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ABSTRACT: The electronic and material properties of Ribbon on Sacrificial Template (RST) silicon wafers are
investigated in this work. Like all multicrystalline wafers, RST wafers exhibit many grain boundaries, impurities and
other crystal defects. The understanding of these defects and their influence on material quality is an important part of
the characterization of solar cell material. The minority carrier lifetime of RST samples after POCI; diffusion and
SiN,:H, hydrogenation is obtained by quasi-steady state photo conductance decay measurements. The distribution of
lifetime on a wafer and the influence of grain boundaries and bulk resistivity are studied via photoluminescence
imaging. Local defects, revealed with the help of a defect etch, are qualitatively correlated to lifetime values. The
crystal orientation and the type of the grain boundaries between the different grains was measured with electron back
scatter diffraction. The most common grain boundaries in the investigated area are of coincidence type £3. SiC
particles on the silicon surface as residues of ribbon casting are studied by scanning electron microscopy. A focused
ion beam cut through a SiC particle reveals the interface structure between these particles and the silicon wafer

surface.
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1 INTRODUCTION

The Ribbon on Sacrificial Template (RST)
technology can pave the way for reducing silicon wafer
and module costs. The RST technique, formally known
as ribbon against drop (RAD) [1], belongs to the family
of silicon ribbons[2]. Advantages of the ribbon
technologies are that no kerf-losses occur and energy can
be saved, as no energy-consuming ingot growth is
needed. Also, the ribbon wafers in the RST process can
be grown very thin (down to 50 um). This in total leads
to reduced energy and material costs which can directly
have an effect on a shortened energy payback time of a
module. RST wafers, as well as all multicrystalline (mc)
wafers, exhibit grain boundaries, impurities and other
crystal defects. The understanding of defects and their
influence on cell efficiency is an important part of the
characterization of solar cell material. This can lead
directly to an adjustment and improvement of silicon
ribbon production and cell processing.

2 EXPERIMENTAL

For this purpose lifetime samples are processed on
5x5 cm? RST wafers. The effective minority-carrier
lifetime 1t s measured by quasi-steady-state
photoconductance decay (QSSPC) [3]. Its distribution
and the influence of grain boundaries are investigated
with the help of photoluminescence imaging (PLI) [4].
Whereas various investigations have been performed on
defect clusters and performance limitation for standard
mc wafers (e.g. by Sopori et al. [5]), there are almost no
corresponding analyses of RST wafers. The lifetime
samples are etched in a defect etch solution suggested by
Sopori [6] to reveal the crystal structure, grain boundaries
and defects. Local defects are qualitatively correlated to
spatially resolved measurement of 1 from QSSPC
calibrated PL maps [7]. With the help of electron back
scatter diffraction (EBSD) [8] the crystal orientation and
the type of the grain boundaries between the different
grains is measured. Thus the influence on the minority
carrier lifetime can be estimated.

Impurities and SiC particles formed due to the unique
RST process are observed and analyzed with a scanning
electron microscope (SEM). The elemental composition
of some particles is determined by energy dispersive X-
ray (EDX) spectroscopy. The interface of a particle is
investigated after a focused ion beam (FIB) cut through a
characteristic particle.

3 RST RIBBON MATERIAL

The RST process belongs to the family of silicon
ribbon technologies and represents a method of fast and
kerf-loss free wafer casting [9]. It is based on direct
crystallization of molten silicon onto a soft carbon
substrate which is pulled vertically through a silicon melt.
The carbon carrier is coated by a thin layer of pyrocarbon
which makes it wetable by silicon and resistant to
erosions by molten silicon [10].
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Figure 1: Schematics of the RST casting process (left). A
carbon based carrier is pulled through molten silicon
which crystallizes on the carrier surface. The cross
section through the silicon-carbon-silicon triple layer
(right) is shown.
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A schematic of the RST casting process is shown in
Fig. 1.Two wafers are gained after removing the substrate
by a subsequent high-temperature burn-off step. The
technique allows wafer thicknesses down to about 50 pm
and high wafer throughput rates proportional to the pull
speed in the order of 5-10 cm/min [1]. This is about 2-4
times faster than the speed of the comparable EFG (Edge-
defined Film-fed Growth) process[11]. The silicon
surface predominantly yields a (011) orientation and the
grains grow elongated in the pulling direction of the
carbon carrier [10]. The wafers which are investigated in
this work are produced by the company Solarforce in
France which successfully appliesthe RST technology.

4 LIFETIME STUDIES

Material properties are investigated by the analysis of
lifetime samples.

4.1 Influence of the base resistivity

In the lifetime study the influence of the base
resistivity on tg of RST wafer is investigated. Thus
different wafers with projected base resistivity of 1.5-
5.0 Qcm and initial thickness of 90-95 um were produced
a Solarforce. Other ribbon casting parameters like the
burn-off time, the pulling speed and the thickness d of the
ribbon were within the same range. Tab.1 gives an
overview of the elemental parameters of the different
batches of wafers. Ty, is the burn-off temperature of the
furnace where the wafers are separated from the carbon
carrier. The wafers were laser cut from along ribbon at a
certain position which isalso given in Table | in meters.

Table I: Parameters of the RST process of the different
batches of wafer.

Batch Ty Pos. Papprox. d
m Qcm pm
RST1 high 9 15 90
RST2 high 21 3 90
RST3 low 22 3 90
RST4 low 10 35 80
RST5 low 5 5 95
RST6 low 12 5 80

In total 36 5x5 cm? wafers are processed to lifetime
samples. All samples were treated in achemical polishing
(CP) solution containing HF, HNO; and CH3;COOH to
remove the defect-rich surface. To remove meta
impurities which have a strong influence on 14, a
phosphorous gettering step was performed. Therefore a
standard 55 Q/o POCI; emitter diffusion was carried out
in an industrial-type tube furnace. The phosphorous
silicate glass (PSG) and the emitter were removed in HF
and in a CP subsequently. The measured 1 is affected by
the recombination of the minority-carriers at the sample’s
surface. To minimize the influence of the surface
recombination, the samples were passivated by 30 nm
thick Al,O; layers redlized by plasmarassisted atomic
layer deposition (PA-ALD) in an Oxford Instruments tool
(FlexAL). Afterwards t¢ Was determined using QSSPC
measurements. The lifetime was evaluated at an excess
carrier density of 1.10" cm®. Fig. 2 shows 1 Of the
RST samples versus their base resistivity p which was
also determined by the QSSPC method.
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One conspicuous difference are the relatively high
lifetime values between 9.0-14.5 ps of the samples with
p<1 Qcm (Fig. 2, RST1) while all other samples with
higher base resitivity do not exceed 13 us.
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Figure 2: Effective lifetime of P-gettered RST wafers
versus their base resistivity. Both measurements were
determined by the QSSPC method.

This can be issued to the pyrocarbon capping layer of
the carrier which was used for this specific ribbon
casting. A high capping quality leads to a lower SiC
particle density and thus to higher lifetime values. The
SiC particles will be discussed later on in section5.
Except for the results of batch RST1, a clear trend of T
versus p is visible. The samples from batch RST2 show
an average resistivity of p,=1.4Qcm and the lowest
average lifetime of 1,=5.2 us. Casting batch RST4 has a
comparable average resistivity of p,=1.5 Qcm, but nearly
a doubled average lifetime of 1,=10.1 us. Having a look
at Tablel one can see that RST4 had a lower burn-off
temperature than RST2. Higher burn-off temperatures
can lead to lower material quality since several defects
like didocations and grain boundary decoration are
temperature induced. The effect of burn-off temperature
is currently under further investigation. Another point is
the position of the wafers on the RST ribbon. RST4 was
cut out earlier from the ribbon (Pos. 10 m) than RST2
(Pos. 21 m). Thisis possibly an effect of the casting order
where the material quality changes with the impurity
concentration in the silicon melt. RST3 with 13=6.8 us at
p3=1.7 Qcm and RST6 with 14=8.1 pus at pe=1.9 Qcm are
in good agreement with the expectations. The highest
lifetime values are observed on RST5 with t5=12.1 ys at
p=2.2 Qcm. However, an optimization of the bulk
resistivity in terms of total average lifetime does not
necessarily lead to the best solar cell results. Former
investigations of RST on solar cell level led to the
assumption that lower bulk resistivity results in higher
solar cell performance[12].

4.2 Influence of hydrogenation

Hydrogen can have a strong influence on the average
bulk lifetime of the minority-carriers of multicrystalline
and especially ribbon silicon wafers (e.g. [9, 13]) and can
be explained with the passivation of defects by atomic H.
RST wafers exhibit multiple defects and a very high
density of grain boundaries (GB) whereof most of them
are twin boundaries. Thus the influence of hydrogen
should be beneficid, if the defects can be passivated by
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atomic H. RST lifetime samples are processed in the
same way as described in section 4.1. But instead of a
standard industrial 55 Q/o POCIl; emitter, an emitter with
90 /o was applied. This emitter is also used for RST
wafer cell processing. The source for hydrogen is a H-
rich SiN,:H, layer deposited in a plasma-enhanced
chemica vapor deposition (PECVD) process. The
prepared samples are fired in an industria belt furnace
with peak temperature above 700°C. This leads to a
diffusion of H into the silicon bulk. Fig. 3 shows the PL
images of a RST wafer after P-gettering (left) and another
RST wafer after P-gettering and  subsequent
hydrogenation. The RST wafers are too thin to allow for
multiple processes including CP on one single sample.
Therefore the measurements after certain processing
steps are done on different RST wafers. The PL images
are calibrated with the values of the corresponding
QSSPC measurements at the excess charge carrier
density An corresponding to the generation rate of the PL
measurement. An was close to 1-10* cm® according to
1 sun illumination and thus the operating condition of a
solar cell.

Table |l gives the lifetime values tgsspc Of these two
samples a An=1-10“cm® measured via QSSPC, the
arithmetic average value tp determined by the PL image
and the harmonic average value Tp_, ham. It has been
shown by Wagner et al.[14], that for inhomogeneous
lifetime distribution, the harmonic aveerage valueis more
adequate for solar cell smulations.

Table I1: Average effective lifetimes from the two RST
samples measured by QSSPC and PL a a MCD of
10%cemd,

Sample TQssPc  TPL,arith.  TPL, harm.
Us Us us

RST after POCl5 4.3 38 3.2

RST after POCl; + H 6.2 57 51

The elongated grain structure with relatively good
lifetimes is clearly visible on both samples of Fig. 3. The
GBs with poor lifetimes cross through the bulk in a fiber-
like structure. Areas with t<2 s are marked in black. A
comparison of the two different samples reveals the
beneficial effect of hydrogenation on t;.

Eff. lifetime te (US)

Figure 3: PL image of 5x5 cm? RST wafers after POCly
gettering (left) and after POCl; gettering and
hydrogenation. Lifetime calibration is performed by
QSSPC measurement data.
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Figure 4: Distribution of lifetime of the samples shown
in Fig. 3. Hydrogenation leads to a broadening of the
distribution and a shift to higher values.

After hydrogenation (Fig. 3, right) there is nearly no
area or GBs with 1« <2 ps. Although it is a question of
two different wafers it can be concluded that many
defects in RST wafers can be passivated by H. The
histograms in Fig. 4 show the distribution of t. The
distribution is similar for al measured lifetime samples
and characteristic for these kinds of RST wafers. After
POCI; gettering (Fig. 4, black line) the samples exhibit a
distinct pesk in the lifetime distribution around 2 ps. The
black area below the distribution function represents the
black areas in Fig. 3 with 14 <2 ps. After hydrogenation
the distribution is broadened and the characteristic peak
disappears. Most of the lifetime values are shifted to
higher vaues.

4.3 Influence of grain boundaries and defects

Not al defects and GBs can be sufficiently improved
by hydrogenation in terms of lowered recombination of
minority-carriers. To revea the crystal structure, grain
boundaries and defects, the lifetime samples were etched
in adefect etch solution suggested by Sopori [6]. Because
of the disturbed crystal structure the etching rate is higher
at defects. This results in a contrast visible a high
resolution optica microscopy images of the etched
samples. Hence it is possible to qualitatively correlate the
defect structure with the lifetime map of the PL
measurements and to draw conclusions from the
passivation mechanisms of H.

Former investigations on mc-Si wafers dedt with the
passivation efficacy of hydrogen a GBs of different
coincident site lattice (CSL) types[15-18]. The CSL type
of the GBs can be determined if the crystal orientation of
neighboring grains is known. Therefore, eectron back
scatter  diffraction (EBSD) measurements[8] with a
scanning eectron microscope (SEM) are carried out on a
smal area of 0.3x6.5mm’ on a RST sample after P-
gettering and hydrogenation. The sample properties are
described in section 4.2 and the region of interest is marked
by the red lined box in Fig. 3. The EBSD scan is performed
within this region which is shown in Fig. 5b) in detail.
Here the PL image, the optical microscopy image of the
reved ed defects and the CSL GB types are smultaneoudy
shown and correl ated.

The defect etch reveals arelaively high line density of
GB in the order of 10° m™, which is 1 GB per 10 um. An
impurity inclusion shown at Fig. 5b) @ can lead to a
disturbance of the crystal growth. Thisis indicated by the
discontinuity of the amost paraled GBs (arrow in
Fig. 5b)).

The EBSD measurement shows: the predominant part
of GBsis of type 3 which do not al visibly appear in the
PL image of this sample. This accounts for the fact that 3
grain boundaries are not the main reason for limitation of
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lifetime in RST wafers which is also shown for mc wafers
by Karzd et a.[19]. On the investigated area shown in
Fig. 3c) the by far predominant type of GB is 23 (marked
in red), whereas the other types indicated by the arrows are
far less frequent: X9 (violet), 27a(green).

A linescan of 1 which cuts through the middle of the
EBSD area is shown in Fig.5a). The variance of the
lifetime (3-9 us) can solely be explained by the different
types of CSL GBs. The orange outlined area of Fig. 5b)
contains high (>8 us) and poor (<4 us) lifetime values.
This is visible in the 14 line scan between a distance of
3.2-4.4 mm which is framed by the orange lines. Fig. 5c)
shows the magnification of the orange box. At the area
around @ a high defect density inside the different grains
occurs. These defects show up as little etch pits after a
defect etch and are probably linked to dislocations in the
silicon crystal. Although this area is dominated by =3
GBs, the lifetime is rather poor. The underlying PL image
has a resolution of 50 um/pixel and can thus not give the
same resolution as the optical microscopy image or the
EBSD map with a resolution of 3 um/pixel. But ill the
tendency of lower lifetimes at higher defect dendities is
recognizable. The area around @ is aso dominated by =3
GBs, but shows barely no etch pits. The recombination of
minority carrier is reduced in this area leading to higher
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Figure 5: @) Line scan of the effective lifetime. The
region of interest is marked in Fig. 3 by the red box. b)
Correlation of PL image, crystal structure and CSL GB
type. c) Magnification of the correlation.
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1o Values. Other CSL grain boundary types apart from £3
appear a the interface of the two different main grain
orientations (indicated by region @ and @ in Fig. 5¢). The
arrows point at some exemplary interface positions where
%9 and X27a GBs can be found. Although the etch pit
density islow at the aforementioned interface, T does not
improve very much after hydrogenation. This means that
the recombination activity of GBs with CSL indexes
higher than £3 cannot be fully compensated by H.

5 SURFACE STUDIES

The rear surface of the RST wafer (being in contact
with the carrier during crystallization) exhibits different
types of impurities which are macroscopic and cannot be
fully removed by chemical polishing. This leads to the
assumption that the impurities are grown in the silicon
bulk.

The growth of silicon ribbons in combination with
carbon casting parts results in the formation of silicon
carbide (SiC) particles at the slicon carbon interface.
Thus the crystal growth is accompanied by the inclusion
of some of these SiC particles. This was also observed on
ribbon wafers of the related EFG process[20]. One
source for the formation of SIC particles is the crucible
and the crucible slot where the particles can freely be
transported in the molten silicon and can be included in
the growing ribbon. Another source of SIC particle
formation appears directly between the carbon carrier
surface and the molten silicon. A discontinuity in the
pyrocarbon capping layer of the carrier can lead to alocal
reaction of silicon and carbon with an attendant diffusion
of carbon into the growing ribbon and SIC crysta
formation. The same reaction can take place vice versa
when silicon diffuses into the carbon carrier.

5.1 SEM and EDX analyses

The rear surface of a RST wafer was examined with a
SEM after chemical polishing (remova of about 10 um
silicon). Fig. 6 shows different types of impurities which
are identified on the surface. A typica round shaped
0.3x0.2 mm? particle is shown in Fig. 6a). The elemental
compositions which are determined by an EDX
measurement are summed up in Tablelll. The rounded
particle holds a high silicon content (>85%) with a small
carbon percentage (<15%) at position @. It is assumed
that these kinds of particles are left-overs from the soft
carbon carrier. By removing the carbon carrier in a high
temperature burn-off step, parts of the carbon which stick
to the bulk remain on the silicon surface. Another kind of
impurity, observed on the round shaped particle, is not
directly connected with the wafer. An EDX analysis at
position @ reveded a high concentration of carbon
(>56%). The indicated silicon content may be caused by
the background. Probably these carbon impurities are
direct residuals of the carrier which are electro-statically
bound to the surface or freed by the CP. The relatively
high content of oxygen (~30%) may come from the burn-
off step under oxygenic atmosphere which reacts with the
carbon.

Some particles show the typical hexagona crystal
structure of SiC [20] as can be seen in Fig. 6b). The EDX
measurement on a spot and a small area on this kind of
SiC particle (® and green area) reveds a silicon content
of >66% and a carbon content of around 30%. This
corresponds to arelation of Si:C=2:1.
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Table I11: Elemental composition of impurities on the
surface measured by EDX.

M easurement point Si C (0]
inFig. 6 mass% mass% mass%
SiC particle, © 85.4+09 14.6+0.9 -
Carbon particle, @ 14.6£0.3 56.2+0.9 29.2+0.8
SiC particle ® 66.4+1.2 326+1.2 1.0+04

SiC particle ® area 70.2+1.3 27.7+1.3 2.1+05
5.2 Bonding structure of SiC particles

The character of the SIC particle bonding to the
silicon surface and the depth of the SIC crystal in the
silicon bulk is investigated by a SEM imaging of a cross
section of a typical SIC particle. A 30 um deep FIB cut
through a characteristic SIC particle is performed. In

Fig. 6b) the FIB cut is denoted by ared line.

Silicon surface

Silicon
surface

\ Silicon _f'
o bulk

Figure 6: SEM images of different particles, observed on
the RST wafer surface: a) typical round shaped SiC
particle with a small carbon piece on top. b) SIC crystal
with typica hexagona growth which is bonded to the
surface. ¢) Cross section of the SiC crystal shown in b).
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The red area shows the material which is removed by
FIB milling to get a free view on the cross section which
can be seen in Fig. 6¢). The following discussion is
related to the red colored cross section of Fig. 6¢).

Two different SiC phases can be seen (@) which are
separated by a grain boundary. The interface between the
SiC crystal and the silicon bulk is shown by the arrows at
®. The typica hexagonal structure which is formed by
SiC crystals accounts for a strong chemical bonding to
the silicon bulk. Thus these kinds of impurities can only
be removed by a long CP which releases the particles
from the bulk. Due to the higher mechanica stability of
SiC, the crystal is not removed as fast as the bulk silicon
by FIB. This can be seen at ®. Here the SIC crysta is
supposed to have a deep extension into the silicon bulk.
Detailed characterization and the depth of the rootage in
the bulk are subject of further research.

On solar cell level the SiC inclusions are supposed to
lead to shunts in the emitter of the cell. This can be
recognized by the hot spots of illuminated lock-in
thermography images[12]. Thus a reduction of the SIC
crystal density on the wafer surface by adjusting casting
material should lead to RST wafers with a higher material
quality.

6 CONCLUSION

RST wafers are a competitive aternative to block-cast
multicrystalline silicon. They can be produced fast, energy-
and material-effective since no energy-consuming ingot
growth or wire sawing is needed. Lifetime samples have
been processed on different RST wafers and
characterized by QSSPC and PL. Wafers with higher
base resistivity show a tendency to higher lifetimes. The
burn-off temperature, the position at the ribbon and the
quality of the carbon carrier also have an influence on tg,
Spatially resolved lifetime calibrated PL maps reveal an
inhomogeneous distribution of the minority-carrier
lifetimes over the whole sample. The distribution of
lifetime can be broadened and shifted to higher values by
hydrogen diffusing in the sample during firing of aSiN,:H,
layer. Many defects can be passivated by H.

Grain boundaries which are observed by optica
microscopy after a defect etch on the RST surface are not
the limiting factor for 1. Disturbed crystal growth and
high defect densities in some grains might be the main
reason for reduced t4;. EBSD measurements have been
performed to identify the CSL grain boundary type. The
predominant type is found to be 3. X9, ¥27a and higher
order GB types are found at the interface of different 3
orientations. These are recombination active and cannot
be fully passivated by H. SEM and EDX measurements
show different types of SiC particles on the silicon
surface as residuals of the carbon carrier. The particles
can be the starting point of disturbed crystal growth.
Some are deeply ingrained in the silicon bulk by a
reaction of the molten silicon and the carbon carrier
during ribbon casting. These kinds of particles can lead to
electrical shunts of RST solar cells.
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