WSEAS TRANSACTIONS on CIRCUITS and SYSTEMS Neeraj, Pravesh, Suresh Pal,
DOI: 10.37394/23201.2020.19.6 Sarita Kumari, A. S. Verma

Fundamental Materialistic Properties of ZnSnP, for Solar Energy
Conversion and Environmental Friendly Photovoltaic Devices

NEERAJ!, PRAVESH?, SURESH PAL3, SARITA KUMARI, A. S. VERMA!,*
"Department of Physics, Banasthali Vidyapith, Rajasthan, 304022, INDIA

2Department of Electronics and communication, KIET Group of Institutions, Ghaziabad, Uttar
Pradesh, 201206, INDIA

SDepartment of Applied Science, World College of Technology and Management,
Haryana, 122506 INDIA,

“Department of Physics, University of Rajasthan, Jaipur, (India) 302004

Abstract: - Ab initio calculations have been performed by the full potential linearized augmented plane wave
(FP-LAPW) method as implemented in the WIEN2K code within the density functional theory to obtain the
fundamental physical properties of ZnSnP, in the body centered tetragonal (BCT) phase. The six elastic constants
(C,y» Cyps Cy5, Cy, €y and C) and mechanical parameters have been presented and compared with the available
experimental data. The thermal properties 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.
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1 Introduction interfaces related to the absorbing material ZnSnP,
to clarify the origin of high resistance and improve
ZnSnP, is a member of A"BVC," group ternary the photovoltaic performance in ZnSnP; solar cells.
compound semiconductors, which has with The absorption coefficient of ZnSnP, was reported
chalcopyrite structure as a new solar absorber. The to be approximately 195 'Cmil in visible light range;
growth of ZnSnP; thin films has been prepared by ZnSnP; has a promising property for a solar
co-evaporation and in ultra high vacuum by absorbing material. ZnSng crys-tal's for solar cells
molecular beam epitaxy (MBE). Recently [1], were.prepared by mechanlcehl-pl)\(/)hs\lfung [2,3]-
ZnSnP; based thin-film solar cell is fabricated and Martinez et al [4], the ATB™C," materials have
also prepared energy band gap by phosphidation m;nll\:;lrly compelling electroplc properties to their
method under the variation of Zn/Sn atomic ratio. A'B" counter parts. Materials can 'typlcall}{ b?
Defects introduce localized levels in the energy gap -doped. both n-type and p-type using extrinsic
of ZnSnP, and other compound semiconductors 1Ir.1pur1tles., and mobilities can be .extremely hlgh,
through which they control solar cell device with multiple reports. The phosphide and arsenide
performance, efficiency and reliability. in A"B"C," compounds have been synthesized in
In ZnSnP, thin film, zinc vacancies or zinc-on-tin bulk form by 'three primary techmques; .Whlle
sites are considered as acceptor. This is responsible optlcgl properties have been studied using  a
for p-type conductivity. ZnSnP; is focused as a solar comblpatlon of  theory  and experiment.
absorbing material consisting of safe and earth- Experimental work has been used to examine
abundant elements. Investigated the structures of photoluminescence and absorption edge, while
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calculations can provide insight into physical
mechanisms underlying these measurements [4].
This material has been proposed as a promising
candidate for a solar absorbing material and
Cu2ZnSnS4 xSex, CuSnS;, Cux0O, SnS, Fe,S, and
Zn3P, solar cells have been developed with a
conversion efficiency of 12.6% [5]. ZnSnP, has a
direct band gap of 1.6 eV [6].

Ternary A"B'VC,Y chalcopyrite semiconductors
(Zn,Cd)(Si1,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]. In spite of all these work, 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]. 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 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 (0p),
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 VL.
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2 Problem Formulation

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 wvariety 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 1=10 partial waves. In
the interstitial region, a plane wave expansion with
RmrKmax equal to seven was used for all the
investigated systems, where Ryt is the minimum
radius of the muffin-tin spheres and Kumax 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 Rwr
(muffin-tin radii) are taken to be 2.2, 2.22 and 1.7
(in atomic unit) for Zn, Ge and P respectively. The
modified tetrahedron method [22] was applied to
integrate inside the Brillouin zone (BZ) with a dense
mesh of 5000 wuniformly 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.
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3 Problem Solution

3.1 Structural,
Properties

electronic and optical

The ternary chalcopyrite semiconductor crystallizes
in the chalcopyrite structure with sapce group

|- 42d ( Déczi ). The Zn atom is located at
(0,0,0); (0,1/2,1/4), Ge 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,r and dge-p
result in two structural deformations, first is
characterized by u parameter defined as u=0.25 +
(dznp2— dgep2)/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 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. The
present calculations using the WC-mBJ method
yields a pseudo-direct band gap of 2.0 eV as shown
in figure 2. As clear from the figures 1 (b) that the
obtained electronic band gap matches well with the
experimental data predicted by Shaposhnikov et al
[24]. Scanlon et al, [8] and Sahin et al [12] reported
an estimate of the theoretical band gap of ZnGeP; as
1.73 eV. The mBIJ 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].

The imaginary part e(w)of the dielectric function
could be obtained from the momentum matrix
elements between the occupied and unoccupied
wave functions and real part €;(®) can be evaluated
using the Kramer-Kronig relations [25-28]. Figure 3
(a) and (b) displays the real and imaginary parts
respectively of the electronic dielectric function &
(o) spectrum. The main peaks of €(®), occurs at
2.73 eV (17.14) and &i(®) spectra further decreases
up to 7.31 eV. Optical spectra exhibit anisotropy in
two directions (along basal-plane and z-axis) with a
very small difference (0.2034 eV) in the static limit.
Figure 3 (b) displays the imaginary (absorptive) part
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of the dielectric function &x(w) and shows that the
critical points of the & (w) occurs at 2.0 eV. The
obtained fundamental edges are closely related to
the obtained energy band gap values 2.0 eV.

The obtained values of band gap, refractive index
and dielectric constant are presented in table 2 and
compared with the available reported data. Figure 4
presents the refractive index n (w) along with the
extinction coefficient k (®). The refractive index
spectrum shows an anisotropic behavior (An (0
eV)=0.0334), hence only the average is listed in
(3.04375) table 2. The peak value of refractive
indices is 4.18 at 2.73 eV.

Figure 4 also 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 calculated optical reflectivity R (@) is displayed
in Figure 5 (a) and this has small reflectivity in the
low energy range. The maximum reflectivity occurs
in region 4.22-14.67 eV [30].

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 1.99 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
conductivity and it’s clear that the maximum
photoconductivity of the materials lies in the u-v
region of electromagnetic spectrum.

3.2 Elastic Properties

The deformations [31] are shown in Table 3 and
chosen such that the strained systems have the
maximum possible symmetry. The elastic stiffness
tensor of chalcopyrite compounds has six
independent components because of the symmetry
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properties of the D;é space group, namely Ci, Ciz,

Ciz, Ci33, C4 and Ce¢ in Young notation. The
calculated elastic constant for the tetragonal phase
of ZnGeP; are listed in Table 4.

Voigt and Reuss approximations provides [32-
35], in fact, an estimation of the elastic behaviour of
an isotopic material, for instance a polycrystalline
sample. We have found bulk (B in GPa) and shear
modulus (G in GPa). 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 are 1.78 and
classifying the materials is ductile.

3.3 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'(V;P.T)=ENV)+PV+Aul0:T] (1)
where E(V) is the total energy per unit cell, PV
corresponds to the constant hydrostatic pressure
condition, Op 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]:

1= niet| 22 _e%y_p[?¢
A,ib[QD,T]_nkT{ST+3ln(l e’ D(Tﬂ @

E-ISSN: 2224-266X

46

Neeraj, Pravesh, Suresh Pal,
Sarita Kumari, A. S. Verma

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]:

1o inl” (o) [Bs
aD_E[wzv n] foh o2 3)

M being the molecular mass per unit cell and Bg the
adiabatic bulk modulus, approximated by the static
compressibility [39]:

-y _y SZEV)
By = B(V)=V =}

“4)

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,

[GG*(\/;P,T)] o ©)
v P.T
By solving Eq. (17), one can obtain the thermal
equation of state (EOS) V(P, T). The heat capacity
Cy and the thermal expansion coefficient o are
given by [35],

- 9) 36T
C\,—3nk{4D(T) eH/T—J

(©6)

s:nk{4D($)—3ln(l—e’€ﬁ)} (7)
-y

BV (8)

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

__dlné)
dlnV

©)

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! (10)
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B = Bulk modulus; K = 0.59 for A"BVC,"

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 ZnGeP, 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 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. The variation of the
Debye temperature Op (K) as a function of pressure
and temperature illustrated by proposed results is
displayed in Figure 6 (d).

With the applied pressure increasing, the Debye
temperatures are almost linearly increasing. Figure 6
(e) shows the volume thermal expansion coefficient
a (107/K) at various pressures, from which it can be
seen that the volume thermal expansion coefficient
o 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 verses temperature at pressure range 0-8
GPa are shown in the following Figure 7. From
these figures, we can see that the constant volume
heat capacity Cv 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 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. In figure 8 (b), we
have shown the values of Griineisen parameter y at
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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. The Griineisen
parameter vy is another important quantity for the
materials.

3.4 Cdl structure, material parameters and
cell performance

The modeled cell structure is shown in Figure 9 (a).
The simulated structure starts with 2500 nm ZnGeP»
layer over a Molybdenum substrate followed by 50
nm CdS/ZnSe 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:

11
992 |-t w69 ny G- meo-ne] ()
dpn Pn = Pno dE dpn d2 Pn (12)
=G, - TP SE ) E D,—on
d P o, P ek TP g
dn n,-n dE dn, d’n 13
T::G"_ prn p0+npﬂ"&+ﬂ“E ax O dx2p (49
Where & the permittivity, q the charge, ¥ 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, = the lifetime and u the

mobility of charge carriers. With the help of
solution of these equations current density/voltage
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(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). The band
diagram is drawn according to Anderson’s affinity
rule, which shows conduction band offset is AE. =
%2 — x1 and valance band offset is AE. = (y1 + Eq1) —
(x2 + Eg). The band diagram shows that this is a
type II heterostructure. The difference in band gaps
creates discontinuity spikes in the conduction- and
valence bands. These spikes can create extra barriers
for the electrons to overcome or tunnel through, and
may also work as potential wells with discrete
energy states [52]. The Figure 9 (c) shows the
illuminated characteristics J-V curve of the proposed
solar cell structures. The performance parameters
open circuit voltage (Voc), 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 (a) and 6 (b).
These results show that both the buffer layers
provide good efficiency (>20%). A maximum
density of current (>29 mA/cm?) has been obtained
with both the buffer layers, which ensures the
suitability of CdS and ZnSe buffer layers in ZnGeP»
solar cells.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 um 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
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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.

3.5 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 J o , Voc , 1 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 ZnGeP./ZnSe
structure, which shows that rate of recombination is
higher in ZnGeP»/ZnSe solar cell structure. Effect of
thickness over fill factor for the two structures is
shown in figure 10 (c). 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.

3.6 Effect of temperature

The effect of temperature over J-V characteristics
for both the three structures is shown in Figure 10
(d) and 10 (e). Further, figures 10 (f)-11(e) show the
effect of temperature over performance parameters
for the two cell structures. In fig 10 (f), Jx 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 [53]

aT?
T+/4

E,(T) = E,4(0) - (14)
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Where E; (0) is the band gap energy at absolute zero
on the Kelvin scale in the given material, and « and
[ 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
(a),11 (b). 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 [54]. 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 Ve (figure 11 (c)). The effect over Voc 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 [55]. 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. Also, the temperature
dependence of v, is given by [56]

dVoe ~ dEg /q +V0C -Eg/q

dT dT T

(15)

From eq. (15) it is inferred that the temperature

dependence is mainly related to the terrnv‘m_Tﬂ;

which after integration provides a linear relationship
Vo€ =T as [56].
Therefore, the tendency of Vo to decrease and Jg to

increase with increasing temperature in the solar
cells are determining factor for efficiency with

observed experimentally
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variation in temperature. The overall effect of
temperature has been studied for 7 as shown in

figure 11 (d).

3.7 Effect of Band gap of absor ption layer

The effect of band gap of absorption layer over
performance parameters is studied. To find the
effect of band gap, the results of ZnGeP, absorption
layer with band gap 2.0 eV and 2.3 eV are
compared. The effect of band gap of absorption
layer over J-V characteristics of the cell are shown
in figure 11 (f)-11 (g). 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 6a and 6b).
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 11 (f) and 11 (g). Hence,
the study shows that ZnGeP, as absorption layer
with CdS and ZnSe buffer can be promising solar
cell model. ZnSe 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.

4 Conclusion

To conclude, results have been presented for the
solid state properties such as structural, electronic,
optical, elastic and thermal properties of the ZnGeP»
semiconductor using the first-principles calculation.
The structural properties in the 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 ZnGeP;
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
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buffer layer for thin layer ZnGeP, solar cells. A
device modelling and detailed simulation study have
been carried out over single junction ZnGeP; solar
cell with a variety of buffer layers. The performance
parameters of solar cells as open-circuit voltage
(Voo), the short-circuit current density (Js), the
conversion efficiency m, Fill factor (FF) and
quantum efficiency (QE) have been calculated. Also
the effect of temperature and band gap of absorption
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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 ZnSe 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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Figure 1. Calculated total energies as a function of volume
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Figure 5. (a) The calculated reflectivity (R (®)), (b) absorption coefficient (ou(®)) and (¢) photoconductivity
(o(w)) for ZnGeP2.
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Figure 7. Heat capacity vs temperature at various pressures for ZnGeP.
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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 107°/K) of ZnGeP;.

Structural a(A) c(A) u B (GPa) B’
Analysis
5.43, 10.73, 0.255 84 4.58
5.46~ 10.71%"
Thermal B (GPa) H (GPa) vy Op (K) o (10
Analysis 3/K)
80 6.19,6.2° 1.864 414,410° 4345

“Reference [45]; "Experimental; ® Reference [50]; ¢ Reference [51];

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

Crystals E, (eV) this n this work €, this work
work

ZnGeP, 2.0, 2.0-2.3%, 3.04,3.10% 9.26,9.18¢%
1.98°

4 Reference [24]; ¢ Reference [46];  Reference [47]; & Reference [48];
"Experimental
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Table 3. The lattice parameters of the deformed tetragonal unit cell, the
expression relating the o and € variables, the finite Lagrangian strain tensor
(Voigt notation) and the value of the second derivative, (1/2V)(d*E/dg?), in
terms of the elastic constants (¢ being deformation coordinate and E the

energy).

Strained cell € Strain (1) dE%/d €
Cc+C a+o)’ & € Cg 1 1
(a+d,a+0, 9 ,90,90,9( ( ;2 ) -1 (5,5,—61,0,0,0) Z(C” +Cp,)+ §C33 1
(a+ 25)2 . (2,2,0,0,0,0) 1
(a+d,a+5,c,90,90,90) 2 $CitC)
€+8)’ (0,0,%,0,0,0)
C+Co 2 1
(a,a, ,90,90,90) ¢ $Co
@+8) (0,%,0,0,0,0)
2 1
(a,a+6,¢,90,90,90) 2 3Ci
. (0,0,0,0,£,0)
sino
(a,a,¢,90,90 + 6,90) C.,
_ (0,0,0,0,0, &)
sino
(a,a,¢,90,90,90 + o) Coo

Table 4. Elastic constants Cj (in GPa) of the ZnGeP, compared with
available data.

Cu Ci Ci Cs3 Cus Ces
133,88"  65,55" 66, 52" 134, 82"  64,30" 64,27"

B (GPa) G (GPa) Y (GPa) v K. (GPa') . (GPa™)
88 50 126 0.26 0.0038 0.0037

" Reference [49];
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Table 5: Material properties for the ZnGeP; solar cells simulation.

Layers 1-n+ZnO 2-n(i) ZnO 3-Cds 3-ZnSe 4-ZnGeP2

Parameters

Thickness (nm) 300 50 50° 50 2500

€ (dielectric constant) 9.26° 9°¢ 9.4° 10¢ 9.26¢

L (electron mobility in 10cm?/Vs) 65.6° 230° 265¢ 50° 1000"

11, (hole mobility in 10cm?/Vs) 65! 701 15¢ 20° 40¢

n/p (carrier density in  cm™) 1.7x10™ 5%10'! 6x10' 1x10'™ 10'%

E, (eV) (optical band gap) 3.228" 3.29" 242™ 2.9°¢ 24
N. (electron density in  cm™) 1x10™ 1x10™ 1x10™ 1.5x10'8¢ 6.8x10"
N, (effective density in cm™) 1x10™ 1x10™ 1.6x10""  1.8x10"® 1.5x 10"
¥ electron affinity (eV) 3.9 3.9 3.75! 4.09¢ 3.58°

@ Reference [57]; ® Reference [58]; © Reference [59]; ¢ This work; ¢ Reference [60]; ' Reference [61] ; & Reference[62], "Reference[63], Reference [64], )
Reference[65], “Reference[66], 'Reference[67], "Reference[68], "Reference[69]; *Reference[70]

Table 6 (a): Simulated performance parameters of the solar cells for Table 6 (b): Simulated performance parameters of the solar cells for
absorption layer ZnGeP, (E,= 2eV) absorption layer ZnGeP; (E,= 2.3eV)

Buffer layer  7(%) Voc(mV) Jio(mA/cm?) FF(%) Buffer layer  7(%) Voo(mV) Jie(mA/cm?) FF(%)

ZnSe 21.139 0.934 29.456 0.768 ZnSe 23.097 0.935 32.849 0.752

CdS 22.518 0.934 30.666 0.786 CdS 23.840 0.931 33.326 0.769
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