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ABSTRACT: Silver chalcohalide antiperovskites represent a rather unexplored alternative to lead halide perovskites and
other semiconductors based on toxic heavy metals. All synthetic approaches reported so far for AgsSI and AgsSBr require long
synthesis times (typically days, weeks or even months) and high temperatures. Herein, we report the synthesis of these ma-
terials using a fast and low-temperature method involving mechanochemistry. Structural and optical properties are examined
experimentally and supported by first principles calculations. Furthermore, we deposit AgsSI as thin films by pulsed laser
deposition and characterize its optoelectronic properties using optical-pump-terahertz-probe measurements, revealing a
high charge-carrier mobility of 49 cm?V-1s-1. This work paves the way to the implementation of chalcohalide antiperovskites
in various optoelectronic applications.

1. INTRODUCTION

Lead halide perovskites have marked a revolution in op-
toelectronics and other energy-related applications in the
last decade. Much of the success of these materials can be
related to the extraordinary versatility of the perovskite
structure which allows for a broad range of related crystal
phases (e.g., tetragonal and orthorhombic distortions) and
chemical compositions (e.g.,, multi-cation and/or multi-an-
ion compositions). Yet, beyond lead halide perovskites,
there exists a number of analogous compounds, many of
which remain relatively underexplored.! This is the case of
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the antiperovskite structure, where “anti” refers to the
swapped positions of the anions and cations in the ABXs
structure (see Figure 1).

Figure 1. Schematic representation of halide perovskite (left)
and chalcohalide antiperovskite (right) crystal structures. The
antiperovskite structure can be viewed as a perovskite struc-
ture where anions (in red) are replaced by cations (in blue) and
viceversa.

As is also true for lead halide perovskites,? chalcohalide
antiperovskites are not newly discovered materials. Indeed,
AgsSI and AgsSBr, which adopt the antiperovskite structure,
have been reported at least since 1960 (note that these can
also be written as ISAgs and BrSAgs to stress the analogy
with the more typical ABXs representation of the perovskite
structure).? Nevertheless, the vast majority of synthesis
methods reported so far are carried out in a quartz tube
sealed under vacuum and require very high temperatures,



often substantially above 200 °C and long synthesis times
(see Table 1), which make these processes unsuitable for
most applications.

Table 1. Summary of reported synthesis conditions for
AgsSI and AgsSBr. The maximum temperatures
achieved during each synthesis and their total time are
given.

Maximum Referen-
Material tempera- Total time ces

ture (°C)
AgsSI, AgsSBr 200 1 month 45
AgsSBr 220 10 days 6
AgsSI, AgsSBr 280 2 months 78
AgsSI, AgsSBr 300 4-5 days 9-11
AgsSBr 300 10 days 12
AgsSI, AgsSBr 400 4-5 days 13,14
AgsSI 550 17 hours 15
AgsSI, AgsSBr 550 5-7 days 16-18
AgsSI 600 1 day 18
AgsSI 700 3 months 19
AgsSl 750 3 hours 20
AgsSI 800 6-7 days 21,22
AgsSBr 800 6 months 23,24
AgsSBr 800 1 month 25
AgsSBr 800 4 months 2
AgsSI 850 30 hours 27
AgiSI, AgsSBr  DIBESUON ~ 5 3 s 72731

200

The main interest in these materials so far has been re-
lated to their relatively high ionic conductivity first re-
ported by Takahashi and Yamamoto in 1966.15 Most of the
later work has been focused on elucidating the crystallog-
raphy and phase transitions of these antiperovskites. Re-
garding AgsS], at least 4 polymorphs have been reported
commonly denoted as a-, a*-, B-, and y-phases which struc-
turally differ in the ordering of the different ions.32 The a
phase, with disordered S?-/I- anions, is reported to be the
most stable at temperatures above 250 °C. Upon cooling to
room temperature, a-AgsSI may convert to the reportedly
more stable B-phase with ordered anions and lower ionic
conductivity, or transform into the metastable a* phase,
which has disordered S?-/I- anions (and higher ionic con-

ductivity) similar to the high-temperature a phase but dif-
fers in the position of the Ag* cations. The y phase, which
features Ag* cation ordering, is only reported at low tem-
peratures (< 128 K).33 Electrical conductivity in all cases has
been mainly attributed to ionic movement. Regarding opti-
cal properties, AgsSI is reported to be a narrow-bandgap
semiconductor with theoretically- and experimentally-de-
termined direct bandgaps around 0.9-1.1 eV at room tem-
perature,'434 making it especially promising for photovolta-
ics. AgsSBr appears to be less studied in comparison with
scarce and conflicting bandgap energies reported from 0.3
eV to 1.9 eV.35-37 Eventually, regarding the deposition of
thin films, we are only aware of one report by Tver’yanovich
et al?® on multilayer films lacking detailed structural
and/or elemental analysis.

In summary, silver chalcohalide antiperovskites appear
promising as low-toxicity alternatives to lead halide perov-
skites for photovoltaics and other optoelectronic applica-
tions. Nevertheless, with regards to literature, it is obvious
that for the potential implementation of these materials in
such fields, it is paramount to synthesize antiperovskites in
a much more time- and energy-efficient manner than those
described in Table 1. Furthermore, the deposition of rele-
vant thin films remains virtually unexplored. Finally, optoe-
lectronic properties beyond ionic conductivity especially of
thin film samples, are yet to be accurately determined.

Here, we demonstrate that AgsSBr and AgsSI antiperov-
skites can be synthesized as non-templated high-purity
powders by fast and low-temperature processes combining
mechanochemical synthesis and mild thermal annealing.
Light-absorption properties of the obtained crystallites are
characterized experimentally by photothermal deflection
spectroscopy (PDS). Furthermore, AgsSl is deposited as thin
films by pulsed laser deposition (PLD). Structural, morpho-
logical and elemental characterization are carried out using
X-ray Diffraction (XRD), scanning electron microscopy
(SEM), and energy-dispersive X-ray spectroscopy (EDS)
demonstrating the formation of compact antiperovskite
thin films with thicknesses in the hundreds of nanometers.
Air photoelectron spectroscopy (APS), Kelvin probe meas-
urements (KP), PDS as well as UV-vis spectroscopy are em-
ployed to gain some insights into the optical absorption
properties and energy levels of AgsSI semiconductor thin
films. Optical-pump-terahertz-probe (OPTP) measure-
ments demonstrate for the first time the high charge-carrier
mobility in these materials (note that reports on high mo-
bilities so far have focused on ion mobilities which the te-
rahertz probe is largely insensitive to) and reveal that
charge carriers are short lived. Eventually, density func-
tional theory (DFT) calculations are undertaken to shed
more light into the optoelectronic properties of AgsSI and
AgsSBr antiperovskites as well as on their dependence on
structural disorder.

2. EXPERIMENTAL SECTION

Materials. Silver iodide (Agl 99.999%), silver sulfide (Ag2S,
99.9%), sulphur (99.99%), chlorobenzene (99.8%, anhy-
drous), and acetonitrile (anhydrous) were purchased from
Sigma-Aldrich. Silver bromide (AgBr, > 99.998%) was pur-



chased from Alfa Aesar. All chemicals were stored in a nitro-
gen-filled glovebox and used as received without further
purification.

Mechanochemical synthesis of AgzSBr and AgsSI. Stoichi-
ometric amounts of AgzS and AgX (X = Br, I) was introduced
inside 10 mL zirconia ball-mill jars with 2 zirconia beads of
10 mm in diameter. Powders were maintained in inert at-
mosphere, since the jars were closed inside a nitrogen-filled
glovebox. Ball-milling (BM) was performed with a MM-400
shaking ball-mill from Retsch, at a frequency of 30 Hz for
1 h. Pure antiperovskite was formed after annealing under
inert atmosphere for 30 min at 160 °C for AgsSI and 220 °C
for AgsSBr.

XRD characterization. X-ray diffraction was measured
with a powder diffractometer Empyrean from Panalytical
equipped with CuKa anode operated at 45 kV and 40 mA.
Single scans were acquired in the 26 = 8 to 60° range with a
step size of 20 = 0.01° in Bragg-Brentano geometry in air.
XRD analysis was carried out with Fullprof software.

Photothermal deflection spectroscopy (PDS). The PDS
measurements were performed using a home-built setup.
Monochromatic light originating from a 100 W Quartz-
Tungsten-Halogen lamp in combination with an Oriel mon-
ochromator was chopped (8.2 Hz) and focused onto the
sample. Samples consist of either thin films deposited on
quartz substrates, or powders glued onto quartz substrates.
A small amount of powder was used in order to create a sur-
face as flat as possible. The samples are placed in a quart
cuvette and submersed in perfluorohexane (C6F14, 3M Flu-
orinert FC-72). AHeNe (633 nm) probe laser grazes the sur-
face of the sample. The monochromatic light is absorbed by
the sample and produces a slight heating of the perfluoro-
hexane, which has a strongly temperature dependent re-
fractive index, resulting in a deflection of the probe laser
proportional to the absorbed intensity. The amplitude of
this deflection is detected by a position sensitive Si detector,
which is connected to a Stanford Research Systems SR830
lock-in amplifier. The intensity of the monochromatic light
is simultaneously measured by a pyro-electric detector. The
normalized PDS-signal is obtained by the division of the de-
flection signal by the signal measured by the pyro-electric
detector and is for weakly emissive samples proportional to
the absorption spectrum.

Scanning Electron Microscopy (SEM) / Energy Disper-
sive X-ray Spectroscopy (EDX). High resolution SEM im-
ages were taken with Zeiss Merlin HR-SEM using the InLens
detector mode and electron high tension (EHT) of 1.4kV.
The atomic ratios were determined using EDX detector
mode.

Theoretical calculations. Theoretical calculations were
performed under the density functional theory (DFT)
framework by means of the FHI-AIMS program suite. Initial
crystal structures were extracted from Materials Project
(IDs: mp-1105645 for Cmcm Ag3Br, mp-558189 for Pm3™m
Ag3SI, and mp-22995 for R3 Ag3SI). Primitive, conven-
tional, and 2x2x2 conventional extended cells were mod-
elled. Minimum-energy crystal geometries were obtained at
the PBEsol/tier-1 level of theory upon full ionic and lattice
vector length relaxation keeping the lattice vectors angles
fixed.4 Single-point electronic structure calculations were
performed on the optimized crystals at the PBEsol and

HSEO06 levels both without and with the spin-orbit coupling
correction. In all the calculations, relativistic effects were
considered by using the atomic ZORA approximation.2 To
sample the first Brillouin zone, a 6x6x6 k-grid was em-
ployed for primitive and conventional unit cells, whereas a
1x1x1 k-grid was used in the extended cells, in both crystal
optimizations and single-point calculations. Ab-initio Car-
Parrinello molecular dynamics were performed for AgsSX
conventional ORC unit cells under the Quantum Espresso
7.1 suite of packages. Prior to production, first an electronic
relaxation (keeping fixed the atomic positions) was per-
formed, and then a thermalization (NVE) simulation was
carried out. The production dynamics was simulated along
1 psinan NVT ensemble using the Nose-Hoover thermostat
(T = 300 K). Plane-wave basis set and ultrasoft pseudo po-
tentials based on the PBE parametrization were employed.
Wavefunction and density cutoffs of 25 and 200 Ry were ap-
plied. 40 snapshots along the dynamics were extracted and
the bandgap was computed in single-point calculations at
the HSE06+SOC level in FHI-AIMS.

Thin-film deposition by pulsed laser deposition (PLD).
To prepare the targets for PLD, fully-formed anti-perovskite
powders with added elemental sulphur were pressed at
~600 MPa for 30 minutes. These targets are then ablated
using a Coherent KrF excimer laser (A = 248 nm) under vac-
uum in an Ar atmosphere. The working pressure was fixed
to 1.5 x 10-2 mbar, the frequency to 10 Hz, and the spot-size
to 1 mm2. The working pressure in particular was fixed at
1.5x10-2 mbar to remain in a pressure regime where dense
film formation is expected.

Optical pump terahertz probe (OPTP) spectroscopy. An
amplified 800 nm laser (Spectra physics - Mai Tai - Ascend
- Spitfire) is used to generate 35 fs pulses at a repetition rate
of 5 kHz. A spintronic emitter (2 nm tungsten, 18 nm
C0o40Fe40B20, 2 nm platinum on quartz) is used to convert
the part of the 800 nm laser output into THz pulses. The THz
setup is used in transmission configuration. The transmit-
ted THz pulse is detected using electro-optic sampling.
Here, another split-off of the 800 nm laser output (known
as the gate beam) is overlapped with the transmitted THz
pulse in a non-linear ZnTe crystal. The change in polariza-
tion of the gate beam (which is directly proportional to the
strength of the THz beam) is measured using a quarter
waveplate, polarizing prism and balance photodiodes. The
time delay between the pump and the THz pulses at the
sample position is controlled using optical delay stages. A
final split-off of the laser is used to pump an optical para-
metric amplifier (Light Conversion: TOPAS-C) from which a
500 nm output is used as pump excitation.

UV-Vis Absorption Spectroscopy. A Perkin Elmer Lambda
950S was used to measure the transmittance and reflec-
tance of films grown on the glass substrate. Deuterium and
tungsten lamps are used as sources. It uses an integrating
sphere to collect signals via the PMT and InGaAs detectors.
The absorptance and hence the absorption was calculated
based on the measured transmittance and reflectance data.

3. RESULTS AND DISCUSSION

3.1. CHEMICAL SYNTHESIS AND
CHARACTERIZATION OF AgsSX POWDERS

STRUCTURAL



Based on our previous work on the mechanochemical
synthesis of different metal-halide materials,3® we ball-
milled stoichiometric amounts of Ag.S and AgX (X = Br, I)
for 1 h under inert atmosphere. However, this did not lead
to the synthesis of AgsSI or AgsSBr, as shown in Figure 2a,c.
Nevertheless, upon annealing at a moderate temperature of
160 °C for 30 min in nitrogen, AgsSI is formed from the ball-
milled mixture of Ag:S and Agl without any noticeable
traces of unreacted precursors or by-products, as evidenced
by the XRD analysis presented in Figure 2b. In the case of
the bromide analogue, small traces of unreacted AgBr are
still present after annealing at 160 °C (Figure S1), which
vanish completely when the mixture is heated to 220 °C
(Figure 2d). The composition and morphology of these pow-
ders were characterized by SEM and EDX, where no signifi-
cant changes or deviations from the expected 3:1:1 stoichi-
ometry were observed (Figure S2-S3 and Table S1).

Ag3Sl
(a) Agl

)

=

3

4

3 ; : i

z|() wa0C - Ag.!
:% I 5-Ag;S
=

20 30 50 60

20
26 ()
Ag3SBr
(c) AgBr
set Bl Ao,
i
c
£ . I it ‘
a L
Z |(d)
% 220 °C - p-Ag;SBr
S 30 min
=
— A
20 30 40 50 60
20 (9

Figure 2. XRD of stoichiometric Agl+Ag2S (a) and AgBr+Ag:S
(c) mixtures ball-milled for 1 h. XRD of resulting antiperovskite
after thermal annealing in nitrogen at 160 °C (b) or 220 °C (d)
for 30 min of (a) and (c), respectively. Reference patterns for
Agl, AgBr, Ag:S, a*-Ag3SI, B-Ag3S], and 3-AgsSBr correspond to
Inorganic Crystal Structure Database (ICSD) entries #56552,
#56546, #182916, #93429, #202123, and #25531, respec-
tively. We must note a weak signal around 20=28° in Figure 2b
whose origin is unclear.

Note that such thermal annealing at low temperature of
pristine (non-ball-milled) powder mixtures does not yield
the desired antiperovskite phase (see Figures S4 and S5),
suggesting that both steps (ball-milling + thermal anneal-
ing) are necessary to obtain AgsSX. To be more precise on
the obtained antiperovskite phases, we performed Rietveld
refinement (whose details can be found as Supporting In-
formation in Figure S6 and Table S2) of the XRD data which
reveals a final composition of 75% o*-AgsSI and 25% -
AgsSI in the case of the iodide compound. In the case of X =
Br, according to XRD (Figure S1), 3-AgsSBr (cubic antiper-
ovskite; space group Pm-3m) is formed at 220 °C and is sta-
ble at room temperature.3? This analysis demonstrates that

high-purity, non-templated AgsSX (X = I or Br) antiperov-
skites can be synthesized by a much faster and lower-tem-
perature route compared to reported protocols in literature
(see Table 1).

3.2. VISIBLE AND INFRARED LIGHT ABSORPTION
CHARACTERIZATION

Determination of the absorption spectrum of powder
samples by conventional transmission and reflection meas-
urements is hampered by light scattering. We therefore
used photothermal deflection spectroscopy (PDS; Figure 3)
to characterize the optical response of AgsSX samples in the
visible and near-infrared region. PDS measures the (rela-
tive) amount of heat produced upon photon absorption.3? If
the samples are not very emissive, as is the case here, only
a tiny portion of the absorbed energy is re-emitted. Thus,
for weakly emissive samples, almost all absorbed energy is
converted to heat, resulting in a PDS spectrum proportional
to the optical absorption spectrum. Note that, as opposed to
transmission and reflection measurements, the PDS meas-
urement is not affected by light scattering and if no absorp-
tion takes place, the PDS signal is zero. It is therefore ideally
suited to characterize absorption onsets of highly scattering
samples, such as powder samples.

Wavelength (nm)

i5 775 886 1033 1240 1550
w - ——Ag,Sl
21 lﬂ 1. —— Ag,SBr |
|
LT
2 0s 2 A
o
©
8
= 06+ g
©
E T
[+]
Z 04t .
0'2 C | 1 1 I I
1.6 1.0 0.8

1.4 1.2
Photon Energy (eV)

Figure 3. Photothermal deflection spectroscopy (PDS) charac-
terization of AgsSI (black) and AgsSBr (red) powders. The PDS
signal is proportional to the absorption spectrum. Error bars
represent 95% confidence intervals.

The most striking feature in view of Figure 3 is the lack of
a clear onset in the PDS signal that would allow for a clear
determination of the bandgap energy value. This is espe-
cially so in the case of AgsSBr where a shallow slope is pre-
sent from 0.8 eV to 1.55 eV. This spectrum is very similar to
previous characterization of the same compound by the
closely-related technique of photoacoustic spectroscopy
and could be related to sub-bandgap absorption by impuri-
ties.3” However, we note as well that similar shallow ab-
sorption onsets have also been reported for several multi-
nary semiconductors (e.g., kesterites, ABZ2 semiconduc-
tors), which are attributed to lattice disorder.40-42 Here, the
disorder in the occupation of lattice sites has been shown to
yield Gaussian disorder in the density of states, resulting in
broad absorption tails. In any case, moving from X = Br to X
=1 seems to yield a red-shift in absorption similar to that



observed in tin and lead halide perovskites, with AgsSI
showing strong absorption throughout the visible range as
well as near infrared, which makes it promising for light-
harvesting applications such as photovoltaics.

3.3. PULSED LASER DEPOSITION OF AgsSI THIN FILMS

Given the demonstrated fast and low-temperature syn-
thesis of these silver chalcohalide antiperovskites and their
promising properties for optoelectronics, we attempted the
deposition of AgsSI thin films. Thermal single- and dual-
source evaporation, which have proven to be suitable for
lead-halide perovskites*3-4> were investigated with little
success. No evidence of sulphur incorporation into the thin
films was found, meaning that both the pre-synthesized
AgsSI (in the single-source evaporation configuration) and
Ag>S (in the dual-source co-evaporation configuration) un-
dergo decomposition and incongruent evaporation or sub-
limation with loss of sulphur at low temperatures (see Fig-
ures S7 and S8). In contrast, antiperovskite thin-films of
around 140 nm thickness (Figure 4a) were successfully de-
posited by pulsed laser deposition (PLD) in a similar man-
ner as recently reported for silver-bismuth-based halide
double perovskites.*¢ In brief, AgsSI powder is formed, first
by mechanochemical synthesis, and then annealed as de-
scribed in the Supporting Information. These stoichiometric
powders are then pressed into a pellet and loaded into a
PLD chamber. Ar gas is introduced to reach a working pres-
sure of 1.5 x 1072 mbar, after which an excimer laser (248
nm) ablates the target at a frequency of 10 Hz. The substrate
is kept at room temperature for all depositions.

To begin with, the transfer of material from target to sub-
strate was studied by energy dispersive X-ray spectroscopy
(EDX). By tuning the PLD laser fluence from 2 Jcm 2 to 0.3 ]
cm 2 we observe little effect on the incorporation of sulphur
into the thin-films, which remain sulphur-poor. Instead, we
find that the ratio of Ag:I can be tuned from 3.73 at 2 ] cm™
(an iodide deficiency) to 2.07 at 0.75 ] cm™2 (an iodide ex-
cess) (Table S3). A fluence of 0.75 ] cm 2 was chosen for this
work, keeping an iodide excess in the film. This fluence was
chosen in part to avoid the nucleation of metallic Ag crystals
observed upon annealing of Ag-rich films (Figure S9). The
sulphur deficiency was then compensated by adding an ex-
cess of elemental sulphur to the antiperovskite powder with
amolar ratio of 3:1 before target pressing (see the Support-
ing Information for more details, Figure S10). Excess sul-
phur in the PLD target to compensate for its loss due to its
high volatility was also reported previously for Cul:S.47 Thin
films deposited with these sulphur-rich targets were stud-
ied by EDX, and a sulphur excess was observed (Table 2).
Samples were then annealed at 200 °C for 30 minutes in a
nitrogen atmosphere, and then measured once again by
EDX. After this annealing process, the ratios of Ag:I:S equal-
ize to ~3:1:1 (Table 2). We note that in all post-annealed
films a slight iodide-excess remains. This convergence to-
wards the molar ratios expected for AgsSI is in agreement
with XRD (Figure 4b), where the nucleation of AgsSI poly-
morphs is observed; the 3-AgsSI phase being the most no-
ticeable by its distinct peak at 31.65°. EDX spectra of the
pristine and annealed thin-films is provided in Figures S11
and S12.

Table 2. EDX measurements of as-deposited and an-
nealed films. All films were deposited at room temperature,
10 Hz repetition rate, 0.75 ] cm™ fluence, and a working
pressure of 1.5 x 102 mbar. The samples were then an-
nealed under N at 200 °C for 30 minutes and show a con-
vergence of the molar ratios of the Ag:S:I to ~3:1:1, with a
slight iodide excess.
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Figure 4. a) Cross-sectional SEM image of a AgsSI film depos-
ited using a 3:1 S:AgsSI target and annealed for 20 hours at
200 °C; top view photograph as inset, substrate is 3x3cm. b)
XRD of thin-films deposited using a sulphur-rich target of 3:1
S:AgsSI. These films were grown on an ITO/SnO2z substrate
whose diffraction pattern is shown in black. Peaks from Agl and
a-AgsSI phases are denoted by * and #, respectively. c) Optical
and PDS spectra. d) APS characterization showing ionization
energy.

Upon further annealing for 20h, antiperovskite diffrac-
tion peaks become more intense, translating into an in-
creased crystallization of amorphous material. A slight nar-
rowing of diffraction peaks is also observed (see Figure
S$13) suggesting some crystallite growth and/or coales-
cence. The cross-sectional scanning electron microscopy



(SEM) of a film deposited using a 3:1 S:AgsSI target and sub-
sequently annealed at 200 °C for 20 hr is shown in Figure 4a
with a total thickness of 140 nm.

Optical properties of the annealed antiperovskite thin
film are studied by PDS and UV-visible absorption (Figure
4c). In both cases a shallow slope is observed with multiple
oscillations. These may be partly ascribed to interferences
but also to structural disorder of the Ag* cations (see further
discussion on theoretical calculations in the next section).
Eventually photoelectron spectroscopy in air is carried out
to determine the ionization energy (valence band maximum
with respect to vacuum level). A linear extrapolation of the
photoemission yield in linear scale gives an ionization en-
ergy around 5.4 eV (Figure S14). However, a closer look at
the signal on a semi-logarithmic scale (Figure 4d) reveals a
shallow density of states extending up to 4.9 eV. The origin
of these features in the valence band maximum remains un-
clear but could also be related to structural disorder with
the coexistence of o* and 3 phases as suggested by Figure
4b. Kelvin probe measurements (Figure S15) indicate a
work function of 4.4 eV. Therefore, the Fermi level is calcu-
lated to be 0.5 to 1.0 eV above the valence band maximum.

In order to gain insights into the dynamics of photoex-
cited charge carriers in AgsSI thin films, we carried out tran-
sient OPTP photoconductivity spectroscopy measurements.
Figure 5 shows a normalized OPTP transient measured for
AgsSI following excitation with 2.48 eV pulses. As discussed
by Wehrenfennig et al.,*® the photoconductivity value im-
mediately following the onset can be used to extract the ef-
fective electron-hole sum mobility in the material. This
method has previously been used to extract charge-carrier
mobilities for several emerging thin-film semiconductors
(e.g., lead halide perovskites, lead-free perovskites, and
other perovskite-inspired materials).#>50 Assuming free
charge-carrier transport, we are able to extract an effective
electron-hole sum mobility value of 49+1 cm?V-1s-1. We
note that the obtained mobility rivals that of lead halide per-
ovskites and other emerging semiconductors.>52 To further
analyze the lifetimes of charge carriers following excitation,
the measured OPTP transient was fitted with a stretched ex-
ponential model revealing a short charge-carrier lifetime of
Tt~24 ps. Interestingly, the stretched exponential nature of
the measured decays? indicates the strongly dispersive na-
ture of charge-carrier recombination processes in these
thin films which is compatible with a high level of disorder
and the presence of defect-mediated recombination pro-
cesses, in agreement with the observation of long and shal-
low absorption tails reported above.
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Figure 5. Normalized THz photoconductivity transient (-

AT/T) of a AgsSI film annealed at 200 °C recorded following ex-
citation with 2.48 eV photons at a pulse fluence of 0.9 pJ cm=2.
The dashed line corresponds to a stretched exponential fit to
the experimental data.

Having extracted the charge carrier mobility and lifetime,
we estimate a charge-carrier diffusion length of ~55 nm us-
ing the equation Lp = (utksT/e)/2.54 It is worth noting that
the dispersive nature of charge-carrier recombination pro-
cesses in AgsSI this film suggests that a range of charge-car-
rier recombination times are present, meaning that the ob-
tained value represents an average diffusion length value.

3.4. THEORETICAL CALCULATIONS

To shed more light into the electronic properties of these
silver chalcohalide antiperovskites, especially concerning
the bandgap of AgzSBr on which very scarce and conflicting
data is available (from 0.3 to 1.9 eV),35-37 we undertook the-
oretical calculations at the DFT level using periodic bound-
ary conditions (see the SI for computational details). Sev-
eral phases have been previously characterized for AgsSI
and AgsSBr.33 In AgsSBr, the  phase is the one observed ex-
perimentally at room temperature, and consists of 3 Ag*
ions distributed statistically into the 12(h) sites in a simple
cubic structure with space group Pm-3m. Preliminary ge-
ometry optimizations indicate that the Pm-3m structure
where the Ag ions are placed (averaged) at the face centers
is unstable (transition state), and upon small atomic dis-
placements it evolves to a y-like distorted structure (see
Figure S16a). On the other hand, the high-temperature «
phase of AgsSI presents random distribution of S?-/I- ani-
ons, whose long-range ordering lowers the symmetry to
Pm-3m (P phase).5> As in AgsSBr, upon crystal relaxation of
the Pm-3m cell of AgsSI, Ag ions move off the face center to-
wards a Cmcm-like structure (Figure S16b). Further order-
ing of the Ag* cations in one of the four equivalent Ag-posi-
tions of the B phase leads to y-AgsSI (space group R3).55

Minimum-energy crystal structures of AgsSBr and AgsSI
were obtained at the PBEsol/light tier-1 level of theory us-
ing primitive, conventional, and extended unit cells (see Fig-
ure S17). Lattice parameters for all the crystal structures



are summarized in Table S3. High-level theoretical calcula-
tions using the hybrid HSE06 functional and including spin-
orbit coupling (SOC) predict an indirect(T—T)/direct(I")
bandgap (E;) of 1.49/1.66 eV (Figure S14-S15), in contrast
to a value of 0.88 eV reported at the less-accurate LDA level
of theory,>¢ but in good accord with photoacoustic experi-
ments (1.5 and 1.85 eV for a broad absorption shoulder and
peak, respectively).3” The effect of the functional used in the
calculations and the SOC correction on the bandgap energy
is detailed in Table S4. The bandgap of AgsSBr is character-
ized by a valence-band maximum (VBM) with an even con-
tribution of constituting Ag* (4d-orbitals), S~ (3p-orbitals),
and Br- (4p-orbitals) ions, whereas the conduction-band
minimum (CBM) mainly involves the 5s-orbital of Ag* (Fig-
ure 6a and S18-519). These results therefore evidence the
crucial role of Ag in the VBM/CBM nature and suggest that
the Ag ordering within the crystal may influence the
bandgap energy.

Enlarging the unit cell from primitive to conventional and
extended orthorhombic (ORC) cells increases the Ag* de-
grees of freedom for further relaxation and symmetry alle-
viation, and leads to a small decrease of the bandgap to
1.42/1.58 eV (indirect/direct) and 1.44 eV, respectively
(Table S5). These values are in line with the reported exper-
imental photoacoustic data and with our powder PDS signal
saturation (ca. 1.55 eV). The electronic band structure
found for the conventional ORC unit cell of AgsSBr is dis-
played in Figure 6b, showing a large number of quasi-de-
generated states below the bandgap indicative of high dis-
order of Ag* ions within the cell.
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Figure 6. Mulliken orbital-projected density of states (a) and
band structure (b) calculated at the HSE06+SOC level for the
conventional ORC cell of Ag3SBr.

Moving to AgsSI, an HSE06+SOC indirect(S—TI")/direct(I")
bandgap of 1.28/1.56 eV is predicted for the f-ORCC primi-
tive cell (Figure S20-S21). For the sake of comparison, the y
phase of AgsSI (space group R3) is predicted with a bandgap
of 1.34/1.71 eV for primitive rhombohedral and 1.32/1.69
eV for conventional hexagonal cells (Table S3 and Figure
S17-S18). As in AgsSBr, Ag orbitals are highly involved in the
VBM (4d-orbitals) and CBM (5s-orbital) of - AgsSI (Figure
$22). Moving from primitive ORCC to conventional and ex-
tended ORC cells leads to a noticeable bandgap reduction up
to 0.82(Z—T1)/1.06(T') and 1.00 eV, respectively (Figure
S$23-S27 and Table S5). This bandgap reduction is prompted
by zig-zag Ag* ions displacements from Cmcm out of ab-
plane along the c-axis (Figure 7). Simulation of the absorp-
tion spectrum by means of the linear macroscopic dielectric
function approximation nicely matches the PDS shape rec-
orded experimentally for the AgsSI film, with several shoul-
ders in the low-energy range (compare Figure 4c and Figure
S28).
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Figure 7. Minimum-energy crystal structures calculated at the
PBEsol level for the primitive ORCC (a) and conventional ORC
(b) unit cells of B-AgsSI. Color coding: gray for Ag, yellow for §,
and purple for L.

On the other hand, the o* phase of AgsSI was modelled by
randomly exchanging 15% and 100% of the S2-/I- anions in
the conventional ORC unit cell. Minimum-energy crystal
structures indicate large deformations localized over the
defectively positioned anions in the 15% model, whereas a
fully disordered structure is predicted for 100% exchange
(see Figure S29). Theoretical calculations at the HSE06+SOC
level predict for a*-AgsSI a significant increase in the indi-
rect/direct bandgap from 0.82/1.06 eV (B phase) to
1.30/1.31 eV (15% random distribution) and 1.29/1.39 eV
(100% random distribution), in good accordance with the
experimental evidences.>”

Finally, the thermal effect on the bandgap was disentan-
gled by performing ab-initio Car-Parrinello molecular dy-
namics on AgsSBr and AgsSI for 1 ps simulation time at 300
K (see the SI for details). Theoretical calculations predict a
negligible thermal effect on the bandgap of AgsSBr com-
pared to the static calculations, with an average value of
1.42+0.07 (indirect)/1.47£0.08(direct) eV. In contrast, the
bandgap of AgsSI experiences a noticeable increase of ca. 0.3
eV during the dynamics, with an average E of 1.14+0.14(in-
direct)/1.38+0.14(direct) eV. In spite of this, root-mean-
standard deviation (RMSD) in atomic displacements indi-
cate that silver atoms have moved more on average in
AgsSBr (RMSD of Ag = 1.11 A) than in AgsSI (RMSD of Ag =
0.85 A; see Table S6), suggesting that the electronic struc-
ture of the iodine-based material is more sensitive to local
distortions.

4. CONCLUSIONS

In conclusion, we have shown the fast (< 2 h) and solvent-
free synthesis of AgsSI and AgsSBr antiperovskites through
mechanochemical synthesis and thermal annealing at mod-
erate temperatures (160 °C and 220 °C, respectively). Thin
films of AgsSI were successfully deposited by pulsed-laser
deposition from S-enriched AgsSI targets. Our analysis of

THz photoconductivity demonstrates that AgsSI films pre-
sent a high charge-carrier mobility of 49 cm?V-1s-1. How-
ever, the relatively fast recombination lifetimes show that
development of targeted trap passivation techniques is ur-
gently required in order to extend charge-carrier diffusion
lengths towards the hundreds of nanometers. Altogether,
we believe that these findings highlight the great potential
of silver chalcohalide antiperovskites for optoelectronic ap-
plications and elucidate the next challenges which need to
be addressed in order to improve the fabrication and per-
formances of this promising class of emerging materials.
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