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Abstract

We combine two kerfless approaches to unite advantages of both processes: the epitaxial layer transfer based on porous silicon
(PSI process) and the lift-off of a thin silicon layer from a substrate via controlled spalling by a stress-inducing layer. For this, we
deposit an Al stressor layer on top of an epitaxially grown silicon layer. A porous double layer underneath the epitaxial layer
serves as determined breaking point. We directionally heat this sample stack and cool it afterwards for controlled spalling of the
epitaxial layer from the substrate. We achieve a lift-off rate of 34 out of 36 detached samples. The porous silicon layer enables a
smooth surface of the detached epitaxial layer and the remaining substrate. Compared to our standard spalling process the
thickness variation of the detached layers is significantly reduced from <25 um to less than 2 um. Furthermore we show that the
lifetime of the detached epitaxial layers does not suffer from the Al deposition and the lift-off process.
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1. Introduction

Kerfless technologies offer the possibility to significantly reduce Si losses during wafer production. They can
contribute to a further reduction of wafer production costs via (1) avoiding the standard kerf loss due to wafering, (2)
by producing thinner Si wafers and (3) by eliminating processing costs for ingot growth and sawing. Several
approaches were developed in recent years using porous Si [1,2], hydrogen implantation [3] or stressor layers [4] to
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cleave thin Si layers. However, the thickness of the Si wafers is in general limited by handling issues during solar
cell production. To overcome these handling limitations one can provide thin Si layers with an additional support
layer. Therefore kerfless Si layers from the so-called porous silicon (PSI) process [1,2], which has the advantage of a
well-defined breaking plane, were previously supported by ensapsulant/glass-stacks [5,6], backplanes [7], or thick
polysilicon [8]. Finding the balance between non-detachability of the epitaxial layer and unintended lift-off of the
same during front side processing requires effort, and a widening of the process window would be welcome for an
enhanced process reliability. Another option to produce mechanically supported kerf-free thin Si layers is the
spalling process [4]. Here a stress-inducing layer is deposited onto a silicon ingot or thick wafer. Due to thermo-
mechanical stress during a temperature change a crack propagates parallel to the Si surface and exfoliates a thin
layer from the substrate [4]. A metal stressor layer [9-12] can later function as a mechanical support and rear contact
[13]. A potential advantage of the PSI process over spalling from compact silicon wafers [14] is a much smaller
surface roughness.

In the present work we combine the advantages of both kerfless approaches: (1) the pre-determined separation
layer in the form of porous Si controls the crack propagation, and (2) the stressor layer from the spalling process that
mechanically supports the thin exfoliated Si layer and thus helps to avoid cracking of the thin Si layer during
detachment. The use of a stressor layer expands the porous layer parameter window for successful lift-off.

2. Experimental

We prepare a porous double layer by electro-chemical etching in a solution consisting of HF, water, and the
surfactant ethanol in volumetric relations of 1:1:1. A rim of 3 mm remains unporosified on the 6°’ substrate. By
applying a step-wise current-profile we create a layer of low porosity on top, and a highly porous so-called
separation layer underneath [15]. The separation layer is porosified with a current etch density in the range of 140 to
150 mA/cm?. During reorganisation at a temperature of 1100°C in hydrogen atmosphere [16] the porous surface
closes, resulting in a smooth surface allowing a low defect density [17] during subsequent epitaxial growth of a
silicon layer on top [1]. The boron-doped epitaxial layer (0.5 Qcm) has a thickness of 30 pm. We passivate the front
side of the epitaxial layer by an 8 nm thick aluminium-oxide and 200 nm silicon-nitride stack.

The epitaxial layers used in this paper are not detachable by pure mechanical force due to enlarged Si bridges in
the separation layer. We deposit a 30-um thick Al layer in an inline evaporation system as a stressor layer for later
lift-off [4]. Subsequently we heat the sample from the non-metalized side by a halogen lamp and immerge it
directionally into a water bath [10]. The tensile stress in the metal layer induces the peeling of the epitaxial layer.
Due to the directed heating and cooling of the sample there exists a temporary and spatial temperature variation
across the substrate [10] that controls the crack propagation [18]. As expected, in doing so the porous silicon
functions as determined breaking point. In case the epitaxial layer does not exfoliate completely (26 of 34 samples)
it can then be easily be pulled off manually.

2.1. Lift-off

We prepare 36 samples as described above. We cut the samples out of 6’” wafers after Al-deposition and choose
three different geometries that are sketched in Fig. 1a): (I) 20 round samples with 5 cm in diameter, (Il) 4 square
samples with 5 cm edge length, and (111) 12 square samples of same size as (Il) but with one corner cut off.
Geometry (I11) avoids the non-porosified edge at one of the four corners (11).

We completely separate 34 out of 36 samples. The two remaining layers break during exfoliation and about 5 to 6
mm? of the epitaxial layer remain on the substrate. The lift-off is successful at significantly reduced halogen lamp
power setting when compared to previous exfoliations of Si layers without a PSI breaking layer: For successful lift-
off we use a power per focus length of 15.0 to 19.3 W/cm. Niepelt et al. applied 34.2 W/cm for exfoliation in the
same setup for non-porosified silicon samples [14] using the same apparatus.
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Fig. 1. (a) Schematic of the sample geometries. The red corner of sample geometry 11 marks the non-porosified area that is removed on sample
geometry Il1; (b) Photograph of a detached epitaxial layer and its substrate with geometry (I). Both surfaces mirror the surrounding. Sample size
is 5 cm in diameter.

Table 1 gives an overview of the exfoliation behavior of the 34 completely exfoliated samples and their visual
appearance. From the 34 samples, 8 layers are completely separated from the substrate during the cooling process.
In this case, the exfoliated layers remain in the water bath, and we collect them from there. Most of the layers, 26 at
all, coil up partly during cooling. This means that the epitaxial layer exfoliates from the bottom of the sample on a
distance of few mm to more than the half of the samples. It can be pulled off easily with a tweezer then, breaking the
remaining Si pillars in the separation layer.

Table 1. Overview of the 34 successfully exfoliated samples and their visually defined status after exfoliation.

No crack observable [no.] Local crack observed [no.]

Complete exfoliation by directed cooling 4 4
Manually pulled off after directed cooling 21 5
Sum of samples 25 9

However, some samples show cracks after exfoliation. From the eight layers that fell off during immersion to the
water bath we visually observe cracks in 4 samples, i.e. 50 % of the samples. Inspecting the 26 samples we have to
pull off manually afterwards, only 5 samples show a crack. Thus, 19 % of the exfoliated samples are harmed.

The cracks are due to different sources: (1) The square-cut sample geometry Il includes one corner without
porous silicon. Due to the missing separation layer there, the epitaxial layer remains on the substrate, while the rest
of the sample is completely exfoliated from the porous silicon area. In one case the non-detachability of the corner
caused a crack that propagated into the detached epitaxial layer. (2) During exfoliation of another square-cut sample,
the crack fronts start from three samples corners and meet in the centre. When pulling off the layer, it is folded and
there a crack emerges. And (3), enlarged pillars in the separation layer lead to a crack formation in case of 7
samples, as observed visually. When applying the stress to the epitaxial layer it will start to exfoliate by breaking the
pillars of the typical size (100-200 nm in diameter,) [19]. Then, at the enlarged pillar, no breakage occurs initially,
but the stress builds up locally, finally leading to an abrupt breaking of the weakest spot, which may not be the pillar
itself. Thus, cracks occur in the epitaxial layer.

While the sources (1) and (2) are eliminated by optimized sample geometry (IlI), thus avoiding the non-
detachment at the non-porous rim, source (3) causes the most cracks. These cracks are small of about 1 to 5 mm
length as visually observed. However, the crack formation due to porous silicon formation is independent on
thermomechanical spalling or lift-off by mechanical force. However, the porous Si formation can be improved to
avoid such issues.
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2.2. Surface characteristics

It was already shown that a predetermined breaking plane leads to smoother surfaces after spalling [20]. Figure
1b) shows a photograph of a typical sample surface after lift-off as well as its parent substrate: the sample surface is
visually flat. Figure 2 shows a profilometer scan that verifies the smoothness of the substrate. The maximum height
variation at a scanning length of 35 mm is 1.7 um. The total thickness variation of the substrate wafer is 1.00+0.34
um prior to epitaxy. Hence, a height variation due to the porous silicon and / or the thermomechanical spalling is
below 1 pm. With our standard spalling process without a predetermined breaking point we occasionally obtain up
to factor 25 higher thickness variations in the samples centre. Furthermore, the defined breaking plane gives a
homogeneous result above the whole sample as to see from Fig. 1b).
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Fig. 2. Profilometer scan of a substrate wafer after exfoliation with residual porous silicon.

Figure 3 shows scanning electron microscope (SEM) micrographs of porous silicon that remains on the substrate
after exfoliation of the epitaxial layer. Micrograph (a) shows the remaining porous Si from a mechanically non-
detachable epitaxial layer, which contains a mixture of pillars and cavities. In micrograph (b) we observe a different
structure, which has a well reorganized structure and allows the free standing detachment of a 9x9 cm? epitaxial
layer. Single pillars have a diameter of about 120 nm or less. The structure of the separation layer (a) results in a low
detachability of the epitaxial layer grown on top.

Fig. 3. SEM-micrographs of (a) remaining porous silicon on the substrate after cleavage of the epitaxial layer. The epitaxial layer was
mechanically non-detachable. The here shown sample was cleaved during SEM sample preparation; (b) remaining porous silicon on the substrate
after exfoliation of the epitaxial layer. The epitaxial layer was easily detachable and cleaved by mechanical force.
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2.3. Silicon layer quality

Next we remove the Al and dielectric layer from the exfoliated epitaxial samples by etching in an HF solution to
investigate the electronic properties of the exfoliated Si. After Al-removal the epitaxial layers flatten. We wet-
chemically clean and passivate them with Al,O3. We then determine the carrier lifetime of these samples by quasi-
steady state photoconductance decay measurements and find the charge carrier lifetime to be 32 to 36 ps at a
minority carrier density of An=10"° cm™. Epi layers from a similar batch but with weaker separation layers and that
were detached without a stressor layer yielded about a factor 2 lower lifetime at same minority carrier density. Thus,
the thermomechanical stress does not appear to harm the quality of the epitaxial layers at a lifetime level of 30 ps.

Figure 4 shows the local distribution of the lifetime. Lifetime mappings by microwave-photoconductance decay
(MWPCD) method reveal locally varying lifetimes from 9 to 71 ps. As can be seen from Fig. 4 (a), the sample
shows a lifetime above 40 ps in the centre and left bottom. Closer to the rim the carrier lifetime seems to be reduced.
The lifetime distribution of the sample (b) shows a structure in form of two bows, whereby the *bows’ are of
increased lifetime of up to 71 ps. In the bottom right we find spots of lower lifetime.

At this point, we cannot determine the reason of the inhomogeneous carrier lifetime distribution. A correlation
with the exfoliation process is not apparent, as both samples from Figure 4 were exfoliated with exactly the same
parameters. Nonetheless, we cannot definitely exclude the exfoliation process as the source of the lifetime
inhomogeneity, although they may as well be due to the epitaxial growth, the reorganization process or the porous
silicon removal.

(b)
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Fig. 4 (a) and (b). MWPCD mappings of two exfoliated epitaxial layers. After Al-removal the epitaxial layers are wet chemically cleaned and
passivated by Al,Os.

4. Conclusion

The combination of spalling with the PSI process enables the lift-off of epitaxial layers that previously have not
been detachable by pure mechanical force. Lifetime analysis as well as solar cell processing was not possible due to
the non-accessibility of the rear side. We achieved a lift-off yield of 69 % crack-free samples with 36 samples in our
first experiments.

Implementing a weak layer in the Si layer to exfoliate a monocrystalline Si layer by spalling requires additional
processing efforts. However, the weak porous layer improves the layer smoothness compared to Si layers exfoliated
from a compact Si wafer about a factor of 25. The layer quality as determined by QSSPC shows carrier lifetimes of
32 to 36 s at An=10" cm™ and on this level of comparable quality to other prepared batches. Spatially resolved
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MWPCD mappings reveal some local inhomogeneities, which we currently cannot connect to the thermomechanical
spalling process.

Due to porous Si formation that resulted in too large pillars in the separation layer, cracks can occur in the
epitaxial layer during exfoliation. The cracking is not an inherent issue of the thermomechanical spalling and it can
be mitigated by optimizing the porous double layer. At the same time the stressor layer mechanically supports the
exfoliated thin Si layer.

The combination of the PSI-process with spalling extends the portfolio of controlled lift-off process and extends
the processing window for successful lift off.
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