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Range profiles in self-ion-implanted crystalline Si
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Range profiles of 50- and 100-keV 2°Sit ions implanted into Si(100) at room temperature with doses from 2 x 10'®
to 1 x 10" ions cm™, and of 2 x 10'® 50-keV *°Sit ions cm™? in Si(100) preimplanted with 50-keV **Si* ions
with doses from 5 x 10'® to 1 x 10'® jons cm™2, have been studied with nuclear reaction techniques. The structural

transformation of the samples was studied by Rutherford backscattering and channeling. The dependence of the
range profile on the damage structure of the sample has been examined by comparing measured range profiles with

those obtained in molecular dynamics simulations. The dependence of the range profile on the polycrystalline sample

structure is shown.

I. INTRODUCTION

Ton implantation of crystalline silicon (c-Si) is a key
processing technique for precise doping in semiconductor
technology. As device sizes in integrated circuits are de-
creased the need to understand processes that produce
damage in ¢-Si during and after the ion implantation is
emphasized. Several techniques have been used to study
the detailed structures of the complex ion-implantation-
induced defects, for example electron paramagnetic
resonance’, infrared optical absorption,? transmission
electron microscopy,? optical reflection spectroscopy,* X-
ray double crystal diffractometry,® Raman spectroscopy,®
slow positron annihilation,” and Rutherford backscatter-
ing spectrometry (RBS)/ion channeling.® An annealing
process that occurs during ion irradiation has been re-
ported by many authors to be effective on already ex-
isting damage.”%'% As a result silicon surface layers,
rendered amorphous by high dose ion implantation have
been known to reorder as a polycrystalline network under
some implantation conditions.'12

The aim of this study was to continue our work on slow-
ing down and damage formation in self-ion implantation
of ¢-Si.13715 Now we focus on the study of slowing down
in strongly damaged silicon caused by very high dose im-
plantation. In spite of the fact that the damage structures
have been extensively studied in the literature®:%19:16719
there is to our knowledge no studies on the effect of the
damage structure of the sample on the slowing down and
range of keV Si ions in ion implanted c-Si.

II. EXPERIMENTAL PROCEDURE

Samples were prepared at the isotope separator of the
laboratory by implanting fluences of 2 x 10¢ 50-keV
30Git jons em™2, 1 x 10'7 100-keV 2°Si* ions em~2 and
5 x 103 to 1 x 10'® 50-keV 28Sit ions cm~? into n-type
Si(100) slices (Czochralski grown, doped uniformly by P
to a resistivity of 2.5 - 3.5 Q cm) at room temperature.

The dose rates used in the implantations varied between
5.7 and 11.2 gA cm~2 for the 28Sit implantations and
0.25 and 0.51 gA cm~2 for the 3°Sit implantations. To
prevent sample heating during implantation the back side
of the sample was firmly placed against a background cop-
per pedestal which acted as a heat sink. From studies of
the heat conduction conditions in the implantation setup
we know that the sample does not warm up more than a
few degrees K even for the highest-dose implants. Dur-
ing the implantations the specimen normal ([100] crystal
axis) was tilted 6° off the beam direction towards the [010]
crystal axis.

At doses lower than 106 ions em™~2 only 28Sit was im-
planted. At doses higher than 10'¢ ions em~2 the concen-
tration of implanted atoms was high enough to enable the
measurement of implanted 3°Si distributions by nuclear
reaction techniques. Therefore, for such measurements
samples were prepared by implanting only with 2 x 101¢
50-keV 39Sit ions em™? or by first irradiating with 2 x
10%¢ to 1 x 10'® 50-keV 28Sit ions cm~? and then with
2 x 10'® 50-keV 3°Sit ions cm~2.

To probe the 39Si range distributions in the samples,
the nuclear-resonance-broadening (NRB) technique was
used,?® along with the sharp (T' = 68 eV?'), strong (S =
5 eV2!) and isolated resonance of the 3°Si(p,v)3'P reac-
tion at E, = 620 keV. The proton beams of about 1pA
were supplied by the 2.5 MV Van de Graaff accelerator
of the laboratory. The resolving power of the beam, typ-
ically 400 eV, was determined at the 620 keV resonance
with an unimplanted c-Si sample containing 3.1 at.% of
the isotope 30Si. It corresponds to the depth resolution
of about 5 nm at the surface. The beam was focused
to a spot of 3 x 3 mm?2 Effects associated with the
probing proton beam were controlled by repeating each
measurement twice at each beam spot. The v radiation
was detected in a 12.7 cm (diameter) x 10.2 cm Nal(TI)
crystal shielded against the background radiation by 5 cm
of lead.

The crystallinity of the implanted samples was determ-

ined by RBS and channeling of 2.0-MeV *He™ ions from



the 2.5 MV Van de Graaff accelerator of the laboratory.
The angular divergence of the incident beam was less than
0.02°. Backscattered particles were analyzed with a 50
mm? Si(Li) detector located at 155° with respect to the
incident beam at a distance of 65 mm from the target.
The resolution of the detector was 16 keV for the backs-
cattered a-particles. The samples were mounted on a
precision goniometer, and the beam was aligned with re-
spect to the < 100 > axis. The total accumulated ion
charge per sample was always less than 3 pC. The con-
centrations of the displaced atoms were obtained by com-
paring the spectra from the virgin and damaged crystals
with the random-oriented spectrum. The height of the
random oriented spectrum was verified by several meas-
urements, obtained by aligning the sample to different
angular orientations, well away from the < 100 > axis
and from any planar channeling directions. The relat-
ive ion doses for different spectra were obtained by using
a beam chopper with a separate pulse analysis system,
which had an accuracy of better than 2%.

III. MOLECULAR DYNAMICS SIMULATIONS
OF THE RANGE PROFILES

The experimental range profiles were simulated using
the molecular dynamics (MD) method developed very re-
cently at our laboratory.'®2? The principles of the simu-
lation algorithms are presented in detail in Ref. 23.

The starting position of the incident 3°Si atom was 5 A
above the surface of the computational cell of Si in the z
direction, and was chosen randomly in the zy plane. The
direction of the initial velocity of the incident 3°Si atom
was aligned 6° from the normal of the surface of Si in the
< 100 > direction. The end position of every incident
atom was stored for the calculation of the range distribu-
tion. To estimate the distribution of primary damage the
nuclear deposited energy was also calculated during the
simulation runs.

Due to the high kinetic energies involved, periodic
boundary conditions could not be applied. Instead, a
slab of undisturbed silicon was generated in front of the
incident atom every time it got close to the boundary of
the computational cell. Thus the incident atom always
moved in an undisturbed simulation cell.

The interatomic potential was taken from Ref. 15. For
short inter-nuclear separations (r < 1.7 A), the poten-
tial was calculated through an accurate treatment of
the interacting Si-Si dimer. The repulsive potential was
then matched smoothly with the classical Stillinger-Weber
many-atom potential,?* which gives a good description of
low-energy cohesion and bonding.

The short range repulsive potential was obtained from
a self-consistent total energy calculation using density-
functional theory and the local-density approximation
(LDA) for electronic exchange and correlation.?® The
Kohn-Sham equations were solved numerically using

a basis-set consisting of numerical atomic-type orbit-
als, and a discrete-variational method for the three-
dimensional integrals.?® The stability of the total energy
results with respect to the basis set and the density of
integration points was carefully monitored. The total en-
ergy, including both the electronic part and the inter-
nuclear Coulomb repulsion, was obtained as a function
of the dimer distance, and defines the interatomic poten-
tial energy. In practice, we used the DMol package?” well
tested in calculations of energetics and structures of small
molecules.
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FIG. 1. RBS/channeling spectra for 2-MeV *Het ions
incident on the 5 x 10" - 1 x 10" 50-keV **Sit ions
cm™? Si(100) samples. Also shown in the figure is the ran-
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FIG. 2. Displaced atom distributions calculated from the
RBS/channeling measurements. The dashed line indicates the
random level.

The experimentally confirmed electronic stopping
power from Ref. 28 was included in the equations of mo-
tion of the incident atoms as a frictional force.?®



IV. RESULTS AND DISCUSSION

A. Range distributions and crystallinity of the
implanted samples

Figure 1 shows the < 100 > aligned backscattering
spectra for 2-MeV *Het ions incident on the 5 x 10!3
-1 x 10" 50-keV 28Sit cm~? Si(100) samples. In the
figure the damage induced by the 28Sit implantation is
clearly visible as a difference between the spectra of the
as-implanted and virgin Si samples. It is worth noting
that the largest defect concentration does not reach the
random level. The saturation of the number of displaced
atoms is reached at the dose of 5 x 10'* 28Si+ jons cm~2.
The backscattering yields are converted3? to the displaced

atom distributions in Fig. 2.
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FIG. 3. Fit of eq. (1) to the experimental damage width
obtained with RBS/channeling measurements as a function of
the implantation dose of 28Si.

It can be seen that the width of the damaged region
increases with dose. Figure 3 shows the full width at half
maximum (FWHM) of the damaged region as a function
of the implanted dose. In the figure the fitted logarithmic
function

FWHM(nm) = a + bIn [dose(ions cm™?)] (1)

illustrates the linear dependence of the FWHM on the
logarithm of the dose. The values for a and b obtained in
the fit were —357+4 nm and 13.8 £ 0.2 nm, respectively.

An attempt to explain the observed linear dependence
was made by assuming that “amorphisation” of the sil-
icon occurs when the concentration of implanted atoms or
the deposited energy exceeds some threshold value. The
exponential function

C(z) = cexp(—2/d) (2)

was fitted to the tail of the range or deposited energy
curves (cf. Fig. 5). A good fit was obtained to both

experimental and theoretical curves, giving values of d

between 22 and 26 nm. If broadening of the dam-
age region could be explained by the concentration of
implanted atoms or deposited energy exceeding some
threshold value, the coefficients b and d should have ap-
proximately the same value. Since this is not the case, a
more complex damage creation procedure is involved.

Recent results indicate that mobile vacancies play an
important role in the amorphisation and recrystallization
of ¢-Si."1631 This suggests that growth of the damaged
layer is contributed to by migration of vacancies to the
interface between the damaged region and c-Si and trap-
ping there.
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FIG. 4. NRB yields of the *°Si(p,y)*' P resonance reaction
at By, = 620 keV. The different curves indicate the amount of
28Si implanted prior to the implantation of 2 x 10!¢ 50-keV

2 . Also shown is the measured natural con-

30Sit jons cm™
centration of **Si in unimplanted silicon. The square of the
frequency given on the z axis is proportional to the beam

energy.

The 3°Si distributions measured with the NRB tech-
nique are shown in Fig. 4. The distribution is contributed
to by the range distribution of 3°Si implants, the natural
width of the resonance, the energy resolution of the pro-
ton beam, and the width of the energy-loss distribution
for protons after traversing in c-Si. The enrichment of
the isotope 28Si in the sample due to the 28Si implant-
ation prior to the 2 x 10'% 50-keV 39Sit jons cm~2 is
seen in the reduction of the peak height caused by the
reduction of the inherent amount of 3°Si.

By measuring the height of the edge of the implantation
layer using a profilometer the sputtering coefficient was
determined to be 0.9 £ 0.1, in a good agreement with
the value of 0.8 obtained from experimental results and
scaling laws in Ref. 32.

Range profiles where the decrease of the inherent
amount of 3Si has been taken into account, are shown in
Fig. 5. It can be seen that the concentration distribution
is not significantly affected by the increased damage pro-
duced along with the increased dose in the ?3Si implant-
ations. The concentration of doped 3°Si atoms was ob-
tained by comparison of the y-ray yields from the doped



30Gi nuclei with those from isotope 39Si in natural silicon.
In the calculation of the depth scale, the stopping power
of silicon for protons was taken from Ref. 33. The step
in the excitation function arising from the natural 3°Si
concentration was used in determining the zero-point of
the depth scale.
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FIG. 5. Range distributions of *°Si measured with the NRB
technique. The different curves indicate the amount of 2%Si
implanted prior to the implantation of 2 x 10'® *°Sit jons
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Literature results on damage produced in silicon self-
ion-implantation in the 10 - 200 keV energy range con-
tain some apparently contradictory results®*. For in-
stance, Holland et al.'® and Kase et al.'® report that sil-
icon amorphizes at room temperature at a dose of about
5x10'* atoms cm~2, while Prunier et al.'® report that the
temperature must be lower than 300 K to obtain amorph-
isation. The differences in this case are probably due to
differences in implantation dose rates and heat conduc-
tion conditions in the wafer holder. Also, we believe some
confusion may result from the common practice to call
structures where an RBS/channeling profile is close to the
random level amorphous without doing a more detailed
investigation of the actual structure. In fact an RBS pro-
file resembling the random spectrum may well result from
for instance a polycrystalline sample structure.'3%

In general, there is fairly good agreement that sil-
icon gets strongly damaged at a dose between 10' and
101% atoms cm~2 at room 1;empe1'atu1'e,6’10’19’36’37 in good
agreement with our RBS results which show strong dam-
age growth at a dose of 2 x 10' atoms cm~? (Fig. 2).

At higher implantation doses (close to or higher than
10'¢ atoms ecm™?), recrystallization is known to occur
at temperatures higher than room temperature,”36:38740
Some authors'®36 have reported ion beam annealing at
room temperature, but Cannavo et al. report that the
beam annealing effect disappeared when a good thermal
contact between the sample and the sample holder was
employed during implantation.3® Our implantations were
performed with a sample holder which was in good
thermal contact with the implanted samples, whence re-

crystallization effects were not to be expected.

Damage production is also known to be affected by
the implantation dose rate (beam current). For other-
wise equal implantation conditions the amount of dam-
age grows'®16 (or the recrystallization rate decreases®”)
with increasing dose rate. Holland et al. report that the
onset of strong damage occurs at doses somewhat below
5 x 10'* atoms cm™~? in the dose rate range between 1 and
100 A em~2, in good agreement with our RBS results.

B. X-ray and resistance measurements

The samples were also studied using X-ray facilities
in the Physics department at the University of Helsinki.
The (400), (422), and (311) reflections were measured
for all the samples using a double-crystal diffractometer,
Cu K,-radiation and non-dispersive (+4,-) arrangement.
The rocking curves where broader than the correspond-
ing Darwin curves due to slightly dispersive geometry.
Therefore, one unimplanted crystal was studied, too.

Each rocking curve had a higher tail than the reference
curve at the low angle site and the magnitude of the tails
increased with the implantation dose. The (400) rock-
ing curves showed clearly stronger tails than the (422)
and (311) rocking curves suggesting that the implanta-
tion generates stronger lateral than vertical strain fields.
Thus the lattice spacing Ad/d has changed more along the
normal of the surface than along the plane of the surface.
This agrees with other studies where lattice expansion or
compression is observed®.

The resistivity of three implanted samples was determ-
ined using a two-point probe by measuring the resistance
through the sample wafers at several different locations.
For the samples implanted with 1 x 10'®, 4 x 10'6 and
5 x 10" Sit ions cm™2 the measured resistivity of the
damaged regions was 4 x 106 Q m, 3 x 10° Q m and
0.7 x 105 Q m, respectively. In unimplanted parts of the
sample the resistivity was about 5  m.

The fact that implanted sample regions were found to
have a roughly five to six orders of magnitude higher
resistivity than unimplanted parts of the samples sup-
ports the conclusion that the sample structure is modi-
fied strongly at the beginning of the implantation, and
that the structure is not sensitive to the implantation
dose. The high resistivity indicates the presence of carrier
traps, which may be related to vacancies in the interface
between the damaged layer and c-Si (see above).

C. Range simulations for amorphous and crystalline
structures

Due to the high implantation dose of 2 x 106 30Gi+
ions cm~? practically all the implanted ions observable
with the NRB method can be assumed to slow down in

strongly damaged c-Si (cf. Fig. 2). In spite of the fact



that the RBS/channeling measurements show that the im-
planted samples are neither crystalline (c-Si) nor amorph-
ous silicon (a-Si), the range simulations were first carried
out for ¢-Si and a-Si, which are typical approximations
used in the literature in simulations of slowing down con-
ditions. In simulating a-Si the initial coordinates of the
lattice Si atoms were obtained from the 63 and 216 atom
ab wnitio MD simulation cells described in Refs. 41-43.
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FIG. 6. Experimental and simulated range distributions for
50- (a) and 100-keV (b) Si self-ion implantation. The ex-
perimental distribution is the average of the three measured
concentrations with the lowest amount of pre-implanted ?®Si.
The simulated range results are for amorphous and crystalline
silicon.

In simulations of crystalline materials realistic thermal
displacements of the atoms were obtained by simulating
thermal movement at 300 K for 200 fs prior to the im-
plantation simulations. Because the coordinates of the
a-Si structure were taken from ab initio calculations it
was not necessary to equilibrate the a-Si MD cell.

In every simulation run the trajectories of about 5000
incident 3°Si atoms were followed until they had slowed
down to a cutoff energy of 1 eV.

For the comparison with the measured 3°Si distribu-
tions, the calculated range profiles were convoluted with
the natural width of the resonance, the energy resolu-

tion of the proton beam, and the width of the energy-
loss distribution for protons after traversing in Si. In
the numerical convolution we used a Gaussian func-
tion which approximates well Vavilov’s energy straggling
distribution.***> We have observed earlier’® that the en-
ergy straggling of protons calculated according to the
Bohr model*® had to be multiplied by 0.9.

The simulated 50-keV and 100-keV 3°Si distributions
are shown in Fig. 6 along with the experimental NRB res-
ults. The range profiles for amorphous silicon are fairly
near a Gaussian profile, whereas the profiles for ¢-Si show
a distinct tail due to channeling effects.

The comparison of the simulated range profiles with
the experimental ones shows that the slowing down of Si
ions has taken place in Si which is neither ¢-Si nor a-Si.
The shapes of the experimental and simulated 100-keV
range profiles are qualitatively very similar to their 50-
keV counterparts, indicating that the implantation energy
does not have a major effect on the final sample structure.

D. Range simulations for polycrystalline and other
structures

Literature results indicate that silicon may reorder
to a polycrystalline structure during very high-dose
(> 10%® ions cm™?) ion implantation.!! The measured
RBS/channeling results of our samples are similar to RBS
spectra of polycrystalline silicon (poly-Si) reported in the
literature.?3% The X-ray diffraction studies can be inter-
preted to indicate that the sample < 100 > axis is close to
that of bulk Si. The measured resistivities are in agree-
ment with polycrystalline silicon, which is known to have
a very much higher resistance than crystalline silicon.*”

Since these experimental results are consistent with a
polycrystalline sample structure, and since the range pro-
files obtained in MD simulations of a-Si and c-Si could not
reproduce the NRB results, MD simulations were under-
taken with different polycrystalline sample structures.

Polycrystallinity was modeled by selecting a grain size
prior to the start of each simulation run. Average grain
sizes ranging between 0.5 and 1000 nm were used. When
the recoiling ion has traveled through each grain, it is
injected into a new grain with the velocity 1t had when it
left the former. The incident position of the ion entering
in the new grain 1s selected randomly. The orientation of
the new grain is either selected randomly or relative to
the orientation of the previous grain. In the latter case the
orientation of the < 100 > axis between grains is allowed
to vary maximally some angle Af .

Some simulated polycrystalline range profiles are
shown in Fig. 7. For the profiles shown in the figure
random orientation between adjacent grains was used.
For small grain sizes the range profiles have an almost
Gaussian form, similar to that of an amorphous profile.
However, comparison of Fig. 6 and Fig. 7 shows that
the front edge of the polycrystalline profile for a 10 nm



grain size is significantly deeper in the sample than the
amorphous profile. This can be attributed to the pos-
sibility of channeling in the first grains. For grain sizes
larger than 30 nm the range profile has a visible tail at
large z values, which can be readily understood to be due
to the possibility of long-range channeling in the grains
deep in the sample.
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FIG. 7. Experimental and simulated range distributions for
50- (a) and 100-keV (b) Si self-ion implantation. The simu-
lated range results are for polycrystalline silicon with domain
sizes of 10, 30, 50 and 200 nm and random orientation between
grains.

For grain sizes larger than about 30 nm the choice of the
maximum angle between domains, Aflmayx, was not found
to affect the range distribution significantly. Both the 50
and the 100 keV experimental range distributions were
well reproduced with a polycrystalline sample structure
with domain sizes larger than 10 nm, see Fig. 7. The best
fit was obtained with a grain size of 50 nm, regardless of
the choice of Af... If the orientation of the < 100 >
axis of the first grain was selected to be less than about 7°
deflected from the beam orientation, longer ranges were
obtained due to channeling effects in the first grain.

Thus, all the experimental and simulation results are
consistent with a polycrystalline sample structure with an

average grain size of roughly 50 nm, where the < 100 >
axis of the grains deviates somewhat from the < 100 >
axis of the bulk silicon underlying the damaged layer.
This does not rule out the possibility that the damage
is of a more complex character. An attempt to repro-
duce the experimental profile was made by simulating
ranges in sample structures where parts of the structure
was amorphous and other parts crystalline. No combin-
ation of amorphous — crystalline layers was found that
reproduced well the experimental range profile.

V. CONCLUSIONS

In this work the effects of very high dose self-ion im-
plantation on the structure of the implanted c-Si sample
have been studied using NRB and RBS/channeling meas-
urements. A method for calculating ion ranges based
on MD simulations was employed to analyze the experi-
mental results. The effect of the sample structure on the
simulated range profiles was examined.

The range measurements of 50-keV Si ions in c-Si by
NRB and the crystallinity measurements of the samples
by RBS/channeling over the dose range from 103 to
10 ions em~2 show that the structure of the implanted
sample does not change at doses 2 x 106 to 10'® ions
em~2. Range measurements of 100-keV Si ions showed
that the ion energy is not a critical parameter with respect
to the damage structure.

Furthermore, the experimental range results along with
the MD simulations showed that the sample is strongly
damaged but not amorphous and that the damaged region
grows along with the amount of energy deposited in the
implantations.

The range profiles obtained from MD simulations for a
polycrystalline structure were sensitive to the grain size
but not on the angle between the grain orientations. Sim-
ulated results along with the experimental profiles indic-
ate a sample structure of polycrystalline silicon with a
grain size of 50 nm.
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