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Communication—Large Electron-Hole Diffusion Lengths in
Methylammonium Lead Triiodide Perovskite Films Prepared by an
Electrochemical-Chemical Approach
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Methylammonium lead triiodide (CH3NH3Pbl3) perovskite films were generated by chemical conversion of PbO; layers electro-
deposited over NiO hole selective contact, by simple immersion in CH3NH3I isopropanol solution under ambient conditions. 2.4
wm charge carrier diffusion lengths were measured by surface photovoltage, being these very similar to the size of the as formed
perovskite crystals, showing that there are not deleterious encounters with defects or impurities. The electrochemical procedure used
here demonstrates the capacity of this technique for the fabrication of perovskite films with large electron-hole diffusion lengths by

solution based processes using only water and isopropanol.
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Currently, great efforts are focused on the development of new
fabrication processes that allow large scale production and long-term
stability to organometallic halide perovskite based solar cells, in or-
der to make their manufacturing and commercialization possible.'™
It has been shown that large grains (up to 10 wm) having low bulk
defects present large electron and hole diffusion lengths,” permit-
ting the photogenerated charge carriers the propagation through the
device, without deleterious encounters with defects or impurities.®
Moreover, increases in power conversion efficiencies of perovskite
solar cells have been obtained in correlation with the increase in the
charge-carrier transport lengths. In the same way, a linear increase
between the grain size and the electron-hole diffusion length has been
demonstrated.” Also, it has been shown that the chemical conver-
sion of electro-deposited lead dioxide (PbO,) films by immersion in
methylammonium iodide (MAI) produces perovskite films with low
trap densities and higher photoluminescence than films produced by
spin coating.® However, there are other deposition methods that can
produce perovskite films with improved optoelectronic properties.’ In
these materials the diffusion lengths of photo-generated charge carri-
ers in CH3;NH;Pbl; perovskites can be directly measured by modu-
lated Surface Photovoltage (SPV) with high accuracy.>’ The method-
ology developed by Goodman'? allows quick and reliable evaluation
of electron-hole diffusion lengths in photoelectrodes.>"!

In this communication, we report the formation of CH;NH;Pbl;
perovskite films generated by one step chemical conversion of PbO,
layers, by immersion in isopropanol MAI solution under ambient
conditions. Both, NiO (hole selective contact) and PbO, were de-
posited by a simple electrochemical methodology in water solutions.
Electron-hole diffusion lengths of 2.4 wm were obtained in the as
formed perovskite films by SPV measurements. For comparison pur-
poses, CH3;NH;Pbl; was also formed from Pbl, films prepared by
the usual spin coating procedure on NiO layer. The electrochemical
methodology here reported could be very important in the fabrica-
tion of highly homogeneous large area solar cells at industrial scale
production involving only solution based procedures in water and
isopropanol.

Experimental

CH;NH;Pbl; perovskite films were prepared as follows. First
Ni(OH), was electrodeposited on FTO substrates (area: 1 cm?) at
—0.25 mA/cm? for 2 min using a 0.02 M nickel nitrate solution in
deionized water. The Ni(OH), film was annealed at 350°C for 30 min
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to form NiO, with a thickness of about 100 nm.!" A PbO, layer was
electrodeposited over the NiO layer at a fixed potential of +0.30 Volt
vs Ag/AgCl for 2 min at 50°C (0.1 M Pb(NOs), and 5 M NaOH in
deionized water). For comparison purposes, Pbl, was spin coated over
the FTO/NiO substrates at 3000 rpm (N,-filled glove box), employing
a 1 M Pbl, solution in DMF. The perovskite films were generated
by chemical conversion of PbO, and Pbl, films by immersion in 0.1
M MAI solution in isopropanol (60 minutes for FTO/NiO/PbO, and
60 seconds for FTO/NiO/Pbl,) under ambient conditions to ensure
complete conversion in perovskite. Then, the different chemically
converted films were annealed at 100° for 30 min.

The morphologies, crystal sizes, coverage, and thicknesses of the
films were studied by Scanning Electron Microscopy (SEM, Sigma
Zeiss, working at 5 kV). Film thicknesses and uniformities were
also analyzed by profilometry (Bruker Dektak 8 step-profiler). X-
ray diffraction was used to confirm the chemical conversion of PbO,
and Pbl, films into CH;NH;Pbl; (Philips PW1800/10, with a Cu-Ka
radiation source). Modulated SPV measurements>’ were carried out
to investigate both separation direction and diffusion lengths of the
photo generated charge carriers of the CH;NH;Pbl; perovskite films.
In the construction of Goodman plots the absorption length of the
CH;NH;PbI; perovskite was taken from literature.>”’

Results and Discussion

Top view SEM images of FTO, FTO/NiO, FTO/NiO/PbO,,
FTO/NiO/Pbl,, and films of perovskite obtained from FTO/NiO/PbO,
and from FTO/NiO/Pbl, are shown in Fig. 1. FTO substrate presents
grains distributed unevenly with irregular shapes and obvious grain
boundaries, while NiO exhibits a flowerlike structure (Figs. 1a—1b).!?
PbO, surface seems to be formed by aggregates of needles (Fig. 1c).
Contrarily, Pbl, spin coated on NiO features an uneven and inhomo-
geneous surface (Fig. 1d). When PbO, film is chemically converted
in perovskite, the crystals are distributed homogeneously, and present
a rectangular shape with sizes ranging from 600 nm to about 2 pm
(Fig. 1e). On the other side, as shown in Fig. 1f and inset Fig. 1f, the
chemical conversion of Pbl, produces a large amount of perovskite
crystals with sizes of around 50-100 nm. Only a few crystals with
dimension of 400-600 nm are observed.

Fig. 2 shows XRD patterns obtained after chemical conversion of
FTO/NiO/ PbO, and FTO/NiO/Pbl, films, and the XRD signals of
FTO/NiO/ PbO, layer. PbO,layer presents peaks at 32.6°, 36.5°, and
49.6° assigned to the (101), (200), and (210) planes of tetragonal -
PbO,, and one more peak at 28.8° assigned to the (111) plane of a-
PbO, (Fig. 2a, red hash marks).*®!* The NiO related peak (observed
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at 37.25° for (111))'*! is probably superimposed with the FTO sig-
nal (Fig. 2a, black asterisks). After chemical conversion of PbO, (Fig.
2b), peaks at 14.2° (110), 24.7° (202), 28.4° (220), 31.9° (310), 39.6°
(214),' 40.6° (224), and 43.2° (314) appear, and all peaks related to
PbO, disappear, confirming the conversion of PbO, by CH;NH;1 into
CH;NH;PbI;.'”'® On the other hand, after chemical conversion of
Pbl, (Fig. 2c), the XRD pattern mainly presents the same diffraction
peaks than those observed after chemical conversion of PbO,. How-
ever, the relation between the intensity of the peaks associated to the
FTO to the ones related to the perovskite differs between Figure b and
c. This could be due to a difference in the amount of perovskite crys-
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Figure 2. XRD patterns of FTO/NiO/PbO; before chemical conversion (a),
CH;3NH;3Pbl;3 obtained by chemical conversion of FTO/NiO/PbO; (b), and by
chemical conversion of FTO/NiO/Pbl, (¢).

Figure 1. Top view SEM images of FTO (a), FTO/NiO (b),
FTO/NiO/PbO; (c), FTO/NiO/Pbl; (d), FTO/NiO/CH3;NH3Pbl;
obtained by chemical conversion of FTO/NiO/PbO; (e), and by
chemical conversion of FTO/NiO/Pbl; (f).

tals obtained by the two different synthetic methodologies, in relation
with the FTO.

Figs. 3a and 3b show the in-phase and phase-shifted by 90° mod-
ulated SPV spectra of the CH;NH;Pbl; perovskite films obtained by
chemical conversion of PbO, and Pbl,. In both cases the in-phase
signal is negative, indicating that the electrons are preferentially sep-
arated toward the external surface,>'® while the holes are separated
in the direction of the p-type NiO layer. The direction of this charge
separation is in agreement with the fact that NiO is a p-type semicon-
ductor, commonly used as hole transport layer in inverted perovskite
solar cells.!! The in-phase and phase shifted by 90° signals for both
perovskite films present opposite signs, which indicates that the charge
separation is produced by only one mechanism (Figs. 3a-3b). Both
SPV spectra present an on-set signal at around 1.5 eV, which corre-
sponds to the bandgap of both perovskite films, in good agreement
with values reported for CH;NH;Pbl;.!32

Goodman plots>”!? were used to obtain averaged diffusion length
values (L), in perovskite films, obtained by chemical conversion of
PbO, and Pbl,. For perovskite films generated from Pbl,, diffusion
lengths of (0.4 £ 0.1) wm are obtained (Fig. 4a), while perovskite
formed from PbO, films, diffusion lengths as long as (2.4 £ 0.1) um
are observed (Fig. 4b). The large diffusion length value determined
for the perovskite films generated from PbO, films is very similar to
the size of the grains that dominate the perovskite covered surface
area, indicating that this size probably limits the diffusion length of
the perovskite films.>’

Summary

CH;NH;PbI; perovskite films were successfully formed by chem-
ical conversion of PbO, layers electro-deposited over NiO, by simple
immersion in a CH;NH;I isopropanol solution under ambient condi-
tions. The NiO bottom layer, used as hole selective contact, was also
electrochemically grown in aqueous solution. The diffusion lengths in
perovskite photoelectrodes obtained by chemical conversion of PbO,
films were nearly one order of magnitude larger than those measured
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