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ABSTRACT: The 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 the use on ingots to 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. Measurement
of the iron-boron re-pairing time confirms that the changes in the lifetime after flashing the block
are indeed due to the presence of dissolved iron impurities. The measured Fe profile along the
block is in qualitative agreement with those reported in previous work, and fits the expected trend
due to impurity segregation. The lifetimes are also compared with a calibrated PL image on the
same ingot, which shows similar qualitative trends, but lower lifetime magnitudes due to the lower
injection level in the PL measurement.
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INRODUCTION

also applied in this work, and the recent development of
PL-based methods for ingot characterization [4, 5]. This
study is focused on the further development of QSSPC

The Quasi-Steady-State Photoconductance (QSSPC)

methods for applications to ingots, ultimately aiming to-

method is well established for measurement of the minor-

wards identifying useful correlations between data at the

ity carrier lifetimes on silicon wafers [1]. However, the ap-

ingot level and the final cell efficiency.

plication 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

EXPERIMENTAL METHODS

1. Boule Tester

decisions in regards to the cropping of ingots for wafering

All of the QSSPC measurements were performed using

purposes. Moreover, accurate details about these char-

a BCT-400 measurement system made by Sinton Instru-

acteristics may provide valuable information regarding

ments, in QSSPC measurement mode with an 850-nm

the manufacturing process to produce higher efficiency

IR-Pass Schott glass filter. The flash intensity was re-

or yields in final cells. There have been numerous stud-

duced from the maximum achievable intensity to avoid

ies performed on wafers which were cut from different

coil saturation during the lifetime measurements. The

parts of an ingot [2], to provide information about the

calibrated PL image was taken at UNSW using the PL

electronic quality. There have however been fewer stud-

Intensity Ratio (PLIR) method, as described in Ref [4].

ies at the ingot level prior to wafering. Some notable
examples include the development of a modified QSSPC
tester for applications to ingots and blocks [3], which is

2. Sample and Measurements
The sample was a rectangular block cut from a stan-

dard industrial p-type multicrystalline silicon ingot, with
a square base of 155 × 155 mm and a height of 267 mm.

400

There were 12 QSSPC measurement points starting at

350

density of data points can be easily achieved, although
there would be some convolution of data between each
point when the data points are closer than the coil diameter (approximately 15 mm). A Broncolor Picolite flash
with a peak power of 1600 W was used in order to break
the Fe-B pairs since thermal breaking is not practical at
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ingot level.
Since the ingot does not have a uniform lifetime distribution, different measurement points required a different

FIG. 1: Extracted Bulk Minority Carrier Lifetime before and
after flashing as a function of ingot position.

number of flashes in order to break the pairs completely.
Therefore, during flashing of each point, the other parts
of the ingot were covered to ensure that the most accurate measurement is achieved. Excessive flashing was
found to result in local heating, which can cause some
re-pairing of the Fe-B pairs during the measurement.
An important aspect of such ingot QSSPC measurements is that the injection level within the ingot is not
uniform depth-wise, due to the infinite thickness of the
sample in comparison with the minority carrier diffusion
length. In addition, there was no surface passivation at
the ingot surface. The carrier profile is strongly nonuniform as a function of depth, and it is expected that
the apparent lifetime measured with the BCT-400 is sig-

FIG. 2: Spectral PL intensity ratio lifetime image of the same
sample ingot side face. The scale is in microseconds. The
green line represents the central position of the QSSPC scan.

nificantly less than the actual bulk lifetime of the ingot.
We note that the first and last points are quite close to
RESULTS AND DISCUSSION

the edge of the ingot, the lifetimes were very low, and it
was difficult to extract the Fe concentrations accurately.
As is shown, the lifetime increased after Fe-B pairs break-

1. Lifetime

ing for other points along the ingot, reflecting the fact

The carrier lifetime measurements were extracted at an

that the injection level in the majority of the sensed re-

apparent excess carrier density of ∆n =10 . Fig.1 illus-

gion of the ingot is above the crossover point for FeB

trates the bulk minority carrier lifetime before and after

pairs during measurement. However, due to the presence

breaking the Fe-B pairs as a function of ingot position.

of different types of defects and impurities, mostly dislo-

15

Bowden and Sinton proposed a method based on a
transfer function to convert the measured effective life-

cations and grain boundaries, this increase does not have
a uniform trend along the ingot.

time τeff to the expected actual bulk lifetime (τb ) which

Mitchell et al proposed a method to image the minority

is explained in detail in [6]. The function was further

carrier lifetime on ingots based on the PL imaging tech-

developed by Swirhun et al [7], as used in this work. It is

nique, using a spectral ratio of intensities as described in

these extracted bulk lifetimes which are shown in Fig.1

[4]. Fig.2 shows the PL image of the side of the stud-

ied ingot. The green line represents the central point of
the line scanned by the QSSPC boule tester. The crystal
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growth direction and grain boundaries are clearly evident

shows a reasonable qualitative agreement between the
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in the image. Comparing the lifetime of the ingot along
the scan line with the lifetime profile obtained by QSSPC
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two methods. Although both methods show quite similar
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trends for the minority carrier lifetime, a higher lifetime
is obtained by QSSPC, due to the large difference in the
excess carrier density at which the measurements were
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performed (QSSPC was performed around ∆n =10 ,
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whereas PL was performed at around ∆n =1013 ). A
more detailed comparison of the techniques will be the

FIG. 3: Fe concentration as a function of ingot position.

subject of future studies.
dissolved Fe, the sample was left in the dark to allow
2. Dissolved Fe profile
Zoth and Bergholz [8] showed that the interstitial Fe
concentration in silicon can be calculated from:


[Fe] = C τ11 − τ10
[1]

the Fe-B pairs to re-form. Several lifetime measurements
were performed during this relaxation period.
It has been shown in Ref [9] that such lifetime data exponentially decays at the rate of τassoc (association time)
for wafers containing interstitial Fe. The same approach

The Fe concentration and factor C have been calcu-

can be used for ingot measurements, in principle. The

lated using the method developed in Ref [9]. Fig.3 shows

results are illustrated in Fig.4 for the collected data from

the calculated Fe concentration along the ingot. The

one set of the measurement points on the ingot (note that

Fe concentration firstly rapidly decreases towards the

it was at a different position on the ingot face to those

growth direction from the bottom of the ingot (the left
side of the graph), and then experiences a steady increase

reported in Fig.1).
Moreover, Tan et al.[10] showed the relation between

in the middle of the ingot. Such a trend has previously

1
the Fe-B pair formation rate ( τassoc
) with the dopant

been reported by Sinton et al. [3] and Mitchell et al [5],

density and the temperature can be expressed as:

and can be explained by solid-state in-diffusion of Fe from
the crucible and impurity segregation, respectively.

τassoc =

5.7×105
NA

T exp

0.66
kT



[2]

We note that there are some uncertainties in the de-

Using the measured dopant density of 7.2 × 1015 and

termination of the Fe concentration using this approach,

the ingot temperature (308 K) results in an expected Fe-

since the conversion factor C in Equation 1 depends

B pair formation time of approximately 26 mins. This

strongly on the injection level, which is not uniquely de-

compares well with the measured re-pairing rate of 28

fined in QSSPC measurements performed on an ingot.

mins extracted from fitting our lifetime data in Fig.4.

We are currently developing a simulation tool which will
allow us to assess the impact of the varying injection

This confirms that the changes in lifetime we have observed are indeed due to the presence of interstitial Fe.

level on the extraction of Fe concentrations, aiming to
provide systematic methods for correcting the Fe data, if
required.

4. Comparison to Scheil equation
To confirm the extracted Fe and B profiles in our
study, the results were compared with Scheil’s segre-

3. Fe-B re-pairing time
To confirm that the difference in the lifetime before
and after flashing the ingot is due to the presence of

gation model for impurities and dopants during ingot
growth. The boron profile along the ingot was extracted
from the resistivity profile.
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FIG. 4: Reduction in measured lifetime during the re-pairing
of FeB pairs in the dark. The characteristic re-pairing time
was found to be 28 mins.

FIG. 6: Scheil segregation model for iron as a function of
ingot height fraction (fs ).
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FIG. 5: Scheil segregation model for boron as a function of
ingot height fraction (fs )

differences in the injection levels at which each measurement was performed.
The measured FeB re-pairing time is consistent with
that expected from the literature, and confirms the presence of dissolved Fe and its effect on the minority carrier
lifetime in the ingot.

Fig.5 and 6 present the concentration of boron , with
the segregation coefficient 0.8, and iron, with the segregation coefficient of 1.5 × 10−5 [11], along the ingot as a
function of the ingot height fraction respectively.
Since the Fe concentration depends on mechanisms
other than segregation at the ends of the ingots, the ex-

Future work will attempt to validate the extraction
of Fe concentrations from QSSPC data on ingots using
simulation tools. Further, a more detailed analysis of the
accuracy and reliability of the method will be conducted.
This will enable us to study the usefulness of the lifetime
and metastable defect analyses on the ingot level for various material classes and cell processes.

tracted 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 (0 and 1 indicate bottom and top
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