
Materialia 6 (2019) 100301 

Contents lists available at ScienceDirect 

Materialia 

journal homepage: www.elsevier.com/locate/mtla 

Full Length Article 

Thermodynamic re-assessment of the Zn–P binary system 

Masoomeh Ghasemi a , b , ∗ , E. Stutz b , S. Escobar Steinvall b , M. Zamani b , A. Fontcuberta i Morral b 

a Physics Department, Persian Gulf University, Booshehr, Iran 
b Laboratoire des Matériaux Semiconducteurs, Institut des Matériaux, Ecole Polytechnique Fédérale de Lausanne, Lausanne CH-1015, Switzerland 

a r t i c l e i n f o 

Keywords: 

Phase diagram calculations 

CALPHAD 

Semiconductors 

Nanostructures 

Zn–P 

a b s t r a c t 

Thermodynamic phase diagrams are the cornerstones to develop synthesis of new materials. Zinc phosphide has 

evolved into a prospective semiconductor for next generation solar cells, thanks to its abundance and functional 

properties. Here we derive an optimized Zn–P binary diagram, and compare it to two previously available as- 

sessments. We solve some of the artefacts and clarify the methodology to obtain the Gibbs free energy, reaching 

an accurate description of the phases. This work is important for the synthesis of zinc–phosphide in the form of 

thin film and nanostructures. 
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. Introduction 

Low-cost and efficient semiconductors are timely for applications in

olar power conversion. Due to its suitable optoelectronic proprieties,

inc phosphide (Zn 3 P 2 ) is a suitable material. The direct bandgap of this

aterial has been commonly quoted at around 1.5 eV, with an indirect

ne in the range 1.3–1.4 eV, however, there is still some uncertainty

egarding the exact energies [1–4] . It also possesses a long minority-

arrier diffusion length ( > 7μ m) [1] as well as strong light absorption

n the visible range [5] . Moreover, Zn and P are extracted in a relatively

ow-cost manner. Both elements are also considered to be abundant in

he earth crust. 

Thin films [6–9] and one-dimensional nanostructures [10,11] of

n 3 P 2 have been synthesized. To better understand the growth mecha-

ism of Zn 3 P 2 structures, and to investigate the feasible integration with

ther materials, knowledge regarding the phase equilibria of this system

s imperative. 

In this work, we have re-optimized the phase diagram of the Zn–

 system using the CALculation of PHAse Diagram (CALPHAD) method

12] . The Zn–P system has been previously assessed by Tu et al. [13] and

iu et al. [14] . These previous assessments have deficiencies that we

evise in this work. This will then be the base for obtaining phase dia-

rams based on the Zn–P system and that can be used for the growth of

anowires, such as the In–Zn–P or Ga–Zn–P. In addition, we also com-

are the modeling of the excess Gibbs energy of the liquid phase as a

unction of temperature in three different ways: using the subregular

inear, the Kaptay [15] and the LET functions [16] . The linear function

sually gives rise to the formation of artificial inverted miscibility gaps

t high temperatures. To prevent such artifacts, Kaptay [15] introduced

 semi-empirical exponential equation for the interaction energy of the
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olution phases. Another alternative is the multiplier function, the so-

alled LET function, proposed by Liang et al. [16] . 

The structure of the manuscript is as follows. In Section 2 , a general

escription of the CALPHAD methodology is given which is accompa-

ied by the explanation of the thermodynamic models in Appendix A . In

ection 3 , a literature survey on the crystal structure, phase diagram and

hermodynamic data of the Zn–P system is presented. In Section 4 , the

ptimized thermodynamic description of the Zn-P system with which

he diagrams are calculated is presented. Finally, a discussion on the

odels of the excess Gibbs energy is given. 

. Thermodynamic modeling 

We have used the well-known semi-empirical CALPHAD method

12] to model the Zn–P binary system. In this method, the Gibbs en-

rgies of all phases in a thermodynamic system are derived based on

he available experimental data and theoretical calculations. The exper-

mental inputs are multiple and include the thermodynamic quantities,

hase diagram data such as melting or sublimation temperatures and

rystallographic information of the solid phases. Ab-initio calculations

f total energies can also serve as inputs in the absence of experimental

easurements. 

A phase diagram is constructed by calculating the Gibbs energies

f different phases at constant T and P and finding stable phases by

inimizing the total Gibbs energy of the system. The Gibbs energy, G , is

 function of temperature ( T ), pressure ( P ), and composition ( x ). Several

odel parameters are introduced to describe the Gibbs energy of the

hases. These parameters are adjusted to fit the experimental data. As

 result, a self-consistent database composed of Gibbs energy functions

or the materials system is obtained. This data allows us to derive the
 Iran. 

. 
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Fig. 1. The calculated phase diagram of the Zn–P system from parameters op- 

timized by (a) Tu et al. [13] and (b) Liu et al. [14] . The experimental data of 

[34–36] are superimposed on the diagrams. (c) The calculated enthlpy of mix- 

ing in the liquid phase from parameters optimized in the current work (solid 

curve), [13] (dashed curve) and [14] (dashed–dotted curve). 
hase diagrams and other thermodynamic properties of the system. The

ther thermodynamic functions that can be derived from G include: 

Entropy: 

 𝑆 = 

(
𝜕𝐺 

𝜕𝑇 

)
𝑃 ,𝑛 𝑖 

Enthalpy: 

 = 𝐺 − 𝑇 

(
𝜕𝐺 

𝜕𝑇 

)
𝑃 

Chemical potential: 

𝑗 = 

( 

𝜕𝐺 

𝜕𝑛 𝑗 

) 

𝑇 ,𝑃 ,𝑛 𝑖 ≠𝑗 

Heat capacity: 

 𝑝 = − 𝑇 

( 

𝜕 2 𝐺 

𝜕𝑇 2 

) 

𝑃 

here n i is the composition of component i . 

The details for Gibbs energy models for the Zn–P system are found

n Appendix A . 

. Literature data 

.1. Crystal structure and phase diagram data 

The available phase diagram data for the Zn–P system range from

 to 66 at.% P [34–36] . Dutkiewicz was the first to evaluate the Zn-P

hase diagram [37] . In addition to the terminal phases: (Zn) and (P)

nd the liquid phase, there are two stoichiometric compounds in this

ystem, Zn 3 P 2 and ZnP 2 . Both compounds melt congruently. 

Ugai et al. [34] investigated the Zn–Zn 3 P 2 system by employing mi-

rostructural and thermal analysis and the microhardness method in

he composition range of 0–30 wt.% P. Berak and Pruchnik studied the

omposition range of 0–66 at% P using thermal, microscopic and X-ray

nalysis. Schneider and Krumnacker used differential thermal analysis

n the composition range of 0–30 Mass% P. The same experimental data

s of Ref. [36] is given in the work of John et al. [38] without mention-

ng the reference. We have digitized the datapoints in the phase diagram

rom [34–36] shown in Fig. 1 (a) and (b). For the modeling, we have used

iquidus temperatures of Ref. [36] up to 47 at% P and those of Ref. [35]

etween 47 and 65 at% P. 

There are two eutectic reactions in this system. The composition of

he Zn-rich eutectic is not known. Ugai et al. [34] suggested a value

f 2.5 at% P which does not agree with the liquidus data of [35,36] .

 value of 0.66 at% P was calculated by authors of Refs. [35,36] us-

ng a simple thermodynamic approximation [37] . The composition of

he eutectic reaction between 𝛽Zn 3 P 2 and 𝛼ZnP 2 of 55 at% P was

eported in [35] . The eutectic temperatures measured by authors of

efs. [35,36] are 980 ∘C and 950 ∘C, respectively. The values reported

n Ref. [35] have been taken into account in the current work (see

able 4 ). 

Both intermetallic compounds have a low- and high-temperature

olymorph, called 𝛼 and 𝛽 in the present manuscript. The 𝛼→ 𝛽 transfor-

ation of this phase occurs at 850 ∘C, while the melting of 𝛽Zn 3 P 2 occurs

t 1160 ∘C and according to Schneider and Krumnacker [36] . The mea-

ured melting and transformation temperatures by Berak and Pruchnik

35] are higher than those reported in [36] (see Table 4 ) which may be

ue to pressure effects as mentioned by Pistorius et al. [17] . The solid–

olid transition of Zn 3 P 2 has been measured in [17] at pressures up to

8 kbar. At about 10 kbar, a sharp peak in the slope of the temperature–

ressure curve was observed. Two interpretations were suggested to ex-

lain this observation. The first explanation was that the peak represents

 triple point at which a third polymorph of Zn 3 P 2 forms. It was also sug-

ested that the peak occurs due to decomposition below 10 kbar, which

s seen as the pressure was initially raised to 10 kbar to prevent de-

omposition during experiments. The first assumption leads to an 𝛼→ 𝛽
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Table 1 

Crystal structure of phases in the Zn–P system. 

Phase at.% P Pearson symbol Space group Strukturberich designation Prototype Ref. 

Zn 0 hP2 P6 3 /mmc A3 Mg 

𝛽Zn 3 P 2 40 cF12 Fm-3m C1 CaF 2 [17] 

𝛼 Zn 3 P 2 40 tP40 P4 2 /nmc D5 9 Zn 3 P 2 [18] 

𝛽 ZnP 2 66.6 mP24 P2 1 /c ... As 2 Zn [19] 

𝛼 ZnP 2 66.6 tP24 P4 1 2 1 2 ... ZnP 2 [19] 

𝛾ZnP 2 66.6 Cubic ... ... ... [20] 

ZnP 4 80 Tetragonal P4 1 2 1 2 ... ... [21] 

Zn 7 P 10 58.8 Orthorhombic Fdd2 ... ... [21] 

P(black) 100 oC8 Cmca ... ... 

P(white) 100 aP24 P-1 ... ... [22,23] 

P(red) 100 Cubic ... ... ... 

Table 2 

Thermodynamic properties. 

Compound Δ𝑓 𝐺 ◦298 J/mol Δ𝑓 𝐻 

◦
298 J/mol Comment Ref. 

Zn 3 P 2 − 158,707 − 151,839 Assessed [14] 

− 168,810 − 181,780 Assessed [13] 

− 180,100 ± 13,000 − 173,200 ± 10,400 Calc. from emf data [24] 

− 165,268 ± 20,920 Vapor pressure data [25] 

− 198,740 ± 23,012 Vapor pressure [26] 

− 230,245 ± 20,920 Calorimetry [27] a 

− 223,426 Calorimetry [28] a 

− 410,032 Calorimetry [29] a 

− 410,032 ± 12,552 Calorimetry [30] a 

− 184,175 − 165,610 This work Des. 1 

ZnP 2 − 118,032 − 92928.2 Assessed [14] 

− 126,200 − 126,850 Assessed [13] 

− 127,400 ± 7500 − 122,900 ± 5500 Calc. from emf data [24] 

− 85,354 ± 8370 [31] 

− 122,591 ± 7112 [25] b 

− 92,885 [32] b 

− 167,369 ± 14,644 [33] b 

− 99,998 ± 7113 [31] c 

− 121,188 − 121,308 This work Des. 1 

a Due to inaccessibility to the original reference, these values are taken from [26] . 
b These values are calculated based on the measured data in referred papers and reported by Alikhanyan et al. [31] . 
c This value is recalculated from experimental data of [33] according to Eq. (7) in [31] . 
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ransformation temperature of 845 ∘C and the extrapolated tempera-

ure based on the latter interpretation is 875 ∘C. We have accepted the

alues from Schneider and Krumnacker [36] for the melting point and

olymorphic transitions of Zn 3 P 2 . Furthermore, 𝛽ZnP 2 melts at 1040 ∘C

nd undergoes the 𝛼→ 𝛽 transformation at 990 ∘C as reported by Berak

nd Pruchnik [35] . 

Lazarev et al. [32] investigated the deviation from stoichiometry

f Zn 3 P 2 by constructing the p-T projections of the phase diagram.

he break points of the unsaturated vapor curves are representative of

hanges in the phase state of a system. They determined that the devia-

ion from stoichiometry in Zn 3 P 2 is 0.009–0.012 at% P at 785–820 ∘C.

s the homogeneity region is less than 1 at%, it has not been taken into

ccount in the assessment. 

The crystal structure of the phases in the Zn–P system are listed in

able 1 . In our calculations, Zn with P6 3 /mmc and P (white) are as-

umed as standard states [39,40] . 𝛼Zn 3 P 2 is tetragonal [18] and the 𝛽

olymorph has a cubic structure [17] . The low- and high-temperature

olymorphs of ZnP 2 exhibit a tetragonal [19] and monoclinic [19] struc-

ures, respectively. High-pressure phases have also been identified for

his system. 𝛾ZnP 2 is a metastable modification of ZnP 2 with an or-

horhombic structure [20,21] . In addition, ZnP 4 (tetragonal) and Zn 7 P 10 

ere synthesized at 4–5 GPa by Trukhan et al. [21] . We have not con-

idered the high-pressure phases in the present assessment. 

.2. Thermodynamic data 

The thermodynamic properties of Zn 3 P 2 and ZnP 2 were studied

y the authors in Refs. [24–30] and in Refs. [24,25,32,33] , respec-
ively. Table 2 summarizes the reported values in the mentioned

eferences. 

Sirota et al. [24] determined the heats, free energies and entropies

f the formation of Zn 3 P 2 and ZnP 2 compounds from measurements of

he electromotive forces (emf) in galvanic cells. Their reported values

ere referenced to black phosphorus. Schoonmaker et al. [25] studied

he sublimation of Zn 3 P 2 by means of torsion effusion, torsion surface

aporization and mass spectrometry methods in the temperature range

47–547 ∘C. They estimated the standard heat of formation of Zn 3 P 2 at

oom temperature from red phosphorus and crystalline zinc. Valov and

shakova [26] investigated the dissociation pressure of Zn 3 P 2 in the

emperature range of 617–1067 ∘C and determined the vapor pressure.

hey extracted the enthalpy and entropy of formation from red phos-

horus and solid zinc at room temperature. Unfortunately, we did not

ave access to Refs. [27–30] and the values in Table 2 were taken from

26] . 

Alikhanyan et al. [31] studied the sublimation of ZnP 2 using a Knud-

en effusion cell and a Bourdon gauge for different temperature regimes.

hey estimated the enthalpy of formation of ZnP 2 from red phosphorus

nd solid zinc based on their measurements, and also recalculated this

uantity from the data reported in Ref. [25,32,33] . For the present as-

essment, we have used the estimated formation enthalpy of compounds

rom the measured data of Schoonmaker et al. [25] . 

The temperature dependent heat capacity of 𝛼ZnP 2 was measured by

heleg et al. [41] between 6 and 400 K by means of the vacuum adiabatic

alorimeter method. This set of data was taken into account in the mod-

ling. Sirota et al. [24] found approximate expressions for the tempera-

ure dependence of the heat capacity of the Zn 3 P 2 and ZnP 2 compounds
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rom emf measurements between 300–1000 K. Low-temperature heat

apacity of 𝛼Zn 3 P 2 single crystals was measured by Bartkowski et al.

42] in the temperature range of 3–20 K. However, the values are not

abulated and due to the poor quality of corresponding figure in the

aper, we were not able to use the heat capacity data of 𝛼Zn 3 P 2 . 

. Results and discussion 

We performed the re-optimization of the Zn-P system using the PAR-

OT module [43] of the academic version of Thermo-Calc [44] . The mo-

ivations for the current work were multiple and include (i) to clarify

he description of the liquid phase so as to prevent the appearance of

he inverted miscibility gap, (ii) to correctly implement the exponential

odel of Kaptay, (iii) to show a comparison of the linear, exponential

nd LET models for the description of the excess energy parameters of

he liquid phase, (iv) to model the polymorphic transformation of in-

ermetallic phases, and (v) to use the available temperature-dependent

eat capacity data for 𝛼ZnP 2 . 

There are two previous assessments of this system performed by Tu

t al. [13] and Liu et al. [14] . The former was performed in connection

o the assessment of the Al–Zn–P ternary system and the latter dealt

ith the Si–Zn–P system. The calculated phase diagram using the opti-

ized parameters by Tu et al. [13] shows an inverted miscibility gap

n the liquid phase appearing at about 1140 ∘C with no maximum tem-

erature ( Fig. 1 (a)). Moreover, the polymorphic transformations of the

ntermtallic compounds were not modeled. Liu et al. [14] modeled the

iquid phase using the exponential model suggested by Kaptay [15] to
Table 3 

Phase names, functions, models and parameters of the Gibbs energy e

Functions 

𝑐 
𝛼ZnP 2 
𝑃 

= −20 . 810176 ∗ 𝑇 ∗ 𝐿𝑁( 𝑇 ) − 0 . 0069779277 ∗ 𝑇 2 + 37996 . 092 ∗ 𝑇 −1 + 8 . 4
𝐸 𝑋 𝑃1 = 𝐸 𝑋 𝑃 (−1 . 25 −7 ∗ 𝑇 2 ) 
𝐸 𝑋 𝑃2 = 𝐸 𝑋 𝑃 (1 . 25 −4 ∗ 𝑇 ) 
𝐹𝐸𝑇 = 0 . 96923 ∗ 𝐸𝑋𝑃1 ∗ 𝐸𝑋𝑃2 
Description 1 

Liquid (P, Zn) 1 
𝐿 

0 ,𝐿𝑖𝑞 
𝑃 ,𝑍𝑛 

= −51754 . 4241 + 19 . 5073359 ∗ 𝑇 
𝐿 

1 ,𝐿𝑖𝑞 
𝑃 ,𝑍𝑛 

= −28948 . 0267 
𝛼Zn 3 P 2 : (Zn) 0.6 (P) 0.4 

𝐺 𝑃∶ 𝑍𝑛 = −40106 . 0489 + 19 . 8197046 ∗ 𝑇 + 0 . 6 ∗ 𝐺 
0 ,𝐻𝑐𝑝 
𝑍𝑛 

+ 0 . 4 ∗ 𝐺 0 ,𝑊 ℎ𝑖𝑡𝑒 − 𝑃 
𝑃 

𝛽Zn 3 P 2 : (Zn) 0.6 (P) 0.4 

𝐺 𝑃∶ 𝑍𝑛 = −16335 . 8499 − 1 . 34660521 ∗ 𝑇 + 0 . 6 ∗ 𝐺 
0 ,𝐻𝑐𝑝 
𝑍𝑛 

+ 0 . 4 ∗ 𝐺 0 ,𝑊 ℎ𝑖𝑡𝑒 − 𝑃 
𝑃 

𝛼ZnP 2 : (Zn) 0.333333 (P) 0.666667 

𝐺 𝑃∶ 𝑍𝑛 = −59110 . 8121 + 128 . 598756 ∗ 𝑇 + 𝑐 
𝛼ZnP 2 
𝑃 

𝛽ZnP 2 : (Zn) 0.333333 (P) 0.666667 

𝐺 𝑃∶ 𝑍𝑛 = −24787 . 1911 + 4 . 55924797 ∗ 𝑇 + 0 . 333333 ∗ 𝐺 
0 ,𝐻𝑐𝑝 
𝑍𝑛 

+ 0 . 666667 ∗ 𝐺 0
𝑃

Description 2 

Liquid (P, Zn) 1 
𝐿 

0 ,𝐿𝑖𝑞 
𝑃 ,𝑍𝑛 

= −54010 . 3646 ∗ 𝐹𝐸𝑇 + 21 . 6907320 ∗ 𝑇 ∗ 𝐹𝐸𝑇 
𝐿 

1 ,𝐿𝑖𝑞 
𝑃 ,𝑍𝑛 

= −30226 . 4558 ∗ 𝐹𝐸𝑇 
𝛼Zn 3 P 2 : (Zn) 0.6 (P) 0.4 

𝐺 𝑃∶ 𝑍𝑛 = −40106 . 0489 + 20 . 3028777 ∗ 𝑇 + 0 . 6 ∗ 𝐺 
0 ,𝐻𝑐𝑝 
𝑍𝑛 

+ 0 . 4 ∗ 𝐺 0 ,𝑊 ℎ𝑖𝑡𝑒 − 𝑃 
𝑃 

𝛽Zn 3 P 2 : (Zn) 0.6 (P) 0.4 

𝐺 𝑃∶ 𝑍𝑛 = −16335 . 8499 − 0 . 863783849 ∗ 𝑇 + 0 . 6 ∗ 𝐺 
0 ,𝐻𝑐𝑝 
𝑍𝑛 

+ 0 . 4 ∗ 𝐺 0 ,𝑊 ℎ𝑖𝑡𝑒 − 𝑃 
𝑃 

𝛼ZnP 2 : (Zn) 0.333333 (P) 0.666667 

𝐺 𝑃∶ 𝑍𝑛 = −59110 . 8121 + 129 . 102996 ∗ 𝑇 + 𝑐 
𝛼ZnP 2 
𝑃 

𝛽ZnP 2 : (Zn) 0.333333 (P) 0.666667 

𝐺 𝑃∶ 𝑍𝑛 = −24787 . 1911 + 5 . 06660528 ∗ 𝑇 + 0 . 333333 ∗ 𝐺 
0 ,𝐻𝑐𝑝 
𝑍𝑛 

+ 0 . 666667 ∗ 𝐺 0
𝑃

Description 3 

Liquid (P, Zn) 1 
𝐿 

0 ,𝐿𝑖𝑞 
𝑃 ,𝑍𝑛 

= −45676 . 5224 ∗ 𝐸 𝑋 𝑃 (−2 . 84385989 𝐸 − 04 ∗ 𝑇 ) 
𝐿 

1 ,𝐿𝑖𝑞 
𝑃 ,𝑍𝑛 

= −42769 . 2267 ∗ 𝐸 𝑋 𝑃 (−2 . 84385989 𝐸 − 04 ∗ 𝑇 ) 
𝛼Zn 3 P 2 : (Zn) 0.6 (P) 0.4 

𝐺 𝑃∶ 𝑍𝑛 = −40106 . 0489 + 18 . 6902922 ∗ 𝑇 + 0 . 6 ∗ 𝐺 
0 ,𝐻𝑐𝑝 
𝑍𝑛 

+ 0 . 4 ∗ 𝐺 0 ,𝑊 ℎ𝑖𝑡𝑒 − 𝑃 
𝑃 

𝛽Zn 3 P 2 : (Zn) 0.6 (P) 0.4 

𝐺 𝑃∶ 𝑍𝑛 = −16335 . 8499 − 2 . 47847054 ∗ 𝑇 + 0 . 6 ∗ 𝐺 
0 ,𝐻𝑐𝑝 
𝑍𝑛 

+ 0 . 4 ∗ 𝐺 0 ,𝑊 ℎ𝑖𝑡𝑒 − 𝑃 
𝑃 

𝛼ZnP 2 : (Zn) 0.333333 (P) 0.666667 

𝐺 𝑃∶ 𝑍𝑛 = −59110 . 8121 + 127 . 713024 ∗ 𝑇 + 𝑐 
𝛼ZnP 2 
𝑃 

𝛽ZnP 2 : (Zn) 0.333333 (P) 0.666667 

𝐺 𝑃∶ 𝑍𝑛 = −24787 . 1911 + 3 . 64293016 ∗ 𝑇 + 0 . 333333 ∗ 𝐺 
0 ,𝐻𝑐𝑝 
𝑍𝑛 

+ 0 . 666667 ∗ 𝐺 0
𝑃

revent the appearance of the artificial miscibility gap. It is noteworthy

o declare that the 𝜏 parameter optimized by Liu et al. [14] is negative.

owever, according to [15] , 𝜏 must be positive, otherwise the excess

ibbs energy would not equal zero at high temperatures. The calcu-

ated phase diagram using their parameters ( Fig. 1 (b)) shows that the

t to the liquidus data is not satisfactory. In addition, this assessment

lso lacks a description of polymorphic transformations. 

First, we assessed the system using the linear function of the inter-

ction parameter (Description 1, Eq. (A.4) ). Next, we fixed the a 0 coef-

cient of Eq. (A.2) for the intermetallic phases and optimized the liq-

idus coefficients via the exponential (Description 2, Eq. (A.5) ) and LET

odels (Description 3, Eq. (A.7) ). Because there was no experimental

ata between 66 and 100 at% P, no attempt was made to obtain a ther-

odynamic description for P-rich composition range. Table 3 lists the

ptimized parameters of the Zn–P system. 

The mixing enthalpy in the liquid phase is calculated from param-

ters optimized by Tu et al. [13] and Liu et al. [14] in Fig. 1 (c) and

ompared to the assessed parameters in this work. In the absence of

xperimental data on the mixing enthalpy, one cannot judge which de-

cription is correct. However, too high values of the a i and b i coefficients

f the interaction parameter may lead to an artificial miscibility gap and

n incorrect performance when extrapolating to higher order systems. 

Fig. 2 shows calculated phase diagrams from Descriptions 1–3. In

ig. 2 (a), the diagram is calculated by parameters optimized for the lin-

ar model of the liquid interaction parameter. A very good fit is observed

ith the selected experimental data of [34–36] (explained in Section 3 )

hich are superimposed on the diagram. A zoomed view of the diagram
quations developed in the present work. 

712868 × 10 −7 ∗ 𝑇 3 

 ,𝑊 ℎ𝑖𝑡𝑒 − 𝑃 
 

 ,𝑊 ℎ𝑖𝑡𝑒 − 𝑃 
 

 ,𝑊 ℎ𝑖𝑡𝑒 − 𝑃 
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Fig. 2. (a) The calculated Zn–P phase diagram using the parameters optimized in the current work for the linear model of liquid interaction parameter along with 

the experimental data of [34–36] . (b) A magnified view of a. (c) The calculated Zn–P phase diagram using the parameters optimized in the current work for the 

exponential (dotted-line) and LET model (solid line) of liquid interaction parameter. (d) A magnified view of c. 
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s shown in Fig. 2 (b) in which the composition and temperatures of

he invariant reactions are marked. A list of invariant reactions with

alculated and measured compositions and temperatures are given in

able 4 . 

The calculated phase diagrams using the exponential and the LET

odel of the liquid interaction parameter (Descriptions 2 and 3, respec-

ively) are shown in Fig. 2 (c). The characteristic points calculated using

escription 3 are very close to Description 1 (see Table 4 ), while De-

cription 2 results in slightly different values as depicted in Fig. 2 (d).

owever, all three descriptions are in a satisfactory agreement with the

xperimental values. 

The excess Gibbs energy, entropy, mixing enthalpy and heat capac-

ty of the liquid phase at 40 at% P are calculated using the linear, the

xponential and the LET functions and are shown in Fig. 3 (a)–(d). The

inear model as explained by Chen et al. [45] is prone to exhibiting high

emperature arefacts. Though this behavior is not observed for the cur-

ent assessment until 6000 K, we had to add artificial experiments at
igh temperatures for the liquid phase to prevent the appearance of the

nverted miscibility gap. The form of the suggested functions by Kaptay

15] and Liang et al. [16] avoids such high temperature artefacts as the

xcess Gibbs energy, entropy, mixing enthalpy and heat capacity tend

o zero at high temperatures [16,46] . 

As seen from Fig. 3 , at very high temperatures, the exponential and

ET models work similarly and both tend to zero. While a closer fit to the

xperimental data was obtained using the LET model, it provides a more

egative excess Gibbs energy for the liquid when extrapolated to 0 K,

ompared to the exponential model. All in all, both the exponential and

ET functions describe the actual phase diagram details similarly, with

o low- or high-temperature artefact. However, the T-dependency of the

ET function is less probable to be observed experimentally than the

xponential model, thus in absence of experimental data for the liquid

hase, the simpler model (the exponential model) may be encouraged. 

In conclusion, we have re-optimized the thermodynamic description

f the Zn–P binary system. The appearance of the inverted miscibility
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Table 4 

Invariant reactions in Zn–P system. “Des. 1 ”, “Des. 2 ” and “Des. 3 ” stand for Description 1 ( Eq. (A.4) ), Description 2 ( Eq. (A.5) ) and Description 3 ( Eq. (A.7) ). 

Reactions Compositions of respective phase, at% P Reaction type Temperature, ∘C Ref. 

𝐿 → ( 𝑍𝑛 ) + 𝛼𝑍𝑛 3 𝑃 2 0.66 0 40 Eutectic 416 [36] 

0.66 419 [35] 

2.5 401 [34] 

0.34 417.75 Des. 1 

0.07 419.15 Des. 2 

0.36 417.65 Des. 3 

𝛼Zn 3 P 2 → 𝛽Zn 3 P 2 40 Polymorphic 850 [36] 

845 [17] 

880 [35] 

850 Des. 1 

850 Des. 2 

850 Des. 3 

L → 𝛽Zn 3 P 2 40 Congruent 1160 [36] 

1193 [35] 

840 [34] 

1164 Des. 1 

1165 Des. 2 

1163 Des. 3 

𝐿 → 𝛽𝑍𝑛 3 𝑃 2 + 𝛼ZnP 2 55 40 66.6 Eutectic 980 [35] 

950 [36] 

56 40 66.6 983 Des. 1 

57 40 66.6 985 Des. 2 

56 40 66.6 982 Des. 3 

𝛼ZnP 2 → 𝛽ZnP 2 66.6 Polymorphic 990 [35] 

990 Des. 1 

988 Des. 2 

990 Des. 3 

L → 𝛽ZnP 2 66.6 Congruent 1040 [35] 

1039 Des. 1 

1038 Des. 2 

1040 Des. 3 

Fig. 3. Excess properties of the liquid phase at constant 40 at% P in the Zn–P system. (a) Excess Gibbs energy, (b) excess entropy, (c) enthalpy of mixing, (d) excess 

heat capacity. Solid, dashed and dotted–dashed curves denote the “linear ” ( Eq. (A.4) ), “exponential ” ( Eq. (A.5) ) and “LET ” ( Eq. (A.7) ) functions, respectively. 
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ap in the liquid phase is avoided, the polymorphic transformations are

ncluded in the modeling and the heat capacity data of the 𝛼ZnP 2 is

aken into account. We have used three different models for the interac-

ion parameter of the liquid phase: the linear, the exponential and the

ET functions. The phase diagram features obtained from these models

re compared. All assessments are in a close agreement to the available

xperimental data. 
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ppendix A. Thermodynamic equations 

The molar Gibbs energy, G m 

, of an elemental phase 𝜃 is described by

 function of temperature as: 

 

𝜃
𝑚 
− 𝐻 

SER = 𝑎 0 + 𝑎 1 𝑇 + 𝑎 2 𝑇 ln ( 𝑇 ) + 𝑎 3 𝑇 
2 

+ 𝑎 4 𝑇 
−1 + 𝑎 5 𝑇 

3 + ⋯ (A.1) 

here H 

SER is the molar enthalpy of the element at 298.15 K and 1 bar

n its standard element reference (SER) state, which is white phosphorus

or P and hcp for Zn. Even though red phophorus is the more stable form

f P, it is recommended to use white-P as the reference phase [47] . The

 i coefficients are taken from the SGTE (Scientific Group Thermodata

urope) thermodynamic database [47] . 

The Gibbs energy of 𝛼ZnP 2 has the same form as Eq. (A.1) because

ata on heat capacity measurements as a function of temperature is

vailable for this compound. For 𝛽ZnP 2 , 𝛼Zn 3 P 2 and 𝛽Zn 3 P 2 , the heat

apacity is the weighted average of the heat capacities of the end mem-

ers. Hence, only a linear temperature dependency of the Gibbs energy

f formation from the constituent elements is taken into account based

n the Kopp–Neumann rule: 

 

𝜃
𝑚 
= 𝑎 0 + 𝑎 1 𝑇 + 

∑
𝑏 𝑖 𝐺 

𝜃
𝑖 

(A.2)

here a 0 and a 1 are the coefficients to be optimized. The b i coefficients

re the stoichiometric ratios. 

The Gibbs energy of the liquid phase are described by the substitu-

ional model as follows: 

 

Liq 
Linear = 𝑥 P 𝐺 

0 , Liq 
P + 𝑥 Zn 𝐺 

0 , Liq 
Zn 

+ 𝑅𝑇 ( 𝑥 P ln 𝑥 P + 𝑥 Zn ln 𝑥 Zn ) 

+ 𝑥 P 𝑥 Zn 

(
𝐿 

0 , Liq 
P , Zn + 𝐿 

1 , Liq 
P , Zn ( 𝑥 P − 𝑥 Zn ) 

)
(A.3) 

here x P and x Zn represent the mole fraction of elements P and Zn and R

s the gas constant ( 𝑅 = 8 . 3145 J/mol K ) . 𝐿 

0 , Liq 
P , Zn and 𝐿 

1 , Liq 
P , Zn are parameters

epresenting the interaction between components P and Zn in the liquid

hase. In the present work, we have used three descriptions for the bi-

ary interaction parameters: the subregular linear function, exponential

odel of Kaptay [15] and LET model [16] . 

Description 1 : Linear model 

 

𝑖, Liq 
P , Zn = 𝑎 𝑖 + 𝑏 𝑖 𝑇 (A.4)

here a i and b i are the enthalpy-like (J/mol) and the entropy-like

J/mol K) semi-empirical coefficients of the i th interaction parameter. 
Description 2 : Exponential model of Kaptay 

 

𝑖, Liq 
P , Zn = ℎ 

Liq 
𝑖 

⋅ exp 

( 

− 

𝑇 

𝜏
Liq 
𝑖 

) 

(A.5)

here ℎ 
Liq 
𝑖 

and 𝜏
Liq 
𝑖 

are semi-empirical parameters; the former being the

nthalpy part and the latter is a temperature (in K and must be positive)

t which the interaction parameter changes its sign if it was extrapolated

inearly. 

Description 3 : LET model 

 

𝑖, Liq 
P,Zn 

= ( 𝑎 𝑖 + 𝑏 𝑖 𝑇 ) ⋅ 𝐸( 𝑇 ) (A.6)

here E ( T ) is: 

( 𝑇 ) = exp 
⎡ ⎢ ⎢ ⎣ − 

( 

𝑇 − 𝑇 1 √
2 ⋅ 𝑇 2 

) 2 ⎤ ⎥ ⎥ ⎦ (A.7)

here T 1 and T 2 are two constant temperatures which are generally sug-

ested to be 500 and 2000 K, respectively [16] . Thus, E ( T ) is described

s: 

( 𝑇 ) = exp 
⎡ ⎢ ⎢ ⎣ − 

( 

𝑇 − 500 √
2 ⋅ 2000 

) 2 ⎤ ⎥ ⎥ ⎦ (A.8)

upplementary material 

Supplementary material associated with this article can be found, in

he online version, at doi: 10.1016/j.mtla.2019.100301 . 
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