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Energy-loss distributions for 2.5-MeV He ™" ions incident on Si single crystals
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The energy distributions for 2.5-MeV He™* ions incident on thin Si single crystals are studied. De-
tailed angular scans are taken through the (110) and {100) axial directions along the {111} and {110}
planar directions as well as perpendicular to the planar directions for Si(110) (0.74- and 1.4-pm-thick)
and Si(100) (0.75-um-thick) samples, respectively. Complex structures in the distributions are observed
throughout the angular scans. The experimental distributions are reasonably well reproduced by a
Monte Carlo simulation using the semiclassical approximation [N. M. Kabachnik, V. N. Kondratev, and
0. V. Chumanova, Phys. Status Solidi B 145, 103 (1988)] for energy loss to core electrons and the two-
component free-electron-gas model for energy loss to valence electrons. Systematic deviations between
theory and experiment are observed and discussed in terms of an increased penetration depth necessary

for He™" ions to become fully ionized when channeled.

PACS number(s): 61.80.Mk, 34.50.Bw, 79.20.Rf, 61.80.Jh

Investigations of energy-loss processes for ions in-
teracting in single crystals have focused primarily on ma-
jor axial and planar directions. This is due to a markedly
reduced energy loss suffered by penetrating ions aligned
with these high-symmetry directions over energy loss
suffered when aligned with low symmetry (‘“random”)
directions [1]. The primary means of analysis of these
early studies has been the peak or leading-edge value of
the observed energy distributions [2]. This gives a nar-
row view of the impact-parameter dependence of the en-
ergy loss as essentially only impact parameters close to
the channel radius are being explored.

A much better method is to model individual trajec-
tories in the crystal by the Monte Carlo technique, at-
tempting to fit the full experimental distributions, not just
peak or leading edge values, allowing a study over a
broader range of impact parameters. Furthermore, by
tilting the crystal away from the axial (planar) direction,
smaller impact parameters play an increasingly impor-
tant role and complex structures can be obtained in the
energy distributions [3]. The energy-loss model thus pro-
posed should be valid for impact parameters that span
the channel radius rather than just near the channel
center.

Recently, we reported on the impact-parameter depen-
dence of energy loss for 625-keV H™' ions in Si single
crystals [4]. Experimental energy distributions were ob-
tained in the transmission geometry by scattering from a
thin gold layer on the beam-exit side. Angular scans
were taken through the (110) and { 100) axial directions
along the {111} and {110} planar directions as well as
perpendicular to the planar directions for Si(110) and
Si(100), respectively. The energy distributions were very
well reproduced by the corresponding Monte Carlo simu-
lation when the semiclassical approximation (SCA) of
Kabachnik, Kondratev, and Chumanova [5] was used to
describe the energy loss to core electrons and the free-
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electron-gas (FEG) model was used to determine the
valence-electron contribution to the stopping.

Adhering very closely to this outline, in this Brief Re-
port the energy-loss distributions for 2.5-MeV He™ ions
(velocity unchanged from 625-keV protons) incident on
silicon single crystals are studied as a function of crystal
orientation. However, the above model is a first-order
perturbation calculation for a bare nucleus and our in-
cident beam is Het. Deviations may be expected if the
He™ ions do not become fully ionized near the surface.
Incident He?" would perhaps be better suited to our
energy-loss model, but He' beams are readily available
and thus widely used in energy-loss studies [6—11] and
analytical applications [12].

As the experimental procedure is similar to that de-
scribed in Ref. [4], the principal points of the procedure
are given here along with any differences from the previ-
ous experiment. The incident beam of 2.5-MeV He ™" ions
was produced by the University of Florida 3.5-MV Van
de Graaff accelerator and collimated to a cross-sectional
area of 0.8 X0.8 mm? and an angular divergence of 0.03°.
Three samples, 0.74-um-thick Si(110), 1.4-um-thick
Si(110), and 0.75-um-thick Si(100), were prepared using a
dopant-selective etching technique [13] and a 10-A-thick
amorphous layer of Au was deposited onto the 10% HF-
dipped surface. The samples were mounted on a two-axis
goniometer, stepper motor driven with a resolution of
0.02°. The ions scattered through 65° were detected in a
transmission geometry (the Au layer on the beam-exit
side, as shown in Fig. 1) and energy analyzed using a Si
surface-barrier detector with an acceptance angle of 2.5°.
The scattering yield from Si was used to align planar and
axial directions to the beam. The alignment for any
direction in the crystal was achieved to a precision of
0.02°-0.05°. Finally, the energy distributions of the He
ions transmitted through the Si single crystal were re-
trieved from the Au signal by dividing the measured en-
ergy by the kinematic factor.

For each set of angular scans, a total of 22 distribu-
tions were taken on the same target spot to ensure no
variation in sample thickness. Each distribution was col-
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FIG. 1. Energy spectra for 2.5-MeV He ions transmitted
through 1.4-um-thick Si crystal and scattered through 65°, tak-
en in the random directions, aligned with the {111} planar and
aligned with the (110) axial directions.

lected for 0.8 uC of the integrated beam charge. Two
angular scans were performed: (1) through the (110)
and (100) axial directions along the {111} and {110}
planar directions and (2) perpendicular to the {111} and
{110} planes at tilt 6=10° and 4° with respect to the
(110) and {100) axes for Si(110) and Si(100), respective-
ly. The directions (6,¢)=(10°10°) and (6,¢)=(4",12°)
were taken as an approximation to random incidence for
Si(110) and Si(100), respectively [4,14].

Additionally, a number of randomlike spectra were
also taken to monitor and correct for carbon deposition
during the irradiation [about 10'® C atoms/(cm*uC) de-
posited on both sides]. A repeated measurement of the
axial direction at the end of the experiment was used to
check for structural damage due to the irradiation (found
to be negligible). Finally, the sample thickness, the nor-
malization constant for all distributions, as well as the
overall energy resolution were determined based on the
distribution for the random direction (see above) by re-
quiring that the simulated distribution matched the ex-
periment. The overall energy resolution was found to be
from about 15 to 25 keV (experiment dependent). This
value includes the detection system resolution, the energy
spread of the incident beam, and the effect of the sample
nonuniformity.

The cxX simulation code [14,15] has been used to cal-
culate channeled ion trajectories and their energy distri-
butions. The simulations made use of the He-Si interac-
tion potential based on the Hartree-Fock electronic den-
sity modified for solid-state effects [16]. The silicon vi-
brational amplitude of 0.078 A was considered in three
dimensions and a beam divergence of 0.03° was included.
A simulated distribution was generated by following
3200-6400 trajectories at a given (6,¢) [taking roughly 2
h computing time on a personal computer (Intel 486DX-
33)]. Energy straggling, calculated based on Ref. [17],
and the energy dependence of the He-Au cross section
were taken into account separately.

In order to calculate the energy loss, the simulation
employs the model found to yield the best fits to the data

in our study of 625-keV H™ ions incident on silicon. A
detailed description of that model can be found in Ref.
[4]. We highlight key points here.

We make the usual assumption that core and valence
electrons contribute independently to the stopping. For
core electrons, the impact-parameter-dependent stopping
is calculated within first-order perturbation theory using
the SCA model [5]. The method involves an explicit
summation of all contributions due to excitation and ion-
ization of the atom, which is described by the Hartree-
Slater approximation.

The interaction of the ion with valence electrons is
treated within FEG theory. The energy losses are divid-
ed into a contribution due to single-particle excitations
that occur in close collisions with valence electrons and a
contribution due to collective excitations. The first con-
tribution is taken to be proportional to the local valence
electron density, while the latter contribution is propor-
tional to the average electron density. Utilizing the x-
ray-diffraction measurements of Deutsch [18], two-
dimensional maps of electron density (integrated along
the ion’s trajectory) across the (110) and (100) chan-
nels were calculated and used in the simulations to calcu-
late the stopping in close collisions with valence elec-
trons.

The above model is easily adapted from 625-keV H
ions to 2.5-MeV He ions by setting Z % =4, as the velocity
is unchanged. Further, we require that the integral over
all impact parameters reproduce the stopping cross sec-
tion given in Ref. [19]. Based on our previous work [4], it
was found that reducing the cross section of both com-
ponents of valence stopping by 6% from the value given
by the two-component FEG theory gave the best fits to
the data. Therefore, the core electron stopping cross sec-
tion had to be raised by 129% from the SCA calculation.

The simulation results for a set of 12 representative dis-
tributions are compared with the experimental data in
Figs. 2—4. Figure 2 is for a 0.74-um Si(110) sample, Fig.
3 is for a 1.4-um Si(110) sample, and Fig. 4 is for a 0.75-
pm Si(100) sample. It is evident from the comparisons
that the data can be reasonably well reproduced using the
energy-loss model discussed. It is also clear from the
data that systematic deviations between experiment and
theory exist that were not present in the H* incident ion
case [4]. The deviations between theory and experiment
in all data sets are pronounced on the high-energy side of
the energy distributions, where the simulated distribu-
tions are shifted to lower energies with respect to the
data. Further, scans near the {100) axis (Fig. 4) match
the theory better than either scans near the (110) axis
(Figs. 2 and 3) and scans performed on the 1.4-um Si(110)
sample are predicted by the theory better than scans on
the thinner 0.74-um Si(110) sample. Finally, one notices
that the point (6,¢)=(0.2,0) is reproduced by the theory
surprisingly well in Figs. 2 and 3, even though it is sur-
rounded by points exhibiting marked deviations. We will
try to address these issues.

The first point that must be made concerns the fact
that the incident beam in the experiments was He ™ rath-
er than He?*, while the energy-loss model employed as-
sumes a bare nucleus (He?" ion) within the silicon crys-
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FIG. 2. Monte Carlo simulated energy distributions (solid
lines) using the energy-loss model described in the text com-
pared with experimental data (dots) for directions near the
(110) axis (Si crystal thickness 0.74 pum).

tal. In random incidence or amorphous targets, one may
assume that after some “short” (5 A in silicon [20]) dis-
tance within the crystal, virtually all 2.5-MeV He™ ions
(more than 95%) are stripped and become He?" ions,
making the energy-loss model fully applicable. The chan-
neling effect, however, steers many ions “far” (1-2 A)
away from the host atoms, keeping them in a reduced
electron density, and the tendency to lose a second elec-
tron is reduced. Therefore, an important difference from
the H' ion experiment is introduced: well-channeled par-
tially stripped He" ions may survive to large penetration
depths.

The disagreement between theory and experiment can
be explained in terms of the above supposition in that
well-channeled Het ions would suffer substantially re-
duced stopping compared to the assumed model [21].
This would shift the high-energy side of the simulated
distributions to lower energy as compared to the data,
since the high-energy side corresponds to well-channeled
particles and the simulation assumes the enhanced stop-
ping of a bare nucleus for all ions. The low-energy side of
the simulated distributions would be expected to agree
with the measured distributions since ions moving close
to atomic strings will be completely ionized much more
quickly. In this way, the overall deviation between exper-
iment and theory can be qualitatively explained by the
He™ incident beam. This explanation seems to be at vari-
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He+ beam energy 2.5 MeV, Si crystal thickness 1.4 um
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FIG. 3. Same as Fig. 2, but for 1.4-um-thick Si.
He" beam energy 2.5 MeV, Si crystal thickness 0.75 um
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FIG. 4. Same as Fig. 2, but for directions near the { 100) axis

and 0.75-pm-thick Si.
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ance with the conclusions concerning the survival rate of
2-MeV He™ ions in GaAs:Er, found in Ref. [11].

In considering the differences in the deviation between
the data sets, since the (100) channel has a smaller ra-
dius than the (110) channel (1.36 A compared to
2.04 A) and a larger electron density in the middle of the
channel as a result [4], one might expect even well-
channeled He " incident ions to be fully stripped near the
surface. This would explain the better agreement be-
tween theory and experiment in the 100) experiment
than either (110) experiment. In addition, the 1.4-um
Si(110) scans agree better with the theory than the 0.74-
um Si(110) scans and this may be due to the fact that the
ions spend more time completely stripped penetrating the
thicker crystal. The absolute (dis)agreement with experi-
ment should be roughly the same then, but the relative
(dis)agreement is much improved in the thicker sample’s
scans as the partially stripped ions survive for some
penetration depth which is a smaller fraction of the total
distance traveled in the thicker sample (the shift between
simulation and experiment for the axial direction is 16
keV for Fig. 2 and 19 keV for Fig. 3).

A final point concerns that apparent anomalous agree-
ment between the simulation and experiment for the
point (8,6)=(0.2,0) in Figs. 2 and 3, even though sur-
rounding data points display deviations. This can be ex-
plained in terms of the axial to planar channeling transi-
tion. As shown in Ref. [4], there is a region in the axial
to planar channeling transition where axial channeling is
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suppressed due to the tilt from the axis, but planar chan-
neling has not yet manifested itself. Therefore, there is
simply no sizable well-channeled component of the beam
at this point and the He ™ ions become fully stripped near
the surface.

In conclusion, the comparison between experimental
and Monte Carlo simulated energy distributions shows
that a first-order perturbation calculation of energy loss
(the SCA model for core electron stopping and the two-
component FEG model for valence electron stopping) de-
scribes reasonably well the stopping of 2.5-MeV He ™ ions
incident on thin silicon single crystals. This model repro-
duces the data throughout detailed angular scans around
major axes in silicon, showing its validity over a wide
range of impact parameters. However, systematic devia-
tions are observed for directions close to the {110) axis
in silicon. These deviations can be explained if well-
channeled He' incident ions are penetrating deep into
the crystal before becoming fully stripped, suffering re-
duced stopping compared to the theory.
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