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Abstract. Structural damage resulting from the implantation of 5 keV B+ ions into FZ-Si has
been investigated by positron annihilation spectroscopy (PAS) using a tuneable monoenergetic
beam. Four samples, exposed to ion fluences from 2× 1012 to 2× 1015 cm−2, were studied.
The PAS results demonstrate the applicability of the technique to the study of vacancy-type
defects in small-scale device structures created by very low-energy ion implantation. Ion depth
profiles determined by SIMS exhibited tails extending well beyond the limit predicted by the
code TRIM, attributed to ion channelling. PAS, when extended by repeated measurements after
precise etching of 40 and 140 nm of material via anodic oxidation, showed that the vacancy-type
defect depth profiles also extended far beyond the limit predicted by TRIM. The ratio of defects
to ions increases with depth, suggesting that the defect tails are not simply correlated to the
implanted ions but that there may also be a contribution from post-implantation defect diffusion.

1. Introduction

Ion implantation is the most important tool used for dopant introduction in Si integrated
circuit technology. The implantation process creates lattice vacancies, a few per cent of
which survive the initial migration and annihilation with interstitials and either coalesce
into divacancies [1] or form room temperature impurity–defect complexes [2]. This
concentration of residual open-volume defects can affect the performance of devices, and it
is thus important to gain as much information about them, and the efficacy of methods for
eliminating them, as possible.

Positron annihilation spectroscopy (PAS) using positron beams of controllable energy
has proved to be a particularly sensitive method of locating and identifying vacancy-type
defects produced by ion implantation, being able to probe samples to depths of∼102 to
103 µm, as well as showing sensitivity to defects at concentrations as low as 10−7 per atom
[3]. This (non-destructive) technique was employed, for example, by Gebaueret al to study
defects created by boron implantation of silicon at fluences between 1014 and 2×1016 cm−2

and energies of 50, 150 and 300 keV [4].
The computer code TRIM [5] is used widely in the microelectronics industry to predict

both ion and vacancy depth profiles following ion implantation. TRIM does not allow
for the effects of ion channelling and/or post-implantation diffusion on either distribution.
Additionally, the loss of vacancies referred to earlier is not accounted for. The dopant
distribution can be determined experimentally via depth profiling by secondary ion mass
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spectrometry (SIMS) or (in the case of large fluences) Rutherford back-scattering (RBS).
PAS offers the ability to profile open-volume defects yielding novel information such as
the existence of vacancies to depths beyond—sometimes by a considerable factor—those
predicted by TRIM [6, 7].

The continuing quest for ever smaller device structures has the consequence of ion
implantation at ever lower energies and fluences. Broadening of the ion profile following
post-implantation annealing is therefore becoming increasingly significant. For such shallow
implantation, the final dopant profile is strongly affected by the implant induced damage
due to defect enhanced diffusion [8].

The purpose of the present study is to investigate the applicability of PAS in
characterizing structural damage resulting from the implantation of 5 keV B+ ions into
FZ- (float-zone) Si at fluences as low as 2× 1012 cm−2. Because the positron implantation
profile becomes increasingly extended as the incident positron energy (and hence mean
implantation depth) increases, the depth sensitivity of the technique decreases with depth.
Furthermore, the fact that the majority of positrons annihilate in vacancies in the large
peak just below the surface means that the ability of PAS to study lower-intensity extended
vacancy-type defect tails is limited. The authors therefore combine standard non-destructive
PAS with etching of known sample thicknesses, extending the idea of Fujinami and Chilton
[7] by controlling the etching process via anodic oxidation.

The experimental details are described in section 2, and the results for four samples
implanted with different B+ fluences are presented and discussed in section 3.

2. Experimental details

Four samples were implanted with 5 keV11B+ ions using the Danfysik high current
implanter at the University of Surrey. The11B+ ions were extracted with a potential
of 30 kV from the ion source and then decelerated by 25 kV at the end of the flight tube.
Following the 30 kV extraction lens at the end of the ion source, the ions pass through
two stage magnetic analysis producing a high purity ion beam. In the final flight path
the beam spot size and shape is defined using water-cooled silicon slits together with a
combination of a magnetic and electrostatic quadrupole lenses. Only silicon is used in the
slits and the defining aperture to help avoid cross-contamination from forward sputtering
of metallic impurities. There is also a neutral trap incorporated in this line. The ion beam
is scanned electrostatically using a triangular wave form defined by a 10 MHz Wavetek
function generator. The frequencies used were 1 kHz for theX scan and 1004.5 Hz for
the Y scan. This produces uniform implants across the wafer to±2%. However, greater
non-uniformity is produced in these implants due to the focusing action of the deceleration
lens.

The samples were attached to 6 in wafers using photoresist and then mounted on to the
deceleration lens housed at the end of the beam line in a vacuum of 10−4 Pa. For these
implants the wafers were tilted at 7◦. Four fluences were implanted−2× 10n cm−2, where
n = 12, 13, 14 and 15. The instantaneous beam current density was 16µA cm−2, while
the time-averaged beam current density was less than 0.2µA cm−2.

The four samples were divided for PAS and SIMS measurements.
Controlled-energy PAS was performed using the computer-controlled positron beam at

the University of East Anglia (UEA) [9]. A monoenergetic beam of positrons, of energies in
the range 0 to 30 keV, impinges upon the sample surface in vacuum conditions (∼10−6 Pa).
The implanted positrons rapidly thermalize and, while diffusing through the material, may
be trapped by vacancy-type defects or reach the surface. At each energy the annihilation
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gamma photopeak is accumulated by a Ge detector–amplifier–multichannel analyser system.
The extent of the Doppler broadening of the peak is characterized by the sharpness, orS,
parameter, which is taken as the ratio of counts in the central region to that of the whole
peak. Its value is arbitrarily taken as∼0.5 by choosing the limits of the central peak region
appropriately although, once set, these limits must remain constant and the peak centroid
must be stabilized for any meaningful comparisons to be made. The value ofSD for a
positron annihilated when trapped in a vacancy-type defect is typically higher thanSB , for
annihilation in a ‘free’ state in the bulk (e.g.SD/SB ≈ 1.035 for a divacancy in Si [1]) and
lower thanSB for annihilation at an oxide-covered Si surface (SS/SB ≈ 0.94). The former
is due to the relative absence of higher-momentum (core) electrons in the defect, and the
latter reflects annihilations with higher-momentum oxygen electrons. The measured value
of S at eachE is a linear combination of weighted contributions fromSS , SD andSB . The
weighting factor forSD depends upon the defect concentration profile, and this—together
with the positron implantation profile [10] and diffusion constant—is fed into the fitting
program POSTRAP [12]. Self-consistent fits are obtained for the four samples. The data
can be fitted with a simple box defect distribution (i.e. a uniform defect concentration to a
given depth below the surface).

As discussed in section 1, the problem of decreasing depth resolution with increasing
positron energy is attacked by remeasuringS(E) after controlled etching of known thickness
of implanted Si. This is achieved by anodic oxidation of the samples to predetermined
depths, followed by etching by hydrofluoric acid. The etching removes the oxidized layer
only and leaves the Si surface H terminated, essentially changing the nature of the surface
such thatSS approachesSB . It has been demonstrated experimentally that the etching process
does not introduce damage in the surface region to which positrons are sensitive [11]. The
tails of the defect distributions for the etched samples are assumed to be exponential in
nature and fits were achieved using a set of boxes forming an exponentially decreasing
histogram.

3. Results and discussion

Figure 1 shows three adjacent plots of the normalizedS-parameter (=S/SB) versus incident
positron energyE for the four implanted samples, before and after two etches of 40 nm
and a further 100 nm (numbers A1–4, B1–4 and C2–4, respectively). TheSB was obtained
from the fits for all four samples and also from data for an unimplanted (virgin) Si reference
sample. The virgin Si data also serve to highlight visually the presence of low momentum
positron trapping sites, namely open-volume defects formed by the implantation of the boron
ions. The data for H-terminated virgin Si after etching of the native oxide by HF are shown
in figure 1(c), illustrating the change in the surfaceS-value and the absence of detectable
near-surface open-volume defects created by the etching process.

Looking at the plots A1 to A4 in figure 1(a) it is clear that there are more defects present
in the more highly doped samples, with saturation trapping occurring at beam fluences in
the range 1014 to 1015 ions cm−3. The data are also plotted against the mean positron
implantation depth using the expressionz̄ = 172E1.6 nm (E in keV) [10]; however, from
the plots for the as-implanted samples A1–4 it is not possible—because of the extended
positron implantation profile—to judge visually the maximum depth of the open-volume
defects. After removal of material by etching of thickness equal to the projected ion range
of 40 nm, it is evident that—for samples B2–4—there are still a considerable number of
trapping sites present; indeed, the near-surface defects appear still to trap almost all of the
positrons, for the measured normalizedS-value is close to the 1.035 seen for samples A3
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Figure 1. NormalizedS-parameter against incident positron energyE for (a) unetched samples
(A1–4 plus virgin Si), (b) samples with 40 nm etched (B1–4) and (c) samples with 140 nm etched
(C2–4) and virgin Si with native oxide removed by HF etching. Shaded hexagons: virgin Si.
Circles: ion fluence 2× 1012 cm−2. Squares: 2× 1013 cm−2. Triangles: 2× 1014 cm−2.
Diamonds: 2× 1015 cm−2.

Figure 2. (a) +: TRIM simulations of 5 keV B+ depth distributions in Si at fluences of
2 × 10n cm−2, wheren = 12, 13, 14 and 15. Other symbols are SIMS data for the same
ion fluences (same symbol convention as figure 1). (b) Symbols (convention as in figure 1):
TRIM simulations for vacancy profiles for the four ion fluences, normalized by×0.05 (see text).
Lines show box defect profiles and exponential defect tails fitted by POSTRAP (see text) for
ion fluences of 2× 1015 cm−2 (solid), 2× 1014 cm−2 (broken), and 2× 1013 cm−2 (dotted).

and 4. Conversely, any defects left by the etching of sample A1 are at a concentration
below that detectable by positrons; this can be seen visually by comparing plot B1 with the
plot for the etched virgin sample shown in figure 1(c). Even after the removal of a further
100 nm, we still observe what appears to be close to saturation trapping for samples C3 and
4. Note also that the surfaceS-parameter value (i.e. atE = 0) increases significantly after
etching, to close to unity; this is expected to be the case for an H-terminated Si surface [7].

The data for the unetched samples (A2–4) were fitted by assuming single ‘box’ (uniform)
defect distributions (no reliable fitting could be performed for sample A1 because of the
low defect concentration). The results are given in table 1. These fits immediately indicate
that defects exist at detectable concentrations at depths far below the ion range. To fit the
data for the etched samples (except for B1 and C1, whose defect concentrations were below
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Table 1. Fitting parameters for unetched samples (A) and those etched by 40 nm (B) and 140 nm
(C). See text for definitions of parameters.

Sample Defect concentration Depth of Decay length
set at surface (cm−3) distribution (nm) (nm)

A2 2.5× 1018 340
A3 2.5× 1019 320
A4 2.5× 1020 280
B2 5.75× 1018 120
B3 4.75× 1019 120
B4 6.0× 1019 115
C2 2.5× 1018 120
C3 2.0× 1019 120
C4 2.5× 1019 115

detectable limits) it was assumed that the defect concentration profile could be described
by C = C0 exp(−x/L), whereC0 is the initial defect concentration at the ‘new’ surface
(x = 0) andL is the decay length. This assumption also includes that of a uniform defect
type at all depths. For chosenC0 andL values an exponential histogram was constructed
for insertion into the program POSTRAP, using five blocks. Values used for the specific
positron–defect trapping rate and defectS-parameter (SD) were 5× 1014 s−1 and∼1.035,
respectively [1]. Values ofL andC0 were varied until a fit was obtained giving the expected
SD for each of the five bars of the histogram. Fitting was carried out first on the sample set
C2–4. It was found that two sets ofL andC0 fitted the experimental curves, both giving
reasonable values ofSD but with markedly differing values ofL. To ascertain which of
the two sets obtained was valid, a self-consistency check was performed by extrapolating
back by 100 nm, the amount of the second etch, to calculateC0 values for fits to the B1–4
data. The results of the exponential fits for both etched samples (B and C) can be found in
table 1.

Figure 2(a) shows the implanted ion distributions as measured using SIMS and those
calculated by TRIM. The default values for displacement and binding energies were used as
input parameters in the latter. The simulated and measured distributions are in agreement
over the first 50 nm, after which the two curves diverge. The discrepancy at deeper depths
may be attributed to ion channelling not accounted for in the TRIM code.

Figure 2(b) compares the TRIM vacancy distributions with the POSTRAP exponential
fits to the data for the etched samples B and C in figure 1 and the single-box fits to the
data for the unetched samples A2–4. The average number of vacancy-type defects per ion
deduced from the single-box fits is a little over 2, compared with the TRIM result of 40.
This suggests that about 95% of the vacancies initially created by the ions disappear via post-
implantation migration, recombination and coalescence. The TRIM vacancy distributions
in figure 2(b) have thus been multiplied by 0.05 for comparison with experiment. The
exponential tails for samples C3 and 4 are, like the raw data, very similar; this is because
the concentrations of trapping sites just below 140 nm depth (the amount etched for samples
C) are both near the upper limit of discrimination by the PAS technique (corresponding to
saturation trapping).

The shapes of the experimental distributions in figures 2(a) and 2(b) are, on first sight,
similar; the majority of ions/vacancies are in a peak in the first 50 nm below the surface,
followed by low-level exponential tails. However, the ratio of the defect to ion concentration
increases with increasing depth, suggesting diffusion of defects away from the surface.
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4. Conclusion

PAS has been used in conjunction with controlled etching to study the distribution of
open-volume defects created by 5 keV boron ions implanted into Si. There are two
main conclusions: (a) PAS is a suitable spectroscopy for studying open-volume defects
in structures created by very low energy, relatively low fluence ion implantation, and (b)
PAS suggests that defect tails extend to depths beyond those expected from SIMS data on
ion tails.
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