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We present a method for converting photoluminescence images into carrier lifetime images for silicon wafers
with inhomogeneous lifetime distributions, such as multi-crystalline silicon wafers, based on a calibration
factor extracted from a separate, homogeneous, mono-crystalline calibration wafer and simple optical
modelling of the photoluminescence signal from both the calibration wafer and the test wafer. The method is
applicable to planar wafers with uniform carrier proﬁles depth-wise. A multi-crystalline wafer is used to
demonstrate the difference between the conventional calibration approach, where the photoluminescence
signal is calibrated against a quasi-steady-state photoconductance measurement on the test sample itself,
and our proposed method. The lifetimes calibrated by our method are consistent, in contrast with the
lifetime calibrated by the conventional approach, in which the magnitude and injection-dependence of the
lifetime is observed to be sensitive to the choice of reference area. The error in the conventional calibration
method mainly originates from measurement artifacts in the quasi-steady-state photoconductance measurements on multi-crystalline wafers, which we propose to be mainly due to minority carrier trapping, radial
sensitivity of the quasi-steady-state photoconductance sensor coil and overestimation of the carrier mobility
sum. We also show that the proposed new method is effectively insensitive to the lifetime, doping density,
reﬂectance and wafer thickness of the calibration wafer (provided it is below 500 mm).
& 2014 Elsevier B.V. All rights reserved.
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1. Introduction
Photoluminescence (PL) imaging is a powerful tool for silicon
wafer and solar cell characterisation. Given its rapid, contactless, nondestructive nature, and its ability to allow spatially resolved measurement, it is suitable for a variety of different applications such as
carrier lifetime [1–3], series [4] and shunt resistance [5] imaging.
Another advantage of PL measurements is that they are unaffected by
measurement artifacts at low injection such as minority carrier
trapping [6,7] and depletion region modulation (DRM) [8] effects,
in contrast to the commonly used photoconductance-based lifetime
techniques. This allows PL-based lifetime measurements to be
performed at true low injection levels.
However, given that the PL intensity is usually measured only
in relative units, a calibration procedure is required to convert the
raw PL signal into carrier lifetime values. For arbitrary steady-state
injection conditions and with a uniform carrier proﬁle depth-wise,
the measured relative PL intensity is given by
I PL;

n

rel; measured

¼ C calibration ðp  nÞ ¼ C calibration ðN A=D þ ΔnÞΔn
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ð1Þ

with C calibration being a calibration factor, n and p being the electron
and hole concentrations respectively, and NA=D and Δn being the
background doping and the excess carrier concentrations. The
relative PL signal has to be ﬁrst converted into an absolute excess
carrier concentration based on Eq. (1), from which the lifetime
can then be calculated. This calibration procedure requires the
determination of the calibration factor C calibration , and it is most
commonly done by performing a separate carrier lifetime measurement on an area of the test sample using the quasi-steadystate photoconductance (QSSPC) technique [2,9], and comparing
the measured PL signal to the corresponding QSSPC data. This
calibration procedure is typically performed at relatively high
excitation levels in which the impact of trapping-like artefacts
on the QSSPC data is usually negligible. This is based on the
assumption that C calibration , is injection level independent, an
assumption which was shown to be valid only for injection level
up to 1  1015 cm  3 at room temperature [10].
In general, this standard calibration process is robust when the
test sample is relatively homogeneous. It has the advantage that,
since the calibration is performed on the test sample itself, there
are usually negligible variations in doping, thickness, and optical
properties of the calibration region compared to the rest of the
test sample. However, as shown below, this approach is subject to
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signiﬁcant uncertainty if the reference area chosen for the QSSPC
measurement is highly inhomogeneous, as is often unavoidable for
mc-Si samples in which large amounts of localised defects such as
grain boundaries and dislocations exist. Moreover, the implicit
extrapolation of the calibration factor to lower injection levels may
also lead to quite large variations, as shown below.
Several studies have been performed on alternative techniques for
self-consistent calibration of the PL signal, removing the reliance on
the QSSPC data. Mitchell et al. [11] demonstrated a method to extract
the bulk lifetime of silicon bricks through the ratio of two luminescence images taken with different spectral ﬁlters. However, this
method is limited to samples with strongly non-uniform carrier
density proﬁles depth-wise, such as bricks, and is not applicable to
high lifetime wafers. Giesecke et al. [3] converted PL images into
lifetime images based on a lifetime measurement on a part of the test
wafer through time modulated quasi-steady-state photoluminescence (QSSPL). Herlufsen et al. [12] and Kiliani et al. [13] extracted
carrier lifetime images based on a time dependent photoluminescence signal, captured either using an InGaAs camera or a silicon CCD
camera with its signal modulated by a rotating shutter wheel. The
advantage of the dynamic PL calibration techniques is that they do
not require any prior knowledge of the wafer parameters. In this
paper, we propose a steady-state method to convert PL images into
calibrated lifetime images based on a calibration factor determined
from a separate calibration wafer.

2. Theory
2.1. Conventional QSSPC calibration method
In the conventional calibration approach, the photoluminescence signal is calibrated against a QSSPC measurement on the test
sample itself. Here, we discuss two commonly used approaches for
averaging the PL data in the region over the QSSPC sensor, as
required in the conventional calibration approach for determining
C calibration .
The ﬁrst approach determines C calibration through comparing a
simple arithmetic average of the PL signal in a deﬁned region
above the QSSPC sensor, I PL; Avg , with the corresponding excess
carrier density data measured by the QSSPC technique, ΔnQ SSPC .
I PL; Avg
C calibration ¼
ðN A=D þ ΔnQ SSPC ÞΔnQ SSPC

ð2Þ

Eq. (2) is simple, easily implemented, and is accurate for homogeneous samples. However, it becomes less accurate when the
sample has signiﬁcant lateral non-uniformities. Firstly, the nonlinear relationship in high injection between the local values of
I PL; rel; measured and Δn, as indicated in Eq. (1), leads to errors in the
simple arithmetic averaging process. More importantly, in practise
there are signiﬁcant variations in the radial sensitivity of the radio
frequency coil used in the QSSPC measurement [3,13], leading to
further inaccuracies in the averaging process.
Accounting for both of these problems, a more accurate
calibration can be performed by correlating the local PL intensity
measured at each pixel to the QSSPC measured excess carrier
density data [3] according to the following equation:
qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
I PL; i
 NA=D þ N 2A=D þ4 C calibration
ð3Þ
Δn i ¼
2
N

Δni  Sr ðri Þ

i

N

ΔnQ SSPC ¼ ∑

ð4Þ

with I PL; i and Δni being the local PL intensity and excess carrier
density at each pixel respectively, Sr being the radial sensitivity of the
QSSPC sensor and N being the total number of pixels in the sensed

Fig. 1. Radial sensitivity function of the QSSPC sensor, extracted from Giesecke [14].
r represents the distance from the centre of the sensor. Following Giesecke [14], the
RR
sensitivity values are normalised according to 2π 0 r drΔSR ðrÞ ¼ πR2 , with R chosen
to represent the radius of the active sensing region of the sensor.

area of the QSSPC measurement. Eq. (3) is derived through solving
Eq. (1) for Δn. Fig. 1 shows the values of Sr used in this work. It can be
seen that the radial sensitivity of the sensor varies signiﬁcantly, being
most sensitive near the radio frequency coil. Note that we did not
measure the radial sensitivity of the QSSPC sensor used in this work,
but applied a sensitivity function measured by Giesecke [14]. This
could lead to some errors as the sensitivity function of each QSSPC
sensor may vary slightly. Despite this, the function is sufﬁcient to
demonstrate the errors induced by not accounting the radial sensitivity of the sensor coil, which is the main objective of the work.
C calibration can be determined through solving Eqs. (3) and (4) by
iteration. In this paper, we will compare both averaging algorithms
mentioned above with our proposed calibration method, and discuss
the possible causes of errors in applying the conventional calibration
approach.
2.2. Proposed calibration method
As mentioned above, the conventional QSSPC-based calibration
method is robust on homogeneous samples, but is subject to
signiﬁcant uncertainty on highly inhomogeneous samples. Therefore,
we propose extracting an accurate calibration factor using a monocrystalline silicon wafer with homogeneous lifetime, and then converting it for application to the mc-Si test sample. Since the calibration
sample and the test sample may have different doping, thickness and
optical properties, and since C calibration depends on these properties of
the sample, a correction has to be applied to C calibration to account for
these variations. This correction can be performed based on modelling
of the photoluminescence signal. In general, this can be achieved with
simulation packages such as Quokka [15], which allows the PL
emission from silicon wafers to be accurately simulated. For the case
of planar samples with uniform carrier proﬁles depth-wise, a simpler
analytical approach can also be used, as outlined below.
Assuming a uniform carrier proﬁle across the wafer thickness,
the rate of spontaneous emission of electrons and holes via bandband transitions can be expressed by [16,17],
r sp ðℏωÞ ¼ BðℏωÞ  ðpnÞ ¼ αðℏωÞ

n2Si  ðℏωÞ2

π

2 ℏ3 c2


 exp

 ℏω
kT



!
1
ðpnÞ
2
ni

ð5Þ

where α is the absorption coefﬁcient for band to band transitions
[18], and BðℏωÞ is the spectral radiative recombination coefﬁcient.
nSi . ℏω, ℏ, and c denote the refractive index, photon energy,
Reduced Planck's constant and velocity of light in vacuum respectively. Accounting for reabsorption and multiple reﬂections on
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both surfaces, the photon ﬂux per energy interval emitted by a
planar sample into a solid angle of detection Ω is described as [19],
djγ ;em
1  Rf ðℏωÞ
Ω
ðℏωÞ ¼
r sp ðℏωÞ
dðℏωÞ
4π 1  Rf ðℏωÞRb ðℏωÞexp½  2αðℏωÞW
Z W

fexp½αðℏωÞx þRb ðℏωÞexp½  αðℏωÞð2W  xÞgdx
0

ð6Þ
with Rf and Rb being the spectral reﬂectivity of the front and of
the rear surface respectively, and W being the thickness of the
wafer. The inﬂuence of free carrier absorption [20,21] is neglected
in Eq. (6) due to its minor impact and weak wavelength dependence in the inspected wavelength range, coupled with the fact
that we use relative PL data.
The total measured relative PL intensity can be expressed as
I PL;

rel; measured

¼ κ AD

Z

hw2
hw1



Q detector ðℏωÞ  T f ilter ðℏωÞ 


djγ ;em
ðℏωÞ dðℏωÞ
dðℏωÞ

ð7Þ
with Q detector being the quantum efﬁciency of the silicon
detector, T f ilter being the transmittance of the ﬁlters placed in
front of the detector and κ AD being a conversion factor from
photoelectrons to counts [22]. Substituting Eqs. (5) and (6) into
Eq. (7), the total measured PL intensity can be simpliﬁed to
I PL;

rel; measured

¼ K  D  ðpnÞ

ð8Þ

where
K ¼ κ AD 

Ω

ð9Þ

4π

and
DðRf ðℏωÞ; Rb ðℏωÞ; WÞ ¼

Z ℏω2

Q dectector ðℏωÞ
ℏ ω1

1  Rf ðℏωÞ
n2  ðℏωÞ2
 Si
1  Rf ðℏωÞRb ðℏωÞexp½  2αðℏωÞW
π 2 h3 c 2
!


 ℏω
1
 ½1  e  αðℏωÞW
exp
kT
n2i
T f ilter ðℏωÞ

þ Rb ðℏωÞe  2αðℏωÞW ðeαðℏωÞW  1ÞgdðℏωÞ

ð10Þ

This function D is only dependent on the optical properties of a
sample, and can be calculated according to Eq. (10) for a given
sample if its thickness, front and back reﬂectance are known,
assuming that the quantum efﬁciency of the silicon detector and
the transmission of the ﬁlters are also known: Here, we assume
that the solid angle of detection, Ω in Eq. (6), is constant among
different samples and the radiative recombination coefﬁcient,
BðℏωÞ in Eq. (5), is injection independent for model simpliﬁcation.
For more sophisticated analysis, such inﬂuences [10] should be
considered.
Comparing Eqs. (8) and (1), the calibration factor can be
expressed as
C calibration ¼ K  D  ðRf ðℏωÞ; Rb ðℏωÞ; WÞ

ð11Þ

C calibration is the product of a constant scaling factor K and the
function D. Based on Eq. (11), the calibration factor between any
two samples, the test mc-Si wafer and the calibration wafer (CW),
are related via
C calibration_mc ¼

DðRf _mc ðℏωÞ; Rb_mc ðℏωÞ; W mc Þ
 C calibration_CW
DðRf _CW ðℏωÞ; Rb_CW ðℏωÞ; W CW Þ
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lifetime values. Since the calibration wafer has a uniform lifetime
distribution, C calibration_CW can be extracted accurately according to
Eq. (2), using a simple arithmetic mean of the measured PL signal.
Moreover, in such homogeneous wafers, the radial sensitivity of
the QSSPC sensor does not impact the QSSPC measurement, hence
eliminating a reliance on the experimentally determined radial
sensitivity in the calibration.

3. Experimental method
A multi-crystalline silicon wafer was used as a test wafer. The
mc-Si wafer used in this study was a p-type boron doped wafer,
with a resistivity of 1:6 Ω cm, from a commercially grown
directionally solidiﬁed mc-Si ingot. The mc-Si wafer was passivated by silicon nitride and had a thickness of around 151 mm. On
the other hand, 22 mono-crystalline silicon wafers, consisting of
both Float-Zone and Czochralski silicon wafers, were used as
calibration wafers. A large number with different properties were
chosen in order to test the reliability and robustness of the
proposed calibration method. 13 wafers were p-type boron doped
with resistivity ranging from 0:47 Ω cm to 5:6 Ω cm, while the
remaining 9 wafers were n-type phosphorous doped with resistivity ranging from 0:43 Ω cm to 2:53 Ω cm. The thickness of the
wafers varied from 167 mm to 875 mm. The wafers were passivated either by aluminium oxide, silicon oxide or silicon nitride,
and their effective lifetimes ranged from around 26 μs to 2.6 ms,
high enough to ensure uniform carrier proﬁles depth-wise in all
cases. The reﬂectance of the wafers at 810 nm varied from around
0:17% to 31:2%, measured with a UV–vis spectrophotometer
(Perkin-Elmer Lambda 1050) with integrating sphere. Prior to
passivation, all wafers were chemically polished either using
HNO3 acid and HF acid or TMAH solution, in order to yield specular
surfaces.
PL images were captured with a BT Imaging LIS-R1 tool. A long
pass ﬁlter was placed in front of the detector to ﬁlter the reﬂected
laser light. Moreover, a short pass ﬁlter with a cut off wavelength
of 1025 nm was placed in front of the detector to ﬁlter the emitted
band-to-band PL signal. In our experimental setup, samples were
placed on a black sample stage where the spectral reﬂectivity
between the wafers and the stage is in general not known. The
short pass ﬁlter was used to minimise the proportion of rear
reﬂected PL in the total measured PL, hence reducing the uncertainty in the optical modelling, both in terms of rear reﬂectance
from the sample stage, and also in terms of any light-trapped
photons resulting from imperfect sample polishing. The use of a
short pass ﬁlter also reduces the impact of lateral light scattering
both within the sample itself and within the camera's CCD chip on
the captured PL images, therefore producing less blurred images.
QSSPC lifetime measurements were performed using a Sinton
Instruments WCT-120 lifetime tester [9] integrated into the PL
imaging system. Image deconvolution using an experimentally
determined point-spread function (PSF) was applied to the PL
images to reduce the impact of image blurring caused by cross-talk
in the CCD chip. While the use of the short-pass ﬁlter reduces this
effect, it can still have signiﬁcant impact on features with large PL
contrast [23].

ð12Þ

In our proposed calibration method, we experimentally extract
C calibration_CW from a separate, homogeneous, mono-crystalline
calibration
wafer,
and
calculate
the
value
of
DðRf ðℏωÞ; Rb ðℏωÞ; WÞ for both the calibration and test wafers.
We then apply Eq. (12) to determine a suitable calibration factor,
C calibration_mc , for the test sample to calibrate the PL signal into

4. Experimental veriﬁcation
As described above, we used a set of mono-crystalline silicon
wafers with different doping, thickness and reﬂectivity as calibration wafers to test the validity of the proposed optical correction
function, Eq. (12). For each wafer C calibration_CW was determined
multiple times for four different illumination intensities,
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equivalent to a range of average injection levels, from a comparison of the average PL signal and the average excess minority
carrier concentration and the independently measured background doping. The results are plotted in Fig. 2. Fig. 3 shows the
results as a function of wafer thickness for the same samples. We
can observe that the values of C calibration_CW extracted from the
mono-crystalline calibration wafers vary signiﬁcantly, due to the
differences in their optical properties.
The value of the optical calibration constant DCW was calculated
for each wafer according to Eq. (10), using its measured optical
properties. As shown in Fig. 2(b), the ratios of C calibration_CW =DCW for
the set of samples converge to an almost constant value, as
expected, since the impact of the optical properties is divided

out. Also note that for each calibration wafer, four values of the
ratio C calibration_CW =DCW were extracted at different injection levels,
revealing very little injection-dependence. Therefore, despite the
large variations in optical properties, most of the extracted ratios
agree well with each other, with a small relative standard
deviation of around 7%, indicating the validity of the proposed
modelling. Explicitly, we do not observe any dependence of
C calibration_CW =DCW on injection level, minority carrier lifetime,
doping, reﬂectance, and the types of surface passivation of the
calibration wafers. However, C calibration_CW =DCW is observed to be
slightly dependent on the wafer thickness as the thickness
increases beyond 500 μm, as shown in Fig. 3. This is likely to be
due to the slight reduction in the sensitivity of the QSSPC
measurement on thicker wafers. In general, for a precise calibration, it is advisable to choose a calibration wafer with similar
properties to the test wafer in order to reduce the inﬂuences of any
second order effects, such as free carrier or dopant induced bandgap narrowing [24–26], injection dependence of spontaneous
radiative recombination [10] or slight variation in solid angle of
detection due to difference in sample thickness, which are not
included in the proposed optical correction function.

5. Results – application on a multi-crystalline silicon wafer
5.1. Conventional calibration approach – comparison between two
averaging algorithms
Fig. 4 shows a PL image of a multi-crystalline wafer that was
used as the test wafer. Individual PL and QSSPC measurements, at
15 different injection levels, were taken on the mc-Si test wafer.
The QSSPC lifetimes of three different regions, as highlighted in
Fig. 4, combined with their corresponding PL intensity, were used
to determine the calibration factor. Fig. 5 shows the QSSPC lifetime
data for one of the highlighted region (R2) in Fig. 4. We observed
high apparent lifetime values at low injection, due to minority
carrier trapping. A trapping correction function [27] was applied to
correct for the effect of trapping in the raw data and the result is
shown in Fig. 5. Fig. 6 compares the values of C calibration determined

Fig. 2. Injection dependence of (a) C calibration_CW and (b) the ratio C calibration_CW =DCW
extracted from a set of mono-crystalline silicon wafers. C calibration_CW =DCW is
dimensionless. Note that the samples with signiﬁcantly higher ratios in Fig. 2
(a) and (b) are considerably thicker ð688 mm and 875 mmÞ, as shown in Fig. 3, in
which the same symbols are used to represent each sample. The secondary axis
shows the values normalised against the mean value in each ﬁgure.

Fig. 3. The inﬂuence of sample thickness on the ratio C calibration_CW =DCW . The
secondary axis shows the values normalised against the mean value in the ﬁgure.
The values in the ﬁgure represent the average ratios extracted from the four
different injection levels in Fig. 2(b).

Fig. 4. PL image of a mc-Si wafer. Red, green and blue circles represent three
regions (R1, R2, and R3) that were used as the reference areas in the conventional
QSSPC calibration methods. Purple square near the top right corner represents an
intra-grain region used for lifetime analysis in Figs. 7 and 9. (For interpretation of
the references to colour in this ﬁgure legend, the reader is referred to the web
version of this article.)
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Fig. 5. QSSPC lifetime data of R2, highlighted in Fig. 4, before and after trapping
correction. The trapping corrected data is used for the determination of the
C calibration_CW in Fig. 6.

using the two different averaging algorithms mentioned above,
based on the trapping corrected QSSPC data. Note that the x-axis
of Fig. 6 shows the average excess carrier density of the whole
wafer for each measurement, while the x-axis of Fig. 5 shows the
excess carrier density of one of the highlighted region (R2) in
Fig. 4. The ﬁrst algorithm uses a simple arithmetic mean of the
measured PL signal for calibration. It can be seen that C calibration_mc
determined by this averaging algorithm depends strongly on the
choice of reference region used for calibration. The second algorithm correlates the QSSPC data with the measured PL signal at
each pixel according to Eqs. (3) and (4), including the inﬂuence of
the variation in the radial sensitivity of the QSSPC sensor in the
calculation. The C calibration_mc values determined by this algorithm
show only a small dependence on the choice of reference region
which is likely to be due to uncertainty in the experimentally
determined radial sensitivity data of the QSSPC sensor. However,
although the second algorithm produces more consistent results
compared with the ﬁrst one, the values of C calibration_mc determined
by both algorithms vary considerably with injection level.
C calibration , in principle, should be injection independent, at least
up to 1  1015 cm  3 , and should be consistent regardless of the
choice of reference area used for calibration, otherwise it could
lead to a signiﬁcant error in the calibrated lifetime values. This
injection-dependent variation in C calibration mainly originates from
the QSSPC measurement, as discussed below. Since the calibration
relies on the QSSPC measurement, an overestimation of Δn in the
QSSPC data leads to an underestimation of the calibration factor
and thus an overestimation of the calibrated lifetime values, and
vice versa.
Fig. 7 compares the injection dependent carrier lifetime of an
intra-grain region, as highlighted as a purple square in Fig. 4,
calibrated with both averaging algorithms. The lifetime of an intragrain region, far from grain boundaries and dislocations, was
selected for comparison as the impact of lateral carrier smearing
is minimal and the carrier proﬁle is quite uniform depth-wise in
such a region. The lifetimes calibrated by the second algorithm
show only a slight variation in terms of their magnitude and
injection dependence at high injection level compared to lifetimes
calibrated using a simple arithmetic mean, in which substantial
differences can be observed. This demonstrates the importance of
accounting for the spatially non-uniform sensitivity of the QSSPC
coil in measurements on samples with strong spatial variations in
minority carrier lifetime. However, at low injection level, the

Fig. 6. Variation of the calibration factor calculated based on the two different
averaging algorithms, (a) using a simple arithmetic average ðI Avg Þ or (b) a positiondependent sensitivity-weighted average ðI W;Avg Þ of the measured PL signal, in the
conventional calibration methods. The x-axis shows the average excess carrier
density of the whole wafer for each measurement, calculated using the proposed
calibration method, for allowing a more consistent estimate for the excess carrier
density. The secondary axis shows the values normalised against the mean value in
the ﬁgure.

Fig. 7. Injection dependent carrier lifetime of an intra-grain area, as highlighted in
Fig. 4, calibrated by two different averaging algorithms. R1, R2 and R3 represent
three different reference areas used in the conventional calibration methods. Note
that the x-axis shows the local excess carrier density of the highlighted intragrain area.

variation in the lifetime values becomes more signiﬁcant in both
methods and high apparent lifetime values can be observed. The
high apparent lifetime values at low injection levels are likely due
to minority carrier trapping in the QSSPC lifetime measurement,
although a trapping correction function [27] has already been
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applied to the QSSPC data. The trapping correction function
implicitly assumes that the trapping centres are evenly distributed
across the sample and are of a single type in terms of trapping
characteristics such as the trap escape/release time ratio [6].
However, in an actual mc-Si sample, the trap density and type
are very likely to vary signiﬁcantly across a wafer. Therefore, the
trapping correction may only allow a partial correction, and is not
able to completely eliminate the impact of the traps, especially as
the injection level is decreased below the apparent trap density.
Furthermore, the inﬂuence of trapping might not only be limited
to measurements taken at low injection levels as it is possible that
very low lifetime regions will have locally reduced excess carrier
concentrations, at which trapping can still be prevalent, even
when the average excess carrier density across the wafer is high.
We observe a variation up to 2 orders of magnitude in the excess
carrier density across the mc-Si wafer used in this work.
5.2. Experimental results: proposed calibration method
By comparison, based on Eq. (12), we determine C calibration_mc for
the test mc-Si wafer from C calibration_CW extracted from several monocrystalline calibration wafers with different lifetimes, thickness,
doping and reﬂectance. 8 calibration wafers, with their background
doping ranging from 9  1015 cm  3 to 1:27  1016 cm  3 and their
thickness varying from 167 μm to 242 mm, were selected based on
their similarly in thickness and background doping with the test mcSi wafers. The variation in C calibration_mc determined from our proposed approach, as shown in Fig. 8, is signiﬁcantly smaller than the
variation in C calibration_mc determined from the conventional calibration methods, shown in Fig. 6, and it does not exhibit any injection
level dependence. The average value of C calibration_mc extracted from
the selected calibration wafers is 7:16  10  28 cm3 =s, with a small
relative standard deviation of around 4%.
At low injection, the calibration factors determined from the
conventional approach are smaller than the calibration factors
calculated from our proposed method. This is mainly due to
minority carrier trapping, which increasingly affects the QSSPC
measurement used for calibration as the injection level is
decreased, even when a trapping correction procedure is applied
[27]. This leads to an underestimation of the calibration factor. At
high injection levels, in which the lifetime is unaffected by
trapping, the opposite is observed. This may be partially due to
an overestimation of the carrier mobility sum in mc-Si wafers in
regions with high dislocation densities. It has been reported

Fig. 8. Variation of the calibration factor for the multi-crystalline wafer
ðC calibration_mc Þ extracted from 8 separate mono-crystalline calibration wafers (CW)
at different injection levels and calculated according to Eq. (12). Also shown for
comparison are values for R3  I W;Avg which represent the calibration factors
determined according to the standard calibration method, as shown in Fig. 6(b).
The secondary axis shows the values normalised against the mean value in the
Figure. Note that the x-axis shows the average excess carrier density of the
reference region, obtained from QSSPC measurements.

previously that the carrier mobility in some regions of mc-Si
wafers is lower when compared with the carrier mobility in
mono-crystalline wafers [28,29], due to the presence of grain
boundaries or dislocations which act as barriers for carrier diffusion. An overestimation of the mobility sum will result in an
underestimation of the QSSPC measured lifetime, and an overestimation of the calibration factors. In addition, the errors could
also be caused by, or partly caused by, the presence of low lifetime
areas, in which the excess carrier density is not uniform depthwise. This causes the excess carrier density to be underestimated
in the QSSPC measurement [30], also leading to an overestimation
in the calibration factor [31]. The error analysis stated above is
based on studies on a single mc-Si wafer. Different mc-Si wafers
have different electrical properties, such as different lifetime
distributions and different number of traps, which might have a
different impact on the QSSPC measurements. However, such
studies are not the main purpose of this work. This work focuses
on demonstration of an improved method for calibrating steady
state PL images. Comparing both calibration methods, it can be
seen that the standard calibration method is subject to errors at
both low and high injection and is accurate only when the
calibration is performed within a narrow range of injection levels,
in this case, for Δn  2  1014  1  1015 cm  3 . The common
approach of applying a single calibration factor obtained on a
mc-Si wafer at higher injection to other injection levels, in order to
avoid trapping-like measurement artefacts, is therefore prone to
signiﬁcant uncertainty. In some cases it may be quite accurate,
while in others it can produce signiﬁcant errors.
Fig. 9 shows the injection dependent lifetime of the same intragrain region described above calibrated by our proposed method.
As reference, we plotted the most accurate calibrated lifetime values
achievable by the conventional approach, calibrated according to
Eqs. (3) and (4) with the QSSPC sensitivity function implemented.
A considerable difference in the calibrated lifetime values, in terms of
the magnitude and injection dependence, can be observed. The
differences in the lifetime values calibrated by our method and the
conventional approach vary from up to 70% at low injection levels
ðΔn  4  1014 cm  3 Þ to around 14% at moderate injection levels
ðΔn  7  1015 cm  3 Þ. When using our proposed method, we do not

Fig. 9. Injection dependent carrier lifetime of an intra-grain area, as highlighted in
Fig. 4, calibrated by our proposed approach. R1, R2 and R3 represent the lifetime
calibrated using three different reference areas in the conventional QSSPC calibration method. CW represents the lifetimes calibrated by separate Calibration Wafers
(CW). The error bars represent one standard deviation in the extracted values of
C calibration_mc in Fig. 8. Note that the x-axis shows the local excess carrier density of
the highlighted intra-grain area.
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observe any artiﬁcially high lifetime values at low injection due to
minority carrier trapping. In our proposed calibration method, the
calibration factor is extracted from mono-crystalline wafers with
homogeneous lifetime. The effect of trapping is minimised in such
wafers due to low impurity levels and the lack of localised defects. As
such there is no requirement to ﬁt a trapping correction to the QSSPC
data, making the calibration procedure more robust.

6. Discussion
While PL measurements are not subject to measurement
artifacts such as minority carrier trapping, it is crucial that the
reference data used for the calibration of the PL signal is also
unaffected by such artifacts; otherwise, it could lead to a signiﬁcant error. Our calibration method thus allows more consistent
and accurate PL-based lifetime images at various injection levels,
especially at low injection levels, compared with the standard
calibration method. This is particularly relevant for some applications on mc-Si wafers, for example, when evaluating small variations of lifetime among different grains or after processing sister
wafers under different conditions. It could also be applied to
increase the accuracy in imaging interstitial iron concentrations,
in which two PL images are taken at two different injection levels,
before and after dissociation of iron-boron pairs [32], and the
measurements are often performed at low or moderate injection
levels ðΔn⪡1  1014 cm  3 Þ to avoid breaking of iron-boron pairs
during the initial measurement. Our method can also be applied to
measure lifetimes on small samples which cannot be measured
accurately using the conventional QSSPC measurement setup as
the sample is signiﬁcantly smaller than the QSSPC sensor. Furthermore, since C calibration_CW =DCW depends only on the system setup
and is independent of the test sample parameters, it only needs to
be determined once and can be applied to measurements on
different samples at different injection levels, provided that the
exposure time of the PL images is accounted for.
It should be noted that in our proposed calibration method, the PL
signal is calibrated into lifetime values based on two key assumptions.
Firstly, it is assumed that the carrier density proﬁle is uniform depthwise, in both the calibration wafers and the test wafers. While the
former can be easily achieved by selecting calibration wafers with high
lifetime, the latter might not be achievable especially at low lifetime
regions such as grain boundaries. Photon reabsorption within the
sample can impact the fraction of internally generated photons that
can escape the sample and contribute to the detected signal. Our
analysis accounts for photon reabsorption based on the assumption
that the carrier density is uniform. A non-uniform proﬁle affects the
total amount of photon reabsorption, and hence can lead to errors in
calibrating the PL signal. Variations in that fraction have been shown
to be generally small, and are signiﬁcant only for variations in bulk
lifetime from 1 μs to  50 μs [33]. Therefore, our analysis can be
assumed to be reasonably accurate for most situations except when
applying to low lifetime areas or samples. In such cases, more
sophisticated modelling tools such as Quokka [15] or QS Cell [34]
are required to account for the impact of non-uniform carrier proﬁles
on the photon reabsorption.
Secondly, our method also requires both the calibration wafers
and the test wafers to be double sided polished and without any
texturing. This is due to the assumption of a planar surface in the
derivation of Eqs. (6) and (10). Texturing induces an increase in the
average path length of luminescence within the sample [35],
which can strongly affect the fraction of internally generated
photons contributing to the measured PL signal. Short pass
ﬁltering can restrict the detected luminescence signal to wavelengths which are not strongly affected by these path length
enhancement effects. By choosing calibration wafers with similar
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texture, combined with more sophisticated optical modelling, our
proposed method might be applicable also to textured wafers.

7. Conclusion
We present a method for the accurate conversion of PL images
into calibrated lifetime images for wafers with inhomogeneous
lifetime distributions based on an optically-corrected calibration
factor extracted from PL and quasi-steady-state photoconductance
measurements on a separate calibration wafer with homogeneous
lifetime. The magnitude and injection dependence of the lifetime
calibrated by the conventional approach depends on the choice of
reference region used for calibration in a mc-Si wafer, and at lower
injection levels on the accuracy of the trapping correction. Comparison of two conventional calibration approaches showed that
radial variations in the sensitivity of the coil area in commonly
used QSSPC lifetime measurement systems should be accounted
for to avoid signiﬁcant errors. In contrast, the lifetimes calibrated
by our proposed method are consistent, regardless of the choice of
calibration wafer. The proposed method also eliminates the
requirement for trapping corrections and the need for measuring
radial sensitivity functions for the analysis of the QSSPC data.
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