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ABSTRACT: Currently, there is a strong need to accelerate development
of systematic and robotized procedures for discovery of photovoltaic
materials in order to aid the transition toward the use of clean and
sustainable energy sources. Perovskite-type materials represent a broad
class of compounds that have recently attracted great interest for
application as photovoltaic materials. Such materials offer a vast chemical
and structural space, qualifying them as an interesting starting point for
further exploration using robotized screening methods. In this work, the
development and application of a robotized procedure for the screening
and solar cell characterization of perovskite-inspired materials is presented.
Several combinations of cationic dyes and metal halides were examined by
using a fully automated robotic screening cycle, including solar cell
characterization based on triple mesoscopic solar cell devices. It is shown that the presented methodology is promising for the
detection of new photovoltaic materials, which is demonstrated by the discovery of a selection of photovoltaic candidates. Some of
the discovered candidates, for instance [QR][PbI3], were further characterized theoretically and experimentally.
KEYWORDS: robotized screening, material discovery, perovskite solar cells, automated solar cell characterization,
low-dimensional perovskites

■ INTRODUCTION
Metal halide perovskites represent a class of materials that have
received extensive attention the past decade owing to their
impressive power conversion efficiencies (PCEs) when
employed as absorber layers in solar cell devices.1 Perovskites
constitute a broad class of materials. The most commonly used
ones in photovoltaics are metal halide perovskites. These have
the general composition ABX3 (A = monovalent cation, B =
divalent metal cation, and X = Cl−, Br−, or I−), where the A-
site usually is methylammonium (CH3NH3

+) or another small
organic cation, the B-site is Pb2+, and the X is typically iodide
(I−).2 The metal halide perovskites that have been applied as
thin-film absorber layers in perovskite solar cells (PSCs) are
materials characterized by 3D structures, where octahedral,
inorganic, PbX6 units share corners through the bridging
halides.2 The cavities formed by this connectivity are then
occupied by the A-site cations.2 Since the first report of the
application of the standard 3D perovskite, MAPbI3, as the
absorber layer in a dye-sensitized solar cell (DSSC) in 2009,
the PCEs of PSCs have dramatically increased from about 4%
to well above 20% in an amazingly short time.1,3,4 PSCs are
thus one of the most rapidly growing photovoltaic
technologies. Despite the impressive rise of the PSCs, there
are currently two challenges impeding their large-scale
commercialization. The first challenge concerns the toxicity
of lead that most metal halide perovskites are based on, which

is currently extensively investigated.5−8 This is a concern that
needs to be addressed in order to show that PSCs are feasible
as a future solar cell technology.9−11 The second challenge
concerns the poor stability of the standard 3D perovskite
material upon exposure to air, moisture, light, and heat.11−15

All these factors may cause rapid degradation of the perovskite
material, which results in a significant and fast drop in PCE.
Strategies to mitigate these issues are currently hot topics in
the PSC research field.16,17 Some of these strategies include
metal substitution (Sn2+, Bi3+, Sb3+), use of mixed composition
perovskites, interface passivation, and improved encapsula-
tion.16−21 Efforts to improve the stability of Pb-based
perovskites while also retaining high efficiencies are currently
many; however, no major breakthrough in this regard has so
far been demonstrated. While there are numerous novel
perovskite materials reported, none of them are comparable to
the standard perovskites in terms of PCEs. Another emerging
research branch within the PSC field is low-dimensional
perovskites.22−24 The allowed A-site cation sizes for 3D metal
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halide perovskites can be described using the Goldschmidt
tolerance factor.25,26 Larger cations result in a reduction of the
dimensionality, leading to the formation of either 2D, 1D, or
0D perovskite-type inorganic networks.27 The chemical and
compositional space of these low-dimensional perovskites is
vast and allows for incorporation of various functional-
ities.22−24,27 More importantly, low-dimensional perovskite
materials demonstrate significantly better stability as compared
to the 3D ones.22−24,27 Therefore, low-dimensional materials
have become attractive prospects in fields such as LEDs and
photovoltaics. On the other hand, the inorganic perovskite
network is responsible for the semiconducting properties of the
perovskites. As the perovskite dimensionality reduces,
compounds with larger band gaps and inferior charge-transport
properties emerge in comparison to the 3D counterparts,
which is not optimal for photovoltaics.28,29 The combination of
a vast chemical space of low-dimensional perovskites and the
need to accelerate the transition toward renewable energy
sources makes it necessary to develop and apply search
methods, which enable screening and characterization of novel
energy materials in a high-throughput manner.30,31 The
timeline for the commercialization of solar cell technologies
from the time of invention has proven problematically long as
compared to other technologies.32 For this purpose, automated
robotized screening, synthesis, and characterization may
significantly accelerate the search for new and suitable
candidate materials. In the perovskite field, there have been
recent attempts incorporating robotics and machine learning
methods to perform synthesis more efficiently and to identify
new, interesting perovskite material compositions.33−36 While
many of these efforts are promising, none of them are fully
automated. Ideally, using automated robotized methods to
accelerate the identification of new materials would pose
positive effects on the human resources in terms of safety and
the fact that more focus can be concentrated on idea
generation, research design, and data analysis. Our group

recently reported the use of an automated, robotized screening
system to synthesize novel, low-dimensional, perovskite-type
materials internally sensitized with cationic dyes.37 In this
work, we demonstrate a further significant development of the
robotized screening procedure, which also includes the
automated robotized solar cell characterization of new
candidates. This is a very important additional step to
accelerate the discovery of novel, photovoltaically active,
perovskite-type compounds as well as other energy-related
materials. The main aim of this study is to demonstrate the
methodology and its feasibility in screening new combinations
of cationic dyes and metal halides to identify novel low-
dimensional, intrinsically dye-sensitized perovskite-type mate-
rials. Simultaneously, an important objective within this work is
to address the poor charge-transport properties of low-
dimensional perovskites by screening different cationic dyes.

■ RESULTS AND DISCUSSION
Screening Workflow. In our previous study, it was

demonstrated that the identification of novel crystalline phases
can be achieved by a set of specific robotized characterization
tools.37 However, it would be desirable to add additional
characterization steps in the robotic screening cycle to facilitate
the identification of promising candidate materials. Since the
purpose in this work is to demonstrate a robotic platform for
the identification of candidate materials for photovoltaics,
robotized solar cell characterization represents the most
strategic tool to be amended. Therefore, the robot system
was developed to incorporate equipment for robotized solar
cell characterization. The new screening workflow used is
illustrated in Figure 1. In order to enable cheap, fast, and
accurate screening and evaluation, it is necessary to use a
suitable solar cell device architecture compatible with robot
workflows. Furthermore, it is essential that solar cell character-
ization can be performed without the use of vacuum-based
methods. Triple mesoscopic, carbon-based, solar cell substrates

Figure 1. A graphic representation of the automated robotized screening and solar cell characterization workflow used in this work. Details on the
Proteus robot and the screening procedure, as well as videos demonstrating the screening operation, can be accessed in our previous report on
automated robotized screening of perovskite-type materials.37
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fulfill these criteria.38 The device architecture is FTO/cp-
TiO2/mp-TiO2/mp-ZrO2/carbon. The porous device layers
allow solution deposition and subsequent crystallization as a
final step prior to solar cell characterization. Triple mesoscopic
perovskite devices typically offer significantly lower PCEs in
comparison to PSCs based on standard architectures (e.g.,
FTO/cp-TiO2/mp-TiO2/perovskite/Spiro-OMeTAD/Au).
This is generally attributed to the thick premade mesoscopic
device layers (a few microns) and poor energy level matching
of the substrate materials used.38,39 Despite these limitations,
the triple mesoscopic solar cell devices will constitute a good
test device for screening studies since they allow efficient
deployment of new materials or material precursors into a
device structure highly suitable for screening and at the same
time allowing the identification of materials with significant
photoresponse. Triple mesoscopic electrodes with the
dimensions 25 × 20 mm2 were used in the screening
investigations. These electrodes fit into standard X-ray powder
diffraction (XRPD) sample holders incorporated in the robot
system, and these were modified to accommodate both metal
electrodes and the triple mesoscopic substrates in such a way
that these can be placed onto the metal electrodes of the
customized sample holder (Figure 2). An external trigger was
designed for recording J−V curves of triple mesoscopic solar
cell devices. The solar cell characterization is automatically
triggered when the robot places the customized XRPD sample
holder containing the solar cell device on the characterization
station, whereby J−V curves are recorded and stored. The
characterization station is designed with a fiber-optic cable
linked to a 150 W halogen lamp through a predrilled hole. The
solar cell device is placed such that the glass side coated with
the device layers is positioned upward. In this way, the devices
can be illuminated from underneath.40 The halogen lamp used
has a different spectral output as compared to the solar
irradiation, with a particularly and nonideal large output at
longer wavelengths (>600 nm). However, it is deemed to be

sufficiently good for a swift initial identification of candidate
materials. Further developments with regard to the light source
will become a future direction to pursue in order to better
match the solar spectrum. In the screening cycle, the workflow
was designed to initially mix solutions from a library containing
different cationic dyes and metal halides in the stoichiometric
ratios of 1:1, 1:2, and 2:1, respectively. The library of organic
cations used in this study involves structurally different cationic
dye halide salts, with light absorption approximately between
500 and 700 nm. These were selected to complement the light
absorption of the expected anionic metal halide networks in
the low-dimensional perovskite components. In our previously
reported work employing robotized screening, an interesting
low-dimensional, perovskite-type material based on a cationic
dye was discovered.37 This material showed a unique
electronic structure, which stimulates the further exploration
of such cations. In this study, the screening library is therefore
expanded to accommodate cationic dyes previously unexplored
for perovskites, i.e., not reported in the crystal structure
database. Another important factor in cation selection is that
they should be commercially readily available. There are two
main ideas behind the new robotic screening.

The first is to demonstrate the newly developed solar cell
characterization feature and its feasibility for future and
extended use. The second is to, in the process, also discover
new potentially interesting candidates based on their photo-
voltaic performance. Figure S2 illustrates the organic cations
that were selected for the screening investigations. The stock
solutions were prepared at concentrations 0.1−0.3 M in DMF/
DMSO (90:10) unless otherwise stated. After the solutions of
the cationic dyes are mixed with those of the metal halides, the
workflow proceeds to the characterization steps within the
analytical chain, which are designed to initially determine
whether a new crystalline phase has formed or not. These steps
include the use of in situ Raman spectroscopy, XRPD, and
solution sampling in well plates for crystal growth. The

Figure 2. Illustration of the solar cell characterization station used in the robotized J−V investigation.

ACS Applied Energy Materials www.acsaem.org Article

https://doi.org/10.1021/acsaem.3c02242
ACS Appl. Energy Mater. 2023, 6, 12022−12031

12024

https://pubs.acs.org/doi/suppl/10.1021/acsaem.3c02242/suppl_file/ae3c02242_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsaem.3c02242?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaem.3c02242?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaem.3c02242?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaem.3c02242?fig=fig2&ref=pdf
www.acsaem.org?ref=pdf
https://doi.org/10.1021/acsaem.3c02242?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


screening cycle and its decision-making chain has previously
been covered in more detail.37 The newly added feature in this
work is the robotized solar cell characterization, with the
purpose of identifying photovoltaically promising candidates.
Furthermore, the new robot component is modular and could
be used separately for a high-throughput type of photovoltaic
screening. This novel screening workflow was designed to
identify new crystalline materials in a relatively swift manner
and facilitate the selection of material candidates for solar cell
application. Once a screening cycle is finished, the output data
are analyzed and some materials are further characterized
manually.

Robotized Solar Cell Evaluation. An example output of
the robotized solar cell characterization based on triple
mesoscopic devices is visualized in Figure 3. From here, one
screening combination emerged as the top candidate (W),

displaying a promising photovoltaic output. The top candidate
i s based on the combinat ion 2-[(1E , 3E) -4 -[4-
(dimethylamino)phenyl]-1,3-butadien-1-yl]-4,5-dihydro-(4S)-
4-thiazolecarboxylic acid hydrochloride salt (hereafter abbre-
viated NIR-Luci) + PbI2, displaying an average PCE of around
0.5% (Table 1). In order to evaluate the feasibility of the
robotized solar cell characterization methodology, the standard
MAPbI3 perovskite was also included in the screening study for
comparison: A series of robotized J−V measurements on
samples precipitated from a 0.5 M DMF solution of MAPbI3,
using the robot system, was performed and subsequently
analyzed. These experiments based on the MAPbI3 perovskite
yielded an average PCE of about 0.8% (Table 1), which indeed
indicates that the method can identify a photovoltaic materials
candidate. The PCEs recorded are clearly far away from the
top ones recorded for MAPbI3, but any new candidate material

Figure 3. Example of photovoltaic output from robotized J−V characterization. Information regarding the screening combinations evaluated (A−
Z) and the photovoltaic performance can be accessed in Table S2 in the Supporting Information.

Table 1. Summary of the Photovoltaic Data Obtained from a Selection of the Materials and Material Combinations
Investigated in This Worka

system device architecture JSC (mA/cm2) VOC (V) FF PCE (%)

1: MAPbI3 (average, robotized dispension) triple mesoscopic 2.18 ± 0.442 0.577 ± 0.234 0.409 ± 0.224 0.839 ± 0.423
2: MAPbI3 (champion, robotized dispension) triple mesoscopic 3.13 0.617 0.415 1.61
3: MAPbI3 (average, manual dispension) triple mesoscopic 1.59 ± 0.2 0.7 ± 0.008 0.279 ± 0.019 0.624 ± 0.112
4: MAPbI3 (champion, manual dispension) triple mesoscopic 1.89 0.687 0.298 0.775
5: NIR-Luci+PbI2 (average) triple mesoscopic 1.24 ± 0.442 0.528 ± 0.035 0.4 ± 0.052 0.547 ± 0.252
6: NIR-Luci+PbI2 (champion) triple mesoscopic 1.87 0.575 0.486 1.04
7: [QR][PbI3] (average) standard PSC 0.654 ± 0.048 0.659 ± 0.055 0.367 ± 0.024 0.158 ± 0.016
8: [QR][PbI3](champion) standard PSC 0.686 0.675 0.393 0.182
9: QR+SbI3 (average) standard PSC 0.935 ± 0.274 0.088 ± 0.08 0.230 ± 0.133 0.0321 ± 0.031
10: QR+SbI3 (champion) standard PSC 1.18 0.170 0.321 0.0645

aThe average values and standard deviations for systems 1, 3, 5, 7, and 9 are based on 6, 5, 13, 6, and 4 cells, respectively.
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is likely to produce a signal well above the noise level. In
addition, the champion MAPbI3-based device displayed a PCE
of approximately 1.61% (Table 1 and Figure S3). It should be
noted that the robotized solar cell characterization is
performed at ambient conditions, which is not ideal for the
MAPbI3 perovskite material, considering its sensitivity to
moisture and oxygen. However, the obtained results highlight
the feasibility of the robotized screening workflow also for
materials that are usually considered sensitive under ambient
conditions. In order to shed some further light on the
reliability of the robotic workflow, additional J−V comparisons
on the MAPbI3-based cells were made through manual cell
manufacturing. After an annealing step, the devices were
subjected to solar cell characterization by using the equipment
within the robotic platform. The results acquired from those
experiments are relatively similar to the ones based on the
robotized perovskite solution dispensing, displaying an average
PCE of approximately 0.62% (Table 1). This is slightly lower
than the average of the ones produced by the robotic workflow,
a result that may indicate a performance advantage by
automated device manufacturing. The standard deviation of
the PCEs from devices based on the robotic workflow is
slightly higher than those based on manual dispensing (Table
1), which may result from somewhat longer times between
solution deposition and solar cell characterization during the
robotic screening.

In this context, we should not forget that the low PCEs
recorded in these experiments can be attributed to the
primitive light source regarding both light intensity and
spectral distribution. For instance, a significantly better
photovoltaic performance of the MAPbI3-based cells under 1
sun illumination has previously been demonstrated.41 As
mentioned above, the top candidate from the screening of
cationic dyes with metal halides is the combination of NIR-
Luci + PbI2 (Figure 3). The champion device displayed an
encouraging PCE of 1.04% (Figure S3), which is on par with
the MAPbI3 perovskite (Table 1). NIR-Luci is a luciferin-type
cationic dye with a near-infrared emission around 700 nm,
making it complementary to the absorption range of the low-
dimensional perovskite-type framework. The fact that such a
significant photovoltaic output could be detected for this type
of material combination with the current robotized approach is
strongly indicative of its potential for future application. This
material candidate is consequently of great interest for further
investigation. In addition, the same cation mixed with bismuth
iodide (screening combination Z-1) yielded the second highest
photovoltaic performance (0.287%, Figure 3) among the
investigated screening combinations, which further indicates
that mixtures of this cationic dye and different metal halides
may be of great interest for further analysis. Moreover, it is
evident from Figure 3 that most screening combinations
produced an intermediate PCE. A few screening combinations
produced a higher photovoltaic output, thereby calling for a
deeper analysis. One is the screening combination E (Figure
3), quinaldine red (QR) + SbI3 (1:1), which yielded an average
PCE of 0.078% (Table 1). Considering the limited spectral
output of the illumination source used in combination with the
absorption range of the dye (absorption maximum around 530
nm) and the thick device layers, this result is strongly
encouraging. Furthermore, the two other screening combina-
tions, F (2:1) and I (1:2), of the same components, QR and
SbI3, yielded slightly lower but still significant PCEs, 0.054 and
0.057%, respectively (Table 1). The observation that the 1:1

screening combination produced a higher photovoltaic
performance may indicate a better synergy or interaction
between the cationic dye and the iodoantimonate backbone.
Another screening combination demonstrating an intermediate
PCE was A, QR + PbI2. The resulting PCE was 0.018% (Table
1), and in addition, this screening combination resulted in the
growth of crystals suitable for single-crystal X-ray diffraction
(SXRD) studies, which enabled the crystal structure
determination. Thus, far, this is the only screening combina-
tion where the crystal structure could be fully elucidated. The
crystal structure of this material will be discussed further in the
following section. As previously outlined, the light source used
within the current robotized solar cell characterization setup
significantly deviates from the solar spectrum and will therefore
likely result in a slightly underestimated photovoltaic perform-
ance. Therefore, we investigated some of the intermediately
performing screening combinations using a conventional
(noninverse) PSC device architecture for solar cell character-
ization under AM1.5 solar simulator illumination (intensity
100 mW/cm2) to shed some light on the photovoltaic
potential of these candidates, as well as to get insights into
potential improvements of the robotic setup. The lead-free
alternative, screening combination E, and the screening
combination A, for which the crystal structure could be
determined, were selected for this purpose. The latter
combination constitutes a valuable example for comparison,
since it allows a discussion of the relation between the
photovoltaic performance and structure. Furthermore, this
material was characterized by means of quantum chemical
calculations in order to elucidate its electronic structure. The
crystal and electronic structure of the screening combination A,
as well as the solar cell characterization based on the standard
PSC architecture, will be discussed in the following sections.

Overall, the results of the robotized solar cell character-
ization experiments display variation with respect to the
different material combinations (Figure 3 and Table S2). Some
screening combinations, such as G, N, O, R, and S did not
yield any significant photovoltaic response (Table S2). A few
other screening combinations based on cationic dyes with
absorption ranges of 600−700 nm yielded either low or
intermediate PCEs (J, K, L, M, X, and Y, respectively; Table
S2). The fact that there is a considerable variation in the results
provides strong support for the robotized screening approach,
since promising combinations quite clearly can be identified
for deeper analysis. In summary, the robotic screening cycle is
demonstrated to be an excellent tool for the screening of new,
perovskite-type, photovoltaic materials. After initial preparation
work (making stock solutions, experimental design, etc.), the
robot can perform a fully unsupervised screening. From the
point of experimental submission and initiation of the
screening process, it takes about 35 min per sample to
undergo a full screening and characterization cycle. Assuming
that one performs a screening of 10 cationic dyes and five
metal halides (which approximately represents one screening
run in this work) for one stoichiometric ratio, this would
amount to 50 reactions (mixing, crystallization, and sub-
sequent material and ultimate device characterization). Such a
screening would be completed within a day with the robot, a
nonrealistic task for a single human being. Expanding this to
two additional stoichiometric ratios would as a consequence
require about 3 days of robotized work. The total time could in
principle differ depending on the purpose of the screening.
From a time perspective, one limitation of the robotic system is

ACS Applied Energy Materials www.acsaem.org Article

https://doi.org/10.1021/acsaem.3c02242
ACS Appl. Energy Mater. 2023, 6, 12022−12031

12026

https://pubs.acs.org/doi/suppl/10.1021/acsaem.3c02242/suppl_file/ae3c02242_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsaem.3c02242/suppl_file/ae3c02242_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsaem.3c02242/suppl_file/ae3c02242_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsaem.3c02242/suppl_file/ae3c02242_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsaem.3c02242/suppl_file/ae3c02242_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsaem.3c02242/suppl_file/ae3c02242_si_001.pdf
www.acsaem.org?ref=pdf
https://doi.org/10.1021/acsaem.3c02242?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


the solution mixing step, which currently can handle one
sample at a time. For future developments, it would be
desirable to extend to multichannel dispensers and modular
parts that could be programmed to allow higher flexibility. The
robotic system is enclosed, and a variety of solvents could be
employed. Furthermore, the solution deposition onto the solar
cell devices is performed by drop-casting from a needle,
whereafter the substrates are allowed time to get infiltrated and
thereafter characterized. A potential development could
involve spin-coating and/or hot plates for controlled annealing
schemes. Overall, the robotic system is versatile with the
possibility to screen various materials combinations, either
solely for photovoltaic characterization or by performing a full
screening cycle. In summary, it has been demonstrated that the
newly developed robotized screening workflow is viable for the
detection of new promising photovoltaic candidate materials.

Crystal Structure of [QR][PbI3]. Dark-red, needlelike
crystals emerged in the well plate position from the screening
combinations of QR and PbI2 (both from the 2:1 and 1:1
reaction mixtures). The compound, which was found to be
[QR][PbI3], crystallizes in the triclinic space group P1̅ and
consists of QR cations and 1D, infinite, anionic chains with the
repeating unit [PbI3]−

n. Table S1 provides a summary of the
crystal structure data. The anionic chains display face-sharing
connectivity and run along the crystallographic a-axis (Figure
4a). The QR cations exhibit extensive π−π stacking running
parallel to the inorganic chains. Furthermore, the cations
interact with the [PbI3]−

n framework along the stacking
direction by means of anion−π, as well as anion−CHArom
interactions (Figure 4a).

Each cation interacts with two adjacent [PbI3]−
n chains

through such interactions, thus acting as linking units between
the inorganic layers. Therefore, when accounting for the
intermolecular interaction between the organic cations and the

inorganic framework, the structural motif could be considered
as a pseudo-2D network of alternating 1D [PbI3]−

n chains and
1D QR stacks. The solvate-free nature of [QR][PbI3] is
noteworthy, which is in contrast to our as well as other
previously reported perovskite-type compounds incorporating
chromophores as cations.37 This could render better stability
of the deposited thin films as compared to solvated perovskite-
type materials, which show a tendency to decompose as a
result of evaporation of the structurally incorporated solvent
molecules. Different types of crystals from the screening
combinations of QR and SbI3 emerged but were too small for
SXRD analysis. Work is in progress aiming to grow larger
crystals of hitherto unknown phases. The crystal structure of
the organic dye iodide salt, [QR]I, was determined as a
reference for XRPD and band structure comparisons.

Electronic Structure. Band structure (Figure S4) and
density of states (DoS) computations (Figure 4b) using the
B3LYP hybrid functional was determined to investigate the
electronic structure of [QR][PbI3]. The computed band gap is
1.93 eV, which is in good agreement with the color of the
compound. From the DoS of [QR][PbI3], information
regarding potential electronic transitions can be extracted
(Figure 4b). The top of the valence band (VB) is dominated
by contributions from the iodide (I−) ions of the [PbI3]−

n
chains. Moreover, there is an approximately equal contribution
of energy states from the cation (QR) and iodide (I−) atoms in
the [PbI3]−

n anions. The lowest unoccupied band (formally,
the conduction band, CB) is located at around −2.8 eV, and it
can predominantly be ascribed to the dye cation (QR). The
band gap of 1.93 eV corresponds to an electronic transition
from the top of the VB to the bottom of lowest unoccupied
band. Overall, the electronic structure indicates a possibility for
a charge transfer between the inorganic and organic entities.
More in-depth studies are necessary to elucidate the

Figure 4. (a) 2 × 2 × 2 super cell of [QR][PbI3]along the crystallographic a-axis and illustration of the intermolecular interactions. (b) The DoS of
[QR][PbI3]. (c) J−V curve of the champion device based on [QR][PbI3]. (d) IPCE spectrum of a device of [QR][PbI3]. (e) XRPD patterns of a
film of [QR][PbI3] compared to a simulated XRPD pattern based on the crystal structure.
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mechanisms of electron transfer and whether direct electron
regeneration of the organic dye from the inorganic component
is possible.42 This will depend on the type and degree of
interaction between the moieties. For reference, the computed
molecular bandwidth of the organic iodide salt, [QR]I, is 1.91
eV.

Solar Cell Characterization-Standard PSC Architec-
ture. Solar cells based on [QR][PbI3] and the screening
combination QR+ SbI3 (in spite of its exact structure
remaining unknown) were investigated by using the standard
PSC device architecture of FTO/cp-TiO2/mp-TiO2/dye-
sensitized perovskite/Spiro-OMeTAD/Au. Thin films of
[QR][PbI3] were deposited by spin-coating a precursor
solution of the iodide salt of QR and PbI2 (2:1) in DMSO
at 4000 rpm. The substrates were then annealed for
approximately 30 min before the final device layers were
added. XRPD analysis of the annealed thin films of the
precursor solution confirmed that these predominantly consist
of [QR][PbI3], with only minor crystalline impurities (Figure
4e). Thin films of the screening combination QR + SbI3 were
prepared in analogy to [QR][PbI3]. Illumination of solar cell
devices based on the two materials was performed by using an
AMG1.5 solar simulator lamp corresponding to an intensity of
100 mW/cm2. J−V curves were subsequently recorded from
the solar cell devices. Table 1 summarizes the photovoltaic
results. The considerably better PCEs of the standard devices
based on the compound [QR][PbI3], compared to the triple
mesoscopic devices, are noteworthy. The champion device
displayed a PCE of 0.18%, a JSC of 0.686 mA/cm2, a VOC of
0.675 V, and an FF of 0.393 (Figure 4c), which clearly shows
that this material may indeed be an interesting prospect for
future studies after further optimization. Equivalent measure-
ments using the screening combination QR + SbI3 employing
Spiro-OMeTAD as the hole transport material (HTM) were,
however, unsuccessful.

Therefore, P3HT was used as an HTM instead. At this stage,
it is unknown why the combination of the Sb-containing
screening product and Spiro-OMeTAD did not produce
sensible results. The results when employing P3HT show a
champion device PCE of 0.064%, a JSC of 1.18 mA/cm2, a VOC
of 0.165 V, and an FF of 0.321, which are in good agreement
with the robotized solar cell characterization attempts. The
photovoltaic characterization of QR + SbI3 employing the
standard PSC structure displayed highly differing results, and it
should be emphasized that the characterization of this
combination is at an early stage, and further investigations
will be necessary, particularly when considering the likely
existence of multiple phases. Another important factor to
consider is the additional annealing step during the fabrication
of the standard PSC devices, in contrast to the triple
mesoscopic ones within the robotic setup. This may be of
importance considering the expected temperature sensitivity of
the organic cationic dyes. In the preparation of DSSCs,
temperatures above 100 °C for more than a few minutes are
typically avoided to prevent significant decomposition of the
dye molecules.

The incident photon-to-current efficiency (IPCE) studies
were performed to obtain insights into the device performance
of solar cells based on [QR][PbI3]. An IPCE spectrum is
illustrated in Figure 4d. The IPCE spectrum depicts a
photocurrent contribution up to 600 nm, where the highest
IPCE is shown at wavelengths <420 nm. A small contribution
can be noted between 500 and 600 nm, which indicates

electronic transitions corresponding the smallest band gap
involving the dye cation (QR). This suggests involvement of
unoccupied states ascribed to the dye (QR) in the photo-
excitation process, either through direct HOMO−LUMO
excitation of the dye or through charge transfer from the CB of
the inorganic [PbI3]−

n chain to the dye LUMO (HOMO
corresponds to the highest occupied molecular orbital and
LUMO to the lowest unoccupied molecular orbital). The
strong contribution at <420 nm may indicate the latter
scenario, considering the unoccupied QR energy levels at
around −2.5 and −2.9 eV, respectively. Further studies
following the results in this work are therefore encouraged.
The results based on [QR][PbI3] indicate that, as discussed in
the robotized solar cell characterization section, the photo-
voltaic performance based on the triple mesoscopic devices
may indeed be underestimated considering the primitive
illumination source. For the screening combination QR +
SbI3, the solar cell performance based on both the standard
PSC architecture and the robotized triple mesoscopic devices
are comparable, in turn highlighting the ability of the presented
robotized screening and solar cell characterization procedure
to identify photovoltaic candidate materials. However, it is of
paramount importance to further investigate and optimize the
solar cell characterization of this particular materials combina-
tion based on the standard device structure to improve its
potential for photovoltaic application. As mentioned, the
photovoltaic data of [QR][PbI3] employing the standard
architecture show significantly better performance than the
robotized solar cells based on the triple mesoscopic device
structure, indicating that also intermediately performing
candidates may represent interesting prospects for photo-
voltaics. This, in turn, suggests a potential for improvement of
the robotized screening and characterization workflow,
possibly by incorporating other characterization methods or
improving deposition methods to allow the identification of
other promising candidate combinations that may otherwise be
overlooked.

■ CONCLUSIONS
This work has demonstrated a proof of concept regarding a
screening approach for novel materials discovery based on an
automated, combined, robotized screening and solar cell
characterization of perovskite-type materials with the aim of
identifying promising candidate materials for photovoltaic
applications. Based on the evaluation of the automated robotic
workflow, which included experiments employing the standard
MAPbI3 perovskite, it can be concluded that the current setup
and workflow represent a viable approach for this purpose.
While there remain improvements to consider, the overall
method applied highlights the successful identification of
interesting photovoltaic candidate materials based on a triple
mesoscopic solar cell architecture. This is demonstrated with
the discovery of the combination of NIR-Luci and PbI2, which
yielded a promising PCE. Further studies and subsequent
optimization will be necessary to fully realize its potential.
Moreover, through automated robotized screening, a novel,
low-dimensional, perovskite-type material ([QR][PbI3]) was
identified. This material displayed a promising conversion
efficiency of close to 0.2% in a standard PSC device
architecture, already before any optimization. This indicates
that also intermediately performing screening combinations
identified by the robotized solar cell characterization attempts
may be of interest for photovoltaics. The robotized screening
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procedure can be developed even further to optimize the
screening cycle, for instance by adding AI and machine
learning routines. Ultimately, the automated screening method
presented in this work can be expanded for solar cell screening
based on different materials and material combinations, not
necessarily restricted to perovskite-type materials. This high-
lights the potential of automation to significantly accelerate the
discovery and evaluation of novel materials and solar cell
concepts. Finally, this work could constitute an interesting
model and inspiration for further developments and advances
within robotized materials discovery, as well as research in
high-throughput methods.

■ EXPERIMENTAL SECTION
Robotized Screening and Solar Cell Measurement Work-

flow. The screening cycle starts with experimental design (choice of
cations and metal halides, stoichiometries to be investigated,
crystallization methods, etc.). These parameters are then submitted
through computer-controlled software. Once the experiment is
submitted, the screening cycle will start upon feeding the robot
with barcoded reaction vessels, corresponding to the number of
reactions defined. In this work, the screening workflow was designed
to mix organic cationic dye salts (denoted α) and metal halides
(denoted β) in stoichiometric ratios of 1:1, 1:2, and 2:1. Stock
solutions of α and β were prepared in a DMF/DMSO mixture
(90:10) in the concentration range 0.1−0.3 M and fed to the robot
prior to the screening. The vessels were placed in thermal blocks,
whereafter the robot arms started to dispense the solutions according
to the experimental definition. α and β were mixed to a total volume
of 1.1 mL, and the resulting solution was stirred for a predefined time,
which was set to about 1 min. After the mixture was mixed, the
characterization steps followed. The analytical sequence continued
with in situ Raman measurements, XRPD (sampling of reaction
solutions onto triple mesoscopic solar cell substrates was performed in
this step), sampling of 100, 50, and 20 μL, respectively, of the reaction
solutions into a 96-cell well plate for crystal growth, and finally solar
cell characterization. After solution sampling, the customized solar cell
sample holders were placed in the solar cell characterization station
with a robotic gripper. The solar cell characterization station (Figure
2) consists of a white plastic body, designed to fit into the XRPD
hotels of the robot system. A hole was drilled through the whole
plastic body (from the bottom to the top), as shown in Figure 2). A
fiber-optics cable propagating the light from a halogen lamp (USHIO
DDL 20 V, 150 W) was placed within the white plastic body, such
that the light exit is at the top of the drilled central hole. Furthermore,
the white plastic body has two metal pins (connected to the solar cell
J−V testing system) sticking out from the top (Figure 2). The
customized sample holder, containing a triple mesoscopic solar cell
device, is positioned directly onto the metal pins by a robotic gripper
to ensure contact with the metal strips of the sample holder, which, in
turn, are connected to the metal electrode fingers that the solar cell
device is resting on. The sample holder is held in place by a spring
(right side of Figure 2). The hole on the spring is of the same size as
the fiber-optics exit head and thus helps to channel and concentrate
the light onto a defined area of the solar cell device. Immediately
when the sample holder has been placed on the metal pins of the
plastic body, the J−V characteristics are recorded. During the
screening cycle, the lightning in the lab is switched off to avoid
stray light. The irradiance was estimated to be about 500 W/m2. A
video demonstration of the robotized solar cell characterization step
in the robotic screening cycle can be found in https://www.youtube.
com/watch?v=N20u2dC-I-k and in the Supporting Information
video.

Single-Crystal Growth. [QR][PbI3]: Crystallization of [QR]-
[PbI3] occurred in the well-plate positions after sampling 100, 50, and
20 μL of the reaction solution from the robotized screening (ratio
1:1). Dark-red, needle-shaped crystals suitable for in-house SXRD
studies emerged after 24 h.

[QR]I: Dark-red crystals of [QR]I emerged in the bottom of a 10
mL vial upon evaporation of a 0.1 M DMF solution of [QR]I.

Single-Crystal X-ray Diffraction. Crystals of [QR][PbI3] and
[QR]I were mounted on a cryoloop using Paratone oil and
subsequently placed under a cold nitrogen stream. SXRD data were
recorded at 200 K using a Bruker APEXII diffractometer (Mo Kα
radiation), equipped with a CCD detector. Diffraction patterns of the
crystals were collected with ω- and ϕ-scans. The collected data sets
were integrated with the Bruker SAINT software43 package, and
absorption correction using the Bruker SADABS program was
applied. SHELXS and SHELXL, within the Bruker program package,
were then used for crystal structure solution and refinement.44 Direct
methods were used for solving the crystal structures, which resolved
the positions of all atoms, except hydrogen atoms. Hydrogen atoms
were placed at calculated positions. The crystallographic data can be
accessed free of charge at the Cambridge Crystallographic Data
Centre through CCDC numbers 2099299 ([QR]PbI3]) and 2099298
(the reference organic iodide salt [QR]I), respectively.

Powder X-ray Diffraction. For XRPD data collection, a
PANalytical X’Pert Pro diffractometer, equipped with a Cu, long
fine focus, X-ray tube, and PIXcel detector, was used. Automatic
divergence, antiscatter slits and 0.02 rad Soller slits, and an Ni filter
were employed during the data accumulation. Films of [QR][PbI3]
were deposited directly onto zero background holders (ZBHs) using
spin-coating. After annealing, the ZBH plates were mounted in
stainless steel holders and subsequently placed in a powder
diffractometer. Subsequent data collections were performed at room
temperature while spun in order to increase the randomness of the
crystal sample orientations. Data collections were recorded by using
scan lengths of approximately 17 min. The samples were analyzed
between 2 and 40° 2θ using 255 detector channels.

Solar Cell Fabrication for Standard PSC Architecture.
Fluorine-doped tin-oxide (FTO) glass substrates were cut (25 × 15
mm2), etched using zinc powder and 2 M hydrochloric acid, and
cleaned prior to deposition of the different device layers. Cleaning was
performed in three steps by washing the glass substrates under
sonication for about 40 min, using acetone and ethanol (99.9%), and
finally deionized water. A compact TiO2 blocking layer spin-coating
formulation (Ti-Nanoxide BL/SC, Solaronix) was subsequently spin-
coated at 5000 rpm for 30 s. Afterward, the substrates were baked at
500 °C for 60 min in an oven, resulting in a compact layer thickness
of 50−70 nm. In the following step, a mesoporous TiO2 layer was
deposited by spin-coating a colloidal TiO2 solution (TiO2 paste, 30
NR-D, Dyesol diluted with absolute ethanol in a 1:5.5 weight ratio) at
4000 rpm for 30 s. The substrates were annealed by using a hot plate
at 80 °C for 5 min before being baked in an oven at 475 °C for 30
min. [QR]I (iodide salt of QR) and PbI2 or SbI3 were dissolved in a
2:1 ratio in DMSO to a concentration of 0.1 M to form the precursor
solution. The solutions were stirred for approximately 30 min before
being filtered using a 0.45 μm PTFE filter. The precursor solutions
were spin-coated at 4000 rpm and annealed at 150 °C for 30 min. A
hole-transport layer (Spiro-OMeTAD, 20 mg/mL chlorobenzene, or
P3HT, 10 mg/mL chlorobenzene) was then spin-coated on top of the
absorber layer at 3000 rpm (Spiro-OMeTAD) or 4000 rpm (P3HT)
for 30 s. Finally, gold metal contacts were thermally evaporated at low
pressure (1 × 10−6 mbar) to generate a counter electrode layer of 80
nm thickness.

Current−Voltage (J−V) Characterization. Solar cell character-
ization employing the standard PSC architecture was performed using
an A Keithley 2400 electrometer to record the photocurrent. An AM
1.5G solar simulator (Newport 91160-1000) with an applied light
intensity of 100 mW/cm2, which was calibrated with a certified silicon
reference solar cell (Fraunhofer ISE), was used as the illumination
source. During measurements under illumination, the solar cells were
covered with a mask with an exposure area of 0.126 cm2.

Incident-Photon-to-Current Efficiency (IPCE) Investigation.
The IPCE data collection was performed using an IPCE setup
equipped with an ASB-XE-175 light source, a monochromator
(Spectral Products CM110), and a Keithley 2700 multimeter.
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Band Structure and Electronic Density of States. The band
structures and the density of states were computed using the hybrid
functional B3LYP within the Crystal 17 package.45 The basis sets of I
and Pb were of small-core, effective-core potential (ECP) quality
(MDF28 for I and MDF60 for Pb),46,47 and the valence space was of
double-ζ quality.48,49 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−
Dresden−Cologne ECP type (MWB10) with an associated small and
contracted valence space.50 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.51 The dye molecules were studied using both
Crystal 17 and the program package Gaussian 16 (rev. B.01).52
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