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36 Abstract

Perovskite thin-film solar cells are one of the most promising emerging renewable
energy technologies because of their potential for low-cost, large-area fabrication com-
42 bined with high energy conversion efficiencies. Recently, formamidinium lead triiodide
44 (FAPDI3) and other formamidinium (CH(NH;)3) based perovskites have been explored
46 as interesting alternatives to methylammonium lead triiodide (MAPDI3), because they
48 exhibit better thermal stability. However at present a major challenge is up-scaling
50 of perovskite solar cells from small test-cells to full solar modules. We show that co-
52 evaporation is a scalable method for the deposition of homogeneous FAPbI3 thin-films
54 over large areas. The method allows precise control over film thickness and results in
56 highly uniform, pin-hole free layers. Our films exhibited a high charge-carrier mobility
58 of 26 cm?V~1s™! excellent optical properties and a bimolecular recombination constant
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of 7x 107 em3s 1. Solar cells fabricated using these vapor-deposited layers within a
regular device architecture produced stabilized power conversion efficiencies of up to
14.2%. Thus we demonstrate that efficient FAPbI3 solar cells can be vapor-deposited,

which opens up a pathway towards large-area stable perovskite photovoltaics.
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Hybrid organic-inorganic perovskite halide solar cells have attracted much attention in
recent years because of their remarkably fast rise in power conversion efficiencies (PCE).!
While PCEs above 20 % have been achieved by multiple research groups,? the stability and
up-scalability of perovskite solar cells remain obstacles to their commercialization. Methy-
lammonium lead triiodide (CH3NH3Pbl; = MAPDI3) has been the most commonly used
and investigated perovskite solar cell material. However more recently formamidinium lead
triiodide (CH(NH;)2Pbl3 = FAPDbI3) and other perovskites containing formamidinium have
been studied as they offer a number of advantages over MAPDbI3. Specifically, FAPbI; has a
narrower band gap of 1.47eV which results in an extension of the absorption into the near
infrared,® and FAPbI; also exhibits better thermal stability than MAPbI3.¢ Mixed-cation
perovskites combining formamidinium and other cations such as methylammonium or ce-
sium have been shown to be even more thermally stable,”® while using both mixed cations
and mixed halides enables stable perovskite thin films to be created with a widely tunable
band gap.®

FAPbI3 thin-films have been fabricated using a variety of methods, with spin-coating
from solution being the most common.%!% Others have used pre-deposited Pbl, films which
they converted into FAPbI; by dipping in solutions containing FAI,® and it has also been
demonstrated that FAPbI3 thin-films can be grown in a chemical vapor deposition (CVD)
furnace. 't

Vacuum based deposition processes such as co-evaporation are advantageous because
they result in highly uniform, pin-hole free, smooth thin films.!? Pin-hole free films are
particularly important for large-area solar cells in order to avoid short circuits between
electron and hole transport layers that limit PCEs and fill factors. Good thickness uniformity
and low roughness is important for reliable solar cell production and also facilitates advanced
optoelectronic characterization of the material.'? Using co-evaporation and highly optimized
contact layers efficiencies of up to 20% have been reached for MAPbI; based solar cells.?

Additionally, vacuum based deposition does not require solvents, so is a ideal method for
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depositing perovskite thin films in multi-layer stacks and on sensitive substrates. This is

813 and solar cells on flexible

particularly useful for the fabrication of tandem solar cells
substrates.

In this study, we combine the advantages of formamidinium based perovskites with the
advantages of thermal evaporation under vacuum. We used co-evaporation to deposit large
area (8cm x 8cm), highly uniform FAPDbI; thin-films that possessed excellent material

properties. The films exhibited a high charge carrier mobility of 26 cm?V~—!s~!

and a very
low surface roughness with a root mean square (Rrys) of only 6.2nm . We also fabricated
efficient solar cell devices based on co-evaporated FAPbI3 which produced PCEs of up to
15.8 %, with a stabilised power output (SPO) efficiency of 14.2%.

Solar cells were fabricated using a simple planar architecture on fluoride-doped tin ox-
ide (FTO) coated glass substrates. Briefly, they consisted of an evaporated Cgy layer as
the electron transport layer,!* a 300nm thick absorber layer of co-evaporated FAPbI; and a
spin-coated hole transport layer of 2,2°,7,7-Tetrakis-(N, N-di-4-methoxyphenylamino)-9,9’-
spirobifluorene (Spiro-OMeTAD). Finally, multiple 100 nm thick silver electrodes with an
area of 9.19 mm? were evaporated, these electrodes defined the pixel size of the test solar cell
devices. Full details of device fabrication are provided in the Supporting Information. The
device performance was assessed using current density—voltage (J-V) sweeps and photocur-
rent spectroscopy under simulated sunlight. As shown in Figure la the power conversion
efficiency (PCE) of our champion cell was 15.8 % with an open circuit voltage (Voc) of
1.01V and a short circuit current (Jsc) of 22.1 mAcm 2. To test the stabilisation of the so-
lar cell performance under working conditions, the same cell was held close to the maximum
power point for 50s. The PCE stabilized at 14.2 % (Figure 1b) and the current stabilized at
17mAcm 2.

Figure 1c shows the external quantum efficiency (EQE) spectrum of the champion device
measured in short circuit under 1 sun (1kW/cm? AM1.5) illumination. The EQE peaks at

80% and shows high values over the wavelength range 400 nm - 600nm. However a drop
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in EQE to values ~60% is observed for wavelengths between 600 nm and the FAPbI3 band-
edge. We attribute this feature to optical interference in the planar device-stack, coupled
with a lower absorption coefficient of the perovskite layer at longer wavelengths. We therefore
anticipate that producing devices with a thicker FAPbI3 layer, and utilizing optical modelling
to optimize the thicknesses of all layers in the device stack would further improve the PCE
of these cells.

The integrated current over the spectrum is 19 mAcm~2 which is close to the Jgc recorded
in the J-V measurements: 22 mAcm~? for both the forward and reverse scan, and 17 mAcm 2
stabilized. Additional cell performance data can be found in the Supporting Information.
Overall, we were able to fabricate solar cells with a high PCE which also stabilized at similarly
high efficiencies. This result shows that vapor depositing FAPbI3 yields efficient solar cells

in a relatively simple, planar cell architecture.
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Figure 1: (a) Current—voltage ( J-V) curve of the champion evaporated FAPbI; device. The
short circuit current density (Jsc) was 22.1mAcm™2, the open circuit voltage (Voc) was
1.01V and the power conversion efficiency (PCE) was 15.8 %. Significant hysteresis can be
observed between the forward (blue) and reverse (red) sweeps. (b) The stabilized power
output measurement (SPO), showing a stabilised efficiency of 14.2% (blue) and a stabilised
current of 17mAcm ™2 (red). (c) The external quantum efficiency (EQE) spectrum (blue) of
the same device with the integrated current over the EQE spectrum (red) being 19 mAcm 2.
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Figure 2: (a) Schematic diagram of the dual-source co-evaporation system used in this study.
(b) Photograph of a 8cm x 8cm thin film of FAPbI; deposited on a glass substrate. The
image shows the substrate after thermal annealing at 170 °C for 1 minute. The results of
thickness measurements at 3 positions are superimposed on the image, and a metal ruler with
a centimeter scale is shown as a size reference. (¢) Atomic force micrograph of a 5 pm x 5 pm
region of the sample. The surface was found to be very smooth with a root mean square
roughness Rrvs = 6.2nm. (d) A scanning electron microscopy image and (e) a scanning
transmission electron microscopy image of a full FAPbIz solar cell. From the bottom the
layers are: a glass substrate, fluorine doped tin oxide (FTO) layer, thin Cgy layer, FAPbI3
layer a spiro-OMeTAD layer and the silver electrode.

To assess the uniformity of the co-evaporation method, we deposited a large-area (64 cm?)
FAPbBI; film directly onto a glass sheet. Our evaporation system had a relatively short work-
ing distance of 20 cm between the thermal sources and the rotating substrate (schematically
shown in Figure 2a). Therefore it is expected that any evaporated film should be thickest
the centre of the substrate, with thickness reducing as a function of radius. A photograph
of the deposited film after annealing is shown in Figure 2b. We measured the thickness

of the FAPDbI; layer in three areas on this film using a profilometer. In each area at least
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seven measurements were performed to calculate a mean thickness value (see Figure SI1 for
further details). The film had a thickness of 370 £20nm at the centre of the substrate, and
as expected, the thickness dropped as a function of radius to 330 & 20 nm in the corners of
the substrate. A straightforward approach to further improving the uniformity of the films
is to use a deposition system with a large working distance.

We performed atomic force microscopy (AFM) measurements to determine the surface
roughness and surface coverage of the film. Figure 2c is an AFM image recorded over an area
of 5pum x 5pum. The film is very smooth with a surface roughness of only Rryms = 6.2nm
over the image area. This value is much lower than the surface roughness of FAPbI; thin
films produced by other methods, with reported roughness values ranging from 18nm?'® to
above 100nm.'® We also found that the film was very homogeneous and had no pinholes.
We conclude that evaporation leads to significantly smoother and more homogeneous films
from which we would expect very little light scattering. Indeed this is confirmed by the
visible absorption and transmission and reflection spectra shown in Figure 3a where there
is very little scatter below the onset of absorption. The absorption onset is around 1.5eV
which is consistent with the previously reported values for the absorption onset in solution
processed FAPbI3. Together, the profilometer, AFM and absorption measurements show
that we fabricated very uniform and smooth FAPbI3 thin-films.

To clarify the crystal phases present in the thin film we performed X-ray diffraction
measurements. At room temperature, FAPbIs can be either in a black, trigonal, perovskite
phase or in a yellow, hexagonal, non-perovskite phase.!™!® Only thin films in the black phase
are suitable for use as absorbers in solar cells so it is necessary to ensure that the film is in
the right phase. The diffraction patterns are shown in Figure 3¢ and confirms that after 1
minute of annealing at 170° C the material was in the black perovskite a — FAPbI3 phase.
In the annealed sample, all X-ray reflections are consistent with this a structure, however in
the as-deposited (unannealed) sample, the intensity of the perovskite reflection is strongly

reduced, and the most intense peaks are consistent with the yellow, non-perovskite  phase
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of FAPDbI;.'" This confirms that in the as-deposited film the yellow § — FAPbI; is dominant
and upon annealing it is converted to the black & — FAPbI3 phase. In evaporated MAPDI;
thin films, annealing is not necessary to obtain high solar cell efficiencies!® because there are
no competing non-perovskite MAPbI3 phases. In contrast, for FAPbI3 annealing is essential
in order to obtain the perovskite phase. Overall, we observed the same phase behaviour as
has been reported for solution processed FAPbI;!® and single crystals.!” Interestingly for
evaporated FAPDI3 thin-films only a very short annealing is necessary to obtain the desired
a-phase. It is well known that the a-FAPbI3 phase is not long-term stable and converts
to a yellow hexagonal phase when exposed to humidity (see Figure S5). To address this
problem co-evaporation of cesium, methylammonium or bromide could be used to stabilize
the perovskite phase.

To learn more about the morphology of the films and the crystal quality, we performed
scanning electron microscopy (SEM) and scanning transmission electron microscopy (STEM)
on full solar cell devices. A typical cross-sectional SEM image of a device is shown in
Figure 2d where a smooth, uniform film of FAPbI; (colored brown in the image) can be
seen. In our survey of cross-sections we did not observe any evidence of pinholes in the
FAPDI; layer. To observe the crystal quality and interfaces, high-resolution STEM images
were taken on thin cross-sectional lamella of the device. The lamella were prepared using a
focused ion beam (FIB), as described in the Supporting Information. The STEM image in
Figure 2e shows crystallites of different orientations within the perovskite film, with some
extending vertically through the film. The STEM image also shows high contrast between
the FAPbI3 (bright) and the carbon rich (dark) Cgy and Spiro-OMeTAD that surround it.
Close inspection of Figure 2e reveals regions of direct contact between the FAPbI3 and FTO
layers which has been shown previously to lead to hysteretic J-V curves similar to that shown

in Figure 1a.'?
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Figure 3: (a) The absorption (black line) of the co-evaporated FAPbI3 thin-films in the visible
is calculated from the transmission (red line) and reflection (blue line) spectra. As expected
an absorption onset around 1.5eV is observed. (b) The infrared absorption spectrum of
the film showing the characteristic absorption peaks for FAPbI5. (¢) The X-ray diffraction
pattern for an as-deposited and for an annealed film. The orange lines mark the expected
position corresponding to the yellow non-perovskite § — FAPbl; phase, whereas the black
dashed lines mark the peaks matching the perovskite & — FAPbI; phase.!” The star marks
the FTO substrate peak.
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Figure 4: (a) Photoluminescence (PL) from an evaporated FAPbI3 thin film. The PL decay
is fit using a stretched exponential function to extract an average monomolecular charge-
carrier lifetime of 2ns. The PL spectrum shown in the inset has a peak at 805nm (1.54eV).
(b) Optical pump / THz probe measurements of the charge-carrier recombination dynamics
in the evaporated FAPbI3 thin film on z-cut quartz. The sample was photoexcited at 400 nm
with various fluences ranging from 5-93 uJ/cm? as labeled on the graph. The open circles
represent experimental data points, and the solid lines are fits to Equation 1 of the Supporting
Information.

The photoluminescence (PL) spectrum of co-evaporated and annealed FAPbDI; film is
shown in the inset of Figure 4a. The PL peak is at a wavelength of approximately 805nm
(1.54eV) in agreement with previous reports for solution-processed FAPbI;.%17%0 The full
width at half-maximum of the PL spectrum for the vapor-deposited sample was 79 meV,
which is slightly narrower than that previously reported for a solution-processed sample
(88meV).?" Since PL broadening is a combination of both homogeneous broadening and
disorder broadening,?! the narrower PL emission observed from the evaporated films may be

11
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an indication of reduced disorder, however an in-depth study of PL as a function of excitation
fluence and temperature would be required to confirm this. Figure 4a shows the measured
time-resolved PL transient fitted with a stretched exponential function in order to account
for a superposition of exponential decays.'?"?2 The average monomolecular lifetime 7 of these
decays is 2 ns, which is significantly lower than that typically reported for solution processed
FAPbI; films.%%32* Our measured lifetimes are similar to previously reported lifetimes for
vapor deposited MAPbI; films.?> Optimisation of deposition parameters to increase the PL
lifetime offers another opportunity of improving the efficiency of solar cells based on these
films, which show remarkably high PCEs given the very short PL lifetimes.

THz photoconductivity measurements were performed to assess the charge mobility
and recombination dynamics in co-evaporated FAPbI;. Figure 4b shows the change in
photoconductivity for a thin film of co-evaporated FAPbI3 as a function of time after
photo-excitation with 35fs laser pulses. From these data the charge carrier mobility was
found to be 26 cm?V~!s7! and an apparent?® bimolecular recombination rate constant of
kPPt — 0.7 x 1071 cm®s~! was extracted. Both parameters are nearly identical to the
values determined for solution-processed FAPbI; films.?42" Using the measured carrier life-
time and mobility we extract a charge carrier diffusion length?* of 360 nm for a charge-carrier
density typical for this material under solar illumination (10'cm™2).%7 This is longer than
the thickness of our absorber layer and therefore sufficiently long to allow the charges to
migrate to the interfaces with the charge transport layers. These THz measurements show
that the evaporated FAPDbI3 possesses good charge conduction properties, comparable with

the perovskite materials used in high efficiency solar cells.

We were able to co-evaporate formamidinium iodide and lead iodide to deposit FAPbI;
thin films. The deposited films were smooth and uniform over a large area of roughly 8
by 8 cm which demonstrates the advantages of vapor deposition for large-area perovskite

solar cells. The film properties were similar to previously reported properties of FAPDI;.
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We fabricated solar cells from these thin films and achieved a stabilized power conversion
efficiency of 14.2%. This is a highly promising result which with further improvements in
interface engineering can lead to even higher efficiencies. Being able to vapor deposit FAPbI;
is a key step towards the up-scaling of perovskite solar cells.?® It opens up the possibility
of fabricating the more stable, multi-cation perovskites such as FA,Cs,_1Pb(I;_«Bry)3 using
the highly scalable co-evaporation route. Thus our results are an important milestone on

the way to large-area, stable thin-film perovskite solar cells.
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