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MICRO-RAMAN MAPPING OF RESIDUAL STRESSES AT GRAIN BOUNDARIES IN MULTICRYSTALLINE
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ABSTRACT: We study multicrystalline silicon (mc-Si) block cast wafer solar cell material with respect to mechanical
residual stresses at grain boundaries (GBs) related to GB type, details of microstructure, and electrical activity of the GBs.
For this purpose we combine micro-Raman spectroscopy, electron backscatter diffraction, and electron beam induced current
techniques. Stresses of several tens of MPa are found not to influence the electrical activity in block cast mec-Si.
Inhomogeneous distributions of residual stresses and electrical activity are observed along the same GB as well as along
different GBs of the same type. These results are discussed in terms of local variations in the GB microstructure due to the
presence of dislocations superimposed on the GB, their arrangement, intrinsic structure, and impurity decoration.
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1 INTRODUCTION

In view of the ongoing decrease in wafer thicknesses
in silicon solar cell production to reduce production
costs, mechanical residual stresses produced during
crystal growth and solidification as well as during
wafer/cell processing are considered to belong to the
main impediments to improve process yields [1, 2].
Thermal stresses resulting from inhomogeneous
temperature gradients within the ingot during the block
casting process that involves melting silicon and its
solidification can partially or totally be relaxed by the
formation of extended lattice defects such as dislocations,
low-angle grain boundaries, cracks and their
combinations. The remaining internal stresses alongside
with an unfavourable configuration of structural defects
may couple critically with external mechanical and
thermal stresses during wafer sawing, solar cell and
module production and handling leading to additional
defects and unpredictable breakage of silicon wafers/cells
[3]. Frequently, these stress-related defects act as
recombination sites for minority carriers reducing the
efficiency of solar cells [4, 5]. In this context, it is clear
that understanding the stress states and their relations to
microstructure and recombination activity of extended
defects are of fundamental technological importance for
multicrystalline silicon based solar cell technology.

While the infrared light transmission based
techniques have a spatial resolution close to 100 um and
only the existence of stresses in arbitrarily oriented
grains or the average shear stresses can be detected or
estimated [4, 6], micro- Raman spectroscopy (tRS) can
provide a lateral resolution better than 1 pum [7] and the
determination of several stress tensor components within
grains of arbitrary orientation [8, 9]. Recently, we have
contributed some results [8, 9] to the ongoing discussion
[1, 2, 3] on the origin of mechanical residual stresses in
mc-Si. We have confirmed by pRS the presence of
inhomogeneous residual stress distributions including
local maximum compressive and tensile stresses in mc-Si
at critical positions in terms of mechanical stability of the
wafer/cell such as a highly defective area within a grain,
a grain boundary accompanied by dislocations and a
grain boundary triple point [9]. Since the control of GBs
is considered to be among the main keys for improving
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the efficiency and mechanical stability of mc-Si solar
cells [4, 5], in this study, we investigate the relation
between residual stresses localized at GBs and the type,
microstructure as well as electrical activity of the same
GBs.

2 EXPERIMENTAL DETAILS

Commercially available p-type block-cast mc-Si
solar cell material has been used in this study. Before the
measurements, the sample (rectangular piece of 2 cm x 2
cm cut from an entire solar cell wafer) has been
mechanically polished to remove the silicon nitride
antireflective layer and to flatten the surface, followed by
Secco-etching [10] for 5 seconds to reveal grain
boundaries and dislocations. The Raman stress
measurements were carried out at room temperature in
the backscattering geometry using a LabRam HR800
spectrometer (from Horiba Jobin Yvon) equipped with a
He-Ne laser with an excitation wavelength of 633 nm.
The incident laser light was focused onto the sample's
surface through a 100x objective (numerical aperture 0.9)
resulting in a focused spot with a diameter of ~ 1 pm and
a penetration depth of a few um in silicon. The incident
laser power under the microscope objective was ~
2.3mW. The exposure time was 200 ms per spectrum. No
shift due to the local heating of the sample by the laser
beam was observed. The effect of the thermal instability
of the laser and/or the Raman instrument on the silicon
peak position was corrected by using one of the plasma
lines of a Ne lamp located in the vicinity of the
spectrometer's entrance hole [11, 12]. Several stress-
tensor components can be determined by controlling the
polarization direction of the incident and scattered light,
taking into account the crystallographic orientations of
the investigated grains:
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where the component 4, includes the stress components
0., T and 7,.. The polarized p-Raman procedure is
described in detail in Ref. [8].

To locate the GBs even in the Raman stress maps that
display residual stresses rather than material topography,
we have used the Raman intensity maps (not shown)
where the grains can be well distinguished due to their
different Raman scattering efficiency caused by their
different crystallographic orientation with respect to the
polarization of the incident light [9]. Thus, it is possible
to relate grains and GBs to stress distributions by
superimposing intensity and stress maps. The color coded
bars below the stress maps measured with polarization
settings for incident and scattered light are shown to give
an idea about the Raman frequency shifts involved.

The grain orientation and grain boundary type were
determined using an electron backscatter diffraction
(EBSD) system from EDAX attached to a TESCAN
LYRA XMU scanning electron microscope (SEM). The
crystal orientation is described using the {hkl}<uvw>
representation where <{hkl} is the crystal plane
perpendicular to the sample normal direction (z axis) and
<uvw> is the crystal direction aligned with the transverse
direction of the sample (y axis) [see Figs. 1 and 3 (d)].
The inverse pole figure (unit triangle) shows the sample
normal direction relative to the axes of the measured
crystal. The misorientation between adjacent grains is
described using the angle/axis notation, that is, the
rotation angle about the axis common to both lattices to
bring them into coincidence, and in terms of Z-value
which denotes the fraction of atoms in the GB plane
coincident in both adjacent lattices [13].

Prior to the electrical characterization by electron
beam induced current (EBIC) technique, the sample was
chemically polished in 1 HF: 2 HNO;: 1 C,H40, solution
for 5 seconds. A 30 nm thick Al layer as Schottky
contact was evaporated onto the sample surface, while
the back ohmic contact was prepared by rubbing InGa
alloy homogeneously over the back side of the sample.
The EBIC measurements were taken with an EVO 40
SEM at 20 kV. The EBIC contrast used to evaluate the
recombination strength was defined as C=(1,u-1: )/ Lnaxs
where I, is the maximum EBIC current and I, are the
EBIC currents at each measurement point. This definition
provides EBIC contrast maps where the recombination
activity of defects can be well spatially resolved when
colorful scales are used [see Figs. 1-3 (b, ¢)].

3 RESULTS

The Raman stress map in Fig. 1(a) shows localized
and quite symmetric stresses including both compressive
(red area) and tensile (blue area) contributions close to a
point denoted K, where X27a GB changes its direction.
Virtually no stresses above and below this region as well
as around the other GBs are observed. The ¥27a GB,
described by a misorientation angle/axis of 31.59°/[110],
changes its character to a large-angle random GB
{38.2°/[315]} as well as its trajectory, when X3 GBs
{60°/[111]} intersect it as displayed in the EBSD map in
Fig. 1(d). The focused ion beam (FIB) marker allowed
exact correlation between different measurement
techniques. The localized stress distribution and its decay
length resemble the stress field of an edge dislocation
[14, 15] which, in our case, is superimposed on the GB.
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Figure 1: (a) Micro-Raman residual stress mapping of
¥27a, ¥3 and large-angle random {38.2°/[315]} GBs in
block cast mc-Si. The investigated GBs show nearly no
stresses around them except the localized compressive
(Aoy) and tensile (Ao,) stresses close to a change in the
>27a GB trajectory denoted K which are attributed to an
edge dislocation superimposing the GB. (b, ¢) EBIC
contrast images taken at 300K and 77K, respectively
where the area enclosed by the rectangle represents the
Raman mapped area displayed in (a). The numbers
indicate the maximum contrast within the rectangles. The
stressed area close to the £27a GB direction change and
the stress-free area around it show similar EBIC
contrasts. (d) EBSD map showing the grain orientations
and GB types along with the orientation triangle and the
sample reference frame.

The polarized p-Raman stress measurements resulted
in the following difference stress tensors referring to the
coordinate system shown in Fig. 1(a). They have been
evaluated between stressed positions close to the GB and
positions at a distance from the GB which are not
affected by the dislocation stress field:
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The EBIC contrast images in Fig. 1(b) and (c) show
strong contrasts (reduced minority carrier lifetime) of
21% at 300K and 37% at 77K in the region of the GB
trajectory change and a contrast variation along the X27a
GB. The region enclosed by the rectangle corresponds to
the stress map in Fig. 1(a). By comparing the stress and
EBIC images, it can be seen that the stressed area close
to the change in the £27a GB trajectory denoted K and
the stress-free area above and below it show similar
EBIC contrasts, and thus similar recombination activities.

Figure 2(a) shows a Raman stress map of the same
¥27a GB at a distance of several millimeters from the
position displayed in Fig. 1(a). The compressive (red
area) and tensile (blue area) stresses are more extended
along the GB, less symmetric, and change positions with
respect to the GB as compared with the stress map in Fig.
1(a). This stress distribution is attributed to the stress
field of an array of edge dislocations superimposing the
GB [15]. The band-like less compressed region on the
right-hand side of the ¥27a GB can be explained by the
presence of dislocations (edge, screw and/or mixed), in
the grain and close to the GB, which have locally
rearranged to reduce the strain energy and thus, the
stresses in this region [15]. The following stress-tensor
gradients referring to the coordinate system shown in
Fig. 2(a) have been determined by polarized p-Raman:
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Like in the previous case the stressed and stress-free
areas around the GB in Fig. 2(a) are located in a region
of similar (strong) EBIC contrast of 30% at 300K and
40% at 77K as indicated in Fig. 2(b) and (c), respectively
and the recombination activity is inhomogeneous along
the X27a GB.

Figure 3(a) shows two X9 GBs whose stress states are
different, presumably, due to different arrangements of
dislocations at the GBs. While the nearly horizontal X9
GB is stress-free, the vertical X9 GB show compressive
(red area) and tensile (blue area) stresses unevenly
distributed around it. The compressive and tensile
stresses close to the middle of the vertical £9 GB are
associated with an edge dislocation superimposed on the
GB.
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Figure 2: (a) Micro-Raman residual stress mapping of the
same X27a GB at a distance of several millimeters from
the position displayed in Fig. 1(a) showing a different
stress distribution which is attributed to the stress field of
an array of edge dislocations superimposed on the GB.
(b, ¢) EBIC contrast images taken at 300K and 77K,
respectively. The rectangle marks the Raman mapped
area displayed in (a). The numbers indicate the maximum
contrast within the rectangles. The stressed and stress-
free areas along the X27a GB exhibit similar EBIC
contrasts.

The other GBs exhibit almost no stresses around them.
Stress measurements using polarized p-Raman revealed
the following stress-tensor gradients referring to the
coordinate system shown in Fig. 3(a):
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The electrical activities of the stressed and stress-free
29 GBs are weak at 300K (5% and 9%) and increase at
77K to 13% and 14%, respectively [see Fig. 3(b) and

(©)]:
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Figure 3: (a) Micro-Raman residual stress mapping of
39, X3 and large-angle random {38.2°/[315]} GBs in
block cast mc-Si. Two £9 GBs showing different stress
states  attributed to particular arrangements of
dislocations at the GBs are visible. (b, ¢) EBIC contrast
images taken at 300K and 77K, respectively. The
rectangle corresponds to the Raman mapped area
displayed in (a). The numbers indicate the maximum
contrast within the rectangles. The two X9 GBs show
similar EBIC contrasts. (d) EBSD map showing the grain
orientations and GB types along with the orientation
triangle and the sample reference frame.

4 DISCUSSIONS

In addition to clean or metallic decorated dislocations
superimposed on GBs which are extensively invoked in
the literature to explain the EBIC contrasts along GBs [5,
16, 17], GB irregularities such as boundary steps also
show recombination activity, namely, a dot-like EBIC
contrast [18]. Since the measured EBIC contrasts are not
dot-like and the Raman stress fields resemble those of
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edge dislocations as shown in Figs. 1-3 (a, b, ¢), our
experimental results are discussed based on the presence
of dislocations.

According to Shockley-Read-Hall theory [19],
shallow levels in the band gap, e.g. those resulting from
the strain fields of dislocations [16, 20, 21, 22], cause
weak recombination activity of extended crystal defects
at room temperature along with an increasing activity
upon decrease of temperature. On the contrary, deep
levels related to intrinsic core defects and/or metallic
impurity decoration of dislocations result in a decrease of
electrical activity for decreasing temperature [16, 17, 20,
21, 22]. We observed either quite strong (Fig. 1 and Fig.
2) or rather week EBIC contrast (Fig. 3) at room
temperature, both increasing when decreasing
temperature. Such type of temperature behaviour can be
explained by the interaction of deep metal impurities or
core defects at dislocations with shallow strain-field
induced energy bands. The lower contrast of the defects
in Fig. 3 indicates a smaller level of metal contamination
or core defects [23].

Heterogeneous nucleation of dislocations takes place
at regions of internal stress concentrations caused by
local temperature and pressure gradients during crystal
growth and solidification as well as during wafer/cell
processing [15]. The local distribution of dislocations,
their intrinsic structure and their impurity decoration are
affected by many factors having a cumulative effect and
resulting in an inhomogeneous and temperature
dependent electrical activity as well as in a nonuniform
distribution of the residual stresses. First, the nucleation,
motion, multiplication and annihilation of dislocations
under local thermal and mechanical stresses are
dependent on the orientation, size and geometry of the
grains as well as on the boundary conditions created by
neighbouring grains [24, 25]. Since the two X9 GBs in
Fig. 3(a) are formed between crystals of different
orientations as shown by EBSD in Fig. 3(d), the different
stress states at the two X9 GBs and the presence of one
type of stresses along one side of the GB starting near the
middle of the vertical 29 GB towards the two GB
junctions can be explained by a different distribution of
dislocations. Second, the GB interfaces must follow the
growth direction and at the same time they must
minimize their interfacial energy, namely the GB surface
energy and the energy contribution from dislocations
present at the GB [26]. Third, the strain energy of
dislocations located either inside grains or on GBs is
released by the local rearrangement in configurations in
which the superimposed long-range stress fields of the
dislocations cancel partially or totally [15].

Stressed and stress-free areas both showing similar
electrical activity attributed to dislocations and their
impurity decoration have been found around GBs as well
as along different GBs of the same type confirming that
only a particular arrangement of recombination active
dislocations on GBs leads to stresses. These results can
be taken as evidence that stresses of the order of several
tens of MPa do not influence the electrical activity in
block cast mc-Si. Indeed, comparably high stresses of up
to 1.2 GPa in strained silicon as a transistor channel have
been estimated to enhance the carrier mobility through
the effective mass reduction and the band structure
modification [27]. Such stress levels are also expected to
influence the energy levels responsible for recombination
activity in the case of mc-Si.
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It is also interesting to discuss the stress distributions
and stress tensors attributed to edge dislocations on GBs.
Because of the finite laser spot diameter, the Raman
signal in the center of an edge dislocation consists of
shifts to higher and lower frequencies corresponding to
compressive stresses above the slip plane and tensile
stresses below the slip plane, respectively. This results in
spectra frequency shifts at the GBs containing the
dislocation center which are nearly similar to those at
stress-free positions inside grains and in a broadening of
the spectra's full width at half maximum - FWHM (not
shown). Thus, uRS can not provide the maximum stress
located at the dislocation core but rather the stress
averaged over ~ 1 um diameter spot when probing inside
grains close to the GB containing the dislocation core.
The different values of identical stress tensor components
describing the compressive or tensile part of the edge
dislocations can be explained by their different intrinsic
structure and/or by the different accumulation and
distribution of impurity atoms in form of submicron
precipitates in the dislocation cores or in the strain fields
of dislocations [16]. However, the probability of a mixed
dislocation having the stress field of the edge component
predominant over that of the screw component can not be
fully ruled out.

5 CONCLUSIONS

The relation between mechanical residual stresses at
GBs in block cast mc-Si and the GB type, microstructure
and electrical activity has been studied using micro-
Raman spectroscopy, EBSD and EBIC. Our experimental
results show that the distributions of residual stresses and
electrical activity are inhomogeneous along the same GB
as well as along different GBs of the same type. These
non-uniformities are considered to be caused by local
variations in the GB microstructure mainly attributed to
the presence of dislocations, their intrinsic structure,
impurity decoration and arrangement on GBs. The values
of the stress tensor components determined at edge
dislocations superimposing the GBs are too small, i.e.
several tens of MPa, to influence the electrical activity.
Therefore, the existence of both stressed and stress-free
areas exhibiting similar electrical activities at GBs is
explained by a particular arrangement of recombination
active dislocations at GBs. Our study demonstrates that
micro-Raman spectroscopy can be used to identify
experimentally the defect type by comparing its stress
field distribution and its stress tensor components with
theoretical calculations.
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