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Abstract

The gaseous species evaporating from the dilute liquid solutions of phosphorus in silicon were
studied experimentally and it was shown that phosphorus is evaporated in form of P, P,, P4, P3, SiP,
Si,P, SisP, and SiP; at elevated temperatures. Except P and P, the other molecules were detected
experimentally for the first time, and SisP was detected as a new compound in the gas phase. Knudsen
Effusion Mass Spectrometry technique was applied to characterize the evaporation of phosphorus
from liquid Si samples containing 100, 1250, and 3000 ppmw phosphorus. The evaporation of
phosphorus from liquid Si was studied by isothermal and polythermal experiments, up to 1840 °C.
The vapor pressures of various P — containing molecules (P, P2, Ps, SiP, SioP) at 1442 °C were
measured as a function of phosphorus fraction in liquid silicon. Results indicated that a major part of
the phosphorus evaporates in the form of silicon phosphides and P4, especially when the sample
temperature exceeds 1750 °C. When initial phosphorus was 100 ppmw, about 71 % of phosphorus
evaporation was by means of silicon phosphides and P4. The mechanisms of phosphorus evaporation
from liquid Si are proposed, which depend on the melt composition and temperature. It occurs through
phosphorus species evaporation independently or via the decomposition of transient silicon

phosphides at the surface, or through the direct evaporation of silicon phosphides at the melt surface.

Keywords: Silicon phosphides, vacuum evaporation, KEMS, Phosphorus, Solar grade silicon.

1 Introduction

Silicon refining for production of Si solar cells is a hot topic attracted many researchers in recent
years. The solar grade silicon (SoG - Si) requires a minimum purity of 99.9999 % (6N) !> and hence
dedicated refining methods are required for removing these impurities. One of the most important
impurities that is difficult to remove from Si from metallurgical Si (with tens of ppmw) is phosphorus.

6-15]

Therefore dedicated refining techniques are required for refining of Si from P 151 as it is not
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effectively removed via directional solidification of ingot casting. On the other hand, phosphorus is
also one of the most detrimental impurities that can affect the efficiency of silicon solar cells 1,
Currently more than 90 % of the photovoltaics (PV) solar modules are produced from silicon 1618,
and production of PV modules is increasing, as it expanded 7 folds from 2010 to 2019 [°), Therefore,
developing new processes with proper control of phosphorus in SoG — Si is important 2%, Nowadays,
up to 0.2 ppmw of phosphorus in Si is accepted as the limit for SoG — Si production, which could be
reduced in the future if higher efficiencies are required ?!). A lot of research works are carried out in

[9,22-31

the recent years on removal of P from Si 'and many of them were focused on vacuum refining

[14.5.13.32-401 ' A ccording to literature and our previous works, vacuum refining of Si is one of the most

[41-43

efficient and clean methods for the complete removal of phosphorus from Si 1. Vacuum refining

of Si has been investigated over the past 30 years and recently pilot tested/industrialized by

® [1,44]

Ferroglobe . The vacuum evaporation from free surfaces is called Langmuir evaporation 11345

48] and hence all the research carried out for vacuum refining of Si lays in this category. Vacuum

1 where the liquid evaporates in a tiny

evaporation can also be studied by Knudsen technique !
enclosure (cell) with an orifice on top providing a molecular beam effusing out of the cell. This beam
can be characterized by spectrometers to track the evaporated molecules. Such a combination is called
Knudsen Effusion Mass Spectrometry (KEMS) B34 " which provides valuable data about high
temperature gases and vapor pressure measurements of metals and alloys 5233631,

Metallurgy of Si — P system is difficult to study due to high vapor pressure of P at high temperatures,
requirement of dedicated instruments, and uncertainties about the gaseous species and compositions.
The known gaseous components in Si — P system and at elevated temperatures are P and P, however,
the presence of SiP, Si,P, and Si>P» has been claimed from theoretical models ®. Both,
thermodynamics of liquid Si — P system and the mass transport of the species between liquid and gas
are reported in literature %81, The thermochemistry of dilute solutions of phosphorus in Si melt has
already been investigated experimentally by Miki et al. (%! and Zaitsev et al. %), and it is theoretically
modeled by Liang and Fetzer in [, Table 1 gives a summary of these researches. Miki et al. [6
investigated the established equilibrium of Si melt with introduced phosphorus gas in graphite and
alumina crucibles and obtained the Gibbs free energy change for the equilibrium between the dissolved
phosphorus in liquid Si (P) and P,(g). Zaitsev et al. 1) applied the Knudsen Effusion Mass
Spectrometry method (KEMS) to investigate the vapor pressure of phosphorus species effusing from
Si — P samples with various concentrations of phosphorus in liquid Si and obtained the Gibbs free
energy for the evaporation of Py from Si melt. In the previous researches on vacuum refining of
silicon %1 were focused on the mass transport of impurities. It has been shown that chemical
evaporation at the melt surface and gas phase mass transport could control the kinetics of the vacuum
induction refining of silicon. Generally, the desorption of phosphorus atoms from the melt surface is

assumed as the main mechanism for phosphorus evaporation from silicon. In all previous works
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(3443656931 the monoatomic and diatomic desorption of phosphorus at the melt surface have been
assumed.

In our previous work ' on vacuum refining of silicon at ultra — high temperatures (UHT, by
definition Tunr > 1.25 Tu, si) we showed the apparent mass transfer of phosphorus increases
significantly when temperature of the refining approaches to UHTs 6. In the same work [ we
proposed the hypothesis of decomposition of transient silicon phosphides on melt surface to explain
the acceleration of mass transfer of phosphorus to the gas phase. In this research, we applied KEMS
to characterize the vacuum evaporation of phosphorus from liquid Si and will compare the obtained
results with the results from the Si refining experiments. The results of this paper will provide an

insight knowledge about Si — P system and hence will contribute to the field of Si refining.

Table 1. The recent studies on the thermodynamics of P and dilute solutions of P in liquid Si.

Study Subject of research Contribution to the field
Schlesinger 4 The thermodynamic data of phosphorus and Gibbs free energy
phosphorus gases (P, P2, P4) functions for evaporation

of phosphorus species and
formation of silicon

phosphides
Zaitsev et al. %1 Thermodynamics of dilute solutions of P in Activity of P in dilute
liquid Si by KEMS method. solutions of Si melt, Gibbs

free energy of P, gas
evaporation from Si melt,
detected mainly P, and
reported P* by mass

spectrometer.
Miki et al. (3] Thermodynamics of dilute solutions of P in Activity of P in dilute
liquid Si by equilibration method. solutions of Si melt, Gibbs

free energy of P, gas
evaporation from Si melt.
Safarian & The phase diagram of Si — P system in Si rich The liquidus and solidus
Tangstad [ side by DSC/DTA method. for low P concentrations
was studied.

Liang & Fetzer Modeling of Gibbs free energy of Phosphorus Gibbs free energy of P, P,
[64] gases and phosphides in Si—P system. P, and phosphides SiP,
and SiP,
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2 Experimental procedure

2.1 Si - P sample preparation

For this study, a Si — P alloy with 3715 + 200 ppmw of phosphorus was initially made by adding red
phosphorus into 400 g of Si melt at 1500 °C. The alloying process was carried out in a graphite crucible
(properties mentioned in ")), For this purpose, polysilicon (FBR® purity 8N) was charged into the
graphite crucible. Then it was melted in a vacuum induction furnace under Ar (6N) atmosphere,
subsequently red phosphorus was added to the silicon melt and the alloy was then cast in a water-
cooled copper mold. This Si — P alloy was then characterized by ICP — MS. More details about the
silicon high phosphorus alloy production can be found in . In order to study the gas phase over
various melt phosphorus concentrations, we mixed and re-melted this Si high phosphorus alloy with
proper amount of FBR® silicon (purity 8N) to provide three samples with phosphorus concentrations
of about 3000, 1250, and 100 ppmw. These samples will be named Si — 3000 P, Si — 1250 P, and Si —
100 P, respectively in this paper. After the re-melting process the phosphorus concentration of each
sample was measured by ICP — MS technique as 3100 ppma (£ 136), 1227 (+ 25), and 97.3 (+ 2)

respectively.

2.2 Knudsen effusion mass spectrometry (KEMS) study

Knudsen Effusion Mass Spectrometry (KEMS) was applied to study the gaseous species evaporating
from the Si — P samples. The schematic representation of the KEMS machine applied in this research
together with the setup configuration are shown in Figure 1. More details about this technique can be
found in %761, Here, as shown in Figure 1, the sample is heated up to the target temperature in a small
enclosure with an orifice on top, called the Knudsen cell, which is assumed to provide the molecule —
wall collisions dominating over molecule — molecule collisions in the gas phase 2!, The Knudsen cell
is heated up in high vacuum conditions and the pressure condition in the Knudsen cell is low (lower
than 10 Pa), leading to a molecular beam effusing out of the cell’s orifice. Under these conditions the
gases inside of the Knudsen cell can be considered as an ideal gas. If thermodynamic equilibrium in
the cell is achieved, this means, that equilibrium is also achieved between the gas and the condensed
phases. Therefore, from a thermodynamic point of view there is no difference, if species are formed
in the gas phase or on the melt surface, their concertation will be determined by the equilibrium
constant. The molecular beam is redirected to an ionization chamber, where the gas molecules get
ionized in a strong electric field. The ions leaving the ionization chamber pass through an
electromagnetic field, where they are classified based on their mass over charge (m/z) ratio.

Previous studies ! indicated that the best refractory for holding liquid Si at high temperatures and

vacuum conditions is graphite, while at the crucible/melt interface a SiC layer is spontaneously formed
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and maintained. To minimize Si loss via SiC formation, our Si — P samples (about 50 — 75 mg) were
put in a tiny SiC crucible with a height of 10 mm and an inner diameter of 7 mm. This crucible was
put in a graphite Knudsen cell with an orifice of 0.3 mm diameter on the top. The Knudsen cell was
then put in a tantalum crucible with a cap on it with 1 mm orifice in the center. Temperature of the
cell was measured with pyrometer. In this case the measured temperature and actual temperature of
the sample can deviate. Therefore, temperature and pressure calibration was performed with pure
silicon (8N purity), which is also suitable for studied samples according to the applied temperature
range. The melting point of Si was observed in situ with ion current signal by heating the sample with
1 °C /min.

i : o

0753607 Additional temperature calibration was also performed by using melting points of
Ni and Ag (further details are available in ®371), Before running the experiment, the chamber of the
KEMS machine was vacuumed down to 10 Pa and then the power was switched on. An average
heating rate of 20 °C/minute up to 400 °C was applied, and then the temperature was increased up to
1100 — 1200 °C with a fast-heating rate (around 100 °C/min) through electron bombarding onto the
tantalum crucible (this is not shown in Figure 1 for simplicity). At this point the Knudsen cell orifice
was well aligned with the aperture. The sample was then heated up to about 1375 °C by 10 °C /min
and it was held at this temperature for a while to attain a homogenous temperature distribution all
over the cell. We did several preliminary experiments to characterize the possible gaseous species
effusing out of the Knudsen cell and to check the fragmentation of the species in the ionization
chamber. For this purpose, three different excitation voltages (15, 50, and 70 eV) with the emission
current of 0.15 mA were applied to check the fragmentation of the species effusing out of the cell.
Based on these results a constant excitation voltage of 70 eV was used in all further experiments.
Subsequently, several spectra were recorded over the range of 10 to 200 m/z, where m/z indicates the
mass over charge ratio for the ionized species. These spectra were recorded at various temperatures

up to 1800 °C. Based on the preliminary results, we carried out isothermal and polythermal

experiments, during which the intensity of the ionized species (ions) were measured over time. Fhe
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ure In the polythermal

experiments, the sample was heated up step by step, with 25 °C increase for each step. Then the

sample was held at each step for 1 hour and the intensities of the ionized species were characterized.

After the KEMS experiments the remained Si in the crucible was digested in a solution of HNO; and
HF. Then the liquid was characterized by ICP — MS to track the phosphorus content of the samples.
Figure 2 represents the graphite Knudsen cell enclosure and the SiC crucible after an isothermal
experiment at 1442 °C for 8 hours. The whole crucible was submerged in acid for digestion of the Si
as shown in Figure 2d. The sample was kept in the acid solution for 24 hours at room temperature.
Then all the Si in the crucible was dissolved in the acid. Figure 2e shows the same SiC crucible after
digestion indicating all the Si was dissolved out. The weight of the SiC crucible after acid digestion
was compared with its initial weight before KEMS experiment (measurements carried out with Mettler
Toledo®, model Excellence, 0.1 mg readability). There was not any sensible weight change. After the

digestion the liquor was then characterized by ICP — MS (ICP — MS, Agilent — 8800 ICP-MS Triple
Quad).
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Figure 1. The schematic representation of the KEMS machine applied in this study.
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Figure 2. The top part (lid with orifice) of the graphite Knudsen cell (a), SiC crucible sample holder
and Si sample after 8 hours in 1442 °C (b), the Knudsen cell without its lid (c), the SiC crucible
submerged in acid when Si sample is digested (d), SiC crucible after complete Si digestion ().

3 Results

The obtained KEMS results from the isothermal and non-isothermal experiments are presented and
discussed in this section. The preliminary experiments were carried out in isothermal condition to
characterize the gaseous species and the results are presented in section (3.1), and the effect of

temperature is studied by polythermal experiments, presented in section (3.2).

3.1 Isothermal KEMS experiments
3.1.1 Evaporation below and above the liquidus

Figure 3 presents two obtained mass spectra by evaporation of the Si — 1250 P sample taken of the
solid sample and immediately after melting of the silicon via rapid heating to 1500 £ 2 °C. It is worth
mentioning that it took about 20 minutes to record each mass spectrum shown in Figure 3. The
temperature was fixed while recording the spectra. The spectrum taken from the solid silicon at 1395
°C (Figure 3a) indicates that Si* (m/z 28) is the dominant species. In addition, some phosphorus species
can be detected in gas phase as P;' (m/z 62) and P* (m/z 31) with high intensities, and SiP* (m/z 59)
and Si,P* (m/z 87) ions with low intensities. Figure 3b shows the intensities of P;" and P* species

become stronger when the sample is melted. In addition, it can be seen that P;" is the dominant gaseous
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species and the intensities of P is five times of that for Sit (m/z 28). It also shows other phosphorus
species like P, (m/z 124), SiP," (m/z 90) and SizP* (115) with considerable intensities and P3" (m/z
93) barely detectable. Obviously, we could detect phosphorus in the form of SiP*, Si,P*, SisP*, and
SiP," as new results, in addition to the reported P;* and P* species in literature over dilute solutions
of phosphorus in silicon. The ion intensities of the phosphorus species detected by mass spectrometry
in Figure 3 are presented in the supplementary data. It should be mentioned that the detected Ar'(m/z
40) and HO"(m/z 18) ions are coming from the remained gas in the chamber and the SiO"(m/z 44) is
from the reaction of remained oxygen and Si.

The only previous mass spectrometry study of the Si — P system was carried out by Zaitsev et al. in

1661 where they studied Si — P samples with various concentrations of phosphorus over xp = 0.0035—

0.265. However, they reported only the P* and P, species. In addition, they mentioned the intensity
of P* was only 2% of that of P;7, and concluded that the P* is the result of P; fragmentation in the
ionization chamber (P, + e~ =Pt + P+ 2e~, AE = 15.56 eV). However, as mentioned in the
experimental procedure the studies on the ion fragmentation were carried out by trying various
ionization voltages (AE = 15, 50, 70 eV), during which P* ion peak was detected with the same
intensity in all the cases. This indicates that the P* ion is coming from the ionization of the P atoms

(P +e~ =P* +2e~, AE =10.49 eV) and hence P* ions represent the monoatomic phosphorus in

the molecular beam, effusing out of the Knudsen cell. Jraddition;—we-studied-thefragmentation—of
s S i Sis*Sis*. Sis* . | luded that the Si*_iomi .
mainby-from-ionization-of meoneatomie-Si-gas-speeies;-The fragmentation of the Si ions is studied by
Tomooka et al. 8% and they have shown the Si* ion, comes from the monoatomic Si gaseous species.
The discussion about fragmentations is beyond the scope of this paper and further information can be

found in 1.
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3.1.2  Effect of melt composition changes

In order to study the phosphorus species evaporating from Si with time, we did a long-term
isothermal experiment at 1442 + 2 °C on the Si— 1250 P sample as shown in Figure 4. The intensities
of various species were measured in one-hour intervals. It should be mentioned that it took about 1
hour from the melting point of Si to make the temperature steady on 1442 °C. Then the characterization
was started, and hence, the changes taking place over this time were not recorded. The results are
presented in Figure 4(a) indicating the ion intensity of all phosphorus species decreased over the time.
This is due to the decrease of the phosphorus concentration in the Si melt. In the first measurement,
the Py and P? are the most dominant phosphorus species with close intensities in the gas phase.
However, we see that P} loses its intensity faster than P*, and P* is the most dominant form of
phosphorus species effusing out of the Knudsen cell at longer times. The intensities of Si,P* and SiP*
at the first measurement are significantly lower than P;” and P*, and higher than that of P,". Like all
the phosphorus compounds, the intensities of Si,P* and SiP* decreased over time, and as it is obvious
in Figure 4. Low intensities of P, were detected in the experiment in comparison with the above
species, while SiP;" was not detected in this sample, probably due to lower P* concentration compared
with the preliminary test at 1500 °C. Considering the data in Figure 4, it is obvious that the intensity
of Si* was constant during the time of the experiment, while the intensities of all phosphorus species
decreased over the experiment time. This may indicate that the equilibrium condition (at least in short
time intervals) was established for Si in the Knudsen cell and the saturated vapor pressure was
achieved, but not for the phosphorus species. In this case, the reduction of vapor pressure is due to
evaporation of phosphorus from the solution. Having the ion intensities of various compounds, we can
calculate the vapor pressure of each species by applying the well — known KEMS equation presented

as follows:

Pi ="~ (@)

Where the p; denotes the vapor pressure and the [; is the intensity of the ion species 7, T is absolute
temperature in Kelvin, g; (cm?) is ionization cross section at 70 eV, and k is the sensitivity constant
of the instrument. In order to determine the ion cross sections of the molecules, the total cross sections
were calculated by the equation 0,,01ecute = 0.75 X 0gtom () P All the used cross sections of the
species are reported in Table 2. To determine the instrument sensitivity coefficient (k), we inserted the
ion intensity of Si* (I;+) into equation (1) while the pressure of Si* (pg;+) was taken from B to
obtain k= 2.72-10"%° (Pa cm? counts K™!) at 1442 °C.

Having all the required terms of equation (1), the vapor pressures of the ions at 1442 °C are calculated

and depicted in Figure 4(b). This figure indicates that the vapor pressure of all phosphorus compounds

10
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reduces by experiment time since the xp is reduced. After 8 hours of keeping the sample at 1442 °C,
the sample was immediately cooled down to below the Si melting point in some seconds to prevent
the composition change of the liquid Si. Therefore, the phosphorus concentration in the Si left in the
crucible will represent the xp in liquid Si for the last study point shown on Figure 4b. This sample after
the experiment was characterized by ICP — MS (as mentioned in the experimental procedure and
Figure 2). The concentration of phosphorus in liquid silicon (in molar fraction, xp) of the last point of

the experiment was determined as xp = 20.03 ppma, as shown in Figure 4(b).

Table 2. Ionization cross section of various species at 70 eV.

Species 0,10'% (cm?)

Si 4.905

P 4.2564

P2 6.3846

Ps 9.5769

P4 12.7692
SiP 6.87105
Si,P 10.5498
SizP 14.22855
SiP; 10.06335

11
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Figure 4. The ions intensities in the isothermal experiment of Si — 1250 P sample at 1440 & 2 °C (a),
and their corresponding calculated pressures (b).

3.2 Polythermal KEMS experiments
3.2.1 Temperature effect

Figure 5 shows the ion intensities of the phosphorus species evaporated at various temperatures for
the Si — 3000 P sample. In this sample, we had intensive evaporation due to the high content of P in
Si, which could damage the instruments. Therefore, we only measured five species (Si, P, P2, P4, and
SiP). Figure 5 shows that Si exhibits a symmetrical profile over the heating and cooling cycles which
indicates the steady state was established for Si evaporation in the Knudsen cell. However, it is not
the case for phosphorus containing molecules. It is obvious from Figure 5 that the intensities of all

phosphorus containing species are reduced both in the heating and cooling cycles, which happens due

12
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to the depletion of P in melt. The purpose of presenting Figure 4 was to indicate the phosphorus content
is always decreasing in the Si — P sample due to faster evaporation and loss compared to Si and hence
it leads to the reduction of the intensities of the phosphorus containing species. However, we will show
that temperature has a bigger effect and at higher temperatures the intensities of phosphorus containing

species increase again.
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Figure 5. Effect of temperature on the vapor pressure of various compounds in Si— 3000 P sample
over heating and cooling cycle.

3.2.2 Phosphorus concentration and temperature changes

In order to get a better view of the temperature eftfect on the evaporation of phosphorus species from
Si melt, we characterized three samples with various phosphorus contents in liquid Si. The vapor
pressures of the studied species in the polythermal experiments are calculated by applying equation
(1) and the results are shown in the Figure 6. The raw data from KEMS experiments, including the ion
intensities can be found in the supplementary data of this paper. Figure 6 shows that the vapor pressure
of Si has an exponential relation with temperature for all samples, which is reliable. The vapor pressure
of silicon from literature !, which is also plotted in Figure 6, is in good agreement with our
measurements. However, the vapor pressure of phosphorus species decreases by the temperature
increase in both the heating and cooling cycles, because of the phosphorus concentration decline in

the liquid Si. Figure 6 indicates that the pressure of P, is dominant at the beginning for all the samples

13
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(regardless of the initial xp), and it is declining faster compared to the other species, which agrees with
the isothermal experiment (Figure 4). In addition, Figure 6 indicates that the interception point of P>
with P shifts toward higher temperatures when initial phosphorus content in the samples is higher, as
the interception temperatures are 1450, 1470, and 1550 °C in the samples Si— 100 P, Si— 1250 P, and
Si — 3000 P, respectively. The change in P4 intensity with increase in temperature is interesting. P4
intensity initially decreases and then it increases upon heating to 1550 — 1600 °C, following with a
subsequent intensity rise at higher temperatures. However, in the Si — 3000 P sample the pressure of
P4 is higher at the beginning and decreases by increasing the temperature, but then it increases when
temperature exceeds 1550 °C.

The obtained data in Figure 6 reveals that, for the sample Si — 100 P, the phosphorus evaporation for
this sample takes place intensively by means of SiP, Si,P, and Si3P especially when temperature
exceeds 1680 °C. Figure 6 shows that the evaporation of silicon phosphides comprises an important
part of phosphorus evaporation from the Si — 1250 P sample. However, P was always the dominant
species, getting higher intensities with simultaneous P; intensity decline. Comparing samples Si — 100
P and Si — 1250 P, it could be concluded that silicon phosphides are the dominant forms in the vapor
when the phosphorus content in the sample is low and the temperature is higher, above 1650 °C. It
should be mentioned that since the intensive evaporation of phosphorus species are detrimental for the
instrument, therefore, we had to limit the number of the species to be characterized limit temperature
range in the samples with higher amounts of phosphorus. For this reason, in the sample Si — 3000 P,
only SiP was recorded as a representative of the other silicon phosphides in this sample. Regarding
the results presented by the isothermal experiments and this section, we can summarize the various

phosphorus containing species evaporating from Si and their condition as it is presented in Table 3.
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Table 3. The detection conditions of various phosphorus containing ions in mass spectra during of isothermal and

polythermal experiments.

Tons

Detection condition and interpretation

The dominant phosphorus species when Si is solid and at the beginning of melting.
Declines immediately after melting.

Slightly increases at high temperatures than 1650 °C .

Depends highly on P content in Si.

P+

Detected when Si was solid as well.

Second highest intensities at the beginning of experiments and it declines by time.
Becomes the dominant species when

P}t is declined over 1450 °C — 1550 °C depending on P content in Si.

It increases by temperature.

Is stable in all temperatures and is the main phosphorus species when P content decreases.

Detected only in liquid Si.

Detected at the beginning of experiments (more for higher P contents)

Increases intensively beyond 1550 °C — 1600 °C and higher temperatures.
Depends on xp in liquid Si and evaporates intensively beyond 1550 °C — 1650 °C.

Was detected barely only at the beginning of experiment after melting of Si and in high
phosphorus-containing samples.
Not a dominant phosphorus species in Si — P system.

SiyP*

Slightly detected at low temperature even when P content was high.
Increases intensively with temperature even when P content is low.
Depends on temperature and intensifies by silicon evaporation at higher temperatures.

Si,P*

Detected in all samples with the same intensity at low temperatures.
Increased with temperature.
Depends on temperature and is less dependent on P content.

SiP*

Detected in all samples with the same intensity at low temperatures.
Increased with temperature.
Depends on temperature and is less dependent on P content.

Sip;

Depends highly on P content in Si and is observed at temperatures close to liquidus.
Only detected in Si — 3000 P sample and disappeared rapidly after some phosphorus loss.
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4 Discussions

In this section we apply the results from the isothermal experiment to discuss the dependency of the
vapor pressure of the phosphorus species to the xp in Si at 1442 + 2 °C. In addition, the results from
polythermal experiments will be applied to discuss the mechanisms of phosphorus evaporation from
silicon and will be compared with the obtained data from vacuum refining studies ). We will discuss
the liquid-vapor equilibrium of Si — P system in section (4.1) and then the various forms of phosphorus
mass transfer from melt surface to gas phase (evaporation) in section (4.2). At the end we present the

possible mechanisms of phosphorus evaporation at the melt surface in section (4.3).

4.1 Liquid-vapor equilibrium for Si — P system

The thermodynamic properties of vapor components in the Si — P system at elevated temperatures
are summarized in Table 4. We can apply the following relations to calculate the vapor pressure of

various phosphorus species in equilibrium with liquid Si, using the following relations:

° o AG®;4 AG®;
pp = pPxpygexp (— ST ) 3)
—aGo; \\ (4)
pp, =p° (gi§° exp (—R - ))
AG°;; —0.25AG°; 4 (5)
pp, =D° (gi§° exp (— — = ))

Where xp and y§° are the phosphorus molar fraction in liquid Si and the activity coefficient of

phosphorus in melt, respectively, R is the universal gas constant (8.314 J-mol!-K™"), and 7 is absolute
temperature in Kelvin. The parameter p° is the reference pressure of the gaseous phosphorus. When
applying the relation introduced by Zaitsev et al. [ we need to put the saturated vapor pressure of
phosphorus at the studying temperature ™. However, when dealing with the model introduced by
Miki et al. [ we need to assume p°® = 101325 Pa. In addition, whenever the model of Miki et al. is
applied, phosphorus weight per cent in liquid silicon (P wt.%) should be considered as the
concentration and the weight per cent interaction coefficient (fp) should be assumed to be unity. Zaitsev
et al. [ criticized the relationship introduced Miki et al. (5! for being misprocessed and showed that
a right processing of the data that was produced by Miki et al., will be in good agreement with the
Zaitsev et al. measurements for P,. Therefore, we will apply Zaitsev et al.’s relation in this paper.
Figure 7 shows the equilibrium vapor pressure of phosphorus containing species at 1442 + 2 °C
calculated according to equations frem (2) to (4) and with FactSage® (version 7.3 and SGTE database).

The experimental data from this research obtained by KEMS are also shown in Figure 7. Obviously,
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our measured vapor pressure of P, is in good agreement with the Zaitsev et. al measurements ) and
calculations from FactSage®. However, it is not the case for other species (P, Ps, Si>P, SiP). Figure 7
indicates that FactSage® calculations underestimate the vapor pressure of P, SiP, and Si,P about 10
times of this research measurements. However, in the case of P4, both FactSage® and equation (4)
underestimate the vapor pressure about 10 billion times. Figure 7 indicates that equation (2) and (4)
overestimate the vapor pressure of P about 10 times. This could be due to the inaccuracy of the Gibbs
energy for the reactions (7) and (i7) and hence the equations (2) and (4) cannot predict the correct vapor
pressure of P and P». In addition, we calculated and inserted the vapor pressure of P3 by applying the
intensity of the P3" ion detected in the spectrum of the sample Si — 1250 P at 1500 °C, presented in
Figure 3b. Figure 7 shows the vapor pressure of P3 calculated from FactSage® is at least 100 times
lower than our measurements. We should mention that the experimental data presented in this research
is unique over the concentration range and are not reported elsewhere. Therefore, the differences
between the obtained experimental data with the SGTE database !®* could be due to extrapolation of
data or modelling, which can explain the deviations observed in Figure 7. Hence, the experimental
results of this research can contribute to increasing the accuracy of the thermodynamic data for the Si
— P system.

As mentioned before Zaitsev et al. [ only reported P, ions in the Si — P system and not any other
phosphorus ions. However, we managed to measure the vapor pressure of the P, SiP, Si,P, and P4 in
addition to P,. From Figure 7 it is obvious that the vapor pressure of P, (for 20.03 ppma P in Si)
measured in this research is exactly on the line already introduced by Zaitsev et al. ], If we had the
corresponding xp of each data point shown in Figure 4, we could plot the vapor pressure lines for each
species over the over the phosphorus concentration in melt. Since we showed the vapor pressure of P,
can be read by Zaitsev et al. ! relation, the data for the vapor pressure of P, can be put on the P; line
in Figure 7, one by one to obtain the corresponding xp in liquid Si for each studied point. Having the
xp in hand, the vapor pressures of the phosphorus species already shown in Figure 4 are plotted versus
the obtained xp as presented in Figure 8. For this, The data points presented in solid fill in Figure 8 are
plotted versus the measured xp by ICP — MS and the rest of the data are plotted versus the xp calculated
by the aforementioned method. As can be seen, there is a good correlation among the data for each
species and the obtained lines in Figure 8 have a high value of squared-R, indicating on the precision
of the applied technique to calculate the xp in the isothermal experiment. Figure 8 shows the
dependency of the phosphorus species vapor pressures as function of xp at T = 1442 °C, and the vapor

pressure formula for each species as a function of xp is also presented in the Table 5.
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Table 4. Various phosphorus dissolution reactions in silicon melt and their corresponding Gibbs energy relations.

Relation no.

Relations and Thermodynamic functions

References

Pyg) = 2Py

Schlesinger 74

@) AGe° [J - mol™1] = —229500 + 154.5 T — 0.00313 T?
0.5P,(gy = P Schlesinger 74
(@)
AG® [J - mol~1] = 248000 —59.4 T
B = 05 Pz(g)
Zaitsev et al. [66]
(dii) AG® [J - mol~1] = 99500 — 29.46T (Reference state for phosphorus
is pure phosphorus)
(iv) P =0.5Py Miki et al. [6]
AG° [J- mol™] = 139000 (£2000) — 43.9 (£10.1)T  (Reference state for phosphorus
gas is 1 atm)
4766 i [66]
») In (VEO) —208— & Calculated from Zaitsev et al.
(vi) log( Pprosphorus [Pa]) = 9.965 — 2740/T Schlesinger 74
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Table 5. The obtained vapor pressures for various phosphorus species at 1442 °C

as a function of xp in liquid Si

Gaseous compound In [p (Pa)] at 1442 °C
P 1.362In(xp) + 6.4602

P, 0.8686 In(xp) + 5.0356

P, 1.2864 In(xp) + 1.7528

SiP 0.7735 In(xp) - 1.1535

Si,P 0.6566 In(xp) - 2.4033

4.2 Mass transport of phosphorus via evaporation

It is obvious from equation (1) that I; - T is proportional to its pressure at any temperature. Since the
pressure of species i is proportional to the number of the moles of i (p; = n; p;/n;) in the vapor, the
number of moles of the species i effusing out of the cell is proportional to I;. Now, considering the
various phosphorus species detected in the KEMS experiments, we can obtain a measure of the overall
number of phosphorus atoms leaving the melt surface in the form of all the phosphorus containing

species presented above through the following relation:

Kl1;

A;_p [intensity / cm?] = ¥, — (6)

Where A;_p is a measure proportional to the total numbers of the phosphorus atoms effusing out of
the Knudsen cell (removed from silicon), I; denotes the measured intensity of P — containing
compound i (i = P, P,, Py, SiP, Si, P, Si3P, SiP,), and k is the number of the phosphorus atoms in the
species i (e.g. k = 4 for P4). Equation (5) shows that the tetratomic and diatomic phosphorus molecules
have greater impact on the total number of removed phosphorus atoms. This means that, even if the
amounts of diatomic and tetratomic phosphorus molecules are less than the others, they may contain
more phosphorus atoms and hence could have greater effect on the phosphorus evaporation (removal)
rate. The changes of the calculated A;_p with temperature for both the Si -100 P and Si — 1250 P
samples are plotted in Figure 9a. Obviously, the total mass of phosphorus species evaporated
decreased with increasing temperature from the melting point to 1650 °C due to the phosphorus loss
from the system. However, A._p is showing rapid rise with increasing the cell temperature at above
this temperature range. Plotting tangents over the obtained I,_p curves, we see that A;_p is

significantly increased once the temperature exceeds 1730 and 1750 °C, for Si— 100 P and Si — 1250

21



476
477
478
479
480
481
482
483
484
485
486
487
488
489
490
491
492
493
494

495
496
497
498
499
500
501
502
503
504
505
506
507
508
509
510

samples, respectively. This increase in the mass transport of phosphorus in evaporation could be
attributed to the intensive evaporation of silicon phosphides and P4 as observed in Figure 6. Here it is
worth to compare these results with our previous work ! about vacuum induction refining of Si, for
refining of 400 g of melt with below 15 ppmw of phosphorus in liquid Si, where we determined the
mass transfer coefficient of phosphorus (kp) at 1500 — 1900 °C under isothermal conditions. The
results from our previous work [® showed that there is a large increase in the kp at ultra — high
temperatures (defined as T > 1762 °C = 1.25 Ty, sj) via a change in the mechanism of chemical
evaporation reaction. The previously obtained kp for phosphorus removal from Si is plotted over
temperature in the Figure 9b, indicating that the kp is changed with temperature in a significantly
higher rate when temperature exceeds about 1750 °C, in average 2.6 times higher than the prediction
by extrapolating kp from lower temperatures results. A comparison of Figure 9a with Figure 9b helps

16411 we used the first order

us to explain the significant kp increase at 1750 °C. In our previous works
kinetic model to explain the phosphorus concentration changes in the Si over time. When it comes to
the application of vacuum evaporation of phosphorus for the refining of Si, it is important to have a
knowledge about the share of various phosphorus species on the removal of phosphorus. As mentioned
above some of the species contain more than one phosphorus atom, hence they may have greater
impact on phosphorus removal from silicon. To formulate the contribution of each species in the

overall phosphorus removal from silicon, we introduce the following relation:

Ii/oq
Xi[%] = —K(Atf . 2100 %

Where x; denotes the impact of species i (i = P, P,, P,, SiP, Si, P, SizP) in the total phosphorus
evaporation from silicon, which is called here “the evaporation impact”. Figure 10 depicts x; for Si
— 100 P and Si — 1250 P samples for non-isothermal trial. In this figure we have presented the sum of
the phosphides (SiP, Si, P, SizP) and hence we can simply compare the share of P removal in the form
of silicon phosphides evaporation with the molecular evaporation. Figure 10 shows that at lower
temperatures (T < 1500 °C) the monoatomic and diatomic phosphorus evaporation are the dominant
mechanisms for phosphorus evaporation from silicon. In addition, it is obvious that by increasing the
temperature the evaporation of silicon phosphides becomes considerable. Figure 10a indicates that for
the Si — 100 P sample, the evaporation of silicon phosphides is the main mechanism of phosphorus
removal for T > 1650 °C. Beyond 1720 °C the evaporation of P4 becomes the second most effective
form of phosphorus evaporation from silicon. It is obvious from Figure 10a that for the very dilute
solution of P in Si (here below 100 ppm) at temperatures above 1750 °C almost 71 — 76 % of
phosphorus removal is by means of P4 and silicon phosphides evaporation. However, Figure 10b
indicates that the evaporation of silicon phosphides and P4 become the most considerable mechanisms

of phosphorus evaporation at higher temperatures. However, the monoatomic evaporation of
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phosphorus remains the main evaporation mechanism for P removal over the temperature range 1500
— 1820 °C, which is due to the high content of phosphorus in this sample. The industrial metallurgical
grade silicon melts (feedstock for SoG — Si production) contain usually below 50 ppmw phosphorus
841 depending on the P content of the utilized raw materials. Hence, the results presented in Figure
10(a) will be of high interest for the vacuum refining of silicon in practice. These results reveal that
the major part of P removal from silicon at ultra — high temperatures is by means of P4 and silicon
phosphides evaporation, while previously researchers only expected the monoatomic phosphorus
evaporation and in some cases the diatomic phosphorus was considered for evaporation *31. However,
we showed that phosphorus can evaporate in the form of compounds like SiP, Si>P, SiP, and Si;P and
the contribution of these species in P mass transport to gas phase is higher for lower phosphorus

contents and higher temperatures.
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Figure 9.The changes of A;_p with temperature for samples Si — 100 P and Si — 1250 P (a), and the
change of kp in vacuum induction refining of silicon by temperature (b); data from literature A.
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Figure 10. The evaporation impact y; of various phosphorus-containing species in evaporation of
phosphorus from silicon, (a) Si — 100 P sample and (b): Si — 1250 P sample.

4.3 Mechanisms of P evaporation from liquid Si

According to literature, phosphorus evaporates from silicon melt in the forms of P and P, as we also
observed, and hence the only mechanism that could be assumed was the desorption of these species
from the melt surface. This mechanism, however, cannot explain our silicon phosphides observations

and the increase of the P removal from Si — P melt at ultra-high temperatures. On the other hand, when
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dealing with the Si melts containing P, the high affinity of Si and P to each other should be respected.
This makes the Si and P to establish strong covalent bonds and forming stable compounds like SiP,
Si,P, and SiP; in solid state. This strong affinity made it possible for the researchers to estimate the
thermodynamic properties of Si — P system by theory of associated solutions. Hence, as mentioned by
Zaitsev et al. [, when dealing with Si — P melts, associative groupings of SixPy are most probably
possible. In other words, P can establish a covalent bond with the adjacent Si atom in the melt due to
its high affinity to Si. Once that this bond is established between Si and P, forming a short-range order
of Si and P atoms in the form of Si Py, the thermodynamic properties of these groupings will be the
same as the SixPy compounds in solid state.

Previously, we proposed a hypothesis ®' about the decomposition of the transitional silicon
phosphides (SixPy) at the melt surface over the 1750 — 1800 °C, which could explain the jump in kp
(Fig 9b). According to this mechanism, the transferred phosphorus atoms from the bulk melt to the
melt surface could be desorbed in the form of Si phosphides, especially at higher temperatures. We
can discuss this hypothesis by studying the favorability for formation of Si\Py compounds at the melt
surface. The only known condensed silicon phosphides are SiP and SiP; [%#¢! and their thermodynamic
data are available in HSC® software "), The thermodynamic favorability for the formation of SiP and

SiP, from dissolved phosphorus in liquid Si could be studied by the following reactions:
Si+ P = SiP), AG® = RTIn(ap) 3
Si+ 2P = SiPy(s), AG® = 2RTIn(ap) ©)

Where ap is the chemical activity of the dissolved phosphorus in silicon and could be calculated

from the following relation:

ap = V§xp (10)

Where y§° is the activity coefficient of phosphorus in infinitely dilute solutions of phosphorus in

silicon, and is already obtained by Zaitsev et.al. (%! in Table 4. The AG® values for the above reactions
are calculated and presented in Figure 11. From this figure it is obvious that the formation of SiP and
SiP, compounds from the dissolved phosphorus in liquid Si are thermodynamically feasible, and hence
they can be formed and then evaporated. Moreover, this figure indicates that with the decrease of the
phosphorus content in the melt, the formation of SiP and SiP, becomes thermodynamically more
favorable. We assumed several decomposition routes for these phosphides, as they are all presented
on Figure 12 together with the calculated AG® values. Figure 12 indicates that the AG® for reaction (e)

shifts to negative values over temperature range of 1560 — 1600 °C, which leads to produce P4. This
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is in good agreement with KEMS results presented in Figure 6 where we showed the P, intensity
increases by hitting this temperature range. In addition, the AG® for the reactions (a) to (d) shift to

negatives values beyond 1750 °C which could explain observing the increase in 4;—p in KEMS trials

at high temperatures.
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Figure 11. The Gibbs energy changes for the formation of condensed SiP and SiP, from the
dissolved phosphorus in liquid silicon.
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592 In polythermal KEMS experiments, we observed more formation of P4 beyond 1550 °C, a significant
593  increase in the I;_p beyond 1750 °C (Figure 9), and the detection of various silicon phosphides. These
594  can be explained by the possible decomposition of transient silicon phosphides at the melt surface.
595  Hence, we can introduce three main groups of reactions leading to phosphorus evaporation from the

596  melt surface, as follows;

597

598 1. Molecular evaporation: formation and desorption of phosphorus species (P, P2, and P4) at the
599 melt surface.

600

601 2. Decomposition of transient silicon phosphides: in this mechanism the transient silicon
602 phosphides are decomposed to phosphorus species (P, P2, and P4) and other lower phosphides
603 (SixPy).

604 3. Evaporation of lower silicon phosphides (formed in mechanism 2) formed at the melt surface:
605 in this mechanism the transient silicon phosphides could directly desorb at the melt surface.
606

607 Here it is worth mentioning that the monoatomic phosphorus desorption from melt surface is

608  reasonably assumable since it only requires a single atom that has already reached to the melt surface

609 to be desorbed. However, when it comes to the P, and P, formation and desorption, it requires two
610 and four phosphorus atoms to join at the melt surface, respectively. Therefore, from a statistic point
611 of view the formation of P; and P4molecules and their desorption from the melt surface is less
612 feasible as there are only a few or tens of P atoms per one million atoms of Si in the liquid phase.
613 Hence, mechanism (1) via P, and P4 formation and desorption is important at higher P
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concentrations, and for the very dilute solutions they are most likely formed via joining of P atoms
over the surface. Obviously, in mechanism (1) we may consider that there is not significant
interaction between the P and Si atoms. However, another mechanism may be the formation of a sort
of bonding between the P and Si atoms at the melt surface, yielding SixPy molecules, depending on
the P concentration. This hypothesis is logical since we observed higher intensities of SiP species
than SiP, by KEMS as it could be a product for the decomposition of SiP.. If SixPy molecules are
formed, which is more favorable at lower P concentrations and higher temperatures, they will then
contribute via mechanisms (2) and (3) in the P mass transport. Our results may suggest that at low
temperatures these SixPy molecules are more decomposed to P, P», and P4 species, and with
increasing temperature mechanism (3) becomes more important, particularly above 1750 °C. The
above mechanisms for phosphorus evaporation are schematically shown in Figure (13), indicating on

the important role of melt surface in phosphorus evaporation from liquid Si.

M @ 3)
Desorption Decomposﬂnon Evaporation of lower phosphides
from melt surface of Si, Py to P, gases compounds
and lower phosphides
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“opPS = . & e
/ Lower silicon phosphides produced from
decomposition of Si,P,

Transient condensed silicon
phosphides

Liquid silicon containing phosphorus

Figure 13. A schematic representation indicating three routes for phosphorus evaporation from
silicon melt surface.

5 Conclusions

Vacuum evaporation of phosphorus from liquid silicon was experimentally investigated by KEMS.
The following remarks should be highlighted as the outcomes of this research:
1. Various phosphorus compounds were experimentally detected by KEMS: P and P, (detected
before in literature) and the new Ps, P4, SiP, Si,P, SisP, and SiP» species.
2. The overall evaporation rate of phosphorus species is intensified at ultra-high temperatures,
above 1650 °C, which agrees well with the previous results about vacuum refining of

silicon.
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3. It was found that up to about 40 % of the evaporation could be by means of molecular
silicon phosphides evaporation, when initial P content < 100 ppmw and T > 1750 °C.

4. It was found that the evaporation of P4 molecules becomes considerable beyond 1550°C and
up to 40 % of phosphorus removal could be by means of P4 evaporation at ultra — high
temperatures (Tunr > 1.25 T, si).

5. The relationship between the vapor pressure of the phosphorus species (P, P2, P4, SiP, Si,P)

and their concentrations in liquid Si at 1442 °C were determined.
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