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Chapter 1

Introduction

The increased demand of energy and the rapid dealatf optoelectronic devices
is a direct consequence to the increased numbgreople in the world and the
improved quality of life. For this reason, in tHisld, new materials are constantly
studied.

In the Ph.D. thesis, three different projects arplained. All these projects turn
around a material with hundreds of years but bazlah exponential interest for
scientist and researchers. The well-establishedngite-based Perovskite leave the
floor to Hybrid Organic-lnorganic Perovskite matels. These materials have the
very same crystalline structure but they are matiditferent cations and anions.
The differences in the chemical composition ardectdd on the different
properties of the material, obtaining semiconduataterials that might be useful
in everyday life. Hybrid Organic-Inorganic Perovigkimaterials are now mainly
studied for optoelectronic applications such asasatells, photodetectors, light

emitting diodes and transistors.

Starting from 2012, the Power Conversion EfficieeZE) reached and recently
overcame the Silicon based solar cell values, ih#te technology commonly used
on our roof nowadays for light harvesting applicets. In the market of
photovoltaic different competitive strategies caea &dopted by using Hybrid

Organic-Inorganic Perovskite materials, such as &®ekite solar cells,



Perovskite/Silicon Tandem solar cells and/or PekaesPerovskite Tandem solar

cells.

To get hold of a portion of the market in photoailtapplications, Perovskite

based solar cells, present some issues that halie smlved yet. Some of them are
related to the material itself; what is still needis a deeper study on the stability of
the material, how to protect the material from e€amment and how to passivate

the defects in the crystalline structure.

Some other issues are related more on technologiecdllems: since it is a recent
technology, what is still missing is the so callisdale-up” process; in other
words, going from a laboratory-scale product to iadustrial-scale one. In fact,
the great values reached in literature up to nowe abtained with deposition
techniques that are hardly up-scalable. This rauatersects different key changes
in the production and optimization of wider actaea devices. Another aspect to
take into account for an hypothetical scale-uphis tost and the toxicity of the raw
materials used to synthetize Hybrid Organic-InongarPerovskite materials.
Avoiding toxic solvents permits to decrease theepfor handling the materials

during the production and to have more competitanologies on the market.

The other investigated field, the Perovskite-basgtt detector devices, is one of
the possible applications that can be achieved ishart to medium time-frame.
Also in this field, the key point is to have a deepwledge about the fundamental
properties and the stability of the material in aerd and under working
conditions and to obtain a large-area-compatiblepaostion technique with

performances of the devices competitive with tiveadlays-used technologies.

Thanks to the great properties, the cheapness hadsblution processability is
worth to spend time and money for studying theseovative materials.
Researchers, scientists and engineers are nowadayking to fix the last key
aspects and, once these issues on material anctalpksity will be achieved,

Hybrid Organic-Inorganic Perovskite could jump iritee optoelectronic market.



In this section, perovskite material is introducétlis is the material that I've been
working with during my Ph.D. period. Here a deepadission about the crystalline
structure and the amazing properties but also tisgadli/antages and the open

guestions on this material.

1.1 PEROVSKITE

1.1.1 CRYSTALLINE STRUCTURE

The namePervoskite comes from a particular crystalline structure theds
discovered in a mineral found in 1839 in the Uralumtains, in Russia, by Gustav
Rose and named few years later by Perovski, a &ussineralogist.

Each material that presents the same crystal gteitd calcium titanium oxide
(CaTiOy) is classified as perovskite material. It presenggeneral chemical formula
ABX3, where A and B are two cations and X is the artttat bonds the both
cations and it is usually an oxygen atom or andexicatom.

The structure that characterizes the perovskitemnadtis a cubic structure. In the
middle of the cage there is a cation A, on theicest of the cube there are eight
cations B, that are in the middle of eight octahddrmed by anions X(n can be -
2 for Oxygen or -1 for Halogens). The ideal struettor Perovskite is showed in
Figure 1.1.1.1

Figure 1.1.1.1 : Crystalline structure for an idparovskite material. The green
round is the cation A, gray rounds are cations fBnfog the cubic cage and purple
rounds are anions X forming the octhaedfa. [



The A position is occupied by cations that can lmthborganic or inorganic
molecules. The most famous organic cations to datesta perovskite structure are
Methylammonium ions — Ci#NH3" (abbreviated to MA), Formamidinium —
[CH(NH,);]" (abbreviated to FA and the mix between these two. Regarding the
inorganic cations, is worth to mention Cesium =, &ubidium (RB), Potassium —
K*, Sodium — Naand Strontium — Sr[?]

The B position is occupied by metal cations. Thestrammon are Titanium —
Ti**, Lead — PB" and Tin — Sf" but recently it's growing the interest for Leaedr
perovskite; for these materials are used other &iésnsuch as Germanium —%Ge
Copper — CiF, Silver — Ag?, Gold — Au?, Bismuth — Bf® or a permitted mix of

these cations>{">§

Finally, the X position is occupied by anions. Then be oxygen (©) or halides.
The halides are the medium-size ones such as @al¢€l), Bromide (Br) and
lodide (I). It's worth to mention that also a mix of theidak can be possible and it

will be discussed later.

Having the right size for ions, both cations andoas, is fundamental in the
perovskite structure. By changing the size of eatiand anions, the bonds can be
stretched or compressed. This causes a distortitineoideal crystalline structure
and can bring to a change in the coordination ofmd/or B cations (Figure
1.1.1.2). The extreme case is that the perovskiémges the configuration and the

crystals became confined in one, two or three toes.
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Figure 1.1.1.2: Change in the crystalline strucaumd reduction of the symmetry in
perovskite crystals. Each structure is correlatétl & geometric solid to underline
the 3D, 2D, 1D or OD confinement.

Two important parameters are needed to indicate @nedict the crystalline
structure for different kind of materials. The fice is called th&olerance Factor
(t) and was introduced by Victor Moritz Goldschmidt1i926. It's an indicator for
the stability and the distortion of the crystalustures. The second parameter is
called theOctahedral Factor(u). In an idealized solid-sphere modeis defined as

following:

where R, Rs and R are the ionic radii of the A cation, B cation axXicanion,
respectively. The range value is between 0.81 and 1.1. Lower valead to
tetragonal or orthorhombic symmetry. These symmetian be broken with

temperature for almost any type of perovskite niger

The band gap of halide perovskite materials canteed by changing the
combination of all the three components:
The cation A doesn’t play a major role in determgnthe band structure but
its size can influence the optical properties bipodeing the octahedra. As
we increase the size of the cation A, we expectdtystal structure to

expand and the band gap to decrease, obtaininiff &osvaerds the red in the
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absorption onset.”][ This explains the reason why Csphbsorbs up to
shorter wavelength than MARpbblnd FAPb{ that absorb up to longer
wavelength, following the length of the ionic raBiis < Rua™ < Rea’.
Generally, perovskites with a mono-A-cation suffesé thermal and
structural instability. To improve these propertsesl to optimize the band
gap for optoelectronic devices, mixture of MAA" and C$ are used. For
example, a mixture of MAand FA is used to improve the solar light
harvesting with an active material called M#A;Pbk. With particular
ratio of organic cation is possible to not form tinedesired -phase for
FAPbL and to obtain higher values for power conversiffitiency in the
device.f] After this work, other mixed cations A were foutm be more
effective such as the mix between 'FAnd C3$ in CsFA;.«Pbk.,Br,
improving the thermal stability of the material apngtimizing the band
gap.f] After the two-A-cation, was developed the thre@ation with C%
FA" and MA" in Cs(MAo17A0sd1«Pb(bsBroir)s by using this
perovskite material, the power conversion efficiemeached for the first
time the incredible value of 21.1%7[

Finally, another cation is added to the previougeéh By introducing the
Rb’, the efficiency and stability further increaseddathe performances
were stable for almost 500 hours in continuous wgrkonditions 1.

The Metal cation B can be Pb, Sn, Ge for optoedeatrapplications. The
electronegativity of the metal cation decreasesvasmove down in the
same group in the periodic table and the decreasitige covalent character
of the B-I bond, causes the following trend in bend gap AGegl< ASnk

< APblk. Replacing Pb with Sn is a valid alternative tdaib lead-free
materials but the oxidation state of tin, tendgieofrom SA* to Sri*. The
change in oxidation state, brings to change thegehaeutrality of the
material and the consequence is the separationh®f phases of the
components that constitute the perovskite. Mdtenidnere the Sn partially
substitutes the Pb, didn’t show enhanced statibiyher.

The halide X, permits the shift of the band edgé¢him absorption spectra,
towards longer wavelength when we move down in gheup of the
halogens (Cl, Br, I). The blue shift in the bang,gay reducing the size of

the halogen, can be explained with the decreatieeicovalent character of

-/



the chemical bonding with Pb. Is also possible t two different halides
(Cl and Br or Br and I), obtaining a continuousitgnof the band gap and
the optical absorption.
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Figure 1.1.1.3: Energy band levels for differentoeskite materials and values in
eV (left side). Change in the absorption band edgechanging the content of
halides ratio in the MAPb{}Br,)s perovskite crystalline structure (right sidey] [

Theoretical calculations predict a direct band g@pperovskite materials. These
are the most interesting materials for photovolegplications; T] the presence of
a direct band gap explains the strong optical ghsor as high as the absorption of

inorganic 111-V semiconductor materials.
1.1.2 PHOTO-GENERATED CARRIER BEHAVIOUR

Semiconductor materials are able to generate ecibo separated charge carriers
upon exposure of an external light source. An excis defined as a quasi-particle
composed of bounded electron and hole through @aikinteraction, resulting in
a total neutral charge. The strength of the boundis an important parameter that
needs to be measured and is cadlrciton binding energfEs).
The types of excitons ar#/annier-Mottexcitons ( 0.1 eV) that are usually
found in semiconductor crystals with high dielectronstant and small energy gaps
and Frenkel excitons (B 0.1 eV) that are usually found in materials with
relatively small dielectric constant. The numeriglue E, discriminates if the
charge carriers exist as free carriers or as balectron-hole pairs upon photo-
excitation.
For example, in CkENH3Pbk, Es is estimated between a range of 19 to 50 meV.
[*°] This means that &is comparable to room-temperature thermal enekgy ¢

-(



25 meV) but for ChHNH3PbBr and CHNH3Pbk.«Cly the measured g2values are
higher and correspond to 76 meV and 98 meV, resgdet [16] Higher values
mean that the charges composing the excitons are tightly bounded.
It is now accepted that in perovskite materials, fite charges are spontaneously
generated; this is another reason why perovskiteenats are excellent for light-
harvesting applications: ']
While a solar cell device needs a smallt& easily dissociate the exciton, a Light
Emitting Diode (LED) device, needs an highs Eo permit the radiative
recombination decay.
Once the carriers are photo-generated they havetrdgel through the
semiconductor. The diffusion length is characterisfor each material.
CH3NH3Pbl; supports the ambi-polar charge transport. This nmethat both
electrons and holes can diffuse through the pertevskrystal structure. In
particular, for a film obtained by spin coatingréitag from solution, it shows the
hole diffusion length value equal to 105 nm andeleetron diffusion length value
equal to 129 nm. These length values are extremmgly, much higher than the
typical values observed in:

other solution processed materials, where the terigt the carriers is

approximately of 10 nm.

organic molecules deposited by thermal evaporgiors0 nm).

colloidal quantum dots (30-80 nm).

Mixed halide CHNH3Pbk.«Clx perovskite material, presents even higher diffusio
length values: for both electrons and holes, timgtle value exceed 1m. More
precisely 1069 nm for electrons and 1213 for hdfék.

Both B and transport of the charges can extremely vapeni@ing on chemical
composition, crystals size and the film morpholod3}. In fact, the photo-physical
properties of perovskite materials such as thegehgeneration, the recombination,
the transport and the collection have to be caedlto the morphology of the film
formed after the deposition of the material.

In the last years plenty of depositions have betuiesd by scientists and
researchers. What hasn’t be found yet, is a prétoom synthesis to deposition,
that ensure always the exactly same material’s &ion and performances. A

small change in the ratio of reagents, deposigahitique, even in the atmosphere
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conditions can bring to a different crystallizationsitu; this means different type
and concentration of defects that is directly datszl to different performances of

the devices.

1.1.3 PHYSICS OF DEFECTS

Crystalline solids present a periodic structurdsTheans that the position of atoms
occur on fixed distances, determined by the uritpmaameters, characteristic for
each material. An ideal material has all the atonmtke right position. In reality, all
the materials have defects. The defects in a dliygtasemiconductor can be
categorized as the interruptions of the periodicdly the crystal structure
(crystallographic defects) or foreign atoms in ltiéice (impurities).
The defects can be divided psint defects,line defects,planar defects andulk
defects:
point defects if the defect affects only one singliice point. This means
that the defect does not extend in any dimensi@).(Some point defects
are vacancies(a site which would be occupied in an ideal crystat is
vacant),interstitial (atoms that occupy a site that should be withtaina),
antisite(when in an ordered alloy, two different atomshexuge position).
line defects if the defect affects a single rowtloé lattice points. This
means that the defect is extended in one dimer{g¢idh The most famous
line defect is calleddislocation If the dislocation is caused by the
termination of a plane of atoms in the middle & trystal, the dislocation
is callededgedislocation and this causes to the other adjguanes a bent.
If the dislocation include a structure with an balipath, the dislocation is
calledscrew
planar defects if the defect is extended in twoatisions (2D). The most
important is callegyrain boundariesThis happen when the crystallographic
direction of the lattice changes, for example whem crystals grow
separately and then meet. Other 2D defectsuatiphase boundariesvhen
the crystallographic direction is the same but esicle has an opposite

phase,stacking faults when are present local deviations of the stacked



layers in the crystal anvin boundarieswhen a defect introduces a plane
of mirror symmetry in the order of the crystal.
bulk defect if the defect is extended in three disiens (3D) such gsores

cracksor inclusions Moreover the impurities catlustertogether to form

small regions of a different phase with respec¢héocrystal.

Figure 1.1.3.1: possible defects in perovskite nelte blue dots are A-cations,
black are B-cations and purple are X-anions. Skeitl{a) perfect lattice, (b)
vacancy, (c) interstitial, (d) antisite substitutiqe) Frenkel defect (interstitial and
vacancy), (f) Schottky defect (anion and cationavexies occurring together), (g)

substitutional impurity, (h) interstitial impurityj) dislocation, (j) grain boundary,
(k) precipitate. {9

The defects are thermodynamically promoted in sendactor materials because
the entropy tends to be maximizedS(> 0) and the formation energy is usually

< 0. The formation energy depends strictly by ttwerac chemical potential and the

electronic chemical potential, related to Fermelev

In a solar cell the presence of defects in thevadéiyer can affect the performances
of the device. It might affect the charge transmorthe recombination sites. For

example in MAPh] perovskite theoretical calculations (Density Fiowl



Materials — DFT) have showed that the point defeotgribute tadeep levelsn the
band gap. They usually have high formation energies$ shouldn’t contribute to
non-radiative recombination centers. Contrarilye #hallow point defects could
cause doping in the material because the enellggtits are close to the maximum
of the valence band or the minimum of the conducband. These defects usually
have low formation energies and their formation deammon during the
crystallization on the substrate of the perovskitaterial. Minimizing the
concentration of defects is fundamental and, fes teason, lot of scientists and
researchers have worked on optimizing various depostechniques that are

explained in the next section.

1.1.4 LOW COST AND PROCESSABILITY

The excellent photovoltaic (PV) performances fobiiy organic-inorganic metal
halide perovskite matches with the easy processahbihd the low-cost of these
materials.

By looking at the “Golden Triangle” for photovoltaapplication (efficiency, cost
and stability), perovskite materials are alreadysBang two on three points. The
efficiency increased rapidly in few years and isngoto reach the highest values
possible. The basic costs for the materials areemwdly low. For example one of
the possible reagents, lead chloride (Bp@bwder, costs at research level around
100 €/Kg, which is enough to cover 1000 with a thickness of the film of around
200 nm. £

Several different film deposition techniques haveerb reported till now,
underlining the cheapness of materials and thetisaluprocessability. Few
deposition techniques are explained with the cpoeding references in the state
of the art for further details. All these deposititechniques are well established

and permit to obtain high power conversion efficiefor solar cell devices:

one step precursor solutiors one of the most common thin film
deposition method for organic-inorganic lead comptsuthanks to the

simplicity. The precursor solution contains the pew of lead-halide

’



(PbX;) and the powder of A-cation-halide (AX). Usuallyetreagents
have a non-stoichiometric ratio (3:1) and are digbin high boiling
point, aprotic, polar, organic solvents such as efihylformamide
(DMF), dimethylsulfoxide (DMSQO), N-methyl-2-pyrralone (NMP) or
-Hydroxybutyric acid (GBL). The solution is keptirghg until
complete dissolution of the powders in the sohaamd it is spin-casted
on the substrate. In-situ crystallization and fatiiora of perovskite
happens after removal of the solvent thanks to rtitation of the
sample and an annealing till a complete converiom reagents to
perovskite.

The spin rate, the wettability of the substrate #Hralviscosity mainly
due to the concentration of reagents in the solutiee parameters that
will affect the thickness and the quality of théentfilm deposited. §]

PbX.+ AX
in DMF
O APbX:
: T~100°C

Figure 1.1.4.1: Sketch for one-step deposition riegre. The solution is
dropped on the sample and the rotation given byspie-coater, permits the
homogenous spread the solution on the sample. Tiheaéing at 100 °C
permits the evaporation of the solvent, the criig&lon of the material and

the complete reaction between the reagents, BbX AX.

two steps sequential depositias another deposition technique and it
includes two solutions to form the perovskite tfiim. The reaction occurs
between PbXdissolved in DMF and AX dissolved in propan-2-tt4).
The first layer of PbX is spin-casted and annealed in controlled
atmosphere. After the first deposition, the lay@n doe converted in
perovskite by dipping the sample in AX solutionstitved in IPA for few
seconds or is possible to spin-coat the AX soluti@solved in IPA on top
of the first layer. If the dripping method is uselde reaction is driven by



the initial crystal lattice that serves as templite the formation of the
perovskite. The PbXpresents a layered structure and permits an easy
inclusions of A-cations in the structure. Both thetes need an annealing

step at the end to permit the full conversion efhagents ]

Figure 1.1.4.2: Sketch for two-steps depositiorhmégue. The PbXin DMF
solution is dropped on the substrate and the ostagiven by the spin-coater,
permits the homogenous spread of the solution ersimple. The sample is
(a) dripped in AX solution in IPA or (b) spin-codt®nce again with AX
solution in IPA. Both the routes end with an animgpstep at 100°C.

dual source vapor depositida not a technique that involves solvents but is
worth to mention it because of the great efficiemalues reached with this
technique till date. It consists in a depositionchi@que which
simultaneously evaporates solid precursors witbrastoichiometric molar
ratio. A final annealing step is required, in coiied atmosphere, in order
to promote the formation of the hybrid organic-i@mic perovskite. The
crystallization and the formation of the material accompanied by a
change in color from reddish to dark brown coloneTdual source vapor
deposition technique permits to have an incredibigh accuracy in
thickness values for the active layer; it permits easily optimize the
thickness by maximizing the power conversion edficy of a solar cell
device. Moreover, this technique permits to havehgies-free layers that

are detrimental for the devicé?][



APbX;
— A

T~100°C

SOURCE 1 SOURCE 2

Figure 1.1.4.3: Sketch for dual source vapor déjoosi The sources are heated
through the passage of current in the filamentsa Aértain temperature, depending
on the material, starts the evaporation of the movad AX and PbX. The vapors

form a cone and are deposited on the sample wathigit ratio. The annealing at

100°C permits to complete the reaction betweemptbeursors.

finally, the last technique here discussed, isedadlolvent quenchingr
solvent dripping It consists in a spin coating of a solution inieththe
powders are dissolved in polar organic solvents [QI@BL, DMSO...).
During the rotation of the substrate, after a d@er@mount of time, a
consistent volume of a solvent in which the perdesks poorly soluble
(Toluene, Chlorobenzene, ...) is dripped. The fiestt ;s needed to spread
the precursors solution on the substrate, whilest#end part is needed to
fastly remove the solvents and to permit a fasstafiization in situ of the

perovskite material. An annealing step is requaethe end of the process.

PbX: + AX Antisolvent
in DMF and DMSO
6 APbX:
T~100°C

Figure 1.1.4.4: Sketch for solvent quenching demstechnique. The solution
of DMF and DMSO in which are dissolved the prectsss dropped on the
sample and the rotation given by the spin-coatermfs the homogenous
spread of the solution on the substrate. After $ewaonds, a certain amount of



anti-solvent is dripped on the film, permitting tfast removal of the previous
solvents and the fast crystallization of the pekdes The annealing at 100°C
permits to accelerate the crystallization of thetemal and the complete

reaction between the reagents Rlaxd AX. [7]

1.1.5 THIN FILMS vs. CRYSTALS

Photovoltaic and other optoelectronic applicatians the main field in which the
metal halide perovskite might be used. As alreadgussed in section 1.1.1, is
possible to easily tune the band gap of the matbyissimply changing the ratio
between two halide anions (for example 8HsPbl.«Br, with 0 x 1) covering

a band gap from 1.6 eV to 2.3 eV. This easy tumsngmazing for multi-junction
solar cells and color-tunable LEDs applications.

However, when mixed-halide perovskite are emplayesblar cell as active layer,
the maximum voltage obtainable is not linear whik thange in the optical band
edge. {9 Was also proved that white-light illumination inzes the formation of a
sub-band gap photoluminescence feature always ftetl68 eV, independently
from the starting energy gap. This feature disappefter several minutes if the
sample is kept in dark conditions.

Even if the band edge is tunable, deeper studesestha phenomena callptioto-
instability, peculiar for mixed halides perovskite materidlse photo-instability is
due to the formation of photo-induced sub-bandeyajssive states. The ions in the
perovskite structure, are able to move arounditimrediffusing through defect sites,
evolving to a segregation of two different phasks:low band gap, iodide rich area
close to illuminated surface of the film and thelevband gap, bromide rich area.
Once the sample returns in dark condition, drivgnehntropy, the two halides
phases mix themselves again and return to a hornageronditions.

The phase segregation and the re-mixing of theléslis not fully understood yet.
What is clear is that these effects are correltieal series of different parameters
such as the history of the sample exposure, theiesp@®f the A-site cation, the
intensity of the illumination and also the gradieftabsorbed light in the material.
In [?] Barker et al., considering that the ions segiegatakes place via halide

defects, they showed that is possible to form iedidh low band gap areas close
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to the illuminated surface of the film and the segtion is driven by the strong
gradient in carrier generation rate through thekihess of the material (Figure
1.1.5.1). They also found a way to properly enginde active material by
controlling the density of halide defects introdwgia certain amount of AX
compound in excess. This might stabilize the phostability of the perovskite,
having a material with a tunable band gap even @xmosure to light sources and

the solar cell device has a stable open circuibgel.

UNIFORM
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PL: 1.65 eV

Figure 1.1.5.1: Sketch for photo-instability in MB(P...Bry)s. The material has a
defined ratio of halides with a proper band gageAphoto-exposition, the halides
tend to diffuse through defects (left image) forghen future in the PL at 1.65 eV
(image at the center). Once the light is switchiédtioe halides tend to inter-mixing

again driven by entropy (right side image).

A more recent work?f], shows that the alternative route to obtain atgstable
material is through the passivation of the surfadé® passivation helps to reduce
the non-radiative recombination loss and enhaneeeftficiency of the solar cell
devices. Since perovskite presents under-cooetiniaad ions at the surfaces and
at the grain boundaries, these defects permitrépping of the charge carriers and
the evolution to non-radiative recombination los§escoordinate these defects has
been observed that the presence of well-engineégaohds, can effectively
passivate defects or trap states. These ligandsdaled via post-treatment, after the
deposition of the perovskite material. Few liganchraples are pyridine and
thiophene used by Snaith et al ffi][ They have showed that the passivated films
had orders-of-magnitude longer photoluminescetiegrtie.

Others scientists®]] showed that the amino groups of the ligands btméb-I

lattice, reducing the recombination centers. In egalh an increasing in
A



photoluminescence lifetime is also accompaniechtmerease in power conversion

efficiency of the devices.

The amino-groups based ligands and carboxylatepgraue frequently used in

nanocrystals, where the most significant defecthes surface. The ligands are
usually added in the starting solution before f§mtsesis and the passivation of the
surfaces is due to the bonding between amino-gangithe under-coordinated lead
present on the surface. In contrast to thin filgenerally, the nanocrystals present
higher photo-stability. In fact, the ligands on therface, not only passivate the
defects and the non-radiative traps but permit tdsigsolate the nanocrystals. The
consequence is an increasing in photoluminescenasrtgm yield (PLQY) of the

material.

The presence of long ligands is usually good fer émission properties and light
emitting diode applications but it's detrimental feolar cell devices because the
presence of long alkyl chains interrupt the chatgensport between one
nanocrystal and the adjacent one making difficwdtéxtraction of the charges from

the active layer to the anode and cathode.

<
i ‘ A- Cation

= \. @ B-Cation
> 4
y 40 Jo -
‘07,#70 @  X-Anion
2 B eg@ NN
< Y & 9 P NHz+ NHs*
/o QO - O«
:
<

Figure 1.1.5.2: Sketch of perovskite nanocrystaispated by alkyl chains on the
surface (on the left side) and legend of the sk@ialthe right side).



1.1.6 OPEN QUESTIONS

After almost 7 years working on the hybrid orgamorganic perovskite materials,
scientists and researchers achieved impressiveltges different fields of

application and deeply studied the material fromlisic-proprieties point of view
but few open questions are not solved yet. Onlysblving the issues will be

possible the entrance of this promising materighenoptoelectronic market.
Till date, the main issues and debates around pkitevmaterials are:

find a way to obtain high-quality perovskite absartayer with control on
morphology, uniformity, crystallinity, coverage agrhin orientation. Only
by controlling these characteristic will be possibto transfer the
exceptional lab-scale-performances to large-scai®pnances. This is
due to the fact that till now, the main depositiechnique that has been
used is the spin coater technique. This is not rectly transferable
technique for big area devices and company prooluctiSimply by
changing the deposition technique from spin coatinplade coating, the
performance drops from 22.7%][to 16% [ because of less control in
crystallization of the material and lack of knowgedin properly engineer
the solvents used as precursors. For this reasamith to develop and
increment the quality of the inks that are pringablying to up-scale the
active area of the devices. The blade coating ardcbating look as the

most promising ones because of the roll-to-roll patibility.

Another discussed topic is the presence of leatienperovskite structure.
Lot of researchers are trying to stabilize lea@fperovskite materials but,
till now, none of these materials are promisingftother studies because a
big lack in stability, once exposed to oxygen. Aowh some recent studies
show that the amount of lead needed to covef With a 400 nm thick -
photovoltaic module, is tiny (~ 0.4 mg). Moreoveadl compounds are
already well-known and are possible to recycle thien>’], is showed the
possibility to obtain high-performing perovskitesea solar cells by

purifying the lead present in car batteries.



Said this, the most commonly used solvents for ysiite deposition are
well known to be injurious to health. In particultie solvents commonly
used (DMF, DMSO, NMP) are toxic, can penetrate shén and are
carcinogenic. While the amount of lead is low farge surfaces, if we
think about a scale-up of the process for perogskieposition, less
hazardous solvents must be used. This can redeced$t of reagents
handling and future risks. Several groups triedréplace hazardous
reagents but the performances are still lower tharstate of the art*}*]
Also the commonly used solvents for the depositibother layers needed
to build a solar cell device, are hazardous. Famgle the most used hole
transporting material (Spiro-OMeTAD) is dissolvad dhlorobenzene. In
general, scientists and researchers should moveafdr a greener
chemistry in order to permit the widest diffusiomspible in optoelectronic

market for perovskite based devices.

The last discussed topic is about long-term stgbM/hat is still missing is
a more robust procedure to test the stability Emopskite devices. A strict
control on high temperature and humidity stabiigyneeded to permit the
entrance in the market for perovskite based devibeget into the market,
perovskite has to be able to degrade as less a&bfgosn working and
environmental conditions. Recent encouraging resitow the possibility

to have a working device for several hout§. [

The research approach that we decided to go thrugtainly focused to fix the
first and second open question point. The ideaet@lbp inks to obtain large area
devices, with an active material that is reprodigciindependently on the
environmental conditions, stable at high humidéydls and room temperature for
weeks after the deposition, stable during workiogditions of light soaking and
applied bias, printed from low boiling point andhin solvents. All these are small
steps that might permit the entrance in the marl@t perovskite-based
optoelectronic devices. The bigger is the impacthef research on solving these
material’s issues, the sooner will happen a bigoligion in optoelectronic

applications.



In this section, the possible applications expbbifer Hybrid Organic-Inorganic
Perovskite based technologies during my Ph.D. peai@ explained. | divided the
section in two sub-sections: in the first sub-secthere is a focus in the field of
solar cells f*§ and in the second one there is a focus on thi fé photo-
detection fg] Both the sub-sections presents an introductiaih & broad context

of the application, the history and the physicbémind the working mechanism.

1.2 SOLAR CELLS

1.2.1 SOLAR CELLS: BROAD CONTEXT

Photovoltaic (PV) technology consists in produciegectric energy in an
environmentally clean way. This is one of the reasghy PV electricity is
appreciated by the public. Moreover it's unique foany applications of high
social value and permits to provide electricitypeople who are living both in
metropolitan areas and in remote areas of the world

The growth of the PV market has been very rapidhim last years of the XX
century and it is expected to maintain the samewehduring the XXI century.

In the next years, photovoltaic is expected to bexm world-wide industry,
manufacturing and selling modules in almost all tbentries. Crystalline Silicon
technology, both mono-crystalline and multi-crylte is, up to now, clearly
dominant. It has about 90% of the market. Silicerone of the most abundant
elements in the Earth’s crust but to be used megpuified. In fact, the Silicon
used in today’'s solar cells is obtained mainly Hsymde polycrystalline-Silicon

and scrap wafers from the microelectronic industry.

After this introduction, someone might ask ‘why d®p a totally different

semiconductor technology for PV when Silicon isngl established?’. One of the
answers is ‘to achieve lower cost and improving thenufacturability at larger
scales with respect to Silicon wafer-based modulesfact, Silicon crystals were
expensive and slow to grow. It was also recognizedt between all the
semiconductors, Silicon would require the majorckhess to absorb the light

coming from sun. This is due to its optical profext Silicon is the most weakly



absorbing semiconductor material used for solals decause it has an indirect
band gap while most of the other semiconductorsl fise PV have a direct one.
Thicker active material means higher volume buls® implicit an higher quality

material because the carriers generated in thecsenhictor by photons, have to
travel for longer paths before reach the extermalit to produce useful work and

these characteristics leads to higher material cost

Since the 1960s, was clear that other semiconductmrld have been used for high
performing solar cells and most of them exist fioran called thin films. When the
thin film are fabricated into useful devices, thaye so thin that they must be
deposited on asubstraté that is a layer needed only for mechanical supfome
Thin Film Solar Cell (TFSC) technologies are,SICdS solar cells. They have
been important to have led to the development of theories to explain the device
performances and new methodologies for proceskmgnaterials®f*j.

In 1980s, other thin-film technologies demonstratieel ability to cross the 10%
efficiency barrier and become candidates for seri@onsideration: gallium
arsenide — GaAs *f, amorphous Silicon — a-Si*j, cupper indium
selenide/cadmium sulfide — CulnB@dS [, and cadmium telluride/cadmium
sulfide — CdTe/CdS™].

Thin Film Solar Cells consist of 4 to 10 differdayers and each of them has a
different functions such as reducing resistancemiiog the p-n junction, reducing
reflection losses and providing a robust layer dontacting and interconnection
between cells. Some of the layers could be asakianly 10 nm and this requires
excellent process control.
The main advantage of TFSC is that they may hawerdaosts than crystalline-
Silicon-wafer photovoltaic technology once produdedarge volumes. The lower
cost for Thin Film Solar Cells come from the follioy characteristics:

the active material is typically an hundred timester than Silicon wafers

( 100 — 400 nm vs 1 — 3 m) usually deposited onto low-cost substrates

such as glass or plastic.

the active material is deposited continuously daege areas at much lower

temperature (200 to 500 °C v4.400°C for crystalline-Si);



the active material can tolerate higher impurityn@entration, that is

reflected to lower cost to purify the raw materials

In the 1990s, significant improvements in the Dy#Stized Solar Cells’ (DSSC)
performances were achieved, mainly thanks to thesldpment of nano-porous
TiO, electrodes in Ecole Polytechnique Fédérale de draes (EPFL) by Micheal
Gratzel's group. The Tigelectrode has a large surface area and on topf @i
dye is absorbed. The dye that was used is a Rutimecomplex, able to absorb
wavelengths from 400 to 900 nm. Thanks to thesé&cdewvas possible to achieve a
power conversion efficiency, up to 10% under AM1.5 irradiation.

The DSSC technology has been intensively invegdatorldwide, and its PV
mechanism is now well understood®{"*®***f. The cost of commercially
fabricating DSSCs is expected to be low becausecdiie are made of low-cost

materials and the assembly is an easy process.

In the 2000s, Organics Photovoltaics took the flodn organic solar cell is a
particular type of PV that uses organic moleculepalymers as active material in
the devices. This technology uses solution protdssand cheap materials,
permitting to obtain low cost devices, with a lagyea compatible fabrication.
Nevertheless, the devices might be also flexibld #re molecular engineering
permits to have an extremely high number of acthaterials, changing the band
gap and the band alignment, allowing the tunabdityhe optical properties.

By engineering them, is possible to absorb a lamgeunt of incident light, with
only few hundreds nanometers of active materialviitays, the record efficiency
for organic PV is around 17% for Tandem devicésdnd around 14% for ternary
blend . Some disadvantages associated to organic Pldwase efficiency, lower
stability and a lower strength than Silicon PV. fha other hand, organic PV have
usually a light weight and are much cheaper andtadsie. They might be
fabricated in a custom way by changing the actiaeneal and they can find an
important role in flexible electronics market aralag cells integrated in windows

thanks to their high transparency.

+*



In the 2010s, quantum dots (QDs) have been incatedrin PV to increase the
efficiencies of converted light to electrical curtd®®. The semiconductor QDs
have an electronic structure and optical propettiasare strongly size-dependent.
The QD technology presents the Ilow-temperature tisolu processing,
environmentally abundant active materials and igatible with cheapness and
flexible substrates. The QDs solar cells, have aced fast from 1.8% in 2008

to over 13% in 2017°f] and a recent theoretical analysis of nanostredtuhin
film, QDs-based, suggest that efficiency can ragcito 15%.

The semiconductors usually used for this technglagy lead chalcogenides (PbSe,
PbTe) nanocrystals, lead sulfide (PbS) or, moremnyg, perovskite-based QDs.

In 2013, a new TFSC has been discovered. The Hy@ridanic-Inorganic
perovskite has been used for the first time in yieiar P°°9. In the few following
years overcome the efficiency of Silicon PV, reagh23% f?] in single junction
configuration and can reach 30% in Tandem confijpma The perovskite solar
cells use as active material a perovskite-strudtwwempound with lead or tin
halide-based material. Perovskite materials sucmethylammonium lead halides
and all-inorganic cesium lead halide, are chegmaduce and, in principle, simple

to manufacture.

With all the advantages of TFSC, why does crystedlsilicon or multi-crystalline
Silicon still dominate 90% of the world market? Fhirings us to the disadvantages
of TFSC: they have a much less-developed knowleaige technology base
compared to crystalline-Silicon. The companies haad to develop not only an
understanding of the materials and devices butthls@quipment and processing to
manufacture them. The thin-film photovoltaic indyshas had to develop the
technologies all by itself with considerably lessahcial resources than the Silicon
industry had. They were not able to adopt a matecénology like the Silicon

photovoltaic community did from the Silicon eleatros industry.

Consequently, low-cost alternatives and high-edficy novel concepts, many
already in development, are needed. Thin-film tetbgy is still one of the

candidates to take over from Silicon technologyhe short to medium-term. So



that, the research on this application must beidersd as public investment with

strong public support and long-term human benefits.
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Figure 1.2.1.1 : Power Conversion Efficiency cheersus years for different

photovoltaic technologies]



1.2.2 SOLAR CELLS: THE PHYSICS IN BEHIND

A solar cell is an electrical device that convéines energy of light into electricity.
In the solar cell devices is present an activerlaysually it is a semiconductor
material. This kind of material have the capaaityabsorb light and to transform it
in a couple of carriers positively and negativelyaged, called holes Thand
electrons (8, respectively.

A semiconductor solar cell, is a properly desigaad engineered diode, able to
efficiently absorb and convert light energy to élieal carriers that are collected

and electrical current is produced.
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Figure 1.2.2.1 : Sketch for a solar cell. Electransl holes are photogenerated in

the active material and collected from an exteciralit.

The diode needs an n-type semiconductor connegtagttype semiconductor and
they form a metallurgical junction. This is usualone by diffusion or
implantation of specific impurities, called dopantse metal contact and the metal

grid are needed to collect the different charges@oduce electricity.

The electromagnetic radiation is composed of el¢amgiparticles, called photons,
which each has a specific amount of energy detexthioy spectral properties of the
source. These particles exhibits also a wavelilkeradter with a wavelength )

related to the photon energy Jby:

whereh is the Plank’s constant amds the speed of light. Only quantum elements

with an energy greater than semiconductor’s engayy E;) are able to generate
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electron-hole pairs and will contribute to the gyeconversion process. Said that,
it is important to consider the solar spectra fieintly design the solar cells.

The Sun has a surface temperature of 5762 K andatfiation spectrum can be
approximated to the black-body radiator. As a blaolly radiator, the Sun has an
isotropic radiation and, being very far from Earthe light can be thought as
parallel streams of photons.

The Air Mass (AM) number is given by:

where is the incident angle (= 0° when the sun is overhead); follows that AM is
always greater than or equal to one at the Eastitface. The commonest AM used
is AM1.5 spectrum normalized to a total power dgnef 1 kw/nf and the main
losses with respect to the pristine black-body emis are due to absorption by
chemical elements and molecules that are presertheénEarth’'s atmosphere
(oxygen, water, nitrogen, carbon dioxide...). The AMBpectrum, presents the
maximum amount of energy for a solar cell that t@nconverted in electrical

current output.
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Figure 1.2.2.2 : Solar Radiation Spectrum vs wagle

As written before, semiconductor materials are tatiine materials. Having a
crystalline nature means that the atoms are aligned periodic array. The
periodicity and the atomic properties of the difier elements are the cause of the
electronic properties of the material. In fact,edectron moving in a semiconductor
material is comparable to a particle confined thr@e dimensional box, that feels

the potential fields surrounding due to the preseoicthe atom’s nuclei and the
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core electrons. The dynamic behavior of the elacttan be established from the
electron wave function (), which is obtained by solving the time-indepertden

Schrodinger equation:

L —$%& () *

wherem is the electron mas#, is the reduced Plank’s constahtjs the energy of
the electrons an& ( is the periodic potential energy inside the semitator's
lattice. Solving this equation permits to obtaine thband structure of the
semiconductor materials and the relationship betwke electron’s energy and the
momentum. Nevertheless, this equation tells ustti®imotion of the electrons in
the crystal is approximated to an electron in Bpace with an effective mags¥)

in the Newton’s law:

+

whereF is the applied force and is the acceleration of the electron amd is
defined as:

. /01245 / 01245
! 031 #1061

From these equations is possible to derive the gy diagram versus the

crystal momentump):
7 #8.

wherek is the wave vector, corresponding to the wave tfancsolutions of the

Schrédinger equation.

Energy bands below the valence band (VB) are preduim be fully occupied by
electrons and the energy bands above the condumion (CB) are presumed to be
empty. When the minimum of CB occurs at the samiievaf the crystal
momentum as the maximum of the VB, the semicondustaefined as airect
band gapmaterial, while, when the maximum of the VB and thinimum of the

CB are not align, the semiconductor is definethdsect band gapmaterial.
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Figure 1.2.2.3 : Sketch of energy band: on thedefirect band gap material and on
the right an indirect band gap material. The défere is whereas the maximum of

the VB is aligned with the minimum of the CB or not

The creation of electron-hole charges through adtor of light is fundamental for
the operation of a solar cell device. The excitatid an electron directly from the
VB, which leaves a hole behind, to the CB is cafl@@lamental absorptiorBoth
energy and momentum of all the particles involvedsinbe conserved. The
absorption coefficient for a given photon’s ener@w) is proportional to the
probability (R>) of the transition of an electron from the initséte (k) to the final
state (), and summed with the density of available firtates:

9 : ;<= >: >
This is true if we consider that all the VB stass full and all the CB states are
empty. Absorption is the result of the creationaof electron-hole pair after the
photo-excitation of a free electron from VB to G&aving a free hole in the VB.

When a semiconductor is brought out of thermal ldzjium, for example upon
illumination from a source of light, the conceniwatof holes p) and electronsnj
tend to relax back to their equilibrium values thgh a process -called
recombination During this process, an electron energeticallls flmom the CB to
the VB. There are different recombination mecharssich as:
Recombination through defects that form traps enfdrbidden gap.
Radiative recombination (also called band-to-bawbmbination).

Auger recombination.

+0



These recombinations are schematized in Figur@.4.2
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Figure 1.2.2.4 : Sketch of possible recombinatiores semiconductor material.

The rate of each recombination process can berdieted by the Shockley-Read-
Hall statistics: at low excitation densities, thHetm-excited population decays with
a mono molecular rate. If the photo-excitation dgns increased, this decay
channel reach the saturation and bi-molecular hesithnd recombination
increases. At much higher photo-excitation dersitibe three body interaction
became more probable and Auger recombination taflese. All these

recombination channels can take place in a system:

?@
5 YAgcoer @ % Acrioiaike @ % Az, @

Wheren is the excited carrier density andajé Keadiaive @nd kyger are the rate

constant for mono-molecular, bi-molecular and tHyedy recombination.

Once the carriers are photo-generated in a soladedce, before they recombine
through the different channels explained beforectebns and holes have to be
collected.

This is done by applying an external electric fieldl the semiconductor is

uniformly doped, the bands bend upward in the divacof the applied field and

the electron in CB, being negatively charged, miovihe opposite direction of the

field, while the holes, in the VB, being positivetharged, move in the same

direction of the applied field.

+)



/.
Ec —

— >
Direction of
Electric field

O/

+|‘

Figure 1.2.2.5 : Sketch of the drift in semiconducmmaterial after photo-

Ev

generation. The electric field can be created leyitternal built-in potential of the

junction or by an externally applied bias.

The simplest description for a solar cell in thead case is when the device
corresponds to a perfect current generator andsgmraetric resistive element,
calleddiode A potential is applied at the terminals of thecuit.

The current voltage response of the device canppeoaimated to the amount of
the current produced by the generator, called pbetwrated current and the
current generated by the diode with an opposite sith respect to the first one.

The general formula for the current density is:

ET
MN  Mop% MRI V% WX

Where g and T are the Boltzmann’s constant and the terpesarespectively.
The short circuit current densitysg) and dark saturation currentk)(of the diode
are given by the solar cell structure, the opegationdition, the material properties.
To understand a solar cell, is possible to assodiab an ideal current source in
parallel with a diode and, the direction of thereat source is opposed to the
current flow of the diode.

o

o

Figure 1.2.2.6 : An ideal solar cell can be modddgdan ideal current source in
parallel with a diode.



To determine the efficiency of a solar cell devites J-V characteristic is analyzed,

where J is the current normalized on the activa af¢he device:
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Figure 1.2.2.7 : J-V characteristic for a solad dalvice. Red line for the dark

current and the blue line, after exposure to lagid photo-generation process.

An ideal solar cell, behaves in dark as a diodd (iee in Figure 1.2.2.7). Upon
exposure to light the charges are photo-generatddegtracted from the device by
an external applied bias. The figures of meritd@olar cell are:
the short circuit current densitysg), that is the current density through
the device when the voltage across the solarcéIN.
the open circuit voltageVee) that is the maximum voltage available
from a solar cell and it occurs when the currenbugh the device is O
mA.
the maximum power pointMax P.P) is the maximum power that can be

generated from the solar cell device. It is defined
YZ== N [H\ IW"\

thesquarenessf the J-V characteristic defines the Fill FadfeF):
YZ== N M n
Ne Mp Ne Mp _

the Power Conversion EfficiencyPCE) or simply efficiency () that

++

takes into account all the previous parametersisudefined as the ratio



between the power output and the incident powgy) that depends on
the properties of the spectrum used to excite évicd:
« Tav,, MeNe
“be “be
When a real solar cell device is studied, two ptcaesistances have to be taken
into account. The first one is called Shunt ResstaRsy) and has no effects on the
short circuit current but reduces the open-cirgaitage. The second one is called
Series Resistanc&d) and has not effects on the open-circuit voltagerbduces
the short circuit current and it could come frone tmismatch of energies band
alignment.
Taking into account these two parasitic resistanites circuit that describes a real
solar cell, can be modified as a diode, one rasistan series and one resistance in
parallel (Figure 1.2.2.8).
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Figure 1.2.2.8 : Areal solar cell can be modeled by an ideal currentcsum
parallel with a diode and one resistance (shunt) am series with another

resistance.

The resistances now discussed are added to thepseformula and it is modified

as follows:
ETIB o NIMAig
M Np%MeS UV % Wh %————
0j

whereNpis the sort-circuit current when there are no ptcasesistances that are
considered in the other terms of the equation, #heésactive area of the device and,
to obtain the highest values for a solar cell devtbe R have to tend to zero and

the Ry, have to be maximized, as explained in Figure 192.2
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Figure 1.2.2.9: Effect of the parasitic resistanoesl-V characteristic for a solar
cell device: series resistance (on the left sidgplgy and shunt resistance (on the

right side graph).

Finally the concept of multi-junction or tandemaotell is explained. This concept
appeared in the 1990s and is based on stacking atmserbing material with
different band gap, opportunely engineered. Eacteriad will produce electric
current in response to absorption of different vievgth and it allows to absorb a
broader range of energies. This brings to a fimaprovement of solar cell
efficiency. Since the components of the multi-junctare connected in series, the
cell with minimum current density during the opeatwill limit the total current
of the junction, while the open circuit voltage Mak, theoretically, the sum of the

open circuit voltage of the cells that are formihg multi-junction.
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Figure 1.2.2.10: Sketch of a triple-junction on ta& and J-V characteristic for a
multi-junction solar cell. The current density isited by the lowest and the open

circuit voltage is the sum of all the open cirawgttages.



1.3 PHOTODETECTORS

1.3.1 PHOTODETECTORS: BROAD CONTEXT

A photodetector (PD) is a device sensitive to ligiit other electromagnetic
radiation. It is able to convert the absorbed ph®stmto electrical current, after
creating electron-hole pairs.

The photodetectors are used in different fieldsundaily life such as in automatic
doors in the supermarkets and buildings, are useeceive the signal from remote
controllers for televisions or stereos, in the CGDa video camera, in different

scientific instrumentation, in medicine or in fibgptic connections.

1.3.2 PHOTODETECTORS: THE PHYSICS IN BEHIND

In principle, the basis are similar to what hasrbéiscussed in the previous section
for solar cell devices.

Briefly, the photodetectors present an active nmdteusually a semiconductor.
These materials are able to detect and absorbnitident light; the absorbed
wavelength depends on the physical and chemicakpties of the material and the
bonds between the elements that constitutes thesantterial.

Upon absorption the semiconductor generates chétigeare photo-generated and,
before these charges recombine through differezdnbination channels already
explained before, these carriers must be separatetl travel through the
semiconductor material. Thanks to an external egplias they have to be

extracted from the device, producing current.

In general, a photodetector device should be semsind fast; it means that should
be able to detect low intensities in a certain eanfjwavelengths and the output
current should be created in a reasonably fast time

To resume, the figures of merit for a photodeted®uice are:

the dark currentis the current flowing in the photodetector dewisen

in absence of incident light, upon applying a bias.
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the responsivityis defined as the ratio between the output current
(loutpuT) and the power of the incident lighR() :

A
IﬁaVIaV
— Mm-0
“bc n

as the optical power associated to a certain phittondepends on the
photon’s wavelengthR can't be used to fairly compare photodetectors
operating at different wavelengths. For this reasoroften used the
external quantum efficiency.

the external quantum efficiencyEQE) is the quantum conversion
parameter expressed by the number of incoming pkadovided by the
number of collected charges and is related to Respity by the

following formula:

the noise-equivalent powdNEP) is the amount of power of light needed
to generate a signal that is comparable in sizk thi# noise of the same
device.

#°V n

iwx Qv n)}z QP

the specific detectivitD") is measured idonesand it is defined as the
ratio between the square root of the active arethefdetector and the
noise equivalent power:

A QY yz Qu
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the gain is the output current of a photodetector dividgdthe current
produced by the incident photons on the detector.

theresponse timés the time needed for a photodetector to go fi@%
to 90% (or from 90% to 10%) of the final output evhthe light is

switched on (or when the light is switched off).
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To obtain performing photodetector devices, ontefgoal of light-detection is the
discrimination of the information carried by ligeignals over a random pattern
called noise The noise represents a random fluctuation of eleetrical signal
expected. This fluctuation, in electronic deviceguld come from different
mechanisms. The most relevant in this discuss®thdshot noisehat is the noise
intrinsically associated to the discrete naturele€tric charge on carriers.

Let’'s consider a medium; this medium is characgetiby a current flowl} which
identifies a surface perpendicular to its directithe instant when a certain carrier
cross this surface is not correlated with respethé other carriers that are present,
accordingly to statistic with Poisson’s distributtiorhis random distribution on the
electron passage is the origin of the fluctuatiomsthe current value, which
determines the shot noise in a device.

Usually the shot noise is much less significararniother noise present in electronic
circuits: theflicker noise This, called als@ink noise is a type of electronic noise
with a dependence of 1 over the frequerigy It comes from different effects such
as the impurities in the conductive channel or gaien and recombination of
charges.

Finally, the last noise that is introduced, is Wigte noise This is the lowest noise
reachable in an electronic device and comes frormndom signal having equal

intensity at different frequencies.
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Chapter 2

Experimental Methods

In the 29 chapter of the Ph.D. thesis, are described thérial details of the

research projects. Here are shown the instrumeahts,chemicals and the solvents
that have been used during the Ph.D. period. Infithed section are described the
deposition techniques used for the active layerthen different devices realized.
Moreover, is possible to find a section with aletldetails to reproduce the

structures and the parameters used for the fabincadf the devices.

2.1 INSTRUMENTATION

Absorption:

The absorption measurements are performed withrinrPEImer Lambda 1050

spectrophotometer in a range between 300 — 900 nm.

Some of the absoprtion showed in chapter 3 ardr@utdoy measuring reflectance
spectra by using a PerkinElmer Lambda 1050 UV/MiB/Npectrometer equipped

with a 150 mm integrating sphere.

X — Ray Diffractometer:
The X-ray diffraction spectra are obtained usinddRUKER D8 ADVANCE

diffractometer with a Bragg-Brentano geometry epganbwith an anode of Cuak
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( = 1.544060 A); the usual operating voltage is ¥0akd the current is set at 40
mA. All the diffraction patterns are collected abm temperature over an angular
range (2) between 4° and 60° with step size 0.02° and auisition time of 1

second.

High Resolution — Scanning Electron Microscopy:

The HR — SEM images are collected by using an Wligh vacuum Zeiss Supra
40 with GEMINI column FE-SEM. The electron energysiet between 3-5 kV,

distance from the sample is set at 4 mm and maguidn between 10k and 200k.
High Efficiency In — Lens secondary electron deieetas used during the images

acquisition.

Profilometer:

The thicknesses of the different layers are medsoyeusing KLA-Tencor Alpha-
Step IQ Surface Profiler. The lengths scanned @@esn with a speed of 50 um/s
and a rate of sampling of 50 Hz. The value is trerage of more measurement in

different points of the same sample to check thumity of the deposited layer.

Solar Simulator:

The current density — voltage (J-V) characteristiesmeasured with a computer —
controlled Keithley 2400 Source Meter. The simuladar Mass 1.5 Global (AM
1.5G) irradiance is provided by a Class AAA Newpsotar simulator. The light

intensity is calibrated with a silicon based phetedtor.

Steady-state Photoluminescence fluence dependent:

Excitation was provided by an unfocused CW diodedavith wavelength at 405
or 450 nm (Oxxius). The emission spectra was ctkm reflection geometry and
focused into a fiber coupled to a spectrometer &@dd®ptics MAYA Pro 2000).
The emission was measured exposing the sample $ec&dnds and with intervals
of 1 min between different fluencies. The measurgsevere taken on the same
spot starting from low to high power and then baxkow. The resulting spectra
was integrated in the range of 400 to 700nm, divide the laser power and then

normalized to obtain the relative PL emission moishown in the graphs. All
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measurements were taken at room temperature amd/acuum chamber at ~10

mbar.

Photoconductor Measurements:

Responsivity and gain were measured using a spdwitometer (Tungsten-
Halogen Lamp with a monochromator) coupled witheatidey 2300 source-meter.
The light intensity across the spectrum from thecsfophotometer is in the range
of tens of microwatts. A silicon photodetector (\8¥8) is used for calibrating the

light source. Photocurrents are always dark cusehtracted and

loh = (IlueHT-1DARK)-

Gain reported is the external gaip,G defined as the ratio between the number of

incident photons and the number of collected chargking also the expression:

€ fre T TE %S0 . (Eeoes, Zos, ¢
Gext— e "o oTee e

Intensity dependent & is determined using a diode laser at 560 nm, obd @ 1
kHz, with a 3 V applied bias.

The photocurrent is amplified with a DHPCA-100 Feftransimpedance amplifier
and the signal is recuperated with a Stanford Reke830 lock-in amplifier. The
intensity is varied using neutral density filters.

The transient time response is measured usingsvasthing LEDs ( = 532 nm,
rise/fall time ~25 ns) and a DHPCA-100 Femto-tramp@dance amplifier,
connected to an oscilloscope. The measurementsl@are in a Faraday cage to
minimize the noise.

Rise time (s¢) and fall time () is calculated by the time taken from the devize t
produce the photocurrent signal from 10 % to 90ri%e) and from 90 % to 10 %
(fall).

Bandwidth of the device is:

J"._ J "TMéé '
The pulse width for the transient measurements5@€e s, much larger than the
device response speed to permit to the device photnts to saturate.
Noise measurements are performed over a rangeeguéncy with a custom

spectrum analyzer based on the cross-correlatamigue.f]
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Two low-noise wide-bandwidth transimpedance angii#fiset the bias voltage of
the device under test and measure the currentritpwi the device. The output of
the two amplifiers are band-pass filtered (10 H200 kHz), amplified and
simultaneously converted in the digital domain. Tdness-spectrum between the
two signals is calculated, obtaining the currens@®f the device with a reduced
effect of the uncorrelated noise given by the trapedance amplifiers. The device
and the transimpedance amplifiers are shielded witbrounded metal box to
reduce electromagnetic interferences. BandwidthfeMNEP is 1Hz.

The gain, for photo-transistors and photoconduci®riinction of incident light
intensity and the comparison of performances amiechout at similar light
intensities whenever possible. Bandwidth is catealaising the time taken for the

change in photo-response signal (10%-90%).

2.2 MATERIALS

Chemicals:

Lead (Il) lodide powder sold by Alfa Aesar (Rh99.999% purity).
Lead (II) Bromide powder sold by Merck (PbBr 98% purity).
Methylammonium lodide sold by DyeSol (MAI).
Methylammonium Bromide sold by DyeSol (MABT).
Methylammonium Chloride sold by DyeSol (MACI)

Cesium Carbonate sold by Merck ¢{C&s, 99% purity).
n-Octylamine sold by Merck.

Phenyl-C61-butyric acid methyl ester (PCBM) soldSnjenne.
Titanium (IV) Iso-propoxide sold by Merck.

Lithium bis (trifluoromethylsulfonyl) imide (Li-TFB sold by Merck.
2,2',7,7-Tetrakis[N,N-di(4-methoxyphenyl)aminoP9spirobifluorene  (Spiro
OMeTAD) sold by Lumtec Technology Corp.

Zinc powder sold by Merck.



Solvents:
Isopropyl Alcohol or propan-2-ol (IPA)
Acetone
n-n-dimethylformamide (DMF)
Dimethyl sulfoxide (DMSO)
Chlorobenzene (CB)
Toluene (Tol)
Propionic Acid (PrAc)
Butylamine (BUAm)
n-Hexane (Hex)
4-tert-butylpiridine (tBP)
Acetonitrile (ACN)
n-methyl pyrrolidone (NMP).

All the solvents are anhydrous and are bought fiktenck.

2.3 DEPOSITION TECHNIQUES

Spin coating:

Spin coating is a technique used to depose thm déih flat substrates by using a
spin coater machine. A reasonable amount of selugoput in the center of the
substrate. The substrate starts rotating with adgpet by the user. The substrate is
anchored to the spin coater by a rubber o-ringaaloav vacuum.

Once the substrate start rotating, thanks to theribggal force, the solution is
spread all over the substrate obtaining a thinuamibrm film.

The thickness and the homogeneity of the produded flepends on different
parameters that can be set through the spin coatgroller, such as the rotation
speed of the substrate, the acceleration and the 8et. Thickness is also
determined by the concentration and viscosity efgblution or the conformation
of the substrate. While the substrate rotatessthgion spread off the edges of the

sample. Generally, the faster is the spin speedhiinner is the film.
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Bar coating:

Bar coating is a technique used to depose thindiinflat substrates by using a bar
coater machine. A reasonable amount of solutigruion the edge of the substrate.
A metallic bar passes with a certain speed andtaioggroove, spread the ink and
it forms a thin and uniform film.

The thickness and the homogeneity of the produded flepends on different

parameters, such as the viscosity of the ink, fheed of the metallic bar, the
groove patterned on the bar. This technique iggetarea compatible deposition

technique.

Spray coating:

Spray coating is a technique used to depose thindin substrates by using a spray
coater machine or air-pressurized spray gun. Threagun have different types of
nozzles, shapes and sizes. This permit to obtainifarm film, by optimizing the
concentration of the ink used. The technique useolur laboratory is the manual
mode, in which the air-gun is moved manually onghbbstrate, with a distance of
about 10-20 cm. The deposition of the material pwrio have, at the end, a

continuous thin film.

2.4 ACTIVE MATERIALS

MAPDI 3 thin films:

The methylammonium lead tri-iodide (MARDI perovskite thin film strictly
depends on the deposition technique. The one usethe experiments as a
reference is the one described here. The precusstution is prepared as follow:
140 mg of methylammonium iodide (MAI) and 430 mgle&d iodide (Pb) are
dissolved in a mixture of 66.75 pL of anhydrous elinyl sulfoxide (DMSO) and
933.25 uL anhydrous n,n-dimethylformamide (DMF)aibing a concentration of
1M.

The solution is kept stirring at 70 °C until thdugmn became yellowish but clear.
To depose the active layer, the solution is fildeneth a PTFE filter with pore size
of 0.22 um and spin coated at 4000 r.p.m., 4000nt/p for 25 seconds. After 10
seconds of rotation, 30(L of anhydrous toluene (Tol), is dripped on the pken
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The dripping of an orthogonal solvent permits tstifaremove the solvents where
the precursors are dissolved in and the crystéihza of the perovskite,

immediately starts. To improve the crystallinitydato further remove the solvents
that are present on the substrates, an anneakpyistdone at 100 °C for 10

minutes.

MAPDI 3 particles:

The synthesis of methylammonium lead tri-iodide (RIA3) perovskite particles is
based on a cyclic approach with a successive riedudf the precursor Ppl
particles size. In the first cycle, the starting Rirecursor is obtained by grinding
the as-bought powder in a ceramic mortar, underogein atmosphere. This
procedure permits to increase the Phlrface area. Then, the P slowly added
into a 100 g/L concentrated methyl ammonium iodidél) solution in propan-2-
ol (IPA) under stirring at 80 °C. As soon as thé,Pbadded into the MAI solution,
a fast insertion of MAand I ions occurs into the Pblattice, inducing the growth
of black MAPDbE cubic-like crystals. Such formed particles are segjuently
isolated through sedimentation and decantatiorhefresidual MAI solution and
washed with isopropanol for two times. After thisstf cycle, we obtain MAPBI
particles with size of a few (1 to 5) micrometers.

By repeating the cycles is possible to reduce Wegame size of MAPBIparticles.
Is possible to re-dissolve the particles in wateder ambient conditions, without
specific environmental control. The water additipromotes rapid extraction of
MA™ and I ions from the perovskite lattice that collapsesniliately into water
poorly soluble, Pblpatrticles, which are afterwards additionally rihseith IPA to
remove residual MA and I ions. The recrystallized Pbparticles appear in the
form of thin sheets, indicating layered structufébl, and are smaller in size than
the starting precursor.

The obtained Pblisheets are then adopted as precursors for a nee; égllowing
the same procedure described before and obtaihiagts with decreasing lateral
dimensions and thickness at each step. Startingh femaller Phl sheets,
correspondingly smaller cubic perovskites particles be isolated.

By applying the synthetic cycle three times, MAPparticles are obtained with

characteristic size well below In.



CsPbBr3; Nanocrystals:

CsCG; is dissolved in Propionic Acid (PrAc) with a cont&tion of 2 M. PbBris
dissolved in a mixture of IPA:PrAc:Butylamine (@tl:1:1) with a concentration of
0.5 M.

5 pL of the first solution are injected in 3 mLapoor solvent. The antisolvent is a
mixture of n-Hexane (Hex) and Isopropanol (IPA)at ratio 2:1.

Immediately after the first injection, 100 pL ofettsecond solution are injected
under vigorous stirring in the solution in whictetperovskite has poor solubility.
When the precursors react, the solution turns gieecause of the nucleation of the
nanocrystals that grow in size and are formed witbiv seconds. After stirring for
10 seconds, the formation of the nanocrystals implete and the solution is
centrifuged at 1000 r.p.m. for 2 minutes. This pé&nto remove the unreacted
products and to collect the NCs that are then washiee with Toluene (Tol) still
through centrifugation steps. The final disperssgvent can be changed by
changing the deposition technique. This permitisaee better morphologies of the

active layers.

MAPDBr 3 Nanocrystals:

In a typical synthesis of methylammonium lead tofhide (MAPDBE)
nanocrystals, a mixture of 0.16 mmol of methylamimonbromide (MABr) and
0.20 mmol of lead bromide PbBis dissolved in 5 mL of n,n-dimethylformamide
(DMF) with 20 L of

n-octylamine to form a precursor solution with 0.4%¢ of ligands. 100 pL of
precursor solution is dropped into 10 mL of anhydrahlorobenzene (CB) kept
under vigorous stirring. The perovskite nanocrgstale immediately formed and
they are purified by centrifugation steps at 70@0m. for 10 minutes. The biggest-
size nanocrystals precipitate and are discardeée.obtained bright green colloidal

solution is further investigated.
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2.5 DEVICE FABRICATION

Solar Cell:

The standard structure solar cells are producetingfavith a commercial Fluorine
doped Tin Oxide (FTO) coated on glass with a sabstize of 2.5 x 2.5 émThey
are etched to obtain the desired pattern with Ziowder and Chloridric Acid
(HCI) 2M. The substrates are cleaned with a swablBA to remove glue residual
and then immersed in a ultrasonic bath with a secpi®f a mixture of Hellmanex
detergent with a concentration of 2% v/v and dedilwater, two steps in distilled
water, IPA, Acetone, IPA. Each step last about lfiumes. After the washing
procedure, the substrates are dried with,agdh, to help the evaporation of the
solvent and not leave halos on the surfaces. Toverthe last organic residual that
can be present on the samples, 10 minutes of suM@atment are then done with a
O, plasma etcher.

The Electron Transporting Layer (ETL) used is a paot Titanium di-Oxide
(TiOy). The solution is prepared as follow: 140 pL ofafium (V) Iso-propoxide
is added to 1mL of IPA and, in another vial, 5 fIH&! (2M in distilled water) are
added in 1mL of IPA. The two solutions are mixedl ahe obtained mixture is
firstly filtered with a PVDF filter with a pore szof 0.22 um and then spin-coated
at 2000 r.p.m., 2000 r.p.m./s for 45 seconds.

The spin coated substrates are placed on a het qitde¢ to reach 500 °C to permit
the sinterization of the compact TiO'he annealing procedure last 45 minutes.
Once the substrates are cooled down, the acties tan be deposited, accordingly
with the different deposition technique needed.

The Hole Transporting Layer (HTL) used in our stamdstructure is a Spiro-
OMeTAD layer. It is deposited inside & Nlled glovebox at 1500 r.p.m., 1500
r.p.m./s for 45 seconds. The HTL solution is prepaas follow: 75 mg of Spiro
OMeTAD is dissolved in 1 mL of chlorobenzene. Otige powder is dissolved,
29.88 pL of tert-ButylPiridine (tBP) and 18.11 ulf a stock solution with a
concentration of 520 mg/mL of Lithium bis (triflumnethylsulfonyl) imide (Li-
TFSI) in Acetonitrile, are added and the soluti®kept under stirring.

After the deposition, this HTL has to be oxidizediricrease the conducibility. To
do this, the sample is kept in dry air, for 12 louFfinally, the metal contacts are

deposed by thermal evaporation with a thicknes&baim. Thanks to an increase in
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voltage is possible to sublimate a metal in a le@spure ambient (f0mbar). This
permits to depose onto the samples, the desiréerpahfter an opportune masking.
The active are that are used on the different ptejare 0.0935 cfrand 1.00 cth

Planar Perovskite Photodetector:

Low-alkali 1737F Corning glass was used as sulestielte bottom electrodes are
patterned by a lift-off photolithographic procedsgfining 2.5 pm channel length.
The electrodes are obtained by thermal evaporaiging a shadow mask. The
composition is 1.5 nm thick Chrome used as adhelsiger on glass and 25 nm
thick gold. The lift-off process to remove the upesed light part is done by
dipping the samples in a N-Methyl-2-pyrrolidone (RWMbath overnight.

The substrates are then cleaned in an ultrasortic i distilled water, IPA,
Acetone and IPA, 10 min for each step and finakgased to @ plasma etcher for
10 min to remove the last organic residuals.

The developed inks are deposed in air by using @deter with a TQC Automatic
Film Applicator. The stainless cylindrical steelrhesed has 10 um wire diameter
and the speed is set at 30 mm/s. Different layéective inks can be deposed in
sequence, permitting to increase the thicknesseofayer.

For PCBM passivation a 10 mg/mL solution of [6,8lepyl-C61-butyric acid
methyl ester (PCBM) in chlorobenzene is preparetitaen spin coated on top of

the active layer at 2000 r.p.m., 2000 r.p.m./s3@seconds.
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Chapter 3

High Detectivity Perovskites Light
Detectors Printed In Air from

Benign Solvents

In the 3 chapter of the Ph.D. thesis, the project on phetectors is described.
Here is possible to find the details of the nowaltlsesis conceived in our group
without the use of hazardous solvents, commonlyd Use perovskite-based
applications. After the synthesis details and tharacterization of the material
obtained, is discussed the possibility to print fleemulated inks on specific
substrates permit to obtain light detectors witgtspecific detectivity, low noise

and fast time response.

Light detectors is one of the real possible apptice for halide perovskites that
can be achieved in a short to medium time-framefatnt light detectors require
some of the key properties that mark the halideyskite as a unique material for
solar cells. Notably, this material has large apson coefficients of 10cm in the
visible and UV range, and long carrier lifetim&s°F°*f. On top, solution

processability would result in a drastic simplifioa and affordability of the
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manufacturing processes, leaving ample room foaacded pixel and array design
for imaging applications, for example.

Nowadays, there are still a few aspects that Itimet potential of perovskites for
light detection and, in general, the use for cormusmlectronics. The first one is
about toxicity of lead-based compounds and it @pbly the most discussed topic.
On this side, researchers are already trying toeldgv lead-free materials.
Moreover recent studies demonstrate also the phigsiti fully recycle the lead
present in exhaust car batteri€g for in the active layer of the opto-electronic
devices {9 thus getting away from the practical and expem$ssue of disposal of
hazardous materials.

Another important aspect is related to the presefdbe organic solvents that are
often used to process perovskite thin films. Theekents present health and
environmental hazards and high boiling poififs.These aspects complicate the
deployment of energy efficient fabrication processand increases the
environmental impact and the cost of waste handli@g top of that, the
precursors-based approach restricts the availabegs window¥ %%, In fact
the final microstructure, which dominates the ofgoonics properties of the light
absorbing layers, depends on how the constituerg gelf-assemble during the
crystallization process on the selected substeatmmplex function of the ratio of
precursors, the solvents that are involved, praegsadditives, the substrate
roughness and surface energy, atmospheric/envinsiaineonditions, annealing
temperature and treatment time.

Both the use of hazardous solvents and the difficomtrol of the polycrystalline
structure might limit the advantages presented Ileyoyskite as emerging
technology but particle-based ink formulations &fes and more environmentally
friendly solvents can represent a successful glyat® permit to the new

technology to arrive on the market soon.
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3.1 MAPDI; PARTICLES SYNTHESIS AND INKS
FORMULATION

To synthetize methylammonium lead tri-iodide (MAf)bberovskite particles, a
cyclic approach is designed. It is based on theessive reduction of the size of
precursor Pblparticles.

A schematic illustration of the process is showrrigure 3.1.1. The starting Bbl
precursor is obtained by grinding as-bought,lowder in a ceramic mortar, under
nitrogen atmosphere, to increase its surface &faais slowly added into a highly
concentrated (100 g/l) methyl ammonium iodide (MAblution in propan-2-ol
(IPA) under stirring at 80 °C. Upon Rbaddition into the highly concentrated
solution of MAI, immediate insertion of MAand [ ions into the Pbl lattice
follows, inducing the growth of MAPBIcubic-like crystals and turning the MAI
solution into a dispersion of black perovskite [gdets. The formed particles are
subsequently isolated through sedimentation andrdation of the residual MAI
solution and washed with IPA twice.

After this first cycle, we obtain MAPbkubic-like particles with characteristic size
of a few (1 to 5) micrometers (Figure 3.1.2a).

The successive cycles permit to reduce the avesageof MAPD} particles.To
start the iteration, the latter are re-dissolvedwiater, in ambient atmosphere
without specific environmental controlhe presence of water promotes rapid
extraction of MA and [ ions from the perovskite lattice that immediatetjiapses
back into water poorly soluble, Bhparticles, which were afterwards additionally
rinsed with IPA to remove residual MAand I ions. The recrystallized Pbl
particles appear in the form of sheets, indicatiygred structure of Phl[’?] and
are smaller in size than the starting Rirecursor.

For example, after the first rinse of perovskitetiples with water we obtained Rbl
sheetswith lateral sizes of a few micrometers (Figure.3b) and thickness of

several hundreds of nanometers.
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The obtained Phlsheets are then adopted as precursors for a nee; égllowing
the exact same procedure described before. It pertoi obtain sheets with
decreasing lateral dimensions and thickness at stapiStarting from smaller Ppl
sheets, correspondingly smaller cubic perovskittigles are formedFew years
ago, Ha et al. determined a linear relation betwinenthickness of Pplsheets
grown in the (001) direction and the resulting pskite platelet thickness grown
out of it when gas-induced transformation is app[id] Following that, we think
that the size of cubic perovskite particles depemdthe Phl sheet thickness.
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Figure 3.1.2: Characterization of Synthesized Elagi Top view SEM images of
(a) first cycle synthesis MAPbparticles, (b) recrystallized Pddheets and (c) final
MAPDI3 particles. (d) X-Ray diffraction spectra and (bs@rption band edges of
synthesized MAPR] MAPbBr; and MAPbC} particles.

By repeating the synthetic cycle three times, waewable to obtain MAPBI
particles with size well below 1Im (Figure 3.1.2c). Further synthetic cycles do not
lead to further reduced particles size. X-ray diftfron measurements confirmed
that the incorporation of MAand I ions into Pbj to form MAPbk is complete: the
corresponding spectrum (Figure 3.1.2d) shows tlaeaderistic peaks for MAPHI

at 14.1°, 28.4° and 31.8°, corresponding to theeegbn of the (110), (220) and
(310) crystal planes, respectively. No unreactedl MAPbL (main peaks at 10°
and 12.7°, respectively) were detected.

Starting from the synthesized MARIglarticles, tuning of the energy bandgap can
be achieved through halide exchange. Halide exahamghe MAPbX lattice has
been previously reported and it is a facile stratém tune the semiconductor
bandgap. Starting from MAPHIMAPbBr; or MAPbCE, full conversion or mixed
halide perovskite (MAPRLBry, MAPDI;Cly, MAPbBIr;.Cly), can be obtained if
the starting solution is stirred at 65 °C in preseof MAI, MABr or MACI.
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The XRD spectra of the materials between the differsteps of synthesis is
showed in Figure 3.1.3. Is it possible to confitmattat the end of each step, no

structural differences are found.
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Figure 3.1.3: X-Ray diffraction spectra for diffatesteps during the synthesis of

the material used for the devices. Each materiabgamts his own characteristic

peaks with no differences after water addition esrdoval.

The material sinthetized by the synthesis technidgseloped by our group, has
been tested for stability over weeks after depmsiton glass substrate. For
comparison a thin film MAPBI perovskite is deposited by spin coating. The
analysis that easily permits to observe the degi@daf perovskite material is the
X-Ray diffraction technique. In Figure 3.1.4 theimaeak of XRD spectra over
weeks for the material obtained with our synthemisl a thin film perovskite
deposited by standard spin coating is showed. ©rett side picture, is possible to
see a small hydratation of the perovskite (peal0a8°) starting from the"4week,
while for spin coated MAPB] the hydrateted peak compares after only one week
exposure time and the main perovskite peak is dldisappeared.

The two samples are very different in thicknessfélasly compare the two samples
we should have comparable thicknesses. Unfortunatgl spin coating technique,
is difficult to reach 5 pm in thickness. Said thii anyway possible to see the
different behaviour of the two samples once expdsetl0% moisture and 23 °C,

confirming that our bulky material has a betteigtesce to moisture.



Figure 3.1.4: Normalized X-Ray diffraction main ez the material deposited on
glass after weeks. Our crystals (on the left) aaddard spin coating (on the right
side). The sample are both stored in air at 70%stu@ and 23 °C.

The synthesis and characterization of the matéaal been done in collaboration

with Dr. Peter Topolovsek.

3.2 PRINTED LIGHT DETECTORS

The formulated inks can be printed on differentdkiof substrates in ambient
atmosphere, by bar coating, a large area and catt compatible coating
technique f*"J (Figure 3.2.1).

Figure 3.2.1: Top view image of printed perovsKirticles showing complete
coverage (on left side) and cross-sectional SEMgenaf printed perovskite

particles (on right side).

After a first optimization on how to print the mea#g on bare glass, a simple planar

structure for gold electrodes is used. The intéaligd electrodes are made by



photolithography technique and, on top of them, M&Pbl; crystals solution is
printed to obtain the photodetectors (Figure 3)2.2a

These devices show a symmetric current-voltddd €haracteristics and a tangible
light sensitivity with respect to the dark when egpd to a monochromatic
radiation at 532 nm of 1 mW/dn(Figure 3.2.2c).

The spectral responsivity as function of wavelen@f{r)) is comprised between
0.1 A/W and 1 A/W (Figure 3.2.2d) in the visiblenggg from 400 nm to 800 nm
with an applied bias of 5 V on the device.

These performances are drastically improved whéayer of fullerene-derivative
called [6,6]-phenyl-C61-butyric acid methyl esteXCBM), is added on the printed
perovskite layer particles acting as electron atecgpayer. Due to the presence of
voids among particles, the solution can permeateugh the film of photoactive
layer that has a thickness of few microns; the pation brings to a full coverage
with PCBM on the surfaces of the printed perovskiic-like particles (Figure
3.2.2b).

After the deposition of PCBM layer, the responsdigbt is drastically raised: the
perovskite/PCBM structure shows a dark current ofA9 an order of magnitude
higher than for the bare perovskite and when thgécdeis exposed to the same
radiation as before, the photocurrent reaches Althree orders of magnitude
more than in dark. Such strong photo-activity af grinted MAPb{ crystals with

the PCBM coating device corresponds tdr€ }) that varies between 10 A/W and
78.7 A/W within the same spectral range (from 480 to 820 nm) and the shape

corresponds to the absorption onset of the semictiod (Figure 3.2.2d).
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*+, I-1-.' a) Schematic image of the perovskite photocondugtoted on a
simple planar geometry with gold electrodes (chamdth, W = 20 mm and
channel lengthl. = 5 pm).'b) Cross-sectional SEM image of the printed peribgsk
active layer with PCBM penetrating the filhe) Dark and light (532 nm LED light,
1mWi/cnf) 1-V characteristic curves of the device with and with®CBM. ‘()
Responsivity of the printed perovskite photodetectoith and without PCBM at 5
V applied bias.

An important selling point for our printed photoéetors is the stability; not only
from the material point of view, thanks to the imative synthesis but also the
stability of the device itself under working conalits.

It's well-known in literature that MAPRBImaterial lacks in terms of photo-stability
and when a bias is applied because of the ion mdtimough defects in the crystal
lattice. [9]

In Figure 3.2.3 is showed the stability under awnbus light soaking from a white
LED with an intensity of 1 mW/cfrfor different time (from 0 to 60 minutes).

The overall performances look stable both in dart Bght conditions but, with a
proper scale, in the current versus voltage grapteulight can be noticed a small
reduction in the performances of the device, hgitiing a slow but continuous

degradation over time of the material.
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Figure 3.2.3: Current versus Voltage charactegatinder dark and light conditions
after different time of light soaking (on the leftle) and zoom on light only (on the

right side) to observe the degradation of the naltever time.

Another important parameter to check for the devisehe shelf life-time stability.
Keeping the device in dark condition and in nitnoggmosphere, the lifetime is

monitored over days and the performances are showeidure 3.2.4.

Figure 3.2.4: Current versus Voltage charactesgstiadark and light condition over

10 days of storage in dark and nitrogen.

From the combination of high responsivity valué¥ J) achieved with a low
applied bias of 5 V over a channel length of 5 jangain mechanism is suggested.
[77,7%

In fact, the external quantum efficiendy@E) calculated in the blue region of the
spectrum overcome the value of 100%. SUEQE value, together with the
symmetricl — V characteristic curves, indicates a photo-conduatiaeire of the
photodetector. The external gaiGef) that is defined as the ratio between the
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number of collected photo-generated carriers aadttimber of incident photons is
estimated to be 213 at a wavelengthequal to 460 nm (Figure 3.2.5).

Figure 3.2.5: Gain as a function of incident wamgth are plotted for
photodetectors with and without PCBM passivatigreta

The obtained gain is one order of magnitude highan in any printed perovskite
photodetector reported so far (Table 3.1). Theghotent andGex:as a function of
the incident light intensity are reported in FiguBe.6a. At the low excitation
density of 2 pW/c( = 560 nm), the gain increases from about 6, incéme of
the pristine perovskite device, to 180, when theoyekite is coated with PCBM.
By increasing the light intensity of almost 6 oslef magnitude, the gain quickly
vanishes below 1 for the pristine material, whiletsdecrease is strongly limited in
presence of PCBM, with a gain which is still higllean 1 above 1 W/cﬁ(Gext =
1.44 at 1.31 Wi/ch). Moreover, with addition of PCBM, the photocurrds a
power law of light intensity, i.en |/ with / = 0.68, on the base of which it is

possible to easily retrieve the input light sigf@m the recorded photocurrent
[79,80,8%1
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Figure 3.2.6: (a) Photocurrent a@dy: versus the incident laser light intensity with
= 560 nm for photodetectors with and without PCBRh) Schematic
representation of the photoconduction mechanise;R8BM molecules serve as
acceptor and trap for photo-generated electrons angbassivation of particles

surface traps. These effects facilitate holes farisand boost botlGey and

Bandwidth of the detectors.

In a photoconductor device the gain originates franstrong unbalance in the
transport properties of the photo-generated cheageers following the absorption

of a photon, where one of the two carriers is degplpped, and the other can drift
under the external field. Once the mobile carriercollected at the electrodes,
another carrier is injected on the opposite eleetrdor charge neutrality.

Recirculation of the carrier proceeds until theppd carrier is finally released,
determining the gainQ@) that is proportional to the ratio between thetrd@ping

time and the transit time:
8.5 g€ o

whereQie-rappingiS the time needed for a charge carrier to beagped andansitis

the time needed for a charge carrier to circulatheé device.

The presence of unbalanced charge transport itingridMAPbk material upon
photo-excitation has been recently reportet;®*] moreover, the high work
function of gold used for the electrodes in theseicks introduces a high energy
barrier for the injection of electrons for photodaction, while promote the

recirculation of holes.
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This effect explains the behavior observed for ttetector based on pristine
perovskite. At low light intensity the gain is higince trapping of one of the two
carriers by defect states and selective barrieekectrons at the contact unbalance
the transport. As traps are filled with increasingensity, the transport becomes
more balanced and/or the trapping time of the tesbile carrier reduces and the
gain is correspondingly smaller.

As reported in literature2{®] PCBM has a passivation effect when deposited on
the perovskite thin film (Figure 3.2.6b). PCBM,akewis acid, it is able to oxidize
negatively charged PHlanti-sitesor under-coordinated halide ions which work as
deep traps for holes. Moreover, by penetratingutjnothe printed porous film of
perovskite particles, PCBM significantly improvéde thole conductivity allowing
the carriers to more easily drift through the mde8 under the externally applied
bias and it also acts as a sink by extracting pheteerated electrons from the
perovskite phase. In such a way, the lifetime ef fitee holes in the perovskite is
further increased, while electrons are confinedha PCBM phase with short
diffusion length. All this results in a 30 timeshamcement in gain at low excitation
density (~ pWi/crf), and in aGey still higher than 1 at high excitation density (~
Wi/cn?). Since electrons are extracted from the perossghiase in the PCBM
treated device, the device is less sensitive ta ligensity, explaining the markedly
different intensity dependence of photocurrent ayainh between pristine and
PCBM coated perovskite.

3.3 PHOTORESPONSE TIME

The photoresponse time is an important figure ofitnfier a photodetector device.
Usually in these devices is present a trade-offvbeh gain and response speed, or
bandwidth.

In our devices the time response is evaluatedragiating the samples with a 500
us light pulse train and recording the transiemtptesponse. The printed detectors
follow very well the train of pulses (showed in &ig 3.3.1a and Figure 3.3.2a).
The rise and fall times defined as the time takgthk photocurrent to rise from 10
% to 90 % of the regime value, and vice-versa, Iakgqus in both cases for the
photoconductor coated with PCBM (Figure 3.3.1b).



Figure 3.3.1: (a) Response of the perovskite-PCRitéator to a light pulse train
(532 nm LED, 500 ps pulse width, 1 pW/cimtensity) with 5V bias. (b) Transient

response of the photodetector with equal rise aldirhes of 14us.

The obtained photoresponse time is more than ater of magnitude faster than in
previously reported printed perovskite photodetect¢Table 3.1). This time
response allows the detector to follow light signaith frequencies up tiad 35
kHz.

Despite the higher gain, it is about 4 time fastih respect to a device which uses

perovskite only (rise and fall time 55, f,ax1 9 kHz, Figure 3.3.2Db).

Figure 3.3.2!" erovskite detector response to a light pulse 882 nm LED,
500 us pulse width, 1 pW/cnintensity) with 5V bias and (b) Transient respooke

the photodetector with equal rise and fall times.

A decrease in transient response time with PCBMaaodncomitant increase of the

gain, support the picture of an improvement of tila@sport mechanism for holes
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within the perovskite layer and an effective traggpbf electrons in the acceptor
PCBM layer.

The Gain—Bandwidth product of photodetector is @aled. This is a useful figure
of merit to compare performances of detectors edlatith gain. We obtain values
as high as 1.5xI0Hz at 10 pW/crhfor = 460 nm, which is a few orders of
magnitude higher than previously reported printetbpskite photodetectors.

With respect to all perovskite photodetectors regabttill date, our devices have
one of the most optimized Gain-Bandwidth tradeBf§(re 3.3.3).

Figure 3.3.3: Gain Vs Bandwidth values plotted fbotodetectors from the Table
3.1. A trade-off between the Gain Vs Bandwidth Isady observed in the
highlighted area. Our result is one of the bestoupow.

3.4 NOISE CHARACTERIZATION AND SPECIFIC
DETECTIVITY

Another figure of merit for a light detector is at#d to its sensitivity, namely the
possibility of detecting small signals. The minimaignal for which an electrical
response is discernable is ultimately limited by tintrinsic device noise. To
quantify this aspect is used the Specific Detettifd) that takes into account also
the active aread) of the device, permitting a fair comparison betwalifferent
light detector devices.
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D’ is defined as the ratio between the root squataefictive area and the Noise
Equivalent Power (NEP), namely the power of a side&l monochromatic
radiation producing the same root mean square bgignal of the device current

noise () in an ideal noise-less device and bandwi@t:

& o
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A first estimations oD" can be obtained by assuming that the noise ad¢hie is
limited by the fluctuations of the dark currentccilating in the device, called white
shot noise. This approximation may lead to largerestimation oD", especially at
low frequencies where flhoise, so called “flicker” noise can be significamd it
dominates.

This scenario is even more critical for photocondrts; since traps can contribute
to the flicker noise; pushing the corner frequeffgy between ¥/ and the white
shot noise,i.e. the frequency above which shot noise domind®esto high
frequency.

If the device can'’t operate at such high frequendige assumption that white noise
dominates completely fails. ThereforB, has to be evaluated by performing
accurate noise measurements. We have measuredjuh&lent current noise of
printed perovskite detectors both with and with®@BM coating, over a large
bandwidth (from 10 Hz to 150 kHz). In the investagh range, the noise of the
printed detector without PCBM is completely domethby flicker noise, reaching
high level of noise over the whole bandwidth at eththe detector can operate
(Figure 3.4.1, black line).

At the maximum operative frequency of 9 kHz for fhristine perovskite device,
& QVis ~ 2.3 x 10" A/HZ%® that is almost two orders of magnitude higher than
the shot noise, corresponding to a NEP of 0.33 pfAHnterestingly, when the
PCBM coating is introduced, the flicker noise idueed by two orders of
magnitude, so the corner frequen&y is retroceded within the investigated range,
falling at 4 kHz (Figure 3.4.1, red line).



Since the perovskite-PCBM device can operated gbthHz, there is a frequency
window fromf; up to such maximum frequency where the noise éndévice is
limited purely by the shot noise. This results iatoonsiderably loweg{ QV of ~
7.69 x 10" A/HZ®® with a NEP of 0.97 fw/HZ, despite of the higher dark

current observed in devices with PCBM.

Figure 3.4.1: Current Noise Power Spectral Den$tgD) of the photoconductors
with (red line) and without (black line) PCBM caagi Shot noise limit, corner
frequency f., maximum operating frequenchna, and frequency range where

detectors are operated at shot noise limit is shHowdevices with PCBM.

Considerable reduction of flhoise upon deposition of PCBM on perovskite
crystals is an interesting evidence and confirnad the small fullerene-derivate
molecules act as a trap passivator.
Moreover, we can suggest that PCBM acts on suttiage states of the crystals,
which determines the higher flicker noise in thevide without PCBM.{9 The
device noise is compared where the flicker noismidates (500 Hz), with the
noise expected from the Hooge’s empirical formuked to rationalize theflioise
in terms of fluctuations in the electrical condumd@ of homogeneous samples
(Figure 3.4.2).

of¥ 9, I3¢xr

where  is called Hooge’s parameters the dark current\l is the total number of
carriers.In the case of bare perovskite device, the Hoofggmula hardly fits the
data and > 2 is extracted on a limited range of currentd &equencies. If the

value of exceeds 2 may suggest a complex source of rBi&e.[
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When the PCBM coating is introduced the low frequeflicker noise correlates
well with the Hooge’'s formula for homogeneous sampl( = 2). lons
accumulation at grain boundaries in presence ofeksetric field have been
frequently observed in MAPbLhin films. This effect would be exacerbated ie th
case of the pristine perovskite film, where the remmtivity between individual
perovskite crystals is lower than in spin coatetindi Large presence of
accumulated "I ions at the grain boundaries is expected to gise 1o
inhomogeneity in energy landscapes, contributingato increased noise. The
passivation of ions by the presence of PCBM moksudtrongly reduces this
source of noise, and renders 2, as often verified in inorganic semiconductors
After the noise measurement, the specific detegtid) can be extracted, which
for the perovskite-PCBM detectors is very high lirttze visible spectra, reaching a
maximum of 7.23 x 1§ cmHZ-%W at/ = 460 nm (Figure 3.4.5).
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Figure 3.4.5: 6 % 67 % & -5) (% " (( " (
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The printed perovskite particles device shows drihe highest measured specific
detectivity for the reported perovskite detectdrslate and is at least one order of
magnitude higher than any printed perovskite phetiector (Table 3.1).

The very good overall performance of the printeded®rs is a straight
consequence of a combination of perovskite tragipason by PCBM molecules.
This reduces the transit time of the mobile casrigioles) and the flhoise but in
the meanwhile works as an electron acceptor ergariselective hole circulation

that permits to achieve high gain in the device.

Thanks to the results achieved with this work, hiak that the perovskite particles
inks can open up attractive possibilities to usatable perovskite materials for
large area photo-detection application. The fastestponse and the highest gain-
bandwidth product so far, validate our idea. Mompwthe specific detectivity
values observed are higher than commercially availsilicon photodiodes, which
is remarkable considering our photoconductor istpd with a very simple

geometry.

The characterization of the photodetector devias lieen done in collaboration

with Dr. Vijay Venugopalan.
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3.5 STATE OF THE ART

In this section, the actual state of the art oftptietectors is resumed in a table
(Table 1). Only light detectors measured usingddash notation and with (almost)

complete information are included for comparativepose.

It is worth noting that the gain is a function afcident light intensity and the

comparison of performances are carried out at amifjht intensities whenever

possible.

Bandwidth is calculated using the time taken fer ¢thange in signal (10% - 90%).

Gext Is calculated from the responsivity given in tla@ers, using the standard form.

Length
normalized | Detectivity Light
, Responsivity Gain Response x101° gnt Ref
Material : Intensity .
[A/W] [a.u.] time [Jones] [WW/mn?] N
[us/um] * "
*%
Not 89
CsPb} 2D Sheets 0.64 1.8 1.25 1
Measured
- Not 90
MAPDbI; Spin Coated 2 12 7x30 Measured 0.1
] Not 91
MAPDI; Single Cyrstal 30 70 3.8 Measured 0.1
] Not 92
CNT-MAPbI, 0.7 2 7 Measured 0.1
Crystalline Nanowire Not 93
MAPbI, 0.5 117 | \easured | 2X10 0.1
MAPbI; Crystals 220 600 5 3xi0 0.4 94
MAPbCI; Crystal-UV 1 3.2 500 100 0.1 9
MAPDI; Single Thin 10 ax1d 2345 1.3x19* 0.1 %
Crystal
MAPbI;-Graphene 180 431 2x19 0.1 1 o7
Transisto
MAPbDIz-MoS, - - 98
Transistor 10° 2.4x16 2x1¢ 50 0.1
Hybrid MAPDb;- Not 29
Graphene Transistor 6x10f 1.8x10 7.5x10 Measured 0.01
MAPDI; High Gain 0.4 0.82 11.2 100 1 100
Buffer Layer
Spin Coated MAPARI 101
with PEN 0.32 0.8 2.6 4x10 0.1
Spin Coated PCBM 0.41 0.8 15 300 0.1 102
Buffer
Spin Co‘éted MAPR| 0.22 0.9 <5 740 01 | 3
6C
3 Not Not Not 104
R2R/Gravure MAPRI 5.2x10 Measured | Measured | Measured 360
Inkjet Printed MAPb) 1.2 2.3 333 240* 1 10
Blade Coated MAPL 13.F 30 9.6 52/ 5 10¢
Blade Coated-Hot 8.95 20.9 17000 290* 37 | o
Cast
Blade CoatincMixed Not Not 108
Cation 10.75 25 9x10 Measured | Measured
Bar Coated Particles 78.7 213 2.8 7.23%10 0.1 This

X



Work
Nanocrystals/Quantum 1500 1860 Not 2 Ex10 0.05 109
Dots Measured
2D Materials /Oxides 2.1xID 0.1 6.4x10 95.9 42 e

Table 3.1: corsive Printed photodetectors  Others: Non-Printed alets. (*)
Indicates theoretically calculat&t which has shown to be a large overestimation
for perovskites or indicates that specific detestivD* is calculated from
theoretical noise and the noise is not measureshgUbeoretical values for noise
has shown highly overestimation bt for Perovskite PDs by at least an order of
magnitude or more and is shown not to be consistgr) Lifetimes : Only
lifetimes calculated on transient signals wherettamesient response was allowed to
reach saturation is shown here. Impulse measurenagatnot considered. Length
normalized temporal response is shown for diffedEwices where for photodiodes
the film thickness is taken as the length.
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Chapter 4

Printed CsPbBr3 Nanocrystals Inks
for Light Harvesting Applications

In the 4" chapter of the Ph.D. thesis, the project on napsiais based, wide band
gap solar cell devices is described. Here is pdsdibfind the details of the active
material’s synthesis and how we optimized it logkahthe concentration of
precursors and polarity of the solvents used; thEm@meters influence the size
and the packing of the nanocrystals that strictiyrelated to the performances of
the device. As main result, we were able to oldtndard structure nanocrystals-
based fully inorganic perovskite solar cells witlrif active area deposited by

large-area-compatible deposition technique.

Hybrid perovskites are attractive materials thatiksheir extraordinary electrical
[**411211% and tunable optical properties from NIR to UV [**7 that have been

studied intensively in the fields of photovoltait™[**"**§

where the power
conversion efficiency is approaching the one oftdfine silicon solar cells'{?.
After solar cells, also LED'{**?"'%f, photodetector'f>*#**%}, lasing 22”14
and field effect transistors*?"**] perovskite-based have been intensively
investigated. Even if significant progress has beeade in perovskite-based

optoelectronic devices over the past years, std#l open questions around this
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material like lack of stability and up-scaling dmaiting the real entrance of this
technology in the industrialization. Other impottgrarameters to obtain a good
performing perovskite thin film solar cells fabricm are the film morphologyt]
and the type and concentration of defects.

Recently, was shown that by using fully inorgargcqvskite materials, the thermal
stability is increased'{?**} and by using nanocrystal§{*3j, the parameters that
are driving the film morphology are reduced and thgtical properties are
enhanced.

Another possible application for nanocrystal inkerqvskite-based might be the
possibility of use them in tandem solar cell amtliens, where having materials
with a tunable band gap is fundamental. By usiig is allowed to have different
materials, able to absorb different wavelengthgaiobg devices with higher

power conversion efficiency.

From the ink point of view, has been recently shake possibility to up-scale the
synthesis by synthetizing large quantity of nanstalg dispersed in different kind
of solvents and were realized solar cell devicas &ilayer by layer spin coating
technique. What was not showed yet is the posittdi up-scale the active area of
the devices. Here we focus the attention on haengider active area in the

devices and solving the related problems duringmscaling process.

4.1 CESIUM LEAD TRI-BROMIDE NANOCRYSTALS
SYNTHESIS

The room temperature nanocrystals synthesis islylegplained in 9. Briefly, to
obtain cesium lead tri-bromide (CsPBBmanocrystals ink, 2 M of cesium
carbonate (G£0) is dissolved in propionic acid (PrAc) and 5 ple amjected in 3
mL of a poor solvent Hexane (Hex) and Propan-2HeAJ, mixed in a ratio 2:1.
100 pL of 0.5 M lead (Il) bromide (PbBr solubilized in a mixture of IPA, PrAc
and Butylamine (ratio 1:1:1) is added after thstfinjection under vigorous stirring
at room temperature.

The solution turns immediately green and the narstals are formed within 10

seconds. After the formation of the nanocrystdisytare centrifuged at 1000 rpm
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for 2 minutes by using a centrifuge, to remove uhesacted products and washed
twice with Toluene. During the synthesis of differdatches, was observed that

apparently same conditions have led to differenboaystals produced.

4.2 CsPbBg NANOCRYSTALS CHARACTERIZATION

The absorption and steady state photoluminescercsh®mwed in Figure 4.2.1a.
Both are measured from thin films deposed on dbgsspin coating at 1000 r.p.m.
In the graph is possible to individuate as prodiidhe reaction only the presence
of three dimensional (3D) nanocrystals of CsRhith the band edge at 515+5 nm
and a photoluminescence at 521+5 nm. There is otptesence of any sub-
products of the reaction but apparently similartlsgsis conditions have led also to
the absorption and photoluminescence presenteleirFigure 4.2.1b in which is
possible to distinguish some sub-products from thierent shapes in the
absorbance spectra.

In particular, it is possible to individuate theadabl dimensional nanocrystals, the
multiphase perovskite and an excitonic peak inbillie region due to the presence
of two dimensional nanoplatelets at 515+5 nm, 464wB and 4365 nm,
respectively. To each absorption is related a peakotoluminescence spectra.

By X-Ray Diffraction analysis, showed in Figure 4@ green color line, is
possible to distinguish the usual peaks for 3D ®sPbanocrystals at two theta
equal to 15.2°, 21.6° and 38.3°, that correspon@®), (110) and (211) planes,
respectively. The red color line in the same gna@imits to recognize a mixture of
multiphase, two and three dimensional perovskiteongystals thanks to the
presence of all the previous peaks and the preseinegtra peaks at low angles
(two theta lower than 15°) distinctive for low dingonal and two dimensional
nanoplatelets.

Nevertheless, the presence of three dimensiongl amil the mixture of two and
three dimensional perovskite nanocrystals is furtomfirmed by High Resolution
— Scanning Electron Microscopy (HR-SEM) in Figur@.4d and Figure 4.2.1e,
where is possible to clearly distinguish nanopktelfrom three dimensional

nanocrystals thanks to the different shape.



Our speculation on the formation of different protduis that the amount of Cin
the reaction might be not sufficient. Since theusoh is viscose, a different
guantity in the reaction might be injected fromdbato batch of synthesis. Smaller
amount of C§drives the reaction to the formation of two dimienal perovskite
with Butylammonium as cation A in the crystal stuwre.

Our hypothesis come from the fact that is now westablished that aliphatic
ammonium (RNH") ions can compete with the Tsn the reaction for the
formation of perovskite materials>[]

Anyway, the hypothesis has to be confirmed yetfanither experiments have to be

carried out to confirm unambiguously our idea.

Figure 4.2.1: Absorbance and photoluminescencewaf different synthetized
batches of CsPbBrnanocrystals deposed on a glass substrate. (a)r8ip

nanocrystals, (b) mixture of multiphase, 2D andr&docrystals. (¢c) XRD spectra
of 3D only nanocrystals (green line) and the migtof sub-products (red line).
HR-SEM images showing the (d) absence and (e) peesef 2D nanoplatelets

components. Scale bar 200 nm.

After a first characterization of the nanocrystalglso the relative

photoluminescence versus the fluence is analyzeduse high rates of radiative
recombination of carriers are essential for efficidevice operation. The radiative
recombination competes with the trapping of theiees at crystal defects. The
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trap-limited recombination is usually investigatetty monitoring the
photoluminescence quantum yield®¥ This means that high PLQY values, are
correlated with low defect concentration.

All the nanocrystals were deposited through spiatiog and were deposited three
layers one on top of the other. During the PLQY sueament, done by Jetsabel
Maria Figueroa Tapia, the samples are kept in wacuatmosphere. This
measurement permits to understand if the exposardight induces photo-
instability of the material. It is generally acoeghtthat at low excitation densities,
the carrier recombination is dominated by monomdbacprocess through trapping
while by increasing the excitation density, where thrap states are filled,
bimolecular band to band recombination became thraimhnt process. Another
important information is given by the hysteretichaeior of the curve when the
samples are measured from low to high fluenceshkamd to low, always on the
same spot. If the defects are well passivatedpdimgts are overlapped, while if the
ions are free to move around the material, thetaygeof the curve increases. This
aperture suggests that under photo-excitation tisead increase in the density of
traps.

The PLQY values obtained for different synthetizsdches are correlated to the
absorbance spectra showed in the inset of Figar2.4.

In the graph, is clearly distinguishable the déferbehavior for the various kind of
samples. The 3D nanocrystals (green color lighthakopresent hysteretic behavior
by increasing and decreasing the fluence. This mdhat the surface of the
nanocrystals is well-passivated by the amino-ligansed and the photo-excitation

do not causes a variation in the density of thestia the nanocrystals.

If during the synthesis, after the two injectioti® solution is left stirring for one
minute instead of 10 seconds (black color lineg $ize of the 3D nanocrystals
increases. The consequence for bigger size symdltethanocrystals is that it's
possible to distinguish an excitonic peak in theasbance spectra, around the band
edge. These kind of samples present an huge histdyehavior in PLQY
measurements and it is probably due to the fattttigaamino-ligands do not well-
passivate the surfaces of the nanocrystals andaircdegree of photo-instability is
detected.



If the reaction brings to the formation of mixtuod multiphase, 2D and 3D
nanocrystals (red color line), clearly distinguisleafrom the absorption spectra,
the hysteretic behavior is still present but lesspunced than the previous case.
What is clear after the PLQY measurements is thatreaction brings not only
different shapes of nanocrystals but also we neeudnitor the value of the size
and how well the surfaces are passivated by then@figands. All these

parameters are correlated to the performancesdfdlar cell devices.

Figure 4.2.2: Relative photoluminescence versusenite for nanocrystals
synthetized in different batches and deposed ossgiabstrates by spin-coating.

Absorbance spectra in the top-left inset.



4.3 INKS OPTIMIZATION

The first step to control the optimization of thergvskite active layer upon inks

deposition is the optimization of the nanocrystaéeking. This comes with the

control of the size and shape of the crystals &edsblvent used to disperse them
before the printing process. The part of inks ofation has been done in

collaboration with Dr. Marina Gandini.

4.3.1 CONCENTRATION DEPENDANCE

One way to control the size and the shape of tiecergstals is by modifying the

concentration of the precursors in the startingutsmh. [% Here we did a

systematic concentration variation of PpBissolved in the mixture of IPA, PrAc
and Butylamine. Starting from 0.50 M, we decreafexlconcentration until 0.20
M. In Figure 4.3.1a is showed the (100) diffractippak obtained by X-Ray
diffraction analysis after the deposition of thetenel on bare glass. Analyzing the
data is possible to see that by reducing the Pb&mncentration, the broadening of

the peak decreases. By using the Scherrer Equation:
©

Qe —

that correlates the broadening of the peak atviidth half maximum () to the
main domain size of the crystal3. (
is proportional to a constant called shape fa¢#Qr close to unity and x-ray

wavelength used ) and there is an inverse correlation with the Braggle ().

By using this formula, is possible to calculate tirgstal main domain size. In
Table 4.1 we report the mean domine size as aimaf the PbBy precursor
concentration, after analyzing the main XRD peakmap°.

If the concentration of precursor is decreased,niean domain grows. In Figure
4.3.1b, the onset of the absorption spectrumgmeement, shows a more defined
excitonic transition when the crystal size incresa$é’]

The J-V characteristic for a solar cell device undesolar simulator at 1 sun is

shown in Figure 4.3.1c.



The active layer of the devices is obtained frorthia film made with different

nanocrystal sizes but the active area for eachl ixeonstant with a value of
0.0935 crh.

As the size increases, the current density growsedistill an optimum crystal size
of 28.26 nm that corresponds to a concentratidpbdr, equal to 0.36 M.

If the nanocrystals size become bigger than 50henthin film becomes insulating
and no charges can be extracted from the devicenamy This behavior is

probably due to a bad packing of nanocrystals duttie film deposition.

Figure 4.3.1: PbBrconcentration dependence analysis (a) XRD norndhlpEsak
for (100) plane used to calculate the mean domize2\sith Scherrer equation, (b)

absorbance spectra and (c) J-V characteristidsrmofitm solar cells under 1 sun.

PbBr concentration Mean Domain Jsc Voc FF | PCE
(M) Size (nm) | (mA/en?) | (V) | (%) | (%)
0.50 18.32 3.17 153 53R 259
0.40 23.66 2.90 1.34 60.1 2.37
0.36 28.26 3.63 1.60 643 3.73
0.32 38.55 3.94 1.34 66.2 3.56
0.20 60.40 0.13 0.88 396 0.04

Table 4.1. Correlation between PbRoncentration, mean domain size and solar
cells performances (Jsc — short circuit current; Mapen circuit voltage, FF — fill

factor and PCE — power conversion efficiency).



4.3.2 SOLVENT DEPENDANCE

After being fixed the optimum PbBconcentration in the starting solution at 0.36
M, the nature of the solvents is now investigatedparticular the polarity of the
dispersant solvent or rather the solvent in whiod manocrystals are dispersed at
the final step, before the deposition.

The polarity is an important parameter to chectéieeply control how well (or bad)
the nanocrystals are packed once deposed on trstrateb The polarity of the
dispersant controls also the degree of the agdgoegat the particles in the inks. It
can be monitored by the time needed from the pestio sediment at the bottom of
the vial. The possibility to avoid the pre-aggreégatof the particles in the inks
represents a big advantage during the depositioth@fnanocrystals because it
allows a controllable thickness and homogenous sfilfRor these reasons, a
systematic study on dispersing solvents is donasaresumed in Table 4.2.

The effect of the polarity on the nanocrystals’ -pggregation is reflected to
differences in XRD spectra, absorption onset asd sblar cells performances with
the results that are shown in Figure 4.3.2.

Toluene-dispersed nanocrystals are the most staldelution over time and they
present the smallest size (~ 18.32+0.39 nm) ednidny Sheerer Equation.

If the polarity of the dispersant solvent is insed, i.e. the chlorobenzene-
dispersed nanocrystals, they tend to sedimenttblifdgster and the resulting size is
~19.32+0.43 nm.

Finally, if the polarity is further increased (ijgropan-2-ol) the size reaches much
higher values ~ 41.04+1.94 nm. The (100) planeecéfins obtained by XRD
analysis for the nanocrystals coming from differéispersants are shown in Figure
4.3.2a.

The absorption onset is pretty much stable; thg difference is for propan-2-ol-
dispersed nanocrystals (light-blue color line) vehes visible an excitonic peak,
confirming that the size of the nanocrystals isgbigthan the nanocrystals
dispersed in the other two solvents, Figure 4.3.2b.

Regarding the J-V characteristic under 1 sun fior film solar cells, the behavior is
much different for solvents with higher polarityath Toluene: both Jsc and Voc are

reduced and the overall PCE % is lower than Tolwdispersed nanocrystals



Figure 4.3.2c. All the active areas of these devié® 0.0935 ct and the

nanocrystals were deposed by spin-coating.

Figure 4.3.2: Nanocrystals dispersed in differenivents. (a) XRD normalized
(100) peak at 15.2° used to calculate the averdgdomine size with Scherrer

equation, (b) absorption onset and (c) J-V charsties of solar cells under 1 sun.

Jsc Voc | FF | PCE

Dispersant solvent (mAer?) | (V) | (%) | (@)

Toluene 2.78 1.51 511 2.15
Chlorobenzene 1.92 1.12 425 0.p2
Propan-2-ol 2.06 0.72 355 0.3

Table 4.2: Correlation between different disperssoivents and performances of

the solar cell devices.

4.4 DEVICES REALIZATION AND CHARACTERIZATION

After the fine tuning of the synthesis and a debgracterization of the material
produced, standard structure solar cells are nEutke deposition technique used is
the bar coating. The bar coating technique consiséssgrooved metal bar that roll
on top of the substrate, spreading the ink. Itsigally used for polymeric materials
but it is also a well performing technique with snknade by nanocrystals that are
dispersed in solvents. The thickness of the depfisedcan be tuned by modifying
different parameters, such as viscosity of the aadgcentration of nanocrystals in
the solvent, speed of the bar, roughness of thstisb and pitch of the grooves on

the metal bar.'f]



The bar coating, in contrast with the spin coatieghnique, is a roll-to-roll
compatible technique, permitting the scale-up #ndaks. The use of this technique
permitted us to increase the active area and we akle to achieve 1¢mactive

area in solar cell devices.

Since the solvent is one of the key point during finting processes, both the
boiling point and the polarity must be consideread aa trade-off between

nanocrystals size and boiling point of the dispetrsalvents must be reached.

To have performing devices, after analyzing Tolyedlelorobenzene and Propan-
2-ol as dispersant for nanocrystals, mixtures ob olvents are studied. The
optimum for our inks is found with a mixture of tvemlvents: IPA and Toluene
with a ratio 2:1.

The IPA, an alcohol, permits to have a lower bgilpoint and to fasten the drying
process between two consecutive bar coated lay#rsegpect to Toluene only but
having a polarity higher than bare Toluene encasabe growth of mean domain
size. Toluene, instead, is able to avoid the pgregation of nanocrystals,
permitting a longer time for sedimentation and éases the boiling point, driving
the drying process of the ink on the samples maiéumly. The difference in

drying process, is explained by SEM images in Fegud.1.

Figure 4.4.1. Scanning Electron Microscopy top viemages of nanocrystals
deposited from different solvents and with diffdredeposition techniques.
Toluene-dispersed, spin coated nanocrystals irfk glde image), IPA-dispersed,
bar coated nanocrystals ink (center image) and argsials ink deposed by bar
coating from a mixture of Isopropanol and Toluenghva 2:1 ratio (right side

image).



In Figure 4.4.2a, are showed the XRD main peaktlfernanocrystals deposed on
glass by spin coating. By calculating the main dionsé&ze of crystals with Scherrer
Equation, analyzing the (100) peak, a value of @81934 nm is found. The main
domain size values for different dispersant solsv@né resumed in Table 4.3.
Thanks to this mixture of two solvents, the inkedmae easily printable on top of
different kind of substrates (i.e. glass, ITO, FR&T,...).

After an optimization of the deposition speed anetahgroove, was possible to
obtain good morphology and good smoothness of thigealayer in the solar cell
devices by bar coating technique Figure 4.4.2b.

Solvent Relative polarity Mean Domain Size (nm)
Toluene 0.099 18.32 £ 0.39
Chlorobenzene 0.188 23.66 £ 0.43
Isopropanol 0.546 28.26 +1.34
2 Isopropanol : 1 Toluene 0.393 33.99+1.94

Table 4.3. Correlation between relative polarity @hfferent solvents and mean

domain size, calculated with Scherrer Equation.

The solar cell device is fabricated in standardcstire. It consists in a sequence of
FTO/compact Ti@Active Layer/Spiro OMeTAD/Au showed in the croscson

in Figure 4.4.2c. The lower part collects the etmts and the upper part collects the
holes photo-generated in the active layer of thecee

The FTO-coated glass substrates are etched withpowder and hydrochloric acid
(2 M) to obtain the required electrode pattern. $hbstrates are cleaned in a ultra-
sonication bath, in sequence with detergent (Helewa2% v/v in water), distilled
water, IPA, Acetone and IPA for 10 minutes eacp.ste

The substrates are then dried with gin and treated with oxygen plasma for 10
minutes to remove the organic traces that miglyt stetop of the substrate.

As electron transporting layer (ETL), a compact Ji©used. A precursor solution
is prepared by mixing 6 puL of 2 M hydrochloric aamd1 mL of IPA to a titanium
iso-propoxide solution in IPA. The solution is sgiasted at 2000 r.p.m. for 60 s



and subsequently sintered at 500°C for 45 min. Gheesubstrates are back at

room temperature, the active layer is deposed.
For spin coated solar cells, the synthetized CsPh&nocrystals dispersed
in Toluene can be deposited in ambient atmosplar&000 rpm, 2000
r.p.m./s for 45 s with no further annealing. Diffat layers are deposed in
sequence, increasing the thickness of the actixgr.l& check is done after
each deposited layer with an absorption spectra abyUV/Visible
spectrophotometer and the thickness is measuregrbfiometer. The
optimized number of layers is eight.
To bar coat the inks, 100 pL of solution are dedose the ETL and an
automized bar spreads the ink with a speed sed atr@/s with a grooved
bar of 10 um. Even for bar coating technique, rfalfers deposition is
needed. For this technique, the optimized numbéayars in the device is
five.

After the deposition of the active layer, the sasphre transferred into g-flled

glove box for the deposition of the hole transpaytiayer (HTL). The Spiro-

OMeTAD molecule is spin coated at 1500 r.p.m., 1600n./s for 40 s.

The solution is prepared by dissolving 75 mg ofr&®@MeTAD, 32 uL 4-tert-

butylpyridine, 18.8 pL of a stock solution of 520g/mL Li-TFSI salts in

acetonitrile in 1 mL of anhydrous chlorobenzene.

The hole transporting layer has to be oxidizedrnair to increase the conductivity

of the small molecules and, after 12 hours of eMp®$o dry air, a 75 nm thick gold

film is thermally evaporated through a shadow mask.

The active area of the devices is 0.0935 oml cnf, depending on the experiment.

4.4.1 OUTDOOR PERFORMANCES

These solar cell devices are tested under a dolatagor at 1 sun intensity, both in
forward-bias to short circuit (FB-SC) and shortcuit to forward bias (SC-FB),
also called reverse scan. The data reported refesisscan rate equal to 0.01 V/s,
without any pre-bias of the sample and 10 s oftlighaking. In all the J-V

characteristics shown, no hysteretic behavioruséb



Figure 4.4.2: Nanocrystals dispersed in the mixtirdsopropanol and Toluene
with 2:1 ratio. (a) comparison between differentDXRormalized (100) peaks. The
nanocrystals are deposited on glass by spin coatargjng from different solvents,
(b) top view morphology by HR-SEM of the bar coasedive layer starting from
the mixture of two solvents (Propan-2-ol and Tokjeand (c) cross section image
of the full device by HR-SEM with highlighted théffdrent layers (Glass/FTO/c-
TiO,/CsPbBg/Spiro-OMeTAD).

The J-V characteristics are shown in Figure 4.4T3e highest performances are
reached by printing five layers. Between two consige layers a waiting time of 2
minutes is needed to permit the drying processhefsblvent printed. The optimal

speed bar is found to be 30 mm/s with a groove pati® um.

Figure 4.4.3. a) J vs. V curve forward (blue lineyl reverse (red line) at slow (0.01
V/s) scan under 1 sun. No hysteretical behavior fwaad. b) Current density (J)
vs. time (1), black line and Power Conversion Eéficy (PCE %) vs. time (t) (blue

line) biasing the device (at maximum power poiritigeequal to 1 V).



The solar cells were tested under 1 sun with a szi@nof 0.01 V/s. No hysteretic
behavior was found; in fact, the forward and regessan are exactly overlapped.
The obtained performances, resumed in Table 4edtharfollowing:

Je = 2.48 mA/cm

Voc=1.31V

FFy = 63%

PCk,=2.11%
Importantly, we monitored the device performancegstiacking the maximum
power point (M.P.P. ~ 1 V) in air, with 65% humiditwithout any kind of
encapsulation obtaining a stable device over 1Qutagas a confirmation to the
fact that the fully inorganic perovskite is a stablaterial under thermic stress and

high moisture level. The behavior is shown in Fegdr4.3b.
4.4.2 INDOOR PERFORMANCES

In the last few years, an exponential interesiridoor light harvesting applications
is conquering the PV market. It can be used to pawmedifferent kind of devices
like Internet of Thing (IoT) and low-consuming dees in our houses:“f]

The idea in behind is that is possible to exploé indoor illumination and the light

coming from outside (i.e. the sunlight passing tigtothe windows).

Figure 4.4.4. Sketch for indoor and outdoor ligatvyesting. Both the sources of
light can generate enough efficiency to power anltdw-consuming devices and

the Internet of Things.



With this application in mind, the same devices tasted under white LED board
with an intensity of 1000 Lux with the same scate o compare the solar cell
performances. The intensity used is 1% of 1 suniamla value that is easily
reachable by combining indoor and outdoor illumiomt
The devices gave higher performances at low intidght intensities. The
obtained values for the champion device are:

Joe = 47.12 pAlcrh

Voc=0.93V

FRy, = 52%

PCEy = 3.50%
From Figure 4.4.5 is possible to see that all #sted devices, responded with

similar behavior and similar J vs V characteristitaining a yield of 100%.

Figure 4.4.5: Current density (J) vs. applied \gatgV) curves. In the graph is
showed the forward curve at slow (0.01 V/s) scateuri000 Lux coming from a

white LED board for all the devices that are tested

In Table 4.4 are compared the performances of #s device under the solar
simulator at 1 sun and under the white LED boat@s&000 Lux.

Illumination Jsc Voc FF PCE
used (mA/cm?) | (V) (%) (%)
1 sun 2.48 1.31 63.1 2.11
1000 Lux | 47.12x 16| 0.93 52.5 3.50

Table 4.4. Performances of the best solar cellodeuinder different illumination
intensities.



Chapter 5

Highly Luminescent Nanocrystals

Inks for Light Emitting Diodes

In the 8" chapter of the Ph.D. thesis, the project on highiyinescent MAPbBr

nanocrystals is described. Here is possible to ftheé details of the active
material’'s synthesis, the characterization of thatenial and the amazing optical
properties such as the extremely high Photolumerese Quantum Yield (PLQY),
both in solution and thin film, the extremely loogrrier life time of the photo-
generated carriers and the high stability of thetenal exposed to environmental

conditions.

In this chapter, the focus is on synthesis of pskit® nanoparticles (NPs) also
called nanocrystals (NCs). The nanoparticles petorgichieve color tunability and

high PLQYs and even small changes in the syntlsiscol (such as temperature,
stirring time, concentration of precursors...) cafiuence the size and the energy
gap of the nanocrystals produced. By changing tieegy gap and the size of the
nanoparticles the photo-physical properties exthemieange:*44

The application of nanocrystals is mainly for inative displays. In this field

scientists are continuously looking for color tulgaland narrow band emissive



materials. These characteristic permit to enhaneectlor performance of lighting
and display systems.

Nowadays the quantum dots is playing an importalat in this technological field
but also perovskite nanocrystals have attractezhtin thanks to the easily band
gap tunability by halide exchange reaction andnfweow PL emission (FWHM ~
20 nm). The presence of sub-band defect statestisnéntal and was showed that
high PLQY values and bright electroluminescence) (&dn be achieved only if the
material is excited at high excitation fluenciesr (PL) and high current density (for
EL). A high fluence and/or a high current densiguse a fast degradation of the
material. This has been an obstacle for perovdidted devices in this field*P**

To overcome these problems, has been shown thaPltthen hybrid organic-
inorganic lead compounds can be enhanced by cbngrdhe size and by a proper
passivation of the defects on the surface of tm@astals. T

Considering the effect of the size, thermodynarnycdéhe number of the intrinsic
defects should decrease by decreasing the voluntieeadrystal considered and it
might be further decreased because of the autaiding effectf*] Even if the
number of defects in bulk decreases, due to lauggace to volume ratio, the
number of surface defects are dominant in nanomte€Considering the increased
exciton binding energy in small crystals, the PLis=ion is more likely due to
exciton-recombination rather than the recombinafiom free charges-{| and if
the defects on the surface are well-passivatedillibe possible to obtain highly
luminescent nanocrystals with impressive PLQY av lexcitation density. The
high PLQY at low fluencies and an high EL at lowremt densities is desirable for

Light Emitting Diode (LED) applications.

During the past years different path were folloiedthe synthesis of perovskite-
based nanocrystals, such as the non-template systhef colloidal
methylammonium lead bromide (MAPkfmanoparticles, with a size of around 6
nm showing a photoluminescence quantum yield (PL@fY)p to 83%:* or the
ligand-assisted re-precipitation strategy (LARR)tfee synthesis of hybrid organic-
inorganic lead based perovskites with a particlee sof around 3.3 nm and
photoluminescence quantum yield (PLQY) between 50%h93%4->2153154



The goal of improving in luminescence stability arthancing the PL efficiency of
nanocrystals can be achieved by following anotlai.prhe idea is to grow a shell
of a wider band gap semiconductor on top of theoweer band gap ong>*°°

This structure of the nanoparticles, known as cgret semiconducting

nanocrystals, permits to engineer the optical pte®e of the semiconductor. The
presence of the shell, improves the quantum yiglddmfining the charge carriers
and it also passivates defects of the surface aneradiative recombination sites

that are present on the surfaces of the perovsé&itecrystals.

Figure 5.1: Cartoon for core-shell nanocrystal. Tgessivation on the surface

inhibits the non-radiative recombination pushingtiup PLQY.

Here a deep characterization of optical propeitedone on core-shell perovskite
nanocrystals synthetized by a modified-LARP techeigAfter the synthesis, the
material is characterized both in solution and fiim. To obtain the thin film, the
nanocrystals are deposited by spray coating.

This material presents incredibly high PLQY and tabgity in environment

condition that is not common in hybrid organic-iganic perovskite materials.

5.1 MAPDBTr; NANOCRYSTALS SYNTHESIS AND
DEPOSITION TECHNIQUE

In a typical synthesis of methylammonium lead to+hide (MAPDBE)
nanocrystals, 0.16 mmol of methylammonium bromidé\Br) and 0.20 mmol of

lead (II) bromide PbBrare dissolved in 5 mL of n,n-dimethylformamide (BM



[**] with a certain amount of n-octylamine, an alkigain with eight carbon atoms,

ending with an amine group acting as ligand.

Figure 5.1.1: n-Octylamine chemical formula.

The reference solution has 0.4% v/v of ligands wetspect to the starting solution.
This value comes after an optimization of the amairthe alkyl chain needed to
passivate the surface of the nanocrystals.

After leaving the solution stirring for one hour ¢omplete the dissolution of the
reagents in the solvent, 100 pL are injected itenL of anhydrous chlorobenzene
(CB) kept under vigorous stirring. Since CB is ami-golvent, a solvent in which
the perovskite is not soluble, the MAPBBranocrystals are immediately formed
and the solution turns immediately yellowish. Tlamocrystals are then purified by
a centrifugation step at 7000 r.p.m. for 10 minutes

The biggest-size nanocrystals precipitate and #&eadled. The obtained bright
green colloidal solution is further investigateaistdispersion contains the smallest-
size MAPbBg nanocrystals in anhydrous CB that were not diswhrafter
centrifugation.

What is formed upon the injection, is schematicaipresented in Figure 5.1. A
shell of alkyl chain (green color in the sketch)mmetely covers a core of
MAPDBBr; (yellow color in the sketch). The coverage of gteell on the core
permits the passivation of the defects on the sarfaf the nanocrystals and the
passivation permits an increasing in the PLQY walue

Once the synthesis is done, the nanocrystals wepesgd by spray coating; this is
a technique used to depose thin film on differéndl lof substrates by using a spray
coater machine or air-pressurized spray gun. Threagu have different types of
nozzles, shapes and sizes. This technique perongbtain a uniform and smooth
film, after a first optimization of different paraters (i.e. the concentration of the

ink, the amount of ink, the distance and the tewrtpee of the sample...).



The technique used in our laboratory is called madmode; the air-gun is moved
manually on the substrate, with a distance of alh20 cm between nozzles and

surface where the material is deposed.

5.2 MAPbBr; NANOCRYSTALS CHARACTERIZATION

The first analysis done is a study on the optimizgd of the ligand in the initial
solution. Starting from 0.2 % v/v increasing to 2 v/v, the formation of
nanocrystals has been investigated. The variafidigand permits to see its effect
on the nanocrystals’ formation.

The absorbance and photoluminescence of the oltagispersions are showed in
Figure 5.2.1a and Figure 5.2.1b, respectively.

Figure 5.2.1: optical characterization for dispemscontaining nanocrystals with
different amount of n-octylamine (a) absorbancecspeand (b) steady state

photoluminescence.

The different amount of ligand, bring to the foriatof different profiles in the
absorbance band edge. This permits to assume iffi@tedt concentrations of
ligand bring to different sizes of nanocrystalsqueoed and for this reason a shift of
the band edge. This assumption is further confirrbgdthe blue shift of the
nanocrystals MAPDbBr photoluminescence peak by increasing the amount of
ligands in the synthesis.

When the amount of ligand is increased up to 1.2/9pan excitonic peak in the

absorbance appears at low (~ 450 nm) wavelengtk. presence of this peak

)



confirms that two dimensional perovskite nanocthgstare formed during the
synthesis process-f|
For the further analysis nanocrystals with 0.4% nfactylamine in the solution

have been considered because they have the high®3t value.

The synthetized nanocrystals were deposed by smatyng technique. The most
simplified process uses a manual air-gun. The deposis done under the
fumehood, to avoid inhaling harmful solvents sushcalorobenzene, where the
nanocrystals are dispersed in. The substrate isppof an hot plate and it is heated
up to 70 °C to permit the evaporation of the littteps of solvents coming out from
the spray nozzle in few seconds after the depasitio

The temperature is kept at 70 °C even for high ifmgilpoint solvents (i.e.
chlorobenzene) and not higher temperature to miide the aggregation of the

nanocrystals on the substrate but only the evaparat the solvent.

Figure 5.2.2: picture of the dispersion of MAPpHB1 chlorobenzene (on the left
side) and MAPbBy nanocrystals deposed on a glass slide by spraingdan the
right side). Both the samples are illuminated itV torch light.

Since the concentration of the nanoparticles in dispersion is not high, the
deposition by spray coater has been done for Sevénates and, to have a uniform
deposition of the material, the substrate has betated with a slow but uniform
speed. After the deposition of the active materihe absorbance and the
normalized steady state photoluminescence is iipadstl. Moreover, the sample is
left over 10 days in ambient atmosphere and therabace and photoluminescence
are showed in Figure 5.2.3. No differences aregmteisn PL-normalized shape and
only a small reduction can be observed in absokaibis data confirm the
robustness and the stability of the material cavere a protective shell even in
ambient conditions.



Figure 5.2.3: optical characterization for thinrfisamples (a) absorbance spectra
and (b) steady state photoluminescence for “fréals”deposited — blue line) and
“old” (after 10 days from the deposition — blaakd). The sample is left for 10 days

in ambient atmosphere.

Once the deposition is done and the solvent is aeded, the presence of the
excitonic peak in the absorption spectra, shows etdower ligand concentration
the presence of two dimensional materials.

This presence is further confirmed by X-Ray Diftian analysis showed in Figure
5.2.4a. The peak at low angles (Two Theta ~ 9°hwshthe presence of low
dimensional perovskite material, while the peakhab Theta ~ 12.6° shows the
presence of unreacted PbBiThe presence of lead (lI) bromide is predictable
because of the starting stoichiometry of the reactwhere a small amount of
excess of PbBris used with respect to methylammonium bromid@ (@mol of
PbBr, versus 0.16 mmol of MABr). The peak at Two Thetd52 reveals the (001)
diffraction plane for three dimensional MAPBRrerovskite material



Figure 5.2.4. characterization of MAPRBBmnanocrystals with 0.4% v/v n-
octylamine (a) X-Ray Diffraction spectra showing tbresence of low dimensional
perovskite (Two theta ~ 9°), excess of lead (IQrbide (~ 12.6°) and diffraction
planes for MAPbBy.( ~ 15°, ~ 30°). (b) Transmission Electron Microge (TEM)

image of drop casted nanocrystals on ultrathin aatimley-carbon film coated

Cupper grid.

The TEM image shown in Figure 5.2.4b, permits tividuate cuboidal crystals
with an average size of 27 nm on diagonal of tlegegtion viewed. Under e-beam
irradiation, the nanocrystals exhibit lead-segregatand by the images from
elemental mapping, is possible to individuate abaar shell around the

nanocrystals, showed in Figure 5.2.5.

Figure 5.2.5: TEM images of drop casted MAPpBanocrystals. (a) Elastically
filtered bright-field (zero loss), (b) Elasticalfjitered bright-field TEM (map of

carbon) and (c) Elastically filtered bright-fieldEW (map of carbon and zero loss).

_kk



After the first analysis on the morphology of thaterial, a deep study on optical
properties is done. It has been monitored the PL&Ydifferent decades of

excitation power, directly correlated to fluenceig(ffe 5.2.6). The fluence is

defined as the ratio between the power of the ldiseted by area of the spot of the
laser.

The power dependent relative photoluminescenceagian analysis is analyzed by
an unfocused CW diode laser at 405 nm (Oxxius). $pectra is collected in

reflection geometry through an integrating sphere facused into a fiber coupled
to a spectrometer (Ocean Optics MAYA Pro 2000). mesasurements are taken
starting from low to high power. The resulting sppaavas integrated in the range
of 400 nm to 700 nm. All measurements were taketo@m temperature, in air.

The values are calculated by using the followingnfala:

S,° S?7++@2

=p® 324337 7+ +@2 w=

The sphere used to determine the PLQY has an suréace covered by a material
that reflects all the radiation inside the sph@ieese reflected and diffused photons
are collected into a fiber coupled to a spectromdtee CCD is connected to a PC
and, with a specific software, is possible to amalyhe signal coming from the

sample and is possible to calculate the photoluseerece quantum yield.

To determine the PLQY % value, three measuremeataegded:
The empty sphere, with the laser reflected inside.
The sample inside the sphere, with the laser thes dot hit the sample.

The sample inside the sphere, with the laser tihétidn sample.

After these measurements is possible to calcutegohotoluminescence quantum

yield with a simple analysis. This analysis take iaccount the integrated area of

the photoluminescence peaks measured by the Plriegre’>°



Figure 5.2.6: Photoluminescence quantum yield (PL9%Q)Yversus fluence of light.
For MAPDbBE dispersed in chlorobenzene (black dots), MARbBanocrystals
measured as soon as deposited on glass by sprégr doed dots), MAPbBr
nanocrystals deposed on glass and measured aifttgr édgosed to the atmosphere

for 10 days (green dots).

The analysis through PLQY shows a flat trend byéasing the incident power
with an average of 92% for MAPbBrnanocrystals in solution, while the
nanocrystals deposited by spray coating on glags a®PLQY% ~ 45% on average
both for fresh sample, measured as soon as theiatddedeposed and for the same

sample, left in atmosphere for 10 days.

Another spectroscopic proof that sustains the pesef a shell that covers the

“bulky” nanocrystal-material is showed in Figur® 5. where the spray coated thin

film composed by nanocrystals on bare glass ittsted with a 400 nm pulsed laser

at 1IMHz with a fluence ~1 nJ/énthat corresponds to an excitation density of ~
10",

In the figures is possible to recognize a fast coment in the PL decay on the blue

side of the spectrum and this is possibly relatethé transfer from 2D shell to 3D

nanocrystals. Further analysis are anyway neededlittate our theory.



Figure 5.2.7: Time Resolved with Streak cameralowssweep mode. A fast

component on the blue side of the spectra is dadect

Another important parameter to fully characterizethaterial from the optical point
of view is the carrier lifetime after the photo-geation. The lifetime can be
monitored by théime resolved photoluminescentd’L) measurement.

The result of this measurement is showed in Fi§u2eB. The excitation used has a
wavelength of 540 nm and the carrier lifetime is top1200 ns. This value is
extremely high in a thin film and it is comparalite MAPbBr; single crystals
proving that the quality of our nanocrystals isthand a full passivation is done on

top of the surfaces.

Figure 5.2.7: Time Resolved Photoluminescence &monrystals deposed on glass

by air-gun.
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Chapter 6

Conclusions

During the Ph.D. period I've been working with peskite materials. This
promising class of semiconductor that might revohize the opto-electronic
devices still has some open questions such asrdsemce of lead, the toxicity of
the solvents that are usually used and it lackerms of stability in environmental

conditions and in terms of photo-stability upon @syre to light.

One approach that can answer to these open questionnd perovskite materials,
might be the realization and the optimization dfsinThe inks are formed from
perovskite crystals with a size in the order of ayato micro- depending on the
synthesis procedure and the application directgpalised in solvents. Having
perovskite crystals already formed in the ink, p&smnio not care about the
crystallization in situ of the material that isastgly correlated to the environmental
condition during synthesis and deposition proc&hs may reduce the possibility
to handle materials with different opto-electropioperties that are correlated with

the morphology of the material itself.

Thanks to the fact that different band-gaps carliit@ained with hybrid organic-
inorganic materials simply by changing the halidenposition, different synthesis
strategies were followed, obtaining different idech of them specific for the own

desired application.
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During the Ph.D. period were developed three dfferkind of inks, containing
perovskite with nano- or micro- crystals size. Byathesis, the size and the band
gap of the material is thought to be specific ardduin an particular application
considering the morphology and the optical and tedaecc properties of the
material. All the deposition processes are done uking different printing
techniques and the solvents used during the pgititas been, where was possible,
a not harmful and low boiling point solvent to reduthe risk in handling the

materials.

The first ink discussed in the Ph.D. thesis, thePA ink, we were able to obtain
sub-micrometer hybrid organic-inorganic perovskigticles first synthetized in
water and propan-2-ol and then dispersed in noasdazs alcohol solvents. The
usage of such non-hazardous solvents to synthatizk print perovskite-based
devices is innovative and never exploited befoiee Taterial obtained is an high
quality material, reproducible and up-scalableairgé quantity. The stability of the
material both in ambient condition and in workingndition (protracted light
soaking and repeated bias sweeps) confirms thdtpared the importance of such
inks. Moreover, we showed the possibility to ptimse inks by bar-coating, a large
area and roll-to-roll compatible technique, obtagnia simple planar geometry
perovskite-based light detector. These devices sereellent photo-conducting
response when the active phase is functionalizétl wismall molecule called
PCBM. The fullerene derivative on one hand passs&/éle traps, enhancing hole
transport through the semiconductor material adidices the photo-response time
to 14 us, corresponding to a maximum operationuieeqgy of 35 kHz; on the other
hand, PCBM acts as an acceptor phase for electrtngs increasing the
photoconductive gain. As a final result, the devéahieves a record high gain-
bandwidth product for printed perovskite light detes, 1.5x10 Hz. Importantly,
the defects passivation also strongly suppredgésioise, so that shot noise
dominates already above 4 kHz. Thanks to the gyodrdic response, the device
can be operated in such frequency region, reacliweg very high specific
detectivity of 7.23 x 18 cm HZW which is the highest measur&d for any
printed photodetector till date and with valuesttlase slightly higher than

commercially available silicon photodiodes. Theskaracteristics open up

(



attractive possibilities to use printable perowskior large area light detection

applications and imaging applications.

The second ink discussed in the Ph.D. thesis,a@dfully inorganic CsPbBrink.
This ink, firstly developed in Istituto Italiano diecnologia in Genova, was
optimized in our laboratory and we show the poéisjtio increase till 1 crhthe
active area of the solar cell device with a widadgap.

The synthesis conditions are varied to have fulticd on the products. The
obtained nanocrystals can be fully three dimensipeeovskite nanocrystals or a
mix between two dimensional nanoplatelets and thdeeensional perovskite
nanocrystals. The obtained material has been dieaized and the semiconducting,
three dimensional nanocrystals are printed by aonaatized bar coater to fabricate
solar cells devices built in a standard structunefiguration. Working devices with
high open circuit voltage are tested in air withaay kind of encapsulation. They
showed stability both in environmental conditiondaduring operation at the
maximum power point.

The possibility to control the size of the nanotais by changing the concentration
of precursors and the dispersant solvent polanity boiling point permitted to
maximize the packing and the smoothness of theveadiyer in the solar cell
device. These devices are tested both under Satategor and under white LED
board to simulate an application for indoor ligaresting.

The obtained inks permit to realize tandem soldls ceith tunable band gap
absorbing materials such as tandem perovskite/pkitevconfiguration or tandem

perovskite/silicon configuration.

The third and last ink is an highly luminescent pdision of MAPbBj
nanocrystals. After an optimization of the nanotalssligand concentration and an
optimization of the deposition through spray coatechnique, the material is
characterized from the optical properties poinviefnv. The goal of improving in
luminescence stability and enhancing the PL efficyeof nanocrystals is achieved
by growing a shell of a wider band gap semiconduetotop of the narrower band
gap one. This structure is known as core—shell g@mducting nanocrystals. The
presence of the shell, improves the photoluminese@uantum vyield (~ 90 % in
solution and ~ 50 % in thin film) by confining theharge carriers and it also

passivates defects and non-radiative recombinaites that are present on the

-*0



surfaces of the perovskite nanocrystals. TEM imagedirm the presence of an
organic shell around the nanocrystals, while tiresolved photoluminescence
(trPL) shows an extremely long carrier lifetime dwethe fact that all the non-
radiative path are passivated by amino groups.llFitize trPL map shows a fast
decay in the blue region and a slower decay ardal nm. This suggests a
transfer from two dimensional shell to three dimenal nanocrystals. Moreover,
this core/shell nanocrystals result to be stalde alhen exposed to environmental
conditions. Such high PLQY, long carrier lifetimeecdy and stability are

fundamental characteristics for active emittingenats in LED.

Thanks to the amazing properties and devices pedoces, the three inks
developed in our laboratory, might revolutionize thpto-electronic applications,
opening the doors of the market to perovskite-baesites.
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