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Cu-based chalcogenides are promising materials for thin-film solar cells with more than 20% mea-
sured cell efficiency. Using first-principles calculations based on density functional theory, the
optoelectronic properties of a group of Cu-based chalcogenides Cu,-II-IV-VIy is studied. They are
then screened with the aim of identifying potential absorber materials for photovoltaic applications.
The spectroscopic limited maximum efficiency (SLME) introduced by Yu and Zunger [Phys. Rev.
Lett. 108, 068701 (2012)] is used as a metric for the screening. After constructing the current-
voltage curve, the SLME is calculated from the maximum power output. The role of the nature of
the band gap, direct or indirect, and also of the absorptivity of the studied materials on the maxi-
mum theoretical power conversion efficiency is studied. Our results show that Cu,II-GeSe, with
II= Cd and Hg, and Cu,-1I-SnS, with IT = Cd, Hg, and Zn have a higher theoretical efficiency
compared with the materials currently used as absorber layer. Published by AIP Publishing.

[http://dx.doi.org/10.1063/1.4961562]

I. INTRODUCTION

The potential applications of the multinary chalcogenide
semiconductors in optoelectronics give rise to an intense
interest in their design and synthesis that dates back to the
1950s."™ Ternary I-III-VI, compounds can be generated
from binary II-VI chalcogenides through substituting group
II atoms by pairs of group I and III atoms. Because of the
increased chemical and structural flexibility in ternary com-
pounds, they exhibit a larger variety of optoelectronic prop-
erties compared with binary ones.” For example, CuGaSe,
has a band gap of 1.68 eV which is lower than that of ZnSe
(2.82¢eV).® This is one of the characteristics of CuGaSe, that
makes it convenient for application in thin-film solar cells.
Further flexibility is obtained by introducing quaternary chal-
cogenides and this allows to engineer the functional properties
to satisfy a certain application, e.g., high-efficiency photovol-
taic absorber layers or light emitting diodes.

There are two approaches to substitute the cations in ter-
nary I-III-VI, to design quaternary compounds. One is to
replace two IIT atoms by one II and one IV atom, forming a I»-
II-IV-VL, compound. The other one is to replace one I atom
and one III atom by two II atoms, forming IL-I-III-VI; com-
pounds. Such quaternary chalcogenides with I={Cu, Ag}, II
={Zn, Cd}, Il = {Ga, In}, IV = {Ge, Sn}, and VI = {S, Se,
Te} have been synthesized by different groups.>*’ In particu-
lar, Cu-based chalcogenides Cu,-II-IV-VI, can be found at the
center of various technological innovations. Among these
compounds, Cu,ZnSnS; (CZTS) and Cu,ZnSnSe, (CZTSe)
combine promising characteristics for optoelectronic applica-
tions (e.g., direct band gap of 1.0-1.4eV, a high optical
absorption coefficient up to 10°cm™!, and a relatively high
abundance of the elements4’8’9). Such characteristics make
them the low-cost alternative to the conventional photovoltaic
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materials like Si, CdTe, and Culn;_,Ga,Se,.** While signifi-
cant attention has been paid to CZTS and CZTSe,l’lo’11 most
of the other compounds in this family remain relatively unex-
plored. Limited theoretical attention has been paid to these
chalcogenides, so their electronic structure and optical proper-
ties remain unclear, which limits their usage in semiconductor
devices. A deeper knowledge of their optoelectronic properties
might bring further improvements in their applications.'?

On the one hand, extensive measurements have been
performed to study the change of the power conversion effi-
ciency of the photovoltaic solar cells with respect to the
characteristics of the absorber layers. On the other hand, the
conversion efficiency of the solar cells is investigated theo-
retically, but very few of such studies calculate the efficiency
of the solar cells using first-principles methods. Some suc-
cessful first-principles studies have identified new materials
with high conversion efficiency for photovoltaic applica-
tions."*™'* Yu and Zunger introduced the “spectroscopic lim-
ited maximum efficiency (SLME)” which is a theoretical
power efficiency that can be investigated using first-principles
calculated quantities. They used the SLME parameter as a
selection metric to identify new absorber materials. "

The SLME metric is a generalization of the well-known
Shockley—Queisser (SQ) criterion for the maximum effi-
ciency of an absorber layer'® and through its explicit depen-
dence on the film thickness and absorption spectrum of the
compound it is well suited to characterize thin film absorber
layers. The thickness of the absorber layers in the existing
thin film solar cells (e.g., Cu{In,Ga}Se,) is few micro-
meters.'’ Further decrease in thickness is desirable to reduce
cost, processing time, and material usage with only minor
loss in performance of the solar cell. Calculating the SLME
of a material provides insight about how thin that material
can be made with no significant loss in its efficiency.

One of the main goals of the present manuscript is
to investigate how the optoelectronic properties of the
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Cu,-II-IV-VI, compounds change by modifying the material
composition. Moreover, we propose some potential new
absorber materials using the SLME parameter.

In Section III, we present the methodology used. Section
IV presents our results together with a discussion. We end this
work with Section V, where we summarize our main findings.

Il. STRUCTURE OF THE CHALCOGENIDES
MATERIALS

The distribution of the cations within the unit cell of Cu,-
II-IV-VI1, depends on the nature of the group II and IV atoms.
For example, the kesterite structure is the most stable phase
for Cu,ZnSnSey,'® while it is reported that Cu,CdSnSe, and
Cu,HgSnSe, prefer the stannite structure as the energetically
favorable one.'”?° Because of the limited number of studies
on the stannite structure of the quaternary Cu-based chalcoge-
nides, the optoelectronic properties of the compounds are not
well-known. We investigate a group of Cu-based materials
that can be found in the stannite structure: Cu,-II-IV-VI, with
Il = {Cd, Hg, and Zn}, IV = {Sn, and Ge}, and VI = {S, Se,
and Te}.

Stannite Cu,-II-IV-VI, compounds are quaternary com-
plexes with a crystal structure similar to the zinc-blende
structure of ZnS and the kesterite structure of CulnS,. The
stannite primitive cell (space group Ia42m, No. 121) con-
tains 8 atoms.

Figure 1 presents the stannite structure. There are alter-
nating cation layers of mixed II and IV atoms, which are sep-
arated from each other by layers of Cu monovalent cations.
Each anion is tetrahedrally coordinated by four cations. Two
equivalent Cu atoms occupy the 4d Wyckoff position (site
symmetry S4), one II atom on 2a, one IV atom on 2b (both II
and IV with D ,; symmetry), and four VI atoms on 8i posi-
tion (site symmetry C,). In this structure, each anion has
thereby three inequivalent bonds (VI-Met) with the cations
Met = {Cu, Zn, and Sn}.

lll. COMPUTATIONAL METHOD

Our ab initio computations are based on density functional
theory (DFT),*'?* and are carried out using the VASP
code. 2 We use projector augmented wave (PAW)*"*®
potentials to describe the electron-ion interaction. We use the
generalized gradient approximation (GGA) to the exchange-
correlation potential, in the Perdew, Burke, and Ernzerhof
(PBE) parametrization® to perform all structural calculations.
Electronic structure and optical properties are calculated using
the HSE06 hybrid functional.®® An energy cutoff of 350eV is
used for the plane-wave basis set. For structural relaxation and
total energy calculations the Brillouin zone was sampled using
a 4 x 4 x 4 Monkhorst—Pack (MP) grid.31 Atomic relaxations
were made until residual forces on the atoms were less than
0.01 eV/A and total energies were converged to within 1 meV.

In order to calculate the absorption spectra, the imagi-
nary part of the dielectric function tensor (¢(®)) is obtained
using the random phase approximation, as implemented in
the VASP code.*” Although in principle the electron-hole
interaction can modify the optical spectrum and thus the
SLME results, excitonic effects are expected to be small
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FIG. 1. Crystal structure of Cu,-II-IV-VI,-stannite (space group 14 2m, No.
121).

as shown for CZTS and CZTSe and are therefore not
included.* The dielectric function tensor of the studied com-
pounds that have the tetragonal structure can be described
completely by two non-zero independent components,
namely, gt =g, = &yy, and el = &;; which corresponds to
the dielectric function along the x- and z-directions, respec-
tively. The real part of the dielectric function is obtained
from the imaginary part through the Kramers—Kronig rela-
tion. A Brillouin zone sampling using a 10 x 10 x 10 MP
grid is sufficient to obtain converged results for &(w). The
number of unoccupied bands used here is 3 times the number
of occupied bands.

Since the photovoltaic conversion efficiency strongly
depends on the band gap, it is important to get an accurate
value from our first-principles calculations. It is known that
standard DFT calculations, using local or semi-local exchange-
correlation functionals such as the local density approximation
(LDA) or GGA, seriously underestimate the band gap of semi-
conductors,30’34 while the hybrid functional HSE06 has proven
to be capable of giving close-to-experiment predictions for a
large range of compounds including Cu-based compounds.'**’
Moreover, for a series of compounds, HSE06 provides a
dielectric function in much better agreement with experiment
than GGA or LDA functionals.”*’

We calculate the power conversion efficiency # of an
absorber layer which is defined as y = P,,/P;,, where P, is
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the maximum output power density and P;, is the total inci-
dent solar power density. P,, can be obtained by numerically
maximizing J x V where J is the current density and V stands
for voltage. The current density for a solar cell illuminated
under the photon flux Iy, is given by J = Jy. — Jipss.>" In
this v;/;)rk, the standard AM1.5G solar spectrum at 25°C is
used.

J. Appl. Phys. 120, 085707 (2016)

The short-circuit current density J,. is given by

o0
Joe = eJ a<E)Isun(E)dE7 (l)
0
where e is the elementary charge and a(F) is the photon
absorptivity. The loss current density is calculated using the
formula

TABLE 1. HSEOQ6 calculated lattice constants (a and ¢ in A), band gap (E, in eV), enthalpy of formation (AH; in eV)," plasma frequency (w;""' ineV),” and
optical dielectric constant (8‘;;"')b for the studied Cu-based chalcogenides. The calculated data are compared with other available results in the literature.

Compound a c/a E, AHy O e (ek, el )°
Cu,ZnGeS, 5.30 2.02 1.76 —2.99 19.62 6.09 (5.96, 6.37)
5.34% (Ref. 3) 1.97¢ (Ref. 3) 2.04% (Ref. 41)
5.33° (Ref. 41) 2.06° (Ref. 41) 2.14" (Ref. 41) 6.8° (Ref. 41)
Cu,ZnGeSe, 5.60 2.01 0.90 —231 18.16 7.56 (7.36,7.97)
5.63% (Ref. 42) 1.96% (Ref. 42) 1.29% (Ref. 41)
5.38° (Ref. 41) 2.02° (Ref. 41) 1.32" (Ref. 41) 9.01° (Ref. 41)
Cu,ZnGeTey 6.04 1.99 0.49 —321 16.53 10.17 (9.89, 10.73)

1.99¢ (Ref. 3)
2.00° (Ref. 41)

5.60% (Ref. 3)
6.09° (Ref. 41)

0.55" (Ref. 41)

17.93° (Ref. 41)

Cu,ZnSnS, 5.42 2.01 1.30 —-3.15 19.00 6.25 (6.12, 6.53)
5.449 (Ref. 43) 2.01¢ (Ref. 43) 1.29% (Ref. 43) 6.48% (Ref. 43)
5.342 (Ref. 44) 2.012 (Ref. 44) 1.272 (Ref. 44) 6.99%(z)" (Ref. 44)

Cu,ZnSnSe, 571 2.00 0.71 —423 16.37 7.74 (7.56, 8.12)
5.61% (Ref. 45) 1.99¢ (Ref. 45) 1.419 (Ref. 46)
5.618 (Ref. 44) 1.998 (Ref. 44) 0.698 (Ref. 44) 8.19(x)", 8.278(2)" (Ref. 44)

Cu,ZnSnTe, 6.13 2.00 0.58 —2.24 16.38 9.74 (9.53,10.17)
6.20% (Ref. 45) 1.99¢ (Ref. 45) 0.59 (Ref. 45) 149 (Ref. 45)
6.20° (Ref. 45) 1.99° (Ref. 45)

Cu,CdGeS, 5.52 1.91 1.71 —3.97 19.02 6.06 (6.24, 7.88)
5.349 (Ref. 47) 1.97% (Ref. 47)

Cu,CdGeSe, 5.79 1.92 0.95 —3.08 18.46 7.51 (7.33,7.88)
5.75% (Ref. 48) 1.929 (Ref. 48) 1.20% (Ref. 48)

Cu,CdGeTe, 6.20 1.93 0.71 —224 16.36 9.78 (9.50, 10.33)
6.13% (Ref. 19) 1.94% (Ref. 19)

Cu,CdSnS, 5.62 1.940 1.22 —3.74 18.68 6.25 (6.10, 6.56)
5.599 (Ref. 49) 1.94% (Ref. 49) 1.45% (Ref. 50)

Cu,CdSnSe, 5.88 1.95 0.70 —4.01 17.74 7.72 (7.47,8.23)
5.819 (Ref. 51) 1.97% (Ref. 51) 0.96% (Ref. 52)

Cu,CdSnTe, 6.27 1.97 0.70 —2.28 16.19 9.44 (9.16, 9.99)
6.20% (Ref. 53) 1.98¢ (Ref. 53)

Cu,HgGeS, 5.52 1.92 121 —3.05 19.43 6.79 (6.75, 6.87)
5.49¢ (Ref. 54) 1.92¢ (Ref. 54)

Cu,HgGeSe, 5.79 1.92 0.54 —3.14 18.40 8.90 (8.74,9.23)
5.699 (Ref. 51) 1.93% (Ref. 51)

Cu,HgGeTey 6.19 1.94 0.38 —1.74 17.06 11.93 (11.81, 12.18)
6.11¢ (Ref. 19) 1.95¢ (Ref. 19)

Cu,HgSnS, 5.61 1.95 0.83 -2.78 19.10 7.08 (6.90, 7.45)
5.57% (Ref. 55) 1.95% (Ref. 55)

Cu,HgSnSe, 5.88 1.95 0.36 —2.28 18.12 9.58 (9.17, 10.40)
5.839 (Ref. 19) 1.96% (Ref. 19) 0.17% (Ref. 56)
5.84° (Ref. 57) 1.97° (Ref. 57) 13.78° (Ref. 57)

Cu,HgSnTey 6.20 1.97 0.39 —1.71 16.15 11.38 (11.21, 11.70)

6.19% (Ref. 19) 1.98% (Ref. 19)

*The GGA functional is used for the calculation of the enthalpy of formation.

b avr.
ey and )

avr.

represent the value of an arithmetic average with respect to the direction of polarization.

el and sﬂo are the optical dielectric constant along x-, and z-direction, respectively.

YExperimental results.
“Theoretical results using GGA functional.

"Theoretical results using GGA functional. A rigid shift is applied to correct the band gap.*'

£Theoretical results using HSE06 functional.
"(x), and (z) refer to ¢ in the x-, and z-direction, respectively.
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Jioss = JO(eev/kBT - 1)7 (2)

where kg is the Boltzmann constant, and T the temperature.
In this work all calculations are performed at 7 = 25°C.
Jo=J§" +J; =J,/f corresponds to the total electron-hole
recombination current density at equilibrium in the dark.
This recombination includes both nonradiative J§j" and radia-
tive J§ current densities, where f, is the fraction of the radia-
tive recombination current. f, is approximated by e /%7
where A = E' — E,." EP" and E, are the optical and fun-
damental band gap, respectively. In equilibrium the rates of

J. Appl. Phys. 120, 085707 (2016)

emission and absorption through cell surfaces should be
equal in the dark. Thus, the rate of black-body photon
absorption from the surrounding thermal bath through the
front surface of the cell gives Jj,

J6:enJ

where I, is the black-body spectrum.*® The absorptivity
a(E) is modeled as 1 — ¢>*)L with L the film thickness and
a(E) the absorption spectrum of the material which is calcu-
lated from

b a(E)ly,(E,T)dE, 3)
0
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2 2 _
u(E) = 22 [Vt a s @

¢ 2 ’

where c is the speed of light and ¢; and ¢, are the imaginary
and real parts of the dielectric function, respectively. The
factor 2 in the exponent accounts for the total reflectivity at
the back surface of the absorber layer.

In addition to the power conversion efficiency we
address the short-circuit current Jy., the open-circuit voltage

J. Appl. Phys. 120, 085707 (2016)

V,. and the fill factor FF. The latter is a parameter that repre-
sents the maximum power from a solar cell and is defined by
FF = P,, /P, with the nominal power density P,,,, given
by Js X V,.. The open circuit voltage (V,.) which is the
voltage of the solar cell for /=0 is calculated using the
formula

kpT ‘
Voo = B—ln(l +J—) 5)
e Jo

e

[cucasns.|
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W
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3
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FIG. 3. Imaginary and real part of the
dielectric function (¢; and ¢,) along (a)
the x-direction and (b) the z-direction
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IV. RESULTS
A. Electronic structure and optical properties

Table I presents the list of studied stannite Cu-based
chalcogenides in the following order: Cu,Zn-based, Cu,Cd-
based, and then Cu,Hg-based compounds. For each com-
pound, the first row presents the calculated HSEO6 results,
and the following rows contain the available experimental
and theoretical data. From Table I it is clear that the choice
of the group VI element has a larger effect than that of the
group II or IV element in altering the characteristics of the

J. Appl. Phys. 120, 085707 (2016)

studied chalcogenides. Replacing a group VI element by one
from the same group with a higher atomic number results in
a red shift in the band gap. More effects of this replacement
will be discussed in the following.

In order to calculate the current density, the absorptivity
of the compound should be calculated (cf. Egs. (1) and (3)).
Using the dielectric function, the absorption spectra and
absorptivity are calculated. Figures 2—4 show ¢; and ¢, for
Cu-based chalcogenides along the x-, and z-directions, &',
and &/, respectively. We have noticed that the intensity of
the peaks in ¢; and the value of the optical dielectric constant

[CuHoGes

[CuHosns,
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r

€ (0 8&E (0
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Cu,HgGeTe, |1

Cu,HgSnTe,

FIG. 4. Imaginary and real part of the

dielectric function (¢; and ¢,) along (a)
the x-direction and (b) the z-direction
of the studied Cu,Hg-based chalcoge-

nides. For each compound, the blue
and red figure correspond to ¢ and ¢,
respectively.
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(¢x) along the z-direction are larger than those correspond-
ing to the x-direction. This results in a higher value of the
refractive index along the z-direction compared with the one
along the x-direction, i.e., all studied compounds show posi-
tive birefringence (el > &L ).

Two aspects of the low frequency behavior of the dielec-
tric function are relevant to experiment. One is the absorp-
tion edge, determined by onset of the imaginary part of the
dielectric function and which provides the optical band gap.
The other one is the zero frequency limit of the real part of
the dielectric function, i.e., the optical dielectric constant &,
which is given in Table I. Table I shows that in each family
of chalcogenides, e.g., Cu,HgGe-V1y, by replacing the group
VI element by one from the same group and with higher
atomic number, there is an increase in &,,. Such an increase
in ¢4 indicates that the polarizability of the system tends to
increase because of increasing ionicity of the bonds.
Replacing S with Se and then by Te (i.e., increasing the ionic
radius) results in a more extended electron cloud that screens
the electric field more effectively and yields a higher polariz-
ability. One can see from Table I that the plasma frequency
(w,) decreases with the same substitution. Given that the
number of valence electrons is the same for all of the studied
chalcogenides, the decrease of w, can be understood as a
consequence of the increased lattice constant on replacing an
atom by a larger one.

The energy of the first direct allowed transition (optical
band gap) can be found from the absorption spectra. In Figs.
5(a)-5(c) we present the arithmetic average of the absorption
spectra. By replacing the group VI element by an element
from the same group with a higher atomic number there is a
red shift in the absorption edge and the band gap also shows
the same trend. Moreover, from comparing the electronic
band structure with the absorption spectrum we see that
the first transition is direct and allowed. The electronic
band structure of four typical chalcogenides is shown in
Figs. 6(a)-6(d). The band gap value of all studied com-
pounds is presented in Table I.

It is important that an absorber layer highly absorbs
most part of the solar spectrum and in particular, the visible
light. Substituting S by Se and then by Te (group VI element)
increases the maximum absorption of the Cu,-II-IV-VI, com-
pounds in the visible range (1.65-3.23 eV). For example, the
maximum absorption of Cu,HgGeS,, Cu,HgGeSe,, and
Cu,HgGeTe, is 2.21, 2.40, and 4.17 x107° cmfl, respec-
tively. The opposite trend is found for the optical band gap:
1.21eV (Cu,HgGeS,), 0.54eV (Cu,HgGeSe,), and 0.38eV
(Cu,HgGeTey).

B. Power conversion efficiency

In order to calculate the SLME from the maximum
output power of the absorber layer, we first plot the current-
voltage (/J-V) and power-voltage (P-V) curve for the chalco-
genides. Fig. 7 gives J-V and P-V curves for the chalcoge-
nides with an SLME higher than 25%. The same plot is
shown for two common thin-film solar cell materials,
CuGaS; and CuGaSe,. Figure 8 gives J-V and P-V plots for
the other studied compounds. The voltage is the difference

J. Appl. Phys. 120, 085707 (2016)
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FIG. 5. Averaged absorption coefficient versus photon energy (eV) for the
studied (a) Cu,Zn-based, (b) Cu,Cd-based, and (c) Cu,Hg-based chalcoge-
nides. The value of the first direct allowed transition is given for each com-
pound in the corresponding plot.

between the quasi Fermi level for electrons and holes. In the
present case it arises from the incident photons on the solar
cell. The voltage varies between zero and its maximum value
E,/e.

Figure 7 gives the voltage that maximizes the power
density (V,,) and V.. For each compound, the lower voltage
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is V,,, and the higher one corresponds to V,.. P,, and P,,,, and J,,, J, is always larger than J,, and this difference
are presented in Fig. 7 by blue and green dashed lines, depends on the recombination rate. It can be shown that Eq.
respectively. Each plot gives two more values, namely, the 5 implies that V,,. is always larger than V,,. Altogether, P,,,,
current density that maximizes the power density J,, (lower is always larger by a factor (FF) than P,,. The FF values are
one) and J,. (higher one). According to the definition of J.. given for each compound in the corresponding plot in Fig. 7.
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TABLE II. The voltage that maximizes the power density (V,, in V), the cur-
rent density that maximizes the power density (/,, in Am™?), open circuit
voltage (V,. in V), short circuit current density (J,. in Am~2), fill factor
(FF), SLME (%), and SQ limit (%) for the studied Cu-based chalcogenides.

Compound Vin I Voe Jse FF SLME (%) SQ

Cu,ZnGeS, 1.41 14155 1.51 144.06 0.92 19.96 27.96
CuyZnGeSe, 0.64 398.64 0.73 411.67 0.85 25.51 29.48
CuyZnGeTe, 033 517.00 040 55529 0.77 17.06 16.77
Cu,ZnSnS, 1.03 27126 1.12 279.03 0.89 27.94 33.16
CuyZnSnSe; 047 468.09 0.55 491.13 0.81 22.00 24.06
CuyZnSnTey, 041 516.10 049 54220 0.80 21.16 18.66
Cu,CdGeS, 140 16145 150 164.66 091 22.82 28.86
Cu,CdGeSes 0.71 391.86 0.80 403.75 0.86 28.50 31.14
Cu,CdGeTe, 047 473.88 0.55 498.56 0.82 22.27 24.06
Cu,CdSnS, 093 304.28 1.02 312.64 0.89 28.30 33.29
Cu,CdSnSe, 0.52  470.53 0.59 498.48 0.83 24.47 23.76
Cu,CdSnTe, 047 47398 0.54 50090 0.82 22.28 23.76
Cu,HgGeS; 094 302.01 1.04 309.54 0.88 28.39 33.35
Cu,HgGeSe, 0.36  514.18 0.43 55048 0.78 18.51 16.77
Cu,HgGeTe, 0.22 55330 0.27 61741 0.71 12.72 8.72

Cu,HgSnS,  0.61 427.81 0.69 448.890 0.84 26.10 26.55
Cu,HgSnSe, 0.21 55448 0.27 62548 0.70 11.64 7.77

Cu,HgSnTe, 0.22 563.84 0.28 615.61 0.71 12.40 9.22

The FF values, together with V,,., V,,, J,., and V,, are
given in Table II. The SLME value and the corresponding
SQ limit are also given in the same table. Table II shows a
large J,. of 411.67 Am 2 for Cu,ZnGeSe,. However, this
compound has a rather small V,,. compared with that of some
of the other compounds, which finally results in a low output
power, FF, and efficiency. On the other hand, Cu,CdGeS,
with low J,. has a large V,,. and therefore yields a large effi-
ciency and FF.

The decrease of efficiency with the reduction of layer
thickness puts a lower bound on that thickness. For very
large thicknesses the SLME converges to the correspond-
ing SQ limit. But the rate of convergence depends on the
details of the absorption spectrum and identifying materi-
als with a fast convergence towards the SQ limit is highly
desirable.

Figure 9 represents the SLME as a function of film
thickness for four studied chalcogenides. For the SLME cal-
culation we consider a layer thickness L =0.5 um because
beyond that value the efficiency hardly changes whereas
below that value a considerable loss of efficiency is observed
on reducing the layer thickness as shown in Fig. 9.

Figure 10 presents the SLME parameter for the studied
compounds as a function of the band gap energy. The calcu-
lated SLME value for two well-known absorber layer materi-
als (CuGaS, and CuGaSe,) is also represented. The SQ limit
is also shown.

One can see from Fig. 10 that the SLME value of some
of the considered compounds is higher than the correspond-
ing SQ limit, which is considered as a theoretical upper limit
for the efficiency of the absorber layer. However, in a sepa-
rate publication we show that this is not necessarily the
case.”® As shown by Yu and Zunger'® the SLME is more
powerful than the SQ limit in ranking the compounds based
on their power conversion efficiency by including the optical
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FIG. 9. The SLME as a function of film thickness for Cu,CdGeSy,,
Cu,ZnGeS,, Cu,HgGeS,, and Cu,CdSnS,. The vertical line indicates the
thickness used in Fig. 10.

properties of the materials. For example a comparison
between Cu,CdGeSe, and Cu,ZnSnS, shows that it is possi-
ble to have a high efficiency absorber layer with a non-
optimum band gap material. Cu,CdGeSe, has a band gap of
0.95eV and the band gap of Cu,ZnSnS; is 1.30eV.
According to the SQ limit, the latter is expected to have a
higher efficiency. However, the former compound has a
higher absorption and therefore results in a higher efficiency.

Based on Fig. 10 our calculations identify five quaternary
Cu-based chalcogenides, namely, Cu,CdGeSe,, Cu,CdSnS,,
Cu,HgGeS,, Cu,HgSnS,, and Cu,ZnSnS,, as possible
absorber layers with a power efficiency higher than 25%.
Their theoretical efficiency stays considerably above that of
the other studied chalcogenides. The latter material (CZTS)
with a calculated SLME of 28.40% is already used as an
absorber layer in photovoltaic cells. The measured cell effi-
ciency for CZTS is 12.6% lower than its SLME value®
because of (i) the difference between solar cell and absorber

35 S
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FIG. 10. SLME versus the band gap (E,) for the studied chalcogenides at
L =0.5 um. The full line presents the SQ limit.



085707-11 Sarmadian et al.

layer and (ii) the presence of electron-hole recombination
centers. The latter should be prohibited to get the maximum
theoretical power conversion efficiency. Further studies on
the formation of native defects in the identified compounds
are required to understand better the power conversion effi-
ciency limit applied to these materials.

For comparison we also calculate the band structure and
optical properties for CuGaS,, and CuGaSe, with the chalco-
pyrite structure. The HSEO6 calculations for the band gap
result in 1.62 and 1.38 eV for CuGaS, and CuGaSe,, respec-
tively, which is an underestimation of 33% and 17% with
respect to the experimental value.® We calculate 24% and
25.33% for the SLME of the considered compounds. A com-
parison between our results with existing results that used
the GW approximation for the band gap calculation'? and
HSEO6 for the optical properties shows 7.5% and 1.3% dif-
ference in the SLME value for these compounds. However,
both calculations result in a higher band gap and a higher
SLME for CuGaSe,.

V. CONCLUSION

The results of the present work show that the optoelec-
tronic properties of the studied Cu-based chalcogenides Cu,-
II-IV-VI, strongly depend on the group VI element in the
composition of the material. The change of the group VI ele-
ment has a higher effect than changing the group I or IV ele-
ment in altering the characteristics of the studied
chalcogenides. Replacement of the group VI element by one
from the same group with a higher atomic number decreases
the plasma frequency and band gap and at the same time
results in an increase of the lattice parameters, and optical
dielectric constant. A clear red shift in the absorption edge is
observed which is correlated with the decrease in the band
gap. Further studies of the compounds of interest show that
besides the fundamental band gap, the absorption coefficient
plays an important role in the efficiency of the absorber
layer. In particular for materials with the same band gap a
higher absorption leads to a higher efficiency. Finally, the
results of the calculations identify Cu,II-GeSe, with II = Cd,
and Hg and Cu,-1I-SnS, with II=Cd, Hg, and Zn as high
efficiency absorber layers.
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