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Abstract

This paper reports on the measurement of residual stress in EFG silicon ribbons for solar

cell applications using the phase-shifting infrared (IR) photoelastic method. The samples

analysed were wafers cut from EFG octagons with 100mm face width and from EFG 125mm

face-width octagon under development. Experimental results show that the distribution of

residual stress in both types of samples is similar, within measurement uncertainties. The

average residual stress in the samples is about 8MPa. Maximum stresses of around 30MPa

are associated with twin and grain boundaries. Significant variations of stress along the growth

direction, possibly related to buckling, were also measured.

r 2004 Elsevier B.V. All rights reserved.
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1. Introduction

The growth of silicon ribbons for photovoltaic applications introduces stresses
because of non-uniform temperature fields. Stress is critical in ribbon growth.
see front matter r 2004 Elsevier B.V. All rights reserved.
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It is associated with the generation of dislocations and permanent plastic
deformations, which will limit the efficiency of solar cells made on these ribbons
[1]. Furthermore, stress in silicon ribbons may lead to buckling, severely
complicating the automation of solar cell processing. Finally, as residual stresses
promote fracture by the propagation of microcracks occurring in the edges, large
residual stresses can also lead to lower yield in solar cells processing [2]. The
characterisation of residual stress in silicon ribbons is therefore of paramount
importance.
In the past, the estimation of residual stress in EFG silicon ribbons has been

deduced from the examination of deformation behaviour after scribing and
fracturing [3] or directly measured using Shadow Moiré interferometry [2]. Other
methods, such as linearly polarized cathodluminescence [4], polarized off-axis
Raman spectroscopy [5] and nonlinear resonance ultrasonic vibrations [6] have also
been used to determine residual stress in silicon wafers. The traditional infrared (IR)
photoelastic method, an optical method based on the birefringence effect integrated
over the sample thickness, has also been used to measure stress in thick (more than
1mm) silicon wafers [7]. More recently, a variation of this method using a six-step
phase-shifting technique for fractional fringe analysis, based on the
method proposed by Patterson [8] for materials optically transparent to visible
light, has been shown to be suitable for the determination of the residual stress in
thin silicon wafers [9]. This method is particularly useful as an automatic
characterisation tool that can be used for quality control and for diagnosing solar
cell material growth.
2. Experimental method

In a series of experiments, we have measured the residual stress distribution in
standard 100mm EFG wafers (EFG100) as well as wafers from 125mm octagons
(EFG125), presently under development.
The residual stress was measured using the IR phase-shifting photoelastic method

with constant photoelastic coefficient, which has been described in detail elsewhere
[9]. The photoelastic coefficient depends on the direction of stress and on the
direction of light propagation in the crystal. It has been shown that the relative error
introduced by the variation of the photoelastic coefficient to the measured values is
of the order of 30% [10].
The method assumes that the principal components of the refraction index are

related to the principal components of the stress by the stress-optic law

n1 � n2 ¼ Cðs1 � s2Þ; (1)

where n1 and n2 are the principal components of the refraction index, s1 and s2 the
principal components of the stress tensor and C is the photoelastic coefficient. The
stress can thus be estimated by measuring the birefringence of the sample, e.g. the
phase difference (D) between the fast and the slow axis of the sample (also known as
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Fig. 1. Schematics of the experimental set-up for IR photoelastic stress measurement.
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the isocromatic parameter):

s1 � s2 ¼
Dl
Cd

; (2)

where d is the sample thickness and l the wavelength. The phase difference D is
measured using a phase-shifting method, with six different polariscope configura-
tions [9].
Fig. 1 shows the schematics of the experimental set-up. It includes the modulated

light source followed by the polariscope, consisting of a linear polarizer and a
quarter wave plate, in order to produce circularly polarized light; the sample, where
the polarization of the light is shifted proportionally to the stress and its thickness; a
second quarter wave plate and linear polarizer. Finally, the output signal is measured
in a detector that is read by the lock-in amplifier.
The light source used is a 10mW, 1310 nm IR laser diode Mitsubishi ML725B8F,

electronically modulated at a frequency of 20 kHz. A HeNe laser was also installed
for alignment purposes. The light detector is a high-speed InGaAs detector,
DET410, from Thorlabs with an 800–1800 nm range. A Stanford RF880 lock-in
amplifier measures the detector output signal. The scan used has a 0.3mm step,
smaller than the laser spot diameter, which is of the order of 1mm.
3. Results and discussion

The measured distribution of residual stress in EFG ribbons is strongly correlated
to the twin and grain boundaries across the sample, where maximum stresses of
about 30MPa were observed. This result is clearly seen in Fig. 2, which shows a
typical shear stress measurement along a line transversal to the growth direction
superimposed on a photograph of the sample where the defects can be seen.
Fig. 2 also shows that the variation of the isoclinic angle (defined by the direction

of one of the principal components of the refraction index tensor with respect to the
laboratory) is strongly correlated to the twin and grain boundaries but varies, in



ARTICLE IN PRESS

-45

0

45

90

Is
oc

lin
ic

 a
ng

le
 [d

eg
]

Sample 1

Sample 1

0
0 10 20 30 40 50 60 70 80 90 100

10

20

30

40

Position [mm]

0 10 20 30 40 50 60 70 80 90 100

Position [mm]

S
he

ar
 s

tr
es

s 
[M

P
a]

Fig. 2. Measured isoclinic angle and shear stress along line transversal to the growth direction on a

100mm EFG wafer.
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general, from around 01 near the edges of the ribbon to 901 in the central region, thus
suggesting that there is tensile stress in the centre and compressive stress at the edges
of the ribbons. This result is consistent with previous stress measurements on EFG
ribbons using Shadow Moiré interferometry [2].
Fig. 3 shows the histograms of measured shear stress in the EFG100 and EFG125

samples along lines transversal to the direction of crystal growth. The stress
distribution in both types of samples is similar, within statistical and measurement
uncertainties. The average residual stress in all samples is around 8MPa. As
mentioned above, maximum stresses of about 30MPa were measured around twin
and grain boundaries, for both types of samples.
The distribution of stress in one single grain along the growth direction was also

measured. We have concluded that the variation of stress can be quite significant
(along a typical longitudinal line on a EFG125mm the stress may vary from 5 to
25MPa), although not necessarily in non-dislocated areas such as those where there
are twins. This result can be related to buckling patterns which are periodic along the
growth direction [11]. Buckles may not be visible on the wafer because stresses
remain below the buckling threshold, in which case residual stress that are generated
could still vary along the growth direction.
The measurements provide evidence that maximum residual stress is concentrated

around twinned areas and grain boundaries. These structural defects are regions
where there is a strong mismatch of the silicon lattice. However, the estimation of the



ARTICLE IN PRESS

0%

10%

20%

30%

40%

Measured stress [MPa]

EFG125

EFG100

0 10 20 30 40

Fig. 3. Histograms of measured stress along lines transversal to the direction of growth on 100mm EFG

and 125mm EFG wafer.
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stress using the photoelastic method at, or close to, grain boundaries has to be taken
with some caution since the stress-optic law may not hold due to the strong lattice
mismatch. The stress distribution in silicon ribbons could be attributed to the
distortions of the local lattice due to the elastic strain field of dislocations and lattice
mismatch (volume expansion) of impuritiy atoms or precipitates [12].
Recent results on the distribution of impurities in EFG ribbons have suggested

that, due to the relatively low generation of interstitial silicon from a reduced level of
oxygen precipitation [13] and the high trapping efficiency by extended lattice defects
[14] and substitutional carbon [15], there is a lack of interstitial silicon available for
the formation of SiC. Instead, carbon forms perturbed C(3) configuration complexes
with oxygen near structural defects such as grain boundaries and non-coherent twin
boundaries [13,16]. On the other hand, oxygen also agglomerates at grain/twin
boundaries and may form SiOx clusters (with xo2) [17]. One overall effect of the
accumulation of these impurities in the regions near structural defects is to extend
the region of maximum stress from atomic distances (crystallographic origin) to a
few microns (chemical origin).
4. Conclusions

The residual stress in EFG silicon wafers cut from EFG octagons with 100mm
face widths and from EFG 125mm face-width octagons was measured using the IR
phase-shifting photoelastic method. Experimental results show that the distribution
of residual stress in both types of samples is similar, within statistical and
measurement uncertainties.
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There is evidence that there is tensile stress in the centre and compressive stress at
the edges of the ribbons. The average residual stress along the samples is about
8MPa and maximum stresses of around 30MPa are concentrated around twin and
grain boundaries. This experimental result could be explained by the accumulation
of impurities, in particular carbon and oxygen, which is thought to occur in those
regions.
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