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ABSTRACT: Hybrid organic-inorganic halide perovskites are promising thin-film solar cell
materials. However, the toxicity and instability of champion lead—halide perovskite materials make
them non-ideal. To combat these issues, we replaced lead with bismuth and explored the sensitivity
of these new lead-free materials to the valency and bonding of their cationic organic groups.
Specifically, we synthesized and characterized the materials properties and photophysical
properties of hexanediammonium bismuth pentaiodide ((HDA")Bils) and compared them to an
analog containing a more volatile organic group with half the number of carbon and nitrogen atoms
in the form of propylammonium ((PA*):Bil,). The full crystallographic structures of (HDAZ")Bils
and (PA™)Bil, were resolved by single-crystal X-ray diffraction. (HDA?")Bils was shown to be
pure-phase and have a one-dimensional structure, whereas (PA"),Bil, was shown to be a mix of
one-dimensional and zero-dimensional phases. Structures of the materials were confirmed by
synchrotron X-ray diffraction of powders. Both (HDA?")Bils and (PA™)Bil, exhibit steady-state
photoluminescence at room temperature, indicative of high materials quality. Density functional
theory calculations of (HDA?")Bils predict electronic absorption features and a ~2 eV bandgap
that are consistent with those observed experimentally. Structure—property relationships of the
materials were examined, and moisture tolerance and film quality were found to be superior for
dication-containing (HDAZ")Bils in relation to monocation-containing (PA")Bil,. We hypothesize
that these trends are in part due to a molecular bridging effect enabled by the presence of the
dicationic hexanediammonium groups in (HDA?")Bils. Solar cells fabricated using (HDAZ")Bils
as the photoactive layer exhibited photovoltaic action while those containing (PA¥).Bil, did not,
suggesting that organic dicationic groups are beneficial to light-absorber morphology and

ultimately solar cell performance.



INTRODUCTION

Lead—halide-based hybrid organic—inorganic perovskite materials (APbX3) are promising
light-absorbers for use in thin-film solar cells due to their low-temperature processability* 2 and
demonstrated laboratory-scale efficiencies of > 20%.*> APbX3 has also been incorporated in
devices for solar fuels production, where solar-to-hydrogen conversion efficiencies of 2.5% have
been reported.®” While application of this new materials class in solar fuels devices may lead to a
promising technology, APbXs is not ideal because it contains toxic lead and the materials are
unstable in humid ambient conditions. Compatibility with humid air is the minimum requirement
for a solar fuels device that uses water as a clean source of electrons.®° Therefore, research into
classes of photoactive materials that are moisture tolerant and are of a high quality is important.

We have previously reported a one-dimensional perovskite-like bismuth—halide material,
hexanediammonium bismuth pentaiodide, NH3(CHs)sNH3Bils ((HDA2")Bils), for use as the
photoactive layer in solar cells.!* When processed under ambient conditions, this material
exhibited superior film quality, photovoltaic performance, and stability in comparison to the
widely-studied three-dimensional methylammonium lead triiodide. We proposed that the
dicationic nature of the organic hexanediammonium groups allowed it to bridge unit cells in the
structure and provide increased stability. Evidence for this structural arrangement is supported by
single-crystal X-ray structures of these materials reported by Mousdis et al.*> While some
additional studies have been performed using these matierals,**'* no additional evidence exists
that this structural architecture provides increased stability. To further assess this, herein we
compare one-dimensional ((HDAZ")Bils, which contains bridging dicationic organic groups, to an
analog that contains only non-bridging monocationic organic propylammonium (PA*) groups with

half the number of carbon and nitrogen atoms.



In 2000, Mitzi introduced the possibility of using non-toxic lower-dimensional photoactive
materials in hybrid organic—inorganic solar cells with introduction of metal-deficient two-
dimensional (H.AEQT)Biasls, where AEQT = 5,5"-bis-(aminoethyl)-2,2":5',2":5" 2""-
quaterthiophene.’® Since then only two other analogous two-dimensional bismuth-containing
materials have been reported: (NH4)sBizlg,*® and (TMP)1s[Bi2l-Cl2], where TMP = N,N,N’,N'-
tetramethylpiperazine.” The all-inorganic analog, bismuth iodide (Bils), also exhibits a two-
dimensional layered structure of Bile® octahedra and has been incorporated in solar cells with
efficiencies as high as 1.2%.18-20 Other hybrid bismuth—halide photoactive layers that have been
used in solar cells primarily fall into the class of zero-dimensional AsBi.lg materials, where A =
K*, Rb*, Cs*, methylammonium, or formamidinium, and from which solar cell efficiencies up to
1.64% have been achieved.’>?®> The low dimensionality of the binuclear clusters of zero-
dimensional octahedra results in low charge conductivity*626-20 and therefore, it is speculated that
the charge-carrier diffusion lengths are much smaller than those measured for hybrid organic—
inorganic materials of higher dimensionality.

While our study will help assess whether specific dicationic organic groups are
advantageous to materials properties and moisture stability in this class of hybrid organic—
inorganic materials, this comparison is only possible in lower-dimensional materials due to charge
balancing. Three-dimensional hybrid organic—inorganic analogs only require single cations per
unit cell, yet they often result in more efficient solar cell performance due to the three-dimensional
connectivity of the inorganic units, which facilitate charge-carrier conduction.®* When the
dimensionality of the materials is reduced from three, the inorganic units become much more
electronically isolated from each other, resulting in poorer electrical conduction.®? In cases where

the electrically-insulating organic unit is small enough, weak electronic interactions between the



inorganic units still exist,* therefore enabling at least moderate conduction and performance.
Herein, we report a comparative study using one-dimensional (HDA?")Bils that contains divalent
organic cations vs. an analogous (PA*).Bil, material that contains monovalent organic cations and
half the number of carbon and nitrogen atoms. Structural information of material powders and thin
films, theoretical maximum solar cell efficiencies, stability, and photophysical properties are
compared in order to elucidate structure—property relationships in these hybrid organic—inorganic

bismuth-halide materials.

EXPERIMENTAL SECTION

Single-Crystal Growth. Single crystals of (HDA?")Bils were grown by vapor diffusion of
dichloromethane into a 0.5 M solution of 1:1 hexandiamine dihydriodide (HDAI):Bils, where
HDAI in slight excess to ensure there was no residual Bils, in a solvent mixture of 4:1 (v/v) N,N-
dimethylformamide (DMF):dimethylsulfoxide (DMSO). Single crystals of (PA"),Bil, were grown
by vapor diffusion of dichloromethane into a 0.5 M solution of 2:1 propylamine hydriodide
(PAI):Bils, with PALI in slight excess to ensure there was no residual Bils, in methanol. Details on
single-crystal X-ray data collection and structure solutions for (HDA?")Bils and (PA*)Bil, are
provided in the Supporting Information. Density Functional Theory Calculations for (HDAZ")Bils
and (PA).Bil, are also provided in the Supporting Information.

Solution Preparation. All chemicals were used as received. Ammonium iodide salts were
synthesized by slow addition of hydriodic acid (47% in water, stabilized with 1.5%
hypophosphorous acid, Sigma-Aldrich) to either 1,6-hexanediamine (98+%, Alfa Aesar) or
propylamine (98%, Sigma-Aldrich) dissolved in methanol. As an example, to synthesize HDAI,
260.9 mg of 1,6-hexanediamine was dissolved in 5 mL methanol, and then 1 mL hydriodic acid

was added slowly at 0 °C with stirring, followed by stirring for an additional 30 min. In this case,



the hydriodic acid to amine molar ratio was 2:1, with hydriodic acid in slight excess. HDAI
precipitate was recovered by evaporation of solvents at 40 °C with a rotary evaporator. The
precipitate was rinsed with diethyl ether, and vacuum dried at 60 °C for at least 12 h. An analogous
procedure for the preparation of PAI was carried out, but the hydriodic acid to amine molar ratio
was 1:1, with hydriodic acid in slight excess. 0.5 M solutions of (HDA?")Bils and (PA"),Bil, were
then prepared by mixing powders of HDAI2 or PAI with Bilz (99.999%, Sigma-Aldrich) at an
approximately 1:1 mole ratio, with HDAI> or PALI in slight excess, in an anhydrous mixture of 4:1
(v/v) DMF:DMSO at 70 °C inside a nitrogen-filled glovebox. The (HDAZ")Bils and (PA™),Bil,
solutions were stored in the glovebox until use and were used within one week of preparation.

Materials Processing. All steps of materials deposition and solar cell fabrication were performed
in air with 40% — 60% relative humidity and as described below, unless noted otherwise. All
thermal treatments were performed using a hot plate. Fluorine-doped tin—oxide coated glass (FTO)
substrates were cleaned as follows: 1) sonication in Alconox solution, 2) rinse with deionized
water, 3) rinse with ethanol, 4) sonication in ethanol, and 5) dry with nitrogen. A compact TiO>
(cTiO2) layer was deposited by pipetting a solution of titanium diisopropoxide bis(acetylacetonate)
on a cleaned FTO substrate and then the substrate was spun at 2000 rpm (2000 rpm/s acceleration)
for 60 s. The substrate was subsequently dried at 125 °C and then sintered at 550 °C for 30 min.
Nanoparticles of TiO2 were synthesized following a procedure by Ito et al.®* The nanoparticle
solution was further diluted in ethanol at a ratio of 1:3.5 TiO2 nanoparticle solution:ethanol, w/w
to make a mesoporous TiO2 (MTiO2) suspension. The mTiOz layer was deposited by spin coating
this solution at 500 rpm (500 rpm/s acceleration) for 5 s and then 5000 rpm (5000 rpm/s
acceleration) for 25 s, followed by drying at 125 °C, and then sintering at 550 °C for 30 min. The

substrates were allowed to cool to room temperature. Unless otherwise noted, a conventional spin-



coat method was adapted from Kim et al.3* and used for depositing the hybrid organic—inorganic
bismuth—iodide solutions that served as the photoactive layer. For this method, a filtered solution
of (HDA")Bils or (PA™),Bil, in 4:1 (v/v) DMF:DMSO was pipetted on top of the mTiO,-coated
FTO substrate and then the substrate was spun at 3000 rpm (3000 rpm/s acceleration) for 60 s,
followed by rapid transfer to a hot plate that was preheated to 100 °C and subsequent annealing at
100 °C for 45 min. In some cases, the fast-deposition crystallization method was employed for
depositing the photoactive layer, which was adapted from Xiao et al.*® For the fast-deposition
crystallization method, the photoactive layer solution was spun at 6000 rpm and 6000 rpm/s
acceleration for 30 s total, and 6 s before the end of the spin process, anhydrous chlorobenzene
was dispensed onto the film while the substrate was spinning. For both photoactive layer
deposition methods, the photoactive layer solution was dispensed on the substrate at a volume of
17.5 pLicm?.

Characterization. All samples for characterization were measured under ambient conditions.
High-resolution synchrotron powder diffraction data were collected using beamline 11-BM at the
Advanced Photon Source at Argonne National Laboratory using a calibrated wavelength of
0.41417 A. Discrete detectors covering an angular range from —6 to 16° 26 are scanned over a 34°
26 range, with data points collected every 0.001° 26 and scan speed of 0.01%s. Data are collected
while continually scanning the diffractometer 20 arm. A mixture of NIST standard reference
materials, Si (SRM 640c) and Al20z (SRM 676) is used to calibrate the instrument, where the Si
lattice constant determines the wavelength for each detector. Corrections are applied for detector
sensitivity, 20 offset, small differences in wavelength between detectors, and the source intensity,
as noted by the ion chamber before merging the data into a single set of intensities evenly spaced

in 20. For ease of data presentation, 26 values were adjusted as if Cu K, radiation (1.5406 A) was



used. Grazing-incidence X-ray diffraction (XRD) data were collected using a Rigaku Smartlab
diffractometer with Cu K, radiation and in parallel beam geometry. Scanning electron microscopy
(SEM) images were acquired on a FEI Magellan 400L XHR using 15 kV accelerating voltage and
0.8 nA beam current. Thermogravimetric analysis (TGA) data were obtained using a TGA Q500
by TA Instruments. Transmission and reflection spectra were obtained using an integrating sphere
in a Shimadzu UV-3600 ultraviolet-visible-near-infrared spectrophotometer. Absorption was
calculated by assuming Absorptance = 1 — Transmittance — Reflectance. Steady-state
photoluminescence (PL) was measured with a Horiba Jobin Yvon Model FL-1039/40 Fluorolog,
a Horiba Jobin Yvon iHR320 spectrograph, and a Horiba Jobin Yvon SPEX Instruments S.A.
Group Spectrum One G35 CCD camera. A monochromatized Xe lamp was used as the excitation
source. Steady-state PL data were corrected for the wavelength-dependent response of the
detection system. Time-resolved photoluminescence spectroscopy measurements were performed
using the time-correlated single photon counting technique. Excitation light was generated by a
Fianium SC-450-PP laser operating with an average power of 15.5 pW at a repetition rate of 10
MHz and a wavelength of 450 nm selected by a Fianium AOTF system. A 470 nm long pass filter
was used to remove scattering from the excitation source. The emission was detected using a
Hamamatsu streak camera with a wavelength range of 200 — 900 nm and response of < 20 ps. For
a clearer comparison, data were shifted and normalized so that maximal values of 1 occurred at t
= 0 ns. To obtain kinetic data, the signal was averaged over the entire spectrum for which there

was an appreciable signal (~530 — 700 nm).

RESULTS AND DISCUSSION



Crystals of (HDAZ")Bils grew in the form of red needles and single-crystal XRD data
confirmed the crystal structure (Figure 1). These data also provided evidence that the organic
dication (white, blue) bridges iodides (green) coordinated to different bismuth(l11) ions (yellow)
and yielding one-dimensional chains of corner-sharing octahedra.***? The chains of bismuth—
iodide octahedra align perpendicular to the c-axis along the (110) plane, as indicated by the red
plane in Figure Sla, which shows a 1 x 1 x 3 unit cell structure of (HDA?")Bils. The organic
hexanediammonium groups in the (HDAZ")Bils structure are “c”-shaped, supporting the notion
that there is some bonding interaction between terminal ammonium groups of hexanediammonium
and iodides of Bils>~ that is causing the hexanediammonium groups to orient. In Figure Sib, the
same structure is displayed but rotated 90° and in Figure S1c the same orientation of the structure
as in Figure Slb is displayed, but with the hexanediammonium groups omitted. Figure S1b,c

highlight the inorganic Bils>~ framework of (HDA>")Bils through which rapid charge-carrier
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be isostructural to (HDA?")Bils crystals. However, it is evident from Figure S2 that the inorganic
framework of the (PA")Bil, single crystal is different than that of (HDA>")Bils, because it contains
clusters of Bizlo*> bioctahedra. This structure is zero-dimensional and therefore, it is much like that
of methylammonium bismuth iodide and previously-reported AsBizly materials.2”*%3-40 Table S2
shows crystallographic information pertaining to the (HDA?")Bils single crystal.

[ Synchrotron XRD was performed on (HDA?")Bils powders obtained by mechanical

abrasion of spin-coated thin films (Figure 2a, red line). The diffraction patterns are consistent with
the calculated powder pattern based on the single-crystal data (Figure 2a, black line). The similarity
in these diffraction patterns supports that the (HDA2")Bils single crystal that is seeded from
solution has the same structure as the (HDA?")Bils thin film that crystallizes during annealing.
Figure 2b displays the same comparison in XRD patterns for (PA"),Bil,. It is evident that other
crystal phases are present in the (PA").Bil, powder scraped off from thin films in addition to the
single-crystal phase that grew in solution (Figure S2). In Figure 2b, the peaks labeled in black font

correspond to the one-dimensional phase that matches that of (HDA2")Bils and the peaks labeled
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Figure 2. X-ray diffraction patterns of (a) (HDA?")Bils and (b) (PA™)Bil, measured for powders
obtained by mechanical abrasion of spin-coated thin films using a synchrotron source (red and
blue lines, respectively) and predicted from the resolved single-crystal structure (black and gray
lines, respectively).
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in blue font correspond to the zero-dimensional phase that matches the resolved single-crystal
structure. The unlabeled peaks present in the XRD data presented in Figure 2b are suspected to

correspond to a third not-yet-determined phase.
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Figure 3. Grazing-incidence X-ray diffraction patterns of
thin films of (HDA?")Bils (red line) and (PA)Bil, (blue
line) thin films on fluorine-doped tin—oxide-coated glass
(FTO). The pattern matches well with that obtained for
(HDA?")Bils/TiO2/FTO reported in ref. 1 but (HDAZ")Bils
peaks have now been more accurately indexed based on
For the thin-film XRD pattern of the single-crystal structure determined in Figure 1.

indicating a phase-pure one-
dimensional framework of corner-

sharing bismuth—iodide octahedra.

(PA™):BIl, (Figure 3, blue line), however, the dominant peak at ~7.4° is indexed to the (200) peak
of single-crystal (PA*)«Bily, which corresponds to the zero-dimensional phase of the material. It is
evident that annealed thin films of (PA*)Bily contain a mixture of a one-dimensional phase of
corner-sharing bismuth—iodide octahedra analogous to (HDAZ?*)Bils and a zero-dimensional phase
containing clusters of bismuth—halide bioctahedra analogous to AsBizlg materials.

Density functional theory (DFT) calculations were performed to investigate the
optoelectronic properties of (HDAZ")Bils (Figure 4). The HSE06 hybrid functional was employed
with spin—orbit coupling effects explicitly included for all calculations. HSE06 has been shown

reproduce the lattice parameters and bandgaps of many lead—halide-based and bismuth—halide-
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based materials.***® The indirect and direct bandgaps of (HDA?")Bils were calculated to be
2.01eVand 2.03eV, respectively, in very good agreement with our previously published
experimentally measured values of 2.05 eV and 2.15 eV, respectively.** Inclusion of spin-orbit
coupling was found to lower the calculated bandgap of (HDA?")Bils by 0.68 eV, due to the
presence of heavy 6p ions.** The calculated non-parabolic effective masses of the valence-band
maximum and conduction-band minimum are smaller for electrons than holes such that they are
0.57 mp at ' and 2.08 mg at Y for electrons and 0.79 mg at I and 5.80 mo at Z for holes, where mgp
=9.11 x 103 kg and is the free electron rest mass.

The calculated optical absorption spectrum of (HDA?*)Bils agrees well with our previously
published electronic absorption data,** in that (HDA?*)Bils shows a similarly large absorption
coefficient just above its bandgap (Figure S3). Strong optical absorption is quite surprising for a
one-dimensional hybrid organic—inorganic material,*® but is beneficial to solar-cell performance.

For this reason, we calculated the spectroscopy-limited maximum efficiency (SLME),*6~¢ which
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Figure 4. (a) HSE06+SOC band structure of (HDA?")Bils, with the valence-band maximum set
equal to 0 eV. (b) Calculated spectroscopy-limited maximum efficiency (SLME) of
(HDA?")Bils.
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is a metric to predict the maximum solar cell efficiency considering the direct/indirect nature of
the bandgap, the strength of optical absorption, and the thickness of the film. For (HDAZ")Bils the
efficiency was calculated to be > 20% for film thicknesses of > ~250 nm (Figure 4b). This is very
close to the Shockley—Queisser detailed-balance limit of 21.6% for a material with a similar
bandgap of 2.05 eV and suggests that if the (HDA2")Bils photoactive layer has a quantum yield
for emission of unity and the solar cell has optimal selective contacts, we can approach this
efficiency limit.

Electronic absorption and steady-state photoluminescence spectra of thin films of

(HDA?"Bils and (PA").Bil, are displayed in Figure 5. The more gradual and hypsochromic

absorption onset of (PA").Bil,
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Figure 5. Absorption spectra (solid lines) and steady-state
edge  photoluminescence is  photoluminescence (PL) spectra using excitation at 400 nm
(dashed lines) for thin films of (HDA?")Bils (red lines) and
present from both materials (PA").Bil, (blue lines).
suggesting that the emission is not from intra-gap trap states.*® It is also evident in Figure S4 that
there is no wavelength-dependent response to the emission of each film, indicating that the
observed signal is not due to a scattering phenomenon.
Time-resolved photoluminescence measurements were carried out on (HDA?")Bils and

(PA™),Bil, thin films. A transient signal above the instrument response was only obtained for the

(HDA?")Bils thin film when 10 wt. % KI was incorporated in the precursor solution, and the
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measured photoluminescence lifetime was < 1 ns (Figure S5a). Incorporation of K1 was motivated
by Stranks et al. who reported that K1 healed defects and therefore maximized emission from lead—
halide-based perovskite thin films.® Time-resolved photoluminescence spectra of the
(HDA?")Bils thin film with 10 wt. % KI incorporation are shown in Figure S5h. The spectra
represent time regions that are prior to signal decay when there is primarily scattering off of the
sample (black line), during the majority of the signal decay (green line), and during all of the signal
decay out to 0.8 ns (red line). Signals beyond the first scattering time region are predominantly
observed in the wavelength range of 625 — 650 nm, which matches the range of maximum steady-
state emission intensity.

The determination of an ideal solution deposition method for the hybrid bismuth—iodide
materials under investigation was challenging and a single solution-deposition method was not
identified that yielded the highest-quality film for each material. This is evident in the (absorptance
+ reflectance) spectral data presented in Figure S6b, where less scattering at long wavelengths and
larger absorbance is desired. Assuming identical thicknesses, values for the absorptance should be
the same regardless of deposition method. It is clear, therefore, that reflectance is higher for the
(HDA?")Bils film processed using the fast-deposition crystallization method with chlorobenzene
as the antisolvent (red dashed line) than the (HDA?")Bils film processed by the one-step deposition
technique (red solid line). This is evident by the fact that for (HDA2")Bils film processed using the
fast-deposition crystallization method, values of absorptance + reflectance at wavelengths longer
than the absorption onset (i.e. > ~625 nm) are larger than those for the (HDA2")Bil;s film processed
by the one-step technique. However, the opposite is true for (PA").Bil, (blue lines). Greater
reflectance suggests larger scattering effects of the film that can in part be attributed to poorer film

coverage on the substrate.
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The disparity in absorption onset and film color can also be explained through differences
in thin-film coverage. It is evident from plan-view SEM images of (HDA?")Bils (Figure S7) and
(PA™):Bil, (Figure S7) that even though both material thin films consist of lamellar structures, the
surface coverage of (HDA?")Bils on a TiO,/FTO substrate is larger than that for (PA™)Bil,. The
reason for this discrepancy is still unknown, but it is conjectured that the organic dicationic
hexanediammonium groups bridge the chains of bismuth—iodide octahedra together more
effectively than the organic monocationic propylammonium groups. For a given spin-coat speed,
acceleration, and time (3000 rpm, 1 rpm/s acceleration, 60 s) as well as concentration (1 M) in the
4:1 (v/iv) DMF:DMSO solution, it is clear that the extent of visible-light absorption by the
(HDA?")Bils thin film is far superior to that by the (PA*),Bil, thin film (Figure S8).

The thermal stability of (HDA*)Bils and (PA").Bil, powders were assessed by
thermogravimetric analysis (Figure 6). The onset of significant mass loss occurs at a lower
temperature for (PA)Bil,, (< 250 °C) than for (HDA?*")Bils (> 300 °C), which is depicted in the
derivative plots of Figure 6a (dash-dotted lines). It is also evident in Figure 6a that there is a non-

zero slope of the mass loss curve of (PA"),Bil, (blue solid line) even at temperatures below 200
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Figure 6. Thermogravimetric analysis of (HDAZ")Bils and (PA™),Bil, powders as a function of (a)
temperature at a ramp rate of 20 °C/min and (b) time at 200 °C. In panel a, the solid curves
correspond to the % mass remaining (left axis) and the dashed curves correspond to the derivative
of the % mass with respect to temperature (right axis).
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°C whereas the mass loss curve of (HDA>")Bils is flat (red solid line). This difference is
accentuated in the ramp-and-hold thermogravimetric data displayed in Figure 6b, where the
temperature in the thermogravimetric chamber was ramped to 200 °C and then held and monitored
at 200 °C. After 1 h, the (PA™):Bil, powder sample lost ~8% of its original mass whereas the
(HDA?")Bils powder sample lost only ~0.5% of its original mass. The greater thermal stability of
(HDA?")Bils compared to (PA").Bil, can be rationalized by differences in boiling points of the
precursors of the organic groups. The boiling point of hexanediamine is 204 °C and the boiling
point of propylamine is 49 °C. In addition, part of the superior stability of (HDA?")Bils could be
explained by a molecular bridging effect, where organic dicationic hexanediammonium groups
give (HDA?")Bils more structural rigidity than the organic monocationic propylammonium groups

do for (PA"),Bil,.

Solar cells were fabricated with the architecture Au/spiro-OMeTAD/Bi/mTiO2/ALD-
CTiO2/FTO, where spiro-OMeTAD is 2,2°,7,7’-tetrakis(N,N’-di-p-methoxyphenylamine)-9,9’-
spirobifluorene, Bi is either (HDA?")Bils or (PA"),Bil,, and ALD-cTiO; is compact TiO deposited
via atomic layer deposition. The cTiO2 layer was deposited by ALD, instead of by solution
deposition, because poor solar-cell performance from cells using solution-deposited cTiO2 was
hypothesized to be due to incomplete coverage of the FTO substrate. Current density versus
voltage (J-V) behavior of solar cells with (HDA?")Bils or (PA*).Bil, as the photoactive layer and
with an ALD-cTiO: layer were measured (Figure 7), and the smaller magnitude of the reverse
saturation dark current in comparison to using solution-deposited cTiO2 suggests that the ALD
protocol was beneficial.'* Our best-performing solar cell containing (HDA?")Bils had an active
area of 0.25 cm? and exhibited an average open-circuit photovoltage (Voc) of > 350 mV, an

average short-circuit photocurrent density (Jsc) of > 0.18 mA c¢cm?, and an average power-
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Figure 7. Current density vs. potential data at a scan rate of 100 mV/s for complete solar cells
consisting of Au/spiro-OMeTAD/Bi/mTiO2/ALD-cTiO2/FTO, where Bi is (HDAZ")Bils (red lines)
or (PA*),Bil, (blue lines), mTiO> is mesoporous TiO2, and ALD-cTiO> is atomic-layer-deposited
compact TiO2. Solid lines are from measurements performed under simulated 1 Sun illumination
and dashed lines are from measurements performed in the dark.

conversion efficiency of 0.029% (Figure 7, red line). This represents a > 50% increase in Jsc
compared to our best-performing solar cell that incorporated a solution-deposited cTiO, layer.!*
Solar cells incorporating (PA¥):Bil, as the photoactive layer exhibited no appreciable photocurrent
(Figure 7, blue line), which is attributed to a combination of inferior zero-dimensional structure of
(PA")Bil, in comparison to that of one-dimensional (HDA?")Bils and poor crystallization of
(PA™):Bil, on the underlying mTiO layer as evidenced by plan-view SEM images (Figure S7c and

s7d).

CONCLUSIONS
A comparative study was performed on a hybrid organic-inorganic bismuth-halide
material that contained divalent organic cations vs. an analogous material containing monovalent

organic cations. The crystal structures of dicationic (HDAZ")Bils and monocationic (PA™)Bil,
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were resolved and shown to differ in that (HDA?")Bils was orthorhombic and one-dimensional
and (PA"),Bil, was triclinic and zero-dimensional. Density functional theory calculations
supported experimental absorption data for (HDA2")Bils and also predicted the bandgap to equal
~2 eV. Relationships between structure and material characteristics such as photophysical
properties, stability, and film quality were investigated. Appreciable steady-state
photoluminescence was observed at room temperature for each of the bismuth—halide materials
measured, while a time-resolved photoluminescence signal on the nanosecond and longer
timescale was only apparent for (HDA?")Bils thin films and only when K1 was incorporated into
the precursor solution. (HDA?")Bils was shown to be more stable to thermal treatments than
(PA"),Bil, and film coverage of (HDA?")Bils on a TiO,-coated FTO substrate was superior to that
of (PA")Bil,. Improved film quality and robustness provide rationale for the use of dicationic
organic groups as replacements to monocationic organic groups in hybrid organic—inorganic
materials. The dicationic materials exhibited photovoltaic action and an open-circuit photovoltage

> 350 mV, while the monocationic analogs showed no apparent photoresponse.
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