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Residual Strain and Electrical Activity of Defects
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The growth process by casting methods of multi-crystalline Si results in a crystalline material with, among
other defects, a high density of dislocations and grain boundaries. Impurity incorporation and their gathering
around grain boundaries and dislocations seem to be the main factor determining the electrical activity of those
defects, which limit the minority carrier lifetime. In this work, we analyze multi-crystalline Si samples by combining
etching processes to reveal the defects, Raman spectroscopy for strain measurements, and light beam induced
current measurements for the localization of electrically active defects. In particular, we have explored the etching
routes capable to reveal the main defects (grain boundaries and dislocation lines), while their electrical activity is
studied by the light beam induced current technique. We further analyze the strain levels around these defects
by Raman micro-spectroscopy, aiming to obtain a more general picture of the correlation between residual stress
and electrical activity of the extended defects. The higher stress levels are observed around intra-grain defects
associated with dislocation lines, rather than around the grain boundaries. On the other hand, the intra-grain
defects are also observed to give dark light beam induced current contrast associated with a higher electrical
activity of these defects as compared to the grain boundaries.
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ing of the role of the crystal defects in the performance

1. Introduction

of the mc-Si based solar cells.
Multi-crystalline Si (mc-Si) grown by casting methods,
despite the renewed interest in the Czochralski Si based
materials to develop high eciency solar cells, is still the
preferred material for terrestrial photovoltaic (PV) applications due to its cost-eectiveness.

Mc-Si combines

a convenient product cost and high nal eciencies [1].
However, it is well known that the growth process by
casting methods results in a crystalline material with a
high density of dislocations generated by the mechanical
mismatches during the cooling down process, as well as
a large number of grain boundaries (GBs). Impurity incorporation and their gathering around GBs and dislocations seem to be the main problem limiting the minority
carrier lifetime [2, 3]. The consequence is a material with
lower eciency as compared to mono-crystalline silicon,
with the concomitant loss of eciency with respect to
the most pure material (1718% vs. 1920%) [1]. During
the last years, an important eort is being made in the
improvement of mc-Si wafers, regarding both the diminution and passivation of extended and punctual defects [4].
The implementation of experimental tools allowing for
the localization of such defects, exploring their local distribution and origin, is a step forward to the understand-

In this work, we analyze mc-Si samples by combining etching processes to reveal the defects, Raman spectroscopy for strain measurements, and light and beam induced current (LBIC-EBIC) measurements for the localization of electrically active defects. Raman spectroscopy
is a well-known characterization tool providing valuable
information about crystalline quality of semiconducting
materials. However, it has not been until recently that
it is gaining importance for the characterization of solar
Si due to its capability to map the local residual stresses
[57], which are critical to the mechanical stability, especially in view of silicon wafer thickness reduction, but
also might play a crucial role in the distribution of the
metallic impurities, responsible for the minority carrier
lifetime killing.
The direct observation of the crystal defects (GBs and
intra-grain defects) at the same time that the measurement of their electrical activity and associated residual
stress is not an easy task. The electrical characterization
can be obtained by LBIC measurements on the nal cell
(Fig. 1), but no information about the specic origin of
the observed defects is obtained. Moreover, the Raman
spectrum of nal solar cells is contributed by the presence
of the additional layers and texturizing treatment of the
surface, borrowing the information about the bare mc-Si.
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For these reasons, we have developed a methodological
analysis, on bare mc-Si wafers, in order to directly visu-
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alize the crystal defects and at the same time be able to

wafers.

obtain information about their electrical activity and/or

probed. LBIC measurements with a home-made system

Dierent combinations and times have been

the associated residual stress. The surface of sliced mc-Si

were performed on the as received nal solar cells as well

wafers does not permit to extract clean Raman informa-

on the etched mc-Si wafers, after a gold metallization on

tion; therefore, surface preparation is necessary in order

both sides, as described in [8]. The LBIC system oper-

to obtain the Raman spectra free of the inuence of the

ates with four excitation wavelengths (639830 nm and

surface.

853975 nm dual emission lines). Excitation is typically
made with low laser powers, ensuring that the majority
carrier density is not signicantly aected. The reected
optical image (visualized by a Si-CCD camera) and the
photocurrent signal are monitored simultaneously. A motorized

xy

stage allows for mapping the LBIC signals;

the use of dierent microscope objectives allow for mapping large areas of the wafers (20×), and to perform
high spatial resolution LBIC maps (100×) [9, 10]. Both
room temperature (RT) and low temperature measurements were carried out. EBIC measurements at RT were

Fig. 1. Reectivity image (a) and LBIC map (b) of
a portion of a mc-Si solar cell (objective 20×, λ =
830 nm).
exc

In a previous work [8], we investigated dierent chemical etchants of polished mc-Si wafer, KOH etching was
seen to be quite sensitive to reveal the GBs. After this
GB revelation, the samples were metallised with semi-transparent gold layers on both faces for LBIC measurements; the GBs were shown to give very low LBIC contrast, concluding that the GBs themselves are not the
main electrically active defects in mc-Si; on the other
hand, a large number of intra-grain defects were revealed
in the LBIC maps, accounting for its large electrical activity [8].

Following this investigation, we performed

complementary surface etchings in order to reveal both
the GBs and dislocation lines (DLs), as well as to obtain information on their associated residual stress elds
and/or electrical activity, in order to establish a relation
between stress and electrical activity.

2. Experimental and samples

Both mc-Si wafers, grown by conventional casting, and
solar cells fabricated following standard industrial methods, have been investigated. Casting mc-Si growth was

also carried out on a eld emission scanning electron microscope (FESEM) (Carl Zeiss-LEO 1530) using typical
beam energies of 30 keV. The electrical current generated
by the electron beam is collected and amplied by a low
noise current amplier (MODEL DLPCA-200, FEMTO
Messtechnik, Germany).
The Raman spectra were acquired at room temperature using the 532 nm line of a frequency doubled Nd-YAG laser, exciting the sample through a

50×

long

working distance microscope objective, in backscattered
conguration. The scattered light was analysed by means
of a Raman spectrometer (Labram HR800 UV from
Horiba-Jobin-Yvon) equipped with a LN2 -cooled charge-coupled device detector. The measurements were done
at RT. A motorized
Raman signal.

xy

stage allows for mapping the

The spectra were tted by Lorentzian

curves, obtaining maps of the Raman parameters (intensity, peak position and full width at half maximum 
FWHM). Because of the small Raman peak shifts to be
measured, the use of a careful spectral reference setup is
mandatory in order to correct thermal and mechanical instabilities of the system along the measurement. For this
purpose, a neon lamp located inside the optical entrance
of the spectrometer, just ahead of the entrance slit, was
used as an internal reference; this procedure warrants
a very stable spectral reference insensitive to the beam
alignment.

performed at DC Wafers Investments, S.L., Spain, using both directional solidication (DSS) and heat ex-

3. Results

change method (HEM) furnace stations (from GT Solar, USA).

P -type

mc-Si bricks (B-doped) with resistiv-

Typical LBIC measurements performed on conven-

ities in the range of 12

tional nal mc-Si solar cells generally showed that the

square shaped wafers

Ω cm were grown, conventional
2
(156 × 156 mm ) were cut from

GBs are not the main electrically active defects, while a

these bricks. Solar cells were manufactured using HNO3 /

large number of intra-grain defects, some of them with

HF-based texturing processes and a typical H-patterned

a very large electrical activity, are usually observed, see

P -diusion was performed

Fig. 1. In the optical images acquired simultaneously to

screen-printing metallization.

by both inline (H3 PO4 ) and oine (POCl3 ) methods.

the LBIC signal, the GBs are revealed through the dier-

In order to reveal the main crystal defects (GBs, DLs,

ent reectivity observed for each of the dierent grains

etc.), we carried out a combination of chemical etchings

(see the reectivity map in Fig. 1a); also, for medium

using HF:HNO3 :CH3 COOH (chemical polishing), KOH

and high spatial resolution LBIC maps, the texture of

(alkaline etching), and Secco attacks on polished mc-Si

the dierent grains is well observed.
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The intra-grain defects are only observed here through
their electrical activity.

They are supposed to be DLs,

around which impurities can be captured by their strain
elds, with the subsequent recombination of the photogenerated carriers, giving the dark contrast in the LBIC
maps. It is interesting to note that the electrical activity of the intra-grain dark lines is not homogeneous, but
seems to depend on the line orientation, see the segments
marked by arrows, Fig. 1b. This is a quite general observation in the LBIC images recorded in mc-Si solar cells:
Fig. 2 shows high resolution EBIC maps obtained on a solar cell, showing again the presence of intra-grain defects
(not correlated to GBs, see Fig. 2a, b) with dierent electrical activities depending on the angle of the defective
segment (Fig. 2d). This eect is likely due to the dierent
incorporation of impurities depending on the boundary
orientation of the intra-grains.

Fig. 3. SEM image of a portion of an etched mc-Si
wafer (a) and enlarged SEM images arround a DL and
a GB (b, c). The dierent textures of the grains are well
observed in (c).
the surface for such etchings (Secco + alkaline). One can
see the dierent surface textures corresponding to dierent grains, Fig. 3c. On the other hand, it is interesting
to note the dierent shapes of the revealed GB and DL.
The assignment of the DL has been performed since it
is an intra-grain defect (the same texture is observed at
both sides of the defect) and because this line appears to
be a superposition of etched groves, which are the typical
features revealed by this etching in dislocations [11].

Fig. 2. SEM (a, c) and EBIC (b, d) maps of a portion
of a mc-Si solar cell (a, b) and of a small portion of the
same cell (c, d) (E = 30 keV, RT).
b

In order to obtain a more direct correlation between
the defects, its electrical activity and their residual stress
elds, we checked the capabilities of dierent etchants to
reveal the defects and to prepare the samples in such a
way that the LBIC and Raman maps would be consecu-

Fig. 4. Maps of the Si Raman band intensity (a), peak
position (b) and FWHM (c) obtained on the square dotted region marked in Fig. 3a.
Figure 4 shows the Raman maps obtained on the rect-

tively obtained. Among the dierent chemical solutions

angular region marked in Fig. 3a.

and combinations probed, we observed that the combina-

the results of the Lorentzian tting (intensity, peak po-

tion of a short chemical polishing, followed by a medium

sition and FWHM) of the Raman spectra obtained on

Secco attack and a nal short alkaline etching is the best

a ne matrix of points obtained by scanning the area of

one to reveal the dierent defects, see Fig. 3.

interest. The intensity map reveals quite well the dier-

Figure 4ac shows

The combination of a Secco attack and an alkaline

ent textures of the two grains, since the Raman intensity

etching seems to be able to reveal both the dislocations

is sensitive to the grain orientation. The peak position

and DLs (through the Secco attack) and the GBs and

map, on the other hand, shows no contrast related to the

sub-GBs (by the alkaline etching). The previous chemical

GB line, but the contrast related to the DL is clearly

polishing seems to be important to prepare conveniently

observed, evidencing an accumulation of stress around
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it. The Raman proles obtained along the dotted lines

µRaman

marked in Fig. 4b are shown in Fig. 5a. One can observe

an area showing both GBs and DLs, revealed by chemi-

a slightly dierent peak position for each grain (521.5 and

cal etching, showed dierent strain elds for both types

521.6 cm

−1

measurements. The Raman maps obtained on

, respectively, for the upper and lower grains),

of defects. While the GBs show strain levels below the

which could be correlated to a slightly dierent defect in-

detection limit of our experimental setup, the DL show

corporation depending on the grain orientation. There is

a marked tensile/compressive behaviour, with stress val-

not a change in the stress level associated with the GB

ues of

itself. Quite the opposite, important uctuations of the

of the analysed area was also studied by LBIC measure-

residual stresses are detected around the DL. Moreover,

ments at low temperature, where a tenuous dark contrast

a compressive/tensile behavior is observed around this

was revealed around the DL, while no contrast was ob-

defect.

These results reveal residual strain around the

served for the GB. Thus, the higher electrical activity of

DL, while the potential residual strain associated with

the intra-grain (DL) defects with respect to the GBs can

the GB line would be below of our detection limit. One

be explained by the dierent strain elds. Metallic impu-

can argue that metallic impurities can decorate the DLs

rities, which are responsible for the dark LBIC contrast,

under the strain eld created around them, as revealed

would decorate the DLs under the inuence of the strain

by our Raman mapping measurements.

eld associated to them.

±50

MPa around the DL. The electrical activity
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