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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 validated the use of
the quasi-steady-state photoconductance method on p-type multicrystalline silicon blocks to determine the interstitial iron concentration. The extracted iron concentrations along a silicon block
were compared with the interstitial iron concentrations measured
on wafers from different heights of an adjacent block. The lifetime measurements were performed on the block before and after
flashing to break the iron–boron pairs. The impact of nonuniform
carrier profiles during the block measurements on the extraction
of the Fe profiles is discussed and quantified based on simulations
of the quasi-steady-state measurement conditions. The simulation
results reveal a slight error in the extracted interstitial iron concentration along the block. However, this error is generally less than
20% for iron concentrations below 1011 cm–3 , which is typical in
the central region of an ingot, and in any case, can be corrected for
based on the modeling results.
Index Terms—Carrier lifetime, iron concentration, quasisteady-state photoconductance (QSSPC), silicon block.

I. INTRODUCTION
HE quasi-steady-state photoconductance (QSSPC)
method is well established for the measurement of
minority carrier lifetimes on silicon wafers [1]. Due to its
advantages in early-stage characterization, the method has also
been recently applied to ingot and block lifetime measurements
and characterization of crystal defects and impurities in them.
Particularly, the interstitial iron concentration has been studied
[2], [3] because of its important role in limiting the minority
carrier lifetime in multicrystalline silicon ingots prior to cell
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processing. This application can provide more immediate
feedback on crystal growth quality through specific knowledge
about the impurities and crystal defects in the ingots and
blocks. Consequently, more reliable decisions can be made for
cropping ingots and blocks for wafering purposes. It may also
be 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 [4]. This detailed information
can potentially be used during the manufacturing processes to
achieve higher efficiency as well as higher yield. Some recent
examples of characterization methods capable of providing such
information at the ingot level are the QSSPC instrument [5],
which is used in this work, and Photoluminescence (PL)-based
methods for ingot characterization [6], [7]. There have also
been studies investigating the effect of surface recombination
velocity (SRV) and sample thickness on the excess minority
carrier lifetime in silicon wafers and blocks using a dynamic
photoluminescence approach [8], [9]. It has also been shown
that a high SRV can introduce large deviations between the
measured and actual bulk lifetime [4], [5], [10].
However, there have not been studies on the accuracy of the
QSSPC block method when used to determine the interstitial
iron concentration. Thus, this study is focused on validating the
accuracy of the extracted interstitial iron concentration [Fei ]
from QSSPC measurements on p-type multicrystalline silicon
blocks, through a comparison between the extracted [Fei ] values on a block and the interstitial iron measured on wafers from
an adjacent block. A simulation tool was developed to model
the QSSPC lifetime measurement in the block before and after
breaking Fe–B pairs [11]. The main source of potential errors
is the nonuniform excess carrier densities which are always
present in ingot measurements, in contrast to the typical conditions during the lifetime measurement on a wafer. (We note
that previous studies [12] have investigated the impact of such
nonuniform carrier profiles on the measurement of interstitial
iron in low lifetime wafers, but were not targeted specifically
at measurements at the ingot level.) In this work, we use such
modeling to show that the [Fei ] data are only slightly affected by
the nonuniform carrier profiles in most practical cases, and that
extracted [Fei ] data from measurements on a p-type multicrystalline silicon brick agree well with wafer-based measurements
from an adjacent brick. A correction procedure is also presented
for reducing the relatively small error in the ingot-based [Fei ]
data taking into account the effects of the doping, the average
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injection level, and the background lifetime due to all other bulk
recombination channels except for Fei .
II. SIMULATION OF QSSPC MEASUREMENTS
The excess carrier profiles under steady-state conditions are
simulated numerically in this work. A “BCT-400” measurement
system from Sinton Instruments is used in this work and the aim
is to simulate how the measurements are performed by the tool.
Below we show how the simulation model was developed,
and then describe how the effective carrier lifetime was calculated. A transfer function is then applied to the effective lifetime
(τQSS−eﬀ ) in order to eliminate the effect of the high SRV due
to the unpassivated as-cut surface. This results in an estimated
QSS bulk lifetime (τQSS−bulk ). The transfer function used in
this work is specific to the BCT-400 tool, but in general other
transfer functions could be applied. The bulk lifetime is simulated before and after the dissociation of Fe–B pairs and the
results are used to determine the interstitial iron concentration
in silicon blocks. The accuracy of the extracted [Fei ] and the impact of several factors such as doping and the average injection
level are also addressed at the end of this section.
Steady-state conditions require that the total rates of electron–
hole pair generation and recombination are equal across the
entire sample, although they may not be equal locally. This
means that
ΔnW
(1)
τQSS−eﬀ =
gcum
where τQSS−eﬀ is the QSS effective lifetime including recombination in the bulk as well as the surface, Δn is the excess
carrier density, W is the sample thickness, and gcum is the areal
carrier generation rate (cm–2 ) over the entire thickness [not
to be confused with the conventional volume generation rate,
G (cm–3 )], which can be calculated from the generation profile
of the light source. It should be noted that in typical cases where
the minority carrier diffusion length is significantly larger than
the sample thickness, such as for measurements on passivated
wafers, Δn can be assumed to be constant across the sample,
and will be a single value at a given light intensity.
The photoconductance measurements monitor the increase
in the sample conductivity σ due to illumination. The excess
carrier density can be calculated by
Δn =

Δσ
q (μn + μp ) W

(2)

where μn and μp are the electron and hole mobility, respectively.
The mobility is a slowly varying function of the carrier density
so requires an initial approximation of the Δn value, followed by
an iterative procedure in order to convert the photoconductance
into carrier densities using (2) [4].
Cuevas [13] proposed a model to simulate QSS conditions
in silicon wafers, utilizing numerical analysis in order to find
Δn for a given thickness, W, and ultimately find τQSS−eﬀ from
(1). In the method, the sample thickness was divided into intervals Δx small enough to ensure the electron current across
the Δx thickness can be considered constant. As described in
detail in [13], numerical analysis involves equating the total
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generation and total recombination of excess minority carriers
across the sample thickness (W) as well as numerically solving
the continuity equation in each element (Δx thick), including
the diffusion of carriers into and out of the elements. In this
work, a quasi-infinite SRV of order of 106 cm · s−1 [14], [15]
was assumed, as a consequence of the nonpassivated surface
on an as-cut block. However, this high recombination velocity
will introduce a large deviation between the measured effective
lifetime including the effect of high SRV (τQSS−eﬀ ) and actual
bulk lifetime excluding high SRV effect, as discussed in [8].
In our simulation tool, a transfer function as defined in [4] is
implemented to convert simulated effective QSS lifetimes into
an estimated bulk lifetimes (τQSS−bulk ).
A significant challenge in applying the QSSPC technique to
a block is its large depth (thickness) which can be considered as
infinite in comparison to the minority carrier diffusion length.
As a result, the Δn profile in a block is never uniform, and so
an average value is required for the data analysis. A weighted
average excess carrier density Δnavg and effective thickness
Weﬀ were introduced by Bowden and Sinton [4] to address
these problems:
Δnavg =

∫0∞ Δn2 dx
(∫0∞ Δndx)2
W
.
=
eﬀ
∫0∞ Δndx
∫0∞ Δn2 dx

(3)

The thickness value has to be moderated by the tool’s coil
depth sensitivity, which in this case is less than 3 mm. Full
details about the coil depth sensitivity profile are discussed in
[15]. The sensitivity function in [15] is applied to the simulated
excess carrier profile to model the profile that the BCT-400 uses
to measure the effective lifetime.
Since we are interested in extracting the dissolved iron concentration [Fei ] in this work, the bulk lifetime may be expressed
in terms of the following components:
1
1
1
1
=
+
+
τbulk
τFe i
τAuger
τother

(4)

where τFe i is the lifetime due to the dissolved Fe, τAuger is the
intrinsic lifetime (Auger and radiative) [16], and τother represents all other bulk recombination channels such as dislocations
and grain boundaries (GBs), and is considered to be injection
independent in this work.
The simulation model allows for various Fei or Fe–B concentrations as well as other inputs such as the doping concentration
and τother to simulate the carrier profiles and extracted lifetimes.
Zoth and Bergholz [17] showed that the interstitial iron concentration in silicon can be calculated from


1
1
[Fei ] = C
−
(5)
τ1
τ0
where τ0 and τ1 are the bulk lifetimes measured at a fixed injection level before and after breaking Fe–B pairs, respectively.
The Fei concentration and factor C have been calculated using
the method developed in [11] and the recombination parameters
(energy levels, capture cross sections, and the thermal velocity)
from [18] for Δn = 1015 cm−3 .
Fig. 1(a) illustrates an example of a volume generation profile G (cm–3 ), as well as carrier density as a function of the
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Fig. 1. (a) Simulated excess carrier density (before and after breaking Fe–B pairs) and volume photogeneration rate G versus distance below the block surface.
(b) Simulated extracted QSSPC bulk lifetime as a function of the average excess carrier density before and after breaking the Fe–B pairs: the crossover point is
located at an excess carrier density just above 1014 cm−3 .

block depth, for a doping concentration of 1016 cm−3 , an average excess carrier density of 1015 cm−3 , and a τother value of
1 ms. The crossover point due to the presence of Fe–B pairs can
be observed a little above Δn = 1014 cm−3 . This is related to
the crossover point observed in typical lifetime versus injection
level data measured on wafers [19]. In general, the position of
the crossover point may vary in an ingot measurement, due to
the impact of diffusion currents resulting from the nonuniform
carrier densities, and because of the approximate nature of the
effective width and average excess carrier density definitions.
However, in many practical cases, the crossover point occurs
close to where it is expected based on the Shockley–Read–Hall
parameters, as indicated in Fig. 1(b), which plots the simulated
extracted QSSPC bulk lifetime as a function of the average
excess carrier density before and after breaking the Fe–B pairs.
The importance of accurate approximations of Δnavg and
Weﬀ is that they are used to calculate the minority carrier lifetime
which will later be used to extract [Fei ]. Hence, the model and
the simulation tool were used to validate the accuracy of the
measured interstitial iron concentration. This was performed by
varying the [Fei ], Δnavg , doping, and τother , all of which can
affect the results. The error in the resulting [Fei ] was defined as
Error =

[Fei ]Calculated − [Fei ]Actual
[Fei ]Calculated

(6)

where [Fei ]Calculated is calculated from (5) with the simulated
lifetime before and after breaking the Fe–B pairs and [Fei ]Actual
is the input value of the iron concentration used in the model.
The simulations revealed that the main source of error is the
iron concentration itself (see Fig. 2), which reduces the diffusion length as it increases. However, the overestimation error
(positive values) decreased as the iron concentration increased
toward 1011 cm−3 , then the error becomes negative, indicating an increasing underestimation of the interstitial iron concentration. In all cases, the error was less than –50% (when
NA = 1016 cm−3 and τother = 300 μs) for iron concentrations
below 1012 cm−3 , which is well above the upper limit observed
in the central part of typical multicrystalline bricks.

Fig. 2.

Effect of interstitial iron concentration on the [Fei ] calculation error.

The chosen value of Δnavg at which the effective lifetimes
are extracted also affects the accuracy of the calculation, as
shown in Fig. 3. In order to avoid the impact of the crossover
point on the lifetime measurements, the simulation did not include Δnavg values between 5 × 1013 and 5 × 1014 cm−3 . The
results illustrate that selecting Δnavg = 1015 cm−3 for measuring Fei concentrations is a reasonable choice, and introduces
similar or less error than injection levels below the crossover
point, while avoiding the adverse effects of minority carrier
trapping.
The value of τother was also found to impact the accuracy
of the extracted [Fei ] values, as shown in Fig. 4 for a doping
concentration of 1016 cm−3 . For values of τother under about
200 μs, it generally caused an underestimation of [Fei ], while
for higher values of τother , it initially causes an overestimation
for lower [Fei ] values, and then an increasing underestimation for higher [Fei ] values. It should be noted that when the
bulk lifetime is limited by bulk recombination centers other
than Fei (τother < 200 μs and [Fei ] < 1011 cm−3 ), changes in
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Fig. 3. Effect of injection level on the [Fei ] calculation error for various [Fei ]
concentrations. Values in the range Δn av g = 5 × 1013 to 5 × 1014 cm−3
were excluded due to the impact of the crossover point.

1219

Fig. 5. QSSPC bulk lifetime versus block position before breaking Fe–B pairs.
The dotted lines represent the lifetime from 12 scans on the four sides of the
block and the solid line represents the mean value of those 12 scans.

III. EXPERIMENTAL METHODS

Fig. 4. Effect of τ o th e r on the [Fei ] calculation error as a function of [Fei ]
for N A = 1016 cm−3 .

the interstitial iron concentration do not affect the [Fei ] calculation error.
The decreasing trend in the error in Fig. 2 is the result of
a combination of effects, such as the use of a single value of
Δnavg as defined in (3) to replace a range of Δn over the
entire depth of W in (2), which itself is replaced by Weﬀ , the
accuracy of the value of C in (5), which is strictly only valid
for Δn = 1015 cm−3 , and the fact that the transfer function is
not entirely accurate in converting the effective lifetime into the
bulk lifetime.
The curves for the higher values of τother are truncated for the
lower [Fei ] values, as in these cases the bulk lifetime becomes
greater than 500 μs, meaning that the quasi-static assumption
becomes increasingly invalid, and the transient lifetime method
should be used. The relative uncertainties in transient and quasistatic lifetime measurements on blocks will be the subject of
future work.
More figures for the Fe concentration error, with different
values of NA , are presented in the Appendix. These allow [Fei ]
measurements with the Sinton BCT-400 tool to be corrected for
the effects of nonuniform injection levels.

In this section, QSSPC lifetime measurements were performed on a standard multicrystalline silicon block grown at
Jinko Solar, as well as on multiple wafers cut from an adjacent
block, both before and after breaking Fe–B pairs, using a boule
tester and a standard wafer lifetime tester, respectively. The data
are used to extract interstitial iron concentrations on the block
and the wafers to allow an assessment of the accuracy of the
block measurements.
QSSPC measurements on the block were performed with
a BCT-400 measurement system from Sinton Instruments, in
QSSPC 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 G6 p-type multicrystalline silicon
ingot, with a square base of 156 × 156 mm and a height of
367 mm. There were 28 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.
The flash power was set to 400 WS with a 300 sun peak intensity and a 3.8 ms decay constant in all the measurements in this
work. The lifetime evaluation started several milliseconds after
the flash peak to eliminate initial decay modes. We note that the
assumption of steady-state conditions for the QSSPC technique
is only valid for bulk lifetimes much shorter than the flash decay
time constant, meaning that bulk lifetimes <400 μs can be measured with reasonable accuracy. For longer lifetimes, dynamic
changes in the carrier densities occur during the flash decay
which are not accounted for under the QSS approximation. In
such cases, transient measurements are recommended.
A total of fourteen 50 × 50 mm pieces were cut out of nine 156
× 156 mm wafers from different heights of the adjacent block
and were passivated with PECVD SiN films on both surfaces.
The interstitial iron concentration at a given height is assumed to
be equal on adjacent bricks. This enabled us to use [Fei ] values
extracted from lifetime measurements on the wafers (as a wellestablished reliable method) as a benchmark for validating the
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Fig. 6. QSSPC bulk lifetime versus block position after breaking Fe–B pairs
with illumination (red line with triangle data points) which is generally higher
than the mean lifetime before breaking pairs (black line with square data points).
The dotted lines represent the lifetime from 12 scans on the four sides of the
block after breaking Fe–B pairs.
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Fig. 8. Extracted [Fei ] versus block position. The dotted lines represent the
[Fei ] on 12 columns on the four sides of the block and the solid line represents
the mean value of those 12 at each point.

Fig. 9. Average [Fei ] from the block before and after correcting for nonuniform carrier profiles, and the [Fei ] from the wafers before and after correcting
for SiN gettering. The error shadow on the block [Fei ] data is 4%, and the
error bars on the wafer data are 8% uncertainty of the transient lifetime data as
reported in [22].
Fig. 7. Fe–B repairing as a function of time, after breaking the Fe–B pairs.
The error bars were obtained from the 4% uncertainty in lifetime of the bulk
samples as reported in [22]. The repairing time extracted from the fitted decay
was 25 min, approximately equal to the expected value which was calculated
based on the doping and temperature (23 min).

A. Lifetime Measurements on the Block

block extracted [Fei ]. The lifetime measurements on wafers
were performed by a WCT-120 standard lifetime tester from
Sinton Instruments using the transient method.
Multiple flashes with a Broncolor Picolite flash with a peak
power of 1600 W were used in order to break the Fe–B pairs
in the brick and the wafers. It has been shown that this method
of breaking Fe–B pairs can achieve up to 99% dissociation in
ingots for lifetimes above 5 μs [20]. The sample temperature
was monitored by an IR camera during breaking the pairs and
the change in temperature did not exceed 2 °C in the block and
the wafers.

The carrier lifetime measurements were extracted at an average excess carrier density of Δn = 1015 cm−3 . Fig. 5 illustrates
the bulk minority carrier lifetime, after applying the transfer
function, in the block before breaking the Fe–B pairs as a function of block height. Each side of the block was divided into
three columns where the lifetime tester was moved along each
column from bottom to top to ensure the maximum possible
area of each side was scanned. This resulted in measurements
for a total of 12 different columns on 4 sides of the block shown
in Fig. 5 (dotted lines). The large variations from scan to scan
are due to the presence of inhomogeneously distributed crystallographic defects, such as GBs and dislocation clusters.
There was a band close to the bottom of the block where the
lifetime was very low due to small grains and high levels of

IV. RESULTS AND DISCUSSION
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Fig. 10. The effect of τ o th e r on the [Fei ] calculation error for (a) N A = 5 × 1015 cm−3 , (b) N A = 7 × 1015 cm−3 , (c) N A = 2 × 1016 cm−3 , and
(d) N A = 3 × 1016 cm−3 .

contamination. This region is normally cropped from the ingot
before wafering.
The minority carrier lifetime (τFe i ) was measured again after
breaking the Fe–B pairs using the strong flash mentioned above.
As shown in Fig. 6, there was a general increase in the lifetime after breaking the pairs, as is expected since the measurements were performed at Δn = 1015 cm−3 which is above the
crossover point [11].

rate of 1/τasso c (where τasso c is the association time) for wafers
containing interstitial iron. The same approach can be used for
ingot measurements, in principle. The results are illustrated in
Fig. 7 for one set of measurement points on the ingot. Tan
et al. [21] showed the relationship between the Fe–B pair association time and the dopant density and temperature can be
expressed as
τasso c =

B. Fe Calculation From Lifetime Measurements
Prior to further analysis of the lifetime data, we first confirm
that the observed changes in the carrier lifetimes after flashing
are indeed due to the presence of dissolved iron. Then, the
extracted [Fei ] data from the block were corrected according to
the simulation results presented above, and then compared with
the measured [Fei ] data from the wafers.
In order to confirm that the differences between the lifetime
before and after flashing the sample are due to breaking Fe–B
pairs (presence of dissolved iron), the sample was left in dark
to allow the Fe–B pairs to reform. Several lifetime measurements were performed during this relaxation period. It has been
shown in [11] that such lifetime data exponentially decay at a

5.7 × 105
0.66
.
T exp
NA
kT

(7)

Using the known dopant density (as determined from the
dark conductance) of 8 × 1015 cm−3 and the ingot temperature
(308 K) results in an expected Fe–B pair formation time of
approximately 23 min. This compares well with the measured
repairing time of 25 min extracted from fitting our lifetime data
in Fig. 7. This confirms that the changes in lifetime we have
observed are indeed due to the presence of interstitial iron.
The extracted interstitial iron concentrations along the block
are shown in Fig. 8. The values were calculated from (5) with
the method developed by Macdonald et al. [11], including the
impact of the doping density variation along the block. As can
be seen, the interstitial iron concentration first rapidly decreases
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along the growth direction from the bottom of the ingot, and then
displays a steady increase in the middle of the ingot with a final
rapid increase at the top of the block. Such a trend has earlier
been reported by numerous authors, for example, Sinton et al. [5]
and Mitchell et al. [20], and can be explained by solid-state
in-diffusion of Fe from the crucible, and impurity segregation
into the liquid phase during crystallization, respectively. It is
also notable that the extracted [Fei ] data on different sides of
the block are less scattered in comparison with the lifetime
data mentioned above. This indicates that our assumption of an
almost equal dissolved iron concentration in adjacent central
bricks is reasonable.

measurements on silicon blocks. In general, the QSSPC measurements of [Fei ] at the ingot level are subject to only a small
error due to the nonuniform carrier profiles in an ingot, and
the results were in good agreement with [Fei ] measurements
on wafers from an adjacent block. The modeling and simulation tool enabled us to validate the accuracy of the interstitial
iron concentration measured with the BCT-400 tool. The simulation results showed the error in the extracted interstitial iron
concentration is generally less than 20% for [Fei ] levels below
1011 cm−3 , which is typically the case in the central regions of
multicrystalline ingots, and can in any case be corrected for.
APPENDIX

C. Block Versus Wafers Results
Fig. 9 presents the measured interstitial iron concentration of
14 wafers from different heights of the central part of an adjacent
block (wafers were not sawn from near the bottom and top of
the block as these are routinely cropped prior to wafering).
Liu et al. [23] have recently shown that the interstitial
iron concentration decreases during the deposition of SiN by
PECVD, due to gettering of Fei to the SiN films. The [Fei ]
reduction in the samples due to the gettering effect was estimated using the model in [23] and found to be approximately
20% for the SiN deposition conditions used in this work (deposition temperature of 250 °C for a total time of 30 min). The
corrected wafer values are also shown in Fig. 9, representing
the expected [Fei ] values in the as-cut wafers. As shown, there
is a steady increase in the interstitial iron concentration with
increasing ingot height, in agreement with the data measured on
the block. The error bars for the wafer data at each point were
calculated assuming an 8% uncertainty in the transient lifetime
measurements [22].
Fig. 9 also shows the mean values of the measured [Fei ]
measured on the block with the error bars from 4% uncertainty
for the block data [22]. These measured [Fei ] values were then
corrected based on the doping and τother values at each point
using the error plots presented in Fig. 9 and the Appendix.
Both the uncorrected and corrected block data are shown in
Fig. 9. We note that the measurement of the interstitial iron
concentration on the block when [Fei ] < 1011 cm−3 is subject
to less uncertainty than wafer-based measurements, due to the
considerably larger volume to surface ratio, as well as the welldefined surface conditions in the block.
After correcting for the effects of nonuniform carrier profiles
in the block measurements, and the effects of SiN gettering in
the wafer data, the datasets on the block and the wafers are in
good agreement. In fact, both corrections are relatively minor.
These results confirm that measurements of the dissolved Fe
concentration using block lifetime measurements give reliable
results under typical measurement conditions for p-type multicrystalline ingots, and can in any case be corrected for the
effects of nonuniform injection levels.
V. CONCLUSION
This paper presents a systematic study on the accuracy of
interstitial iron concentrations extracted from QSSPC lifetime

See Fig. 10.
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