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Studies with PL, SRP, SIMS and MC models
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Abstract— This study uses photoluminescence (PL) and
other  carrier-recombination sensitive  probes in
combination with spreading resistance profiling (SRP),
SIMS and IMSIL MC-calculations to monitor the ion range
and damage levels in highly-channeled and random beam
orientation 7.5 MeV B and 10 MeV P and As profiles and
various combinations of co-implants with 50 keV
Phosphorus implants in Silicon(100). The effects of
annealing on the 10 MeV profiles showed the strong shifts
in PL data from implant damage in the as-implanted and
annealed samples. Curious "intermittencies' were seen in
the PL signals from MeV implant defect centers.

Index Terms—Ion channeling, photoluminescence, secondary ion
mass spectroscopy, spreading resistance profiling, Monte Carlo

ion range profiles.

[. INTRODUCTION

Ion implantation of dopants in Si has been used at the
predominant form of formation of junctions in transistors for
nearly half a century. Despite this long time span and the recent
addition of many non-dopant, "materials modification"
implants, which now comprise the majority of implants steps in
a modern IC process, detailed studies of dopant ranges and
effects of implant damage on leakage currents are still relevant,
especially as transistors take on new geometrical forms and for
new applications beyond logic and memory functions, such as
deep photodiode wells in high-sensitivity optical sensors.

In this report we focus on the use of carrier-recombination
metrologies, primarily PL, to probe the effects of implant and
anneal conditions on leakage current fundamentals. This study
follows a line of earlier reports on studies of effects of
channeling on MeV implants [1- 3] and many studies of C co-
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implants with B and P implants [4,5]. See Table 1 for details
of the co-implants; ion combinations, ion energies, doses and
beam currents and post-implant anneal temperatures.

II. EXPERIMENTAL DETAILS: IMPLANTS

The high-energy implants were done with a SMIT SS-UHE
implanter for 7.5 MeV B and 10 MeV P and As ions at a dose
of 3e12 B/cm? for the B implants and 5¢12 ions/cm? for the P
and As implants. The beam-wafer incidence angles for these
implanters were either "random", with a wafer tilt of 7° and
twist of 23°, or highly-channeled along the axial channel
direction normal to the wafer surface. The SS-UHE implanter
provides a beam-wafer angle accuracy of within 0.025° [6]. The
channeled implants were done with wafers cut from the same
Si boule with pre-implant characterization of the detailed Si
axial tilt.

The co-implant studies with Phosphorus and Carbon ions were
done with a combination of SMIT SAion and S-UHE tools with
"random" (7/23) beam incidence angles. In addition, a series of
"random" beam orientation P implants at various doses and ion
energies ranging from 10 keV to 1 MeV were tested with PL
and SRP to examine the systematic variations in the data.
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Table 1: Implants & anneals for P & C co-implants.
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Process | lon | Energy Dose Ibeam | Anneal
(kev) | (Ions/cm?) | (mA) ©
Dose- P 50 3el4 1 850
anneal
Dose- P 50 2el4 1 850
anneal
Dose- P 50 lel4 1 850
anneal
Dose- P 50 3el3 1 850
anneal
Dose- P 50 lel4 1 1000
anneal
Dose- P 50 3el4 1 1000
anneal
Beam P 150 lel14 7 850
Power
P/C C- | 20-50- 8el3- 2-1- 850
implants | P-P 10 lel4-1e14 2.9
P/C C- | 20-50- 8el3- 2-1- 1000
implants | P-P 10 lel4-1el4 2.9
P/P P 50-10 lel4 1-2.9 850
implants
P/P P 50-10 lel4 1-2.9 1000
implants

Note: Anneals were for 30 s in an N> ambient.

III. EXPERIMENTAL DETAILS: MEASUREMENTS

The principle measurement techniques used in this study are:
Secondary Ion Mass Spectroscopy (SIMS) and Spreading
Resistance Profiling (SRP) for depth profiles of implanted
atoms and active carriers and Photoluminescence (PL) and
other  carrier-recombination  related  tools, Junction
Photovoltage (JPV) and Photo-Modulated Photoreflectance
(PMR). A Monte-Carlo ion transport and damage code, IMSIL
[7,8], was used to calculate ion ranges and recoil damage
profiles for selected random and channeled implants.

PL measurements were done with a SemilLab EnVision
photoluminescence tool in the "MicroPL" mode, using a 523
nm laser probe beam with an imaging field of view of 175x140
pum. PL signals from phonon-assisted carrier recombination
transitions at wavelengths at ~1.1 um and transitions via in-gap
defect sites, at wavelengths of 1.3 um and greater were
collected with the use of band pass filters for the two
recombination modes. See Fig.1 for Si in-gap phonons and
recombination /generations centers and related PL signal
wavelenths.
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Fig. 1. Principal in-gap state energies and transition

wavelengths for carrier recombination paths in Si. The 3
phonon states are within 0.07 eV of the conduction band (Ec).
The 2 defect related sites (Shockley-Reid-Hall recombination
centers) are within =0.25 eV of either the conduction or valance
band edges.

IV. RESULTS
A. High Energy Channeling

Stopping Powers

One can start a consideration of the effects of beam incidence
along major channeling orientations in crystal targets by
identifying channeling conditions as resulting in a significant
reduction in nuclear stopping effects from collisions between
the incoming fast ion and the atom core electrons in the target.
For the common dopants in Si at energies of 7.5 and 10 MeV,
the major component in ion stopping is from electronic stopping
from ion collisions with loosely bound electrons in outer shells
of target atoms and electrons residing in the channeling

pathways.

1.E+04
'E P,ASe|
5]
.E Be
o 1.E+03
<
< As
% - nuc
=  1.E+02 —
5 2 S N
g Pnuc
(- %

Ny
%n 1.E+01
2 Silicon
o ‘ Bruc
N 1E+00
1.E+00 1.E+01 1.E+02 1.E+03 1.E+04

lon Energy (keV)

Fig. 2. Electronic and nuclear stopping powers for B, P and As
dopants in Si. The stopping powers were calculated by SRIM

[6}.

Range and Recoils

Ion ranges for random and channeled beam ordinations for 7.5
MeV B and 10 MeV P and As are shown in Figs. 3 to 5,
measured by SIMS and compared to calculations with IMSIL.
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The IMSIL calculations were done with a nominal beam
divergence of 0.1 degrees.
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Fig.3. B profiles for random and channeled beam incidence
angles for 7.5 MeV B at a dose of 3e12 B/cm>.
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Fig. 4. P profiles for random and channeled beam incidence
angles for 10 MeV P at a dose of 512 P/cm?.
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Fig. 5. As profiles for random and channeled beam incidence
angles for 10 MeV As at a dose of 5e12 As/cm?.

Note that the SIMS measured atomic profiles in Figs. 3-5 are
closely described by IMSIL calculations for the "random" beam
incidence and in only qualitatively agreement for the channeled
profiles. Among the many factors that can influence the depth
and shape of channeled profiles, beam-wafer alignment, wafer
temperature and beam divergence were studied in an earlier
paper [1]. Closer agreement between channeled SIMS and
IMSIL profiles can be expected with additional refinement of
electronic stopping powers for channeled trajectories beyond
the work described in [9].

The profiles of Si recoils calculated by IMSIL shown in Fig. 6
give a description of the defect distributions for the as-
implanted, primary state of damage for the 3 dopant ions in this
study. As one expects from the wide range of nuclear stopping
powers in the region of 10 MeV ions, see Fig. 2, the number of
Si recoils generated also spans multiple orders of magnitude,
with 10 MeV As creating =2.2¢23 Si recoils/cm® for a dose of
5e12 As/cm? for a random incidence beam, as tabulated in
Table 2. A corresponding random incidence B beam at 7.5
MeV and a dose of 3¢12 B/cm? results in =2e21 Si recoils/cm?®.
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Fig. 6. Si recoil profiles calculated by IMSIL for random and
channeled B, P and As ions.

As expected, channeled profiles result in markedly deeper
distributions of recoils and lower total generated recoils, see
Table 2. Although the number of recoils created by 7.5 MeV B
ions is lower than for the heavier ions, the effect of channeled
conditions on the total number of recoils created is larger, with
an over 80% reduction on Si recoils compared to the random
incidence conditions. In comparison, for 10 MeV As, while the
atom and recoils distribution depths double with channeling
conditions, the total number of recoils is reduced by only =15%.

Table 2: Si recoils for Random & Channeled Profiles.

Implantation Random Channeled Recoil Ratio

czn B (7/23) (0/0) (Channeled/

(Si recoils/cm3) | (Si recoils/cm3) Random)
7.5 MeV B,
1.93E+21 3.45E+20 0.178

3e12 B/cm2 * *

10 MeV'P, 5.27E422 1.22E422 0.231
5e12 P/cm2

10 MeV As, 2.24E+23 1.90E+23 0.848
5e12 As/cm2 ’ ’ ’

Photoluminescence

The PL images (Fig. 7) for radiation wavelengths >1.3 um for
as-implanted samples were often saturated with overlapping
defects and the annealed images showed small numbers of
resolved individual radiation sites, making quantitative
estimates difficult.

FINAL ms. Jan20-24
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Fig. 7. PL images for random and channeled B, P and As ions
after annealing at 950 C/ 3 min/ N2 ambient, imaged over a field
of view of view of 175x140 um.

Quantitative PL data was obtained by comparing the total
radiated power from carrier recombination via the phonon-
assisted, band-to-band direct channel (at A = 1.1 um) and the
SRH defect-site-assisted channels (at A >1.3 um). If one
normalizes the signal from the SRH-related transitions, STsra,
by the band-to-band, phonon-assisted radiation power, S™gs,
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and assumes that each defect center emits the same PL radiation
power, the "Normalized Defect-related PL" = NDPL is:

[ NDPL ] =[ S™sru / SP'8B ] = nsru (1

where nsru is the number of defect sites contributing to the long-
wavelength (at A >1.3 um) PL signal. This balances out effects
from variations in initial carrier creation rates due to variable
probe laser beam power and reflection from the sample
surfaces.

The NDPL signal trends are determined by the nature, number
and distribution of radiative defect sites. For as-implanted
profiles, the defect distribution extends over the entire recoil
range (Fig. 6) and consist of many isolated vacancy-interstitial
pairs (especially for lighter mass ion impacts) and relatively few
extended defects. For as-implanted profiles, the NDPL signal is
generally strong and is highly sensitive to the total depth of the
defect distribution (Fig. 8), with the channeled profiles giving
higher signals than the random incidence profiles for each on
type and the channeled 7.5 MeV B implant giving the highest
NDPL signal.
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Fig. 8. Normalized defect-related PL signals, [NDPL], for as-
implanted B, P and As profiles.

After an anneal at 950 C/ 3 min/ N2 ambient, the vast majority
(>99%) of isolated vacancy-interstitial pairs have recombined
and the remaining defects have diffused and formed into
extended clusters, <311> rods, dislocation loops, etc. After
thermal annealing, the NDPL signal trend reflects the number
and luminesce of the residual defect forms. In this case, the
overall NDPL signal level is much lower than the as-implants
cases and the strongest NDPL signal is from the random
incidence As implanted sample, with the highest density of
initial defect recoils, and the B implanted samples giving NDPL
signals at the noise level. See Fig. 9.
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Fig. 9. Normalized defect-related PL signals, [NDPL], for B, P
and As profiles after annealing at 950 C/ 3 min/ N2 ambient.

B. Co-implants with 50 keV P

The samples implanted with 50 keV P and various co-implants,
see Table 1, were characterized primarily with PL and SRP
tools. A partial summary of results is shown in Table 3. SRP
X; is the electrical junction depth and n(0) is the concentration
of carriers at the sample surface.

Table 3: PL and SRP data from 50keV Phos and co-implants.

Total P Dose SRP Xj SRP n(0)
Implants & Anneals PL Average
P (P/cm2) ¢ (um) (n/cm2)
50kV P, 3e14, 1mA, 850C/30s/N2 3.E+14 2035.98 0.25 2.20E+19
50kV P, 2e14, 1mA, 850C/30s/N2 2.E+14 2071.27 0.29 1.10E+19
50kV P, 1e14, 1mA, 850C/30s/N2 1.E+14 851.41 0.18 5.20E+18
50kV P, 3e13, 1mA, 850C/30s/N2 3.E+13 382.09 0.23 1.78E+18
50kV P, 1e14, 1mA, 1000C/30s/N2 1.E+14 396.59 0.14 1.22E+19
50kV P,3e14, 1mA, 1000C/30s/N2 3.E+14 1218.26 0.25 1.66E+19
150kV P, 1e14,7 mA, 850C/30s/N2 1.E+14 3635.51 0.49 1.28E+18
20kV C,8e13,2 mA:50kV P, 1e14, 1mA:
2.E+14 1256.73 0.24 1.32E+19
10kV P, 1e14,2.9 mA; 850C/30s/N2
20kV C,8e13,2 mA:50kV P, 1e14, 1mA:
2.E+14 625.75 0.31 8.47E+18
10kV P, 1e14,2.9 mA; 1000C/30s/N2 * *
50kV P, 1e14, 1mA: 10kV P, 1e14,2.9 mA,
2.E+14 1513.19 0.35 5.58E+18
850C/30s/N2
50kVP,1e14,1mA:10kV P, 1e14,2.9 mA
2.E+1 E 2 1.03E+1
1000¢/305/N2 +14 397.93 0.28 03E+19

All SRP samples were profiled with 10 probe path runs per
sample with standard profile smoothing routines. The SRP
carrier profiles were compared to atomic profiles from IMSIL
and selectively with SIMS. An example an SRP and IMSIL
comparison is shown in Fig. 10.
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Fig. 10. SRP data and IMSIL calculation for 150 keV P
implants after anneal at 850 C/ 30s/ Na.

Occasionally surprising differences were seen between the
active carrier (SRP) and atomic profiles (SIMS & IMSIL), as in
the example in Fig. 11 for 50 keV P annealed at 850 and 1000
C, showing low carrier activation in the deeper portions of the
profiles.
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Figure 11. SRP (active carriers) and atomic profiles from SIMS
and IMSIL calculation for 50 keV P implants after anneal at 850
C & 1000C / 30s/ N2, showing poor carrier activation in the
deeper portion of the profile.
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The co-implants with 20 keV C and annealed at 850 C showed
expected effects in PL and SRP data, with lower PL signals
(fewer extended defects) and shallower junction depths
compared to the dual-P implants without the C co-implant.
Annealing at 1000 C generally washed out the effects of the C
co-implant.

PL Intensity: A >1300 nm
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Fig. 12. PL data for defect-related radiation from 50 keV P
implants with various P and C co-implants annealed at 850 or
1000 C. Note the higher defect related PL signal for a 150 keV
P implant annealed at 850 C.

For the co-implants of 10 and 50 keV P, with PL data shown in
Fig. 12, the addition of 20 keV C implants produced an increase
in defect sites visible in XTEM images after anneals at 850 C
(compare Figs. 13 and 14) even though the radiative defect
signals in PL were reduced. Anneals at 1000 C reduced the Pl
signals and XTEM visible defects, with or without 20 keV C
implants. Illustrating the complexity of these defect effects.

50keV P 1e14,
10keV P 1e14
1000°C/30s/N2

100nm

50keV P 1e14,

10keV P 1e14
850°C/30s/N2

100nm

Fig 13. xTEM images of visible defects for co-implants of 10
and 50 keV P after anneals at 850 C (left) and 1000 C (right).
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850°C/30s/N2

100nm

Fig. 14. xXTEM images of visible defects after addition of 20
keV C implants to co-implants of 10 and 50 keV P after anneals
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20keV C 8e13, 50keV P
1e14, 10keV P 1e14,

1000°C/30s/N2

100nm

at 850 C (left) and 1000 C (right).

C. 10keV to I MeV P implants

Additional P implants, with ion energies for 10 keV to 1 MeV
were studied with PL and SRP methods. See Table 4 for implant

conditions and selected results.

Table 4. 10 keV to 1 MeV Phos implants and data

Beam
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Fig. 15. Spreading resistance profiles for 10, 150, 500 and
1,000 keV P implants into Si at a dose of 1e14 P/cm? after an
activation anneal at 850 C.

Note in Fig. 15 the effect of ion beam current on the SRP
electrical junctions for 150 keV P, with the measured Xj for a
beam current of 1mA (sample 2-17) being measurably
shallower than the profile implanted with a beam current of 100
uA (sample 2-19, consistent with the higher damage
accumulation rates with the higher beam current, reducing the
effects of indirect channeling on the P profiles [10].

Increased in the ion dose at a constant ion energy resulted in
deeper P diffusion during the 850 C activation anneal and
deeper measured electrical junction depths, see Fig. 16.

Energy | Dose current Sample | Slot | <X> | Xj [Xjvariation |1300LP
(keV) (ions/cm2) (mA) Set |Number| (um) | (um) (%) NDPL
3EH13 23 160 | 020 | 4050
DeepPhos | 1000 | 1E+14 | 03 | 2 | 24 | 108 [ 175 | 037 | 5339
3EH4 % 187 | 063 | 5576
- TEA14 21 134 | o034 | 3816
MdEPhos | 500 [l 03 | 2 i 060 ol on s
TEA14 19 056 | 027 | 1942
Low-EPhos | 150 5 | 2 20 " om [ os [ owms
TEA14 17 051 | o057 | 1532

Low-E Ph 150 10 | 2 0.20
Ow-E Fhos 3EH4 18 043 | o041 | 1684
= 3 011 | 217 | s04

Very Low-E Phos| 10 29 | 3 0.02
©ry Low=E Phos 3EH4 4 o1 | os | 28

Notes on Table 4. The implants were done with a "random"
(non-channeled) beam orientation, tilt: 7°, twist: 23°. All
samples were annealed before analysis: 850 C/ 30s/N2 ambient.
The ion mean range, <X> was calculated with SRIM. a MC
simulation. The electrical junction depth, Xj, was measured
from SRP profiles with a variation from 10 SRP profile
measurements per case. The normalized Defect-related PL
signal (NDPL) was collected with a band pass filter for PL light
with a wavelength greater than 1300 um.

The SRP profiles showed a strong dependence on ion energy,
as expected, see Fig. 15.
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Fig. 16. Spreading resistance profiles for 1,000 keV P implants
into Si at doses of 3e13, 1e14 and 3e14 P/cm? after an activation
anneal at 850 C.
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Fig. 17. Carrier concentration profile calculated for spreading
resistance data for the case of 1,000 keV P at a dose of 1el4
P/cm? after an activation anneal at 850 C.

In Fig. 17, slight variations in the calculated carrier density are
visible near peak of the dopant concentration, with a variation
in the measured electrical junction depth at 0.37% (fora 10 SRP
profile data set) for this case.
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Fig. 18. Electrical junction depths, Xj, measured by SRP for
Phos implants for 10 to 1,000 keV P implants into Si after an
activation anneal at 850 C. Also shown are the ion mean range
values, <X>, calculated from SRIM.

Note in Fig. 18 the 3 Xj values plotted for 1000 keV P,
corresponding to the spreading resistance profiles shown in Fig.
16, showing the combined effects of ion energy, ion dose and
diffusion during activation anneals on the measured electrical
junction depth.

The Normalized Defect-related PL (NDPL) signals after
thermal annealing respond to the surviving recombination
centers after the majority of the implant damage has annealed
out (see earlier discussion of photoluminescence).
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Fig. 19. Normalized defect-related PL signals (NDPL) for

Phos implants at 10, 150, 500 and 1,000 keV P at doses of lel4
and 3el14 P/cm? after an activation anneal at 850 C for 30 s.

D. Observations of PL site radiation "intermittency"

When observing the micro-PL images for 7.5 and 10 MeV
dopants, see Fig. 7, it was noticed that individual radiative sites
would "blink" on and off when observed for 10s of minutes
under constant PL probe beam powers. Observation of
individual radiative sites over the course of ~40 min showed an
apparently random "intermittency" from many sites, see an
example in Fig. 15, showing 3 levels of radiative luminosity.
For the optics used in the PL tool, the spatial resolution was ~1
um for imaging individual radiative recombination centers.
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Fig. 20. PL defect signals from a single radiation center over a
time sample of ~40 min, showing 3 levels of luminosity,
indicating changes of state over time at a single defect site as
carriers are recombined.

Similar radiative effects have been observed in PL data from
arrays of quantum dots and other systems [11]. These PL
intermittencies suggest a link to Jahn-Teller distortions, first
described in 1937 discussing the degeneracy and stability of
non-linear molecular systems [12]. This suggests that
understanding these PL effects with detailed molecular
vibrational modeling of recombination events at defects sites
could lead to the use of PL measurements as a new form of
defect spectroscopy.
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V. Summary

Radiative emission from carrier recombination in Si, observed
as photoluminescence, provides a powerful analytical tool for
study of as-implanted and annealed residual damage in ion
implanted Si when coupled with measurements of atomic
(SIMS) and carrier (SRP) profiles combined with MC
calculations of atom and recoil profiles (IMSIL), as shown in
these studies.
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