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The structural, electronic, optical, and elastic properties of Cu2MgSnS4 in four crystalline phases (wurtzite—stannite
(WS), stannite (ST), kesterite (KS), and primitive-mixed CuAu (PMCA)) are investigated using density functional theory
(DFT) in the framework of the full potential linearized augmented plane wave plus local-orbitals (FP-LAPW+1o) method
within the generalized gradient approximation based on the Perdew 2008 functional (GGA-PBEsol). For each phase, the
structural parameters, bulk modulus, and its pressure derivative are calculated. The relative stability of these phases is
also discussed. In addition, the elastic constants have been calculated in order to investigate the mechanical stability of all
phases. Moreover, the anisotropy factor, shear modulus, Young’s modulus, Lame’s coefficient, and Poisson’s ratio have
been estimated from the calculated single crystalline elastic constants. For the band structure, the density of states and
optical properties of the exchange and correlation effects are treated by the Tran—Blaha modified Becke—Johnson potential
to give a better description of the band-gap energies and optical spectra. The obtained results are compared with available
experimental data and to other theoretical calculations.
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1. Introduction

The chalcogenide semiconductors of the quaternary
type (I,-II-IV-VIL;) have gained growing attention in re-
cent years due to their huge variety of possible com-
positions, which allows them to have numerous techno-
logically useful properties as tunable semiconductors, =

1.5.6] spintronics,[7’8] non-linear optics,[g’lo] and

photovoltaics, [
thermoelectrics.[>!!:1? These compounds can be considered
to be derived from either zincblende (ZB) or wurtzite (WZ) bi-
nary II-VI chalcogenides through the sequential cation cross-
substitutions.!'3131 From their differences in the anion ma-
trices, all derived structures can be split into two classes,
i.e., ZB derivatives and WZ derivatives. Although the local
charge around each anion always satisfies the octet rule in the
element-substitution design of I,—II-IV-VI4 compounds, the
mutations to the quaternary structures do not affect the tetra-
hedrally coordinated lattice framework of ZB or WZ. These
structures can have a variety of cation ordering schemes with
different space group symmetries. Among these crystal struc-
tures, five main structures have been reported with the small-
est primitive cells and a lower energy,!'*!>! namely stannite
(ST), kesterite (KS), primitive-mixed CuAu (PMCA), wurtzite
stannite (WS) and wurtzite kesterite (WK). The Cu-based qua-
ternary chalcogenide compounds, Cuy—II-IV-Vly, can be de-
signed for Il = Zn, Cd, Hg, Mg, Ca, Sr, Ba, IV = Si, Ge, Sn,
Ti, Zr, Hf, and VI = S, Se, Te due to their large compositional
flexibility. Indeed, many of them have been proposed theoret-

ically or experimentally.[16-26]
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Recently, CuyMgSnS, nanocrystals have been synthe-
sized by hot-injection methods, where it was found that this
compound crystallizes in the tetragonal structure space group
14.127) In the same work, the optical band gap of this com-
pound was measured by UV-vis absorption spectroscopy and
gained a value of 1.63 eV, which is suitable for applications

(271 Tt is also synthesized in

in the field of photovoltaic cells.
thin films by a new ultrasonic co-pulverization method, which
shows its resemblance to the tetragonal structure and gives a
measured optical band deviation of 1.76 eV.I?® More recently,
induced effects by the substitution of Zn in CuyZnSnXy (X =S
and Se) have been investigated®”! by using first-principles
calculations and combining them with the Heyd—Scuseria—
Ernzerhof (HSEQ6) screened hybrid functional approximation,
and for the CuyMgSnS,4 compound a fundamental band gap
value of 1.80 eV was obtained. The lack or scarcity of work
and physical data in the literature for this compound has mo-
tivated us to investigate its structural, elastic, electronic, and
optical properties in the KS (space group /4), ST (space group
142m), PMCA (space group P42m), and WS (space group
Pmn21) structures, where the first structure has an orthorhom-
bic unit cell and the last three structures have tetragonal unit
cells.

Therefore, in this paper, we report the calculation re-
sults performed by means of the state-of-the-art ab initio self-
consistent full potential linearized augmented plane wave plus
local-orbitals (FP-LAPW+lo) method within the generalized
gradient approximation based on the Perdew 2008 functional

http://iopscience.iop.org/cpb http://cpb.iphy.ac.cn
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(GGA-PBEsol).[*%1 Furthermore, the density of states, band
structure, and optical properties have been obtained using the
modified Becke—Johnson potential (TB-mBJ)[*!32] which al-
lows one to give a better description of the band-gap energies
and optical spectra.

2. Computational details

First-principles calculations based on density functional
theory (DFT) are carried out by using the FP-LAPW+lo

(331 In this ap-

method as implemented in the Wien2k code.
proach, the wave function, charge density, and potential are
expanded differently in two regions of the unit cell. Inside the
non-overlapping spheres of the muffin-tin (MT) radius, RMT,
around each atom, which are taken to be 2.1, 1.85, 2.38, and
1.9 for Cu, Mg, Sn and S atoms, respectively, the basis set
was split into core and valence subsets. The core states were
treated within the spherical part of the potential only and were
assumed to have a spherically symmetric charge density con-
fined inside the MT spheres. The valence part was treated with
the potential expanded in spherical harmonics to / = 4. The
valence wave functions inside the spheres were expanded to
! =10 and a plane wave expansion was used in the interstitial
region. To ensure convergence with minimal calculations, we
tested the convergence of energy according to the k-points and
the energy cut-off RpKmax. A test was first made using ex-
perimental Cu,MgSnSy unit cell parameters to determine the
number of k-points required. Figure 1(a) illustrates the varia-
tion in the energies of the CuyMgSnS, unit cell as a function
of the k-points. Above 512 k-points and up to 2048 k-points,
the changes in the energies with the number of k-points were
about 40 pRy. It is important to check the convergence of
the crystal energy as a function of Ry Kmax, the product of the
smallest atomic sphere radius (Rp) and the magnitude of the
largest k vector in the plane wave expansion (Kpyax ). With 512
k-points, RnKmax Was varied within the range of 6.0-9.5 with
a step size of 0.5. Figure 1(b) illustrates the variation in the
crystal energy as a function of RpKnax. It can be seen that
the value RyKmax = 8 is enough in the calculations without

being very time-consuming. Then, with a sufficient number
of the plane wave function for Ry, Kmax = 8, and by using 512
k-points corresponding to an 8 x 8 x 8 grid for KS, ST, and
PMCA, and 7 x 8 x 9 grid for WS, 107> Ry, and 10~* e as
the convergence criterion for the total energy and the charge,
respectively, were reached within 13-21 iterations for self-
consistency of the charge densities.
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Fig. 1. Convergence test of energy according to (a) k-points and (b)
leKmax-

3. Results and discussion
3.1. Structural properties and phase stability

The crystal structures of the CupMgSnS,; compound are
shown in Fig. 2. All structures have similar tetrahedral bond
geometries where each anion atom is surrounded by two Cu
atoms, one Mg, and one Sn atom. The Sn atom is bonded
to four S atoms. The KS structure is characterized by al-
ternating cation layers of CuSn, CuMg, CuSn, and CuMg

at z=20, 1/4, 1/2, and 3/4, respectively (Fig. 2(a)). On the

Fig. 2. (color online) Crystal structures of Cu;MgSnSy in four phases (a) KS, (b) ST, (c) PMCA, and (d, d’) WS.
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other hand, in the ST structure MgSn layers alternate with Cuy
layers (Fig. 2(b)). In both structures, the Sn is located at the
same structural site. The PMCA structure with two unit cells
shown in Fig. 2(c) was obtained from the ST structure by inter-
changing the Mg and Sn atoms positions in the z = 1/2 MgSn
layer. In the WS structure, the atoms are aligned in rows when
it is viewed along the z-axis, wherein each cation alternates
with the sulfur anions, which form a honeycomb structure in
three dimensions (Fig. 2(d”)).

The knowledge of the total energy of the system, or more
often, the energy differences between the different phases may
be useful for the understanding of many aspects of the crys-
talline behavior. Figure 3 shows the curve of total energy
versus the formula unit (f.u.) volume for each phase fitted
to the equation of state of Birch-Murnaghan.3*331 Qur cal-
culations of the equilibrium energies showed that the energy
ordering of the phases is ST > KS > WS > PMCA, which in-
dicates that the ST phase is the most stable among them (see
inset of Fig. 3). It is clearly seen that the total energy of the
PMCA structure is higher than the others, which shows that it

is the least stable.
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Fig. 3. (color online) Computed total energy (Ry) versus volume (a.u.)
for the KS, ST, PMCA, and WS structures of the CupMgSnS4 com-
pound.

The calculated values of the atomic coordinates, lattice
constants, equilibrium volume, bulk modulus and its pressure
derivative are summarized in Table 1 with other available re-
sults. For the KS and ST structures, the structural parameters
are in good agreement with the available experimental or the-

27.29] For the other structures, to the best of our

oretical data.!
knowledge, no experimental or theoretical data are available
for comparison. Thus, our results can serve as a prediction for

future investigations.

Table 1. Equilibrium structural parameters (a A)), b/a, c/a, equilibrium volume/f.u. (Vo (A3)) and atomic positions), bulk modulus

(B), and its pressure derivative (B').

Atomic positions

Phases a/A  bja c/a Vo/A3  B/IGPa B T —— a S/b e
KS 5.436 1 2.027 162.81 75678 4.858 Cu(l) 2a 0 0 0
54270 1% 1.999°  159.76* Cu) 2c 0 0.5 0.25
Mg 2d 0 0.5 0.75
Sn 2b 0 0 0.5
S 8z  0.2236 0.2433*  0.25025 0.24383*  0.12558 0.12822%
ST 5.505 1 1954 16299 76.128 4.850 Cu  4d 0 0.5 0.25
5568 1 1.963> 169.43° Mg 2a 0 0 0
Sn 2b 0 0 0.5
S 8i 0.2508 0.2508 0.1384
PMCA  5.501 1 0977 162.83 75575 4879 Cu 2f 0 0.5 0.5
Mg la 0 0 0
Sn 1d 0.5 0.5 0
S 4n 0.2489 0.2489 0.2764
WS 7749 0856 0818 16291 75811 4.863 Cu  4b 0.2495 0.1708 0.5159
Mg 2a 0 0.6702 0.5184
Sn 2a 0 0.3208 0.0179
S(1)  4b 0.2492 0.1469 0.1575
S2) 2a 0 0.3157 0.6315
S3) 2a 0 0.6803 0.1300

aRef. [27], PRef. [29].

3.2. Elastic properties

We calculated the elastic stiffness tensors of the
CuyMgSnS,4 compound, in order to analyse its mechanical sta-
bility for the KS, ST, PMCA, and WS phases. Due to the sym-
metry C;; = Cj;, the total number of independent components
(elastic constants) can be reduced from 36 to 21.3% This num-

ber can be further reduced using the crystal symmetry to nine
for the orthorhombic crystal structure, seven for KS phase and
only six for ST and PMCA, the latter having tetragonal crystal
structures. For the ST and PMCA which belong to the tetrag-
onal Laue group TI, the expressions of the elastic moduli are

well known, while for the KS belonging to the tetragonal Laue
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group TII, they have not been derived analytically yet. This is
due to the fact that the off-diagonal shear elastic constant Cy¢ is
not necessarily equal to zero. However, with regard to the elas-
tic properties, separation of the tetragonal solids into the two
Laue groups is not strictly required: in each case, the elastic
stiffness tensor may be described in terms of six parameters.

Indeed, with a rotation around the z-axis through a given angle
by37:381

¢ = (1/4)tan"' (4C14/Cy1 — C1z — 2Ces), (1)

which transforms the C;; to C;; as given in Ref. [39], where Cj¢
is equal to zero, reducing the number of independent elastic
constants from seven to six for the KS structure. Equation (1)
gives two values for ¢ in the range ¢ < | /2| that correspond
to ¢1 and ¢, where ¢; = ¢ +7/4.13831 In our case we obtain
¢ =2.57°, ¢ = 47.57°. The complete necessary and suffi-
cient criteria of mechanical stability 1401 for KS, ST, PMCA,
and WS phases are

{ Ci1 > |C12| ) 2C%3<C33 (Cll +C12)7 for KS7 (2)

Cas > 0; 2C3<Co6 (C11 — C12),

C11 > [Cial; 2C3,<C33 (C11 +C1a),
C4s > 0; Cg >0,

Cy1 > 0; C11Cxp > C,,

C11C22C33 +2C12C13C33 — C11Coy
—CnCl —C33CE, >0,

Cyq > 0; Cs55 > 0; Cgg > 0.

for ST and PMCA, (3)

for WS. 4)

The values of their independent elastic constants were
estimated and are displayed in Table 2, which are positive
and satisfy the above stability criteria. Cy; > C33 in the ST
and PMCA phases implies that the bonding strength along the

[100] and [010] direction is stronger than that of the bonding
along the [001] direction, whereas the inverse trend is exhib-
ited in WS and KS, since C|; < C33 for both phases. C44 < Cgg
in the ST and PMCA phases, suggesting that the [100] (010)
shear is more difficult than the [100] (001) shear, while the
inverse behavior is shown by the KS and WS phases since
Caq > Cgp.

We have calculated the universal elastic anisotropy index
for all phases as follows: AV = (5Gy/Gg + By /Br — 6),[*1]
where we have found that the KS structure exhibits the most
elastic anisotropy among them. We notice that for the tetrag-
onal ones the elastic anisotropies are approximately the same.
In order to calculate the values of the bulk moduli and shear
moduli for polycrystalline materials, two main approximations
are used: the Voigt and Reuss schemes.!*>*3] The Voigt ap-
proximation is the upper limits of the above mentioned mod-
uli, while the Reuss approximation corresponds to their lower
limits. In addition, we have used the average of the Voigt
and Reuss bulk and shear moduli, called the Voigt—Reuss—Hill
(VRH) approximation,**! to calculate Young’s modulus (E),
Lame’s coefficient (1), and Poisson’s ratio (). The results
are given in Table 2. Our calculation shows that the Young
moduli of all the structures are rather close to one another (see
Table 2), which show that they have almost the same stiffness.
Based on Pugh’s*3 empirical relationship, the B/G ratio can
classify materials as ductile or brittle according to a critical
value; if B/G > 1.75 the material is ductile, otherwise the ma-
terial is brittle. The values calculated for B/G for all phases
indicate that the CupMgSnS4 compound is prone to ductile be-
havior.

Table 2. Calculated elastic constants (C;;, in GPa) and elastic parameters for CuMgSnSy in four phases: bulk moduli (By, Br, BvrH.
in GPa), shear moduli (Gy, Gr, Gyru, in GPa), Pugh’s indicator (B/G), Young’s moduli (E, in GPa), Poisson’s ratio (¢), Lame’s

constant (4, in GPa), the elastic anisotropy indices (AU).

Cij KS ST PMCA WS

Ci/Cy, 93.522/93.368%, 112.567° 95.200 95.968 110.553

Cr 104.669
C33/Cly 96.662 / 96.662° 93.196 93.765 127.539
Cua/Cly 36.375/36.375%P 32.616 33.555 22.489

Css 18.140
Ce6/Chg 34.533/34.687%, 15.488° 39.723 39.047 21.097
C12/Cy 62.238 /62.392°%, 43.193° 66.066 66.160 56.621
C13/C}5 64.187/ 64.187*° 62.494 62.860 47.647

Cx 51.621
Ci6/Clg —-1.713, 020 0

Bv,Br 73.881,73.819 73.967, 73.896 74.385,74.316 72.726, 72.549
Byru 73.850 73.932 74.350 72.637

AY 0.904 0.885 0.868 0.304

Gv,Gr 27.663,23.429 27.160, 23.081 27.486,23.424 24.803, 23.392
Gvru 25.546 25.121 25.455 24.097

E 68.715 67.695 68.543 65.095

A 56.819 57.184 57.380 56.573

c 0.345 0.347 0.346 0.351

B/G 2.891 2.940 2.921 3.014

aRotation angle of ¢; = 2.57°, PRotation angle of ¢, = 47.57°.
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3.3. Electronic properties

The calculated electronic band structures of Cup,MgSnSy
are shown in Fig. 4. The band structures of the four phases are
quite similar. It can be seen that the KS, ST, and WS phases
possess a direct band gap in the I'-I" direction of the Brillouin
zone, while the PMCA phase has an indirect band gap in the
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I'-A direction. The results are given in Table 3. We find that
the energy gap is increased from the PMCA to the WS, while
the KS and WS phases have nearly the same gap. The cor-
rected band gaps according to the TB-mBJ calculation of KS
and WS are 0.781 and 0.785 eV, respectively, while for ST it
is 0.766 eV.
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Fig. 4. (color online) Band structures along the principal high-symmetry directions in the Brillouin zone of Cu;MgSnSy in (a) KS, (b)

ST, (¢c) PMCA, and (d) WS phases.

The density of states (DOS) has an important role in the
analysis of the physical properties of the materials. According
to Fig. 5 of the total and partial DOS, we see that KS, ST,
PMCA, and even WS have similar general features to each
other. It is observed that the lower valence band in the energy
ranging from —14.74 eV to —12.92 eV is mainly provided
by the state S-s, and the upper valence band has three regions
separated by gaps (labelled VBI, VBII, and VBIII): the first
one from —8.05 to —7.37 is formed by a rather isolated band
mainly provided by the S-sp, Sn-s states; the second one from
—6.11 to —3.07 is dominated by the Cu-d, Sn-p, and S-p
states; and the third one from —2.01 to O is strongly provided

by Cu-d, less by S-p, and little contribution from Sn-sp. The
gaps between VBI and VBII are 1.24, 1.40, 1.03, and 1.41 eV
for KS, ST, PMCA, and WS, respectively, while the gaps be-
tween VBII and VBIII are 1.54, 1.50, 1.41, and 1.61 eV for
KS, ST, PMCA, and WS, respectively. The conduction band
in the range from 0.389 up to 15 eV has two regions sepa-
rated by a gap of 0.14, 0.29, 0.15, and 0.86 eV for KS, ST,
PMCA, and WS, respectively. The first one, labelled CBI,
is formed by a quite isolated band that consists of a mixture
of the Sn-s, S-p, S-s, and Cu-d states, while the second one,
labeled CBII, extends from about 2 eV to high energies and
is mostly composed of the Sn-p, S-p, S-s, and Cu-d states. The
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Fig. 5. (color online) Total and partial densities of states in (a) KS, (b) ST, (c) PMCA, and (d) WS phases.

Table 3. Band gaps of Cup;MgSnS; in different phases.

Crystal structure Fundamentals band gap/eV ~ Optical band gap/eV
KS 0.273* (GGA-PBEsol) 1.48* (TB-mBJ)

0.781* (TB-mBJ) 1.63* (exp)
1.76° (exp)

ST 0.239* (GGA-PBEsol) 1.61* (TB-mBJ)
0.19° (GGA-PBE) 1.76" (exp)

0.766* (TB-mBI)

1.80° (HSE06)

0.015* (GGA-PBEsol)

0.389* (TB-mBI)

WS 0.281* (GGA-PBEsol)
0.785* (TB-mBI)

PMCA

1.77* (TB-mBJ)

aRef. [27], PRef [28], °Ref. [29], *Our work

top valence band is mainly the anti-bonding component of the
p-d hybridization between the anion S and the cation Cu. The
bottom conduction band is mainly the anti-bonding compo-

nent of the s-s and s-p hybridization between the cation Sn and
anion S with a significant contribution from the Cu-d state.

3.4. Optical properties

The complex dielectric function is defined as the three
dimensional tensor (¢%f (@) = ef‘ﬁ (o) + iegﬁ (w), where
o, 3 = x,y, or z) that can be used to describe the linear re-
sponse of the system to electromagnetic radiation, which re-
lates to the interaction of the photons and electrons. The cal-
culations ignore the excitonic and local field effects. There are
two contributions to £*# (), namely the intra-band and inter-
band transitions. The contribution from intra-band transitions
is important only for metals. The inter-band transitions can
further be split into direct and indirect transitions.

The indirect inter-band transitions which involved the
scattering of phonons were ignored. The inter-band contribu-
tion to the imaginary part of the dielectric tensor components
is calculated by summing transitions from occupied to unoccu-
pied states over BZ, weighted with the appropriate momentum
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matrix elements as given by[46]

4me?

(e (@) = 302 % [ el ()
X Wi(1—Wy)8(Ef — E; — hw)d*k, (5)

where (e) is the electron charge, (m) is the mass, (f|pq|i) and
<i | P lf > are the dipole matrix elements corresponding to the
o and B directions of the crystal (x, y, or z), and f and i are
the final and initial states, respectively. W, is the Fermi dis-
tribution function for the nth state and E,, is the electron en-
ergy in the nth state. Since the dielectric function describes
the causal response, the real and imaginary parts are linked
using the Kramers—Kronig transform. Furthermore, the other
energy-dependent optical parameters, such as the reflectivity
R (@), energy-loss function L% (@), and absorption coef-
ficient o*? (@) can be derived from Ef’ﬁ (w) to 82(16 ().146]
The PMCA phase is the least stable among the investigated
phases and has an indirect band gap. Therefore, in this sec-
tion, we will focus only on the other structures. The respec-
tive crystal symmetries imply that there are two components
of the optical parameters tensors for the tetragonal (KS and
ST) structures (£ (@) = € (w) = sl.H (0) €% (w) = & (0))
and three for the orthorhombic (WS) structure. We calculate
the real £* (w) and imaginary £5* () parts of the dielectric
tensor in each direction, as shown in Fig. 6. We can see that
they exhibit the same shape for the three phases over a broad
range of energies. The tetragonal phases show an anisotropy
between the two directions reflected by the behavior of the real
parts £** (@) of their dielectric tensor as seen in Figs. 6(a) and
6(b). For the orthorhombic phase, the two lattice constants
b and c along the y and z directions, respectively, are almost
equal; consequently, the dielectric tensor components along
these directions are close to each other as if it were a tetragonal
structure (7 (0) ~ €7 (0), € (0) = (€7 (0) + £ (0))/2
and &' (w) = &% (w)), while a clear anisotropy is exhibited
between the x and both these directions as seen in Fig. 6(d).
The onsets of the calculated & (®) spectra corresponding
to their first optical critical points occur at 0.785 eV for the
three components of the WS phase, 0.766 and 0.781 eV for
both components of the ST and KS phases, respectively, which
correspond to the threshold of direct optical transition between
the highest valence band maximum and the lowest conduction
band minimum at the I" point for all phases, in good agree-
ment with their respective fundamental band gaps. Beyond
these points, the curves present several peaks. In particular,
the £* (w) along each direction for all phases has five more
pronounced peaks around 1.7-9.5 eV, labeled A, B, C, D, and
E. The highest peaks positions are at around 7.17, 7.04, and
6.98 eV for the KS, ST, and WS phases, respectively. The
peaks (A) can be assigned to the transitions from Cu-3d/S-3p
states of VBI to the Sn-5s/S-3p states of CBI. The peaks (B, C)

can be attributed to the transitions from Cu-3d/S-3p states of
VBI to Sn-5p/Cu-3d/S-3p states of CBII, the peaks (D) may
correspond mainly to the transitions from S-3p/Sn-5p/Cu-4s
states of VBII to Sn-5s/S-3p of CBI states, and the peaks (E)
may be due to the transitions from S-3p/Sn-5p/Cu-3d states of
VBII to Sn-5p/Cu-4s/S-3p states of CBIL. It is noted that the
peak in & (w) does not correspond to a single interband transi-
tion since many transitions may be found in the band structure
with an energy corresponding to the same peak.
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Fig. 6. (color online) The real and imaginary parts of the dielectric
function for Cu;MgSnS, in (a) KS, (b) ST, and (c) WS phases along
crystallographic directions.

For the realpart spectrum, the main peaks (with magni-
tudes 9.81 and 9.29 for & (@) and &{*(®), respectively) for
the KS phase are situated around 1.40-1.51 eV; for the ST
phase they are located around 1.55-1.62 eV (8.38 and 9.65 for
£ (), and &{*(w) respectively); for the WS phase they occur
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at 1.1-1.63 eV (7.82, 9.18, and 9.42 for &f* (w), & (®), and
£(w), respectively). We can see that the dielectric functions
for the ST and WS phases display maximum anisotropy in the
energy range 0-5.7 eV. The spectra curve of each £* ()
crosses the zero line four times for the KS and ST phases,
and also for the WS phase, except for its & (@) compo-
nent, which crosses the zero line twice. The £** (@) =0 is
a necessary condition for plasma oscillations to occur but not
a sufficient condition.'*”) Thus, the corresponding screened
plasma frequencies/*® will be determined from the analysis
of the electron energy-loss function. Furthermore, the static
dielectric constants near zero photon energy can be easily
obtained as &%(0) = 7.97, £7(0) = 7.71 for KS, &*(0) =
7.19, €% (0) = 8.16 for ST and &*(0) = 6.95, & (0) = 7.87,
£7(0) = 7.97 for WS. For the three phases, the direction-
ally averaged values of the zero frequency dielectric constants
€, (0) are 7.88, 7.51, and 7.60 for KS, ST, and WS, respec-
tively. The uniaxial anisotropies d& = (sl‘ (0) —&-(0)) /€1 (0)
are 0.033, —0.129, and 0.128 for KS, ST, and WS, respec-
tively. These values confirm the existence of the anisotropy
for these phases. Furthermore, the WS and ST phases show a
noticeable anisotropy compared to the KS phase. On the other
hand, in the absence of experimental data on the polarized zero
frequency dielectric constant, no comment can be ascribed to
the accuracy of our results.

The surface behavior of a material is characterized by its
reflectivity R(®), which is defined as the ratio of the inci-
dent power to the reflected power. Figure 7 displays the en-
ergy dependence of the different reflectivity components for
the three phases up to 27 eV. We can see that they exhibit the
same shape. Indeed, in the low energy range below 2.5 eV,
isolated peaks occur and several peaks appear in the broad
energy range 2.5-20 eV. The zero-frequency reflectivities are
R (0) = 22.7%, R¥(0) = 22.1% for KS, R*(0) = 20.9%,
R¥#(0) =23.2% for ST and R* (0) = 20.3%, R*? (0) =22.5%
and R% (0) = 22.7% for WS. The maximum reflectivities for
KS (44.20%), ST (42.37%), and WS (44.84%) correspond to
12.00, 12.62, and 11.94 eV respectively. It is worth underlin-
ing that the reflectivity along each direction R** () reaches
its maximum value when its corresponding £** (®) is below
zero. For negative values of €;(®), the materials are charac-
terized as metals.[*’]

The electron energy-loss function describes the interac-
tion by which energy is lost by a fast moving electron traveling
the material. The sharp peaks of our calculated energy-loss
function (Fig. 8) have maxima at 19.69, 19.43, and 19.40 eV
for KS, ST, and WS, respectively, corresponding to their
screened plasma frequencies above which the matter acts as a
dielectric and below which it shows a metallic nature, in agree-
ment with the last root of their respective €| (@) (¢;(®) = 0)
and fits very well with the rapid decrease in reflectivity in
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Fig. 7. (color online) Optical reflectivity for Cu;MgSnSy in (a) KS, (b)
ST, and (c) WS phases along crystallographic directions.

Fig. 7.

The optical absorption coefficient o(®) is one of the most
crucial evaluation criteria for the optical properties. Figure 9
displays the energy dependence of the absorption coefficient in
each direction for the three phases up to 27 eV. Overall, they
have similar absorption spectra. Indeed, they grow for photon
energies higher than 1.47, 1.56, and 1.76 eV for KS, ST, and
WS structures, respectively, which means these phases start
absorbing the radiation at wavelengths below 844, 795, and
705 nm, respectively. In addition, the region of intense absorp-
tion starts from these onsets to about 27 eV. The above men-
tioned energy regions consist of different spectral peaks occur-
ring due to different electronic transitions where the highest
peaks occur at 10.25, 9.83, and 11.44 eV for KS, ST, and WS
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structures, respectively, corresponding to an abrupt decrease
of the & () shown in Fig. 6. In particular, the absorption in
the visible region exceeds 10~* cm™!, which shows that this
compound is a potential photovoltaic absorber.

is related to an excitation using photons. Thus, we should take
into account the difference between the two band gap concepts
when comparing the theoretical results with the corresponding
experimental data.
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Fig. 8. (color online) Electron energy-loss spectrum for Cu;MgSnSy in
(a) KS, (b) ST, and (c) WS phases along crystallographic directions.

Since the available experimental band gap of this com-
pound is determined optically by the UV-vis diffuse re-
flectance spectroscopy,?”) and it is well known that when the
excitonic effects are neglected the fundamental band gap is
usually smaller than the optical band gap, which can be due to
dipole-forbidden transitions or weak (optical) transition matrix
elements. It is important to keep in mind that the fundamental
band gap is the smallest energy which allows electrons to be
excited in unoccupied states. In contrast, the optical band gap
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Fig. 9. (color online) Absorption coefficient for CuMgSnSy in (a) KS,
(b) ST, and (c) WS phases along crystallographic directions.

Unfortunately, the optical band gap is not reported in
the Ref. [29] using the screened hybrid HSEQ6 functional ap-
proach, but we can expect that this approach overestimates the
optical band gap based on the fact that the HSE06 fundamen-
tal band gap (1.80 eV) is higher than the experimental optical
band gap (1.63 and 1.76 eV).[?”:28] Figure 10 shows (ahv)?
versus (hv) where (o) is the directionally averaged optical ab-
sorption coefficient calculated with the TB-mBJ for the three
phases at low energies up to 3.5 eV, from which the opti-

076201-9



Chin. Phys. B  Vol. 26, No. 7 (2017) 076201

cal band gap energies of CuyMgSnS, are estimated through
Tauc’s plot method.’”! The estimated TB-mBJ optical band
gap of the KS structure agrees with the experiment. Addi-
tionally, when comparing the TB-mBJ optical band gaps, we
found that they decrease, going from the WS phase to the KS
phase.
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Fig. 10. (color online) Determination of optical band gap of
CuyMgSnS, using TB-mBJ for KS, ST, and WS phases.

4. Conclusion

In the present work, the structural, elastic, electronic, and
optical properties of CuyMgSnS,4 have been investigated us-
ing the FP-LAPW+lo method within the GGA PBEsol in the
framework of the DFT. Our calculations for the Cu,MgSnSy
in different phases, namely KS, ST, PMCA, and WS, show
that the ST phase is the most stable among them. The calcu-
lated structural parameters of the KS phase are in reasonable
agreement with the available experimental and theoretical re-
sults. From our calculated elastic constants for the different
phases this material is mechanically stable, could be classified
as a ductile material, and the KS structure exhibits the highest
elastic anisotropy. On the other hand, following Pugh’s empir-
ical relationship, CupMgSnS, behaves in a ductile manner for
all phases. According to the TB-mBJ calculation, Cu,MgSnSy
exhibits a semiconducting behavior with an indirect band gap
in the M-A direction for the PMCA phase and a direct band
gap in the I'-I" direction for the others.

For the optical properties, it is found that the TB-mBJ cal-
culation gives more reliable results than the other approaches.
In particular, the estimated optical band gaps of the KS and
ST phases are in agreement with the experimental results.
To the best of our knowledge, there have not been any pre-
vious theoretical results on the electronic and optical prop-
erties of CupMgSnS, in the wurtzite—stannite phase, includ-
ing the dielectric function, the absorption coefficient, the re-
flectivity, and the energy-loss function. Therefore, we hope
that our results could serve as a reference for future stud-
ies. Currently, the best performing thin-film solar cells on the
cellular as well as on the module-level are fabricated using
Cu(Ga,In)Se; absorbers. Despite having superior efficiencies,

they present limitations arising from the cost and/or scarcity
of Ga and In. Therefore, one major challenge for thin-film
photovoltaic technology is to develop materials composed of
Cuy,MgSnS4 which
is structurally similar to chalcopyrite semiconductors, such

earth-abundant and nontoxic elements.

as CuGaSe;, CulnSe;, and Cu(Ga,In)Se,, but contains only
earth-abundant, nontoxic elements and has a near optimal di-
rect band-gap energy of E; ~ 1.5 eV with high optical ab-
sorption coefficients, can be a potential candidate for high-
efficiency application in low-cost solar cells, with the same
device design, structure, and processing as chalcopyrite solar
cells. Moreover, from the DOS analysis, the band-gap energy
can be tailored by cation alloying for an optimized optical ef-
ficiency of the materials.
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