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(57) The invention relates to a material which com

prises ABX3 compounds with perovskite crystalline struc
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A and B are cations , and X is an halide. The invention 

also relates to the process to obtain the referred material 

and its use for light emitting, color converter and surta ce 
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Description 

[0001] The invention relates toa material which com
prises ABX3 compounds with perovskite crystalline struc

ture infiltrated within a porous metal oxide film which is 

supported on a substrate. The invention also relates to 

the process to obtain the referred material and its use for 

light emitting, colorconverter and surta ce protective coat

ings. 

BACKGROUND ART 

[0002] The advent of ABX3 perovskite compounds 

(where A is Cs: cesium, FA: formamidinium or MA: meth

ylammonium, B is Pb or Sn and X is halide) in the field 

of nanostructured semiconductors prepared by solution 

process received a freshly impulse since 2012. This as

tonishing development has been boosted principally by 

the impressive photo-conversion efficiencies achieved 

with CH3NH3Pbl3-based solar cells. At the same time, 

interesting and valuable photo-emission properties were 

also discovered in this ABX3 perovskite family. However, 

the architecture implemented for perovskite solar cells 

was not satisfactorily applied in light emissive devices. 

In this case, a very thin layer of active material is needed 

in arder to prevent non radiative recombination while al

lowing an efficient charge injection (see O. A. Akkerman, 

M. Gandini, F. Di Stasio, P. Rastogi, F. Palazon, G. Ber

toni, J. M. Ball, M. Prato, A. Petrozza, L. Manna, Nat. 

Energy 2016,2, 16194 and Z.-K. Tan, R. S. Moghaddam, 

M. L. Lai , P. Docampo, R. Higler, F. Deschler, M. Price, 

A. Sadhanala, L. M. Pazos, D. Credgington, F. Hanusch, 

T. Bein, H. J. Snaith, R. H. Friend, Nat. Nanotechnol. 

2014, 9, 687). Forthis reason, the seek of perovskite thin 

films with good optical performance is nowadays an ac

tive field of research devoted to understand the funda

mental processes that take place in the film after initial 

excitation by photon absorption or charge injection. 

[0003] At the same time, ABX3 nanocrystals (nc-ABX3) 

have awakened a strong interest sin ce they opened the 

door to the exploitation of the exciting properties associ

ated to the quantum confinement regime. Their tunable 

and narrow band emissions with high quantum yields, 

are distinctive characteristics of nc-ABX3 that possibili

ties their use as color converter coatings (S. Liu, M. He, 

X. Di, P. Li, W. Xiang, X. Liang, Chem. Eng. J. 2017, 330, 

823; l. Dursun, C. Shen, M. R. Parida, J. Pan , S. P. Sar

mah, D. Priante, N. Alyami, J. Liu, M. l. Saidaminov, M. 

S. Alias, A. L. Abdelhady, T. K. Ng, O. F. Mohammed, 

B. S. Ooi, O. M. Bakr, ACS Photonics 2016, 3, 1150). 

Nc-ABX3 preparation was traced from well-stablished 

synthetic processes based on semiconductor nanocrys

tals colloidal chemistry simplifying the experimental 

routes that lead to nc-ABX3 with different stoichiometry, 

particle shape and size. (F. Zhang, H. Zhong, C. Chen, 

X. G. Wu, X. Hu, H. Huang, J. Han, B. Zou , Y. Dong, 

ACS Nano 2015,9, 4533). These methods require a ca re

fui control of the experimental conditions: concentration 

of compounds, surface functionalization, type of solvent, 

reaction temperature, etc. Once nanocrystals were syn

thesized in liquid phase, additional experimental steps 
are necessary to purify orto separa te them from the syn

5 thesis medium. Furthermore, applications in optoelec

tronic devices require the deposition of the colloids as a 
thin layer coating without altering the high luminescence 

of the colloids (Y. Kim, E. Yassitepe, O. Voznyy, R. 

Comin , G. Walters , X. Gong , P. Kanjanaboos, A. F. 
1o Nogueira, E. H. Sargent, ACS Appl. Mater. Interfaces 

2015, 7, 25007). To overcome these extra processes oth

er ABX3 nanocrystal synthetic approaches have been 

developed: the use of porous structures that act as na

noreactors. In this limited-volume reaction systems, from 

15 the perovskite compounds it is possible to generate ABX3 
nanocrystals in the range of 2-1 Onm size exhibiting prop

erties governed by quantum confinement effects. Mes

ostructured particles with narrow pare size distribution 

successfully address the condition to synthesize con

20 fined perovskite (see D. N. Dirin, L. Protesescu, D. Trum

mer, l. V. Kochetygov, S. Yakunin, F. Krumeich, N. P. 

Stadie, M. V. Kovalenko, Nano Lett. 2016, 16, 5866 and 

S. Demchyshyn, J. M. Roemer, H. Groir.., H. Heilbrunner, 

C. Ulbricht, D. Apaydin, A. Bohm, U. Rütt, F. Bertram, G. 

25 Hesser, M. C. Scharber, N. S. Sariciftci , B. Nickel, S. 

Bauer, E. D. Gtowacki, M. Kaltenbrunner, Sci. Adv. 2017, 

3, e1700738). 

[0004] However, the deposition ofthat mentioned pow
ders as a film prevents their uses in many applications 

30 due to the lack of optical quality derived from the large 

size and aggregation of host particles. Recently, our 

group developed a synthesis of MAPbl3 within optical 

quality mesostructured thin films with controlled porosity 

and thickness. In this case, the templating ofthe scaffold 

35 demands a careful control of the synthetic conditions of 

a process that requires several days to achieve a stable 

structure befare the inflitration with the perovskite com

pounds (see M. Anaya, A. Rubino, T. C. Rojas, J. F. Gal

isteo-López, M. E. Calvo, H. Míguez, Adv. Opt. Mater. 
40 2017, 5, 1601087 and WO 2016/193124). Electrochem

ical etched porous silicon or anodized columnar nanop

orous alumina were also u sed as optical quality films na

noreactors to produce nc-ABX3 inside the pares with a 

certain degree of inhomogeneity in their spatial distribu

45 tion (S. Demchyshyn, J. M. Roemer, H. Groir.., H. Heilb

runner, C. Ulbricht, D. Apaydin, A. Bohm, U. Rütt, F. Ber

tram, G. Hesser, M. C. Scharber, N. S. Sariciftci, B. Nick

el, S. Bauer, E. D. Gtowacki, M. Kaltenbrunner, Sci. Adv. 

2017, 3, e1700738). In addition, both approaches dem

50 onstrate a beneficia! effect that these matrices confer to 

the nc-ABX3 in terms of photo-stability. 

[0005] Therefore, it would be desirable to have ABX3 
nanocrystals with highly emissive properties. 

55 SUMMARY OF THE INVENTION 

[0006] A first aspect of the present invention relates to 

a material characterized in that it comprises: 

2 
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ABX3 compounds with perovskite crystalline struc


ture, wherein A and B are cations , and X is an halide; 


and 

a porous metal oxide film having pares of sizes be


tween 1 nm and 1000 nm, 


wherein the ABX3 compounds are infiltrated within the 


porous metal oxide film that is supported on a substrate. 

[0007] Hereinafter "ABX3compounds" ofthe invention 


refers to compounds of formula ABX3 wherein A and B 

are cations, preferably wherein A is cesium (Cs), forma

midinium (FA) or methylammonium (MA); B is Pb or Sn; 


and X is an halide, 


"Halide" is F, Cl, Br or 1, and preferably Br or l. 


[0008] "ABX3@MOx" refers to ABX3 compounds with 

perovskite crystalline structure (optionally referred to al


so as "ABX3 perovskite compounds") infiltrated within a 

porous metal oxide; 

"@" refers to the inclusion or the embedment of the first 


compound into the second compound; and 

"MOx" refers to the metal porous metal oxide. Examples 


of MOx include among others Si02, Ti02, Sn02, ZnO, 

Zr02, Nb20 5, Ce02, Fe20 3, Fe30 4, V20 5, Cr20 3, Hf02, 

Mn02, Mn20 3, Co30 4, NiO, Al20 3 and ln20 3, and pref


erably MOx is Si02. 

[0009] In another embodiment the invention relates to 


the material as defined above, wherein A is cesium (Cs), 

formamidinium (FA) or methylammonium (MA), and pref

erably MA. 


[001 O] In another embodiment the invention relates to 


the material as defined above, wherein B is Pb or Sn , 

and preferably Pb. 


[0011] In another embodiment the invention relates to 

the material as defined above, wherein X is Cl, Br o 1, 

and preferably Br or l. 

[0012] In another embodiment the invention relates to 


the material as defined above, wherein the ABX3 com


pounds are of formula ABX3@MOx, wherein: ABX3 has 

the previously defined meaning; and 


MOx is a porous metal oxide, and preferably is selected 


from Si02,Ti02, Sn02, ZnO, Zr02, Nb20 5, Ce02, Fe20 3, 

Fe30 4, V20 5, Cr20 3, Hf02, Mn02, Mn20 3, Co30 4, NiO, 


Al20 3 and ln20 3, and more preferably is Si02. 

[0013] In another embodiment the invention relates to 

the material as defined above, wherein the ABX3 com

pounds are MAPbBr3@Si02 or MAPbi3@Si02. 

[0014] In another embodiment the invention relates to 


the material as defined above, wherein the ABX3 com


pounds are of formula nc-ABX3@MOx, wherein "nc

ABX3@MOx" refers to ABX3nanocrystals infiltrated with

in a porous metal oxide. 

[0015] In another embodiment the invention relates to 


the material as defined above, wherein the ABX3 com


pounds of formula nc-ABX3@MOx are selected from nc


MAPbBr3@Si02 or nc-MAPbi3@Si02. 

[0016] The combination of polymers with ABX3 com

pounds results in higher performance and/or more stable 


layers. Accordingly, oligomers of poly(dimethyl)siloxane 
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(PDMS) have been used to infiltrate porous structures to 

create a hybrid polymer-porous metal oxide flexible film. 
Regarding the presence of voids between nanocrystals 
and the inter-connectivity of the pare structure of MOx 
layers, PDMS oligomers polymerize within ABX3embed

ded in a MOx matrix to prepare a high emissive flexible 
film. Polymerization was made at a temperature below 

100 oc in arder to prevent the degradation of the per

ovskite nanocrystals inside the MOx matrix. lt is worth to 
mention that this sort of ex-situ method overcomes the 

incompatibility between the solvents used to dissolve 
PDMS oligomers and ABX3 compounds since the proc
ess does not require the dispersion of ABX3nanocrystals 

in an appropriate solvent. 
[0017] In another embodiment the invention relates to 

the material as defined above, wherein the material fur
ther comprises an infiltrated polymer. 
[0018] In another embodiment the invention relates to 

the material as defined above, wherein the ABX3 com

pounds are offormula polymer@nc-ABX3@MOx, where
in: 

nc-ABX3@MOx has the previously defined meaning; 

and 


"polymer" is a polymer. 


[0019] In another embodiment the invention relates to 

the material as defined above, wherein the polymer of 
the ABX3 compounds of formula polymer@nc

ABX3@MOx is selected from poly(dimethyl)siloxane 

(PDMS) and derivatives, poly(urethane) and derivatives, 
poly(alkyl)acrylates and derivatives, poly(aryl)acrylates 

and derivatives, poly(alkyl)metacrylates and derivatives, 
poly(aryl)methacrylate and derivatives or poly(carbon
ates) and derivatives, and preferably poly(dimethyl)si
loxane (PDMS). 

[0020] A "polymerderivative" refers to any modification 
that allows to change the ramification of the polymer 
chain orto integrate a newfunctional group in the polymer 

chain. 
[0021] In another embodiment, the invention relates to 

the material as defined above, wherein the ABX3 com

pounds of formula polymer@nc-ABX3@MOx are select
ed from PDMS@nc-MAPbBr3@Si02 and PDMS@nc

MAPbi3@Si02. 
[0022] In another embodiment the invention relates to 

the material as defined above, wherein the ABX3 com
pounds are detached from the supporting substrate. 

[0023] Another aspect of the present invention relates 
to the process to obtain the material as defined above, 
characterized in that it comprises the following steps: 

a) preparing porous metal oxide films by means of 

nano colloid suspensions deposited on a substrate; 

and 

b) infiltrating ABX3 compounds or ABX3 compounds 

precursors within the porous metal oxide films ob

3 
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tained in step (a) by means of spin coating. 

[0024] The "ABX3 compounds precursors" refers to: 

a solution (i) constituted by Cs, MA or FA halides or 

a mix of them in an appropriated solvent selected 
from dimethyl sulfoxide , N,N-dimethyl formamide or 

gamma butyrolactone, 
a solution (ii) constituted by Pb(ll) or Sn(ll) halides, 

and 
a mix of solution (i) and solution (ii). 

In another embodiment the invention relates to the proc

ess as defined above, wherein the nano colloid suspen
sions for preparing the porous metal oxide film of step 

(a) are suspensions of Si02, Ti02, Sn02, ZnO, Zr02, 

Nb20 5, Ce02, Fe20 3, Fe30 4, V20 5, Cr20 3, Hf02, Mn02, 

Mn20 3, Co30 4, NiO, Al20 3 or ln20 3 nanoparticles. 

[0025] The starting point in nc-ABX3@MOx synthesis 
is the dip-coating deposition of porous metal oxide (MOx) 

nano-colloids that leads to porous films with optical qual
ity since the use of particles with sizes in the range of 
tens of nanometers prevents the diffuse scattering of the 

light. The voids between the particles ofthese MOx layers 

constitute around 35-40% of the total volume of the film 
and they are fully accessible from the top. The controlled 

deposition of MOx nano-colloids, and particularly Si02 

nano-colloids, via dip coating directs toa porous film with 

a narrow pare distribution size centered at r = 7 nm. Both 
fea tu res (porosity and pare size distribution) of these na

noparticulated layers are indispensable to actas host of 
ABX3 compounds that were successfully infiltrated by 

spin coating. 
[0026] The control of nc-ABX3 size by the concentra

tion of ABX3 compounds can be rationalized in terms of 
the different rates of the processes that take place in the 

porous matrix as the solvent leaves the inorganic scaf
fold. At the initial stage of the deposition step, the infil

tration rate of the MOx porous matrix, preferably Si02, is 
much faster than the solvent evaporation as a conse

quence of the low vapor pressure of the solvent, prefer
ably ofthe N,N-dimethylformamide (DMF). This fact sup

pressed the inhomogeneous accumulation of mass in 
different sections of the film achieving a uniform embed
ding af ABX3 campounds far all cancentratians analyzed. 

[0027] In another embodiment, the invention relates to 

the pracess as defined abave, wherein the ABX3 com
paunds infiltrated within porous metal oxide film af step 

(b) further comprises the infiltration of a polymer, prefer
ably wherein the polymer is selected from poly(dime
thyl)silaxane (PDMS) and derivatives, poly(urethane) 
and derivatives, poly(alkyl)acrylates and derivatives, po

ly(aryl)acrylates and derivatives, poly(alkyl)metacrylates 
and derivatives, poly(aryl)metacrylates and derivatives 

ar paly(carbonates) and derivative, and more preferably 

wherein the polymer is poly(dimethyl)siloxane (PDMS). 

The treatment af the palymer@ABX3@MOx at tempera-
tu res below the glass transition temperature af the paly

mer allows us to lift-off the material from the substrate to 

create a self-standing film. The obtention of nc-ABX3 as 

a flexible film impraves the manipulation and the use to 
cover surfaces with arbitrary shapes. Additionally, the 

5 encapsulation of the nanocrystals by PDMS has an ad

vantageaus effect aver the phata-stability af the films 
which is a key issue in this type af materials. The pres

ervation of the optical properties against the environment 
agents presents special relevan ce in arder to spread the 

1o applications of these types af ABX3 compaunds. In an

other embodiment, the invention relates to the process 

as defined above, which further comprises the step of 
detachment af the infiltrated paraus metal oxide from the 

supporting substrate, and preferably wherein the detach
15 ment step is performed by means of lowering the tem

perature below the glass transitian temperature of the 

polymer. 
[0028] Another aspect of the present invention relates 
ta the use of the material as defined above, far light emit

20 ting, color converter and surface protective coating. 

[0029] The emission wavelength is selected by chang
ing the cancentration of the ABX3 compaunds and/or the 

chemical campasitian af these compounds. 
[0030] Another aspect of the present invention relates 

25 ta a light emitting, color converter or surface pratective 
caating which camprises the material as defined abave. 

[0031] Unless otherwise indicated, all technical and 
scientific terms used herein have the same meaning as 
cammonly understoad by one af ordinary skilled in the 

30 art to which this invention belongs. Methods and mate

rials similar ar equivalent ta those described herein can 
be used in the practice ofthe present inventian. Through
out the description and claims the word "comprise" and 

its variations are not intended to exclude other technical 
35 features, additives, companents, or steps. Additianal ab

jects, advantages and features af the inventian will be

come apparent to those skilled in the art u pan examina
tian af the descriptian ar may be learned by practice af 

the invention. 
40 [0032] The following examples and drawings are pro

vided by way af illustration and are nat intended to be 
limiting af the present inventian. 

BRIEF DESCRIPTION OF THE DRAWINGS 
45 

[0033] 

Fig. 1. Pare size distribution inside the Si02 nana

particles matrix 
50 

Fig. 2. (a) HADDF-STEM image af a cross section 
of a Si02 nanoparticles mesoporous film containing 

MAPbBr3 nanocrystals; scale bar is 100 nm. From 
b) ta d) High-resalutian TEM images, with different 

55 magnification af the dashed areas, af MAPbBr3 na
nocrystals infiltrated in the voids of the mesoporous 
matrix; scale bar is 1Onm in b), 3.5 nm in e) and 1 

nm in d). The inset in d) shaws the digital diffraction 

4 
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pattern of area selected in the same panel. (e) SEM 
backscattered electron image of a cross section of 
a Si02 nanoparticles mesoporous film including 
MAPbBr3 nanocrystals prepared from a solution with 
a 5% of compounds. Scale bar is 500 nm 5 

Fig. 3. Box chart representation of the size distribu

tion of perovskite nanocrystals corresponding to the 
synthesis with a 5% and 20% concentrated solutions 
of compounds 10 

Fig. 4. (a) Normalized photoluminescence (PL) 
spectra of nc-MAPbBr3synthesized within the voids 

of Si02scaffold, starting from solutions with different 
precursor concentrations {%, MABr/PbBr 2). Gradual 15 

shift of the maximum of emission is registered from 
523 nm, 40% to 507 nm, 2%. The emission of bulk 
material is represented with salid black line (maxi
mum emission at 533 nm). lnset: evolution ofthe PL 
maximum (top) and FWHM (bottom) with the in 2o 

crease of perovskite precursor concentrations. (b) 

Normalized photo-excitation spectra of nc-MAPbBr 3 
obtained with precursor concentration of 5%; 1 0%, 
20%, 30% and 40% from light grey to dark grey se

quentially. The inset displays the transmittance of 25 

same samples, using the same gray scale and the 
diffuse transmittance (black dashed line) of the 5% 
sample. (e) Photograph under UV light (A. =312 nm) 
of nc-MAPbBr3 prepared (initial precursor concen
tration decreases from the right to the left). S cale bar 30 

is 1cm. 

Fig. 5a Normalized PL spectra of MAPbl3nanocrys
tals infiltrated in a silica nanoparticles (diameter of 
30 nm) scaffold and prepared by varying the con 35 

centration of compounds solutions (MAl + Pbl2) from 

light gray to dark gray 5%, 10%, 15%, 20%, 25%, 
30% . The black line corresponds to the bulk mate
rial. 

40 

Fig. 5b Normalized PL spectra of MAPbBr3 nanoc
rystals from a 20% concentrated solution infiltrated 

in mesoporous film built up with nanoparticles of 
Ti02, Sn02, Si02 30 nm diameter and Si02 1 O nm 
diameter (from dark gray to light gray respectively). 45 

The black line corresponds to the emission of a bulk 
bromide perovskite film . 

Fig. Se Normalized PL spectra of MAPbl3nanocrys
tals from a 20% concentrated solution infiltrated in 50 

mesoporous film built up with nanoparticles of Ti02 
(red line), Sn02(blue line), Si02 with a diameter of 
30 nm, Si02 with a diameter of 1 O nm, Sn02 and 
Ti02 (From dark gray to light gray respectively) The 
black line corresponds to the emission of a bulk io 55 

dide perovskite film 

Fig. 6a Representative scheme of the fabrication of 

flexible emissive film constituted by PDMS@nc

MAPBr3@Si02 

Fig. 6b Daylight image of a flexible film made of 
PDMS@nc-MAPBr3@Si02 self-standing film. 

Fig. 6e Camera pictures of flexible perovskite-silica 

structures exposed to UV light. 

Fig. 6d Camera pictures of flexible perovskite-silica 
structures immersed in water and 

Fig. 6e Camera pictures of flexible perovskite-silica 

structures under a water jet. 

Fig. 6f Concentration-dependent quantum yield 
(QY) measurements from samples with PDMS (light 
grey) and without PDMS (dark grey). 

Fig. 6g Evolution of the photoemission of nc
MAPbBr3-silica system (prepared from a 5% precur
sor solution) encapsulated with PDMS (dashed line) 
and without PDMS (salid line). 

EXAMPLES 

Preparation of nanoparticles scaffolds. 

[0034] The synthesis of the nanoparticles has been 
conducted through the sol-gel method. Starting from the 
hydrolysis of titanium isopropoxide in MilliQ water (stir
ring for one hour) and by subsequent filtration of the 
formed precipitate, it proceeds to condensation in the 
presence of tetramethylammonium hydroxide in an oven 
at 120oc for 3 h. After the hydrothermal treatment, the 
solution is centrifuged twice at 14,000 rpm for 1 O minutes. 
The supernatant was finally diluted to 2% in methanol. 
In the case of colloidal dispersion of Sn02 and Si02 we 
used, respectively dispersion at 15% w/w in water and 
dispersion at 1% wlw of Si02 nanoparticles from Dupont 
(Ludox). For the preparation of the matrices in the form 
of porous nanoparticulated films, the solutions of the dif
ferent porous metal oxides were deposited on low fluo
rescence glass substrates, after cleaning with ethanol, 
acetone and isopropanol, using the technique of dip coat
ing. In particular, we perform consecutive immersions of 
the substrate in a dispersion of Ti02 (20 times) , Sn02 
(28 times), and Si02(140 times) with a withdrawal speed 

of 100 mm/min, in arder to obtain a thickness of 1 mi
crometer. The so obtained matrices have been stabilized 
ata temperature comprised between 1 oooc and 400°C. 
The controlled deposition of Si02 nanocolloids via dip 
coating directs to a porous film with a narrow pare distri
bution size centered at r = 7 nm (Figure 1 ). 

Synthesis of perovskite nanocrystals. 

[0035] The synthesis procedure of perovskite com

5 
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pounds consists in the preparation of a solution of com
pounds (mixture of lead methylammonium and halide in 
a molar ratio 1: 1) in N,N-dimethylformamide (DMF) or 
dimethyl sulfoxide (DMSO) or in a mix of both solvents, 
and then the subsequent deposition of the solution on 
the matrices, by means of spin coating . By spreading the 
compounds through the inter-particle voids and a heat 
treatment (1 o o oc for one hour) we pro mote the formation 
of perovskite nanocrystals that grow within these porous 
structures. Following an already established procedure, 
all the steps related to the synthesis of perovskite com
pounds are conducted inside a glovebox in arder to elim
inate the oxygen and humidity interference and have a 

controllable and reproducible procedure. 
[0036] A microstructural analysis of the SiOTABX3 en
semble, made by transmission electron microscopy 
(TEM ), discloses the shape of the spherical Si02 particles 
stacked as a layer (Figure 2a). A zoomed analysis of a 
section of this image reveals smaller primary particles 
occupying the voids of the porous structure and sur
rounding Si02 particles (Figure 2b and Figure 2c ). A clos
er analysis under high resolution TEM image of these 
particles reveals a crystalline structure with an interatom
ic distances of 2.2 Angstrom (0.22 nm) that can be as

signed to the [2,2,0] family planes of MAPbBr3 perovskite 
(Figure 2d). A cross-section section field-emission scan
ning electron microscopy FES EM image of this ABX3 in
filtrated Si02 film reveals an uniform 1 ¡.Lm-thickness layer 
where the white spots correspond to Z-heavier Pb atoms 
of ABX3 perovskite (Figure 2e) obtained afterthe thermal 

treatment. The effect of precursor concentration on ABX3 
crystal size was estimated from TEM images and pre
sented in a box plot type graph (Figure 3). lt can be seen 
that the diameter average values of ABX3 nanocrystals 
are 1.8 nm and 2.3 nm for 5% and 20% concentrations 
respectively 

[0037] The dip coating methodology allows us to pre
pare 1 1-lm thickness (see Figure 2e) layers with multistep 
dip coating of low concentrated suspensions. Si02 1ayers 
are transparent in most the ultraviolet (UV) range and 
completely transparent in the visible region of the elec
tromagnetic spectrum. This ensures that all measured 

optical properties be long to the MAPbBr 3 nanocrystals 
(nc-MAPbBr3) located at the pare voids of Si02 layer. 
The emission spectra of nanocrystals obtained with dif
ferent ABX3 precursor concentrations are shown in Fig
ure 4a. lt is easy to notice that the spectral position of 
the emission maximum gradually shifts to higher ener

gies as the precursor concentration decreases (Figure 
4a inset top ). The lowest concentration tested (2%) 
presents an emission peak centered at A.max=504 nm 
which corresponds toa t..E=0.155eV when it is campa red 
with an homogeneous layer of MAPbBr 3 (A.max=538 nm ). 
The spectral shift of the peaks is directly related to quan
tum confinement effects that occur in the assynthesized 
MAPbBr3 nanocrystals. In addition , the value of the full 
width half medium (FWHM) normalized at the spectral 
position of the maximum emission follows a decreasing 

tendency as ABX3 precursor concentration increases. 
The shift in the spectral position of the emission is in 
agreement with the shift in the photoexcitation spectra 
of Si02 1ayers infiltrated with different MAPbBr3 concen

5 trations. This effect is noticed in Figure 4b where the 

shape of these photoexcitation spectra also reveals a 
sharp profile near photoexcitation threshold indicating a 

narrow nanocrystal size distribution in each infiltrated 
Si02 layer. In arder to verify the optical quality of the 

1o infiltrated samples, we explored the ballistic transmit
tance of the films (T) in the visible range. The decrease 
of T is dueto the strong absorption of nc-MAPbBr 3. How
ever, the high T values at A.>51 O nm (more than 75%) 

prove that the optical quality of the nc-MAPbBr3@Si02 
15 layers is kept after the infiltration (inset in Figure 4b ). In 

addition, the very low value of the diffuse transmittance 
( dashed line in the inset) demonstrates not only that men
tioned semi-transparency functionality but also the ca
pability of the films to form image once light overpasses 

2o them in any direction. Beyond this interesting optical 
property that allows the use of this type of samples in 
many applications as screens or d isplays, it is interesting 
to notice that the lack of diffuse scattering is a conse
quence of the absence of large nc-MAPbBr3 grains 

25 and/or large voids between them. In Figure 4c, is shown 
a series of Si02 films with identical thickness and infil
trated with different concentrations of MAPbBr3 com
pounds under UV irradiation . A bright emission coming 
from homogeneous infiltrated layers as well as a slight 

30 change in the emitted color from each sample is detected 

in the image. 
A similar experiment was carried out by infiltrating 
MAPbl3 perovskite compounds in Si02 porous layers ob
taining an equivalent behavior to the one attained with 

35 MAPbBr3. In this case, a large spectral shift of the max
imum emission is obtained as the precursor's concentra

tion diminishes (Figure 5a). Moreover, the infiltration of 
either MAPbBr3 or MAPbl3 was tested in other type of 
porous metal oxide layers as Ti02 (12 nm particle size) 

40 or Sn02(8 nm particle size) and Si02 layer with 1 Onm 

particle size. In all cases, we noticed a blue-shift in the 
emission when compared with homogeneous MAPbBr3 
or MAPbl3 (Figure 5b and 5c respectively). 

45 Preparation of the flexible films polymerization and 
detachment. 

[0038] To obtain a self-standing and flexible structure 

starting from the infiltrated matrices, we have prepared , 
50 in accordance with an already known process (Chem. 

Mater. 201 O, 22, 3909-3915), a solution containing a sil
icone elastomer and a cross-linker (Sylgard 184 elas
tomer kit, Dow Corning) in a mass ratio of 8 to 1. The 
solution obtained was deposited on the matrix, then spin 

55 coated at 700rpm for 60s and eventually heated at 90°C 
for one hour. In this way the solution can penetrate the 
porous structure using the same voids where the per
ovskite nanocrystals didn't grow and form a layer of 
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PDMS that incorporates the porous metal oxide nano
particles and the perovskite. Subsequently we realize in
cisions in the edges of the sample that afterwards is im
mersed in liquid nitrogen in arder to facilita te the detach
ment of the film from the glass substrate. And once 
brought back to ambient temperature, the removal will 
be finally completed. 

As it was aforementioned, we were able to polymerize in 
the resulting voids of these nc-ABX3 structures a struc
tural polymer. The general scheme of the process is dis
closed in Figure 6a. After this treatment, it has been ob
tained a self-standing film that includes nc-MAPbBr 3 em
bedded in Si02 layer. The flexible film maintains the op

tical properties of the original one, being these identified 
by its transparency (Figure 6b) and its emission (Figure 
6c) that are not lost after the treatment. In arder to test 
the invention films, it has been measured the emission 
of PDMS/nc-MAPbBr3/Si02 flexible material when they 
are totally immersed in water (Figure 6d) or under a wa
ter-jet (Figure 6e). lt can be clearly seen that the nanoc
rystals emission under UV light and the flexibility of the 
film are kept while water is surrounding the films. 
An important characteristic of the nanocrystals is the high 
emission quantum yield (QY) exhibited by the samples 
prepared at different perovskite precursor concentrations 
and plotted comparatively the values obtained for the 
same type of sample with and without PDMS infiltration. 
In Figure 6f, QYs for the same type of sample with and 
without PDMS infiltration are plotted. Results indicate 
that the QY evolution with the precursor concentration 

follows the same maximum in QY is detected for a 5% 
concentration. Furthermore, it can be noticed that the 
infiltration of PDMS improves QY for a certain range of 
concentrations reaching values as high as 55%. 
[0039] In arder to analyze the effect of PDMS as sur
tace protector, it has been followed the photo-emission 
under continuous illumination of MAPbBr3 nanocrystals 
with and without PDMS. The results of this experiment 
are shown in Figure 6e where these two types of films 
are compared. Although in both cases the emission de
creases with time, it can be seen that after 1 O minutes 
of illumination, the PDMS infiltrated film presents an 80% 
of the initial emission intensity whereas in the bare film 
this val u e is only a 22% of the initial emitted light intensity. 

Optical Characterization. 

[0040] The analysis of the optical properties of pho

toemission and the relative transient were conducted us
ing a fiber-coupled spectrophotometer in which a contin
uous wave pump laser beam was focused with an ach
romatic lens producing a spot size of 250 f.Lm2. The ex
citation wavelength was 450 nm. 
[0041] Quantum yield measurements were carried out 
using the Hamamatsu C9920-02 Absolute PL Quantum 
Yield Measurement System that presents a Xenon lamp, 
a monochromator and an integration sphere. The exci
tation wavelength was set to 450 nm. 

Photoexcitation spectra were collected using a fluorim
eter (Fiuorolog-3 from Horiba) with a double monochro
mator anda spot of 1 x 1 cm, in a front-face configuration. 
For the measurements of diffuse and direct transmit
tance, conducted within the visible limits, the Cary5000 
spectrophotometer (UV-Vis-NIR) was used, equipped 
with an interna! DRA-2500 (PMT 1PbS version). 

Structural Characterization. 

[0042] TEM. The preparation of samples involves a Fo
cused Ion Beam cut to obtain a lamella of the cross sec
tion of the film. Then, the characterization was carried 
out by means of a FEI Talos F200S scanning/transmis
sion electron microscope. SEM. The images of the cross 
sections of the infiltrated porous matrices were obtained 
using a microscope (FESEM) Hitachi 5200. For these 
measurements, the nanoparticles were deposited on sil
icen substrates. 

Claims 

1. 	 A material characterized in that it comprises: 

• ABX3 compounds with perovskite crystalline 
structure, wherein A and B are cations, and X is 
an halide; and 
• a porous metal oxide film having pares of sizes 
between 1 nm and 1000 nm, 

wherein the ABX3 compounds are infiltrated within 
the porous metal oxide film that is supported on a 
substrate. 

2. 	 The material according to claim 1, wherein A is ce
sium (Cs ), formamidinium (FA) or methylammonium 
(MA). 

3. 	 The material according to any of claims 1 or 2, where

in B is Pb or Sn. 

4. 	 The material according to any of claims 1 to 3, where
in X is Cl, Br or l. 

5. 	 The material according to any of claims 1 to 4, where
in the ABX3 compounds are of formula ABX3@MOx, 
wherein: 

ABX3 has the previously defined meaning; and 
MOx is a porous metal oxide. 

6. 	 The material according to claim 5, wherein MOx is a 
porous metal oxide selected from Si02, Ti02, Sn02, 
ZnO, Zr02, Nb20 5, Ce02, Fe20 3, Fe30 4, V20 5, 

Cr20 3, Hf02, Mn02, Mn20 3, Co30 4, NiO, Al20 3 and 
ln20 3. 
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7. 	 The material according to any of claims 1 to 6, where

in the ABX3 compounds are of formula nc

ABX3@MOx, and nc-ABX3@MOx refers to ABX3na
nocrystals infiltrated within a porous metal oxide. 

5 

8. 	 The material according to any of claims 1 to 7, where

in the ABX3compounds are offormula polymer@nc

ABX3@MOx, wherein: 

nc-ABX3@MOx has the previously defined 10 

meaning; and 

polymer is a polymer. 

9. 	 The material according to claim 8, wherein the pol

ymer is selected from poly(dimethyl)siloxane 15 

(PDMS) and derivatives, poly(urethane) and deriv

atives, poly(alkyl)acrylates and derivatives, poly(ar

yl)acrylates and derivatives, poly(alkyl)metacrylates 

and derivatives, poly(aryl)methacrylate and deriva

tives or poly(carbonates) and derivatives. 2o 

10. 	The material according toanyofclaims 1 to 9, where

in the ABX3 compounds are detached from the sup

porting substrate. 
25 

11. 	Process to obtain the material of any of claims 1 to 

1O, characterized in that it comprises the following 

steps: 

a) preparing porous metal oxide films by means 30 

of nano eolio id suspensions deposited on a sub

strate; and 

b) infiltrating ABX3 compounds or ABX3 com

pounds precursors within the porous metal ox

ide film obtained in step (1) by means of spin 35 

coating. 

12. 	The process according to claim 11, which further 
comprises the step of infiltrating a polymer after per

forming step (b ). 40 

13. 	The process according to any of claims 11 or 12, 
which further comprises the step of detaching the 

infiltrated porous metal oxide film from the substrate 
45 

14. 	Use ofthe material defined in any of claims 1 to 1O,for 

light emitting, color converter or surface protective 

coating. 

15. 	A light emitting, color converter or surface protective 50 

coating which comprises the material of any ofclaims 

1 to 1O. 

55 
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