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A B S T R A C T   

Safe implementation of reusable crucibles in the silicon PV industry requires a thorough understanding of the 
reactions in the system to avoid liquid infiltration and crucible failure at high temperatures. Typically, an 
oxidized Si3N4-coating layer is applied to the crucibles to avoid wetting. During melting, the coating undergoes a 
transition in its wettability behavior as a result of oxide depletion. However, much uncertainty still exists about 
undergoing reactions and their effect on the coating depletion, and hence the wetting kinetics. Here we report on 
the coating’s oxygen depletion mechanisms by applying a novel coating method to avoid conventional oxidation 
as it causes severe degradation of non-oxide crucibles. By adding colloidal silica to the silicon nitride coating, we 
(i) control the oxygen concentration in the coating, (ii) avoid the crucible degradation, and (iii) eliminate the 
pre-oxidation step. Furthermore, a quantification of the coating’s oxygen content effect on the depletion rate was 
presented via an analytical model. These results provided insight into how the coating depletion can hinder the 
liquid infiltration by forming and stabilizing silicon oxynitride in the coating as evidenced by Raman mapping 
and thermodynamic calculations. The difference between the rates of liquid infiltration and oxygen depletion 
was also elucidated in detail.   

1. Introduction 

The vertical freeze gradient (VFG) casting remains an important 
technique in the silicon photovoltaic industry especially after the recent 
advances in quasi-mono Si that offers lower energy consumption and 
carbon footprint compared with the Czochralski method [1–6]. A further 
reduction in cost and waste can be achieved by replacing the single-use 
silica crucibles with reusable crucibles. Various attempts have been 
made to develop reusable crucibles for directional solidification appli-
cations [7–11]. Silicon nitride crucibles are the most promising due to 
their chemical stability, thermal durability and high purity [12]. Typi-
cally, the crucibles are coated with a high-purity silicon nitride layer 
that acts as a diffusion barrier and facilitates the ingot removal but liquid 
silicon partially wets silicon nitride coating [13]. Most studies have re-
ported that oxidation of the coated crucibles can avoid silicon sticking or 
infiltration in the coating as silicon poorly wets SiO2 that encapsulates 
Si3N4 particles [9–12]. Heating the coated crucibles for 2–4 h at 1100 ◦C 
in air is a common oxidation method in industry to introduce the oxide 
layer in the coating which in turn prevents wetting and infiltration. 

Infiltration of any liquid in a porous solid is driven by two major 

factors: (i) viscous flow of the fluid into the pores - nonreactive infil-
tration; and/or (ii) reactive infiltration - a change in the chemical 
composition of the surface that is followed by a transition in the equi-
librium contact angle [13]. The latter has been confirmed by most 
studies to be the main cause of the silicon spreading on the oxidized 
Si3N4-coating since the oxide products deplete during the process [11, 
14]. Some authors have studied the depletion (deoxidation) process of 
silicon nitride coating, in absence of liquid silicon, in vacuum and argon 
atmospheres [14,15]. They have claimed that the coating’s depletion is 
mainly caused by the reaction of oxide products with silicon nitride at 
high temperatures. Huguet et al. [16] have suggested that the oxides 
deplete because they react with liquid silicon during melting, which 
indicates that deoxidation of the coating and infiltration of the liquid 
occur simultaneously. Based on this hypothesis, they have proposed a 
model to describe the liquid infiltration rate, but the model fails to 
demonstrate the infiltration behavior for coatings that oxidized at low 
temperature. 

Until recently, little is known about the optimal oxygen content that 
is desirable to achieve non-wetting conditions. The research to date has 
claimed that the higher the oxidation level of the coating the better its 
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non-wetting properties. A crucial issue of the conventional oxidation 
method, besides being highly sensitive to the furnace and the coating 
conditions, is its incompatibility with non-oxide-base materials. Degra-
dation of the silicon nitride crucibles during the conventional oxidation 
of the coating has been reported in a previous study [3]. A new coating 
and heat treatment need to be validated for the non-oxide materials such 
as silicon nitride by considering its influence on the wetting kinetics. 
Gong et al. [17] have been applied a mixture of nano-silica and silicon 
nitride coating on quartz substrates to enhance the binding strength and 
promote the permeation ability of the coating. However, no controlled 
studies have been reported the effect of silica addition on the wetting 
and coating degradation kinetics of non-oxide substrates. The first step 
in elucidating the wetting process is to understand the interactions in the 
Si-coating-crucible system and their effect on the coating degradation 
since much uncertainty still exists about the relation between the infil-
tration process and the coating degradation. 

The current study aims to develop a suitable coating method for non- 
oxide crucibles such as Si3N4 crucibles. To achieve this, we have 
substituted the conventional oxidation method with a systemic addition 
of colloidal silica to the Si3N4-coating. This method has enabled us to: (i) 
better control the mass concentration of oxygen in the coating, (ii) 
determine the optimal oxygen content for the lowest wetting rate, and 
(iii) eliminate the pre-oxidation step which causes a severe degradation 
in silicon nitride crucibles. A thorough investigation of the coating 
depletion and the liquid infiltration has been also conducted in this work 
by in-situ melting of silicon on coated Si3N4-substrates followed by 
Raman mappings. Moreover, we have developed a model that describes 
the coating degradation kinetics in major regimes of the Si-coating- 
crucible system. 

2. Experimental 

A slurry composed of high purity Si3N4 powder and polyvinyl alcohol 
as a binder was dispersed in deionized water and sprayed by a 0.3 mm 
nozzle on the pre-heated reaction bonded silicon nitride (RBSN) sub-
strates (10 × 10 × 5 mm3) at 120 ◦C. The coating thickness was 
approximately 200–250 μm. The characteristics of Si3N4 powder are 
given in Table 1. We introduced oxygen to the coating by three different 
techniques:  

(i) Oxidation of the coated substrates and crucibles at 1100 ◦C  
(ii) Addition of colloidal silica to the coating slurry.  

(iii) Pre-oxidation of the coating powder at 1100 ◦C 

The last two methods were used to avoid conventional oxidation. 
However, The characteristics of RBSN are mentioned elsewhere [11]. 
The wetting experiments were performed in a sessile drop furnace. The 
furnace consists of a horizontal graphite heater surrounded by graphite 
radiation shields, located in a water-cooled vacuum chamber. The 
chamber was fitted with windows to allow a digital video camera (Sony 
XCD-SX910CR) to record the shape of the droplet during melting. To 
evaluate the wetting behavior, three main parameters were measured: i) 
the contact angle, ii) the height of the drop, and iii) the base diameter of 
the drop. 

Solar-grade silicon samples (approximately 100 mg) were placed on 
the coated substrates and then heated under vacuum (10− 6 mbar) to 

800 ◦C for degassing. Then argon gas (6 N) was introduced with a flow 
rate of 0.7 L/min during heating to 1450 ◦C. The oxygen partial pressure 
in the furnace was measured by a zirconia sensor that was attached to 
the gas outlet and found to be about 10− 19 atm upon melting, which is 
critical to avoid the formation of oxide layers on the silicon samples. 

We investigated the wetting behavior at eight different mass con-
centrations of oxygen in the coating. The measurements were success-
fully replicated three times to assure reproducibility. Since wetting 
experiments are highly sensitive to the furnace conditions and operators 
[11], the run order of the in-situ experiments was randomized to elim-
inate the impact of any uncontrollable parameters. 

Furthermore, a pilot-scale Si ingot was made in a coated silicon 
nitride crucible (Ø 25 cm). Oxygen was introduced to the coating by 
adding colloidal silica to the slurry. The coating layer was 150–200 μm 
and contained 10 wt% oxygen. The crucible was charged with 13.5 kg 
FBR/polysilicon feedstock and directional solidification was performed 
in a pilot-scale induction furnace: Crystalox DS-250. The ingot height 
after solidification was 10 cm without the seed layer. To investigate the 
coating degradation at different heights, samples were cut from the 
crucible after solidification for further characterization. 

Electron Probe Microanalysis JXA-8500F was used to analyze the 
oxygen distribution in the coatings before and after the melting. The 
morphology and structure of the samples were studied using SEM Zeiss 
Ultra 55. To determine the chemical composition of the samples after 
melting, Raman mappings were performed using the WITec alpha300 R 
with a 532 nm laser. Raman spectra were obtained after 8 accumulations 
for 10 s from 50 to 1200 cm − 1. 

3. Results and discussion 

3.1. Wetting behavior 

The contact angle development over time of the three proposed 
coating techniques is shown in Fig. 1. The silica addition to the coating 
shows a considerable improvement in the non-wettability behavior 
compared with the other two methods. The samples that were coated 
with pre-oxidized powder were wetted in a relatively short time. The 
wetting curve of the substrates that were treated by conventional 
oxidation matched those observed earlier in previous studies [16]. Based 
on these findings, the silica addition method was used for all the sub-
sequent analysis. 

Fig. 2 shows the effect of the coating’s oxygen content on the contact 
angle development over time. The careful examination of the wetting 
curves indicates that the samples with 6–8 wt% oxygen in the coatings 
undergo the highest contact angles and the lowest wetting rates. All the 

Table 1 
Characteristics of Si3N4 powder.  

Powder Characteristics Value 

ɑ-Si3N4 content >85% 
Oxygen content <1 wt% 
Particle size D98 < 7 μm 

D90 < 5 μm 
D50 < 2.2 μm  

Fig. 1. Variation in the isothermal wetting behavior of three different coating 
techniques at 1723 K. 
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tested samples showed an isothermal transition in the wetting behavior 
that can be caused by a change in the chemical composition of the 
coating over time. Most studies define reactive wetting as a process 
where liquid and solid react and form an intermediate layer at the 
interface [18]. However, the continuous change in the contact angle that 
is combined with the change in the coating’s chemical composition can 
be also considered as reactive wetting. To better describe the wetting 
stages, three geometrical parameters of the drop are measured over 
time. Fig. 3 shows the wetting curves of 8 wt% oxygen coated sample 
(see Supplementary Materials for all oxygen contents). Three major 
wetting stages are identified as follows: (i) a constant contact angle with 
no change in the height and the diameter of the drop (ii) a decrease in 
the contact angle and the drop height with an increase in the drop 
diameter, which represents a typical spreading situation, and (iii) a 
stable stage with no further advances in the wetting. 

3.2. Coating degradation kinetics 

Coating degradation refers to the change in the chemical 

composition of the coating as a result of the dissociation of its silica 
content when it interacts with the different components in the system 
during melting. In this work, we classified the degradation of the coating 
into three main regimes for sessile drop experiments and directional 
solidification as illustrated in Fig. 4 (a). The coating microstructure of 
the three regimes in sessile drop configuration: (i) under the droplet; 
liquid-solid system; (ii) at the triple line: solid-liquid-gas system; and 
(iii) away from the triple line: solid-gas system. These three regimes are 
indicated in Fig. 4 (c), (d) and (e), respectively. The obtained coating 
microstructures of the ingot growth experiment are included in Sup-
plementary Materials (Fig. S3). Since each regime has its characteristic 
dominant reactions, the degradation rate calculations were performed 
separately for each one. 

3.2.1. Liquid-solid system 
This regime reflects the degradation of the coating under the droplet 

in sessile drop experiments and the degradation of the coating in contact 
with the bulk liquid in large scale crucibles. The degradation in this 
regime undergoes two major steps: First, the initial depletion occurs 

Fig. 2. The contact angle of silicon on Si3N4 substrates coated with different mixtures of Si3N4 and colloidal silica at 1723 K. The legend represents the initial oxygen 
mass concentration in the coating. 

Fig. 3. Wetting curves for a sample that was coated with 8 wt.% oxygen content. Three parameters are measured: contact angle (θ), the height of the drop (h), and 
the diameter of the drop (d). 
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Fig. 4. (a) The three major regimes of the Si-coating system where S, L and V refer to solid, liquid and vapor phases respectively. (b) Typical drop -substrate 
configuration, (c) high magnification micrograph of coating’s depletion under the droplet that shows the difference in the microstructure between the depleted and 
un-depleted coating. Coating microstructure at the triple line (d) and away from the triple line (gas-solid system) (e). 1: Si drop, 2: depleted coating, 3: un-depleted 
coating, 4: infiltrated coating, 5: Si3N4- substrate. L: infiltrated coating depth (m), X: eroded and un-infiltrated depth (distance between the infiltration front and 
silica-deoxidization front) Z: total eroded coating depth, (m). 

Table 2 
Possible reactions of silica decomposition at 1723 K.  

Reaction Formula ΔG [J]a   

Self-decomposition 2SiO2 ↔ 2SiOg + O2  1.1593× 105  (1) 

Dissolution in liquid silicon SiO2 + Sil ↔ 2SiOg  − 2.0882× 105  (2) 

Reduction by silicon nitride Si3N4 + 3SiO2 ↔ 6SiOg + 2N2  − 2.6466× 105  (3)  

a Calculated by Factsage. 
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when the underlying silica layer reacts with liquid silicon. This step is 
followed by a steady depletion where there is no direct contact between 
silica and the liquid phase. 

3.2.1.1. Initial depletion. Table 2 lists all the possible reactions that lead 
to silica decomposition at 1723 K where the main product is SiO gas. 
Upon melting, silica dissolves into the liquid silicon by Reaction 2 as 
oxygen diffuses into liquid silicon and then evaporates as SiO to the 
boundary gas layer. 

Huguet et al. [16] suggested that the limiting step of this reaction is 
the diffusion of oxygen in liquid silicon. Based on this, the depletion rate 
of the coating can be calculated by the equation below: 

dZ
dt

=
DlCeq

Oi

hdrop MO
(4)  

Z is the depth of depleted coating which represents the vertical thickness 
of the coating that loses silica as illustrated in Fig. 4 (c) and evidenced by 
Fig. 5 that shows an example of the silica depletion, which was obtained 
by EPMA mapping. Dl is the diffusion coefficient of oxygen in liquid 
silicon (m2/s). Ceq

Oi is the oxygen concentration of liquid silicon at 

equilibrium. hdrop is the height of the drop (m). MO is the molar con-
centration of oxygen in the coating (mol/m3). The transient period can 
be defined as the time required for the oxide layer that is in contact with 
molten silicon to dissolve, which also represents the duration of the 
direct contact between Si and SiO2. As shown in Fig. 4 (b), the large 
distance between the infiltration front and depletion front (defined as X) 
suggests a fast-transient step. By integrating equation (1), the transient 
time can be calculated as follows: 

t=
ƭ hdropMO

DlCeq
Oi

(5)  

ƭ is the thickness of the silica layer that surrounds silicon nitride particles 
in the coating. The calculations of the transient period showed 
neglectable values compared with the overall experiment time. For 
example, the calculated transient time for 8 wt% sample was 93.4 s 
which represents 1.7% of the total experiment time. 

3.2.1.2. Steady depletion. During the isothermal hold, the depletion of 
silica precedes the liquid infiltration as can be seen in Fig. 4(b) where 
there is a considerable distance between the infiltration front and the 

Fig. 5. An example of EPMA maps for a coated Si3N4 crucible after silicon melting. The red outlined area represents the depleted region. (For interpretation of the 
references to colour in this figure legend, the reader is referred to the Web version of this article.) 

Fig. 6. The main steps of the SiO evacuation path under the droplet in the steady depletion stage (i–v). The orange circles correspond to the Si3N4 coating particles. 
The blue layer corresponds to the porous silica layer. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of 
this article.) 

R. Hendawi et al.                                                                                                                                                                                                                               



Solar Energy Materials and Solar Cells 230 (2021) 111190

6

depletion front. This indicates that Reaction (2) is not valid any longer. 
The most favorable reactions among the list in Table 1, based on the 
Gibbs energy values, is the self-reduction reaction. To study the kinetics 
of this reaction, it is convenient to identify the main steps of the gas 
evacuation path under the droplet as illustrated in Fig. 6. The SiO 
evacuation was addressed since its partial pressure is three times higher 
than the nitrogen partial pressure. The time required for one SiO 
molecule to transfer from the reaction interface to the gas atmosphere is 
determined by the rate-limiting step. Full details of the model are pro-
vided in Appendix 1. According to the calculated diffusion rates at each 
step, the diffusion of oxygen in liquid silicon is considered as the rate- 
limiting step of the steady depletion. Hence, the coating depletion rate 

under the droplet is determined by the equations below: 

dZ
dt

≅
dL
dt

=
DlCeq

Oi

(h0 − L)MO
Xo < <  0.08 (6.a)  

dZ
dt

=
DlCeq

Oi

h0MO
Xo ≥ 0.08 (6.b) 

L is infiltration depth (m). Xo is the mass concentration of oxygen in 
the coating. Dl is the diffusion coefficient of oxygen in silicon which 
equals 3.82 × 10− 8m2s− 1 [19] in liquid silicon and Ceq

Oi is the equilibrium 
concentration of oxygen in liquid silicon. More details can be found in 
the Appendix. 

Fig. 7. Triple line region of two samples after sessile drop experiments at 1723 K and th = 90 min; (a) and (b) backscattered images of 8 and 16 wt % oxygen content 
respectively, (c) and (d) are the scanned areas by Raman, (e) and (f) are ß-Si3N4 mappings by Raman. 
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3.2.2. Liquid-solid-gas system: at triple line 
The triple line region is the three-phase contact line where liquid Si, 

coating and the gas atmosphere interact. We followed the same 
approach proposed in the previous section to model the depletion rate of 
the coating at the triple line. The degradation of the coating increases 
towards the triple line region as illustrated in Fig. 7(a) and (b). In this 
regime, the first three steps in the gas evacuation path are the same as in 
the liquid-solid system. Therefore, oxygen diffuses first through the 
silica layer, the porous coating, and the infiltrated coating (if it exists). 
Then it has two possibilities: diffusion directly into the gas boundary 
layer above the coating, or diffusion in the bulk liquid and then into the 
gas boundary. The mechanism is highly anisotropic as it varies with the 
distance from the triple line. Though, the depletion rate of the coating, 
that is located directly under the triple line, as shown in Fig. 7 (the red 
outlined areas) is limited by the diffusion of SiO in the silica layer and 
governed by the following equation: 

dZ
dt

=
DE

SiO Peq
SiO

RTƭnm
(7)  

DE
SiO =

(
1

Db
+

1
DK

)− 1ε
τ (7.1)  

DE
SiO =

( ̅̅̅̅̅̅̅̅̅̅
2πM
kBT

√ (
8Pd2

g

3kBT
+

3
4dSiO2

))− 1
ε
τ (7.2)  

DE
SiO is the effective diffusion coefficient of SiO in SiO2 [20]. nm is the 

molar density of SiO2 (mol/m3). ƭ is the thickness of silica layer, which is 
calculated by the formula: (ƭ = r0 - rXO), where rXO is average pore radius 
of the coating at Xo. r0 is the average pore radius of the Si3N4-coating 
without additions. The thickness of silica layer (at Xo = 0.80) is 1.5 μm 
Peq

SiO is the equilibrium partial pressure of SiO at Si3N4–SiO2 interface.. 
DK is the Knudsen diffusion coefficient and Db is the diffusion coefficient 
through the gas in the pores. dSiO2 is the average pore diameter of the 
silica layer [21]. dg is SiO molecular diameter (0.26 × 10− 9m). ε is the 
porosity and τ is the tortuosity of the silica (τ = ε− 0.5) [22]. M is the 
molecular weight of the diffusing species (SiO). kB is the Boltzmann 
constant. The details of silica layer microstructure, the porosity and 
average pore diameter, are given in Supplementary Materials (Fig. S4). 

3.2.3. Gas-solid system 
This regime represents the coating regions that are in contact with 

the gas atmosphere and away from the liquid phase as displayed in Fig. 4 
(d). It also represents the upper coated part of the crucibles (above the 
triple line). The SiO diffusion path consists of three main steps: (i) 
diffusion in the silica layer, (ii) diffusion in the porous coating, and (iii) 
diffusion in the gas boundary. The modelling of this process shows that 
the rate-limiting step is the diffusion in the silica layer. Hence, the 
coating degradation in this regime is inversely proportional to the 
thickness of the silica layer, which is mainly controlled by the oxygen 
mass concentration in the coating. Equation (4) describes the coating 
degradation in this regime and provides depletion rates that are similar 
to those calculated at the triple line since the limiting step is the same. 

Fig. 8 shows the modelled and the experimental depletion rates 
versus the oxygen mass concentration in two main regimes. The pro-
posed models fit well to the experimental data especially at Xo ≥ 0.08. 
However, the experimental rates at lower oxygen contents are approx-
imately two times higher than the calculated values. This difference 
might be explained by the dissolution of silicon nitride coating in the 
liquid that follows the depletion of SiO2. Indeed, colloidal silica acts as a 
permanent binder in the coating and its dissociation alters the coating 
physical properties such as cohesion and porosity that can lead to the 
Si3N4 dissolution in Si. Therefore, this alteration in the coating micro-
structure suggests a considerable contribution of non-reactive infiltra-
tion, which is not involved in our model. 

The depletion of coated crucibles can be calculated using the same 
approach as in the small-scale (See Table S1 in Supplementary Mate-
rials). Some additional issues, mainly related to some characteristics of 
the directional solidification, were considered in the calculations:  

i. Melt contact time: as the melting front propagates from the top of the 
charged crucible and the solidification front propagates from the 
bottom, the duration of contact between liquid-Si and the coating 
varies with the height.  

ii. Dissolution of the Si3N4-coating: coating’s dissolution in the melt can 
also affect the experimental measurement of the eroded coating 
depths. However, in this case, its effect was neglectable since high 
melting and solidification rates were applied, and no significant 
dissolution was noticed at 10 wt.% oxygen content. 

Fig. 8. The experimental and modelled results of coating depletion rates (μm/hr.) versus oxygen mass concentration in the coating: under the droplet and at the 
triple line. 
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Considering the coating that is in contact with liquid Si below the 
meniscus line, the rate-limiting step is the oxygen diffusion in the bulk 
liquid. The depletion depth in this regime varies with the height of the 
crucible. Therefore, the depletion rate increases towards the triple line 
because it has the longest holding time with the melt and minimum 
liquid path to the gas atmosphere. The depletion of the coating at the 
triple line, no contact with liquid, is higher than the previous regime and 
mainly controlled by the diffusion of the product gas in the silica layer. 
Similarly, in the gas-solid system, above the triple line, the depletion is 
limited to the thickness of the silica layer in the coating. 

3.3. Effect of oxygen content on the infiltration kinetics 

To understand why increasing the oxygen content in the coating does 
not reduce the wetting rates, we investigated the effect of oxygen con-
tent on the coating phase composition. Fig. 7 shows Raman mappings of 
two samples that contain different oxygen concentrations: 8 and 16 wt. 
%, respectively. As can be noticed, the depleted coating area in the 
sample with higher initial oxygen content, Fig. 7. (f), has a significantly 
higher content of ß-Si3N4. Since the same base coating powder is used for 
all samples, it seems that high oxygen content in the coating promotes 
the ɑ-ß phase transformation during the wetting experiments. This 
finding also agrees with a previous study [23] that reported an increase 
of ß-Si3N4 content during sintering of oxidized silicon nitride samples. 
No studies have been found to examine the influence of ß-Si3N4 content 
on wettability. However, ß-Si3N4 particles are documented as more 
preferable nucleation sites for silicon, which implies low interfacial 
energy (γsl) between the particles and the silicon [24] and thereby a 
lower contact angle as suggested by Young’s equation [25]: 

cos(θ) =
γsv − γsl

γlv
(8)  

where γ is the interfacial tension between the liquid, solid and vapor 
phases. Therefore, the high oxygen concentration of the coating alters 
the microstructure via promoting ɑ-ß phase transformation and hence 
increases the infiltration rate during melting. Though, other factors can 
contribute to the non-wetting properties at the optimal oxygen content 

as will be discussed below. 
The infiltration in Si–Si3N4–SiO2 is caused by the depletion of the 

oxygen in the coating as discussed earlier. This poses a question for the 
reason of the non-infiltration properties in the deoxidized coating such 
as at the optimal oxygen content and whether the kinetics of the 
depletion and the infiltration processes are similar. Based on our 
experimental findings, the coating depletion is found to lead to the 
liquid infiltration as depicted from the coated substrate microstructures 
in Fig. 4. Camel et al. [26] have reported the same observation in their 
study of the silicon-crucible interface. Thus, unlike the previous hy-
pothesis in Ref. [16] that failed to predict the experimental infiltration 
rates, the two processes are not similar. Camel et al. [26] have claimed 
that the reprecipitation of silicon nitride at the Si–Si3N4 interface act as a 
barrier layer that hinders liquid penetration into the deoxidized coating. 
But the reprecipitation of silicon nitride is limited only to certain areas in 
the system, which cannot describe the overall behavior. Also, silicon 
nitride reprecipitation was not detected in our work. Fig. 9 depicts 
representative Raman spectra at the liquid interface and the coating 
surface. The peaks; 300, 520 and aboard peak at 950 cm− 1 in Fig. 9 (a) 
correspond to amorphous silicon oxynitride (a-SiON) [27]. The intensity 
of these peaks increases at the liquid front. The a-SiON is also observed 
in the coating as shown in Fig. 9 (b) and its intensity increases towards 
the surface (Raman mappings of amorphous silicon oxynitride are 
included in Supplementary Materials). By comparing Raman Spectrum 
in Fig. 9 (b) with reference spectrum of Si2N2O [28,29], Si2N2O seems to 
exist in the coating. But, due to the high similarity between its crystal 
structure and ß-Si3N4 crystal structure, as can be seen in Fig. 9. (b), we 
relied only on the amorphous SiON mapping that indicates early stages 
of Si2N2O formation and/or disassociation. The silicon oxynitride forms 
at 1723 K in the coating by different reactions as listed below: 

Si3N4 + CO ↔ Si2N2O + SiC + N2 ΔG = − 49588 J (9)  

Si3N4 + SiO2 ↔ 2Si2N2O ΔG = − 81466.3 J (10)  

2Sil +
1
2
O2 + N2 ↔ Si2N2O ΔG = − 9.3072 × 104 J (11) 

Fig. 9. Characteristic Raman spectra of the coating after the sessile drop experiment at 1723 K and th = 90. The red spectra are: (a) at the liquid front, (b) at the 
coating surface (in gas-solid regime). The blue is a reference for Si2N2O. The initial oxygen mass concentration in the sample is 8 wt%. (For interpretation of the 
references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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Reaction (9) can be the main responsible for silicon oxynitride for-
mation in the solid-gas regime since Raman analysis revealed the exis-
tence of SiC (see Fig. 9 (b)) at the coating surface. Furthermore, silicon 
oxynitride is the only intermediate compound in the SiO2–Si3N4 system 
and can also form in the coating due to Reaction (10). However, Reac-
tion (11) describes the formation of Si2N2O at the infiltration front as a 
result of saturation in Si by oxygen and nitrogen at the Si-coating 
interface, which is seen in Fig. 9 (a). 

Previous studies [30–32] have also reported silicon oxynitride pre-
cipitation at the Si-coating interface, during directional solidification of 
Si. It is assumed that the interface is poorly wetted by the silicon [33]. 
Consequently, the presence of silicon oxynitride in the coating decreases 
its wettability and explains the liquid’s resistance to penetrate the 
depleted coating. This indicates that the kinetics of liquid infiltration is 
mainly controlled by the stability of Si2N2O at the liquid-solid interface. 
To investigate the chemical stability of silicon oxynitrides, a predomi-
nance diagram of the Si–O–N system is constructed as shown in Fig. 10. 
The thermodynamic stability is ruled by the partial pressures of oxygen 
and nitrogen in the furnace, which are produced by the reduction of 
silica; Reaction (3). We measured the evolution of oxygen’s partial 
pressure in the furnace during the wetting experiments as presented in 
Fig. 10(b). The partial pressure of oxygen increases from 10− 19.6 to 
10− 19.3 atm during the isothermal hold due to the silica reduction. On 

the other hand, the equilibrium partial pressure of nitrogen gives a value 
of 6.0353 × 10− 3 atm at 1723 K, according to the equilibrium constant 
of Reaction (3) (see Equation (A2) in Appendix). Thus, silicon oxynitride 
is most likely to form under these conditions. Indeed, the coating 
depletion process can be advantageous in reducing liquid infiltration as 
its gas products contribute to the formation of Si2N2O in the coating. 

Finally, Fig. 11 (a) shows the experimental values of depletion and 
infiltration rates at different oxygen contents in the coating. As ex-
pected, the coating depletion rate is inversely proportional to the coat-
ing’s oxygen content. Fig. 11 (b) schematically describes the infiltration 
mechanisms at two major oxygen values; 8 and 16 wt%, which are 
summarized as follows:  

(i) At optimal oxygen content: silica depletion by Reaction (3) is 
considered as the major source of oxygen and nitrogen in the 
furnace, which maintains stable Si2N2O at the liquid-solid inter-
face and the coating surfaces. Thus, due to the presence of poorly 
wetted Si2N2O compounds, infiltration and spreading are mini-
mal in this case.  

(ii) At high oxygen content: the high thickness of the silica layer in 
the coating results in a low depletion rate as the limiting step of 
this process is the diffusion of SiO in the silica layer. This nega-
tively affects the Si2N2O stability due to the slow evolution rate of 

Fig. 10. (a) Predominance diagram for Si–O–N at 1723 K calculated by Factsage, (b) the oxygen evolution during the wetting experiment of a sample with 8 wt.% 
oxygen content in the coating at 1723 K. 

Fig. 11. (a) Experimental depletion and infiltration rates versus oxygen wt.% in the coating, (b) schematic drawing of the coating depletion and liquid infiltration 
mechanisms; (b1) at the optimal oxygen content (8 wt.%), (b2) at high oxygen content (16 wt.%). 
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oxygen and nitrogen in the furnace, which is not associated with a 
high decomposition rate of Si2N2O in liquid Si (see oxygen evo-
lution plots in Supplementary Materials). The silicon oxynitride is 
mainly found at the liquid front. 

4. Conclusions 

A novel coating technique was developed for the non-oxide materials 
that can be used as reusable crucibles in Si-PV applications. This method 
eliminates the conventional pre-oxidation step, which is usually applied 
to the coated crucibles and limits the crucibles’ lifetime by causing a 
severe degradation. The new coating technique showed better non- 
wetting properties during silicon melting compared with the conven-
tional method. 

The optimal oxygen content, 8 wt%, promises a notable high contact 
angle and a low wetting rate at minimal required silica addition to the 
coating. Increasing the oxygen content above the optimal value leads to 
higher infiltration and wetting rates. This may be due to the micro-
structure alteration caused by high oxygen concentration that lowers the 
ɑ-ß phase transformation temperature. 

The coating depletion rates during the melting process are modelled 
at different compositions of the coating to facilitate the adjustment of 
the coating parameters for silicon solidification processes. Based on the 
provided models, the coating thickness can be controlled to compensate 
for the predicted degradation of the coating during the Si casting 
process. 

Moreover, it was revealed that the coating degradation, if controlled 

correctly, during melting can be advantageous for maintaining non- 
wetting conditions as it contributes to Si2N2O formation at the liquid 
front, which is poorly wetted by silicon. This explains the low infiltration 
rates of molten silicon in the degraded coating where the silica content is 
completely consumed. 
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Appendix A. Supplementary data 

Supplementary data to this article can be found online at https://doi.org/10.1016/j.solmat.2021.111190. 

Appendix. Modelling of the depletion rate of Si3N4-coating 

Here we derived the depletion rate for each step of the gas products transport path from the depletion reaction interface to the gas atmosphere. 

i. Diffusion from SiO2–Si3N4 interface through the SiO2 layer: 

Since silica encapsulates the silicon nitride particles, the product gases must diffuse first from the SiO2–Si3N4 interface through the remaining silica 
layer that surrounds the silicon nitride particles. The depletion rate ( dZ

dt) is obtained from the diffusion flux of SiO as follows: 

JSiO =
DE

SiOPeq
SiO

RTƭ
(A1.1)  

dZ
dt

=
DE

SiO Peq
SiO

RTƭnm
(A1.2)  

JSiO is the diffusion flux of SiO through SiO2 layer (mol.m− 2. s− 1). If this step is the limiting step, then the concentration of SiO gas at the interface 
reaches the equilibrium and will be zero at the silica-pores interface. The equilibrium partial pressure of SiO at the reaction interface is calculated by 
the equilibrium constant of Reaction (3) as follows: 

K = exp
(
− ƭG0

RT

)

= [PSiO]
6
[PN2 ]

2 (A2) 

Based on the expression above, PSiO at 1723 K is 1306 Pa. 

ii. Diffusion in the porous coating: 

This step represents the diffusion of SiO gas between the depletion front and the infiltration front which is defined as (X = Z-L) as illustrated in 
Fig. 5 c. Since X ≫ L, as revealed by Fig. 4(c), it can be assumed that L has a negligible effect on the depletion rate( L≈ 0). Assuming that this step is the 
rate-liming step, the partial pressure of SiO at the depletion front will be equal to its equilibrium value with SiO2. The depletion rate is calculated as 
follows: 

dZ
dt

=
DSOEPeq

SiO

RTMOX
=

DSOEPeq
SiO

RTMO(Z − L)
, ( L≈ 0) (A3) 
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DSOE =

(
1

Db
+

1
DK

)− 1ε
τ (A4)  

DSOE =

( ̅̅̅̅̅̅̅̅̅̅
2πM
kBT

√ (
8Pd2

g

3kBT
+

3
4d

))− 1
ε
τ (A5)  

DSOE is the effective diffusion coefficient in porous media [20]. DK is the Knudsen diffusion coefficient and Db is the diffusion coefficient through the 
gas in the pores, d is the average pore diameter of the coating. dg is SiO molecular diameter (0.26 × 10− 9m), ε is the porosity and τ is the tortuosity of 
the coating (τ = ε− 0.5) [22]. M is the molecular weight of the diffusing species (SiO). kB is the Boltzmann constant. 

iii. Diffusion in the infiltrated coating: 

If the oxygen diffusion in the infiltrated coating is the rate-limiting step, the oxygen concentration at the infiltration front will be equal to the 
equilibrium concentration in silicon and will reach zero at the coating-liquid interface. This assumption revokes the possibility of the coating depletion 
below the infiltration front as there is no driving force for it. This indicates that X ≈ 0 and Z = L. The depletion rate is calculated by the equation 
below: 

dZ
dt

=
εDlCeq

Oi

MOZτ (A6)  

Dl is the diffusion coefficient of oxygen in silicon which equals 3.82 × 10− 8m2s− 1 [19] in liquid silicon and Ceq
Oi is the equilibrium concentration of 

oxygen in liquid silicon which is given by the following equation [34]: 

Ceq
Oi = .664 exp

(
− 2 × 104

T

)

mol
/

cm3 (A7) 

Since the liquid phase is saturated in the porous coating, the coating porosity and tortuosity are included in the depletion equation. 

iv. Diffusion in the bulk liquid: 

The depletion rate can be described by the following equations if the diffusion in the bulk silicon is the slowest step. The concentration of oxygen at 
the liquid front is Ceq

Oi and reaches zero at the liquid-gas interface. The depletion rate can be described as follows: 

dZ
dt

=
DlCeq

Oi

(h0 − Z)MO
Xo < < 0.08 (A8.1)  

dZ
dt

=
DlCeq

Oi

h0MO
Xo ≥ 0.08 (A8.2) 

The height of the drop decreases with time as a result of the liquid infiltration under the droplet. This effect can be neglected with high-oxygen 
content samples as (hdrop >> L) because of the minimal infiltration in the coating. However, at low oxygen contents in the coating where the infil-
tration and depletion rates are comparable, the decrease of height with time must be considered. In this case, for simplification purpose, the eroded 
and infiltrated depths can be assumed to be similar (Z = L). 

v. Diffusion into the gas boundary: 

At the liquid-gas interface, the dissolved oxygen in liquid Si reacts with silicon and evaporates as SiO gas into the argon gas atmosphere. If the 
diffusion of SiO gas in argon is the limiting step of silica depletion, the rate of depletion can be expressed as: 

dZ
dt

=
DSiOPeq

SiO

RTMOrdrop
(A9)  

DSiO is the diffusion coefficient of SiO in argon gas at 1723 K which is equal to 3.4 × 10− 4m2s− 1 [35]. 
It should be noted that the diffusion boundary thickness layer around the droplet is estimated to rdrop (drop radius) [36] because of the low 

Reynolds number (less than unity) at the given argon gas velocity (ugas = 0.67 cm/s) where the volumetric argon flow at 273 K is 0.5 l/min and the 
chamber’s diameter is 10 cm. The partial pressure of SiO at equilibrium at 1723 K is found to be 1653 pa according to Calberg’s equation [34]: 

ln PSiO(101325 Pa)=
− 39, 656

T
+ 18.9 (A10) 

In the case of SiO diffusion from the coating-gas interface, at the substrate surface, the gas boundary layer calculated as suggested elsewhere [14] 
gives a value of 14 mm at argon flowrate (QAr) of 0.7 l/min. 

We identified the rate-limiting step by calculating SiO diffusion rate in each step and comparing the resulting values with the experimental values. 
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