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Recently, the possible presence of boron–phosphorus pairs in
compensated Si has been proposed in order to explain the
unexpected behaviour of boron–oxygen defects in this material.
These B–P pairs should also lead to an altered recombination
activity of Fe-acceptor pairs in compensated Si, since some of
the Fe-acceptor pairs would also be bound to P atoms, altering
their energy level and carrier capture properties. In this work,

we have used carrier lifetime measurements on Fe-implanted
compensated Si wafers, containing both B and P, to identify the
Fe-acceptor complexes present. The results indicate that FeB
pairs dominate these samples, implying that Fe–B–P complexes, and by extension, B–P pairs, are unlikely to be present in
significant concentrations.

ß 2010 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

1 Introduction Low-cost
solar-grade
silicon
materials for solar cells are often strongly compensated,
meaning they contain significant concentrations of both
acceptors NA and donors ND. The impact of compensation on
the relevant electronic properties for solar cells, such as
carrier mobilities, lifetimes and defect formation, are topics
of continuing research [1–4]. In particular, recent studies
[2, 4] have shown that the concentration of the well-known
boron–oxygen defect [5] in compensated Czochralski silicon
(Cz-Si) does not scale with the boron concentration NA,
as initially expected, but instead with the net doping
p0 ¼ NA  ND. The possible presence of B–P pairs, which
could form during ingot cooling, and which might prohibit
the formation of the boron–oxygen defect, has been proposed
as one explanation for this observation [2, 4, 6].
However, such B–P pairs would also have other effects,
providing opportunities to test for their presence. It has been
shown previously that all of the B in compensated Si is
available to bond with interstitial Fe at room temperature.
This was demonstrated via measurement of the Fe-acceptor
pairing rate, which scales with the total acceptor concentration in compensated silicon, rather than the net doping [7].
This means that if significant amounts of B–P pairs are
present in compensated silicon, some form of Fe–B–P complexes would necessarily occur. Irrespective of the chemical
likelihood of formation of such Fe–B–P complexes, they
would be likely to have a different energy level and different

capture cross sections to FeB pairs, which would lead to
an altered impact on the carrier lifetime. In this work, we
study the recombination activity of Fe-acceptor pairs in
compensated p-type Si, into which a known dose of Fe has
been introduced by ion implantation. This allows us to
determine if the Fe is wholly present as FeB pairs, or if
some other complex, such as Fe–B–P, is present. This in turn
sheds light on the presence or otherwise of B–P pairs in
compensated Si.
2 Experimental details The samples used were
cleaved sections of 155  155 mm2 p-type, h100i-oriented
Cz-Si wafers from three B-doped control ingots (noncompensated), and two compensated ingots, doped with both
B and P, as described elsewhere [4, 7]. Sections of the wafers
were etched, cleaned and implanted with 70 keV Fe56 ions to
a dose of 5  1010 cm2 on one surface. A 30  30 mm2 Si
aperture was used to define the implantations. After further
surface cleaning, the 140 mm thick samples were annealed at
900 8C in nitrogen for 1 h, distributing the Fe uniformly
throughout the sample thickness. The resulting target
volume Fe concentration of 3.6  1012 cm3 is well below
the solid solubility limit of Fe at 900 8C, (approximately
4  1013 cm3 [8]), hence precipitation is minimized. The
low energy and dose used have been shown not to cause any
residual damage after annealing that could otherwise affect
the carrier lifetime [9].
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The samples were then coated with plasma-enhanced
chemical-vapour deposited (PECVD) SiN at 400 8C for
surface passivation. Effective carrier lifetimes were
measured with the quasi-steady-state photoconductance
technique (QSSPC) [10]. The interstitial Fe concentration
in a 1.2 V cm control sample was checked by measurement
of the carrier lifetime before and after FeB pair dissociation
[11, 12], and was found to be 3.4  1012 cm3, very close to
the expected value. Note that the maximum concentration
of iron-acceptor pairs in the samples is determined by the
implanted iron concentration, which is several orders of
magnitude lower than the dopant concentrations.
Knowledge of the dopant concentrations, and especially
the net doping p0 ¼ NA  ND, is critical to this study. The
non-compensated control wafers had resistivities of 0.50, 1.2
and 2.9 V cm, corresponding to B concentrations NA of
3.3  1016, 1.3  1016 and 5.3  1015 cm3, respectively.
The compensated samples had resistivities of 0.68
and 2.1 V cm, with B concentrations of 7.1  1016 and
4.0  1016 cm3, respectively, determined via Fe-acceptor
pairing measurements [7]. This method is based on
measuring the rate at which the carrier lifetime returns to
the initial paired state after optical dissociation of ironacceptor pairs. The re-pairing rate has been shown to be
proportional to the total boron concentration, even in compensated silicon [7]. Previous accurate determination of the
proportionality constant [13] allows the measurement of
such a rate to be converted into the total boron concentration,
as confirmed by comparison with mass spectrometry [4].
The NA values obtained in this way on the samples studied
here with high levels of implanted Fe, are similar to those
published previously for other samples from the same ingots
with low levels of ‘natural’ iron [3, 4, 7], providing confidence in the NA results.
Combining the resistivity and NA values with Klaassen’s
mobility model for majority carriers [14, 15], and iterating
until the results are self-consistent, leads to estimated P
concentrations ND of 4.2  1016 and 3.2  1016 cm3,
respectively, and net doping concentrations p0 of
2.9  1016 and 8.5  1015 cm3. It is these p0 values
which determine the recombination activity of impurities
such as Fe, in accordance with the Shockley–Read–Hall
model [16, 17].
The QSSPC technique requires the sum of the electron
and hole mobilities in order to calculate the carrier lifetime
from the measured photoconductance. Klaassen’s mobility
model [14, 15] was used to estimate the mobilities in the
compensated samples [4].
3 Results and discussion Figure 1 shows the carrier
lifetimes measured by QSSPC within the implanted regions
at an excess carrier density of 1015 cm3, as a function of p0,
for both the controls and the compensated samples. The
samples were allowed to rest in the dark for 1 day, ensuring
that all of the interstitial Fe forms pairs with dopants [18].
Also shown are fits based on the SRH model indicating the
expected carrier lifetimes for 3.6  1012 cm3 (calculated
www.pss-b.com
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Figure 1 Lifetimes at an excess carrier density of 1015 cm3 as a
function of p0, for the control and compensated samples. Also shown
are modelled curves for FeB, FeIn and FeGa pairs for the full implant
dose, and an FeB pair concentration reduced by 20%.

from the total implanted dose) of FeB, FeIn or FeGa pairs.
Here we have assumed a thermal velocity of 1.1  107 cm/s
[19] and energy levels and capture cross sections from Refs.
[20, 21].
The plot shows that the measured lifetimes for both the
controls and the compensated samples are near the expected
fit for FeB pairs. Indeed, with a reduction in the FeB
concentration of just 20%, the agreement is very good, as
shown. Such a discrepancy can result from the combined
uncertainties in the implanted dose (10%), the carrier
lifetime measurements (5% for the controls and 10% for
the compensated samples), and the reported values of the
capture cross sections (at least 20%). Hence the results
are consistent with the Fe being present as FeB pairs in both
the control and compensated samples.
Note that the strongly compensated sample with the
lowest p0 value contains 4.0  1016 cm3 of B and
3.2  1016 cm3 of P. If all of the P was present as B–P
pairs, as is required to explain the anomalous boron–oxygen
defect behaviour, then only 8  1015 cm3 B atoms, or 20%
of the total B concentration, would remain isolated. Since it
is known [7] that the interstitial Fe can bond equally well
with any of the B atoms, irrespective of whether they are
paired with P or not, we may infer that only 20% of the Feacceptor complexes would be FeB pairs, and the other 80%
would be Fe–B–P complexes. Assuming that the recombination properties of Fe–B–P complexes are quite different to
those of FeB pairs, we would expect the compensated
samples to exhibit significantly different lifetimes to the
controls, as exemplified by the large differences shown for
FeGa and FeIn pairs. Given that this is not observed, we
conclude that the presence of Fe–B–P complexes, and
therefore B–P pairs, in the compensated samples is unlikely.
It is of interest to note that the agreement between the
compensated and control samples plotted as a function of p0
confirms that it is indeed the net doping that drives the
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Figure 2 Carrier lifetime versus excess carrier density for a noncompensated Fe implanted wafer at various times after dissociation
of FeB pairs, showing the crossover point.

recombination activity of the FeB pairs, as expected from the
SRH model. This is the basis behind the reduced recombination activity of impurities in compensated Si, as observed
recently in solar-grade multicrystalline Si [1].
Additional evidence that the dissolved Fe in the
compensated samples is present as FeB pairs can be obtained
from the position of the ‘crossover’ point [20, 22]. The
crossover point is defined as the excess carrier density Dn at
which the lifetime remains unchanged after dissociation of
Fe-acceptor pairs. An example is shown in Fig. 2 after optical
dissociation of one of the control samples, revealing the
crossover point at Dn ¼ 2.5  1014 cm3. The position of the
crossover point is sensitive to the energy level and capture
cross sections of interstitial Fe and the Fe-acceptor pairs
present. An advantage of measuring the position of the
crossover point, as opposed to the absolute value of the
lifetime, is that it is independent of the Fe concentration,
making knowledge of the dose unnecessary.
Figure 3 shows measurements of the position of the
crossover point in the control and compensated samples,
again plotted as a function of the net doping p0. Also shown
are literature data [20] for FeB pairs, and SRH fits based on
the known recombination parameters for FeB, FeIn and
FeGa pairs. Here we have used parameters for interstitial Fe
from Refs. [8, 23]. Again, the measured data for both the
controls and the compensated samples align well with the fit
for FeB pairs. As outlined above, this implies that the
presence of B–P pairs in the compensated samples is only
possible if the resulting Fe–B–P complexes have similar
recombination properties to FeB pairs.
4 Conclusions Measurement of both the magnitude of
the carrier lifetime, and the position of the crossover point
upon Fe-acceptor dissociation, reveal that FeB pairs are the
dominant Fe-acceptor species in Fe-implanted compensated
p-type silicon wafers. This observation is not consistent with
ß 2010 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

Figure 3 The position of the crossover point versus the net doping
p0, for the control and compensated samples. Also shown are
previous data for FeB pairs, and modelled curves for FeB, FeIn
and FeGa pairs.

the proposed presence of B–P pairs, which should lead to the
formation of Fe–B–P complexes, unless these latter complexes happen to have similar recombination properties to
FeB pairs.
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