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Thermoelectric materials with good figures of merit are being sought for perpetually. In this paper, ther-
moelectric properties of LiYZ (Y = Be, Mg, Zn, Cd and Z = N, P, As, Sb, Bi) have been studied employing first
principles density functional theory based calculations followed by the solutions of Boltzmann transport
equations under relaxation time approximation. Calculated Seebeck coefficients are quite large and are

comparable to that of PbTe, a well known thermoelectric material. Doping dependence of the transport
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coefficients are calculated under rigid band approximation. Except LiZnSb, all the compounds have larger
values of power factors for p-type doping than those for n-type doping. The optimal p- and n-type doping
levels corresponding to the maximum thermoelectric power factors of these compounds have been cal-
culated, which are important parameters for guiding experimental works.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

The world at present is facing two major problems relating to
energy. One is the energy crisis and another is its environmental
impact arising from conventional ways of utilizing energy
resources. The first problem is driving research for alternative
energy resources and the second problem concerns better ways
of utilizing the energy resources. Thermoelectricity is considered
to be one of the potential ways towards addressing both these
problems [1-3]. However, the efficiency of a thermoelectric device
is too low to compete with the conventional ways of producing
electricity [4,5]. The thermoelectric performance of a thermoelec-
tric material is determined by its figure of merit, ZT given by
ZT = S?0 T/k, where T is the absolute temperature, S is Seebeck
coefficient (also known as thermopower), ¢ is electrical conductiv-
ity and k is the thermal conductivity which is the sum of electronic
and lattice contributions to thermal conductivity. With the
renewed interest in thermoelectricity, mainly from 1990, the figure
of merit has reached above 1 from about 0.5 in 1950 [6]. In order to
have larger figure of merit, we need to have a large value for S’c
(also known as power factor) and a small value for thermal con-
ductivity. Though there is no theoretical upper limit for the figure
of merit, it is challenging to achieve higher values because of the
conflicts between the three transport properties S, g, k. Thus, a
compromise has to be reached among these conflicting parameters
to enhance the figure of merit.
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Half-Heusler materials are considered to be potential thermo-
electric materials [7-9] because of their large temperature stability.
Furthermore, they offer the possibility of alloying, which can reduce
thermal conductivity due to mass fluctuation [2]. Recently Carrete
et al. [10] studied thermal conductivity of a large number of half-
Heusler alloys (HHs) from the view point of their thermoelectric
prospects. Many HHs have been studied over the years with the
main focus on MNiSn (M = Ti, Zr, Hf) [7,9,11]. These HHs have total
valence electron count (VEC) equal to 18 in their primitive unit cell.
Yang et al. carried out first principles based electronic structure
calculations for a large number of HHs having VEC 18 [12]. They fur-
ther studied thermoelectric properties by calculating thermoelec-
tric transport properties employing Boltzmann transport
equations, and found reasonable agreement with experimental
results for Seebeck coefficients and the corresponding optimal dop-
ing levels. In this paper, we follow a similar approach to investigate
the thermoelectric properties of Li-based Nowotny-Juza phase
(X'Y"Z")[13] HHs having VEC = 8 in their primitive cell. There exists
reports for the synthesis of some of Li-based X'Y"Z" HHs [14-16].
There are ab initio studies as well with view point of their optoelec-
tronic [18] and piezoelectric [19] prospects, however the study for
their thermoelectric properties is lacking.

2. Computational approach

Our calculations involve three main steps: (i) optimization of
lattice parameter for each systems, (ii) calculation of band struc-
ture , followed by (iii) solution of Boltzmann Transport Equations
for calculating thermoelectric properties. The first two sets of cal-


http://crossmark.crossref.org/dialog/?doi=10.1016/j.jallcom.2014.10.025&domain=pdf
http://dx.doi.org/10.1016/j.jallcom.2014.10.025
mailto:Biplab.Sanyal@physics.uu.se
http://dx.doi.org/10.1016/j.jallcom.2014.10.025
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jalcom

M.K. Yadav, B. Sanyal/Journal of Alloys and Compounds 622 (2015) 388-393 389

culations were carried out using the full-potential linearized aug-
mented plane wave (LAPW) method [20] as implemented in the
WIEN2k code [21]. The value of RyrKpn« =9 was chosen for all
the calculations, where Ryr corresponds to the minimum of the
muffin tin radii of the atoms in the unit cell and K, corresponds
to the cut-off for the interstitial plane wave part of the basis. The
muffin tin radii for Li, Be, N were set to 2.2 a.u. and for Mg, P, Zn,
As, Cd, Sb, Bi they were set to 2.5 au. The choice of these radii
ensured no charge leakage out of the muffin tins. The lattice
parameters were optimized using Perdew-Burke-Ernzerhof (PBE)
generalized gradient functional [22] for the approximation of the
exchange correlation functional along with 18 x 18 x 18 k-mesh.
The band structures were calculated using modified Becke-John-
son (mB]J) potential [23] implemented within WIEN2k along with
a finer 34 x 34 x 34 k-mesh. The choice of using mB] potential
was for obtaining correct semiconducting electronic structures.
For example, LiCdN and LiCdAs were found to be metallic within
PBE approach where as within mBJ] approach they are found to
be semiconducting.

Using the results from band structure calculations, the trans-
port calculations were performed employing the BoltzTraP [24]
code. For the calculation of thermoelectric power factor (S*c), the
values for Seebeck coefficient and electrical conductivity are
required. The electrical conductivity and the Seebeck coefficient
tensors as a function of temperature and the chemical potential
can be written as
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where Q is the volume of the unit cell, f, is the Fermi-Dirac distri-
bution function and e is the electronic charge. The kernel of the Eqgs.
(1) and (2) is the energy projected transport distribution tensor
04(€), which contains the system dependent information, and can
be expressed as
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where N is the number of k-points, i is the band index, k is the wave
vector and v, (i, K) is the group velocity, which can be obtained from
the band structure calculations as
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where h is the reduced Planck constant.

The wave vector dependent relaxation time appearing in the
expression for transport distribution tensor (Eq. (3)) is difficult to
be determined from first principles calculations and hence Eq. (3)
is solved under constant relaxation time approximation (RTA)
[25]. The RTA is based on the assumption that the relaxation time
does not vary strongly with energy on the scale of kzT, where kj is
the Boltzmann constant. In fact the calculation of transport coeffi-
cients involves the derivative of Fermi function whose magnitude
varies significantly within a small energy window about 10ksT
(0.26 eV for T=300K) near the chemical potential, and 7 is
assumed to remain nearly constant within this small energy range.
Thus, it turns out to be a reasonably good approximation and has
been able to successfully describe the transport coefficients of
many materials [24,26-28]. Within RTA, the Seebeck coefficient
can be calculated without any adjustable parameter. However,
the electrical conductivity has to be calculated with respect to
the relaxation time and hence instead of calculating the absolute
power factor S*¢, we calculate the power factor with respect to
relaxation time (S?¢/7). This is a reasonable approach for studying

qualitative trend of thermoelectric properties of a particular class
of materials.

3. Result and discussions

A typical crystal structure of a Nowotny-Juza phase half-Heus-
ler compound with common formula XYZ is shown in Fig. 1. The
crystal structure corresponds to MgAgAs type structure with space
group F43m (space gr. no. 216). The structure can be assumed to be
derived from the combination of a rock-salt type (NaCl) structure
with a zinc-blende type structure. The most electropositive ele-
ment X (Li in our case) and the element with intermediate electro-
negativity Y (Be, Mg, Zn, Cd) build the rock-salt type structure. The
zinc-blende type structure is built from the most electronegative
element Z (N, P, As, Sb, Bi) and the element with the intermediate
electronegativity Y. Thus, the Wyckoff positions for X, Y and Z are
4b(0.5, 0.5, 0.5), 4a(0, 0, 0) and 4c(0.25, 0.25, 0.25) respectively.
Thomas [29] has carried out extensive ab initio studies for the crys-
tal structures of various types of HHs and has found the aforemen-
tioned structure to be the most favorable for the Nowotny-Juza
phase (I-1I-V) HHs.

Now we present and analyze the results of electronic structure
calculations and then we will discuss the transport properties
relating thermoelectric performance. The calculated lattice param-
eters obtained using PBE-GGA functional and band gaps using TB-
mB] potential along with the corresponding available experimental
values are listed in Table 1. As can be seen in Table 1, the optimized
lattice parameters agree very well with the available experimental
lattice parameters for LiMgZ [30,32], LiZnZ [33-35] and LiCdZ [14]
except for the case of LiCdAs where our calculated value is about
2% larger than the experimental value [36]. Unlike general under-
estimation of band gaps due to the well known limitation of
ground state density functional theory using local or semilocal
approximations, our calculated band gaps under TB-mBJ approach
are closer to the available experimental values. In fact we find
some overestimated values in the cases of LiMgN, LiZnP, LiZnAs
and highly overestimated band gap for LiCdP. However, our calcu-
lated lattice parameters (including the case of LiCdAs) as well as
band gaps agree very well with previous calculations [18]. Except
LiZnBi and LiCdBi, all the alloys show insulating behavior within
TB-mBJ approach. LiZnBi and LiCdBi show metallic behaviour,
which could not be further confirmed as there is no any literature
report for these two alloys. Since metallic systems are not good for
thermoelectric prospects mainly because they cannot maintain
thermal gradient, we exclude these two compounds from study
of thermoelectric properties. The band gaps of other remaining
alloys range from as low as 0.21 eV (for LiCdN) to relatively high
value of 4.23 eV (for LiBeN).

Fig. 2 shows the plot for density of states (DOS) for some
selected HHs. The dominant states at valence band maxima
(VBM) of these HHs come from atoms at Z positions, and the anal-
ysis of orbital projected DOS (not shown in Fig. 2 for the sake of
clarity) reveals that these are p-states of Z. The dominant states
at conduction band minima (CBM) are the strongly s-p hybridized
states coming from s orbital of Y and p orbital of Z along with a
small contribution from Li-s states. Similar composition of DOS
at band edges is found for all the remaining HHs. If we analyze
the variation of band gap (see Table 1), we find with few excep-
tions the variation of band gaps follow two kinds of general trends:
(i) with XY fixed the band gap decreases with increasing atomic
number of Z and (ii) with XZ fixed the band gap decreases with
increasing atomic number of Y. In either case there is increase in
average atomic number, (Z) in XYZ, and hence the band gap
decreases linearly with the increasing average atomic number,
(2) =1/N3_Y2;, where N is the number of atoms in the unit cell.
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(b)

Fig. 1. (a) Rock-salt structure, (b) zinc-blende structure and (c) half-Heusler structure. X, Y and Z atoms are shown as red, turquoise and blue balls respectively. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Table 1
Calculated lattice parameters (A) using PBE-GGA approach and band gaps (eV)
obtained using TB-mB] potential along with the available experimental values.

Lattice constants Band gaps
This work Experiment This work Experiment
LiBeN 4.38 423
LiBeP 538 1.77
LiBeAs 5.59 1.60
LiBeSb 6.05 1.30
LiBeBi 6.23 1.06
LiMgN 5.01 4.96° 3.65 3.23
LiMgP 6.02 6.00° 2.26 2.43°
LiMgAs 6.20 6.18" 1.60 2.38
LiMgSb 6.63 1.73
LiMgBi 6.76 6.74° 1.24
LiZnN 493 4914 1.70 1.91¢
LiZnP 5.77 5.76° 2.20 2.04°
LiZnAs 5.99 5.94 1.53 1.51
LiznSb 6.41 1.42
LiZnBi 6.62 Metallic
LiCdN 5.38 0.21
LicdP 6.14 6.10% 1.47 0.85%
LiCdAs 6.35 6.23" 0.77
LiCdSb 6.74 0.90
LiCdBi 6.93 Metallic
3 Ref. [32].
b Ref. [30].
¢ Ref. [31].
4 Ref. [35].
€ Ref. [34].
f Ref. [33].
g Ref. [14].
" Ref. [36].
i Ref. [16].
J Ref. [19].
K Ref. [17].
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This result is consistent with earlier studies of Nowotny-Juza
phase HHs [18,37].

Next we move on to study thermoelectric properties. Under
rigid band approximation, the Fermi level moves up or down
depending on doping type, but the underlying band structure is
not allowed to change. Thus, only one band structure calculation
is required for calculating transport properties at various doping
levels. The approach is helpful for band structure based theoretical
investigation for thermoelectric performance of a material, and has
been widely used [27,38,24]. The variation of transport properties
with the varying Fermi level (u) for LiYAs (Y = Be, Mg, Zn, Cd) is
plotted in Fig. 3. Since LiYAs lies in the middle of each of the four
LiYZ groups studied in this paper so we chose LiYAs for this repre-
sentative plot. In general, as the Fermi level moves towards the
band edges the density of states at the Fermi level increases. How-
ever, the Seebeck coefficient rapidly decreases as the Fermi level
leaves the band gap and enters the band edges. In all the cases very
high values for Seebeck coefficients are found away from the band
edges towards the middle of the gap, however for better thermo-
electric performance the value of Seebeck coefficient just inside
band edge is important. Thus, for a better thermoelectric perfor-
mance it is important that the material retains substantial value
of Seebeck coefficient when the Fermi level enters the band edge.

The thermoelectric power factors in all these cases is larger for
p-type doping (corresponding to negative values of u) than those
for n-type doping (corresponding to positive values of ). Among
the four LiYAs, LiMgAs has the maximum power factor. It also
has the largest value of DOS corresponding to its maximum power
factor. The large DOS at Fermi level indicates larger electrical
conductivity which contributes in enhancing the power factor. Fur-
thermore, LiMgAs has the largest value for the Seebeck coefficient
which is another factor responsible for the large power factor. The
remaining three HHs have more or less comparable values for DOS
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Fig. 2. DOS plot for (left) LiMgN and LiMgBi (inset) and (right) LiZnSb and LiZnN (inset).
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Fig. 3. Density of states and thermoelectric transport properties versus Fermi levels
at 300 K. The units of DOS, Seebeck coefficients and thermoelectric power factors
are states eV 'uc!, pvK™' and 10" uW cm-! K2 s respectively. The dotted
vertical lines are drawn passing through the peak value of thermoelectric power
factors and the corresponding values of Seebeck coefficients are shown by arrows.
The Fermi level of 0 eV corresponds to the middle of the band gap in each case and
hence —ve and +ve values of i correspond to p-type and n-type doping respectively.

and Seebeck coefficients and consequently they have more or less
similar values for power factors. In order to achieve ZT~1, the
material must have minimum value of Seebeck -coefficient,
S~ 150 pV/K [2], and all these alloys seem to fulfill this require-
ment. In fact these HHs have Seebeck coefficients comparable to
that of the well known thermoelectric material PbTe. The Seebeck
coefficient of PbTe calculated with the similar approach is below
150 pV/K within the concentration range of 10'°—10%°/cm? at
300K [39].

One of the important aspects of theoretical investigation for
thermoelectric material is to find the optimal doping level at which
the thermoelectric power factor attains the maximum value. The
theoretical optimal doping level provides guideline in narrowing
down doping window in experiments. To serve the purpose of find-
ing optimal doping levels, we calculated Seebeck coefficients and
electrical conductivity with respect to relaxation time (¢/7) at var-
ious doping concentrations ranging from 10'® to 10?2 /cm3 for both
p- and n-type dopings. The resulting power factor with respect to
the relaxation time (5%¢/t) was then plotted against carrier con-
centration and the optimal doping level was noted corresponding
to the peak value of power factor in each case. A representative
plot for variation of power factor with carrier concentration for
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Table 2

Optimal doping levels (carrier/u.c.) and corresponding values for thermoelectric
power factors with respect to relaxation time, S*s/t (10™ pW/cm K? s) for both p-
and n-type dopings. Power factors with values below 5 are indicated by /.

p-Type doping n-Type doping

Doping level Power factor Doping level Power factor

LiBeN 0.009 25.35 0.002 8.27
LiBeP 0.005 17.85 0.002 8.22
LiBeAs 0.005 16.94 0.003 8.02
LiBeSb 0.004 15.02 0.003 8.28
LiBeBi 0.004 14.17 0.004 8.32
LiMgN 0.038 37.73 0.016 7.26
LiMgP 0.020 24.63 0.003 7.93
LiMgAs 0.017 23.15 0.004 7.71
LiMgSb 0.015 20.27 0.004 7.60
LiMgBi 0.012 19.38 0.015 6.27
LiZnN 0.012 20.92 / /
LiZnP 0.008 17.20 0.003 8.16
LiZnAs 0.008 16.76 / /
LiZnSb 0.006 15.61 0.066 38.46
LiCdN 0.016 19.19 / /
LiCdP 0.008 16.71 / /
LiCdAs 0.009 16.12 / /
LiCdSb 0.008 15.04 / /

each type of doping is shown in Fig. 4(a). The results for maximum
power factors and corresponding optimal doping levels for all the
alloys are tabulated in Table 2. It is clear that except LiZnSb, all
HHs have larger values of power factors for p-type doping than
those for n-type doping.

One of the criteria for large power factor is that the material
must have a high DOS at the band edge [26,40]. The VBM of LiMgN
has the presence of large DOS compared to LiMgBi (Fig. 2) and
hence LiMgN has a large power factor for p-type doping. Further-
more, the very low DOS at the CBM of LiMgN is the reason for its
low power factor for n-type doping. On the similar ground we
can infer that LiZnSb should have a large power factor for n-type
doping than for p-type doping as it has large DOS at CBM compared
to VBM. Again, the comparison of DOS at CBM of LiZnSb and LiZnN
clearly evidences the reason for low power factor for LiZnN for n-
type doping. The maximum power factor for p-type doping is
obtained for LiMgN while for the n-type doping LiZnSb shows
the maximum power factor. Assuming the relaxation time to be
~ 107" s, the power factor of n-type LiZnSb (38.46 pW/cm K? s)
turns out to be comparable to that of n-type PbTe
(35 uW/cm K? s) at 300K [41]. Overall a general trend for the
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Fig. 4. (a) Variation of thermoelectric power factors of LiMgN and LiZnSb with carrier concentration, (b) peak values of thermoelectric power factors of HHs plotted against

optimum doping levels.
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Fig. 5. Band structures for selected HHs along selected symmetry directions. The energy axis in each case is plotted with respect to the VBM.

decrease of power factor is seen when we vary Z from N to Bi with
X and Y fixed. Most of high power factors for p-type doping corre-
spond to doping concentration within the range of 1.0 x 10°-
1.0 x 10?' /cm3, as can be seen in Fig. 4(b). The RBA is questionable
for heavy doping where the Fermi level lies deep inside the band.
Fortunately, in all our cases, the doping is mild. Even for the heavi-
est doping (n-type LiZnSb), the Fermi level is only 0.35 eV above
the CBM.

Finally we analyze the reason for large power factors for LiMgN
and LiZnSb on the basis of their band structures. We compare the
band structure of LiMgN with that of LiMgBi, which has the lowest
power factor among LiMgZ for p-type doping. If we look at the VBM
of their band structure plots (Fig. 5), we find that VBM of LiMgN
between L and I is flatter than the corresponding VBM of LiMgBi.
The flat band at VBM of LiMgN is resulting from the rapidly varying
DOS at VBM (Fig. 2). The flatter band implies heavy effective mass,
which enhances the Seebeck coefficient and hence also the ther-
moelectric power factor. The largest effective mass at the I" point
of VBM of LiMgN (Table 3) clearly supports its largest value of ther-
moelectric power factor. Moreover, the general trend of decreasing
thermoelectric power factor on going from LiYN to LiYBi also fol-
lows the trend of decreasing effective mass at VBM on going from
LiYN to LiYBi. The VBM-1 band, which is degenerate with VBM at I
point have lighter effective masses. Thus, the VBM have a combina-
tion of heavier and lighter holes which is good for thermoelectric
performance [3,39,42]. The heavier holes contribute to enhance
Seebeck coefficient where as the lighter holes being highly mobile

Table 3
The calculated effective masses (m*/m.) using the curvature of the band structures.
Two values are calculated along different directions about the specified k points.

p-Type doping n-Type doping
k Point r X r L

CBM CBM

Band

LiBeN 57,27 09, 1.6 0.8,0.5
LiBeP 32,16 0.6, 0.9 0.9, 0.4
LiBeAs 28,15 0.5, 0.8 1.0,03
LiBeSb 20,13 0.5,0.7 24,03
LiBeBi 1.5,1.2 0.6, 0.7 1.7,03
LiMgN 9.9, 4.0 1.0, 1.7 1.0, 0.7
LiMgP 48,23 0.6, 1.0 0.8, 0.4
LiMgAs  4.5,2.2 14,10 0.7,0.4
LiMgSb 34,17 0.6, 0.8 0.6, 0.3

CBM+1

LiMgBi 32,16 0.5, 0.8 0.3,0.3

LiZnN 4.6, 2.1 08,14 1.0, 0.7

LiZnP 3.0,1.6 0.6, 0.8 1.0, 0.4

LiZnAs 27,12 0.5, 0.7 0.4, 0.4

LiZnSb 22,12 0.5, 0.6 2.6,04 0.8, 0.3 04, 0.3 3.3,09
LiCdN 45,21 08,14 09,0.7

LiCdP 28,15 0.6, 0.8 0.6, 0.5

LiCdAs 27,14 0.5, 0.7 0.4, 0.4

LiCdSb 24,13 0.4, 0.6 03,0.2

contribute to enhance conductivity and hence the combination of
lighter and heavier holes enhances thermoelectric power factor.
All LiYN compounds have relatively larger rapidly varying DOS at
VBM compared to those of other LiYZ and hence they have rela-
tively large values for power factors.

Next, we compare the CBM of LiZnSb with that of LiZnN, which
has the lowest power factor among LiZnZ for n-type doping. Again,
a more non-dispersive and non-parabolic CBM along L-I" and I'-X
directions for LiZnSb compared to that of LiZnN (Fig. 5) clearly indi-
cates a large power factor for LiZnSb for n-type doping. However,
large values for effective masses at CBM of LiBeSb and LiBeBi
(Table 3) also indicates the possibility for their large thermoelectric
power factor for n-type doping, but in fact they have lower values
for the thermoelectric power factor. This can be explained on the
basis of spread of CBM band structures. Their lowest CBM lies only
at X point unlike in the case of LiZnSb which has nearly degenerate
CBM at L, I" and X points. Thus, in the case of LiZnSb heavier elec-
trons from X and L pockets and lighter ones from I" pocket together
contribute to enhance its thermoelectric power factor. Similar
argument has been put forward by Lee et al. for larger thermopow-
er in hole doped HfCoSb and ZrCoSb over HfIrSb and ZrlrSb [43].
Moreover, LiZnSb has one more higher conduction band CBM+1,
which is degenerate with CBM at X point. This band contributes
lighter electrons and thus further providing better combination
of heavy and light electrons at CBM.

4. Summary

Our density functional calculations reveal that despite being
relatively large band gap materials, the Li-based Nowotny-Juza
phase materials have large values of Seebeck coefficients and ther-
moelectric power factors, which are comparable to those of the
well known thermoelectric material PbTe. Both the presence of
large DOS and rapidly varying DOS at VBM mainly coming from
p-states of Z (N, P, As, Sb and Bi), have been found responsible
for large power factors for p-type doped cases. The large n-type
power factor in LiZnSb is due to the presence of highly spiky DOS
at CBM, coming from the s-p hybridized states of Sb and Zn. The
optimal doping levels corresponding to the maximum power fac-
tors for both p- and n-type dopings have been calculated. We hope
that our theoretical predictions will motivate experimental studies
on these systems.
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