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We report a detailed first principles density functional calculations to understand the electronic

structure and transport properties of Zn-based pnictides ZnXPn2 (X: Si, Ge, and Sn; Pn: P and As)

and ZnSiSb2. The electronic properties calculated using Tran-Blaha modified Becke-Johnson func-

tional reveals the semi-conducting nature, and the resulting band gaps are in good agreement with

experimental and other theoretical reports. We find a mixture of heavy and light bands in the band

structure which is an advantage for good thermoelectric (TE) properties. The calculated transport

properties unveils the favour p-type conduction in ZnXP2 (X: Si, Ge, and Sn) and n-type conduc-

tion in ZnGeP2 and ZnSiAs2. Comparison of transport properties of Zn-based pnictides with the

prototype chalcopyrite thermoelectric materials implies that the thermopower values of the investi-

gated compounds to be higher when compared with the prototype chalcopyrite thermoelectric

materials, together with the comparable values for electrical conductivity scaled by relaxation time.

In addition to this, Zn-based pnictides are found to possess higher thermopower than well known

traditional TE materials at room temperature and above which motivates further research in these

compounds. VC 2016 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4942011]

I. INTRODUCTION

Thermoelectric (TE) materials are considered as an al-

ternative source of energy, which can convert waste heat

into useful electricity. To meet the present energy crisis,

scientific world look forward towards highly potential ther-

moelectric materials. For waste heat recovery, we need TE

material which can perform at high temperatures, and

search for potential high temperature thermoelectric mate-

rial is highly demanding. The efficiency of a TE material is

quantified by dimensionless figure of merit ZT. The expres-

sion of figure of merit is defined as ZT¼ S2rT/j, where S,

r, j, and T are thermopower, electrical conductivity, ther-

mal conductivity, and the absolute temperature, respec-

tively. j includes both the electronic je and the lattice jl

contributions. A good thermoelectric material should have

high Seebeck coefficient, high electrical conductivity, and

low thermal conductivity. To attain maximum Seebeck

coefficient, material with high band mass is essential, and

for achieving good electrical conductivity the mobility of

the material should be high, leading to lower band mass

carriers, implying the need for a mixture of heavy and light

bands in the band structure.1 Parameters in the figure of

merit are highly dependent on each other, which poses the

challenge in thermoelectrics. Bi2Te3 and PbTe are tradi-

tional materials which are being used for TE applica-

tions.2,3 Currently, thermoelectric applications are limited

to small scale only because of the lesser efficiency of TE

materials. A number of studies were performed, both exper-

imentally and theoretically to identify novel thermoelectric

materials and to improve the ZT value of existing TE mate-

rials, and these studies proved that one can improve the effi-

ciency of TE materials by nano-structuring, alloying,

superlattice, etc. Here, we are trying to explore potential

materials for thermoelectric applications.

FIG. 1. Crystal structure of the investigated compound ZnXPn2 (X: Si, Ge,

and Sn; Pn: P and As) and ZnSiSb2.

a)Author to whom correspondence should be addressed. Electronic mail:

kanchana@iith.ac.in

0021-8979/2016/119(8)/085701/8/$30.00 VC 2016 AIP Publishing LLC119, 085701-1

JOURNAL OF APPLIED PHYSICS 119, 085701 (2016)

 Reuse of AIP Publishing content is subject to the terms at: https://publishing.aip.org/authors/rights-and-permissions.  IP:  218.248.6.153 On: Mon, 29 Feb 2016 04:40:50

http://dx.doi.org/10.1063/1.4942011
http://dx.doi.org/10.1063/1.4942011
mailto:kanchana@iith.ac.in
http://crossmark.crossref.org/dialog/?doi=10.1063/1.4942011&domain=pdf&date_stamp=2016-02-23


Ternary chalcopyrite semiconductors and pnictide com-

pounds of the form ABC2 have attracted researchers because

of their special physical properties like high melting point,

high refractive index, high nonlinear optical susceptibility,

and many more.4–6 Because of the above mentioned diverse

properties, both the chalcopyrites and pnictides are identified

as promising materials for different device applications like

electronic devices,7 nonlinear optical devices,8,9 photo-

voltaic cell,10 thermoelectric applications,11 etc. These mate-

rials crystallize in the tetragonal structure with space group

I�42d and are considered as the ternary analogue of zinc

blende structure. The pnictide based compounds of the type

AXPn2 (A: Zn and Cd; X: Si, Ge, and Sn; Pn: P, As, and Sb)

possess significant importance. The compounds, ZnGeP2 and

CdSiP2, are promising materials for nonlinear optical appli-

cations,12,13 and ZnSnP2 is identified as a good material for

solar cell applications.14 The structural, electronic, and opti-

cal properties of these compounds are widely explored by

experimentalist as well as theoreticians.5,15,16 But these com-

pounds are not established fully in the field of thermoelec-

trics even though these pnictides are iso-structural to other

TABLE I. Lattice parameters of ZnXPn2 (X: Si, Ge, and Sn; Pn: P and As)

and ZnSiSb2 along with available experimental and other theoretical values.

Parameters ZnSiP2 ZnSiAs2 ZnSiSb2 ZnGeP2 ZnGeAs2 ZnSnP2 ZnSnAs2

apre (Å) 5.44 5.68 6.13 5.52 5.75 5.72 5.93

aexp (Å) 5.4072a 5.60b … 5.46b 5.672c 5.651c 5.852c

aOther (Å) 5.398d 5.584e 6.077f 5.465f 5.663e 5.71g 5.851h

cpre (Å) 10.56 11.07 12.08 10.88 11.35 11.48 11.95

cexp (Å) 10.4539a 10.88b … 10.71b 11.153c 11.303c 11.703c

cother (Å) 10.435d 10.95e 11.68f 10.70f 11.22e 11.43g 11.702h

upre 0.268 0.262 0.254 0.252 0.247 0.226 0.223

uexp 0.26948a 0.26575b … 0.25816b 0.264c 0.264c 0.239c

aReference 39.
bReference 5.
cReference 40.
dReference 6.
eReference 41.
fReference 48.
gReference 10.
hReference 4.

FIG. 2. Calculated band structures

using TB-mBJ functional with opti-

mized lattice parameters. (a) ZnSiP2

and (b) ZnSiAs2.

FIG. 3. Calculated band gaps for all investigated compounds along with

available experimental and other theoretical reports. a: Ref. 42, b: Ref. 6, c:

Ref. 40, d: Ref. 15, e: Ref. 48, f: Ref. 43, g: Ref. 44, h: Ref. 45, i: Ref. 46,

and j: Ref. 47.

TABLE II. Calculated effective masses of ZnXPn2 (X: Si, Ge, and Sn; Pn: P

and As) and ZnSiSb2 along the crystallographic directions in the unit of

electron rest mass.

Directions ZnSiP2 ZnSiAs2 ZnSiSb2 ZnGeP2 ZnGeAs2 ZnSnP2 ZnSnAs2

VB (valence band)

C-N 2.89 2.01 3.07 1.54 1.0 1.91 1.03

C-Z 2.20 1.59 0.92 0.70 0.71 0.97 0.90

CB (conduction band)

C-N 0.38 0.54 0.16 0.18 0.21 2.02 1.04

C-Z 1.17 1.43 0.68 0.19 0.16 0.82 0.71
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chalcopyrites which show good thermoelectric proper-

ties.17–19 The bulk Cu-based chalcopyrite CuGaTe2 showed

a dimensionless figure of merit around 1.4 from experi-

ment,20 and theoretical studies on this material also con-

firmed the same.18 An iso-structural compound AgGaTe2

also showed good thermoelectric properties.17 The impor-

tance of the investigated Zn-based pnictides are based on the

earth abundance and the stability at high temperatures up to

around 1000 K. The band structure calculations of these se-

ries is quite appreciable with its remarkable combination of

heavy and light bands that can help for TE properties.17 We

would like to investigate the TE properties of Zn-based pnic-

tides, ZnXPn2 (X: Si, Ge, and Sn; Pn: P and As) and

ZnSiSb2.

FIG. 4. (a) Calculated density of states

for all the investigated compounds. (b)

Total and partial density of states for

ZnSiP2.

FIG. 5. Variation of thermopower as a

function of both the carrier concentra-

tions at 900 K. Solid lines represent

“a” axis and dotted line is for “c” axis.
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II. METHODOLOGY

Present calculations are based on the first principles den-

sity functional theory. We have used full potential linearized

augmented plane wave (FP-LAPW) method implemented in

WIEN2k package.21,22 Experimental lattice parameters are

used as an input for our calculations and we have optimized

the structure using generalized gradient approximation of

Perdew, Burke, and Ernzerhof (GGA-PBE) functional.23 The

optimized lattice parameters are used for further calcula-

tions. It is well known that the traditional exchange function-

als like local density approximation (LDA) and GGA

underestimate the band gap of semiconductors and insula-

tors, so we have used Tran-Blaha modified Becke-Johnson

(TB-mBJ) functional24,25 which is found to be quite success-

ful in reproducing the experimental band gaps.26,27 Due to

the presence of heavy elements in the investigated com-

pounds, we have included spin orbit coupling in our calcula-

tions. For total energy calculations, band structures, and

density of states, we have used 10� 10� 10 k-points in the

full Brillouin zone. Transport coefficients such as thermo-

power (S in lV K�1) and electrical conductivity scaled by

relaxation time (r/s in X�1 m�1 s�1) were calculated using

BoltzTraP code28 with a dense k-mesh of the order of

50� 50� 50 k-points. The BoltzTraP code is based on rigid

band approximation (RBA)29–31 and the constant scattering

time approximation (CSTA), and these approximations have

been successfully applied for several thermoelectric

materials.32–36

III. RESULTS AND DISCUSSION

A. Structural and electronic properties

1. Structural properties

The investigated compounds ZnXPn2 (X: Si, Ge, and

Sn; Pn: P and As) and ZnSiSb2 crystallize in tetragonal chal-

copyrite type structure with space group I�42d, and the crys-

tal structure is given in Fig. 1. Chalcopyrite crystal structure

can be considered as the ternary analogue of zinc blende

FIG. 6. Variation of electrical conductivity scaled by relaxation time as a function of both carrier concentrations at 900 K. Solid lines for “a” axis and dotted

line is for “c” axis.
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structure with slight tetragonal distortion. For all the investi-

gated compounds, each anion Pn (Pn: P, As, and Sb) is coor-

dinated by two Zn-type cations and two X-type (X: Si, Ge,

and Sn) cations and each cation (Zn, Si, Ge, and Sn) is tetra-

hedrally co-ordinated by four Pn anions (Pn: P, As, and Sb).

The optimized lattice parameters of ZnXPn2 (X: Si, Ge, and

Sn; Pn: P and As) and ZnSiSb2 along with the available exper-

imental and other theoretical values are reported in Table I. It

is quite evident that the calculated lattice parameters are in

good agreement with the experimental and other theoretical

reports.

2. Electronic properties

The electronic structure of ZnXPn2 (X: Si, Ge, and Sn;

Pn: P and As) and ZnSiSb2 compounds were calculated using

TB-mBJ functional with optimized lattice parameters. The

overall band profile of all the investigated compounds are

almost similar, and the band structure along the high symme-

try direction of ZnSiP2 and ZnSiAs2 are presented in Fig. 2.

Calculated band gaps of all the investigated compounds

along with experimental and other reported values are given

in Fig. 3. From this figure, it is quite clear that our values are

in good agreement with the experimental and other theoreti-

cal reports. Among the investigated compounds, ZnSiAs2,

ZnSiSb2, and ZnGeP2 show an indirect band gap, and other

compounds are direct gap semiconductors. Earlier theoretical

study predicted an indirect band gap in ZnGeP2 by compar-

ing it with its binary analogue GaP.37 The present study con-

firm the indirect band gap nature of ZnGeP2 using TB-mBJ

functional along C-X direction. In the case of ZnSiP2,

Kumar and Tripathy reported the pseudo-direct band gap

nature using LDA,6 whereas the present calculations using

TB-mBJ functional reveals the direct band gap nature of

ZnSiP2, which might be due the improved band gap obtained

using TB-mBJ functional over LDA functional.

In the case of Si compounds, ZnSiP2, ZnSiAs2, and

ZnSiSb2, the band gap is found to decrease from ZnSiP2 to

ZnSiSb2. A similar reduction in band gap is found in the

case of “Ge” and “Sn” compound from “P” to “As.”. The

observed decrease in band gaps as we move down the col-

umn in periodic table might be due to the increase in size of

the atom. Dispersion of bands along C-Z direction (along c

axis) is little higher than the dispersion of bands along C-N

direction (planar direction) in valence band, whereas in con-

duction band dispersion of band along C-N direction is more

than C-Z direction, which is confirmed through effective

mass calculations as given in Table II. For all the investi-

gated compounds, the contribution to VBM (valence band

maximum) is a mixture of Zn and Pn states, whereas in

CBM (conduction band minimum) it is the mixture of X and

Pn states.

The total DOS of all the compounds and partial DOS for

ZnSiP2 are reported in Figs. 4(a) and 4(b). In the case of

ZnXPn2 (X: Si, Ge, and Sn; Pn: P and As), near the Fermi

level (EF) in valence band, the main contribution stems from

the Pn-p state, Zn-p and d states, whereas in conduction band

X-s, p and Pn-s, p states are contributing more. For ZnSiSb2,

Sb-p states and Zn-p, Zn-d are dominating in valence band

edge, whereas in conduction band Si and Sb, p and s states

play a major role. Compared with the valence band, the

extent of hybridization between X and Pn states is more in

the conduction band for all the investigated compounds (see

Fig. 3(b)). This indicate that the electrical conductivity in the

case of electron doping may dominate a little than hole dop-

ing for all the investigated compounds. We observed a sharp

FIG. 7. Variation of thermopower as a

function of temperature at carrier con-

centration 1� 1019(cm�3). Solid lines

are for holes and dotted line represent

electrons. (a) ZnSiX2 (X: P, As, Sb),

(b) ZnGeX2 (X: P, As), and (c)

ZnSnX2 (X: P, As).
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increase in density of states near valence band edge for all

the studied compounds, and this trend is more pronounced in

ZnXP2 compounds compared with As compounds. From

this, we infer that hole doped ZnXP2 compounds might show

higher value of thermopower than As compounds. For Si

compounds in conduction band, we observed the Si-s state to

shift towards the Fermi level when the anion “P” is replaced

with “As” and “Sb,” causing a reduction of band gap from

“P” to “Sb.” The same scenario is observed in other “Ge”

and “Sn” compounds when “P” is replaced with “As.”

Almost similar increase in DOS at both valence band and

conduction band indicates good thermoelectric properties for

both the carriers, in all the investigated compounds, which

are explained in Sec. III B.

B. Thermoelectric properties

1. Thermoelectric properties of ZnXPn2 (X: Si, Ge, and
Sn; Pn: P and As) and ZnSiSb2

Thermoelectric properties of investigated compounds

were calculated for temperature between 300 K and 900 K.

The thermopower (in lV K�1) and electrical conductivity

scaled by relaxation time (in X�1 m�1 s�1) are calculated as

functions of both carrier concentration and temperature. We

have investigated the transport properties for the concentra-

tion between 1� 1018 and 1� 1021 cm�3 for all the investi-

gated compounds, which is an optimum carrier concentration

range for better thermoelectric performance. As mentioned

earlier, the investigated compounds crystallize in tetragonal

structure, and it is very important to observe the variation of

transport properties along different crystallographic direc-

tions. For this purpose, we have investigated the thermoelec-

tric properties along the crystallographic “a” and “c” axes.

We have plotted the variation of thermopower as a func-

tion of hole and electron concentrations at 900 K along the

“a” and “c” axes of all the compounds and are presented in

Fig. 5. For all these cases except ZnSnAs2, the magnitude of

thermopower is decreasing with increasing concentrations

for both the carriers, which is a regular trend in TE materials.

From the analysis of thermopower plots at 900 K, we found

all the compounds to possess high thermopower for the holes

compared with the electrons. This might be due to the bands

being less dispersive in the case of valence band maximum

compared with the conduction band minimum. For all the

FIG. 8. Variation of power-factor

times temperature as a function of both

carrier concentrations at 900 K. Solid

lines are for “a” axis and dotted lines

represent “c” axis.
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compounds, we did not observe any significant difference

in thermopower along “a” and “c” directions which con-

firms the isotropic nature in thermopower along “a” and “c”

crystallographic directions. The maximum thermopower is

found in hole doped ZnSiP2 compared with all other com-

pounds. For hole doped ZnSnAs2, we observed a bipolar

conductivity at 900 K, which might be due to the lesser

band gap of ZnSnAs2 compared with other investigated

compounds. Electrical conductivity scaled by relaxation

time (r/s) as a function of both holes and electrons along

different crystallographic directions at 900 K are presented

in Fig. 6. For all the compounds, electrical conductivity

scaled by relaxation time is increasing with increasing car-

rier concentration for both holes and electrons. A similar

type of isotropic nature is found in electrical conductivity

also, implying the investigated compounds to possess iso-

tropic nature of TE properties.

To see the effect of temperature on thermoelectric prop-

erties of investigated compounds, we have plotted the tem-

perature dependent thermopower for both holes and

electrons at a carrier concentration of 1� 1019 cm�3 and is

shown in Fig. 7. Since there is no significant anisotropy

observed in thermopower, we have represented “a” direction

alone for thermopower. For all the investigated compounds,

the magnitude of thermopower is increasing with increasing

temperature. From Figs. 7(a)–7(c), it is quite evident that

thermopower of all the compounds is higher for holes com-

pared with the electrons except for ZnSiAs2 and ZnSiSb2. In

the case of ZnSiAs2, we found electron doped thermopower

to be higher at low temperature and hole doped thermopower

is higher at elevated temperature, whereas in the case of

ZnSiSb2, we observed electron doped thermopower to be

dominating compared with the hole doped thermopower for

all the studied temperature. Further, we found that the ther-

mopower is found to decrease from P to As and from Si to Sn
in ZnXPn2 (X: Si, Ge, and Sn; Pn: P and As).

To understand the net TE properties, we have plotted

the variation of power-factor times temperature as a function

of carrier concentrations at 900 K, and the same given is in

Fig. 8, and from the figure it is clear that the power-factor

values are higher for all the investigated compounds for the

range of optimum carrier concentrations. For hole doping,

power-factor value is decreasing down the column, and for

electron doping also a similar trend is observed except for

ZnSiPn2. From the analysis, we found that the magnitude of

thermopower is increasing with temperature implying that

the power-factor might be higher at elevated temperature,

which need to be explored further experimentally.

Another vital point to be mentioned about the investi-

gated compounds is that the reported lattice thermal conduc-

tivity is higher compared with the other TE materials.38 If

one can reduce the lattice thermal conductivity by some

techniques (such as superlattice, nano-structuring, etc.), all

investigated compounds would be promising materials for

TE applications.

2. Comparison of thermoelectric properties with other
chalcopyrites

In order to understand how better are the TE properties

of the investigated compounds, we have compared it with

well-known chalcopyrite TE materials. The comparison

between the studied compounds (ZnSiP2, ZnSiAs2, ZnGeP2,

ZnGeAs2, and ZnSnP2) with prototype chalcopyrite com-

pound CuGaTe2 which has a high figure of merit of 1.4 from

experiment20 and AgGaTe2 are shown in Fig. 9. From this

figure, it is quite evident that the investigated systems are

FIG. 9. Comparison of ((a) and (b))

thermopower and ((c) and (d)) electri-

cal conductivity scaled by relaxation

time with AgGaTe2 and CuGaTe2

along planar axis, at 900 K. One hole

per unit cell is considered as

1� 1020 cm�3.
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appreciable similar to the well known TE materials CuGaTe2

and AgGaTe2 for both electrons and holes. At 900 K, ZnSiP2

possess a higher thermopower in the case of holes, which is

even higher than other hole doped AgGaTe2 and CuGaTe2.

We also found that the electrical conductivity is also very

similar with that of the compared compounds, so it is imper-

ative that the power-factor value might be higher or compa-

rable with other prototype compounds. This shows that the

investigated pnictide compounds almost show better thermo-

electric properties compared with the well known chalcopy-

rite materials CuGaTe2 and AgGaTe2.17,18 In addition to

this, we have also compared the thermopower values of the

present studied systems with traditional TE material, Bi2Te3.

At room temperature, and around a carrier concentration of

4� 1018 cm�3, Bi2Te3 has a thermopower of 313 lV/K for p-

type and 196 lV/K for n-type, while for our compound (we

have chosen ZnSiP2) at the same conditions, it is 358 lV/K

for p-type and 292 lV/K for n-type.2 This shows that the

investigated compounds are found to have higher value of

thermopower compared with the well known traditional TE

materials, which lead us to claim that investigated com-

pounds are potential materials for TE applications.

IV. CONCLUSION

The band structure of ZnXPn2 (X: Si, Ge, and Sn; Pn: P

and As) and ZnSiSb2 is studied, where ZnSiAs2, ZnSiSb2,

and ZnGeP2 show indirect band gap nature and other investi-

gated compounds are direct band gap semiconductors. From

the transport properties, it is quite clear that most of the

investigated compounds are favorable for TE applications in

all temperature range from 300 K to 900 K. The investigated

pnictide compounds show almost comparable thermoelectric

properties with the well-known TE materials of chalcopyrite.

Among the studied compounds, p-type ZnSiP2, ZnGeP2, and

ZnSnP2 and n-type ZnGeP2 and ZnSiAs2 are found to have

good TE properties. This study reveals that along with the

chalcopyrite materials, pnictides also emerges as good ther-

moelectric materials and can be best used, if one could

reduce the thermal conductivity by alloying or nano-

structuring.

ACKNOWLEDGMENTS

The authors (S.P.C. and V.K.) would like to

acknowledge IIT-Hyderabad for the computational facility.

S.P.C. would like to thank MHRD for fellowship and Vijay

Kumar Gudelli (senior research fellow at IIT-Hyderabad) for

useful discussions and timely help. G.V. would like to

acknowledge CMSD, University of Hyderabad, for the

computational facility and Department of Science and

Technology (DST) for financial support under Grant No. SR/

FTP/PS-096/2010(G).

1A. F. May, D. J. Singh, and G. J. Snyder, Phys. Rev. B 79, 153101 (2009).
2S. K. Mishra, S. Satpathy, and O. Jepsen, J. Phys.: Condens. Matter 9,

461–470 (1997).
3P. Zhu, Y. Imai, Y. Isoda, Y. Shinohara, X. Jia, and G. Zou, J. Phys.:

Condens. Matter 17, 7319–7326 (2005).
4J. L. Shay and J. H. Wernick, Ternary Chalcopyrite Semiconductors
Growth, Electronic Properties and Applications (Pergamon Press, 1975).

5M. D. Lind and R. W. Grant, J. Chem. Phys. 58, 357–362 (1973).
6V. Kumar and S. K. Tripathy, J. Alloys Compd. 582, 101–107 (2014).
7M. Turowski, G. Margaritondo, M. K. Kelly, and R. D. Tomlinson, Phys.

Rev. B 31, 1022–1027 (1985).
8G. A. Medvedkin and V. G. Voevodin, J. Opt. Soc. Am. B 22, 1884–1898

(2005).
9S. Das, Infrared Phys. Technol. 69, 13 (2015).

10Y. Xu, Z. M. Ao, D. F. Zou, G. Z. Nie, W. Sheng, and D. W. Yuan, Phys.

Lett. A 379, 427–430 (2015).
11A. H. Reshak, J. Phys. Chem. Solid 78, 46–52 (2015).
12B. Yao, J. Yuan, J. Li, T. Dai, X. Duan, Y. Shen, Z. Cui, and Y. Pan, Opt.

Lett. 40, 348–351 (2015).
13Z. Zhang, D. T. Reid, S. C. Kumar, M. E.-Z., P. G. Schunemann, K. T.

Zawilski, and C. R. Howle, Opt. Lett. 38, 5110 (2013).
14D. O. Scanlon and A. Walsh, App. Phy. Lett. 100, 251911 (2012).
15J. E. Jaffe and A. Zunger, Phys. Rev. B 30, 741–756 (1984).
16V. Kumar, B. P. Singh, and B. P. Pandey, Comput. Mater. Sci. 87,

227–231 (2014).
17D. Parker and D. J. Singh, Phys. Rev. B 85, 125209 (2012).
18V. K. Gudelli, V. Kanchana, G. Vaitheeswaran, A. Svane, and N. E.

Christensen, J. Appl. Phys. 114, 223707 (2013).
19V. K. Gudelli, V. Kanchana, and G. Vaitheeswaran, J. Alloys Compd. 648,

958–965 (2015).
20T. Plirdpring, K. Kurosaki, A. Kosuga, T. Day, S. Firdosy, V. Ravi, G. J.

Snyder, A. Harn- wunggmoung, T. Sugahara, Y. Ohishi, H. Muta, and S.

Yamanaka, Adv. Mater. 24, 3622–3626 (2012).
21P. Blaha, K. Schwarz, G. K. H. Madsen, D. Kvasnicka, and J. Luitz,

“WIEN2k, An augmented plane wave þ local orbitals program for calcu-

lating crystal properties,” edited by K. Schwarz (Techn. Universitat Wien,

Austria, 2001).
22P. Blaha, K. Schwarz, P. I. Sorantin, and S. B. Tricky, Comput. Phys.

Commun. 59, 399 (1990).
23J. P. Perdew, K. Burke, and M. Ernzerhof, Phys. Rev. Lett. 77, 3865

(1996).
24A. D. Becke and E. R. Johnson, J. Chem. Phys. 124, 221101 (2006).
25F. Tran and P. Blaha, Phys. Rev. Lett. 102, 226401 (2009).
26D. J. Singh, Phys. Rev. B 82, 205102 (2010).
27D. Koller, F. Tran, and P. Blaha, Phys. Rev. B 83, 195134 (2011).
28G. K. H. Madsen and D. J. Singh, Comput. Phys. Commun. 175, 67 (2006).
29T. J. Scheidemantel, C. Ambrosch-Draxl, T. Thonhauser, J. V. Badding,

and J. O. Sofo, Phys. Rev. B 68, 125210 (2003).
30L. Jodin, J. Tobola, P. Pecheur, H. Scherrer, and S. Kaprzyk, Phys. Rev. B

70, 184207 (2004).
31L. Chaput, P. Pecheur, J. Tobola, and H. Scherrer, Phys. Rev. B 72,

085126 (2005).
32K. P. Ong, D. J. Singh, and P. Wu, Phys. Rev. B 83, 115110 (2011).
33D. J. Singh and I. I. Mazin, Phys. Rev. B 56, R1650 (1997).
34D. Parker and D. J. Singh, Phys. Rev. B 82, 035204 (2010).
35G. K. H. Madsen, K. Schwarz, P. Blaha, and D. J. Singh, Phys. Rev. B 68,

125212 (2003).
36L. Zhang, M.-H. Du, and D. J. Singh, Phys. Rev. B 81, 075117 (2010).
37S. Limpijumnong, W. R. L. Lambrecht, and B. Segall, Phy. Rev. B 60,

8087 (1999).
38A. S. Verma, B. K. Sarkar, S. Sharma, R. Bhandari, and V. K. Jindal,

Mater. Chem. Phys. 127, 74 (2011).
39H. Pe~na-Pedraza, S. A. Lopez-Rivera, J. M. Martin, J. M. Delgado, and

Ch. Power, Mater. Sci. Eng. B 177, 1465 (2012).
40B. R. Pamplin, T. Kiyosawa, and K. Masumoto, Prog. Cryst. Growth

Charact. 1, 331 (1979).
41S. Sharma and A. S. Verma, Eur. Phys. J. B 87, 159 (2014).
42J. L. Shay, B. Tell, E. Buehler, and J. H. Wernick, Phys. Rev. Lett. 30, 983

(1973).
43J. C. Rife, R. N. Dexter, P. M. Bridenbaugh, and B. W. Veal, Phys. Rev. B

16, 4491 (1977).
44H. S. Saini, M. Singh, A. H. Reshak, and M. K. Kashyap, J. Alloys

Compd. 518, 74 (2012).
45N. A. Goryunova, M. L. Belle, L. B. Zlatkin, G. V. Loshakova, A. S.

Poplavnoi, and V. A. Chaldyshev, Fiz. Tekh. Poluprovodn. 2, 1344

(1968).
46S. Mishra and B. Ganguli, J. Solid State Chem. 200, 279 (2013).
47Y. V. Rud, V. Sovolev, and S. N. Shestatskii, Fiz. Tekh. Poluprovodn. 2,

893 (1968).
48J. E. Jaffe and A. Zunger, Phys. Rev. B 29, 1882 (1984).

085701-8 Sreeparvathy, Kanchana, and Vaitheeswaran J. Appl. Phys. 119, 085701 (2016)

 Reuse of AIP Publishing content is subject to the terms at: https://publishing.aip.org/authors/rights-and-permissions.  IP:  218.248.6.153 On: Mon, 29 Feb 2016 04:40:50

http://dx.doi.org/10.1103/PhysRevB.79.153101
http://dx.doi.org/10.1088/0953-8984/9/2/014
http://dx.doi.org/10.1088/0953-8984/17/46/015
http://dx.doi.org/10.1088/0953-8984/17/46/015
http://dx.doi.org/10.1063/1.1678930
http://dx.doi.org/10.1016/j.jallcom.2013.08.025
http://dx.doi.org/10.1103/PhysRevB.31.1022
http://dx.doi.org/10.1103/PhysRevB.31.1022
http://dx.doi.org/10.1364/JOSAB.22.001884
http://dx.doi.org/10.1016/j.infrared.2014.12.012
http://dx.doi.org/10.1016/j.physleta.2014.11.038
http://dx.doi.org/10.1016/j.physleta.2014.11.038
http://dx.doi.org/10.1016/j.jpcs.2014.10.015
http://dx.doi.org/10.1364/OL.40.000348
http://dx.doi.org/10.1364/OL.40.000348
http://dx.doi.org/10.1364/OL.38.005110
http://dx.doi.org/10.1063/1.4730375
http://dx.doi.org/10.1103/PhysRevB.30.741
http://dx.doi.org/10.1016/j.commatsci.2014.02.010
http://dx.doi.org/10.1103/PhysRevB.85.125209
http://dx.doi.org/10.1063/1.4842095
http://dx.doi.org/10.1016/j.jallcom.2015.07.042
http://dx.doi.org/10.1002/adma.201200732
http://dx.doi.org/10.1016/0010-4655(90)90187-6
http://dx.doi.org/10.1016/0010-4655(90)90187-6
http://dx.doi.org/10.1103/PhysRevLett.77.3865
http://dx.doi.org/10.1063/1.2213970
http://dx.doi.org/10.1103/PhysRevLett.102.226401
http://dx.doi.org/10.1103/PhysRevB.82.205102
http://dx.doi.org/10.1103/PhysRevB.83.195134
http://dx.doi.org/10.1016/j.cpc.2006.03.007
http://dx.doi.org/10.1103/PhysRevB.68.125210
http://dx.doi.org/10.1103/PhysRevB.70.184207
http://dx.doi.org/10.1103/PhysRevB.72.085126
http://dx.doi.org/10.1103/PhysRevB.83.115110
http://dx.doi.org/10.1103/PhysRevB.56.R1650
http://dx.doi.org/10.1103/PhysRevB.82.035204
http://dx.doi.org/10.1103/PhysRevB.68.125212
http://dx.doi.org/10.1103/PhysRevB.81.075117
http://dx.doi.org/10.1103/PhysRevB.60.8087
http://dx.doi.org/10.1016/j.matchemphys.2011.01.019
http://dx.doi.org/10.1016/j.mseb.2011.12.046
http://dx.doi.org/10.1016/0146-3535(79)90002-9
http://dx.doi.org/10.1016/0146-3535(79)90002-9
http://dx.doi.org/10.1140/epjb/e2014-41097-2
http://dx.doi.org/10.1103/PhysRevLett.30.983
http://dx.doi.org/10.1103/PhysRevB.16.4491
http://dx.doi.org/10.1016/j.jallcom.2011.12.129
http://dx.doi.org/10.1016/j.jallcom.2011.12.129
http://dx.doi.org/10.1016/j.jssc.2013.01.007
http://dx.doi.org/10.1103/PhysRevB.29.1882

