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Perovskite-based solar cells have attracted significant recent interest,
with power conversion efficiencies in excess of 15% already super-
ceding a number of established thin-film solar cell technologies. Most
work has focused on a methylammonium lead trihalide perovskites,
with a bandgaps of ~1.55 eV and greater. Here, we explore the effect
of replacing the methylammonium cation in this perovskite, and show
that with the slightly larger formamidinium cation, we can synthesise
formamidinium lead trihalide perovskites with a bandgap tunable
between 1.48 and 2.23 eV. We take the 1.48 eV-bandgap perovskite as
most suited for single junction solar cells, and demonstrate long-range
electron and hole diffusion lengths in this material, making it suitable
for planar heterojunction solar cells. We fabricate such devices, and
due to the reduced bandgap we achieve high short-circuit currents of
>23 mA cm2, resulting in power conversion efficiencies of up to
14.2%, the highest efficiency yet for solution processed planar het-
erojunction perovskite solar cells. Formamidinium lead triiodide is
hence promising as a new candidate for this class of solar cell.

Over the last two years, hybrid organic-inorganic perovskite
solar cells have distinguished themselves as an impressively
efficient, inexpensive technology.! Power conversion efficiencies
have shot up to over 15% by utilising methylammonium lead
trihalide perovskite.>® This material is a solution-processable
semiconductor, which has a bandgap of approximately 1.55 eV,
giving light absorption across most of the solar spectrum, up to
a wavelength of ~800 nm.** Additionally, a previous study has
shown that by varying the halide composition between iodide
and bromide in this material, the bandgap can be tuned
between 1.55 and 2.3 eV, enabling variation in colour and
optimisation for applications in multi-junction solar cells.®
However, it is known that the optimal bandgap for a single-
junction solar cell is between 1.1 and 1.4 eV, currently beyond
the range of the methylammonium lead trihalide system.” In
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Broader context

Within the past 2 years, hybrid organic-inorganic perovskite solar cells
have shot up to efficiencies of over 15%, eclipsing several more estab-
lished thin-film technologies. These solar cells are solution-processable,
cheap and use only earth-abundant materials, making them a prime
contender for high efficiency, low-cost solar power generation. The
majority of these advances have used methylammonium lead trihalide, a
perovskite semiconductor that does not absorb as much of the solar
spectrum as an optimum single-junction solar cell should - it is limited by
its bandgap of ~1.55 eV, whereas the optimum would be 1.1-1.4 eV. Here,
we push this closer to the optimum; by replacing the methylammonium
component with a slightly larger cation, formamidinium, which reduces
the bandgap of the perovskite to 1.48 eV, allowing greater spectral
absorption. Furthermore, we demonstrate that this material has favour-
able charge transport characteristics, allowing it to be incorporated into
the simplest device architecture, composed of a solid thin absorber layer
of perovskite sandwiched between two charge selective contacts. We
fabricate such solar cells with formamidinium lead triiodide, and find
that the reduced bandgap allows very high currents to be generated under
simulated sunlight. As such, we achieve record efficiencies for solution
processed planar heterojunction perovskite solar cells, and demonstrate
the potential for solar cells incorporating this material to become the
leading contenders in this new field.

addition, for the bottom cell in a tandem architecture, the
optimum band gap is around 1 eV, giving good motivation to
realise lower band gap perovskite absorbers.” As we illustrate in
Fig. 1a, perovskites are defined as any compound which crys-
tallises in the ABX; structure, consisting of corner-sharing BXg
octahedra with the A component neutralising total charge. In
the case of the organometal trihalide perovskites, A is an
organic cation, B is the metal cation, and X a halide anion.
Methylammonium lead triiodide, the perovskite of most recent
interest, has a tetragonal perovskite structure arising from a
distortion of the perovskite lattice.® It has been proposed that in
this system, the organic A cation does not play a major role in
determining the band structure, and acts to fulfil charge
neutrality within the lattice.” Nevertheless, its size is important.
A larger or smaller A cation can cause the whole lattice to
expand or contract. Changing the B-X bond length has been
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Fig. 1 Tuning perovskite bandgap by replacing the A cation. (a), The
ABXsz perovskite crystal structure. (b) The atomic structure of the three
A site cations explored. (c) UV-Vis spectra for the APblz perovskites
formed, where A is either caesium (Cs), methylammonium (MA) or
formamidinium (FA).

demonstrated to be important in determination of bandgap.®
Motivated by this, we therefore investigated whether the
bandgap could be tuned in a similar way by variation of the A
cation size. Given a particular metal and halide, there is a
relatively small size range allowed for the A cation, since it must
fit between the corner-sharing metal halide octahedra. If it is
too large, the 3D perovskite structure is unfavourable; lower-
dimensional layered or confined perovskites will be formed.®
If too small, the lattice would be too strained to form. A
so-called tolerance factor has been defined previously, to
describe the limits on ionic sizes of each component, as
detailed in the ESI.{* The larger ethylammonium cation has
been explored previously in solar cells, and was shown to form
a wider bandgap perovskite due to a 2H-type structural rear-
rangement — it was too large to maintain the 3-dimensional
tetragonal ABX; lattice.*

Here, we investigate the impact of tuning the size of the A
cation, in order to push the bandgap of the perovskite absorber
further towards the infrared. We find that an increase in the
cation size results in a reduction in the band gap and we are
able to fabricate solar cells employing formamidinium lead
triiodie that convert to current a greater proportion of the sun's
spectrum. We fabricate high efficiency solution-processed
planar heterojunction solar cells, demonstrating power
conversion efficiencies of up to 14.2%. To the best of our
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knowledge, this is the first report of formamidinium lead tri-
halide-based solar cells.

To investigate the effect of the A cation size upon the optical
and electronic properties of the perovskite, we synthesised
perovskites based on methylammonium lead triiodide, replac-
ing methylammonium (CH;NH;")(MA) with caesium (Cs') and
formamidinium (HC(NH,),") (FA), illustrated in Fig. 1b.
Caesium has a smaller effective ionic radius compared to
methylammonium, whereas formamidinium is slightly larger.®
We use a single precursor solution to spin-coat onto substrates;
the perovskite then forms upon heating. Full experimental
details are provided in the ESIL.T Previous studies have reported
the synthesis of these materials in crystalline form, but to our
knowledge this is the first report of their thin-film synthesis
using a single precursor spin-coating route."’* We show the
absorbance spectra of these materials in Fig. 1c.

We observe that caesium lead triiodide absorbs up to a
shorter wavelength, whereas formamidinium lead triiodide
absorbs to a longer wavelength than methylammonium lead
triiodide. Estimations of the bandgap from Tauc plots
(described in full in the ESIT) gives values shown as an inset in
Fig. 1c. We observe that as the A cation increases in ionic radius,
and hence the lattice would be expected to expand, the bandgap
decreases, causing a red-shift in the absorption onset. Just by
replacing the methylammonium with the slightly larger for-
mamidinium, we are able to shift the bandgap closer to the
optimum for a single junction solar cell.” As such, this material
is a likely candidate to be able to produce even more efficient
solar cells than MAPDI;.

We fabricated a range of formamidinium lead bromide-
iodide mixed halide perovskites (FAPbI,Br;_) to explore the
range of bandgap tunability of the formamidinium lead triha-
lide system. We were able to form most fractional mixtures, but
we note that we were unable to form crystalline phases (as
determined by X-ray diffraction (XRD)) for y = 0.5, 0.6 and 0.7,
so these are not detailed here. The absorbance and photo-
luminescence from the perovskites in this series are shown in
Fig. 2a and b respectively. Extracting the bandgap from Tauc
plots, we determine that the bandgap is tunable between 1.48
and 2.23 eV, providing a whole range of coloured perovskites, as
illustrated in Fig. 2c. An increase in iodide fraction gradually
red-shifts the bandgap. Photoluminescence peaks correspond
well to the absorption onsets, suggesting the observed photo-
luminescence is predominantly from the bandgap rather than
trap or sub-band states.* As observed for the methylammonium
lead trihalide system previously studied,® analysis of XRD data
(shown in full in the ESIt) shows that the perovskites transition
from a cubic (for y < 0.5, Br-rich) to a tetragonal (y > 0.7, I-rich)
crystal structure. Fig 2d shows the shift of the [100] (cubic) to
the equivalent [110] (tetragonal) peak for these perovskites. A
gradual shift in the lattice spacing upon increasing the iodide
fraction is observed. Because the tetragonal symmetry arises
from octahedral tilting, as illustrated in the ESI,{ we are able to
describe a tetragonal perovskite lattice with a ‘pseudocubic’
lattice parameter that allows comparison with cubic lattices, as
described in the literature and detailed in the ESI.{® Deter-
mining the pseudocubic lattice parameter a* for the tetragonal-
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Fig. 2 Tunability of the FAPbI,Brs_, perovskite system. (a) UV-Vis absorbance of the FAPbI, Brs_, perovskites with varying y, measured in an
integrating sphere. (b) Corresponding steady-state photoluminescence spectra for the same films. (c) Photographs of the FAPbI, Brz_, perovskite
films with y increasing from 0 to 1 (left to right). (d) XRD spectra of FAPbI,Brs_, films showing the shift of the 100 (cubic) perovskite peak to the
(110) tetragonal peak as y decreases. (e) Variation of bandgap with pseudocubic lattice parameter as determined from XRD spectra.

phase perovskites, and cubic lattice parameter a (directly
comparable to a*) for the cubic perovskites enables us to plot
the relation between bandgap and lattice spacing for this
system. As we show in Fig. 2e, we observe that a larger pseu-
docubic lattice parameter results in a narrower bandgap. The
relationship appears continuous across the phase change. This
tunability shows that the new formamidinium system has wide
flexibility; further investigation of the properties of the whole
range of coloured perovskites may prove very interesting,
specifically for optimising a wider band gap perovskite for a top
cell in a tandem solar cell architecture.

Formamidinium lead iodide shows a narrower bandgap than
the commonly used methylammonium lead iodide, 1.48 eV
(~840nm absorption onset) compared to ~1.57 eV respectively,
and hence lies closer to that favourable for optimum solar
conversion efficiencies. We should be able to attain higher
photocurrents by harnessing more of the solar spectrum,
provided the photogenerated electrons and holes are suitably
mobile and suitably long lived to be efficiently extracted from
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the solar cell. Previous reports on perovskite solar cells have
explored four main architectures. Firstly, the ‘sensitizing’
architecture, where the perovskite simply acts as an absorber
coating mesoporous TiO,, with excited carriers injected into
hole and electron transporting media for collection at the
electrodes.*>' Secondly, the meso-superstructured architec-
ture, where an inert scaffold forces electron transport through
the perovskite itself.***” Thirdly, the hole-conductor-free archi-
tecture, where in a similar way the removal of a separate hole
transporter means that all hole transport occurs through the
perovskite.*®* Finally, a bulk thin-film architecture with planar
heterojunctions has most recently shown the highest efficien-
cies; here a bulk layer of perovskite is both absorber and long-
range transporter of both charge species.>***° The thin-film and
mesostructured approaches should ultimately provide the
highest efficiencies, since the interfacial area at the hetero-
junction is minimised, where non-radiative recombination
losses are most likely to occur. However, for a material to
function well in the planar heterojunction configuration, it

This journal is © The Royal Society of Chemistry 2014
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must be able to transport charge across film thicknesses greater
than the absorption depth of a few hundred nanometers. To
determine the optimum architecture for incorporation of
FAPDbI; into photovoltaic devices, whether thin-film, meso-
superstructured or sensitizing, we conducted time resolved
photoluminescence quenching experiments using the tech-
nique described in detail in previous work by ourselves and
others, to obtain values for the electron and hole effective
diffusion lengths.***** In brief, we spin-coat a hole (2,2/,7,7'-
tetrakis-(N,N-di-p-methoxyphenylamine)9,9’-spirobifluorene,
spiro-OMeTAD) or electron (phenyl-C61-butyric acid methyl
ester, PCBM) quenching layer on top of a continuous thin film
of the perovskite. Electrons or holes that diffuse into the
boundary between perovskite and the quencher, transfer to the
quencher and can no longer contribute to photoluminescence.
By measuring the time-resolved photoluminescence decay rate
with and without a quencher, and fitting the observed behav-
iour to a diffusion equation, we can estimate a diffusion length
for the charge carrying species.™

Notably, it is important to carry out these measurements on
very uniform and continuous thin films of the material in
question. Spin-coating the formamidinium iodide (FAI) plus
PbI, precursor solution in N,N-dimethylformamide (DMF)
initially resulted in discontinuous perovskite films. However, as
shown in Fig. 3a and b, we found that by adding a small amount
of hydroiodic acid (HI) to the stoichiometric FAI: Pbl, 1:1
perovskite precursor solution, we could form extremely uniform
and continuous films, with phase purity verified by XRD (see
ESIt), which is in good agreement with previous reports on the
crystal structure of this perovskite. We note that after
annealing these thin films we do not observe any significant
presence of the previously reported “yellow phase”."* Moreover,
realising a highly uniform coating is likely to have a beneficial
effect on device performance; the highest efficiency perovskite
solar cells reported to date were fabricated via thermal evapo-
ration, the main advantage thought to be that this method
delivers a continuous and uniform pinhole-free layer.> With the
addition of the acid to the formamidinium perovskite precursor
solution, we have found a simple way to form a pinhole-free
continuous film using conventional solution-processing. This
method has, to the best of our knowledge, not been reported
before. We propose that adding acid helps to solubilise the
inorganic component, and so slows down crystallization of the
film upon spin-coating, enabling a smoother film to be formed,
without having any impact on the crystal structure, as verified
by XRD (see ESIT). We found that in the same way, addition of
HI to a highly concentrated solution of lead iodide in DMF
considerably enhanced its solubility. This simple technique
should prove very useful as a general method for preparing very
smooth hybrid organic-inorganic films, or preparing more
concentrated precursor solutions.

We verified that PCBM and Spiro-OMeTAD are effective
quenching layers for electrons and holes respectively by
measuring the steady-state photoluminescence spectra of
perovskite films with these quenchers on top. As shown in the
ESI,T both quenchers are effective, however the PCBM does not
entirely quench the PL from FAPbI;, in contrast to nearly
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Fig. 3 Time-resolved photoluminescence quenching measurements
on smooth FAPbIs films. Top view scanning electron micrograph of the
sample morphology of a FAPbls film formed from spin-coating the
precursor solution with (a) no addition of hydroiodic acid, and (b) with
adding a small amount of hydroiodic acid to the same precursor just
before spin-coating. (c) Normalised time-resolved photo-
luminescence intensity from films with and without electron and hole-
quenchers, showing the stretched exponential fits to the decay curves.
Diffusion coefficients (D) and diffusion lengths (Lp), extracted from the
fitting, are shown in the inset. Errors quoted arise predominantly from
film thickness variations.

complete quenching when coated upon MAPbI;."* As we show
in Fig. 3¢, by monitoring the time-resolved photoluminescence
intensity at the peak wavelength (810 nm), we were able to
estimate effective diffusion lengths for electrons and holes in
this material, as 177 £ 20 nm and 813 £ 72 nm respectively. As
shown in the ESIL,{ we find that films of a few hundred nano-
meters thickness have sufficient optical density to absorb most
incident light in two passes and as such, a thin-film planar
heterojunction should be able to provide both efficient hole and
electron extraction and light absorption, making this a suitable
configuration for FAPDbI; solar cells. We note that both the
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diffusion length for holes and electrons are significantly longer
than those found in MAPDI;, but shorter that those in the mixed
halide MAPbI;_,Cl, perovskite, which are over 1 micron for
both electrons and holes.* Interestingly, there appears to be a
significant imbalance in the electron and hole diffusion
lengths. This arises from a lower determined diffusion coeffi-
cient for electrons, as shown in Fig. 3c, rather than a reduced
lifetime. We do not have conclusive evidence for any particular
mechanism giving rise to the imbalance, but propose that by
replacing methylammonium with formamidinium, the band
structure of the perovskite is altered, giving rise to an imbalance
in the effective masses for electron and hole. This would in turn
affect the diffusion coefficient and hence the diffusion length.
We also note however, that the diffusion length modelling
assumes perfect quenching, ie. that once a charge species
meets the interface with a quencher it transfers to the quencher
with 100% efficiency and is not reflected. If the PCBM is not an
ideal electron acceptor for the FAPbI;, then the estimation of
the electron diffusion coefficient and length is a lower limit.

We fabricated and optimised thin-film planar heterojunc-
tion solar cells with the FAPbI; perovskite, using compact TiO,
and Spiro-OMeTAD as electron- and hole-selective contacts
respectively. The device architecture is shown in Fig. 4a. We
measured current-voltage characteristics of such devices under
simulated air-mass (AM)1.5 100 mW cm 2 sun light, and show
these characteristics for the best device fabricated, and for the
numerical mean of a 24 cell batch, in Fig. 4b. Full details of
device performance for the whole batch of such devices is
detailed in the ESIL.{ Due to the high short-circuit currents of
over 23 mA cm™ >, we observe power conversion efficiencies in
the best performing devices of up to 14.2%, making this a new
record for solution-processed planar heterojunction perovskite
solar cells. As shown in the EQE spectrum (Fig. 4c), we are able
to generate photocurrent out to ~840nm, rather than only
~800 nm achievable with the well-known MAPbI; material, due
to the narrower bandgap.® The integration of the measured EQE
spectrum over the solar spectrum estimates a short-circuit
current density of 18.2 mA cm 2, close to the average photo-
current generated from a typical cell. We note that this EQE
spectrum is taken from a representative device from the batch,
not the champion device.

The high power conversion efficiency in this system can be
explained by two main advantages of the FAPbI; perovskite.
Firstly, we are able via solution-processing to form a very
uniform and continuous thin film, with very few pinholes or
defects, which has been a difficult challenge for the MAPbX;
films.”® Uniform perovskite coverage is likely to lead to max-
imising the V.. Secondly, the reduced bandgap of 1.48 eV
compared to ~1.57 eV in the MAPbI; ,Cl, perovskite allows
absorption of photons over a greater proportion of the solar
spectrum, and is closer to the ideal bandgap for a single-junc-
tion solar cell. We would expect a corresponding drop in V. to
accompany a smaller bandgap. The V,. attained in the best
FAPDI; planar heterojunction solar cells is 0.94 V, compared to
0.97 V observed in the best MAPbI; ,Cl, solution-processed
planar heterojunction solar cells.”® The reduction in bandgap
from MAPbI;_,Cl, to FAPDbI; is ~0.09 eV, whereas the V. only
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drops by 0.03 V, so in these cells we actually observe a lower
voltage loss from optical bandgap to V,. (loss-in-potential) than
in the MAPDbI;_,Cl, cells - 0.54 eV compared with ~0.58 eV. This
implies fewer energetic losses, as a result of the highly uniform
films or for another reason.

We note that by employing a meso-superstructred approach,
even higher voltages of up to ~1.1 V have been observed in the
MAPbDI;_,Cl, system.'® The origin of these higher voltages in
comparison to the solution processed planar heterojunction
devices are yet to be understood fully, but the loss-in-potential is
only ~0.45 eV, even lower than the loss in the FAPbI; cells. If we
can further reduce this loss in the FAPbI; by, for instance,
employing a mesostructure, a more appropriate choice or
energetically tuning of the n- and p-type collection layers, or by
enhancing the electron diffusion length with halide doping,
then even higher efficiencies should be possible with for-
mamidinium lead trihalide.

Having fabricated high-efficiency FAPbI; devices, it is now of
interest to observe how devices fabricated with the increased
bromide fractions function. Having higher bandgaps, they
should be able to generate higher open-circuit voltages, as
previously shown with the MAPbX; system.>*® To explore this,
we fabricated planar heterojunction solar cells in the same way
with two further compositions of FAPbI,Br;_, perovskites, y =
0 (FAPbBr;) and y = 0.8 (small replacement of iodide with
bromide). Current-voltage characteristics of the best devices
of these compositions fabricated are shown in Fig. 4d, as
compared to the best FAPbI; device. We observe that by
decreasing the iodide fraction (increasing the bromide
fraction) from y = 1 to y = 0.8, we are able to generate higher
open-circuit voltages of 1.0 V, accompanying a drop in
photocurrent. This corresponds to a change in bandgap from
1.48 eVto 1.55 eV, so the increase in V. is more or less what we
would expect assuming no further energetic losses. Increasing
the bromide fraction further by going all the way to FAPbBTr3,
however, we observe that the V,. increases only slightly
further, to 1.02 V. Here the bandgap is now 2.23 eV, so the V.
increase is much less than the bandgap increase. Something
else must then be limiting the V,.. We propose that this is the
HOMO level of the Spiro-OMeTAD hole transporter. Unless we
were to use a different hole transport material, with a deeper
HOMO level, the voltage of such devices is likely to be limited
to just above 1 V.

A fundamental property of the methylammonium lead
iodide perovskite is that it is sensitive to degradation due to
moisture and high temperatures.*** Though this is likely to be
manageable in manufacture, any modifications which enhance
the robustness of the material will be advantageous. We carried
out some initial tests to determine how replacing the methyl-
ammonium cation with formamidinium affects these impor-
tant properties. We found that formamidinium lead iodide is
more resistant when exposed to high temperatures in air than
methylammonium lead iodide - it seems fully stable without
discolouration at 150 °C in air, whereas the methylammonium-
based perovskite discoloured after ~30 minutes (see ESI
Fig. S71). Exposing the perovskites to a moist atmosphere did
result in degradation of the formamidinium perovskite at a

This journal is © The Royal Society of Chemistry 2014
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Fig. 4 Planar heterojunction FAPbI3 solar cells. (a) Cross-sectional scanning electron micrograph of a representative FAPbIs device. (b) Current—
voltage characteristics of FAPbls planar heterojunction solar cells under 100 mW cm™2 AML5 illumination, showing both the mean current—
voltage characteristics for the batch of 24 cells detailed in the ESIf and the current—voltage characteristics of the champion device fabricated.
Performance parameters are shown as an inset. (c) External quantum efficiency spectrum of a representative FAPbls solar cell. (d) Current—
voltage characteristics of FAPbI,Brs_, planar heterojunction solar cells under 100 mW cm™2 AML5 illumination, showing devices withy = 0.8 and
y = 0 compared to the champion FAPbIs solar cell. Performance parameters are shown as an inset.

similar rate to the methylammonium perovskite (ESI Fig. S87).
However, recent work on long-term stability of perovskite solar
cells shows promise that with adequate encapsulation, similar
devices to these can function continuously under illumination
for thousands of hours, so this is unlikely to be a significant
drawback to commercialisation of perovskite solar cells such as
these.”>* Furthermore, the enhanced temperature stability is an
extremely promising property, possibly indicative of better long-
term thermal durability, and will be the subject of further
investigations.

Conclusion

We investigated the effect of changing the size of the A cation in
the organolead trihalide perovskite structure, and found that we
are able to tune the bandgap in this manner. We showed that
replacing methylammonium with formamidinium narrows the
bandgap, enabling broad bandgap tunability with the mixed
halide FAPbI,Br;_, perovskite system between 1.48 and 2.23 eV.
Since FAPbI; displays a bandgap of 1.48 eV, it is closer to the
‘ideal’ single-junction solar cell bandgap of between 1.1 and
1.4 eV. To determine the optimum device configuration, we
carried out spectroscopic diffusion length measurements,
determining that FAPDbI; has sufficiently long electron and hole
diffusion lengths for planar heterojunction solar cells to be a

This journal is © The Royal Society of Chemistry 2014

suitable configuration. We fabricated such cells, and due to the
reduced bandgap of FAPbI; we observed very high short-circuit
currents in excess of 23 mA cm > and achieved up to 14.2%
power conversion efficiency, as measured under simulated full
sun light. This firmly places formamidinium metal trihalide
perovskites as a contending class of materials for high efficiency
solar cells.
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