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In this study, we present experimental data regarding the concentration of the boron-oxygen
complex in compensated n-type silicon when subjected to illumination. We ﬁnd that the defect
density is independent of the net dopant concentration and is strongly dependent on the minority
carrier concentration during illumination. We show that annealing at temperatures in the range
500  C to 700  C permanently reduces the defect density possibly via a decrease in the oxygen
C 2011 American Institute of Physics. [doi:10.1063/1.3633492]
dimer concentration. V

I. INTRODUCTION

Combining the advantages of upgraded metallurgical
grade silicon (low cost and embodied energy) and the greater
immunity to impurities of n-type silicon, boron-phosphorus
compensated n-type silicon is a promising material for solar
cells. However, it has recently been shown to degrade due to
boron-oxygen (BO) related light induced degradation
(LID),1–4 which is very well known in boron doped p-type
silicon.5,6
Lim et al.2 revealed the slow kinetics, compared to
p-type silicon, of both the generation and the annihilation of
the defect in compensated n-Si. They also showed that the
defect generation and annihilation processes could not be ﬁtted by a simple exponential function as is the case in p-type
silicon. Geilker et al.4 proposed that the defect concentration
depends on the compensation ratio rather than the net doping
or the boron concentration. Schutz-Kuchly et al.3 showed the
defect to have a smaller impact on cell efﬁciency in compensated n-type than in compensated p-type silicon. However,
much remains to be understood about the boron-oxygen
complex formation mechanism in compensated n-type silicon. In particular, the effect of net doping on the defect density remains unclear, although it is essential to determine this
to assess the suitability of compensated n-type Si for solar
cell fabrication.
In p-type silicon, Bothe et al.7 and Glunz et al.8 have
shown that the defect density can be reduced by a high
temperature thermal process (>700  C). Bothe et al.7 also
demonstrated a reduction of the defect density by thermal
donor creation at low temperature (at 450  C dimers transform to longer oxygen chains). However, the effect of intermediate temperature annealing (500  C to 700  C) remains
unknown.
In this paper, we investigate the effect of net doping on
the BO defect density in n-type compensated silicon using
a)
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carrier lifetime measurements. We demonstrate that the BO
defect density is independent of the net doping and also
show that the defect density is approximately proportional to
the excess carrier density during illumination. We then
explore the effect of intermediate temperature annealing on
the BO defect density and show that a permanent reduction
of the defect density can be obtained by such annealing.
Finally, we analyze the implications of our ﬁndings for a
recent BO model9 and for the potential of compensated
n-type silicon as a material for solar cells.
II. EXPERIMENTAL METHODS

The samples used in this study were from a single compensated Cz-Si ingot doped with both boron and phosphorus.
The boron and phosphorus concentrations were measured by
secondary ion mass spectrometry (SIMS). The net doping
was measured by electrochemical capacitance voltage (ECV)
measurements. The interstitial oxygen concentration was
measured using Fourier transform infrared spectroscopy
(FTIR) and was found to be between 6  1017 cm3 and
9  1017 cm-3. Figure 1 shows the boron, phosphorus, net doping, and interstitial oxygen concentrations along the length of
the ingot. Both the segregation coefﬁcient and initial dopant
concentrations in the melt were varied in order to ﬁt the SIMS
proﬁle. We found segregation coefﬁcients of kB ¼ 0.75
and kP ¼ 0.41 for boron and phosphorus, respectively. The
initial boron concentration was found to be approximately
[B] ¼ 6.2  1016 cm3 and the phosphorus concentration
[P] ¼ 1.1  1017 cm3. Only samples from the n-type part of
the ingot were used in this study.
The samples were damage-etched and RCA cleaned. To
study the impact of net doping on the defect density, a ﬁrst
batch of samples with a range of net doping values from
5.7  1015 cm3 to 4.0  1016 cm3 was then subjected to a
phosphorus diffusion step to remove fast-diffusing impurities
that can affect the lifetime. The gettering layer was then
etched in HF/HNO3. To asses the inﬂuence of thermal treatment on the defect density, a second batch of samples, all
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FIG. 1. (Color online) Ingot proﬁle showing boron, phosphorus, net doping,
and interstitial oxygen concentration. The solid lines are ﬁts to the data using
Scheil’s equation.

with similar net doping (n0 ¼ 3  1015 cm3), were annealed
for 1 h at different temperatures from 500  C to 700  C in a
quartz furnace tube under nitrogen ﬂow. All samples were
then RCA cleaned and coated at 450  C with plasmaenhanced chemical vapor-deposited silicon nitride. The BO
defect has been shown previously to deactivate very slowly
in compensated n-type Si.2 To ensure full deactivation, the
samples were annealed at 200  C for 100 h. The samples
were then degraded under various light intensities and
temperatures.
Effective lifetime measurements were performed using the
quasi-steady-state photoconductance technique (QSSPC).10 The
measured lifetime after full deactivation is referred to as
sannealed while the degraded lifetime is sdegraded. The lifetime
measured was extracted at a ﬁxed injection level equal to 10%
of the net doping n0. The effective defect concentration was
then determined as Nt* ¼ 1/sdegraded  1/sannealed. QSSPC measurements are sensitive to the mobility sum, and mobility reductions have been observed before in compensated silicon.11
Therefore we used the sum of acceptor and donor concentrations from the ﬁt to the SIMS data as the input parameter of the
mobility model (Dannhauser and Krausse)12,13 to obtain reasonable values of the lifetime.11
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(Nt a p0  [Oi]2) rather than the total boron concentration
(Nt a NA  [Oi]2) in compensated p-type silicon.18,19 The BO
defect generation rate was also shown to have a quadratic
dependence on the net doping (Rgen a p02).20 Moreover
Murin et al.21 have recently shown that diffusion of oxygen
dimers is not expected to occur at room temperature, thus an
alternative model for the BO defect is needed.
To explain the defect density dependence on the net
doping Voronkov et al.9 presented an alternative model
involving interstitial boron Bi rather than substitutional
boron Bs. In this model, the oxygen dimers are not mobile at
room temperature but bind to the interstitial boron during ingot cooling. The concentration of BiO2i then depends on the
Bi concentration at the freeze-in temperature, which in turns
depends on the net doping at the freeze-in temperature (Nt a
p0  [Oi]2). This state of the BiO2i defect is thought to be
latent and is subsequently transformed into a recombination
active defect under illumination. Macdonald et al.19 presented an alternative model involving interstitial boron Bi
binding with mobile oxygen dimers at room temperature.
Both of these models predict the defect density to be inversely proportional to the net doping in n-type silicon and to be
independent of the light intensity during defect generation.
In this work, we investigate the key factors that determine the defect concentration and the defect generation in
compensated n-type samples and compare our ﬁndings to the
models mentioned above. In addition, we investigate thermal
treatment as means to reducing the defect density.
A. Influence of the net doping

Figure 2 shows the lifetime s evolution during the defect
formation for three compensated n-type Si samples with
different net doping under an illumination intensity of
60 mW/cm2. Also shown is a control non-compensated
1 X.cm n-type Cz silicon sample the lifetime of which
remains constant, thus conﬁrming that the surface passivation is stable and does not affect the changes observed in the
other samples. Interestingly, the lifetime of the different

III. RESULTS AND DISCUSSION

The classical boron-oxygen model14 involves a substitutional boron Bs and an oxygen dimer O2i. In this model, a
mobile positively charged oxygen dimer Oþ
2i is thought to
diffuse at room temperature through the capture of holes and
electrons, until reaching a negatively charged substitutional
boron atom B.15 The interstitial oxygen concentration [Oi]
is known to have a quadratic inﬂuence on the dimer concentration16 and thus on the BO defect density.5,14,17 Therefore
the concentration of BsO2i created is proportional to the boron concentration and quadratically related to the interstitial
oxygen concentration (Nt a NA  [Oi]2). The validity of the
classical boron-oxygen model was questioned when it was
shown that the defect density depended on the net doping

FIG. 2. (Color online) Evolution of the lifetime during light induced degradation for three samples with different net doping levels (G ¼ 60 mW.cm2,
T ¼ 60 C). The lines are guides to the eye.
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compensated samples crosses over at one point. Note that the
degradation is not completely saturated, even after more than
1 month of illumination, reﬂecting the much slower formation rates compared to p-type silicon. However, because the
interstitial oxygen concentration decreases along the ingot,
the effective defect concentration should be normalized by
the square of the interstitial oxygen concentration to allow
for proper comparison between the samples. Figure 3 shows
this normalized effective defect density as a function of the
net doping after different illumination times. The defect density after a given time appears to be approximately independent of the net doping, indicating that the rate of defect
creation is very similar for all net doping values.
B. Impact of excess carrier density during illumination

For this study, the BO defect has been generated using
different light intensities. The light induced degradation process has already been shown to be an electronically induced
degradation mechanism and as such it is the excess carrier
density, rather than the light intensity itself, that creates the
defect.
A simple way to determine the excess carrier density in
a sample under a given generation rate is to measure the carrier lifetime, in this case using an inductive coil. The carrier
lifetime is given by s ¼ Dn/G, with Dn being the excess carrier density in the samples and G the generation rate. Combining the intensity of the bias light during the degradation
and the optical properties of the sample, one can easily determine the carrier generation rate G in the sample. Using the
lifetime measurement s and the generation rate G, one can
obtain the excess carrier density in the sample during the BO
generation Dpgeneration. A temperature controlled inductive
coil photoconductance setup was used to measure the excess
carrier density in this way at 60  C.22
Figure 4 shows the evolution with time of the carrier
lifetime and the implied open-circuit-voltage VOC, for two
different degradation light intensities at 60  C. The implied
VOC is calculated via the excess carrier density measured

FIG. 3. (Color online) Normalized effective defect density as a function of
the net doping after different illumination times (1  104 s, 1  105 s, and
1  106 s). The lines are guides to the eye.
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under an illumination intensity corresponding to 1 sun
(100 mW/cm2) and reﬂects the expected impact of the
defect on cell performance. Note that the injection level for
the implied 1-sun VOC conditions will usually be quite different to that at which the lifetime is reported in Fig. 4. The plot
shows that the defect causes a very signiﬁcant reduction in
both the carrier lifetime and 1-sun implied VOC, meaning
that such material would be less suitable for high efﬁciency
solar cells than non-compensated n-type silicon without any
mitigation of the defect.
In p-type silicon, the injection level during BO generation Dngeneration is known to have little effect on the BO
defect density Nt* except for very low injection levels23 for
which the defect formation rate increases with injection.
Speciﬁcally, the kinetics of the slow forming defect formation are known to saturate for light intensities greater than
1 mW.cm2 in p-type silicon.23 In contrast, Fig. 4. shows
that n-type samples degrade faster under a greater light intensity (60 mW.cm2 compared to 8.5 mW.cm2), contrary to
p-type silicon. Moreover our data indicate that not only the
defect generation rate increases with injection but perhaps
also the ﬁnal defect density.
To further conﬁrm this, Fig. 5 displays the effective
defect density as a function of excess carrier density during
degradation for three different samples after 1  105 s and
1  106 s of illumination. Note that the samples in Fig. 5
have the same oxygen concentration, therefore the effective
defect density is not normalized by the interstitial oxygen
concentration. Two samples were degraded at 60  C with
light intensities of 8.5 mW.cm2 and 60 mW.cm2 and one
at 30  C with a light intensity of 8.5 mW.cm2. The excess
carrier density during degradation was determined as
described previously. Even if the degradation is not fully
completed after these times, this graph suggests that the
defect density increases with the minority hole concentration
injected during degradation.

FIG. 4. (Color online) Evolution of the lifetime (empty symbols) and the
implied VOC,1Sun (ﬁlled symbols) during light induced degradation at 60 C
for two different light intensities (n0 ¼ 5.7  1015 cm3). The lines are
guides to the eye.
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FIG. 5. (Color online) Effective defect density as a function of excess carrier density during degradation for three different samples with the same net
doping after 1  105 s and 1  106 s of illumination. The lines are guides to
the eye.

C. Reducing the defect concentration through
annealing

The results in the preceding text show that the defect
density appears to be independent of the net doping and perhaps also the boron concentration (although this is less clear
due to the much weaker variation in the boron concentration
in our samples). This would mean that, unlike p-type silicon,
lower defect densities may not be readily obtained by reducing the net doping in n-type compensated silicon. Therefore
controlling the oxygen dimer concentration could be a useful
approach to reducing the defect density. Murin et al.16 have
demonstrated that in the 500  C to 700  C temperature range
the oxygen dimer concentration is reduced through dissociation (without affecting the interstitial oxygen concentrations). Therefore we have performed an experiment to assess
this possible way of controlling the defect density.
Figure 6 shows the annealing temperature dependence of
the effective defect density Nt* after a month of illumination
(2.7  106 s). All of the samples had the same net doping
(5.7  1015 cm3) and the same interstitial oxygen concentration. The 400  C corresponds to samples that were not annealed
but coated with SiN. Annealing between 500  C and 700  C
reduces the effective defect density. Note that the interstitial oxygen concentration measured by FTIR before and after annealing was not found to decrease signiﬁcantly (at 700  C where
the highest reduction in interstitial oxygen concentration is
expected the oxygen concentration was found to decrease from
[Oi]initial 8.8  1017 cm3 to [Oi]annealed 8.5  1017 cm3).
Analyzing Fig. 6 using an Arrhenius law, we determine
an activation energy of Ea ¼ 0.14 þ 0.16, 0.04 eV. Using
low temperature FTIR, Murin et al. found a dimer binding
energy Eb ¼ 0.3 eV. Those two activation energies are significantly different; however, there is a large uncertainty in our
determination of the activation energy. Therefore it is hard
to conclude whether the defect reduction is due partly to the
dimer dissociation or if other mechanisms are dominant.
This could be partially due to the fact that the samples are
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FIG. 6. (Color online) Effective defect density as a function of the annealing
temperature for a 1 h anneal. The solid line is a ﬁt using the Arrhenius law.

not completely degraded, even after a month of illumination.
Nevertheless, the results demonstrate that annealing in the
500  C to 700  C range leads to lower defect densities, a conclusion which should also be valid for p-type silicon.
D. Discussion

Based on our experimental measurements, it is possible
that either the defect generation rate is affected by the excess
carrier density during BO generation and/or the ﬁnal defect
density itself is affected by the excess carrier density during
illumination.
If we assume that only the generation rate is affected by
the excess carrier density during illumination, then our
observation could be explained within Voronkov’s model
where the BO defect needs two excess holes to form thus
Rgen a Dp2.
However, Fig. 4. strongly suggests that not only the generation rate is dependent on the excess carrier density but
also the ﬁnal defect density. If that is the case, this would
mean that the defect density is not determined during ingot
cooling but is determined at room temperature by the Fermi
or quasi-Fermi level for holes. This is difﬁcult to reconcile
with Voronkov’s model in which the defect density should
not be affected by the excess hole density during illumination. A further apparent discrepancy with the model is that
the defect density seems to be independent of the net doping.
This can not be explained by Voronkov’s model, where the
defect density in n-type compensated silicon should be inversely proportional to the net doping.19
Another potential explanation is that we are not observing the slow forming defect described by the Voronkov’s
model, but we are measuring the equivalent of the fast forming defect in n-type compensated silicon. This is supported
by the fact that the defect density of the fast forming defect
in p-type silicon has previously been shown to increase with
the injected carrier density.14 This could mean that the BO
defect formation in compensated n-type silicon could be due
to the charging of a latent BSO2i defect followed by a
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thermally activated structural change, similar to the fast
forming center in p-type silicon.14
As seen in the preceding text, the fact that there is a
reduction of the BO effective defect density after annealing
in the 500  C to 700  C range could be partially due to dissociation of the oxygen dimers. This would lead to fewer
dimers available to bind with the boron atoms and thus a
lower defect density. In practice, this conﬁrms that any high
temperature step will permanently reduce the BO defect density. As mentioned in the preceding text, it has previously
been demonstrated that a diffusion step (700  C to 1050  C)
can signiﬁcantly reduce the defect density.8,17 In such thermal processes, both interstitial oxygen clustering and oxygen
dimer dissociation are likely to play a role in the reduction of
the available oxygen dimer concentration. Therefore any further thermal process at lower temperature (such as a ﬁring
step at 700  C) may increase the defect density again, due to
partial dimer re-pairing, although it should still remain lower
than the value obtained with no thermal processing. Within
Voronkov’s model there is also the possibility that annealing
in the temperature range of 500  C to 700  C affects the interstitial boron clusters, which play a key role in determining
the defect density.
IV. CONCLUSION

In summary, our results indicate that the net defect density during defect formation does not depend on the net doping in compensated n-type silicon. Moreover, either the
generation rate and/or the ﬁnal defect density appears to
depend on the excess carrier density during illumination. If
the latter is true, it could mean that the defect density is not
ﬁxed during ingot cooling as proposed in recent models9,19
but rather ﬁxed at room temperature by the Fermi level (in
p-type) or quasi-Fermi level (in n-type) for holes. Our results
also show that the defect causes a very dramatic reduction in
the carrier lifetime (by approximately an order of magnitude), and implied 1-sun open-circuit voltage, which could
potentially make the material unsuitable for high efﬁciency
devices. However, further experiments are needed to conﬁrm
and more precisely quantify the relationship among defect
density, defect generation rate, and excess carrier density
during illumination. Finally, we also demonstrate that
annealing between 500  C and 700  C effectively reduces the
boron-oxygen defect concentration with dimer dissociation
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being a possible explanation. Combined with previous work
showing defect reductions after higher temperature anneals,
this shows that in practice, the defect density can be permanently reduced by almost any high temperature step.7,8
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