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@ Graetzel’s paper: “Sequential deposition as a route to high-performance
perovskite-sensitized solar cells”, in Nature 2013.
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Following pioneering work, solution-processable organic—inorganic hybrid
perovskites—such as CH3NH3PbX3 (X= Cl, Br, D—have attracted attention

as light-harvesting materials for mesoscopic solar cells. So far, the perovskite

pigment has been deposited in a single step onto mesoporous metal oxide films

using a mixture of PbX2 and CH3NH3X in a common solvent. However,

the uncontrolled precipitation of the perovskite produces large morphological

variations, resulting in a wide spread of photovoltaic performance in the

resulting devices, which hampers the prospects for practical applications. (DD Y
Here we describe a sequential deposition method for the formation of the perovskite
pigment within the porous metal oxide film. PbI2 is first introduced from solution

into a nanoporous titanium dioxide film and subsequently transformed into the
perovskite by exposing it to a solution of CH3NH3I.

We find that the conversion occurs within the nanoporous host as soon as the

two components come into contact, permitting much better control over the

perovskite morphology than is possible with the previously employed route. @b Y
Using this technique for the fabrication of solid-state mesoscopic solar cells

greatly increases the reproducibility of their performance and allows us

to achieve a power conversion efficiency of approximately 15 per cent

(measured under standard AM1.5G test conditions on solar zenith angle,

solar light intensity and cell temperature). This twostep method should provide

new opportunities for the fabrication of solution-processed photovoltaic cells

with unprecedented power conversion efficiencies and high stability equal to or

even greater than those of today’s best thin-film photovoltaic devices. b Y
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We prepared mesoporous TiO2 (anatase) films by spin-coating a solution of colloidal anatase
particles onto a 30-nm-thick compact TiO2 layer.

The underlayer was deposited by aerosol spray pyrolysis on a transparent-conducting-oxide glass
substrate acting as the electric front contact of the solar cell.

Lead iodide (PbI2) was then introduced into the TiO2 nanopores by spin—coating a 462 mg ml—1
(1 M) solution of the PbI2 in N,N-dimethylformamide (DMF) kept at 70 C.

The use of such a high PbI2 concentration is critical to obtaining the high loading of the mesoporous
TiO2 films required to fabricate solar cells of the highest performance.

Further experimental details are provided in Method.
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Figure 1 | Transformation of PbI2 into CH3NH3PbI3 within the nanopores of a mesoscopic TiO2 film.

a, Cross-sectional SEM of a mesoporous TiO2 film infiltrated with PbI2. FTO, fluorine-doped tin oxide.
b, Change in absorbance at 550 nm of such a film monitored during the transformation.
¢, Change in photoluminescence (PL) intensity at 520 nm monitored during the
transformation. Excitation at 460 nm.
d, Change in photoluminescence intensity at 775 nm monitored during the transformation.
Excitation at 660 nm.
e, X-ray diffraction spectra of PbI2 on glass and porous TiO2/glass before and
after the transformation. The dipping time was 60 s in both cases. The plot
shows the X-ray intensity as a function of 2h (twice the diffraction angle).
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In our case, the large energy of formation of the hybrid perovskite, combined with the
nanoscopic morphology of the PbI2 precursor, which greatly enhances the reaction kinetics,
finally enables the transformation to be completed within seconds

We used the sequential deposition technique to fabricate mesoscopic solar cells employing
the triarylamine derivative 2,29,7,79-tetrakis(N,N-di-p-methoxyphenylamine)-9,99-spirobifluorene
(spiro-MeOTAD) (Supplementary Fig. 2) as a hole-transporting material (HTM).

We note that, following a recently reported concept®, we use a Co(III) complex as a p-type dopant
for the HTM at a molar doping level of 10% to ensure a sufficient conductivity and low series resistance.

Figure 2 shows a crosssectional SEM picture of a typical device.

The mesoporous TiO2 film had an optimized thickness of around 350 nm and was infiltrated with
the perovskite nanocrystals using the above-mentioned two-step procedure.

The HTM was subsequently deposited by spin coating. It penetrates into the remaining available
pore volume and forms a 100-nm-thick layer on top of the composite structure.

A thin gold layer was thermally evaporated under vacuum onto the HTM,
forming the back contact of the device.
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Figure 2 | Cross-sectional SEM of a complete photovoltaic device. Note that
the thin TiO2 compact layer present between the FTO and the mesoscopic
composite is not resolved in the SEM image.
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Figure 3 | Photovoltaic device characterization.

a, J-V curves for a photovoltaic device measured at a simulated AM1.5G solar irradiation of
95.6 mW cm™ (solid line) and in the dark (dashed line).

b, IPCE spectrum. The right-hand axis indicates the integrated photocurrent that is expected
to be generated under AM1.5G irradiation.

¢, LHE spectrum.
d, APCE spectrum derived from the IPCE and LHE.

e, J-V curves for a best-performing cell measured at a simulated AM1.5G solar irradiation of
96.4 mW cm?2 (solid line) and in the dark (dashed line). The device was fabricated using
slightly modified deposition conditions (Methods). FF, fill factor.
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Table 1: Photovoltaics performance at different light intensities
Intensity(mW cm2 Jsc (mA cm2) Voc (mV) Fill factor PCE (%)
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The sequential deposition method for the fabrication of perovskite-sensitized mesoscopic
solar cells introduced here provides a means to achieve excellent photovoltaic performance
with high reproducibility.

The power conversion efficiency of 15% achieved with the best device is amongst the highest
for solution-processed photovoltaics and sets a new record for organic or hybrid inorganic-organic
solar cells in general.

Our findings open new routes for the fabrication of perovskite-based photovoltaic devices,
because other performed metal halide mesostructures may be converted into the desired
perovskite by the simple insertion reaction detailed here.

On the basis of our results, we believe that this new class of mesoscopic solar cells will find
widespread applications and will eventually lead to devices that rivals conventional
silicon-based photovoltaics.
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