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Channeling experiments by proton backscattering have been made along the ( 111 ) axis of silicon
crystals covered with aluminum and gold layers to investigate the depth dependence of the dechanneled
fraction on crystal temperature (80-300'K), beam energy (0.6-1.5 MeV), and film thickness (100-4000
A). The dechanneled fractions g(z) have been compared with calculated values obtained by two
diFerent procedures. (i)The changes with depth in the transverse energy of a channeled particle due to
crystal scattering have been described by the steady-increase approximation and a maximum allowed
transverse energy, related to the experimental critical angle, was assumed for a channeled particle. The
adopted angular distribution of beam particles just beneath the crystal surface accounted for both the
scattering in the amorphous surface layer and through the crystal surface. (ii) Alternatively, x(z) has
been obtained by convolution of the angular distribution of particles scattered only in the amorphous
surface layer with the experimental channeling angular-yield profile measured in an uncovered crystal.
Both procedures give good agreement with experiments, thus supporting the steady-increase
approximation for the crystal scattering and Meyer's treatment for the amorphous scattering. As a prelude
to measurements in heavily damaged crystals, these approaches have been reversed, so that the distribution
of scattered particles and then the thickness of the amorphous layer have been obtained by dechanneled-frac-
tion measurements, The extension of the method to the case of small defect concentration in a nearly per-
fect crystal is briefly discussed.

I. INTRODUCI'ION

Channeling measurements, being sensitive to
lattice imperfections, have been used to determine
lattice disorder in ion-implanted samples and in

epitaxially grown single crystals. ' The disorder
profiles inside the crystal could be obtained, in

principle, by a suitable analysis of measured de-
channeled fraction versus penetration, and a few
efforts along this line have been reported. '

In a perfect crystal, however, the dechanneling
can be described analytically in terms of elemen-
tary scattering processes, ' taking into account (a)
the initial angular distribution of particles just
beneath the crystal surfa, ce, (b) the interaction
with electrons and vibrating nuclei in the channel,
and (c) transitions from the aligned to the random
component of the beam.

It seems useful to extend this approach to dam-
aged crystals. A preliminary classification can
be made as a function of the defect concentration;
(i) very high defect concentration which destroys
the crystal lattice within a well-defined layer, thus
producing a quasiamorphous film; (ii) low concen-
tration of defects in a nearly perfect crystal. In
the former, defects modify only the angular distri-
bution of the particles impinging on the underlying
perfect crystal, while in the latter the scattering
of a channeled particle by a defect occurs simul-
taneously with other scattering processes present
in the undamaged crystal (processes depending
upon lattice vibrations and the electron distribu-
tion).

In the present work we consider the heavily
damaged case, which has been simulated by a thin
evaporated layer on the crystal surface. It must
be remarked that this case is the simpler one, and
it allows a more direct extension of the approach
developed for perfect crystals.

As was recently pointed out, the comparison
between experimental and calculated dechanneled
fraction for covered crystals gives a direct test of
the approximations involved in the dechanneling
treatment because the beam spreading introduced
by the layer increases the measured yield by an
order of magnitude with respect to an uncovered
sample, thus increasing the experimental sensi-
tivity. A detailed investigation of the importance
of the different approximations has been per-
formed, taking advantage of the dechanneled-frac-
tion dependence on beam species and energy, on
crystal temperature, and on the amorphous-layer
thickness.

Minimum-yield measurements give information
on the condition for particle transition from the
aligned to the random beam (dechanneling condi-
tion). The minimum yield y. o is given in fact by
the integral of the particle angular distribution
just beneath the crystal surface weighted over the
transition probability. Usually one assumes that a
particle belongs to the random component of the
beam when its angle with the channel axis is great-
er than P&yp the experimental critical angle for
channeling. It is obvious that the transition prob-
ability is more sophisticated than this step-function
approximation, being even closer to the rounded
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experimental angular-yield profile or, as recently
proposed, ' to its azimuthal average.

These aspects concerning the transition proba-
bility have been detailed; the influence of the crys-
tal surface due to the channel potential (transmis-
sion factor) on the initial angular distribution have
been also taken into account to calculate minimum

yield. This has been done with the aim of bringing
to light when it is possible to adopt the simplest
procedure which implies (i) a step function for de-
channeling condition and (ii) the initial distribution
of the particles as determined by the scattering in
the amorphous layer neglecting the transmission
factor. The angular distribution of particles after
traversing the film has been calculated according
to the Meyer treatment of plural scattering which
has been verified by transmission measurements '
and by channeling experiments. '

Because the initial distribution and the dechan-
neling condition are known from minimum-yield
investigations, the depth dependence of the de-
channeled fraction y(z) gives information on the
scattering experienced by a channeled particle.
This scattering, which increases the angle the
particle trajectory forms with the channel axis and
hence the particle transverse energy, is due to
thermal vibrations of the crystal nuclei and to the
electron distribution in the channel. It has been
shown that, neglecting diffusion, " the changes in
transverse energy can be obtained analytically '

(steady-increase approximation). This approxi-
mation, the initial distribution, and the aligned-
to-random transition criterion examined by the Xo

measurements allow the calculation of the depth
dependence of the dechanneled fraction to be com-
pared with experiments.

An alternative procedure to determine X(z) in a
covered crystal is provided by convolution of the
scattered particle distribution in the amorphous
layer with the experimental angular yield profile
measured at the corresponding depth z in an un-
covered crystal. This treatment does not imply
any assumption because the yields include both
the scattering through the crystal surface and the
aligned-to-random transition. The agreement
found between the experiments and the dechanneled
fractions calculated by convolution further sup-
ports Meyer's treatment of plural scattering.

The procedures adopted to compute the depth de-
pendence of dechanneled fraction have been re-
versed, on the basis of the agreement found
throughout. This has been done with the aim of
determining from the measured dechanneled frac-
tion the angular distribution of scattered particles.

This investigation seems a preliminary and es-
sential step to determine disorder by dechanneled
fraction measurements in heavy damaged crystals.

All the above points have been investigated by

experiments carried out on silicon crystals covered
with aluminum and gold films. The film thickness
has been chosen so that the average number of'

scattering processes within the screening distance
ranged between 1 and 10, as it occurs typically in
a damaged crystal. The choice of protons as a
probe beam allowed sampling to large depth and
made available a wide range of values for the
comparison between experiments and theory.

II. EXPERIMENTAL

Measurements have been performed by the back-
scattering technique using a collimated beam of
protons. The apparatus consists of the 2. 5-MeV
Van de Graaff accelerator, and of a goniometric
scattering chamber maintained at 10 6 Torr. The
proton beam was collimated within + 0. 5 mrad by
means of an arrangement of circular apertures;
the target could be oriented with the same accu-
racy. Particles backscattered from the target
through a laboratory angle of 150' were detected
by a 25-mm' surface-barrier detector, 8 cm from
the target. Standard electronics were used to feed
pulses to a 4096-channel pulse-height analyzer.
The energy resolution of the system was 10-keV
full width at half-maximum (FWHM) for 1-MeV
protons. The beam energy ranged between 0. 6
and 1. 5 MeV; the temperature of the crystal, in
the thermal contact with a thermostatic bath, was
set at either 80 or 300'K. A more detailed de-
scription of the setup has been previously re-
ported. '

The samples were prepared by vacuum deposition
of different thicknesses of Al and Au layers onto
silicon substrates at room temperature. The
same technique previously adopted has been used
to mask the crystal during the evaporation, thus
allowing an uncovered part of Si to remain. The
sample was initially aligned along a major axis in
the uncovered part and then the incident beam was
translated to various portions of the target for a
direct comparison of the yield. Misalignment
during beam translation performed by means of
mobile apertures has been measured by comparing
the angular-yield profiles and it is of the same
order of the beam collimation. Comparison be-
tween Au signals obtained by backscattering of He'
for different angles of incidence shows no ordered
structure in the evaporated layer. Beam transla-
tion has been used to test the uniformity of film
thickness and no significant variation has been de-
tected within the resolution limit.

Film thicknesses ranged between 100 and 600 A
for Au and between 1000 and 4000 A for Al. The
number of Al and Au atoms per cm was deter-
mined' by helium backscattering and it was con-
verted into A's with the following factor: 1 A= 5. 9
&&10"Au atoms/cm and 6. OX10" Al atoms/cm',
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FIG. 1. Energy spectra for 1.0-
MeV H' backscattered (a) from a sili-
con crystal covered with 3700 A. of Al
for incidence along a random and
(111)directions at target tempera-
ture of 80 and &00'K; (b) from a sili-
con crystal covered with 120 A of Au
for incidence along a random and
(111}direction at target temperature
of 80 and 300 K. The top scale in
the bvo figures represents the depth
inside the silicon crystal from which
the particle has been backscattered.
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respective1y. The procedure described in Ref. 13
has been adopted to extract the Al signal from the
overlap peak between Si and Al.

Figure 1(b) shows three energy spectra of 1.0-
MeV H ' backscattered from silicon covered with

0
120 A of Au; on the right-hand side of the figure
the signal of the Au layer is visible, ' on the left-
hand side the silicon spectra obtained at random
incidence is shown together with two aligned yields
for sample temperatures of SO and 300'K, re-
spectively. Similar spectra for silicon covered
with 3700 A of Al are shown in Fig. 1(a). In this
case, since the film atoms are slightly lighter
than the substrate ones, the Si and Al signal over-
lap producing a peak. In the upper part of the two
figures a depth scale is shown for the random spec-
trum. The energy-to-depth conversion scale has
been obtained following the usual procedure from
reported stopping powers" including energy losses
in the films and experimental geometry. The same
depth scale has been used for the aligned spectra,
and this choice seems reasonable in present mea-
surements because of the spreading produced by
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FIG. 2. Minimum yield yo (ratio of aligned to random
yield near the surface) vs aluminum layer thickness for
0. 6-, 1.0-, and 1.5-MeV H' impinging along the (111}
axis of covered silicon crystals. The dashed lines are
smooth curves through the experimental data.
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FIG. 3. Minimum yield pp vs beam energy for protons
impinging along the (ill) axis of silicon covered with
540 A of Au and with 1200 A of Al, and for target tempera-
ture of 80'K (b, and 0) and 300 K (~ and ~ ). The solid
and dashed lines represent the calculated minimum yields
by the convolution and steady-increase method, respec-
tively (cf. Sec. III).

The minimum yield is determined by (i} the
angular distribution f (8) of beam particles after
traversing the metal layer and the crystal surface
and (ii) the probability Y(8) that a particle impinging
with a given angle moves in a random trajectory.

In formula Xp is given by

1to= f 2w8d8f(8)Y(8)= f 2w8f(8)d8, (l)
p & 1/2

where the last equality holds in the square-well
approximation, i. e. , in the assumption that the
probability Y(8) is a step function. The effect of
the changes in the distribution and in the critical
angle with varying film thickness, beam energy,
and crystal temperature are schematically repre-
sented, by way of summary, in Fig. 4.

The particle angular distribution just beneath the
crystal-surface results, neglecting the experi-
mental angular resolution, from the angular
spreading produced by the amorphous layer cov-
ering the crystal surface and from the scattering

1.0

the metal layer in the angular distribution of chan-
neled particles. The ratio between the aligned and

the random yield at a depth z defines the dechan-
neled fraction y, (z). The minimum yield )to is ob-
tained extrapolating to null depth and dechanneled
fraction.

III. RESULTS AND CALCULATIONS

A. Aligned to Random Transition

Changes of the minimum yield by varying beam
energy, crystal temperature, and film thickness
allow, as remarked above, the investigation of
the channeled-to-random transition.

The dependence of Xp on the film thickness is
related to the spreading produced on the beam-
particle distribution. The number of particles
which enter the crystal with an angle greater than

that allowed for channeling increases with film
thickness, thus increasing the minimum yield (see
Figs. 2 and 2}.

For fixed film thickness Xp Ulcl eases with target
temperature. This increase is due to the reduc-
tion with temperature of channeling critical an-
gle, ' ' there being no change in the angular dis-
tribution of particles scattered in the amorphous
layer.

Also with increasing beam energy the critical
angle +»2 decreases, but in this case the scat-
tered-particle distribution becomes narrower;
|tt)&p depends on the beam energy E as E +, while
the angular width changes as E '. The last factor
is then predominant and the net result is a decrease
of Xp with increasing beam energy.
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FIG. 4. Schematic diagram of the beam fraction (in-
tegral distribution) scattered at angles larger than 6. In
the square-well approximation the minimum yield pp is
equal to P(4~/2), being 0 ~/2 the maximum allowed angle
for channeling. The figure shows the dependence of Xp

=P(+&/2) on (a) the amorphous thickness via the beam
spreading, (b) the crystal temperature through the varia-
tions of the critical angle, and (c) the beam energy which
changes both the angular distribution and the critical
angle.
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due to the lattice potential (transmission factor}."
The two above kinds of scattering differ in na-

ture. A single event of scattering in the amorphous
layer can increase or decrease the particle trans-
verse momentum with respect to a given direction,
although the cumulative effect is a beam spreading.
The single scattering at the crystal surface in-
stead, always increases the particle transverse
energy and hence its transverse momentum by an
amount which depends on the entering point. In
the following, for a better understanding, not only
the angle 8 between the particle trajectory and the
channel axis but also the transverse momentum

p, =pa or the transverse energy E, =F8, or the
reduced transverse energy e„=2E, /Et/, will be
used.

The change in transverse energy due to surface
transmission is given by U(r} —U(ro} where U(r)
and U(ro) are the row potential at a distance r and
in the middle of the channel, respectively. Lind-
hard's' standard-row potential has been adopted in
the following calculations.

If the particles cross the amorphous layer before
entering the crystal, both contributions can be
taken into account by adding the corresponding in-
crements of transverse energy. The resulting dif-
ferential distribution is then

p(E, ) = ffp, (E~)p,(E,")b(E,'+E,",E,) dE~dE~",
(2)

where p,(E,') and p, (E,") are the differential distri-
butions produced by the scattering in the amorphous
layer and in the lattice potential, respectively.
The method used in these calculations is described
in detail in Ref. 4.

The film thicknesses give an average number of
collisions, within the screening distance, ranging
between 1 and 10. In this plural scattering regime
the scattered particle distribution depends on the
potential which de; cribes the projectile-target-
atom interaction. The Thomas-Fermi potential
modified by Lindhard and used by Meyer' in this
treatment of scattering gives good agreement with
experimental distributions both in transmission '
and in channeling technique measurements. '

Meyer's treatment of plural scattering has been
adopted therefore throughout.

The differential distributions p(e, ) for 1.0-MeV
protons after traversing gold layers of different
thicknesses entering a (111)surface of Si are shown

in the upper part of Fig. 5 as solid lines, where
the dashed lines represent the same distributions
but without the transmission factor. As one may
see, the lattice scattering shifts the peak of the
distribution to the right and broadens it. The cor-
responding integral distributions P(e„}= I,",p(e,'}dt„',
i.e. , the fraction of beam having a reduced trans-
verse energy greater than e~= 2E8 /Et/„are plotted

10,
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FIG. 5. (a) Number of 1.0-MeV H' particles per rad
scattered at an angle 8 from the initial direction after
traversing a thickness of 540 and 120 A of Au according
to Meyer's treatment and neglecting (dashed line) or in-
cluding (solid line) the scattering through the crystal
surface. (b) Integral distribution for the same cases as
considered in (a). Two scales are reported in abscissa:
8 and the reduced transverse energy e~= 28~/&I ~-—2E8 /

in the lower part of Fig. 5. Their values at g«~
give minimum yield in the square-well approxima-
tion. The contribution of the transmission factor
to minimum-yield values decreases with increasing
film thickness falling from 20% for 120-A to 8% for
540-A gold layers. In an uncovered crystal, how-
ever, the initial distribution is determined by the
transmission factor. The presence of an oxide
layer or other contamination on the surface can
also affect it strongly.

The other factor appearing in Eq. (1) deals with
the aligned-to-random transition. Instead of the
step-function approximation, it is more reliable
to assume, for F(8}, the experimental angular
yield profile or, as recently proposed, its average
over the azimuth angles, both measured near the
surface of the uncovered crystal. It may be noted
that the experimental yield profiles include the
scattering through the crystal surface so that the
particle distribution to be used in Eq. (1) must a,c-
count only for the scattering in the amorphous
layer.
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The measured Xo values are reported in Figs.
2, 3, and 6 by varying the experimental param-
eters. The values calculated with the angular-
yield profile and with the step-function condition
either including or neglecting the transmission fac-
tor are shown in Figs. 3 and 6. The disagreement
between experimental and calculated values of Xp

ranges within a 0. 05. In a comparison of the dif-
ferent approximations it appears that at low film
thickness the initial distribution determines mainly
the Xo values and then the transmission factor is
important; at large film thickness the dechanneling
condition prevails instead.

A further support to the choice of the dechannel-
ing condition from experiments is gained by
changing the crystal temperature which causes a
variation of the angular yield profile and hence of

p, &, typically from 80 to 300'K, p, & decreases by
about 20/p. The corresponding minimum-yield
variations depend on the slope of the integral dis-
tribution in the range of g&&z values (see Fig. 4).
These changes are usually a fraction of the mini-
mum yield; in experiments with uncovered crystals
where X,o is a few percent, the change is, there-
fore, within the experimental uncertainties. A
covered crystal, because of the higher minimum

yield, is suitable instead to measure these changes
as reported in Figs. 2 and 3.

As shown from all the previous data the minimum

yield in a covered crystal can be evaluated in a
simple way from the angular distribution of parti-
cles scattered in the amorphous layer and from
experimental critical angle P&&2 for channeling.
The accuracy of this estimation is of the order of
+0. 07, and the agreement with experimental values

GOLD THICKNESS (A)

FIG. 6. Minimum yield vs gold thickness for 1.0-MeV
H' impinging along the (111)axis of silicon target at
300'K. The calculated values have been obtained in the
square-well approximation neglecting (dashed line) or
including (dot-dashed line) the transmission factor and by
the convolution method {solid line).

can be improved by some factor accounting for the
transmission through the surface and for the angu-
lar profile.

B. Scattering in the Channel

The increase of the dechanneled fraction y. (z)
with depth z is related to the scattering of the beam
particles in the channel. Transitions of particles
from the condition of correlated motion inside the
channel to the condition of random motion are due
to nuclear and electronic multiple scattering which
increase the particle transverse energy, i.e. , the
angle the trajectory forms with the channel axis.

Because the angular distribution of the beam just
beneath the crystal surface and the transition prob-
ability are known, as discussed above, the experi-
mental dechanneled fraction gives a measure of
the scattering experienced by channeled particles.

Calculations of the dechanneled fraction require,
in general, ' the solution of a diffusion equation for
the transverse momentum distribution of channeled
particles. The diffusion coefficient represents the
magnitude of the scattering and it is related to the
channel cross section sampled by particles as a
function of their transverse momentum. Boundary
conditions are given by the inxuax transverse ener-
gy distribution and by the dechanneling transition
probability.

This approach has been recently developed" and

the results have been compared with those of the
simpler steady-increase approximation, which
allows analytical solutions. The comparison shows
that for particles having a very narrow distribution
in transverse momentum (I) function), the diffusion
smearing becomes dominant with increasing tra-
versed depth. It comes out, however, that the
same effect is small if a finite width distribution is
considered. This is understood because the diffu-
sion affects much less a smooth distribution than a
sharp one. A channeled beam which is scattered at
least by the crystal potential at the surface has a
distribution wide enough to allow the neglecting of
diffusion' up to -10 p, m for 1-MeV protons along
the main axes of Si. '~ In a covered crystal the
initial distribution of a channeled beam is wider
and the diffusion term further negligible. The
steady-increase method has been then applied. In
this approximation the increase of the reduced
transverse energy with depth can be obtained ana-
lytically from

5&~=IA„(E, T)f„(e~)+B,(E)f,(z~)] 5z,
where the nuclea, r contribution A„f„has been sepa-
rated from the electron one B,f, . The values of
A„and B, and the functions f„and f, are reported
in detail in Refs. 4 and 18, where the analytical
solution of Eq. (3) is also discussed.

The dechanneled fraction y(z) versus depth is
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FIG. 7. Experimental and calculated dechanneled
fraction y vs depth for 1.0-MeV H' impinging along the
(111)axis of a silicon crystal covered with different
thicknesses of amorphous Al. The solid lines represent
values calculated by convolution of the differential distri-
bution with the experimental angular yield profiles mea-
sured at different depths inside an uncovered crystal. The
values calculated in the steady-increase approximation,
including the surface transmission, are shown as dashed
lines.

fact, the probability of dechanneling for a particle
impinging on the crystal with a well-defined inci-
dence angle as a function of the traversed depth in
the crystal. A typical depth dependence of the ex-
perimental angular yield for an uncovered crystal
is shown in Fig. 9. These angular yields include
the transmission factor, the scattering in the
channel, and the dechanneling condition. The de-
channeled fraction for a covered crystal at a given
depth is given then by convolution of the initial
distribution due only to the amorphous layer with
the experimental profile measured at the same
depth. This procedure is an extension of the meth-
od previously adopted for minimum-yield calcula-
tions [cf. Eq. (I) and Sec. IIIA]. The solid lines
reported in Figs. 7 and 8 are the dechanneled
fractions obtained by the above empirical method
which in all the investigated cases agree very well
with the experimental values. This result supports
further the Meyer's plural scattering treatment.
The curves calculated in the steady-increase ap-
proximation (da, shed lines) show a good agreement
for thicker layers, while some disagreement oc-
curs for very thin films. These discrepancies,
consistent with previous results ' ' in uncovered
crystals, are due to neglecting the effect of diffu-
sion on the transverse momentum of the channeled
beam. With increasing amorphous thickness the
initial distribution spreads out and the diffusion
effect becomes less relevant.

C. Determination of Scattered Particle Distribution

determined by (a) the initial integral distribution
which includes the scattering in the amorphous and

through the crystal surface; (b) the solution of Eq.
(3) which accounts for the scattering in the chan-
nel; and (c) the dechanneling condition which is
assigned in the square-well approximation by the
experimental f«2. For any transverse energy f~
the solution of Eq. (3) gives the depth z at which

the particles that entered with E, are dechanneled,
and the corresponding dechanneled fraction )((z) is
obtained by the value of the integral initial distri-
bution at E,.

Figure 7 shows the depth dependence of dechan-
neled fraction measured with 1.0-MeV H' imping-
ing along the (ill) axis of Si covered with aluminum

layers. Figure 8 reports similar results for 1.5-
MeV H' and for different crystal temperatures.
The dashed lines represent (in both figures) calcu-
lated dechanneling curves in the steady-increase
approximation just discussed.

Another procedure to compute dechanneled frac-
tion in covered crystal uses, instead of the theo-
retical description given by Eq. (3), the experi-
mental angular profiles measured at different
depths in the uncovered crystal. They give, in

The dechanneling in a covered crystal has been
considered so far by a description of the scattering
events in a known amorphous layer and in the
channel. The agreement found between experi-
ments and calculations supports both Meyer's
treatment of plural scattering in the amorphous
layer and the steady-increase approximation for
the channel scattering.

The same agreement, on the other hand, allows,
by a reverse procedure, a direct evaluation of the
scattered particle distribution in an amorphous
layer or in a heavy disordered region. The aim
consists then in obtaining from the measured de-
channeled fraction the distribution of scattered
particle and then, e. g. , the thickness of the dis-
ordered region. This can be accomplished by one
of the two above approaches, i.e. , either adopting
the steady-increase approximation or using the
experimental angular profiles measured as a func-
tion of depth in the uncovered crystal.

The first procedure is illustrated in Fig. 10
which reports the measured dechanneled fraction
)((z) versus depth and the depth z(e, ), given by
Eq. (3), at which a particle having an initial trans-
verse energy &, is dechanneled. The right-hand
side represents the initial integral distribution
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1.5 MeV H on Si (111) covered with Al
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FIG. 8. Experimental calculated
dechanneled fraction X vs depth for
l. 5-MeV H' impinging along the (111)
axis of silicon covered with different
thicknesses of amorphous Al and for
target temperature of 80 and 300 'K.
The solid and dashed lines represent
the fraction values calculated by the
convolution and steady-increase
method, respectively.
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P(e~ ) found by eliminating z from the two above
functions as shown by the arrows. In this case the
obtained distribution accounts for the scattering in
the amorphous layer and through the crystal sur-
face.

The deconvolution of the experimental dechanneled
fraction using the angular yield profiles taken at
different depths inside the uncovered crystal gives
instead the distribution of particles scattered by
the amorphous layer only. This distribution differs
from that obtained with the steady-increase method

because it does not account for the transmission
factor which is already included in the experimental
angular yield profile. For simplicity, the experi-
mental profiles of the uncovered crystal have been
approximated by a step function as in Fig. 9, whose
width $»2(z) and dip [1-g(z)] decrease with tra-
versed depth. The deconvolution can then be car-
ried out with respect to the integral distribution P
by solving the following equation:

X.(z) =&(A,z(z))+[& -&(4»z(z)) ]X„(z),
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FIG. 9. Depth dependence of the experimental angular
yield profiles for 1.0-MeV H' impinging around the (111)
axis of an uncovered silicon target.
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where )(,(z) is the measured dechanneled fraction
in the covered crystal; g«, (z) and X„are, respec-
tively, the half-width at half-dip and the dechan-
neled fraction both measured in the uncovered
crystal; I' is the initial integral distribution as a
function either of the angle g,&,(z) with the channel

RESULTING INTEGRAL OISTRIBUTION

~ p(&ij
+ -&0
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with 120 A Au

04-

FIG. 10. Graphical determination of the integral dis-
tribution from the experimental dechanneled fraction and
from the computed depth z(ej) at which a particle of an
initial reduced transverse energy e~ reaches the critical
value E& ——284'f/2/E+f to be dechanneled. The data
refer to l. 5-MeV H impinging along the (111)axis of silicon
covered with 120 A of Au and for target temperature of
80 and 300'K. Entering at a given depth z the resulting
P(E&) value is equal to the corresponding experimental
dechanneled fraction y(z), while the e~ value is obtained
from the computed dechanneling depth z(c~) (follow the
arrows).
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FIG. 11. Resulting integral distributions, obtained by
the experimental dechanneled fraction and the calculated
dechanneling depth (see Fig. 10) for 1.5-MeV H' on (111)
axis of silicon covered with Al, are compared with those
calculated.

axis or of the reduced transverse energy e, = 2Z, /
Elf = 2JJ»2(z)/JJ i.

The integral angular distribution of scattered
particles using the steady-increase approximation
is plotted as the points in Figs. 11 and 12 as a
function of the reduced transverse energy for dif-
ferent thicknesses of aluminum and gold films.
The theoretical distributions calculated including
both the scattering in the amorphous layer (Meyer's
treatment) and through the crystal surface are
shown in the same figures as solid lines. The
thickness of the amorphous layer to compute theo-
retical distribution has been measured by helium
backscattering (see Sec. II). As it appears from
the figures the agreement between theoretically
and experimentally determined curves is quite
good, and the thickness can be evaluated within
10%.

Two integral distributions obtained by the de-
convolution method [i.e. , by solving Eq. (4)] are
reported in Fig. 13, where for comparison the
corresponding distributions given by the steady-
increase method and already shown in Fig. 11 are
also plotted. These two sets of results differ for
the transmission factor which is included in the
distributions obtained in the steady-increase ap-
proach while it is taken off in those given by the
deconvolution procedure. The corresponding theo-
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the latter implies the solution of Eq. (3), i. e. , the
treatment of the scattering experienced by a chan-
neled particle in the undamaged crystal.

In a crystal with low disorder concentration and
distributed defects, however, the deconvolution
method cannot be applied because it requires a
perfect crystal where particles move after travers-
ing the damaged region. The steady-increase pro-
cedure is, instead, suitable because one can ac-
count for the scattering produced by simple defect
in the channel on the same basis adopted in treat-
ing thermal vibrations and electronic distribution.
Formally, this requires the addition of an extra
contribution to the right-hand side of Eq. (3), which
should depend on the location and on the nature of
defect and on the type, energy, and transverse

nergy of the moving particle.

IV. SUMMARY AND CONCLUSIONS

a.o
0.5

The minimum yield Xo and the depth dependence
of the dechanneled fraction y(z) have been mea-
sured in silicon overlaid with aluminum and gold
evaporated layers as a function of proton beam en-

REQUCEO T RANSVERSE E NERGY C,
FIG. 12. Resulting integral distributions, obtained by

the experimental dechanneled fraction and the calculated
dechanneling depth for 1.0-MeV H' entering along the
(111)axis of silicon covered with Au, are compared
with those calculated.

1.0
1.0MeY H' on Si (111)covered with Al

retical curves to compare with have been computed
then with or without the transmission factor.

The measured dechanneled fractions, the angu-
lar yield profile, and the solution of Eq. (,";) all
depend on the crystal temperature, while ';he scat-
tering in the amorphous layer and through the
crystal surface are independent of it. It should be
noted that Figs. 10-12 show that experimental
angular distributions obtained under conditions dif-
fering only in target temperature coincide with
each other. This result is in agreement with the
temperature independence of the scattering in the
amorphous layer and through the crystal surface.

The comparison between distributions obtained
by the deconvolution approach and those provided
by the steady-increase method clearly shows the
influence of the transmission factor in determining
the resulting distribution for low film thickness.

As a prelude to the application of the two above-
described procedures to disorder studies the fol-
lowing remarks should be made. A heavy damaged
crystal, i.e. , a crystal region with a large density
of defects which destroy the atomic arrangement,
can be investigated either by means of deconvolution
procedure or by the steady-increase approach.
The first method requires measurements both in
the undamaged and in the damaged crystal, while

0.8
O

Q3

~06
C)

3700 5

0.2 ~~ 1200 A

0.0
0 0.5 1.0

EOUCEO TRANSVERSE ENERG

FIG. 13. Resulting integral distributions obtained by
the steady-increase method (& ) and by the deconvolution
of the experimental dechanneled fraction with the angular
yield profile measured at different depths inside an un-
covered crystal ( ~ ). The two sets of results differ for
the transmission factor which is included in the steady-
increase approach. The experimental results are com-
pared therefore with Meyer's distribution {dashed line)
and with the same including the crystal-surface transmis-
sion (solid line).
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ergy, crystal temperature, and film thickness.
The minimum yield Xo has been computed by

convolution of the Meyer's angular distributions
for the scattering in the amorphous layer with
either the angular-yield profile measured near the
surface of the uncovered crystal or a square-well
approximation to this profile. The simplest meth-
od which neglects the crystal-surface transmission
and uses the step-function approximation gives the

Xo values within + 5% of the random value. It must
be remarked that at low film thickness the crystal
surface transmission affects appreciably the initial
distribution and then the minimum yield.

The dechanneled fraction )((z) has been calculated
also by the convolution method, but taking the
angular yield profiles measured at different depths
inside an uncovered crystal. Alternatively the
steady-increase approximation for the scattering
experienced by a particle in a channel has been
used with the initial distribution which accounts
for the scattering in the amorphous surface layer
and through the crystal surface. The dechanneled
fractions calculated either by the convolution or by
the steady-increase method agree with experimen-
tal values within a few percent and they reproduce
well the depth dependence. Both methods, can be
used in a reverse way to obtain from the measured

dechanneled fraction the distribution of particles
scattered by an unknown amorphous layer or by an
heavily damaged region. This aspect has been in-
vestigated as a prelude to disorder determination.
The experimental integral distribution, obtained by
analysis of the dechanneled fractions with the
steady-increase method, agree with the theoretical
ones within 10-2(Pjp, allowing the thickness of the
amorphous layer to be evaluated with the same ac-
curacy (see Fig. 12}.

Because a similar accuracy is achieved by the
deconvolution procedure, the last is more suitable
for its simplicity to treat an amorphous layer or a
heavily damaged region. For a small concentration
of defects distributed inside the crystal the last
method cannot be applied because it is based on an
over-all description of the scattering processes as
it results from the experimental angular yield pro-
files. The steady-increase method, however, uses
a detailed description of the scattering processes
and it seems then more powerful and suitable for
treating also distributed defects.
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