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Ranges of low-energy, light ions in amorphous silicon
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Range profiles of (1—20)-keV Li, B, N, 0, F, Na, Mg, and Al in amorphous Si have been

measured by low-energy ((3 keV) secondary-ion mass spectrometry. Mean projected
ranges and standard deviations of these ranges were calculated from the as-measured pro-
files. In order to correct for bombardment-induced profile distortions, effective broadening
parameters were extracted from the experimental data. The broadening parameters turned

out to be element specific, varying between about 1 nm or less for Li, B, Na, and Al and up
to -12 nm for Mg. Corrected mean ranges and standard deviations are compared with tab-
ulated data based upon Lindhard-Scharff-Schist theory. At 10 keV, i.e., the lowest energy
covered by tabulations, the experimental and theoretical ranges show very good agreement

except for Na and Mg, in which case the measured ranges are 15—20% smaller than
predicted. This discrepancy between experiment and theory is attributed to deviations of
the projectile-target interaction potential from the assumed universal Thomas-Fermi poten-
tial. Range tabulations involving an empirical electronic stopping power, derived by a
rigorous scaling and extrapolation of channeling measurements, are shown to be strongly in

error in many cases.

I. INTRODUCTION

Ranges of low-energy ions in solids have been in-
vestigated in great detail recently. Work in this field
has been motivated by the idea that range data can
be used to derive the interaction potential between
the swift ion and the target atom. ' Most of the
previous experimental range studies have been de-
voted to heavy ions implanted in light element tar-
gets, such as carbon, aluminum, and silicon, in
which case the Rutherford backscattering technique
can be employed for profile analysis. ' The accu-
racy of this method is largely determined by the un-
certainty in the stopping power of the probing beam.
For helium in carbon, silicon, and germanium, ex-
perimental stopping-power data agree to within
5—15 % at energies between 300 keV and 2 MeV. "

While a large amount of low-energy range data is
available for heavy ions, very few measurements
have been reported for light ions. Since helium
backscattering cannot be used for reason of interfer-
ence of the signals due to substrate and dopant
atoms, other methods have to be employed. Nuclear
techniques' ' and secondary-ion mass spec-
trometry' ' (SIMS) are used most frequently. The
SIMS technique has the advantage of being applic-
able to all elements. Moreover, isotope effects can
be investigated under identical conditions. ' Provid-

ed the energy of the probing beam is low ((3 keV),
deviations of the measured profile from the original
concentration distribution may be negligible, at least
for certain dopant-substrate combinations. ' ' In
this study we report on a systematic SIMS study of
the range distribution of (1—20)-keV Li, Li, ' B,

B, N, 0, F, Na, Mg, and Al in amor-
phous silicon.

II. EXPERIMENTAL

Silicon samples, 10)&10mm, were cut from pol-
ished 2-in. wafers (thickness -350 JMm, orientation
(100), resistivity 1 Q cm, n type) Th-e nat.ive oxide
on the samples was removed by etching in buffered
HF. In order to produce an amorphous layer' the
samples were first bombarded with 1X10' argon
ions/cm, using normally incident, raster-scanned
beams of 50 keV Ar+ or 100 keV Ar +. The corre-
sponding depth to which the sample was rendered
amorphous is estimated to be 40 and 80 nm, respec-
ively ' '

The dopant ions were produced as follows: Li+
and Na+ by a surface ionization source ';
B+, N+ N + 0+ 02+, and F+ by a plasma-type
source ' (using BC13, N2, 02, and SF6, respective-
ly, as supply gases; cold cathode operation in the
case of 02); Mg+ and Al+ by a sputter-ion
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source. ' Becoming amorphous and implanting
were usually carried out using a 50-kV accelerator
(base pressure in the sample chamber 3)&10 Pa).
Nitrogen and oxygen were implanted in situ in the
SIMS instrument, thus avoiding surface contamina-
tion during sample transport in air.

The ion microprobe employed for depth profiling
has been described elsewhere. ' The instrument
embodies the essential features of a high-
performance device, such as raster-scanning bom-
bardment in combination with electronic gating as
well as neutral-beam suppression. Concentration
profiles can be measured with a dynamic range of
up to 10 . During analysis the pressure in the sam-
ple chamber was 3X 10 Pa or less. Either Ar+ or
02+ ions were used for sputtering and, in the latter
case, also for secondary-ion yield enhancement.
Depth calibration was achieved by measuring the
depth of the sputtered craters after profile analysis.
A surface profilometer (Talysurf 10, Rank Taylor
Hobson) was employed for this purpose.

The intensity of the sputtered Li+, B+, Si2N+,
Si20+, F, Na+, Mg+, and Al+ ions was taken as a
measure of the concentration of the respective
dopant. The choice of Si2+N+ and Si20+ ions is
based upon the finding that these species are emitted
with rather high intensity (the intensities of
N+ and 0+ are low; N does not exist in stable
form).

The implantation fluences were chosen so that the
dynamic range in the subsequent profile analysis
was better than 3 &(10 . Depending upon the degree
of ionization of the sputtered species ' ' and the
background due to adsorbed (and incorporated)
gases, ' the implantation fluences ranged from
5&10" to 5)&10' ions/cm . Direct proportionality
between the SIMS intensity and the dopant concen-
tration was verified by depth profiling samples im-

planted with various fluences.
If the implantation fluence 4 and the depth hx

eroded per integration cycle are known, conversion
of the (background-corrected) SIMS intensity lj to
the atomic fraction c;(x) of dopant (impurity) atoms
is simple,

k

c;(x)=(c;)&
——(4/n hx)IJ QIJ, (1)

j=1
where I~ is the intensity recorded in the depth inter-
val (j —1)M" jM. QI& is the total intensity ac-
cumulated in passing through the whole profile, i.e.,
k M &x, where x is the maximum range of the
implanted ion (or the maximum depth at which a
statistically relevant signal is detectable). (c)J is an
average concentration at the nominal depth
x=(j—0.5)M. The deviation of (c)J from the
true concentration c(x) depends upon the shape of
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the dopant concentration profile and the width 5 of
the electronic gate. (c)~~c(x) for 5~0, provid-
ed one uses 1 frame per counting cycle.

As an example, Fig. 1 shows the intensity of
Si2N+ and SiN+, measured at the peak of the 8-keV
N2+ profiles, versus the implantation fluence. In
the case of Si2N+ a linear relationship is observed
up to nitrogen concentrations of about 2)&10 '

atoms/cm . Similar results were obtained for
SiO+ and Si20+.

In order to get an idea as to the effect of the ener-

gy deposition during sputtering on the shape of the
profiles, some measurements were carried out with
the probe energy as a parameter. Figure 2 shows
depth profiles of 5 and 10 keV Li and 'Li recorded
under impact of 2.5, 5, and 10 keV Ar. Marked
changes in the profiles are seen only near the surface
and in the long-range tails. As one would expect,
the broadening effects become more evident the
"narrower" the original dopant distribution. Note
the interesting finding that Li and Li experience
the same amount of relocation due to energy deposi-
tion by the probing beam (cf. the long-range tails of
the 5-keV profiles in Fig. 2).

The results of Fig. 2 suggest that the profile dis-
tortions are quite small for depth profiling of Li in
Si performed under 2.5-keV Ar impact. Similar
conclusions were reached by the present authors for
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FIG. 1. Peak intensities of Si2N+ and SiN+, recorded
in SIMS analysis of 8-keV Nz implantation profiles, vs the
nitrogen fluence (bottom scale). The top scale represents

the peak concentration calculated according to Eq. (1).
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FIG. 2. Normalized depth profiles of 5 keV 6Li and
Li and 10 keV Li in amorphized silicon (a-Si). Parame-

ter is the energy of the Ar+ ions employed for sputter ero-
sion in SIMS analysis.

the analysis of B in Si under low-energy 02+ im-
pact. ' The profiles reported below were measured
under 02+ or Ar+ bombardment at energies of 3
keV or less, as indicated in the respective figures.

B. Evaluation of range parameters

The experimental data were fed into a computer
in order to calculate the mean projected ranges (x )
and standard deviations ((M)2) '~2. Low-energy re-
sults for boron in silicon are depicted in Fig. 4. As

III. RESULTS AND DISCUSSION

A. Range profiles

Normalized depth pro files of Li, Li i4N,
' F, Na, Mg, and Al in amorphous silicon (a-
Si) are presented in Fig. 3. The profiles of ' B and
"Bas well as of ' 0 are omitted from Fig. 3; the bo-
ron profiles have been discussed in detail else-
where, ' the oxygen profiles were found to be almost
identical to those of nitrogen (at the same implanta-
tion energy}. In all cases an experimentally deter-
mined background intensity was subtracted from the
measured profiles. The height of this background,
relative to the peak intensity, varied between
5X10 (in the case of Li+) to 3X10 (in the case
of Si20+).

one would expect, the range parameters become very
small as the implantation energy approaches zero.
In fact, the data are not in disagreement with the
natural assumption that (x )~0 and ((lid) ) '

~0 for E~O.
A rather different behavior is observed for nitro-

gen, as illustrated in Fig. 5. In this case a rigorous
extrapolation to the limit of vanishing implantation
energy results in rather large apparent range
parameters, (x )

~ x p
= 5& 4.5 nm and

(()bc)2)'~2
~ E o=5,=6 nm. Similar effects are

found for oxygen (5,=4 nm, 5,=6 nm}, fluorine
(5„=2nm, 5,=2.5 nm), and magnesium (5,=11nm,
5, 12.5 nm) whereas lithium, sodium, and alumi-
num behave similar to boron, i.e., 5„,5, & 1 nm.

The element-specific character of 5, and 5, is il-
lustrated in Fig. 6. Also shown is the variation of
the parameter A, which describes the inverse slope of
the exponential tails in Fig. 3. The cause and im-
portance of 5„5„and A, are discussed in the Ap-
pendix where it is shown that these parameters can
be used to correct the as-measured range data for
beam-induced broadening effects (atomic mixing
and selective sputtering).

Corrected mean projected ranges and standard de-
viations for 10-keV light ions implanted in amor-
phous silicon are presented in Fig. 7. (x) and
((M) )'~ decrease monotonically with increasing
atomic number Z&, for 3 & Z~ & 9. In the case of Na
(Z~ ——11) and Mg (Z~ ——12) the projected ranges are
somewhat lower than expected on the basis of the
trend seen at lower atomic numbers. This nonmono-
tonic behavior is also noticeable in the Z~ depen-
dence of the standard deviations. However, the ef-
fect is less pronounced than in the case of the mean
projected ranges.

The energy dependence of the mean projected
ranges is depicted in Fig. 8. The data are plotted in
Lindhard-Scharff-Schist (LSS) units f and e, where

g is the reduced projected range (see below). The
mean ranges derived in this study increase almost
linearly with increasing energy, i.e., (g) ~e, with
an exponent n between 0.95 and 1.1. Extrapolation
of the present results to higher energies shows good
agreement with data reported by other workers.

C. Comparison with theory

According to Lindhard and co-workers the
slowing down of a swift ion in matter is due to elas-
tic (nuclear) and inelastic (electronic) processes
which are treated independently. In the low-energy

region, which is characterized by the dominance of
nuclear stopping, the ion energy E and the total
range R are conveniently expressed in dimensionless
reduced units e and p (LSS units),
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FIG. 3. Normalized SIMS depth profiles of implantation distribution of (a) Li and Li, (b) ' N, (c) ' F, (d) "Na, (e)

Mg, and (f) Al in amorphized silicon (a-Si). For the sake of clarity some data points have been omitted.
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Oetzmann which, for heavy ions in light-element
targets, suggest the validity of a universal interac-
tion potential at reduced energies e between 4X 10
and 3. More detailed investigations by Besenbacher
et al. ,

' however, revealed pronounced Z& oscilla-
tions of heavy-ion ranges in amorphous silicon at a
fixed energy @=1.5)&10 . Maxima and minima
were found for elements around noble metals and
noble gases, respectively, with a peak-to-peak varia-
tion of up to 40%. Measurements of the energy
dependence showed that deviations from the (p, e)
scaling increase with decreasing energy below
e=4X10 . Consequently, the assumption of a
universal interaction potential is not justified at
large interatomic separation. Similar conclusions
were reached by Loftager et al. on the basis of dif-
ferential scattering cross-section measurements.

The present results may be compared with tabu-
lated range data ' ' calculated on the basis of LSS
theory. A compilation of data for the lowest energy
covered by the range tables, i.e., 10 keV, is shown in
Fig. 9. The open symbols and crosses represent cal-
culations by Johnson and Gibbons (JG) and Gib-
bons, Johnson, and Mylroie (GJM), respectively.
It is evident that the mean projected ranges calculat-

FIG. 9. (a) Comparison of the 10-keV range data of
this study with calculations by Johnson and Gibbons {JG,
Ref. 20) and Gibbons et at. (GJM, Ref. 44). ((hR)')'~'
is the standard deviation in the total range. (b) Nuclear
and electronic stopping powers, S„and S„ofsilicon for
10-keV projectiles of low atomic number. The stopping
powers based upon LSS theory (Ref. 12) were taken from
Ref. 24. The dashed-dotted curve shows the modified
electronic stopping power S,* employed by Gibbons et al.
in calculating the respective range data in (a).

ed by JG are in rather good agreement with the
present results [solid line in Fig. 9(a)], except for the
"dip" found experimentally in the Na-Mg region.
In the case of the projected range straggling, on the
other hand, the agreement between experiment and
the calculations by JG is good only for atomic num-
bers Zi (6. For Z& )7 the experimental results are
better represented by the calculated standard devia-
tion in the total range, ((bR) )' . This kind of
discrepancy between calculated and measured strag-
gling was noted previously by other groups for the
case of heavy ions implanted in silicon or dielectric
layers. According to Smith the error in the nu-
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merical calculations appears to be in the expansion
used for the LSS equations. Insufficient terms were
used which effectively resulted in the elimination of
all contributions to ((M} ) '~, which are due to the
variation in energy loss on collisions. Consequently,
the calculated value of ((M) )'/ reflects only the
straggling produced by angular variations on im-
pact.

Improved numerical procedures have been em-
ployed by GJM in preparing a new set of range tabu-
lations. At the same time, however, GJM replaced
the LSS electronic stopping power originally used
by an empirical formula which involved a rather
doubtful scaling procedure. It was assumed that the
ratio of the electronic stopping powers of crystalline
and amorphous silicon, S,(110)/S, (amorphous), is
a constant for a given projectile and energy. S,(a-
Sig~) was thus derived from S,((110)Si,Z&i and
S,(a-Si, "8),measured by Eisen and Eisen et al. ,

49

respectively, at energies between about 100 and 500
keV. Extrapolation to lower and higher energies
was achieved by assuming that the dependence
S,(110)~E~ observed by Eisen is valid at all en-
ergies of interest. Since the measured p values range
from 0.29 (for ' N) to 0.89 (for Mg), deviations
from the velocity-proportional (p =0.5) LSS elec-
tronic stopping power must become quite large at
energies as low as 10 keV.

The effect is illustrated in Fig. 9(b). Whereas the
scaled electronic stopping power S, (GJM) for ' C
and ' N in a-Si is a factor of 2—3 larger than
S,(LSS), the scaled value for Ne amounts to only
10% of the LSS-theory prediction. Depending on
the ratio S, /S„ the oscillations in S, are also
evident in the calculated values for
(x ) and ((M) )'~; cf. Fig. 9(a). Clearly, the
present range data do not support the scaling pro-
cedure employed by GJM. (S, was also used in
the range calculations of Smith. '} The incorrect-
ness of the GJM scaling procedure was pointed out
previously by Dietrich and Plew on the basis of
range measurements of 100 to 500 keV ' Fe in Si.

Returning to Fig. 8, one will note that at a fixed
energy e, the (reduced) projected range g decreases
with increasing mass of the incident ion. This is
largely due to the fact that the projection factor
(x ) /(R )= (g) /(p) decreases with increasing
mass ratio Mq/M& ' The effect is illustrated in
Fig. 10 which shows a comparison of the theoretical
low-energy projection factor (dashed line) with ex-
perimental projected ranges relating to a fixed ener-

gy a=0.35 (data derived from Fig. 8 by interpola-
tion or extrapolation). The results of this work exhi-
bit the same trend as the theoretical predictions ex-
cept for the ¹Mgdata which are about 10—15%
smaller than expected on the basis of the ranges
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The data due to Combasson et al. (Ref. 8) and Kalbitzer
and Oetzmann (Ref. 9) are shown for comparison. The
dashed curve shows the theoretical projection factor
(g)/(p} =(x)/(R ) for r ' potentials and vanishingly
small electronic stopping (Ref. 42).

measured at other mass ratios. Note the interesting
finding that the projected ranges for different iso-
topes ( Li, 'Li, ' 8, and "8) fall on the same curve.
The observation of identical low-energy projected
ranges of Li and Li [cf. Fig. 3(a)] as well as of ' 8
and "8 (Ref. 17) in Si, at a fixed implantation ener-

gy, may thus be explained by stating that the larger
nuclear stopping power for the heavier isotope is
compensated (almost) completely by less pronounced
angular scattering which in turn leads to a larger
projection factor.

It should be mentioned that a reduced energy
6=0.35 corresponds to an energy of 10 keV for Na
incident on Si. In that case the electronic contribu-
tion to the total stopping power amounts to about
20%; cf. Fig. 9(b}. Since S„decreases much more
slowly than S, at reduced energies below 0.35 [for
Thomas-Fermi interaction the maximum of S„ is lo-
cated at @=0.3 (Ref. 41}], the projected ranges
shown in Fig. 10 are largely (to about 90%) due to
nuclear stopping. Consequently, the dip in the Zi
dependence of the ranges, noted in Figs. 7 and 10
for Na and Mg, must be attributed to the fact that
the nuclear stopping power for the above elements is
larger than expected on the basis of a monotonic Zi
dependence of S„. [If small oscillations in the ran-
dom electronic stopping power were to exist with
the same general form as in Fig. 9(b}, this would
make the deduced nonmonotonic variation of S„
even larger. ]

To our knowledge, deviations from a monotonic
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Z~ dependence of low-energy ranges have previously
not been reported for light projectiles (Zi & 13}. For
heauy ions (18& Z i & 92) in silicon, however, Besen-
bacher et al. ' reported Z] oscillations in projected
range which become clearly evident at reduced ener-
gies below about 0.06. These oscillations have been
attributed to deviations of the projectile-target in-
teraction potential from a universal function. ' The
present results suggest that element-specific poten-
tials are also required to describe nuclear stopping in
silicon for projectiles of low atomic number. Quan-
titative information as to the form of the interaction
potential is not available at present. In order to
proceed in this direction it would be desirable to
compare the results of this study with numerical
range calculations.

creasing implantation energy E (cf. Figs. 4 and 5).
The parameter A, =A, ' (E~O} may thus be deter-
mined rather easily. A, has previously been interpret-
ed in terms of atomic mixing and selective sputter-
ing. ' The idea is that energy deposition by the
probing beam will cause collisional relocation of tar-

get atoms and in some cases also cause damage-
enhanced diffusion. Owing to this beam-induced
mixing effect the original dopant (impurity) distri-
bution c;(x} will be altered as the surface recedes
during sputtering. Additional changes in the near-
surface concentration of dopants will result if the es-

cape functions of dopant and host atoms are not
identical (selective sputtering).

The measured SIMS intensity I;(x} may be writ-
ten

IU. CONCLUSION I;(x)=ri;a;AP J y;(x')c;(x +x')dx', (A2)

APPENDIX

In order to understand the nonzero values for
6, and 5, we return to Fig. 3. Within experimental
accuracy, all profiles become exponential in the
long-range tails, i.e.,

I/I =exp[ —(x —x )/A, '], (Al)

where I=I(x =x) is the intensity at the reference
plane and A,

' some characteristic decay length.
Analysis of the experimental data shows that
5, and 5, become large whenever A,

' is large; cf. Fig.
6. In such cases the tails become exponential al-
ready at rather high levels of the normalized intensi-
ty [e.g., in Figs. 3(b) and 3(e)].

Note that A, varies comparatively little with in-

Using low-energy SIMS, we have shown that shal-
low range profiles in silicon can be measured with
high accuracy. In many cases bombardment-
induced effects can be kept sufficiently small so that
projected ranges and standard deviations can be
determined directly from the measured profiles. Ex-
cessive profile distortions, observed with N, 0, and

Mg in Si, can be taken into account on the basis of
an analysis of the profile tails as well as of the ener-

gy dependence of the as-measured range parameters.
The projected ranges derived experimentally are gen-
erally in good agreement with predictions of the LSS
theory which involves the use of a (universal}
Thomas-Fermi interaction potentia1. In the case of
Na and Mg, the observed ranges are 10—15%
smaller than expected from the trend found with the
neighboring elements. This result is interpreted in
terms of a nonmonotonic Zi dependence of the in-
teraction potential between the swift ion and a target
atom.

where c; is the altered impurity distribution, a; is
the degree of ionization, y; is the escape function of
impurity atoms, g; is an instrumental factor, A
is the "gated" area, (('i is the flux density of the prob-
ing beam, and x' is the distance from the instantane-
ous surface. Equation (A2) implies that y; is in-

dependent of c;, an assumption which should be
valid for the concentration levels of interest in this
work. Moreover, a; is assumed to be independent of
the depth of origin of sputtered atoms.

An accurate determination of c;(x}by deconvolu-
tion of I;(x) does not seem possible at present be-
cause neither y;(x) nor the details of the mixing pro-
cess are known well enough. In view of the fact that
the broadening parameters observed in this work
vary nonmonotonically with the atomic number of
the dopant, collisional relocation ' does not seem
to be the only source of mixing.

We have recently pointed out ' that informa-
tion about the combined effect of mixing and selec-
tive sputtering can be deduced from the slope of the
exponential tails. If during sputtering implanted
atoms are still released, although the bombarded
surface has already receded beyond the maximum
depth of doping, these atoms must have lost
memory of the site where they originally came to
rest after implantation. The distribution of dopant
atoms retained in the sample may then be described
by a normalized "mixing profile" p;(x), which main-
tains a constant shape as sputtering proceeds.
Thus

I;(x)=g;a;Agn 'N;(x) I y;(x') p;(x')dx, (A3)

where N;(x) is the areal density (atoms/cm ) of im-
purities retained in the sample after sputtering to
depth x and n is the density of the matrix
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(atoms/cm ). Normalization ofp;(x) reads

f p;(x')dx'= l. (A4)

The integral in Eq. (A3) can be shown to be related
to A, in the form '

A, = Y f y;(x')p;(x')dx,

where Y~ is the sputtering yield of the host matrix.
Thus

(A5)

I;(x)=rl;a;A (x IA. )N;(x), (A6)

where x is the erosion rate of the sample x = Y~ /In.
Note the similarity of Eqs. (A2) and!A3) which

implies that the broadening parameters 5, and 5, are
correlated with the decay length A, (cf. Figs. 4—6).
In the present context the main purpose of deter-
mining A, is to allow a more accurate assessment of
5, and 5, in all those cases where the observed
broadening effect was small.

It must be pointed out that although A, can be
determined easily from sputter profiles, experiments
of that kind do not provide any information about
the escape function y;(x) and the mixing profile
p;(x). These functions can only be determined by
experiments in which the depth distribution of
mixed dopants is determined. (By contrast, A, re-

(x), =(x),+(x)f (A7)

and
((~)'), = ((~) ),+ ((~) )I (AS)

The amount and direction by which (x ), is shifted
will thus depend on the symmetry and the peak po-
sition of f(x). If we assume that the depth sput-
tered before arriving at a stationary state in mixing
is small compared to (x ), and ((dec}i),', the
correction terms can be derived directly from Figs.
4—6, i.e., we have (x )f=5, and ((4x) )f —5, .

To obtain the actual (x ) and ((M)') '~ values,
we have used Eqs. (A7) and (AS) and the data of
Fig. 6 for nitrogen, oxygen, fluorine, and magnesi-
um. In the case of lithium, boron, sodium, and
aluminum, the as-measured data are considered to
be affected only to a negligible extent since
5, and 5, amount to only 1 nm or less.

fleet merely the fluence dependence of dopant re-

moval from an intermixed sainple. }
Phenomenologically, the measured profile c'(x)

may be considered as the result of a convolution of
the original implantation distribution c(x) and a
broadening function f(x), which is supposed to re-

flect the combined effect of mixing and selective

sputtering. Then
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