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Abstract: Electronic and optical properties of Cu,HgGe(S1-xSex)s compounds (x =0, 0.25, 0.5, 0.75,
and 1) were revealed by density functional theory (DFT), in which the Heyd-Scuseria-Ernzerhof
hybrid functional was used. Dependence of band gap on the Se constituent in Cu;HgGe(S1:xSex)s Was
reported. The substitution of Se element basically cause a slightly lattice expansion and minor change of
the band gap. Meanwhile, the overlap of Cu and S/Se states becomes more dense leading to better
electron/hole pair separation and inter-band transition of photo-excited electrons. The
CuHgGe(So.75Se0.25)a compound was predicted to be very promising absorber due to the low band gap,
high absorption rate, and low reflectivity in the incoming light energy range from 0 eV to 2 eV.

Keywords: CuzHgGe(S1-xSex)s, Electronic structures, Optical properties, Semiconductors, DFT
calculations.

1. Introduction

Recently, thin-film solar cells have been widely used in physical devices such as CuGaSe,, CuGaSe;
and CdTe based absorbers, which can be fabricated at commercial scale [1-3]. Despite the excellent
efficiency, these compounds are expensive, which prevents the production of Cd- or Ga-based absorbers
for terawattor petawatt energy sources. The search for earth-abundant elements which is best fit for thin-
film photovoltaic devices results in the discovery of quaternary copper-based sulfides and selenides Cus-
I1-1V-(S/Se), with outstanding physical properties such as a direct band gap from 1.0 eV to 1.6 eV, p-
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type electrical conductivity, high absorption rate, and low thermal conductance [4-14]. In the Cuz-1I-1V-
(S/Se). compounds, sulfur is not only an abundant but also a multivalent non-metal, while Ga, In, Cd,
Cu are the 35™, 49, 48™ and 26™ most abundant elements in the earths crust [15].

It is well-known that Cu;HgGeS4, and Cu,HgGeSes crystallize in tetrahedral (space group (SG)

I 42m) or orthorhombic (SG Pmn2;) structure, and they are iso-electronic to chalcopyrite [11, 16, 17],
so it is very convenient to apply the same technologies used for chalcopyrite solar cells for these
emerging compound including preparation methods, processing, and photovoltaic device design. One
of the most important obstacles is that to adjust the band gap to Shockley-Queisser-Efficiency Limit
[18], which is 1.3 eV to maximize the efficiency. The band gap of Cu,HgGeS, was predicted to be 0.016
eV by generalized gradient approximation (GGA) calculations performed by Wang et al. [19],
meanwhile the obtained results for the band gap of Cu.HgGeSs4 by screened exchange local density
approximation (sX-LDA) [20, 21] and Heid-Scuseria-Ernzerhof (HSEQ6) hybrid functionals [22] is 1.27
eV and 1.21 eV, respectively. The band gap of Cu,HgGeSes is 0.54eV by HSE06 method, and 1.6 eV
by UV-VIS spectroscopy [22, 23]. It’s obviously that the replacement of S element by Se element causes
a decrease of the Cu,HgGe(S/Se)s band gap. In the case of Cu,ZnSnSes and Cu,ZnSnS., the band gap
is reduced by 0.5 eV [24]. As it is reported previously, the electronic properties of Cua-I1-1V-(S/Se)4 can
be modified by engineering lattice sites, vacancy/impurities doping, and modifying some secondary
phases [4, 6, 7, 10]. In this paper, the band gap as well as other electronic properties of Cu,HgGe(S:-
xSex)s was for the first time studied by HSE06 method [25]. Despite the fact that HSE06 method usually
un- derestimates the band gap of semiconductor, it can give good prediction optical properties [22, 26].
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Figure 1. Tetrahedral structures of (a) Cu,HgGeS,, (b) CuHgGeSe4, (¢) CuaHgGe(So.5S€0.5)4,
(d) CuzHgGe(So.755€0.25)4 and (e) CuzHgGe(So.25S€0.75)a.

2. Computational Details

The CuHgGe(S1.xSex)s compounds were simulated based on the tetrahedral (space group (SG)
I 42m) using a (12x12x1) k-point mesh in the first Brillouin zone. The lattice parameters a = 5.4873 A,
and ¢ = 10.5423 A were taken from experimental data [27]. The projected augmented wave (PAW)
method within the framework of Density functional theory (DFT) [28], as employed in the Quantum
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Expresso package [29], was applied for calculation the electronic and optical properties. The exchange-
correlation interaction was modelled by Heyd-Scuseria-Ernzerhof (HSEO06) hybrid functional [25], in
which the screening p and mixing o parameters were 0.20 and 0.25 respectively. The atomic positions
in the lattice structure of all Cu,HgGe(S1-xSex)s compounds (x = 0, 0.25, 0.5, 0.75, and 1), as shown in
Figure 1, were optimized until the force on each atom was less than 1072 eV//A and the difference in total
energies became less than 10 eV. The optical properties were calculated based on the matrix values of
dielectric function e(w) = e1(w) +iex(w) as presented in previous studies [30, 31]. The real and imaginary
parts of the dielectric function were calculated by applying the Kramers-Kronig relations [32].

3. Results and Discussion
3.1. Electronic Properties of CuzHgGe(S1:xSex)a

The lattice parameters a, and ¢ of the optimized Cu,HgGeS, are 5.5411 A, and 10.6484 A,
respectively. These theoretical results are very close to experimental data which is 5.4873-5.498 A for
a constant, and 10.5423-10.566 A for ¢ constant [27, 33]. For the Cu,HgGeSes compound, the optimized
lattice parameters a, and ¢ are 5.5675 A, and 10.6949 A, respectively which are about 3 % lower than
the experimental data [34]. Due to the replacement of S by Se in the Cu,HgGeS4 compounds, the lattice
parameters slightly increase together with the increasing of Se content, which is shown in Figure 2.
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Figure 2. Change in percent of lattice parameter a (blue line), lattice parameter ¢ (red line), and band gap (pink
line) corresponding to the Se content in Cu;HgGe(S1-xSex)s compounds.

It can be seen in Figure 2 that during the substitution of Se element, the expansion of the
CuzHgGe(S1-xSex)a lattice structure along a-axis is a bit larger than along the c-axis. However, the c/a
ratio always remains 1.92, which is nearly the same experimental ratio for the case of Cu,HgGeS., and
CuyHgGeSes [27, 34]. The calculated band gap by HSEO06 method in current study are 0.881 eV, and
0.865 eV for Cu,HgGeS,, and Cu,HgGeSes, respectively. These values are slightly different from
previous results which are 0.016-1.27 eV, and 0.5-1.6 eV for Cu,HgGeSs, and Cu.HgGeSes,
respectively. There is a very large discrepancy in the band gap values observed in previous studies, and
the difference in band gap of CuzHgGeSs, and Cu,HgGeSes is about 1 eV, which is unreasonable large.
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It is necessary to determine the band gap of the two compounds using one method. It is reported that
there is an underestimation of semiconductor’s band gap by HSE06 method, however the optical
properties are predicted accurately. According to our HSEO6 calculation, the band gap of Cu,HgGeS is
0.016 eV higher than the one of Cu,HgGeSe.. As shown in Figure 2, the Cu,HgGe(So5Seo5)s compound
has the highest band gap, while Cu,HgGe(So.75S€0.25)4 compound possesses lowest band gap. In order to
study the relation between the Cu,HgGe(S1.xSex)s band gap and the content of Se element, the density
of states were calculated and presented in Figure 3.
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Figure 3. Density of states of Cu,HgGe(S1-xSex)s compounds, (a) x = 0, (b) x = 0.25, (c) x = 0.5, (d) x = 0.75, and
(e)x=1.

It can be seen in Figure 3 that the valence band of CuHgGeS, is mostly contributed the states of
Cu, and S atoms. The strong hybridization of these states also indicates the covalent bonding of Cu and
S atoms, which is favorable for charge carriers transport in such a good solar cell material as Cu,HgGeS,
[35]. The CuHgGeSe, exhibits the same valence band, and the Cu-Se bonding is also covalent.
However, the Se atom causes a higher valence band maximum (VBM) of Cu,HgGeSes, while in the
conduction band minimum, the Se states are at higher density. This leads to the spreading of states to
narrow the band gap. The lower parts in the valence band of both compounds are mainly constructed by
Hg, and S/Se states. The conduction band is distributed by Cu, Hg, Ge, and S/Se states. The variation of
CuzHgGe(S1-xSex)s band structure is shown in Figure 4.
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Figure 4. Density of states of Cu,HgGe(S1-xSex)s compounds, (a) x =0, (b) x =0.25, (c) x= 0.5, (d) x=0.75, and
(e)x=1.

It can be seen that in all compound, both the valence band maximum and the conduction band
minimum are located at I'-point indicating the direct band gap of Cu;HgGe(S:1xSex)s. By substituting
the Se element, the density of the conduction band increases remarkably. The valence band extrema in
the vicinity of -2.5 to -2 eV are especially dense in the CuHgGe(So.75S€0.25)4 and CuHgGe(So.255€0.75)4
cases. These are the two compounds, whose band gaps are reduced. The dense overlap of Cu and S states
or Cu and Se states in the valence band maximum is favorable of electron/hole separation [35, 36] which
is very useful for solar cell devices. At deeper energy levels ranging from -4.5 eV to 4 eV in the valence
band, the density of S/Se-Cu hybridization also increases significantly as the content of Se element
reaches 0.25 or 0.75. The CuHgGe(So.75S€0.25)4 possesses the most dispersive valence band signifying
the best inter-band transition of photo-generated electrons in comparison with other Cu,HgGe(S1-xSex)s
compounds. The inter- band transition of photo-generated electron in
CuzHgGe(S1-xSex)s can be studied by analyzing the dielectric function. So, the dielectric function as well
as other optical properties of Cu,HgGe(S1-xSex)s were calculated and presented in the next paragraph.

3.2. Optical Properties of Cu,HgGe(S1-xS€x)a

As shown in Figure 5(a), the &1(w) spectrum of Cu,HgGe(S1-xSey)a is at high values in the energy
range 0-5 eV, signifying the high reflectivity of photon within this energy range. For the energy range
7-14 eV, e1(w) is negative with a concave up at 10.5 eV, indicating a damping of electro-magnetic wave.
For energy level higher than 15 eV, &1(w) remains at values near 0. The static values of £1(0) are very
different depending on the content of Se element which is in the increasing order x = 0.25 <x =0.75 <
x =0o0r 0.5 < x = 1. Figure 5(b) shows the highest imaginary part of the dielectric function at energy
range 6-9 eV, and the second highest at 2-3 eV. Studying Figure 3 and Figure 5(b), it can be seen that
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the inter-band transition of excited electrons in Cu;HgGe(S1-xSex)s will most likely to happen between
the extrema at -5 eV, -4 eV, -1 eV, and -0.4 eV in the valence band to the conduction band which are
related to the extrema at 2 eV, 3.5 eV, 5.5 eV, and 8 eV in the &(w) spectrum. The &(w) spectra of
different compound show that the more the content of Se element is the higher the inter-band transition
becomes. The inter-band transition also depends on the light absorption of the compounds which is
calculated and shown in Figure 6(a).
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Figure 5. (a) Real and (b) imaginary parts of dielectric function of Cu;HgGe(S1xSex)a compounds.
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Figure 6. (2) Absorption rate and (b) reflectivity of Cu,HgGe(S1-xSex)s compounds.

From Figure 6(a), it can be seen that Cu;HgGe(S1-xSex)s possesses an amaz- ing absorption range
which includes infrared and ultra-violet spectra. The most intense absorption is at energy range 7-18 eV
with absorption rate at the order of magnitude 10%cm™. However, attention must be paid to the energy
range 1-4 eV, which corresponds to infraredvisible light, as this range contain the most energy from the
sun. In this range, the Cu,HgGe(So.75Se0.25)s compound again shows its advantageous property as it is in
the group of higher absorption rate. Moreover, the reflectivity of Cu,HgGe(So.755€0.25)4 is amazingly the
lowest in the energy range 0-2 eV, Figure 6(b), and it continues to the second lowest for higher energy
level. Generally, the reflectivity of Cu,HgGe(S1xSex)s is about 0.3 in the infra to visible ranges, and it
may reach 0.4-0.5 at ultra-violet range.
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4. Conclusion

The effect of the Se content on the electronic and optical properties of Cu.HgGe(S1-xSex)s
compounds was studied performing DFT calculation using the Heyd-Scuseria-Ernzerhof hybrid
functional (HSEQ6). The substitution of Se element causes slight asymmetric expansion of lattice
parameters. At the same time, the band gaps of Cu,HgGe(S1xSex)s tends to decrease with the increasing
of Se content, except for Cu,HgGe(So5S€055)s compound with largest band gap of 0.901 eV. The band
gap is mainly determined by hybridization of Cu and S states in the valence band maximum and the
admixture of Cu, Hg, Ge, and S/Se states in the conduction band minimum. The two compounds
Cu2HgGe(So.75Se0.25)4 and CuHgGe(So.255€0.75)4 €xhibit very dense overlap of Cu and S/Se states which
is favorable for electron/hole separation. The strong hybridization also indicates covalent bond nature
of Cu-S/Se resulting in better charge carrier transport.

In general, the Cu,HgGe(S1-xSex)s compounds possess high reflectivity at 0-5 eV, and the damping
of electro-magnetic occurs at 7-14 eV. The extrema at 2 eV, 3.5 eV, 5.5 eV, and 8 eV in the &(w)
spectrum are related to high inter-band transitions of photo-excited electrons from extrema at -5 eV,
-4 eV, -1 eV, and -0.4 eV in the valence band to the conduction band. The Cu;HgGe(So.75S€0.25)4
compound was predicted to be the most advantageous absorber among Cu,HgGe(So5S€05)2 compounds
as it possesses lowest band gap of 0.878 eV, one of the highest absorp- tion rate and lowest reflectivity
in the energy range 0-2 eV.
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