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Abstract

Utilisation of expensive silicon (Si) material in crystalline Si modules has come down to 4 g Si per watt-peak in
2018, mainly as a result of reduction in wafer thickness and kerf losses as well as increase in module efficiencies.
With continued progress in conventional multi-wire sawing of ingots, wafers as thin as 100 um could eventually
be produced. Beyond this, kerfless lift-off technologies are being investigated which enable wafer thicknesses
well below 100 pum with negligible Si kerf waste. Such thin Si wafers and foils would be much lighter in weight
than today’s standard 165-180 pm-thick wafers and would exhibit considerable flexibility and fragility. This
necessitates a rethink about how to handle and process thin Si into solar devices in a manufacturing line with high
mechanical yield and high throughput. This paper gives a broad overview of the different approaches for
fabricating solar cells on thin Si foils. In particular, three routes are discussed in detail, namely (1) freestanding
processing of thin Si, (2) processing of thin Si supported mechanically on a conductive low-cost Si substrate
(“wafer-equivalent” approach) and (3) processing of thin Si bonded to a transparent glass superstrate. In each
case, the main challenges are explained and the recent progress in addressing them are summarised. Kerfless 50
pm-thick epitaxial Si foils lifted-off using porous Si and thinned-down Si wafers (below 70 um) are used as model
substrates for this work.
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1. Interest in thin Si and lift-off technologies

Crystalline silicon (c-Si) wafer-based photovoltaic (PV) technologies have dominated the solar market since the
beginning, with a market share of around 95% of the total global PV module production in 2018 [1]. With the
cumulative installed capacity in the PV industry surpassing 500 GW, and the annual PV production exceeding
100 GW/year in 2018 [1,2], we are witnessing the start of a global PV boom. In such exciting times, the main
economic driving force in the PV industry is the reduction of module cost per watt-peak (Wp), which translates
mainly into higher-efficiency cells and modules, cheaper production processes and better utilisation of Si.
Efficient use of Si material is important because the cost of Si compromises about one-third of the final module
cost today [1].

The Si utilisation rate has been improved from 16 g Si/Wp in 2004 to around 4 g Si/Wp in 2018 [2], corresponding
to a reduction in the average wafer thickness to around 165-180 um, and kerf losses to around 80 um for diamond-
wire sawing [1]. Continued improvements would push these conventional processes to their limits i.e. ~100 um
wafer thickness and ~60 um kerf loss from wafering [1]. To go beyond these limits, alternative technologies
would be needed. A huge assortment of innovative and disruptive concepts to produce kerfless thin Si below 100
pm have been developed in the last few decades [3-5]. Of these, the most successful ones that are still thriving
are stress-induced lift-off (slim-cut) or spalling technology [6-11] and the porous silicon-based epitaxial silicon
(epi-Si) lift-off technology [12-19]. These technologies have been pursued for commercialisation by companies
such as Siltectra for slim-cut [10,20]; and NexWafe [21], Crystal Solar [22—-24] and Amberwave [25,26] for epi-
Si lift-off.
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The epi-Si lift-off technology was first demonstrated independently by Sony (Japan) in 1996 and by IPE
(Germany) in 1999. Since then, many institutes and companies have worked on various facets of this technology
and contributed in furthering its ambition towards becoming an industrial reality. A recent in-depth overview of
the status and existing challenges for this epi-Si lift-off technology is given in [27]. As described schematically
in Fig. 1, kerfless epitaxial Si is typically produced by growing a Si film epitaxially by chemical vapour deposition
(CVD) on the closed monocrystalline surface of porous Si that has been electrochemically etched and thermally
reorganised on a highly doped Si parent substrate. The thickness of the epitaxial Si can be varied easily over a
large range i.e. 50 um (epifoils) to 180 um (epiwafers). The dopant type can be switched, and the concentration
varied over orders of magnitude during growth to produce value-added wafers with built-in p-n junctions or
back/front surface fields. After epitaxy, the edge of the eventual epi-Si foil or wafer is defined using a dicing
process such as laser ablation. Subsequently, the delineated area is detached at the porous Si layer to produce
kerfless freestanding epi-Si, from which solar cells can be fabricated. The parent substrate is reconditioned and
repeatedly used to produce epi-Si foils or wafers, cycle after cycle. An added benefit of this approach is that since
the epifoils or epiwafers are directly deposited from TCS gas, the Siemens process for polysilicon production and
the Czochralski (Cz) process for ingot growth can be completely by-passed, which results in an estimated factor
of two reduction in energy consumption and a factor of two reduction in the capital expenditure (CapEx) [28].
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Figure 1 The main steps of the kerfless epitaxial Si lift-off technology based on porous silicon.

While kerfless wafering technologies are not mature enough yet to replace conventional wafering, there have been
efforts to advance wire-sawing technologies to produce thinner wafers. Despite such efforts, there is significant
inertia in the PV industry in reducing the wafer thickness further because of concerns from the PV manufacturers
about manufacturing yield and throughput when processing thin Si, both of which are important factors affecting
the final module cost [29]. Previous studies have shown that the solar cell fabrication yield drops monotonically
as the thickness of the Si decreases. As a result, the wafer thickness in the PV industry has stabilised around 165-
180 pm in the last few years. Therefore, in this paper, we consider the different options available to go beyond
the standard wafer thicknesses of today (165-180 pm) towards processing thin and flexible Si foils (sub-70 pm)
into solar cells. For each discussed approach, we provide an overview of the main challenges and the current
progress in this field, with a special focus on the efforts made at imec.

2. Processing thin Si foils into solar cells

In PV manufacturing, wafers with a standard thickness of 165-180 um are treated as rigid bodies that can be
handled at high speed and that can withstand the rigours of cell fabrication, cell interconnection, module assembly
and lamination with a high yield of above 95% and high throughput of 4000-7000 wafers/hour, depending on the
process type. However, thin Si foils below 70 um exhibit physical and mechanical properties which are
considerably different. Compared to standard wafers, thin foils are lighter in weight, more flexible and inherently
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more fragile and hence more prone to breakages under the same forces experienced by standard thick wafers
during cell and module production.

The different options for processing thin Si foils into solar devices are depicted in Fig. 2. The most straight-
forward processing route is to handle and process them in freestanding fashion, as is done for standard wafers.
However, in this case, the different characteristics of thin Si must be taken into account. Alternatively, mechanical
rigidity can be provided extrinsically to the thin foils by supporting them on rigid foreign carriers. Attaching a
thin Si layer to a foreign carrier after lift-off from its parent substrate is termed layer transfer. As illustrated in
Fig. 2, thin Si foils can be layer transferred onto different types of carriers, which can be classified according to
their conductivity and transparency.

Conductive carriers such as metal foils or sheets (e.g. steel, aluminium) or low-cost Si carriers can only be used
as substrates underneath the solar cell, owing to their opacity. However, since they are electrically conductive,
they can enable the commonly-used 2-side contacted solar cell architectures, albeit without bifaciality. Non-
conductive and opaque carriers such as ceramics (e.g. alumina, mullite or silicon carbide) have also been tested
as inexpensive mechanical carrier substrates for thin Si foils with limited success [30—32]. The difference in the
coefficient of thermal expansion (CTE) between Si and the ceramic carrier leads to stresses, warping and even
cracks. Moreover, since ceramics are either insulators or poor electrical conductors, the bonded side of the Si is
inaccessible for contacting unless cumbersome contact schemes are implemented to bring the rear terminal to the
edge or the front of the solar cell or to the rear of the carrier. On the other hand, transparent carriers such as glass
or plastics have been widely tested in the field of lift-off as superstrates, whereby the main light-receiving side of
the solar cell is bonded to such carriers. Again, special measures are needed for accessing the electrical contacts
on the front-side. Alternatively, an all-back contacted cell architecture allows terminals of both polarities to be
implemented on the rear-side, which is freely accessible in such configuration.

I. Freestanding processing
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Figure 2 Different options of processing thin silicon into solar cells: (1) freestanding processing, and (1) supported
processing. Supporting carriers can be categorised according to their transparency and electrical conductivity (a) metal
substrate, (b) low-cost Si substrate, (c) ceramic substrate and (d) transparent superstrate.

As an extension of the supported processing approach, the module glass or the module back sheet can be directly
used as the mechanical carrier, thus avoiding the use of additional material and the extra weight that it adds to the
final module. Examples of such concepts include the i>-module [33,34] and the HySi module [16]. In the i>-module
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concept, multiple tiles of thin Si foils are bonded to module glass and processed simultaneously into
interconnected back-contacted solar cells at the module level. Such approaches are quite disruptive and move
away from existing production line designs.

In this paper, we focus our discussion on the following three approaches, which have been extensively investigated
at imec in the last few years:

(1) processing of thin Si foils into solar cells in freestanding configuration (option I in Fig. 2),

(2) processing of thin Si foils conductively-bonded to low-cost Si substrates into 2-side contacted solar cells
(option 1l(b) in Fig. 2), and

(3) processing of thin Si foils bonded to glass superstrates into back-contacted solar cells (option I1(d) in Fig. 2).
For this, we use thin (< 50 um thick) epitaxial Si foils and thinned-down (< 70 um thick) Czochralski (Cz) or
float zone (FZ) foils as test vehicles.

2.1 Option 1: Freestanding processing of thin Si foils

In 2004, the average wafer thickness used in the PV industry was 300 um, and by 2008, this was reduced by a
massive 40% to around 180 um [2]. However, in the following 10 years, anticipated further reductions in wafer
thickness did not fully materialise, and in 2018, the average wafer thickness of p-type wafers was still 175-180
pum, while that for n-type wafers was 165-170 um [1]. Even though wafer manufacturers are able to produce
wafers down to a thickness of around 130 um through advancements in conventional diamond-wire sawing [35],
the preferred thickness for most cell technologies nevertheless remained much higher. According to our
knowledge, the thinnest wafers currently used in cell production are 150 + 30 um in thickness by SunPower® in
their Maxeon® solar panels [36], with the lowest thickness reported at 135 um [37]. Meanwhile, the international
technology roadmap for PV (ITRPV) also states that the limit of cell thickness for module technologies is 150 um
for silicon heterojunction (SHJ) and back-contacted (BC) technologies and 160 pum for the rest.

As mentioned before, this reluctance in going to thinner wafers in production is because cell and module
manufacturers want to maximise the mechanical yield during cell and module processing. Powell et al. performed
a module cost sensitivity analysis, where they found that manufacturing yield and throughput are the most critical
factors affecting module cost [29]. Thus, while reducing the Si cost is beneficial, this cannot be accommodated at
the cost of increased breakages or reduced throughput. As explained earlier, going towards thin Si foils below 70
pm is even more challenging in terms of handling and processing because they are fragile, flexible and
lightweight. These challenges are addressed in detail in the following sub-sections.

2.1.1 Fragility of epifoils: improving their mechanical strength

In this section, we first consider the origin of the increased fragility of epifoils. The monotonic increase in
breakage rate during cell processing, both at high-temperature [38,39] and at low-temperature [40], in pilot
production lines as the wafer thickness decreases has been reported by several groups. Nevertheless, in the pilot
production line of Hanwha Q CELLS, suitable handling and process adjustments were made to achieve a breakage
rate of only 4.5% during the fabrication of 100 um thick n-type diffused junction cells [41]. On the other hand,
going from 100 um to 70 um in thickness, CEA-INES reported a drastic increase in the breakage rate from around
10% at 100 um thickness to > 90% at 70 pum thickness in their SHJ pilot line with automated handling [40].
Breakage occurs due to the initiation of crack propagation from pre-existing micro-cracks and defects on the
surface or edges of the Si wafers or foils as a result of stresses during their handling and processing. In their
simulations of edge micro-crack propagation in wafers of different thicknesses, Wieghold et al. found that the
critical force needed to break a wafer decreases with thickness [42]. In other words, for a given crack length, a
thin wafer would break more readily than a thicker one since its threshold for withstanding forces during cell or
module fabrication is much lower.

For thin wafers sawn conventionally from ingots, defects and micro-cracks may be expected both at their edges
and on the surfaces due to the abrasive sawing process. For epifoils that have been lifted-off without detachment
defects, the epifoil surfaces would be smooth and relatively defect-free (e.g. no surface chips, cracks or holes),
and most of the micro-cracks and defects would be confined to the edges, which are defined during the delineation
step (see Fig. 1), typically using laser ablation [43-45]. To understand the impact of the edge quality on the
breakage rate, a qualitative case study comparing two extremes of edge quality was performed in a lab
environment, using epifoils delineated using nano-second laser ablation (ns-LA) with a thickness of 50 um and
size of 125x125 mm?, and nearly-mirrored polished, 150 mm round float zone (FZ) wafers with bevelled edges
that were thinned down to a thickness of 56 pm using wet etching. As depicted in Fig. 3(a), these thin epifoils and
thinned FZ foils were subjected to 4 wet processing steps and 4 depositions in plasma-enhanced chemical vapour
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deposition (PECVD) systems. Between different processes, these foils were handled manually in various
orientations using simple edge-clamping tweezers. The handling actions are also summarised in Fig. 3(a).
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Figure 3 Case study: (a) freestanding processing of thin Si foils with 4 wet processes and 4 PECVD depositions with manual
handling between the different processes, (b) Breakage counts during this processing and handling sequence. A small
number of 7 epifoils and 6 thinned FZ wafers were used in this qualitative case study.

The mechanical performance of the two sets of thin Si foils were monitored during this simple sequence, and it
was found that the epifoils had much higher breakage compared to the thinned FZ foils (see Fig. 3(b)).
Notwithstanding the small sample set, their slightly different thicknesses, sizes and shapes, since both sets of foils
have nearly identical and smooth surface finishes, the higher breakage of epifoils can be attributed to the poor
quality of their edges [46]. As mentioned earlier, the perimeter of these epifoils was defined by ns-LA, which is
known to create thermal damage along the edges. A scanning electron microscope (SEM) image of an edge of an
epifoil delineated using ns-LA is shown in Fig. 4 (e), where the laser-ablated edges can be seen to be rough and
defective. Such defective edges result in the epifoils being mechanically much weaker than the FZ foils, which
originally had smooth bevelled edges. Interestingly, most of the foils were broken during the manual handling
steps, which induce localised stressed on the edges, as also observed by Kray et al. [38]. Thus, high-quality edges
are a pre-requisite as we go towards the regime of thin Si foils.

For epitaxial Si lift-off technology, in an industrial context, a full-area (e.g. M2 size, 156.75x156.75 mm? pseudo
square) epitaxial Si foil would need to be lifted-off from a parent of the same size, where the porous Si has been
realised across the whole surface area of the parent wafer. In this case, the delineation step is needed to cut off the
epitaxial overgrowth at the edges, or potentially in peripheral areas where the porous silicon layer has not formed
properly [47]. Here, the dicing needs to be performed through the whole thickness of the epifoil and the parent
substrate. However, in our work, during the delineation step, the epitaxial Si is cut to produce a freestanding
epifoil of 125x125 mm? in area, from a parent wafer of 200 mm diameter, such that the cut does not go through
the parent wafer and stops in depth close to the detachment plane of the porous Si. Since delineation is a necessary
step and defines the quality of the edges of the eventual epifoil, it is important to investigate and select dicing
techniques which enable high-quality edges. Therefore, we investigated several dicing techniques such as laser
ablation (LA), blade dicing (BD), stealth dicing (SD) and thermal laser separation (TLS) as potential candidates
for this delineation step, as illustrated schematically in Fig. 4 (a)-(d), respectively.

Laser ablation, a well-known process in the PV industry, is a standard technique used for delineating an epifoil,
resulting in a VV-shaped groove, as depicted in Fig. 4(a). During LA, a pulsed laser is used to focus the laser energy
onto a spot. The overlapping of adjacent laser-ablated spots results in a continuous line, which is deepened and
slightly widened by multiple passes of the laser. When the power density is above a certain threshold, the Si
material melts or vaporises. The vaporised material is expelled from the lasered area and part of it is often
redeposited as debris in the vicinity. The molten material can solidify again, resulting in a defective crust along
the edges. This thermally damaged area around the laser-grooved line is called the heat-affected zone (HAZ),
which is made up of ablation debris and resolidified Si, with voids, defects and micro-cracks emanating from this
region. These micro-cracks then act as the precursors from which breakage of the epifoil occurs when it undergoes
stresses during cell and module fabrication. The HAZ can be minimised by reducing the pulse duration, increasing
the laser speed and reducing the laser power.
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Blade dicing, depicted in Fig. 4(b), is widely used in the microelectronics industry for die separation. In this
process, a diamond-coated circular blade that rotates in one direction is pressed on the Si surface. The cutting of
Si is abrasive and thus a water jet is used to constantly cool the assembly. Controlling the depth such that the
dicing process stops within the detachment plane in the porous Si layer is a challenge. Blade-diced edges, as
shown in Fig. 4(f), feature striations along the edges, resembling the structure of a diamond-wire sawn wafer
surface. Chipping at the surface where the blade entered the Si is also often observed.

Stealth dicing, invented by DISCO and Hamamatsu, is a novel dicing technique that has also been used in the
microelectronics industry. In this technique, an infra-red (IR) pulsed laser, which normally has high transmittivity
through Si is focussed at a chosen depth within the bulk of the Si, as depicted in Fig. 4(c). The high critical power
density achieved at the focal point inside the Si bulk results in a phenomenon which causes high absorption at this
local point [48]. The absorbed energy transforms the Si at the focal region into a highly defective and stressed
phase. By stepping the laser along a line, a defected layer is formed, which is called the SD layer. When an external
stress is applied, cracks propagate from this stressed layer to the surfaces on either side, resulting in the dicing of
the edges of the epifoil. The edge of such a foil, as depicted in Fig. 4(g), clearly shows the presence of a 10 um
thick SD layer in the middle of the edge. Outside this SD layer, the edges are defect-free since they are produced
by cleaving.

Thermal laser separation, pioneered by 3D-Micromac, has been used already for PV applications for cutting cells
into half-cells [49]. This technique utilises a continuous-wave IR laser to locally heat a region of Si, followed
immediately by a cooling water jet. The combined effect of these produces thermo-mechanical stresses, which
can be used to guide a crack from a pre-defined location (e.g. a laser notch at an edge) along the path of the
laser/water jet system. The resulting edge, shown in Fig. 4(g), is in fact morphologically similar to a manually
cleaved edge, which is ideal in terms of mechanical strength. However, applying this technique to delineate an
epifoil is not straight-forward because the process control is rather difficult. In order to produce a damage-free
TLS cut, the temperature profile in the epi-Si must be well-controlled. If the temperature is too high, there would
be thermal damage and if it is too low, there will be no cleavage. The thinness of the epitaxial Si, the presence of
the porous Si and the detachment plane, and its spatial non-uniformity pose challenges in controlling the
temperature during TLS cutting of epitaxial Si foils, and further efforts are needed for its successful
implementation for this application. Nevertheless, this technique could be attractive in the case of epifoil
delineation from parent substrates with rimless porous Si, where the TLS cut must be made in peripheral areas
where the porous Si is not formed properly.

The quality of the edges produced by the different dicing techniques was evaluated in terms of mechanical strength
and breakage rate during processing. As mentioned before, we compare our standard ns-laser ablation process
with an optimised ps-laser ablation process, as well as BD, SD and TLS. A comparison of the ablation parameters
between the two LA processes is shown in Table I. For mechanical strength measurements, thinned Cz Si wafers
with a thickness of 136 pm were diced using the different techniques into pieces with a size of 6x2 cm? and these
were subjected to the 4-line bending test. For each group, around 18-21 samples were used for these breakage
tests and the maximum stress at fracture was measured for each sample. The characteristic fracture strength for
each dicing method was determined using Weibull statistics. Furthermore, for evaluating the breakage rate during
cell processing, we first delineated and lifted-off epifoils of size 125x125 mm? from their parent wafers using the
same dicing techniques (except TLS which was not yet applicable for this purpose). The resulting epifoils were
then processed into solar cells using the low-temperature Si heterojunction (SHJ) cell technology, whose cross-
sectional structure and process flow are depicted in Fig. 5. Between 10-15 epifoils per dicing method were used
for this evaluation. As will be seen, these limited number of epifoils were enough to ascertain the correlation
between mechanical strength and processing yield, within the framework of this study.

Table I Comparison of the ns-laser ablation process and the ps-laser ablation process used for the study in Figure 6.

Standard ns-laser ablation Optimised ps-laser ablation
. Nd:YVO, laser in a Trumpf® Trumark . . ®
Lasering platform 6330 platform Nd:YAG laser in a Coherent® Aethon platform
Wavelength, 2 355nm 355 nm
Pulse width, t, 8ns 12 ps
Feed speed, v 200 mm/s 400 mm/s

Fluence, F 4.6 Jlem? 4.5 Jlem?
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Figure 4 Schematics depicting (a) laser ablation, (b) blade dicing, (c) stealth dicing and (d) thermal laser separation. The
corresponding SEM images of the resulting edges are given in (e)-(h).
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Freestanding Si heterojunction (SHJ) solar cell
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Figure 5 (a) Cross-sectional schematic and (b) process flow for the fabrication of Si heterojunction solar cells. PECVD =
plasma-enhanced chemical vapour deposition; a-Si = amorphous silicon; ITO = indium tin oxide.

The maximum fracture stress and the breakage rate during cell processing as a function of the dicing method are
plotted in Fig. 6. As expected, ns-LA has the lowest mechanical strength of < 200 MPa, while the optimised ps-
LA process exhibits a fracture strength > 500 MPa, which is an improvement of more than 2 times. This clearly
proves that pulse duration plays a major role in the quality of the edge produced by the LA process. Shorter pulses
result in significantly lower thermal damage due to the shorter light-matter interaction. Despite this observed
difference in the mechanical strength, both the ns-LA and ps-LA processes resulted in high breakage rates of
around 67% and 58%, respectively, mainly due to manual handling during cell fabrication. Blade dicing exhibited
an even higher mechanical strength > 600 MPa, which correlates well with a drastically reduced breakage rate of
30%. This implies that the striated saw marks on the edges are certainly more benign compared to the HAZ created
during LA, and that the typical stresses during manual handling are probably in the range of 550-600 MPa.

The mechanical strength of stealth-diced samples is comparable to that of samples diced by ps-LA at around 520
MPa, even though this dicing technique is expected to produce higher quality edges. The reason for this is that
SD does not work very well on non-mirror-polished surfaces such as those used for the mechanical tests. In such
surfaces, the depth of stealth dicing is not well-controlled, resulting in meandering of the SD layer in depth. This
should result in lower mechanical strength for these samples than anticipated. Thus, the value of 520 MPa
represents the lower limit for this dicing technique. This agrees well with the fact that the breakage rate for stealth-
diced epifoils is much lower at around 18%, since stealth dicing works very well on the smooth surfaces of the
epifoils. TLS results in Si with the highest strength, with a fracture strength close to 660 MPa. In fact, several
samples could not even be measured because they could not be bent till fracture. Thus, this value represents a
lower bound for the mechanical strength resulting from this dicing method. Based on the above results, we can
conclude that the threshold mechanical strength required for manual handling and processing thin Si in
freestanding configuration, in our lab-based experiment, is between 550-600 MPa, which can be achieved by BD
and TLS, and possibly also SD. In a broader context, these dicing techniques should also be evaluated for their
applicability to delineate epifoils from parent substrates with rimless porous Si, where the dicing must be done
very close to edge of the parent wafer [47]. In addition, the selected dicing technique should have a high
throughput of >4000 wafers/hour and must be cost-effective.
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Figure 6 Maximum fracture stress of 136 pum thick Cz Si pieces (size: 6x2 cm?) determined using 4-line bending
measurements, and the breakage rate of epifoils with a thickness of 50 um during the fabrication of SHJ solar cells according
to Fig. 5, as a function of different dicing methods. Around 18-21 samples per test group were used for the mechanical tests.,
while 10-15 epifoils per dicing method were used for the breakage rate study.

2.1.2 Flexible and lightweight epifoils: handling and processing challenges

In this section, we consider the specific challenges that the flexibility and the lightness of the thin epifoils pose in
handling and processing them freestanding. Handling operations include gripping, pick-up, transport (e.g.
acceleration, translation, rotation and deceleration), manipulation (e.g. flipping, alignment) and release of the Si
foil, which induce high static and dynamic stresses. Manual gripping using tweezers, as depicted in Fig. 7(b),
leads to localised stresses at the very edges where micro-cracks exist, increasing the likelihood of breakage. In
fact, from Fig. 6, this appears to be the case since the breakage rate due to manual handling is much higher
compared to that during the processing itself. Even automated handlers used in the PV industry, such as Bernoulli
grippers, also shown in Fig. 7(b), or vacuum suction cup grippers also lead to increased breakage for thin Si foils
[40,50], because such handlers are designed for rigid bodies i.e. thick wafers.

The increase in flexibility of Si as thickness decreases exacerbates the handling challenge, particularly in a
horizontal orientation due to gravity sag. As illustrated in Fig. 7 (a), for a thin Si foil of length, I and thickness, t,
the maximum deflection, 4max, €xperienced by the foil under a load, F, is inversely proportional to t3. If the fixed
load is the own weight of a foil, then when the thickness is halved, the foil sags 4 times more in gravity compared
to a wafer that is twice as thick. This is problematic in high-speed transport where air resistance and vibrations
can induce additional stresses during motion, cause large bending or flapping of the transported foil and thus
complicate the handling of these flexible substrates [51], as depicted in Fig. 7 (c). This could limit the maximum
speed and acceleration of a handler and thus the throughput of handling. In addition, a significant gravity sag
would make it impossible to load and unload from horizontally oriented cassettes, as illustrated in Fig. 7 (d).
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The flexibility and lightness of thin Si foils also pose challenges during the processing itself, as illustrated in Fig.
8. During wet chemical treatment, which is an important set of processes needed for all types of wafer-based cell
technologies, the thin Si foils can easily float in effervescent liquids (e.g. in Os/water solutions or texturing/saw
damage removal baths which produce a lot of hydrogen) due to being light in weight (see Fig. 8(a)). Thus, retainers
would be needed at the top to keep the foils in place. However, constant bouncing of the foil edges against the
retainers increases the risk of breakage. Moreover, during wet processing, the thin Si foils may be attracted to
each other, for example, due to the charges induced on their surfaces in the solution. Due to their high flexibility,
these attractive forces can be enough for the foils to bend across their slot in the processing cassette and stick
together. Therefore, an empty slot must be left in the cassette between adjacent Si foils, as shown in the photograph
in Fig. 8(a), thereby reducing the throughput of wet processes by half. Unloading Si foils from a wet cassette is
also challenging because remnant liquid between the foil and the cassette causes stiction due to capillary forces.

Processing in vacuum deposition tools (e.g. PECVD or sputtering systems) is much easier in comparison, where
the main concern is abrupt changes in gas flows, which can dislodge the light foils from their position on the
processing plate, as illustrated in Fig. 8(b). However, this can be easily adjusted to ensure thin Si can be reliably
processed without breakages. The main issue during dry processing is the outcome of the deposition rather than
the deposition itself. In fact, the deposited film (e.g. thermal oxide, PECVD SiNy, sputtered Al, screen-printed
Ag) usually has intrinsic stress, which results in significant bowing or warpage of the thin Si foil, as showed in
the schematic and photographs in Fig. 8(c). Deformed Si foils are difficult to handle and are one of the major
causes of breakage during subsequent handling [40]. To circumvent this, asymmetric deposition should be avoided
if possible, and bifacial cell designs could be adopted. Alternatively, deposition parameters and conditions could
be optimised to reduce the residual stress in the deposited films, as was done for e.g. by Wang et al., where they
introduced NF3 during thermal oxidation to reduce oxide stress [52].
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Finally, screen-printing is probably the most mechanically severe process for a thin Si foil. This is because during
printing, the screen makes intimate contact at high pressure with the foil, and there is a strong adhesion force
between the screen and the foil due to the wet paste which acts against the suction force of the vacuum chuck, as
illustrated in Fig. 8(d). These stresses are not always uniform and often lead to breakages. In fact, all processing-
related breakages for the blade-diced and stealth-diced epifoils in Fig. 6 were associated with screen-printing.
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Figure 8 Illustrations and photographs of the processing challenges (a) during wet processing, (b) in vacuum systems, (c) after
single-side thin film depositions, and (d) during screen-printing.

There have been several reports in literature on the successful fabrication of different types of solar cells (e.g.
PERL, PERC, SHJ), on thin Si foils with thickness well below 100 um, as summarised in Table 11, using different
types of processing systems such as wet chemical baths (e.g. cleaning), vacuum systems (e.g. PECVD), high
temperature furnaces (e.g. diffusion), spinners and screen-printers. However, most of these efforts have been on
small-area Si foils, which are easier to handle without breakages. In most of these works, the breakage rate is also
not mentioned. The reason for the lack of prevalence of processing large-area thin Si foils lies in the difficulty in
dealing with their flexibility and lightness. At imec, we have processed epifoils as thin as 50 um in freestanding
configuration using the SHJ cell technology, in a lab environment with manual handling, up to a size of 125x125
mm? [53]. CEA-INES has also demonstrated SHJ cells on full-size, 156x156 mm?, pseudo-square thinned Cz
wafers down to a thickness of 40 um [54], although their fully-automated line could only be used down to a
thickness of 80 um. In all other cases listed in Table Il, the Si foils were either handled manually or automated
handling was not mentioned. Thus, we can assume that the current wafer handling systems do not perform well
with thin Si foils. Moreover, to the best of our knowledge, only CEA-INES and imec have demonstrated screen-
printing on such thin Si foils. In general, we find that, of all the challenges discussed in this section, handling and
screen-printing are the most critical aspects in the freestanding processing of thin Si foils that could have a strong
impact on the manufacturing yield and throughput, and hence the cost.

It is also worthwhile to note that both works of imec and CEA-INES on large-area thin Si foils used the SHJ cell
technology, which has several advantages. Firstly, in this cell technology, the solar cell can be realised with a
limited number of processing steps (see Fig. 5), which maximises the overall yield of the entire cell fabrication
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process flow. In particular, after the texturing and cleaning processes at the beginning, no more cumbersome wet
chemical treatments are needed, which is hugely advantageous for both yield and throughput. In addition, the
processing is done at temperatures below 200°C, which minimises large temperature swings which could lead to
stresses on the Si foil. A symmetric, bifacial cell design can also be readily implemented, which ensures that
bowing and warping are minimised. Thus, the low-temperature bifacial SHJ solar cell is the recommended cell
technology for thin Si foils. In the current status, such cells could be fabricated with high yield and throughput
down to 130 um, and with necessary adjustments down to 80 um [40,54]. Going below this thickness, major
developments in cost-effective handling solutions are needed.

We have processed freestanding SHJ cells following the process flow shown in Fig. 5, using epifoils with a starting
thickness of 50 um (the epifoils reported in Fig. 6) and 64 um thinned Cz wafers, both of size 125x125 mm?. The
best cell results are summarised in Table 1V and discussed in Section 3.

Table Il Literature survey of ultra-thin Si processing and type of processes used to realise such thin cells. PECVD = plasma-
enhanced chemical vapour deposition; PVD = physical vapour deposition. * =estimated.

Thickness Area Wet \s/}?s(ic:umr? ngqgimgﬁfounmace Screen- Handling Reference
2 i ) inti
[um] [em?] processing (PECVD, PVD) diffusion) printing

25 11.0 v v v Manual imec [55]

34 78.5 v v v Manual ISE [38]

40 2443 v v v Semi-. CEA-INES [54]
automatic

43 6.25 v v v Not reported ISFH [17]

50 156.3 v v v Manual imec [53]

50 78.5 v 4 v Not reported UNSW [52]

58 100.3* v v Not reported Sanyo [56]

70 239" v v v Semi- CEA-INES [40]
automatic

2.2 Option 2: Processing of thin Si foils conductively bonded to low-cost Si carrier substrates

In the realm of supported processing (see Fig. 2), we investigated the option of supporting a thin Si foil on a low-
cost native Si substrate, which provides the necessary mechanical rigidity for the harsh downstream processes.
The advantage of this approach is that there is no difference in the CTE between the Si carrier and the Si foil,
which means that stresses in the bonded stack will be negligible. Such a bonded stack is termed “wafer-equivalent”
because after bonding, the stack can be treated as a regular thick wafer, during the subsequent processes. The
schematics and photographs of the implementation of this approach are shown in Fig. 9 (a), whereby a partially
processed thin Si foil is bonded to a Si carrier using a conductive glue and the bonded stack is then processed as
a “wafer-equivalent” into a solar cell.

Low-cost Si carriers are usually fabricated from low-cost Si feedstock and using low-cost production methods.
Low-purity Si that cannot be purified easily has a low economical value and is therefore an ideal candidate to be
used as feedstock for fabricating low-cost Si carriers. Such feedstock includes metallurgical-grade (MG) Si, Si
kerf produced during ingot sawing processes or Si recovered from end-of-life panels. Low-cost production
methods include ribbon growth techniques such as edge-fed film (EFG) growth, string ribbon (SR), silicon sheet
from powder (SSP), silicon powder sintered substrates [57-59] as well as sprayed substrates. Si carriers produced
with such low-value feedstock and low-cost fabrication methods can be inexpensive and therefore be used as
carrier substrates. Typically, such substrates are also heavily doped to ensure high electrical conductivity. In this
paper, we report on the use of reference p* doped Cz substrates and low-cost Si substrates produced from wafering
of ingots sintered from Si kerf waste as carrier substrates [60,61].

This approach poses two main challenges: (1) development of a robust conductive bonding method, and (2)
contamination control. When bonding the Si foil onto a conductive Si carrier, the bonding agent must also be
conductive in order to allow current extraction via the Si carrier. Several conductive bonding agents are available
in the market today such as electrically conductive adhesives (ECAs) [62] in the form of pastes and inks (e.g.
Heraeus Hecaro™ ECA, Inkron IPC114), which can be applied by screen-printing, inkjet-printing or dispensing.
These pastes are commonly used for solar cell interconnection, e.g. in shingling applications [63]. The important
difference between ECAs and regular metallisation pastes used for solar cell metal grid printing lies in the
composition of the paste. ECAs are typically solvent-free and are based on epoxy or siloxane-based polymers
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with a metallic nanoparticle dispersion, and thus have negligible shrinkage during curing. Another alternative is
to use solid electrically conductive adhesive sheets (e.g. 3M™ conductive adhesive tape 9709). In our work, we
selected the solvent-free silver (Ag) adhesive paste, IPC114, from Inkron, which can be screen-printed and cured
at a low temperature of 150°C while still achieving a high electrical conductivity of around 0.035 mQ.cm after
curing. The salient feature of this paste is that the mass loss after curing is negligible at less than 1%, which
implies that there will not be significant release or build-up of volatiles during curing after bonding. This means
that there will not be unexpected delamination of the bond or cracking of the thin Si foil.

The conductive bonding process should result in a good mechanical bond with low contact resistivity and series
resistance losses. Despite the good electrical properties of IPC114, it was found that applying the Ag paste directly
on a conductive Si carrier leads to high contact resistivity at the interface with the Si carrier [61]. To overcome
this issue, a thin aluminium (Al) interlayer was deposited on the carrier by sputtering before screen-printing the
conductive paste, as illustrated in the schematics of Fig. 9 (a). With this, an excellent electrical contact can be
achieved between the Si carrier and the cell bonded onto it, with negligible additional series resistance losses [64].
Thus, a robust conductive bonding method has been developed, which can enable this wafer-equivalent approach
for processing thin Si foils.

Use of an Ag paste as conductive glue brings up the question of additional costs. However, there will not be a
significant increase in the cost of this approach if the same amount of Ag as is needed for the rear-contact of the
solar cell is used. Instead of printing a blanket area of Ag paste, the conductive glue can be patterned into pads to
minimise the amount of Ag [64]. In addition, the transparent conductive oxide (TCO) on the rear-side of the cell
and the Al interlayer on the Si carrier can be used to enhance lateral conductivity and thus reduce total series
resistance. Alternatively, conductive pastes with Cu-coated Ag particles (e.g. IPC214 from Inkron) or carbon-
based conductive glues can possibly be tested as cheaper alternatives.

(a) Schematics and photos of (b) Process flow for conductively-bonded approach
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vapour deposition; a-Si = amorphous silicon; ITO = indium tin oxide.
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Before defining the final process sequence, the risk of contamination in this approach was assessed. The low-cost
Si carrier and the metal-containing bonding glue are both sources of metal contamination. Therefore, it is not
advisable to bring such a bonded stack to high temperatures, which would allow recombination-active metal
contaminants to easily reach the high-quality Si foil, for instance, via gas phase diffusion, and detrimentally affect
the device performance. Thus, a low-temperature cell process flow such as the SHJ cell technology was adopted.
Since the rear-side of the thin Si foil is inaccessible after bonding, it must anyway be processed before bonding.
On the other hand, the front-side can be finished after bonding on the wafer-equivalent structure. However, the
exposed front surface of the bonded Si foil could potentially be contaminated during wet chemical cleaning prior
to passivation or even during passivation itself, which would lead to high front surface recombination.

In order to evaluate this risk, a cross-contamination assessment was done, as depicted in Fig. 10 (a), whereby a
bonded stack (p* Cz carrier wafer / IPC114 Ag paste / Si foil) was immersed in a diluted 2% hydrofluoric acid
(HF) bath (which is a standard clean before PECVD amorphous silicon (a-Si) deposition), together with a 200
mm witness wafer. This witness wafer could be contaminated by impurities from the bonded stack if there was
cross-contamination via the wet chemical bath. After about 5 min, the wafers were removed and rinsed in a clean
deionised water tank. The surface concentrations of the different metal species were then measured using total
reflection X-ray fluorescence (TXRF) across the 200 mm witness wafer. As shown in Fig. 10 (b), even after a
short exposure time, significant amounts of Fe and Cu can be found on the surface of the witness wafer, proving
that metal cross-contamination in a wet chemical bath is a real issue. Therefore, the front surface of the thin Si
foils must be passivated before bonding in order to avoid poor front surface passivation and degraded device
performance. Moreover, contamination of wet chemical baths and PECVD systems due to processing of wafer-
equivalents is unacceptable in a production environment, as such contamination might accumulate from batch to
batch, and have severe impact on cell performance of all wafers from any process flow that go through these
contaminated tools.
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Figure 10 Cross-contamination study with (a) schematics depicting the assessment procedure adopted and (b) the Fe and Cu
surface concentration maps measured using total reflection X-ray fluorescence (TXRF).

With this knowledge, the process flow for this approach has been designed as indicated in Fig. 9 (b), whereby a
SHJ process flow is adopted and both surfaces of the Si foils are passivated before bonding so that the
contaminating bonded wafer-equivalents do not enter wet chemical baths or PECVD systems. Since only
metallisation steps are left after bonding, these wafer-equivalents should not have any further detrimental
influence. As such, even in this approach, the thin Si foils must initially be processed freestanding, as indicated
in Fig. 9(b). However, according to our experience, as also discussed in the previous section, the most severe
process step in this cell process flow is screen-printing, and it is therefore certainly worthwhile to support these
fragile foils on rigid substrates before screen-printing. After finalising the cell, a suitable rear metal contact should
be added to the Si carrier and these wafer-equivalents can be then interconnected and laminated into modules
without any special care. The mechanical rigidity of the bonded stack would ensure high mechanical yield for all
of these downstream cell and module processes. Conductively bonded wafer-equivalent cells were fabricated
following the process flow of Fig. 9, using 47 pm-thick epifoils and 64 um thinned Cz wafers, both of size
125x125 mm?. The cell performance results are summarised in Table IV and discussed in Section 3.
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2.3 Option 3: Processing of thin Si foils bonded to glass superstrates

The alternative supported processing option that we have investigated and developed is the processing of thin Si
foils bonded to glass superstrates. In this approach, the light-receiving side of the Si foil is bonded to glass using
a transparent and non-conductive bonding agent. Thus, for 2-side contacted cell architectures, provisions for
contacting the front terminals of the cell must be made prior to bonding e.g. using pre-soldered ribbons [65] or
Ag foils [66] that extend outside the bonded area, or using glass with holes aligned to the front-side bus bars
[67,68]. However, a more elegant approach would be to use an all back-contact cell architecture [69-71], so that
terminals of both polarities can be realised on the rear-side of the cell, which is accessible even after bonding.

Transparent bonding agents are usually based on organic polymers and can be categorised into liquid adhesives
e.g. silicones and epoxy resins, and encapsulant sheets e.g. ethylene vinyl acetate (EVA) and polyolefins, which
are standard materials used for module lamination. Since polymeric bonding agents are not stable at high
temperatures, we chose the low-temperature interdigitated back-contact SHJ (IBC-SHJ) cell technology.
Nevertheless, the choice of the bonding agent is critical because during cell processing, the bonded stack is
exposed to a variety of chemicals, different reactive species during plasma processes as well as different
temperatures and pressures, and the chosen bonding agent must be able to withstand these process conditions and
treatments. Adverse reactions of the bonding agent during cell processing could degrade device performance (e.g.
poor passivation), affect device reliability (e.g. delamination) or contaminate the processing tools or chambers
with organic compounds.

Steckenreiter et al. have done a comprehensive evaluation of several liquid adhesives (silicones and epoxy resins)
in terms of their resistance to different chemicals, heat, UV radiation, humidity-freeze cycles and plasma [72].
They found that 2-part addition-curing silicones perform the best among the tested encapsulants. In our work, we
tested different silicones as well as sheet encapsulants, as summarised in Table 11, to evaluate their compatibility
to cleaning chemical mixtures (e.g. HF, SC1: NH4OH/H,O./water, SC2: HCI/H,O/water), wet etchants (e.g.
TMAH, BHF/H,0y), plasma processes (PECVD a-Si:H deposition and dry etching with NFs/Ar plasma) as well
as lithography, which are encountered by the bonded stack during the fabrication of glass-bonded IBC-SHJ solar
cells [69,73]. Particular attention was given to the influence of the bonding agent on the quality and uniformity of
the rear surface passivation after bonding, throughout the process flow. A bonding agent was considered
“compatible” if effective lifetime and uniformity on bonded wafers comparable to those on non-bonded wafers
could be achieved.

Table 111 Evaluation of the compatibility of selected silicones and sheet encapsulants towards wet chemicals, different plasma
processes and lithography. HF: hydrofluoric acid; SC1: NHsOH/H202/water; SC2: HCI/ H202/water; TMAH = tetramethyl
ammonium hydroxide. A tick signifies compatibility, a “No” signifies incompatibility and a dash means the test was not
performed due to incompatibility with other chemicals or processes used earlier in the cell process flow.
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Impeccable surface cleanliness is a necessity for high-quality surface passivation. In the presence of bonding
agents, achieving and maintaining excellent surface cleanliness is a challenge. Polymeric bonding agents,
especially those that are cured by mixing two liquid components such as the 2-part silicones, outgas volatile
organic compounds rapidly at elevated temperatures of 150-200°C, which is typically used for curing silicones or
laminating sheet encapsulants. If such outgassing occurs during the rear surface passivation process by PECVD
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of a-Si, then poor passivation can be expected as the c-Si surface and the a-Si matrix will be contaminated with
organics [74]. To mitigate this problem, prolonged outgassing of about 2-3 hours at an elevated temperature of
200°C can be performed after bonding is completed, to exhaust as much volatile compounds as possible from the
surface layers of the exposed bonding agent, as depicted in Fig. 11 (a). Even though this is an effective technique,
such long thermal treatments are not industrially viable.

During outgassing, a fraction of the organic volatiles will also coat the rear surfaces of the thin Si foil. These
surface organic contaminants must be removed effectively without further affecting the bonding agent, in order
to achieve good passivation. This is typically done by etching the Si surface using a mild tetra methyl ammonium
hydroxide (TMAH) etchant, followed by cleaning with SC2 and HF. While these are effective chemicals for
cleaning the surface of Si, they may also react with the exposed bonding agent, which can lead to further
contamination of the Si surface. Since silicones are siloxane-based polymers, they are also prone to attack by
etchants of Si, including TMAH, particularly at elevated temperatures. Thus, the temperature for this step must
be kept below 35°C for compatibility with most silicones. Even when the Si surface can be cleaned effectively
without affecting the bonding agent, outgassing of organic contamination can occur during the PECVD of a-Si,
at an elevated temperature (150-200°C) in combination with low pressure. This can lead to poor surface
passivation with a strong outgassing pattern, as shown in the photoluminescence (PL) image of Fig. 12 (a).

To address this issue, an Ar or O, plasma treatment was developed to alter the exposed silicone surface in order
to make it more resistant to both chemicals and further outgassing [75], as depicted in Fig. 11 (b). This process
increases the cross-linking of the polymer chains in the silicone network in the near-surface region. With this
silicone surface modification, all silicones except PV6212 show compatibility with the wet reagents listed in Table
I11. In addition, the modified silicone crust prevents outgassing during PECVD of a-Si:H, leading to high-quality
and uniform passivation, as shown in the PL image of Fig. 12 (b).
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Figure 11 Three solutions implemented in the glass-bonded IBC-SHJ process flow for mitigating the impact of organic
contamination from the polymeric bonding agents.
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Figure 12 Effect of outgassing from silicone during a-Si deposition on the passivation quality and uniformity of bonded Si
samples with (a) untreated silicone, (b) Ar plasma-treated silicone and (c) Ar plasma-treated and NFs/Ar dry-etched silicone.
The three photoluminescence (PL) maps are at the same intensity scale.
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Figure 13 (a) Schematic cross-section, and (b) process flow with illustrative photographs and PL images during the
processing of glass-bonded IBC-SHJ solar cells.
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The first passivation layer applied on the rear-side, in our case, is the hole contact i.e. i/p* a-Si, as shown in the
process flow in Fig. 13 (b). In order to form an interdigitated structure of hole and electron contacts, the rear-side
must be patterned to re-expose the Si surface in regions where i/n* a-Si should be deposited. These re-exposed
areas are thus again prone to organic contamination. Moreover, during the rear-side a-Si patterning process,
NFs/Ar dry etching is used to etch a-Si [73], which also inadvertently removes the modified silicone crust in the
exposed silicone areas, making the silicone again susceptible to outgassing. Thus, during the subsequent i/n* a-Si
deposition, there will be poor passivation in the exposed Si areas, as shown in the PL image of Fig. 12 (c). To
circumvent this, a dielectric hard mask (also used in a-Si patterning) can be used to cover the exposed silicone, as
illustrated in Fig. 11 (c). This additional capping layer enables good repassivation, as shown in the lower PL image
in Fig. 13 (b). This dielectric mask is deposited as part of the rear-side patterning sequence [73,76] and is not an
additional layer deposited solely for blocking outgassing.

Glass-bonded IBC-SHJ cells, with the structure shown in Fig. 13 (a) and the process flow described in Fig. 13
(b), were fabricated using 47 um thick epifoils of size 125x125 mm?2, 190 pum thick and 56 pum thinned FZ wafers
of size 130x130 mm? (pseudo-square). The three bonding agents that are compatible with the process flow, as
summarised in Table 111, namely silicones PVV6150 and LS6140, and EVA, were successfully used to produce
high-performance IBC-SHJ cells bonded to glass. The cell performance results are summarised in Table IV and
discussed in Section 3.

3. Comparison of the performance of cells from the different approaches

The performances of the best cells, fabricated at imec using the three approaches discussed in the previous section,
are summarised in Table 1V. The cell performances of thin SHJ cells from both the freestanding configuration
and the conductively bonded configuration are nearly identical, with the best thinned Cz cells (64 pm thick) in
both cases achieving 20.3% efficiency, while the best epifoil cells (47 pm thick) reached 17.3%. This shows that
the conductive bonding process does not lead to loss of cell performance. The main reason for this difference in
performance between the thinned Cz cells and the epifoil cells is their large difference in Voc. For the thinned Cz
cell, an outstanding Voc of 750 mV is reached, while that for epifoil cells is below 690 mV. This is because the
bulk material quality of our epitaxial Si is inferior to that of Cz Si [77], with the minority-carrier lifetime of
epitaxial Si typically an order of magnitude lower compared to Cz or FZ Si. This is also confirmed by the Jsc loss
analysis performed on these cells, based on external quantum efficiency (EQE) and reflectance measurements, as
shown in Fig. 14 (last two bars). High bulk lifetimes in thin (<50 um) epitaxial Si foils up to 750 ps [78] and thick
(>100 um) epiwafers as high as 4-9 ms have been reported [23,79]. Use of such high quality epifoils would
certainly narrow the gap in performance between thinned Cz Si and epi-Si foils.

Table IV Summary of the best cells fabricated at imec from the three different approaches for processing thin Si foils into
solar cells.

, , W Area  Cell Cell Jsc Voc FF  q
Configuration Material size Ref.
[um]  [em’] type [em?] [mA/em?|  [mV]  [%]  [%]
Freestanding Cz 64 156.25 SHJ 15.95 342 750 79.1 20.3
Freestanding Epi 47 156.25 SHJ 15.95 33.1 689 75.8 17.3
Bonded to Si carrier Cz 64 156.25 SHJ 15.95 34.1 749 792 203
Bonded to Si carrier Epi 47 156.25 SHJ 15.95 33.1 688 75.7 17.3
Bonded to glass / PV6150 FZ 190 156.5  SHI-IBC 3.97 40.8 734 731 217 [73]
Bonded to glass / LS6140 FZ 190 156.5  SHI-IBC 3.97 40.6 723 76.5 224
Bonded to glass / EVA FZ 190 156.5  SHI-IBC 3.97 40.7 738 70.0 21.1  [77]
Bonded to glass / EVA FZ 56 156.5  SHI-IBC 3.97 38.4 733 713 201 [77]
Bonded to glass / EVA Epi 47 156.25 SHIJ-IBC 3.97 35.0 673 69.0 16.1 [77]

As for the IBC-SHJ cells, by virtue of the high-quality passivation that can be maintained throughout the glass-
bonded IBC-SHJ process flow, good cell performance is achieved using all three bonding agents: silicones
PV6150 and LS6140, as well as EVA. The best efficiency for a bonded thick FZ wafer is obtained with LS6140
as the bonding agent, reaching 22.4%, which is very close to the best freestanding IBC-SHJ cell processed during
a similar period at imec with an efficiency of 22.9% [73]. This clearly demonstrates the effectiveness of the
process flow and the solutions developed to mitigate the organic contamination issues. Glass-bonded SHJ-IBC
cells based on thinned FZ (56 um thick) and epi-Si (47 um) foils were fabricated using EVA as the bonding agent,
reaching best cell efficiencies of 20.1% and 16.1% respectively. The differences in the performance of the cells
of different thicknesses can be understood from the differences in the Jsc losses, as plotted in Fig. 14. Compared
to the thick FZ cell, the thinned FZ cell has higher front-side escape losses and higher rear-side parasitic absorption



Accepted version of manuscript in Solar Energy Materials & Solar Cells. DOI: 10.1016/j.solmat.2019.110108

losses. On the other hand, for the epifoil cell, additionally, there are significant recombination losses across the
entire wavelength range, again due to the lower bulk material quality of our epitaxial Si compared to FZ Si. The
difference between the two epi-Si based cells in Fig. 14 (third and fifth bars) is largely due to higher parasitic
absorption in the ITO layer and the thicker a-Si (~12 nm) stack on the front-side in SHJ cells compared to IBC-
SHJ cells, which have a much thinner a-Si layer (~5 nm) and SiNx instead of ITO as anti-reflection coating (ARC)
on the front-side.
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Cell type

Figure 14 Comparison of the Jsc losses in 3 glass-bonded IBC-SHJ solar cells of different thicknesses and material (thinned
FZ and epi-Si) with EVA as the bonding agent and 2 thin freestanding SHJ solar cells based on thinned Cz and epi-Si foils.

4. Summary and perspectives

An in-depth discussion of the different possibilities for processing thin Si foils below 70 um into solar cells and
their associated challenges were provided in this paper, based on our work of the past few years in the field of
epi-Si lift-off technology and thin Si processing. Specifically, three approaches were investigated: (1) freestanding
processing of thin Si foils, (2) processing of thin Si foils conductively bonded to low-cost Si substrates, and (3)
processing of thin Si foils bonded to glass superstrates. We used both thinned (Cz or FZ) wafers of < 70 pm
thickness and epitaxial Si foils of 50 um thickness from the porous silicon-based epi-Si lift-off technology as test
vehicles for these evaluations.

While the simplest approach would seem to be to extend the existing knowledge on processing and handling of
thin wafers (of 130-150 pum thickness) down to thin foils below 70 pum, this may be naive given that existing
manufacturing lines in the PV industry are designed to handle rigid wafers, whereas thin Si foils exhibit
considerable flexibility, are light and inherently fragile. It was shown that the fragility and the mechanical strength
of epitaxial Si can be improved by replacing laser ablation with novel dicing techniques, such as blade dicing,
stealth dicing or thermal laser separation, to produce nearly defect-free, high-quality edges during the epifoil
delineation step. However, much needs to be done in addressing the challenge of automated handling of foils in
order to attain high mechanical yield and throughput during cell fabrication on freestanding thin Si foils. While
reasonable solutions could be found for most of the cell processing steps, screen-printing was found to be the most
severe process for freestanding thin Si foils. In general, it is recommended to minimise the number of processes



Accepted version of manuscript in Solar Energy Materials & Solar Cells. DOI: 10.1016/j.solmat.2019.110108

steps to maximise the overall manufacturing yield, use bifacial symmetric cell architectures and low-temperature
process flows, such as the bifacial SHJ cell technology, which are more compatible with thin and flexible Si foils.

A short-term solution to the handling problem would be to bond these flexible thin Si foils onto low-cost native
Si carriers, which can simultaneously act as the mechanical support as well as the rear electrical contact of the
thin Si cells. After bonding, the stack is termed “wafer-equivalent” and can, in principle, be dropped into
traditional manufacturing lines as if they were regular wafers. For this approach to work, a robust conductive
bonding process with good mechanical and electrical bond was developed using a solvent-free, siloxane-based
Ag adhesive paste. Since the Ag adhesive and the low-cost Si carrier can act as contaminant sources, a low-
temperature SHJ cell process flow was adopted, with the bonding process implemented after both surfaces of the
thin Si foil have been passivated. In this way, the contamination risk is mitigated, and the thin Si foil would be
supported for the most severe cell and module process steps such as screen-printing, stringing, interconnection
and module lamination.

A rather farther-flung alternative is to support the thin Si foil on a glass superstrate. If the module glass itself is
used as the carrier, advanced module-level cell processing can be envisaged i.e. i>-module concept. Analogous to
the previous approach, in this case, the main challenge is the mitigation of organic contamination from the
polymeric bonding glue used to affix the thin Si foil onto the glass superstrate. Since the front-side is bonded to
glass and is inaccessible after bonding, an IBC-SHJ process flow was adopted. A set of different liquid-based and
sheet-based encapsulants were evaluated to select the most compatible ones for device integration. Organic
contamination control throughout the process flow was implemented by using extended outgassing after bonding,
a special Ar or O, plasma treatment to make the silicone surface more resistant to chemicals and plasmas, and an
additional protective dielectric mask on top of the exposed bonding agents. With these protocols in place, a robust
process flow has been developed, which results in excellent cell performance of glass-bonded devices, while
ensuring high mechanical yield for the thin Si foils.

Given that the PV industry is both cost-sensitive and evolutionary, rather than revolutionary, we believe that in
the short-term, wafer thicknesses will remain above 100 um, until thin Si handling technologies, thin Si-based
advanced module technologies with low-stress interconnections and advanced cost-effective light management
techniques are developed to enable sub-100 um thin Si cells. In that scenario, the winning approach of those
presented above (and others alluded to in Fig. 2) would be based solely on economic viability (minimal line
changes, similar device performance, maximum yield and throughput).
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