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Highlights
Heat treatment of Si3N4 powders over the melting point of Si ensures their wetting.
Wetting of Si3N4 in Si was investigated by sessile drop and float zone experiments.
Making Si3N4 particles wetting allowed studying their incorporation behavior in Si.
To suppress incorporation of Si3N4 impurities in Si, the melt must not be superheated.

Abstract
Silicon nitride is commonly used as a coating material for the silica crucibles utilized for the growth of
multicrystalline silicon by directional solidification. The coating material might introduce impurities into the
silicon melt during the growth. To investigate the wetting and incorporation behavior of the silicon nitride
particles, silicon nitride particles were put intentionally into silicon rods, which were then grown by the float
zone technique. To ensure that the particles stay within the melt and are not pushed out of the molten zone, the
particles must show good wetting. Superheating the silicon nitride powders up to 105K over the melting point
of silicon was a successful approach to ensure wetting and thus to investigate the incorporation behavior of the
silicon nitride in photovoltaic silicon. The heat treated silicon nitride particles stayed within the melt zone
during the float zone experiments and the distribution behavior of the particles could be studied. Incidentally,
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the results imply that to suppress incorporation of silicon nitride particles (as coating material) into molten
silicon during directional solidification, superheating the melt must be avoided.
Keywords: A1. Wetting behavior; A2. Particle engulfment; A2. Silicon nitride coating; B2. Multicrystalline
silicon; A2. Floating zone technique; B3. Solar cells.

1 Introduction
Photovoltaic devices have attracted considerable attention in recent decades to utilize solar energy,
one of the most efficient and environmentally friendly renewable energy sources [1]. Among
different kinds of photovoltaic technologies, crystalline silicon-based solar cells have been the most
used devices in the industry up to now [2]. Directional solidification is utilized worldwide to produce
multicrystalline silicon. Despite the lower efficiency of multicrystalline silicon, it is an attractive
method due to the lower manufacturing costs compared with the growth methods for single
crystalline silicon [3]. During the directional solidification process for production of multicrystalline
silicon, the furnace atmosphere, feed material, crucible, and the crucible coating may introduce
impurities into the silicon melt [4]. In directional solidification, two main requirements have to be
fulfilled. First, the crucible material should be inert and have negligible reactivity in order to avoid
contamination of the melt and short crucible lifetime. Secondly, the material to be grown should not
stick to the crucible walls, i.e. the melt must show non-wetting behavior to obtain a spontaneous
detachment of the grown crystal from the crucible walls under the effect of thermo-mechanical
stresses [5,6]. Sintered silica is commonly used as the crucible material for directional solidification
of silicon. Silica is a compromise material used for crucibles in silicon directional solidification
processes. However, the melt sticks to the crucible at the Si/SiO2 interface. Therefore, a coating is
needed as an interface releasing agent to provide a spontaneous detachment after growth [7].
Partially oxidized silicon nitride is a widely used coating material for the sintered silica crucible that
is utilized in directional solidification, as it leads to a non-wetting behavior of the silicon melt in
contact with the crucible wall [7, 8]. However, the silicon nitride coating introduces nitrogen as an
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impurity into the melt [4]. It leads to the formation of silicon nitride precipitates, often together with
silicon carbide precipitates, which cause short circuits in the silicon solar cells and severe problems
during the wire sawing of wafers [9-13]. To avoid this, the incorporation behavior of the silicon
nitride particles into the silicon melt must be investigated. The incorporation behavior might depend
on the growth rate (v), temperature gradient (G), and the particle size [3,14,15]. The particles might
be pushed by the solidification front or engulfed [16]. Convection and the gravity forces might also
affect the particle incorporation behavior [17]. To investigate the incorporation behavior, Si3N4
particles (Type-1 and Type-2, see section 2) were put intentionally into silicon rods, which were then
grown by the float zone technique. In Fig. 1 the results of the float zone experiments with the silicon
nitride powders are presented. In both cases where the virgin Type-1 and Type-2 powders were used
as depot materials in the CZ-01 and CZ-02 silicon rods, the particles were pushed out of the floating
zones, proving a nonwetting behavior of the silicon melt for both virgin Type-1 and Type-2 particles.
a

CZ-01

b

CZ-02

Fig. 1. The floating zone of the samples CZ-01 and CZ-02. The pushed out Type-1 particles (a) and the Type2 particles (b) on the zone are indicated by the dashed circles.

To investigate the incorporation behavior, the particles must stay within the melt. To ensure that the
particles are not pushed out of the molten zone, the particles must therefore show good wetting
behavior. Making the silicon nitride particles wetted by the silicon melt was possible, but
challenging. A high temperature treatment was developed to overcome the non-wetting behavior of
the silicon nitride particles.
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A wide range of values was reported as the wetting angle for the Si3N4 coating in the literature [7,
18]. This wide range of contact angles is related to the influence of the oxygen partial pressure on the
formation of silicon oxynitrides on the silicon nitride coating [5,18]. Reaction 1 and 2 below are
reported by Riley where Si3N4 is oxidized and as a result either Si2N2O or SiO2 is formed [19].
Thereafter, the Si2N2O can be again deoxidized and transformed into Si3N4 through reaction 3 [20].
Also, according to the ternary phase diagram of the Si–N–O system, if Si, N2, and O2 are present in
the system as reactants, in regions with high silicon content, Si is in equilibrium with Si3N4 and
SiO(g) [21]. It explains the existence of fine dispersed silicon in the Si3N4 coating material. Under this
condition, an active oxidation of silicon happens through the reaction 4, resulting in weight loss for
the Si/ O2 system and formation of SiO(g). There is also the possibility of passive oxidation where
SiO2 is formed and a weight gain results through reaction 5 [22,23].

2Si3N4 + 1.5O2 ⇌ 3Si2N2O + N2

(R1)

Si3N4 + 3O2 ⇌ 3SiO2 + 2N2

(R2)

3Si2N2O ⇌ 3SiO(g) + N2 + Si3N4

(R3)

Si(s) + SiO2(s) ⇌ 2SiO(g)

(R4)

Si + O2 ⇌ SiO2

(R5)

In addition, it is reported that the Si3N4 coating became completely wetted by the silicon melt when
the temperature is increased to 1580 ˚C [22]. Furthermore, Cröll et al. [5] carried out sessile drop
experiments using silicon nitride powder as coating material for quartz crucibles. By using vacuum, a
contact angle less than 10˚ is measured due to deoxidization of silicon oxynitride [5].
In this work, a sessile drop furnace and a float zone furnace were utilized to investigate the wetting
and incorporating behavior of the silicon melt being in contact with the silicon nitride particles. The
effect of high temperature heat treatment on the wetting behavior of the silicon nitride particles was
studied in detail.
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2 Materials and Methods
2.1 Powders
In this work, two kinds of silicon nitride powders were used (Type-1 and Type-2). Type-1 (Grade
SII) powders from the company “H.C. Starck”, with a high purity containing <1 wt.% O and < 0.2
wt.% C, was obtained by crushing bigger silicon nitride ceramic pieces. Type-2 (SN-7) Si3N4
powders from the company “Denka”, with a relatively high purity containing 1.5 wt.% O and 0.3
wt.% C, was prepared through direct nitridation of silicon particles by nitrogen gas. Cumulative
amounts of other impurities (Fe, Al, and Ca) were lower than 1600 ppm and 6000 ppm in Type-1 and
Type-2, respectively. The particle sizes of Type-1 and Type-2 were smaller than 10 μm and 50 μm,
and d50-values were 8 and 4 μm, respectively. Both types are commercially available and
comparable to the powders used in photovoltaic industry. The powders were heated up to 105K over
the melting point of the silicon melt with a holding time of one hour. At first, a vacuum of 10-5-10-6
mbar was obtained using a turbo pump system and then 5N argon gas, further purified through an
Oxisorb® cartridge resulting in less than 5ppb O2, was let in the furnace for an ambient pressure of
700 mbar during the superheating. Three oxygen getters type St 707 from the company “SAES
Advanced Technologies S.P.A.” were positioned in the furnace to further reduce the partial pressure
of O2 to sub-ppb-levels [24] during superheating.
To prepare the substrates for the sessile drop experiments, the powders were set in a shallow pBN
crucible and pressed only with manual force i.e. the substrates had a high porosity and were not like
solid sintered silicon nitride ceramics. Both superheated and non-superheated powder slabs were
utilized to compare the wetting behavior of silicon in contact with the particles. A polysilicon piece
(from the company Wacker) with a weight of 0.5 ± 0.1 g was put on each substrate (powder slab). A
set of sessile drop experiments was conducted in a temperature range between 1450-1500 ˚C to
investigate the wetting behavior of the silicon melt on the substrates made of the superheated and
non-superheated powders (Type-1 and Type-2). The utilized sessile drop furnace (RHTH
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120/600/16- company Nabertherm) [5] contains a cylindrical tube chamber with two rails made out
of heat resistant Al2O3, on which the sample holder is placed. An optical camera system is utilized to
monitor the shape and characteristics of sessile drops. A type S thermocouple is used to measure the
temperature near the heaters. At around 1470-1480 ˚C some liquid was seen around the silicon piece
proving that there is a temperature difference between the furnace heater and the sample, as the
melting point of silicon is 1412 ˚C [11]. Unfortunately, the need for windows at both ends of the
furnace tube for optical observation of the sample precludes the placement of a thermocouple close
to or inside the sample. Therefore, the temperatures presented here are higher than the real
temperature of the sample by about 60K. Different samples and the related codes are mentioned in
Table 1.
Table 1. Different samples for sessile drop experiments and the related codes.
Sample

Code

1

Superheated Type-1/ for Sessile Drop Experiment in Presence of Oxygen Getters

S-T1-G

2

Non-superheated Type-1/ for Sessile Drop Experiment in Presence of Oxygen Getters

N-T1-G

3

Superheated Type-2/ for Sessile Drop Experiment in Presence of Oxygen Getters

S-T2-G

4

Non-superheated Type-2/ for Sessile Drop Experiment in Presence of Oxygen Getters

N-T2-G

An X-ray powder diffractometer (Stoe STADI-P) was utilized to investigate the phases of the
superheated and non-superheated silicon nitride powders. For optical microscopy and scanning
electron microscopy from cross-sections of prepared powder slabs, all samples were embedded with
a cold mounting resin (SpeziFix-20 of the Company Struers). Afterwards, the embedded samples
were cut by a diamond circular saw where the silicon piece had been located and melted. An optical
microscope (Zeiss Axio Imager Z1m) with dark field mode was employed to investigate the silicon
melt traces on the surface and in the cross-sections of the substrates. A scanning electron microscope
(Leo Gemini 1525 with Oxford X-Max EDX detector) was used to obtain more information about
the infiltration behavior of the silicon melt in the substrates.
6

2.2 Crystal growth
As starting materials, four CZ grown silicon rods (CZ-01, CZ-02, CZ-03, and CZ-04), with an
orientation of [100], and one polycrystalline FZ grown silicon rod (FZ-01) were utilized. The oxygen
content of FZ grown material is supposed to be less than CZ grown silicon [25]. The silicon rods
were phosphorous doped (n-type silicon) and had a length and diameter of 90 mm and 8 mm,
respectively. A peripheral cylindrical depot source was prepared by filling a hole in the middle of
each rod (depth = 4.5 mm, diam. 2 mm) with a desired amount of Type-1 or Type-2 silicon nitride
powders (see Table 2) and closing it by spot-melting with focused visible light radiation in a doubleellipsoid float zone furnace [26,27]. In the cases of CZ-04 and FZ-01 some loss of powder was
observed during the preparation. Then the rods were mounted in ampoules. The ampoules with a
wall thickness of 1.5 mm and an inner diameter of 19 mm were made of pure fused quartz. After
evacuating to 10-5 mbar, argon gas was backfilled into the ampoule and the ampoule was closed
using an H2-O2 flame.
Table 2. Type and weight of the samples.
Type of the
Sample

Weight of the
Type of the Powder

Grown Rod

Powder [mg]

CZ-01

N-type/ CZ

Non-Superheated Type-1

1.52

CZ-02

N-type/ CZ

Non-Superheated Type-1

1.71

CZ-03

N-type/ CZ

Superheated Type-1

1.92

CZ-04

N-type/ CZ

Superheated Type-2

4.90

FZ-01

N-type/ FZ

Superheated Type-2

4.03

The particle incorporation experiments were carried out in a monoellipsoid float zone furnace [28],
the ampoule was placed in the furnace and the rotation speed was set to 12 rpm. To have a stable
float zone, a heating power of about 550- 700 W and a vertical translation speed in the downward
direction (2- 10 mm/min) were applied to the system in different periods of time. After the float zone
7
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experiment, each sample was cut axially to obtain a slab with a thickness of 2.5 mm from the middle

241-TP

part of the formed float zone. Thereafter, the samples were ground and polished. Fig. 2 shows one of
the rods in the ampoule after the growth and the cut crystal.
a

b
Growth Direction

Translation Direction

Ampoule

Initial Position of Depot

200-ZF

90 mm

reyaL hsiwolleY

100-ZF

Grown Part

Fig. 2. One of the silicon rods in the ampoule after the growth (a) and the cut crystal (b). The initial position of
depot and the grown part are indicated.

Infrared micrographs with an overview of the samples were made to investigate the distribution of
the incorporated particles and the precipitates in the crystals.
3 Results and Discussion
3.1 Powders
Fig. 3 shows the XRD patterns of the powders. The non-superheated Type-1 powder (N-T1-G)
contains two hexagonal phases of α-Si3N4 (67.3%) and β-Si3N4 (29%). This powder also contains
some amounts of silicon oxynitride (or silicon oxide nitride) and silicon with volume percentages of
3% and 0.7%, respectively. The silicon oxynitride phase leads to high contact angles and nonwetting behavior where the silicon melt is in contact with the particles [29].
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Fig. 3. XRD patterns of the powders N-T1-G, N-T2-G, S-T1-G, and S-T2-G.

By superheating the powders up to 105K over the melting point of silicon, the volume percentages of
α-Si3N4 and β-Si3N4 changed to 76.8% and 7.8%, respectively (S-T1-G). Also, the volume
percentage of the silicon phase increased considerably to 15.4%. The most important difference
between the XRD results of the superheated and the non-superheated Type-1 powders is that the
silicon oxynitride phase is eliminated by superheating.
The XRD results of non-superheated Type-2 powder (N-T2-G) shows that it contains β-Si3N4, αSi3N4 and silicon with volume percentages of 80.5%, 19%, and 0.4%, respectively. By superheating
the powders, the volume percentages of α-Si3N4, β-Si3N4 and silicon changed to 45.3%, 32.2%, and
22.5% respectively. The XRD results of non-superheated Type-2 powder (N-T2-G) shows that it
contains β-Si3N4, α-Si3N4 and silicon. No silicon oxynitride was detected in the non-superheated
silicon nitride powder. By superheating the powders, the total amount of Si3N4 decreased and the
silicon content increased. It is clear that the amount of the silicon phase increased considerably, as
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there was a decrease in the total quantity of the silicon nitride phases. Using XRD, there is also no
crystalline silicon oxynitride phase detected in the powder Type-2.
For sessile drop experiments, powder particles were physically bonded and packed together only
with a slight mechanical force, thus the porosity was high. Therefore, the wetting angles which are
reported in this paper can only clarify the effect of the superheating in the experiments of this work
and are not exactly comparable with the wetting angles that were reported in the literature where
sintered silica with silicon nitride coating was used [5,6,18,30,31].
In all the sessile drop experiments, serial images were taken (Fig. 4) while the silicon piece was
being heated on the powder slabs in a temperature range between 1450 ˚C and 1500 ˚C and a period
of 40 min.
In the sessile drop experiment for silicon on the N-T1-G powder slab (Fig. 4a), the melting started at
a temperature of 1478 ˚C. At 00:29 and at a temperature of 1488 ˚C the silicon melt had a form
similar to a drop and the left-hand side wetting angle (L- wetting angle) was 48˚. At 00:33 and as the
temperature reached 1491 ˚C, the L- wetting angle was 35˚. The apparent wetting angle decreased to
0˚ as the temperature reached 1500 ˚C.
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a

Temperature= 1450- 1500 ˚C (∆T= 50 ˚C)/ Time= 00:00- 00:40 (Time Duration= 40 min)

N-T1-G

00:01- 1450 ˚C

00:29- 1488 ˚C
48˚

b

18˚

00:22- 1478 ˚C

00:27- 1483 ˚C

00:29- 1488 ˚C

00:40- 1500 ˚C

00:22- 1475 ˚C

00:32- 1489 ˚C

00:33- 1490 ˚C

00:40- 1500 ˚C

102˚ 109˚

107˚ 103˚

101˚z98˚

Temperature= 1500 ˚C/ Time= 00:40- 01:40 (Time Duration= 60 min)

N-T2-G

00:40- 1500 ˚C

101˚ 98˚
e

00:40- 1500 ˚C

Temperature= 1450- 1500 ˚C (∆T= 50 ˚C)/ Time= 00:00- 00:40 (Time Duration= 40 min)

N-T2-G

00:03- 1454 ˚C

d

35˚

00:39- 1499˚C

Temperature= 1450- 1500 ˚C (∆T= 50 ˚C)/ Time= 00:00- 00:40 (Time Duration= 40 min)

S-T1-G

00:01- 1450 ˚C

c

00:33- 1491 ˚C

00:50- 1500 ˚C

88˚

90˚

00:52- 1500 ˚C

71˚

55˚

00:54- 1500 ˚C

29˚ 16˚

01:40- 1500 ˚C

6˚

6˚

Temperature= 1450- 1500 ˚C (∆T= 50 ˚C)/ Time= 00:00- 00:40 (Time Duration= 40 min)

S-T2-G

00:01- 1450 ˚C

00:17- 1468 ˚C

00:25- 1478 ˚C

00:31- 1487 ˚C

00:34- 1492 ˚C

Fig. 4. Sessile drop screen shots of the samples N-T1-G (a), S-T1-G (b), N-T2-G (c and d), and S-T2-G (e).
The time and temperature of each screen shot are respectively mentioned on top.

In the case of the S-T1-G powder slab (Fig. 4b), after the temperature reached 1477 ˚C (at 00:21) the
powder slab started soaking up the silicon melt as soon as the melting started. At 1488 ˚C (t= 29
min), the silicon melt infiltrated completely into the powder except for a tiny part that remained on
the surface of the powder slab. In this temperature range, no drop was formed and the only wetting
angle which can be reported for this experiment is 0˚.
Fig. 4c shows different screenshots for N-T2-G powder slab, which were taken in a temperature
range between 1450 ˚C and 1500 ˚C and in a period of 40 min. After 22 minutes and at 1475 ˚C the
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silicon piece started melting and at 00:32 (1489 ˚C), a drop of silicon melt formed on the powder. At
00:40 and as the temperature reached 1500 ˚C, the left and right-hand side wetting angles were 101˚
and 98˚, respectively indicating a non-wetting behavior. The experiment was continued for the
period of one hour when the temperature of the furnace thermocouple was constant at 1500 ˚C (see
Fig. 4d). The wetting angles had more or less stable values in the first 12 minutes of the holding
time. Then a rapid decline was experienced in the both left and right-hand side wetting angles to
reach values of 29˚ and 16˚ at 00:54. These wetting angles decreased to 6˚ at the end of the holding
period at 1500 ˚C.
Fig. 4e shows the result of the sample with the superheated Type-2 powder slab (S-T2-G). At 00:25
and 1478 ˚C, the silicon piece started to melt and infiltrate the powder slab and at 1492 ˚C and 00:33
it was completely infiltrated into the powder. No drop was formed during the melting of the silicon.
According to the XRD results, there was a small amount of silicon present in the structure of the
non-superheated particles (Type-1 and Type-2). If the silicon melt is present in a silicon oxynitride
surrounding and the temperature exceeds the melting point of silicon by at least 105K, the oxynitride
phase converts to silicon nitride and silicon monoxide (g) that leads to lower contact angles [29].
If there is oxygen present in the ambient atmosphere, Si3N4 is oxidized and as result either Si2N2O or
SiO2 are formed through reactions R1 and R2 [19]. As the argon was flowing during the
superheating experiment and there were oxygen getters present in the sessile drop furnace, it is
possible that the amount of oxygen was smaller in the vicinity of the particles, which slows down the
reaction. There is also the possibility that Si2N2O is deoxidized and transformed into Si3N4 (through
R3). The products of this reversible reaction are silicon monoxide (SiO(g)) and silicon nitride [20]. If
silicon monoxide is removed from the environment by either flowing argon or oxygen getters,
Si2N2O continues to deoxidize, and the wetting angle decreases. The XRD results of the superheated
Type-1 powders confirmed that the silicon oxynitride was eliminated after the superheating, and the
amount of silicon was increased to 15.4%. The reason for this would be the reactions R1, R2, and R5
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[18,19]: The silicon oxynitride transforms to silicon nitride and oxygen according to R1 [19]. Some
amount of the silicon nitride converts to silicon oxide and nitrogen through R2 if a sufficient amount
of oxygen is present [19]. After that, the silicon oxide dissociates to silicon and oxygen according to
R5 [22].
As mentioned before, the powder particles were packed together only with a slight mechanical force
and the porosity was high. The reason that the silicon melt did not remain drop shaped on the nonsuperheated Type-1 powder slab (N-T1-G) and wetted the surface would be capillary action in the
pores between the particles. The silicon melt, as a liquid, went into the pores between the particles of
the surface layers which resulted in the wetting angle of 0˚ at the end of the period with the
temperature range between 1450 ˚C and 1500 ˚C.
The N-T2-G silicon nitride powder slab was not wetted by the silicon at the end of the period with
the temperature range between 1450 ˚C and 1500 ˚C (see Fig. 4c). However, the wetting angle
decreased to the final value of 6˚ after one hour, as the temperature was constant at 1500 ˚C.
According to the XRD result of the non-superheated Type-2, there was no crystalline silicon
oxynitride phase present in the structure above the detection limit of the powder diffractometer. One
can say the porosity of the powder slab was low because the particle size distribution of the Type-2
powder was wide (particles were smaller than 50 μm). The low porosity of the powder slab led to the
drop formation and the delay in the wetting behavior of the non-superheated Type-2 particles which
did not have any silicon oxynitride phase. However, according to data provided by the manufacturer
of Type-2 powders, the virgin powders contain 1.5 wt.% oxygen. Therefore, since no crystalline
oxynitride phase was detected, it might be possible that an amorphous silicon oxynitride or silicon
oxide layer was formed on the surface of the particles but was not detected by XRD. Therefore, due
to the presence of this phase on the surface of the particles, the non-superheated Type-2 powder slab
(N-T2-G) was not wetted by silicon until the temperature reached 1500 ˚C. After some minutes, this
phase transformed into the silicon nitride through R1. In other words, a kind of superheating
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happened after the temperature was held at 1500 ˚C for 13 minutes. After that, the wetting angle
started decreasing. The alternative is that the silicon oxynitride transformed to silicon nitride and
gaseous silicon monoxide through R3 [20] and as the SiO(g) went away by either argon flow or was
attracted by getters, the decrease of the contact angle happened.
Fig. 5 shows the cross sections of the samples S-T1-G, N-T1-G, S-T2-G, and N-T2-G with the dark
field mode of the optical microscope after the sessile drop experiments. The powder slabs are
surrounded by a dark grayish material which is the embedding material. Each cross section shows
underneath the initial position of the silicon piece which was located on the powder slabs.
The silicon infiltration areas are indicated by red dotted lines. The cross sections of the samples NT1-G and N-T2-G show that the silicon melt is only on the surface of the powder slab or near the
surface, which implies that it did not infiltrate deeply. The bulged solidified silicon is obvious in the
cross section of the sample N-T2-G which confirms the wetting angle of 6˚. The cross sections of the
non superheated samples (N-T1-G and N-T2-G), are whitish or slightly grayish where no silicon
infiltrated. The cross sections of the samples S-T1-G and S-T2-G show that the silicon melt
infiltrated deep into the powder slabs reaching the bottom of the slabs. The color of both types of the
silicon nitride powders (S-T1-G and S-T2-G) became grayish and darker by superheating. If the
temperature is held at 105K above the silicon melting point (superheating), the wetting angle of the
silicon melt decreases gradually. As the temperature increases above the melting point of silicon, the
silicon evaporates and condenses on the surface of the silicon nitride particles. It results in the
formation of a thin gray layer of silicon on the surface of the silicon nitride particles (S-T1-G and ST2-G)) [21,22], leading to the particles being wetted by the silicon melt. Even the particles in the
depth of the superheated powder slabs had the tendency to be wetted by silicon.
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S-T1-G
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Si
S-T2-G
Powder
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10000 µm

Fig. 5. The cross sections of the samples N-T1-G, S-T1-G, N-T2-G, and S-T2-G (Dark Field View) after the
sessile drop experiment. The red dots indicate the infiltration of the silicon in cross sections. The black arrows
indicate the powder slab and the cold mounting (embedding material).

Yang et al. [32] investigated the static mechanics requirement for the spontaneous liquid infiltration
into orderly packed spheres. It is found that a wetting angle much lower than 90˚ is required to
achieve a spontaneous infiltration. Considering the theory and assuming that it is in principle also
valid for non-spherical particles, it is confirmed that in the case of superheated powders, where a
spontaneous and deep infiltration of silicon happened after the melting, the melt had a wetting angle
much lower than 90˚ in contact with the silicon nitride particles. In addition, in the cases of the nonsuperheated powders (see Fig. 4a and 3c), where a drop formed on the surface of the powder slabs,
no spontaneous or deep infiltration happened since the silicon nitride powders were not wettable by
the silicon melt. The BSE images of the samples S-T1-G, N-T1-G, S-T2-G, and N-T2-G are shown
in Fig. 6. The BSE images also confirm the finding of Yang et al. [32]. Sharp tips in infiltration
patterns can be considered as one sign of the spontaneous infiltration. We define here arbitrarily a
sharp tip as a melt front with a quasi-ellipse shape in the infiltration pattern where the ellipse aspect
ratio (semi-minor axis/ semi-major axis) is lower than 0.5, given that the major ellipse axis is parallel
to the direction of the infiltration.
An interesting view of the N-T1-G powder slab is shown in Fig. 6a. The silicon melt with the light
gray color did not infiltrate deeply into the non-superheated Type-1 silicon nitride powder slab. It
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confirms the nonwetting tendency of this kind of silicon nitride powder. The silicon melt flowed
smoothly on the surface layers of the powder slab N-T1-G, and there is no sharp tip in the infiltration
pattern. The melt is in contact with the powder slab in several points with a curved configuration.
This smoothly curved configuration is shown in this figure with white arrows.
It is obvious in a view of the sample N-T2-G (Fig. 6b) that the silicon remained mostly on the
surface of the powder slab or near to its surface. A part of the melt has infiltrated into the powder at
more depth. However, the infiltration boundary is again curved. All these illustrate the low tendency
of the non-superheated particles to be wetted.
Figs. 6c and 6d show views of the cross sections S-T1-G and S-T2-G, respectively. It is obvious that
the silicon melt has infiltrated into the bottom of the powder slabs. The silicon melt had the tendency
to infiltrate into the superheated silicon nitride powders with a sharp tip configuration in several
points. Some of these sharp tips are indicated with the red arrows in both images. The superheating
changed the infiltration pattern of the silicon significantly.

a

N-T1-G

ac

S-GSII-G
S-T1-G

b

N-T2-G

db

S-GSII-G
S-T2-G

1000 µm

500 µm

1000 µm

200 µm

20 µm

1000 µm

Fig. 6. BSE images of the samples N-T1-G (20X) (a), N-T2-G (30X) (b), S-T2-G (30X) (c), and S-T2-G
(100X) (d). The white areas present in the BSE images are due to charging during the SEM analysis. The
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smoothly curved configuration is indicated with white arrows in Fig. 6a. The red arrows indicate the sharp tips
of the infiltration pattern of the silicon melt into the silicon nitride powder slabs in Fig. 6c and 6d.

3.2 Crystal growth
The results of the float zone experiments with the non-superheated silicon nitride powders (CZ-01
and CZ-02) were presented in the introduction part (Fig. 1). In these cases, silicon nitride particles
were pushed out of the ingot. Superheating the silicon nitride powders at around 105K above the
melting temperature of silicon changed the wetting behavior of the particles. Fig. 7a shows the
infrared micrograph of the sample CZ-03, confirming the silicon nitride particles (Superheated Type1) were incorporated into the crystal. The silicon nitride particles stayed in the melt and were not
pushed out of the melt zone. The seed and the feed are indicated. The magnified view of the
incorporated particles is shown in Fig. 7b. Most of the wetted but non-dissolved particles stayed in
the first solidified area.
a

Growth Direction

Particles

b

Translation Direction
Last Phase Boundary

1000 µm
c

5000 µm
Seed

Precipitates in Last
Solidified Area

Feed

1000 µm

Fig. 7. The infrared micrograph of the sample CZ-03. a) Overall View of the Sample. Images b and c are
magnified views from different positions within the crystal. The view b shows the incorporated particles
(superheated Type-1) and the view c shows the precipitates within the crystal.

Fig. 8a shows the infrared micrograph of the sample CZ-04. Similar to the last result, the silicon
nitride particles (Superheated Type-2) were incorporated into the crystal. Fig. 8b shows a magnified
view of the incorporated particles. In this case, the particles are separated more but with different
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sizes. These particles are somehow inhomogeneously distributed in the first strip of the solidified
float zone.
Some amount of the wetted silicon nitride particles was dissolved in the molten zone and precipitated
later in the last solidified area of CZ-03 and CZ-04 (indicated with red dashed rectangles in Fig. 7a
and 8a). There are areas with a number of precipitates in black near the last phase boundary in both
samples. Fig. 7c and Fig. 8c show magnified views of these precipitates. The precipitates in the last
grown area are segregated silicon nitride precipitates. As the segregation coefficient of the nitrogen
is smaller than one (k0 (N) =0.0007), it prefers to remain in the melt [34]. Therefore, the melt was
saturated with nitrogen and the dissolved nitrogen atoms were transported with the moving zone
during the crystallization. As the last float zone was solidified rapidly while finishing the experiment,
the melt volume decreased and got supersaturated with nitrogen. Therefore, the silicon nitride
precipitates were formed in the last solidified area and the solidification completed. Some of the
precipitates are filament-shaped (Fig. 7c and Fig. 8c). The filament shape was reported for Si3N4
precipitates in the literature [33].
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Feed

Fig. 8. Infrared micrograph of sample CZ-04. a) Overall view of the sample. Views b and c, are the magnified
views from the different positions within the crystal. The view b shows the incorporated particles (superheated
Type-2), and the view c shows the precipitates close to the last phase boundary.
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In the sample (CZ-03) the incorporated particles were bulky and were not distributed throughout the
sample (Fig. 7). There is a possibility that the oxygen content of the CZ grown silicon rods made the
particles non-wetting after being incorporated. This secondary non-wetting behavior might not let the
particles be distributed into the silicon melt. The incorporated particles of the superheated Type-2
powders were also condensed and stayed in the first solidified area of the CZ-04 (Fig. 8b). All in all,
by superheating the silicon nitride particles, they remained in the ingots (CZ-03 and CZ-04),
dissolved into the melt to some degree, and reprecipitated in the last solidified section.
To investigate the effect of the oxygen content on the distribution of the silicon nitride particles, a
float zone grown rod (FZ-01) was used as starting material. Fig. 9 shows different micrographs of the
sample FZ-01. Fig. 9b shows the superheated Type-2 powders.
a

Growth Direction

Particles

b

Translation Direction

Last Phase Boundary

500 µm
c

5000 µm

Seed

Precipitates in Last
Solidified Area

Feed

2000 µm

Fig. 9. Infrared micrograph of the sample FZ-01. The superheated Type-2 particles are shown in the image
(b). The view (c) shows the filament-shaped precipitates near to the last phase boundary.

In this case, a considerable part of the silicon nitride particles was dissolved (and dispersed) into the
melt which resulted in the formation of precipitates in the last solidified area of the grown crystal
(indicated with a green arrow in Fig. 9a and magnified in Fig. 9c). The non-dissolved parts of the
silicon nitride particles are not condensed that much (there is some space between the particles).
Furthermore, the non-dissolved particles stayed near the central axis of the rod (indicated with a
black dashed rectangle in Fig. 9a and magnified in Fig. 9b) and did not show any tendency to be
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repelled by the melt and get stuck to the internal side of the rod wall. Therefore, the lower amount of
oxygen in the float zone grown rod (FZ-01) might have an influence on the transportation and
distribution of the superheated silicon nitride particles, as the Type-2 particles show a more
pronounced wetting behavior in the sample FZ-01 compared with the sample CZ-04, where a CZ
grown crystal with higher amount of oxygen was used as starting material of the crystal growth
experiment.
4 Conclusions
Superheating silicon nitride powders by 105K above the melting point of silicon led to the silicon
nitride particles being wetted by the silicon melt. The silicon melt infiltrated both the superheated
Type-1 and Type-2 powder slabs (substrates) during sessile drop experiments. The float zone
experiments confirmed that the superheated silicon nitride particles show good wetting behavior and
stay within the silicon melt. This behavior is obtained as the silicon oxynitride content is eliminated
by the superheating. Also oxygen content of the melt might have an influence on the distribution and
dissolution of the silicon nitride particles, as higher oxygen content might lead to formation of a
silicon oxynitride layer on the particles, therefore, reduced wetting. The results confirm that to
improve the quality of multicrystalline silicon grown by directional solidification in silica crucibles
coated by silicon nitride, to improve efficiency of the industrial photovoltaic silicon, superheating the
molten silicon at temperatures above its melting point must be avoided to suppress the incorporation
of silicon nitride particles into the silicon melt and reduce the dissolution of the silicon nitride.
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