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Abstract—This tutorial reviews key issues for use of highlychanneled profiles with MeV energy dopants in Si. Practical
issues for systems and process, including beam-wafer alignment,
beam divergence and wafer temperature, are discussed as well as
the use of Monte-Carlo modeling to guide process development.
Recent photo- and cathodo-luminescence results on the effects of
elevated wafer implant temperatures on residual defects after
annealing in channeled MeV dopant implants are outlined.
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I. INTRODUCTION
Channeling phenomena have been studied since the early
days of ion implantation in the late 1960's and early 1970's [1].
The applications of MeV ions for formation of deep junctions
for memory and image sensor devices [2] has led to the
development of systems and process techniques for wafer-scale
implementation of highly-oriented channeling profiles in IC
production [3].
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Fig. 1. Electronic and nuclear stopping powers of B, P and As
in Si for ion energies of 1 keV to 10 MeV [4].

When energetic ion beams are implanted along directions
which are highly aligned to a crystal axial or planar direction,
for ions which enter channeling trajectories, largely avoiding
strong collisions with the target atom ion cores, the nuclear
(eleastic) component of the ion stopping is strongly reduced,
along with a slight reduction of the electronic stopping, due to
reduced electron density in the open channel regions. The
result is a significant increase in the ion penetration depth and
reduction in the collision-induced recoil events (lattice damage)
along much of the ion path.

The practical implications of the stopping powers (Fig. 1)
are shown in Figs. 2-4, collecting junction depth values from
recent studies of channeled profiles for MeV dopants in Si
[5,6]. While the channeled junction depths for B are §2 um
deeper than for random orientation (non-channeled) profiles,
channeled profiles for MeV P and As are §4-5 um deeper than
random orientation profiles.
II. MONTE-CAPLO MODELING OF PROFILES AND DAMGE IN
CHANNELED IMPLANTS

Examination of the energy dependence of dopant ion
stopping powers in Si, Fig. 1, shows that for light ions, such as
B, while channeling can have a significant effect on profile
depth at energies below 10 keV (leading to the use of preamophization implants with Ge and Si), at MeV energies, the
nuclear stopping for B is a minor component of the total
stopping power. So for MeV dopants, while channeling still
plays a role for B profiles, the major effects of channeling for
deep profiles and reduced damage accumulation are seen for
heavier ions, such as P and As.
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Monte-Carlo (MC) modeling of channeled profiles and
defects is a key source of guidance for analysis of expermental
data and planning for new developments. The continued utility
of modeling in channeled ion process is entirely appropriate
here since the phenomenon of ion and neutron channeling in
crystals was first reported in computer simulations in 1963 [9].
Recent applications of MC methods for MeV dopant ions in Si
include the use of IMSIL [5], MARLOWE [10], Sentaurus
TCAD [6] and SRIM [4]. While SRIM assumes an amorphous
target, IMSIL and the other MC methods can take account of
crystal structure, orientation and temperature.
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IMSIL, used extensively in the results discussed here, uses
an electronic stopping model composed of a nonlocal and a
local part that is well calibrated for the cases studied [7].
Damage accumulation is estimated by a modified KinchinPease model using a displacement energy of 15 eV and
correction factors for the resulting number of Frenkel pairs
(“damage recombination factors” [8]) of 0.3, 0.8, and 2 for B,
P, and As ions, respectively. Temperature effects are taken into
account using the Debye model with a Debye temperature of
490 K. The RMS vibration amplitudes for Si atoms used in the
IMSIL simulations were 0.083 Å at 300 K and 0.125 Å at 723
K. The Si(100) axial channel diameter (at 0 K) is 2.716 Å.
Beam divergence is implemented with a Gaussian distribution
of angles with the stated divergence equal to the standard
deviation.
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Fig. 2. Junction depths for random and channeled ions for
B in Si (for 50 Ohm-cm epi layers and a dose of 1e12 B/cm2)
from [5.6]. Also shown are mean ranges, <X>, calculated with
SRIM [4].

III. PROCESS REQUIREMENTS FOR WAFER-LEVEL
UNIFORMITY OF CHANNELD PROFILES

Implementation of highly-channeled profiles on a wafer
scale requires tight controls on ion implanter operations, wafer
alignment and process conditions. The need to have uniform
incident angles for the ion beam on the wafer surface calls for
aberration-less beam scanning optics providing parallel beam
scanning across the wafer area. Additional beam controls
include maintenance of uniform beam spot size on the wafer
and minimization of angular divergence in the beam. Wafer
fixturing needs to provide §0.1o or less variance in wafer
orientation in both tilt and twist angles throughout the
scanning range. While some compensation can be made for
offset angles in the crystal axial orientation relative to the
wafer normal [6,11], a more direct method is to use Si(100)
wafers which are sliced with a close alignment (<0.2o) of the
(100) crystal axis and the wafer surface normal.
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Fig. 3. Junction depths for random and channeled ions for P in
Si (for 50 Ohm-cm epi layers and a dose of 1e12 P/cm2) from
[5.6]. Also shown are mean ranges, <X>, calculated with
SRIM [4].
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An example of a MeV ion beamline, among others [3],
designed for highly-oriented channeling, the Sumitomo Ion
Implant Technology (SMIT) S-UHE, is shown in Fig. 5 [12].
This "folded" beamline provides for ion acceleration (in the
first half) and beam scanning, parallelization [13], energy (and
neutral) filtering and precision wafer orientation and scanning
[14] (in the 2nd half). The S-UHE system provides waferscale highly channeled profiles under IC production conditions
[15] up to 6.8 MeV with As4+ beams.
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Fig. 4. Junction depths for random and channeled ions for As
in Si (for 50 Ohm-cm epi layers and a dose of 1e12 As/cm2)
from [5.6]. Also shown are mean ranges calculated with SRIM
[4] and channeld junction depths calculated with IMSIL [7,8].
Fig. 5. Top overview of the SMIT S-UHE MeV ion implanter.
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peaks but no deep channeled peaks. IMSIL results show
deeper and higher concentration channeled profiles.

IV. PROCESS EFFECTS IN CHANNELD MEV PROFILES
A .On-axis profiles
Highly-channeled (aligned beam, precision-cut <0.2o axialnormal aligned wafers, room temperature) profiles for 1.5 and 3
MeV B are shown in Fig. 6, with SIMS data along with IMSIL
and SRIM calculations [5]. The max depth of the SIMS
profiles is well aligned with the IMSIL results, although IMSIL
calculates more pronounced deep channeled peaks. The
shallow de-channeled peaks in the SIMS data are well aligned
with the IMSIL features and the SRIM profiles (which assume
a "random" Si target).

Fig. 8. 1.4 and 3.1 MeV As profiles: SIMS (symbols), IMSIL
(histograms), SRIM (open circles, amorphous-Si). Dose = 1e12
As/cm2.
B. Effects of beam divergence
Beam divergence arising from Coulomb repulsion forces in
the ion beam varies with ion type and energy, beam current
density and beam space charge conditions. Divergence effects
on dopant profiles, calculated by IMSIL, also vary with ion
type.
For 3 MeV B (Fig. 9) increases in beam angular
divergence from 0 to 0.5o modeled by IMSIL result in modest
shifts in profile depth and an increase in the concentration in
the de-channeled peak.

Fig. 6. 1.5 and 3 MeV B profiles: SIMS (symbols), IMSIL
(histograms), SRIM (open circles, amorphous-Si). Dose = 1e13
B/cm2.
Similar profile characteristics and comparisons with IMSIL
and SRIM are seen in the 0.8 and 2.2 MeV P profiles (Fig. 7).

Fig. 7. 0.8 and 2.2 MeV P profiles: SIMS (symbols), IMSIL
(histograms), SRIM (open circles, amorphous-Si). Dose = 1e12
P/cm2.

Fig. 9. 3 MeV B SIMS profile (symbols) and IMSIL
(histograms) calculations for angular beam divergence from 0
to 0.5o. Dose = 1e13 B/cm2.

Highly-channeled 1.4 and 3.1 MeV As SIMS profiles (Fig.
8) show substantial As tails beyond the de-channeled "random"
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C. Effects of wafer temperature

Beam divergence effects on channeled profiles are more
pronounced for heavier ions, P and As. For the case of 3.1
MeV As (Fig. 10) an angular diveregence of 0.5o results in a
strong reduction of the deep channeling detail, as calulated by
IMSIL, closely following the observed As SIMS profile..

Selected ions in [5] were implanted at a wafer temperatue
of 450 C as well as room temperature [5,17]. The idea was to
check on the effects of wafer temperature on profiles and
defects and compare the well known effects observed for lowenergy, high dose (non-channeled) implants into planar devices
and finFETs with results for highly-channeled MeV dopant
ions at low-doses into planar wafers.
Implantation at an elevated temperature resulted in an
increase in dechanneling of the deep profile sections of B, P
and As ions as well as coresponding changes in the IMSIL
profiles (Figs. 12, 13, 14).

Fig. 10. 3.1 MeV As SIMS profile (symbols) and IMSIL
(histograms) calculations for angular beam divergence from 0
to 0.5o. Dose = 1e12 As/cm2.
The kinematic effect of heavier ions moving more slowly at
a given ion energy results in a systematic effect [16] on volume
ion density, nbeam(ions/cm3). In addtion, acclerators often use
higher charge state ions for higher energy beams and heavier
ions. For example, the charge states for the B and P ions
discussed here were 1+ for the lower energy ions and 2+ for the
higher energy. The charge state for As ions discussed here was
3+. This means that the volume charge density, Qcharge3
state*[nbeam (ions/cm )], for As ions discussed here is §twice that
as B ions [16].

Fig. 12.
Highly-channeled 1.5 MeV B SIMS profiles
implanted at wafer temperatures of 25 and 450 C [17] at a dose
of 1e13 B/cm2 compared to IMSIL and SRIM calculations.

Apparent Divergence (degrees)

Matching the observed SIMS profile with the calculated
IMSIL profiles gives a qualitative measure of angular beam
divergence showing a systematic increase in apparent beam
divergence with increasing ion mass [Fig. 11].
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Fig. 13. Highly-channeled 2.2 MeV P SIMS profiles implanted
at wafer temperatures of 25 and 450 C [17] at a dose of 1e12
P/cm2 compared to IMSIL and SRIM calculations.

Volume Charge Density (Charge/cm3)

Fig. 11. Apparent ion beam angular divergence for B, P and As
ions in the energy range from 0.8 to 3.1 MeV as judged by
SIMS profile shape and location relative to IMSIL caculations,
showing the effect of volume chage density of beam ions.
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[18]. For a given ion type and energy, the PL signal at 1.1 eV
is systematically higher for implants at 450 C for all ions and
energies discussed here, implying reduced levels of
recombination traps for these highly-channeled dopants.
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Fig. 14. Highly-channeled 3.1 MeV As SIMS profiles
implanted at wafer temperatures of 25 and 450 C [17] at a dose
of 1e12 As/cm2 compared to IMSIL and SRIM calculations.

Fig. 16. PL spectra intensity at §1.1 eV for annealed
highly-channeled MeV B, P and As implants at 25 and 450 C.
Carrier recombination effects are stronger for B and all 25 C
implants. Note that B dose was 1e13 B/cm2 and the P and As
doses were 1e12 ions/cm2.

D. Combined effect of beam divergence and wafer temperature
In Fig. 15 the combined effect of 0.5° beam divergence and
elevated temperature (450°C) on the simulated 3.1 MeV
channeled As profile is shown along with SIMS data.
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Cathodoluminesence (CL) spectra from these annealed
channeled MeV dopant implants (Fig. 17) showed strong
defect-related emmision for all of the B implants (coresponding
to low PL signal shown in Fig. 16). B implants at 450 C
produced ony a slight reduction in the defect related CL peaks.
CL defect-spectra heights were significantly lower for P and As
implants, particularly for 450 C implants.. The transverse
optical (TO) phonon related emission peaks increased in
intensity for samples with lower defect-related peaks (again, in
agreement with the PL results in Fig. 16).
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Fig. 15. SIMS and IMSIL profiles for a 3.1 MeV As implant at
450 C, showing combined analysis of wafer temperature and
beam divergence effects and close matching to experiment for
0.5o divergence.

P22

P24

A32

A34

1.5 MeV B

TO + O(Γ)

2.2 MeV P

10

3.1 MeV As

1

V. RESIDUAL DEFECTS IN MEV IMPLANTS
Selected Si samples from [5] were annealed at 950 C for 3
min in a N-rich ambient and examined by photo-luminescence
(PL) and cathodo-luminesence (CL) methods [18, 19].
Electrically active defects, acting as carrier recombination
centers, reduce the radiated intensity from phonon-assisted
recombination of carrier band electrons and valance band
holes at §1.1 eV in Si. Radiative recombination from trap
sites result in characteristic emissions in CL spectra and
imaged defects sites in PL measurements.
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Fig. 17. CL recombination spectra (at 35 K) for annealed,
highly-channeled implants into Si with 1.5 MeV B
(diamonds), 2.2 MeV P (triangles) and 3.1 MeV As (circles)
with an electron probe beam energy of 25 kV. Implants at 25
C filled symbols, at 450 C open symbols. Defect-related
recombination emission is in the range of 1350 to 1600 nm.
Transverse optical emission (TO) peaks are emissions from
phonon-assisted (non-defect) recombination from conduction
to valance band.

PL results (Fig. 16) show relatively low PL signal from the
B implanted Si in this study compared to P and As implanted
samples, partially reflecting the higher dose for the B implants
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PL defects were imaged with a 1300 nm long-pass filter
(Fig. 18). Strong defect concentrations were observed for all
B implants and reduced defect counts for P and As samples for
high implant temperatures.
3.1 MeV As, 25 C
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