This is an open access article published under a Creative Commons Attribution (CC-BY)
License, which permits unrestricted use, distribution and reproduction in any medium,
provided the author and source are cited.

J]OURNAL OF THE AMERICAN CHEMICAL SOCIETY

2

ACS
AUTHORCHOICE

pubs.acs.org/JACS

Implicit Tandem Organic—Inorganic Hybrid Perovskite Solar Cells

Based on Internal Dye Sensitization:

Robotized Screening, Synthesis,

Device Implementation, and Theoretical Insights

Allan Starkholm, Lars Kloo, and Per H. Svensson*

Cite This: J. Am. Chem. Soc. 2020, 142, 18437-18448

I: I Read Online

ACCESS |

[l Metrics & More |

Article Recommendations ‘

@ Supporting Information

ABSTRACT: Low-dimensional hybrid perovskite materials offer
significantly improved stability as well as an extensive composi-
tional space to explore. However, they suffer from poor
photovoltaic performance as compared to the 3D perovskite
materials because of poor charge-transport properties. Herein, we
present the concept of internal dye-sensitized hybrid perovskite
compounds involving five novel low-dimensional perovskite-type
materials 1—$ incorporating triarylmethane, phenazinium and
near-infrared (NIR) cyanine cationic dyes, respectively. The
synthesis characterization and theoretical analysis of these
compounds are presented. Theoretical calculations provide
interesting insights into the effects of these dyes on the band
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structure of the low-dimensional anionic metal-halides and especially highlight compound 1 as a promising photovoltaic candidate.
Solar cell investigation of devices based on 1 were conducted. The results show an average power conversion efficiency (PCE) of
about 0.1%, which is among the highest reported for a 1D material despite the use of undoped Spiro-OMeTAD as the hole-transport
material (HTM). Incident photon-to-electron efficiency (IPCE) spectra confirm the contribution of the dye to the overall
photocurrent of the solar cell. Moreover, examination of solar cell devices based on the bismuth-based compound $ resulted in PCEs

in the range of 0.1%. This illustrates the potential of this concept

to be exploited for lead-free photovoltaics. Finally automated

robotized screening of low-dimensional hybrid perovskite materials through the screening robot PROTEUS has emerged as a
powerful tool in the search for novel perovskite-like materials. Our work highlights that the use of cationic dyes could induce
interesting sensitizing properties to low-dimensional metal-halide chains and may therefore provide inspiration and new design

strategies for the synthesis of new lead-free photovoltaic materials

B INTRODUCTION

The past decade has witnessed an intense progress of
perovskite solar cells (PSCs), since the very first report of
the methylammonium lead triiodide (MAPbI,) perovskite in a
dye-sensitized solar cell (DSSC)." In a matter of a few years,
the power conversion efficiency (PCE) of the 3D perovskite
materials was boosted to above 25% for a single junction cell”
and is, as of today, a rich and research-intense field. The hype
of the perovskite materials can be traced to its many attractive
features, such as eflicient light absorption, spectral tunability,
high conductivity, ease of fabrication, and potential low
production cost.”>> Despite the promising results for solar
cell applications, there are some aspects retarding large-scale
commercialization of perovskite solar cells. These include the
intrinsic instability with respect to moist air and the toxicity of
lead raising concerns over potential environmental hazards.”’
Consequently, much of the ongoing research today is focused
on addressing these challenges. Common approaches to the
toxicity issue include partial or complete substitution of lead
for tin or bismuth.® Substitution of lead for tin results in a 3D
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perovskite structure with smaller bandgaps but with poor
stability as a major setback because of the facile oxidation of
Sn(II) to Sn(IV).**'° Bismuth represents a promising
alternative to lead, but the bismuth-based perovskite materials
suffer from lower PCEs.'' In recent years, the perovskite
materials field has seen a development of various 2D/3D
Ruddlesden—Popper perovskite-based devices representing
more stable options to the traditional MAPbI;-based PSCs
with PCEs reaching levels of the latter ones.'? In addition, low-
dimensional hybrid perovskite materials are becoming
increasingly interesting prospects for photovoltaics because of
a vast compositional and structural space with the possibility to
incorporate functional organic cations.'*'* Numerous 2D, 1D,
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and 0D hybrid perovskite materials have been synthesized and
reported in the literature.”” Although many of them exhibit
interesting properties for photovoltaics, they typically perform
poorly as active layers in solar cells as compared to the 3D
perovskite materials. This is mainly attributed to the reduced
electronic dimensionality in low-dimensional materials,
because the semiconducting inorganic network is not
structurally connected in all three dimensions in contrast to
MAPDL,."® Therefore, they suffer from poor charge-transport
properties and larger electronic bandgaps. Efforts to solve these
issues are made within the perovskite materials community,
and some strategies include surface engineering, doping, and
incorporation of semiconducting cations.

In our group, we are interested in low-dimensional hybrid
perovskite materials and aim to resolve the issues associated
with these materials. Previously, we have reported on hybrid
perovskite compounds incorporating polyiodide entities as
linking units between the inorganic slabs as one strategy to
enable a 3D electronic path for photoexcited electrons.'® The
reported polyiodide systems all show small bandgaps with the
polyiodide orbitals overlapping with those of the inorganic
metal-halide sheets. A different, but related, approach of
resolving the charge-transfer issues is to incorporate functional
cations into perovskite-like structures.'” Some different
strategies have been investigated and reported by different
research groups. Functional cations, such as tetrathiafulvalene,
oligothiophenes, pyrenes, viologens, and naphthalenediimides
are examples that can be found in literature.'”~** Moreover,
attempts to form charge-transfer complexes between 1D
anionic iodoplumbate chains was recently reported with
promising light-harvesting properties.”® One additional possi-
bility is to include dyes as the cationic species in the perovskite
materials. Reports on hybrid perovskites containing light-
absorbing cations are scarce.07*#?52728 However, those that
exist indicate promising properties for photovoltaic applica-
tions, such as NIR absorption to name one of particular
interest.”” In this work, we will investigate dye-containing
hybrid perovskite materials experimentally and theoretically
aiming for solar cell applications. Cationic dyes offer a
possibility to incorporate organic dyes into a perovskite-like
structure with the potential to select and align a comple-
mentary light absorption range to the low-dimensional
inorganic perovskite network, which typically absorbs light
between 400 and 450 nm. Consequently, it is particularly
interesting to incorporate cations that absorb light at longer
wavelengths of the visible-light spectrum and as such form an
implicit tandem perovskite material in which the dye sensitizes
the inorganic host network. The solar radiation spectrum also
reveals that there is a considerable amount of energy in the
infrared (IR), as well as the NIR region, that can be harvested.
Hence, cationic dyes absorbing NIR light qualify as promising
candidates for light harvesting in photonic devices.”” In
addition, as the compositional space for low-dimensional
organic—inorganic hybrid perovskite materials is vast, the need
for fast screening and synthesis of candidate materials is crucial
to find suitable photovoltaic materials candidates in a
reasonably short time. Robotized screening thus becomes a
powerful tool for this purpose. In this work, we present the
results of an initial robotized screening approach and report
five new low-dimensional hybrid perovskite materials internally
sensitized with cationic dyes Victoria Blue B (VBB),
phenosafranine (PS), and 3,3'-diethylthiatricarbocyanine
(DTTC) (Figure 1). The robotized screening approach
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Figure 1. Three cations used in this work, VBB (left), PS (middle),
and DTTC (right).

utilizing the PROTEUS robot aims to screen for compositional
“islands” of interest, in terms of the formation of new
perovskite-like compounds, in the multidimensional and vast
compositional space available. The initial screening represents
the first step in the process to identify new compounds, after
which optimized synthesis and subsequent characterization is
performed in the more limited compositional regions
(“islands”) indicated by the screening (more information
regarding the robotized screening is given under the
Experimental Section and in the Supporting Information).
Furthermore, we have investigated the novel compounds
theoretically and experimentally as solar cell materials. The
dyes chosen exhibit absorption ranges from the red- to the blue
invoking also the NIR spectrum. The new compounds show
interesting and promising properties as active layers in
perovskite-type solar cells.

B RESULTS AND DISCUSSION

Robotized Screening. The perovskite family of com-
pounds constitutes a wide variety of structural types closely
related to the archetypical corner-shared 3D structure. Despite
the rapid development of the perovskite field, the emergence of
new and efficient alternatives is slow. High-throughput
screening (HTS) using automated robotized screening may
therefore become an important tool to accelerate the
identification of new perovskite materials for optoelectronic
applications. Attempts of HTS for perovskites have recently
been made, although in small scale and only partially
automated.’”*" Specifically, in this work, HTS of low-
dimensional perovskite-type materials utilizing cationic dyes
as “internal sensitizers” for the inorganic perovskite framework
has been applied to identify new candidate materials for solar
cell application. The PROTEUS robot is designed to
intelligently explore the chemical space in the solid-state
utilizing a unique combination of liquid dispensing robots, as
well as analytical and monitoring equipment, such as turbidity,
polarized light intensity (PLI), Raman spectroscopy, and X-ray
powder diffraction (XRPD). The target for our screening was
to rapidly identify novel crystalline dye-perovskite compounds
that would emerge from mixing cationic dye salts with metal
halides. Once what compositional combinations to screen is
defined, stock solutions of the compounds are prepared in
suitable solvents and at relevant concentrations. In this work,
cationic dye salts were prepared in DMF in a concentration
range of 0.1—0.3 M. The screening library of cationic dyes
were chosen based on structural type, light absorption range,
and commercial availability. Five metal halides (Pbl,, Snl,,
Bil;, Sbl;, and Znl,) were used in the screening and prepared
separately as stock solutions in DMF. Subsequently, the stock
solutions were submitted and fed into the robotic system
through a computer-controlled system.

Experimental parameters, such as stoichiometry, temper-
ature and crystallization method can be selected and executed
through the computer interface to the robotic system. The
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software calculates the amounts required of each component,
and the robot will automatically dispense the correct volumes
in the liquid handling stations once the screening experiments
have been initiated. The reactions in this work were all
performed at room temperature, and the screening experi-
ments were designed to mix the cationic dyes with the metal
halides in a 1:1, 2:1, and 1:2 stoichiometric ratio. Whether
formation of a crystalline precipitation has occurred is
determined through the analytical chains defined and
monitored using the analytical tools mentioned above. Initial
precipitation is detected through turbidity measurements by
sensors in the thermal blocks, where the reaction vessels are
placed. The formation of crystalline materials is subsequently
checked through PLI measurements. If the sample is identified
as crystalline, it continues further through the analytical
sequence involving Raman spectroscopy and XRPD. In this
step, it can be determined whether the crystalline sample
represents a previously unknown phase or not. If no
precipitation can be verified, the robot continues with next
step in the experiment flowchart. Different crystallization
techniques can be applied, involving antisolvent addition,
evaporation, controlled cooling, or slurry reaction. For the
purpose of this work, the antisolvent addition approach was
selected as the most suitable method for rapid screening and
identification of candidate materials and was therefore applied.
After crystalline materials were identified, the robotic cycle
ends by sampling specified volumes of the reaction suspension
into a 96-well plate for further crystal growth. Pictures of the
well-plate positions are taken subsequently with a polarized
light microscope. Five novel and interesting compounds were
identified, and optimized bulk synthesis and single-crystal
growth were performed “manually” for further characterization
and solar cell evaluation following the compositional space
identified by the robotic screening. The following section
describes the identified compounds and the respective crystal
structures.

Crystal Structures. Slow diffusion of diethyl ether into a
DMF-solution containing VBB chloride, Pbl,, and Nal yielded
dark needlelike crystals of 1 that crystallize in the monoclinic
space group P2,/n (No. 14), with corresponding CCDC
number 2003729. Compound 1 is a 1D hybrid perovskite
material consisting of face-sharing [Pbl;],” chains running
along the crystallographic b-axis with VBB cations and
dimethylformamide (DMF) molecules residing in the voids
between the inorganic chains (Figure 2). The VBB cations
exhibit a stacking along the b-axis, in parallel and between the
iodoplumbate chains (Figure 2). Short-distance, edge-to-face,
as well as displaced aromatic interactions are observed in the
extensive stacking of the iminium cations. The iodoplumbate
chains are connected on either side of the VBB cation through
C—H---1 contacts. The DMF solvent molecules act to stabilize
the crystal lattice through N—H---O hydrogen bonding with
the primary ammonium moiety, combined with short C—H
contacts to the iodoplumbate chains. Compound 2 crystallizes
in the monoclinic space group P2,/n (No. 14) as a 1D hybrid
perovskite structure consisting of face-sharing [Pbl,],” anionic
chains together with PS cations and dimethyl sulfoxide
(DMSO) molecules (Figure 3). The crystal structure is of
poor quality and should be considered a model structure with
the main purpose as platform for band structure calculations.
The CIF file can be found in the Supporting Information. A
close inspection of the structure reveals pairwise T-shaped 7-
stacking patterns of the neutral aromatic backbone nitrogen

Figure 2. Crystal structure of compound 1 along the crystallographic
b-axis (upper) and a 2 X 2 x 1 supercell showing the packing of the
cations and the extension of the iodoplumbate chains (lower).
Hydrogen atoms are omitted for clarity.
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Figure 3. Model of the crystal structure of compound 2 with the unit
cell shown along the crystallographic a-axis (upper) and the c-axis
(lower). Hydrogen atoms are omitted for clarity.

atoms with the aromatic side groups of a second cation with a
corresponding C—H---N contact of 2.59 A. The third cation
along the stacking direction exhibits longer N—H---C contacts
with the second PS cation without any signs of z—x
interaction. Instead, it forms the T-shaped aromatic interaction
with the next cation. The cations hence form a network with
pairwise 7—7 stacking motifs along the crystallographic a-axis.
The outer amino groups of the cation backbone form
hydrogen bonds with the oxygen atoms of the DMSO
molecules and with the iodides of the iodoplumbate network,
respectively. In addition, the cations stack along the ag-axis,
running in parallel with the polymeric iodoplumbate chains.
Slow evaporation of a DMF solution containing DTTC iodide
and Bil; in a 2:1 ratio yielded crystals of 3 after 2 weeks.
Compound 3 (CCDC: 2003730) crystallizes in the triclinic
space group P1 as a DMF solvate. It represents a lead-free
analogue in the perovskite family of compounds and consists of
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binuclear [Bi)ly]*” anions and DTTC cations forming a
complex extended structure (Figure 4). The cations are

L’ _— 1
0 “V .

Figure 4. Unit cell of compound 3 along the c-axis (upper). The
arrangement of the DTTC cations is shown below. Hydrogens are
omitted for clarity.

stacked through secondary interactions mediated by the
strongly delocalized 7-electrons over the conjugated cyanine
backbone, resulting in strong dipole coupling of the cations.
The packing of the cyanine cations takes the form as a
combination of alternating face-to-face and face-to-end
stacking sheets (Figure 4). The face-to-face and face-to-end
couplings display short C—C contacts within the range of
typical aromatic 7—n interactions. The antisolvent diffusion
method was used to grow dark, platelike crystals of 4 from a
DMF solution of DTTC iodide, Pbl,, and Nal. The crystal
structure of 4 is of poor quality and should, just as 2,
consequently be regarded as a model structure used as input
for the band structure calculations.

Compound 4 crystallizes in the monoclinic space group P2,/
¢ and contains face-sharing [Pb,ls],>” chains and DTTC
cations (Figure S). The cations form an extensive stacking
network consisting of primarily face-to-end stacks, forming two
sets of stacks running in separate directions but interacting
through C—H contacts. Secondary interactions link the
polymethine chains, with the aromatic rings via intermolecular
C---C contacts ranging from 3.2 to 3.4 A combined with
aromatic 7—7 interactions at 3.38 A, giving rise to an extended
staircase stacking (Figure S), referred to as J—a§gregation. This
is commonly found among cyanine dyes.”” Furthermore,
coupling of the cations with the apical iodides of the anionic
chains occur through C—H---I contacts of 3.01, 3.07, and 3.13
A

Crystals of 5 grew after two months from a saturated DMF-
solution of VBB chloride, Bil;, and Nal. It crystallizes in the
triclinic space group P1 as a DMF-solvate containing VBB
cations and square pyramidal mononuclear Bil>~ anions, as
depicted in Figure 6. The crystal structure should be regarded
as a model structure, because the crystal data are of rather poor
quality. The packing of the aromatic VBB cations differs from
that in compound 1, as it is dominated by aliphatic CH—=
interactions and distorted edge-to-face (T-shaped) interactions
with distances in the range of 2.7—2.9 A. The DMF molecules

Figure S. Model of the crystal structure of 4 along the a-axis (upper)
and the staircase arrangement of the cations (lower). Hydrogens are
omitted for clarity.

Figure 6. Model of the crystal structure of compound S along the
crystallographic a-axis (upper) and along the c-axis (lower).

form hydrogen bonds to NH groups of the VBB cations and
connect these with the Bil*” anions through multiple C—H
contacts. In addition, the crystal structure reveals an anion—n
interaction at about 2.96 A between the pentaiodobismuthate
and one of the phenyl rings in the triarylmethane backbone of
the VBB cation.

For reference, the crystal structure of the iodide salt of VBB
was determined, denoted 6 (CCDC: 2003731), and can be
regarded as an organic iodide salt structure with a band gap
(molecular HOMO-LUMO gap) of about 1.62 eV.
Equivalently, the calculated bandgap (molecular HOMO-
LUMO gap) of the previously reported iodide salt of DTTC is
1.85 eV.

Band Structure Calculations. Band structure calculations
were performed for compounds 1, 2, 3, 4, and S on the basis of
the crystal structures determined. It is considered that the
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Figure 7. Density of electronic states (DOS) of compound (a) 1, (b) 2, (c) 3, (d) 4, and (e) 5. (f) Comparison of the VB and CB levels of the
inorganic chains vs the VB and CB levels of the cationic dyes in 1, 2, 3, 4, and 5. The energy levels between the compounds are relative to each

other.

model structures of 2, 4, and § are sufficiently well described to
constitute a platform for understanding the interaction
between the dye cations and the metal—iodide backbone in
the structures and thus contribute to our understanding of the
concept of internal dye sensitization. To facilitate the following
discussions regarding the band structures, we define the
HOMO-LUMO energy levels as the highest occupied and
lowest occupied energy bands (levels) belonging to the dye
cations, and the valence band (VB) and conduction band (CB)
refer to the inorganic iodometallate framework. To display how
the energy levels of the HOMO and the LUMO of the
incorporated dyes interact with the VB and CB of the
iodometallate host, we used both band structures (Figure SS)
and density of states (DOS) to illustrate to what extent the
molecular orbitals of the compound building blocks contribute
to the bands of primary interest, i.e., those close to the top of
the VB and the bottom of the CB of the inorganic host
structure.

For eflicient charge transfer from the dye to the inorganic
framework upon photoexcitation, the LUMO energy level of
the dye cation needs to be more positive than the CB of the
iodometallate host (the electron vacuum energy level will be
used for energy level comparisons throughout this work). This
would make electron injection from the dye LUMO to the host
CB feasible and, consequently, the synergy of incorporating
complementary light absorption into the low-dimensional
perovskite network can be exploited.

The band structure of compound 1 reveals a band gap of
approximately 1.74 eV. In the electronic DOS it can be
observed that the HOMO and LUMO energy levels of the
VBB cation are at the same energy levels as the VB and CB of
the inorganic perovskite-type network. It is further noted that
the dye HOMO—LUMO are well dispersed and integrated
with the orbitals constituting the VB and CB of the [PbL;],~
chains (Figure 7a). Inspection of the molecular orbitals shows
a contribution of all parts of the compound, the dye cation, the
lead- and iodine-orbitals to the bands around the band gap

18441

(Figure 7a). This level of orbital mixing indicates a potential
for charge transfer between, or delocalization of, the electrons
in the VBB cation and the anionic network.

Analysis of the band structure and DOS of the
phenosafranine hybrid perovskite 2 reveals an indirect
electronic transition from the VB, primarily dominated by I”
orbitals, to the dye LUMO (Figure 7b). The bandgap of this
transition was calculated to 1.88 eV. Furthermore, the position
of the LUMO energy level of the PS cationic molecule is
approximately in the middle of the VB-CB bandgap of the
iodoplumbate system. There are additional empty orbital
bands belonging to the PS molecules between the LUMO of
the dye and the CB of the iodoplumbate network. The distinct
LUMO level of the PS cations and the lack of dispersion in the
vicinity of the CB of the inorganic perovskite-like structure
may originate from the absence of a continuous 7—7 stacking
of the PS cations along their packing direction. As a
consequence, the PS cation in 2 is expected to be a poor
sensitizer for the inorganic host network.

Looking at the DOS of the lead-free hybrid perovskite
material, 3 (Figure 7c), one can note a resemblance to the
DOS of compound 2. However, some clear differences can also
be discerned. The HOMO level of the DTTC molecules can
be found just below the Fermi level, whereas the VB of the
dimeric bismuth anion is slightly more negative than the
HOMO level of the dye. The closest empty orbital band
belongs to the DTTC cations, and consequently, the bandgap
in this material rather corresponds to a HOMO-LUMO
transition of the dye. The calculated bandgap for this transition
is 148 eV. In close proximity to the LUMO of the DTTC
there are additional empty orbital bands as well as around —0.5
eV, corresponding to the CB of the inorganic host. Around the
CB of the inorganic entity there are well dispersed bands
corresponding to the dye molecules, potentially suggesting a
higher probability that electron injection from the dye could
take place. The compounds 2 and 3 are quite analogous with
the difference that the dye in 3 possesses “LUMO bands” close
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in energy level, which could be more beneficial for solar cell
applications. A possible explanation for the formation of these
distinct gaps in the middle of the inorganic VB-CB bandgap in
3 can be found in the stacking of the DTTC cations. We note
the formation of a mixture of J-aggregate and H-aggregate type
of stacking in 3 with solvent molecules interacting and thereby
linking different stacks as well. J-aggregation generally results in
red-shifted molecular energy levels, whereas H-aggregation
typically causes a blue-shift.”

For the 1D hybrid perovskite compound 4, the band
structure and DOS (Figure 7d) resemble those for 3 but with
some differences. Unlike 3, the bandgap in 4 corresponds to a
transition from the VB of the inorganic entity, dominated by
iodine orbitals, to the LUMO of the DTTC cation. This
bandgap was calculated to 0.99 eV. At slightly more negative
energy levels, one can find the major part of the VB with a
predominant contribution from the dye HOMO and iodine
orbitals and the excitation from this level to the dye LUMO is
about 1.5 eV. At more positive energy levels than the dye
LUMO, there are also empty cation dye bands that are well
dispersed around the CB of the iodoplumbate. In 4, the
extensive stacking of the aromatic molecules is exclusively of J-
aggregate type, where two different sets of stacking patterns
overlap. We speculate that this causes a more dispersive nature
of the empty orbital bands belonging to the dye at around the
energy levels of the material CB.

Examination of the band structure as well as the DOS
(Figure 7e) of the lead-free compound S provides interesting
insights into the electronic transitions. The band structure
calculations result in a direct bandgap of 1.94 eV. In contrast to
the fully dispersed cationic and anionic bands in 1, compound
5 displays more separated bands above the Fermi level. The
lowest energy excitation occurs from the material VB, which is
well dispersed with the VBB HOMO level, to the dye LUMO
located at approximately —3.1 eV.

The top of the VB is mainly dominated by iodine orbitals
and, at slightly more negative energy levels, both iodine
orbitals and the dye HOMO contribute. The CB of the
mononuclear pentaiodobismuthate complex is located at
around —1.75 eV.

Moreover, there are other possible scenarios that could
occur by incorporating a dye within a perovskite framework. In
a perovskite-type of solar cell, the light-absorbing material is
typically sandwiched between an electron-transport material
(ETM) and an HTM in order to reduce recombination losses
and boost the overall conversion efliciency. For electron
injection to proceed from the perovskite to the ETM in such a
device, the CB of the perovskite material needs to be more
positive than that of the ETM. For a low-dimensional hybrid
perovskite containing a sensitizing dye, a case where the
LUMO of the cationic dye is more positive than the CB of the
ETM could exist as well. This, in fact, would mimic the
function in pure dye-sensitized solar cells, where the dye
typically is designed to inject into a suitable ETM (most
commonly, TiO,).*> This would indicate a possibility of a
photoexcited electron to be injected directly from the dye
LUMO into the CB of the ETM, completely bypassing the
perovskite-type host in 1—5. To investigate if such a
phenomenon contributes significantly to the observed photo-
current in the resulting solar cell devices, reference experiments
examining the effect of the organic dye salt VBB iodide were
also included in the subsequent section on solar cell
performance. In addition, screening of different ETMs would

be desirable to study this phenomenon in depth, because the
effect of the different energy levels on this process may differ
significantly. In general, low-dimensional hybrid perovskite
materials display wider bandgaps than the standard 3D ones,'”
and hence the use of an ETM with a more negative CB, such as
tin(IV) oxide, Sn0O,, could be of interest for sake of
comparison. To summarize, the band structures and DOS of
the five new compounds reveal interesting features of internal
dye-sensitization of low-dimensional hybrid perovskite materi-
als. All five are different in the sense that the relative dye
HOMO-LUMO levels within the iodometallate slabs are
different, and the degrees of dispersion differ significantly as
well. Compound 1, in particular, exhibits a remarkably small
bandgap for a 1D structure with respect to the polymeric
iodoplumbate anions, where the VBB cation seems to induce a
narrowing of the bands in the electronic band structure. The
relative HOMO/VB and LUMO/CB energy levels of the
cationic dyes and the iodometallates in the five compounds are
illustrated in Figure 7f. In conclusion, compound 1 possesses
interesting properties as an active layer component for solar
cell devices. Careful choice of the various solar device
components will be vital to properly align the energy levels
of dye-sensitized hybrid perovskite materials to reduce losses
because of recombination. The positive results obtained may
stimulate further exploration of this novel class of compounds.

Optoelectronic Properties. The optical bandgap of
compound 1 was determined by means of diffuse reflectance
spectroscopy of a crystalline powder gently pressed onto a
surface.

Subsequent transformation of the reflectance data applying
the Kubelka—Munk function®® yields an indirect bandgap of
1.44 eV (Figure 8a), alternatively 1.55 eV for a direct bandgap

a) b)
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Figure 8. (a) Kubelka—Munk plot for an indirect transition. (b)
Kubelka—Munk plot based on a direct transition.

transformation (Figure 8b). It is difficult to clearly assign
whether the transition is a direct or an indirect one by
examining the Kubelka—Munk functions in Figure 8, as both
models yield reasonable results. The band structure of 1,
however, suggests that the electronic transition might be better
assigned as an indirect bandgap. Equivalent reflectance
measurements of the dye chloride salt results in an indirect
bandgap of 1.36 eV, or alternatively, a direct bandgap of 1.52
eV. The experimentally determined bandgap of 1 matches the
theoretically calculated value of 1.74 eV well, considering
typical systematic errors in theoretically estimated bandgaps. It
should, however, be kept in mind that the experimental value
obtained from the Kubelka—Munk transformation is approx-
imative. To complement the reflectance measurements, we
performed absorbance measurements of thin films of 1 (Figure
9b). Absorption is occurring at both shorter and longer
wavelengths, between 350 and 400 nm and a broad absorption
between 500 and 700 nm with an absorption peak at
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Figure 9. (a) IV curve of the champion device of 1 (dotted line) and the control device of the cationic dye salt, VBB chloride (dashed line). (b)
IPCE and APCE spectra of a typical device of 1 and the inset illustrates the normalized absorbance of a thin film of 1.

approximately 595 nm, in line with previously reported
absorption spectra of the dye molecule.”> The short-wave-
length absorption features can be ascribed to a combination of
the anionic [Pbl;],” chain contribution and a 7— 7* transition
of the aromatic parts in the cation.’®*” In summary, the
obtained results for compound 1 clearly indicate suitably for
solar energy harvesting. The Kubelka—Munk absorption
spectra of 2 (Figure S4) exhibit an absorption range of 350—
600 nm. Extrapolation results in an estimated bandgap of 1.90
eV, consistent with the red color of 2. Examining the Kubelka—
Munk plot of 3 (Figure S4), one can note a wide absorption
range, extending into the NIR region with an indirect bandgap
of approximately 1.25 eV. Equivalent reflectance measurements
of 4 (Figure S4) yield similar results as 3, an absorption
stretching well into the NIR region with a bandgap around
1.30 eV. In contrast to 3, compound 4 lacks significant
absorption in the region between 470 and 620 nm (2—2.6 eV).
In 3, the iodobismuthate anion absorbs strongly in this region
whereas the iodoplumbate absorbs light at shorter wavelengths.
The Kubelka—Munk plots of compound $ are displayed in
Figure S4 and yield an indirect bandgap of 1.52 eV and a direct
bandgap of 1.63 eV, which are in good agreement with the
theoretically calculated values. In conclusion, all five
compounds exhibit promising optoelectronic properties as
potential light-harvesting materials for solar cell applications.
Solar Cell Application. The above compounds were
investigated in a perovskite type of solar cell in order to
elucidate its suitability as light-harvesting materials. Compound
2 shows good film forming properties; however, the band
structure and the absorption range of the other compounds are
more suitable for application in photovoltaic devices.
Compounds 3 and 4 are both highly interesting candidate
materials considering the NIR absorption. However, the
application of 3 and 4 is deemed to be challenging because
of the low solubility of the cation even in highly polar solvents.
The hybrid perovskite compound 1 was for the above reasons
selected as the most promising candidate with respect to the
combined optoelectronic properties, solubility and availability.
A mesoporous device architecture was employed with the
structure FTO/cp-TiO,/mp-TiO,/compound 1/Spiro-OMe-
TAD/Au. A 0.1 M solution of VBB chloride, Pbl,, and Nal (1
equiv.) was prepared in DMF and stirred at room temperature
for 1 h prior to spin-coating application. Excess Nal was added

to ensure sufficient iodide concentration in the solution to
prevent partial chloride substitution, which has been shown to
decrease the light-absorption ability of the resulting material.*®
All deposition steps were performed in air at ambient
conditions. A solar simulator illumination of AML.S 100
mW/cm® was applied when evaluating the solar cell perform-
ance. The best performing devices demonstrated on average a
current density, ., of 0.32 mA/ cm?; open circuit voltage, V,,,
of 0.65 V; fill factor, FF, of 0.37; and power conversion
efficiency, PCE, of 0.077%. The champion device showed a V.
of 0.63 V, a J,. of 0.37 mA/cm? an FF of 0.38, and a PCE of
~0.09% (Figure 9a). To the best of our knowledge, these
results are among the highest reported for a 1D hybrid
perovskite material. In addition, it should be emphasized that
all devices investigated were based on nondoped Spiro-
OMeTAD as HTM. The reason is that the doping components
normally used for Spiro-OMeTAD are incompatible with the
thin films of 1, because these are damaged upon spin-coating of
the HTM solution in the presence of the doping components.
To gain further insight into the charge-transport characteristics
of the assembled devices, electrochemical impedance spectros-
copy (EIS) measurements were performed under illumination.
The Nyquist plots (Figure S8) and the equivalent circuit used
for modeling the results reveal two EIS semicircles that can be
ascribed to the series resistance, R, the recombination
resistance, R, and the resistance from the HTM, Ryry,
following typical models applied to interpret EIS response
from perovskite solar cells. The extracted series resistance (R
= 11 Q) is intermediate and in line with reported values for
perovskite solar cells.””*" The recombination resistance
obtained (R, = 7 kQ) is low in comparison to perovskite
solar cells based on MAPbI; (~MQ), and combined with the
high Ryry (68 kQ) there are strong indications that the
devices studied in this work suffer from significant recombi-
nation losses. These can most likely be attributed to the use of
nondoped Spiro-OMeTAD, which acts both as a bad hole-
scavenger for the perovskite film, thus rendering high
recombination rates, and serves as an inefficient hole
conductor. In addition, it has been shown that doping
significantly reduces the charge transport resistance owing to
Spiro-OMeTAD while the series resistance remains relatively
unaffected.*’ A prediction of the photovoltaic performance
when minimizing recombination losses can be found in Figure
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Figure 10. (a) Champion device of a mixture of compound $ (dotted line) and the control device of the cationic dye salt, VBB chloride (dashed

line). (b) Normalized absorbance spectra of a thin film of 5.

S9. Hence, the results achieved with nondoped Spiro-
OMeTAD are very encouraging, since the hole conductivity
without doping has been shown to be up to 100 times lower,
and doping typically plays a key role in the construction of
high-performing perovskite solar cells based on 3D
MAPbI,.*** Spiro-OMeTAD doping has been shown to
alter the energy levels of the HTM, which consequently leads
to an improved hole mobility and conductivity,"* thereby
improving the photovoltaic performance.

This in combination with the low concentration necessary
for spin-coating of the current precursor solution suggests a
substantial potential for improvement of the performance of
1D dye-sensitized hybrid perovskite materials in photovoltaic
devices. Furthermore, replacing Nal with HI results in slightly
higher currents. This may suggest a different arrangement of
the material in the mesoporous TiO, substrate. The
amphoteric nature of TiO, makes it sensitive to the proton
activity of the solutions used for spin coating. Acidic conditions
would protonate the TiO,, resulting in a positive net charge of
the substrate. Thus, initial alignment of the anionic species,
that is, the iodoplumbate chains, seems a logical consequence.
Further investigation concerning this phenomenon will be
undertaken.

The thickness levels of the active layer (i.e., concentration of
the precursor solution) and the ETM play a major role in the
resulting performance of the solar cell devices,™** especially
for low-dimensional materials, which generally show lower
conductivity as compared to 3D perovskite materials.'® In
addition, there are plentiful possibilities for optimization of this
system with respect to the parameters addressed, as well as
investigating other ETMs and HTMs combined with
alternative device architectures. These further steps of
development are, however, not within the scope of this work
aiming to highlight the conceptual feasibility of internal dye
sensitization of low-dimensional hybrid perovskite materials.
Control devices of the Victoria Blue B itself as absorber
material were fabricated and investigated as a reference,
alluding to the discussion in the preceding sections, to detect if
the dye, like in a dye-sensitized solar cell of more conventional
type, could generate similar photovoltaic effects. Those devices
had the structure FTO/cp-TiO,/mp-TiO,/VBB chloride/
Spiro-OMeTAD/Au. The results indicate a contribution of

the dye itself, albeit low (Figure 9a). The J, V,., and PCE
were 0.065 mA/cm? 0.54 V, and 0.012%, respectively, where
the photocurrent density recorded is significantly lower as
compared to the dye-sensitized 1D hybrid perovskite material.
IPCE spectra were recorded of a statistically average-
performing device of compound 1 to display the wavelength
dependence of the dye-sensitized 1D perovskite material
(Figure 9b). Inspection of the photocurrent reveals generation
of photocurrent over almost the entire visible-light region, with
the highest IPCE between 350 and 425 nm followed by a
contribution between 540 and 620 nm, these observations
match the range of absorption of compound 1 well and is
consistent with the DOS of compound 1. The high
contribution at the short wavelength agrees well with
previously reported IPCE spectra for 1D and 2D perovskite
materials with large bandgaps.'®*” The obtained IPCE spectra
provide a good indication that the VBB dye contributes
significantly to the photocurrent of the hybrid perovskite
material, although the major contribution is found at shorter
wavelengths. Accounting for the absorption range of the dye,
we note a photocurrent contribution of ~20% which highlights
the internal sensitization as a potentially viable method to
combine the merits of a wide-bandgap semiconductor and a
sensitizing dye in a single perovskite-like material. As outlined
previously, for efficient charge transfer from the dye to the
inorganic network to take place, the LUMO energy level of the
dye cation needs to be slightly more positive than the CB of
the iodometallate chains.

Solar cell devices based on the bismuth-based compound $§
containing the VBB cation were also fabricated and evaluated
in an equivalent manner as for 1. The main objective of this
comparison is to assess the feasibility of applying a lead-free
alternative in solar cells. In this context, it should be
highlighted that the inclusion of more components than the
mere halidometallates in this family of compounds will extend
the available compositional and structural space, and thus the
addition of sensitizing dye molecules may constitute an
important vehicle to generate lead-free perovskite-like
materials showing excellent photovoltaic properties. Similarly
to the lead-based system 1, bismuth iodide was mixed with
VBB chloride and Nal in DMF in 0.1 M concentration to form
a precursor solution. Spin-coating of the precursor solution
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resulted in a greenish-blue, thin film. The absorption spectrum
of such a film is shown in Figure 10b. We note that the
absorption spectrum when replacing Pbl, with Bil; looks quite
similar but with an additional absorption feature around 500
nm corresponding to an iodobismuthate entity.

This implies that the obtained compound covers a larger
part of the visible-light spectrum. Subsequent investigation of
these devices, with the same mesoporous device architecture
and conditions as used for compound 1, yielded results akin to
the lead-based devices but with much better fill factors (Figure
10a). The photovoltaic performance data of the investigated
compounds are summarized in Table S2. The fact that the fill
factors are significantly higher when using bismuth iodide
implies that these devices may suffer from less recombination.
This could, in turn, mean that the energy levels of the
components are better matched. The champion device using
bismuth iodide in the precursor solution generated a device
with a current density of 0.28 mA/cm? an open-circuit voltage
of 0.66 V, a fill factor of 0.48, and a PCE of ~0.09%. Again, it
should be stressed that the measurements were conducted
using dopant-free Spiro-OMeTAD as HTM, which indicates a
significant potential for improvement. In analogy to compound
1, EIS measurements on devices of S were performed. Using
the same equivalent circuit model (Figure S8) as for devices
containing 1 results in a recombination resistance slightly
higher than for devices based on 1 (R, = 59 kQ2), as well as a
lower hole-transport resistance (Rypy = 18 kQ), possibly
reflecting the better fill factors in solar cells based on this
material. A possible explanation for the relatively good
performance of devices based on § could potentially be
found in the band structure of §, which indicates a direct
bandgap. It is, however, difficult to unambiguously assign the
electronic transition as a direct one because of the relatively flat
bands. Single-crystal X-ray diffraction studies reveal that § is a
O0D-mononuclear iodobismuthate, which in turn suggests that
the dye-sensitizing approach may also work well for isolated
complexes of halidometallates. This could potentially pave way
for other mononuclear anions to be explored as light-
harvesting materials, in turn opening up an even broader
class of compounds to be investigated. More specifically, 0D
mononuclear anions displaying short intermolecular contacts
combined with internal dye-sensitization would be particularly
interesting for optoelectronic applications. Recent studies
reported perovskite solar cell devices based on the mono-
nuclear 0D SbBr4~ and TiBrg~ anions with PCEs up to 3.2 and
3.3%, respectively, providing promising indications of the
potential of mononuclear materials."*** Further investigation
is ongoing regarding the bismuth-based system S, as well as
with other lead-free alternatives to obtain a better under-
standing of the structure—property relationships of these
internal dye-sensitized low-dimensional systems.

B CONCLUSIONS

Our work has resulted in conceptually new, internally
sensitized low-dimensional hybrid perovskite materials 1-5
obtained by using different types of cationic dyes. Subsequent
characterization of the optoelectronic properties combined
with solar cell application have shown that the concept of
internally sensitizing a metal halide with a suitable cationic dye
can qualify as a promising future strategy to significantly
improve the performance of low-dimensional hybrid perovskite
materials and can be utilized as a vehicle to replace lead in such
materials. Band structure calculations were conducted to gain

insights into the interaction of the cationic dyes with the
metalloiodide hosts investigated in this work. Compound 1
was shown to possess interesting properties, such as a narrow
bandgap with highly disperse bands, as well as a high degree of
orbital mixing between the VBB cation and the Pb and I
orbitals. Solar cell investigations revealed that internal
sensitization indeed contribute to the photocurrent resulting
in devices with relatively good photovoltaic performance. In
addition, it was shown that the same dye cation, as used in 3
and 4, can be applied in combination with another metal
halide. Furthermore, we have illustrated that an automated
robotized screening can be exploited to synthesize low-
dimensional hybrid perovskite materials and could hence
become an efficient tool for screening the large compositional
and structural space opening up when introducing internally
dye-sensitizing dyes to perovskite-like materials.

B EXPERIMENTAL SECTION

Robotized Screening. The screening was applied in the search
for new dye-containing perovskite materials using the fully automated
crystallization robot PROTEUS, which can perform several hundreds
of reactions under controlled conditions. This robot is ultimately
designed to explore the solid-state space of materials and possesses a
unique setup of characterization instrumentation, such as turbidity
analyzer, polarized light intensity (PLI), Raman spectrometer, and X-
ray powder diffractometer (XPRD), aiming to identify new crystalline
phases in the compositional space investigated. In addition, sampling
of the reaction solutions to a 96-well plate is performed as the final
step for growing single crystals. Specifically, in this work, the screening
procedure was designed to produce and identify novel dye-sensitized
hybrid perovskite materials upon mixing of stock solutions of cationic
dyes and metal halides, followed either by solvent evaporation or
subsequent antisolvent addition. The cationic dyes and metal-halide
solutions were prepared in the range 0.1—0.3 M in DMF or DMSO
solvent. The experimental setup is designed to mix the stock solutions
in different stoichiometric ratios, after which the reaction vessels are
stirred at room temperature for a specified time before continuing the
screening cycle. Screening was performed based on three different
stoichiometric ratios, 1:1, 2:1 and finally 1:2 with respect to the
cationic dyes vs metal halide. As outlined in the main text, if no
crystalline material was identified upon mixing the dye solutions with
the solutions of metal halide, the reaction vessels will proceed to a
process stage involving injection of an antisolvent. In this study,
isopropanol or toluene were used as antisolvents. Finally, small
“islands” in the vast compositional space are identified in the form of
crystals formed in specific areas in the well-plate positions, as well as
precipitates in the reaction vessels. Thereafter, further optimization
work with respect to growth of single crystals suitable for structure
determination, or synthesis of larger amounts of material for
characterization, is performed on the basis of the compositional
guidelines provided by the robotized screening. More detailed
information regarding the robotized screening procedure and single-
crystal growth can be found in the Supporting Information where
video links illustrating the PROTEUS function can also be accessed.

Device Fabrication. An FTO glass substrate was cleaned prior to
layer deposition using acetone, ethanol (99.9%), and subsequently
deionized water under sonication for 40 min each. A TiO, blocking
layer (Ti-Nanoxide BL/SC, Solaronix) was spin-coated at a speed of
5000 rpm for 30 s, and then baked in an oven at 500 °C for 1 h to
yield a compact layer of 50—70 nm thickness. A mesoporous layer of
TiO, was then deposited by spin-coating a solution made by diluting a
TiO,-paste (30 NR-D, Dyesol) with ethanol (99.9%) in a 1:5.5 weight
ratio. The spin-coating was performed at 6000 rpm for 30 s, and the
substrates were thereafter annealed at 80 °C for 5 min before being
baked in an oven at 475 °C for 30 min. The active layer precursor
solution was prepared by dissolving VBB chloride (0.253 g, 1 equiv.),
Pbl, (0.23 g, 1 equiv.) and Nal (0.0749 g, 1.5 equiv.) in 5§ mL of
DMEF. After the vial was left to stir 1 h at room temperature, 100 uL of
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the solution was spin-coated at 4000 rpm for 30 s. No postannealing
of the resulting substrates was performed. A hole-transport layer
(Spiro-OMeTAD, 20 mg in 1 mL of chlorobenzene) was
subsequently spin-coated at 3000 rpm for 30 s. Finally, gold was
thermally evaporated at low pressure (1 X 107® mbar) onto the
substrates to produce a counterelectrode layer of 80 nm thickness.
The resulting solar cell working area was 0.126 cm’.

Solar Cell Characterization. The solar simulator used was of
model AM 1.5G solar simulator (Newport 91160—1000), whereby an
illumination with an incident light intensity of 100 mW/cm? was
applied as calibrated with a certified silicon solar cell (Fraunhofer
ISE). A linear sweep voltammetry (LSV) scan between 1 V to —1 V
was performed using a Keithley 2400 electrometer to obtain the
device current—voltage (J—V) characteristics.

Incident Photon-to-Current Efficiency Spectra. IPCE spectra
were recorded on a computer-controlled setup with a light source
ASB-XE-175, a monochromator (Spectral Products CM110), and a
Keithley multimeter (model 2700). Calibration was based on a
certified silicon solar cell (Fraunhofer ISE).

Electrochemical Impedance Spectroscopy. To evaluate
resistances associated with charge-transport, we performed electro-
chemical impedance spectroscopy (EIS) measurements under
illumination and with an applied bias voltage of SO mV lower than
the Vi using an Autolab PGstat12 potentiostat with an impedance
module under a single sine function. The measurements were carried
out in the frequency range 0.1 Hz to 1 MHz with a 10 mV oscillating
amplitude.

Optical Spectroscopy. Both absorption and diffuse reflectance
spectroscopic measurements on thin films and polycrystalline
powders, respectively, were performed at 298 K. An Avantes
AvaSpec-2048 dual UV—vis spectrophotometer provided with an
integrating sphere with an integrated light source was used to record
the optical properties over the spectral range 300—1100 nm. The
Kubelka—Munk function,** k/s = (1 — R)?/2R, was used to convert
the reflectance data to absorption data and thus to estimate the optical
bandgap of the materials studied. Extrapolation of the function to k =
0, yields an approximate optical band gap value E,.

Single-Crystal X-ray Crystallography. The single crystals of the
respective compounds were selected directly from the reaction
solution. These crystals were mounted on a cryoloop using Paratone
oil. For compounds 1, 3, §, and 6, a Bruker APEXII diffractometer
(Mo Ka radiation), equipped with a CCD detector, was used to
collect single-crystal X-ray data. w-scans and ¢)-scans were used to
record the data sets, which subsequently were integrated with the
Bruker SAINT®® software package. Absorption correction (Bruker
SADABS)*® was based on the fitting of a function to the empirical
transmission surface, as sampled by multiple equivalent measure-
ments. Solution and refinement of the crystal structures were carried
out using SHELXS and SHELXL within the Bruker program
package.” Structure solution by direct methods resolved positions
of all atoms except hydrogens. Hydrogen atoms were placed at
calculated positions. The crystal structures of 1 and 3 contain solvent
accessible voids. A summary of pertinent information relating to unit
cell parameters, data collection, and refinement is provided in the
Supporting Information. As noted in the main text, systems as the
ones included in this work show a strong tendency to grow as very
small crystals, too small for standard in-house X-ray diffraction.
Therefore, synchrotron-based diffraction was necessary for some of
the compounds studied. The single-crystal X-ray data for compound 2
were collected at beamline ID29 (4 = 0.72931), ESRF in Grenoble,
France whereas the data for compound 4 were collected at the 311-
BioMAX beamline (1 = 0.68880), MAXIV in Lund, Sweden.

X-ray Powder Diffraction. Fresh crystals were picked from the
reaction solutions and gently pressed and smeared onto zero
background holders (ZBHs). These were mounted in stainless steel
holders and then placed in the powder diffractometer. A PANalytical
X’Pert PRO diffractometer, equipped with a Cu, long fine focus, X-ray
tube, and a PIXcel detector were used for the data accumulation,
which were performed at room temperature. Automatic divergence
and antiscatter slits were used together with 0.02 rad Soller slits and a

Ni filter. The scan lengths applied were approximately 17 min. For an
increase in the randomness of the crystal sample orientations, the
samples were spun during the analysis. The samples were analyzed
between 2 and 80° 26 using 255 detector channels.

Band Structure Calculations. Band structures and DOS were
calculated using the hybrid B3LYP or cam-B3LYP functionals in the
Crystal 17 package.”' The basis sets of I and Pb were of small-core
ECP quality (MDF28 for I and MDF60 for Pb).>***> The valence
space was of double-{ quality.***® In these models employing periodic
boundary conditions, dye molecule cations were explicitly included at
their crystallographic positions. The basis set of S was also of
Stuttgart—Cologne ECP type (MWB10) with an associated small and
contracted valence space.*® The basis sets used for C and H were of 3-
21G or 6-31G quality. Band structures were constructed from the web
facility, CRYSPLOT.*’

The dye molecules were studied using both Crystal 17 and the
program package Gaussian 16 (rev. B.01).>®
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