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Abstract

Lead-free Cs2AgInCl6 and Cs2AgInBr6 double perovskites are studied by a

combination of advanced ab-initio calculations and photoluminescence experi-

ments. We show that they are insulators with direct band gaps of 2.53 and

1.17 eV, respectively; most importantly, they are characterized by unusually

low absorption rates in a ~1 eV wide energy region above the band gap, caused

by rather peculiar electronic properties. Consequently, this low absorption

conveys very long recombination lifetimes, up to milliseconds at low tempera-

ture. Our theoretical analysis suggests that such materials can achieve a good

compromise between photoconversion efficiency (above 10%) and visible trans-

mittance (above 30%), which makes them potentially suited for lead-free semi-

transparent solar cell applications.
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1 | INTRODUCTION

The replacement of the harmful lead (Pb) in lead halide
perovskites for efficient, yet low cost solar cells and
LEDs1-5 is one of the most pressing issues in todays'
materials science. In fact, solar cells and visible light
LEDs based on lead halide perovskites have nowadays
reached 25% and more efficiency,6-15 and outdoor opera-
tional capability2,16-21 is currently tested in view of near-
future industrial production and commercialization.
However, the presence of toxic, heavy metal Pb gives rise
to serious environmental issues, from the contamination
of ground water to the treatment of waste storage, whose
cost may completely overthrow the economic conve-
nience and sustainability of these systems.22-26 Alas, lead-
free alternatives are all but trivial to envision and realize,

owed to the instrumental role played by the Pb electronic
properties in several crucial aspects of the photo-
conversion process, such as the favorable band-gap
amplitude and the sizeable orbital extension and band-
width, in turn favoring high electron mobility and diffu-
sion length, as well as low carrier recombination with
trapping defects.

A massive effort was headed toward the simultaneous
substitution of Pb, A-site cation and/or anion; however,
combinations including a single B-site replacement capa-
ble to preserve the abovementioned virtues of lead perov-
skites remained elusive so far (promising exceptions are
Sn-based perovskites27-44 for solar cells and Ge-based lay-
ered perovskites45-50 for LEDs).

Eventually, what a single cation cannot achieve, can
be done, perhaps, by the cooperation of two: this is the
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idea which pushed several groups51-74 to explore the
coexistence of two different B-site cations in the same
compound, thus extending the chemical template of the
search from that of single perovskites to the double
perovskites of the form A2BB'X6; in fact, if B and B0 are
not too different and size-compatible with A and X, these
materials can grow structurally ordered and highly sym-
metric, with B and B0 alternating in regular patterns;
clearly, the chemical equivalence with Pb2+ requires a B1

+ and B03+ combination.
References 69, 70, and 72 provide useful overviews of

the literature concerning both actually synthesized and
theoretically simulated halide double perovskites; it is
remarkable that many of them adopt the cubic Fm3m
symmetry,69 as a consequence of the regular alternation
of B and B0 along the three Cartesian directions (so called
“G-type” order); this signals an improved thermodynamic
stability with respect to the Pb-based prototypes, also
favored by the presence of an atomic cation, in place of
the molecule, at the A-site; the great potential of these
systems is also apparent by the wide variety of band gaps
allowed by the presence of two B-site cations, spanning
all the useful range for photovoltaic and optical applica-
tions. However, having the correct band gap is only a
necessary precondition: good amount of the examined
double perovskites are found having indirect band gaps65

and/or absorption spectra smothered by symmetry-
forbidden inter-band transitions.66,68,70 It further compli-
cates the situation the fact that reported data on optical
properties for the same materials are spread over a wide
range of values, sometime even conflicting with each
other; in fact, the variety of growth processing protocols
on the experimental side, and of the applied methodolo-
gies on the theoretical side, complicates the convergence
toward a consistent, unbiased description of these sys-
tems. It must be emphasized, in fact, that perovskites are,
from a fundamental viewpoint, “complicated” materials,
with fairly correlated 3d or 4d transition-metal electronic
states which coexist with highly dispersed s and
p electrons; these cases are not satisfactorily treated by
standard local density functional theory (DFT); further-
more, when spin-orbit coupling is small, the fortuitous
cancellation occurring in Pb-based perovskites between
spin-orbit and correlation effects cannot occur.

This lack of cancellation makes DFT not appropriate for
these systems, which require, instead, the use of advanced
approaches, smart enough to efficiently combine accuracy
of results and computational feasibility. To the aim, our
method of choice for this work is the variational pseudo-
self-interaction correction (VPSIC),75 which over the years
has demonstrated excellence performances for the descrip-
tion of a vast range of inorganic perovskites, from magnetic
to ferroelectric, from superconductive to topological, either

in form of bulk systems or low-dimensional hetero-
structures. In terms of comparison with other popular
approaches, the VPSIC ranks at the same accuracy level of
the hybrid heyd-scuseria-ernzerhof (HSE) functional (see,
for example, Reference 76 and the G0W0 approach,

77 albeit
requiring a considerably reduced computing workload.

In this work, we focus on two particularly interesting
double perovskites, featuring the Ag/In combination at
the B site, namely Cs2AgInCl6 (CAIC) and Cs2AgInBr6
(CAIB); they can be seen as the reference end-points of a
mixed CAI (C/B) series which encompasses a range of
uncommon fundamental properties, and have the poten-
tial to become the building blocks of a novel stream of
lead-free photovoltaic and nanophotonic applications.
Specifically, CAIC was recently put in the spotlight by its
reportedly efficient warm-white light emission.67 This
compound is characterized by a direct band gap, and
quite peculiar absorption and photoluminescence proper-
ties which, despite several studies already present in
literature,61-68 are in our opinion not yet well clarified,
thus leaving room to substantial uncertainties and specu-
lations; it is sufficient to say that band gap values ranging
from 1 to 3.67 eV were reported, according to the specific
type of calculation. Here, we present a combined theoret-
ical and experimental study headed to recast in a solid
framework the most fundamental aspects of this mate-
rial. On the other hand, CAIB is much less explored than
its Cl-based counterpart.61,64,74 While difficult to synthe-
size, being on the verge of a thermodynamic instability,
our calculations reveal a system with great potential as a
lead-free photovoltaic absorber, with direct band-gap of
1.17 eV and large conversion efficiency. Furthermore,
owed to their peculiar absorption spectrum, both CAIC
and CAIB display large visible transmission, which
makes them potentially exploitable for transparent and
semitransparent solar cell windows.

2 | RESULTS AND DISCUSSION

2.1 | Structural properties

In order to determine the equilibrium structure of CAIC
and CAIB, extensive energy minimizations were per-
formed, exploring both orthorhombic and rhombohedral
symmetries, and fully relaxing cell parameters and inter-
nal atomic positions without any imposed space group
symmetry, At the end of the optimization process, for
both compounds the cubic Fm3m symmetry was identi-
fied as the ground state. In Figure 1A, the
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unit cell is shown. The X-ray powder diffraction pattern
of CAIC, refined by the Rietveld method in space group
Fm�3m , is shown in Figure 1B. The refinement was
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carried out by the software MAUD.78 The calculated pro-
file agrees very well with the one obtained from the file
1 546 186.CIF reported in Reference 65. The refined lattice
parameter is a = 10.4796(5) Å (where a is twice the cube
edge), in excellent agreement with a previous measure-
ment of 10.47 Å.61 The calculated lattices are a = 10.39Å
for CAIC and a = 10.93Å for CAIB, which compares very
well with value 11.0 Å found by XRD.74 In passing, we
remark the striking difference with the cubic-equivalent
a ~ 12.5 Å of the methylammonium lead iodide prototype,
mostly due to the replacement of the molecular sub-
lattice. This much increased structural packing is finger-
print of the higher thermodynamic stability of the double
perovskites. The Ag and In atoms are G-type ordered,
while the surrounding Cl6/Br6 ions undergo a breathing
displacement in order to be closer to In than to Ag (see
Table 1), as a consequence of the slightly larger ionic
radius of the latter (1.6 Å for Ag and 1.55Å for In).

2.2 | Electronic properties

The electronic properties of CAIC and CAIB are reported
in Figure 2, calculated in the √2 × √ 2 × 2 unit cell. The

qualitative similarity of the two compounds is apparent:
both are characterized by a direct band-gap at the Γ point;
however, the valence band top (VPT) is so flat along the
cubic directions (Γ-Z and Γ-L) that indirect transitions are
practically degenerate with the direct one. The orbital
composition of the bands can be inferred in the orbital-
resolved DOS: the valence bands are dominated by the
fully occupied Ag 4d and anion p states (Cl 3p or Br 4p),
while In states are substantially absent in the valence.
Owed to the spatially localized nature of the 4d orbitals,
some of the valence states at the VBT are very flat; this
specifically concerns the Ag t2g triplet orbitals that do not
point toward the anions, and the anion p⊥ orbital doublet
(orthogonal to the ligand orbital pL) that also does not
overlap with the cation orbitals. To the point, it is worthy
noticing the importance of the cubic symmetry: while
octahedral tilting and rotations occurring in lower sym-
metries always favor orbital mixing, here ligand and
orthogonal states remain visibly well distinct in space and
energy. The lowest conduction band, on the other hand, is
widely dispersed, with bandwidth of 2.2 eV in CAIC and
2.6 eV in CAIB; furthermore, conduction is almost exclu-
sively contributed by In 5s states, with a very minor con-
tribution from Ag 5s. The DOS analysis indicates that
inter-band absorption is made of transitions from anion
pL to In 5s states; on the other hand, the Ag sublattice con-
tribution is very minor, since direct transitions from Ag
4d to In 5s states are severely suppressed by two factors: i)
the small spatial overlap of the corresponding orbitals,
and ii) the parity of both states, which accounts to zero
dipole matrix element at the Γ point. We will go back to
this important aspect when discussing the optical
properties.

It is crucial at this point to discuss the controversial
value of the band gap for CAIC, since the range of

FIGURE 1 A, The
ffiffiffi

2
p

×
ffiffiffi

2
p

× 2 tetragonal unit cell of Cs2AgInCl6 (CAIC) and Cs2AgInBr6 (CAIB) double perovskites in cubic Fm3m

symmetry (space group 225). Axes a and c refers to the [110] and [001] directions of the cubic cell, respectively. B, Rietveld refined X-ray

powder diffraction pattern of CAIC. Lattice parameter a = 10.4796(5) Å, Rwp (%) = 12.40, RB (%) = 10.05, Rexp (%) = 11.51, and GOF = 1.04

TABLE 1 Calculated lattice parameter and interatomic

distances for Cs2AgInCl6 (CAIC) and Cs2AgInBr6 (CAIB) in their

cubic Fm3m ground-state structure (in parenthesis the available

experimental data); a is the cubic edge of the 2 × 2 × 2 cell; Ag-X

and In-X are cation anion distances (X = Cl or Br)

Cs2AgInCl6 Cs2AgInBr6

a (Å) 10.39 (10.48) 10.93 (11.0)

Ag-X (Å) 2.661 2.736

In-X (Å) 2.535 2.677
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calculated values reported in literature is unusually
scattered. This uncertainty is partially caused by the vari-
ous non-standard methodologies employed to the aim,
and partially alimented, in our opinion, by the attempt to
adhere to what is suggested by experiments which mea-
sure the absorption onset for CAIC at large energies ~3.2
to 3.3 eV.61,63,67 To avoid a misleading scenario, it is
important to pinpoint that the band gap of CAIC calcu-
lated by standard ab-initio local DFT (LDA) is ~1.0 eV
and the LDA underestimate for inorganic, non-magnetic
insulators is not larger than 50% to 60%. Thus, whatever
the method used to correct the LDA failure, no

reasonable way exists to reconcile the calculated band
gap and the measured absorption onset. The interpreta-
tion outcoming from our results is that, in fact, the
absorption threshold does not represent the actual band
gap of the system. Our VPISC calculations give
Eg = 2.53 eV for CAIC, and 1.17 for CAIB, in agreement
with the values delivered by standard HSE.61,62 It is wor-
thy to keep in mind that these are, as customary for ab-
initio band structure, zero-temperature values. In
Section 2.4, we demonstrate that temperature effects are
large, as evidenced by temperature-dependent photo-
luminescence measurements for CAIC. Finally, spin-orbit

FIGURE 2 A and C, Band

structure calculated for Cs2AgInCl6
(CAIC) and Cs2AgInBr6 (CAIB),

respectively, along several k-space,

high-symmetry directions of

the
ffiffiffi

2
p

×
ffiffiffi

2
p

× 2 unit cell; k-points

are, in crystal coordinates,

Z = (0,0,1/2), X = (1/2,0,0),

M = (1/2,1/2,1/2), and

L = (1/2,1/2,0). B and D, The

corresponding atom- and orbital-

resolved DOS. Each panel refers to a

specific atomic type, indicated in the

figure. For each atomic type, only

the most important orbitals are

shown: s (grey), pL (blue), p⊥ (red),

and pz (green)
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coupling (not included in the band structures shown in
Figure 2) has no visible effect on this scale for the consid-
ered materials, in agreement with what is reported in
Reference 61; in fact, spin-orbit vanishes for the In 4s
conduction band, and is minor for the Ag 4d states at the
VPT. This marks a huge difference with respect to lead-
based perovskites, where the equally large and opposite
in sign spin-orbit and correlation effects on the band
structure are fortuitously cancelled.

2.3 | Optical properties

We start the analysis from the measured absorption prop-
erties of CAIC, for which several terms of comparison are
available in literature. UV-Vis Diffuse Reflectance Spec-
troscopy (UV-Vis-DRS) measurements were performed in
a spectrophotometer equipped with integrating sphere.
Absorbance spectra were extracted through the Kubelka-
Munk function F(R) = α = (1-R)2/2R, and reported in
Figure 3. The Tauc plot (hνF(R))1/n vs hν (n = 1/2 for
direct transition) is used to extract the optical bandgap
value. The fit gives a direct band gap of 3.53 eV, in agree-
ment with previous values of 3.23,63 3.3,61 and 3.53 eV.65

The calculated absorption spectra and refraction indi-
ces of CAIC and CAIB are shown in Figure 4. For both
materials the absorption presents a wide plateau,
extended between the calculated band gap energies (indi-
cated by the vertical black dashed lines), and the steeply
rising absorption threshold located about 1 eV above the
band gaps. An enlargement of the threshold region is
reported in the insets of Figure 4A,B; here, for the sake of
comparison with the experiment, a straight green dashed
line is juxtaposed to the absorption shoulder, intersecting
the energy threshold corresponding to zero absorption.
We obtain for CAIC an “optical gap” of 3.66 eV, thus only
a bit larger than the value extracted by Tauc plot. For
CAIB the same procedure gives 2.1 eV, in satisfying

agreement with the 2.36 eV value extracted from Tauc in
Reference 74. According to calculations, absorption is
small but not vanishing below these energy thresholds: at
the plateau, just below the threshold, we calculate absorp-
tion rates equal to ~1.5 × 103 cm−1 and 5 × 103 cm−1 for
CAIC and CAIB, respectively, thus, about two order of
magnitude smaller than, for example, the CH3NH3PbI3
(MAPI) absorption at the band gap edge. Above the
threshold the absorption rises steeply, recovering values
similar to MAPI after a further energy rising of about
1 eV. The same regime change, indicated by vertical
dashed lines, is also well apparent in the calculated refrac-
tion spectra (Figure 4C,D), where pronounced peaks
appear in correspondence of the threshold.

The highly suppressed absorption in the plateau
region can be not only consequence of symmetry-
forbidden transitions at the band edge as described in pre-
vious works,66,70 but also of strong charge localization: in
fact, inter-band transitions between states characterized
by highly localized orbitals can be naturally suppressed
by their limited overlap. Coherent with this interpretation
are the calculated refraction indices of 1.44 and 1.58 for
CAIC and CAIB, respectively, and the electronic dielec-
tric constants ε∞ = 2.08 and 2.49 for CAIC and CAIB,
respectively. These numbers radically differ from, for
example, those found for the lead-based prototype MAPI
(refraction index ≈2.2-2.4 and ε∞ ≈5-5.2)79,80 and attest
the strong impact of charge localization on the electronic
properties of these systems. In fact, while for covalent
semiconductors the dielectric constant is roughly propor-
tional to the inverse square root of the energy gap
(according to the empirical Moss relation), for transition
metals systems strong electron correlation may coexist
with small band gaps (and even metallic behaviour). The
Ag-based perovskites are a case in point: the band gap is
smaller than in MAPI, and yet, the dielectric constant is
reduced to about a half by the presence of the localized
Ag 4d states at the valence bands.

In Reference 67, a strategy to avoid parity cancella-
tion was suggested, based on a partial Ag substitution
with Na, and resulting in a large increment of photo-
luminescence quantum yield; in fact, this is also an effec-
tive way to reduce the incidence of localized 4d states at
the VBT. To investigate more in detail the optical thresh-
old which separates low and high absorption regime, in
Figure 5, we show the detailed analysis of the band struc-
ture around the band gap extrema along the z axis (ie,
the [001] direction) of the Brillouin zone. The energy-
lowest transitions are sketched by colored vertical arrows,
with the indication of the dominant orbital characters
contributing to the transition (in Table S1 the quantita-
tive account of the calculated effective masses and the
specific orbital contributions can be found). In Figure 6,

FIGURE 3 Absorption (Kubelka-Munk function

α/s = (1-R)2/2R) vs energy measured at room temperature for

Cs2AgInCl6 (CAIC)
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the relative |Px|
2 (s-polarized) and |Pz|

2 (p-polarized) tran-
sition matrix elements are reported, using the same color
of the corresponding transition in Figure 5.

At the VBT we find a triplet state at Γ point, which
away from Γ splits in a very flat doublet made of Ag
dx2-y2 and Cl/Br px, py orbitals, and a dispersed Ag dz2 -
Cl/Br pz singlet; the corresponding transitions to the con-
duction bands are indicated by black and orange arrows,
respectively; as can be seen in Figure 6, the former lacks

contribution to the absorption at any k, due to the even
parity; the dispersed singlet, on the other hand, does con-
tribute to the absorption away from Γ, but only to the
z component (the orange curve in Figure 6B). Despite
being allowed by symmetry, this contribution is small in
amplitude, due to the reduced overlap between In 4s and
dz2-pz states.

Moving further below in the energy, we encounter
another group of four bands: a very flat px, py doublet

FIGURE 4 A, Calculated absorption spectrum for Cs2AgInCl6 (CAIC); inset: detail of the threshold region (see text); black and green

dashed lines indicate calculated band-gap and optical threshold, respectively. B, The same as (A) for Cs2AgInBr6 (CAIB). C, Calculated

refraction index for CAIC; the dashed lines are the same as in (A) and (B). D, The same as (C) for CAIB

FIGURE 5 Calculated band structures

along the kz axis in a narrow energy window

around the band gap; zero energy is fixed at

the VBT. The colored arrows identify the

energy-lowest inter-band transitions, whose

corresponding transition matrix element is

reported in Figure 6. The orbital characters

are also indicated (d states refer to Ag, and

p states to either Cl or Br)
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(whose transition is indicated by the violet line) and a
more dispersed p-type hybridized doublet (blue line); the
former is completely suppressed by symmetry, while the
latter gives a very minor contribution to the s-polarized
transition near the zone-boundary (the blue curve in
Figure 6A. Going further down in energy, we arrive at a
Γ-point band triplet which finally activates a substantial
absorption; away from Γ, this group splits in a heavy-
mass doublet of px, py character which mostly contribute
to the s-polarized transition (green line), and a light-mass
pz ligand singlet, whose transition to In 4s states (red
curve) dominates the p-polarized absorption. The transi-
tion energy from this singlet to the conduction minimum
at Γ identifies the “absorption gaps” of 3.53 eV for CAIC,
and 2.57 eV for CAIB. The peculiarity of the pz ligand
orbitals resides in the odd parity with respect to the z-axis
inversion (which avoid matrix cancellation at any k-
point) and in the orbital spread (m* = 0.65 for CAIC and
0.42 for CAIB, see Table S1) which is sufficiently large to
consent a substantial overlap with In 4s orbitals.

2.4 | Photoluminescence and radiative
recombination

The large variety of electronic transitions in these systems
leads to a rich and intricate dynamics of carrier recombina-
tion, whose detailed account is still lacking, at our knowl-
edge, in present literature. To this aim, we performed time-
resolved photoluminescence measurements as a function
of temperature, at varying excitation energies and pump
power, complemented by ab-initio calculations.

The PL spectrum for CAIC (excited at 330 nm wave-
length and integrated over the first 5 ns after optical exci-
tation) shown in Figure 7A, is characterized by two

distinct features: a sharp UV line at wavelength of
390 nm (3.18 eV), which roughly corresponds to the
onset of significant optical absorption, and a broad visible
emission, centered around 500 nm (2.48 eV). As the tem-
perature is decreased, the visible emission become more
and more intense, at the expenses of the UV emission.
The time decay of the two components is also very differ-
ent (Figure 7B,C): the UV emission is short-lived, with
characteristic picosecond lifetimes at all temperatures,
while the broadband visible emission lives much longer,
with an initial decay in the nanosecond time scale
followed by a long, temperature-dependent decay that
stretches up to a fraction of ms at 11 K. The linewidth of
the visible peak at this low temperature (FWHM
~ 0.4 eV) is substantially reduced with respect to the
extra-large (~1 eV) peak found at room temperature.

The double-peaked PL fits well the scenario described
by VPSIC calculations for CAIC, especially at low tem-
perature: the energy of the visible peak measured at low
temperature agrees with the (zero-temperature) calcu-
lated band-gap of 2.53 eV, while the high-energy peak
can be associated with the calculated optical threshold.
Furthermore, the long photoluminescence decay time for
the visible emission is coherent with the suppression of
band-to-band transitions described in the previous sec-
tions. In fact, although the photoemission decay rate is
most likely determined by non-radiative processes, the
radiative lifetime must be a lower bound of the total, thus
long lifetimes necessarily imply very low absorption rates
for the visible energy region.

The PL decay rates at room temperature, measured at
varying excitation wavelengths, are reported in
Figure 7D. A rather complicate behavior is put forth: first,
the increase of the excitation wavelength from 330 to
360 nm, close to the optical absorption onset, causes the

FIGURE 6 Calculated (squared) dipole

matrix elements vs kz for the inter-band

transitions drawn with arrows of corresponding

color in Figure 5. Matrix elements with |

P|2 < 10−4 Bohr are not displayed for clarity and

should be assumed vanishing at any k point, by

symmetry
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disappearance of the fast component in the PL decay.
Furthermore, the dynamics change completely for excita-
tions below the optical gap (450 and 480 nm), as the
decays became much faster, with characteristic times of a
few nanoseconds. This lifetime decrease could be related
to the very different optical penetration depth in the visi-
ble spectrum with respect to UV (several microns, as

opposed to tens of nanometers), causing a different set of
crystalline sites to be excited by light; moreover, absorp-
tion of visible light may be assisted by defects and prefer-
entially excite sites close to traps, hence the much faster
PL decay.

While the measured dynamics leaves room to possible
interpretations, one aspect of the measurements seems
undisputable: the emission of visible light for excitation
lower than the absorption onset demonstrates that the
true band gap is well below the value inferred from
absorption. To this regard, it is worthy to pinpoint out
that our description of CAIC is alternative to the scenario
proposed in Reference 67, where it is predicted a large
band gap of more than 3 eV, and a much lower PL emis-
sion due to huge (~ eV) contributions from structural-
deformation energies and self-trapping excitons; in fact,
according to our calculations (described in the
Supporting Information) these contributions should not
be larger than ~50 meV. Notice also that the free exciton
ground-state (whose energy is 0.25 eV according to Refer-
ence 67) is symmetry-forbidden, thus it should not con-
tribute to PL.

The measured PL dynamics does not change as a
function of laser fluence, and the overall PL intensity
scales linearly with excitation intensity. This is compati-
ble with a recombination regime dictated by carrier trap-
ping and/or other non-radiative mechanisms. On the
other hand, it is also useful to evaluate the perovskite
behavior in the ideal bimolecular limit, since, owed to
their peculiar optical properties of these systems, we can
expect unusually small recombination rates and extra-
long radiative lifetimes. To the aim, we used our ab-initio
band structure calculations in combinations with the
band-to-band recombination rate calculated according to
the Van Roosbroeck-Shockley theory.81,82 In Figure 8, the
recombination properties as a function of the injected
electron-hole population n at room temperature are
reported.

In the plot of the electron-hole chemical potential,
Figure 8A, dashed and dotted straight lines indicate
band-gap and large-absorption threshold values; the band
gap is crossed at neh = 1.5 × 1019 cm−3 for CAIC, and
neh = 1019 cm−3 for CAIB; on the other hand, the absorp-
tion threshold is reached at neh = 1.2 × 1021 cm−3 for
CAIC, and neh = 5.2 × 1020 cm−3 for CAIB. The recombi-
nation rate displays a quadratic regime, characterized by
linear lifetime and constant B-factor, up to n = 1017 cm−3

for both materials. In this charge region, the bimolecular
coefficients are Brad = 2.9 × 10−13 seconds−1 cm3 and
0.8 × 10−13 seconds−1 cm3 for CAIC and CAIB, respec-
tively, thus about three orders of magnitude lower than
in lead-halide perovskites.79,83-86 Consistently, the radia-
tive lifetimes are three orders of magnitude longer: as a

FIGURE 7 A, PL spectrum of Cs2AgInCl6 (CAIC) for three

different temperatures. B, Normalized PL decay rates for two

different temperatures, decomposed in UV and visible

contributions. C, Normalized decay rate of the PL emitted in the

visible spectrum for different temperatures (420-670 nm); the inset

displays the decay measured at 300 K on an expanded horizontal

axis. D, Normalized PL decay rate at varying excitation energy,

measured at room temperature. PL, Photoluminescence
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reference, at n = 1015 cm−3, we obtain τrad = 1.5 and
6 ms for CAIC and CAIB, respectively, in place of the μs
order found in MAPI.86

This severely reduced recombination is direct conse-
quence of the suppressed inter-band transitions below
the optical threshold. Above a charge concentration of
n = 1017 cm−3, the deviation from the quadratic regime
becomes more and more apparent as the density
increases; since in our calculations trapping defects and
non-radiative mechanisms are not included, these effects
are to be attributed to band filling.

2.5 | Conversion efficiency and
transparency

In the perspective of using the double perovskites as solar
cell absorber, an interesting question concerns how detri-
mental the small absorption is on the power conversion

efficiency (PCE); on the unfavorable side, layer thickness
should be largely increased to compensate the reduced
absorption rate; on the positive side, the much reduced
recombination rate may result in smaller dark current
and in turn larger open-circuit bias (Voc). In Figure 9A,B,
we display the calculated photocurrent and PCE as a
function of applied bias for CAIB, which, due to the
favorable band-gap of 1.17 eV, is a potentially suited
photo-absorber (details of the method can be found in
References 79 and 86, where the same approach was used
for MAPI).

Despite the small absorption, short-circuit current
densities (Jsc) higher than 18 mA/cm2 can be obtained
for reasonably large thickness of L = 400 nm, while μm-
order thicknesses are required in order to approach Jsc
values close to their Shockley-Queisser limit. On the
other hand, the open-circuit bias is relatively large: the
predicted Voc = 0.99 eV for L = 400 nm corresponds to
85% of the band-gap value, thus, proportionally larger
than the same ratio obtained for MAPI.79 It turns out that
the calculated PCE at L = 400 nm is 11.3%, ie, a non-
disreputable value for a lead-free material. On the other
hand, reaching PCE values of 20% and more requires μm-
order thickness.

The limited absorption in the visible range suggests a
possible application of these systems as transparent or
semitransparent solar cells; that is a major research sec-
tor of nowadays solar cell technology. The most valuable
materials of this kind are those which conjugate satisfy-
ing PCE with sufficiently large average visible transmit-
tance (AVT).87-90 For what concerns hybrid single
perovskites, AVT ~22% to 29% associated with 6% to 7%
PCE was obtained by reducing the perovskite thickness
to less than 40 nm91; these values can be improved using
perovskites in tandem with silicon and CIGS.92 However,
the need of engineering very thin layers may bring about
non trivial processing issues, while having “native” semi-
transparency at ordinary thickness would be preferable.
To test the potential of our double perovskites to the aim,
in Figure 9C, we report the calculated AVT for both
CAIB and CAIC, in comparison with the corresponding
PCE, as a function of the absorbing thickness. Our results
indicate that both systems are quite interesting from this
viewpoint: for L~3 to 400 nm, CAIB conjugates a ~10%
PCE with a ~30% visible transmission, which ranks
among the best semitransparent solar cell perfor-
mances88; for L~100 nm, PCE is reduced to 5%, and the
transmission increases to 60%. For CAIC, on the other
hand, relatively large PCE (up to a 15% maximum) can
only be obtained in the ultrathick limit; however, a μm-
thick layer of CAIC can deliver a 5% PCE, and still retain
very high (85%) transparency. A simple figure of merit
typically used to evaluate the combination of

FIGURE 8 Calculated electron-hole chemical potential (μeh),

radiative spontaneous recombination rate (Rsp), radiative lifetime

(τrad), and bimolecular coefficient (Brad) as a function of the

electron-hole population at room temperature
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photoconversion and transparency is the so called light
utilization efficiency (LUO),93 that is, the product of AVT
and PCE, reported for the two materials in
Figure 9D. We can see that the highest LUO is for CAIB
up to a few hundred nanometer thickness, and for CAIC
at larger thickness.

3 | CONCLUSIONS

Double perovskites are destined to become one of the
major subjects of study in the next few years of materials
science. In fact, the flexibility allowed by the presence of
two B-site cations lends itself to avoid the malign presence
of lead, and hugely extend the search playground of com-
petitive materials in photoconversion and nanophotonic
technologies. In this work, we explored two relevant inor-
ganic double perovskites, combining Ag+ and In3+ at the
B-site. According to our results, these materials encompass
a number of appealing capabilities, from broadband optical
emission to potentially large photoconversion efficiency,
coupled lo large visible transmission. In particular, we

clarified several debated aspects of these systems con-
cerning the band gap amplitude and the photo-
luminescence dynamics, which stem from the
combination of a direct band-gap and a wide energy region
with small absorption rate, ultimately due to the specific
orbital features of Ag 4d and In 4s states. These aspects
reflect in bimolecular recombination rates as small as
~10−13 seconds−1 cm3, and overlong recombination life-
times of μm order and more. According to our simulations,
these features give rise to a favorable compromise between
satisfying conversion efficiencies and large average visible
transparency, which make these systems potential candi-
date for lead-free transparent and semitransparent solar
cells.

On the negative side, major faults concern the poor
energetic stability of CAIB and, for both materials, a pho-
toconversion performance which even in the bimolecular
regime is still substantially distant from that of lead-halide
single perovskites. Nevertheless, the flexible configuration
of these systems allows a straightforward tuning of the
fundamental properties by cation mixing, thus prefiguring
large room for improvement. Several strategies of the like

FIGURE 9 A, Calculated

short-circuit current density

(Jsc), total current density

(Jtot), output power density

(Pout), and PCE as a function

of the applied bias for

Cs2AgInBr6 (CAIB) in the

purely band-to-band radiative

recombination regime, for a

layer thickness L = 400 nm. B,

The same as (A) but for

L = 3 μm. C, Calculated AVT

and PCE for CAIB (red

symbols) and Cs2AgInCl6
(CAIC) (blue symbols), as a

function of layer thickness. D,

Calculated LUO for CAIB (red

symbols) and CAIC (blue

symbols), as a function of layer

thickness. AVT, average visible

transmittance; LUO, light

utilization efficiency; PCE,

power conversion efficiency
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have been already proposed in the literature: for example,
the energetic stability of Br-rich compounds can be
strengthened by Br/Cl mixing,61 and the absorption rate
can be increased by mixing Ag with other monovalent cat-
ions (such as Na67) carrying sp states in the valence bands.
In conclusion, there is strong evidence that these mate-
rials possess remarkable potential as starting reference
framework for the search of lead-free, highly efficient
photo-absorbers and emitters.

Experimental and computational section

Materials preparation: The Cs2InAgCl6 powder was pre-
pared by precipitation from an acidic solution following
the procedure described in Reference 60. In details,
1 mmol of InCl3 (99.999%) and AgCl (99.999%) are first
dissolved in 5 mL 10 M HCl. Then 2 mmol of CsCl
(99.5%) are added and the solution is heated to 115�C.
Immediately after the addition of CsCl, a white precipi-
tate forms and the hot solution is left at 115�C for
30 minutes under gentle stirring to ensure a complete
reaction. The solid precipitate is then filtered and washed
with ethanol before drying it at low pressure. All the
reactants were purchased from Merck-Sigma Aldrich and
used without further purification.

X-Ray structural characterization: The X ray diffrac-
tion patterns of the polycrystalline samples were recorded
on a Siemens D5000 θ-2θ diffractometer, with Cukα radi-
ation and graphite monochromator.

Optical measurements: Diffused optical absorption was
measured with a dual-beam spectrophotometer equipped
with an integrating sphere accessory (Agilent Technolo-
gies Cary 5000 UV-Vis-NIR) under illumination by a
nearly collimated light beam and with hemispherical light
collection (ϑ/h geometry, ϑ~8�). Photoluminescence
(PL) was excited with 100-fs-long laser pulses from a
regenerative amplifier (Coherent Libra) pumping an opti-
cal parametric amplifier (Light Conversion Topas). Time-
resolved PL was then detected with a picosecond streak
camera (Hamamatsu) after dispersion in a grating spec-
trometer (Acton). Samples were kept in vacuum on the
cold finger of a closed-circuit cryostat, at a temperature
variable between 300 and 11 K.

Ab-initio calculations: For all the analyzed structures,
structural optimization was carried out using DFT
with generalized-gradient Perdew-Burke-Ernzerhof (GGA-
PBEsol) exchange-correlation functional,94 as implemented
in the Quantum Espresso (QE) package,95 and VPSIC
calculations,75 as implemented in the home-made, freeware
PWSIC program (inquiries about the use of the PWSIC
code can be addressed to A.F.). All structures were fully
relaxed with an atomic force threshold of 10−4 Ha/Bohr.

Electronic, optical, and recombination properties were all
calculated by VPSIC; the VPSIC approach is capable to
greatly improve the description of the electronic properties
with respect to standard DFT implementations for a vast
range of materials characterized by robust electronic corre-
lations, in particular ionic and mixed ionic/covalent insula-
tors.96-99 Both QE and PWSIC codes are implemented
within plane-waves basis functions and ultrasoft
pseudopotentials; a plane-wave cut-off energy of 35 Ry was
used for all the calculations. Optical properties are calcu-
lated starting from the VPSIC band structure; the dielectric
function is based on the Drude-Lorentz form, using quasi-
particle lifetime of 20 meV. The method was previously
applied to the optical properties of MAPI,79,86 obtaining
results in satisfying agreement with the experimental find-
ings. Using the calculated absorption cross section as input,
we calculated the band-to-band recombination rate
according to the formulation originally proposed by Van
Roosbroeck and Shockley, and later generalized by
Bhattacharya et al to non-equilibrium conditions (details of
the method can be found in Reference 79). Current-voltage
and power-voltage curves are calculated in the Shockley-
Queisser limit at varying sample thickness L; finally, the
calculated transparency e-αL is averaged over the visible
energy interval (380-740 nm) to obtain the AVT as a func-
tion of L.
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