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Thermoelectric properties of highly-mismatched
alloys of GaN,As;_, from first- to second-principles
methods: energy conversiont

A. H. Reshak*@P

The transport properties of GaN,As; , (x = 0.0, 0.25, 0.5, 0.75 and 1.0) alloys are investigated using the
semi-classical Boltzmann theory as implemented in the BoltzTraP code. The electronic structures are
calculated using the full potential linearized augmented plane wave method within the recently modified
Becke-Johnson potential to solve the exchange correlation potential. These alloys possess a direct band
gap varying between 0.5 and 3.2 eV. The ‘special quasi-random structures’ approach of Zunger was used
to reproduce the randomness of the GaN,As;_, alloys for the first few shells around a given site. The
carrier concentration (n), electrical conductivity (a/t), Seebeck coefficient (S), electronic thermal
conductivity (ke/1) and the electronic power factor (S%s/1), as a function of temperature were obtained
for GaN,As;_, alloys. In addition, the transport properties as a function of chemical potential at three
constant temperatures were investigated. It has been found that GaN,As;_ alloys show good transport
properties, therefore, we expect that these alloys could be possible potential candidates for clean energy

www.rsc.org/advances applications.

1. Introduction

Thermoelectric power generators can convert heat into elec-
tricity, which is a good alternative solution for energy and
environment problems.' Ever since this discovery, extensive
studies were done on several materials to enhance their ther-
moelectric properties for technological applications.”** The
development of novel thermoelectric materials has attracted
a great deal of interest due to their significant potential appli-
cations ranging from clean energy to photon sensing devices.
The efficient thermoelectric materials can be classified into
three types: complex crystals, alloys and nano-crystals.> They
can provide a significant contribution to solve global sustain-
able energy problems. Thermoelectric materials play an
important role in global sustainable energy solutions. These
materials are not only used in generating electricity from waste
heat but also used as solid-state Peltier coolers.'” In the complex
crystals category there are ternary alloys such as GaN,As;_,.
These can be considered to be possible potential candidates for
applications in optoelectronic, semiconductor lasers, and
optical detectors.”*™ It was found that the electronic structure
and optical properties of GaAs are modified significantly when
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a small concentration of N doped into GaAs. There is a signifi-
cant increase in the band gap when As is replaced by N.*° It was
reported that nitrogen in GaNAs perturbs the conduction bands
and reduces electron mobility>** because nitrogen is highly
electronegative (3.04) in addition to its small size, and it is
attractive to electrons, in comparison to the size and the elec-
tronegativity of As (2.18).

Several workers have reported the influence of vary the
content of N on the electronic properties of the doped alloys.
Since the energy gap is in the range 0.5-1.5 eV, these alloys
could have a potential application in thermoelectric devices. As
a natural extension to our previous work on the electronic
structure** and the nonlinear optical properties of GaN,As; ,
alloys,” we thought it would be interesting to study the trans-
port properties of GaN,As;_, alloys.

2. Computational method

The all electron full potential linearized augmented plan wave
plus local orbital (FP — L(APW + lo)) method?® within density
functional theory (DFT) and the semi-classical Boltzmann
theory as implemented in the BoltzTraP code*” were used to
calculate the transport properties of GaN,As; _, alloys with x =
0.0, 0.25, 0.5, 0.75 and 1.0. The recently modified Becke-
Johnson potential (mBJ)*® was used to solve the exchange
correlation functional. In calculating the self-consistent band
structure within DFT, both local-density approximation (LDA)*
and the generalized-gradient (GGA)* usually underestimate the
energy gap.®* This is mainly due to the fact that they have simple
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forms that are not sufficiently flexible to accurately reproduce
both the exchange-correlation energy and its charge derivative.
To overcome this drawback we proposed mBJ]. The mBjJ,
a modified Becke-Johnson potential, allows the calculation of
band gaps with accuracy similar to the very expensive GW
calculations.”® It is a local approximation to an atomic “exact-
exchange” potential and a screening term.

The number of basis functions were used up to RyrKmax =
7.0 (where Ry is the minimum radius of the muffin-tin spheres
and K.« gives the magnitude of the largest k vector in the plane
wave expansion). The values of the sphere radii and K, are
kept constant over all the range of lattice spacing. The Fourier
expanded charge density was truncated at Gpa, = 14 (Ryd)*2. In
order to reproduce the randomness of the alloys for the first few
shells around a given site, the ‘special quasi-random structures’
(SQS) approach of Zunger et al.** was used. We would like to
mention here for the composition x = 0.25 and 0.75 the
simplest structure is an eight-atom simple cubic lattice
(luzonite): the cations with the lower concentration form
a regular simple cubic lattice (see Fig. 1(b) and (d)). For x = 0.5
composition, the smallest ordered structure is (001) super-cell
(see Fig. 1(c)). The muffin-tin radii for the composition x =
0.25 and 0.75 are 1.95, 1.9 and 1.6 atomic units (a.u.) for Ga, As
and N respectively. For x = 0.5 the muffin-tin radii was set to be
2.14 a.u. for Ga, N and As. A mesh of 35 special k-points was
used for ternary alloys except for the case of x = 0.5, where we
used a mesh of 64 special k-points in the irreducible Brillouin
zone (IBZ). For calculating the transport properties of GaN,-
As;_, alloys a denser meshes of 50 000 k-points in IBZ for the
ternary alloys were used. The self-consistent calculations are

GaN.75As8025
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converged since the total energy of the system is stable within
107° Ry.

We have used the semi-classical Boltzmann theory as
incorporated in BoltzTraP code® to calculate the thermoelectric
properties. The transport coefficients that based on rigid band
approach to conductivity is given by;

7ule) = Yl X )

Tap(ik) = €11 50a(i, )0 5(0.K) 2)
e . .
aus(€) = v quk‘orx (l,k)t?g (z,k)é(e — &ix) (3)
ik

where e represent charge of electron, 7 is the relaxation time,
a and @ are the tensor indices, N is the number of k-points,
¥4(i,k) and 0,;(1‘,1_5) are the group velocities. It is important to
mention that in BoltzTraP code the relaxation time 7 taken as
a constant.”” The transport coefficients can be written as
a function of temperature and chemical potential®”** as follow;

ou(T) = g [owl)| - LT g
ST = gy [ uae =) x | - P2,

Fig.1 The structure of the unit cell of GaN,As;_, (x = 0.0, 0.25, 0.5, 0.75 and 1.0) alloys; (b and d) the simplest structure is an eight-atom simple
cubic lattice (luzonite): the cations with the lower concentration form a regular simple cubic lattice; (c) for x = 0.5 composition, the smallest

ordered structure is (001) super-cell.
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where Q stands for volume of the unit cell, and f; is Fermi-Dirac
distribution function. To gain high thermoelectric efficiency, it
is important that the material possess high electrical conduc-
tivity, large Seebeck coefficient and low thermal conductivity.**

Simulations of the transport properties is transition from
first- to second-principles methods. The first-principles method
used here is all-electron full potential linear augmented plane
wave method whereas the second-principles is BoltzTraP code,”
which solves the semi-classical Bloch-Boltzmann transport
equations.”” Transport properties were obtained from the
ground state within the limits of Boltzmann theory®**~” and the
constant relaxation time approximation as implemented in the
BoltzTraP code.” In short, BoltzTraP performs a Fourier
expansion of the quantum chemical band energies. This allows
to obtain the electronic group velocity and inverse mass tensor,

Paper

as the first and second derivatives of the bands with respect to k.
Applying the electronic group velocity and inverse mass tensor
to the semiclassical Boltzmann equations, the transport tensors
can be evaluated.

3. Results and discussion

3.1. Salient features of the electronic band structures

Since the electronic band structures are very important for
calculating the effective mass and the transport properties,
therefore we will recall the main features of the electronic band
structure of GaN,As; _, (x = 0.0, 0.25, 0.50, 0.75 and 1.0) alloys.**
Fig. 2(a—e) shows the electronic band structure along the high
symmetry points of the first Brillouin zone. We set the zero-
point of energy (Fermi level) at the valence band maximum
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Fig. 2 The calculated electronic band stature of GaN,As;_, (x = 0.0, 0.25, 0.5, 0.75 and 1.0) alloys, using mBJ.

72288 | RSC Adv., 2016, 6, 72286-72294

This journal is © The Royal Society of Chemistry 2016



Paper

(VBM). The VBM and the conduction band minimum (CBM)
were located at the center (I') of first Brillouin zone, resulting in
a direct band gap of about 1.51, 0.50, 0.91, 1.43 and 3.0 eV for
GaAs, GaNj,s5ASy75, GaNgsASys, GaNgss5ASp,5 and GaN
respectively. The calculated values of the energy band gap of the
ternary alloys and their parent are compared with the previous
theoretical results* and the experimental data®***” as shown in
Table 1. We can see that for the ternary alloys (GaN »5ASg 75,
GaNj s5As, 5, GaNy 75AS, »5) increasing the content of N cause to
shift the CBM towards higher energies resulting in significant
increase in the band gap values. The increase in band gap due to
N is thought to be due to a resonant interaction between the N-
2s state and the bottom of the conduction band.***® It was re-
ported that there is a large increasing in the band gap even by
replacing just one percent of the As by N.** This blue shift is
characterized by the optical bowing parameter which reaches
18-20 eV for nitrogen concentration less than 5.0%, which is
about an order of magnitude larger than other III-V ternary
alloys that exhibit a bowing of about 1.0 eV.*-*

Let us recall the main features of the calculated density of
states of GaN,As; _, (x = 0.0, 0.25, 0.50, 0.75 and 1.0) alloys,* we
noticed that replacing As atoms by N atoms cause significant
influence in the density of states (See Fig. S1 ESI{) and the
charge density near the density peaks is substantially attracted
toward N atoms due to their high electronegativity.>* It has been
found that* the covalent bonding are more dominant in
GaN,As; _, alloys. Covalent bonding is more favorable for the
transport of the carriers than ionic one.” Also, due to the
electro-negativity differences between Ga, As and N atoms,
some valence electrons are transferred towards N atoms indi-
cating the maximum charge accumulated around N atoms
therefore, replacing As by N lead to enhance the transport
properties.

3.2. Effective mass

Following Fig. 2(a-e), it is quite clear that the bands in the
vicinity of Fermi level (Eg) are parabolic, this would imply low
effective mass for the carriers belonging to these bands and
hence a high mobility. However, presence of carriers with large
mobility is required for obtaining a higher electrical conduc-
tivity (o). The thermoelectric power factor (S”0/7) is indirectly
related to the effective mass through ¢ = nen and n = et/me,>*
here we call the mobility as » in order to distinguish between
the mobility and chemical potential (u). The main factors to
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determine the transport properties are the effective charge-
carrier's mass, the Seebeck coefficient and electrical conduc-
tivity of materials. The electron mobility characterizes how
quickly an electron can move through a metal or
semiconductor.

The calculation of the effective mass is used to simplify the
band structure by making a similarity to the performance of
a free element with that mass, it can be considered as simple
constant of a material. The effective mass provides a significant
basic parameter that leverages discernable properties of a solid,
encompassing everything from the efficiency of a solar cell to
the pace of an integrated circuit. We have calculated the effec-
tive mass of electrons (m,) from the band structure of the
GaN,As; _, alloys with N-concentration 0.0, 0.25, 0.5, 0.75 and
1.0. Usually we estimated the value of the effective mass from
the conduction band minimum curvature. The diagonal
elements of the effective mass tensor for the electrons in the
conduction band are calculated following this expression;

1 9E(k)

m,  hk? @

The effective mass of electron is assessed by fitting the
electronic band structure to a parabolic function eqn (7). We
have calculated the electron effective mass ratio (m,/me),
effective mass ratio of the heavy holes (my,, /m.) and light holes
(my,/me), around T point the center of the BZ for GaN,As; , (x
= 0.0, 0.25, 0.5, 0.75 and 1.0) alloys. These values are listed in
Table 2. It is clear that the effective mass ratio increases with
moving from GaAs — GaNj,5A50.75
GaNy 75AS.,5 — GaN.

- GaNO'SASO.S -

3.3. Transport properties

The semi-classical Boltzmann theory as implemented in the
BoltzTraP code® was used to calculate the electronic transport
properties of the thermoelectric materials with a constant
relaxation time 7.>7°*” It has been proven that the BoltzTraP
code is a very efficient technique for obtaining the electronic
transport properties of the thermoelectric materials.>”*>*” The
carrier concentration (n), electrical conductivity (o/t), Seebeck
coefficient (S), electronic thermal conductivity (k./t) and the
electronic power factor (S”0/t) as a function of temperature were
obtained for GaN,As,_, alloys with x = 0.0, 0.25, 0.5, 0.75 and
1.0 in the temperature range 50-800 K.

Table1 Calculated energy band gap (E4 in eV) in comparison with the previous theoretical results and the experimental data of the GaN,As; _, (x

= 0.0, 0.25, 0.5, 0.75 and 1.0) alloys

Compounds E, (this work) E, (previous work) E, (experiment)

GaAs 1.51 0.46%, 0.14%, 0.62° 1.42%, 1.63¢, 1.52, 1.5¢

GaNo.25AS¢.75 0.50 0.0%, 0.0% 0.38°

GaNg 5AS 5 0.91 0.33% 0.16%, 0.65°

GaNy 75AS0.25 1.43 1.00%, 0.66%, 1.18¢

GaN 3.0 1.89%, 1.51%, 2.04° 3.38%,3.19, 3.2% 1.48°,2.08/, 2.65¢, 2.00"

@ Ref. 24. ? Ref. 38. © Ref. 39. ¢ Ref. 40. ° Ref. 41 and 42.7 Ref. 43. ¢ Ref. 44. " Ref. 45. " Ref. 46 at 0 K.” Ref. 47 at 0 K.

This journal is © The Royal Society of Chemistry 2016
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Table 2 The calculated electron effective mass ratio (m/me), effective mass of the heavy holes (my,,/me) and light holes (my,/me), around T
point the center of the BZ for GaN,As;_, (x = 0.0, 0.25, 0.5, 0.75, 1.0) alloys

Effective mass ratio GaAs GaNj »5AS 75 GaNj 50ASg 50 GaNy 75AS 25 GaN

m:/me 0.0012 0.0018 0.0026 0.0027 0.0046
m;h/me 0.0124 0.0168 0.0187 0.0215 0.0256
m;‘h/me 0.0012 0.0015 0.0022 0.0030 0.0034

Better thermoelectric properties are determined by a combi-
nation of high mobility and reasonable carrier's concentration.
In Fig. 3(a) we have illustrated the carrier's concentration (n) of
GaN,As; _, alloys as a function of temperature. We can see that
for x = 0.25, 0.5, 0.75 the carrier's concentration increases
exponentially with increasing the temperature whereas for the
parent alloys there is insignificant increase in the carrier's
concentration with increasing the temperature. As a remarkable
finding we observed that GaNj »5AS, 75 and GaNj 75AS »5 exhibit
the same value of n of about (0.008 e per uc) at 100 K, while
GaNj 5As, 5 exhibits a lower value of about 0.004 e per uc at 100
K. The carrier concentration shows a maximum value at 800 K of
about 0.058 e per uc for GaNj ;5As¢ .25, Whereas it is 0.049 and
0.047 e per uc for GaNj »5A5¢.75 and GaNj sAs 5. In these ternary
alloys there are three types of atoms with different concentra-
tions and different electro-negativity. According to Pauling scale
the electro-negativity of N, As and Ga atoms are 3.04, 2.18 and
1.81, respectively. Therefore, the electro-negativity difference

0.06 ' v i

GaAs
GaNo2sAso.7s
ceeceeee GaNosASo s
GaNo.75As0.25

will be bigger between the atoms leading to more charge carrier
concentrated around the atom which exhibits higher electro-
negativity Ze. N atom. This may could explain why
GaNj 75As0 55 exhibits the highest n among the others in the
temperature range. The carrier mobility as a function of
carrier's concentration for GaN,As; , (x = 0.0, 0.25, 0.5, 0.75
and 1.0) is illustrated in Fig. 3(b) and (c). It is clear that the
carrier's mobility decreases with increasing the carrier's
concentration due to increasing the scattering rate. We have
compared our results with the previous experimental data for
GaAs*™*° good agreement was found (See Fig. S2a and b ESIY). It
has been found that increasing the content of N leads to reduce
the mobility due to increase the scattering rate which is
attributed to relatively small radius and the high electro-
negativity of N compare to As that it replaces.®

The electronic electrical conductivity (¢ = nen) is related to
the density of charge carriers (n) and their mobility (n = et/m,).
The temperature dependent electrical conductivity (g/t) was

3.0 ‘ ‘ " ' '
\
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(a) The temperature induced carrier concentration per unit cell (e per uc) versus temperature; (b) calculated carrier's mobility vs. carrier's

concentration of GaN,As;_, (x = 0.25, 0.5, 0.75) alloys; (c) calculated carrier's mobility vs. carrier's concentration of GaN,As; _, (x = 0.0 and 1.0)

alloys.
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calculated at a certain value of chemical potential (u = Eg) as
illustrated in Fig. 4(a). It is clear that o/t for GaN,As; , alloys
increases with increasing temperature and GaNj ;5AS, 25 show
the highest o/t in concordance with our observation from
Fig. 3(a). The rapid increase in o/t with increasing the temper-
ature is due to enhancing the charge carrier's concentration and
the mobility of the electrons in the conduction band of these
alloys. Further, we have calculated the electrical conductivity as
a function of chemical potential (u — Er = £0.2 eV) at three
constant temperatures (300, 600 and 900) K as shown in
Fig. 4(b-f). It is clear that vary N cause significant enhancement
in the electronic electrical conductivity due to the small size and
the high electronegativity of N.

The electronic thermal conductivity (k./t) can be estimated
from the electrical conductivity ¢ using Wiedemann-Franz law.
In Fig. 5(a) we have plotted the electronic thermal conductivity
as a function of temperature for GaAs, GaNj5ASg.7s,
GaN 5As, 5, GaNj 7545005 and GaN alloys at a certain value of
chemical potential (4 = Eg). We observed that the electronic
thermal conductivity increases exponentially with increasing
the temperature. It is clear that with increasing the temperature
GaNj ;5AS¢.25 and GaN alloys show the highest «./t among the
others. Therefore, at the u = Ep increasing the temperature
cause significant increases in the carrier's concentration and
hence reduce the carrier's mobility due to increase the vibra-
tions which lead to increase the scattering rate. The thermal
conductivity has contributions from the lattice and electrons.
BoltzTraP calculates only the electronic part.>” To ascertain that
the temperature has significant influence on the electronic
thermal conductivity of the investigated alloys, the electronic
thermal conductivity was calculated as a function of chemical
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potential (u — Ep = 0.2 €eV) at three constant temperatures
(300, 600 and 900) K as shown in Fig. 5(b-f). It has been noticed
that increasing the temperature lead to significant increase in
ke/t. Therefore, following Fig. 5(b-f), 300 K is expected to be the
optimal temperature to obtain lower k/t. To gain high ther-
moelectric efficiency, it is necessary that the material possess
high electrical conductivity, large Seebeck coefficient and low
thermal conductivity.**

Fig. 6(a) illustrated the Seebeck coefficient (S) as a function
of temperature. At low temperature (~50 K) the Seebeck coef-
ficient for GaAs is about 230 uV K~ ! whereas for GaN its about
221 pV K ! which show shallow influence with increasing the
temperature. While for the ternary alloys at low temperature
(100-300 K) the Seebeck coefficient increases rapidly with
increasing the temperature. Then above 300 K the Seebeck
coefficient exhibits saturated values. Among the ternary alloys
GaNj 5Asy 5 shows the highest value of S along the entire
temperature range. That is attributed to the fact that increasing
the temperature causes to enhance the hole doping in
GaNjsAsys alloy more than that in GaNg;5Asp,5 and
GaNj 5AS0 75 alloys. Following Fig. 6(a) one can see that the
Seebeck coefficient is positive over the entire temperature
range, which implies that at a certain value of chemical
potential (u = Eg) the GaN,As; _, (x = 0.0, 0.25, 0.5, 0.75 and 1.0)
alloys represent only p-type conductions. We have compared
our calculated S of GaN,As; , (x = 0.0, 0.25, 0.5, 0.75 and 1.0)
alloys to the measured and calculated S for GaAs® as shown in
Fig. S3 ESLt It has been found that the increase in the calcu-
lated S for GaN,As; , (x = 0.0, 0.25, 0.5, 0.75 and 1.0) with
increasing the temperature is consistent with previously
measured and calculated S of GaAs®® (Fig. S3 ESIt). The Seebeck
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eV) at three constant temperatures (300, 600 and 900) K.
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three constant temperatures (300, 600 and 900) K.

coefficient as a function of chemical potential at three constant
temperatures (300, 600 and 900) K were calculated and pre-
sented in Fig. 6(b-f). It has been found that GaN exhibits largest
Seebeck coefficient while GaN, ,5As, -5 show the smallest See-
beck coefficient that is attributed to the fact that replacing 0.25

72292 | RSC Adv., 2016, 6, 72286-72294

of As (radii = 115 pm) by N (radii = 65 pm) lead to increase the
carrier's mobility and hence the scattering rate.

Fig. 7(a) show the electronic power factor (S°¢/7) verses the
temperature at a certain value of chemical potential. The power
factor is a keynote quantity for measuring transport properties.

This journal is © The Royal Society of Chemistry 2016
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temperatures (300, 600 and 900) K.

Following Fig. 7(a), we can see that the power factor rapidly
increases with increasing the temperature. It has been noticed
that GaNj ;5As, 25 and GaN alloys show the highest power factor
among the others. That is attributed to the high content of N in
GaNj ,5AS¢.,5 and GaN alloys due to the high electronegativity
and small radii of N therefore, as the N content reduce the alloys
exhibit low power factor. It is clear that the power factor
decreases from GaN,sASy s > GaNg,s5ASy -5 > GaAs. Further-
more, the electronic power factor is calculated as a function of
chemical potential at three constant temperatures (300, 600 and
900) K as shown in Fig. 7(b-f).

4. Conclusions

We have investigated the transport properties of the GaN,As; _,
(x = 0.0, 0.25, 0.5, 0.75 and 1.0) alloys, by employing the semi-
classical Boltzmann theory as implemented in the BoltzTraP
code. Zunger approach (SQS) was used to generate the struc-
tures of the GaN,As; _, alloys. The valence band gap maximum
and the conduction band gap minimum are situated at I' point
the center of Brillouin zone resulting in a direct band gap. We
have calculated the electron, heavy holes and light holes effec-
tive masses for GaN,As; _, (x = 0.0, 0.25, 0.5, 0.75 and 1.0) alloys.
Using the BoltzTraP code the carrier concentration (n), electrical
conductivity (o/t), Seebeck coefficient (S), electronic thermal
conductivity (k./t) and the electronic power factor (S%s/t) as
a function of temperature at a certain chemical potential, also
as a function of chemical potential at three constant tempera-
tures were obtained for GaN,As; , alloys. Our calculations show
that these alloys could be a possible potential candidate for
thermoelectric energy conversion.

This journal is © The Royal Society of Chemistry 2016
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(a) The power factor versus temperature; (b—f) the power factor as a function of chemical potential (v — Ef = £0.2 eV) at three constant
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