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Abstract
The electronic band-structure of the ternary sulfide Pb2GeS4 was investigated by combining experimental and theoretical 
methods. Binding energy (BE) values of core electrons of Pb2GeS4 are measured employing X-ray photoelectron spectros-
copy (XPS) for as-synthesized and treated with Ar+-ions crystal surfaces. The XPS measurements indicate that Ar+-ion 
treatment does not change the BE values of the core-level electrons of atoms constituting the Pb2GeS4 single crystal as 
well as peculiarities of the XPS valence band (VB) spectrum. The treatment does not cause changes in the crystal surface 
stoichiometry. The band-structure calculations based on density functional theory (DFT) reveal total density of states and 
partial densities of states of Pb2GeS4 within different exchange–correlation approximations. The best fit with the experiment 
is derived when the DFT calculations of Pb2GeS4 employ modified Becke-Johnson potential with Hubbard-corrected func-
tional and taking into account spin–orbit (SO) interaction. The calculations indicate that top and upper portion of the VB is 
composed mainly by S 3p states, its central portion is formed by Ge 4p and S 3p states, while contributions of Pb 6s states 
dominate at its bottom with slightly smaller contributions of Ge 4s states as well. Contributions of unoccupied Pb 6p states 
dominate at the conduction band (CB) bottom. Regarding the occupation of the VB by Ge 4p and S 3p states, the theoretical 
data are confirmed experimentally by matching the XPS VB spectrum on a common energy scale with the X-ray emission 
spectra representing the valence S p and Ge p states. The present calculations yield that the VB maximum is positioned at 
the Y point, while the CB minimum at the Г point; this fact indicates that Pb2GeS4 sulfide is an indirect-gap material. The 
principal optical constants are also elucidated using the ab initio DFT calculations.
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1  Introduction

Interaction of germanium and lead, the IV group elements 
of the Periodic Table, with sulfur and selenium causing 
the formation of binary compounds yields different cation 
valences, namely II or IV, in the case of monochalcogenides 
and dichalcogenides [1, 2]. The interaction of the mono-
chalcogenides and dichalcogenides having octachedral and 
tetrahedral cation coordinations produces the formation of 
ternary chalcogenides, which reveal mixed cation coordina-
tion [2]. In accordance with the equilibrium phase diagram 
of the PbS–GeS2 system [3], two ternary sulfides, namely 
Pb2GeS4 and PbGeS3, with crystal structure belonging to 
monoclinic space group (SG) P21/c, are known to exist [4, 
5]. Both ternary sulfides are high-resistance semiconduc-
tors revealing substantial photosensitivity even without 
additional thermal treatment and any special activation [6]. 
Raman spectra of PbGeS3 and Pb2GeS4 crystals were stud-
ied in detail in Refs [7, 8]. to explore vibration modes in 
these compounds. In particular, considerable splitting of the 
vibration modes in the Pb2GeS4 crystal was established to 
be associated with strong deformation of [GeS4]4− anions 
by the crystal field, whereas the relative intensities of the ν1 
and ν3 modes were found to be comparable in this crystal 
that prevent their identification.

Crystal structure of Pb2GeS4 is presented in Fig. 1. 
In this structure, there exist two and four non-equivalent 
Wyckoff positions for lead and sulfur atoms, respec-
tively (Table 1) and the structure is layered (Fig. 2a). It 
can be viewed as formed by isolated [GeS4] tetrahedra 
and Pb2+ ions (Fig. 2b). The [GeS4] tetrahedron is almost 
undistorted, while the [Pb(1)S7] and [Pb(2)S7] polyhedra 
reveal their substantial distortion (Fig. 3). The unit-cell 
dimensions of Pb2GeS4 compound were determined as 
follows: a = 7.9742(6) Å, b = 8.9255(8) Å, c = 10.8761(8) 
Å, β = 114.171(9)°, Z = 4 [4]. This low-temperature struc-
ture is stable up to temperature of 610 ± 10 °C, and, at 

Fig. 1   Crystal structure of Pb2GeS4 compound

Table 1   Atomic positions (x, y, and z) used in the present band-
structure calculations of Pb2GeS4 (space group P21/c, a = 7.9742 Å, 
b = 8.9255 Å, c = 10.8761 Å, β = 114.171° [4])

Atom x y z

Pb1 0.0356 0.3161 0.3407
Pb2 0.4124 0.4326 0.1551
Ge 0.7137 0.1908 0.0063
S1 0.2465 -0.0171 0.1256
S2 0.7644 0.0900 0.2027
S3 0.4437 0.2002 0.3980
S4 0.9193 0.3691 0.0610

Fig. 2   a Structure of the layers viewed down the a-axis and b the 
staking of [GeS4] tetrahedra in Pb2GeS4 compound
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higher temperatures, monoclinic Pb2GeS4 sulfide reveals 
the polymorphic transition to a cubic α-Pb2GeS4 phase 
(SG I 43d, Z = 16) with the lattice parameter a = 14.096(4) 
Å [9]. This structure was established to be stable when 
substituting lead for tin and sulfur for selenium in a wide-
range Pb2−xSnxGeS4−ySey solid solution, with 0 ≤ x ≤ 0.5 
and 0 ≤ y ≤ 4 [9]. The transition of monoclinic Pb2GeS4 
to its cubic α-Pb2GeS4 polymorph is well identified by 
changing color from orange to red [9–11]. Measurements 
of temperature dependence of dark electrical conductiv-
ity indicate that activation energy of monoclinic Pb2GeS4 
sulfide is equal to 1.2 eV [6], while studies of the optical 
absorption edges reveal that the band gap energy, Eg, of 
Pb2GeS4 is equal to 2.29 ± 0.01 at room temperature [6].

It is worth mentioning that the electronic band-structure 
of solids is one of the key characteristics determining their 
physical and chemical properties and its knowledge gives 
possibilities for prediction of changing and tuning these 
properties to the desirable technological values [12, 13]. To 
the best of our knowledge, the electronic band-structure of 
Pb2GeS4 has not been investigated yet. To fill this lack, in the 
present work we carry out a complex study of the electronic 
band-structure of Pb2GeS4 involving both experimental and 
theoretical techniques. In particular, we perform first princi-
ples band-structure calculations, which are based on density 
functional theory (DFT), to elucidate features of total den-
sity of states (DOS) and partial DOS (PDOS) of Pb2GeS4. 
Furthermore, to verify data of our calculations, we also use 
basic experimental methods, which probe total DOS and 
PDOS of solids, namely X-ray photoelectron spectroscopy 
(XPS) and X-ray emission spectroscopy (XES) to measure 
available informative spectra of Pb2GeS4 single crystal. In 
addition, the basic optical constants of the compound under 
study are elucidated by the present DFT calculations.

2 � Experimental

2.1 � Single crystal growth of Pb2GeS4

The Pb2GeS4 crystal was grown using Bridgman–Stock-
barger method. The synthesis and growth were combined in 
the same quartz container with a conical bottom. Pb2GeS4 
was synthesized from high-purity elements, namely Pb 
(99.99 wt.%), Ge (99.9999 wt.%), S (99.999 wt.%). How-
ever, Pb was additionally purified by dripping its melt 
through crushed quartz under dynamic vacuum. The evacu-
ated and soldered ampoule was first heated in oxygen-gas 
burner flame to complete bonding of elementary sulfur. 
Then, the ampoule was placed in a shaft-type furnace and 
heated to 1070 K at the rate of 40 K/hr. The ampoule was 
kept at this temperature for 10–12 h with periodic vibra-
tion and cooled with the furnace turned off. The ampoule 
was then shortened to minimize free volume above the melt 
and transferred to the pre-heated two-zone vertical growth 
furnace. The temperature in the growth zone (upper zone) 
was 1040, and 720 K in the annealing zone (bottom zone). 
The temperature gradient at the solid-melt interface was thus 
3.5 K/mm. After melting the batch the ampoule was shifted 
to lower temperatures crystallizing 5 mm of the melt and 
holding recrystallization annealing for 100 h. Then 2–3 mm 
of the seed was melted, and the crystal was grown onto the 
seed by lowering the growth container along the steady tem-
perature profile of the furnace. The growth rate employed 
was 5 mm/day. After completing the crystallization, the 
ampoule with the crystal was transferred to the isothermal 
section of the annealing zone where it was kept for 200 h. 
Then both zones were synchronously cooled to room tem-
perature at the rate of 120 K/day. The as-obtained Pb2GeS4 
boule is shown in Fig. 4.

Fig. 3   The neighbor surroundings of a Pb1, b Pb2 and c Ge atoms within [PbS7] polyhedra and [GeS4] tetrahedra in the Pb2GeS4 structure
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2.2 � XPS and XES measurements

Experimental studies of the electronic structure of the 
Pb2GeS4 crystal employed the principal X-ray spectroscopy 
techniques that are generally used for such goal, namely 
XPS and XES. The present X-ray spectroscopy measure-
ments deal with the Pb2GeS4 crystal shaped as a compara-
tively thin plate with the dimensions 8.5×6.4×1.1 mm3. The 
XPS experiments were performed in an ion-pumped cham-
ber under residual pressure less than 8.5×10−10 mbar using 
the UHV-analysis-system (SPECS Surface Nano Analysis 
Company, Berlin, Germany) operated by a Mg Kα source 
(E = 1253.6 eV). The XPS spectra were acquired at con-
stant pass energy of 30 eV. The spectrometer energy scale 
was calibrated as reported elsewhere [14] and the charg-
ing effects were accounted for in the reference to the car-
bon 1s line [adventitious carbon, binding energy (BE) of 
284.6 eV] as it is recommended for such kind of ternary 
Pb- and/or Ge-containing sulfides [15–17]. However, taking 
into account the fact that, when exciting the XPS spectra 
with a Mg Kα source, the C 1s core-level spectrum super-
imposes the Auger Ge L2M23M23 line in the Pb2GeS4 crys-
tal, we also verified the charging effect by recording the 
core-level spectra with application of a flood gun as it is 
suggested for such a case [18]. To remove surface impurities 
and to check crystal stability regarding Ar+-ion bombard-
ment, we treated the Pb2GeS4 crystal surface with Ar+ ions 
(3000 V, 5 min duration, ion current density of 14.5 μA/cm2 
and total Ar+ flux was estimated to be about 5.4×1016 ions/
cm2). Such experiments are of high interest because similar 
surface treatment is generally employed in different types 
of epitaxial techniques [19]. We used the same parameters 
of Ar+-ion surface treatment in a series of related Pb- and/
or Ge-containing sulfides [16–18]. Further, measurements 
of the S Kβ1,3 (MII,III → K junction) and Ge Kβ2 (NII,III → 
K junction) XES bands yielding information on the energy 

distribution of S 3p and Ge 4p electronic states, respectively, 
are made with apparatus energy resolution of about 0.3 eV 
using Johann-type DRS-2M spectrographs (BHV-7 X-ray 
tube, gold anode) following the technique reported else-
where [20].

3 � Calculating procedure

First-principles calculations of the electronic structure of 
Pb2GeS4 were performed by the augmented plane 
wave–local orbitals (APW–lo) method as incorporated in 
WIEN2k code [21]. In the present work we generally follow 
the technique reported in detail elsewhere [22]. The muffin-
tin (MT) sphere radii for the atoms constituting Pb2GeS4 
compound were used as following: 2.5 a.u. (Pb), 2.21 a.u. 
(Ge) and 1.90 a.u. (S) (note that 1 a.u. = 0.529177 Å). It is 
worth mentioning that in spite of the fact that we use the 
term “MT sphere”, the peculiarity of the calculations 
employing the APW–lo method within the WIEN2k code is 
that the potential between the spheres is not constant [17]. 
Dimensions of the Pb2GeS4 unit-cell and the atomic posi-
tions are used in our calculations as they were established 
experimentally in Ref [4]. The RMT

min
kmax parameter ( RMT

min
 

is the minimum MT sphere radius and kmax stands for the 
maximum k vector value in the plane wave expansion) is 
equal to 7.0, while the charge density is Fourier expanded 
up to Gmax = 12 (a.u.)−1. In the case of potential decomposi-
tion, we extend the valence wave functions inside the MT 
spheres up to lmax = 10. In the present calculations, for 
exchange–correlation (XC) approximation, we use two com-
monly applied approaches, namely generalized gradient 
approximation (GGA) as developed by Perdew, Burke and 
Ernzerhof (PBE) [23] and modified Becke-Johnson (MBJ) 
potential [24]. We also use PBE and MBJ with Hubbard-
corrected functional [25, 26] (PBE–U and MBJ–U approxi-
mations, respectively). In addition, since lead is considered 
a heavy element [27, 28], we involve also spin–orbit (SO) 
interaction in order to take into account relativistic effects. 
The SO interaction is taken into account employing the sec-
ond variational method [29, 30] following the technique 
reported in detail elsewhere [17]. With the aim of integrating 
throughout the Brillouin zone (BZ) of Pb2GeS4 compound, 
we use the tetrahedron method as developed by Blöchl et al. 
[31]: in such a calculation procedure the BZ sampling is 
made involving 1000 k-points within the full zone. We verify 
the iteration procedure through changes in the integral 
charge difference q = ∫ |

|�n − �n−1
|
|dr , where �n−1(r) and 

�n(r) are charge densities of previous iteration and current 
iteration, respectively, and the calculations were interrupted 
when reaching the value q ⩽ 0.0001 . In Table 2 we summa-
rize the group of atomic orbitals that were involved in the 

Fig. 4   Grown boule of Pb2GeS4 (illuminated from below with white 
light)
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present DFT calculations of Pb2GeS4 compound. However, 
the core electrons are not “frozen” in the APW–lo method 
and they are taken into account in the present calculations 
as well.

With respect to the key optical constants calculated in 
the present work for Pb2GeS4, the complex dielectric func-
tion �(�) = �

1(�) + i�
2(�) , which thereby relates to the 

band structure of solids, should involve both inter-band and 
intra-band transitions; however, we omit the latter transitions 
because they are significant only in the case of metals [32]. 
Therefore, we consider only the direct transitions between 
the valence band (VB) and the conduction band (CB) and 
phonon contribution into the indirect-band transitions is not 
taken into account. The Kramers–Kronig dispersion equa-
tion is used to derive the real part of dielectric function �

1(�) 
from the �

2(�) function [33], while the principal optical 
constants (absorption coefficient, refractive index, extinc-
tion coefficient, optical reflectivity coefficient, and electron 
energy-loss spectrum) are elucidated in the present work for 
the Pb2GeS4 compound using well-known equations which 
include the �

1(�) and �
2(�) functions exactly as they were 

reported in Ref [34].

4 � Results and discussion

4.1 � XPS measurements

We present in Fig. 5 the survey XPS spectra measured for 
the as-synthesized and treated with Ar+-ions surfaces of the 
Pb2GeS4 crystal. All specific features of the survey XPS 
spectra are well ascribed to the presence of lead, germanium 
and sulfur atoms, which constitute the ternary sulfide under 
study. The exceptions are only the 1s levels and the KLL 
Auger lines related to carbon and oxygen that are due to 
hydrocarbons and oxygen-containing species adsorbed from 
laboratory air (before we started the XPS measurements, the 
as-grown Pb2GeS4 crystal surface was exposed to air over 
several weeks). However, comparative intensities of the C 
1s and O 1s lines are rather low for the as-grown Pb2GeS4 
crystal surface, and their relative intensities on the XPS 
spectrum decrease abruptly after treatment with Ar+-ions. 
As Fig. 5 presents, in the latter case, rather low-intensive 

C 1s and O 1s core-level spectra are detected in the upper-
most surface layers of the Pb2GeS4 crystal. The above data 
reveal comparatively low hygroscopicity of the Pb2GeS4 
crystal surface. Low hygroscopicity was established to be 
a characteristic feature also of other Pb- and/or Ge-contain-
ing sulfides, in particular Ag0.5Pb1.75GeS4 [15], Ag2In2GeS6 
[16], Ag2PbGeS4 [17], TlInGe3S8 [18].

The most informative core-level XPS spectra of lead, ger-
manium and sulfur are presented in Fig. 6, while Fig. 7 pre-
sents the XPS VB spectrum of this crystal. The XPS spectra 
in the above figures are plotted for both as-grown and treated 
with Ar+-ions Pb2GeS4 crystal surfaces. Comparison of the 
BE values of the Pb 4f(4d) and Ge 3d core-level electrons 
of Pb2GeS4 (Table 3) with literature data [35–37] indicates 
that the charge state of lead in the crystal under considera-
tion is close to + 2, while that of germanium is smaller than 
+ 4. The present XPS measurements indicate that the treat-
ment of the Pb2GeS4 crystal surface with Ar+-ions possess-
ing the total Ar+ flux of about 5.4×1016 ions/cm2 did not 
cause changes in stoichiometry and the BE values of the 
core-level electrons (Table 3) as well as in the shapes of 
the XPS core-level and VB spectra (see Figs. 6, 7). There-
fore, the Pb2GeS4 crystal surface is quite stable with respect 
to the treatment with Ar+-ions. Analogous conclusion was 
made previously when applying the same Ar+-ion treatment 

Table 2   Atomic orbitals used in the present band-structure APW-lo calculations of Pb2GeS4

Atom Core electrons Semi-core electrons Valence electrons Quantity of semi-core and valence 
electrons involved in the present calcu-
lations

Pb 1s2 2s2 2p6 3s2 3p6 3d10 
4s24p64d10 4f145s2

5p65d10 6s26p2 20

Ge 1s22s22p63s23p6 3d104s2 4p2 14
S 1s2 2s2 2p6 3s2 3p4 6

Fig. 5   Survey XPS spectra of (1) as-synthesized and (2) treated with 
Ar+-ions surfaces of the Pb2GeS4 crystal
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technique in the case of the related sulfide, Ag0.5Pb1.75GeS4, 
in which part of lead atoms are substituted by silver atoms 
(with some additional content of the former atoms as well) 
[15]. However, further increase of the silver content in the 
Ag2PbGeS4 compound was found to cause the unstableness 
of its surface. Ar+-ion treatment of the Ag2PbGeS4 crystal 
surface causes decreasing the silver content in its topmost 
crystal surface layers by about 34% [17]. The analogous 
effect of decreasing the silver content was observed previ-
ously for several Ag, Ge, and S-containing semiconductors, 
in particular Ag2In2GeS6 [16] and AgGaGeS4 [38].

4.2 � Electronic structure based on DFT calculations 
and X‑ray spectroscopy measurements

Figure 8 presents total DOS of Pb2GeS4 as obtained in the 
present DFT calculations using GGA, GGA–U, MBJ, and 
MBJ–U–SO approaches. It is apparent that the main peculi-
arities of total DOS curves within the energy region corre-
sponding to sub-bands marked as A to E in Fig. 8 are similar 
to each other with respect to their shapes and energy posi-
tions irrespective of the XC approximation used in the pre-
sent calculations. However, the energy positions of the band 
corresponding to Pb 5d states in the calculations using the 
GGA [23] and MBJ [24] techniques are shifted toward the 
Fermi level by about 2.0 and 1.5 eV, respectively, as com-
pared with the position of the feature F of the experimental 
XPS VB spectrum of the Pb2GeS4 crystal. Furthermore, the 
calculations made within the GGA technique reveal some-
what underestimated energy band gap (Eg = 1.880  eV), 
while that obtained within the MBJ technique is somewhat 
overestimated (Eg = 2.558 eV; see Table 4) in comparison 
with Eg = 2.29 ± 0.01 eV as established experimentally in 
Ref [6]. for Pb2GeS4 compound. We believe that the men-
tioned difference of the shape and energy positions of basic 

Fig. 6   XPS core-level spectra of (1) as-synthesized and (2) treated 
with Ar+-ions surfaces of the Pb2GeS4 crystal: a S 2p, Pb 4f, Ge 3p, 
Pb 5p and b Pb 4d

Fig. 7   XPS VB spectra of (1) as-synthesized and (2) treated with 
Ar+-ions surfaces of the Pb2GeS4 crystal

Table 3   Binding energies (in eV*) of constituent element core levels 
of as-synthesized and treated with Ar+-ions surfaces of the Pb2GeS4 
crystal

* Uncertainty of the measurements is ± 0.05 eV
** Uncertainty of the measurements is ± 0.1 eV

Core-level Pb2GeS4/as-synthesized 
surface

Pb2GeS4/treated 
with Ar+-ions 
surface

Pb5d5/2 18.27 18.34
Pb5d3/2 20.73 20.79
Ge 3d 30.29 30.24
Pb 4f7/2 137.13 137.22
Pb 4f5/2 142.43 142.46
S 2p 160.71 160.78
Pb 4d5/2

** 412.4 412.5
Pb 4d3/2

** 434.5 434.6
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peculiarities of the curve of total DOS and the experimental 
XPS VB spectrum of the Pb2GeS4 crystal can be interpreted 
by neglecting highly correlated d electrons in the GGA tech-
nique [23]. This problem can be generally solved by adopt-
ing the GGA–U technique [25, 26] by involving the correc-
tion parameter U. The addition of this parameter for highly 
correlated electrons generally allows adjusting theoretical 
DOS curves to experimental XPS spectra [22, 39]. In the 
present work we employ U = 0.43 Ry for Pb 5d electrons 
when calculating the electronic band-structure of Pb2GeS4 
within the GGA–U technique [25, 26]. Figure 8 presents that 
the addition of this parameter in our calculations does not 
affect significantly the total DOS curve within the VB and 

CB regions; although this XC approximation allows mov-
ing the position of the Pb 5d band away from EF. Neverthe-
less, the Eg value in this case is again far underestimated 
as compared to that obtained experimentally (1.882 eV vs. 
2.29 eV; Table 4). Application in our calculations of MBJ 
potential [24] gives an underestimated position of the Pb 5d 
band in the theoretical DOS curve (Fig. 8) and overestimated 
energy band gap (2.558 eV; see Table 4) as reported above. 
Since lead atom is recognized to be a heavy element [27, 
28], the SO interaction effect is worth considering [40–42]. 
Our calculations within MBJ potential [24] involving both 
the correction parameter U = 0.43 Ry for Pb 5d electrons 
as well as the SO interaction effect (MBJ–U–SO) are pre-
sented in Fig. 8. It is apparent that data of the band-struc-
ture calculations made within the MBJ–U–SO approxima-
tion reveal good agreement of the total DOS curve with the 
experimental XPS VB spectrum regarding the shape and 
energy positions of the main peculiarities (the hump at 
about 9.5 eV detected in the experimental XPS VB spec-
trum which does not appear in the theoretical DOS curve 
is interpreted by the excitation of the Pb 5d5/2 core-level 
spectrum by Mg Kα3 satellite [43, 44]). The calculations 
performed within the MBJ–U–SO approximation yield the 
value of 2.5 eV for SO splitting of the XPS Pb 5d5/2,3/2 core-
level electrons in Pb2GeS4, which is in excellent agreement 
with the experimental findings (Table 3). Furthermore, the 
band gap energy value obtained in our MBJ–U–SO calcula-
tions (Eg = 2.364 eV; Table 4) is in good agreement with the 
experimental Eg value [6].

Detailed PDOS curves of Pb, Ge and S atoms in Pb2GeS4 
within the MBJ–U–SO approximation are plotted in Fig. 9. 
The calculations yield that the Pb2GeS4 VB region extends 
from 0 to about 8.0 eV and the band consists of several sub-
bands, marked as A, A′, B, and C in Fig. 9. The main contri-
bution to the upper sub-band A is derived from S 3p states, 
with smaller contribution of Pb 6s states as well. The main 
contributors to the sub-band A′ of the Pb2GeS4 VB are again 
S 3p states, with somewhat smaller contributions of Pb 6p 
and Ge 4p states too, while the sub-band B is formed mainly 
by S 3p and Ge 4p states in almost equal proportion. The 
bottom of the VB of Pb2GeS4 (sub-band C) is dominated by 
Pb 6s states, with somewhat smaller contributions of Ge 4s 
states. Some minor contributions of S 3p states in the sub-
band C are also detected by the present DFT calculations of 
Pb2GeS4 (see Fig. 9). Further, the band D centered at about 
11.9 eV is dominated by S 3s states, with smaller contribu-
tions of Ge 4p states, while Ge 4s and S 3s states are main 
contributors to the lower band E centered at about 13.3 eV. 
In addition, the lowest bands F and G resolved in the XPS 
spectrum plotted in Fig. 8 are Pb 5d5/2 and Pb 5d3/2 states, 
respectively. The bottom of the CB (sub-band A*, Fig. 9) is 
composed mainly by unoccupied Pb 6p states, with smaller 
contributions of Ge 4s* and S 3p* states too.

Fig. 8   Curves of total DOS calculated for Pb2GeS4 within the GGA, 
GGA–U, MBJ, and MBJ–U–SO approximations matched on a joint 
energy scale with the XPS VB spectrum of the studied compound

Table 4   Band gap energies of Pb2GeS4 as derived in the DFT calcu-
lations in comparison with experimental measurements

Method of calculation Eg (theory) Eg (experiment)

GGA​ 1.880 eV 2.29 ± 0.01 eV [6]
GGA-U 1.882 eV
MBJ 2.558 eV
MBJ-U-SO 2.364 eV
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The present band-structure calculations reveal that S 
3p states are significantly hybridized with Ge 4p states in 
the energy region corresponding to the sub-band B, and 
substantial hybridization of Ge 4s states with Pb 6s and 
Ge 4p states at the bottom of the Pb2GeS4 VB (sub-band 
C) is also observed (Fig. 9). The existence of hybridization 
of the mentioned electronic states suggests a significant 
contribution of the covalent component of the chemical 
bonding of Pb2GeS4 compound (additionally to the ionic 
component). Altogether, S 3p states are the main contribu-
tors to the VB of Pb2GeS4 locating in its upper and central 

portions, while the principal contributors to its bottom are 
Pb 6s states.

The above data on the occupation of the VB region by 
S 3p and Ge 4p states are confirmed experimentally for the 
Pb2GeS4 crystal by measurements of the S Kβ1,3 and Ge Kβ2 
X-ray emission bands yielding information on the valence 
S 3p and Ge 4p state energy distribution. The above XES 
bands are compared in Fig. 10 on a common energy scale 
with its XPS VB spectrum following the technique reported 
elsewhere [45, 46] that is generally used when comparing 
XPS and XES spectra in order to probe features of filling the 

Fig. 9   Partial densities of states of a Pb, b Ge and c S atoms of Pb2GeS4 (calculated with MBJ–U–SO approximation)
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VB region by electronic states associated with constituting 
atoms [47, 48]. In such a comparison, the zero of energy 
of the X-ray spectroscopy spectra plotted in Fig. 10 for the 
Pb2GeS4 crystal fits to the Fermi energy position of the 
PHOIBOS 150 energy analyzer used in the UHV-Analysis-
System. The energy position of the main maximum a of the 
S Kβ1,3 X-ray emission band corresponds to the top of the 
XPS VB spectrum, while the positions of the peculiarities b 
and c of this XES band correspond to the features B and C of 
the XPS spectrum. Further, the main maximum d of the Ge 
Kβ2 X-ray emission band coincides with the peculiarity B 
of the XPS VB spectrum (Fig. 10). The above experimental 
X-ray spectroscopy findings are in good agreement with the 
results of band-structure calculations of the compound under 
consideration presented in Fig. 9. Certainly, significant con-
tributions of Pb 6s and Ge 4s states in the vicinities of the 
features C and B of the XPS VB spectrum are expected to 
occur in accordance with the present theoretical predictions 
shown in Fig. 9; however, available experimental abilities 
do not allow us to perform measurements of the energy 

distribution of the above electronic states in the Pb2GeS4 
crystal.

Band dispersions for special symmetry points and direc-
tions of Pb2GeS4 are shown in Fig. 11a, while coordinates of 
the k points within the restricted monoclinic BZ (Fig. 11b) 
are as follows: Г (0.0, 0.0, 0.0), Z (0.0, 0.5, 0.0), D (0.0, 0.5, 
0.5), B (0.0, 0.0, 0.5), Г (0.0, 0.0, 0.0), Y (0.5, 0.0, 0.0), C 
(0.5, 0.5, 0.0) and Z (0.0, 0.5, 0.0). Figure 11a presents that 
the band dispersions are comparably flat in the k space near 
the VB maximum (VBM) and CB minimum (CBM). This 
fact suggests high effective masses and low electron mobility 
in Pb2GeS4 compound. Our calculations yield that the VBM 

Fig. 10   Comparison on a joint energy scale of the XPS VB spectrum 
and the Ge Kβ2 and S Kβ1,3 X-ray emission bands of the Pb2GeS4 
crystal

Fig. 11   a Electronic bands at broad special symmetry paths within 
the first BZ and b diagram of the BZ for a monoclinic structure, in 
which Pb2GeS4 compound is crystallized
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is positioned at the Y point, while the CBM at the Г point 
indicating that the ternary sulfide Pb2GeS4 is an indirect-gap 
semiconductor. It is worth mentioning that the DFT calcula-
tions of the other ternary sulfide occurring in the PbS–GeS2 
system, namely PbGeS3, also reveal its indirect gap [2].

4.3 � DFT calculations of the basic optical parameters

Results of the present calculations of the absorption coef-
ficient �(�) within the MBJ–U–SO approximation (Fig. 12) 
show that the edge of optical absorption (first critical point) 
appears in Pb2GeS4 at about 2.36 eV and, with a further 
increase of photon energy, it increases rapidly above the 
edge. The range of strong absorption [magnitudes of �(�) 
are bigger than 104 cm−1] in Pb2GeS4 is detected for broad 
photon energy area, from about 4 eV up to 27 eV. The exist-
ence of high values of the absorption coefficient �(�) in 
the broad energy region suggests that Pb2GeS4 compound 
is a promising semiconductor for the use in thin-film solar 
cells, while the existence of well-distinguished spectral 
peaks/humps on the �(�) curve originating due to different 
electronic transitions reveals its prospects for optoelectronic 
applications.

The real part of dielectric function �
1(�) of Pb2GeS4 is 

presented in Fig. 13a, while the imaginary part of dielectric 
function �

2(�) is shown in Fig. 13b. The �
1(�) curve reveals 

the existence of three features, A (~ 3 eV), B (~ 5 eV), and C 
(~ 8.5), while the energy positions of the similar fine-struc-
ture peculiarities resolved on the �

2(�) curve are slightly 
different (A (~ 4 eV), B (~ 6 eV), and C (~ 9 eV)). Values 

of static dielectric constants of Pb2GeS4 at zero frequency 
in accordance with the present calculations are as follows: 
�
xx
1
(0) = 13.0474, �yy

1
(0) = 12.5604 and �zz

1
(0) = 14.1584. Fig-

ure 13a presents that the calculated real part of dielectric 
function �

1(�) of Pb2GeS4 reveals a sharp decrease begin-
ning from about 3 eV till 7.5 eV and, then, revealing a well-
resolved feature C at 8.5 eV, it increases with an increase 
of photon energy till ~ 27 eV. The calculated imaginary 
part of dielectric function �

2(�) decreases beginning from 
~ 4 eV and yields a tendency toward approaching zero at 
about 27 eV with the presence of a small shoulder B and 

Fig. 12   Calculated absorption coefficient �(�) of Pb2GeS4 (MBJ–U–
SO approximation)

Fig. 13   Calculated a real and b imaginary parts of dielectric function 
( �

1
(�) and �

2
(�) , respectively) of Pb2GeS4 (MBJ–U–SO approxima-

tion)
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a fine-structure peculiarity C (Fig. 13b). Following data of 
the theoretical calculations of PDOSs curves presented in 
Fig. 9, it is suggested that the peculiarities A–C observed 
on the curve of the imaginary part of dielectric function 
�
2(�) originate due to the following electronic transitions: 

Pb(s)→Pb(p), Pb(p)→Pb(s), Ge(s)→Ge(p), Ge(p)→Ge(s), 
S(s)→S(p) and S(p)→S(s). This designation considers only 
inter-band transitions which obey the dipole selection rules 
regarding the matrix elements of the transition probabilities 
as reported elsewhere [17]. Figure 14a presents calculated 

refractive index n(�) of Pb2GeS4. Comparing this figure 
with the real part of dielectric function �

1(�) presented in 
Fig. 13a, one can see some similarity of the n(�) and �

1(�) 
curves with respect to the contours and energy positions 
of the peculiarities A–C for photon energies ranging from 
0 to about 11 eV. The values of the n(�) index of Pb2GeS4 
compound at zero frequency are as follows: nxx(0) = 3.612, 
nyy(0) = 3.544, and nzz(0) = 3.763. Maximum values of the 
refractive index n(�) in the compound under discussion are 
detected in the energy range of 0–5.5 eV. The n(�) function 

Fig. 14   Calculated a refractive index n(�) , b extinction coefficient k(�) , c electron energy-loss spectrum L(�) , and d optical reflectivity R(�) of 
Pb2GeS4 (MBJ–U–SO approximation)
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decreases beginning from about 3.5 eV till 20.5 eV and 
shows a well-resolved sub-band centered at about 23 eV. 
Data of the calculations of the extinction coefficient k(�) 
of Pb2GeS4 are shown in Fig. 14b. The k(�) function in 
Pb2GeS4 reveals some similarity of trends for changes in its 
shape and fine-structure formation as it was detected in the 
case of the curve of the imaginary part of dielectric function 
�
2(�) (cf. Figs. 13b, 14b).

Energy-loss spectrum L(�) of Pb2GeS4 that gives infor-
mation on the energy loss of fast-moving electrons is plotted 
in Fig. 14c. The L(�) function increases very smoothly in 
Pb2GeS4 till 20 eV and yields a sharp increase resulting in 
the appearance of a peak around 21.5 eV followed by fast 
decrease till about 23.5 eV. At higher photon energies the 
energy-loss spectrum L(�) increases again. The maximum 
at 21.5 eV observed on the L(�) curve can be ascribed to 
the plasma frequency in the Pb2GeS4 compound. For calcu-
lated photon energies, the energy-loss spectrum L(�) yields 
very minor anisotropy of different tensor components (xx, 
yy, zz) in Pb2GeS4 (Fig. 14c). Data of our calculations of 
optical reflectivity coefficient R(�) (Fig. 14d) reveal three 
non-zero components corresponding to the reflections at 
0 eV as follows: Rxx(0) = 32.078%, Ryy(0) = 31.346%, and 
Rzz(0) = 33.650%, while maximum reflectivity 78.016% is 
detected at around 20.07 eV. Finally, it should be indicated 
that the principal optical constants calculated in the present 
work exhibit comparatively large isotropic behavior of the 
three components of the tensor (xx, yy, zz).

The above data indicate that Pb2GeS4 belongs to such 
kind of materials that are very promising for the laser 
induced effects and optical memory devices. Furthermore, 
the presence of possible intrinsic defects in the Pb2GeS4 
crystal should influence somewhat the optical constants 
calculated in the present work. Since we have studied these 
constants only based on DFT calculations, we leave this 
task for future experimental studies. In addition, big elec-
tron–phonon anharmonicity is very crucial in this material.

5 � Conclusions

The electronic band-structure of Pb2GeS4 compound was 
studied in the present work using both experimental and 
theoretical methods. Notably, for the Pb2GeS4 single crystal 
grown by Bridgman–Stockbarger method we have recorded 
the XPS core-level spectra for the atoms constituting the 
crystal in order to determine their electron binding energies. 
The XPS measurements were made for the as-synthesized 
and treated with Ar+-ions surfaces of the Pb2GeS4 crystal. 
These measurements yield that this surface treatment does 
not cause changes in the BE values of the core-level elec-
trons of atoms constituting the Pb2GeS4 crystal. This sur-
face treatment does not change the shape of the XPS VB 

spectrum as well as stoichiometry of the crystal surface. The 
Pb2GeS4 crystal surface is rather stable with respect to the 
treatment with Ar+-ions and it reveals low hygroscopicity. 
Such properties can be of significant importance when using 
this crystal in optoelectronic devices operating at ambient 
conditions. DFT calculations made within the APW–lo 
method as incorporated in WIEN2k code demonstrate that 
the best fit with the experimental XPS VB spectrum of the 
Pb2GeS4 crystal is derived using XC approximation of MBJ 
potential with Hubbard-corrected functional and taking into 
account SO interaction. Our calculations indicate that the 
top and upper portion of the VB of Pb2GeS4 is dominated 
by S 3p states, Ge 4p and S 3p states are the main contribu-
tors to the central portion of the band, while its bottom is 
dominated by Pb 6s states with slightly smaller contributions 
of Ge 4s states. Further, the bottom of the CB of Pb2GeS4 
is dominated by unoccupied Pb 6p states, with somewhat 
smaller contributions of Ge 4s* and S 3p* states. The above 
theoretical prediction of the filling of the VB by Ge 4p and S 
3p states has been confirmed experimentally by the matching 
on a common energy scale of the XPS VB spectrum and the 
S Kβ1,3 and Ge Kβ2 X-ray emission bands giving informa-
tion on the valence S p and Ge p states, respectively. Our 
calculations demonstrate a significant contribution of the 
covalent component of the chemical bonding in Pb2GeS4 
compound (additionally to the ionic component). The DFT 
calculations indicate that the Pb2GeS4 semiconductor is of 
indirect-gap nature because its VBM and CBM are posi-
tioned at the Y and Г points, respectively.

The basic optical constants are also elucidated using the 
ab initio DFT calculations. The present calculations show 
that the edge of optical absorption (first critical point) arises 
at about 2.36 eV and, with the further increase of photon 
energy, it increases rapidly above the edge. The presence of 
high values of the absorption coefficient �(�) in the broad 
energy region indicates that Pb2GeS4 compound is a promis-
ing semiconductor for the use in thin-film solar cells, while 
the presence of well-distinguished spectral peaks/humps on 
the �(�) curve originating due to different electronic tran-
sitions is rather prospective for optoelectronic application. 
The static dielectric constants as calculated in the present 
work for the �

1(�) function are as follows: �xx
1
(0) = 13.0474, 

�
yy

1
(0) = 12.5604 and �zz

1
(0) = 14.1584. Some similarity of the 

n(�) and �
1(�) curves with respect to the shapes and energy 

positions of the fine-structure peculiarities for photon ener-
gies ranging from 0 to about 11 eV is detected for Pb2GeS4 
compound, while the k(�) function reveals some similarity 
of changing its shape and fine-structure formation with the 
imaginary part of dielectric function �

2(�) . The maximum 
at 21.5 eV observed on the L(�) curve can be ascribed to 
plasma frequency in Pb2GeS4. Calculated optical reflectivity 
coefficient R(�) reveals its maximum at around 20.07 eV. 
The present results allow the conclusion that Pb2GeS4 
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belongs to such kind of materials that are very promising 
for the laser induced effects and optical memory devices. 
Certainly, the presence of intrinsic defects can somewhat 
influence the calculated optical constants and the existence 
of big electron–phonon anharmonicity is very crucial in this 
compound.
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