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Hybrid organic—inorganic perovskites have been established as good candidate materials for emerging
photovoltaics, with device efficiencies of over 22% being reported. There are currently only two organic
cations, methylammonium and formamidinium, which produce 3D perovskites with band gaps suitable
for photovoltaic devices. Numerous computational studies have identified azetidinium as a potential third
cation for synthesizing organic—inorganic perovskites, but to date no experimental reports of azetidinium
containing perovskites have been published. Here we prepare azetidinium lead iodide for the first time.
Azetidinium lead iodide is a stable, bright orange material which does not appear to form a 3D or a 2D
perovskite. It was successfully used as the absorber layer in solar cells. We also show that it is possible to
make mixed cation devices by adding the azetidinium cation to methylammonium lead iodide.
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Accepted 9th September 2017 Computational studies show that the substitution of up to 5% azetidinium into the methylammonium
lead iodide is energetically favourable and that phase separation does not occur at these concentrations.
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Introduction

The amount of research into organo lead halide perovskites for
Perovskite Solar Cells (PSC) has increased rapidly since 2012.*
The benefits of PSC include fabrication using facile solution
processing methods,>* and the ability to easily tune properties
like band gap and colour.>® Methylammonium lead iodide
(MAPI) solar cells have reached efficiencies of over 15%.” MAPI
has a bandgap of 1.6 e€V,* which is higher than the optimum
band gap for solar cells of 1.1-1.4 €V.>* Band gap engineering is
possible by mixing halide ions to form MAPbI;_,X,, where X is
either chloride or bromide.*®* Alternatively the lead cation can
be exchanged for tin. MASnI; has a lower bandgap of 1.3 V, and
MASNI; PSC can reach efficiencies of 5.7%." However MASnI;
has been shown to be more unstable and more toxic than
MAPL. ">

To date, variation of the organic cation has received much
less attention compared to variation of the halide and group 14
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compared to methylammonium lead iodide cells.

metal components of the perovskite. This is likely due to the
perceived lack of alternatives to methylammonium. For-
mamidinium (FA) is the only alternative organic cation that has
been shown to produce a 3D perovskite. FAPbI; has a band gap
of 1.48 eV, and solar cells have been prepared with efficiencies
of up to 16%.'"*"* An alternative approach is to replace the
organic cation with an inorganic caesium cation. CsPbl; cells
have reached 2.9% efficiency;'® Cs' has also been used as an
additive in MAPI cells, improving both the efficiency and
stability.’"” Mixed cation perovskites, e.g. containing for-
mamidinium and methylammonium show efficiencies of
over 18%, and a band gap more closely aligned to that of its
contact layers."” Tri-cation perovskites with the formula
Cs5(MAg.17FA 83)o5Pb(Io.83Br0.17)3 have shown high efficiencies
of 22.1% and improved stability relative to single cation
perovskites.>?* Methylammonium and formamidinium are by
far the most common cations that are used in high efficiency 3D
perovskite solar cells. Organo-lead halide perovskites have been
produced using n-butylammonium cations, but the larger size
of the cation means that a 2D rather than a 3D perovskite is
created.”* Guanidinium lead iodide also forms a 2D perovskite,
but the addition of small amounts of guanidinium to MAPI can
improve the open-circuit voltage in the resulting devices.”* 2D
perovskites have been investigated as absorber layers in PSC
and show enhanced stability compared to devices made with 3D
perovskites.”* 2D materials are very promising, although to date
the efficiencies are lower than for devices containing 3D
perovskites; 2D perovskites can also require high temperature
processing.*

This journal is © The Royal Society of Chemistry 2017
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Substitution of any of the ions in a 3D perovskite will cause
a change in the lattice parameters, and band gap of the mate-
rial.** There are three perovskite phases, the a, B, and v, as well
as a non- perovskite 8 phase; which are stable at different
temperatures and dictate electronic properties.”® A tolerance
factor, which is calculated based on the size of the ions present,
can be used to predict whether a 3D perovskite phase will form:
po _atrx) 1)
V2(rs +1x)

where r,, g and rx are the ionic radii of the components in the
general perovskite formula ABX;. The tolerance factor approach
has been used to predict the likely structure of new perovskites,
where a value of ¢ = 0.9-1.0 suggests a cubic perovskite phase will
be formed. Compensating for the effect of the halide anions on
the radius of the inorganic cation yields a modified factor.>
Cations with radii that are too large to fit within the cubic
perovskite parameters (i.e. 7, gives ¢ > 1) form 2D perovskites.*
The tolerance factor approach has been used to identify other
possible ions that could be used to prepare 3D cubic lead halide
perovskites suitable for PSC. Suggested organic cations include
azetidinium, [(CH,);NH,]", hydrazinium [H;N-NH,]" and guani-
dinium, [(NH,);C]".?** Hydrazinium was used recently to improve
the efficiency of mixed cation inverted structure perovskite cells.”
The azetidinium (Az) cation has a computationally derived ionic
radius of 250 pm, which lies between the ionic radii of MA
(217 pm) and FA (253 pm).* A simple tolerance factor calculation
yields a ¢ value of 0.98, within the region that a perovskite struc-
ture could be predicted. Factoring in the effect of the halide ions
on the [Pblg]*~ octahedra produces a tolerance factor of 1.03, still
within the region where a perovskite could be predicted to form.**
Several computation papers have now predicted that azetidinium
should produce stable lead iodide perovskites. The azetidinium
cation has been previously been used in metal-organic perov-
skites which were not for photovoltaic applications.**** In this
paper we demonstrate that azetidinium lead iodide (AzPI) is stable
and easy to produce. It is a bright orange solid that can be used to
prepare PSC both on its own and when combined in a mixed
cation solar cell with MA. We show experimentally for the first
time that the Az cation is a good option for the engineering of

high-efficiency and stable perovskite solar cells.
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Results and discussion

In this project we prepared both single crystals and thin films of
azetidinium lead iodide (AzPI). The properties of the Az cation
are compared to those of the commonly used MA and FA ions in
Table 1.

Single crystal XRD (SCXRD) data was collected for crystals of
AzPI at 150 K, however the degree of twinning and disorder in
the data was severe and it was impossible to unambiguously
assign a definitive model to the data. Several attempts were
made to grow crystals suitable for SCXRD (crystals were grown
from dichloromethane, acetonitrile and nitromethane), but all
of the crystals obtained showed the same twinning and disorder
suggesting it is intrinsic to the AzPI structure. Based on the
discussion below we tentatively suggest that AzPI has a previ-
ously unreported crystal framework that lies between a 3D and
a 2D perovskite - but more structural studies are needed to
confirm our finding.

We found that azetidinium iodide was not fully soluble in
either DMF or DMSO, so a sequential deposition based
approach was used to produce films of AzPI. A solution of aze-
tidinium iodide in isopropanol was spin-coated on top of a Pbl,
film. The Pbl, film rapidly turned a glassy orange colour at room
temperature (Fig. 1a), the colour did not change with annealing.
Powder XRD was performed on both MAPI and AzPI films
formed by two-step deposition. Major reflections in the AzPI
plot are at 11.5°, 24.9°, 26.2° and 30.1°, and although there is
a feature close to the (002) lead iodide peak at 12.7° the plot is
clearly different from that of pure Pbl, (Fig. S2(a)t).>

A comparison of the PXRD patterns for MAPI and AzPI shows
a large difference in the patterns obtained (Fig. S2d¥). The peaks
in the MAPI plot were more intense and had a narrower peak
width, suggesting that the MAPI film is more crystalline than
the AzPI film.

Fig. 1(b) shows the PXRD plot of the AzPI film down to 5°. It
is important to re-iterate that the ionic radius of the Az" cation
lies between MA" and FA" and so computationally a 3D perov-
skite is predicted. In the case where the ion is too big to easily fit
in a 3D lattice, a 2D perovskite is usually formed which consists
of layers of lead iodide with cations sandwiched in between. 2D
perovskites tend to show characteristic peaks between 5° and

Table 1 Comparison of three organic cations for PSC comparing ionic size, Goldschmidt tolerance factor, perovskite structure at RT, dipole
moment and chemical structure. Dipole moments were calculated for this study

Cation Methylammonium
Effective radius* 217
Tolerance factor”” 0.912
RT structure Tetragonal
Dipole moment (DFT calc.) 2.176 D

+
Chemical structure H3C——NH;

This journal is © The Royal Society of Chemistry 2017

Formamidinium Azetidinium
253 250
0.987 0.980
Hexagonal Unresolved
0.605 D 2.519 D
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Fig. 1 Azetidinium lead iodide (a) UV/Vis spectroscopy of AzPl and
MAPI films with (inset) photograph of an AzPI film (b) a comparison of
the experimental thin film XRD of AzPIl and the pattern generated by
the proposed crystal structure (inset), (c) a J-V curve of an AzPI solar
cell with inset cell parameters.
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10°.%%° Importantly these peaks are completely absent from
Fig. 1(b) suggesting that a 2D perovskite is not formed. To try
and better understand the AzPI structure the single crystal data
was re-examined.

We collected and partially solved four data sets for single
crystals from different batches of synthesis, all of which were
consistent with each other. We are therefore confident in the
proposed gross-structure for AzPI outlined in Fig. 1(b) and in
more detail in Fig. S3.1 The possible solution only contained
information about the lead iodide lattice, it was not possible to
obtain any information on the positions of the cations. The
structure contains corner-sharing groups of Pb-I octahedral
units and lies between a 3D and a 2D perovskite. It should,
however, be stressed that the data are of low quality and further
studies are needed.

Despite the low-quality solution, the suggested structure was
refined using DFT and then used to simulate a powder XRD plot
that we could compare to our experimental results. Preliminary
DFT calculations using caesium in place of azetidinium were
performed. These calculations preserved the local lead iodide
positions and substituted spherical Cs ions into the voids. The
near planar azetidinium is obviously different to caesium and
further calculations suggest that the most stable orientation of
the azetidinium ions is perpendicular to the z axis. Unfortu-
nately, the large size of the crystallographic unit (576 atoms) was
computationally challenging and again it should be stressed that
this is at best an approximation of the AzPI structure. The
structure shown in Fig. 1(b) was used to generate a simulated
diffraction pattern also shown in Fig. 1(b). There are strong
similarities between the experimental and generated spectra — in
both cases there are no significant peaks at low angles and most
higher angle peaks are reproduced. However, the low crystallinity
of the thin film AzPI plot makes anything more than a qualitative
comparison of simulated and experimental data impossible. If
this possible structure is correct then it is extremely exciting as it
suggests that there are as-yet undiscovered ‘perovskite related’
structures which may have interesting photovoltaic properties.

An SEM image of the AzPI film (Fig. S41) shows that the layer
consists of many small crystals, each around 100 nm in size.
There is also a high surface coverage with few noticeable
pinholes, which should aid solar cell performance by increasing
shunt resistance. A low surface roughness of less than 80 nm
can be seen from the AFM image in Fig. S5.

To estimate the band gap of AzPI, UV/Vis absorbance of the
film on glass was measured and compared with a MAPI film
(Fig. 1a). As expected for an orange film, the absorption onset
for AzPI is at shorter wavelengths than for MAPI, with a differ-
ence of just over 200 nm. Although the film absorbs at similar
wavelengths to Pbl,, the absorption onset is red-shifted and the
profile is different (Fig. S2bt). AzPI is much more intensely
orange to the naked eye than yellow Pbl, and as outlined above
XRD of AzPI and Pbl, films show that quite different structures
are formed. The band gap for AzPI was estimated to be 2.15 eV -
significantly higher than the optimum band gap for solar cell
materials.

Mesoporous PSC were made using the bright orange azeti-
dinium lead iodide layers (Fig. 1c). The best cell exhibited an

This journal is © The Royal Society of Chemistry 2017
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efficiency of just over 1% (with an average over 8 pixels of 0.96%
and a standard deviation of 0.08), demonstrating that pure AzPI
exhibits reasonable efficiencies for a new photovoltaic material
in unoptimized solar cells. In order to analyse the photoactivity
of AzPI, a cyclic voltammogram was measured under chopped
illumination. This voltammogram is shown in Fig. S6.f In order
to stabilise the AzPI film, the electrolyte was 0.1 M azetidinium
iodide in isopropanol. A positive photocurrent was observed
above 0.2 V (versus Ag/AgCl); at 0.2 V the photocurrent switched
and became negative. The response suggests that like other
organolead halide perovskites, AzPI is ambipolar.*

Raman was performed to elicit more information about the
possible role of the azetidinium cation in the structure. AzPI
was compared to Azl and Az" in Fig. 2 (A full listing of measured
modes is in Table S11).*® The results show a continuous red-
shift for most modes of the AzPI with respect to the AzI. The
magnitude of this shift is mostly based upon a chemical Stark
shift as well as increased interaction of the Az" with its direct
environment, due to the spatial constraint; thus increasing the
interaction between the Az" cation and the [Pbl;], cage. The
magnitude of this shift is mostly between 5 to 10 cm ™", with few
exceptions. Specifically strong shifts can be seen for the ring
deformation (v3) and the NH, wagging (v;3). Firstly, the v; mode
shows a red-shift of 15 cm™" for the AzPI structure, potentially
caused by sterical hindrance of the inorganic cage. Moreover,
the vi3 NH, wagging mode shows a strong red-shift of 61 cm ™,
which is significantly larger than any observed shift. The
decrease in frequency suggests a weakening of the bond-
strength, presumably through a strengthening interaction
with the inorganic scaffold. Besides the presumably increased
interaction caused by the higher dipole moment (Table S1}) and
favourable out-of-ring position of hydrogen atoms for bonding
with the inorganic scaffold, the Az' also possesses fewer
internal degrees of freedom because of its limited conforma-
tional isomerism. One way to compensate for this would be the

View Article Online
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formation of a lower-dimensional (not 3D) AzPI structure with
higher entropy. Strong hydrogen bonding from the organic
cation would offer an alternative bonding motif for this struc-
ture, opposed to the three-dimensional I-Pb-I perovskite scaf-
fold. The strong shift of the NH, wagging mode v,, indicates
strong bonding action from the amine group (e.g. hydrogen
bonding) in the AzPI orange phase. The generally stronger
shifting of modes associated to the 2C-position and the
ambivalent behaviour of 1C-positioned modes suggests that the
Az" has a bridging function in the orange phase.

Both MAPI and FAPI are known to be unstable in even low
humidity conditions.*” To test the stability of AzPI films towards
water, both an AzPI film and MAPI film were submerged in
water for a few seconds (the dipping is viewable as a ESI Videot).
As might be expected the MAPI film immediately turned yellow
on contact with water and part of the film detached into the
solution. In contrast the azetidinium film remained fully intact
and the bright orange colour was unchanged. To investigate the
degree of degradation of each film, thin film XRD was run
before and after the dipping experiment. The results are shown
in Fig. 3a. The AzPI plot was largely unaffected by dipping and
most importantly there was no increase in the intensity of the
PbI, reflection at 12°, showing that, unlike MAPI and FAPI, the
photoactive phase of AzPI is stable even in the presence of
extreme amounts of water. In contrast, the MAPI had clearly
degraded and the PbI, peak increased in intensity more than
four times. 2D perovskites have also been shown to have an
improved stability to 3D perovskites with exposure to
humidity,* but in our study, we chose a more extreme test.

Mixed azetidinium-methylammonium lead iodide PSC were
prepared and characterised. Tuning the proportion of different
cations in the perovskite is known to alter the band gap and
other properties of the material.”>** Mixed cation films were
prepared by two step deposition; spin-coating methyl-
ammonium iodide solutions containing an increasing mole
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(a and b) Full spectra of Azl and AzPI including comparison to Az*

modes (c—e) zoomed region with shifts of assigned peaks against Az*.
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Fig. 3 The effect of water on AzPl and MAPI: (a) photographs of AzPI (left) and MAPI (right) before (above) and after (below) dipping in water; (b)
pre- and post-dip XRD for AzPI, and (c) pre- and post-dip XRD for MAPI.

percentage of azetidinium iodide onto a pre-prepared Pbl, film.
The resulting films are shown in Fig. 4a. The black colour of the
MAPI was maintained until 10 mol% AzI was included in the
solution. At this concentration the film became visibly lighter in
colour. Increasing the mol% of AzI in the solution caused the
film to continue lightening towards the orange colour of azeti-
dinium lead iodide. The colour change is evident in the UV/Vis
spectra of the films (Fig. 4b), in which there is little change in
the absorbance until 5 mol% Azl is present in the solution. As
the percentage of azetidinium increases further, the absorption
onset is slightly blue shifted and there is a reduction in the
overall absorbance between 800 and 600 nm, then an increase
in the absorbance at shorter wavelengths.

In the powder X-ray diffraction pattern, derived from the thin
film, there are clear trends that appear with the increasing mole
percentage of azetidinium in the spin-coating solution. For
compositional ratios of x = 0.02, the diffraction pattern shifts
towards smaller angles, caused by the increase in unit cell size.
There is a single peak at 28.5° without shoulder, suggesting that
there is a continuous phase of Az,MA; ,Pbl;. AZMAPI crystals
containing 1% and 5% Az" were dissolved and characterised by
NMR (Fig. S77). It can be seen that peaks for Az are visible in the
spectra.

To better understand the incorporation of Az" into MAPI; the
mixed A-cation lattice was simulated by randomly incorporating

20662 | J. Mater. Chem. A, 2017, 5, 20658-20665

up to 5% Az" cations in place of MA" in the parent MAPI. The
simulations show that a continuous phase can be formed and
have allowed us to probe both the local structural effects and
the energetics of substitution. First, we find significant local
relaxation of the nearby Pbl¢ octahedra around the substituted
Az" cations as shown in Fig. 5, with displacements of neigh-
bouring iodine ions of ~0.3 A. This assists in accommodating
the larger cationic size of Az' (2.5 A) in comparison to MA"
(2.17 A), while keeping the overall 3D perovskite structure.

Second, we explored the energetics of A-site cation mixing by
evaluating the A-site substitution energy. The incorporation of
Az" into the MAPI perovskite lattice is found to be favourable (by
10 meV per formula unit). This result supports the experimental
observation of easy incorporation of Az into the perovskite
structure and suggests greater stability of the black perovskite
phase of MAPI upon partial (<5%) substitution of MA" by Az"
cations. In addition, our calculations indicate that the band-gap
does not change significantly with the incorporation of small
amount of Az" cations in MAPL This finding is again in line with
previous experimental observation of negligible PL-edge shift
upon A-site cation mixing.

For larger Az ratios 0.05 < x < 0.1, the perovskite reflections
indicate splitting into two domains. The primary AzPI peak at
26.2 appears at x = 0.1, and upon further increasing the Az ratio
to x = 0.25, the intensities of the MAPI phase reflections

This journal is © The Royal Society of Chemistry 2017
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Fig. 4 A study of the effects of azetidinium on methylammonium lead iodide (a) photographs of the AzMAPI films on glass with different mol%
azetidinium iodide in the spin-coating solution, from left to right: (top row) MAPI, 1 mol% Azl, 2 mol% Azl, 5 mol% Azl; (bottom row) 10 mol% Azl,
25 mol% Azl and AzPI; (b) UV/Vis spectroscopy and (c) X-ray diffraction patterns for the films on glass with inset tracking of the movement of the
(2, 2, 0) peak at 28.5°; (d) box-chart for the efficiencies of cells made using AzZMAPI and (e) JV curves for the best performing MAPI and AzMAPI

cells showing both the forward and reverse scan.

decrease, while the AzPI reflections become more intense.
Taking the MAPI (2, 2, 0) reflection as an example (inset in
Fig. 4c), there is a broadening and leftward shift - with the
appearance of shoulders in the peak in the 5 mol% AzI sample.
The apparent phase separations in the films made with a larger
proportion of Azl explains the shape of the UV/Vis spectrum,
with separate AzPI phases within the MAPI film causing
shoulders in the absorbance, rather than completely shifting
the band gap.

For solar cell fabrication PbI, films were dipped into solu-
tions of mixed AzI and MAI, to allow the organic cation solution
to fully penetrate the mesoporous layer (Fig. S91). MAPI cells

This journal is © The Royal Society of Chemistry 2017

were used as the control. Until recently the highest reported
efficiency for a pure MAPI cell was 15%,> however using a multi-
step Lewis base adduct method, the efficiency can be increased
to 19.7%.%® The highest efficiency devices are mixed cation and
contain MA, FA and Cs. We chose to work with lower efficiency
MAPI cells to allow us to fully characterise any changes intro-
duced by the Az cations. The cells were made by a standard two-
step deposition method and were not optimised for efficiency.

AzMAPI mixed cation cells deposited from a solution con-
taining more than 5 mol% AzI show a lower efficiency than pure
MAPI cells (Fig. 4d). This agrees with the UV/Vis spectra, XRD
(Fig. 3b and c) and EQE (Fig. S107) measurements which all

J. Mater. Chem. A, 2017, 5, 20658-20665 | 20663
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Fig. 5 Simulated structure of AzZMAPI using high level DFT methods.
Local lattice relaxations in the Pb (green)/I (purple) framework near to
the Az" cations are highlighted by black circles. A zoomed image is
available in Fig. S8.1

Table 2 Photovoltaic parameters for MAPI and 1 mol% azetidinium
solar cells (averaged over 15 pixels)

Voc Jsc Champion Efficiency
(mv) (mAcem™2) FF (%) cell (%) (%)
MAPI 948 + 13 18.6 = 0.70 62 £ 5.1 12.9 11.0 £ 1.35
AZ.01MAg.0oPI 925 + 16 18.1 + 0.95 65 & 4.0 13.0 11.1 + 0.95

show phase separation into MAPI and AzPI regions. A discon-
tinuous phase may hinder charge transfer through the lattice.
With lower percentages of azetidinium in solution there is an
improvement in the average efficiency of the cells, which is
largely due to an improved fill factor (Fig. S117). This, as well as
a significant reduction in the hysteresis, is evident in the JV
curves displayed in Fig. 4e and S12,T where, as in Table 2, the
best performing MAPI and AzMAPI pixels are compared. There
is a reduction in the standard deviation of the cell efficiency,
from 1.35 in the MAPI control to 0.95 in the Az, ,;MA, ooPDbI; set.
The stabilised power output of the devices also increased,
shown in Fig. S13.7 The best performing cell, from the Azg ;-
MA ooPbI; set had an efficiency of 13.00% in the reverse sweep,
and 12.98% in the forward sweep.

Conclusions

In conclusion, we have synthesised and characterised the new
compound, azetidinium lead iodide (AzPI). We have deter-
mined that this compound exists as a stable, bright orange film
and exhibits some photovoltaic capability, with an optical band
gap of 2.15 eV. It is also possible that AzPI has a new structure
that lies between a 2D and a 3D perovskite, but more structural
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characterisation needs to be carried out. Our work tests the
application of tolerance factor calculations to these materials,
as azetidinium lead iodide is predicted to be within the range
for a 3D perovskite to form. Chemical differences in the cation
itself (dipole, acidity of the N-H group) are likely to be a key
factor that needs to be brought into consideration when making
predictions. Azetidinium can be co-deposited with methyl-
ammonium to further improve the properties of the MAPI
perovskite. These AzZMAPI perovskites show an enhanced effi-
ciency compared to pure MAPI, with a reduced hysteresis at low
percentages of azetidinium.
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