Potential for mono-cast material
to achieve high efficiencies in mass
production
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ABSTRACT

Despite the drop in price of silicon wafers, they are still one of the main factors influencing the cost and performance
of Si-based solar cells. These two consequences have initiated a growing commercial interest in mono-cast (cast-
mono, mono-like or quasi-mono) Si wafers, supported by R&D in the areas of material characterization, correlation
with cell efficiencies, and mono-cast material use in advanced cell technologies. This paper gives a broad overview
and comparison of commercially available grades of mono-cast material from different suppliers. The performance
of the material from production in high-throughput screen-printing lines, as well as an analysis of the main material
characteristics influencing these results, is presented. A characterization using a lifetime tester and a photoluminescence
(PL) imaging tool has shown that not only grain boundaries but also dislocations could cause a drop in cell V. of more
than 15mV. Wafers with large surface areas of <100> Si lattice planes, when processed with anisotropic texturing,
could yield an increase in I, greater than 400mA for 6" substrates, as compared to the isotropic-textured equivalents.
Furthermore, when a high-grade mono-cast material processed in anisotropic texturing was compared with CZ mono
material from the same supplier and of the same resistivity, light-induced degradation (LID), presented as combined V.
and I, degradation, was only one-third of that in CZ material. However, although mono-cast material has the potential
to increase cell line performance to the same level as that gained by important process and technological improvements,
it imposes very high requirements for better material sorting in order to achieve stable cell electrical performance and
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module aesthetics acceptable to the market.

Introduction

According to the SEMITTRPV [1], Si wafers
represent more than 50% of the final cell
cost. It is envisaged that a reduction of this
cost will happen not only by reducing wafer
thickness, but also by improving material
quality — mainly multicrystalline Si (mc-Si)
— s0 that J, is reduced from 600 to 200fA/
c¢m? by the year 2020. The producers of
mc-Si wafers are taking two paths to reach
this target. One is the improvement of the
casting conditions for high-performance
mc-Si (HPM) wafers [2]. A more promising
path, however, is the casting of Si material
with large grains of <100> orientation
(mono-casting), first announced by BP Solar
in 2006 [3]; more recently, dendritic growth
research was reported by IMT and Kyoto
University Japan in 2009 [4,5].

Mono-casting technology has been
commercialized through the development
of silicon monocrystalline growth casting
furnaces [6]. High-throughput production
using the mono-casting approach is now
under way at GCL, LDK, ReneSola, Pillar,
JA Solar and other silicon ingot and cell
manufacturing companies [7,8]. Although
the suppliers of mono-cast material claim
an increase in cell efficiency of up to 1%
absolute, and a reduction in light-induced
degradation (LID) and cell-to-module
(CTM) losses, mono-cast does not have a
significant share in mass cell production.
The ITRPV sees the share of mono-cast
increasing to 50% by the year 2020.

The growing commercial interest in
mono-cast material has been supported
by R&D in the area of its impact on cell

performance and material characterization
[9-11], as well as its use in advanced
technologies [12,13]. A promising result of
20.2% efficiency for n-type premium-grade
mono-cast material with a heterojunction
cell concept has been published [14].

“The ITRPV sees the share
of mono-cast increasing

to 50% by the year 2020.”

Comparison of supplier
materials in production

Table 1 presents the different suppliers’
classes of mono-cast wafers covered in this

Wafer Tested Mono <100> Area (M) Ingot split Wafering process Texturing
supplier  classes Class 1 Class 2 Class 3 Class 1 Class 2 Class 3 Isotropic Anisotropic
A 1,263 M=90% 70%<M<90% M<70% 25% 15%  60% Wire saw C1 €1,62,C3
B* C1,203  M>90% 70%<M<90% M<70% 57% 29% 14% Wire saw €1,62,C3
C 1,204 M=90% 40%<M<90% M<40% 30% 40% 30% Wire saw €1,C2,C3
D C2,C3 M>85% 70%<M<85% 20%<M<70% Unknown Wire saw C2,C3

B C1 M=100% N/A N/A 100% Diamond wire saw  C1

* Supplier B, a standard supplier of me-Si wafers, was used as a benchmark in this study

** Material not commercially available

Table 1. A review of the suppliers’ classes, the ingot split as indicated by the suppliers, and the wafering and texturing processes.
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work. Before shipment of the material, the
classes are sorted visually by the suppliers
on the basis of the ratio or percentage of
<100> area on the wafer. This sorting of
the material into classes by the suppliers
is qualitative and results in high variations
within the batch, from batch to batch, and
from supplier to supplier.

Electrical performance

Evaluating the different mono-cast wafer
classes and suppliers and benchmarking
against mc-Si material in production was
a challenging task. It is well known from
production practice that mc-Si wafer
variations and/or process noise could
result in significant differences in cell line

performance on different occasions, even
for the same wafer supplier. Production
runs were performed on the same
production screen-printing line, and with
a process set-up for me-Si material using
batch isotropic texturing. At that stage, no
attempt was made to optimize the process
for different materials; an exception was

Table 2. Absolute changes in efficiency, V,,

Wafer  Variable Abs A efficiency [%)] Abs A V,; [mV] Abs A [ [A] Abs A FF[%]
supplier ~ Class Mean Min Max STD Mean Min Max STD Mean Min Max STD  Mean Min Max STD
A 1 058 -1.73 121 037 7.46 2193 1588 472 0.15 -0.63 0.33 0.10 0.41 -5.02 1.31 0.41
2 026 258 112 042 256 —26.08 1498 595 0.08 -0.97 0.31 0.11 016 -3.40 1.27 0.47
3 0.02 —465 111 034 -1.00 -28.64 14.46 505 0.03 -2.20 0.28 0.09 -0.10-11.99 1.09 0.46
B 1 052 -041 093 023 849 —-414 1302 230 014 -0.13 0.25 0.06 012 -1.31 0.87 0.29
2 0.28 -0.18 081 036 518 -1.08 1259 509 0.07 -0.08 022 0.10 -0.01 -0.93 0.51 0.27
3 013 -0.77 056 030 -1.00 -6.75 832 4.03 -0.05 -0.20 0.14 0.09 0.00 -1.91 0.35 0.24
C 1 048 -0.72 102 049 758 -514 1386 6.45 0.23 -0.04 0.37 0.14 -0.84 -3.04 -0.25 0.45
2 028 -1.18 085 0.34 437 -485 1129 414 0.18 -0.04 0.34 010 -0.87 -4.82 -0.31 0.53
3 0.03 060 069 023 -0.07 —-455 839 269 0.09 -0.03 026 0.06 -0.72 —4.57 —-0.09 0.48
D 2 024 042 076 026 488 -3.97 11.46 348 005 -0.12 0.21 0.07 0.03 —1.44 0.60 0.25
3 0.11 -0.70 043 019 027 -1250 475 296 0.14 0.04 024 005 -0.77 -2.48 -0.12 0.50
B 1 0.80 042 127 028 -114 867 586 327 038 -0.11 051 0.09 0.36 -1.17 0.96 0.37
B mc-Si 0.00 -1.98 0.70 0.33 0.00 -23.72 1291 540 0.00 -0.39 0.17 0.08 0.00 -7.95 0.78 0.51
* Group E, diamond wire saw, anisotropic texturing

L. and fill factor (FF) for the different classes of mono-cast wafers from various suppliers.
The values are normalized to the mc-Si material from supplier B, used as the standard wafer supplier on the production line.
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Figure 1. Distribution of the absolute efficiency, V,, I, and FF differences compared with the average values for the performance of

mc-Si wafers from supplier B (denoted by reference line 0 in red).
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the material from supplier E, to which
in-line anisotropic texturing was applied.
The mc-Si material from supplier B (used
for comparison purposes in this analysis
and a standard material in production)
was evaluated and averaged over different
production times and batches.

The advantages of mono-cast material
became apparent: a significant increase
(especially for the premium class) in V,,
of up to 9ImV and in I, of to 230mA for
isotropic textured wafers. The enhanced
I, of 380mA for supplier E results from the
low reflectance achieved by the anisotropic
texturing process. The change in FF was
not systematic and depends more on the
process variation or non-optimized process
for different wafer materials. The electrical
property results are summarized in Table 2.

The improvement in overall performance
of mono-cast material is also due to the
distribution shift towards higher performing
cell bins, as shown in Fig. 1. Supplier A has
the highest spread in V,, and I, but also

s¢?

the best potential for achieving the highest
values in V. and I.. Suppliers A, B and C
show drops in V. and I for class 3, and
supplier E even for class 1, compared with
mc-Si wafers. This is not the case, however,
for supplier D, which also exhibits the
lowest variation in V. and I.. For all the
classes from all the suppliers, mono-cast
material demonstrates a high variation and
spread inside each class, sometimes even
higher than mc-Si material. This outcome
is due not only to the lack of suitable sorting
but also to the high variation in internal
material structure.

Understanding material
structure and its influence on
cell performance

A Sinton instruments WCT-IL800 in-line
tool was used for lifetime, resistivity
and trap density measurements of the
representative groups of as-cut wafers. Table
3 presents a summary of the wafer resistivity
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Figure 2. Trap density measurements from in-line testing for the different suppliers

and classes of as-cut wafers.

and lifetime measurements; the distribution
of wafer trap density is shown in Fig. 2.

There was no direct correlation between
the as-cut wafers’ resistivity, lifetime
and trap density and the cells’ electrical
performance: suppliers A and C have
higher resistivities and lifetimes, but not
higher gains in V. and I,.. Variations in
resistivity and lifetime, however, seem to
be contributors to the variations in V. and
I,: supplier E and D show lower STDs for
wafer and cell performance. Further and
more detailed study of well-sorted wafers
could provide a better understanding of
these dependencies.

“There was no direct
correlation between the as-cut
wafers' resistivity, lifetime
and trap density and the cells’

electrical performance.”

The photoluminescence (PL) analysis was
performed on a BT Imaging tool LIS-R1.
For supplier C, PL imaging and J, imaging
was done using a PLpix system from Solar
Centrum Institute of Stuttgart. The PL
imaging carried out on selected wafers and
cells of suppliers and classes reveals the
internal material structure and its impact on
the finished cell, as shown in Fig. 3.

The same classes from different
suppliers show similar structures. For
supplier A, the wafer grain boundaries
decrease in the premium classes, and
the level of dislocations is low. Wafers
with an entire area of <100> show the
positions of the CZ seed plates from
casting, but these dislocations do not have
a significant impact on cell performance.
The structure for supplier B is similar to
that for supplier A (as shown in the PL
images for as-cut wafers): depending on

Wafer Variable Resistivity [Qcm] Lifetime [ps]
supplier Class Mean Min Max STD Mean Min Max STD
A 1 2.01 1.70 2.60 0.33 0.98 0.84 1.11 0.06
2 217 1.60 2.60 0.31 1.00 0.79 1.11 0.05
3 1.99 1.80 2.40 0.13 0.95 0.71 1.03 0.05
B 1 1.34 1.21 1.47 0.07 0.86 0.44 0.94 0.06
2 1.33 1.13 1.63 0.11 0.79 0.26 1.01 0.16
3 1.26 1.08 1.42 0.08 0.80 0.65 0.90 0.05
G 1 2.11 1.71 2.55 0.22 0.93 0.62 1.17 0.11
2 2.22 1.86 2.91 0.26 1.03 0.89 1.14 0.06
3 1.94 1.58 2.50 0.17 0.92 0.61 1.07 0.09
D 2 1.54 1.30 1.80 0.12 0.91 0.74 1.03 0.05
3 1.50 1.00 1.80 0.14 0.88 0.65 1.03 0.08
E 1 1.54 1.40 1.70 0.08 0.88 0.80 0.94 0.03

Table 3. Summary of resistivity and lifetime measurements from in-line testing for different suppliers and classes of as-cut wafers.
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Figure 3. Uncalibrated PL images of the as-cut wafers of different classes from various suppliers (left) and PL images of
representative cells (right). CZ and class 1 cells had anisotropic texturing. For supplier A, CZ cell efficiency = 18.54% and class 1 cell

efficiency = 18.42%.

Supplier C E*
Cell ID PL 3y [pAJem?) i PL Lespen
1 Ve =60BMV Vo =B16mVY
1,=8.318A 1,.=8.698A
, Ve=B12mV
l,.= 8.8614

*Anisotropic texturing

Figure 4. PL images and corresponding V, and I for finished cells from suppliers C and E created from the wafers with single

crystal appearance.

the class, the grain boundaries decrease
and the level of dislocations is variable.
Supplier D is similar to supplier A but has
fewer grain boundaries in class 3 than in
the same class of supplier A. Supplier C has
a large number of wafers in class 1 with the
appearance of single <100> crystal. These
wafers have the potential to yield high I
and V/, even with isotropic texturing.
Some of the wafers from certain batches,
however, show a high level of dislocation,
which is detrimental to V. and J,, as
shown in Fig. 4. Supplier E’s wafers also
have the single crystal appearance and
no grain boundaries, but a high level
of dislocation, decreasing V. to the
same level as (or below) that for mc-Si
wafers (Fig. 4). The efficiency of supplier
E is above 17% because of anisotropic
texturing, resulting in low cell reflectance.

www.pv-tech.org

Achieving high efficiencies with
mono-cast wafers

Smaller-scale groups of supplier B classes
1-3 and supplier A class 1 were processed
through isotropic texturing and under
similar process conditions to those for cell
line set-up using standard screen-printing
technology. These groups were compared
with supplier A class 1 mono-cast and
supplier A CZ wafers processed through
an in-line anisotropic texturing process.
All wafers had between 1.5Qcm and
2.0Qcm resistivity. The results are shown
in Fig. 5.

Supplier A’s wafers have a narrower
distribution and better performance
than high-grade wafers from supplier B;
however, the top group of wafers in B
produced efficiencies close to 18% without
anisotropic texturing and yielded a V. of

632mV. A comparison of different grades
of material has confirmed once again the
critical impact of material structure on cell
performance, as well as the need for a good
wafer-sorting system.

Performing anisotropic texturing on
class 1 mono-cast wafers has an impact
on I, and thus on efficiency, which is
greater than that gained by a change in
class of mono-cast wafer. The increase in
efficiency is greater than 0.8% absolute
with anisotropic texturing compared to
isotropic texturing. This improvement,
driven by an increase in I of 420mA at
the cell level with reference to isotropic
texturing, is remarkable and of greater
impact than the difference between mono-
cast material of class 1 and CZ material.
Mono CZ wafers have a higher V. (by
2mV) than mono-cast, and similar 7.
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Figure 5. Comparison of the electrical performance of isotropic texturing groups of classes 1-3 of mono-cast wafers from supplier

B and class 1 from supplier A, with anisotropic texturing groups of class 1 mono-cast and CZ material from supplier A.

“The anisotropic texturing Cell ID Supplier  Class Texture I A[%] VA% Total A [%]

ial for i . ACZ#2a A (074 Anisotropic -0.88 -0.59 —-1.47

potential for improving mono- ACH#a A C1  Anisotopic ~ —0.34  —008 042

cast efficiency.” AC1#2a A c1 Anisotropic -047 =016  -062

A C1#1 A C1 |sotropic -0.29 -0.10 -0.38

The anisotropic texturing process offers AC1#2 A C1 Isotropic -036 -022 -0.58

the highest potential for improving mono- B C1#1 B C1 Isotropic - 0.47 -0.08 —0.55

cast efficiency because it is possible to B C1#2 B C1 Isotropic —0.65 ~0.19 —0.84

have almost the whole surface with <111> B C3#1 B 03 Isotropic ~0.30 Z0.06 037
orientation and low reflectance. However, B C342 B C | X - 4 - 11 :

for the grains with different orientations, e 8 shilele 0. 0. —055

this could cause cosmetic issues at the cell CZ average -0.91 -0.68 -1.59

and module levels, owing to the significant Mono-cast average -042 -0.13 -0.54

reflectance range at the wafer level and at
the wafer to wafer level. It is for this reason
that texturing of mono-cast material (and

resistivities.

Table 4. Response to LID of mono-cast wafers and CZ wafers with 1.5-2.0Qcm
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Figure 6. I, and V. before and after 40 hours’ light-soaking for mono-cast material from suppliers A and B, and CZ material from

supplier A.

Photovoltaics International

Materials

35




36

the texturing impact on different mono-
cast classes) and reflectance have recently
been studied in more detail and new
texturing chemistries to reduce the above-
mentioned differences proposed [15-17].

In order to confirm that the mono-cast
classes and suppliers have no impact on the
LID effect, groups of cells with similar bulk
resistivities of 1.5-2.0Qcm were chosen and
measured ten times and the average values
compared, as shown in Table 4. The LID
test was performed for up to 40 hours, after
which no further change in performance
could be measured. No impacts of wafer
supplier, quality or texturing on changes in
I.and V. in response to LID were observed
for mono-cast wafers, and no change in FF
was observed for selected cells. As shown in
Fig. 6, after the LID test, the efficiency levels
for the best high-class mono-cast material
were the same as for the CZ material.

For screen-printing technology, mono-
cast material has significant potential for
achieving an enhanced cell efficiency of
more than 18%, an increase in V. of up
to 9mV, and an increase in I, of more
than 400mA. There are two areas of
improvement: first, better bulk properties,
with potential efficiency improvement of up
to 0.6% absolute; and, second, an increase
in efficiency of up to 0.8% absolute because
of the possibility of performing anisotropic
texturing for wafers with <100> crystal
orientation, and further reducing reflectance.

There are new anisotropic texturing
methods under development that would
eliminate potential cosmetic issues with
shiny areas where crystal orientation is
not <100>. Improved bulk properties are
a main factor for realizing gains in V,
because of the reduced number of grain
and sub-grain boundaries. However, this is
valid only for mono-cast material that does
not have a greater number of dislocations
compared to multicrystalline wafers. High I,
performance comes partially from improved
bulk properties, but more significantly from
crystal orientation and reduced reflectance
with anisotropic texturing. A V. of 632mV,
an I of above 9A, and an efficiency of
18.42% have been demonstrated. The low
LID of mono-like material raises the level of
performance of the best quality mono-cast
cells to that of CZ mono cells.

The importance of a better classification
has already been discussed [18-20] and is
further emphasized in this work. However,
further improvements in bulk material
quality, and a higher share at the ingot level
of premium-grade material with <100>
crystal orientation, are essential, in order for
mono-cast material suppliers to reach the

www.pv-tech.org

challenging targets stated in the ITRPV [1].
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