
LECTURE 11. INTRODUCTION TO THE AICON PROGRAM 

 

I will give you a detailed introduction about the models implemented in AICON. As 

I talked in the last section, all electronic transport properties can be expressed by a 

series of generalized transport coefficients. The main difficulty is how to calculate 

electronic relaxation time \tau.  

Considering the scattering processes an electron should have been through, the total 

relaxation time, according to Matthiessen’s rule, should include scattering effect 

from acoustic phonon, optical phonon, impurity ions, grain boundary, dislocation, 

etc. In AICON, we only consider the first three scattering. 

 

Acoustic phonon scattering is the most important scattering process in the interested 

temperature and carrier concentration range. which can be described by deformation 

potential theory proposed by Bardeen in1950s, the basic assumptions behind this 

theory are the studied objects are isotropic crystal, all the scattering process are 

elastic, the material is under nondegenerate state(pure or very low doping), the 

relationship between energy and wave vector is parabolic, and effective mass of 

carrier equals to mass of electron, which means constant energy surface is sphere. 

Bardeen’s method was proposed for calculating mobility of nonpolar 

semiconductors, such as Si. The theory need to be extended in order to apply to 

wider range of materials, for example, usually the materials are in degenerate states 

because of the doping, the energy band is not strictly parabolic, especially near the 

boundary of the Brillouin zone, the constant energy surface are usually not sphere, 

a ellipsoidal constant energy surface should be more common. 



 

At the first step, we need a model to describe the band energy-wave vector 

relationship, which usually uses the Kane band model. In this model, for lowest 

conduction band or highest valence band, the energy dispersion law can be expressed 

as, here vertical and parallel  symbol means transverse and longitudinal direction of 

ellipsoidal energy surface, epsilon is the band energy and epsilon g is the band gap. 

The part in brace indicating the nonparabolicity. Then energy dependence of 

effective mass can be expressed as, the density of states is , here md is so called 

density of states effective mass, with N represent band degeneracy due to the 

symmetry. Based on the above approximation, 

 

 



 

The deformation potential theory can be extended and the scattering rate of electron-

acoustic phonons is. Here E1 is the deformation potential constant, cl is direction 

averaged elastic constant. The factor outside the bracket is the same as the formula 

proposed by Bardeen, the factor in the bracket as function of two quantities z and 

Beta describes the energy dependence of the squared coupling matrix element. It is 

a correction to the parabolic band model. 

 

 

In a polar crystal, at some temperatures the polar scattering by long-wavelength 

longitudinal optical phonons shows approximately the same temperature 

dependence as the acoustic phonon scattering. It has the form like this, Where 

ε∞ and ε0 are the high frequency and static dielectric constants. The tao optic is 

also a function of band energy and temperature. The factor in braces describes 

the energy dependence of the squared matrix element and screening effect (δ) 

from free carriers. 

In real applications, there is always doping in semiconductors, so we also need to 

consider scattering from impurity. 



 

 

 

A short summary, based on the formula I listed previously, electronic transport 

properties can be easily calculated, all the parameters we need to know are just these 

six parameters, and they all can be calculated by first principle method easily. 

 

 



For lattice thermal conductivity calculation, we adopted the Debye Callaway model. 

The original Callaway model based on these four assumptions: and only consider 

longitudinal acoustic phonon 

 

 

Later, the model was developed and Morelli gave specific formulas for kappa of 

three acoustic phonon branches, the total kappa L is the sum of their contribution. 

Each of them includes two parts, and each part can be calculated as this. Many 

parameters here are just constants or can be easily obtained. There are only three 

parameters need to be carefully calculated. They are the gruneisen parameter 

gamma, phonon velocity v, and Debye temperature of each acoustic phonon branch 

theta. Before, these parameters were obtained from experimental measurement or 

fitted from experimental data. But now, these parameters can be calculated using 

density function theory directly. 



 

 

Furthermore, I improved the model by adding the contributions from optical phonon 

branches. Because they are important at high temperatures or in compounds with 

complex structure, which means the primitive cell contains many atoms. The 

updated formula is this. Using a weight average method, I compress all optical 

phonon branches into one pseudo optical branch and in its formula I used Einstein 

model instead of usual Debye model to calculate its specific heat, which should be 

more accurate for optical phonons. Until now I have talked about the model for 

calculating electronic transport properties and phonon transport properties 

respectively. How good are these models? 

 



The electronic transport model was tested for carrier mobility and seebeck 

coefficient, respectively. This table shows the testing set for carrier mobility. 

including both n type and p type. The temperature and carrier concentration 

correspond to experimental measurement conditions. The calculations were run at 

the same condition, then the computed results and experimental results were 

compared to see how agreement it is. 

 

 

 

This picture shows the results of mobility test. Generally, The calculated values 

agree reasonably with experiment across all materials, covering several orders of 

magnitude from 3 cm2/Vs for p-type CuAlO2 at 300 K to 1×10^4 cm2/Vs for n-type 

GaAs at 300 K. Most examples show a bit large difference at lower temperature, 

while the difference becomes smaller at higher temperature. 

 



 

 

 

 

This table lists the compounds used for testing seebeck coefficient and their 

experimental conditions. 

 



 

 

This page shows the calculated Seebeck coefficients against those obtained 

experimentally. Again, reasonable agreement with experiment is achieved for these 

samples. The largest difference comes from GaAs, both n-type and p-type. The 

experimental values are almost two times of those of calculation. 

 

 

 

The lattice thermal conductivity model was tested on a set of 27 well known 

inorganic materials. For this testing set, I try to include as many as elements thus 

make the set as diverse as possible. Meanwhile, the kappa values of the testing 

materials should cover a large range. This table shows the compounds and 

experimental and calculated values at 300 K. The root mean square relative 



deviation, which is a measure of the quantitative difference between two variables, 

is 30%, which means averagely, the calculated values are different 30% with respect 

to experimental values. 

 

 

 

In this figure, the x axis represents calculated values, the y axis represents the 

experimental values, generally, the calculated values and experimental values 

correspond quite well. The Pearson correlation coefficient, which is a measure of 

linear correlation between two variables, is 0.9999, indicating very strong 

correlation. Another index I use is root mean square relative deviation, which is a 

measure of the quantitative difference between two variables, is 50.13%, which 

means averagely, the calculated values are different 50% with respect to 

experimental values. From the figure, we can see the model is good for compounds 

with medium and large lattice thermal conductivity, while for those with small 

kappa, especially those with kappa less than 3, our model tends to underestimate the 

values. This is a place that needs to be improved in the future. 

 



 

Next, I will introduce an example of using AICON to screen thermoelectric 

materials. I extracted the structures from materials project, The selective standards 

are follows: S(sulfur), Se(selenium), Te(tellurium) as the only sublattice, the 

bandgap should less than 1.2 eV, because good thermoelectric materials are usually 

narrow gap semiconductor, energy above convexhull should be less than 0.1 eV, so 

the structures obtained are experimentally available. Also symmetry is considered 

from high symmetry cubic structures to low symmetry ones. 

 

 

Based on the above selection rules, I have screened 463 structures, and there are 361 

structures that finished the whole process of electronic transport properties 

calculation. These two pictures show a summary of the results. The left for n type, 



the right for p type. The y axis represents the maximum power factor one compound 

can reach in the temperature range of 300 K to 1000 K, the x axis represents the  

carrier concentration corresponding to the maximum value. The red line means the 

maximum power factor equal to 10 microwatt per centimeter per Kelvin square. 

Above this line, the compounds are thought as promising and go forward to 

calculating their lattice thermal conductivity and figure of merit. Some 

representative compounds are marked in the picture. Among these compounds, six 

of them, PbTe, PbS, PbSe, GeTe, SnTe, SnSe are already well-known thermoelectric 

materials and have high power factor values according to our calculation, which 

validates our methods. 

 

 

 

 

This page shows some statistical data of 361 compounds and 94 promising ones to 

give you an overall impression about what they are. These compounds are grouped 

according to their (1) composition, (2) number of atoms in the primitive cell, and (3) 

crystal system. The statistical data shows that compounds with high power factor 

tend to have a simple structure: most of the promising candidates are binary or 

ternary compounds with the number of atoms in a primitive cell less than 20. 

Moreover, half of the promising compounds have cubic symmetry (47 cubic vs 47 



tetra. & ortho.), although the proportion of cubic compounds among all compounds 

is much smaller (94 cubic vs 267 tetra. & ortho.). It would be convenient to have 

some simple indexes that help quickly evaluate the thermoelectric performance of a 

material. For example, average atomic mass, number of atoms in primitive cell. 

These properties are easily obtained and can be combined with machine learning 

models to predict more complex properties. So the question is, for thermoelectric 

properties such as power factor and figure of merit, which simple index is most 

relevant to their values or at least can be used to group data? 

 

 

Let’s recall the formulas introduced in methodology, many formulas include 

conductivity effective mass mc or DOS effective mass md. mobility is inversely 

proportional to mc, while carrier concentration and seebeck coefficient are 

proportional to md. Therefore, these two parameters are highly related with final 

power factor value or figure of merit values. Let’s see the results. 

 



 

 

Here the pictures show the relationship between maximum power factor and md/mc 

for both types of transport. The increasing trend is clear. I also calculate the Pearson 

correlation coefficient between these two variables. For n-type, the value is 0.403, 

while for p-type, it is 0.5857. The Pearson correlation coefficient is not very high, 

but still verify there is a proportion relationship between these variables. 

 

By adding one more parameter κ_(L,300K) at the denominator. these two pictures 

show the maximum figure of merit plotted against (m_d^*)⁄((m_c^* κ_(L,300K) ) ) 

for the promising compounds. There is also a clear trend that the higher the 

(m_d^*)⁄((m_c^* κ_(L,300K) ) ), the higher the maximum figure of merit. The 

Pearson correlation coefficient for n-type transport is 0.7977, while that is 0.6220 



for p-type transport. Although such a correlation coefficient is still a bit low , we 

believe that using these three parameters or the indexes most related with them as an 

input in a machine learning model could results in a high-accuracy prediction of the 

figure of merit. 

 

The first I want to introduce is CoAsS like compounds. This group of materials 

includes 15 compounds. These compounds have cubic structure with space group 

P213 and they belong to pyrite type structures. Our calculation show that these 

compounds are very good p-type thermoelectric materials. 

X4Y4Z4 (X=VIII B; Y=IV A, V A; Z=VI A) 

 

 



 

These graphs show band structures. I use these four compounds as an example. They 

are all indirect gap semiconductors. Their CBMs are located along several paths. 

However, their VBMs are located just along the Γ-M path. Well the degeneracy of 

points along the Γ-M path is large (N=12). It means there are 12 symmetry 

equivalent carrier pockets in the Brillouin zone, which will give a large DOS 

effective mass. Besides, the VBMs are dispersive and the corresponding 

conductivity effective masses are small. Thus, these compounds should have very 

large DOS effective mass and small conductivity effective. 

 

According to the calculation, they truly have large md and small mc for VBM, as 

this table shows. As discussed in the last section, these compounds are expected to 

have a high power factor. 



 

 

Their power factors are extremely high in a wide 

temperature and carrier concentration range. The maximum 

values of some of them, such as CoAsSe, CoPS, CoPSe, RhPSe, 

and RhAsSe(Rhodium), could be even higher than 100 mW∙cm-

1∙K-2 according to our calculation. Just a reminder that the 

power factor values of the state-of-the-art 

thermoelectric materials, such as Bi2Te3 and PbTe, are 

usually 30 - 50 mW∙cm-1∙K-2. 

 



 

 

However, they also have high lattice thermal conductivity, as shown here. Due to 

this, the figure of the merit of these compounds are not much greater than those state-

of-the-art thermoelectric materials. So for this group of materials, the most important 

way to improve their ZT value is reducing the lattice thermal conductivity. Which 

can be achieved, for example, by alloying among these compounds. 

 

 



CdSe2 is one of the promising n-type thermoelectric materials I found. The unit cell 

contains 12 atoms (4 Cd and 8 Se) and has a space group Pa-3. It is also a pyrite type 

structure. 

 

 

 

According to its band structure, Its VBM is located at the Γ point while CBM is 

along the Γ-R path. The CBM is dispersive and has a small conductivity effective 

mass. Meanwhile, the band degeneracy N of CBM is 8. Thus its has a large md/mc 

value. 

 



 

 

Here shows transport properties of CdSe2. The power factor value is relatively high, 

what’s more important is it has a very low lattice thermal conductivity. Thus. The 

ZT value could exceed 1. 

 

 



The above are cubic compounds. Next I will introduce some orthorhombic 

compounds. The most interesting ones are SnSe-like compounds. SnSe single crystal 

is a well known thermoelectric material with the record high figure of merit around 

2.6 in 900 K. Its polycrystal and solid solutions are also reported to have high ZT 

values. Thus, It is natural to think that those compounds, which are composed of 

elements near Sn and Se in the periodic table and adopt the similar crystal structure, 

should also have good thermoelectric performance. Luckily, structures extracted 

from MP include such compounds. SnSe has two phases, the low temperature alpha-

phase with space group Pnma and high temperature beta-phase with space group 

Cmcm. Compounds similar with alpha-phase include five ones, The unit cell 

contains eight atoms (four IVA atoms, four VIA atoms) and adopts double layer 

structure. In each layer, atoms are connected in a distorted zig-zag structure. The 

adjacent layers along the c-axis are weakly bonded by a combination of van der 

Waals forces and electrostatic attractions. 

 

 

 

 

The band structures of these compounds are shown here. Similar to that of SnSe, 

they are in-direct gap semiconductors and there are multiple band valleys near the 

gap for both conduction band and valence band. These band extrema usually are 

highly anisotropic. Moreover, since they are orthorhombic structures, the band 

degeneracy of these band valleys are small, usually equals to 2. 



 

 

 

Our calculation shows this group of compounds are better to 

be n-type thermoelectric materials than p-type. Their n-

type power factor could be larger than 10. The exception is 

Ge4Te4, both n-type and p-type’s power factor could be 

larger than 10. You see, compared with the power factor of 

cubic compounds shown above, such a power factor value is 

not high enough. However,These compounds have extremely 

low lattice thermal conductivity. Except Ge4Te4, the lattice 

thermal conductivities at 300 K of these compounds are 

already lower than 0.5 W∙m-1∙K-1, close to the amorphous 

limit. Such a low lattice thermal conductivity is mainly due 

to their large grüneisen coefficients, thus indicating strong 

anharmonicity intrinsically in these compounds. 

 

 



 

 

 

Due to such low lattice thermal conductivity, their figure of merit values could be 

larger than 1 in a wide range of temperatures and carrier concentrations. 

 

 

 

Compounds similar with beta-phase include PbSe and PbS, The unit cell also 

contains eight atoms (four IVA atoms, four VIA atoms) and adopts double layer 

structure. In each layer, atoms are connected in a less distorted structure. Between 

the layers are weak Van der Waals bonding. 

 



 

 

 

This page shows their band structures. Same as beta-phase SnSe, they are direct gap 

semiconductors with band extrema along T-Y path (N=2). There are multiple band 

valleys for both conduction band and valence band near the band gap. 

 

 

For these two compounds, both n-type and p-type power factor are high, 

 

 



 

The lattice thermal conductivity, not as low as alpha phase, but still is very low, due 

to their low phonon velocity and strong anharmonicity in the lattice. 

 

 

Therefore, their figure of merit values could be higher than 1 in a wide range of 

temperature and carrier concentration. And these compounds are excellent n-type 

and p-type thermoelectric materials. 

 



 

 

 

 

 

 

Reading: 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 


