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We use first-principle calculations based on thesitg functional theory to study some electronioparties of eight
ternary semiconductors with the chalcopyrite strreet Both the local-density and the generalizedligrd approximations
are employed, which was done within the quantumessp software package. It was found that the ddeaskity and the
generalized gradient pseudo-potentials tended dersestimate the size of the band gaps. A meaah Hebbard correction,
U referred to as the Hubbard interaction parameter added to the local-density energy functionaraattempt to make up
for the deficiencies of the exchange-correlatioargp in the local-density approximation. The metlgade results that are
close to the experimentally observed values. Anigcap shift method was also employed. Our bandctire calculations
suggest that most chalcopyrite semiconductors kasizgect gap. The k-vector position in the firstiBrin zone, at the
minimum of the band gap, was found to be either tteaL reciprocal lattice point or in the regiostéween K and the center
of the first Brillouin zone af". The bulk modulus of each of the chalcopyrite male was computed using Cohen’s
empirical formula [26]. It was found that the awgaerror in our results of the bulk modulus for thalcopyrites, where
experimental results were available for compariseas 6.3 %. CuGa3s predicted as being the hardest of all the eight
chalcopyrite materials investigated. Some impupityperties of the chalcopyrite semiconductors vedse studied as well
as energy of formation values were calculated fith vacant and dopant sites.

1. Introduction

Chalcopyrite-type semiconductors are ternary
compounds with the tetragonal chalcopyrite crystal

structure [1-3]. There are two types of
chalcopyrite-type semiconductors, referred to as: |
-MM=VIi,and Il = IV -\, where the Roman

numbers refer to the groups in the periodic talble o
the constituent elements. These two chalcopyrite
types can be represented by the general formula,
ABC, where, A could be Lithium (Li), Sodium
(Na), Copper (Cu) or Silver (Ag) (from either
group | or 1), B could be Aluminium (Al), Gallium
(Ga), Indium (In) or Titanium (Ti) (from either
group lll or 1IV) and C is Sulphur (S), Selenium
(Se) or Tellurium (Te) (from either group V or VI).
Solar cells based on I-llI-\{land [I-IV-V,
chalcopyrite-type semiconductor materials have
attracted considerable scientific interest duénéart
promising photovoltaic applications [4]. These
semiconductors are attractive as absorber materials
for photovoltaic devices due to their very high
optical absorption coefficient for visible light
(am0* cm'). One example is Copper-Indium-
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Sulphide (Culng, which has an optical absorption
coefficient greater than m™ and a band gap of
approximately 1.45eV, which matches the optimum
value of 1.5eV, permitting a large absorption & th
solar spectrum [5,6]. The high absorption makes
these materials well suited for efficient convensio
of solar light into electricity. Among all knownith
film photovoltaic devices, solar cells based on

these materials have reached the highest
efficiencies [7,8].

Wide band gap chalcopyrite-type
semiconductors have recently attracted the

attention of several researchers [9]. A wide band
gap semiconductor is an electronic material in
which the energy of the valence-to-conduction
band electronic transitions is approximately equal
to 2eV [10]. Recently, the (Cu, Ag) GaX
chalcopyrite alloy system, with X being: S, Se or
Te, has attracted a lot of attention because these
materials have large direct band gaps between 1.68
and 2.65eV. This is the desirable band gap range
for applications in high-efficiency tandem solar
cells [11]. In these cells, most of the incoming
photons with energies greater than 1.68eV are
absorbed within the first micrometers of the
chalcopyrite materials [11]. Another reason why
chalcopyrite-type semiconductors have attracted a
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lot of interest is because of their promising

applications in nonlinear optics [12-14] and
spintronics [15,16].
With recent progress in computational

performance and strategy, computer simulations
are increasingly used by theoretical physicists and
physical chemists to understand properties of
matter and make specific predictions for real
materials  and experimentally  observable
phenomena. This has been exploitedabyinitio
(first principles) simulation methods like the
density functional theory (DFT) [17,18]. The
advent of DFT and the invention ab initio
pseudo-potentials have made it possible to
calculate, ground state electronic and structural
properties, as well as to predict the stability of
crystalline phases in solids.

In standard DFT calculations, there are two
popular approximations for the exchange-
correlation energy functional: the local density
approximation (LDA) [19, 20] and the generalized
gradient approximation (GGA) [21]. These
standard DFT functionals sometimes do not
provide good predictions, especially when they are
applied to some transition-metal compounds like
chalcopyrite semiconductors. A recent method
aimed at correcting the limitations of standard DFT
functionals for this class of materials is the DFT
Hubbard U (DFT+U) method. In the DFTY
method, the Coulomb interaction among electrons
on a single transitional metal site is explicitly
included in the total energy functional in a way
similar to theU-term in the well-known Hubbard
model. The DFTH approach used in this work is
the LDA+U method.

In a simplified version [22] of the rotationally
invariant formulation [23] of the LDA tJ method,
the energy functional is expressed as

U ! a a
Eioaw =Eipa * I%TTr [nl @-n' ] 1)

Where, n'? are the atomic occupation matrices,
which are projections of the Kohn-Sham [17] states
on a set of localized orbitaldJ, the Hubbard
interaction parameter, represents the strengtheof t
effective on-site Coulomb repulsion between
electrons. The Hubbard parameters adopted in
this work were calculated using the linear response
theory [24] as implemented in the quantum-
espresso package [25].

In this work, we examine the ground-state
electronic and structural properties of eight
semiconductors with the chalcopyrite structure
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using first principles employing the quantum-

espresso simulation package [25], which performs
plane-wave  pseudo-potential total  energy
calculations.

The bulk modulus of a material may be defined
as the ratio of the change in pressure to the
fractional volume compression. A way to compute
the bulk modulus of a material is by using Cohen'’s
empirical formula [26] given as

B = (1972 35220)!) @)
This expression has been found to be useful for
zinc blende compounds [27]. In Cohen’s formdla

is taken to be 1 and 2 for -V and Il-VI
compounds respectively; the variation in the value
of A being as a consequence of the difference in
ionicity. Thed in the formula is the bond length.
This formula is designed such that the valu®

in GPa, wheread is in A. A modified form of Eqn.
(2), which can be used for chalcopyrites is

_1971-2204 1

4 i=1234 di3'5

B (3

This form of the expression takes into account the
fact that the bond lengths in chalcopyrites are not
equal due to the two different types of cations.

The chalcopyrite compounds of chemical
formula 11-IV-V, and I-1lI-VI, can be thought of as
being derived from a parent binary compound with
formula, 11I-V and 1I-VI, respectively, by replaain
the group-lll element by alternating a group-1l and
group-1V element or the group-Il by a group-l and
group-lll elements. The value of is therefore
expected to be 1 and 2 for ll-IV,\and I-11I-VI,
compounds as in their parent binary analogues, the
[1I-V and 1I-VI compounds, respectively.

It can be shown for the zinc blende and
chalcopyrite structure that the average nearest
neighbor distance is given by

Ne

d=—a 4)
4

Where, a is the lattice constant. This result is used
in this work to determine the average bulk modulus
using Cohen’s formula.

It is well known that the local density
approximation often underestimates the band gap
in strongly correlated systems. Jiang et al. [28]
estimated empirical shift corrections to the LDA
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derived chalcopyrite band gaps based on the
similarities of the band structures with the parent
and grandparent compounds. The reason for the
band gap underestimation by the LDA correlation
functional for strongly correlated systems is that
the Kohn-Sham one-particle equation [17] does not
provide quasi-particle excitation energies. The
equation for quasi-particle energies in the soechll
GW method [29-31] differs from the Kohn-Sham
equation by the fact that the local exchange-
correlation potential is replaced by a nonlocal
energy operator. Jiang et al. [28] adjusted the LDA
band gaps so as to reproduce the GW results of
Zakharov et al. [32] rather than experimental
results because they wished to adjust not only the
minimum gaps, as given by available experimental
results, but both gaps at the center of the first
Brillouin zone,l" and at the reciprocal lattice point,
X. They found that fairly good agreement with GW
results could be obtained by applying a universal
empirical shifts of either 0.14 Ry (1.905 eV) or
0.21Ry (2.858 eV) to the LDA results.

Group |— Cu (11— 3d'%4s) and Ag (11— 4d™
Group Il— Zn (12— 3d%4<)

Group Il — Ga (3— 4<4p) and In (3— 555p)
Group IV— Si (4— 3$3p) and Sn (4> 555p9)

Group V— As (5— 454p°)

Group VI— S (6— 33p"), Se (6— 44p*) and Te (6— 555p%)

The transition metals Cu, Ag and Zn provide the
high valence cations, the first number in the
brackets gives the valence.

The chalcopyrites that were studied in this work
are:

I — Il — VI,: AgGaSeg, AgGa$g, AgGaTe,
CuGa$g, CulnS, CulnSe

Il -1V -V, ZnSiAs, ZnSnAs

The covalent bonding mechanisms in these
crystals are facilitated by hybridization of the
valence electronic states (outermost orbitals) by
mixing them to form new orbitals like $ybrid
orbitals which form the bonds.
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2. Crystal Structure

We refer to the chemical groups in Roman
numerals as I, Il, Ill, IV, V and VI. These
correspond to the elements in the periodic table
column numbers, 11, 12, 13, 14, 15 and 16,
respectively. IlI-V semiconductors such as GaAs
and InP have the zinc blende crystal structure
possessed by ZnS and several other II-VI
compounds. In the zinc blende structure, there are
two inter-penetrating face centered cubic sub-
lattices. One is occupied by the cations (from grou
[l or II) and the other by anions (from group Vi o
V). In a ternary chalcopyrite the anion sub-lattice
remains but the cation sub-lattice is filled by two
types of cations, one of a high valence and another
of a lower valence, which are arranged in an
ordered manner. Since the cation sites are equally
share by two atomic types it means that there are
twice as many anion atoms as any single cation
atom resulting in the chemical compositions, | Il
-VI, and Il - IV =\ We first present the
valence electronic configurations of all the
elements that constitute the materials studiedis t
work.

58) High valence cations

Lower valence cations

Anions

The primitive cell of the zinc blende structure
has only two atoms but the reduced symmetry due
to the two kinds of cations in the chalcopyrite
structure leads to a primitive cell of eight atoms.
Compared to the face centered cubic Bravais cell of
the zinc blende, the unit cell is doubled along the
crystalc axis.

Each anion in the chalcopyrite structure is at the
center of a tetrahedron with four cations at each
corner. Since the anion is bonded to two types of
cations, the respective bond lengths are not
necessarily identical and therefore the tetrahedron
is not regular. Usually the anions are closer ® th
cations of higher valence, this distorts the anion
sublattice. It has been shown that such a shift of
anions is a consequence of atomic sizes [33].
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The chalcopyrite crystal structure has a body-
centered tetragonal Bravais lattice. If we chobse t
primitive unit-cell lattice vectors as = (@/2)i+
(&/2)j — (c/2)k, b = (@/2)i — @2)j + (c/2)k andc = -
(a/2)i + (@/2)] + (c/2)k, then the unit-cell atomic
positions are:

Group | or 1l cations— (0,0,0), &/2,0¢/4);
Group Il or IV cations— (a/2,a/2,0), (0a/2,c/4);

Group VI or V anions»> (ua,a/4,c/8), (va,-
al4,c/8), &/4,-ua,</8), (a/4,ua,</8)

The distortion in the anion sub-lattice is
represented by, for the ideal structure = %4. For
the ideal structure the ratip = (c/2a) is equal to
one but in most caseg< 1 andu > 1/4. It can be
seen from the atomic positions that there are eight
atoms per primitive cell which is two formula units
since the chalcopyrite formula has four atoms.

3. Computational Details

First-principles calculations were performed using
the quantum-espress initio simulation package
[25] based on density functional theory [17,18].
The electronic exchange-correlation interactions
are treated by the LDA in the scheme of Ceperley
and Alder [19] as parameterized by Perdew and
Zunger [20], and the GGA of Perdew, Burke and
Ernzerhof [21]. The one-electron pseudo-orbitals
are expanded over a plane wave basis set that
includes all plane waves whose kinetic energy
#432m < E., Wherek is the wave vectomn the
electron mass ané; the chosen cutoff energy.
For all calculations reported in this work, the ibas
set contains plane waves up to an energy cutoff of
50 Ry. 6x6x6Monkhorst-Pack [34] k-point mesh
grids were used for sampling in the Brillouin zone.
The chosen plane wave cutoff and the number of k-
points allowed a convergence of the total energy to
within 1 meV/atom.

The parameters, 17 andu could be obtained by
total energy minimization but this relaxation
process was not adopted in this work because such
a relaxation appeared to significantly affect the
band structure, available experimental values [35,
36,37] of these structural parameters were used.

For a material withn vacancies, we used the
following expression to determine the energy of
formationE; given as

N-n
Ef =Etot[N_n; n]_TEtOt[N’O] (5)
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For any material wittm dopants the following
expression was used:

Ef = EgorlN; n] = Byt [NO] (6)

In the two expressiond\ is the total number of
atoms per unit cell whil& is the total energy per
unit cell as determine by the quantum-espresso
software. E[N;0] is the energy before the
introduction of any defect, it is obtained after
performing a self-consistent field (SCF) energy
calculation on the material under investigation
using the quantum-espresso software package. The
Ew[N-n;n] is the total energy obtained from the
SCF output file of a defect material with
vacancies per unit cell. This value is obtaineéraft
carrying out a relaxation operation on the unit cel
structure, that is to say that the atomic positions
were allowed to self-adjust according to the
determined interatomic forces, until equilibrium of
the system was achieved. THgN; n] is the
energy per unit cell of a doped material with
dopant atoms per unit cell and was also obtained
from an SCF calculation coupled with a relaxation
operation.

4, Results

Crystal structure diagrams were constructed for all
the eight chalcopyrites using the crystalline
structure visualization and analyzer software
package, xcrysden [38]. The result for AgGas
presented in Fig. 1.

Electronic band structure calculations were
carried out for the eight chalcopyrites, using both
LDA and GGA functionals. Since the chalcopyrite
structure is a derivative of the zinc blende sttt
it is common to calculate the band structure of
chalcopyrites in the zinc blende brillouin zone.
This is the approach used in this work. The k-space
path that we use in the first Brillouin zone of the
zinc blende crystal structure is
r-L-Tr-X-W-K-T
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Fig.1: Chalcopyrite crystal structure of AgGaS
generated by xcrysden [38]

The band structures derived from the LDA and
GGA functionals were similar, we therefore do not
include a band structure diagrams for the GGA
functional but summarize the GGA results in Table
1. We present some representative LDA and
LDA+U results of both band structure and density
of states in the diagrams of Fig. 2 and Fig. 3. The
origin of the energy axis lies slightly above the
Fermi level.
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The band gap predicted by the LDA functional
for AgGa$ in Figs. 2 (a) and (b) was effectively
zero. Figs. 3 (a) and (b) obtained by the applcati
of the LDA+U show an energy band gap of 1.2 eV.
It is seen from both the band structure and density
of states diagrams in Fig. 3 that the energy gap
opens up between -1.0 eV and -2.0 eV when the
LDA+U method is applied. It can be seen that the
origin of the energy axis lies slightly above the
Fermi level. This result was obtained by using a
HubbardU value of 5.0.

Table 1 gives a compilation of the results
obtained using the LDA and GGA correlation
functionals. Experimental values are included for
comparison however two experimental values were
not available.

It can be seen from Table 1 that both the LDA
and GGA exchange correlation functionals greatly
underestimate the values of the band gaps for
ternary chalcopyrites.

The results of the LDAY method are shown in
Table 2. Jiang’'s upward empirical shift of 0.14 Ry
was applied directly to the LDA derived values,
these results are also shown in Table 2. Errois wit
reference to experimental values are included.

Table 1: LDA and GGA electronic band gap results

No. Compound | a(A) cla(A) Ey(LDA) E4(GGA) Expt Eg
(eV) (eV) (eV)

1. AgGaS 5.74 1.78 0.309 0.00 0.00 2170
2. | AgGaSe 5.97 1.82 0.301 0.00 0.10 185
3. | AgGaTe 6.28 1.895 0.277 0.15 0.25 i)
4. CuGa$ 5.347 1.953 0.262 0.00 0.00 167
5. CulnS 5.523 2.014 0.46 0.15 0.10 1t
6. CulnSe 5.781 2.064 0.234 0.40 0.50 164
7. ZnSiAs, 5.606 1.943 0.265 0.00 0.00 -
8. ZnSnAs 5.852 2.00 0.250 0.00 0.00 -
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Fig.2: (a) Band structure diagram for AgGaSing the LDA functional. (b) Density of stateagliam for AgGag
using the LDA functional. The observed band gagffisctively zero
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Fig.3: (a) Band structure diagram for AgGasing the LDA+Y) method. (b) Density of states diagram for Ag&aS
using the LDA+J method

Two results for the LDAY method were
inconclusive. The average error in the LDA+
method was 0.6eV while that in the empirical shift
was 0.63eV.

Results obtained for the bulk modulus of the
chalcopyrites investigated, using Cohen’s formula
for both A = 1 andA = 2, are shown in Table 3.
Experimental values were not available for three of
the materials in the table.

In Table 4 we have presented the valu® &ér
eitherA = 1 orA = 2 depending on which gives a
corresponding value dB which is closest to the
experimental value for the material. Errors are
included and cases where no experimental values
are available are left blank.
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Table 2: LDA+J and empirical shift electronic band gap results
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Compound LDA LDA+U Error in Empirically Error in Experimental
Eq (= LDA+U | shiftedEg (eV) | Empirical value (eV)
(eV) (eV) (eV) shift (eV)
AgGaS2 0 1.2 15 1.9 0.8 2.79
AgGaS% 0 1.2 0.7 1.9 0.1 1.58
AgGaTe 0.15 1.2 0.1 2.1 0.8 13
CuGa$S 0.0 1.6 0.1 1.9 0.2 1.67
CU|I"ISZ 0.15 inconclusive inconclusive 2.1 0.6 1-§1]
CuInS% 0.4 inconclusive inconclusive 2.3 1.3 1-0u3J
ZnSiAs2 0.0 0.0 - 1.9 - -
ZnSnAs2 0.0 0.2 - 1.9 - -

Table 3: Results obtained for the bulk modulusestigated using Cohen’s formula for batk 1 andA = 2.
Experimental values were not available for threthefmaterials

Average Bulk modulus,| Bulk modulus, Experimental bulk
Compound a (A) interatomic Busingd =1 B usingA =2 modulus,B
distanced (A) (GPa) (GPa) (GPa)
AgGaS 5.74 2.486 72.3 63.2 778
AgGaSe 5.97 2.585 63.1 55.1 54'8
AgGaTe 6.28 2.719 52.8 46.2 389
CuGa$ 5.347 2.315 92.8 81.1 -
Culns, 5.523 2.392 82.7 72.3 ]
CulnSe 5.781 2.503 70.6 61.7 &)
ZnSiAs, 5.606 2.428 78.5 68.7 -
ZnSnAs 5.852 2.534 67.6 59.1 -
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Table 4: Error calculations, where experimentaligalwere available, for the results obtained obilik
modulus for the chalcopyrites investigated

Bulk modulusB | Experimental results of Error inthe | Percentage error in
Compound by Cohen’s the bulk modulusB Cohen the Cohen method
formula (GPa) method
(GPa) (GPa)
AgGaS 72.3 77.68% 5.3 6.8
AgGaSe 55.1 54 .84 0.3 0.6
AgGaTe 46.2 38.9° 7.3 18.8
CuGa$ - - - -
culnS 72.3 75! 2.7 3.6
CulnSe 70.6 72 1.4 1.9
ZnSiAs, - - - -
ZnSnAs - - - -

Impurity properties of the chalcopyrites were
investigated. Our method was first tested for
silicon. We determined the energy of formation of
a single Si vacancy per unit cell at the position,
(0.25, 0.25, 0.25). The value obtained was 3.33eV
is in agreement
experimentally obtained values which are reported

per unit cell, this

with
in Fig. 4.

to be between 3.17eV [21] and 3.6eV [47].

(b)

Energy of formation of Cu vacancies and silver
impurities at four (0.50, 0.00, 0.25) positions per
unit cell in CulnSe was calculated. The crystal
structures of the CulngeCulnSg with vacancy
defects and Culn$evith Ag dopant impurities, as
generated using the xcrysden software, are shown

Fig.4: (a) Crystal structure of CulnS¢b) CulnSe with Cu vacancies at four (0.50, 0.00, 0.25) pos&i
(c) Silver impurities at four (0.50, 0.00, 0.25)sjimns in CulnSg
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Similar calculations as those carried out for
CulnSe were carried out for the other
chalcopyrites. Energy of formation results for
vacancy defects at four (0.50, 0.00, 0.25) position
per unit cell are presented in Table 5.

Table 5: Energy of formation per unit cell for
chalcopyrites with vacancy defects at four (0.50,
0.00, 0.25) positions

Chalcopyrite (4 Our E; Results (eV)
vacancies)
AgGa$S -47.82 Ry
AgGaSe -46.745Ry
CuGa$ -47.045Ry
CulnS -75.435Ry
CulnSe -72.88Ry
ZnSiAs -35.34Ry
ZnSnAs -59.284Ry

Energy of formation results for selected dopant
defects at four (0.50, 0.00, 0.25) positions pét un
cell are presented in Table 6.

Table 6: Energy of formation per unit cell for
chalcopyrites with selected dopant defects at four
(0.50, 0.00, 0.25) positions

Chalcopyrite Dopant OurE; Results
(Doped) (eV)
AgGa$S Li 67.00Ry
AgGaSg Cu -23.649Ry
CuGa$ Li 87.01Ry
CulnS Ag 14.28Ry
CulnSe Ag 13.56Ry
ZnSiAs Be 103.42Ry
ZnSnAs Be 54.012Ry

5. Discussion and Conclusion

Band structure calculations were carried out using
LDA and GGA functionals but the results from
these two exchange correlation functionals
underestimated the values of the band gaps for
chalcopyrites. More investigation was carried out
using the LDA+J and the empirical shift methods.
The LDA+U and empirical shift methods both gave
results that were much closer to the results obtain
experimentally. The two methods resulted in a
similar average error in the band gap energy of
0.6eV.

Our band structure calculations suggest that
most chalcopyrite semiconductors have a direct
gap. The k-vector position in the first Brillouin
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zone at the minimum of the band gap was found to
be either near the L reciprocal lattice point otlia
region between K and the center of the first
Brillouin zone af".

It was mentioned in our introduction thatwvas
expected to take the values of 1 and 2 for
chalcopyrites of type I-llI-\V4 and [I-1V-V,,
respectively. However, a comparison of our results
with experimental results shows that there are a
few exceptions to this rule.

Table 7 lists the types of chalcopyrites, together
with the value ol, which gives a corresponding
value ofB that is closest to the experimental value.
A blank is left in cases where no experimental
value is available.

We see that the bulk modulus values for
AgGaSg, AgGaTe and CulnSg are better
determined usingl = 2 rather tham = 1, despite
these chalcopyrites being of the type I-lll,ViVe
see from Table 4 that the average error in our
results of the bulk modulus is 6.3 %.

Our theoretical predictions for the bulk modulus
values of the three chalcopyrite materials, where n
experimental results were available, are given in
Table 8. These predictions were made using Table
3.

We see from Table 8 that CuG4S predicted
as being the hardest of the eight chalcopyrite
materials investigated.

Results obtained from our investigation of some
impurity properties of the chalcopyrites show that
the energy of formation for four vacancy defects
per unit cell in the chalcopyrites lies between -
75.435 Ry and -35.34 Ry. This predicts that the
vacancies would be formed through exothermic
processes. The energy of formation for four
impurities per unit cell, of selected dopants,he t
chalcopyrites investigated lies between 103.42Ry
and -23.649Ry. All these results, except those for
AgGaSe doped with Cu, predict endothermic
processes.
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Table 7: Results obtained for the bulk modulushef thalcopyrites investigated, using Cohen’s foemiihis
table picks the value of, which gives a corresponding valueBivhich is closest to the experimental value. A
blank is left in cases where no experimental véduevailable

[1]
[2]

[3]

[4]

[5]

[6]

Theoretical bulk | Experimental bulk Optimum
Type of modulus,B modulusB value ofA
Compound compound (GPa) (GPa) used

AgGaS I-111-VI , 72.3 77.6" 1
AgGaSe I-111-VI , 55.1 54 .87 2
AgGaTe I-111-VI , 46.2 38.9° 2
CuGa$ I-111-VI , - - -
CulnS I-111-VI , 72.3 75! 2
CulnSe I-111-VI , 70.6 75l 1
ZnSiAs, 1-1V-V , - - -
ZnSnAs 1-1V-V , - - -

Table 8: Theoretical predictions for the bulk maduValues for chalcopyrites
where no experimental results were available

Compound Type of Predicted values of the bulk
compound modulus in GPa
CuGa$s I-111-VI1 5 Close to or within the range: 81.1 to
92.8
ZnSiAs, 1-IV-V , Close to or within the range:
68.7 to 78.5
ZnSnAs 1-IV-V , Close to or within the range:
59.1t0 67.6
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