PHYSICAL REVIEW B VOLUME 55, NUMBER 20 15 MAY 1997-11

Electronic stopping power of 9B in Si in random and {100y channeling directions
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We report measurements 8B stopping powers in random and §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 energy5@@a800 keY follow a v® regime with
s=0.90+ 0.06 whereas, for the random datd/dxecv® with s=1.1+0.2. Both results are in good agreement
with the prediction of current theories. On the other side, the experimental ratostopping power values
(for energies up to 650 ke\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[S0163-182807)03920-9

I. INTRODUCTION directiorf have shown that this backscattering technique

The slowing down of energetic ions penetrating the matteP/Ields cha_nnelmg stoppmg.po.wers weI.I consistent with the
ones obtained from transmission techniques.

has been intensively studied for many years. As a conse- . . .
. The stopping power data for B in Si are scarce and in-
guence a large number of range measurements on a variet . ) . X
o A ; mplete. Concerning the channeling data the pioneering
of projectile-target combinations have been performed in or- : b b ot s .
. . work of Eisent for !B in Si which was performed in a very
der to test current theoriésOn the other hand in the same . N )
. . . narrow energy range using the transmission technique should
period of time much less stopping-power measurements have . =
: e mentioned. Later works® have used range measurements
been performed and most of them have been done in rando

directions! Furthermore, most of the published works on 8} B implanted in channeling directions to obtain the corre-

energy loss of energetic ions in channeling directions dea&pondlng channeling stopping powers. Finally, it should be

with protons and in less extent with He ions along the mainmentioned t-hat.t-he only ava_lilable random stopping power
Si axes data for 9B in Si is the one given by the RSTOP subroutine
A ) . of the TRIM program® These data are not experimental, but
n accurate knowledge of stopping powers for both ran- : . : .
dom and channeling directions is important from both pointsWere obtained by a Sc.a"”g procedure as described in Ref. L
of view: the underlying physics and practical applications. In M,O_St of the stoppmg-power' tabulatich e}nd semi-
the first case the data can test interatomic potentials and/&mPpirical modelégxtrapolate their results from intermediate
electronic excitation models used in range and atomic dis2d higher energies to lower ones, using velocity dependen-
placement calculations. From the practical point of view thefieS which are based on simple models. This is due to the
data can be used as input of analytical or Monte Carlo typéact that there are nab initio theories that can describe
of programs that calculate depth distributions and damaggrecisely the low energy electronic stopping processes for
produced by ions implanted into channeling and random diions in metals, semiconductors, or insulators. In particular,
rections of the matrix. the Firsov modeél and the Lindhard electron-gas thebry
Usually, the energy loss of channeled ions has been pepredict a linear dependence of the electronic stopping power
formed by measuring the final energy of ions transmittedwith the projectile velocity. More recently this behavior was
through thin single crystals. However the use of this methodtorroborated by calculations performed for metdig®
strongly depends on the preparation of homogeneous self- Following our theoretical-experimental stdd§ of He
supporting single crystals. In particular, in order to measurestopping in channeling directions we have investigated the
the energy loss of ions heavier than protons or He at low ostopping of 1°B in random and SK100) directions. The
intermediate energies, extremely thin films must be eme¢hanneling experimental study was performed using the
ployed. backscattering method in a 500—9000 keV energy range. The
In the past few years we have used an alternative methocbntribution to the electronic stopping power due to valence
in order to determine the stopping of He ions channelectlectrons from the Si was calculated using the free electron
along the S100) and(110 directions?>~* In this way, the model*’ On the other side the random stopping-power mea-
channeling energy loss before the backscattering can be oburements were performed in a much restricted 300—800
tained almost directly. The channeled ions are detected aft&eV energy range. The present results are compared to the
being backscattered at some marker specially introduced fqreviously published on&s’ and discussed in terms of cur-
this purpose. Results for the energy loss along {h&0) rent calculations.
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II. EXPERIMENTAL PROCEDURE

5000 T T T T T T T T T
A. Channeling experiments R 200 keV s <100>
1. Experimental setup wor * _random A
We have used SIMOX (separation by implanted oo B 1
oxygert®) type samples consisting of thin $100) crystal @ o E, .
layers on top of 5000 A Si@ buried layers, produced in g [ J,_;-""'"""'-u.-_._ ]
(100 Si wafers. Two different thin single crystal layers, 750 g 2% c ~_ i
and 1500 A thick, were used for the stopping-power mea- w . E "'._ ]
surements in thé100) channeling direction. 1000 | D”ﬂon} i i
The samples were prepared at IBM, T.J. Watson Research | ““nnwu
Center, New York. They were thinned by thermal oxidation "
and chemical etching. For each experiment the sample was 0 T T T
cleaned and etched to remove the native oxide film on the a) channel

surface using a 10% HF acid just before the Rutherford

backscattering spectrometrfRBS) measurements. Then, 600 ' T ' - - -
they were mounted on a three axis goniometer of 0.005°
precision. The experiments were done in the 500—9000 keV
energy range. For energies lower than 800 keV, ¥g?*

beam was produced by the 400 kV ion implanter of the In- 400
stitute of Physics at Porto Alegre. For energies higher than
800 keV, the boron beam was provided by the 3 MV tandem
accelerator at the Max Planck Instituter fernphysik(MPI- ;
K), Heidelberg. In both cases th8B beam angular diver- 200
gence was better than 0.03°.

The energy-loss measurements were carried out using the
beam impinging on the sample at channeling and random
directions. Based on a recent sttitignd taking as references s : P : T poon : 00
the (100 axis (' = 0) and the{100; plane (¥ = 0), we
have chosen as a random direction the one defined by
¥=6° and $=15°. The backscattereB particles were ) )
detected by Si surface barrier detectors. At Porto Alegre the /G- 1- (@ RBS random and channeling spectra in($00)
measurements were carried out using three different bacfglirection for 800 keV'B lons. B andg, are the dete.Cted energies
scattering geometries with the Si detector at 165, 130, and e backscattered particles at the Si/Sidterface in the chan-
120° with respect to the incideri®B beam. At Heidelberg Téallr?g and random directions, respectively. Similar to (a) but for

. . B ions at 8 MeV of energy.
three different detectors were used, placed at different geom-
etries, but always forming an angle of 165° with respect to
the impinging beam direction. The overall resolution of the
detection systems at Porto Alegre and Heidelberg was al-
ways better than 25 keV. In addition to the experiments done
at different geometries, several sets of measurements were
performed under the same conditions. In all the cases, thand
results were reproducible at a 5% level.

The energy difference between the Si/Sildterface po-
sitions in the random and channeling RBS spectra gives the E,=K
corresponding difference in the energy lost in the path before
the backscattering. As will be described in the next section,

this difference provides the information about the stoppin . I :
power in the channeling direction. In addition to energy Iossqazgﬁ;[?: pSrlimefra(:rg?rsEto ttuz r?gg%gnltncf:;;ﬁ' Iesntehr(z]y
] 0 [l

the RBS technique also simultaneously yields information o . s
about the dechanneling of the ions traversing the sample. (d_E/dX)| the channeling specific energy lotis be deter-
mined, and @E/dx)|" the random oneE;, andl;,(E,, and

I, are the mean energy and length of the inwandtwarg

) . ] path. Combining Egs1) and(2), we obtain
Typical RBS random and channeling spectra in the Si

(100 direction for 800 keV and 8 MeV are shown in Figs.
1(a) and 1b). E;. and E,; are the detected energies of the dE
108 backscattered particles at the Si/Si@terface in the dx
aligned and random incidence, respectively.

The detected energies(using the mean energy
approximatioR®) are with
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where #, and 8, are the angles between beam and sample’s 100 200 300 400
normal and between sample’s normal and detector direc- (a) channel
tions, respectively. 1750 ' . . ' '

An inspection of Eqs(3), (4), and(5) shows that, for the ' ' ' ' ' '
present backscattering method, the determination of the Si 1500 10,2+ -
crystal-layer thickness is not necessary. The energy loss of - B - 800 keV
the channeled particles is obtained from geometrical factors, 150 -
the detected,; andE, energies, and the specific energy loss ER)
in the random direction. 2 T } i

The E. andE, energies corresponding to the Si/Sid- g ol £ i
terface were determined by fitting the channeling and ran- 8 I s .
dom spectra with an algorithm which in addition to the error 0 e Bi—lF .
function (accounting for particle straggling and detector L i :
resolution includes the Rutherford cross section dependence 250 .:/ PO ]
with the ion energy. N . . A

50 100 150 200 250 300 350 400
B. Random stopping power (b) channel

1. Experimental setu
P P FIG. 2. (a) RBS spectrum of a 30 keV Bi marker implanted in Si

~ For this experiment, we have used a Bi marker implantegptained with a 800 keV, Heé beam.(b) The same aga) but
into an amorphized Si layer. First, we have determined th@ptained with a 800 ke\\°B beam.

projected rangeR, of the Bi ion distribution by using a
He?* beam. Then, we have determined the energy positioken different range measurements taken at normal and tilted
of the same Bi marker by using #B beam at different geometries. The quoted errors are the ones which arise from
energies. With this information we were able to determinethe statistical treatment of the individual measurements plus
the random stopping powers &1B in Si as described below. those which came from the uncertainties in the determination
The sequence of experiments was the following: first weof the He stopping poweestimated at a 1% levet* Other
have amorphized a Si(1000 wafer using an Ar sources of errors, such as geometry and ion beam energy
(¢=2x10" aticn?,E=300 ke\) beam. After that, the uncertainties, are considered to be much less important.
sample was implanted with a 30 keV Bi beam at a fluence In a next step, we have determined the energy position
¢=10" at/ent, which is too low to modify the material, [E(R;)] of the Bi implanted peak by usind’B beams with
and, on the other hand, high enough to provide sensitivity foenergies which varied between 350 and 800 keV. Fig(e 2
the backscattering experiments. Then, we have determinegisplays a RBS spectrum taken with a 800 ké%8 beam.
the range of the implanted Bi peak by using a 800 keVThe energy position corresponding to the maximum of the Bi
He** beam from the 400 kV ion implanter of Porto Alegre. distribution is marked in this figure &5(R,). Considering
The backscattered Hé particles were detected by a Si sur- the expression for the random energy-loss factor
face barrier detector placed at 165° with respect to the beam
direction. The overall electronic resolution was better than
12 keV. The range measurements were done at two different
type of geometriesta) with the sample at normal angle with
respect to the beaninormal geometry and (b) with the  we can obtain the values for the electronic stopping power of
sample at five different angles ranging between 15 and 6099 in Si through the relation between the energy-loss factor

with respect to the bearttilted geometry. A typical RBS  and the energy loss per unit lengttE/dx (in the surface
spectrum for the normal geometry is shown in Fi¢g)2 energy approximati&ﬂ):
The energy to depth conversion was carried out using the

- KgiEo—E(R
(sceyjg=mme =R ®)
P

recent He stopping power values reported by Niemann o Kgi dE 1 dE

et al?! We have then obtaineR,=144+8 A. It should be [SB)lgi=—F 2| t— o2 - (7)
p . cosd; dx cos, dx

stressed that the above value was obtained as an average of Eo KgiEo
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FIG. 3. dE/dX)|g, versus E/dx)|x_e, Plot
for 9B in Si at 700 keV. The straight lines cor-
respond to the specified geometries. The intersec-
tion point of two straight lines gives the measured
dE/dx values along the inward and outward path.

(dE/dx)Knﬁn(eV/A)

0 20 40 60 80 100 120

(dE/dx), (eV/A)
It can be observed from expressiof® and (7) that at . RESULTS AND DISCUSSIONS
least two measurements &(R,) (performed at different A. Channeling stopping powers

geometries must be done in order to determine the energy

loss dE/dx at the Eq and KgEq energies. In the present According to the procedure outlined in Sec. I1A2 we
experiment for each%B energy we have performed four dif- have determined the energy loss of channéf&iions along
ferent measurements, changing the angle between the indhe (100 Si direction. Figure 4 shows our results for the
dent beam direction and the sample’s normal. For each er¢hanneling stopping power as a function of the ion energy.
ergy, the set of measurements was repeated several times ahge channeling stopping power increases from 42.4 eV/A at

the results were reproducible at a 5% level. about 50 keV/amu to 79.7 eV/A at around 500 keV/amu.
Then, it steadily decreases down to 62 eV/A at 900 keV/
2. Data analysis amu. The broad maximum in the channeling stopping power

As mentioned before in the present data analysis we havaround 500 kev/amu probably arises from the maximum in
P y fhe contribution of theL shell to the electronic stopping

used the surface energy approximatbthis procedure is ower as indicated by plane wave Born anproximaton
justified because the Bi marker is located at the very nea? - y p pp
surface region PWBA) calculations: _

' In the same figure, and for comparison we have plotted

Expression(7) can be rewritten in the following way. the previous results obtained by Eiseba Ferlaet al.® and
Bogenet al.” The data point of Eisemat 12.8 keV/amu and

dE dE
ax =md— +n, (8)  the lower energy points of La Ferlet al® are out of the
X KgiEo X Eo presently studied energy range. On the other hand, the high-
with m= — Kg;(cos,/cos;) andn=[S(B)]5 . -
By changingé, and/or6, a family of straight lines in the ' ' ' ' '
(dE/dx)|g, versus (E/dX)| g, Plane can be obtained. The
intersection of two straight lines gives—for eaclfB 80 £3 .
energy—the correspondingdE/dx)|g, and @E/dX)|xe, _ EIEI 7 3
values. °§ ol 3 |
In order to minimize the errors we have modeled the ex- =
periment. This was done by choosidg (and consequently =
#,) to obtain the maximum possible angle between the % wl .
straight lines. We have performed for eatd® energy, four | * <100>
experiments under different geometrical conditions. A typi- : et
cal (dE/dx)|g, versus E/dX)|k e, plot for *9B at 700 keV 2 . A Eisen[s] A
is displayed in Fig. 3. ST —— i
It should be noted that, for each energy there are at most E/M (keV/amu)

six sets of different qu/dx)|E0 and (dE/dx)|KBiEO values

which arise from the indefiniteness of the intersection point. £, 4. Channeling stopping powers &8 in Si (100) as a
Then, we have taken the corresponding mean values arnction of the energy. Full circles correspond to the present results.
thqse are the ones further qUQte_d- Th_e errors were calculatgg| line are the data of Bogeet al. (Ref. 7. Squares correspond to
taking into accounta) the statistical dispersion an@) the  the data of La Ferlt al. (Ref. 6. Triangle is the data point of
reported uncertainties in the He stopping pofer. Eisen(Ref. 5.
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0.9 —

E FIG. 5. The full line represents the random
& stopping power of°B in Si. The full circles rep-
3 ,.::- resent thex ratio between the channeling and the
d40 % corresponding random stopping powelthe
05 F E«» dashed line is only to guide the gye
04 | -20
03 — ) . ! e SERT ET R )
1000 10000

E (keV)

est energy point of Ref. 6 is in good agreement with theperimental data increase with increasing velocity. Third, for
present data. It is pointed out that the data of Bogeal.”  all the studied energy range, there is no significant difference
are systematically higher than the present and previouslpetween the calculations performed with charged a neu-
published data. The reason for this behavior is unknown. Itral one. Fourth, the experimental points can be fitted with a
should be noted however, that the indirect procedure, used ipower law expression—dash-dotted line—which gives the
Ref. 7 (based on range measuremernusuld be responsible following result: dE/dx=(35= 1) (v/v)?%%%% eV/A. The
for the observed discrepancies. above mentioned features clearly show that the basic energy-
In Fig. 5 we show thev ratio between the channeling and loss mechanism for low velocities {vo=< 0.8) is due to the
random stopping power§ull circles) as well as thel®  scattering of the target valence electrons by the effective po-
random stopping power as extracted from Refsdlid ling).  tential of the incoming ion. For higher velocities/p o>
It can be observed that the ratio is weakly dependent on 0.8), the difference between the experimental and theoretical
the ion energy. Its value ranges from 0.6 at 500 keV up taesults is attributed to other energy-loss contributions such as
0.82 atE=5000 keV and decreases to 0.72 at 9000 keV. excitation and/or ionization of inner-shell electrons as well
We have calculated, on the basis of the free electroras capture and/or loss of electrons by #B ions. In addi-
modell’ the contribution to the electronic stopping power of tion it should be observed that forv,=1.5, the scattering
the valence electrons scattered by the effective potential aff the valence electrons by the projectile is responsible for 80
the moving ion. In principle, this procedure is only valid for % of the total energy loss. Finally, it should be pointed out
a degenerate electron gas. However, {8 ions of hundreds
of keV energy, the projectile maximum energy transfer tothe 4

target electrons is high enoudin comparison to the gap R o S
width) and, therefore, the effect of the band gap can be ne- e | ¢ 2w I
glected. The atomic potential responsible for the scattering of P A Bsenlss E{

the target electrons was calculated according to the Hartree- [ | = B -l E i} .
Fock-Slater methotf Here the long Coulomb range part of 2 [ | - a ™ I

the potential has been exponentially screened by the valence> “[ BT T
target electrons, according to the Debye screefftiithe cal- =l e ]
culations of the transport cross section and the electronicg I /—i’ﬁ”-' ]
energy loss through the phase shifts metfiatere carried S wt T i
out for a 2+ charge state, which according to B&tshould ] o ]
be the equilibrium charge state for the present energy range. 1| < .
In addition, we have repeated the calculations for the B neu- P 1
tral charge state which is the equilibrium one for0. TR YT TRV TR Y

The results of the calculations are presented in Fig. 6 as a
function of the ion velocity ratiop/v, (beinguv, the Bohr
velocity). In addition the preseritip to 800 keV and previ- FIG. 6. Calculated electronic stopping powéfsr a 2+ and
ously published resufts are shown. An inspection of this peytral charge statas a function of the ion velocity ratiay/v,
figure shows several interesting features. First, up tQpeingy, the Bohr velocity. In addition are shown the presefup
v/vg~ 0.8 the calculations reproduce quite well the experi-to 800 ke\j and previously published experimental res(Refs. 5
mental data. Second, for increasing velocitie$vo= 0.8)  and 6 for the channeling energy loss. All the experimental points
two different behaviors appear: the calculated values whickvere fitted with a power law expression—dash-dotted line—
show a broad maximum aroundv,=1.6, whereas the ex- dE/dx=(35+1)(v/vg)*°* % ev/A.
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FIG. 7. Random electronic stopping power ¥8 in Si. Full FIG. 8. Low energy random stopping power as a function of the

line corresponds to the values extracted from Ref. 1. Open circlei®n velocity together with the calculated electronic stopping pow-
are present experimental results obtained using the He stoppirgrs. The straight dash-dotted line is a fit through the experimental
powers of Ref. 21—see text. Full circles are present experimentgloints—see text—which yields:dE/dx= (49 3)(v/vy) +02
results obtained using the He stopping powers of Ref. 1—see textV/A.

that the whole set of data follows an almost linear relation-very much consistent with the ones obtained by Oosteffoff.
ship with the ion velocity, as predicted by current This means that thé’B stopping powers of the RSTOP sub-
theoriest!~16 routine are larger than the ones which result from the range
measurements. These observations are in full agreement with
) the present results.
B. Random stopping powers In Fig. 8, we have plotted the calculated values from Fig.
In Fig. 7, the°B random stopping powers obtained in the 6 and our lower energB00—650 keV experimental results
present experiment in the 300—800 keV energy range aras a function of the ion velocity. There are not low enough
shown. The open circles represent our experimental datanergy experimental data in order to make a meaningful
whereas the full circles were obtained by recalculating oucomparison. However, we can emphasize one major point. In
data using the He stopping powers from the Ziegler, Bierthe present case and for the same velocity, the theoretical-
sack, and LittmarkZBL) proceduré. The typical error bars experimental difference is much larger than the one observed
in the first case are of the order of 7% being a little bit higherfor the channeling case. In particular, fofv,=1.5 the ex-
(9%) for the second one due to the larger reported He energperimental random value is twice the calculated one, while in
loss uncertainties. In addition, we show with a full line thethe channeling experiments, it was only around 1.25—see
108 random stopping data obtained from the RSTOPFig. 6. This means that in the random case, the contribution
subroutine* of the excitation and/or ionization processes of inner-shell
An inspection of Fig. 7 shows some interesting featureselectrons is much larger—as expected—than in the channel-
In first place, the'°B random stopping powers deduced from ing one.
the ZBL (Ref. 1) He stopping powers are systematically Finally, we want to state that a least square fit to the data
higher (by around 5% than those deduced from Niemann presented in Fig. 8 yieldsIE/dx=(49+3)(v/vo)**02
et al?! This is a consequence of the fact that the reported HeV/A. This velocity dependence is also in good agreement
stopping power values by Niemaret al?! in the present with the predictions of current theoriek:*
studied energy region are about 7.5% lower than the ones of Regarding the'®B channeling stopping-power results, it
Ref. 1. In second place, the good agreement between trghould be pointed out that we have used as input 'fige
108 random stopping data extracted from the RSTOP subrandom energy loss extracted from the RSTOP subroutine—
routine (full line) and the present experimental oweduced see Sec. IlA2. This was due to the fact that the present
with the ZBL He data should be noted. Only at energies measured random stopping values only correspond to a very
higher than 650 keV are slight but systematic differences ofiarrow (300—-800 keV energy interval as compared to the
around 5% observed. one needed as input for the channeling results. Considering
This last feature can be also deduced from & range  this fact, it is possible that for higher energi¢s> 650 keVj
measurements in amorphous silicon. In the work of Behathe channeling stopping powers might be systematically
et al,?8 the 1°B projected ranges and range stragglings in dower by 5% with respect to the present quoted results.
9.5-2000 keV energy interval were investigated. For ener-
gies lower _than 500 keV the agreement b_etween the experi- IV. CONCLUSIONS
mental projected ranges and theiM predictions was better
than 2%. However for energies higher than 700 keV the In the present work we report experimental results of
experimentaR, became larger than the predicted ones, be-1°B stopping powers along the (300 axis as well as for
ing the difference of the order of 6—10 %. These results wergandom directions by using a backscattering technique. For
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the low energy regime, both are nearly proportional to theThis feature was also seen in previot?® in Si range mea-
108 velocity in agreement with the predictions of the currentsurements, where experimental-theoretical discrepancies of
theories. The high energy channeling daa> 1500 ke\j  the order of 6-10 % were observed for energies higher than
show a maximum around 5000 keV, which likely arises from700 keV. All these results indicate that for energies higher
the maximum in the contribution of the shell of the Si  than 700 keV the!°B random stopping powers compiled in
atoms to the B electronic stopping power. the RSTOP subroutine are 5—10 % larger than the ones de-
Calculations based on free electron-gas theory indicatduced from experimental observations.
that the most important energy-loss mechanism for the low
energy 1°B ions comes from the scattering of valence elec-
trons by the incoming projectile. Furthermore, we report
108 in Si experimental random stopping-power data. The This work was partially supported by the Brazilian agen-
present results are in quite good agreement with the onesies Conselho Nacional de Desenvolvimento Cfeti e
given by the subroutine RSTOP. Only at energies higheifecnol@ico (CNPg and Fundaao de Amparo aPesquisa
than 650 keV, slight but systematic differences are observedlo Estado do Rio Grande do SHAPERGS.
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