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Abstract

Photoluminescence (PL) imaging is a versatile technique for the characterisation of silicon samples across almost the
entire photovoltaic (PV) value chain. Within only a few years after the first demonstration of PL imaging on large-
area silicon wafers at the University of New South Wales in 2005, this measurement principle has quickly evolved
into a standard method for process monitoring in R&D and is now being used at most PV research institutes and
leading wafer and solar cell manufacturers. The first part of this paper provides a brief overview on PL imaging and
discusses some specific applications and quantitative analysis methods, including spatially resolved calibrated
minority carrier lifetime and series resistance measurements. The high resolution and short measurement time of PL
imaging also allow a range of applications for inline process monitoring in production. Emphasis is given in the
second part of this paper to PL imaging applications in solar cell manufacturing at an early stage of the PV value
chain, specifically the characterisation of silicon bricks and ingots prior to wafer cutting and of as-cut wafers prior to
solar cell processing.

© 2011 Published by Elsevier Ltd. Selection and/or peer-review under responsibility of the organizing committee of
International Conference on Materials for Advanced Technologies. Open access under CC BY-NC-ND license
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1. Introduction

A continuous aim of research and development in photovoltaics (PV) is cost reduction, with the goal of
making PV a real alternative to fossil fuel based energy sources, without the need for government funded
incentive schemes. Across the entire value chain increasing resources are devoted by companies and
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research organisations towards the development of new materials and processes, new device designs or
approaches to transfer high efficiency solar cell concepts, such as selective emitters or rear point contacts,
from the lab into large scale production in a cost effective manner. This effort has allowed a continuous
cost reduction over several years, spot prices for crystalline silicon PV modules recently reaching values
as low as < 1.40 €/W [1].

Advanced characterisation techniques play an important role in the “quest” for further cost reduction.
Firstly, offline characterisation of samples at different processing stages is indispensible for efficient
process development, optimisation and debugging. At least as important as achieving and reporting high
efficiencies for champion cells or modules is the ability to manufacture cells and modules in large-scale
production consistently with similar high efficiencies and yield. Therefore, characterisation tools also play
a crucial role when applied inline in production. Combined with statistical process control, potentially
embedded in manufacturing execution systems (MES), advanced metrology tools accelerate process
optimisation and allow effective monitoring of production processes and production with higher yield.
They therefore represent a key enabling technology for further cost reduction in PV manufacturing.
Photoluminescence (PL), specifically PL imaging, is ideal for such applications.

Theoretical and experimental work in the late 1980s and 1990s, particularly by Peter Wiirfel’s research
group at the University of Karlsruhe, established luminescence to be a highly suitable technique for the
characterisation of silicon, especially in the context of PV applications [2-4]. However, until recently
luminescence was not a mainstream method in PV-related R&D. Apart from the lack of commercially
available tools, one reason may have been the perceived difficulty of interpreting luminescence intensities
or spectral luminescence data quantitatively in terms of relevant physical parameters. In 2004 quasi-
steady-state photoluminescence was demonstrated as a quantitative method for measuring the injection
dependent minority carrier lifetime of silicon wafers [5], a technique that is now used routinely at the
University of New South Wales (UNSW) for process monitoring. The main driver for the adoption of
luminescence was caused, however, by the introduction of luminescence imaging techniques. Electro-
luminescence (EL) imaging of silicon solar cells [6] and photoluminescence (PL) imaging of solar cells
and wafers [7] were demonstrated in 2005. Since then these techniques have seen rapid development and
growth. After only a few years both methods are used extensively to date as standard methods in PV
research laboratories and by silicon wafer, solar cell, and module manufacturers worldwide. They are also
currently in the process of being adopted for inline process monitoring in production.

A number of specific luminescence imaging applications have been developed that allow extracting
material and device parameters from single luminescence images or from several luminescence images
taken under different operating and/or measurement conditions. The first part of this paper presents a short
overview of some of those applications. Given the large number of recent publications in this field we
make no claims of this short overview being complete, but rather focus on minority carrier lifetime
imaging and series resistance imaging, i.e. those applications for which we believe PL imaging to be
particularly suitable as a reliable quantitative measurement technique. In the second part of the paper we
review PL imaging applications on silicon bricks and for inline quality control on as-cut wafers and
present some recent PL imaging data on so-called cast monocrystalline wafers.

2. Luminescence imaging

In luminescence imaging of silicon samples, the surface of the sample is excited to emit luminescence
and a camera is used to acquire an image of the luminescent emission. Electroluminescence imaging
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requires electrical contacts and is therefore applicable only on fully processed solar cells and modules.
Due to its simplicity, EL imaging is widely used for module inspection. PL imaging uses optical
excitation, which is advantageous, since it allows application to a wider range of samples, including
bricks, as-cut wafers and partially processed wafers. PL imaging avoids contacting the sample, an
important practical aspect for inline applications in terms of measurement throughput and in terms of the
reduced risk of mechanical damage to the sample. The applications that will be discussed here are based
on imaging the band-to-band emission from crystalline silicon at room temperature, which is a broad
spectrum with a peak at about 1140 nm. That emission band can be detected partially with silicon CCD
cameras and almost completely with InGaAs detectors. It is particularly interesting for PV applications,
since the rate of spontaneous emission via band-band transitions is directly linked to physical quantities
such as the product of electron and hole densities, the minority carrier lifetime, the splitting of the quasi-
Fermi energies, and the diode voltage.

2.1. Minority carrier lifetime imaging

The proportionality of the rate of spontaneous emission to the np product has important implications.
In contrast to most other measurement techniques, luminescence measurements are not significantly
affected by minority carrier trapping or by artifacts caused by excess carriers accumulated in space charge
regions [8, 9]. This is relevant since the minority carrier lifetime is a strong function of the excess carrier
density (i.e., of the injection level). Lifetime information that is relevant for the operation of the solar cell
should therefore be measured under conditions that are equivalent to the operation conditions of the cell
in the sun. Typical industrial solar cells operate at excess carrier densities on the order 10" to 10" cm™.
PL allows carrier lifetime measurements at these and much lower excess carrier densities, where other
techniques are either not sensitive or affected by the above artifacts. PL imaging was therefore initially
proposed and demonstrated as a fast technique to measure the minority carrier lifetime with high spatial
resolution [7]. Using PL imaging, effective minority carrier lifetime images on passivated or diffused
wafers can be acquired with megapixel resolution within a second or less, orders of magnitude faster than
is possible e.g. with microwave photoconductance decay mapping tools that are commonly used for this
purpose. An example of a calibrated lifetime image is shown in Fig. 1.

30 ps

Fig. 1. Effective minority carrier lifetime from a PL image on a 6-inch SiN passivated multicrystalline silicon wafer.
Calibration was achieved using a Sinton Instruments WCT120 QSSPC system integrated into the BT Imaging LIS-
R1 PL imaging system.
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A complication with interpreting PL signal in terms of carrier lifetime arises from the fact that the
rate of spontaneous emission ry, and thereby the measured PL signal is not only determined by the excess
minority carrier density An, but also by the net background doping Np,4 er:

rsp :BAI’Z HVD/A,IIEI+An) 5 (1)

with B the radiative recombination coefficient. In addition, the fraction of the rate of spontancous
emission that escapes and can therefore be measured as PL signal also depends strongly on the optical
properties of the sample. A separate calibration is therefore required for each distinct type of sample. A
number of calibration approaches have been demonstrated in the literature, including correlation of PL
imaging data with non-spatially resolved data from quasi steady state photoconductance (QSSPC) [10,
11] or with self consistently calibrated quasi-steady-state photoluminescence [7, 12]. Various variations
of so-called dynamic calibration methods, which all rely in one way or the other on a direct or implicit
comparison between steady-state and transient measurement conditions, were proposed and demonstrated
for both non-spatially resolved PL measurements [13, 14] and for PL images [15, 16]. All these
approaches have specific benefits and limitations in terms of their applicability, the latter specifically on
samples with low carrier lifetime. Some fundamental limitations of these calibration methods, particularly
for poorly passivated samples and for samples with large lateral variations in carrier lifetime, were
recently pointed out [17].

The QSSPC technique [18] is well established and represents a benchmark within the PV community
for quantitative measurements of the injection level dependent minority carrier lifetime (see e.g. SEMI
standard SEMI PV13-0211). Calibration by comparison with QSSPC is therefore the most accurate
calibration approach in our view. A Sinton Instruments WCT120 QSSPC system is integrated into the
BT Imaging LIS-R1 luminescence imaging tool used for all PL images shown in this paper.

2.2. Series resistance imaging

Both the np-product and the luminescence signal /p; are exponentially related to the diode voltage V:
Ip~ 1y, =Cnp=Cniexp(eV/kT) (2)

with n; is the intrinsic carrier density, r, the total rate of spontaneous emission across the thickness of the
device, KT the thermal voltage and C a proportionality factor that accounts for the optical properties of
the sample. Lateral variations in V, caused by lateral variations in the series resistance Rg under operating
conditions that cause current flow into the device or current being extracted from the device can therefore
be quantified from luminescence images. First experimental data showing a comparison of a PL image, an
EL image and a PL image with current extraction taken on a cell with strong local series resistance
variations were presented in [20], suggesting the use of luminescence imaging for spatially resolved series
resistance measurements. A quantitative method for measuring the series resistance in units of Qcm?,
based on comparing PL images taken under different illumination and bias conditions was demonstrated
shortly thereafter [21]. As in the case of lifetime measurements, the main advantage of the PL imaging
approach is measurement speed and spatial resolution. A megapixel image of the series resistance can be
measured in a matter of seconds. For comparison Corescan [22], a mapping technique, that specifically
measures the front contact resistance between the metal grid and the emitter, is orders of magnitude
slower and destructive.

Series resistance information is contained in principle in any luminescence image taken with current
flow over the contacts. A particularly accurate PL-based method allowing very accurate separation of R
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effects from minority carrier lifetime variations was introduced by Kampwerth et al. [19]. The method is
implemented in the BT Imaging LIS-R1 tool that was used for the series resistance image of Fig. 2.

Fig. 2. Series resistance image of a multicrystalline Si cell. The color bar represents the series resistance in Qcm?.
The measurement was performed on a BT Imaging LIS-R1, which incorporates the Rg analysis presented in [19].

A number of additional luminescence based series resistance imaging techniques have been proposed,
including EL based techniques [23-26] and the comparison of luminescence images with lock in
thermography data [27]. PL based Rs-imaging methods are advantageous compared to EL based methods,
primarily since they allow a significantly more accurate separation of series resistance effects from lateral
variations in the minority carrier lifetime, and secondly because they allow measuring the series
resistance under operating conditions equivalent to the maximum power point. The latter is important
point since the series resistance itself depends on the operating point of the solar cell. Given the short
measurement times required for luminescence images, inline measurements of the series resistance
become feasible. Compared to global Ry data, as can be obtained from I-V data, Ry images have the
advantage, that even subtle variations in Rg, that are too small to be identified in global Rg measurements,
which can however have a noticeable impact on average cell efficiency, can be identified earlier in
production. In addition the spatial fingerprint of specific Rg problems, such as the belt pattern shown in
Fig. 2, often provides easy to interpret clues on the origin of the problem.

2.3. Other applications

A range of other applications have been demonstrated or are under current investigation. EL images
with different spectral filters have been used to measure the diffusion length in finished solar cells [28].
The equivalent method was also applied with some success to PL imaging on silicon wafers [29]. An
ideal applications of this so-called “PL intensity ratio method” (PLIR) is the measurement of bulk lifetime
(or bulk diffusion length) on silicon bricks [30, 31], as discussed in more detail below.

Shunt detection from Iuminescence images has also been investigated [32-34]. Combining the
localisation of shunts from luminescence images with laser shunt isolation was proposed and
demonstrated in [35]. While most work on shunt detection so far has been largely qualitative, progress
with a quantitative analysis of luminescence images in terms of shunt currents was reported [36].
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The quantitative evaluation of luminescence images in terms of the concentration of specific lifetime
limiting impurities is another active field of research. PL images can be used to measure images of the
concentration of interstitial iron in boron doped silicon [37], allowing detailed spatial information to be
gained about the dynamics of defect formation under specific processing conditions [38]. PL imaging
based images of the chromium concentration were also reported [39]. A recent polarisation analysis of
luminescence images showed strong correlations with specific structural defects within silicon solar cells
such as dislocations [40]. Progress has also been made with the analysis of reverse bias luminescence
imaging on solar cells [41, 42].

3. PL imaging on silicon bricks
3.1. Qualitative analysis

Figure 3 (left) shows a calibrated PL image taken on the side face of a typical 25 cm high 6x6 inch
boron doped cast multicrystalline silicon brick prior to wafer slicing (data taken from [31]). Dark bands
with strongly reduced PL count rate are seen near the bottom and top of the brick and also near the left
hand edge. These bands represent regions that have severely reduced bulk lifetime due to high impurity
concentrations (e.g. oxygen, carbon, transition metals), which is a result of diffusion of impurities from
the crucible walls into the ingot, segregation from bottom to top during crystallisation and back diffusion
from the top during cooling. The image also shows the distribution of efficiency limiting structural
defects such as dislocation networks. An area of high dislocation density is seen in the top right hand
corner of this brick. These dislocation networks are of particular relevance, since they remain as
efficiency limiting defects in the finished cells, as discussed in more detail below.

3.2. Bulk lifetime

The measured PL signal is determined by the effective lifetime t., which is generally affected by both
bulk and surface recombination and which can be expressed in simplified form as:

L S 3)

Te.ff ' Tbu lk TSM}’_'fG ce

Effective lifetime measurements on as as-cut wafers can be strongly affected or completely dominated
by the surface recombination component for bulk lifetimes exceeding about 10 us. In contrast, effective
lifetimes in a brick show significant variation up to very large bulk lifetime values of several milli-
seconds, allowing a transfer function to be calculated that converts measured effective lifetime to bulk
lifetime [43-45]. A single PL image can be converted into bulk lifetime using that method (see Fig. 3,
left). Complications with that approach are associated with the fact that the variations in effective doping
density must be accounted for, which requires a separate doping measurement.

The PL intensity ratio method (PLIR), described in detail in the context of diffusion length imaging on
fully processed silicon solar cells in Ref. [26], is a suitable alternative approach for the calibration of PL
images taken on silicon bricks [30, 31], and as a way to avoid the need for a separate doping
measurement. With effectively infinite thickness and polished surfaces, silicon bricks are ideal for that
method, since inaccuracies that are associated with thickness variations, surface texture and the impact of
the rear reflectance are avoided. The key point of the PL intensity ratio method is that variations in
background doping density cancel out in the intensity ratio and that no absolute PL intensity is needed.
The right hand side of Fig. 3 shows a bulk lifetime image obtained from the PLIR methodology. The
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graph shown on the right hand side of Fig. 3 shows two bulk lifetime cross sections from bottom to top,
averaged across the width of the brick. Excellent agreement between the single, doping normalised PL
image method and the PLIR is observed. Significant errors in the PLIR data that were previously reported
for the low lifetime top and bottom regions of the ingot [31] are almost completely eliminated. These
previous artifacts are now well understood and various approaches to mitigate the problem have been
successfully applied. More detailed information on this topic will be reported in a separate publication.

As has been shown in [31], feeding the bulk lifetime information from the PLIR method back into the
analysis allows variations of effective doping density to be measured. That analysis of the doping density
obviously failed previously in regions where the bulk lifetime data were affected by the above mentioned
artifacts. The mitigation of these problems as shown in Fig. 3 results in more accurate data on doping
density within those regions as well.

With the high spatial resolution and short measurement time, PL imaging can be used inline during the
production of silicon wafers. Qualitative analysis of PL images, without the need for any calibration can
be used as a cutting guide. Image processing analysis in terms of dislocation density, as described below
for as-cut wafers, can provide fast process feedback, which allows e.g. faster optimisation of the
crystallisation conditions, with the aim to reduce the density of these defects. The spatially resolved bulk
lifetime information that is obtained from PL images is important as a quality metric, since both the open
circuit voltage and the short circuit current of a solar cell are strongly affected by this parameter, which
becomes increasingly relevant with the trend towards higher efficiency cells in industrial production.
Especially on monocrystalline ingot this may be used to predict cell performance, since the impact of
structural defects and of gettering and bulk passivation are not as strong as in multicrystalline material,
the material quality in the as grown state therefore being more representative of final cell performance.
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Fig. 3. Almost identical bulk lifetime images are obtained on a 25 cm long multicrystalline silicon brick from a single
doping normalised PL image that was calibrated against QSSPC (left) and from the PL intensity ratio (PLIR) method
(middle). Cross sections of the lifetime from bottom to top (averaged across the width of the brick) are shown in the
graph on the right hand side.
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4. Quality control on as-cut wafers
4.1. Measuring PL images at line speed

Total recombination (and thus effective lifetime) in as-cut wafers is strongly affected by the surface
recombination. Luminescence quantum efficiencies of as-cut wafers are therefore extremely low,
typically on the order 107-10"*. This makes the complete separation of the PL signal from stray light and
other artifacts an experimental challenge and also requires generally longer exposure times. Data
acquisition times of 30s to 100s have been reported in the literature. Commercial systems that allow
measurement of full megapixel PL images on silicon wafers at line speed have recently been introduced
[46]. These tools now allow for the first time inline quality monitoring of as-cut wafers and correlation of
defect features with cell performance, as described below.

4.2. Analysing PL images on as cut wafers

As has been reported previously [47-51] various defect related spatial features are commonly observed in
PL images on mc-Si as-cut wafers. Figure 4 shows four typical examples, (a) a wafer from a center brick
with low dislocation density, (b) a wafer from a brick cut from the centre of an ingot containing high
dislocation density, (c) a wafer from the impurity rich area at the bottom and (d) a wafer from a corner
brick with low dislocation density. Image processing can be used to extract quality metrics from PL
images on as-cut wafers such as a dislocation area fraction, extension of low-lifetime regions from
corner/edge or top/bottom wafers or other crystallisation-induced material defects [48, 49, 51].

4.3. Correlation with cell performance

Previous studies have shown a strong correlation of the dislocation density metrics extracted from PL
images taken on as cut wafers with I-V parameters measured on finished cells. An ~8% relative variation
in cell efficiency with dislocation density (equivalent to about 1.3% absolute efficiency variation) was
reported in [48], a similar strong correlation of cell efficiency with a defect metric obtained from PL
images on as-cut wafers was reported recently [51]. Dislocations affect both /. and V. A variation of
~25 mV in V,,. with dislocation density was reported in [48], a 5% relative reduction in /. with increasing
dislocation density in [48]. The details of these correlations, i.e. the specific impact of dislocations and
other defects on cell performance depends strongly on the cell process, specifically the ability of the
process to remove or passivate defects via gettering and hydrogenation. PL imaging offers the unique
possibility to obtain the relevant defect information without any sample preparation. Thus, a standardised
wafer rating based on PL images can be introduced. Wafer manufacturers can use these metrics to sort
wafers into different quality bins. Bin specific extra processing steps, sorting of wafers to high- and low-
efficiency processing lines or to specifically tuned production lines, outright rejection of wafers and wafer
quality based pricing are some possible outcomes of such wafer quality rating.

High-efficiency cell concepts such as selective emitter structures and cells with rear point contacts,
which will increasingly be adopted in the industry in the next few years, will allow solar cell efficiencies
exceeding 18% to be reached on mc-Si wafers. The impact of defects on cell efficiency can be expected
to be even higher than the variations discussed above, which were obtained from conventional screen
printed cell lines. Another appealing aspect of wafer pre-sorting is that much more efficient statistical
process optimisation and fine tuning of production equipment is enabled with pre-sorted wafers, since the
substantial variations in cell performance that are caused by the wafer quality can be eliminated.
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Fig. 4. PL images of as-cut multicrystalline silicon wafers: (a ) A wafer from a centre brick with low dislocation
density; (b) A wafer from a centre brick with high dislocation density; (c) A wafer from the impurity rich area at the
bottom; (d) A wafer from a corner brick with low dislocation density. Data from Ref. [47].

4.4. Cast mono

As reported recently [52], development of so-called “cast mono” ingots is an active R&D area,
pursued currently by a number of wafer, solar cell, and equipment manufacturers. With very high
efficiencies reported for solar cells made from this type of wafers, this development promises a further
cost reduction by combining the high efficiency potential of mono-Si with the cost benefits of multi-Si
material. Emphasis in further developing this technology seems to be on increasing the fraction of
completely monocrystalline wafers from such ingots. Qualitatively the formation of dislocation networks
can be expected to be as likely or even more likely in cast mono due to the absence of grain boundaries,
the latter enabling the release of stress built up during crystallisation. This is confirmed by first PL
imaging data on this material type. While lacking any visible grain structure, the PL image reveals a high
density of dislocation networks. As discussed above, a specific defect has a higher relative impact on
solar cell efficiency the higher the overall efficiency potential of the process and material. Given the
demonstrated ability for high efficiency on cast mono (best and average efficiencies of 18.3% and 17.5%
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were reported by JA Solar, even higher average efficiencies of 18.8% by GT Solar [52]), dislocations
networks will have an even bigger impact on absolute cell efficiency than reported above for multi-Si
wafers. The above 0.8% absolute efficiency spread between best and average efficiency seems to confirm
this point. If this type of wafer is adopted by the PV industry in large-scale production, then the need for
efficient quality control using PL imaging is even larger than for conventional multi-Si. Process
optimisation of the casting process is an immediate application for PL imaging within this context.

Fig. 5. PL image of an as-cut “cast-mono” silicon wafer, measured on a BT Imaging LIS-R1 PL imaging system. The
line shaped defects represent areas with high local dislocation density. Previous studies at BT Imaging on cast mono
cells indicate that these defects remain recombination active in finished cells and therefore have a strong impact on
solar cell efficiency.

5. Summary

The growing pressure in PV production to achieve higher cell efficiencies with high yield and at low
cost will result in an increasing need for and adoption of improved quality control and process monitoring
tools. With its contactless non-destructive nature, its short measurement time and high repeatability PL
Imaging is perfectly suited to be used for such inline monitoring across the entire PV value chain. In this
paper we reviewed some specific PL imaging applications to be used both offline in R&D and in-line in
production. Particularly promising is the application of PL imaging at an early stage of production. PL
imaging on silicon bricks allows early detection of production problems and removal of complete bricks
or parts of bricks from further processing. Spatially resolved data on bulk lifetime, impurity rich low
lifetime regions and dislocation density are highly relevant parameters that can be extracted from PL
images. The data can be correlated with cell performance and can also be used for fast feedback in
production on feedstock quality and the impact of processing conditions on the material quality.

PL imaging on as-cut wafers can be used for incoming quality control and wafer sorting by both wafer
and cell makers. It allows the detection of efficiency limiting impure regions near the wafer edges, the
identification of top and bottom wafers with low bulk lifetime and the extraction of a dislocation area
density, which strongly correlates with final cell performance. The metrics derived from PL images can
be used for quality grading and assigning an efficiency entitlement (and thus a “$ value”) to each wafer,
which will lead to wafer pricing based on standardised metrics, as done in similar form today in
semiconductor manufacturing. Increasing adoption of PL imaging in cell and wafer manufacturing will be
a driver for this development.
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