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ABSTRACT: A detailed knowledge of the distributions of carrier lifetimes, impurities and crystal defects in silicon ingots
is key for understanding and improving wafer quality, as well as solar cell processing steps. In this work, we have applied a
quasi-steady-state photoconductance tester developed for use on ingots for the measurement of lifetimes and dissolved iron
concentrations along a p-type multicrystalline silicon block. The iron concentrations are determined by lifetime measurements
taken before and after flashing the block to break the iron-boron pairs. The measured iron profile along the block is in qualitative
agreement with those reported in previous work, and conforms to the expected trend due to impurity segregation. The impact
of non-uniform carrier profiles during the block measurements on the extraction of the Fe profiles are discussed and quantified
based on simulations of the quasi-steady-state measurement conditions. The lifetimes are also compared with a calibrated
photoluminescence image on the same block, which shows similar qualitative trends, but lower magnitudes due to the lower
injection level in the photoluminescence measurement.
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1. INTRODUCTION
The Quasi-Steady-State Photoconductance (QSSPC)
method is well established for measurement of the
minority carrier lifetimes on silicon wafers [1]. However,
the application of QSSPC methods to ingots, blocks and
boules is not as widespread, although it has some attractive
advantages in terms of early-stage characterization. For
example, knowledge about specific impurities and crystal
defects at the ingot level can result in more reliable
decisions in regards to the cropping of ingots and blocks
for wafering purposes. It would be also possible to sort the
wafers at the start of processing and tune the cell process
for different quality wafers coming from the different
sections of the block [2]. Moreover, accurate details about
these characteristics may provide valuable information
regarding the manufacturing process to produce higher
efficiency or yields in final cells. There have been
numerous studies performed on wafers which were cut
from different parts of an ingot [3], to provide information
about the electronic quality. There have however been
fewer studies at the ingot level prior to wafering. Some
notable examples include the development of a modified
QSSPC tester for applications to ingots and blocks [4],
which is also applied in this work, and the recent
development of PL-based methods for ingot
characterization [5, 6]. This study is focused on the further
development of QSSPC methods for applications to
ingots, ultimately aiming towards identifying useful
correlations between data at the ingot level, such as carrier
lifetime and dissolved iron concentrations, and the final
cell efficiency.

square base of 155× 155 mm and a height of 267 mm.
There were 20 QSSPC measurement points starting at 10
mm from the bottom edge up to 10 mm from the top edge
with a 13 mm gap between each point.
Multiple flashes with a Broncolor Picolite flash with a
peak power of 1600 W were used in order to break the FeB
pairs in the block. Zoth and Bergholz [7] showed that the
interstitial iron concentration in silicon can be calculated
from:
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Where 1 and 0 are the measured lifetimes before and
after breaking FeB pairs, respectively. The Fe
concentration and factor C have been calculated using the
method developed in Ref [8].
Lifetime results were also compared with lifetimes
measured at UNSW using the PL Intensity Ratio (PLIR)
technique [6] which is based on the ratio of two
photoluminescence images taken with different spectral
filters in front of a CCD camera. This method does not
require a separate measurement of the absolute doping
density across the height of the brick, and also does not
require analysis of the absolute PL signal.

2. EXPERIMENTAL METHODS AND RESULTS
2.1. Lifetime and Iron Concentration
QSSPC measurements were performed with a BCT400 measurement system from Sinton Instruments, in
QSSPC measurement mode with a 1000-nm IR-Pass
Schott glass filter. The sample was an uncropped
rectangular block cut from the central part of a standard
industrial p-type multicrystalline silicon ingot, with a

Figure 1: Lifetime vs Block position

Figure 2: PLIR lifetime image of the block (bottom of
brick on the left). The scale bar has units of s.

Figure 1 shows the QSSPC lifetimes measured along
the block both before and after breaking the FeB pairs. The
average injection level used here was navg = 1015 cm -3
resulting in an increase in lifetime after breaking the FeB
pairs, due to the presence of the lifetime crossover point at
around 1014 cm-3 [9]. The extracted values of other are also
shown, which represent the lifetime due to all other
defects, and these are expected to reflect the lifetime after
removal of dissolved Fe due to gettering during cell
processing [3]. Also shown are the average carrier
lifetimes along the same block as measured by PLIR prior
to breaking the FeB pairs. These were measured at a lower
injection level, of around navg = 1013 cm-3. Nevertheless,
the trend in the PLIR lifetime data is similar to the QSSPC
data. The full PLIR lifetime image is shown in Figure 2
illustrating higher lifetimes towards the top of the block.
Figure 3 shows that the interstitial Fe concentration
determined from the QSSPC data firstly rapidly decreases
along the growth direction from the bottom of the ingot,
and then experiences a steady increase in the middle of the
ingot. Such a trend has earlier been reported by numerous
authors, for example Sinton et al [4] and Mitchell et al [6],
and can be explained by solid-state in-diffusion of Fe from
the crucible and impurity segregation into the liquid phase
during crystallisation, respectively. The boron
concentrations determined from the dark conductance
measurements are also shown in Figure 3.
To confirm that the difference in the lifetime before
and after flashing the block is due to the presence of
dissolved Fe, the sample was left in the dark to allow the
Fe-B pairs to re-form. QSSPC lifetime measurements were
performed during this relaxation period. It has been shown
[8] that such lifetime data exponentially decays with an
association time constant of assoc for wafers containing
interstitial Fe. The same approach can be used for ingot
measurements, in principle. The results are illustrated in
Figure 4 for the collected data from one set of the
measurement points on the block.
Tan et al. [10] showed the relation between the Fe-B
1
pair formation rate (
) with the dopant density and the
𝜏𝑎𝑠𝑠𝑜𝑐

temperature can be expressed as:

𝜏𝑎𝑠𝑠𝑜𝑐 =

5.7×105
𝑁𝐴

𝑇 𝑒𝑥𝑝(

0.66
𝑘𝑇

)

Eq. 2

Figure 3: Iron and boron concentration vs block position
Using a dopant density of 7.2x 1015 cm-3 as measured
by the dark conductance and the block temperature (308
K) results in an expected Fe-B pair formation time of
approximately 26 mins. This compares well with the
measured re-pairing time of 28 mins extracted from fitting
the lifetime data in Figure 4 (note that the data is for a
single point where lifetime was higher than the block
average). This confirms that the observed changes in
lifetime are indeed due to the presence of interstitial Fe.

2.2. Comparison to Scheil Equation
To confirm the extracted Fe and B profiles in our
study, the results were compared with Scheil's segregation
model for impurities and dopants during ingot growth. The
boron profile along the block was extracted from the
resistivity profile. Figure 3 presents the expected
concentration of boron, with a segregation coefficient of
0.8, and iron, with a segregation coefficient of 6.2×10-3
[11], along the ingot as a function of the ingot height
respectively. Since the Fe concentration depends on
mechanisms other than segregation at the two ends of the
ingots, the extracted values below 25% of the total height
and above 80% of the total height of the ingot were not
used in fitting the Scheil model. The boron and Fe profiles
are in reasonable agreement with those expected from the
Scheil equation, and with those reported in other studies
[12].

3. MODELING OF QSSPC MEASUREMENTS
Cuevas [13] proposed a model to simulate QuasiSteady State (QSS) photoconductance measurements in
silicon wafers, utilizing numerical analysis in order to
determine Δn profiles for typical wafer thicknesses. Here
we use a similar approach to model QSSPC measurements
in much thicker samples such as slabs, bricks and blocks.
It should be noted that the key difference is the sample
thickness, whereby minority carrier currents do not reach
the rear surface, and so the carrier profiles are always
highly non-uniform.

Figure 4: Reduction in lifetime during the re-pairing of
FeB pairs
A first step is to simulate the generation profile within
the sample depth for different light sources. Carrier
recombination and diffusion are then simulated to allow
the steady-state excess carrier density n profile to be
determined. From these profiles, the average lifetime and
excess carrier density extraction is performed in the same
way as implemented in the QSSPC tool, producing a full
simulation of the measurement process.
An example of the modeled generation profile and two
excess carrier profiles are shown in Figure 5. Clearly the
n profile in an ingot is non-uniform, and so an average
value is required for the data analysis. Bowden and Sinton
[2] introduced methods to estimate navg and Weff (the
effective thickness) which are utilized in both the QSSPC
tool, and in the simulations used here.
The model is explained in detail in an upcoming
publication, where it is shown how the n profile can be
used to determine the value for navg and to ultimately
calculate the effective bulk lifetime (eff) at different
average injection levels (navg), where eff is:
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Interstitial Fe and FeB pair recombination parameters
can be used in the model to calculate the relevant injection
dependent Shockley Read Hall lifetimes. These values can
be changed to simulate lifetime measurements taken on
ingots before and after breaking the Fe-B pairs, in order to
estimate the interstitial iron concentration. Figure 5 shows
excess carrier density profiles for a sample with [Fe] =
5 ×1011 cm-3 illuminated under 10 suns. The lifetime
crossover point is evident at the expected value of 1014 cm3.
The accuracy of the Bowden and Sinton
approximations are validated in our upcoming work in
detail. The simulation tool allows us to demonstrate that
the errors resulting from the non-uniform carrier profiles
in the calculation of the interstitial iron concentration are
relatively small (< 40%) in most practical cases. It is also
shown the value of other, navg and [Fe] can affect the
accuracy in different ways. However, [Fe] itself is the most
significant source of error, which can introduce up to 40%
error in the typical Fe concentration range.

Figure 5: Excess carrier density and photogeneration vs
distance below surface of block
4. CONCLUSIONS
This paper presents our preliminary results on
applying the QSSPC method for silicon ingot
characterization for solar cells. Comparison with PL
lifetime imaging on the same ingot reveals notably higher
lifetime values measured with QSSPC, due to the large
difference in the injection levels at which each
measurement was performed.
The main findings in terms of lifetime and dissolved
Fe concentrations along the ingot are qualitatively similar
to those previously reported [4]. The measured FeB repairing time is consistent with that expected from the
dopant concentration, and confirms the presence of
dissolved Fe and its effect on the minority carrier lifetime
in the ingot. Extracted iron and boron concentrations were
in reasonable agreement with the Scheil equation for
segregation.
We have developed a simulation tool which models
the generation and excess carrier profiles depth-wise, in
order to calculate the effective lifetime determined by the
QSSPC tool along the block. The results, which will be
published in detail elsewhere, indicate that the nonuniform carrier profiles only introduce small errors in the
resulting Fe concentrations (usually less than 40%), and
that these can be corrected for in any case.
Future work will attempt to study the usefulness of the
lifetime and dissolved Fe analyses at the ingot level for
various types of ingots, with the final aim to establish
correlations between the ingot level data and final cell
performance.
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