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Thermodynamic investigation of persistent complexes in Si-P melts
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Abstract ; The Si-P alloy forms compounds SiP, Si2p and Sip2 in its solid phase. A statistical mechanical theory based on complex 
formation has been used to predict the possible compounds that could persist from the solid to the liquid state of Si-P melt at about 1750 K. 
The results show that Si2p will exist in the liquid phase at lower concentrations of phosphorus. It also predicts the presence of Si^P2 which 
IS strong and probably exists throughout the whole concentration range.
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L In tro d u ctio n

The study of the thermodynamic properties of melts have 
engaged the attention of many authors in recent times. In 
this regard, a great deal of work has been done in 
understanding the thermodynamic properties of metal-metal 
melts and metal-non>metal melts. These studies also include 
the understanding of their energertics and size effects or 
what they called entropic and enthalpic contributions to the 
free energy of mixing [1].

Another class of melts include elements in the non-metal 
t^ategory or refer to them as the non-metal-non-metal melts. 
This class of melts has been investigated albeit with a lesser 
degree of interest both from the experimental and theoretical 
researchers. The S i-P  melt belongs to this category. Few 
authors [2- 6 ] have made both measurements and calculations 
on the thermodynamic properties of S i-P  melts. The 
knowledge of the thermodynamic properties of Si-P melts 
is of research interest in that it provides a fundamental 
scientific basis for developing technologies of cleaning 
silicon of phosphorus, doping semiconductor and refining 
steel and alloy [2J. In addition liquid Si-P  are characterized

by considerable negative deviations of the activity from 
Raoults law [2]. This is an indication to the existence of 
strong interactions in the melt. Ugai Ya et al [7] has pointed 
out that for Si-P alloy, a series of stable compounds such 
as Si2P, SiP and SiP2 are formed in the solid state. The 
persistent existence of these compounds into the liquid phase 
or form ation o f new ones in the liquid state has 
therm odynam ic im plications and require further 
investigation.

In this paper therefore, we attempt to investigate the 
applicability of the quasi chemical model on the non-metal- 
non-metal melts, specifically the S i-P  melt. Hence using 
this model, we seek to determine the possible complexes 
which can persist from the solid into the liquid phase and 
perhaps new complexes which may be formed in the liquid 
phase. This study of the nature and strength of complexes 
existing in an alloy melt is gaining increasing importance. 
This importance results from the fact that chemical 
complexes have been associated with the formation of glassy 
materials in binary alloys [8]. For instance, it has been 
suggested that formation of chemical complexes in Fe-B
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liquid alloy is a factor that enhanced glass formation in the 
system [9J, whereas in Ba-Mg [8], glass formation was 
mentioned to be hindered by the formation of chemical 
complexes in the liquid state of the alloy. We note here that 
the quasi-chemical model [10] was formulated and applied 
to the thermodynamic properties of liquid binary metallic 
alloys. We therefore attempt to extend its applicability to 
non-metals since it has been used successfully for metal- 
non-metal melts [11].

The fundamental idea about the quasi-chemical model 
is that the thermodynamic properties of a compound forming 
A-B  alloy can be explained by treating the alloy as a pseudo 
ternary mixture of -4 atom, B atom and ApB  ̂ complexes. 
Details of the formulation are given in Ref. [5].

The excess free energy of mixing Cm of a liquid binary 
alloy is related to its free energy Cm by the expression,

= G „ -R l \x \n x - ¥ ( , \ - x ) \n { \ -x ) \  ( 1)

Here, X is the concentration of atom A and R is the universal 
gas constant. The quasi-chemical expression for the excess 
free energy of mixing C" is given as :

z [ i n d  + (2^7’) * ( ) ]

xdx-i-y/, (2)

where z is the coordination number, k, the Boltzman constant 
and

(3)2 x ( ^ - 2x + l)

with ^ = [1 + 4x( 1 - x)(7j2 -1 )]^ (4)

and = e x p ( ^ )

(5) 

with 01o>. Ac,

xexpj^ itr }  

^ , A£^ . Aei,b are the interaction parameters
denoting the interchange energy and being the change 
in the energy if  ij bond is in the complex ApB̂ ,. denotes 
the probability that the bond is part of the complex and the 
expressions are given as follows :

Pah = xP-^ 0  -  ■*)’■' [2 -  xP-^ (1 -  x)»-> ], (6)

=-<c'’" * ( l -J c ) ’ [2 -J r i’- * ( l~ j t ) « ] ,  pS>2; (7 )

Pbh «  Jtf (1 -  x )« -2 [2  -  xP (1 - x ) « - 2 ] ,  p  i  2. (8)

The constant ^  is determined from the requirement that 
Cm= 0 at jr s  1.

The activities of the metals are obtained by

~ » (9)

where x is the concentration of the species and 7m is ns 
activity coefficient given by

i

" l  j ’ ( 10)

where is as defined in eq. (4).

The concentration-concentration fluctuations in the loni> 
wavelength limit 5„(0) has been shown to be given by

1-1
(0) = x(l -  x) | l  + j  -1  j +

where jQ is the expression given below :

2pkT

(II)

( 12)

and 0  = [2( I -  lx )  P^AEah + (^ - 1  -t- 2x) P^i^ua

— (/3 + 1 —2x)/]^Aeftft], (13)

where the prime on P denotes the first derivative with respeci 
to X.  The Warren-Cowley short range order parameter o', 
for the first nearest neighbours is expressed as

/J -1

2. R esu lts  an d  d iscu ss io n

(141

The work of Zaitsev et al [3] provided the experimetal datii 
for our investigations. The use of quasi-chemical model 
requires the subtle choice of parameters p  and q which 
determine the stoichiometry of the complex ApBq fo rm ed  in 
the liquid state. Usually, p  and q may be taken from phase 
diagrams or conjectures. In the phase diagram of Si~P [12]̂ 
no compounds were suggested for the liquid phase. However, 
in the solid phase SiP and the metastable Si2P were 
suggested. In addition to these mentioned compounds, Ugai 
Ydi e ta l  [7] suggested the existence of the Sip2 in the solid 
phase.

To acertain the applicability of the quasi-chemical model 
to the non-metal melt (Si-P) and to determine which of ihc 

compounds aforementioned persistently exist as a complex 
in the liquid phase, we pick the values of p  and q for each 
compound taking P as the i4 atom and Si as the B atom and 
proceed to simultaneously determine the activity values av 
and osi and the free energy of mixing G JR T  for the alloys 
This is achieved using eq. (2) and eq. (9) by finding the 
interaction parameters U), which
reproduce simultaneously and to a reasonable extent the
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jneasured values of activity and free energy of mixing. This 
particular interaction parameters will be used in calculating 
ihe concentration-concentration fluctuation at long 
wavelength limit (5,^(0)).

The choice of parameters /? = 1 and q -  \ giving the 
complex SiP and the choice of p = 2 and 9 = 1 giving the 
complex SiPi could not reproduce simultaneously the 
measured thermodynamic data of activity and free energy 
of mixing with all possible variation of the interaction 
parameters by the authors. This rules out the possible 
existence of such complexes in the liquid phase. However, 
two sets of choices of p  and q representing Si2P and Si3p2 
reproduced simultaneously and to a reasonable extent the 
measured activity and free energy of mixing. The interaction 
parameters used for the different choices of p  and q are 
given in Table 1.

Tabic 1. Interaction parameters for the complexes in Si-P melts

Complex p q

Si?P 1 2

kT kT kT kT

ShP?

^.90

-2.83

0.17

--0.07

0.00

-0.36

-4).59

-1.50

Cone. (P)

l^lgure 1. Activity of phosphorus a(P) and activity of silicon n(Si) vs 
concentration of phosphorus for the Si-P melt. Solid line — n(P) for SijP
complex, (----- ) — a(P) for Si,P2 complex. (----------) — <i(Si) for SiaP2

< t̂nplex, dots— n(Si) for Si2P complex, (xxx) are the respective measured 
values of activity from Ref. {3j.

phosphorus for the complex Si3P2 fits the measured 
values closely, hence suggesting the strong influence of 
this complex in the thermodynamic properties of the 
Si~P melt. At higher concentrations of phosphorus, the 
calculated activity due to the two complexes appear to 
agree.

Tha calculated free energy of mixing for the complexes 
are coi^parcd with measured values in Figure 2. The values 
for the; complex Si3P2 predicted a lower minimum for the 

while the values for the complex Si2P appear to 
agree iltore with the measured data. In all, the two sets of 
calcula|ed values have good agreement with the measured 
valuesiwith the above results, it will be good to note that 
apart ^om successfully describing the thermodynamic 
proper^s of Si~P melts, the model predicts the presence of 
Si2P itt the liquid phase. This is consistent with the 
suggestions of [4~6]. In addition, it suggests that a complex 
Si3P2 hitherto not mentioned may also exist in the liquid 
phase.

The measured activities of phosphorus (a(P)) and silicon 
(c/(Si)) and the corresponding calculated activities assuming 
the complexes SizP and S13P2 are given in Figure 1. The 
calculated activities using these complexes appear close in 
their values except at low concentration of phosphorus for 
«(P) and low concentration of silicon for ^i(Si) where 
discrepancies are prominent. The calculated activity of

Figure 2. G/gT vs atomic fraction of P for Si-P melt. Solid lines — 
calculated values for S12P complex, dashes — calculated values for SijPi 
complex, (xxx) — experimental values deduced from Ref. [3].

To understand the nature and strength of the interactions 
producing these complexes persisting from the solid into 
the liquid state of Si~P alloy, it is of interest to calculate the 
concentration-concentration fluctuation at the long 
wavelength limit Scc(0) using the interaction parameters for 
each persisting complex as indicated in Table 1. Essentially, 
5p<,(0) is defined in such a way that with jc, being the 
concentration of A atoms in an A---B liquid alloy, the ideal 
values of Scc(0) is jc(l -  x). A liquid alloy is said to be 
compound forming in a concentration range for which its 
Scc(0) < x(l -  x). The liquid alloy is phase seperating when 
the Scc(0) > x(l -  x). In addition the knowledge of Sa;(0)
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can successfully be used to assess the strength of the 
chemical complexes {ApB )̂ if it exists in the alloy [5]. The 
S, A0) can be expressed in terms of activity as

s,,m ( \ - x ) a A
(da/^/dx) T.P.N

__ xag
{ d a g / d ( l - x ) ) ^ ^ ^

(15)

where A and B represent the A and B components of the 
melt. The experimental values of SedO) are obtained from 
measured activity data. Here, the values of the activity of 
phosphorus was fitted to a polynomial and SedO) was 
determined after the necessary differentiation.

Figure 3 shows the calculated SedO) for the S12P and 
Si3P2 complexes. It can be observed that the S^dO) for the 
Si2P complex has a qualitative trend of the experimental

Figure 3. .SnCO) vs atomic fraction of P for Si~P melt. Solid lines — 
calculated values for S12P complex^ dashes — calculated values for S11P2 

complex, (-t— — ideal values, (xxx) — experimental values deduced 
from Ref. [3].

values. This further comfirms the presence of this complex 
in the melt. The shape of the curve of SedO) for the complex 
Si2P and the values of the Warren Cowley short range order 
parameter a i  (Figure 4) suggests that the existence of this 
complex will be predominant in the lower concentrations of 
phosphorus. However, for the complex Si3p2, the SedO) 
shows that this complex is strong and can exist throught the 
whole concentration range. The calculated Warren Cowley 
short range order parameter for the nearest neighbour shell 
a i  given in Figure 4 indicates ordering with af*'' » -0.044  
for SiiP complex at about 0.24 atomic fraction of phosphorus 
and w -0.025 for Si3P2 at about 0.32 atomic fraction 
of phosphorus.

F ig u re  4. Wanen Cowley short range order parameter a\ kt atomic fraction 
of P for Si~P melt. Solid line — calculated values for S12P complex while 
dashes — calculated values for Si3Pi complex.

3. Conclusion
The quasi-chemical model has successfully described the 
thermodynamic properties of Si-P melt. The study indicated 
the presence of two complexes Si2P and S13P2 in the Si-P 
melts. We conclude that Si2P compound persists into the 
liquid phase of the Si-P melt and is more prominent at 
concentrations lower than the equiatomic concentration of 
phosphorus. Although there is the presence of a new com plex 
Si3P2 not indicated in the solid phase, we suggest that its 
existence is strong and pronounced throughout the whole 
concentration range.
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