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Abstract

Negli ultimi 10 anni la ricerca scientifica ha volto il suo interesse verso le perovskiti
alogene miste organiche-inorganiche; questo nuovo tipo di materiale si caratterizza per
interessanti proprieta optoelettroniche e per la sua facilita di fabbricazione. Attualmente,
trova impiego come materiale attivo in vari tipi di dispostivi, come celle solari, rivelatori
di raggi X e LEDs.

Il seguente lavoro di tesi presenta la caraterizzazione di due tipi di materiali basati su
perovskite. Il primo e una cella solare di metilammonio-triioduro di piombo (MAPbDI;)
in forma di film sottile. Questo dispositivo ¢ stato fabbricato e caratterizzato presso
I"Universita di Costanza (Germania), con I'obiettivo di migliorarne la procedura di depo-
sizione. Il secondo materiale studiato e un cristallo singolo di metilammonio-tribromuro
di piombo (MAPDBBr3); lo si ¢ caratterizzato presso 1’Universita di Bologna tramite spet-
troscopia di fotovoltaggio superficiale e spettroscopia di fotocorrente, in funzione della
dose di fotoni X depositati, in modo da verificarne gli effetti indotti.

In seguito all’esposizione di raggi X, I’energia di legame degli eccitoni, cosi come risulta
dagli spettri di fotovoltaggio superficiale, subisce un incremento pari a 20 meV rispetto
al campione non irraggiato. L’osservazione degli spettri di fotocorrente ha portato alla
medesima conclusione. Le motivazioni dell’osservato incremento di energia sono state
discusse e attribuite ad un cambiamento di polarizzabilita del cristallo singolo. La suc-
cessiva caratterizzazione dopo diverse ore dall’ultimo irraggiamento dimostra che il ma-

teriale recupera le sue condizioni iniziali.






Abstract

In the last 10 years, the research interest has been drawn towards the hybrid organic-
inorganic halide perovskites, an innovative material characterized by remarkable opto-
electronic properties and by its simplicity of fabrication; hybrid halide perovskites are
currently being employed as active material in solar cells, X-ray photodetectors and light
emitting devices.

The following thesis presents the characterization of two perovskite-based materials. The
first is a methylammonium lead iodide (MAPDI;) thin film solar cell, which has been
fabricated and characterized at the University of Konstanz (Germany), with the aim
to optimize the deposition procedure. The second material is a methylammonium lead
bromide (MAPDbBr3) single crystal that have been characterized at the University of
Bologna with surface photovoltage and photocurrent spectroscopies, as a function of the
deposited dose of X-rays in order to monitor the induced effects of radiation.

After the exposure to X-rays, the exciton binding energy, calculated from the surface
photovoltage spectra, has been found to increase by 20 meV with respect to the not
irradiated sample. A similar result has been found with the photocurrent spectroscopy.
The reasons for the increase in binding energy is discussed and attributed to a change
in polarizability of the single crystal. The recovery of the crystals has been registered as
well and has shown that the material is able to return to the initial condition after just

few hours from the last X-ray’s deposition.
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Introduction

The hybrid organic-inorganic halide perovskites are an innovative type of material
with general composition ABXg3, where A is an organic cation, usually methylammonium
or formamidinium, B is an inorganic cation, usually lead or tin, and X is a halogen anion,
iodine, bromine or chlorine.

The material is marked by excellent transport properties; moreover, the substitution of
the halide component allows to tune the magnitude of the band gap. Thanks also to the
simplicity and affordability of fabrication, hybrid halide perovskites are widely applied
as active materials in solar cells, whose efficiency has reached up to 25% [I]. Hybrid
perovskites are also employed as detectors for X-ray radiation, on account of the high
stopping power of heavier elements such as lead [2, [3].

The study on the nature and on the behaviour of the photogenerated species in halide
perovskites is fundamental. It is known that the photoexcitation in halide perosvkites
gives rise, quite immediately, to free charge carriers at room temperature [4]; the imme-
diate generation of free charges is attributed to the low binding energy of excitons, which
are neutral quasi-particles formed by the electrostatic interaction between an electron
and a hole. This is one of the reasons why the optoelectronic performance of halide
perovskites is comparable to the one of conventional inorganic semiconductors such as
silicon. Nonetheless, depending both on the experimental method and on the material’s
form, whether polycristalline or single crystal, the value for the exciton binding energy
reported in literature ranges widely from tens to hundreds of meV [5]. Moreover, exci-
tons are responsible for the large absorption coefficient close to the band gap, and the
exciton’s recombination, rather than free charges recombination, is considered to be the
main source of photoemission in perovskites [6]. This suggests that excitons and free
carriers can cohexist and that excitons should not be neglected in regards of the opto-
electronic properties of the material.

With respect to their application as X-ray detectors, it is crucial to perform radiation
hardness tests, by irradiating the material with ionizing photons and monitoring the

effects as a function of the deposited dose and the subsequent recovery with time; in
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fact, a fundamental requirement for ionizing radiation detectors is whether high doses
are tolerated and, if there are relevant effects induced by the radiation, whether the
material recovers fastly its initial condition.

In this regard, this work presents the characterization of a MAPbI5 thin film solar cell
with the aim of optimizing the photovoltaic parameters and successively test its radiation
hardness with X-rays. However, because of the Covid-19 emergency and the subsequent
closure of the university, it was not possible to deepen the research and to test the solar
cells under X-rays. The radiation hardness measurements has been instead performed on
MAPDBTr3 single crystals, which recently have shown interesting applications as X-ray
detectors [2].

This thesis is structured in three chapters:

Chapter one is focused on the material and its optoelectronic properties, with par-
ticular stress on the role of excitons; a description of the two cited applications, solar cell
and X-ray photodetector is also given. The chapter concludes the discussion with some
examples of issues related to halide perovskites, such as defects, stability and health

related risks.

Chapter two is dedicated to the experimental methods that have been employed to
fabricate the thin film MAPbDI3 solar cells and the single crystals MAPbBr3; the ex-
perimental setup for the solar cell’s characterization and the techniques of the surface
photovoltage and photocurrent spectroscopies are also presented, along with the X-ray
tube that has been used.

Chapter three presents an example of photovoltaic characterization of the MAPbI;
solar cells, with the related photovoltaic parameters; the results of the surface photovolt-
age and photocurrent spectroscopies on the MAPbBrj single crystals have been analysed
before and after X-ray exposure. The final part of the chapter contains the analysis and

the discussion on the possible interpretations of the results.



Chapter 1

Hybrid Organic-Inorganic Halide

Perovskites

The name perovskite identifies a group of compounds with the same structure as the
mineral CaTiO3. The general stoichiometry formula for those materials is ABXj3, where
A and B are two cations with generally different dimensions and X is the anion.

The perovskite crystal structure can be found in many materials, both natural and syn-
thetic. The most historically studied were the oxide perovskites.

Nowadays, the most used perovskites for device applications are hybrid organic-inorganic
halide perovskites, composed by a monovalent cation that can be organic (usually methy-
lammonium or formamidinium) or inorganic (usually alkali metals like cesium), by a
smaller divalent cation (usually lead or tin) and by a halogen anion (iodine, bromine or

chlorine).

1.1 Hystory and first optoelectronic applications

The mineral calcium titanate CaTiO3 was discovered by the german scientist Gustav
Rose in 1839 during a trip to Russia in Urali mountains and named “perovskite” in hon-
our of Count Lev A. von Perovski, a mineralogist who served as the Minister of Internal
Affairs under Nicholas I of Russia.

The interest in perovskite research came in 1920s, when the norwegian scientist Victor
Goldschmidt issued a detailed study on the structure of CaTiOg3, with the development
of the so called tolerance factor, a parameter that determines whether a crystal presents
in a perovskite structure or not [7].

Oxide perovskites, like calcium and barium titanate, were employed in a variety of prod-

ucts like condensers, transducers and other devices since they showed superior ferroelec-
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tric, magnetic and superconductive properties [§].

The development of the first lead halide perovskite in aqueous solution was made by H.
L. Wells in 1892, with cesium as the A cation [9]. But only in 1958 Mgller determined its
crystallographic structure and also observed the material’s conductivity [10]. The first
hybrid organic-inorganic perovskite was made in 1978 by D. Weber who replaced cesium
with the organic cation methylammonium [I1].

D.B. Mitzi in the 1990s reported the first use of organic-inorganic halide perovskites in
LEDs and thin film transistors [12].

The use of lead halide perovskites in photovoltaics became possible thanks to the pio-
neering work of M. Grétzel, the inventor of electrolyte-based dye-sensitized solar cells
(DSSC); in 2009, the group of Miyasaka used methylammonium lead halide as a sensitizer
in DSSC, reaching 3.8% of efficiency [13]. In the same year, Park and co-workers were
able to obtain higher efficiency by changing the electrolyte formulation of the DSSC and
the deposition of perovskite sensitizer in the form of nanoparticles, however the device
suffered by poor stability [14].

Few years later, in 2012, Gratzel and Park together published a paper where the liquid
electrolyte was replaced with a solid state hole conductor and perovskite as the sensi-
tizer. The use of a solid hole conductor material solved the stability problems of liquid
sensitized cells and allowed them to reach 9.7% of efficiency [15].

In the same year, the group of Miyasaka and Snaith realized the first full-solid state
device by depositing a thin layer of perovskite. This work revealed that perovskite could
not be just used as a sensitizer, and that it was able to transport both electrons and
holes [16].

Nowadays, perovskite solar cells have reached up to 25% of efficiency, being the most

rapid growing solar cell technology in the last 10 years [1].

1.2 Atomic structure and phases

The ideal crystal structure for hybrid organic-inorganic halide perovskite ABXj is
cubic [I1], where BXg forms an octahedron with B located at the center, while the A
cation occupies the cuboctahedral voids as shown in figure The stability of the
crystal structure is described by the Goldschmidt’s tolerance factor [7:

Rs+ Rx

- V2(Rp + Rx) .
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B: Metal cation
b X:Halide anion

Figure 1.1: (a): Unit cell of a cubic perovskite. The organic cations (orange) occupy the
lattice corners, the inorganic cations (blue) occupy the center, the anions (green) occupy
the lattice faces. (b): Alternative view of the perovskite structure where BXg form the
octahedra while the organic cations occupy the voids. From [17].

where R4, Rp and Rx are the radii of A, B and X respectively. For halide perovskite
(X=Cl, Br, I), the tolerance factor spans from 0.81 to 1.11 [I9]. When t lies between 0.89
and 1.0, the perovskite is in cubic structure. The cubic symmetry is the ideal case for
perovskites since it presents higher electronic properties. When t is in the lower range,
the structure is less symmetric due to a compression of the B-X bonds; in this case each
octahedron tilts and the structure goes from cubic to tetragonal and to orthorhombic.
On the other hand, when ¢t >> 1, the A cation is too large to allow the 3D structure to
be stable and the perovskite presents itself in layered 2D structures or 1D chains.

In addition to the tolerance factor, Li et al.[I§] developed the octahedral factor to dictate
the stability of the BXg octahedron. The octahedral factor is given by the ratio between

the ionic radius of B and X:

The halide perovskite structure occurs for u > 0.442. Below this value the octahe-
dron becomes unstable and the perovskite structure will not form. Both tolerance and
octahedral factors are not sufficient to predict the formation of all perovskite structures,
however they provide a general criteria to determine the crystalline symmetry. Tolerance
and octahedral factor for 12 different perovskites are reported in figure [19].
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Figure 1.2: Calculated t and p for 12 halide perovskites (MA: methylammonium, EA:
ethylammonium), from [19].

Organic-inorganic halide perovskites

In hybrid organic-inorganic halide perovskite, the A monovalent cation is an organic
composite like the methylammonium ion CH3NH; (commonly called MA) or formami-
dinium (HC(NHy);, FA), which is slightly larger. Also inorganic cations like the smaller
Cs™ with respect to MA or FA is often used. The A cation generally does not affect the
atomic structure and therefore does not directly contribute to the electronic properties
at the band edge. However, when increasing its size, the bond between the B cation and
X anion can stretch, leading to a tilt in the BXg octahedra which ultimately acts on the
band structure and on the band gap.

The smaller divalent cation, B, is usually lead, which allows to reach higher performance
and stability. Tin is also used as a non-toxic replacement. Tin makes the band gap
smaller, however tin based perovskite are not so stable [20]. Replacing lead would also
be favourable from a commercialization perspective since many countries have banned
its use.

The X halogen anion can be iodide, bromide or chloride. From I to Cl the size decreases
so the band gap increases. The ability to tune the band gap by anion substitution is
considered one of the biggest advantages of halide perovskites. Moreover, the electroneg-
ativity will increase so that the bond between the B and X will increase the ionic and
decrease the covalent character.

Mixed compositions are also possible. Mixing cations and halides stabilize the perovskite



1.2. Atomic structure and phases 7

lattice, by increasing the formation energy of defects and thus increasing the device per-
formances. The triple-cation Cs/MA /FA perovskite for solar cells application is one the

most stable compositions [21].

Phase transitions

The three-dimensional lead halide perovskites has several phases. The MAPDI3 has
four solid phases: cubic, tetragonal, orthorhombic and a non-perovskite phase. At high
temperature (7' > 327 K), MAPbI; is found in the cubic phase. Below 327 K, it un-
dergoes a phase transition to the tetragonal phase. In the cubic and the tetragonal
phase the MA cations are disordered and upon application of an electric field, they can
reorient, giving a high ferroelectric response. When going from cubic to tetragonal, the
octahedral tilt and the unit cell doubles its length. Below 162K, the MAPbI3 goes into
the orthorhombic phase, where the MA cations are ordered. The transition to the non-
perovskite phase occurs only in presence of solvents [22].

Due to the smaller radius of bromide with respect to iodide, the bromide perovskite,
MAPDBr3, has a cubic structure at room temperature. In this case, the MA cation ro-
tates in high temperature phases while lowering the temperature and going from cubic to
tetragonal (below 230 K) to orthorhombic phases (below 150 K), the rotation decreases
[23]. The chloride perovskite is also found in a cubic structure at room temperature,

with a transition to the tetragonal phase at lower temperature.
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Figure 1.3: Isosurface plot of the electron density associated to the wavefunctions of the
upper valence and lower conduction bands of MAPbI3. From [25].

1.3 Optoelectronic properties

The optoelectronic properties of lead halide perovskites include the band-gap tun-
ability upon substiution of the halogen atom, high absorption coefficient, high charge

carriers mobility and long diffusion lengths.

1.3.1 Band structure

In hybrid lead halide perovskites, the maximum of the valence band is formed by the
antibonding states derived from hybridization of the atomic halide p-orbitals with the
lead 6s-orbitals. Whereas the conduction band minimum is formed of empty 6p orbitals
of lead [24]. The electron density of the wavefunctions of MAPbDI3 is presented in figure
.ol

Band states are deeply affected by the substitution of the halide component: the valence
band comes from the hybridization of the 6s orbital of the lead with the 5p or 4p or 3p
when substituting iodide with bromide or with chloride respectively; from substitution
of a smaller halogen, the lattice parameter reduces and, as a consequence, the overlap
between the wavefunctions increases thus increasing the orbital coupling and the band
gap [26].

As already mentioned, the organic cation does not contribute significantly to the energy
band structure. In fact, the MA electronic levels lie deep within the valence and conduc-

tion band. However, the dimension of the organic cation can change the band structure
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Figure 1.4: Left: Band-gap increasing upon substitution of iodine with bromine and
chlorine, from [26]. Right: Calculated band structure for MAPDbI3 (a) and MAPbBry
(b), from [27]. The difference in the valence band is due to a stronger s-p bonding in the
bromide perovskite, caused by a shorter Pb-Br bond length.

indirectly: slighly larger A cations can distort the B-X bond. Also the orientation of the
organic cation from < 100 > to < 111 > can affect as well the octahedral cage, leading
to a shift from direct to indirect band gap [2§].

Due to the heavy nature of lead ions, the spin-orbit coupling should be considered in
calculation of the band gap. The inclusion of such interaction give rise to the Rashba
effect, which consists in a splitting of the conduction band and a consequent indirect
nature of the band gap. This can be relevant for bromide, but insignificant for chloride

perovskite [29].

1.3.2 Mobility and charge transport properties
Effective mass

The effective mass of holes and electrons can be assessed from first-principle calcu-
lations of the band curvature or experimentally, for example from magneto-absorption
measurements. The effective masses for holes and electrons in MAPbBr3 were first cal-
culated by Park and Chang to be m} = 0.25m, for electrons and mj; = 0.12m, for
holes [30]. The value of the effective mass changes lightly depending on how the band
structure is calculated or on the particular composition of the perovskite, which give rise
to different curvature. These effective masses are remarkably comparable with those of
inorganic semiconductors like GaAs which has m} = 0.066m for electrons, m;}, = 0.5mq

for heavy holes and m;j;, = 0.08m, for light holes.
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Charge-carrier mobility

Despite the similar effective masses, the charge carrier mobility is lower with respect
to that of inorganic semiconductors. In the semiclassical transport model, the mobility
is defined by p = ==, being mx the effective mass of electrons or holes and 7 the mo-
mentum relaxation time. 7 is the average time interval between two scattering events
that lead to a randomization of the charge carrier velocity with respect to the ohmic
conduction.

The relaxation time constant is determined by scattering mechanisms, both intrinsic and
extrinsic, occurring in the material.

The intrinsic scattering mechanisms involve the interaction between the charge and the
lattice. In polar semiconductors, like hybrid halide perovskites, the charges and the po-
larized medium are coupled to form a quasi-particle called polarons. Carriers ”dressed”
by the local lattice polarization drag the field through the crystal thus being slowed and
exhibiting a lower mobility [17].

The interaction with logitudinal optical phonons is characterized by the Frohlich cou-
pling constant. Frohlich interactions are found to be enanched in Br perovskite with
respect to I perovskites, due to a higher ionicity of the Pb-Br bond with resepct to the
Pb-I bond.

The intrinsic electron-phonon coupling sets a limit to the maximum attainable charge
carreir mobilites, however, also extrinsic factors contribute in lowering the charge carrier
mobilities. Those extrinsic effects include scattering by grain boundaries, dopants, dis-
ordered energy landscape.

The grain size is one of the most relevant factors: the charge carrier mobility is increased

from a poly-crystalline thin film to a single crystal.

1.3.3 Light absorption

The absorption coefficient describes how light is absorbed in the material as a function
of the photon energy. The absorption of hybrid halide perovskites is characterized by a

sharp onset, comparable with that of inorganic semiconductors, as shown in figure [1.5

Light absorption in presence of excitons

Excitons are believed to be responsible for the large absorption coefficient close to
the band gap. Excitons are neutral quasi-particle formed by an electron and a hole elec-
trostatically bounded. The value of the exciton binding energy is particularly relevant

for both radiation detectors and solar cells where excitons must be efficiently dissociated
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Figure 1.5: Comparison of the absorption coefficient between inorganic semiconductors
commonly used in solar cells and lead halide perovskites. From [19].

in free charge carriers to be collected at the electrodes.

In inorganic semiconductors, the exciton binding energy is low enough to allow the sep-
aration of the pair quite immediately with the absorption of light, thus creating free
charge carriers at room temperature. Those kind of particles are called “Wannier” exci-
tons, characterized by a low binding energy and radius exceeding several lattice constants;
for these reasons are also called free excitons.

On the other hand, in organic semiconductors, light does not create immediately free
charges, as excitons can have binding energy much larger than the thermal energy. Those
excitons are called " Frenkel” excitons, characterized by a large binding energy and a small
radius; they are also called bound excitons since are strongly localized.

It is believed that excitons in halide perovskites have sufficiently low energy to be de-
scribed within the Wannier-Mott model. The electron-hole couple is assimilated to an
hydrogen atom with reduced mass p moving in a polarizable medium with dielectric

function €, leading to bound energy states:

Ey
E,=E, = (1.3)
Rop
Ey, = 1.4
(R (1.4)

where Ry = 13.6eV is the Rydberg constant, u=* = m:~! + m};’l is the reduced

exciton mass, expressed in unit of the electron mass mg and n is the principal quantum
number of the exciton state.

Within the Wannier model, the behaviour of the absorption coefficient in presence of
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excitons is described by the Elliott formula [32] 33]:

() oc Moo 247“/_ §(hw — E, + Ey/n?) + 2V EO (I — By) (1.5)

h/u} o Eb
n 1 —e hw—Eg

where 1., is a constant related to the the transition dipole moment, Aw is the photon
energy. 0 and © are the Dirac-delta and Heaviside step functions.

The absorption is composed by two terms:

e The exciton absorption, characterized by delta-peaks centered at the exciton en-

ergy. The absorption intensity of each n-th level is reduced by 1/n3.

e The continuum absorption, which does not simply follow the square dependence

on the density of states with energy but is enanched by the Coulomb interaction.

Temperature and disorder effects broaden the discrete energy levels; to account for such
effects, both excitonic and continuum absorption are convoluted with a bell-shaped func-

tion:

2
ey 2E, (hw— E,+ Ep/n
a(hw)oca{z n3g< ‘% +

/°° <hw—E) 1 1 dE}
Egg r _ o2/ 1 — 3(E — Eg)

[ is the linewidth and the term 8ub/h® is a small correction to account for the non-

(1.6)

parabolicity of the bands. The behaviour of equation is reported in figure 1.6,

It is experimentally evident that upon subsitution of I with Br, not only the energy
gap, but also the binding energy of the exciton increases as reported in figure The
reason for the increase of the exciton binding energy as the band gap increases can be
found in a decrease of the dielectric function. Glaser et al. [34] evaluated the optical
dielectric function of MAPbXj3 and found a decrease in polarizability in the series I-
Br-Cl (¢,(I) = 5.0,¢,(Br) = 4.7,¢.(Cl) = 4.0). The polarization is responsible for the
screening of the Coulombic interaction between electrons and holes by means of the
dielectric function which describes the response of a material to an external electric field.
The real part of a typical dielectric function of MAPDI; is reported in figure [I.8] The

dielectric function is governed by four main contributions:

e On the high frequency part, the electronic interband transitions is responsible for

the sharp onset followed by the quasi-static response e2Ptica,
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Figure 1.6: Absorption spectrum computed according to the formula|l.6 The black line
is the absorption spectrum computed according to Elliott formula based on parameters
typical of MAPbBr; (E, =50 meV, I' = 14 meV, E, = 2.3 eV, 8ub/h* = 0.091eV 1),
with the two contributions from exciton and continuum states, respectively, represented
by the red and blue dashed lines. From [33].
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Figure 1.7: Absorption spectra for lead halide perovskite with varying I to Br ratio
(MAPb(I;_,Br;)s). Sample and spectrum number 1 refers to all iodide, while the number
7 refers to all bromide content. From [31].
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Figure 1.8: Behaviour of the real part of the dielectric function with frequency of the
applied electric field. From [17].

e Toward lower frequencies, polar vibrations of optical phonons of the lead-halide

cage determine the resonances around 1-2 THz ending up in a quasi-static dielectric
THz

s .

function e

e Below 100 GHz, there is the contribution of the rotational motion of the organic

cation MA, leading to a dielectric function eMH#=-GHz

e In the low-frequency edge the dielectric function increases because of the migration

of slow ions.

It is evident from figure that the value of the exciton binding energy depends on
what dielectric function is used to calculate [L.4l

A polarization response whose energy falls below E, do not contribute to the screening
since it can not follow the motion of the electron-hole pair. As suggested in [I7], one can
evaluate the exciton binding energy from direct measuremens like magneto-absorption
technique or analysis of the shape of the optical absorption and take as ¢, an effective
value €.rr = €,(E}). For exciton binding energies like the one of figure , one should
consider the dielectric function evaluated at around 50 meV, which in this case falls in

the range of the ionic and band-to-band contributions.
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Figure 1.9: Equivalent circuit for an ideal solar cell (a), and for a real solar cell (b).

1.4 Applications

Lead halide perovskites are mostly employed as active layer in solar cells, but also in
light emitting devices such as LEDs, lasers and photodetectors.

In the following sections, the solar cell and photodetector structures will be described.

1.4.1 Perovskite solar cells
Solar cell working principle

Solar cells are electrical devices able to convert sunlight into electricity, exploiting
the photovoltaic effect in which an impinging photon, with energy at least equal to the
material’s energy gap, creates an electron-hole pair. The pair is successively separated
by an internal field and collected.
A solar cell is basically a p-n junction and an efficient solar cell shows a good diode
behaviour in dark condition, represented by the blue curve in figure [[.10] When the
junction is illuminated, the solar cell can be represented by an equivalent circuit, reported
in figure (a), made of a current generator, which provides the photogenerated current
I;, and of a diode, which provides the current Ip.

The total current going through the circuit is given by the sum of the diode current

and the current of the generator, expressed by:
I = Io(e?V/meeT 1) — 1, (1.7)

where I is the reverse diode current, q is the electronic charge, n is the ideality factor of
the diode, kj, is the Boltzmann constant and T is the temperature. The I-V characterstic
under illumination shifts down with respect to the dark behaviour, as depicted by the red
curve in figure The maximum power generated by a solar cell, P,,,., is negative,
meaning that the device correctly provides power instead of requiring it.

The short-circuit current, I,., is defined as the current when the voltage across the solar
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Figure 1.10: I-V curve of a solar cell in dark (blue curve) and in light condition (red
curve). V,. and I, are respectively the open circuit voltage and the short circuit current.
P naz 18 the maximum power photogenerated. With respect to the dark, the characteristic
of the solar cell under illumination shifts to the IV quadrant.

cell is zero. I, is due to the generation and collection of electron-hole pairs and it is the
maximum current available for a solar cell.

The open-circuit voltage, V., is defined as the voltage when the current across the solar
cell is zero. It is the maximum voltage available for a solar cell.

Several factors contribute to deteriorate the performance of a solar cell. Non-ideality
mechanisms are described introducing two resistivities: the series (Rs) and the shunt
(Rsp) resistances; both modifies the equivalent circuit as shown in figure (b). In this
case, the total current flowing throught the circuit as a function of the voltage can be

written as:

V — IR,
Rsh

The shunt resistance and the series resistance modify the I-V characteristic of the ideal

I = [o(e?V—alfs/nbT _ 1) — [} 4 (1.8)

solar cell as shown in figure [1.11] where the curves are plotted with changed sign as
is usually done in photovoltaics characterization measurements. The higher the series
resistance, the lower is the short-circuit current. Similarly, the lower the shunt resistance,
the lower the open-circuit voltage.

Ry is induced by contact resistances, extraction barriers and other factors, while Ry,
is caused by additional current paths or local shunts. In an ideal solar cell, the series
resistance is small and the shunt resistance is infinite.

The following parameters describe the photovoltaic performances of a solar cell:
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Rsh=-1/slope

decreasing Rsh
Rs=-1/slope

increasing Rs

Vv

Figure 1.11: I-V characteristics of an ideal solar cell (in black), of a solar cell affected by
low shunt resistance Ry, (in red) and affected by high series resistance Ry (blue). The
shunt resistance is calculated from the inverse of the slope of the curve at I,., while the
series resistance from the inverse of the slope at V..

e P,.., the maximum extractable power, is defined as the product between the

maximum current and the maximum tension obtainable by the I-V characteristic:

Pmaz = ]maxvmax(W) (19)

e FF, the fill factor, defined as the ratio between P,,,, and the product between I,

and V.
P
FF=-"% x1 1.1
. x 100(%) (1.10)
Since the product 1,.V,. is always larger than P,,.., the fill factor is smaller than
100%.

e PCE, the power conversion efficiency, is defined as the ratio between P,,,,, and the

incident power P;,:

PCE = ]jgm « 100(%) (L.11)

in
The power conversion efficiency express the ability of the solar cell to convert the

incident power.

Perovskite solar cell architectures

A typical perovskite solar cell structure is presented in figure [1.12] where the per-

ovskite absorber layer is located between an electron and a hole transporting layers (ETL
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and HTL).
(a) n-i-p mesoscopic (b) n-i-p planar (¢) p-i-n planar (d) p-i-n mesoscopic
Metal Cathode (Al) Metal Cathode (Al)
HTM (Splro MeOTAD) HTM (Splro MeOTAD) ETM (PCBM) ETM (PCBM)

ETM (To,)

ETM (TOz) HTM (PEDOT:PSS) HTM (NiO)

Transparent anode (ITO) Transparent anode (ITO)
Glass Glass Glass Glass
Sunlight

Figure 1.12: The four structures of solar cells: mesoscopic n-i-p, planar n-i-p, planar
p-i-n and mesoscopic p-i-n. From [35].

The purpose of the hole transporting layer, also called electron blocking layer, is to
promote the collection of holes with respect to electrons. The same is for the electron
transporting/hole blocking layer but for the electrons. HTL and ETL are materials such
that their valence and conduction bands allow for the separation of only one type of
charge carrier with respect to the other, when in contact with the perovskites, as shown
in figure An additional scaffold layer can be inserted, between the compact ETL
and the perovskite, made of TiOs; this structure is commonly referred to as ”mesoscopic”
or "mesoporous” n-i-p. If a scaffold layer with hole transporting properties is inserted
between the compact HTL and the perovskite, the structure is referred to as mesoscopic
p-i-n.

The structure without the scaffold layer is called ”planar” and can be n-i-p or p-i-n,
based on the sequence of the layers.

In the n-i-p configuration, the transparent-conductive layer (TCO), usually fluorine-
doped or indium tin oxide, is in contact with the ETL, while in the inverted p-i-n
configuration the TCO is in contact with the HTL. Finally, a metal electrode is placed
on top. The two n-i-p and p-i-n planar structures, as well as the mesoporous structures,
are reported in figure [1.12

The HTL and ETL not only have to match with the energetic levels of the perovskite,
but also need to provide a defect-free interface in order to minimize the recombination

of photogenerated pairs.
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Figure 1.13: Comparison between the energetic levels of electron transporting materials,
the perovskites, and hole transporting materials. ET layers have their energy bands such
that electrons can flow from the conduction band of the perovskite to the conduction
band of the ETL. While the flow of holes is energetically unfavored. The same is for the
HT layers but for holes. From [37].

1.4.2 X-ray radiation photodetectors

Since the attenuation coefficient for X-ray photons is proportional to Z*/E? lead halide
peroskites are suitable candidates for X-ray radiation detectors as they contain heavy
atoms like Pb and I or Br. Moreover, thanks to their large bulk resistivity, perovskite-
based photodetectors allow for achieving small dark current and noise. A high sensitivity,
defined as the number of charges collected from the detector for unit of incident radiation
energy, is also required.

With respect to solar cell devices, the perovskite absorbing layer must be thicker enough
to stop the incident X-ray radiation; this is why lead halide perovskite single crystals
have shown to perform better with respect to thin-film structures, also thanks to their
higher degree of crystallinity.

As an example, Wei et al. [2] implement lead bromide perovskite single crystals in
Au/MAPDBr;-SC/Cqy/BCP/Ag or Au structure (in figure and achieved a X-ray
sensitivity of 80uCGy,.Lem™2 (derived from the slope of the (c)). The high sensi-
tivity is required as high doses are known to be harmful for the human body. The lowest

2

detectable dose was 0.5 uCGy,..em™2 which is lower than required by regular medical

diagnostics.

A remarkably high hardness to ionizing radiation is also observed; Yang et al. [38] found
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MAPbBBr; single
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Figure 1.14: Single crystal radiation detector structure used in [2].

that the perovskite active layer retained 96.8% of its conversion initial efficiency after
continuous irradiation with «-ray and light for 1535h, with a total dose of 23 kGy. Lang
et al. [39] reported a decrease of 20% of current density when irradiating the perovskite
with a beam of 68 MeV protons. When the proton irradiation terminated, a self-healing
process started and the current density recoverd. The reason could be attributed to the
high formation energy of deep defects, which is usually detrimental to the stability and

to the performance of the device.
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Figure 1.15: (a): comparison between the attenuation coefficient of CdTe, MAPbI;,
MAPbBr3, MAPbCl3 and Si to 50keV X-ray photons versus thickness. (b): MAPbBr;
SC device response to X-ray by turning the X-ray source on and off. (c): X-ray gener-
ated photocurrent at various dose rates, down to the lowest detectable dose rate. (d):
Normalized response as a function of input X-ray frequency showing the 3 dB cutoff

frequency. From [2].
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1.5 Defects, stability and health issues

The presence of defects, the degradation under moisture, oxygen and light can cause
performance and stability issues and along with the toxicity of lead, all these factors can
hinder perovskite devices from being commercialized.

A lot of effort has been done in order to both intrinsically improve or to stabilize the
material.

In the following section, some of these problems will be addressed.

1.5.1 Defects

Hybrid halide perovskites are affected by defects which overall reduce the device per-
formance. Two types of defects exhists in perovskite: one-dimensional, like point defects
and dislocations and two-dimensional defects, like grain boundaries. Defects can deform
the crystal lattice and thus change the band structure. They can also introduce deep
states within the gap that can act as recombination centers for holes and electrons.
The formation energy of these defects depends on the composition and on the growth

conditions.

Point defects

Intrinsic point defects in halide perovskite can be interstitial (i), vacancy (V) or
substitutional defects. It is generally found that these defects do not form deep states
within the gap, but rather shallow levels. The formation of those defects and their
position in the energy band in MAPDI; is reported in figure [I.16] Point defects like
subsitutional I/ 4, Ipy, Pb; and interstitial Pb; cause deep states, however their formation
energy is high. While defects like I; or MA;, with relatively low formation energy, form
shallow levels. This is the reason why perovskites are considered relatively defect tolerant
and why sometimes a p-type or n-type behaviour is observed [40}, 41]. A similar behaviour
is found for the bromide perovskite [27]. The calculated energy levels of intrinsic point
defects are reported in figure [[.1I7] Only Pb;, Pbpg,, Brya and Brp, form deep levels
within the gap. By calculating the formation energy in case of Br-rich/Pb-poor or
neutral growing conditions, the Fermi level is such that the perovskite exhibits a p-type
behaviour, while in Pb-rich/Br-poor condition the perovskite exhibits an intrinsic or

slighly n-type behaviour.
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Figure 1.17: Energy levels of point defects in MAPbBr3 from [27].
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Grain boundaries and surface defects

Grain boundaries are the most relevant 2D defects in film perovskites where most of
the defects are located. Grain boundaries can provide pathways for water infiltration as
well as charge accumulation.

Grain boundaries are particularly relevant for thin films and they can form non-radiative
recombination centers and charges can accumulate; this forms potential barriers and con-
sequently hinders the separation of the charge carriers.

Thanks to the absence of gain boundaries, perovskite single crystals have better optical
and electronic properties with respect to their polycrystalline counterparts. However, the
surface of a single crystal is affected as well by defects, caused by chemical impurities,

dangling bonds, surface dislocations and undercooordinated atoms.

1.5.2 Stability
Humidity

Moisture is considered one of the most challenging issue [36] for hybrid halide per-
ovskites. Due to the hygroscopic nature of the MA cation, the material absorbs easily
water from the enviroment.

In presence of moisture, the methylammonium lead iodide perovskite undergoes the fol-

lowing degradation mechanisms:
o CH3NH3PbI;(s) <> Pbly(s) + CH3N Hszl(aq)
e CH3NH;3I(aq) +» CH3N Hy(aq) + HI(aq)
e 4HI(aq) + Ox(g) <> 215(s) + 2H20(1)
e 4HI(aq) <> Hy(g) + Is(s)

The tendency of the perovskite to decompose is due to the hydrogen bonds between the
organic and inorganic parts. Inserting a fraction of Br in MAPb(I,Br;_,) solar cells im-
proved their performance and stability; the reason is that by substituting the iodide with
a smaller ion, the perovskite lattice shrinks, resulting in a more stable cubic perovskite
due to a strengthening of the bonds between organic cation and lead halide [42].

Another way to stabilize the structure is by substituion of the A cation. It has been

proved that the most stable perovskite structure is formed by alloying MA with the
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larger FA and with Cs. Substituting a much larger organic cation in the A site trans-

forming the 3D in a 2D perovskite also provides a superior moisture stability [36].

Oxidation

Both perovkite layer and transport layers of solar cells can interact with oxygen,
leading to oxidation-induced degradation that can be further enhanced by illumination.
For what concerns the perovskite active layer, oxygen can diffuse through halide va-
cancies, which, as mentioned in the previous paragraph, have relatively low formation
energy. Molecular oxygen can trap electrons in the conduction band and form charged
and highly reactive superoxide O, which can initiate an acid-base reaction with the
acidic methylammonium site [36].

Tin-based halide perovskites have been shown to be more prone to oxidation than the
lead perovskites, thus leading to a much less stable device [20].
For what concerns transport layers, ETL such as TiO, catalyze the oxidative decompo-

sition of the material in contact with it.

INlumination

The behaviour of the perovskite upon illumination should be studied carefully for
photovoltaic devices. Upon illumination, significant changes in the perovskite film can
occur, such as halide segregation, ion migration and compositional degradation. For
example, mixed halide perovskites such as MAPbBr,I;_, show a reversible phase segre-
gation into Br~ and I~ under light exposure. This phenomenon is called Hoke effect.
Metal halide are known to photodecompose: upon photoexcitation, carriers can be
trapped at defect sites which can oxidize iodide to iodine and reduce Phboy to Phy.
Many reported the formation of metallic lead under x-ray irradiation [45, 46] and also
under visible light [47].

Reaction with electrodes

Metals, used as electrodes on top of perovskite, can react with the halogen and with
the halide species produced under humidity, oxygen, light and heat.
For example, halide anions can diffuse from the perovskite to the metal electrode, cor-
roding the metal and causing a halide deficiency in the perovskite. Metal in the contacts

can form a redox couple with Pb?* in perovskite films, accelerating the loss of halide
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species and forming Ph? [44]. Metal diffuses under the activation of heat and or light
into the perovskite active layer, forming insulating metal halide species or defects states
at the interface or in the bulk [36].

1.5.3 Health issues

The lead halide perovskite uses heavy metal ions such as lead that can impact on
health and give rise to enviromental issues. Alternative to lead such as tin are being
studied. However, tin-based perovskites show lower stability due to the oxydation of tin,
from Sn** to Sn** [20].

Moreover, the solvents used during the fabrication processes, such as dimethylformamide
(DMF) and dimethylsulfoxide (DMSO), are toxic for both humans and enviroment.



Chapter 2
Experimental methods

The following chapter describes the preparation of the samples and the methods that
have been used to characterize them.
The first part involves the fabrication of MAPDbI3 solar cells, which have been produced
at the University of Konstanz (Germany) under the supervision of the PhD student
Vaidvile Ulbikaite. The methods which has been used for the MAPbBr3 single crystals,
grown by the PhD student Giovanni Armaroli at the University of Bologna, are described
as well.
The second part presents the experimental setup used to extract the photovoltaic pa-
rameteres of the MAPDI; solar cells, and the characterization methods that have been
employed to test the radiation hardness of the MAPbBrj single crystals under X-rays; in
this regard, the working principle of surface photovoltage and photocurrent spectroscopy,

along with the X-ray tube setup have been described.

2.1 Sample growth

The MAPDI; solar cell’s layers have been deposited with spin-coating, which is one
of the most common technique to deposit solutions. With the aid of a pipette, a certain
amount of the solution is dropped on the substrate; the spin-coater rotates while the
solution spreads over the substrate and the solvent evaporates. The spin-coating is a rel-
atively easy and fast procedure; however, extra attention in choosing the right amount
of solution, the type of solvent, and the setting parameters must be payed to obtain a
uniform thin film.

The MAPDbBr3 single crystals have been grown with the seed-assisted inverse temper-

ature crystallization (ITC) procedure, described in reference [48], which allows to get

27
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reproducible and high crystalline samples.

2.1.1 MAPDI; solar cells

The device is a planar n-i-p structure where the Indium-Tin-Oxide (ITO) substrate
is in contact with a compact TiO5 electron transporting layer. The perovskite substrate
is spin-coated on top of the TiO, in a two-step process where the Pbl, layer is deposited
firstly and the MAI layer secondly; the two-step deposition is a common procedure to
obtain uniform films. Then the hole transporting layer, made of Spiro-OMeTAD with
added Li-salt and Co-salt, is spin-coated on top of the perovskite layer. Finally, the silver
contacts are evaporated on top. The structure of the solar cell is depicted schematically
in figure [2.1
A batch of 60 samples has been prepared and grouped with slighly different deposition
characteristics, depending on how the contact with the ITO is created, on the type of

additive for the HTL (Li or a combination of Li and Co salts) or on the spin-coating

time for the HTL layer.

| Spiro-OMeTAD

Active area

glass

Figure 2.1: Scheme of the MAPbI3 thin film solar cell in the n-i-p planar structure.

Fabrication procedure

The substrates are glasses covered with I'TO with 15 €2 of sheet resistance. Each glass
has been etched with zinc powder and hydrochloric acid in order to leave part ot the
ITO free, as shown in the right part of figure
Then, the substrates have been cleaned in the ultrasonic bath firstly, and with the UV-
ozone machine secondly, aiming to obtain clean glasses for the successive deposition.
The TiOg, the Spiro-OMeTAD doped with Li and/or Co, the MAI and Pbl, solutions

have been prepared and stored inside of a glovebox in nitrogen atmosphere.
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Figure 2.2: The final MAPbI3 solar cell.

Successively, the titania oxide solution has been spincoated and the sample are left to dry
on a hotplate for an annealing procedure. The Pbly, the MAI and the Spiro-OMeTAD
solutions has been spincoated in controlled nitrogen atmpsphere in order to reduce as
much as possible the degradation of the perovskite layer.

Before the evaporation of the silver contacts, part of HTL and of the perovskite substrates
has been removed in order to separate the ITO, as illustrated in figure [2.1

Three contacts have been evaporated on HTL layer as top contacts and one contact on
ITO layer as bottom contact. First a thin layer of tungsten oxide and then the layer of
silver have been evaporated, to obtain a final thickness for the contacts of about 100 nm.

The completed device is reported in figure [2.2

2.1.2 MAPDBr; single crystals

The MAPbDbBr3 single crystals have been grown with the seed-assisted inverse temper-
ature crystallization (ITC) method, as described in reference [48], based on the inverse

solubility of the perovskites in specific solvents.
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(a) Temperature feedback (b) (C)

Heating 85°C
3°C/min 10°C/h

—> —>

Heating 85°C

Figure 2.3: (a): the solution is heated from room temperature to 85°C. (b): the seeds
grow by spontaneous nucleation. (c): the crystals grow around the seeds.

Single crystal growth

The solution is prepared by dissolving MABr and PbBry precursors in 1:1 molar ratio
in DMF, to obtain 1 M solution of MAPbBrs. The solution is stirred at room tempera-
ture for 3 hours and filtered in a closed vial.

In order to obtain the seeds, the solution is heated up on a hotplate from room temper-
ature to 85°C at 3°C/min rate. This is a relatively rapid temperature ramp which leads
to the spontanous nucleation and to the formation of many small crystals (steps (a) and
(b) of figure 2.3). Then the crystal seeds are recovered from the vial.

A new 1 M solution of MAPDbBrj is then heated up to 55°C at 3°C/min rate. At 55°C,
one or more seeds are immerged in the solution, heated up rapidly to 65°C and then to
85°C at 10°C/h. This way the crystal nucleates heterogeneously around the seed in 2-3
hours (steps (b)-(c) of figure [2.3).

The resulting crystals are cubic-shaped, reflecting the cubic symmetry of MAPbBr3 sin-

gle crystals, with approximately 5x5x2mm dimentions each as shown in figure [2.4]

Metal contacts

In order to perform I-V characterization and photocurrent spectroscopy, a layer of
chromium and then a thin layer of gold are evaporated to obtain two coplanar contacts
on top of the surface. The evaporation procedure consists in placing the filaments of
the selected metals (in this case, Cr and Au) on tungsten wires inside the evaporator
chamber, where the air is pumped out by a vacuum system; when the pressure reaches
~ 107% mbar, the filaments are heated up by gradually increasing the current flowing
through the tungsten wires. As the filament melts, the metal’s atoms evaporate and
deposit on the sample, which are fixed on a faced-down metallic plate.

After the evaporation has been completed, the crystals have been fixed to a glass sub-

strate by means of copper tape and silver epoxy paste, as shown in figure[2.5| The silver
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Figure 2.4: Top view of a MAPDbBr;3 single crystal acquired with an optical microscope.
At the center, the seed around which the crystal grew can be noticed.

Ag paste\ Cu tape

glass

Figure 2.5: Side view of the MAPbB33 single crystals with Cu+Au top coplanar contact
and Ag paste and Cu tape as back contact.
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Figure 2.6: Setup for the characterization under dark and light condition of solar cells.

epoxy paste served also as back contact.

2.2 Characterization techniques

The thin film solar cells have been characterized via I-V measurement in dark and in
light conditions, while surface photovoltage and photocurrent spectroscopies (SPS and
PCS) have been used to optically characterize the single crystal samples, before and after
X-rays exposure.

The SPS is a non destructive spectroscopy method that is usually performed in order to
determine the semiconductor band gap, the type of semiconductor and defects states.
The PCS is a widely used optoelectronic technique to study the absorption of light and

the transport of the photogenerated carriers.

2.2.1 Photovoltaic characterization

The setup used to measure the I-V curve of a solar cell in dark and under illumination
is reported in figure [2.6}

the sample is placed inside a glovebox, filled with nitrogen atmosphere. A voltage
sweep is applied and the current output is measured through a source measurement unit
(SMU). In order to measure the output current under light condition, the sample is
illuminated through the ITO-covered glass. The light source simulates the emission of
the sun; a Xenon lamp reproduces the spectral irradiance of the sun at a standard Air
Mass coefficient (AM) equal to 1.5, where the AM is defined as the inverse of the cosine
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Figure 2.7: Spectral irradiance at AM=1.5 of the sun.

of the angle between the sun and the zenit. The simulated spectra of the sun at AM=1.5
is reported in figure 2.7, In standard condition, all solar cells are characterized by a
input light intensity of 100 mW /cm?.

2.2.2 Surface photovoltage spectroscopy

The SPS consists in measuring the surface photovoltage signal (SPV) induced by
photogenerated carriers. The surface photovoltage involves a change in surface potential

due to a generation and a subsequent redistribution of charges between the surface and
the bulk [49].

Working principle of surface photovoltage

The termination of the periodic structure of a semiconductor at the free surface may
form surface-localized states; these states include dangling bonds, surface reconstruction
or relaxation, steps and kinks at the surface, impurity atoms absorbed at the surface
50].

Due to the presence of these surface states, the energy bands of a semiconductor are
bent. This band bending causes a redistribution of charges between the bulk and the
surface, thus forming a space charge region (SCR) near the surface with non-zero electric
field. The potential difference between the bulk and the surface is called V5.

Since at the surface there is typically a depletion of majority carriers with respect to the

bulk, in a n-type semiconductor, the bands are bend upwards while in a p-type are bend
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Figure 2.8: Bending of the energy states in dark (V,, in solid black) and under illumi-
nation (V*;, in dashed yellow) for a n-type semiconductor. The flat dashed black line
represents the bulk potential.

downwards. In the up-bending case, the V, is positive while in the down-bending case
the V, is negative. The band bending in case of a n-type semiconductor is depicted in
figure 2.8

The excess carriers, generated by the impinging photons whose energy is higher than
the band gap, are separated by the built-in electric field of the space charge region, so
that one type of carrier moves towards the surface, while the other towards the bulk,
as illustrated in figure (a) of . This exchange of charges between surface and bulk
induces changes in the electric potential at the surface; in case of upward bending, holes
are attracted at the surface, while electrons are repelled from it, thus resulting in a de-
crease of the band bending. In case of downward bending, electrons move towards the
surface while holes towards the bulk, causing a decrease of bending in this case, too. The
change of voltage induced at the surface by light with respect to the dark is reported in
figure, for n-type 2.8] 0V indicates the difference between the surface voltage in dark
and in light. In figure is illustrated the change in voltage for a n-type and a p-type
semiconductor.
If the incident energy is lower than the band gap energy, the light can induce transitions
between surface states, which lie within the gap, and the continuum states. In case of

surface states-conduction band transitions, reported in figure (b) of figure , the elec-
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Figure 2.9: Mechanisms of generation and redistribution of charges in a n-type semi-
conductor. The solid and dashed lines indicate the energy bands before and after illu-
mination, respectively. (a): Generation and redistribution between valence band and
conduction band, (b): between surface trap state and conduction band, (c): between
surface trap state and valence band.

tron is repelled away from the surface, causing a decrease of the band bending while the
hole stays in the surface state. However, in case of valence band-surface states transi-
tions, the holes accumulates at the surface, causing an increase of the band bending while

the electron stays in the surface state; in this case an increase of the band bending occurs.

Applications of surface photovoltage

The surface photovoltage signal is proportional to the absorption coefficient [51],

according to:
a(hw)
hw

The SPV spectra can be used to determine the characterstic features of absorption, like

SPV (hw) (2.1)

the band gap or the exciton’s binding energy. Usually, in order to determine the ab-
sorption coefficient a measure of both the transmission and the reflection coefficient are
combined to extract the absorbance and then the absorption coefficient; this procedure
has been used to calculate the absorption coefficient of MAPbBr; single crystals [52].
Rather, by means of equation 2.1, SPS allows to determine the absorption coefficient
with a single measurement; however, the SPS, expecially for energies below the band
gap, is much more surface-sensitive with respect to the transmission spectroscopy.

SPS can be also used to determine whether the semiconductor is n-type or p-type. In
both cases, photons with energy Aiw > F, decrease the band bending and the difference

in signal will be positive for n-type semiconductors while negative for p-type semicon-
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Figure 2.10: Band bending in case of dark (black lines) and light (yellow-dashed lines) for
n-type or p-type semiconductors. The black dashed lines represents the bulk potential.

ductors, as illustrated in figure [2.10}

Experimental setup for surface photovoltage spectroscopy

The surface photovoltage spectra are acquired in the metal - insulator - semiconductor
(MIS) operation mode; the transparent electrode, a glass coated with indium-tin-oxide
(ITO) is placed in "soft contact” with the semiconductor surface, as described in [51].
The surface of the ITO and the semiconductor form a parallel plate capacitor while the
air in the middle acts as insulating layer. As illustrated in figure 2.11], the sample is
mounted on a metal stage which can move in the x-y-z direction, in order to place the
surface of the crystal parallel to the ITO coated glass. The beam of a Xenon lamp is first
chopped at 20 Hz freqency and then sent to the monochromator. The potantial voltage
between the ITO and the back contact of the sample, generated by the accumulation
of charges, is measured by connecting a 1 G resistance in parallel with an amplifier,
whose output is sent to the Lock-in Amplifier. The Lock-in filters out all the frequencies
except for the 20 Hz, allowing a clean acquisition of the signal. The collected data are

then fed into a PC and read by a LabView software.
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Figure 2.11: Block-diagram of the surface photovoltage apparatus.

2.2.3 Photocurrent spectroscopy
Working principles of photocurrent spectroscopy

When a semiconductor is irradiated with photons whose energy is higher than the
energy gap, electrons absorb energy and are promoted to the conduction band. When
these photoelectrons are created, simultaneously the conductivity inside the sample in-
creases and the number of photons transmitted decreases.

The photocurrent spectroscopy technique consists in collecting this current at the elec-

trodes as a funciton of the photon energy.

Applications of photocurrent

The photoconductivity is proportional to the absorption coefficient of the material
[53]:

P x1—exp(—da) (2.2)
where d is the thickness of the sample. This relation is valid when the surface recom-
bination is negligible compared with volume recombination. Photocurrent spectroscopy
allows to obtain information about the energ gap, the degree of crystallinity and the dis-

tribution of shallow levels, which lead to an increase in conductivity for below-bandgap

photon energies.

Experimental setup for photocurrent spectroscopy

The photocurrent setup is reported in figure [2.12] The sample is irradiated with a
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Figure 2.12: Block-diagram of the photocurrent spectroscopy.

QTH lamp that is first chopped at 20 Hz frequency and then sent to the monochromator.
The monochromator sends one wavelength at a time in a chamber where the sample is
kept in dark from ambient light. The photogenerated carriers are collected by two
microprobes connected to the electrodes. The photocurrent is measured as a voltage
drop across a 10 MS2 resistor. The output, as well as the frequency of the chopper are
fed into the Lock-in amplifier, and then to the PC, where the software generates the

photocurrent spectra.

2.2.4 X-ray irradiation setup

In order to test the radiation hardness of the MAPbBrs single crystals under X-ray
photons, the samples are first irradiated with an X-ray beam in order to deposit a certain
dose; In this paragraph, the concept of dose for ionizing radiation and the experimental

setup used for the irradiation process will be introduced.

Radiation dosimetry

The absorbed dose is a measure of the energy deposited in matter by the ionizing
radiation.
The gray (Gy) is usually used as unit of measurement for the absorbed dose; it is defined
as the absorption of 1 joule of radiation energy per kilogram of matter (J - kg™!). The
amount of energy absorbed by 1 kg of a substance strongly depends on the nature of the
substance itself, on which the radiation is deposited. For this reason, in order to have
a common reference, it is usual to use the Gyg;., which is defined as the energy (in J)

absorbed by 1 kg of air. From now on, the amount of absorbed dose will be expressed
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in Gy, but indicated simply by Gy, in order to simplify the notation.

The rad is another used unit of the CGS system; it is defined as the dose causing 100
ergs of energy to be absorbed in one gram of matter (100 erg - ¢! ); in particular, 1 rad
= 0.010 Gy.

Experimental setup

The experimental setup used for X-ray irradiation is depicted in figure The X-

ray tube is made of a tungsten cathode, which is heated up by a current in order to cause
electrons to be emitted by thermoionic effect. Those electrons are then accelerated by a
high potential difference towards the anode, made of tungsten. The impinging electrons
excite the target core-shell electrons, which emit X-ray photons when going back to the
equilibrium.
The emitted X-ray spectrum for the tungsten target is simulated in figure Over
the Bremstrahlung continuum, caused by the decelerating electrons, the discrete peaks
are characteristic of the energy of the tungsten core shell. From a previous calibration
of the X-ray beam, it is known that the deposited dose rate on the sample, located at 9
cm from the tube, is 75.82 mGy/s.
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Figure 2.13: Setup used to deposit the radiation dose on the crystal, composed of a X-ray
tube and a stage where the sample is located. The tungsten cathode is heated up by a
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Figure 2.14: X-ray emitted spectrum from the tungsten target, where electrons are being
accelerated by 150 kV. The spectrum is composed by the continuum emission and by

the characteristic lines of the target.



Chapter 3

Optoelectronic characterization

results

The following chapter is divided in three parts; the first contains a brief example of
the photovoltaic characterization of one of the MAPDI; solar cell, fabricated as described
in the previous chapter, through current-voltage measurement in dark and in light con-
dition. The solar cells do not show the expected photovoltaic parameteres and further
improvement of the devices has been hindered by the closure of the university due to the
pandemic. The second part presents the characterization of the MAPbBr3 single crystals
as grown with SPS and PCS measurements; the third part is dedicated to the same SPS

and PCS characterization after exposure to X-ray photons.

3.1 MAPDI; photovoltaic characterization

The MAPDI; solar cells have been characterized with I-V measurements in dark and
in light and the main parameteres have been extracted from the output curve.
The dark curve has been acquired by applying a voltage sweep from -0.1 and 1.2 V in
0.01 V steps. The results for one of the fabricated solar cells is reported in figure |3.1
(a). The solar cell shows a diode-like curve in dark. The current can be divided in
three regions, respectively dominated by the shunt resistance, by the diode behaviour
or by the series resistance in the low, in the middle and in the high voltage regions. As
calculated from the dark I-V curve by the software, the shunt resistance and the series
resistance are equal to R,,=27366.8 2/cm? and R,=0.3 Q/cm?; as explained in section
[[.4.1] a high value for the shunt resistance is preferred, as it indicates that there are no

current shunts; while the low series resistance shows that the contacts resistance and the

41
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Figure 3.1: (a): diode behaviour of the MAPbI; solar cell in dark. (b): MAPDI; solar
cell behaviour under illumination, in blue for the applied voltage scan in the forward
direction, in red for the backward direction.

extraction barriers are low.

The light curves have been acquired by applying a voltage sweep between -0.1 and 1.2
V in 0.01 V steps; the solar cell has been illuminated through the transparent electrode
with an intensity of 99.54 mW /cm?, scanning the voltage both in forward and backward
direction. The results are plotted in figure (b), from -0.1 to approximately 1.0 V,
and with changed sign of the current, as for standard photovoltaic characterization.
The main parameters have been calculated by the software from the forward and from
the backward curves and have been reported in the figure (b). With respect to the
forward direction, the backward scan presents a larger fill factor and a better power
conversion efficiency given by a higher shunt resistance and a lower series resistance.
Differences between the forward and the backward scan in perovskite solar cells arise
from hysteresis effects, by which the power output largely depends on the hystory of the
device. Hysteresis in perovskites is connected to the migration of ions. Mobile ions can
in fact accumulate near the interfaces, forming space charge layers. Those charge layers
influence the charge extraction efficiency and give rise to different fill factors depending
on the hystory of the applied voltage. In order to avoid hysteresis, the potential sweep

should be slow enough to allow the ions to follow.
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3.2 MAPDBr; optoelectronic characterization

Two single crystals, grown as described in the section and named in the following
711 and 712 samples, have been characterized by surface photovoltage measurements;
three SPV spectra have been acquired after 0, 72, 96 hours after the evaporation of the
contacts, whose method is described in section [2.1] as well. The procedure is schemati-
cally depicted in figure (3.2

The SPS results on a third not contacted sample, named here 613, are presented for

(1) Free surface (2) Contacted surface

Contacts
evaporation

Figure 3.2: Surface photovoltage measurement before (1) and after (2) deposition of the
contacts. In (2), the monochromated beam is focused on the free surface of the single
crystal.

comparison. On the contacted 711 and 712 samples, I-V and PCS have been also per-

formed.

3.2.1 Surface photovoltage spectroscopy

The SPV spectra are obtained by illuminating the surface with a photon beam, with
wavelength ranging from 500 to 600 nm, in 2 nm steps. The frequency of the chopper
has been set at 20 Hz and sent to the Lock-in Amplifier. The time constant 7 of the
Lock-in’s filter have been set to 1 s and the cut-off frequency to 12 dB/oct.

The acquired spectra are normalized to the Xenon lamp spectrum, which has been pre-
viously sampled with a pyroelectric sensor. With the aim to facilitate the visualization,
all data have been normalized to 1, with the SPV signal at A=500 nm as normalization
constant.
The results are reported in figure (a) and (b) for the 711 and 712 samples.

As the main transitions of the SPV spectra are represented by slope changes, three

features can be identified:
e The A-transition, due to the band-to-band absorption.

e The A*-transition, due to the excitonic absorption.
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Figure 3.3: (a): SPV amplitude spectra of sample 711; (b): SPV amplitude spectra of
sample 712, characterized as grown. The letter A indicates the band-to-band transition,
B the below band-gap transition and A* the excitonic feature. (c): SPV amplitude
spectra of sample 613; the spectrum clearly exhibits the A and the A* features, with no
evidence of the B transition.
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e The B-transition, due to a below band-gap absorption.

From 2.2 eV, up to higher energies, the SPV spectra exhibit the shape of a typical
absorption in presence of excitons, as described in section the signal is in fact
characterized by a strong excitonic feature (A*) followed by the continuum absorpion of
the band-to-band (A).

Despite being proportional to the absorption coefficent as indicated in expression [2.1,
the SPV signal decreases in intensity in the higher end of the spectra; this phenomenon
is often observed in presence of high surface recombination [54]. Moreover, the surface
photovoltage requires both the photogeneration and the subsequent separation of the
charges; as explained in section [2.2.2] the separation occurs thanks to the diffusion and
to the build-in electric field. For these reasons, the surface photovoltage signal differs
from the absorption coefficient.

The below band-gap B-transition is located at energies below 2.2 eV; however, this
feature does not appear in every sample measured under SPS. As an example, the SPV
amplitude spectra of the crystal 613 does not reveal any visible below band-gap peak
(figure (c)).

The SPV amplitude spectra after contacting the sample 711 are presented in figure
(a). Three spectra have been acquired after 0, 72 and 96 hours after the metal
contacts have been evaporated on top of the single crystal surface. The height of the
below band-gap peak (B-transition) of the 711 sample increases considerably, right after
the evaporation of the top contacts; the amplitude becomes higher than the band-to-
band transition of point A. The SPS have been repeated after 72h and 96h from the
evaporation. A decrease in intensity of B peak is observed. After 96h, the B peak
became lower than the initial amplitude.

A similar trend is observed for the 712 sample, where the sub-band gap peak increases
after the evaporation and decreases in time. The behaviour of the B-peak height in SPV
spectra is reported in figure (b) as a function of time for sample 711, where all the
points have been normalized to the height of the B-peak of the free surface. Right after
the evaporation, the peak became about 3.5 times higher than the initial height. After
96h, the height decreased and became lower than the initial height.

Analysis of the below band-gap peak

To further investigate the nature of B-transition, characterizing the energy region be-
low the band-gap, the analysis of the SPV phase spectrum is performed: from the phase,

it is possible to extract informations about the type of charge carriers involved in the
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transition. The following hypothesis have been formulated accordingly to the method
explained in reference [49).

The SPV amplitude and phase of the sample 711 is reported in figure [3.5| as a function
of the photon energy. The phase of the SPV signal is characterized by two regions:
during the B-transition, the phase shows positive values, around 80°, then drops to neg-
ative values, around -100° in the A*-transition region and mantains itself negative during
the continuum A-transition. The negative phase in correspondence of the band-to-band
transition A means that holes are being preferentially accumulated at the surface, while
electrons are being separated toward the bulk. This phenomena is typical for a n-type
semiconductor, as explained in the previous chapter.

The change from a negative to a positive phase means that an opposite process with
respect the band-to-band is involved: electrons are being accumulated at the surface
while holes towards the bulk. As a consequence, the SPV signal increases. This could
mean that the below band gap peak is due to a surface state where electrons are being
trapped, leading to an increase of the surface photovoltage instead of the usual decrease.
This phenomenon is called ”photovoltage inversion”.

The phase of the SPV signal does not change after the evaporation; this means that the
previous considerations about the type of charge carriers involved remain valid. More-
over, sample 712 shows the same behaviour of the phase.

The increase of the amplitude in figure [3.4] could be associated to an increment of the
trap density and of the subsequent trapping of electrons by the same surface state.
Since the below bang gap peak often shows up in the SPV spectra right after the crystal
growth, it could be related to an intrinsic defect such as MA;, Pbysa, Vg, and MAg,;
those defect, as described in section have a low formation energy and result in
shallow states that act as traps for electrons. Intrinsic defects mostly form due to an
imbalanced stoichiometry (halide-poor or halide-rich conditions). Moreover, the surface
is more prone to the formation of defects with respect to the bulk. Ambrosio et al.
[55] investigated the trapping at the surface of the prototypical MAPDbI3, considering
two different surface termination; the authors observed that the MAl-terminated surface
is relatively defect tolerant. The Pbl,-terminated surface, on the contrary, favours the
formation of Pb and I vacancies and I interstitial. One could expect a similar behaviour
for the bromide-perovskite.

Extrinsic defects contribute as well to the formation of surface trap states depending on
the enviromental conditions. Wang et al. [45] observed the degradation of MAPbBry
single crystals under moisture and high vacuum; as suggested by the authors, the mate-
rial degrades into CHs, HBr, NH3 and PbBr3; where in particular, HBr and NH3 gases
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Figure 3.4: (a): SPV amplitude for the sample 711 before contacting the surface (black
line) and after Oh, 72h and 96h from the contacts evaporation (grey and blu lines). (b):
bahaviour of the height of the B-transition with time with respect to the initial height,
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Figure 3.5: Amplitude (solid black line) and phase (dotted red line) of the surface pho-
tovoltage signal, before the evaporation of the contacts for the sample 711.
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were released under vacuum. The analogous effect occurs in MAPbI3, where the material
degrades to Pbly; Deretzis et al. [56] observed the degradation of iodide perovskite into
Pbl,, both in air and in vacuum. Moreover, from theoretical analysis, the authors sug-
gested that the degradation could be associated to the formation of molecular vacancies,
such as HI vacancies, localized at the surface. As described in section [1.5.2] also the
presence of metal contacts could have played a role, for example by causing the loss of
the bromide from the surface.

All summed up, the below band gap peak can be related to an intrinsic or extrinsic
defect, which occurred owing to an involontary unbalance during the growth process, or
due to enviromental conditions under which the crystal has been sottoposed, namely air,
vacuum and metal contacts. In particular, the evaporation process, where the crystal
has been subjected to high vacuum, to high temperature of the evaporated metals, and
to the metals themselves could have enhanced the density of traps related to the surface
defect and the consequent increase of electrons trapped by it.

The observed decrease in intensity after 72 and 96 hours from the deposition could be
explained by a partial passivation; it was both experimentally observed by Zhang et al.
[57] and Motti et al. [58] and calculated by First-principle by Zhou et al. [59] that
oxygen is able to passivate defects in perovskite materials.

Some researches report the presence of defects states measured from surface photovoltage
or from photocurrent measurements in perovskite materials [60, [61), [62]; however, further
investigations on this below-band gap characteristic are required in order to understand

its origin.

Analysis of the absorption

Physical parameters as the energy gap and the binding energy of the exciton can be
evaluated by fitting the experimental curves above 2.2 eV with the Elliott’s absorption
formula [L.6
The SPV data have been multiplied by the energy (as required by the proportionality
relation and the fitting procedure has been applied in a reduced energy range, namely
from 2.2 to 2.33 eV in order to exclude the B-transition and the higher energy tail which,
as previously explained, is affected by surface recombination.

The energy gap, the exciton binding energy and the linewidth I' are extracted from
the fit. Two additional parameters have been added to the Elliott’s formula in order

to account for the possible different absorption baseline and the different scaling factor
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between the model and the experimental data:
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The remaining parameters have been fixed to p?,=1 and the first exciton level only has
been considered by putting n=1. The correction to the parabolicity of the bands, 8ub/h,
has been set to 0.091 eV ™! as reported in reference [33].

The figure |3.6 simulates the excitonic (in red) and the continuum (in blue) contributions
to the total absorption (in black), according to the formula , by setting E,=2.3 eV,
E;=40 meV and I'=30 meV. The figure shows the SPV experimental curves and the
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Figure 3.6: Simulation of the absorption in presence of excitons, according to the formula
, with E;=2.3 eV, E;=40 meV and I'=30 meV. The red curve represents the excitonic
contribution, while the blue curve the continuum contribution; the sum is given by the
black curve.

resulting fit for the samples 711, 712 and 613. The table presents the parameters
calculated by the fitting procedure. With respect to the experimental SPV curves, the
fit with the absorption equation differs in the higher energy region, affected by the
surface recombination, and differs by the below band-gap peak, whose origin is still
under analyses. Despite these two features, the best fit for the experimental curves

yields to a comparable energy gap, exciton binding energy and linewidth, between the
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Figure 3.7: Experimental data (black dots) and fitted curves (solid red) for 711 in (a),
712 in (b) and 613 in (c¢). The fit procedure has been performed from 2.20 to 2.33
eV, while the fitted line has been graphically extended to the entire energy range. The
shaded areas underneath the curves represents the excitonic contribution in red and the

continuum contribution in blue.



3.2. MAPDbBr; optoelectronic characterization 51

Table 3.1: Parameters calculated from fitting of SPV data with Elliott’s absorpion for-
mula.

Sample E, E, r
(eV) (meV) (meV)
711 232+001 4547 37+3

712 232001 488 39+3
613 2326 £0.003 52=x£2 42+£1

three samples, within the uncertanties.

3.2.2 Current - voltage characterization

The two samples 711 and 712 have been contacted, as explained in the previous
chapter and electrically characterized by I-V measurements. A voltage sweep has been
applied between the two coplanar contacts, as depicted schematically in figure from
-20 to +20 V in 1 V steps and with 1000 ms of delay between each step.

Contacts

Figure 3.8: Side view of the MAPbBrj3 crystal with the two coplanar contacts.

The results of the I-V characterization are reported in figure (a) for 711 and (b)
for 712, with their relative fit. Both clearly display an ohmic behaviour. A linear fit
of the experimental I-V curves has been performed in order to obtain a value for the
resistance. In table the sheet resistivities for the 711 an 712 samples are reported.
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Figure 3.9: (a): -V curve of 711 (black dots) and the relative fit (in red). (b): I-V
curve of 712 and the relative fit. For both crystals the current is measured by applying
a voltage difference between the two coplanar contacts.

Table 3.2: Sheet resistance calculated from resistance and from channel width and length.

Sample Resistance Channel length Channel width Sheet resistance
(GR2) (mm) (mm) (MQ /square)
711 0.249 + 0.003 5.0 £ 0.1 1.2 4+ 0.1 60 = 5
712 0.2383 4+ 0.0008 5.0 £ 0.1 1.1+ 0.1 52 + 5

The resistance values reported in table have been extracted by the slope of the fit
performed on the experimental I-V curves repored in figure [3.9. The sheet resistance is
calculated from the width and the length of the channel between the two contacts, as
depicted in figure [3.8

3.2.3 Photocurrent spectroscopy

The two crystals 711 and 712 have been characterized by photocurrent spectroscopy.
The PC spectra are obtained by illuminating the crystal with visible photons, with wave-
length ranging from 500 to 600 nm in 1 nm steps. The frequency of the chopper have
been set to 20 Hz; the time consant 7 of the lock-in amplifier filter to 1 s and the cut-off
frequency to 12 dB/oct.

The samples have been measured under PCS after the last SPV measure (the one at 96h

after evaporation). The samples have been illuminated at the top face and the current
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has been collected from the two coplanar electrodes. With respect to the SPS, where the
beam could be focused on the crystal surface only, here photons impinge on the two top
contacts, as well.

The results are reported in figure [3.10] (a) and (b). All spectra are normalized to the
QTH lamp spectrum, acquired with a pyroelectric sensor. All data have been normal-
ized to 1, with the photocurrent signal at A=500 nm as normalization constant. Two
distinct characteristics are visible in the photocurrent spectra, which, in analogy with
the SPV spectra of figure [3.3] have been named A and B, indicating, respectively, the
band-to-band transition and the below-band gap peak. The reason for this choice and
the difference between the SPV and the PC spectra are further discussed below.

3.2.4 Comparison between Surface photovoltage and Photocur-

rent measurements

Figure (c) and (d) compare the SPV (blue curve) and PC (red curve) signals,
acquired one right after the other. With respect to SPV, the PC spectra differ in two
ways; firstly, the transition B occurs at higher energy in the photocurrent spectra. Sec-
ondly, the transition A*, related to the excitonic absorption, visible from the SPV, is
not present in PC spectra.

The reasons for the discrepancy can be multiple: generally, the photocurrent spec-
troscopy technique does not only involve the photogeneration of charge carriers, but
also their transport and collection at the electrodes; in addition, even if the current is
collected between the two coplanar contacts (so the current is mainly flowing at the
surface), PCS is still a bulk-sensitive technique with respect to SPS; lastly, the area illu-
minated by the photon beam in the photocurrent setup included also the metal contacts
on the surface. For these reasons, even if SPS and PCS are both proportional to the
absorption coefficient, two spectra acquired with these tecniques do not always coincide.
The calibration of both surface photovoltage and photocurrent monochromators has been
verified to be the same and thus a different calibration has been excluded to be the ori-
gin of the shift between the two spectra. The shift in energy of the below-band gap
peak could be attributed to the different mechanism of charge transport that involves
the photocurrent. It is known that transport in perovskite materials involves not only
electronic, but also ionic contribution; in particular, for the MAPbBr3, this would be
caused by the Pb?* and Br~ ions. Due to of their heavier mass with respect to electrons,

they can interact with electrons and also accumulate near the metal-perovskite inter-
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Figure 3.10: (a) PC amplitude spectra of sample 711. (b) PC amplitude spectra of
sample 712. Comparison between SPS (in blue) and PCS (in red) of sample 711 (c) and
712 (d).
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face, leading to a space-charge field near the electrodes. The fact that the photocurrent
response could be dominated by a random and uncontrollable effect such as the ionic
transport is suggested also by the plot of figure [3.1§| (b), where the position of the below
band gap peak is not fixed, but varies between the energies 2.17 - 2.21 eV. Moreover, the
field produced by the accomulating ions could also be percieved by the charge carriers
as a potential barrier that led to a decreased photocurrent signal. In this regard, Lafalce
et al. [63] underline the important role of intrinsic ionic impurities such as Pb*™ and
Br~ in controlling the photocurrent response. On the contrary, the accumulation of ions
at the electrodes hardly affects the SPV spectra, since the charges are photogenerated
and separated in small spot on the surface where the light beam is focused, while in the
photocurrent spectra a much broader area of the crystal is illuminated, including the
electrodes. Another reason that could justify the difference in position of the B-peak
between photocurrent and surface photovoltage relies on the presence of the excitonic
A* transition in SPV with respect to the photocurrent. The SPV signal coming from
A* has higher amplitude and opposite phase with respect to the signal coming from B,
as can be noticed from figure [3.5] This strong and opposite in phase signal could have
hindered the signal of B, that consequently appears at lower energies.

The absence of peak A* in the photocurrent spectra, reported in figures [3.10, could
be justified again by the different transport mechanism involved in photocurrent and
in surface photovoltage. The ionic species could have weakened the electrons’ mobility,
causing, in turn, a decreased collection efficiency of charges at the electrodes; this could

be the reason for the lack of the absorption peak.
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3.3 MAPDbBr; X-ray hardness characterization

In order to assess the effects of X-ray irradiation, the two contacted samples, 711
and 712, have been measured with SPS and PCS. The measurement procedure consisted
in irradiating the 711 sample with a 20Gy dose and measuring its surface photovoltage
firstly and photocurrent spectrum secondly, according to the flow chart of figure |3.11;
this sample is referred to as ”irradiated”. This procedure has been repeated until a total
dose of 140Gy has been deposited.

Surface X-rays
Photovoltage Photocurrent 20 Gy

Figure 3.11: Scheme of the measurements for the X-rays radiation hardness tests for the
711 sample.

The 712 sample, instead, has been measured with SPS and PCS the day after, without
exposure to X-rays; this sample is referred to as ”control” and is compared with the
irradiated one in order to discern the effects of X-ray photons. The recovery of the 711
sample have been also recorded by measuring its SPV and PC spectra after some hours
from the deposition of the 140Gy X-ray dose, to see whether the changes in the spectra
were reversible or not.

The 613 sample’s results after X-ray exposure are reported as well; in this case, on the
crystal, characterized with SPS only, has been deposited a total dose of 260Gy in 20Gy
dose steps. The results for the related control sample, which has been measured the day

after with SPS and without previous irradiation are reported as well.
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3.3.1 Surface photovoltage spectroscopy

All data presented in this section have been acquired with the same setting parameters
reported in section [3.2.1} Selected spectra of the 711 irradiated and of the 712 control
samples are reported in figure [3.12) (a) and (b).

From the slope changes, 4 main features of the SPV spectra after irradiation have been
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Figure 3.12: (a): SPV amplitude spectra of 711 irradiated sample after exposure to
X-rays in 20Gy steps; selected spectra are reported, namely the ones at 0, 40, 80, and
120Gy doses. (b): SPV amplitude spectra of the control 712, measured every hour the
day after; here the ones at 0, 2, 4 and 28 hours are presented.

identified:
e The A-transition, due to the band-to-band absorption.
e The A*-transition, due to the excitonic absorption at 0Gy.
e The B-transition, due to the below band-gap absorption.
e The C-transition, a new peak that appears with the X-ray dose.

The 0Gy spectrum, the one acquired before the first 20Gy deposition, is characterized
by the very same three features, A, A* and B, described previously.

While the intensity of the B peak changes randomly from one deposition to the other, the
excitonic feature, A*, disappears and a new characteristic, named here with the letter C
and located at around 2.23 eV shows up at 80Gy and increases with the deposited dose.
The 712 control sample is characterized by a less prominent below band gap peak, while

the excitonic absorption at point A* does not change in time. The peak C appears as a
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slighy visible and constant should instead of a clear peak like for 711. Over all, B, A*
and A transitions remains constant with time.

The figure (a) presents the SPV amplitude spectra after irradiation of the 613
sample; the behaviour of the related control sample is presented in figure (b). As
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Figure 3.13: (a): SPV amplitude spectra of 613 irradiated sample after exposure to X-
rays in 20Gy steps; selected sectra are reported, namely the ones at 0, 40, 80, 120, 160,
200, 240 Gy doses. (b): SPV amplitude spectra of the related control sample measured
every 20 minutes the day after; here the ones at 0, 60, 80, 120, 160, 200, 250 minutes are
presented.

described in section [3.2.1] the spectrum at 0Gy of the crystal 613 is characterized by
the excitonic and continuum absorption (A* and A), but not by the below-band gap
transition at point B. Upon irradiation, the A*-peak disappears and a new peak, located
at point C, appears just after the first deposited dose; this new feature, visible in the
40Gy spectrum of figure (a), is located at 2.23 eV. The higher the dose, the more
intense the C-transition becomes.

Despite being located at the same photon energy and displaying the same increasing
behaviour with doses of sample 711, the sample 613 presents a clearly distinct peak at
40Gy; this peak increases in intensity for sample 613, while it only appears as a shoulder,
merged with the continuum absorption, for sample 711. The control sample, presented
in figure [3.13] (b), mantains its SPV spectrum stable with time.

The recovery of the 711 sample has been measured after 15, 21 and 33 hours from the
last deposited dose. The spectra in figure [3.14] shows a partial attenuation of the C-
transition. Meanwhile, the B-transition decreases in intensity. The graph in figure
displays the behaviour of the height of the B-transition, for the 711 irradiated sample in



3.3. MAPDLBr; X-ray hardness characterization 59

1.754

1.50

1.25 1

SPV amplitude (a. u.)
© © =
ul ~ o
o (] o

o
N
u

0.00

211 2.2 2.3 2.4 2.5
Energy (eV)

Figure 3.14: SPV amplitude spectra of the recovery of the 711 irradiated sample, mea-
sured after 15, 21 and 33 hours after the last deposition at 140Gy. The curves at 0Gy
and 140Gy, in black and yellow respectively, are reported for comparison.

comparison with the 712 control sample; all values have been normalized to 1, with the
initial height as the normalization constant. Except for the first decrease with respect
to the initial height, the B-peak height of the control sample 712 is subjected to small
changes, all around 40% from the initial value. On the contrary, the irradiated sample
711 shows a decrease of 60-70% with respect to the initial value and oscillates greately
with the deposited dose. As already indicated, the B feature is associated to a defect
state located below the conduction band, whose intensity seems to be influenced by the

X-ray irradiation.

Analysis of the absorption

The curve at 0Gy and the curve at 200Gy of sample 613 have been fitted with the
same procedure described in section [3.2.1} the sample 613 has been chosen over sample
711 thanks to the absence of the below band gap peak. Moreover, in view of the fact
that the new characteristic appearing after irradiation in 613 is well deconvoluted from
the continuum absorption, the fit results easier to perform.

The curve at higher doses, namely at 200Gy, has been considered under the hypothesis
that, after the X-ray deposition, the exciton binding energy had increased, with respect
to the curve at 0Gy. This assumption relies on the fact that the excitonic peak A*
visible at 0Gy, disappears right after the X-ray irradiation and a new peak C, at lower

energies, appears. Moreover, measurements of photoluminescence (PL) performed at
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Figure 3.15: Height of the B-transition for the 711 with dose, in purple, and for 712 with
time, in red.

the Univeristy of Bologna on the same type of MAPbBrj single crystals suggest similar
interpretation; it is known that PL in perovskites is mainly dominated by the excitonic
radiative recombination, rather than by the free carrier recombination [6]. The PL
peak of MAPbBr3 measured after the irradiation with X-ray photons shifts toward lower
energies, suggesting that the excitons could be subjected to an increase of binding energy:.
As for the energy range, the high energy tail of the spectrum has been excluded, since
it is affected by surface recombination; the spectrum below 2.2 eV has been instead
extended to 2.1 eV, thanks to the absence of the B-transition.
The results are presented in figure |3.16

The energy gap, the exciton binding energy and the linewidth have been extracted from
the fit and reported in table [3.3] Compared with the values in table [3.1] of section [3.2.1]

Table 3.3: Parameters calculated from fitting of SPV data with Elliott’s absorpion for-
mula

X-ray dose E, Ey r
(eV) (meV) (meV)

0 Gy 2.326 £ 0.003 52 £ 2 40.7 £ 0.7
200 Gy  2.301 £0.002 72+2 294 +0.8

the 0Gy curve can be fitted with the exact same binding energy and energy gap, which
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Figure 3.16: SPV data multiplied by the energy of the 613 irradiated sample; data and
fit are represented by the black dots and the red solid line respectively, for the 0Gy curve
(a), and for the 200Gy curve (b). The red and the blue area display the excitonic and
the continuum contribution to the total absorption.

are equal to 52 £ 2 meV and to 2.326 + 0.003 eV, respectively; the small difference
in the linewidth can be attribuited to the different energy range chosen for the fitting
procedure.
The best fit for the 200Gy curve yields to a smaller energy gap, equal to 2.301 4+ 0.002
eV, and to a larger exciton binding energy, equal to 72 = 2 meV.
In order to graphically test the validity of the model and of the calculated parameters,
the energy gap, the exciton binding energy and the linewidth have been slighly changed
and compared in figures with respect to the ones extracted by the fit.

According to the fit parameters reported in table the exciton binding energy is
subjected to an increase of about 20 meV, after deposition of 200Gy X-ray dose.
As described in section the binding energy of an exciton can be described within
the Wannier-Mott model and therefore depends on the reduced exciton mass p and on
the dielectric function €, of the material, through the relation [1.4] reported here again
for clarity:

B, = To (3.2)

M€

In perovskites there are multiple physical processes which can affect dielectric polariza-
tion; such processes involve the optical response €?P?“@ in the high frequency part, and
the ionic contribution €™ in the THz range, given by the response of the lattice vibra-

tions and proportional to the polarity of the chemical bonds; furthermore, the orientation
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Figure 3.17: In black, the experimental data for 260Gy, in solid red, the fitted curve with
calculated parameters, in solid gray, the simulated curves obtained by a small change of

E,, Ep and I' in (a), (b) and (c), respectively.
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dipoles ip the GHz and MHz range, and the space charges €, re-

of the dipolar species €
sulting from both ionic and electronic species in the low frequency range, contribute to
the total dielectric function. Any modification in those contributions inside the crystal
reflects in a change of the material polarizability.

For instance, the X-ray photons could have modified in some way the ionic cage, by
changing the bond between the lead and the bromide. In literature there are some stud-
ies on the effects induced by X-ray radiation on perovskites: Wang [45] and Anaya et al.
[46] observed the formation of metallic lead with X-ray photoelectron spectroscopy. The
authors suggested that the formation of metallic lead after exposure to X-rays could be
attributable to the reduction of the Pb?** in to Pb? and linked to the oxidation of Br~
in to Bry, which can be easily desorbed from the surface. This reaction could have, for
example, changed the dielectric function by introducing Br-vacancies, left by the des-
orption of the Bry, or by forming clusters of Pb?. The change in the lead-bromide ionic
cage could have affected the dielectric response from the methylammonium cation; as
suggested by Anusca et al. [64], MA-dipoles are able to orient themselves in the proxim-
ity of a lead vacancy or of a halogen vacancy. The ordering of the organic cation reduces

the ability to screen the mobile charge and this results in a decreased dielectric function.
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3.3.2 Photocurrent spectroscopy

All data reported in the following section have been acquired with the same setting
parameters described in section |3.2.3] The photocurrent spectroscopy results for the 711
irradiated sample and for the 712 control sample are presented in figure [3.18] (a) and (b).

The nomenclature for the features characterizing the photocurrent spectra has been
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Figure 3.18: (a): PC spectra of the 711 irradiated sample after exposure to X-rays in
20Gy steps, at selected doses, namely the ones at 0, 40, 80 and 120Gy. (b): PC spectra
of the control 712 sample at 0, 2, 4 and 28 hours.

chosen due to the similar trend of those features with respect to the SPV spectra, reported
in figure [3.12

The intensity of the B-transition oscillates randomly with the deposited dose. The
C-transition appears at around 2.30 eV after the 40Gy dose has been deposited and
increases with the deposited dose.

The 712 photocurrent spectra are characterized as well by the B-transition at lower
energies, while the C-transition is only slighly visible.

The position in energy of the below band gap peak for the control sample 712 is not
constant in time, ranging from 2.17 eV to 2.22 eV; this fact corroborates the hypotesis
that the different position of the below band gap peak in photocurrent with respect
the surface photovoltage could be affected by charge transport mechanisms such as the
motion and accumulation of mobile ions, as suggested in section [3.2.3

Figure [3.19| presents the recovery of the 711 irradiated sample after 16 and 45 hours
from the 140Gy deposited dose. The recovery of the sample shows that the C-transition

disappears with time, going back to the initial value; at the same time, the B-transition
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Figure 3.19: PC spectra of the 711 recovery after irradiation with 140Gy x-ray dose. In
black and yellow respectively, the spectra at 0Gy and 140Gy doses. In dark and light
green the spectra after 16 and 45h after the last deposited dose.

becomes more intese. Figure displays the variation of the B-peak for the irradiated
sample 711 and the control sample 712; the intensity of B behaves steadily with time
while varying strongly with the deposition of X-rays.

3.3.3 Comparison between Surface photovoltage and Photocur-

rent measurements

The spectra of figure [3.21| compare the SPV signal, in blue, with the PC signal, in
red, for 0Gy, 40Gy, 80Gy and 120Gy deposited doses, for the 711 sample.
The SPV and PC spectra display several differences; for all the doses, the position of
peak B in the PC is shifted towards higher energies with respect to the SPV; as stated in
section and from comparison with the spectra of figure m (b), its different posi-
tion could be related to the different transport mechanism involved in the photocurrent
signal, and could be strongly affected by the accumulation of ions at the contacts.
The excitonic peak A*, characteristic of the SPV spectra at 0Gy, does not appear in the
PC spectra at 0Gy; as explained in section [3.2.4] this could be due to the ionic transport
that reduces the mobility and the collection efficiency of charges.
The C-peak appears right after the deposition of a 40Gy dose in the photocurrent spec-
tra, while the new peak appears in SPV only at higher doses, here at 120Gy, and located

at lower energies. The difference in the energy position, in SPV around 2.23 eV, while
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Figure 3.20: Variation of the B-peak height with increaseing dose for the 711 irradiated
sample in purple, and with time for 712 control sample, in red.

in PC around 2.30 eV, is consistent with the explanation of ionic transport affecting the
position of the characteristic features.

Since in sample 613 (figure the peak at position C is visible after the first depositon
of 20Gy, it is reasonable to think that the height of that peak could be dependent on
the sample growth. The presence of the below band gap peak B could have hindered the
SPV signal coming from the the C transition, thus appearing much less resolved with
respect to the same transition in sample 613.

Overall, despite all these differences between the photocurrent and the surface photo-
voltage signals, both spectra suggest that the exciton binding energy had increased after

the deposition of the X-ray dose.
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Figure 3.21: Comparison between the SPV spectra, in blue, and the PC spectra, in red,
at 0Gy in (a), 40Gy in (b), 80Gy in (c¢) and 120Gy in (d) X-ray doses.
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3.3.4 Discussion on the increase of exciton binding energy

Within the framework of the Wannier-Mott hydrogenic model, the exciton’s binding
energy depends on the dielectric function, which is mainly given by the ability of the lead-
bromide cage and the methylammonium motion to screen the charge carriers interaction;
this fact has been previously discussed and has been proposed to explain the observed
changes in the exciton binding energy reported in section [3.3.1]

However, because of the large difference between the static dielectric constant e, and
the optical dielectric constant e, perovskites should be better described within the
framework of polarons [65]; polarons in perovskites are believed to be responsible for the
increase of carrier effective mass and the reduced mobility. Moreover, the polarization
cloud around the electron and the hole modifies their attractive interaction, giving rise
to non-hydrogenic exciton states.

As described in section [1.3.2] perovskites behave as polar materials, where electrons
strongly interact with the longitudinal optical phonons, giving rise to a large Frohlich
coupling constant, a [I7]. « describes the strenght of the electron-optical phonon and

hole-optical phonon interaction:

Qep = \/me7he4/2h26§ELo (3.3)

where m., is the bare effective carrier mass, 1/e.=1/€--1/¢€y is the ionic screening of
carriers and Ep o is the energy of the longitudinal optical phonons. In fact, perovskites in
general are characterized by a large 1/¢, and by a low LO phonon energy Eo; the effects
of the ionic lattice is particularly relevant for bromide perovskite, where the ionicity of
the Pb-Br bonds is higher with respect to the iodine perovskite and therefore polaronic
effects are much more enhanced.

Excitons in polar materials should be better described by an hydrogen-atom model in a
modified potential V(r) with respect to the classical Coulombic interaction; the relative
energy levels have been calculated by Menéndez-Proupin et al. [66] for different choices
of V(r). V(r) has been found to significantly change the energy of the 1s transition with
respect to the values calculated for a Coulombic potential.

Baranowki et al. [65] demonstrated how the properties of the exciton states change
when the difference between €, and €., is significant (respectively ~20 and ~5) or small
(respectively ~5 and ~5). The authors found that when ¢, is very different from the
optical dielectric constant, the exciton is bound more tightly, for each of the modified
potentials V(r) considered.

Moreover, the soft lattice nature and strong electron-phonon coupling of perovskites
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give rise to self-trapped excitons (STEs) [67]; STEs have been observed in halide crys-
tals, condensed rare gases and organic molecular crystals. In these kind of materials,
once the electrons and holes are photogenerated, they become self-trapped, by localizing
themselves in a potential well introduced by a lattice distortion. The self-trapped state
forms because it is more stable than the one in which the electron-hole pair would move,
dragging the lattice distortion.

The presence of both free and localized excitons has been observed in perovskites [68] 69].
Mariano et al. [6] attributed two contributions to the photoluminescence spectrum of
MAPDBr; thin film to two excitonic resonances: a free and a localized exciton; in par-
ticular, a localization of about 15 meV is observed between the localized and the free
exciton.

An analogous mechanism could have occured as a result of the X-ray deposition, that
would explain the result of section [3.3.1 X-ray photons could have generated or in-
creased lattice deformations; the consequent structural disorder appears as potential
energy fluctuations, with maxima and minima, around which an electron and a hole can
localize and form localized excitons; the reduced distance between the pair results in an
increased binding energy. Thus, the increment of 20 meV of the exciton binding energy,
reported in section [3.3.1} stems from the localization of the exciton around the crystal
distortion.

The recover of the crystal after some hours from the last irradiation, observed from fig-
ures and [3.19, suggests a dynamic behaviour of the crystal distortions, rather than
fixed. So that when the lattice relaxes to the ground state after excitation, the crystal

recovers the condition that it had prior the irradiation process.






Conclusions

This thesis focused on the optoelectronic characterization of two perovskite-based
materials. The first device is a MAPDbI3 thin film solar cell that has been characterized
with the aim of improving its photovoltaic performances. The second perovskite-based
material is a MAPDbBr; single crystal, that has been characterized with surface photo-
voltage and photocurrent spectroscopy in order to test the effects of X-ray radiation on
its optoelectronic properties.

The MAPbDI3 solar cells have been fabricated in a n-i-p planar structure and the main
photovoltaic parameters have been extracted from the dark and from the illuminated
I-V characteristic. The photovoltaic parameters reported for one of the MAPbI3 solar
cell, measured from the dark I-V curve, reveal that no significant current shunts or con-
tact resistances affected the device. From the output curve of the illuminated cell, the
power conversion efficiency of the forward and backward scan have been extracted. The
large difference between the forward and backward I-V, with power conversion effeciency
respectively equal to 7.7%, and 12.1%, shows that the solar cell is largely affected by
hysteresis; the hysteresis is attributed to the motion and to the accomulation of slow ions.
Because of hysteresis, the extracted values greately depend on the scanning parameters
and can lead to a misinterpretation of the results. Overall, the measured parameters are
far below the state-of-the art which is now around 22% [70]; the lock-down in March
2020 due to the Covid-19 emergency, did not allow the follow-up of the planned activity,
and the optimization and the radiation hardness tests of the prepared cells have not been
carried out. To monitor the radiation hardness of the material, MAPbBr3 single crystals
have been chosen instead, for their intresting potential as X-ray detectors.

The MAPDBr; single crystals have been characterized via surface photovoltage (SPS)
and photocurrent spectroscopy (PCS), with the aim to test their radiation hardness to
X-ray photons; the main features (A, A*, B and C) of the SPS and PCS spectra have
been summed in the table [3.4] along with their typical energies, their behaviour with

X-ray irradiation and their possible origin.
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Table 3.4: Summary of the main features and their behaviour with X-ray deposition.

Typical Behaviour Attributed
energy with X-ray to
A SPV:235eV Constant. Band-to-band
PC: 2.35 eV absorption.
A*  SPV:2.29 eV Disappears after Excitonic absorption
first 20Gy deposition. (Ep = 52 £+ 2 meV).
B SPV: 2.17 eV Varies randomly Defect
PC: 2.17-2.21 eV with deposition. state.
C SPV: 2.23 eV Increases with Excitonic absorption
PC:2.30 eV deposition, (Ep = 72 £ 2 meV).
decreases with
recovery.

The main features of table [3.4] are discussed hereafter:

e The maximum of the band-to-band absorption A remains constant with the depo-

sition of the X-ray photons.

e The below band-gap peak B, whose origin is still under investigation, has been
attribuited to a defect state, as suggested by the analysis of the amplitude and
phase of SPS (figure . Its origin has been associated to an uncontrolled process,
such as a stoichiometry unbalance between the MABr and the PbBry precursors.
Its sudden increase of intensity right after the contact deposition, illustrated in
plot (b) of figure [3.4] has been attributed to the effect of high vacuum or to the
diffusion of chromium atoms inside the perovskite layer, which increased the trap
density related to the defect state. The decrease in the intensity of this feature,
observed after 96h from the deposition, has been supposed to originate from a
partial passivation induced by oxygen that is often quoted in literature [57, 58, 59].
A large and random variation has been registered after the deposition of the X-ray

doses, which could have contributed to the disorder of the crystal, visible from

figures and [3.20|

e The strong SPV signal A* near the band gap, prior to X-ray irradiation, has been
assigned to the excitonic absorption; an exciton binding energy E; equal to 52 £ 2
meV for sample 613 has been calculated by fitting the experimental SPV spectra
with the Elliott’s absorption formula (figure[3.16] (a)). The extracted E; for samples
711, 712, 613 are all comparable with the lower range of values found in literature

for bromide perovskite single crystals [5]. After the deposition of the X-ray doses,
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the exciton increased its binding energy, attested by the vanishing of feature A*

and by the appearing of the new feature C.

The peak C that appears after irradiation has been assigned to an excitonic absorp-
tion with increased binding energy; the exciton binding energy has been calculated
by fitting the SPV spectrum at 200Gy yielding a value of 72 + 2 meV in sample
613 (figure [3.16] (b)). The increase by 20 meV of the binding energy has been
attributed to a localization of the electron-hole pair around lattice deformations
introduced by the X-rays. The localization of excitons has been assigned to the
polar nature of perovskites, whose relevance has been often underlined in literature
[17, [66], [65]. A measurement of the dielectric function near the optical absorption
energy right after the X-ray irradiation could be useful to test the validity of the
hypotesis of X-rays affecting the polarizability of the material.

In conclusion, the surface photovoltage and the photocurrent spectroscopies have been

successfully performed to test the effects of X-ray radiation on the MAPbBr3 optoelec-

tronic properties. In particular, the following three results should be highlighted:

i.

ii.

iii.

This is the first time, even if the presence of free and localized excitons has been
previously reported in perovskites [0, 68, 69], that an increase of exciton binding

energy has been observed following the irradiation with X-rays.

The recovery of the perovskite after some hours from the last dose at 140Gy has been
observed from spectra [3.14] and [3.19] where the sample’s absorption edge retuns to
its initial condition; this confirms the relatively high tolerance of the material to
X-ray photons and thus the possibility to use it as active layer in commercially

available X-ray detectors.

The surface photovoltage technique is able to correctly reproduce the absorption
coefficient near the absorption edge of thick samples; the advantage of this technique
applied to perovskite single crystals is that it allows to measure the full absorption
spectrum withouth performing two distinct reflectance and transmittance spectra,

and without having to thin the sample.
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