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ABSTRACT. Hybrid perovskite solar cells have been creating a big excitement in the
photovoltaic community. However, they still rely on toxic elements imposing severe limits for
their commercialization. Lead-free double hybrid perovskites in the form of Cs,AgBiBrghave
been shown as a promising non-toxic and highly stable alternative. Nevertheless, device
development is still at its infancy and performances affected by severe hysteresis. Here we
realize for the first time hysteresis-free mesoporous double perovskite solar cells with no s-shape
in the device characteristic and increased device open circuit voltage. This has been realized by
fine tuning the material deposition parameters, enabling the growth of a highly uniform and
compact Cs,AgBiBrs, and by engineering the device interfaces, upon screening different
molecular and polymeric hole transporting materials (HTM). Our work represents a crucial step
forward in lead-free double perovskite with significant potential for closing the gap for their

market uptake.
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Since their advent, organic-inorganic hybrid perovskite solar cells (PSC) unleashed a great deal
of enthusiasm in the photovoltaic (PV) research community. With power conversion efficiency
(PCE) surpassing 22% upon only 9 years of research!?, this technology has a full potential to stand
out over the PV solutions, such as dye sensitized solar cells, organic polymer solar cells, and even
commercial polycrystalline Si solar cells, leaders of current market.!? However, despite their
excellent performances resulting in their high efficiency, they suffer from a poor device stability
issue, mainly due to perovskite material degradation upon moisture and light exposure.3#>¢ In
addition, they rely on toxic lead, representing a serious drawback for PSC commercialization, with
the associated health and environment concerns.”® Huge theoretical effort in screening “less toxic”
materials is ongoing. Tin (Sn) has first been used by replacing the position of Pb** as MASn,Pb,.
s now reaching PCE of 12%.° However, easily prone to oxidation (Sn**into Sn**) or incorporated
in A,SnXg structures (e.g. Cs,Snle),'*!! which exhibit better stability due to the presence of Sn in
its stable oxidation state, the efficiency decayed rapidly in ambient condition.!>!*!* To solve this
problem, “quasi-2D perovskites” in the form of (PEA),(FA),-1Sn,l;,,; were also suggested as a
possible solution to improve material stability."” They have been obtained by mixing the different
organic cations in a sort of bulk heterojunction structure, where the PEA molecules infiltrate at the
boundary of perovskite grains blocking the oxygen diffusion into the perovskite lattice."” This
resulted into a PCE up to 6% at enhanced stability. Other quasi 2D perovskites in the form of
(BA)>(MA),_1Sn,I;,.; have also been developed showing promising PCE of around 2.5% for n =
4, stable for more than 1 month.!®* However, despite the improvements, the presence of Sn cannot
be entirely out of the concerns about toxicity as to organism environment.? Instead of considering
other divalent cations to eliminate the toxic Pb**, recent works have demonstrated the substitution

of the two divalent Pb?*ions into one monovalent ion M* and another trivalent ion M"*, while



keeping the total number of valence electrons unchanged at the halogen sites. The structure reads
as A,M"*M"”**Xs, where A=Rb*, Cs*, CH;NH;*, M*=Na*, K*, M"**= Bi**, and X'=CI-, Br", reported
since back to the 1970s!713192021  Among these, experimental synthesis of Cs,AgBiCls and
Cs,AgBiBrg have been successfully demonstrated, using both solid state reaction or solution
processing methods.?2#324. Cs,AgBiCls and Cs,AgBiBrs appear as potential good candidates for
solar absorbers in PSC.?22* Despite the large band gap and indirect absorption, these materials
exhibit extraordinarily long radiative emission lifetime of hundreds of ns, high defect tolerance,
and higher stability of heat and moisture compared to conventional perovskites.?> In addition,
charge carrier effective masses of 0.14 m., close to those calculated for methylammonium lead
iodide (CH;NH;Pbl;), have been derived.** All properties make this class of materials an
interesting alternative for non-toxic PSCs. For Cs,AgBiBrg single crystal and thin film, theoretical
prediction and experimental work revealed band gaps of 1.83 eV and 2.19 eV?%, respectively.
However, their incorporation in PSC as active layer has so far been very limited, mainly due to the
challenge in the preparation of high quality and compact double perovskite thin films. Although
Cs,AgBiBrg perovskite meso-structure solar cells has been shown by Greul et al.?® with a PCE
close to 2.4%, this value was extracted from a device characteristic severely affected by a huge
hysteresis and s-shape, which casts some doubt on the real device performance. In addition, they
adopted a fast crystallization process which impedes the formation of a smooth and homogeneous
Cs,AgBiBrg layer. Micrometer-large grains and a thick agglomerated morphology are formed on
the capping layer, far from being the ideal morphology for a clean interface with the HTM in the
sandwiched PSC. In our work, we adopted a different strategy for the optimization of a facile and
highly reproducible deposition protocol to obtain a 200 nm thick homogeneous Cs,AgBiBrs

capping layer in the meso-structure solar cell architecture. Furthermore, we screened different



HTMs beyond the most used spiro-OMeTAD, to optimize the perovskite/HTM interface and
device parameters. As a result, we fabricated lead-free PSCs with no hysteresis in the device
characteristic, leading to a real PCE beyond 1% with high FF up to 0.7. This work establishes a
defined and robust protocol and sets the basic guidelines for an optimized growth of Cs,AgBiBrg
perovskite active layers, resulting in a device behavior free from hysteresis artefacts. We believe
that our approach will enable to surpass the current limits in the lead-free double perovskite

technology, opening the way for a near-future massive device optimization.

Double perovskite materials are known to crystallize in the elpasolite structure, a highly
symmetric face-centered cubic double-perovskite structure which can read as A,M*M"**X¢.?” This
structure consists of a network of corner-sharing octahedra, with Cs (for A) in the middle of the
cuboctahedral cavity while the centers of the octahedra are either occupied by Bi or Ag (for M and
M', respectively) with alternating in a rock-salt configuration, as shown in Figure la. The
Cs,AgBiBrefilm has been deposited by using spin coating deposition of solution 0.5M Cs,AgBiBrg
in dimethyl sulfoxide (DMSO) and annealing at high temperature. In more details, we first
monitored the film growth and crystal quality varying the annealing temperatures in the range of
250 °C and 280 °C for 5 minutes. Figure 1b reports the X-ray diffraction pattern (XRD) of the
double perovskite Cs,AgBiBrs deposited on mesoporous TiO, (m-TiO,)/FTO substrate. A main
peak at 31.8° is present, representative of the (400) reflection of the double perovskite Cs,AgBiBrs,
along with other main reflections (111, 200, 220, 311, 222, and 331). This pattern is evident for
all the temperature range used, providing a solid proof for the successful formation of a phase-
pure- double perovskite at temperature higher than 250 °C (see Supporting information Figure S1
for more details). Notably, no additional peak related to possible residuals of Cs;Bi,Bry or AgBr

have been observed. In addition to the high temperature, we also introduced few other control



parameters to drive the material crystallization, aiming to obtain a homogeneous film with high
crystal quality.” In particular, we adopted a second step in the deposition, known in the standard
perovskite as an anti-solvent dropping technique. In this case, we dropped chlorobenzene during
the film formation before the annealing step, aiming to obtain a compact and homogeneous layer
without any pinholes. Overall, our optimization protocols enable the realization of a 200 nm thick
Cs,AgBiBrefilm which shows a smooth and compact double perovskite layer with an average grain
size of around 80 nm, as shown from the top surface of the scanning electron microscope (SEM)
image in Figure 1d. This achievement represents a step forward in the optimization of the double
perovskite morphology, which have highly challenged the community in the last year, especially
relevant if compared to the state of the art showing a dishomogenous and disconnected island-like
morphology. 2 As the Cs,AgBiBrs film were optimized for photovoltaics, sufficiently thick
material is mandatory for efficiently harvest the light. In order to optimize the optical absorption,
i.e. the thickness of the film, we aimed at improving the infiltration of the double perovskite
solution in the mesoporous oxide nanoparticle scaffold, by modifying the m-TiO, surface. More in
details, we pre-treated the surface by UV-ozone for 15 min and by an additional TiCl, treatment.
This lead to a change in the surface properties of m-TiO, overall further improving the material
infiltration and crystallization, as shown by the SEM cross section image in Figure 1d. Improving
the material morphology is an essential step to reduce pinholes and paths for charge
recombination.? Overall, in our case the optimal combination of the mentioned modifications and
adjustments, such as UV-ozone and TiCl, treatment*® on TiO,, preheating solution at 75°C before
coating, anti-solvent dripping technique on spinning double perovskite layer,*! along with the
annealing at high temperatures, enabled the realization for the first time of a compact film of

Cs,AgBiBrg. Notably, the choice of the solvent used also impact on the results obtained, indeed,



the use of different concentration of DMF and DMSO can results in a dishomogenous morphology
(see Supporting information Figure S1c) and f)). The inclusion of the pre-heating step turned to be
also of fundamental relevance for thin film optimization (Supporting information Figure S1).
Figure 2 reports on the optical characterization of the Cs,AgBiBrs thin film in terms of optical
absorption and emission properties. Absorption spectra is reported in Figure 2a). From the Tauc
plot a step profile is observed, with a first onset at around 2.4eV.? In the inset, the Tauc plot
considering a direct band gap transition is also shown, giving a value for band gap of 2.20 eV,
similarly to what already observed for Cs,AgBiBr thin films.>*The retrieved band gap value is
consistent with what reported in literature, within a variation range due to the different deposition
approach used.? It is fair mentioning that, according to the Shockley—Queisser limit, a theoretical
maximum PCE of 16.4% can be targeted with a material having a Eg of 2.2 eV, thus showing huge
potential for working double perovskite based solar cells.? The Cs,AgBiBrs emission results weak,
as a consequence of the indirect band gap nature of the material. PL spectrum is reported in Fig
2b), peaking at 2.1eV. To assess the fate of photogenerated carriers measured the time-resolved
PL decay, shown in Figure 2c¢, monitored at the emission peak. The PL intensity shows a fast initial
drop (fitted with T, = 5ns), followed by a slower one (T, = 282ns), similarly to what observed for
double perovskite thin films.> Notably, while the fast decay is associated to trap and/or surface-
state emission, which, given the weak PL signal, in this case dominates. On the other side, the
longer-lifetime processes may originate from fundamental charge recombination, in agreements
with the long carrier lifetime extracted in Cs,AgBiBrs single crystals, much longer, in this case

with respect to standard methylammonium lead iodide based perovskites.?

We fabricated solar devices where the perovskite is sandwiched between the 22'.)7,7"-

tetrakis(N ,N-dipmethoxyphenylamine)-9.,9 ' -spirobifluorene (spiro-OMeTAD) hole-transporting



material and the mesoscopic TiO, scaffold (m-TiO,) electron transporter in a standard mesoporous
architecture. As known from literature®® and represented in Figure 3a, the energy level diagram in
shows that the conduction band (CB) of the Cs,AgBiBr, is well aligned with the CB of the electron
transporting mesoporous TiO,. Aiming to improve the device performances we explored a series
of different molecular and polymeric HTM having slightly different HOMO-LUMO values, as an
energy diagram shown in Figure 3a. In addition to spiro-OMeTAD, typically used for lead
perovskite  solar cells, we considered the PTAA  (Poly[bis(4-phenyl)(2.4.,6-
trimethylphenyl)amine]) and the PCPDTBT (Poly[2,1,3-benzothiadiazole-4,7-diyl[4,4-bis(2-
ethylhexyl)-4H-cyclopenta[2,1-b:3 4-b']dithiophene-2,6-diyl]]), used in PSCs literature as
polymeric HTMs 3233

The current—voltage (J—V) characteristics of the solar cells under simulated air mass 1.5 global
standard sunlight (AM1.5G) are reported in Figure 3b and the device parameters summarized in
Table 1. The best solar cell performances resulted from using PTAA as HTM. Short circuit current
(Jsc) of 1.84 mA/cm?and open circuit voltage (Voc) of 1.02 V are obtained, see Table 1. The spiro-
OMeTAD based solar cells shows reasonable Jsc, and Voc of around 0.64V (0.8V in the best case,
see device data and statistics in Tables S1, S2). It is interesting to notice the high Voc value
obtained despite the similarities in the HOMO level between spiro-OMeTAD, PCPDTBT and
PTAA, actually a little higher for the latest.3* It is fair to mention that despite the interface energy
level alignment represents a useful rule of thumbs for screening the best HTM and evaluating the
device Voc, a direct link between HTM energy levels and device V¢ cannot be univocally derived.
This is because device Voc can be affected by multiple parameters which simultaneously come
into play. Interfacial energy level mismatch, any possible internal electric field established by the

difference in the work functions of the interfacial layers, interface charge accumulation, bulk



charge recombination can all affect, parameters which are highly sensitive to the perovskite crystal
quality and film morphology. *3¢ We do not aim to address all the possible parameters and
processes affecting the Voc, which would extend beyond the scope of our work. However, we
could notice that the optimization process of perovskite films itself, modifying the perovskite
crystal quality, grain boundaries and film homogeneity, strongly influences the Voc (see Figure S1
and S2). For instance, as shown in Figure S5, when we prepared a device using the perovskite film
without the anti-solvent dropping step but keeping PTAA as HTM, we see a remarkable drop in

the device Voc, despite the same interfacial energy level alignment and device architecture.

The incident photon to current conversion efficiency (IPCE) spectrum (Supporting information
Figure S4) shows a band edge at ~ 525 nm which is in agreement with absorption edge in Figure
2a. On the other side, PCPDTBT based solar cells show reduced voltage as well as reduced
photocurrent. This can come from the lower band gap of PCPDTBT, and lower LUMO level,
which can decrease the charge transfer selectivity. Overall, this suggests that not only the interface
energetics, but also the interface quality and photoinduced processes, such as charge
recombination, are utmost to optimize the device performances. Device results are confirmed on a
statistics of around 40 devices, as shown in the Supporting Information, Figure S3. An important
characteristic that must be evaluated when measuring perovskite solar cells is the shape of the J-V
curve measured at different scanning voltage direction. Indeed, for lead based perovskite, as well
as for previously reported Cs,AgBiBrs based solar cells? a significant difference has been
observed, indicative of a hysteresis behavior. Despite the exact reasons behind that is still subject
of ongoing debate, it is general consensus that effects such as light induced ion movement, “photo-
instability”, or structural deformations can overall contribute to the anomalous hysteresis

behavior.?%34% Even for Cs,AgBiBrs this has been previously assigned to ion and defect



movement in the device, despite the totally different material structure and composition.?® Figure
4 shows the J-V hysteresis for our devices using PTAA as HTM. Notably, our device shows a
hysteresis free behavior, reporting nearly identical values for the device parameters extracted in
back and forward configurations. This contrasts to what reported in literature so far by Greul et al.
reporting a tremendous hysteresis due to migration of the halide anions and trapping/de-trapping
of charge carriers.?® We observe a different behavior: in our case, as shown in Figure 4, no
difference in carrier collection during the forward and reverse scan is observed, leading, for the
first time, to the observation of a hysteresis free device behavior in lead-free double perovskite
solar cells. We ascribe this to an ideal, and compact film structure and morphology we obtained,
which can reduce the material structural stability. Further work is ongoing to clarify this point to

gain a deeper insights on the ion movement and interface charge accumulation dynamics.

In conclusion, we report for the first time the investigation on interface of lead-free double
perovskite Cs,AgBiBrs using a new deposition approach following a multi-step optimization
protocol. This enabled the realization of compact thin film of Cs,AgBiBrs double perovskite with
an optimal infiltration into the m-TiO, oxide scaffold. When embodied in solar cells, different
contact polymers as HTM have been considered. PTAA has been here adopted reaching maximal
power conversion efficiency up to 1.26% and showing for the first time no device hysteresis. We
believe that our method describes a robust and easy optimization approach of double perovskite
thin films, paramount for hysteresis free lead free based solar cells. This will pave the way for
further material and device investigations, providing clear direction for the massive exploration of
lead-free perovskites solar cells, a viable alternative for non-toxic perovskite near-future

commercialization.
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Supporting Information

The supporting Information is available free of charge on the ACS Publications website at DOI:

XXXX

Additional data and figures and a detailed description of the experimental methods used are

reported.
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Figure 1. a) Cartoon of the Crystal structure of lead-free Cs,AgBiBr, double perovskite. b) X-Ray
diffraction (XRD) pattern of Cs,AgBiBrs thin films deposited on mesoporous TiO, substrate at
different annealing temperatures as indicated in the legend. ¢) Sketch of the device architecture
used consisting of the double perovskite infiltrated in the mesoporous TiO, substrate and
sandwiched, on top, with an organic HTM and gold top electrode. d) Scanning Electron
Microscope (SEM) top view of the double perovskite layer obtained upon spin coating at room

temperature using the anti-solvent treatment with chlorobenzene, €) SEM cross-section of the
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FTO/c-TiO,/m-TiO,/double perovskite sample, upon annealing at 280 °C. Scalebar shown in the

figure.
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Figure 2. a) Absorption spectrum plotted in the form of Tauc plot, for an indirect bandgap, of the
Cs,AgBiBrg thin film deposited on glass (black). In inset, the Tauc plot for a direct bandgap with
the dashed red line representing the linear fit for the band edge estimation. b) Photoluminescence
(PL) spectra of the Cs,AgBiBry thin film. c¢) PL decay monitored at 2.1 eV. The decay is fitted

using a bi-exponential function, resulting in fitted time constants of t; = 5Sns and t,= 282ns (red).
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Figure 3. a) scheme of corresponding energy level diagram with the following energy values; FTO

(-4.4eV), TiOy(-4.0eV), Cs,AgBiBrgs (HOMO; -5.9eV and LUMO; -3.8eV), spiro-OMeTAD (-
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5.2eV,-2.2eV),PTAA (-5.1eV,-1.8eV), PCPDTBT (-5.3eV, -3.55¢V) and Au (-5.1 ¢V), b) J-V

curves for best performance solar cells using different HTMs
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Figure 4. Current — Voltage (J-V) curves of forward and reverse scan showing no hysteresis.

Device parameters are reported in the inset.

Table 1. Photovoltaic parameters of devices based on the different HTMs; Short —circuit current
density (Jsc), Open-Circuit Voltage (Voc), Fill Factor (FF) and Power Conversion Efficiency
(PCE). Notably, device statistics has been conducted on 44 devices (spiro-OMeTAD), 27 devices
(PTAA), 6 devices (PCPDTBT), see Supporting information for more details.

Jsc Voc FF PCE
HTM (mA/cm?) | (V) (%)

PCPDTBT 1.67 071 057 |068
spiro-OMeTAD 245 0.64 057 090
PTAA 184 1.02 067 | 126
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