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We present measurements of the stopping power of 800%#3/ions channeled along the($D0) axis, as
a function of the incidence angle. We compare the experimental results with theoretical calculations by using
the impact-parameter-dependent energy loss obtained from the solution of the time-dependatih@ahro
equation through the coupled-channel method. This nonperturbative calculation provides reliable energy-loss
results which are in good agreement with the experimental re$884.63-18207)08607-4

I. INTRODUCTION impact-parametéf and scattering-ang!® dependencies for
heavier projectile as well as at lower incident enerdies

The energy loss of energetic ions moving along the majotocalized bound statgs
directions of crystals has been studied for many years. In The channeled ion trajectories are usually obtained either
addition to the underlying physics which is involved in the by analytical models based on the statistical equilibrium
channeling phenomenon, many applications such as studi@ssumptiort} or by Monte Carlo simulation¥’ Both models
of atomic surfaces? location of foreign atom&? defect yield similar results for the ion flux distribution for depths
profiles*® and deep implantatidndemand accurate knowl- larger than~100 nm. A full treatment of ion channeling
edge of He stopping powers of channeled ions. However, &cluding a reliable energy-loss model, channeled ion trajec-
full analysis of the stopping of channeled ions turns out to bdories, and projectile charge distributions is still lacking, and
a complex task because it requires a precise description éfiis work includes the first steps of such a treatment.
both the electronic energy loss as a function of impact pa- In this paper, we present measurements of the azimuthally
rameter for different projectile charge states, and also the ioaveraged energy loss as a function of the ion incidence angle
flux distribution across the channel. for 800-keV He ions along the &i00 direction by using the

Measurements of the channeling energy loss as a functiopackscattering technique described in Ref. 20. The basic
of the incidence angle provide information on the impact-principles behind the backscattering experiments are dis-
parameter dependence of the electronic energy loss. Theeoeissed in Sec. Il. The results from the axial channeling mea-
are very few measurements of the angular dependence of tlseirements are presented in Sec. lll. We compare our experi-
electronic energy loss under channeling conditiohAll of mental results with theoretical calculations based on an
them were performed at high energies, where the energgtomic treatment of inner-shell electrons of Si. Since the en-
losses due to charge-exchange processes are of minor imp@rgy loss to inner-shell electrons is strongly dependent on the
tance. Here we study the angular dependence of the eletrajectory distribution under channeling conditions, a reliable
tronic stopping power for channeled ions in silicon from theenergy-loss model for these electrons must be adopted. Here
experimental as well as theoretical points of view with Hewe use the coupled-channel methbtfin order to calculate
projectiles at 800 keV. This energy is near the stoppinghe impact parameter dependence of the electronic energy
power maximum where charge-exchange processes occuoss for each charge state of the He ion in Si. This method is
and only nonperturbative models are able to give reliabldar more precise than the first-order calculations which have
energy-loss values. mostly been used in the literature. The theoretical procedure

Early energy-loss models are based on different ap¢coupled-channel method, charge-exchange treatment and
proaches: the local-density approximatiSrthe local stop- ion flux distribution used here to describe the angular de-
ping analysis! approximations of first-order theory for pendence of channeled stopping power is discussed in Sec.
inner? and outer shell$®>'* and combinations of these IV. Finally, in Sec. V, the theoretical calculations obtained
approache$ A full first-order calculation was only recently from the coupled-channel method are presented and com-
used to describe the impact-parameter dependence of tipared to the experimental results.
electronic energy loss arising from inner-shell ionization of
the target® Such a treatment is reliable for light projectiles
at velocities large compared to the mean orbital velocities of
the target electron involved. Nowadays the computational In previous experiments, the energy loss of channeled
power has reached a level where sathinitio calculations ions has usually been determined by measuring the final en-
may replace previous semiempirical formutsCurrently  ergy of the ions transmitted through a thin single crystal. In
there is only one model that vyields reliable spite of the many advantages of this method, it strongly de-

Il. EXPERIMENTAL PROCEDURE
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pends on the preparation of homogeneous, self-supported, 10000
thin single crystals. In order to measure the energy loss for
heavy projectiles or even for protons at low energies, ex-
tremely thin targets should be employed. This requirement
complicates the use of the transmission geometry, and alter-
native methods have been used in the pa&t. 8000 |-

Here we use the experimental procedure described in Ref.
20 for measuring the energy loss under channeling condi-
tions by using the standard Rutherford backscattering tech-
nique RBS*® We used a SIMOX(separation by implanted
oxygen target® from which the channeled energy loss can
be obtained almost directly. Besides the energy loss values,
the RBS technique simultaneously provides information
about the dechanneling that occurs when the ions traverse the
sample. Previous results for the energy loss of well-
channeled He ions in Si along tHa 10 directiorf’ have
shown that the present backscattering technique yields chan-
neled stopping power values that are consistent with those
obtained from transmission experimeffs.

The SIMOX sample used in the present experiment
consisted of a 1500-A &100) crystal layer on top of a
5000 A SiO, layer on a(100) Si wafer. The sample was
prepared at the IBM T. J. Watson Research Center, New
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York, and, as revealed by transmission electron microscopy 0L :
analysis, the interface was shafipss than 50 A of rough- 140 150 160 170 180 190 200 210 220
ness, and the interface near region did not show any signifi- CHANNEL

cant level of extended defects. The sample was thinned by

thermal oxidation and chemical etching and, before each FIG. 1. Random and channeled RBS spectra‘tde®” at 0°,
RBS experiment, the sample was cleaned and etched usifigh® and 0.7° about the @00 axis of a SIMOX target taken at
10% HF to remove the native surface oxide film. The sample00 keV.

was mounted on a three-axis goniometer with a 0.005° pregy ) a5 the front Si one, if one takes into account the strag-
cision. The 800-keV H&" beam was produced using the gling of the particles through the Si film. All these features
400-kV ion |melanter of the Institute of Physics, Porto jngicate that(a) the Si film is of very good quality; antb)
Alegre. The Hé" beam divergence was less than 0.03° full the near-interface region is well defined and free of a signifi-
width. cant level of linear defects. Both observations are in agree-
The measurements were carried out with the beam imment with transmission electronic microscof§EM) results
pinging on the sample at channeling and random directionsgiven by the supplier. The edge positions for channeling and
In what follows we are going to take as references theandom incidence are shown by arrows. They were deter-
(100 axis (¥ = 0) and the{100} plane (@ = 0). Based on  mined by fitting the corresponding spectra with an algorithm
a recent study® we have chosen as a random direction thewhich, in addition to the error functiofaccounting for par-
one defined by’ =6° and ¢=15°. For the Si100 direc- ticle straggling and detector resolutjpontains the Ruther-
tion, RBS spectra were recorded for sevebahngles rang-  ford cross-section dependence with energy. Then the energy
ing between—1.5° and+1.5° (in 0.1° steps In addition, loss for well-channeled particles can be straightforwardly ob-
and in order to average out planar channeling effects, wéined by comparing the energy of the edge positions for the
repeated the measurements at five different azimuthal angl@@rmal channeled incidence with that for the random Bne.
(¢=15°, 26°, 37°,56°, and 67°) Then we have taken the However, for increasing incidence an.gles,.the dechannellng
average value corresponding to eakrangle. The backscat- Part of the beam becomes larger, distorting the profile of
tered He particles were detected by a Si surface barrier déhanneled ions which are backscattered at the Sy#@r-
tector placed at 165° with respect to the incident beam. Th&ce. In fact, the energy spectrum of backscattered ions will

overall resolution of the detection system was better tha/forrespond to the sum of dechanneled and channeled ions, so
13-keV full width at half maximum. that the simple analysis considering only the edge positions

Typical RBS energy spectra taken with a 800-keV2He will not provide precise results. For instance, according to
beam at¥=0.5° and 0.7° tilt angles are shown in Fig. 1 Fig. 1, the energy loss fo_r 0.5° seems to be smaller than the
together with RBS spectra for random and channeliig= one for_0.0°. In order to circumvent this problem, we have to
0.0°) directions. The channeling spectrum shows several fedl€termine the dechanneling profile and remove it from the
tures. First, the backscattering minimal yiefd,, (Ref. 25 or|g|nal. RBS spectrum. This procedure is described in Sec.
corresponding to the near Si surfacexis, =2.5%. Second, !!l @nd in the Appendix.
the xmin Which corresponds to the near Si/SiGnterface
region iSymin=4%. Third, the near Si/SiQinterface region
does not show indications of the existence of significant The backscattering of a particle that enters into a channel
number of extended defects. Fourth, the Si/S&ige is as  with an energyE, and an angle of incidenc#& with respect

I1l. DATA ANALYSIS AND EXPERIMENTAL RESULTS
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large angle at a deptk, emerging from the sample with an
energyE(x,x") at an angled,, relative to the normal of the
target surfacePS(x) is the probability of a particle being
backscattered inside the channel or in the Si@atrix at a
depthx’ from the surface, and being detected at the angle
004t With an energyE.(x"). Equation(1) has been evaluated
by assuming an exponentially decreasing channeling fraction
[1— x(x")=exp(=\x")],*° and using the backscattered prob-
abilities P, and Pg. in terms of atomic densities and Ruth-
erford cross sectiors. In order to determineE;(x’) and
E(x,x") as functions of’, x, andx”, we used the random
stopping powers of He in Si and Sibf Refs. 31 and 32.
Thus we fittedf(E;) after convoluting it with the energy
straggling and energy resolution of the detection system, to
the experimental spectra to obtafn) the fraction of the
dechanneled patrticles, affld) the energy loss in the incom-
ing path(channeling. For more details, see the Appendix. It
. L j should be stressed that in the fitting procedure there are only
: : ‘ two free parameters: the channeled stopping power
X — (dE/dX); and\. In addition we would like to mention that
‘ whenever the fraction of the dechanneled particles is less
than, e.g., 15%, this analysis yields the same energy-loss
FIG. 2. Schematic representation of two most important contri-value as the one given by the simple error-function-like fit-
butions to the RBS spectrum. Particles that are backscattered at thigg method.
Si/SiO,, and particles that are dechanneled before being backscat- The solid line in Fig. 1 shows the result of the fitting
tered can have the same detected energies. Xeceincides with  procedure applied to the RBS spectrum corresponding to
the thickness of the film. T =0.5°. In the same way we have obtained for all RBS
spectra the channeling stopping power of the He particle as a
to the channel axis will be dominated by two different scat-function of the angle¥, and averaged over the azimuthal
tering scenarios: angle. In addition, we determined the ratiobetween the
(@) It can move along the §100 channel and then be channeled and the random stopping powers. Figure 3 shows
backscattered at a depii by defects in the channel or by these final results after averaging them about the axial direc-
the Si and O atoms in the Siayer. It will emerge from the tion. As can be observed, the ratio has a half-width of
sample at an anglé,, with an energyE(x’) [see Fig. 2  about 0.4° which is almost half of the value of the corre-
(b) It can move in the channel up to a distance betweersponding channeling di®.7°) obtained from the dechannel-
x" andx”+dx", and then be dechanneled. Still it may go ining intensity profilegalso shown in Fig. B This means that,
a forward direction almost parallel to the channel axis andat large angles of incidence, channeled ions lose as much
finally, as shown by Fig. 2, it will be backscattered at aenergy as in a random direction. This feature is a conse-
distancex, emerging from the sample with the same anglequence of the different impact-parameter dependencies of the
0,4t @and energye(x,x"). electronic and nuclear energy transfers, and is related to the
The total fraction of backscattered particles with an en-spatial distribution and the low mass of the electrons.
ergy E; is given by the contribution of the channeled back-
scattered particles plus those which are first dechanneled,
most likely in a random direction, and then backscattered:

Si-c

IV. THEORETICAL PROCEDURE

The angular dependence of the electronic stopping power
f(E1)=fc(E1)+fo(Ea), 1) shown in Fig. 3 is a direct consequence of the impact-
with parameter dependence of the electronic energy lossWl et
be the entrance angle of the He beam. Then the mean energy

% e, ) lost by the projectile after passing a thicknéghrough the
fo(BEr)= | dX'[1—x(X")]Ps(X")8(E1—Ec(X")) (20  sjcrystal is given b
0 Yy g y

and t dE . -
fd%f dx——(p)®(¥,p,x)
A o dx

f“E“:ﬁ?“ﬁﬁxuwpgxwwaafEuxwx AE(Y)= SN

()
where x(x’) is the fraction of dechanneled particles at the _ -
depthx’, anddx(x"), the fraction of particles dechanneled whereA is the trgnsverial arga of the(£00) channelp is
at the depth betweexi’ andx” +dx". P.(x,X") is the prob- the transversal distance {0 is the center of the channel
ability of the dechanneled particle being backscattered with and® is the ion flux distribution at the distancﬁeand depth

t -
| a0 axacr50
A 0
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—T 77— distributed. We assume this contribution to be independent
of the ion transverse positiqﬁ. Using the local-density ap-
12 1 He (800keV) + Si <100> I ] proximation, the spatial variation of the valence-electron

contribution was calculated in Ref. 15 for the(B)0 and
(110 directions. According to this work, the energy loss

u
1.0 —i%i gﬁggz-} across the %1L00) channel is independent of the ion trans-

N verse positiorf» to within 15%, leading to a variation of less
. Izgi than 3% for the ratio in Figs. 3 and 10. This situation is
0.8 F . ' K i different for the widest channe{110), where the position
N ] dependence of the electronic energy loss due to the valence
A0 ] electrons has to be consideréd.

Finally, the last term in Eq5) corresponds to the energy
06 n T loss due to projectile ionization and excitation. The incident
ion He?* can capture electrons from Si. This process leads
, to the formation of H& . The energy loss due to this capture
04 . process is already accounted for by the first two terms of Eq.
(5). However, for projectiles carrying electrons, the projectile
- 1 ionization and excitation is also a source of energy loss. The
energy transfer due to projectile ionization and excitation

Ratio Se/Se,mndom
B

02 L] . ] depends strongly on the impact parameter of the He-Si col-
. . lision. Consequently, the energy loss per traversed distance
| Topep—— (dE/dx(ﬁ))proj_e for a Si crystal can also be determined in
00 t—tmrbrm— L L1 terms of the mean energy loss as a function of the impact
-5 10005 00 0.3 1.0 L5 parameteb, similar to Eq.(6). The orbital radius of ground-
Tilt Angle (degrees) state HE™ (the main fraction of Hé ions) is small compared

to the interatomic distances in Si. Since the velocity is also
FIG. 3. Ratioa of channeled to random stopping power for low enough, coherence effects due to periodicity of the target
800-keV He ions along the &i00 direction as a function of the atoms are expected to be of minor importance.
incidence angle. The full circles are the present experimental re- The electron of the Hé ion can be removed due to Cou-
sults, and the dashed curve is the theoretical calculation based domb interactions with the Si atoms, producing He After
the coupled-channel method. On the same scale the channeling digpeated charge-state changing eveafter passing just a
(full squares obtained from the dechanneling profiles is plotted.  few monolayers an equilibrium charge-state distribution is
R attained. The values of charge-state fractions for channeled
X. The energy loss per traversed distad& dx(p) may be He ions in Si at 800 keV can be found in Ref. 34. The

divided into three contributions, charge-state fraction for doubly ionized He idns, is about
0.65, and for singly ionized He ionfs, is about 0.35. The
dE . [dE . dE - dE - fraction f, for He® may be neglected.
&(p): &(p))_ +(&(p)) +(_x(p)> o Figure 4 shows a sketch of the basic energy-loss pro-
inner valence proj.-e

(5) cesses for a He ion penetrating Si, namely the Si ionization
and excitation due to He" and He' impact, the projectile
The first contribution corresponds to the energy loss dudonization and excitation due to Coulomb interactions with
to inner-shell electrons of the Si atoms. Since these electror8i nuclei and electrons, and capture of the Si electrons into
are highly localized, and the corresponding energy loss dednoccupied He states. At high energies, the dominant pro-
pends strongly on the transverse distance and may be calc@ess is the ionization and excitation of the Si atoms due to
lated accurately by considering the contribution of each SHe?* impact, which can be accurately described by first-
atom®3 Thus, neglecting any solid-state effects, the first termorder perturbation theory. However, in the present ¢266

of Eg. (5) can be evaluated as keV/amy, only nonperturbative calculations yield reliable
energy-loss values. In the case of projectile ionization, first-
dE . Q(by)+Q(by)+Q(bs)+Q(by,) order calculations overestimate the electron-loss cross sec-
(& p ) = d (8 tion by a factor of 3(for collisions with Ne atoms at 1000
inner

keV),>3% because ionization probabilities do exceed 100%

whereQ(b) is the mean energy transferred to the Si inner-in the case of the heavy target.
shell electronsK andL shell§. The distancel corresponds ~In order to obtain the jon flux distribution, we use the
to the interatomic distancés.43 A) along the(100) Si di-  String potential model’** Consequently, only the transverse
rection, andb;, b,, bs, andb, are the impact parameters motion (across the %100 channel has to be determined.
relative to the four Si atoms equidistant from the center ofFor S{100) axial channeling, four Moliere string potentiéls
the(100) channel. The contributions from other Si atoms areWere added to calculate the potential energy as a function of
neglected, since they are close to zero. positionp. We numerically solve Newton’s equations of mo-

The second term of E5) is due to the valence electrons tion for an ensemble of ions impinging on the channel with
of Si (M shell. These electrons are almost homogeneoushentrance angl& . Thus the two-dimensional transverse mo-
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° Coupled-channel atomic-orbital (AO) method

It is usually assumed that inner-shell excitations can be
adequately treated as localized atomic events. It was shown
by theoretical grounds in Ref. 33 that all high-energy exci-
tations (inner- and outer-shell ionizatigrin solids may be
treated using atomic-collision models, and that a free-atom
model is sufficient to describe energy losses in solids for
incident energies above about 10 keV/amu, even when the
energy loss is dominated by conduction-band electrons. Here
we will focus attention on atomic treatments of the energy-
transfer process, putting aside intraband transitions and col-
lective excitations such as bulk and surface plasmons in solid
targets.

This calculatioR'?? is based on the impact-parameter
method®® The projectile following a classical trajectory pro-
vides a time-dependent perturbation on the target electrons.
Hence the time-dependent Sctimger equation is solved by
expanding the electronic wave function in a truncated basis
of states consisting of atomic orbitals. A set of first-order
ordinary coupled differential equations for the coefficients
originating from this expansion, the so called coupled-

H eZ+

K channel equations, is integrated numerically along the clas-
. sical trajectory of the projectile for a given impact parameter
Si b. The independent particle model is adopted for one active

electron moving in the electrostatic field due to the nuclei
and the other electrons, which is included in a frozen- core
Hartree-Fock-Slater framework.

The essence of the present calculation is to solve numeri-
) i o , cally in time, step by step, the coupled-channel equations in
tion and the ion flux distributiond as a function .of _the_ order to obtain the amplitudes_; for transitions from an
penetrated depth were calculated. The ion flux distributiony;tig occupied staté to an unoccupied bound or continuum
could also be estimated by using the assumption of statistic@i et after the collision {=). The excitation and ioniza-

equilibrium.™ However, comparisons with the ion flux deter- o hropapilities in a collision with impact parameterare
mined from the numerical solution of Newton’s equations

FIG. 4. Diagrammatic representation of the basic energy-los
processes of a He beam colliding with Si atoms.

iven b
show that statistical equilibrium is not achieved for the targetg y
thickness used in this work. Pi_¢(b)=lim|a;_(t)|>. 8
The ratio @ between the channeled stopping power and t—oo

the random one can be written as ) )
The active electron ground-state wave functi¢p and

energyE;, as well as the excited or continuum wave func-
tions ¢;_,; and energie&;_.; (where a hole in theth shell is

left) are calculated by the Hartree-Fock-Slater proceffure.
Since each excited or continuum state corresponds to a well-
defined energy transferAE;_;=E;_;—E,), the average
@_ectronic energy loss due to one electron initieshell for

a given impact parametdr can be written as

_(AENW)
a AErandom'

()

(¢

where (AE) is obtained from Eq(4) after averaging the
energy loss per traversed distance for each charge state d
tribution f, and f, . . Here we assume the ion flux distribu-
tion ® to be independent of the projectile charge state for the

He?" and He' ions, since the ion trajectories are basically iPHT(b):E P,_{(b)AE,_+, 9
determined by the screened potential of SE,,nq0m COIre- f

sponds to the energy lost by the projectile after passing th@hereP andT correspond to the projectile and target used in
target thickness in a random direction, and was taken from the calculations. It is noted that the above sum has to be
the experimental value of stopping power for He in Si atreplaced by an integral in the case of continuum states. The
random incidencé: subscripti indicates the occupied initial state, ahdhe un-

In the following we describe the calculation of the elec- gccupied bound and continuum states. Fo? Herojectiles,
tronic energy-loss contribution due to Si inner-shell electronghe average electronic energy loss reads

and the projectile electrotfor the He" fraction), which are

responsible for the angular dependence of the channeling HEt s

stopping power. The energy loss associated with the Si va- Q++(b):§i: 2XQ; (b), (10
lence electrons is obtained here from the experimental stop-

ping cross section of Ref. 31 by subtracting the contributionsvhere the initial state$ correspond to SK and L shells
from other processes. (i=1s, 2s, 2py, 2py, and 2Z,). The factor of 2 corresponds



55 ANGULAR DEPENDENCE OF THE ELECTRONIC ENERGY ... 4337

103§'I'I'['I'I'T'I'§ 1035r[-|-|-|—r|-|-|'E
5 2+ . : . E

L He*" (800 keV) + Si 2l He* (800 keV) + Si
10’ 10" k

S 100 S 100k

[ E O 3

N’ N’

7] o [75]

7]

8 107k g 1ot

3 3

>

5 el Sl

o 10 E B 10'25

= F = E

= 84
10° E 107
10 & 104
10-5.|L|.|.|.|.|.‘|‘~L sl Ly

00 05 10 15 20 25 30 35 40 0.0 05 10 15 20 25 30 35 40
Impact Parameter (a.u.) Impact Parameter (a.u.)
FIG. 5. Impact-parameter dependence of the electronic energy FIG. 6. The same as in Fig. 5, but for Heprojectiles.

loss for 800-keV Hé" colliding with Si atoms calculated with the

coupled-channel method. The labels indicate the Si inner shell tg . -,
. . L racy for the emitted-electron energy spectrum. In addition,
which the active electron is initially bound.

the energy loss due to capture into projectile states is natu-
rally included in a large-basis-set calculation. Further details
of the calculation, e.g., the numerical treatment of continuum

of singly ionized He', the energy loss comes not only from : o
the S?i)r/mer—shell electrons bl?ty also from projectileyioniza—States’ adopted basis set, treatment of screened projectiles,
' may be found in Refs. 21, 22, and 36.

tion and excitation. Consequently, the mean energy loss fo
the He" fraction is

to the number of electrons in the initial orbifalFor the case

V. THEORETICAL RESULTS AND DISCUSSION

— He' —Si Si—He"
Q+(b)—2 2xQ (b)+Qs ™ (b), (1D In Figs. 5—7 we present the coupled-channel results for
the impact-parameter dependence of the mean energy loss of
and the energy loss averaged over the charge-state distribsingly and doubly ionized He ions colliding with Si. The

tion is given by theoretical curves in Figs. 5 and 6 are labeled with the cor-
responding initial occupied state. The difference between the
(Q)(b)=f, Q. (b)+f, Q. (b), (12) 2p energy-loss curves is related to the spatial orientation of

which, in connection with Eqg5), (6), and(7), provides the  the 2px, 2py, and 2, orbitals. The contribution of the Si-
angular dependence of the stopping power under channelir@ shell electrons is negligible, and therefore is not shown in
conditions. For bare incident ions, the active-electron projecFigs. 5 and 6. The sum of these curves multiplied by the
tile interaction is just the Coulomb potential. In the casenumber of electrons in each subshell is represented by a thick
where the projectile carries electrons, the potential seen b§¢0|ld line, and corresponds to _the_lnner-shell cont_rlbutlon to
the active electron contains not only the Coulomb part due t&h€ energy loss. These contributions are also displayed in
the projectile-nuclear charge but also the static potential proEig- 7 (solid and dashed lines for Hé and He', respec-
duced by the projectile electrons that screen the projectiléively) with the energy loss corresponding to the Hero-
nuclear charge. It is emphasized that the calculation of thi€ctile ionization and excitatioridashed ling Finally, the
energy loss due to the projectile electron is performed in @&veraged energy losghick solid ling according to the
frame where the projectile is at rest. Thus the incoming percharge-state distributiofEqg. (12)] is depicted as a function
turbating particle is the neutral Si atom. of the impact parameter. Using this curve in K@), we

In the present Coup|ed-channe| calculations, we used gbtaln the mean energy loss per_)traversed distance as a func-
large number of continuum wave packétp to 350 “ger- tion of the ion transverse positigninside the channel.
ade” states with partial waves up te=8), since the compu- The ion flux distribution calculated for normal incidence
tation of the electronic stopping power demands high accu¥ =0 and integrated along the deptt600 A) is presented
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FIG. 7. Coupled-channel results for the impact parameter depen-
dence of the energy loss for He ions colliding with Si atoms. lon-
ization and excitation of the projectile, in the case of the*He
charge-state fraction is accounted for by considering the collision
system Si+ He™.

in Fig. 8. The flux peaking in the center is responsible for the
decrease of the channeled ion stopping power, since the en- FIG. 8. The flux distribution averaged over 1500 A of the ions
ergy loss per traversed distance has a minimum at the centetross the $1L00 channel.
of the channel. By increasing the incidence angjlethe flux
distribution becomes more uniform. For large angles, theial on top of a crystal leads to an angular spreading of the
flux distribution is constant like the one for random direc-incident ions after penetrating this layer. This angular
tions (not shown here With the angle-dependent flux distri- spreading was calculated with the Monte Carlo simulation
bution and the averaged energy loss per traversed distancesimes.3? The simulated profile of angleB from the crystal
we obtain the energy loss as a function of the incidencexis and the beam divergence were used to calculate the ion
angle. flux distribution. The ration increases as a consequence of
The calculated ratia between the channeled and randomthe angular spreading by less than 2% at normal incidence.
energy los§Eq. (7)] is depicted in Fig. 3 as a dashed line Other corrections for the ion flux distribution such as inelas-
(labeled by AQ. Although the calculations predict a half- tic multiple scattering and atomic thermal displacements
width similar to that obtained from the experimental results,were also taken into account according to Ref. 37, but they
the value of the ratiav for the normal incidence is underes- are negligiblgless than 1% The effect of the temperature is
timated by about 13%. This disagreement comes from thalso not significant for energy-loss measurements, since the
straightforward use of Eq4) without considering any ex- thermal vibrations induce only small changes on the impact-
perimental and/or theoretical corrections. parameter distribution. The averaged electronic energy loss
Regarding the experimental conditions, some commentis not sensitive to such small variations.
can be made. No further cleaning was performed in vacuum, On the other hand, at a theoretical level, the independent
so the deposition of hydrocarbon and the formation of a naparticle model used to take into account all Si inner-shell
tive oxide layer may influence the ion flux distribution and electrons may strongly overestimate the energy loss in the
hence the measurements of energy loss. In a series of auxdase of capture events and multiple ionization. Special atten-
iary experiments, the quantity of carbon deposited on the Sion must be drawn to the use of Eq40) and (1) to cal-
surface was estimated. The effect of a maximal quantity otulate the total energy loss due to Si inner-shell electrons.
about 20 A of carbon and 20 A of amorphous $ilue the  The sum of each subshell contribution used in E6) and
formation of native oxide film on the &00 channel was (11) is based on the independent-particle model, and ac-
considered in the calculations. A layer of amorphous mateeounts for ionization, excitation, and capture processes.
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However, a complete breakdown of the independent-particléons give the same results for impact parameters larger than
model occurs in the case of multiple capture of target elecd.6 a.u. We can observe two important aspects from this
trons into projectile states because the projectile*He figure. The first one corresponds to the coupled-channel cal-
(He?") cannot capture more than oftevo) electrorfs) into  culation. Even using only target-centered states, this method
the ground state due to the Pauli-exclusion principle. Theprovides reliable values for capture probabilities as already
simple sum of capture probabilities corresponding to each Sdbserved in Ref. 22. Second, the capture process is the main
inner electron therefore incorporates unphysical capture prasource of energy loss predominating over target inner-shell
cesses. ionization. For HE impact ions, we obtain similar results to

In the present calculations, we cannot distinguish the elec¢he ones shown in Fig. 9. Further evidence of the dominant
tron capture by the projectile from the ionization processcapture process is a peak around the electron energy corre-
since we used only target-centered states in the atomic osponding to the capture energy transfer which was observed
bital (AO) expansion. In order to obtain the capture contri-in the calculated singly differential cross section for colli-
bution to the calculated energy loss, in Fig. 9 we compare theions of H¢" and He" with the SiL-shell electrons (& and
energy loss of H&" ions interacting with the € Si electron.  2p).
The solid line corresponds to coupled-channel calculation Assuming that the capture of Si inner-shell electrons into
(AO), and the dashed line represents the energy-loss calcthe He ground state is the dominant energy loss process, we
lations using the boundary-corrected first-order bornmust exclude all unphysical multiple processes in order to
approximatiofi' for electron capture into the He ground obtain more accurate energy-loss values. Thus, fofHe
state. The latter calculation takes into account only the capprojectiles, we use the following expression to suppress the
ture process in first-order perturbation theory. Both calculaunphysical multiple-capture processes

Qexcl(b) 2Q25(b)(1 Preac ( reac) (1 Preac 2(1 Preac 2+ 2Q2p (b)(l Preac 2(1 Preac)(l Preac 2
X(l Preac)2+ 2Q2p (b)(l Preac) ( reac)z(l Preac)(l Preac 2

+ 2Q2p (b) ( 1 Preac 2( 1 Preac) (1 Preac ( reaC) + QtWO electror( b) (13)

with

Qtwo electror(b)_ZQZS(b) Preac(l Preac) (1— reac 2(1 Preac 24 2Q2p (b) Preac(l Preac 2(1_ PrzepaC)z(l_ PrzepaZC)Z
+2Q2p (b) Preac(l Preac 2(1 PTEaC)Z(l Preac) +2Q2p (b) Preac(l Preac 2(1 Preac)z(l Preac)

+ Z(st(b) Preac+ sz (b)Preac (1 Preac ( reac)(l Preac 2(1_ PI'ZG;ZC)Z_F - (14)

where P{*°=3:P;_; is the reaction probability, i.e., the  Q(b)=Q,s(b)(1—PE2%(1— pfeac 21— pfeac 2
sum over ionization, excitation, and capture probabilities for

one electron from theith Si inner-shell. Therefore, X(1— Preacj +Qzp (b)(1- PRa%2(1 Preac)
(1—P{®*) corresponds to the probability of the electron re- e e eacy2
maining in the ground state. Thus E@d3) provides all one- X(1-P; ) (1-P7 +QZp (b)(1-P3

and two-electron processes leading to the energy loss. It is
pointed out that the above expression still allows for other
double ionization and excitation processes involving an
inner-shell electron and a valence-band electron. It is noted
that electron capture of valence-band electrons is quite un- (15)
likely because of the low orbital velocity in comparison with
the projectile velocity and the energy mismatch between tar- Thys we have performed corrections on the independent-
get and projectile states. particle model. In this correctiotcalled AO*), we consider

In the case of Hé projectiles, we must exclude other Eq. (13) for the HE** projectiles, and Eq(15) for the
than single-electron processes. Moreover, the Pauli principlglet projectiles. We are assuming only capture into the

has to be explicitly taken into account in the case of theHe™ ground state, since the capture into projectile excited
capture into the Hé ground state. In this case, the projectile states are of minor importance.

cannot capture a Si electron with the same spin direction as The energy-loss ratiee calculated by excluding the un-
the projectile electron. Then the energy loss due to capturphysical capture processes according to the procedure AO*
into He™ ground state is described above is shown in Fig. 10 by a solid line. For

X(l Preac) (1 Preac)(l Preac 2+ szz(b)

X(l Preac) (1_ Przepac 2(1 Preac 2(1 Preac
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FIG. 9. Comparison between the energy loss due to thesSi 2  FIG. 10. Ratioa of channeled to random stopping power for
shell calculated from the coupled-channel method with the one obB00-keV He ions moving along the(30Q) direction as a function
tained for the capture from the SiXhell into the H8" ground  ©f the incidence angle. The full circles and solid li#O) are taken

state in the boundary-corrected first-order Born approximafef. ~ rom Fig. 3. The theoretical curve denoted by AO* is the result of
41). the coupled-channel calculations excluding unphysical capture pro-

cesses.

comparison, the experimental data from Fig. 3 are also Pl rojectile charge states, and ion flux distribution. The
sented with the original AO calculations. A very good agree—p ) ge s ’ ST
ment is found between the AO* theoretical results and theenergy-loss calculations were based on a numerical solution
experimental ones. This figure shows that by excluding th of the coupled-channel equations for each Si inner-shell elec-

i . . e : ?ron, and also for the projectile electron in the case of singly
multiple processes involving the Si inner-shell electrons in._". N . .
. Jionized He projectiles. The independent-particle model was

the coupled-channel results for one electron, we obtain reli- .
used to obtain the total energy loss.

able values of the impact-parameter-dependent energy loss. Near the stopping power maximuat 800 keV, the an-
gular dependence of the stopping power is basically due to
V1. CONCLUSIONS projectile electron loss and capture process from Si inner-
shell electrons. The ratie is well reproduced by coupled-

In this work we measured and calculated the energy losghannel calculations by excluding multiple-electron pro-
of 800-keV He ions channeled along thg BI0) axis as a cesses involving the Si inner-shell electrons. In this way,
function of the incidence angle. The measurements were pefrery good agreement with the experimental results has been
formed by using the standard Rutherford backscattering techachieved without using any free parameters or further ap-
nique on SIMOX targets. A special algorithm was developedproximations. Moreover, the present results provide tools for
in order to analyze the RBS spectra, and extract the chamy better understanding of the energy loss of ions under chan-
neled component from the raw spectrum. The results showieling conditions.
that the ratioo between the channeled and random stopping
powers has a half-width of qbout 0.4°, which is much ACKNOWLEDGMENTS
smaller than the corresponding (800) channeling dip
(0.7°), obtained from the yield of dechanneled He particles. The numerical work was performed on the Cray YMP-2E
This feature is a direct consequence of the different impactat the Supercomputing Center of Universidade Federal do
parameter dependencies of the electronic and nuclear energio Grande do Su{CESUB. This work was partially sup-
transfers. ported by the Brazilian agencies Conselho Nacional de De-

From the theoretical point of view, a full analysis of the senvolvimento Cienfico e Tecnolgico (CNPg and Finan-
stopping power of channeled particles was performed bygiadora de Estudos e Projet@SINEP). The authors would
considering the impact-parameter-dependent energy losalso like to thank Dr. D. K. Sadana from the IBM T. J.
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Watson Research Center, New York, for supplying the Slpresent case¢,;=¥ and 6,=6,,). The factor[S]52 is

MOX samples. similar to expressioriA2) for the SiO, matrix.
The backscattering probability for the channeled fraction
APPENDIX of the beam is given by
According to Sec. lll, the total fraction of backscattered PC(x")dx =N¢(x")o(E")dX’, (A3)

particles detected with an ener@y is given by the contri- . . ) .

bution of (a) the channeled backscattered particles, énd ¢ being the Rutherford backscattering differential cross sec-
those which are first dechanneléuost likely in a random tion, andN° the density of silicon atoms as seen by the
direction and then backscattered. In order to evaluate Eqchanneled fraction of the ions. The enerBy just before

(2), we first have to obtain backscattering in this case is
KEo—[SJx' for x'<t E_ dE) X' for x' <t
Ec(x")= S0y ur , 0 \dx/ cos,
KEo—[S.Jt—[S]5%(x’ —t) for x'>t, £ c '
(A1) dE) t (dE)S'OZx’—t oyt
: . . : . | == == or x'>t.
with K being the kinematic factor for Sk, the incident o ldx .oy dx i €Oy
beam energyt the crystal layer thickness, and with the (A4)

energy-loss factor
9y We now assume that the differential dechanneling prob-

K [dE 1 [dE\ou" ability dy at a depth¢ is proportional to the fraction of
[Sc]= cosd; | dx C+ cosd, | dx r (A2)  channeled particles,
for the Si layer. Hered, and ¢, are the angles between the dx(€)=N(1-x)d§, (AS5)
beam and the sample normal and between the sample normahereX is the dechanneling rate.
and the detector direction respectivelg 5/ dx). is the chan- Using the expressions fdE.(x') [Eq. (Al)], P [Eq.

neled specific energy losqto be determingd and (A3)], andy [Eq. (A5)]in Eq.(2) , we obtain the following
(dE/dx)?™, the random one along the outward péibr the  expression foff ,(E,):

N§§°2 e M
[s3%7° L [[dE}  [dE|SOKE, Ei S]]\ for By<KEo—[Sc]t
fe(By)= ~ Egcosty | | x| T dx ) [S]5 (AB)
Cc n
|
where og=0(E;) and NE:OZ is the partial density of Si in _E dE\"™ x AS.x" AL0
S|02 — Lo & r 00891 effX . ( )
Concerning expressiof8), the detected energy of a par-
ticle which is dechanneled at' and backscattered at=x"
reads After combining Eqs(A5), (A7), (A9), and(3), we obtain
E(x,X")=KEy—[S ]x+KASgx", (A7) _ expiAb) oy
where fa(E1)= [S]
in ( . t+b b
(d_E) _(d_E) NSO |(—)—| —) for E;<KE,—[S]t
dx dx ¢ ¢
ASyf= ———— (A8) ' b of [t+b
cosy Sio,
1 . NSi_I(t)—I o] | +Ng I(T)—I(t)}
for the silicon matrix. The probability of backscattering for _ _
the dechanneled fraction of the beam is also given by for KEo=[SJt<E;<KEo—[S]t
b b
Pedx,X")dx=N(x)o(E)dx, (A9) | N '(ﬁ)"(6> for E,=KEo=[S:It

N being the partial density of Si atoms as seen by the (Al1)

dechanneled fraction of the iond§; for the Si layer and
NS for the SiO, matrix), where
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exp(—\CX)
(1- ax)7 '
dE in
5
'
Eocos,’

s
T KASy’

(A12)

IEJdX

a (A13)

(A14)

and

J. H. R. dos SANTO&t al.

KEo—E;

b(E) =g,
e

(A15)

After convoluting expression§A6) and (A11l) with the
energy straggling and energy resolution of the detection sys-
tem, we can fit the experimental spectrum and obtain
(dE/dX), from the fitting procedure. It should be stressed
that, in the above fitting procedure, the only free parameters
are the channeling stopping powetH/dx). and the(con-
stan} dechanneling rata.
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