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The first comprehensive ion-backscattering study of the influence of dislocations on the dechanneling of
energetic channeled ions has been carried out. High dislocation densities were obtained in the near-surface
region of single-crystal Al by implantation of 6.6 X 10'® Al/cm? or 2.6 X 10'® Zn/cm? Independent analysis of
the disorder introduced by the Al and Zn implantations, as well as a quantitative measure of the total length
of dislocation lines per cm?, were obtained by transmission-electron microscopy. Dechanneling measurements
were made by means of ion backscattering for H* and He™" ions ranging in energy from 0.5 to 2.8 MeV,
incident along the (110> axial and {111} planar channeling directions. For these experimental parameters a
systematic dependence of the dechanneling versus depth is demonstrated. These experimental observations are
characteristic of that predicted theoretically for dechanneling by dislocations and distinctly different from
that observed for randomly displaced atoms. The theoretical analysis for the data reduction is developed to
obtain the dechanneling cross section for dislocations from the experimental data for both axial and planar
channeling. The results are in agreement with independent theoretical calculations of the dislocation
dechanneling cross section by Quéré, both quantitatively and in the functional dependences of the
dechanneling parameter on energy, ion type, and channeling direction. From these studies the measurement
of dislocation density by single alignment channeling is estimated to require 10°~10'° dislocation lines per
cm?. Although axial channeling has been used in the past for depth profiling measurements of disorder by
backscattering, the large dechanneling cross sections and well-defined dechanneling behavior shown here for
planar channeling suggest that planar analysis may be more suitable than axial for determining the depth
distribution of dislocations by channeling-effect measurements.
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I. INTRODUCTION

Ion channeling, in conjunction with ion back-
scattering measurements, has been used exten-
sively to study disorder in the near-surface region
of single crystals. For a channeled beam of ions
a spatial redistribution of the incident-ion prob-
ability density occurs, such that there is a very
low probability to find a channeled particle closer
than approximately the Thomas-Fermi screening
distance to the atom rows or planes (~0.1-0.2 A)
and a high probability for channeled ions outside
this region. Thus the channeling technique can be
used to detect the number of atoms which are dis-
placed >0.14 away from lattice positions. Usually
the direct scattering by displaced atoms is used
to obtain a measure of the disorder and the de-
channeled component is subtracted as a back-
ground. Channeling has been used in this way to
carry out extensive studies of implantation dis-
order in ion-implanted semiconductors.!*?

However, a major difficulty arises in the quanti-
tative analysis of channeling data if the distribution
of displaced atoms is not approximately uniform
across the channel. In this case the direct scat-
tering and dechanneling signals both depend on the
number of displaced atoms and their position.
This is because the density of channeled particles
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and their collision-induced progression towards
dechanneled trajectories both vary strongly with
lateral position in the channel. In fact, for small
atom displacements from rows or planes the direct
scattering contribution becomes negligible relative
to the dechanneling signal. For this case an ac-
curate interpretation of the dechanneling is re-
quired to obtain a quantitative measure of the dis-
order and its depth distribution.

One approach to better understand and develop
the channeling technique for the analysis of dis-
order which gives rise primarily to dechanneling
has been to select model systems where one type
of disorder predominates. Then systematic chan-
neling studies are carried out, preferably in con-
junction with an independent measurement of the
disorder, for quantitative interpretation. In this
way it has been found that channeling measure-
ments as a function of various experimental pa-
rameters can greatly help in understanding the
nature of the disorder.

In one system small displacements in Si due to
light ion implantation have been studied as a func-
tion of tilt angle within major channeling directions.3
Here the direct scattering contribution was still
measurable and this was shown to provide infor-
mation on the radial density of displacements
around the crystal rows. A second system in-
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volved ion implantation into Au, for which electron
microscopy analysis reveals the formation of
black spots which are interpreted as small clus-
ters of disordered Au atoms.? These studies have
emphasized methods of obtaining the depth dis-
tribution of disorder without a detailed knowledge
of the nature of the clusters giving rise to the
black spots. In a third model system detailed
studies were carried out on heteroepitaxially-
grown Si layers which contained high densities of
stacking faults.® This case provided a nice ex-
ample of planar defects and it demonstrated, in
conjunction with electron microscopy, how quanti-
tative analysis of such defects could be obtained
from the dechanneling distributions. In all the
above cases ion backscattering has been used.
However, systematic studies have also been car-
ried out in transmission for a variety of cases
including interstitials, bubbles, stacking faults,
and dislocations.®

The present study reports a detailed analysis

of the influence of dislocations on the dechanneling

behavior of channeled ions. This model system is
obtained by the implantation of Al or Zn into Al.
The study combines ion backscattering meas—re-
ments as a function of various channeling pa-
rameters with independent measurements of the
disorder by transmission-electron microscopy
(TEM). Detailed channeling analyses as well as
comparison with theory are carried out in order
to gain an overall understanding of the influence
of the small correlated displacements around dis-
locations on channeled ions. The objective is to
further develop the channeling technique for the
quantitative study of this type of disorder. Pre-
liminary results of this study for Zn-implanted Al
have been reported in previous conference pro-
ceedings.”'®

The experimental procedure is presented in Sec.
II. In Sec. III the results are given for Al-im-
planted Al and Zn-implanted Al by ion channeling
measurements, and then by transmission electron
microscopy measurements. In Sec. IV the de-
channeling analysis procedure is given and applied
to the present data. This is followed in Sec. V
by a discussion of the results and comparison
with theory.

II. EXPERIMENTAL PROCEDURE

Aluminum single crystals of {110) orientation
were prepared by electropolishing and in some
cases were subsequently vacuum annealed at
400 °C. Implantation was carried out at room
temperature using a magnetically analyzed and
swept ion beam in a vacuum system with base
pressure in the 107"-Torr range. Implantations

were carried out along a nonchanneling direction
12°~15° from the (110) axis with an average beam
intensity of 1uA/cm?. The Zn implantations were
carried out at an incident energy of 200 keV to a
fluence of 2.6 X 10*® Zn/cm?, and the Al implan-
tations were carried out at 85 keV to a fluence of
6.6 x 10'® Al-cm?.

Channeling effect measurements were performed
for H* and He* ion backscattering at 165° in the
energy range 0.5-2.8 MeV. Analysis was carried
out along the (110) axial direction and {111} planar
direction, both of which were normal to the sam-
ple surface. TEM measurements were done at
100 keV in samples which were thinned prior to
implantation. They were implanted under the same
conditions as for the channeling analysis, except
that the sample surface was tilted 45° from the
beam normal to' restrict the depth of the implanted
damage to that which could be observed in the
microscope.

III. RESULTS
A. Al(Al) channeling

Ir’i/iT‘ig. 1 He backscattering spectra are shown
for channeling along the (110) axial direction in
Al-implanted Al for (a) 1.0-, (b) 1.5-, and (c)
2.0-MeV incident He* ions. The reduction in
scattering relative to the random spectrum is
seen to decrease with increasing He beam energy.
In each figure the curve labeled vivgin gives the
channeled energy spectrum for the same crystal
in an unimplanted region. Below the surface peak
there is an increase in the channeling signal with
decreasing energy. This dechanneling is initially
greater than that of the virgin crystal and is
gradually reduced at decreasing energy (increasing
depths) until the dechanneling rate is approximately
equal to that for the virgin crystal. This similar
dechanneling rate is indicated by the equal slopes
of the channeled spectra in Fig. 1 and is most ap-
parent for the highest energy analysis. In general
a dechanneling rate equal to that for the virgin
crystal indicates a region of undistorted single
crystal material. As will be discussed later, the
observed spectra are consistent with a calculated®
projected range for 85-keV Al in Al of = 11004
and a range spread of = 400 A.

The information contained in the channeled spec-
tra can be compared for the different energies
by plotting the results in terms of the dechanneled
fraction (the ratio of aligned-to-random yield) as
a function of depth, where the backscattered
particle energy scale has been converted into a
depth scale using conventional energy-loss pa-
rameters.!® The resulting dechanneling curves
are shown in Fig. 2 for the data of Fig. 1 for (a)
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FIG. 1. The (110) channeled and randon backscattering spectra from unimplantedb(virgin) and 85-keV Al-
implanted Al crystals for incident He beam energies (2)1.0, (b) 1.5, and (c) 2.0 MeV.

virgin and (b) Al-implanted Al. The dechanneled
fraction is appreciably greater in the implanted
crystal, indicating the presence of appreciable
disorder in the near-surface region. Even more
striking is the reversal of the energy dependence,
such that the dechanneled fraction increases with

increasing analyzing beam energy for the implanted
sample, whereas the intrinsic dechanneling mech-
anisms in an undamaged crystal lead to a decrease
in channeling with increasing incident energy. In
Fig. 3 the channeled spectra are seen to exhibit

the same energy dependence for proton analysis,
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FIG. 2. Dechanneled fraction vs depth for the (110)
axial channeling as a function of incident He beam ener-
gy for (a) virgin Al and (b) Al-implanted Al.

where (110) spectra are shown for the same Al-
implanted Al sample for incident proton energies
of (a) 0.5, (b) 0.75, and (c) 1.0 MeV.

From the energy dependence of these data we
can conclude that the dechanneling is not pri-
marily associated with randomly displaced atoms,
as is commonly observed in implanted semicon-
ductors. We demonstrate this directly for an Al-
implanted Al system by evaporating a thin Al
film (thickness =~1100A) on one of the (110) Al
single-crystal surfaces. The resulting polycry- .
stalline film represents a layer of scattering
centers which are essentially randomly located
with respect to the underlying (110) rows. In Fig.
4 examples of the backscattering spectra for (110)
aligned and random substrate orientation are
shown at two incident He energies. The Al grains
in the film are seen to be misaligned with respect
to the (110) substrate direction since the channel-
ing yield is the same as the random yield over an
energy region corresponding to the thickness of
the film. Be measuring the channeled minimum
yield after passing through the film as a function
of incident He energy, as indicated by the ratio of
'H,/H, in Fig. 4, one can compare the random
scattering film and implanted disorder cases, in
each case for a monoatomic Al system.

Results for the Al film and Al implant are shown
in Fig. 5, where the minimum yield is plotted vs
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the reciprocal of the incident beam energy for He
channeling along the (110) axis. In each case the
minimum yield has been measured at a depth of
1100A. The influence of randomly distributed
scattering centers on channeling is well under-
stood'* and the solid line in Fig. 5 for the Al film
was calculated as follows. The angular distribution
of the particles after passing through the Al film
is obtained using the plural scattering theory!?
(where here the mean number of collisions or ef-
fective thickness is m =6.4), and all particles with
angle greater than the critical angle are con-
sidered to be dechanneled and therefore contribute
to the minimum yield. The calculated full line
in Fig. 5 is seen to agree very well with the ex-
perimental minimum yield data for the thin evap-
orated Al film. In contrast, a reverse energy
dependence is observed for implanted Al, in-
dicating a clear difference in the nature of the
disorder from random scattering centers. The
theoretical discussion of this dramatically dif-
ferent dependence will be given in Sec. IV,

Planar channeling analysis of the Al-implanted
Al crystals shows the same energy dependence
as was observed for the axial data. In Fig. 6 are
shown the energy spectra for He ions incident
along the {111} plane for three different incident
energies (a) 0.75, (b) 1.0, and (¢) 2.0 MeV. The
derived dechanneled fraction vs depth curves are
shown for the virgin and implanted Al cases in
Figs. 7(a) and 7(b), respectively. The change in
planar dechanneled fraction with energy is more
pronounced in the planar case than in the axial
case. Again the energy dependence of the dechan-
neling is observed to be reversed between the
virgin and implanted crystals, as was found for
the axial dechanneling. In addition, the change
from rapid dechanneling in the near-surface region
to a flat dependence at deeper depths is more
pronounced for the planar than for the axial chan-
neling measurements.

B. Al(Zn) channeling

To demonstrate that the above results for self-
ion implantation are a general feature of ion im-

~ plantation damage in Al crystals, we have carried

out similar measurements for a heavier ion, Zn,
implanted into Al. A Zn implantation energy of
200 keV was chosen in order to maintain approxi-
mately the same theoretical projected range

(= 1100A) and range spread (= 400A4) as for the

85-keV Alimplants. The Znimplantation fluence was
reduced by a factor of approximately 2.5 to the value
2.6 X 10%/cm?; this corresponds to the ratio of the
theoretically predicted energy deposition into
atomic collision processes for 200-keV Zn relative
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FIG. 3. The (110) axial channeled and random backscattering spectra for protons incident on virgin Al
and Al-implanted Al at (a) 0.5, (b) 0.75, and (c) 1.0 MeV.

to 85-keV Al. Therefore, thetotal energy deposited implants, and this was observed to be the case.
into damage production was also the same for the The results for the energy dependence of the He
two implants. Thus, aside from differences re- channeling along (110) axial and {111} planar di-
sulting from the higher energy density in the Zn rections are presented in Figs. 8 and 9, re-

ion damage cascade, the resulting amount of dis- spectively. The same generalbehavior is observed

order should be comparable for the Al and Zn for the dechanneled fraction versus depth, both
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FIG. 4. The (110) axial channeled and random backscattering spectra for He incident at 2.0 (upper part)
and 0.5 MeV (lower part) onto a 1100-A Al vapor-deposited film on a (110) oriented Al substrate.

in terms of the energy dependence of the dechan-
neling and the depth over which the more rapid
change in dechanneling occurs. In addition, in
Fig. 10 the angular distributions for 2-MeV He
channeling along the (110) axis are compared for
the Zn-implanted versus unimplanted Al case.
The relative yield represents the average value
over the first 2000 A in depth. An increase in the
minimum yield is observed for the implanted
sample, consistent with the data of Fig. 8, and
the decrease in the shoulder region (near +1°)

is also consistent with the presence of disorder.
There is little difference, however, in the critical
angle, with only about a 2% increase in the half-
angle for the damaged crystal over that for the

virgin crystal. These results suggest that little
additional information can be gained from the angu-
lar distribution measurements for this model sys-
tem and therefore further angular distribution
measurements were not made.

C. Transmission-electron-microscopy results

A dark field micrograph for the Al implant is
shownin Fig. 11 and reveals the presence of a very
dense, tangled network of dislocation lines present
in the implanted material. The same qualitative
behavior is observed for the Zn implants, and a
similar micrograph for this case is shown in Fig.
12. The thickness of the analyzed region is esti-
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mated to be ~1000A. This is believed to include
the major part of the damaged region since for the
TEM samples the projected range was reduced by
~70% to 780 A by tilting the target 45°. Although
the dislocation density is high for analysis by
TEM, we have been able to make approximate
measurements of the total length of dislocation
lines per unit area. The measured projected length
is corrected for the difference in tilt of the sam-
ple during implantation between the TEM and chan-
neling samples, and also for the number of dis-
locations out of contrast for the imaging conditions
used. The resulting projected dislocation line
length for comparison to the channeling data is

9.6 X 10° cm/cm? for the Zn implant and 1.6 x 10°
cm/cm? for the Al implant. The absolute accuracy
of these dislocation length measurements is esti-
mated to be within a factor of 2 and is primarily
limited by the overlapping strain fields of the
dense dislocation network.

In Fig. 13 is shown the diffraction patterns for a
(110) pole direction for (a) virgin Al, (b) Al-im-
planted Al, and (c) Zn-implanted Al. From com-
parison of these diffraction patterns, which are
indistinguishable within the resolution of these
measurements, we conclude that any mosaic
spread induced by the implantation, if present, is
sufficiently small (<0.5°) to have negligible in-
fluence on the channeling data. In additign, the
diffraction data indicate that no new phases have
been induced in the samples by implantation. This
would be expected for a pure Al implantation into
Al, since no other chemical species are present,
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and also for the Zn implantation, since the Zn
atom mobility should be nil at room temperature
and therefore give a randomly dispersed Zn dis-
tribution throughout the implanted region.

IV. THEORETICAL ANALYSIS OF RESULTS

The procedure for analysis of disorder in channel-
ing measurements requires a model to describe the
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FIG. 11. Dark-field (D.F.) micrograph of Al-im-
planted Al using g=[111]. : .

interaction of channeled particles with defects.

A standard approach®® for randomly displaced
atoms in the host lattice is usually adopted under
several assumptions: (i) dechanneling due to de-
fects is additive to that caused by electrons and
thermally vibrating nuclei; (ii) dechanneled parti-
cles are not scattered back into channels; and
(iii) the critical angle is not changed by the intro-
duction of disorder. As illustrated in Fig. 14(a)
the aligned yield normalized by the random yield,
Xp, can be described at depth z in terms of two
components;

Xp(2) =XR(2) +[1 = Xg(2)] np(2) /7, (1)

where the first term, Xz, is the dechanneled frac-
tion of the aligned beam and the second term
represents the direct scattering of the channeled
fraction of the aligned beam from displaced atoms
of density n, for crystal atom density #». The de-
channeled component is given by

X&(2) =Xy (2) +[1 = Xy (2)]{1 - exp[ - oNy(2)]},
()

where X, is the aligned yield at depth z for a vir-
gin crystal, o is the dechanneling cross section

for the defects, and Np(2) is the total number of
defects per centimeter? integrated from the surface
to the depth z. In this analysis the use of x values
measured in virgin crystals implies the assumption

A2(200keV Zn)
2.6 x 10'%cm? 45° titt

FIG. 12. Dark-field micrograph of Zn-implanted Al
using g=[111].

of additivity of the various contributions to de-
channeling, 416

In the present case, TEM measurements in-
dicate that the disorder is dominated by disloca-
tions. Dechanneling due to an edge dislocation is
illustrated schematically in Fig. 14(b). Particles
impinging normal to the dislocation line see a
disordered axial or planar channel due to the bend-
ing of the atomic planes. The interaction of the
channeled particles with the strain field surround-
ing the dislocation line can be approximated in
terms of a dechanneling cross section per unit
length of dislocation line A, which may be thought
of as an effective width of the dislocation for de-
channeling. Consistent with the small displace-
ments of lattice atoms around dislocations, there
is negligible contribution to direct scattering rela-
tive to the dechanneling and thus, Xp=~xg. This is
confirmed by the lack of even a small disorder
peak in the vicinity of the implanted region. There-
fore from Eq. (2) we obtain

1-xp(2)/1=xy(2) = exP[—hL(Z)] (3)

where L(z) denotes the total length of dislocation
lines per centimeter? between the surface and
depth z,

L= [ 1z dz ‘ 4)
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FIG. 13. Diffraction pattern for [110] direction for (a) virgin Al crystal, (b) Al-implanted Al crystal, and (c)
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FIG. 14. Schematic of the processes of (a) direct scattering and dechanneling by displaced atoms and (b)

dechanneling by a dislocation.

and /(z) is the dislocation line length density at
depth z. The dechanneling width A is therefore
defined by N0 =LA,

From Eq. (3) we see that the function [1 - x(2)]/
[1 = xy(2)] versus depth should become flat as
depths corresponding to the undamaged region are
reached. This is seen to be the case for the Al-
implanted (110) axial data for several different He
beam energies in Fig. 15. The depth z, of 1500 A
indicated in the figure corresponds to approximately
the projected range plus range spread expected
theoretically for 85-keV Al in Al. The break in the

slope is seen to be somewhat below this depth,
indicating that the disorder extends deeper than
this. A second depth for analysis of the data of
2, =4000 A has also been used, since by this depth
the relative change in slope in Fig. 15 and all the
other dechanneling data suggest that the entire
region of implantation disorder has been sampled.
Thus the value of L(2) corresponding to the total
amount of implantation disorder in the layer should
be obtained.

In Fig. 16, the same analysis approach is applied
to the {111} planar data for the Al implants. The

0.9~ AZ(A7)  (110)
[ ]
|
0.8 ' @} Het ENERGY = 1.0 MeV
——C
: [ ®, ') O
[}
]
0.7 !
]
1-Xp 1
I-—XV ! \h‘__g\l 1.5
! 0 2.0
0.6 ! .
= M
" 2.8
- t(~R 4
0.5 Z) = 1500A (= ot R)
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T | | | | |
0 1 2 3 4 5
30
DEPTH (10 A)

FIG. 15. Dechanneling parameter vs depth for Al-implanted Al as a function of He analysis energy for (110)

axial channeling.
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FIG. 16. Dechanneling parameter vs depth for Al-implanted Al as a function of He analysis energy for {111}

planar channeling.

changes in slope are more apparent in the planar
channeling analysis for all but the lowest analysis
energy. This suggests that a more sensitive mea-
sure of the depth dependence of the dislocations

is given by the planar channeling data.-

One point of consistency throughout all the data,
including the four different energies for axial
channeling and the four different energies for
planar channeling, is that the break in the slope,
which indicates the dividing point between the dis-
ordered and undisordered regions of the crystal,
occurs at the same depth in all cases. The (1
- Xp)/(1 =Xy) value has not become a constant
at deeper depths, particularly for the axial data,
but continues to decrease slowly. This indicates
that the transverse energy distribution of the
channeled particles has been modified due to the
defects present at shallower depths.

Based on previous theoretical analysis!” and

Monte Carlo calculations,® the cross section
AL(z) is expected to have the following energy de-
pendence for both the axial and planar cases:

AL(2) =k(2)E*/2 (5)

where the parameter 2 is dependent upon the chan-
neled particle and target parameters, as will be
discussed later. To explore whether our experi-
mental data follows the energy dependence pre-
dicted by Egs. (3) and (5), in Fig. 17 we plot
log[(1 —Xp)/(1 - xy)] at the indicated depths versus
E'’2 for both the axial and planar Al-implanted

Al data. As seen in Fig. 17, both the axial and
planar data follow straight lines, indicating that
the predicted energy dependence of Eq. (5) is
obeyed experimentally. This is particularly con-
vincing for the planar data for which the (1 -x,)/
(1 -=Xxy) values change by nearly one order of
magnitude between the highest and lowest beam
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FIG. 17. Dechanneling parameter vs E!/2 where E is the incident beam energy for He channeling along (110)
axial and {111} planar directions taken at the depths, z, indicated.

energy. The data for the axial direction is also
consistent with a E/2 dependence, although the
values do not extend over a sufficiently large range
to unambiguously eliminate other functional de-
pendences. Since the energy dependence of Eq.
(5) is obeyed to within experimental accuracy, then
the slopes of the lines drawn through the data in
Fig. 17 can be used to obtain the value of %(z).
Based on Eqgs. (3)-(5) and the consistency of the
experimental observations with the predicted E?! /2
dependence for A, all the experimental data were
analyzed in terms of (1 - xp)/(1 = Xy) and fit to the
exponential function Ae™'/%, A summary of all
the data in terms of the extracted values for %
and A is given in Table I. The % values are ob-
served to be appreciably higher for planar chan-
neling than for axial channeling as compared at
a depth z = 1500A. The same trend has been found
for the analysis at z =4000A. The accuracy for
the % values is estimated to be £0.02. The A
values represent (1 -Xp)/(1 -xy) extrapolated to
zero energy and in the axial case are nearone, as
predicted in this simple analysis, while in the
planar case they differ considerably from 1. This

is believed to result from our assumption of
additivity for the dechanneling mechanisms pres-
ent. A detailed description of the change in the
transverse energy distribution with traversed
depth would be required to account for both the
deviation of A from 1 in the planar case and the
continuing change of (1 -x,)/(1-Xy) at. depths
deeper than the damaged region.

A comparison between H and He analysis along
the (110) axial channeling direction for the Al-im-
planted samples at a depth of z = 15003 is given
in Fig. 18. The data is plotted in the same way
as in Fig. 17, except that the (1 =x,)/(1 -X,) scale
is plotted linearly for this region of small change
and small value for the argument of the exponent,
k(z)E'’2. The data of Fig. 18 demonstrate the
relatively good consistency between the He* and
H* analysis, with the % value for proton analysis
seen to be somewhat larger than that for He anal-
ysis, as given in Table I.

The analysis of the Zn-implanted Al data has
been carried out in the same way, and the results
give the same qualitative behavior as observed
for Al-implanted Al. Figure 19 shows a plot of
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FIG. 18. Dechanneling parameter vs EY? for Al-implanted Al for H and He analysis beams incident along

the (110) axis.

(1=xXp)/(1 -xy) versus depth for the (a) (110) axial
and (b) {111} planar analysis as a function of He
analyzing beam energy. Again, there is a rapid
change in this damage parameter with depth fol-
lowed by a region of constant slope after passing
through the implantation-disordered region. Also,
the planar data again show a more pronounced
depth dependence than the axial data at the higher
analysis beam energies, and the break point be-
tween the region of changing slope and of approxi-
mately constant slope is about the same in all the
measurements.

One advantage of the Zn-implanted samples is
that the final depth distribution of the implanted
Zn is also measured in the ion backscatterihg
measurements. Thus, in Fig. 20 is shown the ob-
served Zn profile along with the 1-MeV He planar
dechanneling data for the (1 -X,)/(1 ~Xy) pa-
rameter. Since the theoretically predicted depth
distribution® of the damaged deposition by the Zn
ions is similar in shape and located slightly shal-
lower than the Zn-ion profile, the Zn profile pro-
vides a measure of the maximum depth at which
the damaged induced by .the implant would be ex-
pected to have been initially deposited. The arrow
indicates the calculated Zn ion (R, + AR,) value.

The Zn profile is seen to extend deeper than theo-
retically predicted, but does exhibit a fairly
Gaussian shape, as would be predicted. For ex-
ample, the projected range R, is observed to be
at ~ 13004 in contrast to the predicted value of
~10004. The peak in the damaged deposition
curve for this case occurs at =0.6 of the peak in
the final implanted ion profile,® and this would
correspond to zSOOA,which is near the center of
the most rapid change in the damage parameter
for 1-MeV He plotted in upper part of the curve.

"Thus, there is good correspondence in depth be-

TABLE I. Values of 2 and A extracted from the experi-
mental data for Al-implanted Al as a function of axial or
planar channeling direction, projectile type, and analysis
depth. .

Crystal Channeled  Depth A k
direction particle (A) (MeV™1/2)
(110) He 1500 1.3 0.35
(110) He 4000 1.2 0.37
(110) H 1500 1.3 0.47
{111} He 1500 2.3 1.38
{111} He 4000 3.5 2.05
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tween the region of damage deposition as observed
by the planar dechanneling analysis presented here
and that which would be predicted from the observed
Zn concentration profile.

The logarithm of the damage parameter versus
E'/? ig plotted for the Zn-implanted Al in Fig. 21.
Again, the same general behavior is observed
confirming the E'/2 dependence. Extracted values
for the parameters A and % for He channeling
analysis at depths 1500 and 4000A are given in
Table II. The data show the same trends as in the
Al-implanted case.

From the total projected length of the dislocation
lines L determined from the TEM measurements,
we can obtain the dechanneling width A given in

TABLE II. Values of 2 and A extracted from the exper-
imental data for Zn-implanted Al.

Crystal Channeled Depth A k
direction particle (K) (MeV~1/2)
(110) He 1500 1.2 0.22
(110) He 4000 1.2 0.23
{111} He 1500 1.5 0.76

{111} He 4000 1.8 1.01

1.0 =
A/ (Zn)
0.8} (110)
Z-1500 A
06l (=R, +aR )
(=1 >
altio
0.4}
- 1500 A
Z = 4000 R {111]
0.2~ 0.5 L0 L5 20 2.8 He' ENERGY (Mev)
1 1 1 ] 1 1
T 1 1 1 1
0 0.5 1.0 L5 . 20
1 1
E* (MeV?)
FIG. 21. Dechanneling parameter vs E? for Zn-~

implanted Al for He channeling along the (110) axial and
{111} planar directions measured at the depth z indi-
cated.

Eq. (5). The values of L obtained by the TEM mea-
surements were L =1.6x 10° cm/cm? for the Al-im-
planted samples and L =9.6 X 10°cm/cm?for the Zn-
implanted samples. These numbers include the
correction factors for the differences in sample
tilting during implantation and the fraction of dis-
locations out of contrast. From geometrical con-
siderations, the actual length is greater than the
projected length by a factor =1.27. Using the
above L values we obtain the experimentally-de-
termined values of the dechanneling width for dis-
locations. These are given in Table III based on
the & values taken at z=1500A. The depth at which
the % values should be compared to the L value
determined by TEM is not precisely determined

in the present measurements. However, since the
TEM samples were tilted 45° during implantation,
the depth of z = 15004 in the channeling samples
corresponds to ~10004 in the TEM samples, which
is the approximate depth that was sampled in the

TABLE III. Comparison of experimentally measured
and theoretically predicted dechanneling widthg A in ang-
stroms for beam energy E in MeV at 2=1500 A (RR,
+AR,).

Channeled Implanted

Direction particle Ion Experiment Theory
Axial He Al 22E1/2 21E1/2
110

H Al 29g1/2 30E1/2

He Zn 23g1/2 21E1/2

Planar He Al 85E1/2 79g1/2
{111} .

He Zn 79E1/2 79E1/2
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micrographs. In the extreme limit if all the
damage as measured by He channeling at z
=40004 were sampled in the TEM measurements,
then the values of A would be 23E!/2 and 24E!/2
for (110) analysis, and 127E'/2 and 105E'/2 for
{111} analysis, for Al-implanted and Zn-implanted
Al, respectively. Although the planar channeling
results are more sensitive than the axial channel-
ing results to this choice of z, the results are
still within the estimated accuracy of a factor of 2
for the absolute value of L. Also, the dislocations
in the implanted Al were of mixed type and orien-
tation, and thus the experimental dechanneling
widths of Table III represent averages over these
parameters.

V. DISCUSSION

Transmission electron microscopy measure-
ments have indicated that Al and Zn-implanted
single crystal Al samples have large densities
of dislocations in the implanted region. From the
TEM measurements, as well as the consistency
of the dechanneling measurements, it is concluded
that dislocations are the dominant type of defect
giving rise to the observed dechanneling. There-
fore, these implanted samples are used as a
model system to investigate the influence of dis-
locations on dechanneling, and thereby to further
develop the ion channeling-backscattering tech-
nique for the analysis of this type of disorder.

Detailed dechanneling measurements as a func-
tion of incident particle energy, particle type, and
axial or planar channeling direction gave well-
defined dependences consistent with the simple
dechanneling analysis. The results indicate an
E'/2 dependence of the dislocation cross section
for dechanneling (dislocation width) for both axial
and planar channeling. The dislocation cross
section is observed to be a factor of =4 higher
for planar dechanneling than for axial dechanneling.
Also, the axial dechanneling cross section is
higher for protons than that for He particles of
the same kinetic energy.

The expected behavior for dechanneling by dis-
locations has been considered theoretically by
Quéré" in a simple analytical model and by Morgan
and Van Vliet,' based largely on Monte Carlo
calculations. Both the analytical and computer
simulation studies predict an E'/? dependence for
the dechanneling cross section, as is observed '
here experimentally. Quéré derives an analytical
expression for the dechanneling cross section for
dislocation lines from a model based on the curva-
ture induced in the channels by dislocations. For
axial channeling and averaging over all the possible
orientations of the dislocation with respect to the

axial channel direction, he obtains
A =(bda E/aZ Z,e*)"?, (8)

where b is the length of the Burger’s vector of the
dislocation, d is the average interatomic spacing
along the rows forming the channel, a.g is the
Thomas-Fermi screeing distance, e the electronic
charge, E the energy, Z, the incident particle
atomic number, Z, the average atomic number of
the target atoms, and @ is a constant for a given
type dislocation and equals 12.5 and 4.5 for screw
and edge dislocations, respectively.’ In the im-
planted samples studied here dislocations of mixed
type are present and we have used a=8.5.

For the {110) axial direction in Al Eq. (6) gives

N1 =30(E/Z1)1 & s (7

where we have taken b =2.86 A, and A and E are in
units of angstroms and MeV, respectively. The
value of (ar)!’? here is assumed to be constant
with Z, for small Z,. The theoretical agreement
with our experimental observations (See Figs.
17, 18,21, and Table III) is quite good, both in
functional form and absolute magnitude. Such
agreement is particularly satisfactory in view of
the simple theoretical description used and the
combined accuracy of the experimental measure-
ments involved. Also, the correct trend is ob-
served between He and H projectiles. For ex-
ample, in comparing the consistency between our
experimental measurements for the cross section
for H and He with that theoretically predicted, we
obtain 1.35 for the ratio A(H)/A(He), while the
value 1.4 is predicted theoretically.

For planar dechanneling Quéré gives'

A, =(bE/8.6Z,Z,e2N,)*/2, (8)

where N, is the atom density of the planes. This
gives for He ions incident along the {111} planar
direction in Al

Ay =T9E!/2, (9)

where A and E are in units of angstroms and MeV,
respectively. Again, we obtain relatively good
agreement between experiment and theory (See
Figs. 17 and 21 and Table III), with the better
agreement given for the A value determined ex-
perimentally at depth z =15004 than at 4000 &
(see Sec. IV and Table III). One may also compare ‘
the experimental and theoretical ratio between

the dechanneling cross section for {111} planar

and (110) axial dechanneling which ranges between
3.3 and 5.8 experimentally versus the calculated
value of 3.7. The larger planar dechanneling cross
section relative to that for axial dechanneling can
be understood simpiy srms of the planar po-
tential being weaker : the row potential. The
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dechanneling widths for the axial and planar case
are 21 and 795, respectively, for 1-MeV He.
These large values compared with the axial or
planar lattice width help to justify the above sim-
ple treatment of dislocation dechanneling, which
does not require a detailed description of the
particle trajectories in the vicinity of the disloca-
tion. The agreement here and the relatively strong
dependence of the experimental planar A values on
the depth of analysis is probably limited by the
modification of the transverse energy distribution
in the highly disordered region, which changes
the subsequent dechanneling behavior of the beam.
Information on the depth distribution of disloca-
tions is contained in the plot of the damaged pa-
rameter (1 -X,)/(1 -xy) versus depth. From Eq.
(3) it can be seen that the rate of change of this
parameter with depth is closely related to the
density of dislocations at a given depth. The pres-
ent study has shown that the planar dechanneling
data could potentially give a better measure of the
depth distribution of the dislocation density than
the axial channeling data. The results are con-

sistent with what would be expected theoretically
based on the observed Zn depth profile.

The present results indicate that a high density
of dislocations is required for detection by de-
channeling measurements. In our case the dis-
location density in the implanted region is approxi-
mately 10** ¢m length of line/cm3 (=lines/cm?).
This density, which is introduced by only mod-
erately high implantation fluences, is comparable
to that found in cold-worked metals. We can esti-
mate from these measurements that a minimum
dislocation density of approximately 10°-10°
lines/cm? is required for detection by single align-
ment channeling measurements.
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FIG. 11. Dark-field (D.F.) micrograph of Al-im-
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FIG. 12. Dark-field micrograph of Zn-implanted Al
using g=[111].
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FIG. 13. Diffraction pattern for [110] direction for (a) virgin Al crystal, (b) Al-implanted Al crystal, and (c)
Zn-implanted Al crystal.



