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a  b  s  t  r  a  c  t

The  electronic  properties  of  ABAs2 (A =  Zn,  Cd; B =  Ge,  Sn)  compounds  have  been  investigated  using
WIEN2k  implementation  of  full  potential  linearized  augmented  plane  wave  (FPLAPW)  method  with  an
aim to  study  the  effect  of  changing  local  environment  by  substituting  cation(s)  with  corresponding  next
group  element  in  reference  compound  (ZnGeAs2) on  these  properties.  The  exchange  and  correlation  (XC)
effects  are  taken  into  account  by an  orbital  independent  modified  Becke–Johnson  (mBJ)  potential  as  cou-
pled with  Local  Density  Approximation  (LDA)  for  these  calculations.  We  predict  a  direct  band  gap  in all
these  compounds  and  observe  that  the  band  gap  decreases  with  the  change  of  either  one  or  both  cations.
The  calculated  band  gaps  are  in  better  agreement  with  corresponding  experimental  ones as  compared  to
other  calculations.  The  electronic  band  structure  is  analyzed  in  terms  of  contributions  from  various  elec-
trons  and  the  covalency  of  two  bonds,  Zn  As  and  Ge As  has  been  discussed  with  respect  to  substitutions.
eywords:
and structure
FT
PLAPW method
halcopyrite
BJ
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. Introduction

Ternary AIIBIVCV
2 semiconductors represent part of pnictides

amily which crystallize in the chalcopyrite structure and show
mportant optical, electrical and structural properties [1].  These

aterials have great technological interest to the research com-
unity due to their nonlinear optical properties [2,3]. In particular,

heir narrow band gaps make them suitable in photovoltaic appli-
ations such as infrared detectors, light emitting devices, visible
ight semiconductor lasers and in solar cells [1,4,5].  Recently, some
f these compounds show room temperature ferromagnetism (FM)
nd half metallicity after suitable doping with transition metal ions
hich is an interesting aspect from spintronics point of view [6,7].

hese II–IV–V2 compounds resemble with the III–V zinc blended

inary semiconductors but contain two different cations instead
f one in binary. The former structure is logical extension of the
atter with some interesting structural anomalies [8,9]. First of all,

∗ Corresponding author. Tel.: +91 1744 238410x2482/2130;
ax: +91 1744 238277.

E-mail address: manishdft@gmail.com (M.K. Kashyap).

925-8388/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.jallcom.2011.12.129
Goodman [10] investigated the II–IV–V2 compounds and reported
chalcopyrite (CuFeS2) structure for these. A room temperature pho-
toluminescence found in ZnGeAs2 [11] proved its significant device
potential and boosted the research activities in this type of com-
pounds. Shay et al. [12] analyzed the electroreflectance spectra
of CdSiAs2 and CdGeAs2. They characterized these compounds by
large built in compressions and internal displacement of As anions
due to difference in the cation covalent radii (rCd > rSi, rGe) and found
a direct band gap for both.

On the theoretical front, Continenza et al. [8] calculated
the structural and electronic properties of some II–IV–V2 type
chalcopyrite compounds using the FPLAPW and ab-initio pseu-
dopotential methods and examined the variation of band gap
with internal distortion parameter (u). Zopal et al. [13] pre-
dicted the structural, thermodynamic and electronic properties
of CdGeAs2 using linear combination of atomic orbitals (LCAO)
method and studied the effect of pressure on electronic band
structure. Limpijumnong and Lambrecht [14] carried out the first

principle calculation of CdGeAs2 using linear muffin tin orbital
(LMTO) method in full potential (FP) and atomic sphere approxima-
tions including spin orbit coupling. The main emphasis of that study
was  to predict the band gap and energy band splitting near the

dx.doi.org/10.1016/j.jallcom.2011.12.129
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:manishdft@gmail.com
dx.doi.org/10.1016/j.jallcom.2011.12.129
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 lines) and comparison with the available experimental XPS data (small triangles).
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Fig. 1. Calculated total DOS of ABAs2 (A = Zn, Cd; B = Ge, Sn) compounds (solid

undamental gap. The band structure calculation of CdBC2 (B = Si,
e, Sn; C = P, As) pnictides at ambient pressure and its variation with
ressure using LMTO and projector augmented wave (PAW) meth-
ds with in LDA and Generalized Gradient Approximation (GGA),
espectively, were reported by John [15]. She showed that band gap
ecreases on increasing pressure which is due to the reduction in
–d interaction between Cd and B atom.

After reviewing the literature, we have observed that the
and structure of pnictide compounds is sensitive to the local
nvironment of constituent atoms. Moreover, the band structure
arameters may  be principle for the prediction of optical and opto-
lectronic properties of these compounds. Therefore, the aim of
resent study to investigate the electronic properties of ZnGeAs2
nd to access the effect of changing local environment on these
roperties by substituting cation (Zn or/and Ge) with correspond-

ng next group element. The paper is organized as follows: brief
escription of computational details is outlined in Section 2. The
nalysis of electronic properties and band structures is described
n Section 3. In the final section, we summarize the results and
onclude.

. Computational details

The unit cell of ternary ABC2 type compounds in chalcopyrite
tructure (space group, I4̄2d) contains two formula units (eight
toms) such that the A atom is present at (0,0,0), B atom is at
1/2,1/2,0) and C atom is situated at (u,1/4,1/8). Here the parameter

 represents the displacement of anions from the ideal tetrahedral
ite. Each cation (A or B) is connected by tetrahedron of anion (C)
hereas each anion (C) is also associated to four similarly arranged

ations (two A and two B).
In order to compute electronic band structure of these ternary
ompounds, we have employed FPLAPW method which is based on
FT [16] and is implemented in WIEN2k code [17]. The exchange
nd correlation (XC) effects were taken into account by using mod-
fied Becke–Johnson potential (mBJ) [18] as coupled with Local

Fig. 2. Calculated partial DOS of AGeAs2 (A = Zn, Cd) compounds. The solid and
dotted lines show the contributions of individual states of ZnGeAs2 and CdGeAs2

compounds, respectively.



76 H.S. Saini et al. / Journal of Alloys and Compounds 518 (2012) 74– 79

F
d
c

D
s
s
s
b
p
w
s
h
T
w
e

3

T
d
i
u
c
t
c
m
s

Fig. 4. Calculated partial DOS of ABAs2 (A = Zn, B = Ge and A = Cd, B = Sn) compounds.
The solid and dotted lines show the contributions of individual states of ZnGeAs2

and CdSnAs2 compounds, respectively.

Table 1
Experimental lattice constants (a,c) with internal parameter (u) of ABAs2 (A = Zn, Cd;
B  = Ge, Sn) compounds and their band gap using mBJLDA formalism.

Compounds Lattice const. (Å) Eg (eV)

mBJLDA Others Expt.

ZnGeAs2 a = 5.671a 1.27 0.03b 1.07d

c = 11.151 1.15e

u = 0.25

CdGeAs2 a = 5.945a 0.69 0.32c 0.66d

c = 11.212 0.12c 0.57e

u = 0.28

ZnSnAs2 a = 5.851a 0.84 0.18b 0.76d

c = 11.702 0.75e

u = 0.232

CdSnAs2 a = 6.10a 0.51 0.12c 0.32d

c = 11.92 0.10c 0.26e

u = 0.262

a Ref. [22].
ig. 3. Calculated partial DOS of ZnBAs2 (B = Ge, Sn) compounds. The solid and
otted lines show the contributions of individual states of ZnGeAs2 and ZnSnAs2

ompounds, respectively.

ensity Approximation (LDA). In FPLAPW calculations, the core
tates are treated fully relativistically where as for the valence
tates, a semirelativistic calculation is performed. The radius of MT
pheres (RMT) values for Zn, Cd, Ge, Sn, and As atom were taken to
e 2.2, 2.5, 2.3, 2.5 and 2.3 a.u., respectively. The plane wave cut off
arameters were decided by RMTkmax = 7 (where kmax is the largest
ave vector of the basis set) and Gmax = 12 a.u.−1 for Fourier expan-

ion of potential in the interstitial region. The k-space integration
as been performed using the modified tetrahedron method [19].
he self consistency is obtained by 405 k-points in the irreducible
edge of the brillouin zone (IBZ) for all compounds where the total

nergy converges to less than 10−4 Ry.

. Results and discussion

The modified Becke–Johnson potential (mBJ) as proposed by
ran and Blaha [20] reproduces very well the step structure and
erivative discontinuity of the exact exchange potential, which

s an important result because only the semilocal quantities are
sed. So this semilocal orbital independent mBJ  potential could
atch the essentials of orbital dependent potentials (hybrid func-

ionals) and predicts the energy bands more accurately such that
alculated band gaps of the materials comes out in good agree-
ent with experiments [21,22]. That is why, the XC potential is

elected in such a manner. In order to investigate the effect of

b Ref. [26].
c Ref. [15].
d Ref. [25].
e Ref. [1].
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Fig. 5. Total valence electron charge density, n(r) in a (1 1 0) 

hanging cation(s) in ZnGeAs2, the first principle calculations of
resent ternary ABAs2 (A = Zn, Cd; B = Ge, Sn) compounds have
een performed at corresponding experimental lattice constants
1,23] as listed in Table 1. First of all, calculated total density of
tates (DOS) of these compounds with available XPS spectra are
resented in Fig. 1. Here, total DOS of ZnGeAs2 and CdSnAs2 com-
ounds are in accordance to the measured XPS data [24,25].  The
otal DOS of all compounds are generic in nature and show a
and gap at Fermi level (EF). A general observation from the fig-
re is that the band gap decreases with the substitution of either
ne or both cations (i.e. Zn or/and Ge) in reference compound,
nGeAs2.

For deep analysis and comparison of the trends observed in
OS by changing cations accordingly, the muffin-tin projected par-

ial DOS for parent (ZnGeAs2) and cation substituted compounds
re shown in Figs. 2–4.  In ZnGeAs2 (Fig. 2), Zn-d states are local-
zed deeper in valence band along with Ge-s states from −7.5 eV
o −5.6 eV, showing no effective role to decide the magnitude of
emiconducting band gap. The next manifold band from −5.2 eV to
alence band maxima (VBM) is mostly derived from As-p and Ge-p

tates with a small contribution of Zn-s and -p states. The conduc-
ion band minimum mainly contains Ge-s and p states hybridized
ith As-p states. The Zn-s and As-s states have negligible contribu-

ion in both VB and CB. ZnGeAs2 has the strongest overlap of s and
in units of e/Å3 for ABAs2 (A = Zn, Cd; B = Ge, Sn) compounds.

p states of cations (Zn and Ge) and anion (As), respectively due to
small size of Zn and Ge atoms as compared to cations in other com-
pounds. To access the effect of local environment by substituting
cation(s) in ZnGeAs2, we  have analyzed the DOS as follows:

(i) Substitution of cation (Zn) by Cd (next group element): This
substitution results in CdGeAs2 compound. No significant dif-
ference in magnitude of total DOS is observed in the vicinity of
EF by this substitution (Fig. 2). The Cd-d states are shifted lower
in energy by ∼2.0 eV than Zn-d states in ZnGeAs2. The width
of manifold band in the vicinity of EF is reduced by 0.3 eV w.r.t.
reference compound. Like in ZnGeAs2, the upper VB is mainly
dominated by Ge-p and As-p whereas CB is constituted by Ge-
s,p and As-p states in CdGeAs2. The CB minimum shows blue
shift in energy scale as Ge-s and As-p states lie nearer to EF
in CdGeAs2. Thus, a decrease in band gap of this compound is
observed w.r.t. ZnGeAs2.

(ii) Substitution of cation (Ge) by Sn (next group element): The DOS  of
resultant compound (ZnSnAs2) in VB is energetically favorable
and no qualitative changes are exhibited as shown in Fig. 3. But

the width of the manifold band in upper VB is 0.2 eV smaller in
energy than that in ZnGeAs2.The d-bandwidth remains unal-
tered as d-states are originated from common Zn atom in both
compounds. The contribution of cation, Sn-s states increases
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) comp

(

Fig. 6. Calculated band structures of ABAs2 (A = Zn, Cd; B = Ge, Sn

considerably in VB at lower energy than that in ZnGeAs2. The
blue shift observed in CB minimum by this substitution is
smaller than that in CdGeAs2 (case i). Again, this shifting is due
to presence of As-p and Sn-s states in CB at relatively lower
energies.

iii) Substitution of both cations (Zn and Ge) by Cd and Sn, respec-
tively: Fig. 4 shows the comparison of total and partial DOS
of ZnGeAs2 and CdSnAs2 (resultant compound). In this case,
the general shape stays rather unaffected. The width of the
manifold band in VB reduces by maximum amount (0.7 eV) in
CdSnAs2 as compared to previous two cases. The contribution
of Sn-s states becomes more significant. The shifting of d-states

towards lower energy is smaller than that in case (i) due to
the different local environment established by heavy Sn-atom.
Moreover, the blue shift in the CB minimum becomes largest,
predicting the lowest band gap for CdSnAs2.
ounds. The horizontal line at E = 0 eV marks the Fermi level (EF).

The cations and anions in present compounds are linked with
each other by sp3 hybridization. In these compounds, the character-
istics of two  bonds, A As and B As vary with the change of anyone
or both cations (A and B) by their next group element. The electronic
charge density contours have been investigated in the (1 1 0) crys-
tallographic plane of ABAs2 (A = Zn, Cd; B = Ge, Sn) compounds to
analyze the origin of chemical bonds between all atoms as shown in
Fig. 5. The contour plot shows tendency of ionic/covalent character
for A As/B As bond which depends on Pauling electro-negativity
difference of the atoms, As (2.18), Ge (2.01), Sn (1.96), Cd (1.69) and
Zn (1.65). It is found that majority of charges are accumulated on
As-atom and the distribution of electronic charge is spherical which

results in the bonding between A As and B As atoms. Among
the present compounds, Zn As bond has highest electron negativ-
ity difference which governs the strongest ionic tendency for this
bond. This ionic character reduces for Cd As bond slightly. On the
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ther hand, the charge density is largest in between the atoms for
e As bond which shows the strong overlap and governs the cova-

ent character. The covalency also decreases by replacing Ge with
n to form Sn As bond. Moreover, these plots show that valence
lectrons from Zn, Ge, Sn and Cd atoms are transferred to As atom.

The calculated band gap for present ABAs2 compounds using
BJLDA are listed in Table 1. Due to the accurate representation of

he energy bands, the calculated band gaps of present compounds
ome out to be in good agreement with corresponding experimen-
al values [1,26].  Even the accuracy of our calculated band gaps w.r.t.
xperiment is very high as compared to other theoretical results
15,27] for all compounds. The band gaps for studied compounds
re found in range 0.51–1.27 eV. Thus, these ternary compounds
re characterized as narrow band gap semiconductors and may  be
ery promising for nonlinear optics and optoelectronics particu-
arly up to mid-IR range [28–30].  The band structures of all these
ompounds are presented in Fig. 6. The common features of these
ompounds include the observation of direct band gap along the
–� direction and existence of valence band maximum at EF. In

he band structure of reference compound, ZnGeAs2 (upper left
anel of Fig. 6), the manifold-bands ranging from −4 eV to 0 eV

n the VB is due to As-p and Ge-p states mainly with a small con-
ribution from Zn-p states. The As-p states are extended up to EF.
bove EF, the bands at E > 3 eV arise from empty As-p and Ge-p
tates. The overlapping of cations (Zn and Ge)-s and anion (As)-p
tates, produces the bonding and antibonding states in VB and CB,
espectively, resulting the band gap in the compound. ZnGeAs2 has
he greatest separation between bonding and antibonding states
mong present compounds due to the excellent orbital overlap as
iscussed earlier. Similarly, we can elucidate the semiconducting
and structure of other three compounds. Further, the substitution
f cation(s) in ZnGeAs2, results in poor overlap of atomic orbitals
ue to the larger size of substituted cation(s) involved. This leads to
maller separation between bonding and antibonding states which
s responsible for lowering the band gap from its initial value in
eference compound, ZnGeAs2.

. Summary and conclusions

To summarize, we have presented a full potential investigation
f electronic properties of ABAs2 (A = Zn, Cd; B = Ge, Sn) compounds
n chaclopyrite structure from first principles to access the effect
f substituting cations in reference compound, ZnGeAs2. The DOS
n conduction band (CB) appears to shift towards the EF with the
hange of either one or both cations in ZnGeAs2 which accounts for
owering band gaps of resultant compound. The calculated energy
and structures show a direct band gap at the � point in the bril-

ouin zone for all compounds. These compounds are characterized
s narrow band gap semiconductors with a maximum gap (1.27 eV)

or ZnGeAs2. The electron density plots show the presence of two
onds, A As and B As whose covalent/ionic character depends
n Pauling electron-negativity difference of A, B and As atoms.

 good agreement of band gaps with experiments indicates that

[

[
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mBJ  functional is best suited for calculating electronic structure of
semiconductors and insulators.
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