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Abstract

Improving the texturing approach for diamond wire-sawn (DWS)
multicrystalline silicon (mc-Si) wafers is one of the key steps to decrease
its efficiency gap with monocrystalline silicon-based solar cells. In

this regard, black silicon texturing has increasingly caught attention

of both academia and industries as a potential approach towards mass
production of high-efficiency mc-Si solar cells. In this paper, the chal-
lenges of implementing such a texture, with unique feature sizes,

in mass production are discussed in detail, and the latest results are
reviewed. Finally, results of the first trials at high volume manufacturer
applying an alternative plasma-less dry-chemical etching (ADE) method

are presented.
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Introduction
A significant cost reduction in wafering is
possible through the adoption of diamond wire
(DW) sawing for monocrystalline (mono-Si)
and multicrystalline (mc-Si)-based solar cells.
The major advantages of using the DW-sawing
method are its low Si kerf loss during sawing,
and lower operational costs by avoiding the use
and management of a complex slurry mixture [1].
However, in spite of the above mentioned benefits,
the switch from standard multi wire slurry sawing
to DW-sawing is slower for mc-Si wafers in
comparison to mono-Si wafers. The reason for this
slower transition for mc-Si is mainly because of
the problem associated with the incompatibility of
the conventional wet-chemical texturing process.
Consequently, an easy adoption of diamond wire
sawing aided with a gradually easing out supply
constraint of the mono-Si wafer has significantly
decreased its price gap with the mc-Si wafer.
Lately with the advent of additives, which can
be added in the HNO,/HF bath during the wet-
chemical texturing process to form similar surface
texture as in slurry-type wafers, conventional
texturing processes can continue to be used for DW
mc-Si. The cost increment in texturing by including
additives has been reported to be non-significant
by some industrial players. During the ongoing

paradigm shift towards gigawatt deployment of
photovoltaics (PV), however, the final cost per watt-
peak of the module or system and eventually the
levelized cost of electricity (LCOE) are becoming
more important than just the price of a cell or
module. This implies that increasing the conversion
efficiency (1) and power output of mc-Si based
cell technologies to reduce the efficiency gap with
mono-Si based cell technologies is essential to keep
its current market dominance.

The influence of the mono- and mc-Si based
cell efficiency on watt-peak costs of the solar
module and the system is summarized in Figure
1. In both cases, current capital and operational
costs (CAPEX/OPEX) for a green-field investment
were calculated for standard processing steps used
in industrial manufacturing of passivated emitter
and rear cell (PERC) concepts. Current spot market
prices for DW-sawn wafers [2] are used for the
calculation.

In Figure 1, cell efficiency-driven cost benefits
are obvious for both mono- and mc-Si based
PERC modules and systems. On the module level,
a difference in cell conversion efficiency An <
1.5% absolute is required for mc-Si PERC against
mono-Si PERC in order to benefit through lower
costs per watt-peak. On a system level, area-related
costs per watt peak decrease with an increase
in conversion efficiency, which means that the
maximum allowed difference in cell efficiency for
mc-Si will reduce to An =1.2%. For instance, mc-Si
PERC solar cells with 1> 20.8% would still compete
on a system level in comparison to the mono-Si
PERC cells with 1 = 22.0%. Going to the LCOE level,
the allowed differences in the conversion efficiency
are influenced by many other factors such as
temperature coefficient and low-light performance
of the modules that are not only technologically
but also location specific, and therefore are not
further discussed here.



In summary, achieving higher efficiency was never more
important for mc-Si than in the current scenario in order
to retain its competitive edge against mono-Si. Two of the
major frontiers for increasing the conversion efficiency for
mc-Si are: a) increasing the inherent bulk-material quality
before and/or during the cell processing, and b) increasing
the light absorption in the mc-Si wafer by surface texturing
to achieve better anti-reflective and light trapping properties.
In the former, researchers from both academia and industry
are working on: a) improving crystallization and base-
doping processes to produce high-quality wafers with low
dislocation density, reduced impurity concentration, narrow
bulk resistivity distribution [3,4]; and b) increasing the
bulk lifetime during the solar cell processing by employing
bulk-passivation schemes such as advanced phosphorous
gettering and hydrogenation [5,6], and can be read in detail
in above cited publications. In this article, the latter would be
discussed more in detail.

Using additive-based wet-chemical texturing for DW-sawn
mc-Si leads to a high surface reflection, and therefore no
efficiency gain to the conventionally textured slurry-type
mc-Si wafers is to be expected. In this regard, the adoption
of DW sawing could be used as the disrupting technology
that presents an opportunity to introduce novel texturing
concepts promising /. improvement in comparison to the
state-of-the-art techniques in solar cell production. Some of
the widely promoted novel etching methods enabling high
cell efficiencies of 20% on DW-sawn mc-Si wafers [7][(8,9] are
reactive ion etching (RIE), metal catalysed chemical etching
(MCCE) and atmospheric pressure dry chemical etching
(ADE). A previous article in Photovoltaics International has
summarized the principle as well as the pros and cons of
these methods [10]. Apart from these technologies, recently
researchers from SERIS have also reported an alternative
undisclosed method of nano-scale texturing, claimed to be
low-cost, metal free and allowing high efficiencies [11].

Out of these technologies, RIE is typically considered to
have high capital and operational costs and therefore is still
not widely applied in large-scale production despite being
a fairly proven and tested process to form surface texture
in mc-Si. In contrast, MCCE has quickly developed to be
one of the major technologies to drive the production of
nanotextured high-efficiency solar cells on DW-sawn mc-Si
surfaces, although there are still challenges to overcome for
this technology such as: expensive consumables, a likelihood
of presence of trace metal particles, and most notably a
cumbersome waste management. In the meantime, ADE has
evolved as a texturing method that promises the advantages
of RIE and MCCE in a more cost-effective and ecological
manner. The advantages are summarized as: a) high etching
rate and inline modular nature of the etching tool allowing
high volume production; b) low cost of ownership (COO)
due to no vacuum in the process; c) easy abatement of waste
gases (SiF, F) through standard wet scrubber systems; d) use
of environmental friendly F, gas with zero global warming
potential (GWP); and e) purely chemical etching without any
ion-induced damage in Si. First trials with high-volume cell

manufacturers have started applying the ADE technology [12].

All of the above mentioned methods are reported to form
surface structures with dimensions that are either smaller
or comparable to the wavelength range of the visible light.
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Depending upon the feature sizes, such structures
are either able to lower the overall surface
reflection in a large wavelength spectrum and/

or cause higher order scattering to increase the
overall path length and absorption probability of
the longer wavelengths in the Si wafer. Detailed
studies on optical modelling of nanostructures
with different structure geometry and feature
sizes can be read elsewhere [13-15]. By controlling
the aspect ratio of these nano-scale structures
during the texturing process, very low weighted
surface reflection values have been reached on
both mono-Si and mc-Si wafers by using all of

the above mentioned fabrication methods. Such a
wafer appears black in colour, hence called as black
silicon (B-Si). Especially for DW-sawn mc-Si wafer,
the final surface reflection achieved by forming
black silicon is much lower than what is achievable
by applying HNO_/HF based wet-chemical method
with additives. The introduction of such novel
textures, however, demands successive optimization
of the subsequent cell processing steps like emitter
diffusion, passivation and metallization in order

to fulfil the promise of an improved electrical
performance. Some of the major technological
challenges are briefly discussed here.

Technological challenges of
nanotexturing

The integration of such nano-scale texture in
the standard cell processing sequence is not
straightforward due to a significant difference in
feature sizes compared to the structures that are
formed by conventional wet-chemical texturing.
Since texturing is one of the first steps in solar
cell fabrication, each of the subsequent processes
is significantly influenced by the introduction

of nanotexture with unique surface features.
Therefore, optimization of each of these process
steps is required in order to fabricate efficient solar
cells on nanotextured surfaces.

Optimal surface and emitter passivation

The application of a surface passivation layer
reduces the minority carrier recombination in
the surface. However, a large number of surface
defects could remain un-passivated in the
following conditions: i) the presence of surface
structures that lead to a large surface area; ii) non
conformality of the deposited dielectric layer; iii)
higher stress-induced defects in the deposited
passivation layer; and/or iv) crystal -orientation
dependent recombination at the Si dielectric
layer interface [16,17]. For such layers, the increase
in recombination on nanotextured surfaces in
comparison to the planar samples is accredited
mostly to the difference in surface area ratio (S),
which is experimentally calculated to be higher
(S, >2) in comparison to typical wet-chemical
texture (for example S, ~ 1.5 1.7 for pyramid texture).
However, an additional geometry dependent
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recombination component also has to be taken into
consideration. Typical ‘black’ nanotextured surfaces
show inverted conical geometry with a circular
base radius in the range of 100-350 nm and depths
in the range of 1 um. In industrial facilities, plasma
enhanced chemical vapour deposition (PECVD)
is a preferred method of depositing dielectric
passivation films, which, however, is not able
to form a conformal coating on such structures.
Meanwhile, excellently conformal coating of layers
that are deposited by atomic layer deposition
(ALD) allows reasonably low surface recombination
velocities on rough surfaces like B-Si [18—20]. An
example is shown in Figure 2 a) with the help of a
cross sectional SEM image of ADE-formed black
silicon that is deposited with a stack layer of ALD
AlO_/PECVD SiN

However, industrial adoption of contemporary
ALD tools is slow in PV. A quick work-around
that is widely used to enhance the conformality
of PECVD-layers on nanotexture is to perform
a surface modification step either in alkaline or
acidic solution to form modified nanotexture
(M-Tex) with low S, [21-28]. An example of such a
modified nanotextured surface is shown in Figure
2 b), whereas the progression of etching and the
consequent increase in weighted surface reflection
(R,) is shown in Figure 2 c). The weighted surface
reflection (R,) is calculated in the wavelength
spectrum of 300-1,200 nm and a weighing function
is applied using the internal quantum efficiency
of a standard silicon solar cell and AM 1.5G
illumination conditions [29].

Emitter diffusion process

Formation of nanotexture directly influences the
emitter characteristics (total doping and emitter
depth) and the homogeneity of the doping process.
Insights on the nature of standard POCI -based
tube diffusion on different nanotexture geometry
can be obtained by performing 3-D predictive

Figure 1. All-in PV module
and system costs for mc
PERC and Cz (mono-Si)
PERC using standard
PERC-process route for
both types. One should
note that the allowed
efficiency gap Ay between
mc-Si and mono c-Si to
reach equivalent costs
decreases with increasing
area-related costs. To
reach a lower cost per
watt-peak for mc-PERC

in comparison to mono-
PERC, A7) <1.5% would be
sufficient at the module
level, whereas A7 <1.2%

is required on a system
level.




Etching | Cell Processing Il

(@)

680 nm

ISE 5.0kV 4.6mm x90.0k SE(U)

(b)

£

Vb
70,4 \

54 nm
460 nrr

PECVD layer

500nm

w
o

121

o =
© o
T T
L L L
NN W
e o o

@
Weighted reflection (%)

o
»
T
Y
o

Silicon removal (um)
o o
N o

. ®  Siremoval
45

s * R,

o
o
T

L L L L L s
0 30 60 90 120 150 180

Surface modification time (seconds)

Figure 2. SEM cross sectional images of a) B Si after passivation with ALD AlO_/ PECVD SiN_stack, and b) M Tex after passivation with PECVD SiriON/
SiN_stack; c) plot showing increase in Si removal and surface reflection with an increasing duration of surface modification. In a) one should note

that the thin ALD AlO_forms very conformal layer in the nanostructure geometry, whereas conventional PECVD SiN_layer is deposited mostly on the
top-section of the texture and the valleys of the structures remain un passivated. In b), a conformal deposition of PECVD stack layers is achieved after

surface modification.
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Figure 3. a) Process simulation of black silicon (B-Si) and modified texture (M Tex) showing a) cross section view of B-Si as (1/4th) nano pyramid,
b) cross section view of M Tex as (1/4th) nano inverted pyramid; and c) a comparison of simulated active doping profiles of an identical emitter
diffusion process on B-Si, M Tex and the planar surface. In c) 1D doping profiles are extracted for B-Si and M Tex from the ‘peak’ position in the
direction perpendicular to the imagined planar surface, as shown by the arrows.

simulations of phosphorous in-diffusion in black-
silicon (B-Si) and modified texture (M-Tex) using
Sentaurus [30,31] and are presented in Figure 3. For
the process simulations, M-Tex is considered to
be an inverted pyramid structure with an aspect
ratio of unity (width = 600 nm, depth =600 nm).
Please note that B-Si has a width/height of 300
nm/1,000 nm. The dimensions are extracted from
the SEM images of B-Si and M-Tex. Figure 3 a)
and b) show the cross-sections of the symmetry
elements of B-Si and M-Tex respectively, after the
diffusion of an identical emitter. Here, different
colours represent different doping regimes in the
nanostructure. Figure 3 ¢) compares the simulated
active P concentration profiles in B-Si and M-Tex
surfaces that are extracted in 1 D from the peak
position of nanostructures in the direction
perpendicular to the imagined planar surface. For
comparison, the total and active P doping profiles
of the identical emitter in planar surface, which

are respectively measured by using secondary ion
mass spectrometry (SIMS) and electrochemical
capacitance voltage (ECV) techniques, are also
shown. Additionally, simulated active doping
profile on planar surface is also plotted, which
shows a good correlation between simulations and
experiments.

In comparison to B-Si, surface modification
(M-Tex surface) leads to a considerably lower
active P concentration in the surface and bulk
of the emitter, which means that the emitter
optimization is less challenging for such surfaces.
In the case of B-Si, the microscopic characterization
and predictive process simulation suggest the
formation of a relatively planar depletion region
in comparison to the conventionally formed
wet-chemical texture (acidic/pyramid) for an
identical emitter diffusion. In contrast, after
surface modification, the depletion region in M-Tex
surface follows the nanostructure geometry very
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well. This indicates that an optimization of the
emitter diffusion is needed for even a slight change
in the surface morphology of nanostructures. In
general, for all nanotextured surfaces, inclusion

of an in situ oxidation process during the drive

in step is found to be advantageous to avoid high
doping in the emitter region. Meanwhile, the pre
deposition process parameters (time, temperature,
and POCL:N, flux) are very influential to lower
the excess diffusion of both active and inactive
dopants. Furthermore, it is observed that due to

a large surface area, formation of nanotexture

not only changes the degree of doping, but can
also exacerbate the homogeneity of the emitter
diffusion process. In this regard, adjustment of the
pre deposition parameters is found to be crucial

to improve the homogeneity of the diffusion
processes.

Distribution of surface reflection on a mc-Si
wafer

A mc Si wafer consists of grains of different crystal
orientations. One of the challenges of the nano-
scale texturing process is to maintain same etching
properties in different crystal orientations. In the
case of the dry etching method that uses ion-
induced excitations such as in RIE, it is possible
to etch all crystal orientation in the same way to
leave a homogeneously etched surface with a low
reflection [32,33]. The downside of such a process
is the possible ion-induced damages in the crystal
lattice of Si, which typically requires a defect-
removal etching process before moving to further
cell processing steps [33]. In other etching methods
that are purely chemical in nature such as MCCE
and ADE, process conditions have to be tuned

to find a right balance between: a) differences

in grain-grain etching, b) low surface reflection,
and c) ease of integration in the subsequent cell
processing steps. Especially in case of ADE, it has
been observed that the starting surface before
texturing plays a huge role in the grain-grain
difference in reflection. An example of sister
mc-Si wafers etched by applying two different
ADE-based etching processes that differ mainly
by process temperatures is shown in Figure 4.
The corresponding weighted surface reflection
measurements performed in six different grain
orientations are also plotted. It can be observed
that a more homogeneous texturing in different
grain orientations can be achieved at a higher
process temperature.

In case of MCCE, Ag nanoparticles are mostly
used due to its high catalytic nature and cost-
effectiveness in comparison to other noble metals
such as Au and Pt [25]. However, Ag-MCCE
process is also known to have crystal-orientation
dependency in etching that results in some degree
of etching inhomogeneity in the mc-Si wafer. In
the meantime, Cu based MCCE process is shown
to lack a preferential etching direction, which

www.pv-tech.org

leads to less notable differences in morphology of
nanostructures formed in different mc-Si grains
[34]. Nevertheless, such a process is likely to be
difficult to gain acceptance in large-scale PV
manufacturing due to the likelihood of trace Cu
nanoparticles in the wafer even after the cleaning
process.

Meanwhile, for a less challenging integration
of B-Si texture in emitter formation and PECVD
deposition processes, typically the etched surfaces
are further processed in an alkaline wet-chemical
solution for a short duration as previously
discussed (see Figure 2 b) and ¢)) [21,26,35,36]. In
case of RIE-etched B-Si, such a post-treatment can
also be used for defect-removal etching, i.e. etching
of ion-induced defects and to modify the structures
[33], or to remove the polymer layer formed during
RIE [37]). The anisotropic etching behaviour of
alkaline solution, however, leads to the formation
of different surface morphologies in the grains with
different orientations. Figure 5b) shows a scan
image of a typical B-Si textured mc-Si surface after
post-treatment in the alkaline solution, showing
a large distribution of reflection in the full-wafer
area. SEM images of the darkest and the lightest
grains of the mc-Si wafer, respectively in Figure 5 c)
and d), show the formation of pseudo-pyramid-like
structures with substantial differences in the aspect
ratios, and hence the surface reflection values.

This large distribution of reflection not only
directly limits the external quantum efficiency
(EQE) and therefore the short circuit current
density (/) of the solar cell, but also cause
concerns about the aesthetic appeal of the
fabricated cell and module. Apart from optics, the
optimization of emitter and PECVD deposition
processes becomes challenging due to the
difference in aspect ratio of nanostructures formed
in different grains. The effect of such a large
reflection distribution on electrical properties of
the mc-Si solar cell is discussed more in detail in
the later section of the article. In the meantime,
applying acidic solution (HF/HNO,) for post-
treatment is being investigated to minimize the
differences in morphology of nanostructures in
different grains and thereby increase the /. Apart
from that, efforts on completely avoiding the post-
etching steps are also being investigated for all of
the above mentioned etching technologies.

Current status of high-efficiency mc-Si
solar cells with nanotexture

The first step towards the application of
nanotextured surfaces in high-efficiency PERC-type
cells was to adapt them on conventional aluminium
back-surface field (Al-BSF) architectures. The

first investigations focused on understanding the
challenges of integrating nano-scale structures

in the subsequent cell processing steps date back

as early as 2001 [38]. Extensive research into the
fabrication of nanotexture on mc-Si surface and its
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adaptation in standard solar cell process steps has
since led to a steady increase in their conversion
efficiencies [22,24,39][32,33,40]. Consequently, there
exists a fairly large volume of literature dedicated
to this topic, which cannot be covered in this
article. Here, a brief review on the development
towards mass production of nanotexture-based
high efficiency DW-sawn mc-Si solar cells is
presented.

First nanotextured mc-Si Al-BSF cells with
1 >18.0% and An = 0.2-0.5% gain compared to
iso textured surface were fabricated already
in 2015 by employing all the above mentioned
fabrication methods, namely MCCE, RIE and
ADE [21,25-27,35,41]. In most of these studies, a
post-etching step was applied after the black
silicon texturing that is based on either alkaline
or acidic solutions. Meanwhile, some studies
also pointed out the possibility of avoiding this
post-etching step completely and still reach
comparable performances with MCCE [42] and
RIE [37]. Promising results of black silicon-based
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Al-BSF cells paved the way to implement them
in high efficiency PERC architectures and it
coincided with the beginning of the phase where
the PV industry needed solutions to texture
diamond wire-sawn mc-Si wafers. Industrial-type
high-efficiency mc-Si PERC solar cells with black
silicon with efficiencies of 20% are announced
by academia [8] and industry alike, culminating
in the announcement of an mc-Si cell efficiency
higher than 21.0% by Trina Solar with RIE [43],
GCL with MCCE and RIE texture [44], and
beyond 22% by JinkoSolar [45] by applying an
undisclosed method of black silicon texturing.
Although the details of the process steps and

the associated cost-performance ratios are not
disclosed, it definitely proves that mc-Si wafers
would remain competitive to mono Si wafers

in short and medium run. Mass production of
MCCE-based mc-Si PERC cells with average
efficiencies > 20.5% are announced by some

of the Tier 1 PV manufacturers citing a lower
LCOE to that of commercially produced mono-
Si-based modules [3,46]. The key towards mass
production of black silicon textured cells has
been the gradual adaptation of standard cell
processing steps used in production facilities
such as POCI, diffusion, PECVD passivation and
screen-printing metallization with a strategy of
making modest but continuous improvements

in performance; rather than focussing only on
novel disruptive technologies such as atomic
layer deposition that might take some more time
to become industrial standard. Two of the next
steps to push the production efficiency beyond
21% are outlined as: a) lowering recombination
and resistive losses in emitter and bulk, and b)
use of advanced passivation schemes for texture
with lower reflectivity. Recently, Fraunhofer ISE
demonstrated n = 22.3% on small area using high
quality n-type mc-Si material, black silicon texture
and TOPCon cell concept [47] to further assert the
case of mc-Si wafers to be considered with high
efficiency cell architectures beyond PERC.

Figure 5: a) Typically used process flow for applying nanotextured surfaces in cell processing, b) scanned image of Gen.1 ADE-textured DW-sawn
wafer and corresponding SEM images of pseudo-pyramid like structures formed in two grains — c) Grain 1 (G1) with lowest reflection and d) Grain 2
(G2) with highest reflection properties in the mc-Si wafer shown in b).
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ADE-based mc-Si PERC solar cells

Formation of nano-scale structures on mc-Si
surfaces by using ADE and their successful
integration in Al-BSF type mc Si solar cells is
already achieved and discussed in past publications
[27,48]. Here, we briefly discuss the integration of
different generations of ADE textured p-type mc-Si
wafers in passivated emitter and rear cell (PERC)-
type architectures [9]. ADE-based texturing does
not distinguish between slurry and DW-sawn mc-Si
surfaces and show comparable etching results. In
the first generation, slurry-sawn high performance
(HP) mc-Si wafers are chosen to see the potential
of ADE-texture in terms of achievable V__and /.
values. The process plan for first-generation mc-Si
solar cells is shown in Figure 6 a).

The reference group of wafers is acidically
textured in an HF/HNO, solution to reach typical
weighted reflection values (R ) of 26-27%. The test
group of wafers is first saw-damage etched and
then textured using the ADE process, during which
the wafers are dynamically transported in an inline
mode through the reaction chamber of the ADE
tool with the process described elsewhere in detail
[48]. After formation of B-Si, a short post-treatment
in an alkaline solution is performed in the process
described in Figure 2 ¢) to reach the average
weighted surface reflection of 18%. The ADE-
textured and the reference groups are subjected
to POCI -based tube diffusion to form an n-type
emitter. No significant differences in the emitter
sheet resistance (R,,) values are observed between
the test and reference groups. Afterwards, the rear
side emitter is removed. It has to be mentioned that
since ADE is a single-sided process, the rear side is
essentially flat. Therefore, typically used rear-sided
polishing can be modified to just remove the rear-
side emitter. Afterwards, the Q. ANTUM process
[49] of Hanwha Q-Cells is applied to prepare PERC
solar cells. Illuminated I-V measurements are
performed under the standard test conditions using
an in-house solar simulator that is calibrated with
the Fraunhofer ISE CalLab reference. The results
are presented in the table in Figure 6. The best solar
cells of both test and reference groups are measured
independently by Fraunhofer ISE CalLab and are
also listed.

ADE-textured solar cells show an average
conversion efficiency n = 20.0%, which is +0.2%
absolute higher than the reference iso-textured
solar cells fabricated on same material in this
batch. The champion solar cell reaches 20.1%.

The gain in 7 is solely because of a higher /.

value of ADE textured solar cell pertaining to a
lower surface reflection and an improved light
trapping in comparison to the reference solar cell.
An equivalent V__of test and reference groups
suggests no significant electrical losses on test cells
due to the surface and emitter recombination of
the charge carriers. Furthermore, the nanotextured
surface facilitates a low contact resistance between

www.pv-tech.org
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Figure 6. a) Process plan for mc-Si PERC solar cells, b) SEM image showing example of a
conformal deposition of PECVD SiNx on nanostructures formed in a mc-Si wafer after
applying ADE etching and surface-modification step, c) table showing I-V parameters of
the ADE and reference iso-textured groups with base resistivity p, ~ 1.8 Q cm. Cell area
is A, =15.6x15.6 cm* and all cells feature solder pads, *) independently measured by
Fraunhofer ISE CalLab.

Figure 7. Reflection scan at 405 nm for ADE textured solar cell, with inset showing
reflection and three different grains — G1,G2,G3; where local quantum efficiency
measurements are also performed using PV-tools Loana system for the wavelength
spectrum of 300-1200 nm.

the emitter and screen-printed Ag grid [50], thus
leading to an equivalent FF to the reference groups
in this batch. Figure 7 shows the high resolution
(200 um) surface reflection mapping at 405 nm
wavelength of an ADE textured solar cell, which

is measured using a light beam-induced current
(LBIC) method using a PV Tools Loana system.
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Figure 8. a) plot showing IQE and EQE of ADE-textured solar cell against corresponding reflection values at 405 nm, and b) locally measured IQE,
EQE and R for three different grains G1,G2,G3 in a), showing reflection values at 600 nm. In a), the full red lines show the positions of G1, G2 and G3;
whereas the dashed yellow lines serve as guides for eye.

A large distribution of reflection values can be
observed in ADE textured solar cell, mainly due to

the problems associated to the anisotropic nature 20.8 T T T T
of the post-etching process. 205 [ [_]Measured 5 <> Measured AJg.
Projected 7 —g@—Projected AJ,,

The influence of surface reflection on EQE and
IQE of the ADE textured solar cell at 405 nm is —
depicted in Figure 8 a). &\i 20.0

Here, lower reflection values correspond to higher

N

o

w
T

EQE values, following a noisy but an overall linear
relationship. The plot also suggests that lowering

n
\

the reflection, however, still negatively impacts the
IQE of the solar cell at short wavelengths until a =
certain value of surface reflection is reached after
which the IQE saturates to its highest value. In

O

N

N

2

A\

I I I I |\ W

this matter, local measurements of IQE/EQE/R are

Q
o~
N
order to have a more detailed understanding of Q
ﬁ
performed in three different mc-Si grains. Based on <

A d

the LBIC reflection mapping in Figure 8 b), grain Referlence A[I)E ADE.G1 ADIE G2 Al:;E G3

1 (G1), grain 2 (G2) and grain 3 (G3) were chosen as
the areas representing highest, moderate and lowest Surface topography
reflection values respectively in the full-area of an

ADE textured solar cell with measured reflection

values R of 7.7%, 3.9% and 2.2% respectively at

60onm
600 nm. In comparison, R, of 4.5% is measured Caption Figure 9. Plot showing projected percentage change in J . (4];.) and
corresponding in comparison to the reference texture, considering a homogeneous
) ) . ADE texture of either of type G1, G2 or G3 respectively along the full area of the
the reflection of Ag is not subtracted during the solar cell. In addition, measured of best reference and ADE textured solar cells and
estimation of reflection values. It can be seen that measured AJ . (%) of best ADE-textured solar cell are also shown.

for the reference textured solar cell. Please note that

only G2 and G3 EQE values predict a gain in /. value
to the reference texture in the wavelength spectrum  observed at longer wavelengths (A >950 nm) possibly

of 300-700 nm and 9oo-1100 nm. Meanwhile, G1 due to higher scattering of these wavelengths
predicts a loss in /. value due to a higher reflection at front-texture. This phenomenon is subject to
than the reference texture. No significant losses further investigations.

in IQE are observed at short wavelengths for ADE We estimate the relative percentage change in
texture of all types in comparison to the reference J,. value of ADE textured solar cell in comparison
texture. Therefore, it can be maintained that to the reference, assuming a homogeneous texture
the surface and emitter recombination are not G1, G2 or G3 across the whole wafer area, with the
significantly limiting the electrical parameters of following equation:

the ADE textured solar cells that are fabricated in
the current batch. In fact, a higher IQE for ADE- _ fz=1zoo
texture in comparison to the reference texture is Jsc=4a =280

¢ (1) X EQE(A) dA,
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where g is the elementary charge of an electron and ¢ (A)
is the incident photon flux.

Figure g plots the measured and projected percentage
change in /. (A/,) of ADE texture to that of best reference
textured solar cell based on this calculation.

The measured A/, for the best ADE textured surface is
+1.3% higher in comparison to the best reference textured
solar cell. Grain 3 (G3) is found to have the maximum
difference between measured and calculated values of
A, in ADE-textured wafer (AJ, =+3.5%). This corresponds
to an absolute enhancement potential of up to +0.8% in
conversion efficiency to the reference texture without
any further optimizations in emitter diffusion and surface
passivation.

By evaluating Gen. ADE-textured mc-Si PERC solar
cells, it became evident that the next steps required in
further increasing the /.. of ADE-textured cells should
focus both on lowering an overall reflection as well as
to narrow the spatial distribution of reflectivity. This
requires evaluating the ADE-texturing process, and most
importantly the impact of the post-treatment step on
different mc-Si grains. In the next generations (Gen.2 and
Gen.3), collective optimization of ADE and post-etching
processes is performed on DW-sawn mc-Si wafers in
order to achieve best optical and electrical performances
in the cell-level. Figure 10 a) shows the scan image of
Gen.3 ADE-textured DW-sawn mc-Si wafer, which shows
a narrow distribution of reflection in the whole wafer-
area. The etching process is developed to obtain spherical
cap-like structures with dimensions of 1 um. Such
characteristic dimensions are expected to cause high
scattering of the middle and long wavelengths of visible
light, leading to an improved light trapping in comparison
to sub-micron wavelength structures. In Figure 10 b), an
SEM image of a boundary region of three grains in the
Gen.3 ADE-textured surface is shown. The etching process
developed for Gen.3 ADE texture leads to the formation of
spherical cap-like structures homogeneously in all crystal
orientations of the mc-Si wafer. In this particular wafer,
the weighted surface reflection measured along the full-
wafer area is in the range of 14-17% after the texturing
process.

Figure 11 depicts histograms comparing the distribution
of reflection values at 405 nm for the full wafer area
of ADE textured samples of different generations after
PECVD SiN_ anti-reflective coating, which are extracted
from the Loana tool. For comparison, reflection data of
industrially applied additive-based texture after SiN_
coating is also included.

One should note a significantly smaller reflection
distribution for Gen.3 ADE texture in comparison to
previous generations. This improvement in reflection
distribution is achieved in just two iterations of process
optimization. In comparison to the additive-based wet-
chemical texture on DW-sawn wafers, Gen.3 ADE texture
shows both lower average reflection values as well as a
comparable reflection distribution in the full wafer area.
Using Gen. 3 texture, we expect to further increase the
conversion efficiency (1 ~20.5%) for DW-sawn mc-Si PERC
in upcoming cell batches.

The
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Summary

DW-sawn mc-Si wafers can now be textured to a
satisfying level by using additives in conventional
wet-chemical processing, leading to similar reflection
as the isotexturing process used for slurry-type mc-Si
wafers. However, increasing the efficiency of mc-Si-
based solar cells is essential to keep it competitive
against the mono-Si based technologies in system
and LCOE levels. Black silicon texturing has received
an increased attention from academia and industries
alike due to its promise to boost the current and
conversion efficiency of DW-sawn mc-Si solar cell.
Some technologies that are getting mature for large
scale production are MCCE, RIE and ADE, although
RIE method is considered to have higher capital

and operational costs. Due to their unique feature
sizes, nano-scale texturing poses major challenges

in standard cell fabrication steps, mainly in surface
passivation and emitter diffusion. These challenges
are met by modifying the surface in a post-treatment
step after formation of black silicon that, however,
could lead to a large reflection and colour distribution
in a mc-Si wafer. To mitigate this problem, strategies
are being implemented in the direction of either
applying a more isotropic post-etching step or to
completely avoid this additional step altogether.
Stepping on the massive research in this area, black
silicon based mc-Si PERC solar cells with efficiencies
>20.0% are beginning to be mass produced by solar
cell manufacturers. ADE method of black silicon
texturing is presented to be an alternative to MCCE
and RIE due to its technological and ecological
advantages. Already in the first trials in the industrial
pilot-line of high-volume manufacturer, efficiencies
of 20% are achieved on ADE-textured mc-Si PERC
architecture.
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