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Abstract: At nanoscale, the phase stability of alloy systems varies from that of the bulk because nanoscale systems have 
a high surface to volume ratio. Hence, there is a contribution of the surface energy to the free energy of the system. We 
have studied the phase stability of the In-Sb nano-scale systems using the semi-empirical thermodynamic modeling, i.e., 
the CALPHAD (CALculation of PHAse Diagrams) technique. We have set up models for the Gibbs energy (a function 
of temperature, composition and size) of the phases in the In-Sb binary system including the surface energy terms. The 
surface energy of the solution phases, i.e., liquid and solid (Sb) phases, have been estimated from Butler equations, while 
the surface energy of the InSb compound has been obtained using the DFT calculations. We have observed that the 
eutectic points in the system and the melting point of InSb compound decreases as a function of the size of the system. 
There is also a shift in the eutectic compositions in a way that in both cases, the solubility of the second component in the 
eutectic composition increases as the size decreases. We believe that knowledge about the phase equilibria of the In-Sb 
system is helpful for modeling the growth process of InSb nanostructures. 
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Introduction  
III-V semiconductor nanowires have promising 
applications for future electronic and optoelectronic 
devices. To engineer the properties of nanowires (e.g., 
band gap energy), a precise control over their fabrication is 
required. The most common nanowire growth mechanism 
is the Vapor-Liquid-Solid (VLS) process in which upon the 
supersaturation of the liquid seed particles with the gaseous 
growth species at elevated temperatures, the crystalline 
phase (nanowire) begins to grow. To optimize the growth 
of nanowires of a desired materials system, numerous 
experimental attempts are often needed, being both cost-
inefficient and time-consuming. However, using the 
available computational techniques, it would be possible to 
model the growth mechanism for each specific materials 
system. Such an approach would guide successful 
nanowire fabrication much more efficiently than 
experimental trial-and-error.  
We have studied the phase stability of the In-Sb nano-scale 
systems [1], which will be helpful for modeling the growth 
process of InSb nanostructures. InSb is a direct band gap 
semiconductor with a small energy gap of 0.17 eV at 300 
K, which makes it suitable for fabrication of mid-wave 
infrared detectors, lasers, multispectrum photodetectors 
and multijunction solar cells. We have used the semi-
empirical thermodynamic modeling, i.e. CALculation of 
PHAse Diagrams (CALPHAD) technique [2], which is 
based on the minimization of the Gibbs energy. The 
CALPHAD approach can be used to predict the 
thermodynamic properties of alloy nanoparticles with a 
radius larger than 5 nm. Within the CALPHAD method, 

the Gibbs energy of a bulk phase is a function of 
temperature, pressure and composition, whereas there is an 
additional surface contribution to the Gibbs energy of a 
nano-scale phase. This adds an extra variable, the size of 
the system, to the Gibbs energy function. Therefore, the 
experimental or calculated data on the surface energies of 
the phases in a system are required to extend the 
CALPHAD model to include the size of a system. We 
calculated the surface energy of the InSb compound using 
Density Functional Theory. The empirical Butler equations 
were used to estimate the surface energy of the solution 
phases.  

Methods 
A. Thermodynamic Modelling 
In this section, the thermodynamic equations for the size-
dependent phase diagram of a binary A-B system 
following the Refs. [3 ,4] will be derived. The total Gibbs 
energy of a nanoscale phase (a phase with finite 
boundaries) with A and B components can be expressed as: 

, = + = +
+ + + ,    (1) 

where xi is the molar fraction of component i (i = A or B) 
and 0Gi

nano is the standard Gibbs energy of component i (at 
298 K and 1 atm). R and T are the gas constant and the 
temperature, respectively. GEx,nano is the excess Gibbs 
energy which is usually expressed by a Redlich-Kister 
polynomial as: 

, = ∑ ( − )                         (2) 
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where Lv is the interaction parameter which is a function of 
temperature and size as: 

	= + + + 	 + + +⋯    (3) 

On the other hand, the surface contribution to the Gibbs 
energy, GSurface, of an isotropic spherical particle can be 
expressed by the Gibbs-Thomson relation as follows: 

=                                                         (4) 

where  is the surface energy and  the molar volume of 
i (i = A, B or alloy). C is a correction factor that is assumed 
to be unity for the liquid phase. For solid phases, the 
correction factor can be determined by comparing the 
measured melting points of small particles with the 
calculated values. The surface tension of the alloy can be 
calculated using the Butler equations [5]: 

= + ln + 1 , − , = 

+ ln + 1 , − ,  

(5) 

where ,  and ,  are the partial excess Gibbs 
energy of component i in the surface phase and the bulk 
phase, respectively. To construct the size-dependent phase 
diagram of the In-Sb nano-alloys, the model parameters a, 
b and c in Eq. (3) are taken from an available 
thermodynamic database [6] and the size-dependent 
parameters, a´, b´ and c´,  are obtained by solving the 
Butler equations and adding the surface energy 
contributions to the Gibbs energy functions of the models. 	
B. First-principles calculations 

The surface energies of InSb was calculated from first-
principles using the slab model. The total energy of a six-
layer slab in the {111} orientation was calculated using the 
Abinit code [7] within the local density approximation 
(LDA). The projector-augmented-wave (PAW) method 
was used to describe the interaction of the electrons with 
the ionic cores. The slab was periodic in the direction 
parallel to the interface. In the direction perpendicular to 
the interface, vacuum layers corresponding to 3 InSb layers 
(about 11 Å) was considered. The unit cell and a six-layer 
slab of InSb in the {111} orientation are shown in Figure 
1. The first Brillouin zone integration was performed over 
an 8 × 8 × 1 k-point. The wave functions were expanded 
in a plane-wave basis set with the cut-off energy of 544 eV. 
Since bulk InSb is metallic in the LDA, a broadening factor 
of 0.27 eV was used to facilitate the convergence of the 
total energies. The total energy of the six-layer slab in the 
〈111〉 direction converged with the error of about 0.06 eV 
per number of layers. 
The surface energy of the slabs in the {111} orientation 
was determined from the total energies of the relaxed slabs 
as follows: 

= ( − ∑ )                                            (6) 

where A is the area of the unit cell and  and  are the 
number and the chemical potential of species i in the 
primitive surface unit cells of the corresponding cuts. The 
polar {111} surface has two inequivalent terminations; In-
terminated and Sb-terminated surfaces. The surface energy 
of the {111} face is estimated to be the average of the top 
and bottom surface energies. The calculated energy of the 
{111} surface was 0.87 N/m. 

Results and Discussion 
We have calculated the size-dependent In-Sb phase 
diagram using the optimized thermodynamic database. The 
phase diagram of the In-Sb nanoparticles with radius of 80, 

18 and 5 nm are shown in Figure 2. The results show that 
the liquidus and phase transition temperatures decrease as 
the size of the particle/nanowire decreases. The eutectic 
solubility of In in the Sb-rich side and that of Sb in the In-
rich side increases with decreasing size.  
Recently, there have been a few attempts to grow self-
seeded InSb nanowires, either with Sb or with In particles 
[8]. We believe that knowledge of the phase equilibria of 
this system at nano-scale would help to understand the 
growth properties of self-seeded In-Sb nanowires. The 
growth mechanism of a materials system depends on its 
phase diagram. If the growth conditions operate close to 
the Sb-rich eutectic in the In-Sb phase diagram, Sb-seeded 
InSb nanowires can be grown. In-seeded In-Sb nanowires 
can instead be grown if the growth condition operates close 
to the In-rich eutectic. In Figure 3, the nucleation from two 
Sb seed particles, a large particle that resembles the bulk 
and a particle with 10 nm in radius, are compared. The 
nucleation process proceeds as follows: (1) solid Sb 
particles are heated up. (2) At an elevated temperature 
which is usually well below the melting point of the pure 
solid, Sb particles dissolve some amount In and become 
liquid. (3) When the particles are supersaturated with In, 
the solid InSb phase crystalizes from the liquid alloy. Upon 
decreasing the size of the particles, the Sb-rich eutectic 

 
Figure 3. (a) The unit cell of InSb and (b) a six-layer InSb 
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point decreases while the solubility of In in Sb increases. 
In comparison to the larger particle, 10 nm Sb particles 
supersaturate slower (and at a lower temperature) and the 
nucleation would be delayed nucleation. 

 
Figure 2. The phase diagram of bulk In-Sb and for In-Sb 

nanoparticles with radius = 80, 18 and 5 nm. 

Conclusions 
In summary, we have calculated the phase diagram of In-
Sb nanoparticles for varying radii using the 
thermodynamic modeling of the In-Sb system. There is a 
shift in the liquidus and eutectic temperatures towards 
lower temperatures as the size decreases. The eutectic 
solubilities of In in Sb and Sb in In increase with a decrease 
in size of the nanoparticle. 

 
Figure 3. The Sb-rich side of the In-Sb (a) bulk phase diagram 

(solid line) and (b) In-Sb nano-paticles with radius = 10 nm 
(dashed line).  
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