
image, consistent with much larger crystal grain size than the field of
view. For both of these films the crystal sizes are larger than we are able
to determine from the peak width of the X-ray diffraction spectra
(about 400 nm), owing to machine broadening. On zooming out, the
vapour-deposited film in Fig. 2e remains flat, having an average film
thickness of approximately 330 nm. In contrast, the solution-processed
film in Fig. 2f has an undulating nature, with film thickness varying
from 50 to 410 nm. Notably, this cross-section is still within a single
‘platelet’, and so even greater long-range roughness occurs owing to the
areas where the perovskite absorber is completely absent (a thickness
variation from 0 to 465 nm was observed in multiple SEM images).

The current-density/voltage curves measured under simulated AM1.5,
101 mW cm22 irradiance (simulated sunlight) for the best-performing
vapour-deposited and solution-processed planar heterojunction solar
cells are shown in Fig. 3. The most efficient vapour-deposited perov-
skite device had a short-circuit photocurrent of 21.5 mA cm22, an
open-circuit voltage of 1.07 V and a fill factor of 0.68, yielding an
efficiency of 15.4%. In the same batch, the best solution-processed
planar heterojunction perovskite solar cell produced a short-circuit
photocurrent of 17.6 mA cm22, an open-circuit voltage of 0.84 V and
a fill factor of 0.58, yielding an overall efficiency of 8.6%. In Table 1 we
show the extracted performance parameters for these best-performing
cells and the average with standard deviation of a batch of 12 vapour-
deposited perovskite solar cells fabricated in an identical manner to the
best-performing cell.

Dual-source vapour deposition results in superior uniformity of the
coated perovskite films over a range of length scales, which subsequently
results in substantially improved solar cell performance. In optimizing
planar heterojunction perovskite solar cells, perovskite film thickness

is a key parameter. If the film is too thin, then that region will not
absorb sufficient sunlight. If the film is too thick, there is a significant
chance that the electron and hole (or exciton) diffusion length will be
shorter than the film thickness, and that the charge will therefore not be
collected at the p-type and n-type heterojunctions. Furthermore, the
complete absence of material from some regions in the solution-processed
films (pinholes) will result in direct contact of the p-type spiro-OMeTAD
and the TiO2 compact layer. This leads to a shunting path that is probably
partially responsible for the lower fill factor and open-circuit voltage in
the solution-cast planar heterojunction devices17,19. Indeed, it is remark-
able that such inhomogeneous and undulating solution-cast films can
deliver devices with over 8% efficiency.

The results presented here demonstrate that solid perovskite layers
can operate extremely well in a solar cell, and in essence set a lower
limit of 330 nm (the film thickness) on the electron and hole diffusion
length in this perovskite absorber. However, more work is required to
determine the electron and hole diffusion lengths precisely and to
understand the primary excitation and the mechanisms for free-charge
generation in these materials.

A distinct advantage of vapour deposition over solution processing
is the ability to prepare layered multi-stack thin films over large areas.
Vapour deposition is a mature technique used in the glazing industry,
the liquid-crystal display industry and the thin-film solar cell industry,
among others. Vapour deposition can lead to full optimization of elec-
tronic contact at interfaces through multilayers with controlled levels of
doping20, as is done in the crystalline silicon ‘heterojunction with thin
intrinsic layer’ solar cell21 and in thin-film solar cells3. Additionally,
organic light-emitting diodes22,23 have proved to be commercially sound,
with devices with extremely thin multilayer stacks fabricated by vapour
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Figure 1 | Material deposition system and characterization. a, Dual-source
thermal evaporation system for depositing the perovskite absorbers; the organic
source was methylammonium iodide and the inorganic source PbCl2. b, X-ray
diffraction spectra of a solution-processed perovskite film (blue) and vapour-
deposited perovskite film (red). The baseline is offset for ease of comparison

and the intensity has been normalized. c, Generic structure of a planar
heterojunction p–i–n perovskite solar cell. d, Crystal structure of the perovskite
absorber adopting the perovskite ABX3 form, where A is methylammonium, B
is Pb and X is I or Cl.
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deposition. Small molecular organic photovoltaics have also been able
to compete directly with solution-processed organic photovoltaics des-
pite much lower levels of research and development, because with

vapour deposition the charge-collection interfaces can be carefully
tuned, and multi-junction architectures are more straightforward to
realize24. An interesting possibility for the current vapour-deposited
perovskite technology is to use it as a ‘top cell’ in a hybrid tandem
junction with either crystalline silicon or copper indium gallium (di)s-
elenide. Although ultimately an ‘all-perovskite’ multi-junction cell
should be realizable, the perovskite cells have now achieved a perform-
ance that is sufficient to increase the absolute efficiency of high-efficiency
crystalline silicon and copper indium gallium (di)selenide solar cells25.
Additionally, because vapour deposition of the perovskite layers is
entirely compatible with conventional processing methods for silicon-
wafer-based and thin-film solar cells, the infrastructure could already
be in place to scale up this technology.

We have built vapour-deposited organometal trihalide perovskite
solar cells based on a planar heterojunction thin-film architecture that
have a solar-to-electrical power conversion efficiency of over 15% with
an open-circuit voltage of 1.07 V. The perovskite absorbers seem to be
versatile materials for incorporation into highly efficient solar cells,
given the low-temperature processing they require, the option of using
either solution processing or vapour deposition or both, the simplified
device architecture and the availability of many other metal and
organic salts that could form a perovskite structure. Whether vapour
deposition emerges as the preferred route for manufacture or simply
represents a benchmark method for fabricating extremely uniform
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Figure 2 | Thin-film topology characterization. a, b, SEM top views of a
vapour-deposited perovskite film (a) and a solution-processed perovskite film
(b). c, d, Cross-sectional SEM images under high magnification of complete
solar cells constructed from a vapour-deposited perovskite film (c) and a

solution-processed perovskite film (d). e, f, Cross-sectional SEM images under
lower magnification of completed solar cells constructed from a vapour-
deposited perovskite film (e) and a solution-processed perovskite film (f).
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Figure 3 | Solar cell performance. Current-density/voltage curves of the best-
performing solution-processed (blue lines, triangles) and vapour-deposited
(red lines, circles) planar heterojunction perovskite solar cells measured under
simulated AM1.5 sunlight of 101 mW cm22 irradiance (solid lines) and in the
dark (dashed lines). The curves are for the best-performing cells measured and
their reproducibility is shown in Table 1.
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