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ABSTRACT: To unveil the mechanisms controlling photo-
voltaic conversion in high-performing perovskite-based meso-
structured solar cells, we focus on the key role played by the
mesoporous oxide/perovskite interface. We employ several
spectroscopic techniques to design a complete scenario and
corroborate our results with first principle density functional
theory calculations. In particular Stark spectroscopy, a
powerful tool allowing interface-sensitive analysis is employed
to prove the existence of oriented permanent dipoles,
consistent with the hypothesis of an ordered perovskite
layer, close to the oxide surface. The existence of a structural
order, promoted by specific local interactions, could be one of
the decisive reasons for highly efficient carriers transport
within perovskite films.

TiO,

KEYWORDS: Perovskites, hybrid solar cells, Stark spectroscopy, DFT investigations

he recent employment of self-assembling lead-halide
hybrid perovskites in solar cell devices has been depicted
as the “Next Big Thing in Photovoltaics”.' The observation
origins from the numerous advantages related to the
introduction of these eclectic materials in solar cells. The
employed perovskites strongly absorb light over a broad range,
enabling the complete harvesting of a wide portion of solar
spectrum in films as thin as few hundred nanometers. This is
specifically beneficial when perovskites are included, as
sensitizers, in meso-structured (MS) solid-state cells, where
the thickness of the mesoporous scaffold has been historically
limiting light harvesting and photocurrent generation.” In
addition, through the perovskite matrix both electrons and
holes can percolate to the contacts with a collection efficiency
close to unity, giving the opportunity to largely overcome the
limitations of previous device layouts.> For these characteristics,
perovskite solar cells have been assembled in a variety of
architectures, either in MS or planar thin film devices, involving
different preparation routes and possibly morphology of the
final compounds.*~®
Despite the rapid increase in efficiency associated with the
evolution of this technology, many of the fundamental
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questions concerning the material properties, deeply related
to device operation, remain unanswered. In particular, under-
standing the interplay of the perovskite morphology and
crystalline structure and the role of the MS scaffold in affecting
device performances represent a major challenge. This is due to
the peculiar self-assembling process, led by weak interactions,
through which the perovskite is formed within the oxide pores,
so that the material final conformation largely depends on the
assembling conditions.”""

To shed light on this very peculiar aspect, PL-quenching
measurements, among other spectroscopic investigations, have
been recently carried out to determine the exciton diffusion
length in perovskite films included in different device
configurations. In flat donor/acceptor heterojuction samples,
perovskite was coupled with diverse charge extracting materials
(e.g, NiO, PEDOT:PSS, V,0;, and Spiro-OMeTAD as hole
acceptor media or TiO, and fullerene derivatives as electron
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Figure 1. (a) I-V curves under illumination of the best performing device. Inset: table showing the maximum obtained value of the average
performances calculated over a series of 14 devices. (b) Sketch of the hybrid device structure. Samples for spectroscopic analysis hold the very same
structure with TiO, or Al,O; MS scaffold, but an insulator layer is employed instead of Spiro-OMeTAD. The reference for flat perovskite is

fabricated on a silica substrate.

acceptor media),"”””'* and the exciton diffusion length was
found to extend up to 1 um for the CH;NH;Pbl;_,Cl, mixed
halide compound. In these reports, an exciton binding energy
of about 50 meV, a value previously determined for
CH;NH,;PbI; orthorhombic crystalline phase, was retrieved.
Intriguingly, in recent works, exciton binding energy was found
to be dependent on the perovskite surrounding media and on
its assembling conditions. For example, the presence of
plasmonic nanoparticles in a perovskite film was found to
contribute to the exciton relaxation, leading to increased PL-
quenching and improved charge generation."> Most interest-
ingly, Choi et al. recently demonstrated that perovskite
formation in a mesoporous titanium dioxide also affects the
PL-quenching mechanisms,'® primarily influencing the crystal-
line order. In particular two diverse perovskite phases were
distinguished within the oxide pores: a medium range ordered
perovskite crystallite and a short-range structural coherent
component in the form of nanoparticles. The photoluminescent
behavior was associated to the disordered phase, while the
crystalline material was found to be nonemissive. Therefore, in
a mesoporous TiO, scaffold, an improved material structural
coherence could enhance the PL-quenching, in comparison to a
flat TiO,/perovskite configuration. The collection of those
results is a strong proof of the key role played by the interface
between perovskite film and oxide substrate in influencing the
active material properties and hence photovoltaic conversion
mechanisms and device performances.

Here, we focus on the mixed-halide CH;NH,PbI;_,Cl,
perovskite (hereafter PERO) deposited onto a MS TiO,
scaffold, with particular emphasis placed on the role played
by the TiO,/PERO interface. As a comparison with traditional
dye-sensitized solar cells (DSCs), we also investigate the TiO,
interface with the prototypical D149 organic dye. Combining
several spectroscopic techniques and first-principles computa-
tional analyses, we demonstrate the existence of a locally
ordered perovskite layer close to the oxide surface, induced by
specific interactions occurring between the oxide surface and
the self-assembled perovskite.

The above-mentioned phenomena were observed in a series
of state-of-the-art devices, whose performances are resumed in
Figure 1, realized with identical geometry and procedure as the
ones used for the spectroscopical investigations. The existence
of local order at the interface between perovskite and oxide
could be one of the decisive reasons for the high-performance

characterizing devices based on MS-TiO, and in particular
could help in rationalizing the highly efficient carrier transport
occurring within the perovskite film."”

To trace a complete picture of interface-induced processes,
we performed time-correlated single photon counting
(TCSPC) analysis, photoinduced absorption spectroscopy
(cw-PIA), and electroabsorption (EA) measurements on
model samples reproducing the core structure of high-
performing devices.

To investigate the PL-quenching in our systems, we prepared
two MS model samples, holding the same PERO material
assembled onto Al,O; and TiO, matrix, and a reference PERO
film deposited on flat glass, see Figure 1b for sample structures.
The TCSPC decays for PERO in the three considered systems
are reported in Figure 2a. As expected, the PERO PL is
completely quenched (99%) within the TiO, pores, as
compared with PERO deposited on glass. Interestingly, in
AL, O, pores a reasonably strong PL quenching occurs (~20%),
even though the charges cannot be extracted given the
insulating nature of the scaffold. Consequently, this quenching
must be related to an interaction between the perovskite and
the oxide surface, which is independent from interfacial
electron transfer processes. Two possible effects could take
place in these systems in justifying this observation: a specific
oxide/perovskite precursor chemical interaction, affecting the
material growth, and/or a mere nonspecific physical confine-
ment imposed by the pores, affecting the self-assembling
process. Noticeably, both these effects would also be present
when the perovskite is assembled into a MS-TiO, matrix.

To directly monitor charge extraction in MS-TiO,/PERO/
PMMA systems we performed continuous wavelength (cw)
photo-induced absorption (PIA) measurements. In cw-PIA, an
on/off monochromatic continuum laser source provides the
excitation flux while the differential transmission of white light
probes the photogenerated species. This spectroscopic tool is
widely used for the determination of generation and
recombination of charge carriers in the microseconds—
milliseconds time domain in dye-sensitized solar cells.>"®"® In
Figure 2b, we compare the near-infrared PIA spectrum of MS-
TiO,/PERO/PMMA with that of MS-TiO, sensitized by the
D149 dye.”® D149 is a standard dye for the realization of solid-
state DSCs, allowing high—char§e generation when adsorbed
onto thin TiO, photonanodes.”” The two samples considered
for this study were fabricated to give comparable characteristics
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Figure 2. (a) TCSPC decays for PERO in MS-TiO,/PERO/PMMA
(red dots), MS-ALO;/PERO/PMMA (black triangles), and glass/
PERO/PMMA (blue squares). (b) In-phase and out-of-phase PIA
spectra of MS-TiO,/PERO/PMMA (blue triangles) and MS-TiO2/
D149/PMMA (red dots). MS-TiO,/PERO/PMMA spectra have 10X
magnification.

in terms of light absorption at the excitation wavelength A, =
488 nm (see Supporting Information for sample description
and Figure S1 for absorption characteristics). Comparing the
two PIA curves of Figure 2b, it immediately appears that the
broad negative signal assigned to the absorption of TiO,-

injected electrons in the 900—1500 nm region is almost 2
orders of magnitude smaller in the case of PERO with respect
to D149. The intensity of each PIA feature is directly related to
the formation yield of photogenerated species and to their
recombination dynamics; noticeably, the mentioned signal is
symmetrically collected both in the in-phase and out-of-phase
PIA spectra of Figure 2b and this is an established fingerprint of
long-living species (up to milliseconds).”**" This measurement
proves that only a fraction of photogenerated electrons are
injected into the TiO, matrix with known long living dynamics,
so the observed PL-quenching cannot be straightforwardly
associated to charge injection form the perovskite absorber to
MS-TiO,. This hypothesis and the existence of a related double
path for carriers collection in MS perovskite based devices has
been recently demonstrated with a complete spectroscopic
investigation.”> Noticeably, a similar conclusion has been also
drawn for CH;NH;Pbl; and CH;NH;PbI;_,Cl, perovskites by
means of electrochemical impedance spectroscopy measure-
ments,'”*? supporting our observations.

In Figure 3, we report the PIA spectrum of MS-TiO,/
PERO/PMMA in the visible region of the spectrum collected at
170 Hz pump modulation. Three distinguished regions
dominate the spectrum: a negative feature spreading from
600 to 720 nm, a sharp positive feature peaking at 750 nm and
a negative signal above 780 nm extending in the whole near-IR
spectral region, the latter attributable to absorption of TiO,-
injected electrons (see also Figure 2b). The two features below
780 nm cannot be easily associated to known photogenerated
species. These features can notably be observed only in the in-
phase component of the PIA spectrum, suggesting a faster
recovering dynamics compared to the characteristic dynamics
of electrons into the MS-TiO, matrix. The peculiar PIA spectral
shape and recombination dynamics, however, seem to resemble
what previously observed for organic dyes absorbed on TiO,,
when a Stark effect is perturbing the ground-state absorp-
tion.”*"*® We therefore hypothesize the presence of a similar
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Figure 3. (a) In-phase and out-of-phase photoinduced absorption (PIA) spectra of MS-TiO,/PERO/PMMA. (b) EA of MS-TiO,/PERO/PMMA/
Ag sample with negative field polarity applied to the FTO/TiO, contact. (c) First derivative of MS-TiO,/PERO/PMMA transmission spectrum
obtained with the same setup employed for the other measurements. (d) In-phase PIA spectrum of MS-TiO,/D149/PMMA. (e) EA spectrum of
MS-TiO,/D149/PMMA/Ag sample with negative field polarity applied to the FTO/TiO, contact. (f) First derivative of MS-TiO,/D149/PMMA
transmission spectrum obtained with the same setup employed for the other measurements.
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condition also in the MS-TiO,/perovskite system here
investigated.

The origin of Stark shifts in dye-sensitized interfaces was
interpreted in terms of local electric fields generated by TiO,-
injected electrons and possibly by oxidized dyes on the ground
state absorption of neighboring dyes.**~>*

In the archetypical cases of traditional DSCs based on
organic sensitizers, the effect was proven to be linearly
dependent on the applied electric field, because dyes absorbed
on the TiO, surface held an oriented permanent dipole. The
Stark spectral response was shown to depend on the variation
of the dipole moment between the ground (i;) and the excited
(ug) state of the dye with respect to the interfacial electric field
direction, that is, to the direction perpendicular to the oxide
surface.” As in the case of traditional DSCs, we employed
electroabsorption spectroscopy (EA) to prove the existence of a
Stark effect, possibly reproducing the observed PIA spectral
features. In Figure 3b, the EA spectrum of the FTO/MS-TiO,/
PERO/PMMA/Ag sample is reported. An oscillating field with
superimposed direct current (dc) bias was applied with negative
or positive polarity on the FTO contact and grounded Ag
contact. Most notably, the EA spectrum clearly reproduces the
PIA results, Figure 3a. Figure 3c also shows the first derivative
of the transmittance spectrum of the FTO/MS-TiO,/PERO/
PMMA sample, whose shape agreeably reproduces both the EA
and the PIA features. As a separate test, we investigated the
effect of changing the dc component of the modulated voltage
on the EA spectra and found that the amplitude of the EA
signal increased linearly with the voltage, see Figure 4.
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Figure 4. Electroabsorption intensity as a function of bias voltage (dc
component, given fixed 20 V alternating current component) recorded
at 750 nm for FTO/MS-TiO,/PERO/PMMA/Ag sample. The red
line indicates a linear fit to the data.

Markedly this is also a direct proof of the absence of free
charges injected from the contacts, as their superposition would
provide spectral features not affected by dc voltage variation.>
Moreover the presence of the insulating PMMA is preventing
the massive leakage from silver contact, so we would expect a
different contribution by possible absorption of free carriers
when the two opposite polarities are applied, see Figure S2,
Supporting Information.

Taken together, all the presented evidence prove that the
measured effect is linear in the electric field and hence that we
are in the presence of a first order Stark effect.

The results above can be rationalized in a coherent
framework following linear Stark theory, summarized in eq 1,
which describes the absorption variation A, when an electric

field F is applied to a system holding a permanent ground state
dipole moment 4. In the case of a randomly oriented ensemble
of molecular dipoles, the first term of the equation vanishes and
the Stark effect is proportional to the square of the applied field
through the second derivative of the absorption spectrum. In
the particular case of coherently oriented dipoles, the first,
linear, term dominates over the second term and the spectrum
follows a first derivative feature. This is clearly the case of our
experimental results, so we can safely conclude that the
investigated TiO,/PERO interface exhibits an ensemble of
oriented dipole moments.

Jda 10% 2

F Au-F + > E (Au-F) W
With Ap given by the difference between the excited state
dipole 4. and ground state dipole .

Noticeably, the shape of the spectral Stark feature is
comparable to the one exhibited by the D149 organic dye in
a similar experiment, see Figure 3d—f, therefore we can
conclude that the direction of the ground-to-excited state
dipole moment variation is the same for both the organic dye
and the perovskite sensitizer.”****

To further investigate the nature of the interactions occurring
at the crucial TiO,/PERO interface, we carried out first
principles DFT simulations of a pseudocubic CH;NH;Pbl,
perovskite/TiO, anatase interface. While various first principles
calculations have been reported on the electronic and
spectroscopic properties of CH;NH;Pbl;, see, for example,
refs 31—35, this is to our knowledge the first simulation of a
organohalide lead perovskite/TiO, interface. We chose to
simulate CH3;NH;Pbl; rather than the experimentally em-
ployed CH;NH;PbI;_,Cl, perovskite because of the uncertain
composition of the latter. S Furthermore, the two materials
were found to be very similar from a structural point of view,
both showing a tetragonal structure at room temperature with
very similar cell parameters, within <1%, suggesting a
comparably low Cl-incorporation into the MaPbl, matrix."!
Our model system is made by a 3 X 5 X 3 pseudocubic
perovskite slab exposing one of the equivalent (100), (010), or
(001) surfaces, see Figure S and Figure S3 in Supporting
Information. The perovskite slab stoichiometry is
(CH;3NH;)oPbysliso, and thus it deviates from the ideal
material stoichiometry, in line with the analysis of perovskites
surfaces by Mitzi.”” To avoid the creation of a permanent
dipole within the perovskite slab, the organic cations were
initially disposed in a symmetric fashion with respect to the
central Pb—I plane. Upon optimization, this structure provided
a dipole of only 2.3 D, which reduced to 0.7 D at the TiO,
binding geometry. The considered optimized slab has a
calculated band gap of 2.37 eV by scalar relativistic DFT,
which reduces to 1.50 eV upon inclusion of spin—orbit
coupling.>"** These values are higher than those found for the
bulk tetragonal phase of the CH;NH;PbI; perovskite at the
same level of theory (1.66/0.60 eV),>" as expected when
moving from a periodic to a confined system. Doubling the
perovskite slab along the nonperiodic direction, already
provides a converged band gap value compared to the bulk,
although this slab is presently too large for computational
modeling of the interface.

The perovskite model was “deposited” onto a 5 X 3 X 2 slab
of anatase TiO, made by 120 TiO, units, exposing the majority
(101) surface, see Figure S and Figure S3 in Supporting
Information. The experimental TiO, cell parameters (a = 18.92

Aa

dx.doi.org/10.1021/nl500544c | Nano Lett. XXXX, XXX, XXX—XXX



Nano Letters

o

Figure S. Schematics of calculated ground and excited state dipole
moments for the TiO,/PERO and TiO,/D149 interfaces. For the
TiO,/PERO system, the excited state dipole moment (dashed) was
not calculated but its direction and magnitude can be inferred by
similarity with the TiO,/D149 case. The TiO,/D149 interface
corresponds to the maximum surface coverage.*’

A, b =30.72 A) are employed to build a periodic supercell in
the x and y directions, leaving 10 A vacuum along the z
direction. The chosen setup introduces a lattice mismatch of
only +0.75 and —1.85% along the x and y directions,
respectively, compared to the experimental lattice parameter
of the pseudocubic perovskite (626 A).>® Given the slab
surface stoichiometry, the TiO,/perovskite interaction occurs
mainly through the binding of perovskite iodine atoms to
under-coordinated Ti(IV) atoms of the TiO, surface. Along
with the formation of I-Ti chemical bonds, several hydrogen
bonds from the methylammonium organic cations to surface
oxygen atoms contribute to stabilize the interface. Noticeably,
ca. 80% of the surface I atoms are engaged in I-Ti bonds,
indicative of the reasonable structural match between the two
materials.

The calculated density of states (DOS) for the TiO,/
perovskite interface is reported in Figure 6, where the total
DOS is decomposed over contributions from the perovskite
and the TiO, fragments. Including spin—orbit coupling, the
perovskite conduction band lies quite above the TiO,
conduction band energy, in line with previous DFT results
for the noninteracting fragments and with available exper-
4041 Notice, however, that the employed DFT
method is prone to underestimate the position of the TiO,
conduction band energy and band gap, so the calculated TiO,/
perovskite CB offset (ca. 0.8 €V) is expectedly overestimated.
This overestimate is also due to the larger-than-bulk band gap
value calculated for the perovskite slab, which likely raises the
perovskite CB edge.

As it can be noticed, the two materials are only weakly
interacting, as seen by the little hybridization found between
the perovskite Pb s-p states, maximally contributing the
material conduction band,*"** and the Ti d orbitals constituting
the TiO, conduction band. The hybridization can be visualized
by comparing the bottom of the conduction band region for the
interacting TiO,/MAPDI; system and for the isolated MAPbI;
cut from the optimized interface, inset of Figure 6. This
suggests a weak interfacial electronic coupling, which is in line
with the moderate charge-transfer to TiO, observed here at the
MS-TiO,/PERO interface, see Figure 2b. This picture differs
significantly with what observed for typical dye-sensitizers for
which a strong admixture of dye unoccupied levels with TiO,
conduction band states was repeatedly found.***

Our calculations also indicate a surface dipole of 28 D for the
considered supercell, that is, ~4.8 D per nm* of TiO, surface,
pointing away from the TiO, surface (i.e, with the negative
pole close to the TiO, surface and the positive pole toward the
perovskite), see Figure 5. Notice that this dipole was not
present in the perovskite and TiO, fragments, which have
almost vanishing dipole moments at their interacting geometry
(0.7 and 0.0 D, respectively). Thus the calculated interfacial
dipole moment is originated by the TiO,/perovskite inter-

imental data.

DOS

MAPbDI,;

Mape, —— | TiO,
MAPbI; Isolated
TiO,

0.4

DOS

06 08 1.0 12 14
Energy [eV]

0.0 1.0 2.0

Energy [eV]

Figure 6. Calculated DOS including spin—orbit coupling for the TiO,/CH;NH;Pbl; perovskite (MAPbI;) interface, decomposed into the
contributions of MAPbI; (red) and TiO, (blue). The inset shows the bottom of the interacting perovskite DOS, where hybridization with TiO,
states occurs, compared to the noninteracting perovskite DOS at the same geometry.
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action, and it has the same direction as that of typical organic
dye sensitizers, see Figure 5 for the comparison with D149.*

Considering the similarity of EA/PIA features of PERO and
of D149 organic dye, Figure 3, and the ground-state dipole
moment direction calculated for TiO,/perovskite and TiO,/
dye interface, our joint experimental and theoretical data
demonstrate the same sign for the dipole moment variation in
the two systems. In typical push—pull organic dyes, a dipole
moment increase (Au > 0) is associated to the ground to
excited state transition, which results from negative charge
accumulation toward the carboxylic TiO, anchoring group with
the concomitant hole mainly localized toward the outward-
pointing donor group, see Figure S. By analogy, our data
suggest a qualitatively similar charge displacement occurring in
the MS-TiO,/PERO interface upon light absorption with
negative charge being accumulated (depleted) toward TiO,
(PERO). We must also notice that a similar Stark effect could
be observed even in the absence of charge injected into TiO,,
imputable to the simple migration of holes (electrons) toward
the bulk (surface) of the perovskite. However, Stark features are
superimposed to PIA signals, see Figure 3, indicating that
charges transferred to the mesoporous substrate yet generate a
local electric field that reproduces the energetic landscape felt
by the system in an EA experiment, despite electron injection
to TiO, seems not to be a dominating event in MS-TiO,/
PERO systems.

The most interesting conclusion that can be drawn from
combined experimental and computational investigation is the
presence of oriented permanent dipoles at the MS-TiO,/PERO
interface, prefiguring a locally ordered interfacial region.
Experimental and theoretical evidence highlight the key role
played by the mesoporous oxide in inducing providing the
observed ordered interface. As a further proof, we investigated
the isolated perovskite on a flat silica substrate in a similar EA
experiment, Figure 7, obtaining evidence of a crucially different
response.

3,0x10° —— Absorption First Derivative
——— Absorption Second Derivative
—— EA Second Harmonic

-9,0x10°7 \X/\/—
600 650 700 750 800 850
wavelength (nm)

Figure 7. Second harmonic electroabsorption spectrum of PERO film
on silica substrate covered by 350 nm of insulating PMMA between
FTO and Ag contacts. Spectrum is superimposed to the first and
second derivative of the sample absorption spectrum.

EA measurements point out in this case a nonlinear behavior
and a mix of first and second derivative signals, revealing the
presence of either nonoriented permanent dipoles and/or likely
expectable bulk polarization effects, contributing to the Stark
signal. These observations clearly differ from the signal
recorded on the mesoporous TiO, scaffold, though we cannot
rule out some (minor) spectral contribution from the material
induced polarization. Nevertheless, our observation of a clear

linear trend dominated by first derivative features (Figure 4)
shows a dominant contribution due to oriented permanent
dipoles, which can therefore straightforwardly be related to the
perovskite/TiO, interface. Further studies need to be addressed
on this topic to decouple the overlapping effects, but two main
results emerge from the comparison: first, our technique
appears to be interface-sensitive because selective interaction
with the substrate can be monitored; second, it gives insight to
what observed in TCSPC experiments, as the MS oxide
substrates inducing local order in perovskite film, is compatible
with the proved PL-quenching mechanisms.'®

The presence of ground-state-oriented dipoles for the self-
assembled perovskite on MS-TiO, could determine the
conditions for an ordered material growth within the pores,
induced by interfacial interactions, allowing midrange crystal-
line coherence. The reported result could be of paramount
importance in understanding the remarkable performances of
perovskite-based solar cells, as this ordered layer could be
responsible for both the enhancement of free carries
generation, proved throughout PL-quenching analysis and the
efficient carries percolation to the contact, acting as a good
transportation layer. These observations are in line and
contribute to explain various very recent results, providing
the interpretative basis for further optimization of perovskite-
based solar cells.
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Materials preparation procedure, experimental setup descrip-
tion, devices absorption, EA spectrum for Flat TiO,/PERO,
computational details, and addition computation results. This
material is available free of charge via the Internet at http://
pubs.acs.org.
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