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Abstract

Emphasis was recently placed on the Cs,AgBiBrs double perovskite as a possible candidate to
substitute toxic lead in metal halide perovskites. However, its poor light-emissive features currently
make it unsuitable for solid-state lighting. Lanthanides doping is an established strategy to implement
luminescence in poorly emissive materials, with the additional advantage of fine-tuning the emission
wavelength. We discuss here the impact of Eu- and Yb-doping on the optical properties of
Cs2AgBiBrs thin films, obtained from solution-processing of hydrothermally synthesized bulk
crystalline powders, by combining experiments and density functional theory calculations. Eu(ll1)
incorporation does not lead to the characteristic >Do—’F2 emission feature at 2 eV, while only a weak
trap-assisted sub band-gap radiative emission is reported. Oppositely, we demonstrate that
incorporated Yb(IIl) leads to an intense and exclusive photoluminescence emission in the near-

infrared as a result of the efficient sensitization of the lanthanide 2Fs>—2F7> transition.
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The development of lead-free halide perovskites for optoelectronic applications (solar cells, light-
emitting diodes —LED-, lasers and photodetectors) is central to current materials research,** with the
aim of finding valuable alternatives to lead-based perovskites, currently leading the field. Lead halide
perovskites (LHP) feature a problematic toxicity caused by lead and a limited environmental
stability.> Double perovskite structures, containing pairs of cations in the +1 and +I11 oxidation states
in substitution of Pb?* are particularly appealing due to the impressive resistance to ambient stress
(humidity, light, heat). Among others, bismuth(l11)-based compounds such as Cs,AgBiBrs have been
the subject of extensive investigations because of the excellent stability and low toxicity.6® The
optoelectronic properties of Cs2AgBiBrs are, however, strongly limited by the indirect nature of the
band-gap, originating by the alternating Ag/Bi-based hexabromide octahedra in the lattice. The
existence of a highly localized Bi-based optical transition with pronounced excitonic character and
the strong electron-phonon coupling further limit the efficiency of the exciton separation and promote
charge recombination in the material, as described in detail by some of us in previous work.® These
drawbacks, in conjunction with the difficulties in obtaining good-quality thin films,” %1 are the cause
of the poor power conversion efficiency (generally below the 3% threshold) achieved up to now by
Cs2AgBiBrs as the photosensitizer in multi-layered photovoltaic architectures.!>!® The use of
Cs2AgBIBrs in LED is also hampered by its poor photoluminescence (PL) properties caused by the
non-radiative de-activation of injected electron-hole pairs.'*

Lanthanide-doping is a well-established strategy to improve luminescence features of wide band-gap
inorganic semiconductors'® and other hybrid solid-state materials,*® with the possibility of tuning the
emission wavelength. As the f-f transitions in lanthanides have normally very low absorption
coefficients, crystalline host matrices play the role of sensitizers for boosting efficient emission from
these dopants. Lanthanide-doping has been extensively applied also in low band-gap halide
perovskites to tune luminescence while maintaining excellent light-absorption and charge transport
properties. The success of this structural modification is ensured by the octahedral coordination that
characterizes the metal ions in the perovskite lattice.r”® In particular, Eu(111) ions and Yb(I1l) have
been employed to tune the PL of LHP nanocrystals in the visible and near-infrared (NIR) ranges,
respectively, resulting in materials characterized by very narrow emission peaks typical of the
lanthanide-based f-f electronic transitions and high values of the PL quantum yield (PLQY). Quantum
cutting processes are associated to Yb-doping in lead halide perovskite nanocrystals,*® a phenomenon
for which PLQY exceeding the ideal value of 100% are measured, thus prospecting application in
devices such as NIR-LEDs, with great interest for biomedical applications. Yb-doping has been
recently implemented also in lead-free Cs2AgBiBrs nanocrystals by Chen and coworkers, with dopant
concentrations of up to 5%.2° This process has led to the expected tuning of the PL behavior, with
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introduction of a narrow and intense PL at around 1.25 eV. These studies indicate that the activation
of Yb®*" ions emission is possible also in indirect band gap halide perovskite. The successful
sensitization of Yb(I11) with the associated NIR emission have been also observed in porous silicon,?
another indirect band gap semiconductor,?? highlighting that the indirect nature of the band gap does
not affect the emission properties of rare earth do-pants.

Despite their versatility and the generally high PLQY, halide perovskite nanocrystals still find
limited use in solid-state applications due to the difficulties in obtaining homogeneous layers
employing standard solution processing methods, coupled to the presence of surface defects, which
quench PL and trap electrical charges diffusing across the film.?42¢

In this work we explore the possibility of doping bulk Cs,AgBiBrs with lanthanides so as to obtain
easy-to-process and homogeneous thin films for light-emitting devices. The impact of Eu- and Yb-
doping on the absorption and emission properties of Cs,AgBiBre polycrystalline thin films is
evaluated through a combined experimental-computational approach. Our analysis shows that both
Eu(lll) and Yb(IIl) are incorporated in bulk Cs,AgBiBrs, and can be photo-excited through the
electron transfer from the conduction band (CB) of the host perovskite to mid-gap unoccupied f
orbitals. These defects, however, undergo different emissive decay channels. Eu(lll) incorporation
does not lead to the characteristic °Do—’F, emission feature at around 2 eV, but mainly decays
through a trap-like recombination mechanism, while Yb(l11) shows an intense emission in the NIR,
as a result of the efficient sensitization of the lanthanide 2Fs,—?F7. transition.

Cs2AgBiIBrs is not normally processed into photoactive thin films by applying the typical protocols
used for lead-based perovskites, but requires a previous step of hydrothermal (HT) synthesis to
produce its crystalline powder. Once isolated, the product is re-dissolved in a suitable solvent for
halide perovskite processing (typically DMSQ) and then undergoes the same process employed for
the lead-based analogs. Indeed, the simple direct mixing of the metal salts precursors (namely, CsBr,
AgBr and BiBrs) in DMSO and subsequent processing, do not generally provide phase pure thin films
of the Cs,AgBIiBre double perovskite, as residual peaks of the components or other side-phases (such
as the bismuth perovskite Cs3Bi2Bro) are often detected in the X-ray diffraction (XRD) profiles.?’
The HT process used for the production of Eu(l11) and Yb(I11) doped Cs>AgBiBre is sketched in Fig.
1a (details in the Experimental Section in the Supporting Information - S.1.) and leads to two orange
crystalline solids identical to the un-doped Cs.AgBiBre, containing crystals with sizes ranging from
500 nm up to 6 um (see also Fig. S1 for a transmission electron microscopy image), with the typical
octahedral shape of this compound.*? Employing this synthetic method, we attempted substitution of
the Bi** ions in the double perovskite lattice by either Eu** or Yb®*" up to 20% (the Goldschmidt
tolerance factor is not expected to change significantly even at concentrations of these particular
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dopants up to 50%). In all cases, we could not achieve more than the 0.04% atomic substitution of
Bi®* with the lanthanides (as determined through elemental analysis, details in the S.1.), pointing out
at a very low doping level in the final product.

a) Hydrothermal (HT) synthesis
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Figure 1. Synthesis, characterization and thin film processing of bulk Eu- and Yb-doped Cs2AgBiBre.
a) Sketch of the hydrothermal synthesis process, with picture and SEM image of a prototypical
crystalline product. b) Sketch of the anti-solvent method used for the preparation of thin films, with
picture and top-view SEM image of a prototypical film.

Powder XRD of the Eu- and Yb-doped Cs2AgBiBrs bulk crystalline powder is reported in Fig. S2 of
the S.I. indicating preparation of the undoped and doped materials in constant crystal structure,
without the presence of any additional compound, but of at least two phases characterized by a higher
and lower symmetry. Detailed peak analysis of the (004) reflection at about 31° (most intense one)
was carried out, showing that the signal is constituted of more than one single component (the same

accounts for all the other peaks in the XRD powder pattern), due to the presence of at least two phases
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characterized by different symmetries. The results of this analysis are purely qualitative and are
discussed in the S.1I.

Bulk doping through the HT method is apparently characterized by a dramatically lower doping
efficiency compared to the nanocrystalline form of the material. Differences are likely associated to
the dissimilar dimensionality of the host materials, i.e. nanocrystals easily accommodate dopants by
forming surface defects, and the employed synthetic techniques. The lower doping in the present case
can also be due to the high solubility of the lanthanide precursors we employed in HBr (the medium
in which the HT reaction takes place).

For the preparation of thin films, the HT product is dissolved in DMSO and this precursor solution is
spin coated, treated with an anti-solvent?® and finally annealed to improve the crystallization, as
depicted in Fig. 1b. The preparation was adapted according to refs.%?® and was further optimized with
respect to minimized surface roughness, as measured by confocal microscopy. Variation was
performed for rotational speed during spin-coating, concentration of the precursor solution,
atmosphere during film preparation and choice of the anti-solvent. Best results were obtained by
following the procedure described in the experimental methods in the S.I. Dissolved precursor
materials in DMSO were investigated as alternative precursor solution for thin film preparation but
yielded films of lower quality with smaller crystallites and residues of unreacted precursor materials,
leading to additional XRD signals (Fig. S3).

The optimized procedure based on dissolved HT product provides thin films with a thickness of 82 +
5 nm measured by a profilometer and confirmed by SEM cross sections (Fig. S4), of high quality in
terms of grain size (about 280 nm) and absence of pinholes, as analyzed by top-view SEM (inset of
Fig. 1b). Phase pure Cs;AgBiBrs 2" is obtained in the films, pointing either at an effective
recrystallization of the material upon reprecipitation and annealing that remove the low symmetry
component or at a superposition of the signals within broadened peaks (Fig. S3). Furthermore, in
SEM-EDX spectra of the Eu-doped thin film, a very weak signal of Eu was even detected (Fig. S5).
To track possible variations of charge distribution within the band structure of the double perovskite
following lanthanide doping, the work function (WF) of the thin films was extracted employing
Kelvin probe force microscopy (KPFM) (Fig. S6). While the WF value of undoped Cs2AgBiBrs is
found at 5.07 eV, in agreement with previous reports on Cs2AgBiBrs highly crystalline thin films,*
a 50 meV shift toward smaller values (higher Fermi level) is found for the Eu-doped sample (a small
variation is found also for the Yb-doped one, i.e. a small broadening of the overall Gaussian
distribution at the lower energy limit). These findings indicate a slight variation of the Fermi level

due to the introduction of defects®® in the double perovskite structure following lanthanide doping.
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The presence of defects appears more clearly when examining the UV-visible absorption features of
the thin films of the lanthanide-doped compared to undoped Cs,AgBiBrs reported in Fig. 2a. The
three absorption spectra do not differ significantly, except for the indicated (dark grey arrow) increase
of the absorbance at low-energy (from 2.7 eV to almost 2.0 eV) in the two doped samples, indicating
an increased density of sub-band-gap defect states compared to the undoped semiconductor. As it can
be further observed from these spectra, a strong exciton peak centered at 2.83 eV is detected for all
the samples, which has been also attributed to a direct s-p electronic transition centered on
bismuth'®32 (real origin still under heated debate®***) and can be seen as a highly localized excitation
that does not contribute significantly to the photo-generation of charges in the thin film.® The intense
(and dominant) Raman mode centered at 177 cm™ is strongly related to this excitonic feature and is
maintained after doping (Fig. 2b, in full agreement with previous literature data®>®).

While the impact of the Eu/Yb-doping in Cs2AgBiBrs is not significant in the optical properties of
the thin films in terms of light absorption (no features ascribable to the direct excitation of lanthanide-
based transitions are detected in the spectra in Fig. 2a), significant differences emerge when the
emissive behaviors are analyzed. The steady-state PL behavior of the undoped, Eu-doped and Yb-
doped thin films of Cs2AgBiBrs (Fig. 2) has been measured, with a view to detecting specific emission
features from lanthanide dopants in the crystal lattice.!” The PL of pristine Cs2AgBiBrs consists of
the broad/weak emission with large Stokes’ shift observed earlier (also indicated as a sign of the
strong electron-phonon coupling in this material*¥) centered at around 2 eV (black curve in Fig 2a),
which in earlier works was assigned either to emission from self-trapped excitons® or to a color
center.** After doping, the bulk double perovskite with Eu®* ions no emissive peaks typical of this
lanthanide(l11) ion (with the most intense *Do—’F, at 2 eV) are observed in response to the
photoexcitation of the perovskite matrix.1”® On the contrary, an apparently weaker emission of the
pristine double perovskite compared to the un-doped sample (fair comparison has been done between
absorption values and measurements to make the PL intensities among all the thin films comparable)
at 2 eV is found, accompanied by a second, even weaker peak at 1.3 eV, which cannot be traced back
to any typical Eu PL feature. The PL lifetime of the double perovskite is also considerably reduced
(details in the S.I. Fig. S7). The weak PL signal at 1.3 eV could likely originate from deep defects
within the band-gap of Cs2AgBiBre as a consequence of Eu-doping and, therefore, could be seen as a

sign of a trap-mediated recombination pathway.®
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Figure 2. Optical properties of Eu- and Yb-doped Cs2AgBiBrs. a) Normalized (@ 3 eV) thin films
absorption and b) Raman spectra of Eu- and Yb-doped Cs2AgBiBrs and of pristine Cs2AgBiBre (532
nm laser excitation). ¢) Thin films steady-state photoluminescence (excitation @ 2.88 eV).

Doping with Yb(l1I) is expected to generate a sharp PL peak in the NIR at around 1.25 eV (1000 nm),
as a result of the 2Fs,—2F7 transition typical of this ion, as it has been seen before in analogous
nanocrystal systems.?® Such a peak is actually present and it is characterized by an extremely high
intensity compared to the native PL of the double perovskite at 2 eV, as it can be observed from Fig.
2¢ (blue curve). The intensity ratio between these two PL contributions in the spectrum is in the order
of 300:1. Notably, for the Yb-doped Cs,AgBiBrs nanocrystals described by Chen and coworkers?
the native PL of the double perovskite was always significant even at the highest 5% doping
concentration reported there and the maximum ratio achieved for the Yb-based peak relative to the
double perovskite signal did not surpass the 2.5:1 ratio for the best case (at 2.9% Yb). Our data seem
to indicate therefore that the Yb-dopant sensitization process (an energy transfer process from the
photo-excited perovskite sensitizer to the lanthanide-based emissive centers) is much more efficient

in the present thin films based on HT-synthesized bulk material then in nanocrystals. Remarkably, a
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PL quantum yield (PLQY) of 28% (x 3%) is determined for Yb-doped Cs2AgBiBrs thin films, with
net improvement from what found by Hoye et al.3" for un-doped Cs2AgBiBrgthin films (0.02%). This
IS, to the best of our knowledge, the first report on the PLQY extent in Yb-doped Cs.AgBiBrg species,
since for the case of nanocrystals previously discussed?° this information was not provided.

We carried out a more detailed optical analysis of the NIR emission profile of Yb-doped Cs2AgBiBrs
thin film by probing how the NIR-PL intensity varies as a function of the excitation wavelength. As
it can be deduced from the excitation-PL 3D map reported in Fig. 3a and from the relative PLE
spectrum in Fig. 3b (comparison with absorption is included for the sake of clarity), the maximum
emission from the Yb(lII) ions is achieved at an excitation energy of 2.58 eV and a second maximum
of slightly minor intensity is also found at 3.02 eV. In between these two maxima is located a valley,
with aminimum at around 2.8 eV, which is exactly the absorption energy corresponding to the exciton
peak seen in the absorption profile. This behavior was reported previously by Zelewski et al.** for the
pure Cs2AgBiBrs double perovskite single crystal and was interpreted as a further indication of the
neutral character of the exciton-centered transition, that does not contribute to generate charges or to
populate emissive trap states. It is therefore reasonable to believe that the present case provides further
strength to this assumption, as also energy transfer processes between the exciton of the host
semiconductor and the lanthanide dopants seem to be inefficient. A maximum of light emission is,
instead, obtained when exciting in the low energy absorption edge (starting at 2.25 eV). As the relative
absorption cross section at these energies is very low (dashed line), it indicates that i) the population
of Yb states out of them occurs very efficiently and ii) the optical transition to these states must be
strongly forbidden and they could be associated to those sub-band-gap states characteristic of the
absorption profile. It is worthy to mention that such feature has been also found also by Zelewski et
al. for the un-doped double perovskite.!* The second plateau of the PLE spectrum (and of the
excitation/NIR-PL 3D map), that resides in the 2.9-3.1 eV range, was indicated by some of us® as the
absorption edge of a direct electronic transition in Cs2AgBiBrs occurring at 3.2 eV and extrapolated

from the relative Tauc plot by applying the formula for direct band-gaps.
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Figure 3. a) Excitation-NIR photoluminescence 3D map of an Yb-doped Cs2AgBiBrs thin film and
b) corresponding photoluminescence excitation spectrum and comparison with absorption (dashed
line).

The effects of Yb and Eu doping on the electronic properties of Cs2AgBiBre have been investigated
by density functional theory (DFT), by using the hybrid PBEO functional (see Computational details
in the S.1.).383° Supstitutional doping of Eu and Yb at the Bi site has been modelled by simulating
dopant densities of ~3%. In pristine Cs,AgBiBrs Bi*" ions are octahedrally coordinated by six Br at
distance of 2.85 A. Upon Eu®" incorporation to form the Eugi® defect an asymmetric contraction of
the lanthanide - bromide bond lengths in the octahedron unit is reported to values between 2.80-2.82
A (Fig. 4b). The decreased bond length is ascribed to the smaller Eu* ionic radius of 109 pm
compared to 117 pm for Bi®*, as stated previously. A more pronounced contraction of the bond to Br-
to values of 2.72-2.75 A was determined for Yb(I11) incorporation, i.e. the Ybgi® defect, showing a

ionic radius even smaller than Eu®*, i.e. 101 pm (Fig. 4e).

10

ACS Paragon Plus Environment



Page 11 of 17 The Journal of Physical Chemistry Letters

oNOYTULT D WN =

The projected density of states (PDOS) of the Eu and Yb doped Cs2AgBiBrs perovskite are reported
in Fig. 4a and 4d. Eugi® and Ybgi® show f¢ and 13 electronic configurations and introduce unoccupied
f-states into the band gap of Cs,AgBiBre, placed at 1.70 eV and 1.59 eV above the valence band
(VBM), respectively, with negligible impact on the band gap of the host perovskite (2.27 eV at the
PBEQO level of theory). These single particle states are spatially localized on the dopants, as confirmed
by the plot of the associated wavefunctions, reported in Fig. 4c and 4f. The emergence of unoccupied
f-states within the band gap indicates that dopant sensitization may occur through vertical transitions
of photo-excited electrons from the conduction band (CB) of the host perovskite to the mid-gap f-

orbitals of the dopants.

(o) gy O
I

(+/0)  Yby (0/)

VB CB
0.0 1.0 2.0
Er (eV)

0

Energy (eV)

Figure 4. a) PDOS of Eu substituting Bi in the neutral state of charge, i.e. Eugi®, the top of VB has
been set to zero of energy. b) optimized structure of Eugi® (Bi = green; Ag = grey; Br = red; Eu =
purple; Yb = cyan); c) plot of the Eugi® LUMO single particle orbital associated to the unoccupied f
state in the band gap of diagram 1a. d) PDOS of the Ybgi® system. ) optimized structure and f) plot
of the Ybsi® LUMO single particle orbital; g) Defect formation energies and ionization levels of Eug;
and Ybgi defects in the Cs2BiAgBre band gap, highlighting that electrons can be trapped through the
deep (0/-) transitions, sensitizing the dopants.

The defect formation energies (DFE) and thermodynamic ionization levels (TIL) of Eugi and Ybgi
defects in different states of charge are reported in Figure 4g. DFEs have been estimated by
11
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considering metal exchange between the EuCls, YbCls and BiCls molecules in the gas phase and the
pristine perovskite. DFE diagram in Figure 4g shows that Eugi and Ybsgi defects are mainly stable in
the neutral form (+111 oxidation state) in the Cs,AgBiBre band gap. Favourable substitutional energies
of -1.18 and -1.39 eV for Eu and Yb were calculated, respectively, highlighting that the Yb-doping
is slightly more favoured than Eu-doping. Eugi and Ybgi show deep (0/-) transitions in the n-doped
region of the diagrams placed at 1.87 and 2.01 eV above the VBM, respectively. This indicates that
the +I1 oxidation state of the dopants is thermodynamically stable only in heavily n-doped
perovskites. Upon electron trapping on the Eugi® and Ybgi® centers to form Eugi-and Ybgi™ an increase
of the Eu-Br and Yb-Br bond lengths to values of 2.92 A and 2.80-2.84 A is observed, respectively.
In both cases a remarkable upshift in energy of the occupied f levels within the host perovskite band
gap is reported (Fig. S8).

On the other hand, (+/0) transitions, associated to the introduction of one hole in the supercells, are
only shallow, indicating that holes are delocalized in the VB of doped perovskite and cannot be
trapped at Eu and Yb sites, which are stable only in the +I11 oxidation state in the Fermi level range
delimited by the VBM and the (0/-) transition.

Defect analysis suggests that Eu- and Yb-dopants, once incorporated in substitutional position to Bi,
can be activated upon photoexcitation through the electron trapping on the empty f-orbitals placed in
the band gap. Relaxation of the excited dopant may occur through a recombination of the trapped
electron with hole in the VB, or through a more complex mechanism involving the electron release
and the conversion to form the neutral excited state of the dopant. In order to predict the possible trap
assisted emission from the defects, i.e. the recombination of trapped electron with hole in the VB, the
configuration diagrams of the ground and excited state of Eugi and Ybgi have been calculated, they
are reported in Figure S9 of S.1. Radiative emissions at 1.44 and 1.77 eV are calculated for Eu and
Yb, respectively. The calculated emission at 1.44 eV for Eu-doped double perovskite is in close
agreement with the weak PL peak at ~1.3 eV observed in optical experiments; thus, the origin of this
PL feature may be ascribed to a trap mediated process involving the trapping of the electron with the
subsequent recombination with hole in the VVB. On the other hand, no sub-gap emissive transition at
~1.7 eV have been observed in the Yb-doped perovskite, suggesting that the activated Ybgi- mainly
rearrange to form the Fs;, neutral excited state by releasing the trapped electron to the CB and
decaying with the characteristic emission at 1.25 eV observed in the PL (Fig. 2c, blue line). Such
mechanism is partially justified by the higher optical (0/-) transition of Ybgi compared to Eusi,
exceeding the Cs;BiAgBre band gap (see Fig. S9). Recombination of trapped electrons with
background holes, however, remains a competitive deactivation channel possibly reducing the PL
efficiency of the f-f transition.
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Based on experimental and theoretical evidence, a Jablonski diagram is proposed as the one reported
in Fig. 5, depicting the process of lanthanide dopants activation after light excitation of the double
perovskite. In this diagram it is shown, together with native and relatively weak PL of the un-doped
double perovskite, also the very weak PL originated by the trapping of photoexcited electrons in the
Eu-generated deep defects in the band gap and, oppositely, the more efficient energy transfer to the

NIR-emissive °Fs,—?F7,2 transition of the Yb%* ions.

[ CB

% i 2 I - '---.____‘. Eﬂefg'}"'
o \ Trapping . Transfer
E Y \\"\.
2 ? |
. Q = 2Fs/2
& L Eu*
B Trap-PL b
5 @13eV PL@1.25eV
w

i 0 2Fap

VB

Figure 5. Jablonski diagram depicting the excited state deactivation processes happening in undoped,
Eu- and Yb-doped Cs2AgBiBrs. Here CBM is taken at an energy corresponding to the PL maximum
of the Cs2AgBIBrs thin film, while the excitation (thick blue line) is indicated to take place at a general
energy (dashed line in the CB) which is higher than the energy of the CBM, given the pronounced
Stokes’ shift existing between absorption and emission profiles in the un-doped double perovskite.
The thickness of the three PL lines (orange to red) is proportional to the relative intensity of the

indicated transitions.

In conclusion, we have shown that Yb(III) doping in thin films of the lead-free Cs,AgBiBre double
perovskite that are processed from the bulk HT powder material can lead to the detection of a narrow
and unique PL signal located in the NIR. This points out at an efficient energy transfer from the
photoexcited double perovskite host to the rare earth guest that was not observed before in similar
nanocrystal systems. We have also provided theoretical insights on the lanthanide-sensitization
process, which will be extremely useful for designing future doping strategies in lead-free double
perovskites. We believe that the bulk Yb-doped Cs,AgBiBre thin films described in this work hold

great promises for the future realization of NIR-emissive solid-state devices after further optimization
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of the doping level and overall layer quality,” as they are easy-to-process and feature a unique and

well-defined emission profile.
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