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Measurements of hardness, young’s modulus, and fracture toughness
of solar grade silicon obtained from metallurgical grade silicon
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Abstract

Young modulus and toughness (K,.) of bulk solar grade silicon (SoG-Si) obtained by directional solidification of
metallurgical grade silicon were determined. The Young modulus was measured by the technique of impulse excitation
of vibration and K. was determined using the indentation method. Measurement values agree well with those available
in the literature. The indentation method proved to be a reliable, relatively simple, inexpensive, and fast experimental

method to measure K. in SoG-Si.
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1 Introduction

Silicon is one of the most frequent chemical elements
in the earth crust and is broadly used in a wide variety
of applications ranging from traditional metallurgy to
microelectronic devices and photovoltaic cells. The demand
for solar grade silicon (SoG-Si) has been growing rapidly in
the past decades and new, more economic production routes
have been researched. An interesting alternative route to
obtain SoG-Si is the metallurgical route, which consists of
refining metallurgical grade silicon (MG-Si), containing about
98.5% Si, to attain the purity of the SoG-Si. An important
process step in this route is the directional solidification of
the MG-Si [1-5] to induce segregation of metallic impurities
to the silicon ingot top. Although mechanical properties of
silicon play a secondary role in the efficiency of photovoltaic
cells [6], its lack of ductility [7] and toughness [8] affects the
production of silicon wafers and solar panels and makes the
mechanical conformation of silicon practically impossible.
Toughness measurements of SoG-Si produced by directional
solidification of MG-Si are not easily found in the literature.

Since silicon is very brittle, its K. could be easily
measured by the indentation method [9,10], which is a fast,
low-cost, and convenient method. The aim of the present
work is to measure the K . by the indentation method of
a solar grade silicon (SoG-Si) obtained by the directional
solidification of a metallurgical grade silicon (MG-Si).
To use this method, the Young’s modulus of the SoG-Si must
be known with sufficient accuracy. Therefore, the Young’s

modulus of the SoG-Si was also determined in the present
work by the technique of impulse excitation of vibration [11].

2 Experimental procedures
2.1 Casting of silicon ingots

Two samples were extracted from two different ingots
of polycrystalline silicon, one of MG-Si and another of
SoG-Si obtained from the melting and subsequent directional
solidification of the MG-Si. The scheme of the directional
solidification furnace is shown in Figure 1. It consists of two
chambers. In one of the chambers, at the bottom, there is a
water-cooled copper base for heat extraction. At the top of
the furnace, in the upper chamber, there are heating elements
of MoSi, to increase the thermal gradient applied to the
solidification front. A disc, connected to an electrical motor
through a shaft, rotated within the melt to enhance liquid
homogenization and increase segregation of impurities to
the ingot top. The lateral wall of the crucible containing the
melt is thermally insulated by refractory blocks to promote
directional solidification.

Concentrations of the main metallic impurities were
determined for the two ingots by Inductively Coupled Plasma-
Optic Emission Spectrometry (ICP-OES). The composition
of the MG-Si ingots was (in ppmw): Fe (1368); Al (290);
Zr (75); Ti (69); Mn (51); Cu (9) and Ni (6). In the SoG-Si
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ingot, however, only Al (less than 4 ppm) and Ni (less than
2 ppm) were detected, whereas the concentrations of the
remaining elements were below the quantification limit of
the analytical procedures.

2.2 Young’s modulus measurements

The Young’s modulus was measured by the method
of impulse excitation of vibration using two modes flexural
+ torsional and flexural [11] in rectangular section specimens
of dimensions 10 x 14 x 45 mm. The specimens were cut
off from the ingot with a diamond wire sawing machine,
which provides precise cuts with minimal material loss,
minimal pressure, and practically without heat generation
during the cutting process.

2.3 Vickers hardness measurements

The Vickers hardness was determined (GPa) using
the following Equation 1 [12]

18544 L
H. =
v (1)

Where L is the applied load (kgf) and 4 is the length (um)
of the diagonal of the indentation.

2.4 KIC measurements

Toughness (K,.) was calculated (MPa.m'?) as
follows [13]

1 0.4
Kic= 0.035[&] 2 [il—ﬂ] Hvﬂ*/; (2)

v

Where ! is the crack length, « is the length of indentation
half-diagonal, and g = 3is the constraint factor. Cracks formed
on the polished surface of the silicon ingot samples during
the Vickers indentation procedure. Crack formation is a
necessary condition to determine the & by the indentation
method using Equation 2. After several preliminary tests to
select a load () that causes the formation of cracks around
indentation marks in both SoG-Si and MG-Si samples,
100 gf was chosen.

2.5 Microstructural analysis

Complementary techniques of microstructural analysis,
such as X-ray diffraction and scanning electron microscopy
(SEM) with energy-dispersive X-ray spectrometry (SEM/EDS)
microanalysis were used to characterize the microstructure
of the samples.

3 Results and discussion

The columnar grain structure of the polycrystalline
SoG-Si and MG-Si ingots from which the samples were
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extracted are shown in Figure 2 and 3, respectively. The samples
contained several grains and the arrows indicate the locations
where they were extracted from. The Young’s modulus of
the SoG-Si determined from 10 measurements was 89.51 +
0.05 GPa using the torsional/flexural vibration mode and
89.45 + 0.13 GPa using the flexural mode. Figure 4 shows
micrographs from observations in the scanning electron
microscope (SEM) of the SoG-Si sample with secondary
electrons (Figure 4a) and backscattered electrons (Figure 4b).
The Vickers hardness, determined from 20 measurements,
was 10.40 £ 0.35 GPa, while the K. value obtained from
Equation 2 after measuring the lengths of the cracks was
0.81 £ 0.04 MPa.m'2.

shaft + disc
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refractory
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water-cooled base
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Figure 1. Schematic drawing of the directional solidification furnace
used to obtain SoG-SL.

Figure 2. Columnar grain structure of the longitudinal section of the
SoG-Si cylindrical ingot obtained by directional solidification. The
arrow indicates the location from where the sample was extracted.
Etchant: NaOH 20% at 90 °C for 20 minutes.

2/5



Measurements of hardness, young’s modulus, and fracture toughness of solar grade silicon obtained from metallurgical grade silicon

Figure 3. Columnar grain structure of the longitudinal section of the
MG-Si cylindrical ingot obtained by directional solidification. The
arrow indicates the location from where the sample was extracted.
Etchant: NaOH 20% at 90 °C for 20 minutes.

Figure 5 shows SEM micrographs of the MG-Si
using secondary electrons. The hardness marks on the
MG-Si were more irregular and flakes were detached in
some indentations occasionally, as shown in Figure 5a.
Nevertheless, measurements were carried out when flakes
were absent, as shown in Figure 5b. Owing to its purity
level, the SoG-Si was free from intermetallic particles, but
particles containing Al, Fe, Mn, Ti, and Si were found in
the MG-Si (Figure 6). Microanalyses by energy-dispersive
X-ray spectroscopy (EDS) were carried out in several
particles. One of the particles is given in Figure 7 and the
corresponding energy spectrum obtained with the EDS
analysis is given in Figure 8, showing results similar to
those reported by Vogelaar [14].

The Vickers hardness in the MG-Si was 10.50 +
0.45 GPa. Determination of the Young's modulus in the
MG-Si sample was not possible owing to limitations of the
sample size. However, the Young's modulus measured for the
SoG-Si was used in Equation 2 to calculate the K, . for the
MG-Si from Equation 2, resulting in 0.84 + 0.05 MPa.m'?,

The hardness measurement values obtained in the
present work compare reasonably well with those available

Figure 4. Vickers indentations (load of 100 gf) in SoG-Si observed with scanning electron microscope using contrast of: a) secondary electrons

and b) backscattered electrons.

Figure 5. Vickers indentations (load of 100 gf) in MG-Si observed with scanning electron microscope using secondary electrons.
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100 pm

Figure 6. Intermetallic particles observed with backscattered electrons (SEM) in MG-Si.

Y selected Area 1

Figure 7. Intermetallic particle observed with backscattered electrons
(SEM) in MG-Si, where microanalyses with energy-dispersive X-ray
spectroscopy (EDS) were carried out.
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Figure 8. Energy spectrum obtained with the energy-dispersive X-ray
spectroscopy (EDS) of the selected area of the particle in Figure 7.

in the literature. For example, Schilz and Langenbach [15]
found 12.40 GPa (HV1) for bulk fine-grained silicon obtained
by hot-isostatic pressing. With respect to K., Brodie and

Babhr [8] found approximately 1.7 MPa.m'"? for fine-grained
silicon. Although the measurement of K . by the indentation
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method is relatively easy, the steps described next should be
carried out carefully. The load should be selected to cause
cracks around the indentation mark, as the length of cracks is
required in Equation 2. There are several formulas available in
the literature to calculate K, . [10], but Equation 2 was chosen
because it is one of the most used [ 10]. The Young's modulus
of the material should be known with reasonable accuracy,
specially if its elastic properties are highly anisotropic, as
is the case of silicon [16,17].

4 Conclusions

The main conclusions of this work are:

1) The metallurgical processing route used to purify the
metallurgical grade silicon (MG-Si) allows obtaining
cylindrical polycrystalline ingots of solar grade silicon
(SoG-Si) with adequate purity.

2) The combination of relatively simple characterization
techniques allows a rapid assessment of the hardness,
Young's modulus, and toughness of silicon.

3) The solar grade silicon (SoG-Si) and metallurgical
grade silicon (MG-Si), although having significantly
different levels of purity, exhibit almost identical
hardness and toughness.
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