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Weinstein, Meijer and colleagues designed
a series of DBA compounds featuring a Pt(11)
metal centre in a square-planar configuration,
a common electron acceptor (naphthalene
monoimide, NAP), and various electron
donors that are derivatives of phenothiazine
(PTZ; Fig. 1b). The donor and acceptor
are attached to the metal centre via ethyne
bridges (-C=C-) in the trans configuration
(Fig. 1b). The C=C stretching modes are
‘frequency separated’ from other modes in
the complex and feature large extinction
coefficients of about 2,000 M~ cm™.
Moreover, the C=C stretch was shown to be
coupled to the electronic transitions involving
the metal centre. They found that exciting the
C=C stretch suppresses the rate of formation
of the charge-separated state, while the rate
of formation of a triplet excited state (A*)
localized at NAP is enhanced, resulting in
a strong decrease in the quantum yield of
the charge separation (it was below the level
of detection for one of the compounds).
Moreover, the extent of the change in yield
varies with the redox properties of the
donor moiety. Note that not only are the
experiments challenging, but there is also
little predictive power for how strong the
modulation will be.

The rate of an electron-transfer reaction
depends on several factors, such as the
energy barrier height, coupling strength, and
the dynamics of passing over the barrier. All
of these factors can potentially be affected by
the excited vibrations at the bridge, and so
to investigate the origin of the modulation,
Weinstein, Meijer and co-workers performed
calculations of the potential energy surface
of the involved states along just a single
C=C stretching coordinate. The calculations
showed that the stretching motion affects
the energy surface of the excited and
charge-separated states in a significant way,
indicating the propensity of the C=C mode to
modulate the reaction outcome. However, the
single-coordinate calculations are too simple
to explain all the experimental observations®.

A schematic of a more general potential
energy surface along two vibrational
coordinates for reactants (for example,
excited state) and products (for example,
charge-separated state) is shown in Fig. 1c.
One vibrational mode is not affected by the
reaction and thus is not active for it, whereas
another is affected strongly, providing the
reaction coordinate. The conditions when
a single vibrational mode represents the
reaction coordinate, outlined in the graph,

could be considered a quite rare and special
case. It is expected that a typical reaction-
coordinate involves several vibrational modes,
but characterization of multidimensional
photoinduced electron transfer near multiple
conical intersections, and deciphering the
role specific vibrations play in competing
reactions, is extremely difficult. Despite the
challenges of the theoretical modelling, the
molecular systems designed by Weinstein

and co-workers show very efficient switching
of the electron-transfer yield. Detailed
understanding of the modulation mechanism
in these and other DBA compounds® will help
in designing compounds with targeted state-
specific electron-transfer properties. a
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Crystal crosslinking

Solid-state perovskite solar cells have recently emerged and have already reached efficiencies of 20%. Now, a
simple solution-processing step that crosslinks neighbouring perovskite grain surfaces has been found to increase
their stability, an important issue for future potential commercialization.

Licheng Sun

he emergence of perovskite solar cells

undoubtedly represents one of the big

scientific developments of the past few
years. The highest certified solar-to-electrical
power conversion efficiency of solid-state
perovskite solar cells has rapidly risen to
over 20% under 1 Sun (100 mW cm™)
illumination. Their high efficiency, together
with their easier preparation procedures
and lower cost of components, has made
perovskite solar cells very competitive over
other types of solar cell.

The structure and working principle of
solid-state perovskite solar cells are quite
straightforward. As shown in Fig. 1, an
electron transport material (ETM, such
as nanostructured TiO,) is coated on a
conductive substrate (fluorine-doped tin
oxide glass for example), and a photoactive
layer of perovskite (typically CH,NH,PbI,)
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is spin-coated on the ETM. Another layer
of hole transport material (HTM) is then
spin-coated on top of the perovskite, and a
metal thin-film, which serves as the contact,
is subsequently deposited. Under illumination
with light, the perovskite material creates
charge separation: electrons move to the
conductive substrate through the ETM and
holes move to the metal contact through the
HTM. Those light-generated electrons and
holes can then do the work and generate
electricity through an external circuit (Fig. 1a).
The intrinsic properties of perovskites —
such as their broad absorption spectrum, fast
charge separation, long transport distance
of holes and electrons, long lifetime of the
charge-separated state — make them very
promising materials for solid-state solar cells,
yet some issues still need to be addressed
before they can be widely used; in particular,

their reproducibility and long-term stability.
As they describe in Nature Chemistry, the
Gritzel group has now made an important
step towards improving these two features'.
Since the first report on dye-sensitized
solar cells (DSCs) in 19912 — in which a
molecular dye serves to sensitize a wide-
bandgap semiconductor — a great deal of
effort has been made to find dyes with a
broader absorption spectrum and a higher
molar extinction coefficient. Organometal
halide perovskites were first used in 2009 as
visible light sensitizers in liquid DSCs, with
an efficiency of only 3.8% obtained with the
perovskite CH,NH,PbI, (ref. 3). A conversion
efficiency of 6.5% was reported in 2011, also
relying on CH;NH,PbL,, this time as quantum
dots, with iodide/triiodide as the redox couple
in liquid solar cells’. A real breakthrough was
achieved in 2012 with the use of CH;NH,PbI,
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for sensitization in an all-solid-state thin-
film (submicrometre) mesoscopic solar cell,
which showed an efficiency of 9.7% (ref. 5).
Almost at the same time, efficient hybrid solar
cells based on mesoporous super-structured
organometal halide perovskites were also
demonstrated that showed power conversion
efficiencies up to 10.9% in a single-junction
device®. Since the publication of these two
studies as corner-stones, perovskite materials
have been shown to hold great promise for
low-cost, highly efficient solar cells.

Some exciting news and a variety
of developments on perovskite solar
cells came within a very short period of
time — for example, a deposition method
for the fabrication of solid-state mesoscopic
solar cells, which greatly increased the
performance reproducibility (power
conversion efficiency of 15.0%, ref. 7), or
a simple planar heterojunction solar cell
incorporating dual-source vapour-deposited
perovskite as the absorbing material (power
conversion efficiency of 15.4%, ref. 8). The
combination of these features of mesoscopic
and planar structures led to extremely
uniform and dense perovskite layers, and
dramatically improved performances
(power conversion efficiency of 16.2%,
ref. 9). In turn, control of the formation of
the perovskite layer and careful choices of
other materials enabled the fabrication of
perovskite solar cells in air and from solution
at low temperatures, with the highest
efficiency of ~19.3% in a planar geometry*.
Very recently, the methylammonium counter
ion of CH,NH,Pbl, was replaced with
its formamidinium analogue through an
intramolecular exchange process brought
about a certified record efficiency of 20.1%
for the resulting solar cell''2.

This present efficiency record already
shows promise for practical applications,
though there is still room for further
improvement (theoretical values >30%) by
changing the components and using different
technologies. Yet, alongside efficiency
improvements, reproducibility and long-term
stability of the perovskite solar cells also need
to be addressed to enable their widespread
practical use. In their study, Michael
Gritzel and co-workers have now found
that using a bifunctional phosphonic acid-
ammonium compound (butylphosphonic
acid 4-ammonium chloride, 4-ABPACI) to
chemically modify the grain surface of the
perovskite (CH,NH,PbL,) in a one-step spin-
coating deposition process leads to more
efficient and also more stable solar cells.
Structural characterization by powder X-ray
diffraction and mapping of the elemental
distribution by EDX in STEM mode showed
that the 4-ABPACI additives act as crosslinks
between neighbouring grains (crystals) of
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Figure 1| Schematic representation of perovskite solar cells. a, A representative illustration of the general
structure and working principle of perovskite solar cells. HTM: hole transport material; ETM: electron
transport material. b, Some representative efficiencies of perovskite solar cells reported in the past few
years with related references. ¢, Crystal crosslinking of perovskite grains (colour code: red spheres, |; blue
octahedra, Pbl¢; grey spheres, CH;NH;) by alkylphosphonic acid ammonium cations for the improvement
of performance and stability of solar cells'. The phosphonic acid and ammonium moieties are circled in
orange and green, respectively. Original figure by Bo Xu at KTH.

the perovskite material, through hydrogen
bonding between the compound’s terminal
groups (-PO(OH), and -NH,*) and the
iodide ions of the perovskite surface. The
presence of the additives has two effects: it
facilitates the growth of perovskite crystals
within the mesoporous TiO, scaffold

(Fig. 1c), and also creates a smooth, capping
coating over the perovskite layer that makes
for a more uniform surface.

In comparison to the solar cells prepared
with pristine CH,;NH,Pbl;, those prepared
using the one-step solution deposition of the
perovskite in the presence 4-ABPACI can
tolerate exposure to a high temperature of
85 °C for 350 hours in the dark. Preliminary
stability investigation of the encapsulated
perovskite solar cell by continuously
illuminating the devices under 10 mW cm™
UV-filtered simulated sun light at 45 °C for
one week showed 90% retention of the initial
performance, whereas the control devices
without the treatments of 4-ABPACI retained
only 70% of the initial performance under
the same ageing conditions. Indoor stability
tests in which the crosslinking of ammonium
alkylphosphonic acid was carried out in
ambient conditions at 55% relative humidity
also showed very positive results.
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The present findings show great potential
for the practical applications of perovskite
solar cells. Further work on the development
of new technologies for yet higher
reproducibility and stability against heat
and humidity is still needed, while higher
efficiency is always a big driving force for the
whole field. 0
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