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In the silicon ribbon on a sacrificial template process silicon is deposited on both sides of a carbon ribbon,
thus forming a Si/carbon/Si trilayer. The fast cooling of the ribbon in large temperature gradients generates
stresses that are detrimental to both the electrical performance and the mechanical behaviour of the wafers. The
assessment of the stresses is crucial for the setting-up of thermal treatments allowing for the stress relaxation of the
wafers, prior to the cell fabrication. We present an analysis of the stress in the as-grown trilayer by a simulation
of the thermomechanical behaviour of the cooling ribbon. Experimental measurements of the stress in as-grown
and annealed trilayers are also presented. The results permit to establish the conditions for optimized growth and

annealing.
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1. Introduction

Silicon ribbon technology has emerged as a cost-
-effective method alternative to other multicrystalline Si
growth processes [1, 2]. Among these technologies, the
silicon ribbon on a sacrificial carbon template (RST)
technique developed by Solarforce has emerged as the
ribbon technology able to produce quasi flat thin wafers
down to 50 pm at high pull rates (> 5 cm/ms); a con-
version efficiency of 16% has recently been obtained on
RST wafers 80 pm thick [3, 4]. The vertical growth con-
figuration at high pulling speeds of this technique results
in large temperature gradients, in excess of 1000°C/cm
at the solid liquid interface; such large gradients build
up thermal stresses, which eventually have detrimental
consequences on both the electrical properties of the rib-
bon wafers, and the mechanical yield of the process. Two
challenges for further improvement of the RST technol-
ogy are the optimization of the electrical performances to
reach conversion efficiencies above 17%, and the reduc-
tion of the residual stresses.

We present herein an analysis of the residual stress in
the RST-Si by using two approaches; namely: (i) a sim-
ulation of the thermomechanical behaviour of the cool-
ing ribbon using the Abaqus software, which takes into
account the ribbon dimensions and the experimental
pulling conditions and (ii) the measurement of the resid-
ual stresses on the free silicon ribbon surface by u-Raman
spectroscopy. The thermomechanical simulation took
into account the viscoelastic properties of silicon and gave
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the maximum deformation of the cooled ribbon in the
absence of post-annealing treatments. p-Raman scans
and maps were made on different samples, as-grown (i.e.
prior to the removal of the carbon ribbon) and after post
growth annealing treatments, either off-line (or ez situ)
and in-line with growth.

2. Experimental and samples

In the RST process, a carbon ribbon, composed of a
soft low density graphite ribbon coated on both sides
by a high density pyrocarbon layer deposited by chemi-
cal vapor deposition (CVD) is vertically pulled upwards
throughout a crucible filled with molten silicon. The
freezing meniscus thus formed on both sides of the car-
bon ribbon yields a Si/carbon/Si trilayer coming out of
the growth chamber. Afterwards, the trilayer is laser cut
and exposed to an oxygen-rich gas at high temperature
(= 1000°C) in order to eliminate (burn-off step) the car-
bon ribbon. Two thin Si wafers (< 100 pum) are obtained
from each trilayer after the burn-off step. Then, the self-
-standing Si wafers are wet or plasma etched prior to
starting the fabrication of the solar cells.

The crystalline texture of the silicon film consists of
large grains elongated along the pulling direction and
continuous down to the carbon substrate; the boundaries
between these grains (GBs) can be observed in the op-
tical microscope together with twin structures aligned
along the pulling axis [5], Fig. 1.

The stresses, the warpage of the RST ribbon and
the silicon thickness across the ribbon were estimated
by means of thermomechanical simulations using the
Abaqus software. An iterative method described in a pre-
vious work was used to take into account the occurrence
of asymmetrical growth [6]. Due to the lack of data on the
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Fig. 1. Optical image of an as-grown sample showing a
grain boundary (GB) along the pulling axis, and twins.

viscoelastic properties of silicon at high temperature, the
simulation used the experimental data obtained by Gra-
ham et al. on silicon compressed at temperatures ranging
from 1100 to 1380 °C at several strain rates [7]. A further
simplification was the use of a vertical symmetry plane
normal to the ribbon glide plane. The relaxation effect,
presently under investigation, was not taken into account
in the simulations presented here. The measure of the
ribbon warpage presented in this paper is the maximal
deformation, called Az, in the direction of the ribbon
normal, we label this deformation as deflection. Refer-
ence calculations were made for thicknesses of the carbon
ribbon, pyrocarbon coating and silicon thicknesses of 270,
4, and 100 pm, respectively.

The experimental assessment of the stress in the silicon
films was carried out with a Labram UVHR 800 Raman
micro-spectrometer from Horiba-Jobin Yvon. The exci-
tation was done with a helium neon laser (632 nm) for
which the penetration depth (=~ 3 um) was deep enough
to minimize the influence of the surface. The smooth sur-
face of the RST samples permitted to perform the mea-
surements without additional surface preparation. The
use of a careful spectral reference setup was mandatory
because of the small Raman peak shift; a neon lamp lo-
cated inside the optical entrance of the spectrometer,
just ahead of the entrance slit, warranted a very sta-
ble spectral reference insensitive to the beam alignment.
A detailed calculation of the stress from the Raman shift
would require the knowledge of the crystal orientation [8];
the stress was approximated using the Raman shift in-
duced by biaxial stress in the (100) plane (¢ = 250
(MPa/cm™!) * Aw) [9] from which the residual stresses
were calculated. Raman maps were obtained in different
zones of the samples both as-grown and after annealing;
the same zones of the as-grown and annealed samples
were mapped by p-Raman spectroscopy in order to eval-
uate the influence of the annealing step on the residual
stress relaxation.
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3. Results and discussion

The simulation of the stress in RST Si predicted a
rapid increase of the amplitude of the deformation Az be-
yond acceptable limits (> 1 mm) for ribbon widths above
55 mm in good agreement with the experimental trend,
even though experimental results showed a less critical
dependence, Fig. 2. The simulation also predicted an op-
timum scenario with Az = 0 for 55 mm ribbon width
and Si films 100 um thick, which was experimentally ap-
proached up to a width of 65 mm. A very interesting
output of the simulation work was the reduction of Az
as the pull rate increased, giving silicon thicknesses down
to 50 pm, a prediction in agreement with experimental
findings.
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Fig. 2. Dependence of the deformation (Az), labeled

deflection, on the ribbon width.

The macroscopic average tensile stress calculated in
the absence of relaxation was around 30 MPa, in good
agreement with the stress estimated from the Raman
shift in as-grown samples.

The Raman study was done in two steps; firstly, the
Raman spectra were recorded on as-grown and subse-
quently, in the same regions of the sample after ex situ
annealing. The results of the Raman spectra showed a
remarkable relaxation effect for annealing temperature
T, and duration 7, values of ca. 900°C and 10 min., re-
spectively. The local stresses were measured by scan-
ning the laser beam over well identified crystal defects,
e.g. GBs; an example is shown in Fig. 3 which presents
stress distribution maps obtained from the Raman shift
before and after the ex situ annealing on an area of the
sample with a GB. One observes tensile stress on one
side of the grain boundary and compressive stress on the
other side, superimposed to the overall tensile stress of
the as-grown trilayer.

The trilayer sample annealed ex situ presented a re-
laxation of the macroscopic tensile stress, while the local
stresses on either side of the grain boundary presented
a similar distribution to that measured prior to the an-
nealing, but smoothed out with respect to the as-grown
stress distribution, see Fig. 3. The stress relaxation is
summarized in the histograms extracted from the two
stress maps of Fig. 3, as-grown and annealed samples
respectively, Fig. 3b and c.
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Fig. 3. (a) Optical image showing a GB, (b) stress map

measured from Raman shift in the same trilayer sample
as-grown, and (c) stress map after er situ annealing.
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Fig. 4. Histograms representing the stress distribution
before and after ez situ annealing, extracted from the
data of Fig. 3, showing stress relaxation by annealing
(see text).

The histograms of Fig. 4 show that after thermal treat-
ment the tensile stress was relaxed and the stress distri-
bution narrowed, accounting for the smoothing of the
stress distribution around the grain boundary. It was
also found that the fragile behaviour of the ribbon dur-
ing laser cutting could be considerably reduced by the
ez situ annealing step. These experimental results were
used to optimise the in-line annealing of the RST ribbon.

A post-heater was mounted on the ribbon puller in or-
der to relax the strains induced in the silicon films by the
rapid cooling of the ribbon. The position H}, of the post
heater above the freezing front and the in-line annealing
parameters (plateau temperature in the post-heater T},
and duration 7,) are the parameters which control the
relaxation step and define the post heater configuration
(T} is actually the closest value to constant temperature
inside the post heater).

The RST ribbons undergoing an in-line annealing (re-
laxation) were evaluated by two means, namely: (i)
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the measurement of the strain field by py-Raman spec-
troscopy, performed directly on the ribbon coming out of
the puller and (ii) the measurement of the laser cutting
yield, which represents the fraction of crack-free wafers,
50 mm wide, potentially extracted from ribbons 55 mm
in width. Several configurations (H,, T}, and 7,) of the
post heater have been tested. Examples of temperature
profiles are shown in Fig. 5.
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Fig. 5. Temperature profiles of the post heater for
three different plateau temperatures (Tp1, Tp2 and Tp3)
and different positions with respect to the optimal posi-
tion, labeled reference position, Hyef; the double arrow
gives the approximate position of the active part of the
post heater.

A remarkable increase of the laser cutting yield after
in-line annealing was observed. The yield was increased
from 50%, without annealing, to values close to 100%
under the best annealing conditions.
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Fig. 6. Histograms representing the stress distribution
obtained from the Raman shift after in-line annealing
for three different post-heater positions. For the refer-
ence H, (optimal position) the stress is relaxed; when
one modifies the position, compressive stress is induced.

On the other hand, the Raman results showed that
the in-line annealing relaxed the stress, which surpris-
ingly became slightly compressive. A significant relax-
ation of the average stress was observed for increasing
values of T},, and the adequate choice of the post heater
position, H,, Fig. 6. For example, with the annealing
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configuration corresponding to a profile with parameters
(Hpref, Tp =~ 850°C and 7, = 4 min), a laser cutting yield
ca. 97% was achieved.

The influence of the position of the post-heater is
summarized in Fig. 6, where the stress distribution his-
tograms are represented for three different post heater
positions. For the optimal position, Hy,ef, the stress is
relaxed, while for positions above and below compression
is observed. This behaviour depends as well on 7}, and 7,;
in particular, high T}, presents compressive trends, while
low T}, shows tensile trends; therefore, the combination
of the three parameters should permit a significant relax-
ation of the built in residual stresses.

4. Conclusion

The combination of thermomechanical simulation of
the cooling ribbon and of the experimental assessment of
the stresses in RST Si by p-Raman spectroscopy has been
demonstrated to constitute a powerful tool to improve
the technology by providing better control of the growth
parameters and of the optimization of the post growth
annealing step; further research following this work will
include the simulation of the relaxation step and the op-
timization of the temperature, 7}, and the time, 7, in
the post-heater setup.
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