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Here in, we present the extensive analysis of the parameters associated with structural, electronic, optical and mechanical properties of
zinc-based chalcopyrite material by using full potential linearized augmented plane wave method (FP-LAPW) within framework on the
density functional theory. Ab initio calculations have been performed by the linearized augmented plane wave (LAPW) method as
implemented in the WIEN2K code within the density functional theory to obtain the structural, electronic and optical properties of ZnSnP>
in the body centered tetragonal (BCT) phase. The six elastic constants (Ci1, Ci2, C13, C33, Ca4 and Ces) and mechanical parameters have
been presented and compared with the available experimental data. The thermodynamic calculations within the quasi-harmonic
approximation is used to give an accurate description of the pressure-temperature dependence of the thermal-expansion coefficient, bulk
modulus, specific heat, Debye temperature, entropy Griineisen parameters. Based on the semi-empirical relation, we have determined the
hardness of the material; which attributed to different covalent bonding strengths. Further, ZnSnP: solar cell devices have been modeled,;
device physics and performance parameters have analyzed for ZnTe and CdS buffer layers. Simulation results for ZnSnP: thin layer solar
cell show the maximum efficiency (22.9%) with ZnTe as the buffer layer. Most of the investigated parameters are reported for the first
time. The result of the present study further validates the prospects of using this chalcopyrite that would be inherently persistent and
consistent with flexible substratum, those are the main features of commercialization chalcopyrite solar cells. Thus, promoting the evolution
of this material, for achieving high performance based optoelectronic devices will pave a new path in solar cell industry.
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ZnSnP; is a member of A"TBVCY, group ternary compound semiconductors, which has with chalcopyrite structure
as a new solar absorber. The growth of ZnSnP2 thin films has been prepared by co-evaporation and in ultra-high vacuum
by molecular beam epitaxy (MBE). Recently [1], ZnSnP; based thin-film solar cell is fabricated and also prepared energy
band gap by phosphidation method under the variation of Zn/Sn atomic ratio. Defects introduce localized levels in the
energy gap of ZnSnP, and other compound semiconductors through which they control solar cell device performance,
efficiency and reliability. In ZnSnP, thin film, zinc vacancies or zinc-on-tin sites are considered as acceptor. This is
responsible for p-type conductivity. ZnSnP; is focused as a solar absorbing material consisting of safe and earth-abundant
elements. Investigated the structures of interfaces related to the absorbing material ZnSnP; to clarify the origin of high
resistance and improve the photovoltaic performance in ZnSnP; solar cells. The absorption coefficient of ZnSnP, was
reported to be approximately 10° cm™! in visible light range; ZnSnP, has a promising property for a solar absorbing
material. ZnSnP; crystals for solar cells were prepared by mechanical-polishing [2,3].

Martinez et al [4], the ATB™VCY, materials have similarly compelling electronic properties to their A™BY counter parts.
Materials can typically be doped both n-type and p-type using extrinsic impurities, and mobilities can be extremely high, with
multiple reports. The phosphide and arsenide in A™BVCV, compounds have been synthesized in bulk form by three primary
techniques; while optical properties have been studied using a combination of theory and experiment. Experimental work has
been used to examine photoluminescence and absorption edge, while calculations can provide insight into physical mechanisms
underlying these measurements [4]. ZnSnP> has been proposed as a promising candidate for a solar absorbing material
consisting of earth-abundant and safe elements. Solar absorbing materials composed of earth-abundant and safe elements
have been investigated and Cu,ZnSnSs—Sex, CuzSnS;3, Cu0, SnS, Fe,S, and Zn3P; solar cells have been developed with
a conversion efficiency of 12.6% [5]. The chalcopyrite compound ZnSnP; is a promising candidate as a light absorber in
solar cells since it has a direct band gap of 1.6eV [6]. Ternary AUB™CVY, chalcopyrite semiconductors
(Zn,Cd)(S1,Ge,Sn)(P,As), have band gap energies ranging from 2.1 eV (ZnSiP;) to 0.67 eV (ZnSnAs;) [6]. These
materials have structural as well as electronic anomaly with higher energy gaps and lower melting points relative to their
binary analogues, because of which they are considered to be important in crystal growth studies and device applications.
Apart from it, the other important technological applications of these materials are in light emitting diodes, infrared
detectors, infrared oscillations, etc [4-8]. ZnSnP, semiconductors open up the possibility of fabricating a graded multi-
junction solar cell using the ordered chalcopyrite as the top layer, with progressively more disordered layers underneath,
free from lattice matching problems [7-10]. A considerable amount of experimental and theoretical work related to the
prediction of crystal structures, lattice constants, phase diagrams and related properties of these compounds has been done
during the last few years [9-13]. In spite of all these works, it has been seen that the theoretical results obtained for elastic
constants which experimentally need single crystals of these compounds differ considerably with the available
experimental data [4-8].

© Neeraj, A. S. Verma, 2021
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In the present article, we have been investigated the structural, electronic, optical, elastic and thermal properties of
ZnSnP; in chalcopyrite phase. We have presented the theoretical study of expansion coefficient (o), heat capacities
(Cy and C,), bulk modulus (B and B'), Debye temperature (6p), hardness (H) and Gruneisen parameter (y) of ZnSnP»;
which are nevertheless scarce in literature. Calculated ground-state structural properties of the aforementioned crystals
have been compared with available experimental and theoretical data. The outline of the paper is as follows. In section II
we have given a brief review of the computational scheme used. The calculations of the fundamental physical properties
have been described with the application point of view in solar cell device in section III; while the summary and
conclusions are drawn in section VI.

COMPUTATIONAL METHODS

The calculations were done using FP-LAPW computational scheme [14, 15] as implemented in the WIEN2K
code [16]. The FP-LAPW method expands the Kohn-Sham orbitals as atomic like orbitals inside the muffin-tin (MT)
atomic spheres and plane waves in the interstitial region. The Kohn-Sham equations were solved using the recently
developed Wu-Cohen generalized gradient approximation (WC-GGA) [17, 18] for the exchange-correlation (XC)
potential. It has been shown that this new functional is more accurate for solids than any existing GGA and meta-GGA
forms. For a variety of materials, it improves the equilibrium lattice constants and bulk moduli significantly over local-
density approximation [19] and Perdew-Burke-Ernzerhof (PBE) [20] and therefore is a better choice. For this reason, we
adopted the new WC approximation for the XC potential in studying the present systems. Further for electronic structure
calculations modified Becke—Johnson potential (mBJ) [21] as coupled with WC-GGA is used.

The valence wave functions inside the atomic spheres were expanded up to /=10 partial waves. In the interstitial
region, a plane wave expansion with RyrKmax equal to seven was used for all the investigated systems, where Ry is the
minimum radius of the muffin-tin spheres and Kmax gives the magnitude of the largest K vector in the plane wave
expansion. The potential and the charge density were Fourier expanded up to Gmax = 10. We carried out convergence tests
for the charge-density Fourier expansion using higher Gmax values. The Rvr (muffin-tin radii) are taken to be 2.2, 2.15
and 1.7 (in atomic unit) for Zn, Sn and P respectively. The modified tetrahedron method [22] was applied to integrate
inside the Brillouin zone (BZ) with a dense mesh of 5000 uniformly distributed k-points (equivalent to 405 in irreducible
BZ) where the total energy converges to less than 107 Ry.

The computer simulation tool AMPS-1D (Analysis of Microelectronic and Photonic Structures) was employed by
specifying semiconductor parameters as input in each layers of the cell.

RESULTS AND DISSCUSSION
Structural Properties

The ternary chalcopyrite semiconductor crystallizes in the chalcopyrite structure with sapce group / —42d (Dzlj ).

The Zn atom is located at (0,0,0); (0,1/2,1/4), Sn at (1/2,1/2,0); (1/2,0,1/4) and P at (u,1/4,1/8); (-u,3/4,1/8); (3/4,u,7/8);
(1/4,-u,7/8). Two unequal bond lengths dz,p and ds.-p result in two structural deformations, first is characterized by u
parameter defined as u=0.25 + (dza.p2 — dsn.p2)/a> where a is the lattice parameter in x and y direction, and the second
parameter n=c/a, where c is lattice parameter in z direction which is generally different from 2a.

To determine the best energy as a function of volume, we minimized the total energy of the system with respect to
the other geometrical parameters. The minimization is done in two steps, first parameter u is minimized by the calculation
of the internal forces acting on the atoms within the unit cell until the forces become negligible, for this MINI task is used
which is included in the WIEN2K code. Second, the total energy of crystal is calculated for a grid of volume of the unit
cell (V) and c/a values, where each point in the grid involves the minimization with respect to u. Five values of c/a are
used for each volume and a polynomial is then fitted to the calculated energies to calculate the best c/a ratio. The result
is an optimal curve (c/a, u) as a function of volume. Further a final optimal curve of total energy is obtained by minimizing
the energy verses [V, c/a (V), u (V)] by FP-LAPW calculations and Murnaghan equation of state [23]. Table 1 present
the lattice parameters (a, ¢ and u) and obtained along with the bulk modulus (B) and its pressure derivative (B'). The
calculated total energy per unit as a function of volume is shown in Figure 1 (a).

Electronic and optical properties
The present calculations using the WC-mBJ method yields a direct band gap of 1.9 eV. As clear from the Figure 1 (b),
that the obtained electronic band gap matches well with the experimental data predicted by Shaposhnikov et al [24]. Sahin
et al [3] reported an estimate of the theoretical band gap as 1.06 eV. The comparison of the theoretical band gaps with
available experimental data shows that mBJ correlation potential allows the prediction of band gap values much closer to
the experimental values. The mBJ potential gives results in good agreement with experimental values that are similar to
those produced by more sophisticated methods but at much lower computational costs [21].

To describe the general features of bonding in more detail the partial and total density for states (PDOS and DOS)
at 0 GPa pressure are calculated using the mBJ potential together with WC-GGA for the correlation (Figure 2). The DOS
of different compounds considered share the similar features. For a clear understanding we divided the valence band
region (VB) into three zones: low, intermediate and higher energy bands. For a better analysis, we have decomposed the
total density of states into s, p and d orbital contribution. Clearly, the low set of VBs ranging from -11 eV to -10 eV arise
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mainly from hybridized P s states, Sn p states and Sn s states. The intermediate energy sub bands situated at about -9 eV
and -5 eV consists mainly of Zn d states. The upper valence band mainly consists of P p-states Sn p and Zn p states. The
conduction bands near Fermi level are composed of strongly hybridized Sn s s-states and P p states with a few
contributions of Sn p-states and P s states.

Table 1. Structural equilibrium parameters, a, ¢, u, B and B’ calculated in WC-GGA and thermal properties at 300 K; isothermal bulk
modulus (B in GPa), Hardness (H in GPa), Gruneisen parameter (y), Debye temperature (Op in K) and thermal expansion coefficient
(o in 1075/K) of ZnSnP2.

Sﬁ‘:l;usrgl a (A) ¢ (A) u B (GPa) B
5.69,5.65%" 11.30, 11.30" 0.253,0.25%" 72, 73%" 4.59
Thermal Analysis B (GPa) H (GPa) Y 0p (K) a (109/K)
67 4.82 1.863 354,352 4.512

2 Reference [6]; ® Reference [3]; 1 Reference [51]; “Experimental

N
oo

;
=
=

—_—

) -100 z
-3463133 1 A 1 A 1 A 1 A 1 A 1 A _[jﬂé

1100 1150 1200 1250 1300 1350 1400 -1303

-34631.28

Ll
w oo
oo oo

)
o

-34631.29

V)
— o~
oo o

)

-34631.30

/)K\K INEs

Energy (e

-34631.31

Energy (Ry)
& koo
oo oo

olg b pdog by oo oy oo oo o o o by g

o e L
o oo

|

\ \MW Wi

V (bohr’) MO g N £ I A
(a) (b)

Figure 1. (a) Calculated total energies as a function of volume and (b) Band structures of ZnSnP:
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Figure 2. The calculated partial and total density of states (DOS) for ZnSnP:.

The linear response to an external electromagnetic field with a small wave vector is measured through the complex
dielectric function,

g(0)= e1(0)+ iex(0) (1)

which is related to the interaction of photons with electrons [25]. The imaginary part €;(®)of the dielectric function could
be obtained from the momentum matrix elements between the occupied and unoccupied wave functions and is given

by [26]
(i)

ur
The real part €1(®) can be evaluated from &(m)using the Kramer-Kronig relations and is given by [27]
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All of the other optical properties, including the absorption coefficient a(w), the refractive index n(w), the extinction
coefficient k(w), and the energy-loss spectrum L(w), can be directly calculated from €1(®) and &,(®) [26, 28,29].

Figure 3 (a) and (b) displays the real and imaginary parts respectively of the electronic dielectric function &(®)
spectrum for the photon energy ranging up to 40 eV, respectively.
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Figure 3. The calculated real €1(®) and imaginary &2(®) parts of complex dielectric constant for ZnSnP>.

The main peaks of &;(®w) which is mainly generated by electronic transition from the top of the valence band to the
bottom of conduction band, occurs at 2.84 eV (14.90) and &(w) spectra further decreases up to 7.10 eV. Optical spectra
exhibit anisotropy in two directions (along basal-plane and z-axis) with a very small difference (0.1543 eV) in the static
limit. The imaginary part of the dielectric constant &>(®) is the fundamental factor of the optical properties of a material.
Figure 3 (b) displays the imaginary (absorptive) part of the dielectric function &(®) up to 40 eV. Our analysis shows that
the critical points of the &, (®) occurs at 1.80 eV. These points correspond to the I'; — I, splitting which gives the threshold
for the direct optical transitions between the absolute valence band maximum and the first conduction band minimum and
is known as fundamental adsorption edge. The obtained fundamental edges are closely related to the obtained energy
band gap values 1.9 eV.

Figure 4 (a) presents the refractive index n (o) along with the extinction coefficient k (w). The refractive index
spectrum shows an anisotropic behavior (An (0 eV) = 0.0263), hence only the averages are listed in (2.93737) Table 2.
The peak value of refractive indices for ZnSnP, is 3.88 at 2.94 eV.
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Figure 4. The calculated (a) refractive index and (b) extinction coefficient for ZnSnP:.

Figure 4 (b) show extinction coefficient k (o) is related to the decay or damping of the oscillation amplitude of the
incident electric field, the extinction coefficient k (®) decreases with increasing the incident photon energy. The peak
values obtained for the extinction coefficient occur at the points where the dispersive part of dielectric constant (g; (®))
has a zero value (Figure 3) for all the compounds. The calculated optical reflectivity R (o) is displayed in Figure 5 (a).
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These materials have small reflectivity in the low energy range. The maximum reflectivity occurs in region
4.54-13.92 eV [30].

Table 2. The calculated minimum band gaps Eg (eV), refractive index (n) and dielectric constant for ZnSnP> compared with other
experimental and theoretical data.

Crystals E, (eV) this work n this work € this work
ZnSnP, 1.9, 1.5-1.7%", 1.06°, 1.66° 2.93,2.90% 8.62,9.78
4 Reference [24]; © Reference [3]; ¢ Reference [52]; f Reference [53]; ¢ Reference [54]; *Experimental

The absorption coefficient is a parameter, which indicates the fraction of light lost by the electromagnetic wave
when it passes through a unit thickness of the material. These have been plotted in Figure 5 (b). It is clear that polarization
has a minor influence on the spectrum. From the absorption spectrum, we can easily find the absorption edges located at
1.89 eV. It is clear from the above discussion that both chalcopyrites are excellent mid-IR transparent crystal materials as
they transparent to low energy photons showing zero value of the absorption coefficient in that region. When the photon
energy is more than the absorption edge value, then adsorption coefficient increases. The absorption coefficients further
decrease rapidly in the high energy region, which is the typical characteristic of semiconductors. Optical conductivity
parameters are closely related to the photo-electric conversion efficiency and mainly used to measure the change caused
by the illumination. Figure 5 (c) shows the optical conductivities of ZnSnP,. It’s clear that the maximum
photoconductivity of the materials lies in the u-v region of electromagnetic spectrum.
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Figure 5. The calculated (a) reflectivity (R (®)), (b) absorption coefficient (ou(®)) and (c) photoconductivity ((w)) for ZnSnP>.

Elastic Properties
The elastic properties of a solid are among the most fundamental properties that can be predicted from the first-
principles ground-state total-energy calculations. The determination of the elastic constants requires knowledge of the
curvature of the energy curve as a function of strain for selected deformations of the unit cell. The deformations [31] are
shown in Table 3 and chosen such that the strained systems have the maximum possible symmetry. The system has been
optimized for each deformed cell geometry. The WIEN2K package [16] facilitates this task by providing a force-driven
optimization of the internal cell geometry. The elastic stiffness tensor of chalcopyrite compounds has six independent
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components because of the symmetry properties of the D)’ space group, namely Ci1, Ci, Ci3, Cs3, Cas and Cos in Young
notation. The calculated elastic constant for the tetragonal phase of ZnSnP; are listed in Table 4.
Table 3. The lattice parameters of the deformed tetragonal unit cell, the expression relating the & and € variables, the finite Lagrangian

strain tensor (Voigt notation) and the value of the second derivative, (1/2V)(d’E/de?), in terms of the elastic constants (¢ being
deformation coordinate and E the energy).

Strained cell g Strain (1) dE?/d ¢?
5) & & ce 1 1 1
(a+§,a+§,ﬂ,90,90,90) (a+2 ) -1 5’5’27,0,0’0) Z(Cu*’clz)"'gcn‘*'ECM
a a a |
2
(a+68,a+8,c,90,90,90) (@+o)” &£ 0,000 ~(C, +Cy)
5 @ 272 4 |
(a,a,57%2,90,90,90) (c+0)” 0.0,,000) -Gy
a cz the) 2 sty 8
2 1
(a,a+6,c,90,90,90) (a +25) 1 (O,%,0,0,0,0) 5 C,
a
(a,a,c,90,90+6,90) sin& (0,0,0,0,£,0) Cy
(a, a,c, 90, 90, 90 + 6) sin & (0,050a0705 ‘9) C66
Table 4. Elastic constants C;; (in GPa) of the ZnSnP, compared with available data.

Cn Cn Cis Cs3 Cu Ces
105, 110¢ 53,53¢ 53,51°¢ 103, 106°¢ 50,47°¢ 50,49°¢
B (GPa) G (GPa) Y (GPa) v K. (GPa™") K (GPa™h)

70 39 98 0.27 0.0047 0.0048

¢Reference [3];

In general, the proposed results are in good agreement with the available data, in particular if we consider, shear
constants (Css and Ces) appear to be no worse than the rest of the elastic constants, even though the inner strain component
is particularly difficult in those constants. The comparison with other theoretical calculations also shows an important
dispersion of values. The calculated elastic constants fulfill the mechanical stability criteria for the tetragonal systems:

Ci1> |Cia), (C11+Ci2) C33 > 2C15%, Cas > 0, and Ce6 > 0

In order to check the internal consistency of calculated elastic constants we can compare the bulk modulus reported
on Table 1 & 4 with an equivalent combination of the Cj’s.
Bulk modulus should be found from above by the Voigt approximation (uniform strain assumption) [32, 33]:

1
B, = 5(2C11 +C,, +2C, +4C;) “

Reuss found lower bounds for all lattices [34]

B = (Cn + CIZ)C33 _2C123

= 5
o +C,+2C,—4C, %)

Voigt and Reuss approximations provide, in fact, an estimation of the elastic behaviour of an isotopic material, for instance
a polycrystalline sample. Such a medium would have a single shear constant, G, upper bounded by

1
Gy =55 (M +3C, =3C;, +12C,, +6C,) (6)

and lower bounded by

1
18B
GR:IS{ —+ 6 +i+i} @)
c (Cn _Clz) C44 C66
where C* =(C,, +C,,)C;, —2C;,
In the Voigt-Reuss-Hill approximation [35], the B and G of the polycrystalline material are approximated as the arithmetic
mean of the Voigt and Reuss limits:
_ B, +B,
2

B ®
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G=9 G er G ©)
Finally the Poisson ratio and the Young modulus are obtained as
3B-2G
v=—n =T (10)
2(3B+G)
9BG
= 11
3B+G (1

Using the single crystal C;; data, one can evaluate the linear compressibilities along the principles axis of the lattice.
For the tetragonal structure, the linear compressibilities x, and «, along the a- and c-axis respectively are given in term

of elastic constants by the following relations:

1 Oa C,-C,
K'a = — = 3
adp Cy (Cll + CIZ)_2C13

(12)

__l@_ Cll +C12_2C13
‘ cdp  Cy(C +C,)-2C]

(13)

Pugh [36] proposed that the resistance to plastic deformation is related to the product Gb, where ‘b’ is the Burgers
vector, and that the fracture strength is proportional to the product Ba, where ‘a’ corresponds to the lattice parameter. As
b and a are constants for specific materials, the Ba/Gb can be simplified into B/G. This formula was recently exploited in
the study of brittle vs ductile transition in intermetallic compounds from first-principles calculations [37, 38]. A high B/G
ratio is associated with ductility, whereas a low value corresponds to the brittle nature. The critical value which separates
ductile and brittle material is around 1.75, i.e., if B/G > 1.75, the material behaves in a ductile manner otherwise the
material behaves in a brittle manner. We have found that B/G ratios is 1.82 for ZnSnP», classifying the materials is ductile.

Thermal Properties
To investigate the thermodynamic properties of Zn-chalcopyrite, we have used Gibbs program. The obtained set of
total energy versus primitive cell volume determined in previous section has been used to derive the macroscopic
properties as a function of temperature and pressure from the standard thermodynamic relations. Gibbs program is based
on the quasi-harmonic Debye model [39], in which the non-equilibrium Gibbs function G*(V; P, T) can be written in the
form of:

G'(ViP,T)=E(V)+PV +4,[6,:T] (14)

where E(V) is the total energy per unit cell, PV corresponds to the constant hydrostatic pressure condition, 0p is the Debye
temperature, and A, is the vibrational term, which can be written using the Debye model of the phonon density of states
as [40, 41]:

A,[0,:T] = nkT{%Jﬁln(l—e%)—D(?H (15)

where n is the number of atoms per formula unit, D (6/T) represents the Debye integral, and for an isotropic solid, 0 is
expressed as [40]:

j/ v A B,
0, = ;[&TZVAn} /(o) ﬁ (16)
M being the molecular mass per unit cell and Bg the adiabatic bulk modulus, approximated by the static

compressibility [39]:

- _,dEY) 17
By=BY) =V =7 a7

f (o) is given by Refs. [39, 42, 43]; where o is the Poisson ratio.
Therefore, the non-equilibrium Gibbs function G*(V; P, T) as a function of (V; P, T) can be minimized with respect

to volume V,
{6G (V;P,T)J o a8)
aV P,T

By solving Eq. (18), one can obtain the thermal equation of state (EOS) V(P, T). The heat capacity Cyv and the
thermal expansion coefficient a are given by [35],
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4 30/T
c, =3nk{4D[Tj_eg/T/—l} (19)
S = nl{4D(?] ~3In(1- e"‘]/’)} (20)
LY @21)
B,V

where v is the Griineisen parameter, which is defined as:

__dinér) (22)
dInV

Through the quasi-harmonic Debye model, one could calculate the thermodynamic quantities of any temperatures and
pressures of compounds from the calculated E-V data at T =0 and P = 0.

We can also provide a prediction of the hardness (H in GPa) by using the semi-empirical equations developed by
Verma and co-authors [44],

— +
H =K B¥'! (23)
B = Bulk modulus; K = 0.59 for A'B"VC,"
180" @ 0GPa—e—2GPa — 100 L —=—(0GPa—@—2GPa
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Figure 6. (a) Volume vs temperature at various pressures (b) Bulk modulus vs temperature at various pressures, (c) Debye
temperature vs pressure at various temperatures (d) Thermal expansion coefficients vs temperature at various pressures for ZnSnPs.

To determine the thermodynamic properties through the quasi-harmonic Debye model, a temperature range
0 K-1000 K has been taken. The pressure effects are studied in the 0-8 GPa range. Figure 6 (a) presents relationships
between the equilibrium volume V (bohr?®) and pressure at various temperatures. Meanwhile, V increases slightly as the
temperature increases, whereas the equilibrium volume V decreases dramatically as the pressure P increases at a given
temperature. This account suggests that the ZnSnP» under loads turns to be more compressible with increasing pressure
than decreases temperature. Furthermore, it is noted that the relationship between the bulk modulus and temperature for
ZnSnP; in Figure 6 (b). The bulk modulus slightly decreases with increasing temperature at a given pressure and increases
with increasing pressure at a given temperature.
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The variation of the Debye temperature 0p (K) of ZnSnP; as a function of pressure and temperature illustrated by
proposed results is displayed in Figure 6 (c). With the applied pressure increasing, the Debye temperatures are almost
linearly increasing. Figure 6 (d) shows the volume thermal expansion coefficient 8p (10°/K) at various pressures, from
which it can be seen that the volume thermal expansion coefficient 0p increases quickly at a given temperature particularly
at zero pressure below the temperature of 300 K. After a sharp increase, the volume thermal expansion coefficient is
nearly insensitive to the temperature above 300 K due to the electronic contributions.

As very important parameters, the heat capacities of a substance not only provide essential insight into the vibrational
properties, but are also mandatory for many applications. The proposed calculation of the heat capacities Cp and Cy of
ZnSnP; verses temperature at pressure range 0-8 GPa is shown in Figure 7.
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From these figures, we can see that the constant volume heat capacity Cy and the constant pressure capacity Cp are
very similar in appearance and both of them are proportional to T> at low temperatures. At high temperatures, the
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anharmonic effect on heat capacity is suppressed; which is called Dulong-Petit limit, with the increasing of the
temperature, whereas Cp increases monotonically with the temperature.

Figure 8 (a) shows the entropy vs temperature at various pressures. The entropies are variable by power exponent
with increasing temperature but the entropies are higher at low pressure than that at high pressure at same temperature.
The Griineisen parameter vy is another important quantity for the materials. In Figure 8 (b), we have shown the values of
Griineisen parameter y at different temperatures and pressures. It shows the value y increases as the temperature increases
at a given pressure and decreases as the pressure increases at a given temperature.

In Figure 8 (c), we have shown the values of hardness (H in GPa) at different temperatures and pressures. It shows
the hardness decreases as the temperature increases at a given pressure and increases as the pressure increases at a given
temperature. The values of hardness are reported for the first time at different pressure and temperature. Table 1 present
the thermal properties such as isothermal bulk modulus, hardness, Griineisen parameter, Debye temperature and thermal
expansion coefficient at 300 K.

CELL STRUCTURE, MATERIAL PARAMETERS AND CELL PERFORMANCE

The modeled cell structure is shown in Figure 9 (a). The simulated structure starts with 2500 nm ZnSnP; layer over
a Molybdenum substrate followed by 50 nm CdS/ZnTe buffer and 50 nm intrinsic ZnO window layer with 300 nm Al
doped ZnO layer.

The device simulation is based on the solution of a set of equations, which provide a mathematical model for device
operation. Using this model, the influence of the modeling parameters over the efficiency of the device can be examined,
which is a tedious task by experimental method. The simulation is based on the solution of one-dimensional Poisson
equation and the continuity equations for free charge carriers. These equations are expressed as follows:

d d + -
()2 )= () n(x) N ()N (), () )] e
dp P, — Do dE dp_ dzp
i G _En Fao = _ g EX4D n 25
R Pty g TR T T g )
dn n —n dE dn d’n
P_G £ 20 —+u E—2+D 2 26
dt ! T e T T e o

n

Where & the permittivity, q the charge, W the electrostatic potential, n the free electron density, p the free hole
density, p,(x) the trapped hole density, n,(x) the trapped electron density, N," the donor atom density, N, the
acceptor atom density, E the electric field and G the generation rate, D the diffusion coefficient, 7 the lifetime and

the mobility of charge carriers. With the help of solution of these equations current density/voltage (J/V) characteristics
are determined and performance of solar cell with different buffer layers is compared. In Table 5 we have presented
description for the parameters; which was used in the simulation. The terrestrial spectrum AM 1.5 (Air Mass 1.5 Global
1000W/m?) is used for illumination. The schematic energy band diagram under equilibrium condition for the thin layer
solar cell has been illustrated in Figure 9 (b).

Table 5. Material properties for the ZnSnP: solar cells simulation.

p Layers I-n+Zn0O 2-n(i) ZnO 3-CdS 3-ZnTe 4-ZnSnP,
arameters

Thickness (nm) 300 50 50k 50 2500

€ (dielectric constant) 9.26% 9ec 9.42 4™ 8.62*
L (electron mobility in 10cm?/Vs) 65.6° 230" 265! 70m™ 550
L (hole mobility in 10cm?/Vs) 65°¢ 701 15! 50m 35°
n/p (carrier density in cm™) 1x10%'¢ 5x1017 1x10'7i 7.5x1019m 1x10'°
E, (eV) (optical band gap) 3.228¢ 3.294 2.421 225m 1.9%
N (electron density in  c¢cm™) 1x10%¢ 1x1019¢ 1x1019¢ Ix1015m 6.8x10'7
N, (effective density in  cm) 1x10%9¢ 1x1019¢ 1.6x10'9¢ 1.5x1019m 1.5x10"
% electron affinity (eV) 4.2f 4.4451 43¢ 3.65m 425"

aReference [55]; ® Reference [56]; ¢ Reference [57]; ¢ Reference [58]; € Reference [59]; f Reference [60]; € Reference [61];

Reference [62]; | Reference [63]; 7 Reference [64]; K Reference [65]; ! Reference [66]; ™ Reference [67]; ™ Reference [68]; © Reference
[69]; *This work

The band diagram is drawn according to Anderson’s affinity rule, which shows conduction band offset is
AE; = y> — 1 and valance band offset is AE: = (%1 + Eq1) — (%2 + Eg2). The band diagram shows that this is a type 11
heterostructure. The difference in band gaps creates discontinuity spikes in the conduction- and valence bands [45]. These
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spikes can create extra barriers for the electrons to overcome or tunnel through, and may also work as potential wells with
discrete energy states [46].
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Figure 9 (a). The layer structure of ZnSnP> solar cell.
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Figure 9 (b). The schematic energy-band diagram of a typical
ZnSnP> /CdS or ZnTe solar cell under equilibrium condition.

The Figure 9 (c) shows the illuminated characteristics J-V curve of the proposed solar cell structures. The
performance parameters open circuit voltage (V5.), short circuit current density (Js), Fill Factor (FF) and efficiency (7)
have been calculated from J-V characteristics for different considered buffer layers. The simulation results have been
presented in Table 6. These results show that both the buffer layers provide good efficiency (>20%); but the fill factor for
ZnTe buffer layer is considerably high. A maximum density of current (>29 mA/cm?) has been obtained with both the
buffer layers, which ensures the suitability of CdS and ZnTe buffer layers in ZnSnP; solar cells.
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Figure 9 (c). Photo-current density-voltage (J-V) curves for the
simulated results for SOnm thickness of buffer layers.

g
= .5: = 50nm e 150nm i/r
NE : 4 250nm v 350nm |
< |
2-10 - I
15| [
§-15.- |
g [
S-20
© b
€ .25
e bt 1R
5-30'?;:::;::- IIIII'.".'

-3 :
-1.0 -0.8 -0.6 -04 -0.2 0.0 0.2 04 06 08 1.0

Voltage (V)

Figure 9 (e). Effect of thickness of buffer layer over J-V
characteristics of ZnSnP2/CdS solar cell.

1.0
L l'l'l'll'lrl;':.:':':'_.x —m— CdS
0.9F b4 '\'il:['\. —e ZnTe|
08} [ \.\=:.\.\
> o "o,
1) / I\.\.
c07f _° AN
_d_) /. .\.\
Q e
E 0.6 /. \.s.
@ o5}° "e
£ N
204} »
c \
§ 0.3} :
02} )
01 1 i 1 1 1 1 1 1
0.4 0.5 0.6 0.7 0.8 0.9 1.0
Wavelength (micrometer)
Figure 9 (d). Quantum efficiency curves for ZnSnP»/CdS or

ZnTe solar cell for 50 nm thickness of buffer layer

'
(4.}

0
-

]
S

Current density (mAIcmZ)
o &
(4.}

]
w
o

(=]

[3,]

- ~
“= 50nm e 100nm & 200nm vy

i v 300nm < 400nm ."‘

- | t

.
[ t14411 é
-1 1-1-geeet
[ sttsssasaetanset

1 1 1 1

-1.0 -0.8 -0.6 -04 -0.2 0.0 0.2 04 06 0.8 1.0

Figure 9

Voltage (V)

(f). Effect of thickness of buffer layer over J-V

characteristics of ZnSnP2/ZnTe solar cell.



74
EEJP.1(2021) Neeraj, Ajay S. Verma

Table 6. Simulated performance parameters of the solar cells for absorption layer ZnSnP:

Buffer layer E, (%) Voe(mV) Jse(mA/cm?) FF(%)

CdS 1.06 13.186 604 29.235 74.6
1.9 21.748 1066 29.864 68.3

ZnTe 1.06 14.055 603 29.121 80.1
1.9 22.926 1062 29.415 73.4

Further, the analysis of photoconductivity of cell structure is done in terms of quantum efficiency (QE) as shown in
Figure 9 (d). The spectral response of the device is studied within the spectral range of 0.4 pm to 1.0 um. Quantum
efficiency is a measure of collection of charge carriers with respect to number of incident photons. As CdS buffer layer
has higher band gap, it provides a wider window for absorption of photons, thus creating larger number of charge carriers
and resulting in higher quantum efficiency in lower wavelength region, whereas in higher wavelength region QE of CdS
becomes lower which ensures higher recombination in this structure. The higher values of quantum efficiencies are found
for blue region of the light. Since blue light is absorbed closer to the junction, recombination effect is less effective for
this wavelength region whereas at higher side of wavelength high recombination occurs, since the free carrier generated
deeper in the bulk have to travel longer before being collected. This results higher recombination loss and in tern lower
quantum efficiency in long wavelength region. Moreover, the absorption coefficient decreases with the increasing of the
photon wavelength, so the loss in absorption causes the spectral response to decrease quickly and thus the quantum
efficiency.

Effect of buffer layer thickness
The effect of thickness of buffer layer on J-V characteristics for the two cell structures are shown in

Figures 9 (e)-9 (f). With the help of these characteristics /_, V, ,n and FF are calculated at different thickness of buffer

layers. The effect of thickness of buffer layer over performance parameters of these cell structures is shown in
Figures 10 (a)-10 (c).

Figure 10 (a) and 10 (b) shows that as thickness of buffer layer increases, the current density as well as efficiency
start to decrease for both the structures. This shows that at 50 nm the ratio of diffusion length to the thickness of the buffer
layer is appropriate for collection of minority carriers. After this thickness all the photogenerated carriers are not able to
reach the depletion region, which in turn decreases the current density and efficiency. The decrement in current density
at lower thickness values is fast in ZnSnP,/CdS structure, which shows that rate of recombination is higher in ZnSnP,/CdS
solar cell structure.

Further, the effect of thickness over open circuit voltage for all the three buffer layers is shown in Figure 10 (c). At
50 nm thickness a significant value of V. is found whereas for higher values of thickness it decreases for both the

structures. At higher thickness the separated charge carriers starts to recombine before reaching the electrodes, which
causes decrement in V.

Effect of thickness over fill factor for the two structures is shown in Figure 10 (d). It is a measure of maximum
power that can be achieved by a cell. As both the structures are showing the highest FF at 50nm thickness, ensures that
at lower values of thickness charge collection is good because charge carriers are able to reach the electrodes. After this
thickness charge collection suffers due to low values of diffusion length than the thickness of buffer layer. Further, with
increment in thickness FF becomes almost constant because maximum effect of recombination over charge collection is
achieved.
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Effect of temperature
The effect of temperature over J-V characteristics for both the three structures is shown in Figure 10 (e) and 10 (f).
Further, Figures 11(a)-11(e) shows the effect of temperature over performance parameters for the two cell structures.
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In Figure 11 (a), J,. increases with temperature for both the structures considered. This effect can be understood in

terms of band gap. The effect of temperature over energy band gap, E, is given by Varshni equation [47]
al’
T+p

Where E; (0) is the band gap energy at absolute zero on the Kelvin scale in the given material, and ¢ and g are
material-specific constants. This decrement in band gap is responsible for enhancement in current density values at higher
temperature. Increase in temperature can be viewed as increase the energy of the charge carriers. Thus less energy is
required to break the bond and conduction increases.

As a consequence of the increase in temperature, there is a shift in quantum efficiency curves (Figure 11(b),11(c)).
When the temperature of the cell is increased, thermal vibrations of the lattice becomes stronger, which causes reduction
in lifetime and mobility of minority charge carriers. This in turn reduces the diffusion length and process of recombination
becomes stronger. But with increase in temperature, the band gap is reduced, which enhances the production of charge
carriers. In low and middle temperature range, there is equilibrium in between the phenomenon of charge generation and
recombination.

But with temperature, the absorption in wide band gap materials is improved for long wavelength region because of
the phonons multiplication phenomenon [48]. So, the minority carriers production is increased with temperature in the
range of long wavelengths, thus the photocurrent increases and consequently, the quantum efficiency. Further with
temperature a sharp increment is found in ¥, (Figure 11 (d)).

E,(T) = E,(0)- @)

The effect over ¥, can be understood as a measure of the amount of recombination in the device. As the temperature

increases, the number of thermally generated carriers can exceed the number of dopant-generated carriers. Though the
concentration of intrinsic carriers is very small; but it has very strong temperature dependence [49]. This increment in
intrinsic carrier concentration causes the increase in reverse saturation current. The increment in reverse saturation current
is responsible for decrement in open circuit voltage values.
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Also, the temperature dependence of Voe is given by [50]
av, . dE, /q+ V.—-E,/q
dT dT T

(28)

Voc —Eg /q
From eq. (28) it is inferred that the temperature dependence is mainly related to the term A which after

integration provides a linear relationship V,¢ o =T as observed experimentally [50].

Therefore, the tendency of V,. to decrease and J,. to increase with increasing temperature in the solar cells are
determining factor for efficiency with variation in temperature. The overall effect of temperature has been studied for 7

as shown in figure 11 (e).

Effect of Band gap of absorption layer

The effect of band gap of absorption layer over performance parameters is studied. To find the effect of band gap,
the results of ZnSnP, absorption layer with band gap 1.06 eV and 1.9 eV are compared. The effect of band gap of
absorption layer over J-V characteristics of the cell are shown in Figure 12 (a)-12 (d). These results show that the
increment in band gap results in an increment in absorption of light, thus an increment in performance parameters is found
(Table 6). This improvement in parameters is due to the enhancement of absorption in longer wavelength region. This
effect can be seen in quantum efficiency curves in Figure 12 (c) and 12 (d).

Hence, the study shows that ZnSnP» as absorption layer with CdS and ZnTe buffer can be promising solar cell
model. ZnTe can be used as an option for CdS buffer layer, which is not only beneficial on the energy basis, but also
helps in overcoming the serious environmental related problems due to the toxic nature of cadmium.
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SUMMARY AND CONCLUSIONS
To conclude, results have been presented for the solid state properties such as structural, electronic, optical, elastic
and thermal properties of the ZnSnP, semiconductor using the first-principles calculation. The structural properties in the



78
EEJP.1(2021) Neeraj, Ajay S. Verma

chalcopyrite structure are obtained using the total energy as a function of volume; the derived equilibrium parameters are
compared with experimental data. We compared electronic and optical properties calculated with the mBJ functional and
spectroscopic ellipsometry data. We find that the mBJ functional provides an accurate description of the electronic and
optical properties. The ZnSnP; has a direct band gap. We have also derived the static refractive index. Thermal properties
such as Gruneisen parameter, volume expansion coefficient, bulk modulus, specific heat, entropy, debye temperature and
hardness are calculated successfully at various temperatures and pressures, and trends are discussed. The ground state
parameters of interest were obtained and showed good agreement with published experimental and theoretical data. An
application of the material in solar cell device has been presented; here we have used AMPS-1D to investigate the
dependence of the buffer layer for thin layer ZnSnP; solar cells. A device modelling and detailed simulation study have
been carried out over single junction ZnSnP; solar cell with a variety of buffer layers. The performance parameters of
solar cells as open-circuit voltage (Vo), the short-circuit current density (Jsc), the conversion efficiency #, Fill factor (FF)
and quantum efficiency (QE) have been calculated. Also the effect of temperature and band gap of absorption layer is
studied and it is found that higher band gap of absorption layer improves the performance of solar cell. Thus the study
shows that ZnTe can be considered as an alternative to CdS buffer layer and assumes greater significance under this
scenario. To the best of our knowledge, most of the investigated parameters are reported for the first time and will further
stimulate the research in the related field.
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CTPYKTYPA I BTIACTUBOCTI ZnSnP: IJI51 3ACTOCYBAHHS B ®OTOEJEKTPUYHUX ITPUCTPOSIX
3 BUKOPUCTAHHSIM BY®EPHUX IIAPIB HA OCHOBI CdS I ZnTe
Hupanx®, Axxkaii C. Bepma®
“@izuunuit paxynomem, Banacmani Bio sanim, Paoscacman 304022 (Indis)
b®aryrvmem npupoonuuux ma npuxnadnux nayx, [llxona mexnonozii, I okan ynisepcumem
Caxapaunnyp, Ymmap Ipaoew, 247232 (Inois)

TyT MU IPeICTaBISEMO POLIMPEHHI aHAaIi3 TapaMeTpiB, OB’ A3aHUX 13 CTPYKTYPHUMH, EICKTPOHHHUMH, ONTHYHUMH Ta MEXaHIYHUMU
BJIACTUBOCTSAMH XaJIbKOIIIPUTOBOTO MaTepialy Ha OCHOBI L[MHKY, BUKOPHCTOBYIOUHM HMOBHHMI NOTEHIliaJ] JiIHEAPU30BAaHOTO METOLY
nonoBHeHOI 1ockoi xBuii (FP-LAPW) B pamkax Teopii GpyHKITIOHaTBHOCTI OIiTBHOCTI. Po3paxyHKku ab initio BUKOHYBaJIHCh METOJIOM
niHeapu30BaHoi posmmpenoi miockoi xBuii (LAPW), peanizoBanoro B koxi WIEN2K B pamxax Teopii GpyHKIioHaTy MIIBHOCTI, MO0
OTpUMAaTH CTPYKTYpHi, €JIEKTPOHHI Ta ONTHYHI BiacTHBOCTI ZnSnP2 y 00’emHo-nieHTpoBaHiil TerparonansHiii (BCT) dasi.
Ipencrasneno micts npykHUX KOHCTAHT (Ci1, Ci2, Ci3, C33, Cas 1 Ce6) Ta MeXaHIYHI IapaMeTpH, sKi MOPIBHIOIOTHCSA 3 HASBHUMU
CKCICPUMECHTAJILHUMH JaHUMH. J[JI1 TOYHOrO OMHUCY 3aJICKHOCTI BiJl THCKY 1 TeMmepaTypH KoedillieHTa TeIUIOBOrO PO3LIMPEHHS,
00'eMHOT0 MOJYJIs, IMTOMOI TeIUIoTH, TeMneparypu Jebas, mapamerpiB enTpomnii I ploHali3eHa BUKOPHCTOBYIOTHCS] TEPMOANHAMIUHI
PO3paxyHKH B KBa3irapMOHIYHOMY HaOJIM>KeHHI. Ha OCHOBI HamiBeMIipHYHOTO CITIBBiAHOIICHHS MU BU3HAYWIIN TBEPIICTh MaTepialy;
II0 MOSICHIOETHCS PI3HOIO CHJIOI0 KOBAJEHTHOTO 3B’s13Ky. KpiM TOro, 3MOzenb0BaHi COHSYHUX €IEMEHTH Ha OCHOBI ZnSnP2, Takox
MpOaHai30BaHo (i3MKy MPHUCTPOIO Ta MapaMeTpH MPOAyKTHBHOCTI i Oydepuux mapis ZnTe ta CdS. PesynbraTét MoJeItOBaHHS
JUIsL TOHKOIIIApOBOi COHA4HOT Oarapei ZnSnP2 nokasyioTs MakcuManbHy eekTHBHICTD (22,9%) i3 ZnTe B sikocti OydepHoro miapy.
BinblricTe JOCHIKYBaHHX IapaMeTpiB MOBIJOMJISETbCS BHEpLIe. Pe3ynpTaT NBOr0 JOCIHIUKCHHS JOAATKOBO MiATBEPIXKYE
NIePCTIEKTHBY BUKOPUCTAHHS LILOTO XAJIBKOMIPHTY, KU 3a CBOEIO CYTTIO OyB OHM CTIHKHMM Ta BiINOBiAaB OM THYYKOMY CyOcTpary, o
€ HallBXKJIMBIIINMU XapaKTePUCTUKAMH /IS KOMEpIiasli3aiil COHTYHUX eJIEMEeHTIB Ha OCHOBI XanbKOMipHUTy. TakuM Y4MHOM, CIPUSIHHS
eBOJIIOLT [[POrO Marepiany Uil JIOCATHEHHS BHCOKOC(EKTHBHUX ONTOCICKTPOHHUX MPUCTPOIB BiJKPHUBAE HOBHH IUIIX y Tay3i
CTBOPEHHSI COHSIYHUX €JIEMEHTIB.

KJIIOUYOBI CJIOBA: Ab-initio po3paxyHKH; eCeKTPOHHI BIaCTUBOCTI; IIPY>KHi KOHCTAHTH; TEPMOJHUHAMIYHI BIACTHBOCTI





