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Abstract
The depth distribution of open-volume point defects created by room
temperature implantation of Cz silicon by 100 keV B+ ions at a dose of
5 × 1014 cm−2 has been determined by enhanced-resolution beam-based
positron annihilation spectroscopy (PAS). By incremental controlled etching
(via anodic oxidation of 50–100 nm layers) the depth resolution of the PAS is
maintained at ∼50 nm by using positrons implanted at energies below 2 keV
to probe each layer as it brought close to the surface by the etching process.
The etch depths have been verified by using secondary-ion mass spectrometry
to profile the boron depth distribution. The results are in good agreement with
Monte Carlo simulations, particularly in the traditionally difficult-to-measure
deep tail region.

1. Introduction

Variable-energy (beam-based) positron annihilation spectroscopy (VEPAS) has for two
decades been applied successfully to the non-destructive study of open-volume point defects
in thin films and in the first few microns beneath the surface of solids [1]. The most common
form of VEPAS is based on the Doppler broadening of the 511 keV annihilation line; the extent
of the broadening is determined by the momentum distribution of the annihilated electrons,
which is in turn determined by the annihilation state. The broadened linewidth is typically
described by the sharpness parameter S, a single number equal to the ratio of the central part
of the annihilation line to the total area. Hence if the average electron momentum is lower in
an annihilation site than in the bulk, as is often the case in a vacancy-type defect, the Doppler
broadening will be less, the annihilation line sharper and the S parameter value higher.

Control of the energy of the implanted positrons, typically between 0.5 and 30 keV, allows
one to gain some semi-quantitative information non-destructively on the depth profile of the
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defects. This information is usually obtained through fitting raw positron data with a code
such as VEPFIT [2], which assumes a Makhovian positron implantation profile

P(z, E) = − d

dz
{exp[z/z0]m} (1)

where z is the distance measured from the surface, E is the incident positron energy and z0 is
related to the mean implantation depth z̄ for a material of density ρ and is commonly given by
(40/ρ)E1.6 (z0 in nm and E in keV). The most widely accepted version of equation (1) uses
m = 2—i.e., P(z, E) is a Gaussian derivative, for which z0 = 1.11z̄. VEPFIT then solves
the positron diffusion equation and calculates a positron annihilation depth profile which best
fits the observed data S(E) by fitting values for the S parameter and the effective positron
diffusion length Leff in each of any number of layers whose boundaries can either be fixed
or fitted. For the simplest case of ion-implanted silicon, VEPFIT will fit the raw data by
assuming a simple defect box profile of fitted thickness having characteristic values of S and
Leff . Average defect concentrations CD can be deduced from Leff if the specific trapping rate
ν and the mean positron lifetime in pure Si, λ, are known:

Leff = L+[λ/(λ + νCD)]1/2 (2)

and from the average S if S values characteristic of all the annihilation sites present are known.
For example, if the only two possible annihilation sites are a divacancy and bulk Si, with
normalized S values of 1.04 and 1.00, respectively, then

CD = (λ/ν)(S − 1)/(1.04 − S). (3)

The two routes to CD should be consistent. The more complicated the defect profile is, the
more unreliable the fitting results become; generally it is wise to accept the simplest model for
which a good fit can be obtained, and so one obtains only an indication of the average depth
of the defect distribution and its average S parameter. In addition, the width of the positron
depth profile is similar to the mean depth probed, and hence resolution deteriorates with depth
and information on deep-lying defects (such as buried layers) is unreliable.

Damage profiling by VEPAS with approximately constant depth resolution, achieved
normally only at low implantation energies E , can be performed if the non-destructive nature
of the standard spectroscopy is abandoned and the sample is progressively etched to bring
successive parts of the defect distribution close to the surface. This concept—valid only if
the etching does not itself introduce appreciable new damage—is illustrated schematically in
figure 1. After etching, the shaded layer of defects is at the surface and a narrow distribution
of positrons can be implanted into it, whereas without etching the same layer—now buried—it
can only be reached by high-energy positrons which have a very broad implantation profile;
only a small fraction of the implanted positrons stop in the layer of interest, and the VEPAS
response is considerably smeared as a consequence. Thus the narrow P(z, E) is maintained
across the entire damage profile. The principle of enhanced-depth-sensitivity VEPAS has
been discussed by Knights, Coleman and co-workers [3–5] and by Krause-Rehberg et al [6],
and applied by Knights et al [7], Malik et al [8] and Janson et al [9] to study deep defect
tails, Simpson et al [10] to study damage caused by ions implanted through a SiO2 layer,
Fujinami et al to study damage in He-implanted Si [11], Saarinen et al and Kauppinen et al to
study vacancy distributions in In-implanted GaAs and MeV proton-implanted Si [12, 13] and
Krause-Rehberg et al [14–16] to study damage caused by sawing GaAs wafers and impurity
gettering at half-ion range in self-implanted silicon. In [7] and [8] simple one- or two-step
etching was performed using anodic oxidation as an intermediate stage (as discussed later).
In [9] etching was performed using an inductively coupled plasma system. In [10–13] direct
chemical etching was employed. In [14] in situ ion sputtering was used progressively to remove
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Figure 1. Example of interrogation of defects at depths z in the region 200–250 nm below the
surface. Top: non-destructive (standard) method—peak sensitivity with incident positron energy
E = 6 keV (FWHM of the positron implantation profile P ∼ 350 nm). Bottom: etch-and-measure
method—over 90% of 1.5 keV positrons are implanted into the defect region after 200 nm etched
(FWHM ∼40 nm).

surface layers. In [6] and [16] a 1 µm diameter positron microbeam was used to scan across
a wedge-shaped piece (cut angle ∼1◦) of ion-implanted silicon.

Widely used codes such as TRIM [17] calculate vacancy depth profiles, but do not
account for post-implantation migration and agglomeration. For example, earlier VEPAS
measurements have confirmed that at room temperature only a few per cent of the original
vacancies survive, and then in the form of divacancies. This paper describes in detail the method
underlying enhanced-depth-sensitivity VEPAS and the first experimental results obtained for
ion-implanted silicon. Secondary-ion mass spectrometry (SIMS) has been performed on the
same samples, and advanced simulations have been performed which account for the crystalline
nature of the sample and hence ion channelling during implantation.

2. Sample preparation

Samples of Cz Si were implanted with 100 keV boron ions at a dose of 5 × 1014 cm−2. Each
sample was then etched progressively via anodic oxidation; the (commonly used) technique is
described in some detail in [4]. In summary, a voltage is applied between a sample (with native
oxide removed) and a cathode, both mounted in a constantly stirred electrolyte of 90% ethylene
glycol, 0.4% KNO3 and 10% water. The current density is approximately 12.5 mA cm−2. The
electrolyte is illuminated to enhance the anodic reaction. The oxide growth is dependent on the
applied potential; growth ceases when the oxide thickness is such that the current essentially
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Figure 2. SIMS profiles for boron ions for 53 nm and 261 nm etch depths, together with the
simulated profile. The equivalent etch depths suggested by these profiles are 50 and 265 nm,
respectively, which agree with the measured etch depths to within the uncertainties in measurement.

ceases to flow. For example, about 40 nm of oxide is grown for a potential difference of
75 V. The oxide thickness is measured by ellipsometry, and typically varies by only a few per
cent across a sample surface. The oxide thus grown is then etched off by dilute hydrofluoric
acid, and the procedure repeated as many times as required. The thickness of Si removed was
calculated by multiplying the oxide thickness by 0.31, a factor obtained by (a) direct post-etch
step measurement and (b) SIMS measurements of the boron profiles after etching (see below).

That no VEPAS-detectable damage was introduced by this process was checked by taking
measurements on an unimplanted Si sample.

The set of ten samples created in this way had the following thicknesses of material etched
off (in nm, uncertainties in parentheses): 53.3 (1.0), 90.0 (1.4), 132.0 (1.7), 178.7 (11.6), 208.8
(4.0), 260.6 (2.2), 294.0 (3.9), 377.6 (3.6), 460.8 (16.6) and 544.4 (3.0). These etch depths
were confirmed by direct step measurement and by SIMS profiles of the implanted boron ions
(figure 2). We shall refer to these samples by the numbers 1–10.

3. Results and data analysis

The raw VEPAS data for the unetched and unimplanted samples are shown in figure 3. The
increase in the value of the lineshape parameter S indicates the presence of open-volume point
defects below the surface; the asymptotic value at high incident positron energies is the value for
undamaged bulk Si. Both data sets exhibit the lower S parameter characteristic of annihilation
events at or near the sample surface. The VEPFIT result for the implanted sample is obtained
by assuming a simple box defect profile of thickness 540 nm with an average S value of 1.041
and Leff = 23 nm. Using equation (2) with L+ = 250 nm the average concentration of defects
in this layer was calculated to be 5.3 × 10−4 per atom. The route to CD via S is unavailable
here as the trapping is essentially saturated and the value of S is that of the divacancy in Si (this
is consistent with the high value of CD obtained from Leff ). This simple analysis demonstrates
the limitations of VEPFIT in depth profiling.

We now turn to the etched samples. The raw VEPAS data, together with VEPFIT results,
are shown in figure 4. Data for samples 2, 4 and 6 are omitted to aid clarity. The depth of
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Figure 3. Raw VEPAS data S(E), normalized to the value of S for bulk Si, for unimplanted Si and
Si implanted with 100 keV boron ions at a dose of 1014 cm−2. The solid lines are fits to the data
using the code VEPFIT.
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Figure 4. Normalized raw VEPAS data S(E) for etched samples 1–10 (data for samples 2, 4 and
6 not shown to aid clarity). Solid lines are VEPFIT fits to the data for samples 1–9; the solid line
under data for sample 10 is a fit to data for unimplanted Si.

the damage box profiles given by VEPFIT decrease in accordance with the etch depths for
samples 1–7 (again with the saturated defect S value of 1.04), and a deeper tail of defects is
revealed for samples 8 and 9—i.e., beyond 540 nm. One feasible method for obtaining the full
defect profile is thus as follows: (a) set up ten layers corresponding to the etch depths, (b) fit
the defect profile for layer 10—i.e. for the most etched sample, (c) fix the parameters for layer
10 and fit the profile for layers 9 and 10—i.e. for the sample 9 data, (d) repeat this procedure
until sample 1 is reached, each time fixing the parameters obtained from the previous analysis.
This procedure is reasonable for samples which do not exhibit saturation positron trapping;
however, this is not the case here, and reliance on diffusion lengths from VEPFIT to yield
defect concentrations in a multilayered sample is not advisable.
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Instead we use the VEPAS data corresponding to positron annihilation in the top layer of
each sample—to a depth defined by the next etch depth—as suggested by figure 1. Diffusion to
a different S value at the surface allows us to compute near-surface defect concentrations which,
if deeper in the material, would trap all the positrons. Although diffusion to the surface is the
key to the analysis method described herein, there are two interrelated problems with using data
in this region. First, significant diffusion to the surface—with consequent annihilation there
with a lower S parameter—requires precise knowledge of the surface S value. Second, when
positrons are implanted at energies below 1 keV there is a significant probability that they are
not thermalized and return to, and penetrate, the surface [18]; should this happen then they may
form positronium [19] and decay with a different S parameter, distorting the data obtained.
This distortion also makes determination of the true surface S value more difficult. The effects
of these near-surface problems are minimized by (a) using data for positron energies of 0.5,
1.0, 1.5 and 2.0 keV—i.e. only one datum which may be corrupted by significant epithermal
positron effects, (b) evaluating the surface S value by extrapolation from higher energies and
(c) weighting more heavily those data points for which there is less diffusion to the surface
and thus less uncertainty in the derived defect concentration values.

The analysis method is summarized as follows. The assumption is first made that we
are able to model the defect profile as a series of ten boxes, each of thickness determined by
successive etch depths; for each box layer we assume a constant defect concentration. For
each sample the box we study corresponds typically to the first 50 nm or so.

The S parameter at each incident energy is a linear combination of contributions from
annihilations at the surface (SS), in defects (SD) and in the bulk (SB):

S = FSSS + FD SD + FB SB (4)

where Fi is the fraction of positron annihilated in state i , where
∑

i Fi = 1. The surface
fraction FS for an incident positron energy E is computed from

FS =
∫ ∞

0
P(z, E) exp(−z/Leff) dz, (5)

the defect fraction FD from

FD = νCD(1 − FS)/(νCD + λ) (6)

and FB = 1 − FS − FD. Each fraction Fi therefore depends on the energy E .
The next step is to calculate values for the effective positron diffusion length Leff for a

wide range of CD values, using equation (2). Then, using each pair of Leff and CD values,
the three fractions Fi are computed using the expressions above for each energy E . Finally,
using a value for SS found by extrapolating S(E) from 1–3 keV to E = 0, and values of 1.04
and 1.00 for SD and SB, respectively, a value for the average S at each energy E is found via
equation (4). Values of CD (and thus also Leff ) for which the computed S equals the measured
S at each energy E are recorded; the weighted mean of CD for the three or four values of
E corresponding to implantation into the first 50–100 nm (depending on the etch depth) is
the value taken for the near-surface box layer. This procedure is repeated for each of the ten
samples.

The final adjustment to the CD value is a first-order correction which allows for diffusion
into the second layer. This is done by computing the fraction f2 of positrons implanted into the
top layer which diffuse into the second layer, using a version of equation (5) with the surface
replaced by the interface between the two layers. (The correction is small when CD is high and
Leff correspondingly small.) CD for layer 1, CD1, is corrected to C ′

D1 = (CD1− f2CD2)/(1− f2).
The final values for C ′

Dn are, as discussed earlier, average values over the etch depths (which
are mostly ∼50–80 nm wide). Rather than present the data as a raw histogram, we have instead
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Figure 5. Defect concentration profile obtained from this work, the simple VEPFIT box profile and
the SSUPREM4 simulation scaled down by a factor of 0.125. Error bars result from the weighted
averaging and where not visible are within data points.

calculated defect concentrations at 50 nm intervals by taking weighted contributions from the
appropriate depth ranges. The final results of this analysis are presented in figure 5.

The data agree reasonably well with simulations of vacancy damage using the
SSUPREM4 code [20], which simulates channelling but not post-implant vacancy migration
or agglomeration. The simulation results have been scaled down by a factor of 8. It is
particularly satisfying to note the good agreement between the shape of the simulation and the
present measurements in the deep-lying tail of the distribution, over a range of three orders of
magnitude.

The similarity of the monovacancy distribution predicted by simulation and the observed
distribution—expected to be primarily divacancies—is probably a result of the high migration
energies of divacancies in Cz Si. Further work is under way to compare defect profiles in
Cz with those in float-zone and epitaxially grown Si implanted under similar conditions. The
experimental technique and analysis procedure will be honed in the light of the experience
gained in this pilot study, and it is hoped that new information on the migration of vacancy-type
defects in the three types of Si sample will be gained, especially in the deep tail regions.
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