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and band alignments in GeS and
GeSe for photovoltaics†
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Jack E. N. Swallow,‡a Holly J. Edwards,a Philip A. E. Murgatroyd,§a

Thomas J. Featherstone,a Pardeep K. Thakur, c Tien-Lin Lee,c Vinod R. Dhanaka

and Tim D. Veal *a

Germanium sulfide and germanium selenide bulk crystals were prepared using a melt growth technique. X-

ray photoemission spectroscopy (XPS) was used to determine ionisation potentials of 5.74 and 5.48 eV for

GeS and GeSe respectively. These values were used with the previously-measured band gaps to establish

the natural band alignments with potential window layers for solar cells and to identify CdS and TiO2 as

sensible choices. The ionisation potential of GeS is found to be smaller than in comparable materials.

Using XPS and hard X-ray photoemission (HAXPES) measurements in conjunction with density-functional

theory calculations, we demonstrate that stereochemically active Ge 4s lone pairs are present at the

valence-band maxima. Our work thus provides direct evidence for active lone pairs in GeS and GeSe,

with important implications for the applications of these and related materials such as Ge-based

perovskites.
1 Introduction

Modern photovoltaics (PV) research aims to challenge crystal-
line silicon as the dominant material in the industry. Thin lm
cadmium telluride (CdTe) has been a major success in
achieving an efficiency of 22.1%, similar to silicon.1 However,
there are issues with CdTe, including concerns regarding the
toxicity of cadmium and the scarcity of tellurium, the latter of
which in particular will limit the extent to which CdTe can meet
the challenge of scaling up PV for terawatt energy generation.2,3

One non-toxic and earth-abundant material that has shown
great potential is antimony selenide (Sb2Se3). With its exem-
plary optical properties, Sb2Se3 solar cells have achieved
a record efficiency of 9.2% in a decade despite the limited
number of groups working on the material.4,5 Part of the success
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is down to its orthorhombic Pnma crystal structure which
comprises nanoribbons held together by van der Waals inter-
actions. Theoretical and experimental studies show strong
conductivity parallel to the ribbons, a benet for PV applica-
tions if the growth orientation can be controlled.6,7
1.1 Materials with active lone pairs

An important feature of Sb2Se3 is the contribution of the Sb 5s2

lone pair to the valence band.9 Materials with stereochemically
active lone pairs are attracting growing interest because of the
high power conversion efficiency of methyl-ammonium lead
iodide (MAPI) solar cells.1 There is growing evidence to suggest
that a large part of the high performance of this material is due
to the Pb 6s2 lone pair, which is thought to underpin some of
its desirable PV properties.10,11 The antibonding states in the
VBM should lead to shallow rather than deep states, the
formation of benign grain boundaries, and strong defect
tolerance. The 6s2 orbital also results in band edges with
greater dispersion, leading to smaller carrier effective masses
and enhanced carrier mobility, both of which are desirable for
PV applications.12
1.2 GeS and GeSe photovoltaics

Germanium sulde (GeS) and germanium selenide (GeSe) share
a lot of the same properties as Sb2Se3. Ge is less toxic than both
Sb and Cd. Ge is also over six times more Earth-abundant than
Sb and Cd, and both S and Se are considerably more abundant
than Te.13 Both GeS and GeSe have good optical properties, with
This journal is © The Royal Society of Chemistry 2021
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Fig. 1 Crystal structure of GeS/GeSe (a) along the [001] direction and (b) rotated slightly to highlight the nanosheets. The structure of both
materials are orthorhombic with the Pnma space group. These images were prepared using the VESTA software.8
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band gaps in the ideal range according to the detailed balance
limit.14–16 While GeS and GeSe share the same Pnma space group
as Sb2Se3, they have covalent bonds in two directions, creating
sheets rather than ribbons, with van der Waals interactions
along the other direction (Fig. 1(a) and (b)). As noted above,
studies on Sb2Se3 suggest strong conductivity in the direction of
the covalent bonds but weak conductivity in the directions of
the van der Waals interactions. Having covalent bonds along
two directions could therefore be benecial for cell design,
whilst also beneting from the benign grain boundaries.
Finally, Ge is in the +2 oxidation state in both GeS and GeSe and
adopts a distorted local structure, which suggests the cations
may have stereochemically active lone pairs.17–19 These proper-
ties, along with the recently reported 1.36% and 5.2% power
conversion efficiency for a GeS and GeSe solar cell, respec-
tively,20,21 demonstrate the potential of these materials.
Fig. 2 One-electron photoionisation cross sections of (a) Ge and (b) S
and Se.22 The vertical lines at 5.921 keV and 1.487 keV show the
energies used for our HAXPES and XPS measurements, respectively.
1.3 Identifying ns2 lone pair states using photoemission
spectroscopy

To probe the Ge 4s lone pair states, hard X-ray photoemission
spectroscopy (HAXPES, hy ¼ 5.921 keV) and lab-based X-ray
photoemission spectroscopy (XPS, hy ¼ 1.487 keV) were used.
By utilising more than one photon energy, the energy depen-
dence of the photoionisation cross sections (i.e. the probabili-
ties of an electron being emitted from its electronic state) can be
exploited. The cross sections of the valence and semi-core
orbitals in GeS and GeSe as a function of energy are presented
in Fig. 2, with vertical dotted lines indicating the energies used
for measurements in this study.22

As can be seen in Fig. 2, the s-orbital cross-sections decrease
more gradually relative to other orbitals as the photon energy
increases, which is due to them beingmore contracted.23 This in
turn implies that s orbitals will be relatively more prominent in
HAXPES than in XPS spectra, as they will contribute a higher
proportion of the total intensity at a higher incident photon
energy, as found in previous studies on materials with ns2 lone
pairs.9,17,24,25 HAXPES can also offer higher spectral resolution,
but also has reduced surface sensitivity compared to XPS, so
there are merits to using both techniques.
This journal is © The Royal Society of Chemistry 2021
1.4 Determination of band alignments

An advantage of a laboratory – as opposed to synchrotron –

photoemission system is that it allows for measurement of the
J. Mater. Chem. A, 2021, 9, 22440–22452 | 22441
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secondary electron cut-off (SEC) to determine the ionisation
potential, and, therefore, the absolute position of the valence
band maximum (VBM) with respect to the vacuum level. By
measuring the band gap, it is then also possible to determine
the position of the conduction band minimum (CBM).

The conduction band offset (CBO) between the window layer
and absorber layer is an important factor in the performance of
PV devices.26,27 If the offset is positive, the conduction band of
the window layer is higher than the absorber layer, and a ‘spike-
like’ barrier forms which opposes the dri of excited electrons
from absorber to window layer and thus limits the short-circuit
current of the device. If, however, the offset is negative, and the
conduction band (CB) of the window layer is lower than that of
the absorber layer, a ‘cliff-like’ barrier is formed. This can lead
to recombination at the interface between the conduction and
valence bands and a lower built-in voltage, producing a lower
open-circuit voltage. Valence band spectra, alongside the SEC
and density-functional theory (DFT) calculations, can addi-
tionally be used to analyse the composition of the valence band
(VB) and thus to determine the impact of different atomic states
on the ionisation potential.9,28
1.5 Previous characterisation of Ge active lone pairs

Early studies on GeS and GeSe identied three key features in
the valence band spectrum named peaks I, II and III (Fig. S1†).
It was suggested that peak I was composed of S 3p/Se 4p and Ge
4p orbitals, peak II of Ge 4s orbitals, and peak III of S 3s/Se 4s
states.29–41 This appears to be based on early speculation linked
to the lead chalcogenides that was subsequently propagated in
much of the literature. Waghmare et al. performed calculations
on IV–VI chalcogenides in the cubic (rocksalt) structure and
demonstrated that Ge 4s states are also present in peak I at the
VBM.42 Since then, theoretical calculations of orthorhombic GeS
have also indicated the presence of Ge 4s states at the VBM, but
other studies of GeS are limited to monolayers and amorphous
materials, the electronic structures of which differ signicantly
from the electronic structures of bulk crystals.43–46 Theoretical
calculations on orthorhombic GeSe have also suggested that the
Ge 4s orbitals contribute to the VBM, with one study loosely
comparing the calculated density of states to XPS measure-
ments of the valence band spectra.20,47,48 GeS and GeSe are
known to adopt distorted crystal structures,49 and theoretical
studies on both have demonstrated the asymmetric electron
densities expected in materials with stereochemically active
lone pairs.43,46,50 However, neither material has been studied
using HAXPES, and this would be the most effective method for
conrming (or otherwise) the presence of Ge 4s states at the
VBM.

Beyond the germanium chalcogenides, studies of Ge 4s lone
pairs remain limited. While Ge(II) would appear to be an alter-
native to Pb(II), in perovskite materials it has largely been
overlooked due to the lower binding energy of the Ge 4s elec-
trons compared to the Sn 5s and Pb 6s electrons.51 Mitzi has
previously shown that in crystals of (C4H9NH3)2MI4 perovskites
(M ¼ Ge, Sn, Pb) the stereochemical activity of the lone pair was
strongest in the Ge materials.52 Despite this, it is generally
22442 | J. Mater. Chem. A, 2021, 9, 22440–22452
accepted that the lone s orbital becomes more stable on
descending the group (i.e. 6s2 lone pairs are more stable than
4s2 lone pairs),11 and this decreased stability does mean that Ge
perovskites are more prone to oxidation, which further explains
the limited studies on these materials.10 However, with careful
preparation, Ge perovskites with stereochemically active lone
pairs could prove useful in the development of tandem solar
cells given their wide band gaps. A proof of concept study of
single-junction Ge perovskite cells has been performed, albeit
with a limited efficiency of 0.2%.53 It has been further demon-
strated that other Ge perovskite materials can be made, with
multiple studies reporting the successful preparation of crystals
of the CsGeX3 (X ¼ Cl, Br, I) perovskite series.54–57 Theoretical
studies of CsGeI3, (CH3NH3)GeCl3 and (CH3NH3)GeI3 have all
shown a contribution from the Ge 4s orbitals to the VBM, again
suggesting stereochemically active lone pairs.53,57–59
1.6 Present study

We have prepared GeS and GeSe crystals using a melt-growth
technique and performed HAXPES and XPS measurements
performed to investigate the electronic structures. We combine
SEC measurements were with the valence band spectra and
previously-reported band gaps to determine the ionisation
potentials, and we compare the band edge positions to related
materials and to common solar cell window layers. Finally, we
also model the valence band spectra using DFT calculations to
establish the role of the different orbitals in determining the
electronic structure, band levels, and band alignments. This
combination of photoemission measurements and theoretical
modelling allows us to unambiguously conrm the presence of
active Ge lone pairs in GeS and GeSe, which has implications for
the PV and other applications of these and related systems.
2 Experimental and computational
details

Bulk crystals of GeS and GeSe were prepared using a melt-
growth technique. Stoichiometric amounts of Ge and S or Se
(all with 5N purity, Alfa Asear) were sealed in an evacuated
quartz tube at a pressure #10�4 Torr. For GeS this was 2.0813 g
of Ge and 0.9187 g of S and for GeSe this was 1.4373 g of Ge and
1.5627 g of Se. The mixtures were melted at 800 �C for 24 hours,
then slowly cooled to 500 �C, where the mixture was held for 100
hours before nally being cooled to room temperature.

Material characterisation was performed using X-ray
diffraction (XRD). XRD measurements were taken under
ambient conditions using a Rigaku Smartlab X-ray diffractom-
eter equipped with a rotating copper anode. Monochromated
Ka1 incident radiation was used to perform q:2q scans between
20� and 80� at 0.5� min�1 in a parallel beam geometry.

HAXPES measurements were collected at beamline I09 at the
Diamond Light Source facility, UK in a standard ultrahigh
vacuum (UHV) chamber with a pressure of <1 � 10�10 mbar. A
Si(004) channel-cut crystal, following a double-crystal Si(111)
monochromator, was used to select x-rays from the source (hv¼
5.921 keV). Measurements were made using a Scienta Omicron
This journal is © The Royal Society of Chemistry 2021
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EW4000 high-energy analyzer with an acceptance angle of�28�.
Calibration was performed using a gold sample, enabling an
energy resolution of 0.25 eV to be determined by tting the
Fermi edge with a Fermi–Dirac function convolved with
a Gaussian peak. The uncertainty in energies from HAXPES is
�0.03 eV for core level peaks.

XPS measurements were performed in a standard UHV
chamber with a pressure of �1 � 10�10 mbar. Surface
contaminants were removed by sputtering with Ar+ ions at a 0.3
kV accelerating voltage. The XPS measurements were taken
using a SPECS monochromatic Al Ka X-ray source (hv ¼ 1.487
keV) operating at 250 W and a hemispherical PSP Vacuum
Technology electron-energy analyzer operating with a typical
pass energy of 10 eV. The SEC measurements were taken with
reduced power (9 W), reduced slit size in the analyser, and
a �10 V bias applied. Calibration was performed using a silver
Fig. 3 Photoemission measurements on GeS crystals. (a and b) HAXPES
measurements of the S 2p (c) and Ge 3d (d) core levels. A Shirley backgro
FWHM are summarised in Table 1.

This journal is © The Royal Society of Chemistry 2021
sample, enabling an energy resolution of 0.4 eV to be deter-
mined by tting the Fermi edge data. The uncertainty in ener-
gies from XPS is �0.05 eV for core level peaks and �0.10 eV for
VBM positions.

Electronic-structure calculations were performed on the
orthorhombic Pnma phases of GeS and GeSe using periodic
density-functional theory (DFT) as implemented in the Vienna
Ab initio Simulation Package (VASP) code.60 The electronic
structures were modelled using a plane-wave basis set with
a kinetic-energy cutoff of 550 eV and G-centered Monkhorst–
Pack k-point meshes61 with 7 � 3 � 9 subdivisions (we note that
the axes in the simulation structures are oriented such that b >
a > c, which differs from the orientation shown in Fig. 1). These
parameters were chosen to converge the total energy and
external pressure to <1 meV per atom and <1 kbar (0.1 GPa)
respectively. The ion cores were modelled using projector
measurements of the S 2p (a) and Ge 3d (b) core levels. (c and d) XPS
und has been subtracted from all four spectra. The peak positions and

J. Mater. Chem. A, 2021, 9, 22440–22452 | 22443
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Table 1 Peak positions (FWHM) from the GeSmeasurements shown in
Fig. 3. The doublet separations for the S 2p and Ge 3d features are
1.2 eV and 0.58 eV respectively. The separation between components
associated with the different chemical environments are supported by
the fits of more heavily contaminated samples in Fig. S5 and the related
information in Table S2

Regions HAXPES XPS

S 2p3/2–GeS 162.1 (0.6) 161.7 (0.8)
S 2p3/2–GeS2 163.0 (0.8) 162.6 (1.1)
Ge 3d5/2–GeS 30.6 (0.5) 30.0 (1.0)
Ge 3d5/2–GeS2 32.5 (0.7) 31.9 (1.1)
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augmented-wave (PAW) pseudopotentials.62,63 We tested two
different potentials for Ge: one including the Ge 4s, 4p and 3d
electrons in the valence region, and one including just the
Fig. 4 Photoemission measurements of GeSe crystals. (a and b) HAXPES
measurements of the Se 3d (c) and Ge 3d (d) core levels. A Shirley backgr
FWHM are summarised in Table 2.

22444 | J. Mater. Chem. A, 2021, 9, 22440–22452
outermost 4s and 4p electrons (i.e. treating the Ge 3d electrons
as core states). For S and Se, pseudopotentials including the S
3s/3p and Se 4s/4p electrons in the valence region were used.

Geometry optimisations were performed using the PBEsol
exchange–correlation functional64 with the DFT-D3 dispersion
correction,64 i.e. PBEsol + D3. The electronic structure was
optimised to a tolerance of 10�8 eV on the total energy while the
atomic positions and lattice parameters were optimised to
a tolerance of 10�2 eV Å�1 on the atomic forces. A Gaussian
smearing with a width s ¼ 0.01 eV was used to integrate the
Brillouin zone.

High-quality electronic-structure calculations were per-
formed on the optimised structures using the HSE06 hybrid
functional.65 These were used to obtain atom- and orbital-
projected density-of-states (pDoS) curves and to compute
electron-localization functions (ELFs).66 During these
measurements of the Se 3d (a) and Ge 3d (b) core levels. (c and d) XPS
ound has been subtracted from all four spectra. The peak positions and

This journal is © The Royal Society of Chemistry 2021
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calculations the tetrahedron method with Blöchl corrections
was used for Brillouin-zone integrations,67 and the number of
electronic bands was adjusted to at least twice the number of
valence electrons (i.e. equal numbers of occupied and virtual
states).

In all calculations, the PAW projection was performed in
reciprocal space, aspherical contributions to the gradient
corrections inside the PAW spheres were accounted for, and the
precision of the charge-density grids was set automatically to
avoid aliasing errors.
3 Results and discussion

The GeSe bulk crystals used in this experiment are from the
same samples investigated in previous work,14 the structures of
which were conrmed by X-ray diffraction and Raman spec-
troscopy. XRD of the GeS crystals was performed to conrm that
the target material had successfully been grown (Fig. S2†).
3.1 Core levels

Fig. 3(a) and (b) showHAXPESmeasurements on GeS in the S 2p
and Ge 3d regions, respectively, while Fig. 3(c) and (d) show
equivalent XPS measurements. The positions and full widths at
half maxima (FWHM) of the tted peaks are presented in Table
1. Evidence conrming the absence of oxygen contamination
and measurements of the Ge 2p region are given in Fig. S3 and
S4† respectively, with related information in Table S1.† One
previous study of GeS crystals reported the GeS S 2p3/2 peaks to
be in the region of 161.8 eV, which is in reasonable agreement
with our ndings.68 However, previous measurements of the
core levels in GeS were unable to clearly resolve the 3d5/2 and
3d3/2 components of the Ge 3d doublet due to insufficient
resolution.68,69 This is also the case for our XPS measurements,
but we were able to resolve the components using our higher-
resolution HAXPES measurements.

HAXPES and XPS measurements of the Se 3d and Ge 3d core
levels in GeSe are presented in Fig. 4, and the positions and
FWHM of the tted peaks are presented in Table 2. Measure-
ments of the Ge 2p region are presented in Fig. S6† with related
information in Table S3.† Previous studies of GeSe did not
report the Se 3d doublet separation.68,70,71 Previous reports that
resolved the Ge 3d doublets place the Ge 3d5/2 feature at
Table 2 Peak positions (FWHM) from the GeSe measurements shown
in Fig. 4. The doublet separations for the Se 3d and Ge 3d regions are
0.85 eV and 0.58 eV respectively. The separations between compo-
nents associated with different chemical environments are supported
by the fits of more heavily contaminated samples in Fig. S7 and the
related information in Table S4

Regions HAXPES XPS

Se 3d5/2–GeSe 53.9 (0.5) 54.0 (0.6)
Se 3d5/2–El. Se 54.5 (0.9) 54.6 (1.2)
Ge 3d5/2–GeSe 29.9 (0.5) 29.9 (0.9)
Ge 3d5/2–GeO 31.1 (0.9) 31.1 (1.0)
Ge 3d5/2–GeO2 32.7 (0.8) 32.7 (1.9)

This journal is © The Royal Society of Chemistry 2021
29.85 eV, in agreement with our ndings.20,71 However, these
studies were performed using XPS and therefore lack the energy
resolution of our HAXPES measurements.

For GeS, the results indicate a small amount of contamina-
tion with GeS2. As the contamination is visible in the photo-
emission spectra but not the XRDmeasurements, this indicates
the contamination is limited to the surface. This is not expected
to inuence the ionization potential (IP) results reported below,
due to its low intensity and the signicantly higher IP of GeS2
compared with that of GeS. For GeSe, measurements of the Ge
3d region show GeO and GeO2. The measurements of the Se 3d
region also show some contamination with elemental Se. Only
small amounts are detected in the HAXPES spectra, whereas in
the XPS measurements the elemental Se component is larger
than the GeSe component. The elemental Se component
therefore likely corresponds to selenium ejected to the surface
when the germanium is oxidised. That the contamination is
limited to the surface is again conrmed by the fact that the
species are only observed in the photoemission spectra and not
in the XRD measurements.
3.2 Ionisation potentials

Fig. 5(a) and (b) show XPS measurements of the VBM and SEC
for GeS and GeSe respectively. These results can be used to
calculate the ionization potential (IP) using the equation:
Fig. 5 Secondary electron cutoff (SEC) and valence band onset of GeS
(a) and GeSe (b) measured using XPS (hn ¼ 1.487 keV). The linear
extrapolations used to determine the secondary electron cutoff and
valence band maxima are shown by dotted lines.

J. Mater. Chem. A, 2021, 9, 22440–22452 | 22445
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Fig. 7 Comparison of the positions of the valence band maximum
(VBM) and conduction bandminimum (CBM) of GeS to other Period 4/
5 sulphides. The position of the VBM of GeS was determined from the
measurements in Fig. 5, and the position of the CBM was determined
using the reported band gap.15 The band positions of the other
materials are taken from the literature.28,73,75,76 The shaded bars used for
GeS and SnS indicate that thesematerials have stereochemically active
lone pairs.

Fig. 6 Comparison of the natural band alignments of GeS and GeSe
with some potential window layers for photovoltaic devices. The
positions of the valence band maxima of GeS and GeSe were experi-
mentally determined using the measurements in Fig. 5, and the
conduction band minima were then inferred from the reported band
gaps.14,15 The band alignments for the window layer materials are taken
from the literature.26,28,73,74
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IP ¼ hv � (SEC � VBM). (1)

where hv ¼ 1.487 keV is the energy of the incident x-rays. The IP
values were found to be 5.74 eV for GeS and 5.48 eV for GeSe.
Using these IP values and literature measurements of the band
gaps,14,15 the positions of the valence and conduction bands of
GeS and GeSe were determined and are shown in Fig. 6. The
GeSe IP value measured here is similar to, albeit slightly higher
than, the 5.12 eV reported previously.72

A useful comparison to make is the natural band alignments
with potential window layers when using GeS and GeSe in
a solar cell (Fig. 6). A number of window layers for GeSe have
been proposed theoretically and tested experimentally. TiO2 is
widely used as a window layer in Sb2Se3 solar cells.77 The natural
band alignments of TiO2 with both GeS and GeSe suggest
a small spike-like barrier. However, the GeSe/TiO2 devices re-
ported to date have shown poor performance.78,79 On the other
hand, CdS would exhibit a small cliff-like barrier, and GeSe/CdS
devices have shown superior performance to date.20,71 Given
how small the CBOs are for both CdS and TiO2, the natural band
alignments suggest both could be suitable window layers for
GeS and GeSe. Theoretical studies have suggested SnS and SnSe
as potential partner layers for GeSe-based PV devices.80,81 For
SnS, the natural band alignments with both GeS and GeSe
indicate a large cliff-like barrier, which would limit the device
efficiency. This could explain why Mao et al. observed superior
performance in GeSe-based solar cells when partnering with
SnSe rather than SnS, as SnSe has an almost at conduction
band alignment with GeSe.81

In Fig. 7, the GeS band positions are compared to those of
related suldes to demonstrate the impact the Ge lone pair on
22446 | J. Mater. Chem. A, 2021, 9, 22440–22452
the ionisation potentials. This is limited to suldes because
reliable literature data for other selenides appears to be lacking.
By comparing to the other Period 4 cation materials, it is clear
that the GeS lone pair signicantly reduces the ionisation
potential. GeS2 has the same composition and hence valence
orbitals, but with Ge in the 4+ rather than +2 oxidation state.
ZnS has an almost identical electronic conguration and +2
oxidation state, but no stereochemically active lone pair. Fig. 7
also compares the band positions of the corresponding Period 5
sulphides (i.e. GeS and SnS, GeS2 and SnS2, ZnS and CdS). This
wider comparison again conrms that the presence of the
stereochemically active lone pair leads to a marked reduction in
the ionisation potential, for both Period 4 and 5 sulphides.

The effect of the lone pair on raising the VBM and reducing
the ionisation potential can be understood using the revised
lone pair model.17 The Ge 4s/Sn 5s states hybridise with the S 3p
states to form bonding and antibonding states, with the latter
being raised above the S 3p states that would otherwise have
dominated the VBM and determined the ionisation potential.
We have previously demonstrated this for the Sn chalcogen-
ides,28 and our results show the same effect for GeS. In GeS2/ZnS
and SnS2/CdS, the antibonding states do not form, and so the
ionisation potential is dominated by the S 3p states, which are
at higher binding energy, and thus these materials have lower
valence band maxima and higher ionisation potentials.
3.3 Valence band spectra

From our DFT calculations we obtained optimised lattice
constants of a ¼ 10.229, b ¼ 3.643 and c ¼ 4.150 Å for GeS and
This journal is © The Royal Society of Chemistry 2021
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a¼ 10.783, b¼ 3.848 and c¼ 4.352 Å for GeSe, which differ by at
most 3.6% from the experimental measurements.14,18 Using the
HSE06 hybrid functional65 we calculated direct and indirect
band gaps of 1.68/1.35 and 1.35/1.19 eV for GeS and GeSe,
respectively, the former of which compare very favourably to the
measured direct gaps of 1.6 and 1.33 eV.14,15 Both sets of values
were obtained using pseudopotentials treating the Ge 3d elec-
trons as valence states, similar to the potentials used in our
previous work on the tin suldes.24,28 Treating the 3d electrons
instead as core states changed the optimised lattice parameters
by 0.1–0.6% and the calculated band gaps by 2–33 meV (see ESI,
Tables S5 and S6†). The largest difference in the band gaps was
a 2.8% reduction in the calculated indirect gap of GeSe. The
different treatments of the Ge 3d states also had a minimal
effect on the calculated pDoS curves (see ESI Fig. S9 and S10†).
Fig. 8 Comparison of the experimental valence band spectra of GeS an
(pDoS) curves obtained from hybrid DFT calculations. (a) and (b) compar
compare the same data for GeSe. All four plots compare the measurem

This journal is © The Royal Society of Chemistry 2021
Fig. 8 compares the valence band photoemission spectra
measured using XPS and HAXPES to pDoS curves obtained from
hybrid DFT. Fig. 8(a) and (b) show the HAXPES and XPS results
for GeS, respectively, while Fig. 8(c) and (d) show the same data
for GeSe. The calculated pDoS are weighted using the relevant
one electron photoionisation cross sections (Fig. 2)22 and
convolved with a Gaussian function to account for instrumental
and thermal broadening and a Lorentzian function to account
for lifetime broadening. The FWHM of the Gaussian functions
were 0.24 eV and 0.38 eV for the HAXPES and XPS simulations,
respectively, while the FWHM of the Lorentzian functions were
0.24 eV and 0.30 eV. Calculated pDoS curves without cross-
section correction and broadening are shown in Fig. S8.†

For GeS, the HAXPES measurements in Fig. 8(a) begin with
a narrow peak at the VBM (0–2.5 eV), followed by a plateau to 6–
d GeSe to the atom- and orbital-projected electronic density of states
e the HAXPES and XPS measurements on GeS, respectively. (c) and (d)
ents to the DFT pDoS after weighting with the cross sections in Fig. 2.
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Fig. 9 Electron localisation function for GeS obtained using hybrid
DFT (isosurface level: 0.918), showing the Ge 4s lone pair in blue.
Similar results are obtained for GeSe – see ESI Fig. S12.† This image
was prepared using the VESTA software.8
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7 eV and a broad peak centred around 9 eV. In the XPS
measurements in Fig. 8(b), there is instead one broad peak from
the VBM (0–6 eV) followed by a second peak centred around
8.5 eV. The differences between the two spectra are explained
well by the calculated cross-section corrected pDoS curves, with
experiment and theory agreeing well up to around 7 eV. The
broad peak in the XPS data is shown to be composed of
contributions from S 3p and Ge 4s, 4p and 3d orbitals, together
with a small contribution from S 3s states. However, as expected
from the one-electron photoionisation cross sections, the Ge 4s
orbitals make a more signicant contribution to the HAXPES
spectra than the other orbitals, and the more pronounced peak
therefore arises from the presence of the Ge 4s states at the
VBM. This provides experimental evidence, for the rst time, for
the presence of Ge 4s states at the VBM in GeS, which is an
important indicator of the cation having a stereochemically
active lone pair. This also provides direct evidence to support
our explanation of the comparatively low ionisation potential of
GeS demonstrated in Fig. 7.

Both the HAXPES and XPS measurements on GeSe in
Fig. 8(c) and (d), respectively, begin with one broad peak from
the VBM (0–7 eV) followed by a second smaller peak centred
around 9 eV. However, there are subtle differences in the shapes
of the two broad peaks. The valence band has a sharper onset in
the HAXPES than in the XPS spectra, and the top of the rst
broad peak is closer to the onset in the former. This subtle
difference in shape is again explained by the calculated pDoS
curves, and the experiments and theory again agree well up to
7 eV. The subtle differences are related to the hybridised lone
pair states present at the VBM. The XPS peak shows a large
contribution from Se 4p orbitals, with the height of the exper-
imental valence band spectrum close to the maximum of the Se
4p pDoS. The broad peak also contains smaller contributions
from the Ge 4s, 4p and 3d and the Se 4s and 4p states. As ex-
pected from the differences in the cross sections, the Ge 4s2

orbitals make a larger contribution to the HAXPES than to the
XPS spectra. This causes the sharper onset at the valence band,
where the Ge 4s orbitals contribute to the density of states, and
shis the maximum of the broad peak closer to the onset. Once
again, this provides the rst experimental evidence for the
presence of Ge 4s orbitals at the VBM in GeSe, and hence
evidence for stereochemically active lone pairs.

A noteworthy feature of all four comparisons in Fig. 8 is the
divergence between experiment and theory at higher binding
energies, which is a relatively common occurrence.82,83 A
possible cause of this is that the cross-section corrected DFT
valence band DOS are based on the ground-state electronic
structure whereas the experimental spectra probe the materials
in an excited state. Ley et al. state that this will shi experi-
mental features toward the top of the valence band relative to
spectra predicted from theory, which is consistent with how our
measurements and calculations compare.84

The key nding from the present analysis is the presence of
Ge 4s orbitals at the valence band edge in both GeS and GeSe.
The revised lone pair model indicates that in order for these
stereochemically active lone pairs to form the Ge 4s orbitals
must interact with the anion S 3p/Se 4p orbitals to form
22448 | J. Mater. Chem. A, 2021, 9, 22440–22452
bonding and antibonding states. The presence of the Ge 4s
states at the valence band edges is, therefore, evidence that the
antibonding states predicted by the revised lone pair model are
present, and hence that these materials have the stereochemi-
cally active lone pairs found in several other high-performance
PV materials. The formation of these bonding and antibonding
states is only possible in a distorted crystal structure, because
the orbital interactions would otherwise be forbidden by
symmetry. The asymmetric electron densities associated with
the distorted orthorhombic crystal structures thus arise from
the stabilisation of the Ge 4s2 lone pairs.

The Ge lone pairs in GeS and GeSe can be visualised using
the electron localisation function (ELF)66 isosurfaces (Fig. 9).
The lone pairs are seen to project between the nanosheets in the
[100] direction, which is typical of stereochemically active lone
pairs and the associated crystal structure distortions. The ELF
shown in Fig. 9 was generated from the calculations where the
Ge 3d electrons were treated as core states. Despite the very
similar electronic structures, we found that including these
states in the valence region led to a notably more spherical
charge density around the Ge atoms and substantial delocal-
ization of the Ge lone pair (see ESI Fig. S11–S14†). Despite this,
as noted above we found no signicant differences in the pDoS,
including in the contributions of the Ge 4s states to the VBM,
and we also found no signicant differences in the atomic
charges and volumes obtained from topological analyses of the
charge densities85 (see ESI Fig. S9/S10 and Tables S7/S8†). We
are therefore unsure of whether this discrepancy is simply an
artefact in the calculations.

When comparing the pDoS of GeS and GeSe it is clear that the
Ge 4s orbitals make a larger contribution to the valence band
edge in GeS than in GeSe. As shown in Fig. 10(a), the S 3p has
a lower conguration energy than the Se 4p, which means the
separation between the Ge 4s states and the anion p states is
smaller in GeS than in GeSe.86 This means that when the Ge 4s
and the anion p states interact to form bonding and antibonding
This journal is © The Royal Society of Chemistry 2021
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Fig. 10 Experimentally determined electronic configuration energies
of the valence s and p orbitals in Ge, Sn, Pb, S and Se atoms using data
from ref. 86 and 92. (a) Comparison of the energies of Ge with those of
S and Se. (b) Comparison the energies of S with those of Ge, Sn and Pb.
In the revised lone pair model, the energy separation between the
cation s and anion p levels is a key descriptor of the strength of the
interactions that drive the formation of active lone pairs and the
resulting structural distortions.
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states, the Ge 4s make a larger contribution to the antibonding
states that form the valence band edge in GeS than in GeSe. This
analysis was rst performed by Watson et al. for Pb 6s lone
pairs.87 Waghmare et al. subsequently used DFT calculations to
evidence this phenomenon for other cubic IV–VI chalcogenides,
including GeS and GeSe, but the cubic compounds do not allow
for lattice distortion.42 The phenomenon was later generalised by
Walsh et al. with the revised lone pair model.17 The pattern of the
Ge lone pair making a larger contribution to the antibonding
states as the size of the anion decreases is consistent with
previous studies on Sn and Sb lone pairs.88,89

A further nding from this work is therefore that the Ge2+

cation can form stereochemically active lone pairs. This nding
should offer new avenues in elds beyond the Ge chalcogenides
– for example, research into Ge perovskites may also benet
from conrmation that the lone pair formation is possible,
despite the additional challenges posed by oxidation.10,51–53,59,90

The traditional lone pair model has generally disregarded 4s2
This journal is © The Royal Society of Chemistry 2021
lone pairs as it was assumed that d-block (scandide) contrac-
tions would dominate in this row of the periodic table.91 Simi-
larly, the revised lone pair model predicts that the formation of
stereochemically active lone pairs in GeS and GeSe is unlikely
due to the difference in energy between the Ge 4s and S 3p/Se 4p
atomic levels.

As can be seen in Fig. 10(b), the difference between the Ge 4s
and S 3p states is greater than the difference between the Pb 6s
and S 3p states. PbS is known to have an inactive lone pair, and
the revised lone pair model explains this by the separation
between anion p and cation s states being too large to form the
asymmetric electron density required to drive the structural
distortion. Using the same logic, the formation of the distorted
GeS structure then seems highly unlikely as the difference
between the states is larger still. As it is clear from the present
studies that a stereochemically active lone pair does form, we
propose a potential addendum to the model: since Ge is smaller
than Pb, one might explain the different behaviour by taking
into account the bond length between the cation and anion, as
Orgel has suggested previously.93,94

We attempted to investigate the inuence of the Ge–chal-
cogen bond length on the lone pair activity in GeS and GeSe by
performing further electronic-structure calculations with the
unit-cell volume of both systems adjusted to �10% of the
equilibrium volume Veq (Fig. S15–S19†). We found that the cell
axis corresponding to the strongest bonding direction is resis-
tant to change under compression and expansion, such that
there is little variation in the nearest-neighbour Ge-chalcogen
distance (Fig. S15†). Despite this, there is a large variation in
the direct and indirect bandgaps (Fig. S16†). We observe some
variation in the Ge s PDoS in the vicinity of the VBM in both
systems, although the integral is largely preserved within
a window of�2.5 eV below the Fermi energy (Fig. S17 and S18†).
Most importantly, analysis of the ELFs at compressed and
expanded volumes show that the Ge lone pair is retained at all
the volumes tested (Fig. S19†). We therefore conclude that fully
testing our hypothesis on the importance of the cation–anion
distance would require a systematic analysis of different
chemical systems (i.e. different structural phases and/or
chemical species), which we consider to be beyond the scope
of the present study.

4 Conclusions

In conclusion, germanium sulde and germanium selenide
bulk crystals have successfully been prepared using a melt
growth technique. X-ray photoemission spectroscopy has been
used to measure the secondary electron cutoffs and valence
band offsets to determine ionisation potentials of 5.74 eV and
5.48 eV. The positions of the conduction-band minima were
then deduced from the positions of the valence band maxima
relative to vacuum level and the reported band gaps. The band
alignments were compared to potential window layers for
photovoltaic devices, and this comparison suggests CdS and
TiO2 as potential partner materials. Our measurements also
clearly show that the ionisation potential of GeS is higher than
in comparable materials, which we ascribe to the presence of
J. Mater. Chem. A, 2021, 9, 22440–22452 | 22449
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stereochemically active lone pairs and the associated anti-
bonding states at the valence band maximum. Using a combi-
nation of X-ray photoemission and hard X-ray photoemission
spectroscopy, in conjunction with hybrid density-functional
theory calculations, we have presented direct evidence for
these active lone pairs in both GeS and GeSe, with interesting
implications for the revised lone pair model and for related
areas of research such as Ge-based perovskites.
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J. D. Major, D. O. Scanlon and T. D. Veal, Chem. Mater., 2020,
32, 3245–3253.

15 P. Ramasamy, D. Kwak, D. H. Lim, H. S. Ra and J. S. Lee, J.
Mater. Chem. C, 2016, 4, 479–485.

16 W. Shockley and H. J. Queisser, J. Appl. Phys., 1961, 32, 510–
519.

17 A. Walsh, D. J. Payne, R. G. Egdell and G. W. Watson, Chem.
Soc. Rev., 2011, 40, 4455–4463.

18 W. H. Zachariasen, Phys. Rev., 1932, 40, 917–922.
19 A. Okazaki, J. Phys. Soc. Jpn., 1958, 13, 1151–1155.
20 S.-C. Liu, C.-M. Dai, Y. Min, Y. Hou, A. H. Proppe, Y. Zhou,

C. Chen, S. Chen, J. Tang, D.-J. Xue, et al., Nat. Commun.,
2021, 12, 670.

21 M. Feng, S-C. Lui, J. Wu, X. Liu, D-J. Xue, J-S. Hu and
L-J. Wan, J. Am. Chem. Soc., 2021, 143, 9664–9671.

22 J. H. Scoeld, Theoretical photoionization cross sections from 1
to 1500 keV, 1973.

23 P. Day, Electronic Structure and Magnetism of Inorganic
Compounds, Royal Society of Chemistry, 2007, vol. 3.

24 L. A. H. Jones, W. M. Linhart, N. Fleck, J. E. N. Swallow,
P. A. E. Murgatroyd, H. Shiel, T. J. Featherstone,
M. J. Smiles, P. K. Thakur, T. L. Lee, L. J. Hardwick,
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