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Strong Quantum Confinement and Fast Photoemission
Activation in CH3;NH;Pbl; Perovskite Nanocrystals Grown
within Periodically Mesostructured Films

Miguel Anaya, Andrea Rubino, Teresa Cristina Rojas, Juan Francisco Galisteo-Lépez,

Mauricio Ernesto Calvo, and Herndn Miguez*

In this Communication, a synthetic route is demonstrated to obtain stabilized
MAPbI; nanocrystals embedded in thin metal oxide films that display well-
defined and adjustable quantum confinement effects over a wide range of
0.34 eV. Mesostructured TiO, and SiO, films displaying an ordered 3D pore
network are prepared by evaporation-induced self-assembly of a series of
organic supramolecular templates in the presence of metal oxide precursors.
The pores in the inorganic films obtained after thermal annealing are then
used as nanoreactors to synthesize MAPDbI; crystallites with narrow size dis-
tribution and average radius comprised between 1 and 4 nm, depending on
the template of choice. Both the static and dynamic photoemission properties
of the ensemble display features distinctive of the regime of strong quantum
confinement. Photoemission maps demonstrate that the spectral and inten-
sity properties of the luminescence extracted from the perovskite quantum
dot loaded films are homogeneous over squared centimeters areas. At vari-
ance with their bulk counterparts, constant emission intensity is reached in

synthesis of Pbl, nanocrystals and their
subsequent reaction with CH3;NH;l; to
produce the corresponding organic—inor-
ganic lead halide quantum dots.! More
recently, powders of porous silica exhib-
iting a 2D hexagonal mesopore structure
have been used as templates to synthesize
MAPDI; nanocrystals.'1*l This approach
proved to be suitable to attain bright and
stable emission whose spectrum could be
controlled by the average pore size of the
matrix. However, most applications fore-
seen for hybrid perovskites require the
use of thin films of high optical quality,
as well as versatility regarding the com-
position of the scaffold employed. In
order to achieve this goal, mesostructures
with geometries other than the hexagonal
one previously employed to host perovs-

time scales at least four orders of magnitude shorter.

One of the most versatile strategies to tune the optical prop-
erties of a semiconductor consists in reducing its size until it
becomes of the order of the exciton Bohr radius and quantum
confinement effects arise.!!l Different methods have been
developed to try to controllably diminish the size of methyl
ammonium lead halide (MAPbX;, X = Cl, Pb, I) crystals,*”]
motivated by the interest these perovskites generate in the
field of optoelectronics.®12 Efforts in obtaining dispersions
of hybrid organic-inorganic perovskite nanocrystals for opto-
electronic applications have mainly focused on MAPDbBr; and
MAPDBr,I3 ,, as this allows achieving visible emission bands.
MAPDI;, on the other hand, is an efficient near infrared emitter
and presents a lower lasing threshold than MAPbBr;."3 Evi-
dence of precise control of the optical properties of MAPbDI;
over a wide spectral range has been reported from colloidal
suspensions attained using a two-step process involving the
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kite nanocrystals must be used, since the

characteristic tubular channels tend to lie

parallel to the substrate when the porous
material is shaped as a film, becoming inaccessible from the
top surface. This prevents their infiltration with perovskite pre-
cursors. Very recently, MAPbI,X (X = Cl, Br, I) compounds have
been synthesized inside metal organic framework films,% but
no control over the size and optical properties of MAPDbI; was
demonstrated.

In this Communication, we demonstrate a synthetic route to
obtain stabilized MAPDI; nanocrystals embedded in thin metal
oxide films that display well-defined and adjustable quantum
confinement effects over a wide range of 0.34 eV. Mesostruc-
tured TiO, and SiO, films displaying an ordered 3D pore net-
work are prepared by evaporation induced self-assembly of
a series of organic supramolecular templates in the presence
of metal oxide precursors. The pores in the inorganic films
obtained after thermal annealing are then used as nanoreac-
tors to synthesize MAPDI; crystallites with narrow size dis-
tribution and average radius comprised between 1 and 4 nm,
depending on the template of choice. Both the static and
dynamic photoemission properties of the ensemble display fea-
tures distinctive of the regime of strong quantum confinement.
Photoemission maps demonstrate that the spectral and inten-
sity properties of the luminescence extracted from the perovs-
kite quantum dot loaded films are homogeneous over squared
centimeters areas. In addition, the photoemission stationary
state is reached 10* times faster than in a MAPDbI; solid film.
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Figure 1. a) XRD pattern of CH3NH;3Pbl; grown within an F127 + PPG-templated TiO, mesostructured scaffold. b) XRD patterns detail of the peak
broadening corresponding to {220} reflections of CH3NH;3Pbl; crystals grown in a flat substrate, and within F127 + PPG- (red), F127- (green), and
CTAB- (blue—green) templated TiO, mesostructured scaffolds. Gray dashed curves indicate the reference pattern of tetragonal phase bulk CH;NH;Pbl;
perovskite. ¢) High-magnification transmission electron microscopy image of a cross section of an F127 + PPG-templated TiO, mesostructured scaf-
fold. d) High-resolution transmission electron microscopy image showing the crystalline planes of different CH;NH;Pbl; nanocrystals. Inset displays
the digital diffraction pattern of the highlighted particle. Size distribution histograms of CH;NH;Pbl; nanocrystals grown within different porous TiO,
scaffolds in which the voids are ordered by using e) F127 + PPG, f) P123, g) F127, h) CTAB, and i) Brij58 as organic template agent. HAADF-STEM
image of a j) hexagonal-, and ) cubic-like pore distribution which can be assigned to different cross section planes of an F127-templated mesostructured
scaffold infiltrated by CH3NH;Pbl;. XEDS chemical maps of Ti and Pb obtained from the marked regions, for both k) hexagonal- and m) cubic-like

ordered pore planes infiltrated by CH;NH3Pbls.

In order to create a stable solid dispersion of MAPbDI;
quantum dots, we follow a standard one-step procedure that
starts by dissolving precursors in N,N-dimethylformamide.P!
The solution is then spin coated onto periodically mesostruc-
tured metal oxide, namely, TiO, or SiO,, films of controlled
thickness and open porosity, which have been previously depos-
ited on flat glass substrates by a combination of supramolecular
templating and dip-coating.!'”] Precursor concentration is a crit-
ical parameter in order to ensure that the perovskite is grown
exclusively within the film pores and to prevent the formation
of a bulk perovskite capping layer (Figure S1, Supporting Infor-
mation). Filling of the void network and subsequent thermal
annealing give rise to the formation of MAPbI; crystallites, as
revealed by X-ray diffraction (XRD) and high-resolution trans-
mission electron microscopy (HRTEM) images taken from the
cross sections of thin lamellae prepared by focused ion beam.
Analysis of the X-ray diffractograms, like the one displayed in
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Figure 1a, demonstrates that the stable phase of the crystal-
lites within the cages is tetragonal, which implies that the final
structure achieved is the same one observed in bulk MAPDI;
films. As the pore size decreases, the characteristic diffraction
peak intensities lower and widen, as shown in Figure 1b. By
using Scherrer formula, it is only possible to roughly guess
that perovskite crystal size varies, among the different films
prepared, in the range of a few nanometers, as the low inten-
sity of the diffraction maxima prevents a finer estimation. On
the other hand, arrays of crystallites of similar size and shape,
synthesized within porous TiO, matrices like that shown in
Figure 1c, can be readily identified on HRTEM images, as illus-
trated in Figure 1d. Interplanar distances corresponding to the
tetragonal structure of MAPbDI; are recognized, as shown in the
inset of this figure. The nanocrystal size distributions, extracted
from the analysis of the HRTEM images, corresponding to each
one of the MAPDI; filled mesostructured films are presented

Adv. Optical Mater. 2017, 5, 1601087
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in Figure le-i. The estimated crystallite average size corre-
lates with the average pore size expected in each film, which
is determined to a good extent by the organic supramolecular
template employed. Hence, crystals of radii R = 3.10 £ 0.08 nm,
R=2.26+0.03 nm, R=2.03%0.07 nm, R=1.70 £ 0.05 nm,
and R = 1.64 £ 0.02 nm are observed inside the void lattice of
films made using, respectively, a mixture of F127 and PPG,
P123, F127, cethyltrimethylammonium bromide (CTAB), and
Brij58 as surfactants (full details on composition are provided
in the Experimental Section). Elemental analysis performed by
means of energy-dispersive X-ray spectroscopy (EDX) was used
to study the spatial distribution of Pb and Ti inside the meso-
structured film. Those elemental maps and the corresponding
high angle annular dark field scanning TEM (HAADEF-STEM)
images are displayed in Figure 1j-m. In this specific case, they
were attained from two different inner surfaces of the ordered
pore lattice filled with MAPDI; crystallites. Interestingly, these
observations ratify that the MAPDI; crystallites array inherits the
order of the pore network in which it is formed, although this
has no apparent effect on the optical response of the ensemble.
These results confirm that the periodically ordered films can be
efficiently infiltrated by means of successive impregnation with
the MAPbDI; precursors.

The most direct consequence of the confinement of a semi-
conductor is the quantization of its energy levels and the
enlargement of its electronic band gap, which reveals itself
in the spectral blueshift of both its optical absorption edge
and the corresponding luminescence peak. Hence the optical
properties of the crystallite networks built in periodically
mesostructured scaffolds were investigated by analyzing their
photoluminescence (PL) and photoexcitation (PE) spectra.
Results are shown in Figure 2a. A single peak at a wave-
length of Ay = 775 nm (E,; = 1.60 eV) was detected in the PL
spectrum of the scaffold-free MAPDI; film used for compar-
ison, which corresponds to the photoemission peak already
reported for the bulk MAPDI; perovskite.”! Crystallites synthe-
sized within periodically porous films displayed PL peaks at
Ao=692nm (Ey=1.79eV), 4y=686 nm (E;=1.81eV), 1y=677 nm
(Eog = 1.83 eV), 49 = 660 nm (E, = 1.88 eV), and A, = 638 nm
(Eo = 1.94 eV), where the surfactant employed to achieve each
one of the mesostructures is indicated. This implies a max-
imum blueshift of A4y = 137 nm (AE, = 0.34 V), one of the
largest so far reported for MAPDI; crystallites. Simultaneously,
a consistently similar shift is observed at the edge of the photo-
excitation spectra.

The spectral displacement observed in both photoemission
and photoexcitation spectra increases as the average crystallite
size present in the film decreases, as expected for a semicon-
ductor in which quantum confinement of electron-hole pairs
takes place. In fact, the comparison between the crystal radii
measured by HRTEM and the reported estimated values of

Bohr radius (Rg = 3 nm),['®22 which yields RA <21in all cases,
B

as well as the magnitude of the bandgap shift observed for
MAPDI; nanocrystals (AE, = 0.34 eV), indicate that our obser-
vations may be well explained assuming a strong confinement
regime, after the classification established by Kayanuma.?*!
Within this regime, both electron and hole are expected to
be found mainly occupying their respective lowest energy
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Figure 2. a) Normalized PL and PE (colored and black lines, respectively)
spectra from CH3NH;Pbl; nanocrystals grown in a low-fluorescence glass
without scaffold (gray), and with supramolecularly templated TiO, scaf-
folds F127 + PPG (dark red), P123 (orange), F127 (green), CTAB (blue—
green), and Brij58 (blue). Colorful dashed lines are displayed as a guide
to the eye to locate the wavelengths at which PL peaks in each case.
b) Spectral position of the PL peak maxima with respect to the crystal
radius of the CH3NH3Pbl; nanocrystals grown within the different TiO,
scaffolds (color code is preserved from (a)). The best fit to Brus equation
is also plotted as a red dashed line.

eigenstates and with little spatial correlation between them. In
order to provide a deeper insight on the nature of the effects
observed, we analyzed the dependence between the size of the
crystals and their photoluminescence properties. In Figure 2b
we plot the energy (eV) at which PL maxima are detected versus
the crystal size as estimated from the HRTEM analysis. Super-
imposed, we draw the curve (dashed line) corresponding to the
Dbest fit of our data to the equation

W 1.786¢
8UR® 4meeR

Ey~E,+ (1)
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usually known as Brus formula,?! which assumes a

hydrogen-like model to describe the interaction between elec-
tron-hole pairs strongly confined in spherical semiconductor
nanocrystals.?>?! In this expression, E, is the energy of the
lowest excited state of the exciton inside the nanocrystal, E,
is the energy bandgap of bulk MAPDI; (in our case 1.60 eV),
h is Planck’s constant, u is the exciton reduced mass, R is the
radius of the nanoparticle, e is the electron charge, and g, and
g, are the dielectric constants of vacuum and MAPDI;, respec-
tively. The second term on the right-hand side of the equation
has a kinetic origin and corresponds to the first energy level of
a quasiparticle of reduced mass u confined in a spherical well
of radius R limited by a wall of infinite potential. The third
term on that same side of the equation is known as the Cou-
lomb energy term, as it arises from considering the electro-
static interaction between the electron and the hole confined
in the nanocrystal. Its contribution, although less significant
than that of the kinetic term due to both the high screening
of the interaction in high dielectric constant semiconductors
like MAPDI; and the fact that it scales like R instead of R?,
cannot be neglected. From the fitting of our experimental data,
we can estimate an exciton reduced mass of yu = 0.27 + 0.01
my, with mg being the electron rest mass, and a dielectric con-
stant of & = 18.0 + 0.5. From them, we can make use of the
following relations between the exciton binding energy, Ej, and
Bohr radius, Ry

u 1 moe*
Ey="" o 0
my €& 2(4meh)
=£.l2. Epp e K ~l2~13.6 (2)
my & my &
Ry="" ¢ Ry,  ="2.g.0.053 (3)
u H

to obtain Ez = 11.3 + 1.0 meV and Rz = 3.53 £ 0.23 nm for
MAPDI;. This set of values for u, €, Eg, and Ry are in fair agree-
ment with previously reported ones based on theoretical esti-
mations that have been demonstrated to reproduce well the
behavior of bulk MAPbI; at room temperature.[1%2%26-28] This
agreement supports the validity of the use of Brus approxi-
mation to describe the observed trends, although it should be
taken into account that, in this expression, the effective mass
is considered to be independent of the crystal size, an approxi-
mation that might not necessarily hold for extremely small
crystallites.

From the point of view of the material performance, the
nanocrystal loaded films present an emission detectable with
the naked eye in spite of being only 200 nm thick, as it can be
seen in the picture displayed in Figure 3a. This photograph was
taken under monochromatic light excitation of A = 312 nm from
a porous TiO, film in which 2.26 nm size MAPDI; nanocrystals
were synthesized. Bright edges result from the guiding of the
emitted light by the glass substrate. Tracking the time evolution
of the PL peak from the nanostructured film we observe that
10 ms (limited by the time resolution of our set-up) after the
excitation of the film it reaches a stable emission (Figure 3b).
This is in contrast with the slow photoactivation of the PL
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Figure 3. a) Digital camera picture of a periodically ordered porous
film (P123) containing MAPbI; nanocrystals taken under illumination
with UV light of A = 312 nm. Scale bar is 1 cm. b) Photoluminescence
maximum of confined MAPbI; nanocrystals (A, = 684 nm, black curve)
and a bulk MAPbI; film (A, = 775 nm, blue curve) as a function of time
under excitation with monochromatic light of 2 = 532 nm. Maps of the
c) photoluminescence maximum and d) FWHM over the 2.25 cm? sur-
face of a porous film containing MAPbI;.

presented by a bulk film of similar thickness (i.e., 200 nm).
Such slow dynamics of the PL of bulk MAPbI; has been previ-
ously observed in the past,[?>3% and has been proposed to origi-
nate at trap-filling caused by the photoinduced migration of
ions within the perovskite lattice under illumination.?Yl Within
this picture it is reasonable to assume that the time needed for
ions to traverse the size of the nanocrystal should be orders of
magnitude smaller than that for the bulk case. This observation
suggests that, under similar excitation conditions, the PL of
nanocrystals enters the so-called bimolecular regime, in which
carrier decay rate is dominated by radiative recombination,*?
much faster than that of bulk crystals, which remains for longer
in the monomolecular regime, in which nonradiative trap
filling prevails. Furthermore, the confined perovskite nanocrys-
tals are as stable as the bulk perovskite films. Indeed, they con-
serve their emission properties over weeks although they are
conserved under dark ambient conditions. In order to evaluate
the homogeneity of the emission, the PL spectrum was meas-
ured from 250 um? regions, mapping the whole film surface
(2.25 cm?). The maps obtained reveal the high regularity of the
nanocrystal size distribution and density over the entire film,
as it can be seen in Figure 3c¢,d. Luminescence peak maximum
(Amax) and full width at half maximum (FWHM) remains practi-
cally constant within very narrow margins, A,., = 684 £ 2 nm
(i-e., 1.81 eV, standard deviation 0.3%) and FWHM =57 £ 2 nm
(i-e., 0.15 eV, standard deviation 3.5%).

Adv. Optical Mater. 2017, 5, 1601087
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Figure 4. a) Normalized PL decay curves for the CH3NH;Pbl; formed
within supramolecularly templated mesoporous TiO, scaffolds by using
CTAB (blue—green), F127 (green), P123 (orange), and F127 + PPG (dark
red) as organic template. Gray dashed line belongs to a reference flat
perovskite film. Black solid line indicates the instrument response func-
tion (IRF) produced by the excitation pulse. b) PL decay rate versus the
frequency at which the PL is maxima for the CH;NH3Pbl; infiltrated in the
different scaffolds (color code is preserved from (a)). The red dashed line
is the best fitting curve following an inversely quadratic dependence with
crystal radius. c) Normalized PL spectra from CH3;NH;Pbl; nanocrystals
of similar size grown using supramolecularly templated TiO, (orange)
and SiO, (purple) porous films as scaffolds. Gray dashed line corre-
sponds to the photoemission spectrum of a flat perovskite film. d) Cor-
responding normalized decay curves for the CH;NH;3Pbl; formed within
both type of scaffolds (color code is preserved from (c)).

Electron-hole pairs confined in nanosized semiconductors
are also expected to experience significant modifications in
their decay dynamics.?3l We have performed time resolved PL
measurements for the series of MAPDI; crystallites prepared,
as well as for a bulk perovskite film, for the sake of comparison.
A 532 nm excitation wavelength was employed in all cases,
and the time evolution of the emitted intensity was monitored
by means of time correlated single photon counting within a
5 nm wide spectral window centered at the respective emission
maximum. Results shown in Figure 4a are representative of
each type of sample, since very similar curves were systemati-
cally obtained from different regions of the same film. It can be
readily seen that the average excited state lifetime 7,, decreases,
hence decay rate I" accelerates, as the crystal size is reduced.
Data analysis of each curve revealed that the PL decays are best
fitted to a normal distribution of lifetimes (see Figure S2, Sup-
porting Information). A comparative analysis of the widths of
the lifetime distributions and those of the MAPDbI; quantum
dot size distributions, obtained from Figure le—i, shows the
absence of correlation between them. This implies that the
lifetime distribution cannot be exclusively the result of the dis-
persion observed in quantum dot size, but also of the effect of
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© 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

www.advopticalmat.de

other nonradiative processes. Measurements of the quantum
yield (QY) return values of QY = 1%, very similar to those pre-
viously reported for other confined MAPDI; nanocrystals.!'*1]
Since QY:&:F—R,
I' T'wt+Iw
diative and radiative decay rates respectively, our QY measure-
ments show that nonradiative processes are dominant over
radiative ones, i.e., Iyg >> I'g. Simultaneously, an analysis of
the dependence of the mean decay rate estimated from the PL
decay curves with the average nanocrystal radius reveals that
I' ~ R2. Hence, in our case, ['yg is inversely proportional to
the area of the nanocrystal surface. This could be due to the
fact that the smaller the crystal, the larger the surface lattice
distortion and thus the higher the density of surface defects,
which could give rise to a higher number of nonradiative decay
paths. Nevertheless, the influence of the spatial confinement
increasing the overlap between the electron and hole wavefunc-
tions, and thus increasing the radiative recombination prob-
ability,34 cannot be discarded.

We complete our analysis by studying the effect of the
matrix in which the nanocrystals are embedded on their decay
dynamics. In Figure 4c we show the PL spectra of MAPDI;
crystallites grown in TiO, (orange line) and SiO, (purple line)
scaffolds of similar average pore size and distribution, while
Figure 4d displays the corresponding characterization of the
decay dynamics. While the normalized photoemission inten-
sity spectra are reasonably similar, as expected for collection of
crystallites of similar size distribution, it can be seen that the
decay rate is approximately four times faster in the TiO, scaf-
fold than in the SiO, one. As the QY measured for nanocrys-
tals confined in SiO, cages is similarly small (QYg0, = 1%),
the significant difference in I" can only be due to an increase
of I'yg when a TiO, matrix is used. In this regard, the possi-
bility to transfer photocarriers to the TiO, matrix, which does
not exist in the case of SiO,, might manifest itself through a

e Tk
T+l T
the fact that the QY remains basically constant indicates that
somehow Iy is also being accelerated in TiO, matrices. The
expected ratio between the Ty attained for two similar emitters

where T'yg and T’y are the nonra-

faster decay. At the same time, since QY=

located in different media Lri is roughly proportional to the
Rj
fifth power of the quotient of the refractive indexes, %, of such
]
media.l>3 In our case, refractive indexes should be estimated
as the average between those of perovskite nanocrystals and the
metal oxide scaffold in each case. By using Bruggeman effec-
tive medium approximation, and assuming a 50% fill factor,

we obtain mz(wj =3.5. This ratio is similar to the
Ik sio2 Psioa

Troz _ Dwrimoa _ 4 experimentally determined. Hence, the
1—‘SiOZ 1—‘NR,SiOZ
similar QY observed for similar nanocrystals emitting from the
different matrices employed could be explained by the compen-
sating effect of simultaneously faster nonradiative and radiative
decay rates.

In summary, we have demonstrated a simple, reliable, and
reproducible method to obtain solid dispersions of methyl
ammonium lead iodide nanocrystals with tetragonal crystal
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structure embedded in the periodic porous mesostructure of
metal oxide thin films of high optical quality. By synthesizing
the perovskite inside the interconnected array of nanocages of
the host film, and by using matrices with pores of different
average size, we show fine tuning of the static and dynamic pho-
toemission properties of the crystallites in a wide spectral range.
This method can be easily extended to other hybrid perovskites,
evidence of which is provided as Figure S3 (Supporting Infor-
mation). Such control over the optical properties arise from the
strong quantum size effects characteristic of semiconductor
nanocrystals of dimensions comparable to the exciton Bohr
radius, as we show by fitting our experimental data to canonical
expressions derived for that regime. We believe our results open
interesting possibilities for the application of CH3;NH;PbI; per-
ovskite nanocrystals in optoelectronics as they show they can
be synthesized within films and, due to confinement effects,
become stable visible light emitting materials at the desired fre-
quency range. Besides, they show a remarkably fast photoactiva-
tion compared to dense films. Our synthetic route also provides
a material with a tuneable electronic bandgap, which may be
of interest for the development of tandem solar cells based on
CH;NH;Pbl;, which present superior photovoltaic performance
than those formed by Br or Cl.

Experimental Section

Synthesis of Periodically Mesostructured Scaffolds: The preparation of
mesoporous structures with different well-defined pore size was made
by using a supramolecular templating approach reported on previous
works. The synthesis is based on the hydrolysis and condensation
(sol-gel method) of TiO, and SiO, precursors around a well-defined
3D arrangement of an organic templating agent. After the removal of
the organic pattern by thermal treatment, an oxide mesostructure film
arises with an open, ordered, and interconnected network of pores with
regular shape. This method allows controlling the pore size by changing
the organic template.

In this work, several surfactants were used as templating agents
to obtain TiO, mesoporous films. First, a dispersion of TiCl, (Sigma-
Aldrich) in ethanol (EtOH, VWR Chemical) was prepared in a Ti:EOH
1:40 molar ratio. Then the surfactant was added under strong stirring.
The surfactants used in this work were: CTAB (Aldrich), two different
triblock copolymers (pluronics F127 and P123), and alkylpoly(ethylene
oxide) (Brij 58, Sigma). The surfactant/Ti ratio (in moles) was: 0.100
in CTAB, 0.05 in Brij 58, 0.005 in F127 and P123. The largest pore size
was obtained using a combination of the previous method and phase
separation. In this case, the dispersion was prepared in 1-butanol using
both TiCl, and F127 in the same molar ratio described above. Thus,
0.24 g of polypropylene glycol 4000 (PPG, Alfa Aesar GMBH&Co KG)
and 4 mL of tetrahydrofuran (Panreac) were added to the dispersion.
Finally, H,O was added to the above described dispersion in a H,O/Ti
molar ratio of 10. SiO, mesoporous films were prepared in the same
way described above starting from a prehydrolyzed tetraethylortosilicate
dispersion as inorganic source (instead of TiCl,).

All dispersions were aged during 2 d previously to be deposited.
Deposition of the precursors was made in low fluorescence slides by dip
coating method. The withdrawal speed, 2 mm s, was adjusted to obtain
a 200 nm thickness film (100 nm for the cases of F127 + PPG-based TiO,,
and CTAB-based SiO, scaffolds). Humidity in the deposition chamber
was kept constant at values between 40% and 50%. After deposition, the
humidity was increased to 80% for 10 s, and then the fresh films were
placed in a chamber with 50% humidity during 24 h. Next, samples were
kept at 60 °C during 24 h and then at 120 °C for another 24 h. These
steps were needed in order to consolidate the oxide network around the
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organic template. Finally, the latter was removed by treating the films
during 1 h at 350 °C (ramp of 1 °C min™"). For the cases of F127 + PPG-
based TiO, and CTAB-based SiO, scaffolds, the deposition process was
repeated in order to achieve films around 200 nm thick.

Synthesis of Perovskite Precursors: CH;NH;3Pbly perovskite precursors
solution was prepared following a well-established procedure,?”! which
involves the nonstoichiometric mixture of methylammonium iodide
(MAI) salt and lead chloride (268690, Sigma-Aldrich). In order to obtain
high reproducibility in the photophysical properties of the CH3;NH;Pbl;
synthesized within the pores, it is critical to have a protocol for the
homemade MAI powder production. Concerning this point, a commercial
solution of 12 mL of methylamine in ethanol (534102, Sigma-Aldrich)
was diluted in 50 mL of absolute ethanol and stirred for 10 min. Then,
5 mL of hydriodic acid aqueous solution (210021, Sigma-Aldrich) was
slowly added avoiding an excessive heating produced by exothermic
reaction, employing an ice-water cooling bath. Reaction completion
required stirring for 30 min. Afterward, a rotary evaporator was employed
to concentrate the light yellow solution until a white MAI powder
was obtained. In order to remove impurities, the white crystals were
washed several times with anhydrous diethyl ether and dried at 70 °C
in a vacuum oven overnight. Finally, to obtain the final semitransparent
yellow CH3;NH;Pbl; perovskite solution, MAI and PbCl, were dissolved
in anhydrous N,N-dimethylformamide (D4551, Sigma-Aldrich) at
a 3:1 molar ratio up to final concentrations between 20 and 40 wt%.

A similar procedure was followed to attain the CH3;NH;3;PbBr;
perovskite precursor solution. Methylammonium bromide (MABr)
was prepared by adding 8 mL methylamine and 2.83 mL hydrobromic
acid (18739, Fluka) solutions to 22 mL of absolute ethanol. Same
washing and recrystallization processes as in the MAI powder case
were adopted. The as-prepared MABr powder was dissolved together
with PbBr, (211141, Sigma-Aldrich) at a 3:1 molar ratio in anhydrous
N,N-dimethylformamide, to give a transparent colorless solution with a
concentration of 20 wt%.

Infiltration of Inorganic Mesoporous Structures: Infiltration of periodic
porous mesostructures with CH3NH;3Pbl; and CH;NH;PbBr; was carried
out by sequentially spin coating the perovskite precursor solutions on
top of the supramolecularly templated mesoporous scaffolds deposited
on low fluorescence substrates. Perovskite formation was completed
by treating the samples 1 h at 100 °C. To avoid the deposition of a
perovskite capping layer (that could mislead in the analysis of the
photoluminescence measurements), we adjusted the CH;3;NH;Pbl;
solution concentration and spin coating deposition parameters (see
Figure S1, Supporting Information). We found that a concentration
of 20 wt% and a final rotation speed of 5000 rpm were the optimized
parameters, being appropriate also for the CH3;NH;PbBr; perovskite.
This method assures that perovskite nanocrystals are exclusively grown
within the inorganic scaffold.

Structural Characterization: For TEM characterization cross-section
lamellas were prepared using a dual focused ion beam Helios Nanolab
650 (FEI company). To get information about the microstructure and
to obtain the element distribution maps, an FEI Tecnai field emission
gun scanning transmission electron microscope, mod. G2F30 with an
S-Twin objective lent, operated at 300 kV, with 0.2 nm point resolution,
and equipped with an HAADF detector from Fischione with 0.16 nm
point resolution, and an EDX detector SSD mod. INCA X-Max 80 was
used. The Ti and Pb elemental maps were obtained by EDX spectroscopy
using the characteristics X-ray photons for Ti K (4.5 keV) and Pb Lol
(10.55 keV) and scanning an electron probe with a diameter of less than
1 nm size and registering the EDX spectra in the same region as showed
in the HAADF image. Gatan Digital Micrograph software was used to
acquire images and perform further image processing. The software
used to estimate the nanocrystal size distribution from the different
electron microscopy images obtained was Image).

XRD measurements were collected in a PHILIPS X'pert PRO
diffractometer. Acquisition of the samples was taken in the 5-90 26
range with a 0.05 step.

Optical Characterization: PL measurements were carried out in front-
face configuration (collection at an angle of 11.25°) with a commercial
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fluorimeter (Fluorolog-3 from Horiba). Excitation was performed with a
monochromated xenon lamp and the emitted light was collected with
a photomultiplier tube after passing through a second monochromator.
The spot of the excitation beam was 1 cm? large. The shape of the PL
spectrum from the sample was constant as the spot was moved across
evidencing its homogeneity.

PL mapping was carried out in a set-up in which a continuous
wave pump laser beam was focused with a f= 10 cm achromatic lens,
serving also as collection optics, to a 250 tm? spot on the sample which
was mounted on an X-Y micrometer stage. PL spectra were collected
with a fiber coupled spectrophotometer (Ocean Optics USB-2000).
Photoactivation measurements were carried out in the same setup.

Lifetime measurements were conducted coupling a tunable pulsed
light source (Fianium SC400) delivering 900 ps pulses with a repetition
rate variable between 2 and 10 MHz to the former equipment and
using a time-correlated single photon counting module (Fluorohub).
The excitation wavelength was 532 nm. Experimental decay curves were
deconvoluted with the instrument response function and fitted with the
DAS6 software to a normal distribution of lifetimes

I(t)= Tp(l")e‘” dr (4)

where in this case p(I') is a top-hat distribution characterized by a
mean value and a full width at half maximum AT". Quantum yield
measurements were carried out using an integrating sphere (Quanta-¢),
also coupled to the former equipment, using a A = 532 nm excitation
line and collecting light emitted at all wavelengths. A protocol based on
the subtraction of the absorption and the concomitant photoemission
attained under indirect illumination from the values attained for both
parameters under direct illumination was followed.*®

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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