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Abstract

: The Si-P alloy forms compounds SiP, Si;,P and SiP; 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 Si,P will exist in the liquid phase at lower concentrations of phosphorus. It also predicts the presence of SiyP; which

1s strong and probably exists throughout the whole concentration range.

Keywords

PACS Nos. : 61.25.Mv, 82.60.-s, 82.40.Qt, 05.70.Ce

1. Introduction

The study of the thermodynamic propertics 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
category 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 Si—P melt belongs to this category. Few
authors [2-6] have made both measurements and calculations
on the thermodynamic properties of Si—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 {2). In addition liquid Si-P are characterized
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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 Si;P, SiP and SiP, are formed in the solid state. The
persistent existence of these compounds into the liquid phase
or formation of new ones in the liquid state has
thermodynamic implications 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 Si—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 [9], 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 A atom, B atom and A,B, complexes.
Details of the formulation are given in Ref. [S].

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

G& =G~ RT[xInx+(1-x)In(1-x)} M

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 Gy is given as :

RT = zI(:[an’ +(2kT)"l(PaaA€,,a - P;,;,AEM,)]

xdx+y, 0}

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

_1, (-x)(B+2x-1)

o= F-22+D ®
1
with B =[1+4x(1-x)(n?-D]2 4)
- 20
and 7 exp( sz)
% exp( 2PpAEq — Pazﬁeaa = BuAcss ) )

@, Aty , A€, , A€y, are the interaction parameters with @
denoting the interchange energy and Ag; being the change
in the energy if if bond is in the complex A,B,. P, denotes
the probability that the bond is part of the complex and the
expressions are given as follows :

Py = xP 1 (1= x)971[2 - xP-1(1 - x)7-1], O)
P =xP2(1-x)9[2-xr2(1=-x)9}, p22; (1)

By =xP(1-0)922-xr(1-x)9-2), p22. (8)

The constant ¥ is determined from the requirement that
Gu=0atx=1.
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The activities of the metals are obtained by

am = x7m ’ (()]
where x is the concentration of the species and ¥ i
activity coefficient given by

1
_[B-1+2x\7F
= x(1+ ﬁ) ’ (10
where B is as defined in eq. (4).

The concentration-concentration fluctuations in the long
wavelength limit S..(0) has been shown to be given by

V-1
SL.(.(O)=x(l—x){1+-;-z(7la-—l)+ﬂ (1
where 2 is the expression given below :
1-
Q=-—-—-—”2(pk;)a (2

and O =[2(1-2x) PiAup + (B~ 1+2x) Py Ae 4

—(B+1-2x) ByAen, ), (13

where the prime on P denotes the first derivative with respect
to x. The Warren-Cowley short range order parameter «,
for the first nearest neighbours is expressed as

= B-1
a.—ﬁTl—. (14

2. Results and discussion

The work of Zaitsev et al |3] provided the experimetal data
for our investigations. The use of quasi-chemical modc!
requires the subtle choice of parameters p and g which
determine the stoichiometry of the complex A,B, formed in
the liquid state. Usually, p and ¢ may be taken from phas
diagrams or conjectures. In the phase diagram of Si-P [12].
no compounds were suggested for the liquid phase. Howcever,
in the solid phase SiP and the metastable Si,P were
suggested. In addition to these mentioned compounds, Uga
Ya et al [7] suggested the existence of the SiP; in the sold
phase.

To acertain the applicability of the quasi-chemical mode!
to the non-metal melt (Si-P) and to determine which of the
compounds aforementioned persistently exist as a complex
in the liquid phase, we pick the values of p and g for cach
compound taking P as the A atom and Si as the B atom and
proceed to simultaneously determine the activity values ar
and ag; and the free energy of mixing G, /RT for the alloys.
This is achieved using eq. (2) and eq. (9) by finding th
interaction parameters ®, A€,,, AE,, and Ag,, which
reproduce simultaneously and to a reasonable extent th
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neasured values of activity and free energy of mixing. This
particular interaction parameters will be used in calculating
ihe concentration-concentration fluctuation at long
wavclength limit (S..(0)).

The choice of parameters p = 1 and g = 1 giving the
complex SiP and the choice of p = 2 and ¢ = 1 giving the
complex SiP; 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
qvistence of such complexes in the liquid phase. However,
wo sets of choices of p and g representing Si;P and Si;P,
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 g are
given in Table 1.

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

. [0 Aegp Ae, Aepp
Complex — p ¢ T kT kT kT

SiP 12 490 0.17 0.00 -0.59
Py 2 3 -2.83 -0.07 -0.36 -1.50

The measured activities of phosphorus (a(P)) and silicon
(«(S1)) and the corresponding calculated activities assuming
the complexes Si,P and SiyP, are given in Figure 1. The
calculated activities using these complexes appear close in
their values except at low concentration of phosphorus for
a(P) and low concentration of silicon for a(Si) where
discrepancies are prominent. The calculated activity of
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Figure 1. Activity of phosphorus a(P) and activity of silicon a(Si) vs
Concentration of phosphorus for the Si—P melt. Solid line — a(P) for Si,P
complex, (- - -) — a(P) for SiyP; complex. (— - —) — a(Si) for Si;P;
complex, dots — a(Si) for Si;P complex. (xxx) are the respective measured
values of activity from Ref. [3].
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phosphorus for the complex Si;P, 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.

The calculated free energy of mixing for the complexes
are compared with measured values in Figure 2. The values
for the‘;complex Si3P, prediciled a lower minimum for the
G./RT:while the values for the complex Si,P appear to
agree pore with the measured data. In all, the two sets of
calculajed values have good agreement with the measured
values§With the above results, it will be good to note that
apart from successfully describing the thermodynamic
properﬂes of Si~P melts, the model predicts the presence of
Si;P m the liquid phase. This is consistent with the
suggestions of [4—6]. In addition, it suggests that a complex
SisP, hitherto not mentioned may also exist in the liquid
phase.

Gm/RT

Conc. (P)

Figure 2. G/RT vs atomic fraction of P for Si~P melt. Solid hnes —
calculated values for Si,P complex, dashes — calculated values for SiyP;
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 S.(0) using the interaction parameters for
each persisting complex as indicated in Table 1. Essentially,
S.(0) is defined in such a way that with x, being the
concentration of A atoms in an A-B liquid alloy, the ideal
values of S.(0) is x(1 — x). A liquid alloy is said to be
compound forming in a concentration range for which its
S.(0) < x(1 - x). The liquid alloy is phase seperating when
the S.(0) > x(1 — x). In addition the knowledge of S..(0)



278

can successfully be used to assess the strength of the
chemical complexes (4,B,) if it exists in the alloy [5]. The
S.(0) can be expressed in terms of activity as

-1
202G, (1-x)a,
S (0)= RT(———-"‘—) =
ox? T.PN (aaA /ax)r,p,n

Xapg

— °8_ (15)
(Gag/o(1- x))”,' N

where A and B represent the A and B components of the
melt. The experimental values of S..(0) are obtained from
measured activity data. Here, the values of the activity of
phosphorus was fitted to a polynomial and S.(0) was
determined after the necessary differentiation.

Figure 3 shows the calculated S.(0) for the Si,P and
SisP, complexes. It can be observed that the S..(0) for the
Si,P complex has a qualitative trend of the experimental
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Figure 3. 5,(0) vs atomic fraction of P for Si—P melt. Solid lines —
calculated values for Si;P complex, dashes — calculated values for SisP;

complex, (+—+) — 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 S,(0) for the complex
Si;P and the values of the Warren Cowley short range order
parameter o, (Figure 4) suggests that the existence of this
complex will be predominant in the lower concentrations of
phosphorus. However, for the complex SiyP;, the S..(0)
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
@, given in Figure 4 indicates ordering with ai* = —-0.044
for Si;P complex at about 0.24 atomic fraction of phosphorus
and o = -0.025 for Si;P, at about 0.32 atomic fraction
of phosphorus.
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Figure 4, Warren Cowley short range order parameter ¢ vs atomic fraction
of P for Si~P melt. Solid line — calculated values for Si,P complex while
dashes — calculated values for SiyP, 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 Si;P and Si3P; in the Si-P
melts. We conclude that Si,P 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 complex
Si3P; not indicated in the solid phase, we suggest that its
existence is strong and pronounced throughout the whole
concentration range.
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