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ABSTRACT: The extent of formation of the well-known boron-oxygen defect has been measured in deliberately
compensated p-type Czochralski silicon. Both the defect concentration and the defect formation rate confirm recent
results showing that the amount of boron-oxygen defects formed is determined by the net doping po=Na-Np, rather
than the total boron concentration N,. The presence of boron-phosphorus pairs has been postulated previously as a
possible explanation for this effect. However, we find that the existence of such pairs is not consistent with
measurements of the majority carrier mobility, and the crossover point of interstitial iron/iron-boron pairs in
compensated silicon. However, whatever the cause of the reduced impact of oxygen-boron defects in compensated
silicon, the implications for solar cells made with compensated feedstock are positive.
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1 INTRODUCTION

Significant levels of dopant compensation are likely
to occur in new forms of solar-grade silicon feedstocks.
The existence of additional boron in compensated p-type
silicon raises the prospect of increased recombination due
to the presence of the well-known boron-oxygen defect
[1], which could make the use of such material for solar
cells less attractive. However, a very recent study [2] has
indicated that the extent of this defect is in fact not
determined by the total concentration of boron acceptors
N, in a wafer, but by the net doping po=Na-Np, leading to
the postulation of boron-phosphorus pairs (B-P) in
compensated wafers. These previous studies were based
on voltage measurements of cells made with feedstock
containing a mixture of pure and upgraded silicon, which
may also contain other impurities.

The aim of this work is to systematically study the
generation of boron-oxygen defects in deliberately
compensated Czochralski-grown silicon that is otherwise
extremely pure. The concentration of boron-oxygen
defects is measured directly via carrier lifetime
measurements on compensated and non-compensated
wafers of similar net doping, giving a direct comparison.
The rate at which the defects are formed under
illumination is also reported. Combining these
measurements allows us to confirm that the defect
concentration is indeed determined only by the net
doping. However, we find that the proposed presence of
B-P pairs is not consistent with our measurements of the
majority carrier mobilities, or the position of the
characteristic lifetime ‘crossover point’ caused by the
dissociation of iron-boron pairs.

2 EXPERIMENTAL METHODS

The samples used were cleaved sections of 155x155
mm pseudo-square, p-type, <100>-oriented Czochralski-
grown silicon (Cz-Si) wafers. There were wafers from
three boron-doped control ingots (non-compensated), and
two compensated ingots, doped with both boron and
phosphorus. The amounts of dopant added to the melt are
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shown in Table 1. High-purity feedstock and dopant
sources were used, hence we do not expect significant
quantities of unintended dopants.

The interstitial oxygen concentrations [O;] were
measured by FTIR, and were between 9.4x10* and
1.1x10% cm?, and hence very similar from wafer to
wafer. FZ controls with low oxygen content were also
included in the experiment. Samples were initially
subject to a phosphorus diffusion step to remove fast-
diffusing metal impurities such as interstitial iron, which
can otherwise make determination of the boron-oxygen
defect concentration difficult. The high temperature
associated with the phosphorus gettering also eliminates
any unwanted thermal donors in the Cz-Si [3].

After etching the gettering layer, all samples were
coated at 400°C with PECVD SiN for surface
passivation. Effective carrier lifetimes were measured
with the Quasi-Steady-State Photoconductance technique
(QSSPC) [4]. Lifetime measurements were performed
prior to any boron-oxygen defect activation, referred to as
Tamealed- THe lifetime was measured again after 5 days of
illumination under a halogen lamp with an intensity
equivalent to approximately one tenth of a sun, more than
sufficient to fully activate the defect. This final lifetime is
denoted as 7yegradea- The relative defect concentration N,
can then be determined via Nt*:llrdegraded -1 Tanneateds
where the carrier lifetimes are measured at an excess
carrier density equal to 10% of the net doping p.

The resistivity of the gettered wafers is shown in
Table I. Table I also shows independent measurements of
the boron and phosphorus concentrations N, and Np at
the wafer level by Glow-Discharge Mass Spectrometry
(GDMS), performed at SINTEF [5]. Na was also
determined by the recently proposed technique based on
measuring the iron-acceptor pair association time-
constant zussoc [6]-

3 RESULTS AND DISCUSSION
3.1 The net doping

A key parameter for the analysis below is the net
doping po. It could, in principle, be estimated by
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Figure 1. Reflectance as a function of wavelength
measured on textured wafers.

subtracting the boron and phosphorus concentrations
determined by GDMS, but this may be rather inaccurate
when the compensation is strong, as is the case here.
Resistivity measurements alone are not sufficient, since
the majority carrier mobility is affected by compensation
to a degree that is not well known. In this work we have
used Free-Carrier Absorption (FCA) to estimate pg in the
compensated samples, by direct comparison to the FCA
observed in the non-compensated controls. Capacitance —
voltage measurements are an alternative approach.

Figure 1 plots the reflectance R measured with a
spectrophotometer, as a function of wavelength, for
textured samples from each ingot. Figure 2 shows the
normalised absorptance at 1700 nm for the non-
compensated samples only, as a function of pg
(determined from the resistivities), as described in detail
elsewhere [7]. The result is a linear relationship between
po and the normalized absorptance, as shown by the
straight line in Figure 2. By measuring the absorptance in
the compensated samples, we used this linear fit to
estimate the p for those samples also (shown in Table I).

We then determined the majority carrier (hole)
mobility for the compensated samples, via the resistivity
p and p, measurements, using 1/0 = q W Po- The results
were [,=319+40 and 303+30 cm?\V/s for ingots 45 and
44 respectively. These may be compared with the
predicted hole mobilities from Klaassen’s model [8,9],
using as input parameters the N, values estimated from
the iron-acceptor pair association time-constant z,c, and
Np values determined via Np = Nj - po. Note that
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Figure 2. Normalized absorptance at 1700 nm as a
function of p, for the control samples. The solid line is a
linear fit to the data.

Klaassen’s model accounts for the different scattering
cross sections of minority and majority dopant atoms, and
so should in principle be applicable to compensated
silicon. The model predicts mobilities of p, = 347 and
307 cm?/Vs for ingots 45 and 44 respectively (assuming a
temperature of 304K), in good agreement with our
measured mobility values above. These results imply that
Klaassen’s model yields reasonable estimates of the
majority carrier mobilities in the compensated samples.
We therefore also used it to estimate the electron
mobility, thus yielding the mobility sum p,+, required
for QSSPC lifetime measurements on compensated
samples.

3.2 The defect concentration

Armed with appropriate mobility sums, we are then
able to measure the QSSPC carrier lifetimes for both the
non-compensated and compensated samples. These are
shown in Figure 3, with all lifetimes reported at an excess
carrier density equal to 10% of the net doping p,. After
degradation, the lifetimes are reduced by approximately
an order of magnitude in both the compensated and non-
compensated Cz wafers. These lifetimes are subsequently
used to determine the boron-oxygen defect concentration
N*. The results are shown in Figure 4. For the non-
compensated control samples, the defect concentration
increases approximately linearly with the boron
concentration N,, as expected. The N, values for the
compensated samples are shown plotted as a function of

Table I. Some parameters for the five ingots studied: boron and phosphorus concentrations added to the melt, measured
resistivities, the boron and phosphorus concentrations Ny and Np in the wafers determined by GDMS, N, measured via
the iron-acceptor re-pairing time constants 7z, the net doping p, measured by FCA, and the donor concentration

determined by Np = N, - po.

Ingot | Boron Phos. added | Measured | Ny from | Np from | N, from po from Np from
added to | to melt resistivity | GDMS GDMS Tassoc FCA Na-Po
melt cm®) | (cm™®) p(Qcm) | (cm?) (cm®) (cm®) (cm®) (cm®)

74 | 0.35x10% | nil 35 <106 <10% 0.36x10'° - -
72 | 1.75x10% il 1.1 1.2x10% <10% 1.7x10% - -
73 | 5.0 x10% il 0.44 4.2x10%° <10% 4.3x10% - -
45 | 3.25x10% 2.75x10' 2.0 3.7x10% | 3.3x10' | 4.0x10% | 0.98x10%® | 3.0x10%
44 | 7.5 x10' 5.0 x10' 0.57 7.1x10% | 45x10% | 8.1x10%° | 3.6x10% 4.5x10%

878



24th European Photovoltaic Solar Energy Conference, 21-25 September 2009, Hamburg, Germany

. Aﬁ Gettered, passivated 1
2 1000 | - planar p-Si |
g |
— A *e .
§ © A ¥
= A . x
g - -
< 100 | . 4
8 g g "
o A FZ annealed v 2;
g v FZ degraded ¥
2 A Czannealed
] v Czdegraded .

10 L 4 Comp.Czannealed VV _

F v Comp. Cz degraded : E
1015 1015 1017

Equilibrium majority carrier concentration p, = N,-N, (cm'3)

Figure 3. Effective carrier lifetimes measured at an
excess carrier density of An = 0.1x p,, as a function of
po. Lifetimes in the annealed state and after light-
induced degradation are shown. The dashed lines are
guides to the eye.

the net doping po, and also plotted against the boron
concentration N, as determined from the iron-acceptor
association time zgc.

If the boron-oxygen defects were able to form with
all of the boron in the samples, then the compensated
data plotted as a function of N, should line up with the
control data. However, this is clearly not the case. In fact,
the compensated data are in reasonable agreement with
the control data when plotted against po. This implies that
it is only the uncompensated boron that is available to
form the boron-oxygen defect, or, conversely, that the
excess compensated boron must be present in a form that
cannot bond with oxygen dimers. This observation could
be explained by the presence of B-P pairs.

3.3 The defect generation rate

Further evidence for the extent of boron-oxygen
defects in compensated silicon being determined only by
the net doping comes from measurements of the defect
generation rate. This approach does not require
knowledge of the absolute value of the lifetime or
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Figure 5. Relative defect concentration N;* as a function
of time for two compensated samples, as the defect
forms under illumination. The solid lines show fits used
to determine the defect generation rates.
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Figure 4. Relative defect concentration N¢* as a function
of either py or N, for both the non-compensated controls
and the compensated Cz samples. The dashed line is a
linear fit to the control data.

injection level, but only a measurement of the relative
change in lifetime, from which a time constant is
extracted. Hence knowledge of the carrier mobilities is
not required for accurate results, in contrast to the
analysis above regarding the defect concentrations.

The generation rate of the boron-oxygen defect has
been shown to be proportional to py*<Nx [10]. Here, Ny is
implicitly understood to mean the concentration of boron
atoms available for defect generation. The dependence
on po comes from the requirement for the oxygen dimers
to capture free holes to facilitate their diffusion. In
compensated p-type silicon, if all of the phosphorus
atoms are paired with boron atoms, then the amount of
boron available for defect formation is simply p,, and the
generation rate will be proportional to p>. On the other
hand, if all of the boron is able to bond with the oxygen
dimers, then the generation rate will be proportional to
Po*Na.

The generation rate of the defect R, was determined
by fitting an exponential curve to measurements of the
increase in defect concentration under illumination,
examples of which are shown in Figure 5. Figure 6 shows
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Figure 6. The defect generation rate R, as a function of
po’ or poNa Data for non-compensated wafers taken from
Bothe et al. and Rein et al. are also shown, as is the
model from Palmer et al.
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measured defect generation rate values for the non-
compensated controls, and also for the two compensated
ingots, plotted either against py?, or against poNa. Figure
6 also shows Ry, data for non-compensated material
taken from Bothe et al. [11] and Rein et al. [12]. The
solid line represents the model of Palmer et al. [10]. All
of the data for non-compensated silicon follows this
model quite well. However, for the case of the
compensated material, when plotted against poN,, there is
a clear discrepancy. When plotted against po?, the data
matches the expected model. This confirms again that it
is the net doping which drives the formation of the
defect.

At this point, one may begin to suspect that the
dependence of the formation of the boron-oxygen defect
on pg, rather than the total boron concentration, reflects
some underlying influence of the Fermi level, rather than
the direct involvement of boron atoms in the make-up of
the defect. However, it is worthwhile remembering that
there is no analogue of the boron-oxygen defect observed
in Ga-doped p-type Cz silicon, despite similar oxygen
concentrations and Fermi levels. We therefore conclude
that the compensated boron in our samples is in some
chemical state that precludes it from forming the boron-
oxygen defect, in much the same way that Ga does not
allow the defect to be formed.

As mentioned above, one possibility for this altered
state of the compensated boron dopants is the presence of
B-P pairs. Such B-P pairs would also have an impact on
measurable quantities such as the majority carrier
mobility, and the carrier lifetime crossover point,
providing an opportunity to indirectly probe for their
presence, as discussed in the following sections.

3.4 Majority carrier mobilities

The presence of B-P pairs in silicon would be
expected to have an impact on the carrier mobilities,
since they would result in fewer charged scattering
centres than in similarly doped material in which the B
and P atoms were separate and ionized. If the B-P pairs
are electrically neutral in thermal equilibrium, then the
total concentration of charged dopant centres is simply p
(the concentration of unpaired B atoms). On the other
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Figure 8. An example of the lifetime crossover point upon
illumination of a boron-doped p-type silicon wafer
containing interstitial iron. Taken from Macdonald et al.
(2006).

hand, if they present a singly-charged centre, the total
concentration of charged dopant centres is then Na.
Finally, if no B-P pairs exist, and all of the dopant atoms
are separate and ionised, then this quantity would be
NA+ND.

Figure 7 shows our measured values for the majority
carrier (hole) mobility in the two compensated ingots.
The solid line depicts Thurber’s model [13,14], which we
have preferred to Klaassens’ for this purpose, because it
allows an easier comparison of the different cases,
without sacrificing much accuracy. When plotted as a
function of pg the fit is poor, suggesting that neutral B-P
pairs are inconsistent with our mobilities. The best
agreement is obtained when plotted against Na+Np, for
which no B-P pairs exist. Finally, when plotted against be
Na, the agreement is reasonable. This corresponds to the
case when the B-P pairs are singly charged. However, we
believe this is an unlikely situation, since they would
then, in their own right, be either acceptor or donor
states, and should therefore impact on the net doping and
resistivity. Therefore, we believe our mobility data does
not support the presence of B-P pairs.

3.5 The crossover point

Indirect evidence for the existence or otherwise of B-
P pairs could also come from measurements of the
recombination activity of iron-dopant pairs. In non-
compensated boron-doped p-type silicon, the presence of
FeB pairs leads to a well-known ‘crossover point’ in the
carrier lifetime curve when the FeB pairs are dissociated
by illumination. An example is shown in Figure 8, taken
from Ref. [15]. In this case the crossover point occurs at
an excess carrier density of around 4x10%cm?. The
position of this crossover point is sensitive to the
recombination parameters of the FeB pairs, i.e., their
energy level and capture cross sections for electrons and
holes. Figure 9 shows how the position of the crossover
point is expected to depend on the net doping, based on
the known values of the energy level and cross sections
[15]. Also shown are some measured values from the
literature [15], and the values measured on the control
samples of this work.

In compensated silicon, it has been established
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Figure 9. The position of the characteristic crossover
point, as a function of the net doping, for the control
samples and the compensated samples. Also shown are
data and a fit from Macdonald et al. (2006).

previously that interstitial iron can pair with all of the B
[6]. This means that if B-P pairs were present in the
compensated material, a significant fraction of these FeB
pairs would actually be Fe-B-P ‘triplets’. It would seem
reasonable to expect these to have a different energy level
and capture cross sections to normal FeB pairs. This
would in turn lead to a change in the position of the
crossover point.

We have measured the position of the crossover point
in our compensated samples, and the results are also
plotted in Figure 9. The crossover points lie close to the
values for the non-compensated samples, indicating that
there are no Fe-B-P complexes in these samples, or, if
there are, then they must have similar recombination
properties to FeB pairs. This would require a quite
unlikely coincidence. This in turn casts further doubt on
the existence of B-P pairs in our compensated silicon
samples.

3.6 Discussion

Whatever the cause of the lower than expected
activity of boron-oxygen defects in compensated p-type
silicon, the implications for solar cells are positive. It
means that already compensated feedstock can be further
compensated deliberately during ingot growth to optimise
the wafer resistivity for solar cell production, without the
addition of extra boron-oxygen defects. Another
interesting prospect is the production of compensated n-
type silicon ingots from solar-grade feedstock. Even if
there are significant quantities of both boron and oxygen
in such wafers, they should not exhibit any boron-oxygen
defects (since all of the boron is compensated).

However, one certain problem with using
compensated material is the reduction in carrier
mobilities. We have measured small reductions in the
majority carrier mobility here (about 20%). For devices,
however, the minority carrier mobility is often more
important, since it determines the minority carrier
diffusion length. A similar 20% reduction in the minority
carrier mobility would result in a modest 10% reduction
in the minority carrier diffusion length. However, the
impact of compensation on minority carrier mobilities
remains to be confirmed experimentally.
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4 CONCLUSIONS

Measurements of boron-oxygen defect concentrations
and generation rates confirmed that it is only the net
doping which determines the ultimate defect
concentration in compensated p-type Cz silicon, rather
than the total boron concentration. However, the
presence of B-P pairs as a possible explanation for these
observations does not seem to be consistent with our
measurements of the hole mobilities, or the characteristic
crossover point caused by interstitial iron in the samples.
Therefore, the physical cause of the reduced
concentrations of boron-oxygen defects in compensated
silicon remains unresolved. In any case, the result is a
positive one for the future manufacture of solar cells from
compensated feedstocks, although small reductions in
carrier mobilities may have some impact on device
performance.

Parts of this work have been published in Journal of
Applied Physics volume 105, 093704 (2009).
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