calculated dechannelling
yield does not show any energy dependence. This
confirms the result of an analytical treatment of
stacking faults by Quere. 9 As in principle all atoms
remain on regular lattice sites this model also seems
to explain the measured high Tc-value.

The restrictions of the defect model used in the
simulation are obvious as the agreement between
theoretical and experimentalresults is not perfeet.
This fact indicates that the model has to be im
proved in details. Nevertheless, this defect model
gives qualitative agreement which is good enough
to solve the contradiction between high Tc and
high C-dechannelling yield in C-implanted NbC
single crystals.
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RADIATION DISORDER AND LATTICE LOCATION IN
ION IMPLANTED ALUMINIUM CRYSTALS
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Aluminium single erystals have been implanted with S, Ca, Cu, Ga, Ge and Cs ions with energies eorresponding to
similar projeeted ranges. Energy dependent ehannelling and Rutherford baekseattering experiments have been per
formed in the energy range of 1-3 MeV using 4He+ ions as the analyzing particles. The aligned speetra of Cu, Ga,
Ge and Cs implanted sampIes showed a monotonous inerement of the deehannelling yields with depths and no dis
order peaks have been observed. The deehannelling yields determined from these speetra revealed a .JE dependenee
with a relatively higher slope for the Cs implanted sampie eompared to the others. The Ge implanted sampIe showed
very little dependenee on JE. However, the speetra of the Sand Ca implanted sampies showed disorder peaks within
approximately the measured projeeted range as the energy of the analyzing beam was inereased. The lattiee positions
of these ions in Al are also reported. S, Ca, Cs and Ge showed no or Iittle substitutional oeeupation, however, Cu and Ga
showed high (>70 %) substitutionality but the atoms were displaeed some tenths of an angstrom from the ideallattiee
site.

INTRODUCTION

Combining the use of the channelling effect and
Rutherford backscattering (RBS) experiments, de
fect analyses in ion-implanted semiconductors and
in metal single crystals have been carried out by
many groups, e.g. 1-

S In the aligned spectra of ion
implanted semiconductors a direct backscattering
peak (generally called disorder peak) is norrnally
observed within the ions projected range. The
backscattering peak is a result of localized dis
ordered atomic configurations, where each atom
acts as an individual scattering center. Since the
channelled ion has a high probability to interact
with the atoms which are displaced from the ideal
lattice position to a distance of greater than the
Thomas-Fermi screening radius (i.e. >0.1-0.2 A),
the direct scattering peak may be observed in the
aligned spectra depending on the distribution of
the displaced atoms.

In ion implanted metals, normally the disorder
peak is not observed. For small displacements from
the lattice position the direct scattering contribu
tion becomes negligible compared to the dechannel-

t On leave from Physics Department, University of Daeea,
Bangladesh.
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ling yield. This dechannelling yield arises from ex
tended defects like dislocations, interstitial clusters
or bubbles with associated strains. The curvature
ofthe atomic rows and planes in the neighbourhood
ofsuch defects may alter the trajectory ofchannelIed
particles and hence produce dechannelling.

With the help of transmission electron micro
scopy (TEM) one can correlate the dechannelling
behaviour with damage configurations in metals.
Ifthis is not done, then according to the suggestions
given by Quere,6 the energy dependence of the
dechannelling cross-sections may give information
about the nature of defects. As suggested by hirn
the dechannelling yields from channelling back
scattering experiments depending on analyzing
beam energy like E 1

/
2 would indicate a contribu

tion of dislocations,7 a EO dependence-stacking
faults, gas bubbles or cavitiesB and a E- 1/ 2 de
pendence-interstitial atoms. 9 Considering the
energy dependence of dechannelling cross-sections
as a diagnostic tool, defect analyses on ion implan
ted single crystals have been performed by some
workers, e.g. 10- 14

Here we present results from energy dependent
dechannelling analyses of S, Ca, Cu, Ga, Ge and
Cs implanted aluminium crystals together with their
lattice positions. Besides the general interest of
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disorder analyses with channelling effect measure
ments, the problem arose from previous experi
ments on the change of the superconducting
transition temperature '1;, of implanted aluminium
layers. In these experiments different changes of
'1;, occurred depending on the implanted ion
species. Rather large '1;, increases (il'1;,;::: 0.5 K)
were observed for ions like N, S, Ca or Cs while
smaller or no effects ('1;, S; 0.2 K) were observed
for Cu, Zn, Ga, Ge or Ag ions. 15 The question was
whether the '1;, changes are due to an alloying
effect or rather to distortions of the Al host lattice.
Some results for Ca and Ga implantations have
already been reported. 16

EXPERIMENTAL

An aluminium (100) oriented single crystal rod
was purchased from Materials Research Corpora
tion, New York, and was cut into slices with an
acid wire saw device using a solution of HCI and
H 20 (l: 1 proportion by volume). The slices
were carefully lapped using successively 7-11t
diamond pastes and after annealing at 500°C for
2 hours under a vacuum of ~ 10- 6 Torr, electro
polished in a 1: 1 solution of CH30H and HN03 •

The sampies were checked by ion-channelling and
backscattering measurements showing a mini
mum yield of 5-6% along the (100) direction
determined behind the surface peak. The spectra
of the aligned crystals showed only a small increase
of the dechannelling rate with depths indicating
a low density of defects. The sampies were then
implanted at room temperature along a non
channelling direction. The implantation param
eters are summarized in Table 1.

The analyses of the implanted sampIes were per
formed with a well collimated 4He + beam obtained

from a Van-de-Graaff accelerator in the energy
range of 1-3 MeV using channelling and Ruther
ford backscattering. The beam current was 15-20
nA. The particles backscattered at an angle of
165° were detected by asolid state surface barrier
detector with an energy resolution of 15 keV and
with standard electronics including a pulse pile-up
rejection system. The alignment of the crystals was
performed on a three-axis electronically controlled
goniometer capable of rotation at steps of 0.01°.
The sampies were rotated around an axis weH off
the channelling direction for detection of the
random spectra.

RESULTS

a) Energy Dependent Measurements

As examples, Figures 1 and 2 show (100) aligned
backscattering spectra of Cu and Cs implanted
aluminium crystals at different energies of the
analyzing 4He+ beam. No disorder peaks are
observed in the spectra, however, an increase of
the dechannelling yields as a function of depth is
noticed with characteristic "knees" giving maxi
mum disorder depth. These "knees" are weH
observed at higher analyzing beam energies. The
average disorder depth X D , defined as the distance
between the "knee" and the sampie surface, was
found to exceed the measured ions projected range
distribution. Random stopping cross-sections from
Ziegler and ChU17 have been used for the conver
sion of energy to depth scale. In Table I, the
implantation parameters, LSS range, measured
range and disorder depth are summarized for aH
ions used in these experiments.

According to the analysis of Merkle et al.,18
the average defect dechannelling cross-section

TABLE I

Implantation parameters: energy, fluenee and LSS range Rp , measured range and
disorder depth X o

Implantation Fluenee LSS Range Measured Disorder depth
Ion energy Rp Range Xp

(keV) ions/ern' (A) (A) (A)

S 80 3.5 X 1016 810 930 1060
Ca 90 1.5 x 1016 820 1000 1110
Cu 140 5.5 x 1015 770 1100 1660
Ga 150 7.0 x 1015 780 1100 2150
Ge 150 5.1 x 1015 760 1100 2000
Cs 220 3.4 x 1015 740 800 1300
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FIGURE 2 Backscattering spectra at different analyzing
beam energies of a <100) aligned Al crystal implanted with 3.4
x 1015 Cs+ Icm2, 220 keV.

FIGURE 1 Backscattering spectra of a <100) aligned Al
crystal implanted with 5.5 x 1015 Cu+ /cm2

, 140 keV, at four
different analyzing beam energies. A random and an aligned
spectrum for an unimplanted crystal are also shown. Different
depth scales in the spectra are indicated by the ions projected
range R".

(1)

from defect clusters in ion bombarded crystals
can be determined by using the formula

(Jd = 1.- A(8X) 1
N s 8z 1 - Xmin

where N s is the defect density, A(8X/8z) is the
damage induced change of the dechannelling rate
and Xmin is the minimum yield. The value of
A(8X/8z) here is obtained from the slope of the line
fitting data points in the spectrum where the
maximum disorder is present. This procedure has
been adopted because of the low increase of the
dechannelling rate in the unimplanted crystals.
The minimum yield Xmin is found by extrapolating
the fitting lines to the surface. Using Bq. (1), the
product (JdNs is determined for the different
analyzing beam energies and is shown in Figure
3(a, b, c) in a plot versus .JE for Cs, Ge and Cu
implanted sampies. These figures show the varia
tion of (Jd with the beam energy directly since
N s is constant (independent of energy) for a par
ticular sampie. Straight lines passing through the
experimental data points verify a .JE dependence
of the dechannelling cross-section. Different slopes
were übserved for the various implanted ion
species with the largest slope occurring for Cs while
much lower slopes were observed in a decreasing
order für Cu, Ga and Ge, respectively. The above
results were compared with a similar type ofanalysis
using the formula -ln[(l - XD(z))/(l - Xv(z))J
ofPiraux et a[,l9 This expression, where XD(Z) is the
ratio of aligned to random yields in case of the im
planted sampie at a depth z where maximum dis
order is present and Xv(z) is the same ratio in case
of the vigin crystal, is proportional to the dechan
nelling cross-section. A similar dependence on JE
was found as in the results presented above.

Figure 4 shows the <100) aligned backscattering
spectra from a S implanted sampie. Here one
observes a disorder peak at a depth slightly deeper
than the measured ion range distribution. At 1 MeV
the disorder peak could not be resolved. This type
ofdisorder peak was also observed in Ca-implanted
Al,16 Co implanted AFo and N implanted Al. 12

Disorder peaks have also been observed in N
implanted vanadium and C implanted molyb
denum single crystals. 10 The appearance of such
peaks in metals is an exceptional case.

Due to the appearance of disorder peaks, here a
different procedure for the analysis of the energy
dependence of the dechannelling yield has been
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FIGURE 3 Dependence of u"Ns on the square root of the analyzing beam energies of (100) aligned AI crystals
implanted with (a) Cs, (b) Ge and (c) Cu ions as indicated in the figure.

used. Figure 5 shows this dechannelling yield
~X, namely, the difference of the dechannelling
yields of the implanted and the virgin crystal,
determined at a depth behind the disorder peak
as a function of the analyzing energy. The observed
slight decrease of ~X with increasing energy is in
accordance with the dechannelling behaviour
from that part of disorder which gives rise to a
direct backscattering peak. Similar slight de
creases of ~X with energy have been observed in
our previous measurements in Ca implanted Al
single crystals16 and in N implanted vanadium

and C implanted molybdenum10 with similar
high intersection values of the straight lines fitted
to the experimental points on the ~x-axis.

b) Lattice Occupancy

The lattice occupany of the implanted ions was
measured by comparing the random and aligned
backscattering yields of the impurity atoms and
in some cases complete angular scans were also
performed. The <100> aligned and randorn back
scattering yields for the ions like Sand Cs were
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FIGURE 5 Dechannelling yield ""X from a S implanted AI
crystal as a function of analyzing beam energies. ""X was de
termined at a depth of 2050 A (behind the damage peak).

found to be almost the same, i.e. these ions liave no
tendency for occupying lattice sites. Figure 6
shows spectra from a Ge implanted Al crystal at
2 MeV 4He+ beam. The Ge yields for aligned and
random directions show that about 30 %of the Ge
atoms occupy lattice sites as estimated along the
<100) direction. The Cu yield indicated that a larger
fraction of Cu atoms occupied substitutional
lattice sites. In this case angular scans were per-

formed. Since in crystals with fee structure a 17 %
shadowing for atoms weH displaced (0.5-1.5 A)
into <110) directions occurs when channelling ex
periments are performed along the(110) direction21

additional angular scans were performed along the
<100) direction to obtain an unambiguous lattice
site determination. Figure 7(a, b) show the angular
scans ofthe backscattering 4He yields across <100)
and <110) channels from a Cu implanted Al
crystal at an incident beam energy of 2 MeV He+.
The energy windows were set at a depth equivalent
to the Cu ions range for both host and impurity.
The substitutional fraction for Cu in Al was cal
culated by using the formula fs = (1 - Xi)!(l - X,,);2
where Xi and X" are the normalized minimum
yields for impurity and host respectively. About
73 %of Cu is found to occupy substitutional sites.

In the angular scans for Cu it is seen that the
angular width is narrower than for the host. A
similar narrowing effect has also been observed in
a Ga implanted sampie which showed 87 %substi
tutionality.16 Figure 8 shows an angular scan
along <100) from a Ga implanted (5.3 x 1015

Ga/cm2
, 150 keV) Al sampie at 3 MeV He+. The

narrowing of the impurity signal half width is an
indication that the Cu or Ga atoms are displaced
from the ideal lattice sites. The distribution of
the displacements from the lattice sites can be
simulated by increasing the rms vibrational ampli
tude. The average displacements of Cu or Ga from
the Allattice along the (100) direction have been

Al <100>

---- ---'---0-
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Incident beam of 2.0 MeY 4He +.

calculated by using the empirical formula of
Barrett23

(
1.2U 1)':P1/2 = 0.8FRS -a- ':P2

where

':P2 = 0.307(~f2r/2

degrees. 2 1 and 2 2 are the atomic numbers of He
and Al respectively, d is the distance between

adjacent Al atoms, a is the Thomas Fermi screen
ing radius for Al and u1 is the one dimensional
rms vibrational amplitude.

Table II shows the experimental and calculated
critical half angles along (100) for both impurities
(Cu and Ga) and the host lattice at 3 different
analyzing energies. The Debye temperatures 8D
used in the calculations to obtain an agreement
with the experimental values are indicated in the
table. For the host lattice a lower 8D than the usual
value of 390 K had to be inserted in the formula of
ul' 24 This procedure had to be adopted to 0 btain
a realistic estimate of the displacements of the
impurity atoms from the ideal lattice positions.
These displacements were obtained from
~uf - ut, where Ui is the one dimensional rms
thermal vibrational amplitude for the impurity
and u" is that for the host and are shown in the
table. Good agreement for the calculated critical
angles for the host lattice and for the impurity
atoms has been obtained for the different analyzing
energies.

SUMMARY AND CONCLUSIONS

S, Ca, Cu, Ga, Ge and Cs ions were implanted into
aluminium single crystals with energies corres
ponding to similar projected ranges for the dif
ferent ions. The lattice position of the implanted
ions has been determined and the disorder in the
aluminium host lattice has been analyzed by the
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TABLE 11

Experimental and calculated critical half angles for the host and impurities along the
<100> axis at 3 different energies and the average displacement of the impurity atoms

'I'1/2 <100> (degrees)

Analyzing He + Host Impurity Displacement
beam energy ~~2lI j - lIh

Impurities (MeV) Exp. Ca!." Exp. Ca!.b (A)

1 .525 .565 .422 .423
Cu 2 .402 .40 .3 .299 .198

3 .32 .326 .235 .244

1 .533 .57 .458 .467
Ga 2 .41 .405 .332 .33 .157

3 .323 .33 .272 .27

a For host, these values arecalculated byconsidering the Debye temperature as 315 K
(for Cu implanted) and 330 K (for Ga implanted) which give the corresponding thermal
vibrational amplitudes .130 A and .125 A respectively.

b For impurities, these values are calculated by considering the Debye temperature
as 170 K (for Cu) and 200 K (for Ga), the corresponding thermal vibrational amplitudes
are .237 A (far Cu) and .201 A (for Ga).
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investigation of the energy dependence of the de
channelling cross-sections. These energy dependent
analyses showed the presence of different types of
defects depending on implanted ions species. In
the spectra of Cu, Ga, Ge and Cs implanted
sampIes an initial monotonous increase of the
dechannelling yield was observed with a "knee"
indicating the depth of the disorder. This disarder
depth is observed to be considerably larger than
the corresponding LSS ions range for these ions
(Table I). This behaviour shows the presence of
extended defects and shadows a direct backscatter
ing component if present. The dechannelling cross
section showed a linear· dependence with JE
within the experimental errors for the ions indicated
above. According to the suggestions of Quere this
dependence is consistent with the presence of
dislocations. Similar conclusions referring to the
nature of the damage have been drawn previously
for Zn implanted Al crystals and the presence of
dislocations in the sampies has been shown directly
by complementary TEM analysis. 19,25 Though
the shape of the spectra and thus the nature of dis
order were almost similar for the different ions,
differences arose in the slope of the dechannelling
yields vs depth and in their absolute values.

Rapid increases behind the surface peak and
high absolute values of the dechannelling yield
were observed for Cs and Cu indicating higher
dislocation densities if the dechannelling cross
section is assumed to be constant as compared to

Ga and Ge where the dechannelling yield is
relatively lower and the increase vs. depth is not
very steep. This different behaviour does not
correlate with substitutionallattice site occupation
of the implanted ions as a similar behaviour in the
host lattice distortion was detected far ions showing
an opposite nature in the lattice site distribution.
Here further experiments are necessary with dis
order studies as a function of impurity concentra
tion. The reason for quantitatively different dis
tortions may be due to the interaction of impurities
with defects which in turn may depend on a so far
unknown atomic species parameter like, e.g. atomic
size or electronegativity.

Sand Ca ions showed a different influence on
the host lattice disorder as compared to Cu, Ga,
Ge and Cs. Here in the aligned backscattering
spectra a direct backscattering peak emerged at
high analyzing energies approximately within the
measured range distribution of the implanted ions.
Such a peak indicates largely displaced host lattice
atoms. Again an atomic arrangement like in a poly
crystal could also give rise to a direct backscattering
peak. But the formation of polycrystals seems
improbable in these experiments. Backscattering
peaks in implanted Al crystals were observed pre
viously with N ions by Rimini et ai. 12 and explained
by intrinsic Al defects or the influence of N with
possible nitride precipitations.

Concerning the influence of defects on the super
conducting transition temperature Tc in implanta-
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tion experiments of different ions into aluminium
layers the following eonclusions ean be drawn
from the energy dependent defeet analysis and
lattiee loeation studies in the present investigation:

A disordered host lattiee with loeally displaeed
atoms formed far Sand Ca implantation eorrelates
with a rather high inerease of 1;, (11 1;, ~ 0.5 K);
ions oeeupying substitutionallattiee positions like
Cu and Ga and also deteeted in Zn implanted
AI-sample 12 and Ag implanted AI-sample25 eause
smaller ehanges in 1;,(111;, ::S; 0.2 K) probably due
to minor distortions of the host lattiee; Cs, though
eausing a substantial inerease of 1;" did not show a
direet baekseattering peak in the implanted erystals,
however revealed a high degree of long range dis
order. The high deehannelling eomponent may
overshadow the presenee of loeally displaeed
atoms, however also the high long range order
defeet eoneentration may eorrelate with the 1;,
inerease. This possibility is supported by the
eomparison of the plots in Figure 3 where the
energy dependenee of the deehannelling eross see
tion is plotted for ions eausing mainly extended
defeets and at least a qualitative eorrelation is
observed between defeet eoneentration and 1;,
inerease. Thus from the defeet and lattiee loeation
studies in Al single erystals it may be eoncluded
that the 1;, inereases are due to distortion of the
AI host lattiee rather than to alloying effeets.
Different degrees of disorder are stabilized with the
different implantation eonditions including es
peeially the ion speeies.
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DEPENDENCE OF DEFECT STRUCTURES ON IMPLANTED IMPURITY SPECIES
IN Al SINGLE CR\,STALS
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Institut jür Angewandte Kernphysik, Kernjol'schungszentl'um Karlsl'uhe GmbH, P.O.B. 3640, D-7500 Kal'/sl'uhe, Gel'many

Aluminium single crystals have been implanted with Ca and Ga ions. Energy dependent channeling and backscattering
experiments for disorder analysis together with lattice site determination have been performed with 4He+ ions in the energy
range 1.0-3.0 MeV. A high substitutional fraction of 87% and disorder consisting mainly of extended defects (dislocations)
has been detected for Ga implanted crystals. For Ca implanted sampies local distortions of the AI host lattice and an
interstitial distribution of the impurities have been observed. The different kinds of damage correlate with previously
observed different changes of the superconducting transition temperature in ion implanted Al layers.

1. Introduction
Many properties of solids, in partieular also the

supereondueting properties like the eritical tempera
ture, the eritieal field or the eritical eurrent are
affeeted by the presenee of impurity atoms and
defeets. Ion implantation is a method to introduee
impurities into near surfaee regions of solids and to
ereate defeets by the energy transfer of the bom
barding particles during nuclear eollisions. In alu
minium it is known that struetural distortions will
lead to an inerease of the supereondueting transi
tion temperature Tc' Quantitatively different Tc
inereases depending on implanted ion species have
been observed in implantation experiments into
evaporated aluminium thin films I). Layers im
planted with N, S, Ca or Cs ions showed a rather
high Tc inerease (L1Tc~0.5 K) while a small or no
effeet was observed for Cu, Zn, Ga and Ag
(L1Tc~0.2 K). The different influenees on Tc were
aseribed to qualitatively different defeet struetures.

For a better understariding of these findings
results are presented in this paper on defeet and
lattiee loeation studies for two representative ions
namely Ca and Ga implanted into aluminium
single erystals. Channeling and baekseattering mea
surements with He ions were performed for the
analysis. Though the defeet strueture of ion bom
barded metals has not been as widely studied as in
the ease of semieonduetors, the ehanneling teehni
que is a eonvenient tool for, at least qualitative,
disorder eharaeterization in metals. Here instead of
a disorder peak (whieh is usually observed in ion

* On leave from Physics Department, University of Dacca,
Bangladesh.

implanted semieonduetors) generally a monotonous
inerease of the deehanneling yield with depth is
observed indicating the presenee of extended de
feets like disloeations, interstitial clusters, grain
boundaries with assoeiated strains ete. The disorder
region in many eases extends to depths mueh deep
er than the ions projeeted range. Aeeording to the
suggestions of Quere2

) theenergy dependenee of
the deehanneling eross seetions may allow to deter
mine the presenee of different kinds of defeets.
Therefore energy dependent ehanneling measure
ments have been performed together with lattiee
loeation determination in order to test if a eorrela
tion exists between lattice site distribution of the
impurity atoms and defeet strueture, and whether
different defeets eorrelate with previously observed
ehanges of Tc' The hypothesis that these ehanges
were due to distortions of the AI host lattiee rather
than to alloying was also tested.

2. Experimental

Single erystal aluminium sliees of (100) orienta
tion were used for the ehanneling and baekseatter
ing experiments. The sampIes were implanted with
90keV Ca+ ions with fluenees of 6.5x1015 ions/
em2 and 1.5 X 10 16 ions/em2 and with 150 keV Ga+
ions with a fluenee of 5.3 X 10 15 ions/cm2

. These
implantation energies eorrespond to LSS projeeted
ranges of 72 nm and 78 .nm for Ca and Ga, respee
tively. All implantations were performed at room
temperature and along random direetions. The anal
yses of the implanted sampIes were done with a
weil eollimated 4He+ beam in the energy range
1-3 MeV obtained from a Van de Graaff aeeelera
tor. Alignment of the erystals and angular seans

IV. RADIATION DAMAGE, DEFECTS, AND DIFFUSION
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AI <100>
5.3 x1015Ga+/cm2

150 KeV

10

10 1.5 2.0

YENERGY (MeV)

Fig. 2. Dependence of adNs on the square root of the analyzing
beam energies of a (100) aligned Al crystal implanted with
Ga+.

12

in this experiment was obtained from the slope of
the line fitting the data points in the spectra in the
region of maximum disorder. This procedure has
been adopted because of the low increase of the
dechanneling yield in the unimplanted crystals. The
minimum yield was determined by extrapolation of
the lines to the surface. Using eq. (1) the product
(JdNs has been determined for the different analyz
ing beam energies. The results are shown in fig. 2
where (JdNs is plotted as a function of -.jE. The
figure shows the variation of (Jd with the beam
energy directly since Ns is independent of energy
for a particular sampIe. A straight line passing
through the experimental points suggests a -.jE
dependence of the dechanneling cross section.

For the lattice position determination of the
implanted Ga ions angular scans were performed
and from the data the substitutional fraction fs has
been calculated using the formula4):

1s = (1-Xi)!(l- Xh),

where Xi is the normalized minimum yield from the
impurity and Xh that for the host at the position of
the implanted ions. Since in crystals with fcc struc
ture a 17 % shadowing for atoms significantly
displaced (0.05-0.15 nm) into the (110) direction
occurs when channeling experiments are performed
into (110) direction5

), additional angular scans were
performed along the (100) direction to obtain an
unambiguous lattice site determination.

Figs. 3a and 3b show the angular scans of the
backscattered 4He+ ion yield across the (100) and
(110) channels at an incident beam energy of
2 MeV. The substitutional fractions determined
from both channeling directions were found to
agree within the experimental error. A substitution
al fraction of about 87% has been found for Ga in

""-<--A--------'~~-LL---,3.0

were performed with the help of an electronically
controlled three,axis goniometer with an adjusting
accuracy of 0.01°. Particles backscattered at an
angle of 1650 were detected by asolid state surface
barrier detector with an energy resolution of
15 keV. The sampIes were rotated around an axis
weIl of the channeling direction far detection of the
random spectra.

5.3x,1015 Ga+/cm2

150KeV

120 160 200 240 260 320

DEPTH - CHANNEL NO.

Fig. 1. Backscattering spectra of a (100) aligned Al crystal
implanted with 5.3 x 10 15 Ga + /cm2 , 150 keV, at four different
analyzing beam energies. A random and an aligned spectrum for
an unimplanted crystal are also shown. Different depth scales in
the spectra are indicated by the ions projected range R p.

3. Results
3.1. GA IMPLANTATION

In fig. 1, (100) aligned backscattering spectra of a
Ga implanted crystal are shown at analyzing beam
energies of 1.0, 1.5, 2.0 and 3.0 MeV. The spectra
reveal a linear increase of the dechanneling yield as
a function of depth. No change of the shape of the
spectra has been observed with increasing beam
energy.

The average dechanneling defect cross section
can be determined accarding to the method of
Merkle et al. 3) using the formula

O"d = ~ LI (bX) _1_ (1)
N s bz 1-Xmin

developed for dechanneling from defect clusters.
Here N s is the defect density, L1 (8x /82) is the

damage induced change of the dechanneling rate
and Xmin is the minimum yield. The value of (JdNs
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tion of higher doses the disorder peak becomes
more prominent as can be noticed from the fig. 4b
indicating the presence of larger disorder. Due to
the appearance of a disorder peak here a different
procedure for the analysis of the energy dependence
of the dechanneling yield has been used. The
dechanneling yield L1X has been determined as the
difference of the normalized yieldsof the implanted
and the unimplanted sampies at a depth behind the
disorder peak (about 220 nm). The results are plot
ted in fig. 5 as a function of the beam energy. Here

-2 -1 0 1
TILT RELATIVE TO <100> AXIS IDEG)

2
o. 6'5x1015 Cdlem2

90KeV

Damage
Peok

320

320

r-~~~~~~\----\~"'---~.....,30

b Ranclom 1.49x1016 Ca+/em
90 KeV

Damage

<100' alignec Peak

Rondom

<1:)0> unimplonted

120 W 200 240 280

- DEPTH CHANNEL NO.

<100> unimplonted

120 160 200 240 280

--DEPTH CHANNEL NO.

Fig. 4. Backscattering spectra at three different beam energies
from (100) aligned Al crystals implanted with (a)
6.5x10 15 Ca+/cm 2, 90keV; (b) 1.5 x 10 16 Ca+/cm2, 90keV.

Al. However, the narrowing of the angular width
for the impurity atoms as compared to the scan
from the host lattice indicates slight displacements
of the impurity atoms from the ideallattice posi
tion. A value of about 0.016 nm for the (100) direc
tion has been estimated for this displacement using
Barrett's formula 6

).

-2 -1 0 1 2
TILT RELATIVE TO <110>AXIS (DEG)

Fig. 3. Angular scan of the backscattered 4He+ yield from a
Ga + implanted aluminium crystal (relative to (a) (IOO) and (b)
(I 10) as indicated). Ga (crosses) and Al (circles). Incident beam
of 2.0 MeV 4He+.

3.2. CA IMPLANTATION

Sampl~s implanted with Ca ions were analyzed
with a 4He+ beam of 1.0, 2.0 and 3.0 MeV. The
aligned and random spectra at these energies are
shown in figs. 4a and 4b. In the spectra at 1 MeV
analyzing energy a monotonous increment of the
dechanneling yield behind the surface peak can be
observed. At higher energies however a weH
resolved disorder peak appears in the spectra
approximately within the measured range distribu
tion of the implanted Ca ions. With the introduc-

b
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4, Summary and conclusions
Ca and Ga ions were implanted into aluminium

single crystals with energies corresponding to simi
lar projected ranges. These ions were known to
produce different changes of the superconducting
transition temperature in implanted Al layers. The
energy dependent analysis showed the presence of
different kinds of defects depending on the im
planted ion species. For the Ga implanted sampie
the linear increase of the dechanneling cross section
with yE indicates that disorder consists mainly of
extended defects which could shadow a direct back
scattering component if present. According to the
suggestions of Quere a linear relationship between
ad and yE shows the existence of dislocations.
Similar conclusions referring to the nature of
disorder have been drawn previously for Zn im
planted Al crystals and the presence of dislocations
in the sampies has been shown directly by comple
mentary TEM analysis 10

).

Ca ions had a different influence on the host
lattice disorder. Here a disorder peak with the peak
area growing with the implanted dose, demonstrates
the presence of local scattering centres, whose
arrangement in the lattice however was not deter
mined in the present measurements. Also the high
dechanneling component behind the disorder peak
demonstrates that other types of defects were also
produced by the implantation. It is difficult to
determine the nature of this disorder unambiguous
ly by channeling measurements only, as the true
energy dependence may be obscured by the pre
sence of more than one kind of defects having
energy dependences opposite in nature.

Disorder peaks in implanted Al crystals were
observed previously with nitrogen ions and ex
plained by intrinsic aluminium defects or possible
nitride precipitation11

). Here it is believed that the
local displacements of the host lattice atoms are
connected with an interstitial lattice site distribution

Almost no substitutional lattice position has been
observed from Ca yields determined in the (100)
aligned and random spectra. However, the angular
scan across the (100) axis showed (fig. 6) oscilla
tions in the Ca yield indicating the presence of
different interstitial positions. Different interstitial
sites for light atoms in metals have been observed
previously with channeling measurements e.g. for
D and 3He in WS), and also the appearance of
distinct interstitial sites for large ions (Br in Fe) has
been already reported 9).

~/2 (A1I= .43'

Xmin(AI) =.42

AI <100>
o 6·5x1015 Co'/cm2 (90 KeVI
• 1·49x1Q'6 Ca' Icm 2 (90KeVI

Depth - 2210A

2

02

-2 -1 0 1 2
TILT RELATIVE TO <100> AXIS (DEG!

Fig. 6. Angular scan of the backscattered 4He+ yields from a
Ca+ implanted (6.5x 10 15 Ca+ /cm2) Al-crystal (relative to
(WO) axis). Ca (crosses) and AI (circ1es). Incident beam of
2.0 MeV 4He+.

o 1 2 3
ENERGY (MeV)

Fig. 5. Dechanneling yield L1X from Ca + implanted Al crystals
as a function of the analyzing beam energies. L1X was determined
at a depth of 2210 A (behind the damage peak).

a slight decrease of LlX with increasing energy is
observed in accordance with that part of disorder
which gives rise to a direct backscattering peak.
Such a peak indicates largelydisplaced lattice atoms
in the host lattice. It should be noticed however
that this statement is not unique because, e.g., an
atomic arrangement like in a polycrystal would also
give rise to a direct backscattering peak. The forma
tion of polycrystals however seems improbable in
these implantation experiments. Similar types of
results have been observed previously in nitrogen
implanted vanadium and carbon implanted molyb
denum single crystals7). From the high intersection
value of the straight line fitted through the experi
mental points on the LlX axis one can conclude that
the main portion of the dechanneling arises from
other defects probably having an energy indepen
dent dechanneling cross section.

/::,X

o
w
~ 06

15 04
z
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of the Ca atoms which was indieated in the angular
sean measurements. An interstitial lattiee position
for an atom with big atomie radius Iike Ca probably
is possible only in a foeally disturbed host lattiee.

Coneerning the influenee of defeets on the super
eondueting transition temperature in implantation
experiments, the following eoncIusions ean be
drawn from the defeet analysis and lattice loeation
study in this investigation: a disordered host lattiee
with loeally displaeed atoms found for Ca implanta
tions eorrelates with the observed rather high Tc
inerease. Ions oeeupying substitutional lattiee posi
tions like Ga eause smaller ehanges of Tc probably
due to the observed minor distortions of the host
lattice eonsisting mainly of extended defeets. Thus,
the hypothesis from the implanted layer results that
the Tc inereases are due to loeal distortions of the
Al host lattiee rather than to aIloying has been
substantiated. Different degrees of disorder are
stabilized under different implantation eonditions
and depend espeeiallY on the implanted ion spe
eies.

The authors would Iike to gratefully aeknowledge

helpful diseussions with O. Meyer, R. Kaufmann
and A. Turos.
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Improvement of lattice site location of Ga implanted into AI after pulsed
electron beam annealing

T. Hussain, a) J. Geerk, F. Ratzei, and G. Linker
Institutfiir Angewandte Kernphysik, Kernlorschungszentrum Karlsruhe GmbH, Box 3640, D-7500
Karlsruhe, Federal Republic 01Germany

(Reeeived 27 Deeember 1979; aeeepted for publieation 29 May 1980)

The effeet of pulsed eleetron beam annealing (PEBA) on the lattice 10cation and impurity
distribution of Ga ions implanted into Al single crystals has been compared with the thermal
annealing behavior of this ion/target system. While with thermal annealing only slight
improvement of the lattice site oecupation was observed after PEBA within experimental
l!-ecuracy, all implanted impurities occupied perfect lattice sites. In the thermal treatment the Ga
atoms partially diffused out of the implanted region; with PEBA, however, the implanted
impurity distribution remained unchanged.

PACS numbers: 81.40.Ef

3000-,-------------------,

FIG. I. Random and (100) aligned backscattering spectra of an AI single
crystal implanted with 7x 1015 Ga' Icm 2 at 150 keV before and after
pulsed electron beam annealing. The parts of the spectra on the right side of
the figure reflect the Ga distribution before (a) and after (b) PEBA.
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Aluminum single crystals have been implanted with
7x 1015 Ga + /cm2 at ISO keV, eorresponding to a eoncen
tration of about 1 at. %. The depth distribution of the im
planted ions and their lattice loeation have been studied be
fore and after annealing using Rutherford backscattering
and ehanneling effeet measurements with 2-MeV 4He +
ions. The thermal treatment has been performed in a vaeu
um furnaee at temperatures of 100,200,250, 300, and 350 oe

There is growing inte;'est in the development of non
equilibrium techniques for the production of metastable
compounds and supersaturated solid solutions. Splat' cool
ing and ion implantation, e.g., have been used to exceed ther
mal solubility limits. In addition, recently pulsed beam heat
ing has been employed successfully to study the annealing
behavior ofimplanted-ion/target systems. While most ofthe
work has been performed with pulsed laser beams on im
planted semiconduetors, only a few attempts have been
made to anneal metallic systems. 1 This is probably due to the
difficulties of coupling lasers to polished metallic surfaees
with high reflectivity. In metals, pulsed electron beams2 are
expected to be a convenient method for transient annealing
of implanted surface regions.

In this letter, results from pulsed electron beam anneal
ing (PEBA) are compared with those from thermal treat
ment ofAl single-erystal sampies implanted with Ga ions. In
previous experiments it had been found that, although Ga
ions implanted into Al single crystals oecupied substitution
allattice positions to a high fraction, they were displaced on
the average to about 0.16 A from the ideallattiee sites.3 It
was therefore of interest to study whether an improvement
of the lattice site distribution eould be achieved with differ
ent annealing techniques.

"On leave from Physics Dep!., Univ. ofDacca, Bangladesh.
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tiona1 sites moved to substitutiona1lattice positions. The re
duction ofthe dechanneling yield in the part ofthe spectrum
arising from backscattering from the Al atoms (left part of
the figure) indicates some, though not comp1ete annealing of
the host lattice.

In Fig. 2 angular scan measurements from the host and
I he impurity atoms along the (100) axis are shown before
annealing (a), after PEBA (b), and after thermal annealing
(c). Analysis ofthe angular yield curves from the as-implant
ed crystals showed that about 85% ofthe Ga atoms occupied
substitutional sites as calculated from the formula
fs = (1-XJ/(l - Xii)' wherefs is the substitutional frac
tion and Xi and Xii are the normalized minimum yields for
the impurities and the host lattices. The narrowing of the
yield curve from the impurities indicates that the Ga atoms
are displaced from the ideallattice sites on the average by
about 0.16 A. These results are in accordance with earlier
experiments3 where angular scan measurements were per
formed in both (100) and (110) directions.

In the pulsed electron beam annealing process a con
tinuous improvement of the agreement of the angular yield
curves from the host lattice and the impurity atoms was ob
served, with the shape ofthe yield curve from the impurities
approaching that frorn the host, whose width remained un
changed. The best result after annealing with a total deposit
ed energy of 2.4 J/ cm2 is demonstrated in Fig. 2(b). Though
no complete agreement was obtained in the overall shape of
the curves, the Xmin values and the t/1112 values (halfwidth at
halfheight) were identical, showing that almost all Ga atoms
were now on perfect substitutional sites.

With thermal annealing an improvement of lattice site
occupation was also observed. The best result was obtained
in the temperature range 250-300 ·e, where it was observed
that about 93% ofthe Ga atoms occupied substitutional
sites. However, here, as shown in Fig. 2(c) a narrowing of the
yield curve from the impurities still remained, Le., the Ga
atoms were slightly displaced from the perfect lattice posi
tion. The annealing behavior of the host lattice in the ther
mal treatment was similar to that observed after PEBA.

In addition, in the thermal treatment aredistribution of
the implanted impurities was observed. This behavior is il
lustrated in Fig. 3, where random and aligned backscattering
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and heating times of 1 h. Pulsed electron beams have been
obtained from a system whose operation is described else
where.4 Electron beams with maximum energies ofabout 15
keV and pulse duration of 300 nsec have been used in those
experiments. The annealing behavior has been studied as a
function ofthe deposited energy. The sampies have been ex
posed successively to four single pulses ofO.6 J/cm2

•

Figure 1 shows randorn and aligned backscattering
spectra from the as-implanted Al crystal and after PEBA
treatment with a total deposited energy of 2.4 J/cm2

• In the
right part ofthe figure the Ga distributions before l(a) and
after l(b) annealing are shown. While in the random distri
bution of the impurity atoms little change is observed after
annealing, in the ( 1(0) aligned spectra the yield from the Ga
atoms is considerab1y reduced. This reduction indicates that
some of the Ga atoms which initially were not on substitu-

FIG. 2. Angular scan measurements for Ga and Alalong the (100) direc
tion for the as-implanted sampIe (a), after PEBA with 2.4 J/cm2 (b), and
after thermal treatment at 250 'e (c).
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FIG. 3. Backscattering spectra from Ga atoms showing the distribution of
the impurities in the thermal annealing process at different temperatures.
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spectra reflect the depth distribution of the Ga atoms in an
isochronal annealing treatment. These distributions should
be compared to those shown in Fig. l(a) and in l(b) after
PEBA treatment. Some impurity segregation at the crystal
surface can be observed in the aligned spectra, and diffusion
into the bulk out of the implanted region is also clearly
demonstrated.

In conclusion, the comparison of thermal with pulsed
electron beam annealing revealed two principle advantages
of PEBA over the conventional thermal method in the Ga
Al implantation system: (i) With PEBA, in contrast to ther
mal annealing, the implanted impurity distribution did not
change. This is a promising result with respect to the produc
tion of metastable alloys with higher impurity concentra
tions. (ii) With PEBA the improvement of lattice site occu
pation was much more effective than with thermal
annealing.

With the electrons penetrating to a depth of about 1.5
itm, the average temperature rise in the regime of annealing
was estimated to be - 350 oe, which is weIl below the melt
ing point of aluminum and comparable to the highest tem
perature applied in the thermal treatment. Thus it is thought
that both advantages ofPEBA are due to the fast cooling rate
achieved with this method. The cooling rate for transient
annealing in Si has been estimated to be about 109 K/sec,5
and for Al one can expect even higher cooling rates because
of the better heat conductivity of this material.

'Proceedings, Laser Effects in Ion Implanted Semiconductors, Catania,
1978, edited by E. Rimini (University ofCatania, Catania, 1979).

2A. R. Kirkpatrick, R. G. Little, A. C. Greenwald, and J. A. Minnucci, in
Ref. 1, p. 232.
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5A. C. Greenwald, A. R. Kirkpatrick, R. G. Little, and J. A. Minnucci, J.
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