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Stopping power for low-velocity Mg ions in Si, Ge, and GaAs
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The stopping power for Mg ions in Si, Ge, and GaAs has been studied in the energy region
0—0.8 MeV/nucleon by application of the inverted Doppler-shift-attenuation analysis method.
Compared to the commonly used empirical electronic stopping power by Ziegler, Biersack,
and Littmark, significant deviations and a different velocity dependence were obtained. The
electronic stopping power was determined to an accuracy of +5%. The experimental nuclear
stopping power was taken into account in the deduction of the electronic stopping power.

I. INTRODUCTION

In recent years, heavy-ion implantation of semiconduc-
tors at MeV energies has become a technique in the very-
large-scale-integration (VLSI) technology. i 4 I&nowledge
of the depth distributions of implants and damage re-
quires knowledge of the stopping power of semiconduc-
tors for heavy ions.

Experimental information on the electronic stopping
power has been used by Ziegler, Biersack, and Littmark5
to construct an empirical model (ZBL) on the basis of the
Brandt-Kitagawa theory. This empirical model is now
commonly used in all cases where the electronic stopping
power is needed to predict concentration distributions of
implanted atoms or interpret results of various measure-
ments with heavy-ion beams. Due to experimental diFi-
culties and difBculties in taking into account a realistic
nuclear stopping power, there are very few experimen-
tal data available in the literature that could be used to
test the empirical electronic stopping power in the low-
velocity region v & 2vo (vo c/137 is the Bohr velocity).
Without an experimental confirmation the validity of the
ZBL model is ambiguous.

To verify predictions of the ZBL stopping power for
concentration distributions, range distributions of MeV
Li, B, and N ions implanted into Si and Ge have very
recently been studied by Fink and co-workers. The
results showed that for ion implantation into Si and Ge
up to a few MeV, the range profiles can be reproduced
by the use of the ZBL model. In a recent study of MeV
Si ions in Si, i the range values indicated the electronic
stopping power to be about 10'Fo lower than predicted by
ZBL.

The aim of this work was to test the empirical elec-
tronic stopping power of the basic semiconductor materi-
als Si, Ge, and GaAs for ~sMg ions. This work is a part of
our systematic studies on stopping power for low-velocity
(v & 2vo) heavy ions in matter. In these studies a
technique of nuclear physics, the inverted Doppler-shift-
attenuation analysis (IDSAA), has been applied. In stop-
ping power measurements, the use of IDSAA is also a

complementary technique to those (Rutherford backscat-
tering spectrometry, nuclear reaction analysis, spread-
ing resistance, secondary ion mass spectrometry, thermal
neutron depth profiling, and optical reAectivity measure-
ments) used in the previous studies to profile the distri-
butions of implants.

II. EXPERIMENTAL PROCEDURE

The targets were prepared by implanting 3 x 10 40-
keV i~C+ ions cm ~ into single crystal semiconductor
materials Si, Ge, and GaAs at the isotope separator of
the laboratory. Also a very low-density carbon target on
a Si backing was prepared. is

In the Doppler-shiA-attenuation (DSA) measurements,
the velocity of recoiling nuclei at the moment of the y-ray
emission depends on the stopping power of the slowing-
down material. The line shape of a p peak in the y-ray
spectrum shows the velocity distribution of the recoiling
nuclei at the moment of the y-ray emission. In IDSAA
the stopping power is deduced by the use of a known
lifetime value. The well-established mean lifetime of the
first excited state in Mg (7 = 661 + 28 fs, E = 1809
keV, Refs. 16 and 17) is a good standard for the study
of the stopping power.

The recoiling Mg ions and the excitation of the 1.81-
MeV Mg nuclear level were produced in the reaction

C( 0,2p) Mg. Beam energy of 20.0 MeV was chosen
to obtain the initial mean velocity of 4.1vo of the com-
pound 2sSi nuclei. The initial velocity distribution of
the recoiling Mg ions was determined experimentally
by the use of the low-density carbon target. is

The 0 + beams of 0.5 —1.5 pA were supplied by the
tandem accelerator EGP-10-II of the laboratory. The ion
beam was focused to a 3 x 3 mm2 spot on the target.
A vacuum better than 1 @pa in the target chamber was
used to minimize carbon buildup on the target surface
during the measurements.

The p-ray spectra were measured with both the im-
planted i2C and the low-density carbon targets and
stored in an SK memory. The dispersion was 1 0
keV/channel. The p rays were detected with a coaxi-
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ally drifted high-purity-germanium detector with an effi-
ciency of 40Fo. The energy resolution [full width at half
maximum (FWHM)j of the detection system was 2.0 keV
at E& —1.3 MeV. The stability of the spectrometer was
controlled during the measurements with a 5sCo p-ray
source and a K laboratory background. The detector
was located at the angle of 0' to the beam direction and
subtended a solid angle of 700 msr. The detector axis
was aligned to the beam direction. The count rate due
to the low-energy p rays and x rays was limited by the
use of a 4-mm lead absorber between the target and the
detector. The energy and eKciency calibration of the p-
ray detector was done with Co and Eu sources
placed in the target position.

The Doppler-broadened p-ray line shapes were first
corrected for the background. This was done by sub-
tracting a shaped background which had the form of a
running integral matched to the mean background levels
below and above the peak. In the p-ray spectra observed
with the Si backing, the 1.81-MeV p-ray line shape was
also corrected for the contamination due ta the 1.78 MeV
p-ray line shape of Si produced in the Coulomb exci-
tation. This was done by subtracting from the spectra a
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FIG. 1. Portion of a p-ray spectrum illustrating the slow-
ing down of Mg ions in Si. The 1.81-MeV Mg p-ray peak
was measured at E(' 0) = 20.0 MeV to obtain the velocity
range of (4.1—0)vII for the Mg ions. The solid line shows the
line shape obtained in the computer simulation with the ad-
justed electronic stopping power. The dashed line illustrates
the line shape for the empirical electronic stopping power
(Refs. 5 and 21). The experimental (solid line) and empirical
(dashed line) electronic stopping power (S„in keU/nm) of Si
for Mg ions is shown in the upper part of the figure as a
function of the ion velocity (in units of Bohr velocity vo).

FIG. 2. As for Fig. 1, but for the Ge backing. The differ-
ence between the line shapes observed with the Ge and GaAs
substrates is shown in the lower part of the figure.

p-ray spectrum observed with the Si backing without the
C implants. The experimental line shape was then cor-

rected for the change of the detector eKciency in the en-

ergy region of the peak. Experimental p-ray line shapes
corrected for these effects are illustrated in Figs. 1 and
2 for Si and Ge, respectively. A line shape identical to
that obtained for Ge was obtained for GaAs.

III. RESULTS

For the tests of the semiempirical stopping power
values, the Doppler-broadened 1.81-MeV p-ray line
shape correspanding to the velocity spectrum of the re-
coiling Mg ions at the moment of the p-ray emission
was produced by computer simulations. The line shape
of the y-ray peak depends mainly on the stopping power
of the slowing-down materials and the lifetime (7 = 661

28 fs) of the 1.81-MeV 2 Mg level. The measured
line shapes were also affected by other effects which were
taken into account in the simulations and are first dis-
cussed in the following.

The initial velocity distribution of the recoiling Mg ions
obtained in the measurements with the law-density car-
bon target was taken inta account in the simulatians af
the p-ray line shapes. The measured velocity distribution
was reproduced with a computer code written to simu-
late the eA'ect of the emission of two protons on the recoil
velocity of Mg.

At the bombarding energy used, the measured p-ray
spectra shamed that na carrectians for t, he delayed feed-
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ings from higher excited states to the 1.81-MeV Mg
state were needed in the simulations. The simulated line
shapes were deduced for the direct prompt population of
the 1.81-MeV state.

The effect of the finite size of the p-ray detector and
the measured dependence of the detector efliciency on
the angle between the y-ray emission and the symme-
try axis of the detector were taken into account in the
simulations. The Doppler shift of an emitted p-ray was
calculated up to the second order in the velocity of the
recoiling ions.

The simulated p-ray line shapes were convoluted with
the experimental line shape, measured with a standard
radioactive source, to account for the finite-energy res-
olution of the detector. The intensity of the simulated
peak was required to be equal to the intensity of the ex-
perimental peak in the final y2 fit of the line shapes.

The stopping power of the slowing-down materials for
the recoiling Mg ions was described according to the
following equation:

(dE dEI KdE)

The uncorrected nuclear stopping power (dE/dx)„was
derived by calculating the scattering angles of the recoil-
ing ions directly from the classical scattering integral.
The interatomic interaction was derived from the univer-
sal interatomic potential (ZBL). The effect of the crys-
talline structure on the slowing-down was taken into ac-
count by the correction factor f„which accounts for the
reduction of the nuclear stopping power due to the chan-
neling of the recoiling atoms. The adopted value of f„=
0.95 + 0.05 was based on stopping power measurements
at low (v ( vo) velocities. 2o

In the simulation of the 1.81-MeV p-ray line shape, the
uncorrected electronic stopping power (dE/dz), was first
calculated in the framework of the empirical model by
the use of the TRIM-89 computer code. It was observed
that the electronic energy loss is significantly higher and
its velocity dependence different than predicted by the
empirical model (ZBL-89) (see Figs. I and 2). Succeed-
ingly, it was obtained that there were no values of the
scaling factor f, which could be adequate for the de-

scription of the measured line shapes. In order to repro-
duce the experimental line shapes, the electronic stop-
ping power was deduced by an iterative procedure. The
procedure was initialized with the ZBL-89 values. The
difference between the simulated and measured line shape
was used to correct the stopping power at each velocity
represented by the channel number. The iterative proce-
dure was continued until the minimum value of' y2 was
obtained in the fit of the line shapes.

The simulated p-ray line shapes are illustrated in Figs.
1 and 2 for the stopping power deduced in this work. The
stopping power values are given in Table I. Figures 1 and
2 show also the comparison between the present (expt. )
and empirical electronic stopping power of Si and Ge
for 26Mg ions, respectively.

TABLE I. Results for the electronic stopping power [in
MeV/(mg cm )j for Mg ions in Si, Ge, and GaAs. The
absolute uncertainty is +5%. Corrections for the nuclear stop-
ping power have been applied in the deduction of the given
values.

0.2
0.4
0.6
0.8
1.0
1.2
1.4
1.6
1.8
2.0
2.2
2.4
2.6
2.8
3.0
3.2
3.4
3,6
3.8
4.0

0.79
1.51
2.26
3.02
3.81
4.64
5.53
6.45
7.38
8.32
9.21

10.00
10.68
11.24
11.73
12.18
12.59
12.92
13.18
13.42

Ge

0.31
0.61
0.95
1.33
1.75
2.20
2.67
3.15
3.65
4.15
4.63
5.06
5.43
5.79
6.16
6.55
6.90
7.19
7.45
7.70

GaAs

0.31
0.61
0.95
1.33
1.75
2.20
2.67
3.15
3.65
4.15
4.63
5.06
5.43
5.79
6.16
6.55
6.90
7.19
7.45
7.70

The uncertainty +5% of the given stopping power
arises from the uncertainty of the mean lifetime of the
1.81-MeV Mg state, the uncertainties due to the cor-
rections of the simulated line shapes, and the statistical
uncertainties. The uncertainty of the nuclear stopping
power correction was observed to have a negligible ef-
fect on the uncertainty of the electronic stopping power.
The present stopping power of Ge supersedes our earlier
results based on data with considerably lower experi-
mental intensity of the p-ray line shape than measured
in this work. In the earlier work the stopping power was
obtained by scaling the empirical stopping power. The
present method, explained above, resulted in a more ac-
curate description of the p-ray line shapes.

For the semiconductor band-gap targets Si and Ge the
velocity dependence of the stopping power at low veloci-
ties has been assumed in the semiempirical model to be
(v/vo) . The maximum values of this velocity region
have been taken to be 0.75vo for Si and 0.76vo for Ge.
The present stopping power measurements indicate that
such regions are not detectable or the values of the max-
imum velocities are considerably lower than used in the
empirical model, see Figs. 1 and 2.

The deduced experimental stopping power of GaAs
was identical to that obtained for Ge (see Fig. 2). If we

assume that Bragg's additivity rule is valid, the result
indicates that there are similar errors in the semiempiri-
cal stopping power values of Ga and As as obtained here
for Ge.
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IV. SUMMARY

The empirical electronic stopping power (ZBL-89)
(Refs. 5 and 21) has been tested to an accuracy of +5%
for (0—4)vo Mg ions in Si, Ge, and GaAs by applica-
tion of the IDSAA method in conjunction with the well-
established nuclear lifetime and nuclear stopping pow-
ers. The results show greater than 10% deviations of the

stopping powers and their velocity dependencies from the
predictions of the recent parametrization of the empirical
model of ZBL.5
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