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Electronic stopping power of 10B in Si in random and Š100‹ channeling directions

J. H. R. dos Santos, M. Behar, P. L. Grande, and H. Boudinov
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Max-Planck-Institut fu¨r Kernphysik, P. O. Box 103980, D-69029 Heidelberg, Germany

~Received 8 November 1996!

We report measurements of10B stopping powers in random and Si^100& directions. The measurements
were carried out in the 500–9000 keV energy range for the channeling case and in the 300–800 keV for the
random one. For the channeling measurements, the low energy data~500–800 keV! follow a vs regime with
s50.906 0.06 whereas, for the random data,dE/dx}vs with s51.160.2. Both results are in good agreement
with the prediction of current theories. On the other side, the experimental random10B stopping power values
~for energies up to 650 keV! are in fair agreement with the ones obtained from a scaling procedure by Ziegler,
Biersack, and Littmark. However, for energies higher than 650 keV, slight but systematic differences are
observed.@S0163-1829~97!03920-9#
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I. INTRODUCTION

The slowing down of energetic ions penetrating the ma
has been intensively studied for many years. As a con
quence a large number of range measurements on a va
of projectile-target combinations have been performed in
der to test current theories.1 On the other hand in the sam
period of time much less stopping-power measurements h
been performed and most of them have been done in ran
directions.1 Furthermore, most of the published works o
energy loss of energetic ions in channeling directions d
with protons and in less extent with He ions along the m
Si axes.

An accurate knowledge of stopping powers for both ra
dom and channeling directions is important from both poi
of view: the underlying physics and practical applications.
the first case the data can test interatomic potentials an
electronic excitation models used in range and atomic
placement calculations. From the practical point of view
data can be used as input of analytical or Monte Carlo t
of programs that calculate depth distributions and dam
produced by ions implanted into channeling and random
rections of the matrix.

Usually, the energy loss of channeled ions has been
formed by measuring the final energy of ions transmit
through thin single crystals. However the use of this meth
strongly depends on the preparation of homogeneous
supporting single crystals. In particular, in order to meas
the energy loss of ions heavier than protons or He at low
intermediate energies, extremely thin films must be e
ployed.

In the past few years we have used an alternative me
in order to determine the stopping of He ions channe
along the Sî 100& and ^110& directions.2–4 In this way, the
channeling energy loss before the backscattering can be
tained almost directly. The channeled ions are detected a
being backscattered at some marker specially introduced
this purpose. Results for the energy loss along the^110&
550163-1829/97/55~20!/13651~7!/$10.00
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direction2 have shown that this backscattering techniq
yields channeling stopping powers well consistent with
ones obtained from transmission techniques.

The stopping power data for B in Si are scarce and
complete. Concerning the channeling data the pionee
work of Eisen5 for 11B in Si which was performed in a very
narrow energy range using the transmission technique sh
be mentioned. Later works6–8have used range measuremen
of B implanted in channeling directions to obtain the cor
sponding channeling stopping powers. Finally, it should
mentioned that the only available random stopping pow
data for 10B in Si is the one given by the RSTOP subrouti
of the TRIM program.1 These data are not experimental, b
were obtained by a scaling procedure as described in Re

Most of the stopping-power tabulations9,10 and semi-
empirical models1 extrapolate their results from intermedia
and higher energies to lower ones, using velocity depend
cies which are based on simple models. This is due to
fact that there are noab initio theories that can describ
precisely the low energy electronic stopping processes
ions in metals, semiconductors, or insulators. In particu
the Firsov model11 and the Lindhard electron-gas theory12

predict a linear dependence of the electronic stopping po
with the projectile velocity. More recently this behavior wa
corroborated by calculations performed for metals.13–16

Following our theoretical-experimental study2–4 of He
stopping in channeling directions we have investigated
stopping of 10B in random and Sî 100& directions. The
channeling experimental study was performed using
backscattering method in a 500–9000 keV energy range.
contribution to the electronic stopping power due to valen
electrons from the Si was calculated using the free elec
model.17 On the other side the random stopping-power m
surements were performed in a much restricted 300–
keV energy range. The present results are compared to
previously published ones5–7 and discussed in terms of cu
rent calculations.
13 651 © 1997 The American Physical Society
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II. EXPERIMENTAL PROCEDURE

A. Channeling experiments

1. Experimental setup

We have used SIMOX ~separation by implanted
oxygen18! type samples consisting of thin Si^100& crystal
layers on top of 5000 Å SiO2 buried layers, produced in
^100& Si wafers. Two different thin single crystal layers, 75
and 1500 Å thick, were used for the stopping-power m
surements in thê100& channeling direction.

The samples were prepared at IBM, T.J. Watson Rese
Center, New York. They were thinned by thermal oxidati
and chemical etching. For each experiment the sample
cleaned and etched to remove the native oxide film on
surface using a 10% HF acid just before the Rutherf
backscattering spectrometry~RBS! measurements. Then
they were mounted on a three axis goniometer of 0.0
precision. The experiments were done in the 500–9000
energy range. For energies lower than 800 keV, the10B21

beam was produced by the 400 kV ion implanter of the
stitute of Physics at Porto Alegre. For energies higher t
800 keV, the boron beam was provided by the 3 MV tand
accelerator at the Max Planck Institute fu¨r Kernphysik~MPI-
K!, Heidelberg. In both cases the10B beam angular diver-
gence was better than 0.03°.

The energy-loss measurements were carried out using
beam impinging on the sample at channeling and rand
directions. Based on a recent study19 and taking as reference
the ^100& axis (C 5 0! and the$100% plane (f 5 0!, we
have chosen as a random direction the one defined
C56° andf515°. The backscattered10B particles were
detected by Si surface barrier detectors. At Porto Alegre
measurements were carried out using three different b
scattering geometries with the Si detector at 165, 130,
120° with respect to the incident10B beam. At Heidelberg
three different detectors were used, placed at different ge
etries, but always forming an angle of 165° with respect
the impinging beam direction. The overall resolution of t
detection systems at Porto Alegre and Heidelberg was
ways better than 25 keV. In addition to the experiments d
at different geometries, several sets of measurements
performed under the same conditions. In all the cases,
results were reproducible at a 5% level.

The energy difference between the Si/SiO2 interface po-
sitions in the random and channeling RBS spectra gives
corresponding difference in the energy lost in the path be
the backscattering. As will be described in the next sect
this difference provides the information about the stopp
power in the channeling direction. In addition to energy lo
the RBS technique also simultaneously yields informat
about the dechanneling of the ions traversing the sample

2. Data analysis

Typical RBS random and channeling spectra in the
^100& direction for 800 keV and 8 MeV are shown in Fig
1~a! and 1~b!. Ec and Er are the detected energies of th
10B backscattered particles at the Si/SiO2 interface in the
aligned and random incidence, respectively.

The detected energies~using the mean energ
approximation20! are
-
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Ec5KFE02
dE

dx U
Ēin

c

l inG2
dE

dx U
Ēout

r

l out ~1!

and

Er5KFE02
dE

dx U
Ē
in8

r

l in8 G2
dE

dx U
Ē
out8

r

l out8 , ~2!

where the prime8 refers to the random incidence,K is the
kinematic Si factor, E0 the incident beam energy
(dE/dx)uc the channeling specific energy loss~to be deter-
mined!, and (dE/dx)ur the random one.Ēin and l in(Ēout and
l out) are the mean energy and length of the inward~outward!
path. Combining Eqs.~1! and ~2!, we obtain

dE

dx U
Ēin

c

5FKE02Ec

KE02Er
S b11

cosu1
cosu18

D 2b2GdEdx U
Ē
in8

r

, ~3!

with

FIG. 1. ~a! RBS random and channeling spectra in Si^100&
direction for 800 keV10B ions.Ec andEr are the detected energie
of the backscattered particles at the Si/SiO2 interface in the chan-
neling and random directions, respectively.~b! Similar to~a! but for
10B ions at 8 MeV of energy.
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b1[

dE

dx U
Ē
out8

r

K
dE

dx U
Ē
in8

r

cosu1
cosu28

, ~4!

b2[

dE

dx U
Ēout

r

K
dE

dx U
Ē
in8

r

cosu1
cosu2

, ~5!

whereu1 andu2 are the angles between beam and samp
normal and between sample’s normal and detector di
tions, respectively.

An inspection of Eqs.~3!, ~4!, and~5! shows that, for the
present backscattering method, the determination of th
crystal-layer thickness is not necessary. The energy los
the channeled particles is obtained from geometrical fact
the detectedEc andEr energies, and the specific energy lo
in the random direction.

TheEc andEr energies corresponding to the Si/SiO2 in-
terface were determined by fitting the channeling and r
dom spectra with an algorithm which in addition to the er
function ~accounting for particle straggling and detect
resolution! includes the Rutherford cross section depende
with the ion energy.

B. Random stopping power

1. Experimental setup

For this experiment, we have used a Bi marker implan
into an amorphized Si layer. First, we have determined
projected rangeRp of the Bi ion distribution by using a
He21 beam. Then, we have determined the energy posi
of the same Bi marker by using a10B beam at different
energies. With this information we were able to determ
the random stopping powers of10B in Si as described below

The sequence of experiments was the following: first
have amorphized a Si^100& wafer using an Ar
(f5231014 at/cm2,E5300 keV! beam. After that, the
sample was implanted with a 30 keV Bi beam at a fluen
f51015 at/cm2, which is too low to modify the material
and, on the other hand, high enough to provide sensitivity
the backscattering experiments. Then, we have determ
the range of the implanted Bi peak by using a 800 k
He21 beam from the 400 kV ion implanter of Porto Alegr
The backscattered He21 particles were detected by a Si su
face barrier detector placed at 165° with respect to the b
direction. The overall electronic resolution was better th
12 keV. The range measurements were done at two diffe
type of geometries:~a! with the sample at normal angle wit
respect to the beam~normal geometry! and ~b! with the
sample at five different angles ranging between 15 and
with respect to the beam~tilted geometry!. A typical RBS
spectrum for the normal geometry is shown in Fig. 2~a!.

The energy to depth conversion was carried out using
recent He stopping power values reported by Niema
et al.21 We have then obtainedRp514468 Å. It should be
stressed that the above value was obtained as an avera
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ten different range measurements taken at normal and t
geometries. The quoted errors are the ones which arise f
the statistical treatment of the individual measurements p
those which came from the uncertainties in the determina
of the He stopping power~estimated at a 1% level!.21 Other
sources of errors, such as geometry and ion beam en
uncertainties, are considered to be much less important.

In a next step, we have determined the energy posi
@E(Rp)# of the Bi implanted peak by using10B beams with
energies which varied between 350 and 800 keV. Figure 2~b!
displays a RBS spectrum taken with a 800 keV10B beam.
The energy position corresponding to the maximum of the
distribution is marked in this figure asE(Rp). Considering
the expression for the random energy-loss factor

@S~B!#Bi
Si5

KBiE02E~Rp!

Rp
, ~6!

we can obtain the values for the electronic stopping powe
10B in Si through the relation between the energy-loss fac
and the energy loss per unit lengthdE/dx ~in the surface
energy approximation20!:

@S~B!#Bi
Si5

KBi

cosu1

dE

dx U
E0

1
1

cosu2

dE

dx U
KBiE0

. ~7!

FIG. 2. ~a! RBS spectrum of a 30 keV Bi marker implanted in
obtained with a 800 keV, He21 beam.~b! The same as~a! but
obtained with a 800 keV10B beam.
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FIG. 3. (dE/dx)uE0 versus (dE/dx)uKBiE0 plot
for 10B in Si at 700 keV. The straight lines cor
respond to the specified geometries. The inters
tion point of two straight lines gives the measure
dE/dx values along the inward and outward pat
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It can be observed from expressions~6! and ~7! that at
least two measurements ofE(Rp) ~performed at different
geometries! must be done in order to determine the ene
loss dE/dx at theE0 and KBiE0 energies. In the presen
experiment for each10B energy we have performed four di
ferent measurements, changing the angle between the
dent beam direction and the sample’s normal. For each
ergy, the set of measurements was repeated several time
the results were reproducible at a 5% level.

2. Data analysis

As mentioned before in the present data analysis we h
used the surface energy approximation.20 This procedure is
justified because the Bi marker is located at the very n
surface region.

Expression~7! can be rewritten in the following way:

dE

dx U
KBiE0

5m
dE

dx U
E0

1n, ~8!

with m[2KBi(cosu2 /cosu1) andn[@S(B)#Bi
Si .

By changingu1 and/oru2 a family of straight lines in the
(dE/dx)uE0 versus (dE/dx)uKBiE0 plane can be obtained. Th
intersection of two straight lines gives—for each10B
energy—the corresponding (dE/dx)uE0 and (dE/dx)uKBiE0
values.

In order to minimize the errors we have modeled the
periment. This was done by choosingu1 ~and consequently
u2) to obtain the maximum possible angle between
straight lines. We have performed for each10B energy, four
experiments under different geometrical conditions. A ty
cal (dE/dx)uE0 versus (dE/dx)uKBiE0 plot for

10B at 700 keV
is displayed in Fig. 3.

It should be noted that, for each energy there are at m
six sets of different (dE/dx)uE0 and (dE/dx)uKBiE0 values
which arise from the indefiniteness of the intersection po
Then, we have taken the corresponding mean values
those are the ones further quoted. The errors were calcu
taking into account~a! the statistical dispersion and~b! the
reported uncertainties in the He stopping power.21
y
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III. RESULTS AND DISCUSSIONS

A. Channeling stopping powers

According to the procedure outlined in Sec. II A2 w
have determined the energy loss of channeled10B ions along
the ^100& Si direction. Figure 4 shows our results for th
channeling stopping power as a function of the ion ener
The channeling stopping power increases from 42.4 eV/Å
about 50 keV/amu to 79.7 eV/Å at around 500 keV/am
Then, it steadily decreases down to 62 eV/Å at 900 ke
amu. The broad maximum in the channeling stopping pow
around 500 keV/amu probably arises from the maximum
the contribution of theL shell to the electronic stopping
power as indicated by plane wave Born approximat
~PWBA! calculations.22

In the same figure, and for comparison we have plot
the previous results obtained by Eisen,5 La Ferlaet al.,6 and
Bogenet al.7 The data point of Eisen5 at 12.8 keV/amu and
the lower energy points of La Ferlaet al.6 are out of the
presently studied energy range. On the other hand, the h

FIG. 4. Channeling stopping powers of10B in Si ^100& as a
function of the energy. Full circles correspond to the present res
Full line are the data of Bogenet al. ~Ref. 7!. Squares correspond t
the data of La Ferlaet al. ~Ref. 6!. Triangle is the data point of
Eisen~Ref. 5!.
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FIG. 5. The full line represents the rando
stopping power of10B in Si. The full circles rep-
resent thea ratio between the channeling and th
corresponding random stopping powers~the
dashed line is only to guide the eye!.
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est energy point of Ref. 6 is in good agreement with
present data. It is pointed out that the data of Bogenet al.7

are systematically higher than the present and previo
published data. The reason for this behavior is unknown
should be noted however, that the indirect procedure, use
Ref. 7 ~based on range measurements! could be responsible
for the observed discrepancies.

In Fig. 5 we show thea ratio between the channeling an
random stopping powers~full circles! as well as the10B
random stopping power as extracted from Ref. 1~solid line!.
It can be observed that thea ratio is weakly dependent o
the ion energy. Its value ranges from 0.6 at 500 keV up
0.82 atE55000 keV and decreases to 0.72 at 9000 keV

We have calculated, on the basis of the free elect
model,17 the contribution to the electronic stopping power
the valence electrons scattered by the effective potentia
the moving ion. In principle, this procedure is only valid f
a degenerate electron gas. However, for10B ions of hundreds
of keV energy, the projectile maximum energy transfer to
target electrons is high enough~in comparison to the gap
width! and, therefore, the effect of the band gap can be
glected. The atomic potential responsible for the scatterin
the target electrons was calculated according to the Hart
Fock-Slater method.23 Here the long Coulomb range part o
the potential has been exponentially screened by the val
target electrons, according to the Debye screening.24 The cal-
culations of the transport cross section and the electro
energy loss through the phase shifts method17 were carried
out for a 21 charge state, which according to Betz25 should
be the equilibrium charge state for the present energy ra
In addition, we have repeated the calculations for the B n
tral charge state which is the equilibrium one forv→0.

The results of the calculations are presented in Fig. 6
function of the ion velocity ratio,v/v0 ~being v0 the Bohr
velocity!. In addition the present~up to 800 keV! and previ-
ously published results5,6 are shown. An inspection of thi
figure shows several interesting features. First, up
v/v0' 0.8 the calculations reproduce quite well the expe
mental data. Second, for increasing velocities (v/v0> 0.8!
two different behaviors appear: the calculated values wh
show a broad maximum aroundv/v051.6, whereas the ex
e

ly
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e.
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h

perimental data increase with increasing velocity. Third,
all the studied energy range, there is no significant differe
between the calculations performed with charge 21 or a neu-
tral one. Fourth, the experimental points can be fitted wit
power law expression—dash-dotted line—which gives
following result:dE/dx5(3561)(v/v0)

0.9060.06 eV/Å. The
above mentioned features clearly show that the basic ene
loss mechanism for low velocities (v/v0< 0.8! is due to the
scattering of the target valence electrons by the effective
tential of the incoming ion. For higher velocities (v/v0.
0.8!, the difference between the experimental and theoret
results is attributed to other energy-loss contributions suc
excitation and/or ionization of inner-shell electrons as w
as capture and/or loss of electrons by the10B ions. In addi-
tion it should be observed that forv/v051.5, the scattering
of the valence electrons by the projectile is responsible for
% of the total energy loss. Finally, it should be pointed o

FIG. 6. Calculated electronic stopping powers~for a 21 and
neutral charge state! as a function of the ion velocity ratio,v/v0
~beingv0 the Bohr velocity!. In addition are shown the present~up
to 800 keV! and previously published experimental results~Refs. 5
and 6! for the channeling energy loss. All the experimental poin
were fitted with a power law expression—dash-dotted line
dE/dx5(3561)(v/v0)

0.9060.06 eV/Å.
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that the whole set of data follows an almost linear relatio
ship with the ion velocity, as predicted by curre
theories.11–16

B. Random stopping powers

In Fig. 7, the10B random stopping powers obtained in th
present experiment in the 300–800 keV energy range
shown. The open circles represent our experimental d
whereas the full circles were obtained by recalculating
data using the He stopping powers from the Ziegler, Bi
sack, and Littmark~ZBL! procedure.1 The typical error bars
in the first case are of the order of 7% being a little bit high
~9%! for the second one due to the larger reported He ene
loss uncertainties. In addition, we show with a full line t
10B random stopping data obtained from the RSTO
subroutine.1

An inspection of Fig. 7 shows some interesting featur
In first place, the10B random stopping powers deduced fro
the ZBL ~Ref. 1! He stopping powers are systematica
higher ~by around 5%! than those deduced from Nieman
et al.21 This is a consequence of the fact that the reported
stopping power values by Niemannet al.21 in the present
studied energy region are about 7.5% lower than the one
Ref. 1. In second place, the good agreement between
10B random stopping data extracted from the RSTOP s
routine~full line! and the present experimental one~deduced
with the ZBL He data! should be noted. Only at energie
higher than 650 keV are slight but systematic differences
around 5% observed.

This last feature can be also deduced from the10B range
measurements in amorphous silicon. In the work of Be
et al.,26 the 10B projected ranges and range stragglings in
9.5–2000 keV energy interval were investigated. For en
gies lower than 500 keV the agreement between the exp
mental projected ranges and theTRIM predictions was bette
than 2%. However for energies higher than 700 keV
experimentalRp became larger than the predicted ones,
ing the difference of the order of 6–10 %. These results w

FIG. 7. Random electronic stopping power of10B in Si. Full
line corresponds to the values extracted from Ref. 1. Open cir
are present experimental results obtained using the He stop
powers of Ref. 21—see text. Full circles are present experime
results obtained using the He stopping powers of Ref. 1—see
-
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very much consistent with the ones obtained by Oosterho27

This means that the10B stopping powers of the RSTOP sub
routine are larger than the ones which result from the ra
measurements. These observations are in full agreement
the present results.

In Fig. 8, we have plotted the calculated values from F
6 and our lower energy~300–650 keV! experimental results
as a function of the ion velocity. There are not low enou
energy experimental data in order to make a meaning
comparison. However, we can emphasize one major poin
the present case and for the same velocity, the theoret
experimental difference is much larger than the one obser
for the channeling case. In particular, forv/v051.5 the ex-
perimental random value is twice the calculated one, while
the channeling experiments, it was only around 1.25—
Fig. 6. This means that in the random case, the contribu
of the excitation and/or ionization processes of inner-sh
electrons is much larger—as expected—than in the chan
ing one.

Finally, we want to state that a least square fit to the d
presented in Fig. 8 yieldsdE/dx5(4963)(v/v0)

1.160.2

eV/Å. This velocity dependence is also in good agreem
with the predictions of current theories.11–16

Regarding the10B channeling stopping-power results,
should be pointed out that we have used as input the10B
random energy loss extracted from the RSTOP subroutin
see Sec. II A2. This was due to the fact that the pres
measured random stopping values only correspond to a
narrow ~300–800 keV! energy interval as compared to th
one needed as input for the channeling results. Conside
this fact, it is possible that for higher energies (E.650 keV!
the channeling stopping powers might be systematic
lower by 5% with respect to the present quoted results.

IV. CONCLUSIONS

In the present work we report experimental results
10B stopping powers along the Si^100& axis as well as for
random directions by using a backscattering technique.

es
ng
al
xt.

FIG. 8. Low energy random stopping power as a function of
ion velocity together with the calculated electronic stopping po
ers. The straight dash-dotted line is a fit through the experime
points—see text—which yields:dE/dx5(4963)(v/v0)

1.160.2

eV/Å.
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the low energy regime, both are nearly proportional to
10B velocity in agreement with the predictions of the curre
theories. The high energy channeling data (E. 1500 keV!
show a maximum around 5000 keV, which likely arises fro
the maximum in the contribution of theL shell of the Si
atoms to the B electronic stopping power.

Calculations based on free electron-gas theory indic
that the most important energy-loss mechanism for the
energy 10B ions comes from the scattering of valence ele
trons by the incoming projectile. Furthermore, we rep
10B in Si experimental random stopping-power data. T
present results are in quite good agreement with the o
given by the subroutine RSTOP. Only at energies hig
than 650 keV, slight but systematic differences are obser
,
,
,

h
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This feature was also seen in previous10B in Si range mea-
surements, where experimental-theoretical discrepancie
the order of 6–10 % were observed for energies higher t
700 keV. All these results indicate that for energies high
than 700 keV the10B random stopping powers compiled i
the RSTOP subroutine are 5–10 % larger than the ones
duced from experimental observations.
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