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ABSTRACT: Solution-processed AgBiS2 thin films were fabricated using novel thiol−
amine precursor inks to investigate the stereochemical activity of Bi3+ 6s2 lone pairs and
their impact on the structure. A dual-space analysis combining Bragg diffraction and
hard X-ray photoelectron spectroscopy (HAXPES) revealed a rock salt-like average
structure with local distortions linked to cation coloring. Density functional theory
(DFT) and crystal orbital Hamilton population (COHP) analyses confirmed that local
Bi-rich and Ag-rich nanodomains amplify stereochemical activity, whereas more mixed
and cation-order nanodomains are less stereochemically active. This local, nanoscopic
mixing of segregated and ordered domains would indeed explain an average Fm3̅m
structure that is rock salt-like and that does not manifest the full anharmonicity and
noncentrosymmetry evidenced in canonical structures with stereochemical expression.
These findings provide insights into the local structural and electronic complexities
governing the optoelectronic properties of AgBiS2 thin films.

■ INTRODUCTION
Semiconductors containing post-transition metal, high-Z
cations with ns2 lone pairs are of significant interest because
they can exhibit improved defect tolerance and/or self-
healing,1−4 soft polarizability,5 higher carrier mobility from
wider band dispersion,6,7 enhanced dielectric constants for
improved carrier transport,8,9 and longer carrier lifetimes due
to strong spin−orbit coupling.10,11 Ionic lead halide perov-
skites belong to this broad class of semiconductors containing
high-Z cations with ns2 lone pairs; however, these materials are
challenged by the presence of lead as a toxic heavy metal in
addition to their environmental instability to ambient moisture
and air. Beyond lead halide perovskites, a promising class of
more covalent semiconductors is the ns2-containing sulfo-
salts,12 including such compositions as SnS,13,14 Sb2S3,15

Cu3BiS3,16,17 and CuPbSbS3.18,19 It is proposed that such
materials based on naturally occurring minerals will possess
greater environmental stability than the lead halide perovskites.
This ns2-containing sulfosalt family of materials also includes
the ternary I−V−VI2 semiconductors that possess a rock salt-
like structure.20 A primary example of these rock salt-like I−
V−VI2 semiconductors is AgBiS2, which is a known naturally
occurring sulfosalt mineral named Schapbachite (Strunz
2.JA.15) that crystallizes in a cation-disordered average
structure (space group Fm3̅m).21

Solution-processed AgBiS2 thin films have been utilized for
photodetectors and ultrathin solar cells, which have been
deposited using both precursor- and nanocrystal-based liquid
inks.22−28 While these solution-processed AgBiS2 thin films

have demonstrated promising performance metrics for
optoelectronic devices, no work has been done to date to
probe the nature and stereochemical expression of the Bi3+ 6s2

lone pair in thin films and whether this results in local,
incoherent structural distortions about the Bi position. Herein,
we report the solution deposition of AgBiS2 thin films using
novel thiol−amine-based precursor inks and present a dual-
space analysis of the material to holistically describe the
structure on both the average (with Bragg diffraction) and
local (with hard X-ray photoelectron spectroscopy, or
HAXPES) length scales. To examine the influence of the
stereochemically active Bi3+ 6s2 lone pairs on cation
configurations, we have probed the orbital character of states
near the Fermi level using first-principles density functional
theory (DFT) calculations. Furthermore, crystal orbital
Hamilton population (COHP) analyses of pairwise bonding
interactions and electron localization function (ELF) simu-
lations have been performed to assign spectral features in the
HAXPES and to examine the role of lone-pair-induced lattice
anharmonicity in governing Ag- and Bi-ordering on the cation
sublattice.
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■ EXPERIMENTAL METHODS
Thin Film Deposition. To formulate the precursor ink, 14.5 mg

of Ag2O (0.063 mmol; Alfa Aesar, 99%) and 32.2 mg of Bi2S3 (0.063
mmol; Sigma-Aldrich, 99.995%) were codissolved in 0.05 mL
ethanedithiol (EDT; Alfa Aesar, 98+%) and 0.50 mL ethylenediamine
(en; Sigma-Aldrich, 99.5%) under air with stirring at 30 °C overnight.
Thin films were solution-processed by spin coating the resulting
precursor ink onto ca. 1 cm2 borosilicate glass substrates that were
precleaned by consecutive bath sonication in methanol, acetone, and
then isopropanol for 10 min each, followed by UV-ozone treatment
for an additional 10 min. The ink was spin coated onto the substrate
at 2500 rpm for 1 min under flowing nitrogen. The films were
subsequently heated at ca. 15−20 °C/min to a set temperature of 400
°C, were annealed for 10 min under flowing nitrogen, and then
allowed to cool naturally to 40 °C or lower. This was repeated three
times for a total of three coats, which produced the 175 nm thin film.

Laboratory X-ray Diffraction. Powder X-ray diffraction patterns
were collected using a Rigaku Ultima IV diffractometer operated at 44
mA and 40 kV, in the 2θ range of 10−70° using Cu Kα radiation (λ =
1.5406 Å) with a step size and collection time of 0.01° and 3 s/step,
respectively. All patterns were recorded under ambient conditions
from powders that were produced by mechanically scraping the thin
film from the substrate followed by grinding in an agate mortar and
pestle. Rietveld refinements were carried out using the General
Structure Analysis System II (GSAS-II) software package. The
following parameters were refined: (1) scale factor, (2) background
(modeled using a shifted Chebyshev polynomial function), (3) peak
shape, (4) lattice constant (a), (5) fractional atomic coordinates
constrained by the site symmetry, (6) preferred orientation using a
spherical harmonic model, and (7) isotropic thermal parameters for
each chemical species.

Computational Details. Total energy electronic structure
calculations were performed within the framework of density
functional theory (DFT) as implemented in the Vienna Ab initio
Simulation Package (VASP),29 using periodic boundary conditions to
represent a perfect solid. Initial model optimizations were performed
using a projected augmented wave (PAW)30 methodology along a

generalized gradient approximation using the Perdew−Burke−
Ernzerhof functional (GGA-PBE)31,32 to account for the electronic
exchange and correlation. Atom- and orbital-projected density of
states were computed using the Heyd−Scuseria−Ernzerhof screen
hybrid exchange and correlation functional, or HSE06.33,34 This
functional incorporates a 75%:25% combination of PBE:Hartree−
Fock and a range separation of 0.2 Å, with the goal of addressing the
considerable underestimation of the band gap when calculated using
the PBE functional alone. The cation-segregated structure neces-
sitated the creation of various supercells, which was accomplished by
extending the unit cell along the z-direction, where one-half of the Bi/
Ag sites were occupied by Ag atoms, whereas the other half were
occupied by Bi atoms. Among these, a 1 × 4 × 8 supercell with 4
layers of Bi atoms followed by 4 layers of Ag atoms emerged as the
optimal configuration successfully balancing computational efficiency
while capturing the stereochemical activity of the lone pairs of
electrons. A Γ-point centered reciprocal grid of 8 × 2 × 1 points was
employed for structure relaxation of the segregated supercell
structure. The relaxation criteria for the structures were fixed to
when each Cartesian force component was less than 0.01 eV/Å,
unless otherwise noted. A kinetic energy cutoff of 520 eV was used for
the plane wave basis restriction. The projected density of states
(pDOS) along with the COHP35 was calculated using the software
package Local Orbital Suite Toward Electronic-Structure Reconstruc-
tion (LOBSTER). The absolute charge spilling is lower than 1.46%
for all the structures.

Hard X-ray Photoelectron Spectroscopy (HAXPES). Bi core-
level and valence band spectra of the AgBiS2 thin films were obtained
using energy-variant HAXPES at 2 and 5 keV excitation energies. The
HAXPES investigations were performed at the National Synchrotron
Light Source II (NSLS-II) facility, Brookhaven National Laboratory,
utilizing the SST-2 beamline. Measurements were conducted at
incident photon energies of 2 and 5 keV, employing a double crystal
monochromator allowing for photon energy selection; Si (111)
crystals were used for 2 keV photon energy and Si (220) crystals were
used for 5 keV. The spectrometer was operated with a pass energy of
500 eV and energy step size of 0.050 eV, with the analyzer positioned

Figure 1. (a) Photograph of the orange precursor ink along with a representative example of a specularly reflective AgBiS2 thin film. (b) Side-on
SEM image of a 175 nm AgBiS2 thin film deposited on Si at 35,000× (scale bar 2 μm). (c) Absorption coefficient of 175 nm AgBiS2 thin film
deposited on borosilicate glass.

Inorganic Chemistry pubs.acs.org/IC Article

https://doi.org/10.1021/acs.inorgchem.5c00710
Inorg. Chem. 2025, 64, 10097−10105

10098

https://pubs.acs.org/doi/10.1021/acs.inorgchem.5c00710?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.5c00710?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.5c00710?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.5c00710?fig=fig1&ref=pdf
pubs.acs.org/IC?ref=pdf
https://doi.org/10.1021/acs.inorgchem.5c00710?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


to align its axis with the polarization vector of the incident radiation.
Energy calibration was established using the Fermi edge of a gold
reference sample prior to experimental measurements. The measure-
ments were performed across the thin film sample on a spot size of
about 500 μm × 500 μm where the signal/noise ratio was highest.
The HAXPES measurements are averaged over the cm2 areas of the
surface of the thin film; focusing to smaller spot sizes significantly
reduces signal-to-noise at high incident energies and gives rise to
considerable beam damage.

■ RESULTS AND DISCUSSION
We have previously reported on the remarkable ability of a
binary thiol−amine (or “alkahest”) solvent mixture to dissolve
more than 100 different bulk metals, metal oxides, and metal
chalcogenides that span the periodic table.36,37 By drawing
from this palette of materials, a wide range of solution-
processable, multinary precursor inks can be formulated. Using
a conceptually simple dissolve and recover approach, thin films
can be solution-deposited from these precursor inks with
curing and mild annealing. In the absence of other external
chalcogen sources, the thiol component of the precursor ink
acts as the sulfur source to produce metal sulfide thin films
upon thermal decomposition at temperatures ≤ 400 °C.38,39

To formulate a precursor ink for AgBiS2, bulk powders of
Ag2O and Bi2S3 were stoichiometrically mixed and codissolved
in a 1:10 (v/v) solvent mixture of ethanedithiol (EDT) and
ethylenediamine (en) at 30 °C, giving an overall concentration
of ∼90 mg of total dissolved solids per mL of solvent. The
resulting precursor ink can be described as an optically clear,
bright orange, and free-flowing solution that does not scatter
light (Figure 1a). The ink remained stable and precipitate-free
when kept under ambient conditions for several days. Negative
ion mode electrospray ionization mass spectrometry (ESI-
(−)MS) was used to elucidate the identity of the molecular
solutes present in the composite precursor ink. The highest
intensity peaks at m/z = 332.92 and 392.93 can be assigned to
[Bi(EDT*)S]− and [Bi(EDT*)2]−, respectively, where EDT*
is the doubly deprotonated dithiolate (Figure S1). The
presence of m/z peaks corresponding to analogous silver
thiolate complexes are also present but have much lower
intensities that may be a result of differences in ionization.
Interestingly, the m/z peak at 892.76 can be assigned to a
bimetallic species with the formula [AgBi(EDT*)4]−. Different
combinations of bulk oxide and sulfide powders (i.e., Ag2O,
Bi2O3, Ag2S, and Bi2S3) can also be used to formulate the ink
and return AgBiS2; however, Ag2O and Bi2S3 were chosen due
to these solids producing a precursor ink that yielded
qualitatively higher-quality thin films lacking pinholes, edge
defects, and microcracks, as visually assessed by light
microscopy.

Thermogravimetric analysis returned an onset of volatiliza-
tion and decomposition of the cured ink at ca. 120 °C that
terminates between 350 and 400 °C (Figure S2). The end
point of volatilization and decomposition of the cured ink was
corroborated by the annealed thin film being completely
devoid of IR bands that would correspond to organic species
from the thiol−amine solvent system and the molecular solutes
(Figure S3). Using this as a guide, the as-prepared precursor
ink was spin coated onto substrates, cured, and annealed to
400 °C under flowing nitrogen to yield AgBiS2 thin films. The
resulting dark gray thin films were smooth, as evidenced by
their specular reflectance, and were free of microcracks and
pinholes (Figure 1a). Scanning electron microscopy was used
to determine an average film thickness of 175 nm for the films

studied herein (Figure 1b). Based on SEM images of the thin
films, the films are comprised of irregularly shaped grains with
an average height of 175 nm and an average width of 245 nm.
Grain size calculated from the Scherrer broadening of the X-
ray diffraction (XRD) pattern of the thin film is in general
agreement with these values. The diffuse reflectance UV−vis-
NIR spectrum of the resulting thin films gave a clean
absorption edge corresponding to a direct allowed optical
band gap of ca. 1.0 eV with an absorption coefficient of α = 105

cm−1 reached by 1.4 eV (Figure 1c).40−42 The absorption
coefficient is consistent with the high optical absorption
behavior of other bismuth-based chalcogenide semiconduc-
tors.43 Energy dispersive X-ray spectroscopy revealed that the
composition of the thin films was 1.3:0.7:2.0 Ag/Bi/S resulting
from the stoichiometric precursor ink (Ag2O/Bi2S3 = 1.0); off-
stoichiometry is thermodynamically allowed for the cubic
Fm3̅m average structure of AgBiS2.44 Schapbachite has been
reported to have Ag/Bi ratios both above and below 1.0
depending upon the mineral location;45,46 however, this
mineral naturally occurs as a solid solution with galena PbS.
Phase-pure, solution-processed thin films of AgBiS2 have
previously been reported to have nonstoichiometric Ag/Bi
ratios ranging from 1.2 to 0.25.22 This material provides a
canonical example of the “coloring problem” with Ag and Bi
being disordered across the cation sublattice; we will consider
different local scale cation configurations from low to high
ordering in the subsequent sections.

The Raman spectrum of a thin film displayed a broad Raman
band centered at 256 cm−1 with a lower-energy shoulder at ca.
230 cm−1 that correspond to the known Bi−S and Ag−S
vibrational modes of AgBiS2, respectively (Figure S4).47,48 To
probe the phase purity and average, long-range structure of the
AgBiS2 thin films, Rietveld refinements of the laboratory
powder XRD data were performed. The Rietveld refinement of
the diffraction pattern using the cubic structure with the Fm3̅m
space group corresponding to disordered rock salt-like AgBiS2
returned a lattice parameter of a = 5.6266(3) Å (Figure 2) that
matches well to previous reports for bulk AgBiS2 (a = 5.64
Å).21 The refinement returned a G.O.F. of 2.14 and an wR of
8.96%. Refinements of the data using the low-temperature
structure of AgBiS2 with a trigonal P3̅m1 space group would
not converge. The lower-intensity reflections of the lower

Figure 2. Rietveld refinement of laboratory powder X-ray diffraction
data to the cubic Fm3̅m average structure of AgBiS2. Open circles are
experimental data, purple tick marks are individual reflections of the
rock salt-like structure, and the difference pattern is given in blue (λ =
1.5406 Å, G.O.F. = 2.14, wR = 8.96%).
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symmetry trigonal structure are noticeably absent in our
diffraction data (Figure S5). Furthermore, the refinement was
not improved by the addition of the other thermodynamically
stable ternary composition (i.e., AgBi3S5) or binary phases of
Ag2S or Bi2S3 that have plagued other solution-processed
AgBiS2 thin films,49,50 confirming the phase purity of these thin
films.

AgBiS2 presents a complex structural challenge owing to the
partial occupancies of Ag and Bi atoms on shared crystallo-
graphic sites. This “coloring problem” gives rise to local
variations in cation positioning and can manifest segregated
domains,27 which significantly influence chemical bonding,
local electronic structure, and are anticipated in this case to be
strongly modified by and influence the stereochemical
expression of Bi3+ 6s2 lone pairs.51 Understanding how these
structural variations affect material properties necessitates a
systematic exploration of plausible atomic arrangements,
capturing both ordered and disordered configurations. The
coloring problem framework provides a crystallographic basis
for addressing this challenge.52 This approach treats the lattice
as a network of sites, where each site can be occupied by
specific atoms�in this case, Ag or Bi�while satisfying certain
constraints, such as stoichiometry and local coordination
environments. By systematically varying site occupancies under
these rules, the framework generates a broad set of structural
configurations, ranging from fully ordered alternating cation
arrangements to locally segregated patterns. Sampling from the
various structures that can be generated using this framework,
we examine how the general configuration type modifies the

degree of stereochemical activity of the Bi3+ 6s2 lone pairs;6,53

the viability of different cation configurations is evaluated by
comparison to HAXPES data based on the expression of
stereochemically active lone pairs in AgBiS2.

The four structural configurations examined here are chosen
to capture a range of cation configurations in AgBiS2. The first
structure, corresponding formally to P4/mmm,54 has alternat-
ing Bi and Ag atoms arranged along the a- and b-axes, which
leads to distinct layers of Ag and Bi along the c-direction
(Figure 3a,e). Such a configuration creates a regular alternate
layered ordering of the two cations. In the second structure
under consideration, which corresponds to a R3̅m space
group,54 the Bi and Ag atoms are stacked in alternating layers,
with each layer shifted by one unit cell along the a- or b-axes
(Figure 3b,f). This arrangement also yields alternating layers of
Ag and Bi atoms, but with a different stacking direction, which
represents another variation of local symmetry and cation
configurations. The third structure, representing a Cc space
group,54 features a more complex pattern where two rows of Bi
atoms are followed by two rows of Ag atoms (Figure 3c,g),
which thereby marks a deviation from simple single-layer
stacking. This configuration yields a mixed arrangement of Bi
and Ag atoms rather than distinct layers, which thus represents
a variation with nonlayered alternating configurations. The
fourth structure, denoted here as phase-segregated,27 repre-
sents the bookend corresponding to complete segregation,
with one-half of the Ag/Bi lattice sites in the unit cell occupied
entirely by Ag atoms and the other half occupied by Bi atoms
(Figure 3d,h). This model allows for the examination of the

Figure 3. Unit cells for (a) P4/mmm, (b) R3̅m, and (c) Cc space groups and (d) phase-segregated crystal structure renditions of AgBiS2.
Orientations showing cation ordering motifs of Ag and Bi atoms for (e) P4/mmm, (f) R3̅m, and (g) Cc space groups and (h) phase-segregated
crystal structures. ELF maps showing the change in electron localization as the structure changes from a disordered to a more segregated form,
which illustrate the gradual and increasing expression of stereochemically active lone pairs on Bi3+ centers going from (i) P4/mmm, (j) R3̅m, (k) Cc,
to (l) phase-segregated structures.
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effects of local segregation into nanoscopic domains, such as
would be a result of a formal localized spinodal decomposition
process.55,56 Together, these configurations survey a spectrum
of local cation arrangements, from highly ordered to fully
segregated, enabling systematic examination of how varying
degrees of cation ordering and segregation influence the
electronic structure, bonding interactions, and stereochemical
activity of the Bi3+ 6s2 lone pairs.

To probe the stereochemical expression and potential
influence of the Bi3+ 6s2 lone pair on the local structure of
the AgBiS2 thin films, ELF maps have been computed using
first-principles DFT, as shown in Figure 3i−l, and using
energy-variant HAXPES, which has been interpreted with the
aid of density of states (DOS) calculations and COHP
analyses, as shown in Figure 4. The ELF maps indicate
considerable distortion of electron density in the vicinity of
Bi3+ centers in going from ordered, alternating Bi/Ag
arrangements to cation-segregated Bi and Ag domains. The
distortion reflects the increasing polarization of stereochemi-
cally expressed lone pairs.53 The ELF maps illustrate that

complete and ordered cation mixing suppresses stereochemical
activity, whereas energetically proximate configurations with
nanoscopic domains will enable manifestation of such
stereochemical activity, and as a result, drive pronounced
lattice anharmonicity.

We next use HAXPES to interrogate the formal valence and
orbital contributions at the valence-band edge. The HAXPES
core-level features observed at binding energies of 27 and 15
eV (Figure 4b) correspond to the Bi 5d3/2 and Bi 5d5/2 core
levels, respectively, indicating a formal +3 oxidation state for Bi
centers. Broad features, “fronting”, above the baseline
proximity of the Bi3+ 5d3/2 and Bi 5d5/2 core levels can be
ascribed to either surface oxidation (since the films are
processed in air) or the screening of core holes by conduction
electrons. At 2 keV, the inelastic mean free path (IMFP) of the
photoelectrons is ca. 3−8 nm, whereas at 5 keV, the IMFP is
ca. 10−20 nm.57 The close similarity in HAXPES core-level
spectra at 2 and 5 keV excitations attest to the homogeneity of
the solution-deposited thin films. Notably, the higher energy
features are not observed at 5 keV. As photoelectrons travel

Figure 4. (a) ELF map along the (010) plane for the phase-segregated structure with 1.0 representing full localization, 0.5 representing uniform
electron density, and 0 representing complete delocalization. (b) Energy-variant HAXPES acquired at 2 keV (blue) and 5 keV (orange) excitation
for AgBiS2. (c) Valence-band HAXPES showcasing the increase in intensity at valence-band maxima (VBM) with increasing excitation energy. (d)
ELF map for the cation-segregated structure highlighting the stereochemically active lone pairs on Bi centers. (e) Atom-projected DOS for Ag, Bi,
and S for the phase-segregated structure. (f) Ag−S pCOHP (blue) and Bi−S pCOHP (orange) plots for the cation-segregated structure. (g) ELF
map for the ordered P4/mmm structure highlighting the symmetrical nature of electron localization. (h) Atom-projected DOS for the P4/mmm
structure. (i) Ag−S pCOHP (blue) and Bi−S pCOHP (orange) for the P4/mmm structure.

Inorganic Chemistry pubs.acs.org/IC Article

https://doi.org/10.1021/acs.inorgchem.5c00710
Inorg. Chem. 2025, 64, 10097−10105

10101

https://pubs.acs.org/doi/10.1021/acs.inorgchem.5c00710?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.5c00710?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.5c00710?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.5c00710?fig=fig4&ref=pdf
pubs.acs.org/IC?ref=pdf
https://doi.org/10.1021/acs.inorgchem.5c00710?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


through the material, they lose energy due to inelastic
scattering, which results in the peaks appearing at a higher
apparent binding energy. This effect is particularly amplified in
materials with a high concentration of free charge carriers.
Indeed, such “fronting” has also been observed for CuBiS2. At
5 keV, however, the increased kinetic energy of the
photoelectrons makes this effect somewhat less prominent.
The higher energy of these features as compared to trivalent
Bi3+ core-level features rules out contributions from zerovalent
Bi0.

Valence band HAXPES spectra provide information about
the occupied density of states weighted by the photoionization
cross sections (PICs) of the contributing orbitals.58,59 While
PICs decay rapidly with increasing incident photon energy, this
effect is muted for ns2-derived states because the PIC of the s
orbital decreases more slowly as compared to orbitals with
higher angular momentum quantum numbers. In this way,
comparing the valence-band spectra excited by two different
photon energies can identify the orbital contributions of ns2

states at the Fermi level.
Valence-band HAXPES spectra collected at two distinct

incident energies (2 and 5 keV) plotted in Figure 4c exhibit
subtle differences at the valence-band maximum (VBM). An
increase in relative intensity at the VBM upon 5 keV excitation
reflects the predominant contributions of s- and p-states.60,61

The contribution of these orbitals to HAXPES spectra at 2 keV
is minimal, which is similarly observed as a marked loss in
intensity at the top of the valence band. Based on atom-
projected DOS and COHP analyses for the phase-segregated
and cation-ordered configurations plotted in Figure 4 (see also
Figure S6 in the Supporting Information), the valence band is
derived primarily from Bi 6s, 6p and S 3p states hybridized
with Ag 4d-states. DOS calculations shown in Figures 4 and S6
indicate that the extent to which Ag 4d-states are hybridized
with S 3p and Bi 6s, p-states at the Fermi level is strongly
dependent on the specifics of cation ordering in the
structure.27,54

In the fully ordered, high-symmetry P4/mmm structure,
COHP analyses reveal that Ag 4d−S 3p interactions dominate
over Bi 6s, p−S 3p interactions at the VBM (Figure 4i).35 In
contrast, in the case of the phase-segregated structural model,
the presence of Bi-rich and Ag-rich centers adjacent to each
other gives rise to predominant Bi 6s, p−S 3p interactions as
compared to Ag 4d-S 3p interactions at the VBM (Figure 4f).
The intermediate structures display a continuum between
these extremes (Figure S6), underscoring the sensitivity of the
electronic structure to cation arrangement (“coloring”). The
experimentally observed increase in intensity at the VBM at
higher excitation energies is thus concordant with the greater
stereochemical expression of Bi3+ 6s2 lone pairs as observed in
the phase-segregated structural model. As per the revised lone
pair model, hybridization with Bi 6p states facilitates a second-
order Jahn−Teller distortion that stabilizes antibonding Bi 6s-S
3p derived orbitals at the VBM (which are selectively enhanced
in intensity at 5 keV excitation in HAXPES).62 ELF
calculations presented in Figure 4a,d,g further support these
findings, demonstrating a more pronounced localization of Bi
6s, p and S 3p states in the phase-segregated structure. This
localization and asymmetry in the ELF map around a p-block
cation is commonly observed in systems with strong
stereochemical expression, which is manifested further as a
pronounced local distortion of the crystal structure.63,64

Notably, the magnitude of the intensity enhancement observed

in Figure 4c is relatively modest, which suggests that the
stereochemical activity of Bi 6s2-derived states is somewhat
muted. This can be attributed to inhomogeneous cation
ordering arrangements throughout the thin film such that Bi
centers are stereochemically active in regions with cation
segregation, whereas more mixed cation domains are stereo-
chemically inactive, or “hidden”. Valence band HAXPES
provides an ensemble average across scores of nanoscopic
domains. These nanoscale domains have very similar
composition, varying only in their cation ordering or
“coloring”. Such nanoscopic domains do not show X-ray
coherence (as evidenced by the narrow fwhm of reflections in
Figure 2) and cannot be spatially resolved in HAXPES
measurements, which have a spot size of several hundred
microns.

The different cation “coloring” arrangements represent
proximate local minima on the free energy landscape of Ag−
Bi−S. In solution-phase processing, the limited energy
available to the system constrains the extent to which it can
explore the free energy landscape as it begins its descent
toward (quasi)equilibrium states.65,66 Such constrained pro-
cesses effectively “trap” different cation configurations depend-
ing on spatiotemporal local thermal and strain gradients. Low-
energy, semicoherent interfaces between domains with distinct
“coloring” patterns can likely be stabilized; however, resolving
distinct electronic structure features of individual domains will
require higher spatial resolution measurements or stabilizing
extended domains such as through epitaxial templating
methods that enforce selective nucleation of a specific cation
configuration.65 It is indeed expected that extended domains
with different cation configurations would manifest distinctive
HAXPES valence-band spectra along the continuum from
“inert” to fully expressed. Based on our observations, local,
nanoscopic mixing of ordered and segregated domains would
indeed explain an average Fm3̅m structure that is rock salt-like
and that does not manifest the full anharmonicity and
noncentrosymmetry evidenced in canonical p-block com-
pounds with pronounced stereochemical expression, such as
litharge or FeSb2O4.7,62,64 Similarly, it has been shown that
bulk ingots of AgBiS2 appear to possess a Fm3̅m average
structure by X-ray diffraction, while PDF analysis of
synchrotron X-ray total scattering data of bulk AgBiS2 is
better fit to a P1 space group with a local structure comprised
of cations offset from their octahedral centers. This local
distortion was attributed to Bi 6s2 lone pairs.67 More
homogeneous cation ordering configurations in the thin films
will require templated growth to reduce the nucleation barrier
for a specific coloring motif or alleviation of thermal and strain
gradients to access equilibrium configurations at a specific
temperature.65,68

■ CONCLUSIONS
A combination of computational and experimental data suggest
an intriguing local structural distortion at the boundary
between Bi-rich and Ag-rich nanodomains in these AgBiS2
thin films. As such, “hidden” in average Fm3̅m rock salt-like
structure, local ordering of Ag and Bi atoms creates
environments that modulate the expression of stereochemical
activity. In particular, interfaces between Ag-rich and Bi-rich
nanodomains amplify stereochemical activity, whereas other
cation-ordered structural motifs suppress stereochemical
expression to varying degrees. The observed electronic
structure of AgBiS2 thus reveals a delicate interplay between
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bonding interactions and structural ordering, particularly
mediated by and affecting the stereochemical activity of Bi3+

6s2 lone pairs. The solution-deposited AgBiS2 thin films
studied here comprise a mixture of structural configurations
with varying degrees of cation segregation and resulting
stereochemical expression. The study highlights how local
inhomogeneities in “coloring” influence the electronic
structure of AgBiS2, offering valuable insights that may affect
its functional behavior and potential applications in optoelec-
tronics.
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