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Efficient planar heterojunction perovskite solar cells

by vapour deposition
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Many different photovoltaic technologies are being developed
for large-scale solar energy conversion'*. The wafer-based first-
generation photovoltaic devices' have been followed by thin-film
solid semiconductor absorber layers sandwiched between two
charge-selective contacts® and nanostructured (or mesostructured)
solar cells that rely on a distributed heterojunction to generate
charge and to transport positive and negative charges in spatially
separated phases*®. Although many materials have been used in
nanostructured devices, the goal of attaining high-efficiency thin-
film solar cells in such a way has yet to be achieved’. Organometal
halide perovskites have recently emerged as a promising material
for high-efficiency nanostructured devices®*''. Here we show that
nanostructuring is not necessary to achieve high efficiencies with
this material: a simple planar heterojunction solar cell incorporat-
ing vapour-deposited perovskite as the absorbing layer can have
solar-to-electrical power conversion efficiencies of over 15 per cent
(as measured under simulated full sunlight). This demonstrates
that perovskite absorbers can function at the highest efficiencies
in simplified device architectures, without the need for complex
nanostructures.

Within a solar cell there are many different components with dis-
crete roles and having different tolerances for purity and optoelectronic
properties. The hybrid inorganic-organic solar cell concept is ‘material
agnostic’ in that it aims to use the optimum material for each individual
function. Any material that is easy to process, inexpensive and abun-
dant can be used, with the aim of delivering a high-efficiency solar cell.
Hybrid solar cells have been demonstrated in m-conjugated polymer
blends containing semiconductor nanocrystals such as CdSe (ref. 12),
CulnS,; (ref. 13) and PbS (ref. 14). Dye-sensitized solar cells are hybrid
solar cells containing a mesostructured inorganic n-type oxide (such as
TiO,) sensitized with an organic or metal complex dye, and infiltrated
with an organic p-type hole-conductor®. Recently, organometal triha-
lide perovskite absorbers with the general formula (RNH3)BX; (where
RisC,H,, + 1, XisthehalogenI, Bror Cl, and B is Pb or Sn)'*, have been
used instead of the dye in dye-sensitized solar cells to deliver solid-state
solar cells with a power conversion efficiency of over 10% (refs 8, 11, 16).

Evolving from the dye-sensitized solar cells, we found that replacing
the mesoporous TiO, with mesoporous Al,O; resulted in a significant
improvement in efficiency, delivering an open-circuit voltage of over
1.1V in a device which we term a ‘meso-superstructured solar cell”®.
We reason that this observed enhancement in open-circuit voltage is
due to confinement of the photo-excited electrons within the perov-
skite phase, thereby increasing the splitting of the quasi-Fermi levels for
electrons and holes under illumination, which is ultimately responsible
for generating the open-circuit voltage. Further removal of the thermal
sintering of the mesoporous Al,O; layer, and better optimization of
processing, has led to meso-superstructured solar cells with more than
12% efficiency'’”. In addition, CH;NH;PbI; _ ,Cl, can operate relatively
efficiently as a thin-film absorber in a solution-processed planar hetero-
junction solar cell configuration, delivering around 5% efficiency when
no mesostructure is involved"’. This previous work demonstrates that
the perovskite absorber is capable of operating in a much simpler

planar architecture, but raises the question of whether mesostructure
is essential for the highest efficiencies, or whether the thin-film planar
heterojunction will lead to a superior technology.

Here, as a means of creating uniform flat films of the mixed halide
perovskite CH;NH;PbI; _ ,Cl,, we use dual-source vapour deposition.
In Fig. 1 we show an illustration of the vapour-deposition set-up, along
with an illustration of a planar heterojunction p-i-n solar cell (see
Fig. 1c). From the bottom (the side from which the light is incident),
the device is constructed on fluorine-doped tin oxide (FTO)-coated
glass, coated with a compact layer of n-type TiO, that acts as the electron-
selective contact. The perovskite layer is then deposited on the n-type
compact layer, followed by the p-type hole conductor, 2,2',7,7' -tetrakis-
(N,N-di-p-methoxyphenylamine)9,9’-spirobifluorene (spiro-OMeTAD),
which ensures the selective collection of holes at the silver cathode.
Given that the purpose of this study was to understand and optimize
the properties of the vapour-deposited perovskite absorber layer, the
compact TiO, and the spiro-OMeTAD hole transporter were solution-
processed, as is usual in meso-superstructured solar cells".

In Fig. 1b, we compare the X-ray diffraction pattern of films of
CH;NH;PbI; _ Cl, either vapour-deposited or solution-cast onto
compact TiO,-coated FTO-coated glass. The main diffraction peaks,
assigned to the 110, 220 and 330 peaks at 14.12°, 28.44° and, respect-
ively, 43.23°, are in identical positions for both solution-processed and
vapour-deposited films, indicating that both techniques have pro-
duced the same mixed-halide perovskite with an orthorhombic crystal
structure®. Notably, looking closely in the region of the (110) diffrac-
tion peak at 14.12°, there is only a small signature of a peak at 12.65°
(the (001) diffraction peak for Pbl,) and no measurable peak at 15.68°
(the (110) diffraction peak for CH;NH;PbCl;), indicating a high level
of phase purity. A diagram of the crystal structure is shown in Fig. 1d.
The main difference between CH;NH;PbI; and the mixed-halide
perovskite presented here is evident in a slight contraction of the ¢
axis. This is consistent with the Cl atoms in the mixed-halide perov-
skite residing in the apical positions, out of the Pbl, plane, as opposed
to in the equatorial octahedral sites, as has been theoretically predicted'®.

We now make a comparison between the thin-film topology and cross-
sectional structure of devices fabricated by either vapour deposition or
solution processing. The top-view scanning electron microscope (SEM)
images in Fig. 2a, b highlight the considerable differences between
the film morphologies produced by the two deposition processes.
The vapour-deposited films are extremely uniform, with what appear
to be crystalline features on the length scale of hundreds of nanometres.
In contrast, the solution-processed films appear to coat the substrate
only partially, with crystalline ‘platelets’ on the length scale of tens of
micrometres. The voids between the crystals in the solution-processed
films appear to extend directly to the compact TiO,-coated FTO-
coated glass.

The cross-sectional images of the completed devices in Fig. 2¢, d
reveal more information about the crystal size. The vapour-deposited
perovskite film (Fig. 2¢) is uniform and similar in appearance to the
FTO layer, albeit with slightly larger crystal features. The solution-
processed perovskite film (Fig. 2d) is extremely smooth in the SEM
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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 PbCl, 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

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 cm ™ ? 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 21.5mAcm™ 2 an
open-circuit voltage of 1.07V 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 cm ™, an open-circuit voltage of 0.84 V and
afill 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
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and the intensity has been normalized. ¢, Generic structure of a planar
heterojunction p—i-n perovskite solar cell. d, Crystal structure of the perovskite
absorber adopting the perovskite ABX; form, where A is methylammonium, B
is Pb and X is I or CL

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 TiO, 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 devices'”". 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
doping®, as is done in the crystalline silicon ‘heterojunction with thin
intrinsic layer” solar cell’ and in thin-film solar cells’. Additionally,
organic light-emitting diodes**** have proved to be commercially sound,
with devices with extremely thin multilayer stacks fabricated by vapour

©2013 Macmillan Publishers Limited. All rights reserved



a Vapour-deposited

Spiro-OMeTAD

Perovskite
Compact TiO,

FTO

LETTER

b Solution-processed

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). ¢, d, Cross-sectional SEM images under high magnification of complete
solar cells constructed from a vapour-deposited perovskite film (c) and a

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
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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 cm 2 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.

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).

vapour deposition the charge-collection interfaces can be carefully
tuned, and multi-junction architectures are more straightforward to
realize®. 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 cells™.
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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Table 1 | Solar cell performance parameters

Current density (mAcm™~?2) Open-circuit voltage (V) Fill factor Efficiency (%)
Vapour-deposited 215 1.07 0.67 15.4
Vapour-deposited (average * s.d.) 189+1.8 1.05+0.03 0.62 +0.05 123 +20
Solution-processed 17.6 0.84 0.58 8.6

Solar cell performance parameters are extracted from the current-voltage curves presented in Fig. 3. The average and standard deviation (s.d) values of a batch of 12 identically processed planar heterojunction

vapour-deposited CH3NH3Pbls _,Cl, perovskite solar cells are also shown.

films (that will ultimately be matched by solution processing) remains
to be seen. Finally, a key target for the photovoltaics community has
been to find a wider-bandgap highly efficient ‘top cell’, to enable the
next step in improving the performance of crystalline silicon and
existing second-generation thin-film solar cells. This perovskite tech-
nology is now compatible with these first- and second-generation
technologies, and is hence likely to be adopted by the conventional
photovoltaics community and industry. Therefore, it may find its way
rapidly into utility-scale power generation.

METHODS SUMMARY

The perovskite absorber was deposited by a dual-source evaporation system (Kurt
J. Lesker Mini Spectros) with ceramic crucibles (organic light-emitting diode
sources) in a nitrogen-filled glovebox. The vapour-deposited perovskite devices
were fabricated on FTO-coated glass. A compact layer of TiO, was deposited on
the FTO-coated glass by spin-coating (solution-processing) it with a mildly acidic
solution of titanium isopropoxide in ethanol'’, and subsequently the perovskite
absorber was deposited on the compact TiO,-coated FTO substrate. Methyl-
ammonium iodide (CH;NH;I) and lead chloride (PbCl,) were the organic and
inorganic precursor salts, evaporated simultaneously from separate sources at
107> mbar with an as-deposited molar ratio of 4:1, based on the reading of the
sensors above the crucibles. A dark reddish-brown colour was observed immedi-
ately after evaporation. Annealing the perovskite absorbers before spin-coating the
hole-transporter layer fully crystallized the perovskite layer. After spin-coating
the hole transporter, spiro-OMeTAD, from a chlorobenzene solution to form
the photoactive layer (including lithium bis(trifluoromethylsyfonyl)imide salt
and tert-butylpyridine as additives)®, the devices were capped with silver metal
electrodes through thermal evaporation at 10~ mbar. Full details of material and
device fabrication and characterization techniques are available in Methods. All
other characterizations and measurements were carried out as previously
described"’.

Online Content Any additional Methods, Extended Data display items and Source
Data are available in the online version of the paper; references unique to these
sections appear only in the online paper.
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METHODS

Device substrate preparation. Substrate preparation was undertaken under
ambient conditions. TEC7 Glass FTO-coated glass (TEC7, 7 /[ sheet resistivity)
was patterned by etching with Zn metal powder and 2 M HCl diluted in deionized
water. The substrates were then cleaned with a 2% solution of Hellmanex cuvette
cleaning detergent diluted in deionized water, rinsed with deionized water, acetone
and ethanol, and dried with clean dry air®. Oxygen plasma was subsequently used
to treat the substrate for 10 min. An acidic solution of titanium isopropoxide in
ethanol was spin-coated (solution-processed) onto the clean substrates at 2,000 r.p.m.
for 1 min, before drying at 150 °C for 10 min and then sintering at 500 °C for
30 min to form a compact n-type layer of TiO, (ref. 17).

Vapour deposition of perovskite absorber from precursor salts. Subsequently,
the perovskite absorbers were deposited through dual-source evaporation from
lead chloride (PbCl,) and methylammonium iodide (CH;NH;I) simultaneously,
onto the TiO,-compact-layer-coated FTO substrates under high vacuum.
Tooling factor estimation. Each vapour-deposition source was monitored using
a quartz crystal monitor positioned a short distance from the source. The source-
to-monitor distance is different to the source-to-substrate distance, and so a tool-
ing factor (which is a ratio of the material deposited on the sensors to that on the
samples) was estimated for each source individually before dual-source evapora-
tion. The tooling factor for both sources was initially set to 1 on the evaporator
programme. The parameters required for estimating the thickness of the deposited
material are shown in Extended Data Table 1. We note that the density and
acoustic impedance of the CH;NH;I were unknown but both set to be 1 (the
density of CH;NH;Cl has been reported as being 1.1 gcm ™ so this is probably
close, and any absolute difference is accommodated by using the tooling factor).
Initially, we ramped the temperature of each source individually, and simulta-
neously measured the deposition rate to gain an appreciation of the temperature
range and range of deposition rates feasible for each material. We then chose a
temperature for each material which would give a reasonable thickness of depos-
ited material over a 30-min deposition period. We then carried out an evaporation
of each source for a total time of approximately 30 min at a fixed evaporation rate,
with the final deposited thickness recorded on the crystal monitor. The actual
deposited thickness on the substrate we then measured with a surface profilometer
and the tooling factor was estimated by dividing the sensor-estimated thickness by
the measured deposited thickness on the substrate. The tooling results are shown
in Extended Data Table 1. These tooling factors were then subsequently applied
during co-depositions. The deposition rate for CH;NH;I typically varied by +15%
during an evaporation, whereas the rate for PbCl, varied by =10%.
Dual-source evaporation. We placed approximately 500 mg of CH;NH;I and
100 mg of PbCl, into separate crucibles. The device substrates were placed in a
substrate holder above the sources with the TiO,-coated FTO side facing down
towards the sources. Once the pressure in the chamber was pumped down to
below 10> mbar, the two sources were heated slightly above their desired depo-
sition temperatures for approximately 5min (that is, CH;NH;I was heated to
about 120 °C and PbCl, was heated to about 325 °C) to remove volatile impurities
before depositing the materials onto the substrate. The substrate holder was
rotated to ensure uniform coating throughout deposition, because the right-hand
source predominantly coats the right-hand side of the substrate and similarly for
the left. The substrate holder was water-cooled to approximately 21 °C, though
precise measurement of the substrate temperature during deposition was not
performed. Perovskite films were optimized for best device performance by vary-
ing the key deposition parameters such as the deposition rates and times for the
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two sources. In particular, device performance was very sensitive to the relative
composition of CH;NH;I to PbCl, as well as to the overall deposited thickness.

In our trials we performed the following steps. (1) We varied the as-deposited
composition of CH;NH;I to PbCl, from 1:1 to 7:1, at a fixed as-annealed film
thickness of 125 nm. (2) We varied the film thickness—at the optimum ratio of
CH;NH;I:PbCl, = 3.5:1—from 125 to 500 nm and found the optimum perform-
ance at 330 nm. (3) We fine-tuned the CH;NH;I:PbCl, ratio for films with about
330nm thickness to obtain an optimum composition of 4:1 CH;NH;I:PbCl,. (4)
We optimized the hole-transporter thickness (solution concentration) and
Li-TFSI dopant concentration to maximize performance on the ~330-nm-thick,
4:1 CH3NH;I:PbCl, deposited perovskite films. The optimal deposition rate was
53 As™! for CH;NH;I (achieved with a crucible temperature of around 116 °C)
and 1 As™! for PbCl, (achieved with a crucible temperature of around 320 °C),
maintained for approximately 128 min of evaporation as shown in Extended Data
Table 2.

The colour of the samples after deposition varied depending on the composition
of the two sources. For the best-performing devices, a reddish-brown colour was
observed and the film appears to be partially crystallized in the topological SEM
image of the as-deposited film, as shown in Extended Data Fig. 1. Annealing the as-
deposited films at 100 °C for 45 min in the N,-filled glove box before spin-coating
the hole transporter enabled full crystallization of the perovskite, darkening the
colour and resulting in an apparent growth of the crystal features visible in the
SEM image, as shown in Extended Data Fig. 1. After annealing, the best-performing
samples had an average thickness of approximately 330 nm. As would be expected
from the non-stoichiometric as-deposited molar ratio, there is clearly significant
mass loss and hence thickness loss during perovskite film formation.
Hole-transporter deposition. The hole-transporter layer was deposited by spin-
coating (2,000r.p.m. for 45s) 25l of chlorobenzene solution that contained
61.4mM spiro-OMeTAD, 55mM tert-butylpyridine (tBP) and 26 mM lithium
bis(trifluoromethylsyfonyl)imide salt. Before completing the device fabrication by
the thermal evaporation of a silver cathode, the devices were left in a desiccator
overnight and the unsealed devices were tested in air immediately after the cathode
fabrication. Note that the vapour deposition of the perovskite absorbers and the
spin coating of the hole transporter layer were both done in the N,-filled glove box.
X-ray diffraction. 20 scans were obtained from samples of perovskite deposited
on the compact-TiO,-coated FTO-coated glass using an X-ray diffractometer
(Panalytical X’Pert Pro).

SEM images. An emission SEM (Hitachi S-4300 field) was used for collecting the
SEM images. The instrument uses an electron beam accelerated at 500 V to 30 kV,
enabling operation at a variety of currents.

Current-voltage characteristics. Current-voltage characteristics were measured
(2400 Series SourceMeter, Keithley Instruments) under simulated AM1.5 sunlight
at 101 mW cm ™ irradiance generated by an Abet Class AAB Sun 2000 simulator,
with the intensity calibrated with a National Renewables Energy Laboratory cali-
brated KG5-filtered Si reference cell (the rated error in the short-circuit photo-
current on the reference cell is 1.36% to 95% certainty). The mismatch factor was
estimated to be less than 1%. The solar devices were masked with a metal aperture
to define the active area of about 0.076 =+ 0.002 cm ™2 (error in mask area estimated
from multiple measurements of a number of different masks, designed to be the
same size) and measured in a light-tight sample holder to minimize any edge
effects and ensure that both the reference and test cells were located in the same
spot under the solar simulator during measurement.
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Extended Data Figure 1 | Top-view SEM images for the vapour-deposited perovskite films. a, As-deposited perovskite film; b, post-annealed perovskite film.
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Extended Data Table 1 | Tooling factor measurement of the dual-source vapour-deposition system.

LETTER

Source Density Evaporation Values Actual film Tooling
rate on sensors thickness factor
(mean)
Source 1: 1gcm™ 15 As™ 30 kA 1.39 um 2.16
CH3NH;l
Source 2:  5.85gcm” 5As™ 10 kA 185 nm 5.41
PbCl,

*The density of CH3NH;l is assumed to be 1 gcm ™3 because its precise density is not known.
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Extended Data Table 2 | Optimized deposition conditions for the evaporated perovskite solar devices.

Source Evaporation Values on  Tooling Actual deposited Approximate molar
rate sensors factor equivalent ratio on substrate
thickness (CH3NHgsl : PbCly)
Source 1: 5.3+0.8 As™ 42 .4 KA 2.16 1.96 ym
CH3NHG3|
4:1
Source 2: 1 As 8 kA 5.41 148 nm
PbCl,

We have used the densities shown in Extended Data Table 1 and the relative molecular mass of 157 for CH3NHsl and 278 for PbCl, to calculate the relative molar ratio of as-deposited material.
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