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In this work we have measured the electronic stopping powertHef and ’Li ions for channeling and
random directions in Si as a function of the incident ion energy. The channéliog)(for Li, (110 and(111)
for Li and He and the randoniLi only) measurements cover a wide energy range between 200 keV and 9
MeV. The Rutherford backscattering technique together with different multilayer targets has been employed in
the present experiments. The results are compared to calculations carried out in the framework of the unitary
convolution approximation, which takes into account the impact-parameter-dependent energy loss for each
projectile charge state, with further refinements including screening effects in close collisions between the
electrons of the target and the screened projectile.
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[. INTRODUCTION channeling and Li at channeling and random directions in Si
crystals. The He measurements were done fox 1i€) and
The energy loss of light projectiles is an important issue{111) axial directions, whereas the Li channeling experi-
not only because of its direct application in ion beam analy-ments were performed for the three main directions. For
sis and modifications of materials but also to improve thethese measurements we have used the Rutherford back-
understanding of fundamental ion-solid interactions. For in-ScatteringRBS) channeling technigue in combination with a
stance, for a precise ion beam analysis of the elemental depfIMOX target. In addition, the Li values for random direc-
distribution in near-surface layers, the stopping power of thdions in Si were determined using the RBS technique to-
respective ion-target combination must be known sufficientlygether with a multilayer marker system. The advantage of the
well.! The random stopping power of H and He ions in vir- present experimental arrangement is that it circumvents the
tually any target is well documented in the literatéfEhat is ~ use of thin self-supported films as they are needed in trans-
particularly true for light ions in amorphous Si. On the othermission measurements. Moreover, the present technique al-
hand, there is a general lack of information concerning théows stopping power measurements down to low energies.
slowing down of medium to heavy ions in amorphous Si.Consequently, we were able to measure in a wide energy
These data are important for two main reasons: from théange, between 200 keV and 9 MeV.
fundamental point of view, in order to test current theoretical The present results are compared with first-principles cal-
calculations for the electronic energy loss and, from the pra(;CU|ati0nS that take into account the ion-flux distribution and
tical one, stopping power data of heavier ions are needed ife impact-parameter-dependent energy loss for each projec-
analytic techniques like elastic recoil detection analysidile charge state according to the unitary convolution ap-
(ERDA) or heavy-ion Rutherford backscatterifigIRBS) in proximation(UCA).* This model was further extended here
order to perform precise energy to depth conversions. to include screening effects in close collisions because the
Concerning the channeling stopping powers, the situatiofie and Li ions carry bound electrons in the present energy
is quite different. There is a large amount of data related to Hange.
impinging along the Si major directions. For He in Si, how-  Finally, it must be pointed out that a partial account of the
ever, the information is scarce despite the fact that He beanfyesent theoretical-experimental results has been recently
are often used under channeling conditions in Si samples. IAublished as a Lettéf.
the pioneer work of Eiseat al.,®> measurements of He in the
(110 and(111) Si directions were performed by using the
transmission geometry technique. Later on, dos Sasitak’ [l. EXPERIMENTAL AND ANALYSIS PROCEDURES
and more recently Lullet al® and Yamamotet al® reported
He stopping data for th€1000 Si channel. Concerning
heavier ions, dos Santas al’ reported channeling results ~ We have used SIMOX-type samples consisting of
for B while the Heidelberg and the Bologna groups did the2000 A Si(100) crystal layers on top of 4000 A Sibur-
same for N More recently, in the course of the presentied layers, produced if100 Si wafers. The samples were
work, Jianget al° reported results of axial channeling and prepared at IBM(T.J. Watson Research CenteFor each
random stopping powers for several medium-heavy ions irexperiment, the sample was cleaned and etched to remove
Si for a restricted energy range interval. the native oxide film on the surface using a 10% HF acid
In the present work we have measured the electronic stopight before the RBS measurements. A summary of the
ping power as a function of the incident ion energy for He atpresent experimental conditions is given in Table I.

A. Channeling stopping power
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TABLE I. The energy interval investigated in this work accord- 240 260 280 300 320

ing to the charge state and the direction of helium and lithium ions. 20000 — 1 L 1 L 1 L L L
1 He'(1.2 MeV) > SIMOX O Random -

lon Incident charge state  Direction  Energy rarilyeV) 15000 E o <110>
“He 1+ (110 0.28-4.0 l ]
“He 2+ (110 5.0-6.0 £
“He 1+ (111 0.38-4.0 }
“He 2+ (111 5.0
"L 1+ (100 0.47-4.0 z
“Li 2+ (100 5.0-7.0 =
L 3+ (100 8.0 = :
L 1+ (110 0.55-4.0 O 7L 2Mev) - SIMOX O Random -
L 2+ (110 5.0 ] E ° <ll> 1
L 1+ (112 0.64-4.0
"L 1+ Random 0.24-4.0
"L 2+ Random 4.3-7.0
Li 3+ Random 7.0-8.3

The energy-loss measurements were carried out using th

' , r
ion beam(with energyE,) impinging on the sample at chan- 200 250 300 350 400
neling and random directions. Based on a recent sfiatyd

taking as references the00) axis ('=0) and the{100 Channel

plane (@=0), we have chosen as a random direction the one FIG. 1. RBS spectra for 1.2 MeV Heand 2 MeVLi™ for the

defined byW =6° and¢=15°. The backscattered He or Li (110, and(111) directions in Si, respectively. In this figurg, and
particles were detected by Si surface barrier detectors locatel stand for the detected energies of the backscattered particles
at 170° with respect to the incident beam. The overall resofrom the Si/SiQ interface for channeling and random conditions,
lution of the detection system was about 12 keV for He andespectively. Solid lines represent the results of the fitting procedure
20 keV for Li. Typical RBS random and channeling spectra(Ref. 14 used to determine the corresponding energy loss.
obtained for 1.2 MeV*He in the Si(110) direction and 2

MeV ’Li in the Si(111) direction are shown in Fig. 1. In the other hand, if the crystal is too thick, the channeling
this figure,E. andE, are the detected energies of the back-stopping power also may approach the random one due to
scattered particles at the Si/Si@terface for the channeled dechanneling at crystal defects, thermal vibrations, and elec-
and random incidence, respectively. These energies were dgonic multiple scattering. The present experimental condi-
termined by fitting the channeling and random spectra withions, using SIMOX targets of 2000 A, is thick enough to
an algorithm* which includes, in addition to the error func- prevent a preequilibrium ion flux distribution and thin
tion (accounting for particle straggling and detector resolu-enough to avoid enhanced dechanneling effects.

tion), the energy dependence of the Rutherford cross section.
Finally, in the framework of the mean energy approximation,
it can be showh that the channeling specific energy loss
along the projectile incoming pattbefore the backscatter- For these experiments we have used two types of markers.
ing) is a function of the energieE,, E., andE, of the  The first one, suitable for the higher-energy measurements, is
specific energy loss in the random direction and of geometria sandwich system composed of eight Sb layers deposited
cal factors. For the helium case, we have used the rando@ternatively on amorphous Si ones (Si{plby using the
energy loss data of Niemaret al,® while for the lithium  molecular beam epitaxfMBE) technique. The whole system
case we used the experimental values obtained in this workvas grown on top of a SiOfilm built on a Si(100 sub-

At this point, it is important to stress that the channelingstrate. The thickness of the Sb markers is about 20 A ac-
stopping power depends on the target thickness because efrding to measurements using transmission electron micros-
the ion flux distribution and projectile charge state. For verycopy (TEM). The average surface roughness of 10 A, as
thin crystals, the ion flux distribution is nearly uniform and determined with an atomic force microscope, is negligible
the projectile charge state is equal to the incident one. Aftefor our purposes.
less than 2000 A, equilibrated ion flux distributiérand The second system, suitable for the low-energy measure-
projectile charge stat&sare achieved. Then, assuming that ments, consists of three different Au markers implanted in a
the effect of the preequilibrium projectile charge state is ofSi (100 substrate (Si/Ay). In this case, we have first amor-
minor importancegbecause an incident charge state close tphized the Si wafers using an Ar beam®£2
the equilibrium value can be chogetthe channeling stop- X 10 atoms/cri, E=300 keV). Afterwards, Au ions
ping power will be nearly identical to the random one. Onwere implanted at 30 keV, 50 keV, or 100 keV at fluences of

B. Random stopping power
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4000 . r r . T T distribution along a Si major axial direction has a peak in the

1 Ty ok . 1 middle of the channefflux peaking. Hence, the mean en-
Li" (700 keV) — Si/ Aul ergy lost by the projectile after passing a certain thicknéss
is given by the general formula

3000 ]
' ] x dE(p) .
| | o [[ax = o,

2000 ] fA g (p,x)
_ . AE= x : )
] si Au ] fAdzp fo dx®(p,x)

1000 i
] ] whereA is the transversal area of the Si axial chanpeis
. . the position relative to the center of the channel, @r{g,x)

01—t t feets :

is the ion flux distribution at the distanq?eand channeling
direction x. The energy loss per traversed distance,

(d E/dx)(ﬁ), may be divided into two contributions:

Counts

Sb : dE .
i &(p)—

dE .
&(P)

+(d—E( 3) @)
direct dx : .

e-loss

o

3000- 'Li* 2.5MeV) - Si/lSb, -
2000-%",-;

|

"Q,,KSi . The first contribution corresponds to the energy loss involv-

1 Sb T ing the Si electrongtarget ionization and excitation and elec-
1000+ : Sb ! 7 tron capturg while the second one is due to energy loss
] | ] from electrons originally bound to the projectilprojectile
ionization and excitation Both contributions can be ob-
tained from the impact-parameter-dependent energy loss in
50 100 150 200 250 300 350 400  binary collisions between the projectile in a charge state
with a neutral Si atom as
Channel

FIG. 2. RBS spectra obtained fdti* impinging on a Si/Ay
single marker and on a Si/glmultilayer marker.

Qe bi)

=2 fX g 3
q i

about ®=10'° atoms/cr. These fluences are too low to whered is the interatomic distance along the axial channel

modify the stopping power of the material, but high enough@"d the sum over has to be performed according to the
to provide good sensitivity for the backscattering experi-Projected atomic structure given by Fig. 3. The trajectory
ments. averaged electron density of atomic Si orbitals deviates by

The determination of the position of the markers in the@nly 2.5% from its solid-state value. Solid-state effects due

Si/Sky multilayer and in the Si/Autargets were done using 0 the Sivalence electrons—namely, the partially compensat-
1-3 MeV He beams provided by the 3 MV Tandetron of the'"9 collective screening and plasmon excitation—have im-
Institute of Physics of Porto Alegre. The RBS measurementB!iCily been accounted for by normalizing the mean energy
were performed at two geometries: one with the beam nortransfers of all shells to yield the Bethe value as extracted
mal to the samplénormal geometry while the other one from experimental solid-state data. Within first-order pertur-

with the sample at four different angles between 20° and 6o®ation theory, the results of our methddithout Bloch
with respect to the bearttilted geometry. j[erm_s) agree with full band-structure calculations for protons
The RBS spectra taken with a Li beam corresponding td" Si (Ref. 17 to within about 3% for the total stopping
the multilayer and marker systems are shown in Fig. 2. AQOWer as well as for the channeling energy loss. Finally,
discussed in some detail in Ref. 7, for a given beam of enSince the projectiles may be found in different charge states

ergy E,, at least two independent measurements at differerfl With fraction given byf, the average over the projectile
geometries are necessary in order to deterntiédx at charge state has to be performed. The He and Li charge-state

both incoming and backscattered paths simultaneously in thHéiStributions wer(.a.take?sfrom experiments performed under
framework of the mean energy approximation. In this Work,channelmg condition¥!8 For He ions with energies larger
each quoteddE/dx) is a mean value obtained from at least than 1.1 MeV, extrapolated values have been used.

five independent measurements at different geometries. In order to obtain the ion flux distribution, we have used
the string-potential modéP. Consequently, only the trans-

dE .
a(p)

direct

Il. THEORETICAL PROCEDURE verse motion has to be determined. For Si axial channeling,
_ Ziegler-Biersack-Littmark (ZBL) string potentials were
A. Energy loss of channeled ions added to calculate the potential energy as a function of ion

Under channeling conditions, the energy loss due to the Sransversal positiop according to Fig. 3 for each Si main
inner-shell electrons is strongly suppressed, since the ion fluaxis. We have solved Newton'’s equations of motion numeri-
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lowed later by the first coupled-channel calculatiéh¥:
These calculations are time consuming and results are avail-
able only for a few selected collision systems. Therefore, the
computer-simulation community has preferred to use semi-
empirical formula& as well as other simplifiéd or even
oversimplified” models in order to deal with inelastic colli-
sions. Here, we shall adopt the more advanced unitary con-
volution approximatiofUCA) as described below.

<110>

C. Unitary convolution approximation

A detailed description of the UCA model for bare ions
may be found elsewhefé.Here we present only a short
outline of the method and its extension for screened projec-
tiles. The electronic energy loss is defined by

Q<b>=2 |as(D)|2(&5— €o), (4)

which involves a sum over all final target states with energies
€; and the corresponding transition amplitudes for each
impact parameter. Even in a first-order Born approximation
for the amplitudesa;, direct calculation ofQ(b) from Eq.

(4) demands a computational effort that precludes its use in a
computer-simulation code. In particular, the sum over all fi-
nal states in Eq(4) involves very high angular momentum
values and converges very slowly for screened projectiles at
high energies.

In the framework of first-order perturbation theory, a
simple formula forQ(b) has been proposed receRfiyn-
volving a convolution of the target electronic density with an

FIG. 3. Coordinate space of t§¢10), (100, and(111) chan-  analytical kernel. This kernel represents the interaction
nels of the Si crystal. Parameters relevant to the calculations arstrength between the projectile and a quasifree electron. An
shown in the pictures. Numerical values are quoted in angstrom&xtension of this model for projectiles carrying bound elec-
The drawings involve different scales. See text for further informa-trons was described in Ref. 29. This formula is able to repro-
tion. duce first-order Born resuffwith very high accuracy for all

impact parameters. The convolution model was further ex-
Ca||y for an ensemble of ions |mp|ng|ng on the channel attended to take into account higher-order effects arising from
normal incidence. Thus, the two-dimensional transverse mdthe probability conservation in close collisions in the frame-
tion and the ion-flux distribution as a function of the penetra-work of Bloch approximation. It was shown that this ex-
tion depth were calculated. Thermal vibrations have beefénded model, called the UCA, provides reliable energy loss
included in the simulations by convoluting the string poten-values for highly charged swift projectiles. The extension of
tial with a Gaussian distribution that describes transversahis model for projectiles carrying bound electrons will be
displacements of the Si atoms. Here, we have considered ti@scribed in what follows by considering a screened poten-
root mean square of these displacementsa®.083 A ac- tial for the interaction between the projectile ion and the
cording to the Debye temperature from Refs. 13 and 2otarget electrons. This potential contains not only the Cou-

Other methods such as Monte Carlo calculatibngeld  lomb part due to the nuclear charge of the projectile, but also
similar flux distributions. the static potential produced by the projectile electrons that

screen the projectile-nuclear charge.
The UCA formula is extended here to take screened pro-
The energy los€(b) as a function of the impact param- jectiles into account by considering the same type of product
eterb in a single collision plays a very important role in the ansatz as in Ref. 11,
determination of the stopping power under channeling con-
ditions. In fact, the reduction of the stopping power for chan-
neled ions is due to a significant suppression of collisions Q(b):f der,C(B_FT)f dx p(rr,x), (5)
with small impact parameters. Full calculations of the
impact-parameter-dependent energy loss using first-order
perturbation theory have been performed only recéftlg|- with

<111>

B. Impact-parameter-dependent energy los€(b)
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He (1000 keV/u) —» Si

272 wibg
’C(be)zz_bzh[zvpbe/n(zeff)]z fig< v )1 (6)
pMe ! p

whereZ, andv , are the projectile nuclear charge and veloc-
ity, respectively, andb, is the relative impact parametéye-
tween the projectile and the target elecirofihe electronic
densityp(r) (Ref. 30 is integrated along the ion path. The
kernel € yields a smooth interpolation between small and
large impact parameters for which there exist analytical for-
mulas for Q(b).?8 The first two terms in Eq(6) describe
violent binary collisions between the screened projectile and
the target electron, and the last term accounts for the screen-
ing effect by strongly reducing the long ranged dipole tran-
sitions. The first integralfd®r--- in Eq. (5) describes a
convolution with the initial electron density. According to
Ref. 29, the functiong(x) andh(x) read

g(x) =[ X2+ (abe)2JK3[ VX*+ (abe)?]
+ XK VX% + (abe)?] (7) 1000.0 . 015 ' 1i0 ‘ 115 20

and Impact Parameter (10&)

10° |

Energy Loss (eV)

10

| —— UCA model
® FO model

X2 (1 FIG. 4. Energy loss as a function of the impact paramietier
h(x)= ?J' dy yKO(xyZ)\]O(xy\/l—yz)_ (8) 1000 keV/nucleon He ions impinging on a Si target. Solid line:
0 UCA model. Solid circles: first-order perturbation theory. See text

In the above equation¥, and K, are the modified Bessel for further information.

functions,w; are the transition energies(=¢€,— €;), f; are

the  well-known  dipole-oscillator  strengths [f;  these energies, the projectile-charge state is generally about
=2|(i]z|0)|?(€;— €o) 1, which fulfill the sum ruleZ;f;=13!  the projectile atomic number and, consequently, the anti-
The parametet: is the reciprocal of the screening length of screening effect is of minor importance for energy loss cal-
a Bohr-like (or Yukawa-typé projectile screening potential. culations.

Expressions for the functiog for other screening potentials A comparison of the present model with other calculations

may be found in Ref. 29. The scaling factgris defined in  is shown in Figs. 4 and 5 for the energy loss of 1 MeV/
Ref. 11 as nucleon Hé ions colliding with Si atoms. Two energy loss

processes are relevant for this collision system: namely, the
n=exgRey(1+iy)—i(1)] (9) direct ionization and excitation of Si by Hieprojectiles(Fig.
4) as well as the projectile ionization and excitation by the Si
* 1 target (Fig. 5. The first process can be well described in
=ex;{ > —| (10)  first-order perturbation theoty (FO) for screened He ions
=111+ 97) impinging on Si. These calculatiorfEO) are represented in
with y=Zq¢t/v,. In this work, the projectile screening is
taken into account for close collisions by using an impact
parameter-dependent effective chaig;. The values of

Fig. 4 by solid circles and the ones corresponding to the
Z.¢; are obtained from the screened projectile potential as

'UCA model are depicted by a solid line. For both models, the
appropriate screening potential is the singl@otential as
described in Ref. 2qwith Z5"'=2). For the target param-
eters, the electronic density of the wave functions in the FO
Zoii(be)=Z,—n®(by), (11) model for each subshell was taken ir_1to account. For each
subshell, however, only a single oscillator strength and a
where®d (r) is the projectile-screening function. In this way, mean transition energy was considered in the UCA model,
the bound projectile electrons will reduce the interaction be-according to the analysis performed in Ref. 29. As can be
tween the projectile and target electrons. It is important taobserved, the agreement of the UCA with FO calculations is
point out that the projectile electrons screen the projectilevery good. However, for small impact parametebs<(1),
nucleus as spectators of the target excitation; i.e., the projedeviations are found, being more significant at lower projec-
tile electrons remain in the ground state when the target isile energies. The reason for that is an overestimated inner-
excited. Thus, we also neglect the so-called antiscreeninghell contribution to the calculations. That reflects the limi-
effect, where the electron-electron interaction between théation of the UCA model which is strictly valid for projectile
bound projectile electrons and the target electrons results igpeeds exceeding the mean orbital electron velocity.
an enhancement of the ionization and excitation cross sec- The second energy loss process is due to the projectile
tions at intermediate to high energis3* Nevertheless, at ionization and excitation by the Si atoms. These atoms can
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.0
10°F®q  Si (1000 keV/u) » He'
®
[ J
10°f 3
E _—
- g
>
2 10k =
g | 5
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% £
10 0
oy o0 .
& £ s He - Si<lll>
3 S 30f 24y
10"k g' \ 6;
5 [S
B coupled-channel calculations AOQ 20
107 UCA model
f ® FO model —uca
[ mode 10 I @ this work
A Eisen et al.
10° . 1 . L . 1 . O Lullietal 4
0.0 0.5 1.0 1.5 2.0 — — random (Niemann et al.)
o 0 L
Impact Parameter (A) 0.2 1 10

Energy (MeV)

FIG. 5. Energy loss as a function of the impact paraméter
for 1000 keV/nucleon Siions impinging on a Hé target. Solid
line: UCA model. Solid squares: coupled-channel calculations
Solid circles: first-order perturbation theory. See text for further
information.

FIG. 6. Energy loss of He ions as a function of the ion energy
for the (110) and(111) directions in Si. Solid circles: this work.
Solid line: UCA model. Open circles: Lullet al. (Ref. 5. Open
triangles: Eiseret al. (Ref. 3. Dashed line: random stopping power

L . N by Niemannet al. (Ref. 15.
be seen as “projectiles” in the reference frame of the"He

ions. Since this energy loss mechanism involves a strongnental point obtained in this work corresponds to an average
perturbation due to the large nuclear charge of Si, we have tof at least five individual measurements. The quoted errors
compare the present model to nonperturbative calculations 480t only in Fig. 6 but also in Figs. 7 and @ere estimated
well. Therefore, we compare the present model with thfom the statistical dispersion of the individual measure-
coupled-channel calculations that provides the most reliablE'ents. An inspection of Fig. 6 indicates that the stopping
values for the projectile-electron loss process. The coupled2OWers corresponding to the10) channel are about 10—
channel method is based on the numerical solution of th&0 % lower than the ones corresponding to ¢hé1) chan-
time-dependent Schdinger equation in the framework of nel. This feature is a direct consequence of the fact that the

the independent particle model. This metfodescribes the <11(.)>. chahnel is much wider than tHa11) (seg_Fig. 3 In
energy loss very accuratéfyand is used here as a bench- addition, it can be observed that both specific energy loss

. . curves have a maximum in the same energy region, around
mark for comparison with our present energy-loss model gy reg

; X ; 400 keV. The channeling stopping power decreases faster
According to Fig. 5, there IS an excellent agreement betweemlith increasing energy than the random one. This general
the present UCA modébolid line) and the coupled-channel popayior reflects the role of the valence and inner-shell elec-

calculation(solid squares Here the same projectile screen- yong |ndeed, for increasing projectile energies, the contribu-
ing function was used in both calculations, namely the gension of the inner-shell electrons to the random stopping
eral screening function as given in Ref. 29. It is important,qer increases whereas the contribution from these elec-
to note that first-order calculations lead to strong deviation$,ons are almost completely suppressed under axial channel-
from the accurate coupled-channel results as indicated ifg conditions. Furthermore the maximum channeling to ran-
Fig. 5. dom stopping ratio 4 ratio) attained for thé 111) and(110)
directions are~0.9 and 0.7, respectively. Bearing in mind
IV. RESULTS AND DISCUSSIONS that the random and channeling stopping powers originate
mostly from the interaction of the ion with the valence elec-
trons of the target, the difference observed in the maximum
According to the procedure outlined in Sec. Il A, we have« ratio values can be explained in terms of the distribution of
determined the energy loss 8He ions along S{110) and valence electrons across the channels. In the case of the
(111) Si directions using the random stopping values of Ni-(111) channel, these electrons are almost homogeneously
emannet al!® (see Table | for the respective energy ranges distributed across this channel. On the other hand( 11€)
The results are presented in Fig. 6 together with the channebeing the widest channel, the reduced valence-electron den-
ing data by Lulliet al® and Eiseret al.® as well as with the  sity is reflected by a maximura ratio significantly smaller
random stopping values by Niemarmt al® Each experi- than 1.

A. Channeling stopping power
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30} o oA 1 ——UCA calculations
is work
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Energy (MeV)
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FIG. 7. Energy loss of Li ions as a function of the ion energy for 0.1 1 10
the (100, (110, and (111) directions in Si. Solid circles: this
work. Solid lines: UCA model. Open circles: Jiargal. (Ref. 10. Energy (MeV)

Dashed line: random stopping power calculated with &d.) and

the values quoted in Table II. FIG. 8. Energy loss of Li ions as a function of the ion energy in

amorphous Si. Solid circles: this work. Solid line: UCA model.
Dotted line:srim 98 (Ref. 37). Open squares: Santet al. (Ref.

A comparison of our resultisolid symbol$ with previous ; _
36). Open triangles: Jiangt al. (Ref. 10.

experimental channeling datapen symbols(Refs. 3 and b
is also depicted in Fig. 6. As can be observed, up to 1 MeV.
there is a quite good agreement among the different sets
data. However, for intermediate energigls-3 MeV), our
results are systematically lowé¢of the order of 10-15%
than those reported by Lulét al® (open circles Neverthe-
less, the difference is still within the experimental errors. It

should be stressed the previous channeling data have be present ones, the difference being of the order of 10%. As

measured using thick targetabout 10000 A). This fact in the case of He, a slight overestimation of the channeling

may introduce a slight overestimation of the channeling enénergy loss is expected for the transmission geometry. This is
ergy loss due to dechanneling at crystal defects and ele

g ) ! Yue to the fact that effects such as dechanneling at crystal
tronic multiple scattering.

i . : defects and electronic multiple scattering are more pro-
.As ShOW’.‘ in Fig. 6, th? |mprove.d UCA calculations agreenounced, since much thicker targets have to be employed for
fairly well with data for high energies. Conversely, for ener-

: . . this technique.
gies lower than 1.5 MeV, the calculations underestimate the As in the case of He, the UCA calculations underestimate

measured stopping power values. It has been sfottat the experimental Li results for low to intermediate energies

this difference comes from polarization effects which are not(up to 4—5 Me\). However, the disagreement is much larger
mcllud'(:a_d 'n7ﬂ][ﬁ p;eL_senltOcaIcullaltmns. d(11D ch i for Li than for He ions. Again, the difference is related to

n rg. e 'Li ¢ : 9. (110, and(11]) c anneling igh-order effects which are not accounted for in the UCA
stopping powers are displayed. It should be mentioned th pproximation. In this case, the polarization effect, which

the part of the data for th¢100) channel was published 3 .
previously®® and they are included here only for the sake ofgﬁfiiggieg;zp’ seems to be responsible for the observed

completeness. As discussed before, in order to obtain thé
channeling data, we have to use the random stopping power
as an input for the data analysis. In this case, we have used
the random stopping powers measured in this work and dis- In Fig. 8, the Li random stopping powers obtained in the

cussed in the next subsection. The energy range covered fpresent experiment are shown as solid circles. The data is

ch axial channel was differe(stee Table | for detaijs By

e time the present work was under way, Jiahgl1° have
published Li channeling data for t{€00) Si direction in a
restricted energy range using the ion transmission technique.
These data are shown as open circles in Fig. 7. The experi-
mental points of Jiangt al® are systematically higher than

B. Li random stopping power
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TABLE Il. Parameters obtained by fitting EGAL) to the data discussed in this work. See text for further information.

lon Energy Direction ag a as aj ay B
(MeV)

“He 0.38-4.98 (111 7.178<10°2  —4.446x10°2  —7.886<10°2  6.648<10 %2  4.861x10 2 1.557
“He 0.28-5.99 (110 8.179<10°2  —4.989x10°2  —8.941x10°2  7.522x10°%  1.095x10°1! 6.418
"L 0.47-7.98 (100 1.216x10°Y  -8.130x10°®  —6.576x10°2  1.305<10°2 5317102  192.86
"L 0.64-3.95 (111 1.106x 10! —2.79x10 2 —7.381x10°2  5.317x10°2 2.09x10 2 31.42
L 0.55-4.96 (110 1129107 —4.119x10°2  —9.218<10°2  4.922x10°? 2.54x10°? 5.734
“Li 0.24-8.83  Random  6.09210 2  —-1.051x10‘! 7.331x 102 2157102  6.57x10°3 15.7

well fitted (not shown hereby an expression similar to that those obtained along thg11) direction because of the ge-
one proposed by the Kalbitzer grotipThe fitting formula  ometry of these channels. A comparison with previous ex-
can be found in the Appendix, and the fitted parameters argerimental data performed using transmission technique
shown in Table II. In addition to our data, we show the datashows a good agreement up to 1 MeV. For higher energies,
previously published by Santry and Werifefopen squarés  the previous experimental data are systematically higher than
and by Jianget al.*’ (open trianglels These data sets cover a the present ones with a difference of about 8—10 %. This
different but yet complementary energy range. An inspectiofinight be related to the thick targets used in previous trans-
of this figure shows that the present results are in quite googission technique experiments.

agreement with both previous measurements and the differ- 1,4 | ; channeling stopping data obtained in a 0.5—-8 MeV

0, i .
ence does not. excggd the 8% Ieyel. In the. same fl.gure, W&nergy interval shows the same features as the He results.
show the semiempirical interpolations by Ziegler, Biersack

and Littmark” obtained from the computer cogeim 98. As However, a significantly reduced energy loss for the widest

can be observed, this procedure reproduces fairly well theSI channef 110 is observed. Comparison with the previous

experimental results. At intermediate to high energirsv experlmenFaI _datzﬁobtame_d fpr the S(_lOQ} ch_annel using
Qe transmission geomejrindicates a similar discrepancy as

98 tends to overestimate the present results, the differendk o
being of the order of 8%. for He projectiles. _ o
The Li random stopping data were obtained in the 0.2-9.0

It is interesting to compare the UCA calculations with the . . .
random stopping of Li in amorphous Si. As can be observed//€V €nergy range by using the RBS technique and different

in Fig. 8, good agreement is obtained between the presefftarker systems. Our data are in r‘%’gry good agreement with
results and the UCA calculations down to 2.0 MeV. Thisthose obtained by Santry and Werffeand by Jianget al:

feature is at variance with what was observed for the char® comparison between the present results with the semi-

neling experiments, where the UCA results clearly underes€mpirical calculations by ZBL indicates uncertanties of less

timate the experimental values. However, the abovetlan 10% from the ZBL predictions.
mentioned agreement is accidental. In fact, the UCA model Concerning the theoretical calculations based on the UCA

is valid only for projectile speeds exceeding the mean elec@PProximation for the impact-parameter-dependent energy

tron orbital velocities. It is expected that this limitation will 0SS, We have observed good agreement with the channeling

result in overestimated stopping powers due to the Si innef€XPerimental data for energies down to 2 MeV for He and at

shell electrons. Thus, the neglected higher-order effects sucf® Nighest energies for Li. It has been shofthat the dif-
as the polarizationBarkas effect and the overestimated ference between the experimental data and UCA calculations

due to polarization effeci®arkas. On the other hand, the

ndom experimental data are well reproduced by UCA cal-
culations for a much wider energy range. However, for the

lower-energy range this agreement should be taken as acci-
V. CONCLUSIONS dental. This comes from the fact that while the UCA calcu-

. lations may overestimate the energy loss at close collisions

In the present work we have measured the channelingi, jnner-shell electrons, it underestimates the energy loss
stopping power of'He and’Li as well as the random stop- 4t gistant collisions. Therefore, for random incidence where
ping power of ‘Li in Si targets. For the channeling measure- 4t distant and close collisions contribute equally, a com-

ments we have used the RBS technique associated with @nsation of neglected effects results in good agreement be-
SIMOX target. This method allowed us to perform the mea-yeen theory and experiment.

surements in a wide energy range without changing the ex-
perimental conditions.

The He stopping powers were investigated along the Si
(1100 and(111) directions in a 0.3—6 MeV energy range.
We have found that the stopping powers measured along the This work was partially supported by the Brazilian agen-
(110 directions are systematically 10-30% lower thancies Conselho Nacional de Desenvolvimento Cfetie

stopping power for Si inner-shell electrons are compensatin%f
each other. a
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dX Cll0+ a1E1/4+ a2E1/2+ a3E+ a4E3/2, (Al)
whereaq, a1, as, ay, andg are fitting parameters artlis
APPENDIX the ion energy. Table Il gives the iofide or Li), the energy
range for which the fit is valid, the direction, and the param-
The present He and Li random and channeling data can beters obtained for each case. In the above expression, the
fitted with the following semiempirical expression worked stopping power is given in eV/A for ion energies quoted in
out from the published results by Niemaanal..*® MeV.
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