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Channeling measurements by backscattering of 1.8-MeV He ions have been made on (111)-
and (110 )-oriented Si covered with evaporated layers of Al and Au. The minimum yield,
half-width of the angular-yield profile, and depth dependence of the aligned yield were mea-

sured as a function of metal~film thickness.

Comparisons between experimental and calcu-

lated values have been made on the basis of two different treatments of plural scattering. The

minimum yield follows the predictions of the Meyer treatment.

This treatment leads to good

agreement with angular-yield profiles and dechanneling dependence on depth obtained with Al

films.

For Au films the measurements suggest that the distribution should be more peaked

than that calculated. These results can also be applied to investigations of dechanneling and

disorder in single crystals.

I. INTRODUCTION

Channeling-effect measurements in single crys-
tals are based on the large attenuation in the yield
of processes requiring close-impact collisions
which are observed when the incident beam is
aligned with low-order crystallographic planes or
axes; for example, Ref. 1. This attenuation is
sensitive to crystalline imperfections and has been
used to determine disorder distributions in ion-
implanted samples®* and in epitaxially grown sin-
gle-crystal layers.® The yield of close-encounter
processes is, in fact, influenced by the initial dis-
tribution in transverse momentum of the particles
as they enter the crystal. Superposition of amor-
phous layers on single crystals causes an increase
in the particle transverse momentum due to scatter-
ing events in the film, in addition to that acquired
passing through the crystal surface. This leads to
an increase in the aligned yield as has been found
for silicon covered with dielectric layers®” and

metal films. ®

Analysis of measurements of disorder distribu-
tions and of channeling effects in crystals covered with
amorphous layers requires knowledge of the scat-
tered-particle distribution and of the probability
that a particle with a given transverse momentum
will be transferred out of the aligned component
into the random component of the beam (dechan-
neled). For the dechannneling probability it is
assumed (square-well approximation) that a parti-
cle is in the random component of the beam when
its angle with the channel axis is greater than ¢,,,,
the critical angle for channeling. In channeling
measurements of disorder, various scattering
treatments have been used to obtain the angular
distributions of the particles; single, *° multiple, %3
and plural® scattering. These scattering regimes
are classified according to the mean value m of the
number of collisions, which is proportional to the
layer thickness ¢ and to the number of scattering
centers per unit volume N. This number m, also
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called “reduced thickness,” is given by Ntn(ary)?,
where ary is the Thomas-Fermi screening param-
eter. For m < 1 we are in the region of single
scattering which is described for a Coulombic po-
tential by the Rutherford law. For m >1 (m >20),
the number of scattering events is large and the
process is called multiple scattering. In between
single- and multiple-scattering regions lies plural
scattering.

A plural-scattering regime seems most reason-
able to apply to the small numbers of scattering
centers typically encountered in disorder analyses.
To data, the plural scattering has been based on the
treatment of Keil et al. 10 which has a strongly
peaked forward distribution. Recently, a new
treatment of plural scattering has been proposed
by Meyer. 11 Experimental measurements of scat-
tering of heavy ions of keV energies transmitted
through thin films show good agreement with cal-
culations based on the Meyer treatment. **® For
larger numbers of scattering centers, the two
treatments give the same distribution which mer-
ges with the Moliére theory. 4 For a general ref-
erence to multiple scattering in the high-energy
regime, see Scott. 15 It seems, then, interesting
to study by channeling a more simple experimental
situation than that met in disorder analysis. This
has been achieved by covering the single crystals
with an evaporated layer to simulate the disorder,
with the aim to obtain a direct test of the more
appropriate distribution to be used to extract dis-
order profile by channeling-effect measurements.

In this work we have used backscattering tech-
niques with MeV He ions to measure minimum
yields, angular-yield profiles, and aligned yields
versus depth in silicon samples covered with Au
and Al films. The approach was to use various
film thicknesses to investigate experimentally
the scattering regime where both Meyer and Keil
et al., treatments gave comparable distributions
and where the distributions differed.

II. EXPERIMENTAL

A. Technique

The samples were prepared by vacuum deposi-
tion of different thicknesses of Al and Au layers
onto a silicon or germanium single-crystal sub-
strate at room temperature. The evaporation of
Al and Au was made on samples masked so that
in the same sample there was uncovered Si, Si plus
Au, and Si plus Al. The sample was initially
aligned along a major axis in the uncovered part
and then the incident beam was translated to vari-
ous portions of the sample to allow a direct com-
parison of the yields. Film thicknesses ranged
between 100 and 1000 A for Au and between 900
and 5000 A for Al.

Channeling measurements were made using the
backscattering technique with a beam of 1. 8-MeV
He ions. " The beam divergence was limited by
means of apertures to a value of 0,7x10% rad.
Secondary-electron-suppression techniques were
used and the vacuum in the scattering chamber was
less than 10~° Torr. Particles backscattered from
the target through a laboratory angle of 168° were
detected by a 25-mm? surface-barrier detector,
10-cm distance, and standard electronics were
used to feed pulses to a 400-channel pulse-height
analyzer. The energy resolution of the system
was $15 keV.

Figure 1(a) shows two energy spectra of back-
scattered particles from uncovered Si obtained;

(i) when a low-index direction ({111)) is well
aligned with the incident-beam direction (aligned
spectrum) and (ii) when the beam is incident in a
random direction (random spectrum). The random
spectrum was obtained by tilting the sample to 10°
and continuously rotating the crystal about the beam
direction. * Near the surface, the (111) aligned
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FIG. 1. Energy spectra for 1.8-MeV He* backscattered;
(a) from an uncovered silicon crystal for random (e) and
(111) aligned direction (a), (b) from a silicon crystal
covered with 400 A of Au for random (e) and (111) aligned
direction (a), and (c) from a silicon crystal covered with
3600 A of Al for random (e) and (111) aligned direction
(4). The bottom scale represents the energy (MeV) of the
backscattered particles. The top scale in the three figures
represents the depth inside the silicon crystal from which
the particle has been scattered.
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yield was ~ 3% of the random yield. The ratios of
aligned to random yield for (111) and (110) orien-
tations were in agreement with previously mea-
sured values.?

The energy-to-depth conversion scale is ob-
tained from stopping power!” and experimental
geometry following the usual procedure®® (repre-
sentative values for stopping power are 31.4, 29.5,
26.2 eV/A for 0.5, 1.0, and 1.5-MeV He, respec-
tively). The depth scale for random incidence is
shown in Fig. 1(a). For aligned incidence, the
depth scale may differ by as much as 15% due to
the lower stopping power of well-channeled parti-
cles'® in the ingoing trajectory. However, the
stopping power depends on the trajectory of the
channeled particle and the exact value to be used

in backscattering measurements cannot be specified.

We assumed equal aligned and random stopping
powers and obtained a depth conversion near the
surface of Si of 43.8 eV/1°\ for both random and
aligned spectra.

The angular-yield profiles of uncovered portions
were determined by measuring the yield of parti-
cles backscattered from just below the surface for
fixed integrated beam charge at different tilt angles
with respect to the (111) or (110) directions (Fig.
2). The value of full width at half-minimum (2y;,5)
obtained from axial-angular scans agreed with the
values obtained in the previous measurements. t
Values of the aligned yield and ¥, ,, on uncovered
portions of the samples indicated that the effects of
surface-oxide layers, mosaic spread, and lattice
disorder were minimal.

The angular scans on the uncovered portionwere
used to determine sample orientation for aligned
and random spectra. These spectra for covered
portions of the sample were obtained by translating
the beam from the uncovered portion. Translation
of the beam causes a change in the angle of inci-
dence of 0.3x107 rad (a value about 40 times
smaller than y;,,). Measurements on uncovered
samples revealed that translation of the beam had
no effect on the aligned yield and shape of the an-
gular-yield profile.

To evaluate the evaporated films, backscattering
techniques were used. !® Figures 1(b) and 1(c)
show spectra of Si samples covered with 400 A of
Au and 3400 A of Al, respectively. The presence
of a metal film causes a shift in the Si signal to
lower energy [Fig. 1(b)] due to energy losses of
the particles as they transverse the film. The
signal from Au [shaded portion, Fig. 1(b)] appears
at high energies. The signal for Al [shaded portion,
Fig. 1(c)] appears at lower energies and the trailing
edge of the Al signal overlaps the leading edge of
the Si signal by 21. 6 keV producing an overlap
peak.” The extraction of the aluminum signal from
the experimental spectra requires a more elaborate
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method reported in detail in Ref. 7, and which has
been adopted in the present work. The number of
Au and Al atoms per cm? was determined by inte-
grating the counts in the two signals; this number
was used in the comparison with theory, although
for simplicity in presentation the film thickness

is given in A (conversion factors: 5.9x10'7 Au
atoms/cm? and 6. 02x10'? Al atoms/cm? are equiv-
alent to 1000 A. Backscattering measurements
were also used to determine the uniformity of the
film. There were no anomalous features in the
trailing edge of Au spectra or in the Al-Si overlap
peak for film thicknesses greater than 200 A of Au
and 600 A of Al, respectively. For Au films of
about 100-A thickness, the leading edge of the Si
signal indicates the presence of thickness varia-
tions. For this thickness, the spectra for some
samples indicated that as much as 10% of the Si
was uncovered.

From a channeling standpoint, the films could be
treated as amorphous layers. When the beam was
aligned with the (110) or (111) axial directions, no
change was found in either the Au or Al signals
from that obtained with a random incidence. Planar
scans also did not reveal orientation effects. These
facts indicate that if the films are polycrystalline,
the crystallites are either sufficiently smallor the
orientation is sufficiently random so as to allow
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FIG. 2. Normalized yield vs tilt angle for 1.8 MeV He*
impinging on the (110 ) direction of Si covered with 220 A
of Au (a) and 2130 & of Al (s). Theyields were measured
at depths about 0.1y below the surface and normalized to
2500 counts.
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290 A of Au (a) and 3090 A of Al (w).

the treatment of these films as amorphous struc-
tures.

B. Experimental Concepts

If the crystal is covered by an amorphous layer,
the aligned yield [as shown in Figs. 1(b) and 1(c)]
increases. This increase is produced by the
scattering experienced by a particle traversing the
amorphous layer; in fact, the layer introduces an
angular dispersion into the initially well-collimated
beam so that the fraction of the beam which satis-
fies the channeling condition is decreased. The
measured quantities in channeling experiments are
essentially the following: (i) the ratio (minimum
yield, or dechanneled fraction yx,) between the
aligned (4) and the random (R) yield near the sur-
face [see Fig. 1(b)]; (ii) the shape of the yield
plotted as a function of angle of incidence both for
planar and axial direction (see Figs. 2 and 3); (iii)
the change in the ratio between aligned (4) and
random (R) yields x=A/R as a function of depth
inside the crystal (see Fig. 4).

Figure 2 shows the normalized yield versus tilt
angle for 1. 8-MeV He® impinging along the (110)
direction of a Si sample covered with 220 A of Au
and with 2130 A of Al. A planar scan across the
{110} plane of Si is shown in Fig. 3. The shapes
of the planar and of the axial angular-yield pro-
files differ between uncovered and covered Si not
only for the minimum yield, but also for the value
of the width, defined as the full width at a level
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midway between the random and the aligned yield.
It is also apparent from the same figures that with
nearly the same minimum yield the angular shape
is broader for Al case than for Au. The difference
in channeling behavior is more evident from Fig. 4
in which the normalized aligned yield (dechanneled
fraction) versus depth is plotted for different thick-
nesses of Al and Au layers on (111) and (110) ori-
ented silicon. The rate of dechanneling is higher
for Si covered with aluminum than for Si covered
with gold layers. All these observations point out
the role played by the amorphous layer in deter-
mining the angular distributions of particles.

The results shown in Fig. 4 also indicate that
the magnitude of ¢, , , is an important parameter,
For instance, the minimum yield measured on Si
covered with 340 A of Au (Fig. 4) is smaller for
(110} oriented silicon than for (111) oriented. This
is a consequence of the fact that ¢,,, for the (110)
orientation is larger than that for (111) orientation.
In the following sections we will try to correlate
this information with the existing treatments on
scattering of particles through thin films.

III. THEORY AND EXPERIMENT
A. General Considerations

The increase in aligned yield for single-crystal
substrate covered with amorphous films is de-
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FIG. 4. Ratio of aligned to random yield, the dechan-
neled fraction vs depth for 1.8 MeV He* impinging along
the (110) and the (111) axes of uncovered and covered
silicon with different thicknesses of Au and Al. (Si: e
(110), 0O{111); Si with Au: a {110), A {111); Si with
Al: w(110), p{111).) The minimum yield at the surface
is found by extrapolating the dechanneled-fraction curves
to zero depth.
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termined by the angular distribution of particles
scattered within the film in addition to the deflec-
tions produced by the crystal potential and the
criterion for channeling within the crystal.

There are several methods to determine the
aligned yield from the underlying crystals. One
method for calculating the aligned yield near the
surface, i.e., the minimum yield xq, is to treat
as dechanneled all particles just beneath the crys-
tal surface which have an angle with the channel
axis greater than );,,. The minimum yield is then
given directly by the integral of the initial angular
differential distribution of particles, just beneath
the crystal surface, for angle values greater than
d1/2-

This procedure, usually called the square-well
approximation, assumes that a particle is in the
random component of the beam (dechanneling prob-
ability equal to one) when its angle with the channel
axis is greater than y,,,, or equivalently when its
transverse energy E, is greater than Ezpf,a, and
that a particle is in the aligned component (de-
channeling probability and rate of interactionequal,
respectively, to zero) when its angle with the
channel axis is lessthany,,,, or equivalently when
the transverse energy E, is less than Ey2,,. No
account is, then , given for the shape of the de-
channeling probability.

The angular distribution of particles which enter
a covered single crystal along a close-packed
atomic row just beneath the crystal surface results
from (i) the experimental angular spread of the
beam, (ii) the angular spreading produced by the
layer covering the crystal surface, (iii) the scatter-
ing due to the lattice potential (transmission factor).
In highly perfect crystals not covered with layers,
the dechannneling produced by the last mechanism
is small [~ 3% in Fig. 1(a)] for axial channeling,
while it amounts to ~ 20% for planar channeling.

As an approximation for the axial case we have
neglected in the covered crystals the contributions
(i) and (iii) to the angular distribution of particles,
i.e., we have taken into account only the scattering
produced by the metal layer in calculating the mini-
mum yield x, (Sec. IIIB). To test the validity of
this approximation a numerical calculation has
been carried out including both (ii) and (iii) contri-
butions to determine the angular distribution of
particles after traversing 88 A of Au, and imping-
ing along the (111) axis of Si.!° The resulting dis-
tribution differs about 20% from that obtained with
contribution (ii) alone for small angles of scatter-
ing (~ 15 of ¥;,,), while the two coincide within
5-10% for angles comparable or greater than ;.
Of course with increasing layer thickness the con-
tribution of the transmission factor in the axial
case becomes more and more negligible.

In the planar case (treated in Sec. III C), how-
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ever, the transmission factor cannot be neglected
and it is necessary to take the convolution of the
angular-planar-yield profile for the uncovered
crystal (which includes the transmission factor)
with the distribution f,(6,) of particles scattered
through an angle 6, with respect to the plane.

The same convolution treatment can be applied
to the axial case (Sec. IIID) to obtain the minimum
yield at the surface. Further, the treatment can
be extended to give the aligned yield as a function
of depth within the crystal (the depth dependence
of dechanneling). In this case the angular-yield
profile measured on an uncovered crystal at vari-
ous depths within the crystal is utilized as the
probability for dechanneling in which all the contri-
butions previously neglected are taken into account,

The differential angular distributions obtained
directly from the Meyer and the Keil et al. treat-
ment of plural scattering are shown in Fig. 5. In
these treatments film thicknesses are specified by
the parameter m which is proportional to the num-
ber of scattering centers through the relation m

DIFFERENTIAL DISTRIBUTIONS
FOR 1.8-MeV He*

m =02 (88-A Au)

m =10 (1550-A Al)

—— Meyer
=== Keil et al.

m =02 (5, dQ =0.8)

NO. OF PARTICLES PER SR
/
!
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FIG. 5. Differential angular distribution £(¢) for 1.8
MeV He' ions after traversing a reduced thickness m =0.2
(88 A of Au) and m =10 (1550 & of Al) according to the
Meyer (Ref. 11) treatment (full lines) and the Keil et al.
(Ref. 10) treatment (dashed lines). The integral of the
differential distribution for » =0.2 is 0.181 in the Keil
et al. treatment. The experimental values of the critical
angle for Si (111), (110), and {110} are shown on the bot-
tom left.
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FIG. 6. Minimum yield x, at the silicon surface for
1.8 MeV He* impinging along the {110) (a) and (111) (&)
axes of Si covered with different thicknesses of Au. The
lines show the calculated values using the square-well
approximation, and the Meyer distribution (solid line),
and the Keil et al. distribution (dashed line). The square-
well approximation assumes that particles scattered be-
yond 3;,, are dechanneled.

= nNa?”t, where ary is the Thomas-Fermi screen-
ing parameter (aryy=0.105 A for Au and arp=0,176
A for Al), N is the number of atoms per (i\)'a, and
t is the film thickness in angstroms. Physically,
m is the mean value of the number of collisions of
the particles with the target atoms for a cross
section of 7(@y)?

The two treatments differ in the choice of the
scattering cross section. Keil ef al. used the
Moliére cross section which is smaller than the
Thomas-Fermi®® cross section used by Meyer.

As a result, for low values of m the Keil treat-
ment predicts that a large fraction (proportional
to e™™) of the beam passes through the film without
deflection. In Fig. 5 for m =0. 2 the integrated
distribution [5f¥,(6)276d6 is 0.18, indicating that
82% of the particles are undeflected for an 88-A
thick Au film. On the other hand, in the Meyer
treatment, all the particles are scattered ([ f4 »
(6)2m6d6=1). In both cases, the distribution be-
comes broader with increasing values of m. For
large values of m (m >20, Au<= 9000 1°&, and Al

=~ 3500 A), the two distributions approach the
Moliére analytical computations.,

The differential distributions of the particles in
the film can be represented as a function of the
reduced scattering angle, because the form of the
scattering distribution is then independent of ener-
gy. >3 However, it is important to note that the
reduced scattering angle is a function of energy as
well as the atomic number of the scattering film.
For instance, the reduced scattering angle for Al
is ten times larger than that for Au for 1. 8-MeV
He’. Figure 5 shows the scattering distribution
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in terms of laboratory angles for comparison with
values of channeling half-angles (y; /,).

B. Axial-Minimum Yield, Square-Well Approximation

In the square-well approximation the measured
dechanneled fraction x, at the surface of the silicon
crystal is determined, neglecting the transmission
factor, by the number of particles incident with an
angle greater than the critical angle y;,,. Figure
6 shows values of the minimum yield for (111) and
(110) orientation versus thickness of the Au film
calculated by integrating the differential distribu-
tion out from 3, ,,. The solid lines represent the
values calculated from Meyer and the dashed lines
are the values from Keil ef al. In these calculations
we have used experimental values® of P12 for par-
ticle energies after traversing the film. (In Fig.

5 the values of ¢, ,, for 1. 8 MeV are shown for
(111), (110), and {110} directions.) The experi-
mental points follow the trend of both theories but
agree in absolute magnitude more closely with the
Meyer treatment. Two points (+) for Ge (111) are
included, since ¥, ,, for this case lies between the
Si (110) and (111) values. These points also are
closer to the Meyer theory.

For aluminum the experimental and calculated
values of x, versus thickness are shown in Fig. 7.
In this case the difference in the two calculations
is not great. In fact the difference in the calculated
values of the minimum yield between (110) and
(111) orientations is much greater than the differ-
ence between minimum yield values predicted by
the two treatments. The measured values agree
with 10% with theory for both crystal orientations
for film thicknesses greater than 1000 A. The ex-
perimental points for Au and Al are not corrected
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FIG. 7. Minimum yield y, for 1.8 MeV He* impinging
along the (110) (w) and (111) (O) axes of Si crystals
covered with different thicknesses of Al. The solid lines
represent the values calculated from Meyer and the dashed
lines, the values from Keil et al.
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FIG. 8. {110} planar-angular-normalized-yield pro-
files for 1.8 MeV He* on uncovered and covered silicon
crystals with different thicknesses of Au and Al layers.
The minimum yield, and the full-width increase with in-
creasing thicknesses. The yields were measured at
depths about 0.1 um below the surface and normalized to
2500 counts.

for the minimum yield (2-3. 5%) from uncovered
Si, i.e., the correction for the surface transmis-
sion factor. For Al this correction would bring
the experimental points closer to the calculated
curve especially in the region of low thickness.
For the planar case, the minimum yield for un-
covered Si is relatively large due to the surface
transmission factor.? Even for the most favorable
case, the {110}, the planar minimum yield is
=~(, 22 for 1.8 MeV He ions. In this case then, the
minimum yield can be calculated from the convolu-
tion of the projected planar scattering distribution
and the planar-angular-yield profile for uncovered

o

Si. This is treated more fully in Sec. IIC.
C. Planar-Angular-Yield Profile

Another method of investigating the influence of
amorphous layers is provided by measurements of
the yield at the Si surface as a function of orienta-
tion between beam and crystal target. Such curves
of the angular-yield profile are shown for one thick-
ness of Au and Al in Fig, 2 (axial scan across the
(110)) and Fig. 3 (planar scan across the {110}).
The angular yield profile is broader for covered
Si than for uncovered Si. Further, the full width
of the angular profile is greater for Si covered
with Al than for Si covered with Au, although they
have nearly the same ¥,.

We have investigated the planar case experimen-
tally in more detail, because the comparison with
theory requires calculations which are more
straightforward than those required in the axial
case. Figure 8 shows a series of {110} planar pro-
files in Si, both uncovered and covered with differ-
ent thicknesses of Au and Al layers. The minimum
planar yield increases with increasing film thick-
nesses, the shoulders disappear and the full width
increases. To compare these experimental angu-
lar-yield profiles with calculations, it is neces-
sary to determine the number of particles scattered
through the angle 6, with respect to the plane, i.e.,
the projection of the angle 6 on a surface both nor-
mal to the plane and parallel to the beam direction,

Fo(65) = 2 [T a0 1(65 + ¢7) /%)

The projected planar distributions for 1.8 MeV He*
traversing a reduced thickness m = 0.6 (264 A of
Au) are shown in Fig. 9 for Meyer and Keil et al.
treatments. For m =0.6 we have 2/5°f}(6,)d6,=1
and 2[5 f5(6,)d0,=0.45. The arrow in the Keil ef
al distribution indicates the undeflected part of the
beam which amounts to 55%. An experimental
planar-angular-yield profile, measured for 1. 8
MeV He' on uncovered Si is shown in the lower part
of Fig. 9. This profile is used as the probability
that a particle inclined at an angle 6, to the plane
is dechanneled.

Figure 10 shows the calculated and experimental
planar-angular profiles for 1, 8 MeV He* in Si
(110) covered with Au (260 A) and with Al (2560 A).
The minimum-yield value is obtained by convolution
of the projected planar distribution with the experi-
mental planar scan for uncovered Si. The yield
for any angle ¢’ of incidence is also obtained by
the convolution of the probability curve with the
projected-planar-distribution function displayed by
an amount 6. For the aluminum case both calcu-
lated curves closely coincide and are in satisfactory
agreement with the experimental one. The calcu-
lated angular-yield profile for the Keil et al. treat-
ment applied to the Au case gives a smaller mini-
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FIG. 9. Planar differential distributions f,(6,) for 1.8
MeV He' ions after traversing a reduced thickness m =0.6
equivalent to 264 A of Au, according to Meyer (full line)
and Keil et al. (dashed line) treatment. The dashed arrow
in the Keil et al. curve represents the undeflected part
of the beam. A planar-angular scan on uncovered Si is
shown in the lower part of the figure. This profile is used
as the probability that a particle inclined at an angle 6,
to the plane is dechanneled.

mum yield and a narrower half-width than that for
the Meyer treatment. The experimental value of
the planar minimum yield agrees closely with that
predicted from the Meyer treatment. This agree-
ment might be expected on the basis of axial mini-
mum yield values discussed previously. However,
the experimental width of the planar angular yield
is narrower than that calculated. This suggests
that the scattering distribution is more peaked than
that of the Meyer treatment.

D. Dechanneling

The calculated, axial, minimum-yield values
gave information on the number of particles scatter-
ed beyond ¥, ,, and the calculated planar-angular-
yield profile utilized the entire scattering distribu-
tion. Another method of investigating the scattering
distribution for angles less than ,,, is provided
by the increase in minimum yield as a function of
depth. In our case the dechanneling dependence on
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depth can be calculated in two different ways: (a)
utilization of dechanneling calculations based on the
increase of transverse energy with depth and (b)
utilization of experimental profiles as a function

of depth.

1. Transverse Energy

The scattering angle 6 of a particle traversing
a film is related to its initial transverse energy
E, inside the crystal, neglecting the deflection pro-
duced by the atomic row potential, by the relation
E,=E6? where E is the particle energy.

The transverse energy of a channeled particle is
not conserved along its path inside the channel and
it increases because of the scattering experienced
with the vibrating nuclei and electrons of the crys-
tal. Transitions of particles from the aligned to
the random component of the beam are then possi-
ble as soon as the transverse energy reaches a
critical value and as a consequence an increase in
the measured aligned yield with depth is observed.
Foti e al.® have calculated the depth at which a
particle of given initial transverse energy reaches
the critical value Ey, ,22 to be dechanneled. The
knowledge of the initial transverse-energy distribu-
tion allows calculation of the dechanneled fraction
as a function of depth. Figure 11 shows the method
of determining this fraction. The upper curve is
the integral distribution [the number F () of par-
ticles scattered through an angle greater than 6,
F(68)= [;°2f(0)6d6, where F(y,5)=Xo], obtained from
Meyer for m = 0.6 (264 A of Au). The lower curve
(obtained from Grasso et al.*?) gives the depth at
which a particle is dechanneled as a function of
angle with the channel axis for the (111) direction

1.8-MeV He" Si
1.0k s cpata
Calc.(Meyer) —0.47
O.S-CO]C‘ (Keil et al.)--0.35 260-A Au

| Ot e—-o— g _a_ - Calc. e - Suees
Tea o
“as "

\.l\l_r‘,'

NORMALIZED YIELD

272
Exp -=- 0.60
Meyer ondy___ 2560-A al
0~5‘C°‘°'(Ken o 0'_) 0.50
ot ! 1 L ]
1.0 0.5 0 0.5 1.0

ROTATION ANGLE (degrees)

FIG. 10. Experimental and calculated normalized yield
vs rotational angle for 1.8 MeV He* impinging along the
{110} plane of Si crystals covered with 260 A& of Au and
2560 A of Al.
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FIG. 11. Integral distribution (upper) using the Meyer
treatment vs scattering angle for 1.8 MeV He* after
traversing a reduced thickness m =0.6 (264 A of Au). The
depth at which (lower) a particle with an incident angle 6
to the {111) reaches the critical angle 3;,, for dechannel-
ing. These curves are used to determine the yield at any
depth.

in Si at room temperature. For instance, to de-
termine the yield at a depth of 0.8 u, one finds the
initial angle (dashed line, lower curve) and then
reads up to the integral distribution curve to find
the dechanneled fraction, in this case x=0. 54.

The yield x, at the surface is given by reading up
from 3, ,, to the intersection with the integral dis-
tribution curve.

Similar procedures have been applied to obtain
the calculated-dechanneled fractions shown in Fig,
12. The agreement in magnitude between the ex-
perimental and the calculated-dechanneled fraction
(minimum yield) near the surface has been dis-
cussed in Sec. IITA. In terms of depth dependence
of dechanneling, the shape of the curves for Al
agrees well with experimental data. For the 3090-
A-A1 film, the absolute values agree. For the
800-A thick Al film the difference between experi-
mental and calculated values is in part due to the
fact that these curves are not corrected for the
minimum yield from uncovered Si (neglect of the
transmission factor). For the Au case the calcu-
lated shapes show a greater dechanneling rate than
that of experimental points.

2. Angular Profile

The second approach utilizes both the experi-
mental angular-yield profiles obtained at different
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depth inside the crystal and the calculated differen-
tial scattering distribution 276f(6). In this method
the dechanneled fraction at a given depth is ob-
tained by convolution of the initial scattering dis-
tribution with the experimental probability that a
particle entering with an angle 6 is dechanneled at
the specified depth. These probability curves have
been obtained from experimental energy spectra
recorded for different incident angles. In the up-
per part of Fig. 13 some of these energy spectra
are shown for 1, 8 MeV He* incident at different
angles to the (110) direction in uncovered Si. In
the lower part, the normalized yield is plotted as

a function of incident angle at three different depths
in the crystal.

The differential distributions 276f(6) plotted in
Fig. 14 give the number of particles scattered by
the metal layer at an angle 6 from the initial direc-
tion, independent of the azimuthal angle. These
distributions have been taken from Meyer for m
=0.8 (352 A of Au) and m =14 (2160 A of Al). In
the lower part of Fig. 14 the experimental axial
probability curve at 0.1 um inside the crystal, is
plotted as a function of the incident angle. Also
shown for comparison is the square-well probabili-
ty (dashed line) used previously in Sec. IIIB) to
compute the minimum yield near the crystal sur-

face. The dechanneled fractions calculated with
1.8-MeV He" Si<lll>
0.8
< T2 a & & & o 44 - 600R
=
= } ta =3090 A
Q
<
o
-
o)
5 thy= 2604
w
2 —
2
<
S } ta = 8804
w
)
——— Meyer
——— Keil et al.
1 1 !
© 0.4 08 1.2

DEPTH (microns)

FIG. 12. Experimental and calculated-dechanneled
fraction y vs depth for 1.8 MeV He* impinging along the
(111 direction of Si covered with (a) 260 A and 600 A of
Au (a); () 880 & and 3090 A of Al (o). The full and
dashed lines represent the dechanneled fraction calculated
according to Meyer and Keil et al. treatments, respectively.
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this procedure are shown in Fig. 15 for 190 and
360 A of Au and 2130 A of Al. The experimental
and the calculated data agree quite well for both
absolute magnitude and rate of dechanneling in the
Al case, while the same difference previously
found in the Au case (see Fig. 12) is maintained
also in this calculation. This again points out
that the scattering distribution for low m values is
somewhat more peaked than that predicted by
Meyer. This second method is a more accurate
procedure for determining the minimum yield in
that the actual dechanneling probability is used in-
stead of the square-well approximation and the
transmission factor is also taken into account.
However, comparison of the minimum yield shown
in Fig. 6 and 7 with those found in Fig., 15 indicates
that the square-well approximation is adequate for
determining the axial minimum yield in cases
where the scattering distribution extends well be-
yond the critical angle.

IV. SUMMARY AND CONCLUSIONS

Channeling measurements in Si single crystals
overlaid by thin metal layers indicate that the
minimum yield xo, the width of the angular-yield
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FIG. 13. Energy spectra (upper) for 1.8 MeV He" back-
scattered from an uncovered silicon crystal tilted at
various angles with respect to the aligned direction.
Normalized yield vs tilt angle (lower) obtained at three
different depths for 1.8 MeV He" incident on uncovered Si.
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FIG. 14. Number of particles (upper) scattered at an
angle 0 from initial direction for 1.8 MeV He" after tra-
versing a reduced thickness 7 =0.8 (352 A of Au) and m
=14 (2160 A of Al) according to Meyer. Experimental ax-
ial yield vs incident angle (solid line (lower). This yield
profile is used as the probability that a particle incident
at an angle 6§ is dechanneled. The square-well probability
is shown as a dashed line.

profile, and the dechanneling dependence on depth
are increased over those found in an uncovered
crystal. From a qualitative standpoint, these can
be understood on the basis of scattering events
within the metal film which cause an increase in
beam divergence. On a quantitative basis this can
be predicted from the scattering distribution of
particles and the experimental knowledge of chan-
neling behavior in uncovered silicon.

Using these concepts the plural-scattering regime
has been investigated using MeV He* ions incident
on Si covered with Al and Au lavers. In the regions
near the surface of Si the axial minimum yield
agrees within 10% with calculations based on the
Meyer treatment. The angular-yield profiles and
dechanneling dependence on depth show similar
agreement for thick films but for thinner films the
data ‘suggest that the scattering distribution is
somehow more peaked than that predicted by Meyer.
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FIG. 15. Dechanneled fraction x vs penetration depth

for 1.8 MeV He* impinging along the (110 ) of Si covered
with different thicknesses of Au (a) and Al (®) layers.
The full lines represent the calculated values of dechan-
neled fraction y according to the method of using angular
profiles (see text).

The assumption that the minimum yield is de-
termined by the number of particles scattered be-
yond the critical angle (square-well approximation)
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has been tested with axial-angular scans. The re-
sults indicate that this square-well approximation
leads to a reasonable accurate determination of the
minimum yield at the surface. For the planar case
surface transmission effects do not allow use of a
simple square-well approximation where only the
angular distribution produced by scattering in the
metal layer is used. In this latter case convolution
techniques must be applied.

In this work the increase in the axial aligned
yield was analyzed to a depth of about 1 um. To
probe greater depths, a MeV proton could be used.
The technique of measuring the yield as a function
of depth for different angles of incidence can also
be applied to investigate dechanneling processes.
For example, measurements of angular profiles
as a function of depth, shown in Fig. 13, provides
a method of testing the dechanneling-depth calcula-
tion shown in the lower part of Fig. 11,

’
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