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We compare the electrical properties of p-type and n-type industrially grown High Performance (HP) multicrystalline silicon (mc-Si) and mono-like silicon. The materials are characterised in terms of their bulk lifetimes,
their implied open circuit voltages, and the density and recombination velocity of recombination active grain
boundaries and dislocation clusters within the materials. Quokka3 is applied to simulate the cell performance
potential of the studied materials, and quantify the corresponding efficiency loss due to different recombination
mechanisms occurring in the bulk. Our results show that bulk recombination causes a noticeable efficiency loss
in high efficiency cast-grown silicon solar cells, varying from 0.1% to 3.1% absolute in the simulated devices,
depending on the materials and also the ingot position of the wafers. The performance of p-type HP mc-Si is
affected by both recombination at extended crystal defects and in the intra-grain regions. N-type HP mc-Si shows
a slight advantage over p-type HP mc-Si in the intra-grain regions. The advantage of p-type mono-like Si over ptype mc-Si mainly comes from optical gains due to alkaline texturing, but the material exhibits large performance variations along the ingot of up to 2.4% absolute. N-type mono-like Si shows the most promising material
properties, featuring less performance variation along the ingot than p-type mono-like Si, and the highest efficiency potential among the four studied materials.

1. Introduction
Multicrystalline silicon (mc-Si) is the most commonly used material
for solar cell production [1]. The relatively low material cost of mc-Si
has been the main contributor to its market dominance. In recent years,
PV industries have started to employ high efficiency device architectures such as the passivated emitter and rear cell (PERC). These
device structures have a higher requirement for the bulk material
quality, which particularly presents a challenge for traditional mc-Si
material. Mc-Si inherently contains extended crystal defects including
grain boundaries (GBs) and dislocation clusters, and also relatively high
metal impurity concentrations, originating from less pure crucibles and
coatings. These act as recombination centres for carriers, and hence
reduce the minority carrier lifetime.
There have been continuing efforts to improve the material quality
of mc-Si. The most notable success is the recent development of the socalled high performance (HP) mc-Si material [2,3], which has become

*

the mainstream for mc-Si solar cell production. Compared to conventional mc-Si, HP mc-Si contains smaller grains, a large number of GBs
and a lower number of dislocation clusters. It was found that the suppression of dislocation clusters in HP mc-Si, achieved by growing the
ingot with smaller grains, significantly improves the final cell performance [2,4].
Alternatively, a casting-based method for producing monocrystalline silicon, which uses a seeding layer consisting of monocrystalline
silicon slabs of specific orientation to control the growth direction, has
also been proposed. The material, so-called cast-mono or mono-like Si,
contains a significantly reduced number of GBs, and more importantly,
can be grown with mostly (100) surface orientation, making it compatible with the alkaline texturing commonly used on Czochralskigrown (Cz) silicon. Mono-like Si has attracted great attention in PV
industry, although it was found that the material often suffers from a
low ingot yield due to the propagation of dislocation networks towards
the top of the ingot [5,6].
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Impurity control is another major concern for cast-grown Si materials [7,8]. Various methods were developed to reduce metal impurity
concentrations in cast-grown Si materials. These include using purer
silicon feedstock, better contamination control in the crucibles and the
silicon nitride coating, and growing larger ingots to minimise the
contact fraction with the crucible walls. While these approaches combined have effectively reduced the overall metal impurity concentration
in mc-Si/mono-like Si ingots by more than one order of magnitude over
the past decade [9,10], it is possible that metal impurities in cast-grown
Si materials can still lead to a significant efficiency loss, especially for
high efficiency device designs [11]. N-type doping could be a solution
to further improve the quality of cast-grown Si materials, given its
higher tolerance to some commonly found metal impurities such as iron
[12]. There have been numerous studies demonstrating the excellent
electrical quality of n-type HP mc-Si [13–15] and mono-like Si [16,17].
The current record for mc-Si and mono-like Si solar cells are both based
on n-type Si, namely the 22.3% n-type mc-Si TOPCon solar cell from
Fraunhofer ISE [18] and the 22.6% n-type cast-mono heterojunction
solar cell from EPFL [19]. In previous work [16], we reported average
lifetimes up to 1.8 ms and 3.3 ms for n-type HP mc-Si and mono-like Si
after boron, phosphorus diffusion and hydrogenation.
Cast-grown Si materials exhibit complex recombination behaviours.
Previous works [11,13,20–29] showed that wafers from different ingot
positions exhibit distinct material properties, and their behaviours
change substantially after cell processing steps. A comprehensive
comparison between various types of cast-grown Si materials is relatively rare in the literature. In this work, we analyse the electrical
properties of p-type and n-type industrially grown HP mc-Si and monolike Si, in terms of their as-grown properties, their ingot position dependence, their responses to cell fabrication, and their cell performance
potential. The material quality is assessed based on their bulk lifetimes,
their implied VOC derived from carrier lifetime measurements, and the
density and recombination velocity of extended crystal defects (grain
boundaries and dislocation clusters) within the materials. The measured material properties are then correlated to cell performance
modelled with Quokka3 [30]. Different bulk recombination losses in
the materials are evaluated and compared quantitatively, to identify the
key performance limiting factor of the materials. Rather than being
limited to an arbitrary unit cell area, the modelling is performed on
relatively large area (compared to the average grain size) mc-Si and
mono-like Si samples ( > 4 cm × 4 cm) using measured photoluminescence (PL) images to realistically represent the inhomogeneous
lifetime distributions in cast-grown Si materials. This modelling approach has been shown to provide an accurate representation of the
actual cell performance, as described in detail in Ref. [31].

was performed at around 950°C for 70 min with dopant deposition by
BBr3. The sheet resistance of the phosphorus diffusion and boron diffusion was approximately 100 Ω/□. After each diffusion, the heavily
doped layers were removed chemically using HF and HNO3 acid.
Afterwards, the wafers received PECVD SiNx deposition on both surfaces, and were then fired in a RTA furnace to produce bulk hydrogenation. Sister wafers were used to evaluate the material quality of the
samples after each stage of processing, including the as-grown state,
after boron and phosphorus diffusions, and after hydrogenation. Note
that the processing parameters used at ANU were chosen to closely
represent the processing conditions used at Jinko Solar. Nevertheless,
the minor differences in the processing conditions could still lead to
some uncertainty in the results, but unlikely to impact the overall
conclusions.
For lifetime measurements, all wafers had the dielectric films and
the heavily doped layers chemically removed, and were recoated with
SiNx on both the front and rear surfaces for passivation. The SiNx films
used for re-passivation provide excellent surface passivation with Seff
below 10 cm 3 (confirmed with monocrystalline silicon control wafers),
while having a low deposition temperature ( 300 °C ) to minimise
further bulk hydrogenation occurring during the deposition.
Afterwards, all wafers were further treated for defect characterisation.
The samples had the dielectric films removed, followed by SiNx deposition on their front surfaces, and thermal evaporation of thin metallic aluminum films (approximately 10 nm ) on the rear surfaces. The
aluminum films lead to instantaneous rear surface recombination conditions, which largely reduces the lateral carrier diffusion within the
samples, thus allowing the crystal defects to be studied more accurately
and independently of the properties of the intra-grain regions [32].
2.2. Lifetime characterisation
The lifetimes of the wafers were determined using a combination of
quasi-steady-state photoconductance (QSSPC) lifetime measurements
[33] using a WCT-120 tool from Sinton Instruments, and PL imaging
[34] using the LIS-R1 tool from BT Imaging. PL images in this work
have a pixel resolution of around 163 µm . The PL images were calibrated into absolute lifetime images based on an optically corrected
calibration constant extracted from monocrystalline calibration wafers,
described in detail in Ref. [35]. Image deconvolution using an experimentally determined point-spread function (PSF) was applied to the PL
images to further reduce the impact of image blurring caused by crosstalk in the CCD chip [36]. To investigate the intra-grain regions, pattern
recognition algorithms were applied to the PL images to discriminate
the intra-grain regions from the crystal defects, and the corresponding
lifetimes were then extracted. A carrier de-smearing technique [37] was
also applied to the calibrated lifetime images to account for the influence of lateral carrier smearing within the samples, to allow for a more
accurate extraction of the intra-grain lifetimes.

2. Experimental methods
2.1. Sample preparation

2.3. Characterisation of extended crystal defects

Wafers studied in this work were cut from different heights of
central bricks from a p-type boron doped HP mc-Si ingot, a n-type
phosphorus doped HP mc-Si ingot, a p-type boron doped mono-like Si
ingot, and a n-type phosphorus doped mono-like Si ingot. All ingots
were grown at Jinko Solar in industrial G6 crucibles. The wafers were
around 190 200 µm thick before any processing. The studied wafers
were subjected to various processing steps used in cell fabrication. The
p-type HP mc-Si wafers were processed in an industrial production line
at Jinko Solar. The process involved texturing, POCl3 diffusion, doubleside plasma enhanced chemical vapour deposition (PECVD) SiNx, and
firing performed at an industrial belt furnace. All other samples (n-type
HP mc-Si, p- and n-type mono-like Si) were processed at ANU. After
surface damage etch, the wafers were subjected to thermal diffusions
(phosphorus diffusion for p-type, boron and phosphorus diffusions for
n-type). The phosphorus diffusion was performed at around 825°C for
40 min with dopant deposition by POCl3, whereas the boron diffusion

The recombination properties of grain boundaries and dislocation
clusters, which we refer as extended crystal defects (ECDs) in this work,
were studied based on their spatial density and their surface recombination velocities (SECD ) . We used the area fraction of ECDs in the
measured PL images to represent the spatial density of recombination
active ECDs. The area fraction, defined as the number of pixel classified
as ECDs divided by the total number of pixel in the PL image, was
determined by applying pattern recognition methods to the PL images.
Only recombination active ECDs were considered in this work, as inactive GBs and dislocation clusters do not affect the final solar cell
performance. Here, dislocation clusters are defined as networks or arrays of dislocations that are observable as distinct and localised features
in PL images, as highlighted in Fig. 2, rather than isolated dislocations
which are homogeneously distributed among the intra-grain regions
2
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(their impact is accounted for in the intra-grain lifetimes).
GBs and dislocation clusters were treated as vertical recombining
surfaces in this work. Their recombination velocities SECD , with a unit of
cm / s , were calculated based on their PL intensity contrasts (PL intensity
ratio between ECDs and the intra-grain regions) and numerical modelling of the luminescence signal [32]. The numerical modelling accounts for the pixel resolution of the PL image, the incident photon flux,
the surface conditions, thickness and doping of the sample, and the
lifetime of the neighbouring grains. The extracted SECD represents the
intrinsic recombination properties of the ECD and is independent of the
lifetimes of the neighbouring regions surrounding the ECD. The technique allows the overall recombination behaviours of ECDs in a mc-Si
wafer to be statistically quantified in an absolute scale, which enables a
quantitative comparison of the recombination activities of extended
crystal defects from different samples, before and after various processes.
We combined the modelling approach with pattern recognition of
ECDs in PL image, to allow SECD of every recombination active ECDs in
a sample to be determined and displayed as an image, which we refer as
ECD recombination velocity map, and used as input for solar cell
modelling discussed below. An application example of the ECD recombination velocity map is shown in Fig. 1, for a phosphorus gettered
HP mc-Si wafer from the middle of an ingot. The ECD recombination
velocity map represents both the spatial distribution and the recombination velocities of ECDs in a sample. The detail of the SECD
imaging technique is described in Refs. [32,38].

recombination velocity of ECD, extracted based on Ref. [32,38], to
determine a more accurate non-smeared lifetime at the ECD. This allows us to perform large-area simulations which fully account for the
lateral inhomogeneity of the bulk recombination losses in mc-Si and
mono-like Si. This modelling approach has been described and verified
against cell performance data in detail in Ref. [31].
3. Results and discussion
3.1. High performance multicrystalline silicon
3.1.1. Material properties
Figs. 2 and 3 show lifetime images of p-type and n-type HP mc-Si
from three ingot positions before and after boron diffusion (n-type
only), phosphorus diffusion, and hydrogenation (achieved through
firing with SiNx films). As highlighted in Fig. 2, recombination active
GBs appear as dark lines, whereas dislocations tend to form closely
packed loops or networks which appear as dark clusters in the PL
images. While most of the dislocation clusters remain recombinationactive regardless to the processing conditions, GBs show distinctive
behaviours. Before any processing, GBs from the middle wafer are only
slightly recombination active or completely inactive, whereas most GBs
in wafers from the top and bottom of the ingots are strongly recombination active, probably due to the higher metal impurity contamination in the wafers [10]. High temperature processing such as
phosphorus or boron diffusion activates the GBs. However, most of the
GBs can be passivated by subsequent hydrogenation achieved through
firing. It is hypothesised that the excellent hydrogenation effect on GBs
and its relatively weak influence on dislocation clusters can be the
reason for the superior performance of HP mc-Si in comparison to
traditional mc-Si, given that HP mc-Si contains smaller grains, larger
numbers of GBs, and a lower number of dislocation clusters [39].
Fig. 4 compares the key material quality metrics of the studied ptype and n-type HP mc-Si. Apart from the top wafers, all other n-type
samples show considerably higher average lifetimes compared to the ptype samples, owing to the significantly higher lifetimes in the intragrain regions. The higher intra-grain lifetimes in the n-type samples
could be due to the higher tolerance of metal contamination in n-type
silicon [12]. In contrast, we do not observe any substantial variation in
the recombination velocity of ECDs between the p-type and n-type
samples. This suggests the dominance of different recombination
sources in the intra-grain regions and at ECDs.
The influence of boron diffusion in n-type mc-Si is worth noting,
given that it is required to form the pn junction in n-type solar cells. It
has been reported that the higher temperature used in boron diffusion
can lead to thermal degradation in mc-Si [23,40,41]. Our results show
that boron diffusion is mainly detrimental for ECDs, but surprisingly
improves the lifetimes of the intra-grain regions, except for the top
wafers in which some intra-grain regions also degrade. Nevertheless,
the negative impact of the boron diffusion can be effectively offset by
subsequent phosphorus gettering and hydrogenation. Surprisingly,
there is also a slight reduction in SECD for the n-type samples after boron
and phosphorus diffusions compared to samples with boron diffusion
alone. This might suggest that the subsequent lower temperature annealing or gettering process during phosphorus diffusion dissolves or
redistributes metal precipitates formed after the higher temperature
boron diffusion, changing their recombination behaviours.
Both the p-type and n-type samples show very high implied Voc
( 720mV ) . Interestingly, although the n-type wafers show considerably
higher lifetimes than the p-type wafers, their implied Voc turns out to be
similar. This is due to the higher background doping in the p-type
samples. This adds extra complexity when comparing p-type and n-type
samples, in addition to their intrinsic difference in carrier mobility. In
order to accurately compare the material quality of the studied samples,
it is necessary to numerically model their cell efficiency.

2.4. Solar cell modelling
We applied 3D simulation to model the cell potential of the castgrown Si materials studied in this work, and to quantify various recombination losses occurring in the Si bulk. The simulation is performed with Quokka3 [30], using artificially generated non-smeared
lifetime images as inputs [31]. The non-smeared images were created
by combining injection dependent intra-grain lifetimes extracted from
lifetime images taken at different excitation conditions and ECD recombination velocity maps [38]. It was found that lateral carrier diffusion causes a smearing effect in the PL images, especially at high
contrast features such as strongly recombination active GBs and dislocation clusters. This smearing effect leads to a significant overestimation of the lifetimes at GBs and dislocation clusters that cannot be
fully corrected even with the carrier de-smearing technique [37].
Schindler et al. [18] found that large-area Quokka3 simulation using
de-smearing lifetime images does not reflect the actual cell performance
accurately, and hence modelled the GB losses through a single-grain
simulation approach. To account for this, we used the intrinsic

Fig. 1. (a) PL image and (b) corresponding ECD recombination velocity map for
a phosphorus gettered HP mc-Si wafer from the middle of an ingot. The sample
shown in (a) was coated with SiNx on front and metallic aluminium film on rear
surface to reduce the lateral carrier diffusion in the PL image. The recombination velocities SECD of individual ECDs were calculated based on their
PL intensity contrasts shown in (a) and numerical modelling of the luminescence signal, as described in details in Ref. [32].
3
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Fig. 2. PL calibrated lifetime images of selected
p-type HP mc-Si wafers before and after various
processing steps. A logarithmic colour scale is
used in the figure. The images were taken at 0.1
sun excitation conditions, corresponding to an
injection level close to maximum power point. P
denotes phosphorus diffused samples, whereas
H denotes hydrogenated samples. (For interpretation of the references to colour in this
figure legend, the reader is referred to the Web
version of this article.)

Fig. 3. PL calibrated lifetime images of selected
n-type HP mc-Si wafers before and after various
processing steps. A logarithmic colour scale is
used in the figure. The images were taken at 0.1
sun excitation conditions, corresponding to an
injection level close to maximum power point. P
denotes phosphorus diffused samples. B denotes
boron diffused samples. H denotes hydrogenated
samples. (For interpretation of the references to
colour in this figure legend, the reader is referred to the Web version of this article.)

3.1.2. Cell modelling
We applied Quokka3 [30] to simulate the cell potential of the studied mc-Si wafers, and evaluate the efficiency loss caused by different
bulk recombination mechanisms. For each studied wafer, four simulations were performed. The first simulation assumes that only Auger
recombination [42] occurs in the Si bulk, which provides the efficiency
limitation for the chosen device structure. The second simulation uses
the measured injection dependent intra-grain lifetime as input, which
characterises the efficiency loss associated purely with recombination
in the intra-grain regions. The third simulation uses the ECD

recombination velocity map [38] as input while assuming the intragrain regions exhibit Auger lifetimes. It represents the efficiency loss
associated purely with recombination at ECDs. The fourth simulation
combines the ECD recombination velocity map [38] to approximate the
lifetimes at ECDs, and the measured injection dependent intra-grain
lifetimes for the intra-grain regions. It represents the efficiency loss
induced by both bulk recombination channels (intra-grain regions and
ECDs), similar to an actual mc-Si solar cell in operation. All simulations
were performed using parameters measured on diffused and hydrogenated wafers, as this reflects the material quality of samples after cell
4
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Fig. 4. Summary of measured material properties: (a) overall lifetime, (b) implied Voc, (c) average intra-grain lifetime, (d) area fraction of ECDs in the measured PL
images and (e) median SECD , for the studied p-type and n-type HP mc-Si wafers. Harmonic mean is used to represent the overall lifetime. Implied Voc values were
extracted from QSSPC measurements, performed on the center regions of the samples shown in Figs. 2 and 3. P denotes phosphorus diffused samples. B denotes boron
diffused samples. H denotes hydrogenated samples.

processing.
Simulations for p-type mc-Si are based on a PERC structure with
black silicon texturing and selective front doping. Device parameters
are estimated based on reported record cell efficiency for mc-Si solar
cells and best achievable industrial parameters (screen printed large
area solar cells). Since n-type cells are less common in industry, it is
difficult to select the most relevant cell structure for the simulation. For
n-type materials, we chose to use a bifacial PERT structure, with
floating busbars and black silicon texturing. Device parameters are estimated based on previously published works, and adjusted slightly to
obtain similar intrinsic cell efficiency as the p-type PERC solar cells, to
allow a direct comparison of their material related cell potentials. The
main parameters used in the simulations are listed in Appendix A.
Fig. 5 shows the simulation results. For the p-type PERC solar cells,
bulk recombination (ECDs and intra-grain regions) contributes to
around 0.6% absolute efficiency loss for middle wafers, and 1.2–1.3%
absolute efficiency loss for the top and bottom wafers. For top wafers,
recombination at ECDs dominates the total bulk recombination loss,
due to the large density of dislocation clusters in the wafers, as shown in
Fig. 2. For the bottom wafers, in addition to ECDs, recombination at
intra-grain regions contributes considerably to the overall efficiency
loss. In fact, the efficiency loss due to carrier recombination at intra-

grain regions is at least comparable, and in some cases (in the bottom
and middle wafers) even greater than that caused by recombination at
ECDs. Since the intra-grain lifetimes are mainly limited by metal impurities, our result implies that metal contamination control remains
very important for p-type HP mc-Si for use in high efficiency solar cells.
For the n-type PERT solar cells, bulk recombination (ECDs and intragrain regions) contributes to around 0.7% absolute efficiency loss for
middle wafers, and 1.2–1.4% absolute efficiency loss for the top and
bottom wafers. Compared to the p-type samples, we observed a slightly
higher recombination loss due to ECDs in the n-type samples, owing to
the slightly higher density of ECDs, as shown in Fig. 4(d). Since dislocation clusters exist non-uniformly among mc-Si wafers, the small
difference could be due to sample-to-sample variation, rather than any
actual physical difference in the amount of ECDs in p- and n-type ingots, which in principle would not be expected. More work is needed to
verify these findings.
Interestingly, in the studied n-type samples, bulk recombination loss
is dominated by recombination at GBs and dislocation clusters, whereas
only a small percentage of loss is through recombination at intra-grain
regions. N-type HP mc-Si might therefore retain a slight advantage over
p-type HP mc-Si, as it is relatively unaffected by intra-grain recombination. However, the difference is not large, and can be
5
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Fig. 5. Simulated cell efficiency and
corresponding efficiency losses in (a) ptype mc-Si PERC solar cell and (b) ntype mc-Si PERT solar cell. The black
bar refers to the Auger efficiency limitation of the chosen device structure.
The red and blue bars correspond to
efficiency loss associated with recombination at intra-grain regions or
ECDs (GBs and dislocation clusters) respectively. The pink bar refers to efficiency loss due to the combined influences of recombination at intra-grain
regions and ECDs. The modelling was
based
on
an
approximately
4 cm × 4 cm region of the HP mc-Si
samples shown in Figs. 2 and 3. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

overshadowed by other factors. Nevertheless, both p-type and n-type
HP mc-Si from the middle of the ingot show simulated cell efficiencies
well above 21%, demonstrating the potential for both materials to be
used for high efficiency devices in mass production.
Note that the simulated cell efficiencies are sensitive to the device
architectures and depend strongly on the parameters used in the
modelling. The reported values only provide an approximate indication
of the efficiency losses due to bulk recombination. Nevertheless, our
estimated efficiency losses caused by recombination at ECDs in the
middle wafers are similar to the reported values by Schindler et al. [18]
for their 22.3% TOPCon solar cell (0.7% absolute from Ref. [18] and
0.6% absolute in this work), despite the different material and device
parameters used in the two simulations. Moreover, Needleman et al.
[43] applied Technology Computer Aided Design (TCAD) modelling to
simulate the efficiency loss caused by dislocations in a 21.25% p-type
PERC solar cell. The reported values (0.26% abs) are also comparable
with those determined in this work (0.23% abs).

temperature boron diffusion applied, which might dissolve or redistribute metal precipitates around dislocation clusters into a form that
can be passivated with the subsequent hydrogenation treatment.
However, this explanation fails to explain their difference in the asgrown state, and the discrepancy between mono-like Si and HP mc-Si.
The median SECD value in n-type mono-like Si is similar to that in n-type
HP mc-Si, whereas the SECD value in p-type mono-like Si is much larger
than that in p-type HP mc-Si. The underlying reasons for the extraordinarily high SECD value in the studied p-type mono-like Si samples
remain unclear. The results could suggest a different recombination
mechanism for dislocation clusters in mono-like Si and HP mc-Si.
Interestingly, n-type mono-like Si wafers from the bottom of the
ingot respond very well to boron, phosphorus diffusions and hydrogenation, featuring the highest lifetimes (up to 6 ms at 1 × 1015 cm 3
measured by the WCT-120 lifetime tester) of all the ingots after processing. In contrast, bottom wafers from the p-type mono-like Si ingot
show inferior properties compared to wafers from the middle of the
ingot. There is only a marginal lifetime improvement in those p-type
samples after phosphorus diffusion in comparison with the substantial
lifetime increase in the n-type equivalents after boron diffusion. The
discrepancy could be due to the different dopant types, or the higher
temperature boron diffusion applied. This could be an advantage for ntype mono-like Si, allowing the possibility of using more wafers from
the bottom red zone to improve the overall ingot yield, given that those
wafers feature high intra-grain lifetimes after processing and do not
normally contain dislocation clusters. Moreover, the results also suggest
that boron diffusion is not necessarily detrimental for mono-like Si, but
can be beneficial for the materials in some cases.

3.2. Cast-grown mono-like silicon
3.2.1. Material properties
Figs. 6 and 7 show lifetime images of p-type and n-type mono-like Si
from three ingot positions before and after boron diffusion (n-type
only), phosphorus diffusion, and hydrogenation. It can be observed that
the amount of dislocation clusters increases substantially with ingot
height and their distributions are also highly localised, consistent with
previous reports [44]. Here, we have used a larger sample size (4 inch
round wafer) for the mono-like Si samples, to better represent the
strongly localised dislocation clusters across a 6-inch industrial wafer.
Nevertheless, the highly localised dislocation clusters can still contribute to some uncertainties in the results, as observed in the discrepancy in the amount of dislocation clusters presented in the studied
p- and n-type mono-like Si samples from the middle of the ingots.
Fig. 8 shows the key material quality metrics of the studied p-type
and n-type mono-like Si. Mono-like Si shares many similarities with HP
mc-Si in the intra-grain regions. We observe a comparable level of
lifetime improvement in the intra-grain regions after thermal processing, with slightly higher lifetime values in mono-like Si. Both n-type
mono-like Si and HP mc-Si also feature significantly higher intra-grain
lifetimes than their p-type counterparts. The results are not surprising
given that the properties of intra-grain regions are normally governed
by dissolved metal impurities, and both materials should contain similar levels of metal contamination, originating from the same Si
feedstock and crucible.
The recombination activities of ECDs in mono-like Si are more
complex. We observe almost one order of magnitude difference in the
median SECD between the p-type and n-type mono-like Si samples. There
is also a larger reduction in SECD in the n-type mono-like Si than the ptype mono-like Si after hydrogenation. This could be due to the high

3.3. Solar cell modelling
Fig. 9 shows the simulated cell potential and the associated bulk
efficiency losses in the studied p- and n-type mono-like Si materials.
While keeping all other parameters constant as the HP mc-Si solar cells
studied above (parameters listed in Appendix A), we have used a
slightly higher generation rate for the mono-like Si solar cells to reflect
the optical benefit of alkaline texturing as compared to the industrial
black silicon texturing typically applied on HP mc-Si. This has led to a
slightly higher intrinsic efficiency limit for the studied mono-like Si
solar cells. However, it is noted that this optical gain in cell efficiency
can be compensated after cell encapsulation and might not necessarily
be applicable to a finished module.
For the p-type mono-like Si PERC solar cells, bulk recombination
(ECDs and intra-grain regions) contributes to around 0.7% absolute
efficiency loss for middle wafers, and 1.5–3.1% absolute efficiency loss
for the top and bottom wafers. Wafers towards the ingot top are
strongly limited by dislocation clusters, which solely contribute to a
massive 2.8% absolute efficiency loss. Despite the absence of dislocation clusters, wafers towards the ingot bottom also show lower cell
6
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Fig. 6. PL calibrated lifetime images of selected
p-type mono-like Si wafers before and after
various processing steps. A logarithmic colour
scale is used in the figure. The images were
taken at 0.1 sun excitation conditions, corresponding to an injection level close to maximum
power point. P denotes phosphorus diffused
samples, whereas H denotes hydrogenated
samples. (For interpretation of the references to
colour in this figure legend, the reader is referred to the Web version of this article.)

potential compared to wafers from the middle, owing to their low intragrain lifetimes. Their intra-grain lifetimes are even lower than that
observed in p-type HP mc-Si from the same ingot position, contributing
to a significant efficiency loss. These two effects combined introduce a
very large efficiency variation of up to 2.4% absolute among the p-type
mono-like Si ingot, as compared to the 0.7% observed in p-type HP mcSi samples studied above.
For the n-type mono-like Si PERT solar cells, bulk recombination
(ECDs and intra-grain regions) contributes to around 0.4% absolute
efficiency loss for middle wafers, 0.1% absolute for the bottom wafers,

and 1.3% absolute for the top wafers. The losses are dominated by recombination at dislocation clusters, which remain as a severe performance limiting factor for n-type mono-like Si material particularly for
wafers from the ingot top, although their impacts are less detrimental in
n-type mono-like Si than in p-type mono-like Si (1.2% vs 2.8%).
Surprisingly, wafers from the ingot bottom show the highest cell potential among the ingot, due to the absence of dislocation clusters and
the dramatic lifetime improvement in the intra-grain regions after
boron diffusion. Compared with p-type mono-like Si, n-type mono-like
Si shows superior cell potential, as they are less affected by both
Fig. 7. PL calibrated lifetime images of selected
n-type HP mc-Si wafers before and after various
processing steps. A logarithmic colour scale is
used in the figure. The images were taken at 0.1
sun excitation conditions, corresponding to an
injection level close to maximum power point. P
denotes phosphorus diffused samples. B denotes
boron diffused samples. H denotes hydrogenated
samples. (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. 8. Summary of measured material properties: (a) overall lifetime, (b) implied Voc, (c) average intra-grain lifetime, (d) area fraction of ECDs in the measured PL
images and (e) median SECD for the studied p-type and n-type mono-like Si wafers. Harmonic mean is used to represent the overall lifetime. Implied Voc values were
extracted from QSSPC measurements, performed on the center regions of the samples shown in Figs. 6 and 7, except for the n-type mono-like Si samples, where two
measurements were performed on regions with high density of dislocation clusters (HD) and low density of dislocation clusters (LD) respectively. P denotes
phosphorus diffused samples. B denotes boron diffused samples. H denotes hydrogenated samples. In certain samples where dislocation clusters are too closely
packed and the plateau value between two extended crystal defects is not reached, the average PL intensity of the intra-grain regions in the whole samples was used
to calculate the PL contrast, for the determination of the SECD values.

Fig. 9. Simulated cell efficiency and
corresponding efficiency losses in (a) ptype mono-like Si PERC solar cell and
(b) n-type mono-like Si PERT solar cell.
The black bar refers to the Auger efficiency limitation of the chosen device
structure. The red and blue bars correspond to efficiency loss associated with
recombination at intra-grain regions or
ECDs (GBs and dislocation clusters) respectively. The pink bar refers to efficiency loss due to the combined influences of recombination at intra-grain
regions and ECDs. Note that bottom
wafers do not contain crystal defects,
and hence the actual cell potential is
represented by the red bar. The modelling was based on an approximately
6 cm × 6 cm region of the mono-like Si
samples shown in Figs. 6 and 7. (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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recombination at intra-grain regions and dislocation clusters. The ingot
performance is also more uniform in n-type mono-like Si, as it does not
suffer from an obvious efficiency drop towards the ingot bottom, as
found in p-type mono-like Si.

from the optical gain due to alkaline texturing. The material shows
higher maximum cell potential than HP mc-Si, but suffers from a large
performance variation along the ingot. N-type mono-like Si shows the
most promising electrical properties among the four studied samples.
They receive the optical benefit from alkaline texturing, and at the same
time, are less affected by dislocation clusters and intra-grain recombination when compared to p-type mono-like Si. The material also
exhibits less performance variation along the ingot, as it does not suffer
from a significant efficiency drop towards the ingot bottom.

4. Conclusion
We have performed a comparison of the electrical properties and
cell performance potential of p-type and n-type industrial grown HP
mc-Si and mono-like Si. It is found that the material properties change
substantially after cell processing steps, indicating the importance of
considering such effects when evaluating cast-grown Si materials. All
the cast-grown Si materials studied in this work show simulated cell
potential well above 21%, based on p-type PERC and n-type bi-facial
PERT cell structures. The results demonstrate the potential of castgrown Si materials for low cost high efficiency solar cells. It is found
that the performance of p-type HP mc-Si is affected by both recombination at intra-grain regions and extended crystal defects. N-type
HP mc-Si shows some advantage over p-type HP mc-Si in the intra-grain
regions, although its effect on the final cell performance is not substantial. The advantage of p-type mono-like Si predominately comes
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Appendix A. A list of some of the main parameters used in the simulations.
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Optical generation current
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sheet resistance for lightly doped region
sheet resistance for heavily doped region
J0 for contacted regions
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J0 for
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2

mA/cm

P-type PERC

N-type PERT

Value

references
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41.5

HP mc-Si
(
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Mono-like Si (Estimated based on Ref. [45,46])

41.5
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Mono-like Si (Estimated based on Ref. [45,46])

42.5
ohm
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2

fA/cm
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heavily doped region

fA/cm2

20
100

contacted regions
passivated regions

fA/cm2
fA/cm2

480
15

Contact resistivity

2

mohm∙cm

5

90-160 [47]

42.5
90
NA
1000

800–1000 [48];
200–600 [47]
15–30 [48]
80–200 [48]

30
NA

300–700 [47]
13.1 [47];
15 - 20 [46,50]
5 [47]
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