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Abstract

Metal halide perovskites have been extensively investigated for their excellent photovoltaic properties.

Nevertheless, ion migration decreases their long-term stability and hinders their commercialization. Under-

standing the interaction between ion migration and carrier distribution is crucial to identify and tackle the

degradation pathways of the material. In this work, ion migration is activated by exposing an back-contact

symmetric perovskite device to a bias voltage and the concentration of charges is probed indirectly through

photoluminescence measurements. The photoluminescence decreases at the cathode interface and increases

at the center of the device with a time scale of 40 s. This behavior is assumed to be due to the drift of a

mobile anionic specie (possibly iodide) toward the cathode. Drift-diffusion simulations indicate how such an

accumulation of anions could shield the field from the anode to the middle of the device and increase it at

the cathode. In fact, the resulting acceleration of hole extraction at the cathode and the repulsion of electrons

from the anode would explain the observed photoluminescence profile.





Figure 1.1: Rising global temperature and

effects. [2].

Figure 1.2: Global greenhouse gas emis-

sion by sector in 2016 adapted from [7]

Introduction 1
Climate change mitigation requires the development of efficient and

competitive renewable energy technologies, such as photovoltaics. Per-

ovskites are cheap, earth abundant and efficient materials that can be

used in tandem solar cells. Unfortunately, their weak ionic structure

breaks down easily under exposure to environmental agents, by certain

mechanisms that are not fully understood, yet.

1.1 Climate change and the energy transition

The recent IPCC report states that anthropogenic emissions of greenhouse

gases have caused unprecedented climate events [1]. Surging global

temperatures (fig. 1.1) lead to disastrous outcomes for earth and the

ecosystems.

Rising sea levels, due to the thermal expansion of the ocean volume and

the melting of glaciers are causing flooding and the destruction of the

coastal habitat [3]. Moreover, the water cycle is increasing in speed and

intensity, exacerbating the effects of extreme weather events. On one side,

extreme precipitation like tropical cyclones, acid rains and hurricanes are

intensifying [4]. Other regions are impacted by increasingly hazardous

droughts, wildfires and heatwaves [5].

Mitigating climate change, by reducing human emissions, is a priority to

limit irreversible damage to human society and the natural world [6].

Where are greenhouse gas emissions coming from? The carbon footprint

of an average world citizen is 13 kg of CO2 a day. This becomes 42 kg for

an American, 26 kg for a Dutch, 20 kg for a Chinese and 500 g for an

Eritrean citizen [8], raising ethical concerns related to climate justice.

Most of the greenhouse gases are generated by the energy sector. Our

society is voracious for energy, mainly to manufacture infrastructures

and goods, transport goods and heat households. This energy demand is

still mainly sourced from fossil hydrocarbons such as coal (27 %), natural

gas (23%) and oil (32 %) [9]. Fossil fuels are not only non-renewable,

since there are limited reservoirs worldwide, but also non-sustainable

since their combustion produces carbon dioxide as a by-product.

Affordable and reliable technologies to produce renewable energy are

required to phase out fossil fuels and transition to a carbon-free economy.

The major renewable energy sources are wind, solar and hydro. Hydro

dominates the renewable energy share (40 %), followed by solar (28%)

and wind (27 %). Nevertheless, solar energy is the fastest-growing energy

technology, expanding its capacity by 19 % in 2022, followed by wind

(+13 %) and hydro (+2%). [10].
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Figure 1.3: LCOE from solar (yellow),

offshore wind (black) and onshore wind

(gray), as reported by IRENA [15].

Figure 1.4: Solar spectral irradiance on

the earth surface illuminating a c-Si solar

cell. The ideal efficiency, 33 %, is the ratio

of the extracted power (red area) by the

incident power (gray area) [17].

Figure 1.5: Solar spectral irradiance on

the earth surface illuminating a two junc-

tion solar cell. The ideal efficiency, 45

%, is the sum of the power extracted by

the top (blue area) and bottom (red area)

cell divided by the incident power (gray

area) [17].

1.2 Solar energy

Solar energy is a clean, renewable and abundant energy source. Every

hour enough light impacts the earth’s atmosphere to satisfy the energy

need of humanity for a year. It can be converted into thermal energy with

a solar-thermal collector [11], chemical energy with photoelectrochemical

cells [12] or electrical energy with photovoltaic devices [13]. Photovoltaics

are essential to support the growing electrification of the energy sector.

Electricity will account for 30 % of the energy mix by 2030, according to

the IEA [14].

The crucial factors for large-scale deployment of solar cells are dispatcha-

bility, costs and environmental impacts. The seasonal and daily variability

of solar irradiance limits the dispatchability of solar energy in the energy

mix. Renovation of the grid infrastructure and deployment of utility-scale

battery systems are required to guarantee the availability of electricity

all year long.

Another leverage point to increase the capacity of solar technologies is

decreasing production, installation, maintenance and disposal costs. The

levelized cost of electricity (LCOE) from utility-scale solar panels dropped

from 0.417 USD/kWh in 2010 to 0.048 USD/kWh in 2021, decreasing

faster than any other renewable (fig. 1.3). The cost of c-Si solar cells can

be reduced until a minimum threshold since the fabrication process is

expensive.

Important factors that influence the LCOE are the lifetime and the

efficiency. The longer the time of operation, the lower the LCOE since the

installation investment can be repaid over a longer period. Current c-Si

solar cells have a lifetime of about 25 years [16].

The efficiency of a 1.12 eV c-Si solar cells is limited to a maximum limit

of 34%, because of thermalization and adsorption losses in converting

photons to electrons, as shown in fig. 1.4. The performance is even lower

in operating conditions, where absorption, recombination and extraction

losses [18] reduce the efficiency of commercial c-Si cells to an average of

20 % [19], with a record of 27.6 % [20].

Tandem solar cells, composed of stacked junctions with different bandgaps,

reach higher performances. Figure 1.5 shows how adding a 1.7 eV top

layer, pushes the efficiency limit to 45 % [17]. The more layers, the higher

the upper efficiency of a tandem solar cell, up to 68 % with infinite layers

[21]. The highest efficiency reported in the literature to date, 47.6 %, has

been reached by a 4-junction tandem cell with concentrated solar power

[20].

Even if the environmental impact does not influence the commercializa-

tion of solar technologies it should be taken into account from an ethical

point of view. Land use, landscape disruption, air pollution and the

release of hazardous materials in the biosphere are the main concerns.

Solar panels have a carbon footprint in the range of 14-73 g CO2/kWh,

which is still much lower than the footprint of oil (742 g CO2/kWh)

[22].

Finding efficient, stable, cheap and environmentally friendly photovoltaic

materials with optimal bandgap to be inserted in tandem architectures,

is a pivotal challenge for material scientists.
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1.3 Perovskite solar cells

Metal halide perovskites are promising photovoltaic materials that satisfy

the conditions above. Since their first appearance as a photoactive layers

in 2009 [23] they have attracted increasing attention in the scientific

community [24]. The efficiency of perovskite solar cells has grown from 2

% in 2012 to 25.2 % in 2021 [25], becoming the second most efficient thin

film technology after GaAs [20]. All-perovskite tandems have reached

an overall efficiency of 29 % [26].

Thanks to their appealing absorption, generation and extraction proper-

ties perovskites are suitable for application as wide-bandgap thin films

in tandem solar cells [27]. Because of their high absorption coefficient,

photons are absorbed in a few μm of material [28], allowing for ultra-thin,

flexible and light films. The bandgap is direct and can vary from 1.2 eV

to 3 eV [29]. By changing the chemical composition, one can tune the

bandgap, and decide which wavelengths of the solar spectrum should

be absorbed most efficiency. The exciton binding energy is lower than

the thermal energy, 26 meV, meaning that almost every photon with

energy greater than the bandgap is separated in an electron-hole pair. The

generated carriers have a high mobility, long lifetime and diffusion length

of up to 175 μm [30], allowing carriers to be efficiently transported to the

contacts. This low recombination rate is key in defining the high efficiency

of perovskites. On top of that perovskites are relatively simple and cheap

to fabricate through solution chemistry at room temperature [31]. Per-

ovskite thin films are fabricated with low quantities of the earth-abundant

materials, allowing for sustainable and low-cost production.

The major drawback of perovskites that hinders their commercialization

is their poor long-term stability. Perovskites are ionic materials, hence

they easily degrade when exposed to humidity [32] or to the oxygen

in the air [33]. Even though, encapsulation can slow down degradation

up to 4 times [34], it can not slow down the degradation due to the

temperature [35], electric field and light [36]. The stability has been

improved over the years, reaching a record T80 (time to reduce the power

conversion efficiency by 20 %) of 8000 hours [37]. Even though five

devices [38][39][40][41][42] have made it past six months, perovskites

are far from competing with the 20-25 years lifetime of c-Si cells. Even if

degradation pathways have been attributed to the migration of ions in

the perovskite, as discussed in section 1.5, there is not a comprehensive

and shared understanding of the physical processes underlying their

instability. The situation is aggravated by the fact that less than 20 % of

the works on perovskite devices report any stability measurement [24]

and only a small fraction follows the official ISOS stipulated in 2020 [43].

Another aspect that is hindering the commercialization and acceptance of

perovskite solar cells is the toxicity of lead (Pb). Many attempts are being

made to optimize the performance of more environmentally friendly

substitutes, like Sn, Sb or Bi, not achieving competitiveness yet [44]. Also,

the solvents used in the precursors’ preparation raise concerns for health

and the environment, even though less harmful alternatives are being

investigated [45]
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Figure 1.6: Perovskite structure and most

common elements with optimal toler-

ance factor [47].

Figure 1.7: Statistical distribution of ther-

mal stability based on the HTL type [56].

1.4 Materials and structure

Perovskites are a class of materials with a typical ABX3 crystal structure

(fig. 1.6). In metal halide perovskites, specifically used in solar cells, A
+

is an inorganic cation or a small organic molecule, B
2+

is a transition

metal and X
–

is halogen anion [46].

The bivalent cation B (mostly Pb2+
but more recently Sn2+

is also being

investigated) is enclosed by a halide (Cl–, Br–
or I–

) octahedron X
–
6. The

A cation is locked in the network of octahedra by the hydrogen bond with

the halides. Thus it can have a maximum radius of 2.6Å, restricting the

range of possible elements to small inorganic atoms like Cesium (Cs+
)

or organic molecules like Methylammonium (MA+) or Formamidinium

(FA+
).

Changing the composition of the perovskite allows for tuning the

bandgap. The band edges are determined by the anti-bonding states

of the X–
and B2+

orbitals. Hence varying the halide composition is

the easiest way to tune the bandgap. For example, Br–
is more electro-

negative than I–
, and thus MAPbBr has a deeper valence band edge

and wider bandgap (2.3 eV [48]) than MAPbI (1.6 eV [49]). Also the

A cation can induce strains in the lattice, varying the orbital overlap

and thus the bandgap [50]. Nevertheless, changing a cation is roughly 7

times less effective in tuning the bandgap than changing a halide. In fact,

substituting MA+
with FA+

decreases the bandgap by 0.1 eV [51].

The first and most widely studied perovskite is MAPbI3. However, it

suffers from poor stability mainly because of thermal volatilization of

the organic cation and deprotonation after exposure to humidity [52].

On top of that, the bandgap is not the optimal bandgap for application

for Si-perovskite tandem devices (1.7-1.8 eV [17]). The thermal and photo-

instability of MA-based perovskites can be reduced by substituting

the cation with FA
+

[51]. Nevertheless the FA
+

cation is affected by

phase instability, especially for iodide stoichiometry between 0.3 and

0.6, because of the coexistence of a trigonal phase (typical of iodide) and

cubic phase (typical of bromide) [53].

For this reason, the field is now shifting attention to more composition-

ally complex ’mixed-perovskites’. Mixing halides allows for tuning the

bandgap to the target value for tandem devices. The first mixed-halide

perovskite MAPb(I1–xBrx)3 was reported in 2013 [54]. Additionally,

mixing cations by incorporating cesium (Cs+
) in the recipe, improves

the resistance to heat, moisture and light and electric field [55]. Hence,

mixed-halide and mixed-cation perovskites, like FA1–yCsyPb(I1–xBrx)3
used in this work, have been intensively researched because of their

improved stability and tunable bandgap.

In a perovskite solar cell, the perovskite is typically sandwiched between

a hole transport layer and an electron transport layer, to effectively extract

charge carriers. Inorganic hole transport layers are not only cheap and

easy to fabricate but also show high conductivity and relatively higher

thermal stability than organic ones [56], as shown in figure 1.7. P-doped

NiOx has been widely used as a hole transport layer, and will be employed

in this work, because the valence band is thought to be aligned with the

perovskite valence band, efficiently extracting holes.
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Figure 1.8: Moving ionic species and pen-

etration in the transport layer [57].

1.5 Ion migration

Despite the progresses in increasing the stability of perovskites, the

inherent instability of perovskites due to their ionic structure, is still

hindering its practical implementation. The migration of ions can induce

changes in the local stoichiometry, phase segregation and current-voltage

hysteresis. Beside these reversible physical effects, ions can also engage

in chemical reactions with the transport layers or the contacts, creating

energy barriers at the interface, limiting the extraction efficiency and thus

irreversibly degrading the performance of the cell [57]. Ion migration

can also have beneficial effects on the performance, passivating traps and

thus decreasing non-radiative recombination losses [58].

It is natural to wonder which ionic species move. The activation energy

(EA) gives information on the energy needed to mobilitate an ion. Besides

Pb2+
, which has a high activation energy, all other cations and anions

can in principle migrate, as shown in the picture on the side [57]. Iodide

has low activation energy (0.58 eV [59]) and can initiate phase segregation

in mixed-halide compounds, as well as react with the silver contacts

creating AgI [60]. Among the cations, the migration of MA
+

(0.84 eV

[59]) is imputed to trigger degradation processes [61], while adding FA
+

increases the activation barrier [62]. Other extrinsic ions can migrate too,

as shown in fig. 1.8.

The picture is even more complicated if one considers that beside inter-

stitial ions (i.e. I–
), also vacancies (i.e. V+

I ) can migrate with comparable

activation energies [63] [64]. In fact, moving ions and vacancies can origi-

nate from Schottky or Frenkel defects. A Frenkel defect is neutral and

can form when an ion sitting in the crystal lattice is displaced, forming

an interstitial defect and a vacancy. A Schottky defect is not neutral and

it is formed in the crystallization process, such as a dangling bond in the

crystal lattice that constitutes a vacancy.

1.6 Phlotoluminescence under bias

Characterizing ion migration in perovskites has been object of intense ef-

forts of researchers, that used a great variety of experimental approaches:

Auger Electron Spectroscopy [65], Energy Dispersive X-ray [66], Kelvin

Probe Force Microscopy [67], Impedance Spectroscopy [68], Secondary

Ion Mass Spectroscopy [69] and Atomic Force Microscopy [70] among

the others. Another common technique to probe ion migration is the

study of photoluminescence transients under bias [71] [72] [61] [73].

Photoluminescence measurements consist of shining light with a focused

laser on a material and counting the emitted photons with a spectrometer.

Incident photons with energy bigger than the bandgap energy create an

electron-hole pair. If the electron and hole recombine radiatively they

emit a photon with energy equal to the bandgap energy. The intensity of

the photoluminescence signal gives information on the concentration of

carriers along the device, since photons are emitted at a rate.

Rd = k2np = k2n0p0eΔEF/kT
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Figure 1.9: PL amplitude and extracted

lifetime of carriers in a MAPI device un-

der exposure to a bias at RT [75]

Figure 1.10: PL transient of a 15μm MAPI

lateral device, under 9V bias (adapted

from [75]).

Moreover, the PL gives information on the performance of the cell, since

the quasi-Fermi level splitting determines the open circuit potential and

thus the efficiency.

Two competitive mechanisms contribute to the reduction of photolumi-

nescence: non radiative recombination and charge extraction. At open

circuit, the photoluminescence quenching is not desired, since it is due

to high non-radiative trap-assisted recombination. On the other hand,

under operating conditions, a photoluminescence quenching is desired,

since it means that charges are extracted efficiently [74].

Photoluminescence measurements under bias have been widely em-

ployed to observe the movement of ions indirectly, from the way ions

modify the distribution of charges in the device, and hence the PL. A brief

review of the main works on photoluminescence under bias will follow.

The goal is to show 1) how contraddictory results and interpretations

have been proposed in the past and 2) what are the open questions that

this thesis is addressing.

Leitens et. al in 2015 [75] showed that, at room temperature, both the

radiative recombination rate and hence the photoluminescence are re-

duced under exposure to the electric field (fig. 1.9). Additionally, the PL

is quenched for tens of seconds after the voltage is brought back to zero.

They attributed this behaviour to the migration of charged defects, which

increases the trap density and the monomolecular recombination rate,

quenching the PL intensity and shortening the lifetime [76].

Also Deng et al. in 2016 attributed the reversible PL quenching under bias

in MAPI to the migration and accumulation of ions [77]. In the same year,

Jacobs et. al observed long lasting (100 s) quenching of the PL under bias.

They ascribed the reversible PL responses to traps while the irreversible

response to the migration of ions [78].

Senocrate et al. in 2017, claimed that iodide anions are the main mobile

specie in MAPI and that mobility is enhanced by illumination. The

material polarized under the application of an external field (hence

during operation), due to the migration of of charged interstitial iodide

[79]. In the same year, also Li et al. attributed the observed movement

of a "dark area" on MAPI under electric field of to the migration of

iodides [80]. One year after, the same group measured the time evolution

of the photoluminescence under bias, along different perovskite films,

attributing it to the migration of positive halide vacancies. Their proposed

mechanism predicts that vacancies create local traps, increasing non-

radiative recombination and thus reversibly quenching the PL. For

a mixed-halide and mixed-cation perovskite FA0.95Cs0.05PbI2.7Br0.3,

similar to the composition used in this work, the dark front moved at

3μs–1
after poling the film with an average electric field of 105V/m [81].

In 2018, Birkhold et. al, have shown that the creation of interface traps

depends on the injection of carriers from the transport layer, suggesting

that the reduction of lead P2+
in P0 and thus the removal of a lead atom

from the lattice, forming a Frenkel defect, is the major defect-formation

mechannism in MAPI. In the same article a spatial map of the PL under

bias is reported (fig. 1.10), where a dark region expands from the negative

side to the middle of the device [82].
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1.7 Drift-diffusion models

Drift-diffusion models of perovskite devices have been widely employed

to simulate the J-V characteristic as well as other experimental results. [83]

[84] [85]. These models couple the ionic-carrier conductivity of pervoskite

materials. Typically one ionic specie is assumed to be mobile and another

immobile [63], while in some cases ionic species with opposite signs

are given non zero mobility [86]. The model used in this work is ZimT,

developed by Koopman et al. [87] and previously used to study the

effect on the efficiency of recombination [88] [89], its competition with

extraction [90], mobility [91], density of states [92] and transport layers

[93].





Figure 2.1: Energy diagram of a per-

ovskite layer in the dark and at open

circuit.

The effective masses reported in

literature vary widely for differ-

ent perovskites, between 0.169

and 1.5 for electrons and be-

tween 0.07 and 0.17 for holes for

different. Assuming the the fol-

lowing effective masses m∗
n =

1 and m∗
h = 0.1, the densi-

ties of state become NC =
3 · 1019 cm–3

and NV = 1.5 ·
1019 cm–3

.

Figure 2.2: Energy diagram of a per-

ovskite layer under illumination. An inci-

dent photon with energy bigger than the

bandgap generates an electron in the con-

duction band and a hole in the valence

band.

Theoretical background 2
This section is meant to lay some theoretical foundations on the physics

of carrier generation, recombination and transport, as well as a simple

analytical description of ion migration and field screening. It is not

necessary to follow the rest of the thesis, but will help grasping the

results and interpretations presented later.

2.1 Energy diagram and charge concentrations

In an isolated atom or molecule, the electron can access a limited number

of energy states. The periodic structure of the material introduced a

continuous range of allowed energy states (energy bands) and a range of

forbidden energy states (band gap). Valence electrons are bonded to the

lattice and have a maximum energy EV. Free electrons in the conduction

band have a minimum energy EB. The energy difference between the

band edges is called band gap energy EG.

Given the average electrochemical potential of the electrons in the mate-

rial, Fermi energy EF, the concentration of electrons and holes are given

respectively by

n0 = NCe–β(EC–EF) p0 = NVe–β(EF–EV)
(2.1)

where β = 1/kT and NC and NV are the effective densities of states,

computed as

NC = 2
(

2πm∗
n

βh2

)3/2
NV = 2

(2πm∗
p

βh2

)3/2
(2.2)

In a p doped material, negatively charged acceptors, capture electrons,

leaving a hole in the valence band. The concentration of holes p increases,

decreasing the numerator in 2.1 and thus the Fermi level gets closer to

the conduction band.

At thermal equilibrium, with no illumination, the product of electron

and hole density is a constant

n0p0 = NCNVe–βEG
(2.3)

2.2 Carrier generation

When a semiconductor is shined by light, every photon with energy

hν > EG generates an electron-hole pair. The excess energy is lost by the

photogenerated charge carriers by collision with the lattice. Electrons and

hole concentrations are described by two different quasi-Fermi levels

n = NCe–β(EC–EFn) p = NVe–β(EFp–EV)
(2.4)
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Figure 2.3: Energy diagram of a per-

ovskite layer under illumination and bias.

Generated electrons (holes) drift towards

the anode (cathode).

Figure 2.4: Electrons (holes) accumu-

lated at the anode (cathode) diffuse away

from the high concentration region until

they are evenly distributed across the

device.

Assuming μ = 20cm–2/Vs
and L = 3μm [53], the dif-

fusion coefficient through Ein-

stein relationship (2.9) can be

estimated to be D ≃ 0.5cm2/s.

Under non-equilibrium, the product of the two gives

np = n0p0e–βΔEF
(2.5)

where the quasi fermi-level splitting is the electrochemical energy gener-

ated by the light source and can be expressed as the open circuit voltage

ΔEF = EFp – EFn = eVOC. The open circuit voltage is a key element in

the efficiency of a photovoltaic device

η = FFVOCJSC
Iin

(2.6)

2.3 Carrier transport

The movement of carriers in a semiconductor can be modelled as the

superposition of a electrodynamic movement, drift, and a thermal move-

ment, diffusion. Drift is the motion of charged particles under an electric

field. Negatively charged electrons move against the electric field or in

the direction of the potential gradient (against an energy gradient, thus

down an energy slope) with a velocity v = –μnE = μn∇V. The electron

flux is then

φn,drift = nv = nμn∇V (2.7)

where the mobility depends on both the temperature and doping density

that can increase the rate of collisions with the crystal lattice

Random thermal motion tends to spread out particles, thus creating a

flow of electrons against their concentration gradient.

φn,diff = –Dn∇n = – kT
e μn∇n (2.8)

where the diffusion coefficient has been expressed in terms of mobility

using Einstein relationship

D
μ

= kT
e (2.9)

The electron contribution to the current density is the charge multiplied

by the electric drift and diffusion flux, hence

Jn = –eμnn∇V + kTμn∇n (2.10)

Analogously the hole contribution to the current density is

Jp = –eμpp∇V – kTμp∇p (2.11)
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Figure 2.5: Energy diagram of a per-

ovskite layer under illumination. An

electron (hole) can recombine non-

radiatively with a trap (left), or recom-

bine radiatively with a hole, emitting a

photon with energy close to the bandgap

energy.

Assuming L = 3μm [53], and

D = 0.5cm2s as calculated

before, and that the major re-

combination process is radia-

tive, the minority carrier life-

time can be estimated to be

τn = L2
/Dn = 18μs

2.4 Carrier recombination

Direct recombination is a bimolecular recombination process. At thermal

equilibrium the generation and recombination rates are equal

Rth = Gth = k2n0p0 (2.12)

Under illumination, the generation rate G and recombination rates R will

increase and be equal in the steady state.

R = G = k2np (2.13)

The net direct band to band recombination rate is thus

R2 = R – Rth = k2(np – n0p0) (2.14)

In a p-type semiconductor in low-injection regime p ≃ p0 thus

R2 = k2p0(n – n0) = n – n0
τn

(2.15)

where τn is the minority carrier lifetime due to direct recombination.

The minority carrier diffusion length can be estimated as

Ln =
√

Dnτn =

√
Dn

k2p0
(2.16)

When an electron or a hole is captured by a trap energy state ET (impurity

o lattice defect) in the bulk it doesn’t emit light. The recombination rate

has a complicated dependency on the charges

Rbulk = vthσNT
np – n0p0

n + p + 2√n0p0cosh(ET–EF
kT )

(2.17)

where vth is the thermal velocity, and NT is the trap density. In a p-type

semiconductor with low-injection rate the previous expression simplifies

to

Rbulk = cnNT(n – n0) = n – n0
τn

(2.18)

where τn is the recombination lifetime for electrons.

Dangling bonds in the interface between the perovskite and the transport

layer create surface trap states where electrons and holes can recombine.

In a p-type material the surface recombination rate Rsurf is proportional

to (n – n0). Hence, bulk and surface trap-assisted recombinations are

both monomolecular processes. The rates can be condensed in a simple

expression for a p-type material under low injection

R1 = Rbulk + Rsurf = k1(n – n0) ≃ k1n (2.19)

where the approximation n >> n0 works in the high injection regime.

Auger recombination involves three particles. When recombining, an

electron-hole pair can transfer energy and momentum to an electron

(hole) in the conduction (valence) band.
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2.5 Electrostatics

The electric field moves ions and charge carriers, while charge carriers

deform the electric field (hence the voltage and the band structure).

Generation G, recombination R and transport J vary the local charge

concentration, according to the continuity equation

dn
dt = 1

e ∇Jn + G – R (2.20)

An equivalent equation holds for holes as well. Poisson equation defines

how a charge density ρmodifies the potential

∇ · E = –∇2V = ρ
ε

(2.21)

In a region where positive charges accumulate, the electric field tends to

point away from the center of the charge distribution (positive divergence).

The potential will form a hill, pushing positive charges away and attracting

negative charges to the center.

2.6 Electrostatics of ions

How does Poisson equation apply to a perovskite device? Let’s make

some assumptions to be able to gain insights from analytical solutions.

First, the planar symmetry of the device allows for reducing the problem

to 1 dimension. The laplacian in equation 2.21 becomes a second deriva-

tive. Second, let’s neglect electronic charges by assuming that the local

electronic charge concentration is ρ = 0. This approximation is realistic

in case of high injection or low doping. Under this assumption, Poisson

equation becomes Laplace equation.

d2V
dx2 = 0 (2.22)

The electric field can be obtained by integrating twice on dx, which gives

a straight line. After setting the boundary conditions, namely placing the

cathode (negative electrode) on the left and the anode (positive electrode)

on the right, the potential is described by

V = Ex (2.23)

where E is the module of the electric field. The potential is sketched in

fig. 2.6 A. The potential energy of electrons will be

U = –eV = –eEx (2.24)

where -e is the charge of one electron. this is the energy profile of the

conduction and valence bands of electrons.

Now, let’s consider a constant concentration C+
of positive charges q

(immobile cations). Poisson equation becomes

∇2V = – qC+

ε
(2.25)
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D

C

B

A

Figure 2.6: Sketch of the electric field E,

electric potential V and electron potential

energy U solutions of Poisson equation

with an external bias. A) no ions. B) im-

mobile cations C+
. C) mobile anions C–

.

D) immobile cations and mobile anions.

where the right term of the equation is constant. Integrating twice the

equation gives a quadratic potential. Assuming that the electric field is

zero at the anode (complete screening), the potential looks like

V = – qC+

ε
(x – l)2 + Vb (2.26)

where l is the device length and Vb is the external bias. The electric field

is maximum at the cathode and decreases linearly across the device, as

sketched in fig. 2.6 B.

In the case of different mobile ionic species, one can write Poisson

equation as

d2V
dx2 = – ρion

ε
(2.27)

ρion the ionic charge density. Assuming that different ionic species with

average concentration Ci and charge qi are in thermal equilibrium and

can be described by a first order Boltzmann distribution, the ionic charge

density becomes

ρion =
∑

Ciqie– qiV
kT ≃

∑
Ciqi

(
1 – qiV

kT

)
(2.28)

where k is the Boltzmann constant, T the temperature. Assuming that

the system is neutral, the first term of the sum in 2.28 goes to zero.

Substituting in equation 2.27, one obtains Debye-Huckel equation

d2V
dx2 =

∑
Ci

q2
i V

kT (2.29)

that can be rewritten as

d2V
dx2 = V

L2
D

(2.30)

where the LD is the Debye length, defined as

L =
√
εKT∑
Ciq2

i
(2.31)

Equation 2.30 admits an exponential solution with decay length LD. In

the case of mobile anions accumulating at the anode, the potential can

be written as

V = Vbe
x–l
LD (2.32)

and it is sketched in fig. 2.6 C. In this case the electric field is maximum

at the anode, where the ions are accumulating, and drops to zero with

an exponential decay.

What would happen if there was both an immobile cation and a mobile

anion? This is the case of a Frenkel defect such as a mobile interstitial

I–
that is activated and leaves an immobile vacancy V+

I behind. This

problem can not be solved analytically. A qualitative understanding could

be gained assembling the two previous examples B and C. The voltage

profile would be constant (zero electric field) in the middle of the device,

quadratically increasing away from the anode (linearly increasing electric

field) and exponentially increasing towards the cathode (exponentially

increasing electric field), as sketched in fig. 2.6 D.





Research question and methods 3
The question that this work tries to address is:

How does ion migration influence the concentration

of carriers along a perovskite device?

The first objective is to observe how carriers distribute along a perovskite

layer under bias. This is done by measuring the photoluminescence

transient under bias (Section 5) of a perovskite device. In this project we

focus on the stable and tunable mixed-halide and mixed cation perovskite.

Moreover, the fabricated device is lateral and symmetric to facilitate the

optical measurements (Section 4)

The second objective is to understand how the migration and accumu-

lation of ions, influences the distribution of carriers. This is done by

performing steady-state simulations of a one dimensional symmetric

perovskite device under illumination and bias. The model used includes

the electrostatic effect of one free mobile anion and neglects traps and

non-radiative recombination (Section 6). The research question can be

rewritten in detail, incorporating the methods used in this work:

Can an electrostatic model explain how ion migration

influences the concentration of carriers, by reproduc-
ing the measured photoluminescence under bias,

along a mixed-cation mixed-halide perovskite sym-
metric lateral device?





Figure 4.1: Device top-view

Device 4
In the fabricated device, a metal layer and a hole transport layer are

evaporated on the substrate, previously patterned with UV-lithography.

In this way the perovskite deposited on top is directly exposed to light,

forming a back-contact device.

4.1 Concept

In the most simple architecture, the perovskite material is sandwiched

between two selective transport layers, a hole transport layer and an

electron transport layer, allowing for selective charge extraction.

In back contacts devices, instead, the conductive layers are deposited on

the rear of the device, leaving the photovoltaic material directly exposed

to light. Open architectures have been used recently to investigate directly

the perovskite layer by probing it with photoluminescence, XRD or XRF

measurements [94], [95]. On top of that they have reached great perfor-

mances in c-Si devices [96], since the shading losses due to electrodes can

be avoided. Additionally, there is more freedom in choosing conductive

contacts with no transparency requirement.

The device that is analyzed in this work is a symmetric interdigitated back
contact device. It is symmetric since only a hole transport layer is used.

Back contact since the contacts and transport layers are deposited on the

rear of the device and not on top. Interdigitated since the contact are

patterned as parallel stripes or fingers (digitus in Latin). The cell lateral

section is sketched in fig. 4.2, while a top view scheme is displayed in fig.

4.1.

After imprinting the pattern on the quartz substrate using negative-resist

UV lithography, the silver (Ag) contact is evaporated on top. The hole

transport layer is created by first evaporating nickel (Ni) and then anneal-

ing in air to form nickel oxide (NiOx). On top of that, a layer of mixed

halide and mixed cation lead perovskite (FA0.83Cs0.17Pb(I0.6Br0.4)3) is

spin coated and then coated with a protective layer (PMMA).

Figure 4.2: Sketch of device lateral section. The sketch is not in scale. The Si layer is expected to be 100 nm thick, the NiO layer is roughly

10 nm thick.
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4.2 Fabrication

First the quartz substrate is cleaned. More in detail, a 15x15 mm quartz

sample is brushed with soap, sonicated in water for 10 minutes and

in acetone for 8 minutes. The cleaned sample is transferred to a clean

room, where it is immersed in a boiling solution with 10 ml of Am-

monium hydroxide (30 %), 10 ml of Hydrogen peroxide (30 %) and

50 ml of demineralized water. This process should remove inorganic

and organic residues. The cleaning procedure ends with 2 minutes of

Plasma-Cleaning, to further remove organic impurities.

In the UV lithography process, a photoresist MAN1420 is spincoated

over an adhesion layer HMDS and then patterned with UV light through

a mask. After evaporating Ag and Ni, all the parts that didn’t react with

the development solution (hence the ones exposed to light), are lifted

off. In detail, after HMDS is spincoated at 400 rpm for 35 s and annealed

at 150 C for 1 minute, 200 μL of MAN1420 are spincoated at 3000 rpm

for 30 s and annealed at 100 C for 2 minutes. The sample is covered by

the mask in fig. 4.1 and exposed to 550 mJ/cm
2

of 365 nm UV light. The

sample is developed for 80 s at 21 C and rinsed with demineralized water.

A nanolayer of silver and nickel is precipitated on the photoresist with a

rate of 0.05 1nm/s through Electron Beam Physical Vapor Deposition

(EBPVD). An electron beam heats the material in a vacuum chamber,

evaporating the atoms. After leaving the sample in acetone for 1 hour,

and rinsing it, the non-exposed parts can be lifted off. The patterned

sample is dried with a N2 gun.

To oxidize the Ni layer, the sample is annealed in air for 20 minutes

at 450 C (with additional 20 minutes of ramping up and 60 minutes

of cooling down). The samples are transferred to a Nitrogen glovebox,

where 65 μL of perovskite precursors solution, filtered by a 0.2 μm filter,

is spincoated at 2000 rpm for 10 s and at 5000 rpm for 30 s. After 15 s from

the beginning of the spincoating, the sample is quenched with an N2
gun for 15 s at a vertical distance of 5-10 cm. After annealing the sample

at 100 C for 10 minutes, 200 μL of PMMA A8 solution is spincoated at

3000 rpm for 45s and then annealed at 95 C for 5 minutes.

Table 4.1: Perovskite solution recipe and

measured amount on 30/09/2022. Mea-

sured amounts are determined by read-

ing the maximum and minimum values

displayed in the balance screen up to the

resolution of 0.0001 g. The relative devi-

ation of the solvent mixture is trivially

estimated from the pipette resolution

0.01 mL. The relative deviation of the sol-

vent volumetric ratio is calculated as the

ratio of pipette resolution 0.01 mL and

the total volume prepared, 5 mL, hence

0.2 %.

Precursor Nominal quantity Measured quantity Error

PbI2 0.664 g 0.6648-0.6636 g 0.1 %
FAI 0.189 g 0.1894-0.1886 g 0.2 %
CsBR 0.0515 g 0.0517-0.0512 g 0.6 %
Solvent Nominal quantity Measured quantity Error

DMF 4.5 ml 4.49-4.51 ml -

NMP 0.5 ml 0.49-0.51 ml

DMF and NMP 1.4 ml 1.39-1.41 ml 0.7 %
DMF and NMP (1:9) 0.998:9.002)-(1.002:8.998) 0.2 %
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The biased perovskite device is illuminated with a laser from one contact

to the other. Measuring the photoluminescence, gives information on the

concentration of electrons and holes along the device. When the bias is

switched on, the cathode darkens (less carriers) while the middle of the

device brightens (more carriers).

5.1 Concept

The device is hit by a high energy laser that generates electron-hole pairs.

The carriers recombine radiatively and the emitted photons are collected

and counted by a detector for different points of the material. The counted

photons are arranged in a histogram on the wavelength that assumes

a gaussian shape, called photoluminescence (PL) spectrum. The peak

wavelength is related to the bandgap of the material and the width of

the gaussian gives information on the quality of the material. An infinite

crystal would ideally emit a delta-like signal peaked at the bandgap

wavelength. However, the perovskite crystalizes in grains of limited

size and the signal broadens. The integral of the spectrum is the total

steady-state PL and its distribution along the device gives information

about the distribution of carriers since PL ∝ np.

The PL intensity is scanned along a line from one contact to the other,

as displayed in fig. 5.1. After a line scan is finished, another scan begins,

capturing the behaviour of the material at different instants (temporally

resolved PL). The time-scale of a line is in the order of 6 seconds, to

capture the slow dynamic of the system most likely imputable to ion

migration. The charge carriers are assumed to reach equilibrium in the

transition between one point and the other, since they are extracted in a

much shorter timescale (ns – ms) than the sampling time 0.06s. After the

first line scan, the device is poled with an external 10 V bias, to induce

the drift of mobile ions. The same is repeated switching off the potential

after the first scan. More details on the parameters employed during the

measurements are reported in the next section.

Figure 5.1: Scheme of the PL measure-
ment under bias. The material is excited

by a 405nm laser and the emitted pho-

tons, with a wavelength distribution cen-

tered around the bandgap wavelength

770nm are counted by the camera. The

laser moves from left to right, with a

speed of 1 point/0.06 s or 1 line/6 s, from

the cathode to the andoe. The applied

bias is 10V, forming an average electric

field of 105V/m.
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The formula used in the calcu-

lations on the side are

G =
φ

d
=

I
d
λ

hc
(5.2)

where G[cm–3s–1] is the rate

at which electrons and holes

are generated, from a pho-

ton flux φ[cm–2s–1] penetrat-

ing at a depth d[cm]. The

flux is calculated from the ir-

radiance I[Wcm–2] of photons

with wavelenght λ[nm].

5.2 Experimental setup

The steady state PL is measured with a WITec alpha300 RS confocal

microscope in reflection mode. The setup is composed of an optical

microscope with a 20x objective, a coherent laser with an excitation

wavelength 405nm, and a charge-coupled device (CCD) used as a detector,

that captures the entire spectrum.

In one horizontal scan, the PL spectrum is measured for nx points, at a

distance dx apart from left to right. One line is then Lx = nx · dx long.

The stage is moved down by a distance dy for each of the ny lines. The

photons are gathered and counted for a time dt and it takes a time dτ to

move the stage to the next point. Hence, the total duration of a line scan

can then be estimated as

T = nx(dt + dτ) (5.1)

and measured manually with a chronometer for small values of dt, giving

T = 6s and thus dτ = 0.06s. The time dt can be adjusted to capture

different timescales. In this work dt = 0.01 – 0.02, hence T = 6s, is used

to capture faster ion dynamics (high voltages) while dt = 0.1s, hence

T = 16s, could be used to for lower voltages.

The measured laser power (0.3μW for nominal power of 0.26/mW)

divided by the illuminated area, a circle of diameter 15μm, gives the

irradiance 0.1Wcm–2
. Given the energy of a 405 nm photon, which

is 3eV = 3 · 1.6 · 10–19J one could calculate the photon flux which

is φ = 3 · 1017cm–2s–1
. This photon flux is comparable to the flux of

adsorbed photons by a 1.6 eV perovskite under standard conditions,

AM1.5, which is roughly 1016cm–2s–1
. Since the measured adsorption

coefficienct of the perovskite is 0.3 · 105cm–1, the penetration depth of

light can be approximated to be 3 · 10–5cm. Form this one could estimate

the rate at which electron-hole pairs are generated G = 1022cm–3s–1
,

which is an important input of the simulations. The parameters used in

the measurements are summarized in table 4.1.

A Keithley 2400 SMU, remotely controlled, is used to apply the external

10 V bias to the sample and to record the current. Before starting the

measurements the quality of the contact between the probes and the

cell’s electrodes is checked by measuring an IV curve.

Table 5.1: Parameters used in the photo-

luminescence maps.
Quantity description Values

dx distance bewteen points 1.75 μm
dy distance bewteen lines 5 μm
nx number of points 100

ny number of lines 10-40

P nominal laser power 0.2-0.5 mW

I irradiance 0.16 Wcm–2

dt integration time 0.01 s-0.1s
V Voltage 10 V
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5.3 Data analysis

The output of the measurements is a matrix containing the photon counts

PLijk where i ∈ [0,nx) is the index of the points, j ∈ [0,ny) is the index of

the lines and k ∈ [0,nw) is the index of the wavelength.

In the continuum, the matrix becomes the function PL(x,t,λ) where the

horizontal position is x = i · Lx/nx, the time dependency is determined

as t = j · T = j · nx(dt + dτ) and λ is the wavelength. The wavelength

dependent spectrum can then be fitted to a gaussian curve

f(λ) = B + Aexp
(

–
(
λ – λ
σ

)2
)

(5.3)

to remove the background B. A plot of the noise free and fitted spectrum,

is shown in figure 5.2 for t = 0 and x = 80μm (off contact) and x = 150μm
(over contact).

Figure 5.2: Background removed PL

spectrum and fit at 0V, above the contacts

(150 μm) and off the contacts (80μm).

The PL in the position x and at time t is obtained integrating, or summing,

the spectrum

PL(x, t) =
∑
λ∈Λ

PL(x, t, λ) (5.4)

As a standard data analysis procedure the integral of the noise-free

signal is plotted in the wavelength range Λ = λ0 ± 50μm, where λ is the

central wavelenght, obtained from the fit. Moreover, all the line scans are

displayed just in the perovskite x ∈ [0, 100]μm and not over the contacts,

since the PL over the contacts is constant and doesn’t give relevant

information on the interplay between ions and carriers. The measured

photoluminescence doesn’t depend on the scan speed or on the direction

of the scan. The photoluminescence at 0V is also reproduced for three

different batches, as show in section A.2. One could also plot the central

wavelenght of the gaussian and would obtain a function λ0(x, t), that is

shown in appendix A.5.



22 5 Photoluminescence under bias

5.4 Result

The colormap PL(x,t) is displayed in fig. 5.3. On the left, the 10 V bias is

applied after the first line scan from the cathode to the anode (x = 100μm)

is complete (A). A bright region appears in the proximity of the anode

and slowly expands to the middle of the device, while the cathode region

darkens (B). After 40s the PL reaches the bias steady state (C).

On the right, the 10 V bias is switched off after the first line scan is complete

(A). Now, the bright region in the middle of the device disappears, as

well as the dark region close to the cathode. In the final unbiased steady

state the PL is almost homogeneous, but for two brighter peaks 15 μm
away from the electrodes (B). Interestingly, it takes 80 s, twice as long, for

this transition to be complete (C).

Interpreting these results is not trivial and requires a deeper understand-

ing of the system behaviour. At least, it needs to be clarified how the ion

migration, activated by the external bias, influences the charge carriers

distributions, and thus the photoluminescence. This will be discussed in

the next session.

A

C

B

A

0

10000

20000

30000

40000

50000

60000

PL count

+

0

20

40

60

80

100

x 
(

 m
)

0V10V
0

10

B
ia

s 
(V

)

0 10 20 30 40 50 60 70 80

t (s)

0

10000

20000

30000

40000

50000

60000

PL
 c

o
u
n
ts

15 m

62 m

0 25 50 75 100 125 150 175 200

t (s)

15 m

60 m

0V 10V

-

Figure 5.3: Spatially and time-resolved PL intensity under bias. A) The potential is switched to 10V after measuring the first column on

the left graph and switched off to 0V after measuring the first column, on the right graph. B) The measured PL over time is mapped as a

function of the position x along the device. The anode is on the top edge (x = 100 μm). The PL count is the integrated spectral photon

count, after background removal. C) Time dependency of the PL at two fixed positions: above the 0V maximum, x = 15μm, and above

the 10 V maximum = 62μm. Choosing different positions doesn’t change the timescale, as shown in appendix A.3.



Simulations 6
A simple model of the device consists of mobile electrons and holes that

are generated by illumination, drift under an electric field and recombine,

emitting photoluminescence. At the same time, mobile negative ions

can drift under the electric field and modify the electric field itself, thus

changing the concentration of electrons and holes.

6.1 Concept

One dimensional time-dependent drift-diffusion simulations are based on

a system of differential equations that couples the charge concentrations

(ions, holes, electrons) and the potential.

First, the drift-diffusion equation regulates the currents based on the drift

along a potential slope and a diffusion against a concentration gradient.

Second, Poission equation accounts for charges modifying the potential.

Third, the continuity equation updates the charge concentration based

on the current density as well as the generation and recombination of

electrons and holes.

The algorithm requires as an input an external voltage and an illumination

profile (mimicking the photoluminescence measurement under bias) as

well as some parameters like dielectric constant, band energies, density

of states, of the perovskite and transport layers.

The solutions of the model can be visualized as a band diagram (fig. 6.1),

that changes over time. The band energy is proportional to the electric

potential and the slope gives the electric field. The electron and hole

concentrations are represented by the Fermi-level (in the dark) and the

quasi-Fermi levels (under illumination). The closest the Fermi level to the

conduction (valence), the highest the concentration of electrons (holes).

+

Figure 6.1: Simulated energy diagram
under bias. The band diagram shows

conduction band valence band and quasi-

Fermi levels in the 100 μm perovskite

layer (ochre) and in the 5μm hole trans-

port layers (dark gray). The carriers

(green) are generated under illumina-

tion (violet), drift under an applied bias

(orange) or recombine radiatively (red).
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6.2 Physical model

The simulations are performed using ZimT, an open-source code for

transient drift-diffusion simulations, developed by L.J.A. Koster [97].

As mentioned in the previous section, the algorithm solves a system of

coupled partial differential equations in the following variables: electron

concentration n(x, t), holes concentration p(x, t), anions/cations concen-

tration C–/+(x, t) and voltage V(x, t). The first fundamental equation is

the drift diffusion equation for electrons and holes (see section 2.3).{
Jn(x) = –eμn ∂V(x)

∂x + kTμn ∂n(x)
∂x

Jp(x) = –eμp ∂V(x)
∂x – kTμp ∂p(x)

∂x
(6.1)

where e is the elementary charge, Jn/p(x) is the electron/hole current

density and μn/p the electron/hole mobility, assumed to be uniform

along the device. Analogously, ions’ drift and diffusion motions can be

described by {
J+(x) = 0
J–(x) = –eμ– ∂V(x)

∂x + kTμ– ∂C–(x)
∂x

(6.2)

where we have assumed one mobile anion with mobility μ– and one

immobile cation. The total current density is then given by the sum of

carrier and ionic current densities

J(x) = J+(x) + J–(x) + Jn(x) + Jp(x) (6.3)

Moreover, the concentration of electrons/holes increases if there is

a current influx, increases with a rate G if photons generate carriers

and decreases with a rate R if carriers recombine, as described by the

continuity equations{
∂n(x)

∂t = +1
e

∂Jn(x)
∂x + G(x) – R(x)

∂p(x)
∂t = – 1

e
∂Jp(x)

∂x = G(x) – R(x)
(6.4)

where the recombination rate is assumed to be purely radiative

R(x) = k2(np – n0p0) (6.5)

Ions can only drift and diffuse, hence, the continuity equations are

trivially {
∂C+(x)

∂t = 0
∂C–(x)

∂t = 1
e

∂J–(x)
∂x

(6.6)

Finally, Poission equation assembles everything together, describing how

charges modify the electric potential

∂2V(x)
∂x2 = – e

ε
(p(x) – n(x) + C+(x) – C–(x)) (6.7)
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6.3 Parameters

The toy-model of our device consists of a 100 μm perovskite layer with

dielectric constant εr = 15 sandwiched in between two 5μm transport

layers, εr = 12. The conduction bands are aligned at EC = 5.4eV with

the electrode work function, while the NiO transport layer has a wider

bandgap EG = 3.8eV than the perovskite EG = 1.6eV forming an energy

barrier for electrons. The perovskite is undoped while the transport layer

is p-doped with acceptor concentration NA = 1012cm–3
. Charges have

higher mobility in the perovskite, μp/n = 50cm2V–1
, than in the HTL,

μp/n = 0.3cm2V–1
. Anions with unitary charge, move with a mobility

μ– = 10–5cm2V–1
and can’t penetrate the transport layer interface, while

cations are immobile. The capture rate of traps is set to zero, allowing only

radiative recombination. The device is biased and then illuminated with

a 0.05s wide gaussian pulse. The n, p and C– concentrations are recorded

and displayed at the peak of the pulse, as in the PL measurements.

Some parameters, like anion concentration, cation concentration, illu-

mination and voltage, are varied in the simulations to investigate the

system behaviour, as discussed in Section 5.5.

Perovskite

d μm 100 -

EC eV 3.8eV [98] [99] -

EV eV 5.4 [100]

εr 15 -

NC/V cm–3 2 · 1019
2.1

NA/D cm–3
0 -

μn,p cm2V–1s–1
50 [101] [53]

C+/– cm–3 1010 – 1013
[91] [102]

μ– cm2V–1s–1 10–7
-

k2 cm3s–1 10–14
-

Transport layer

d μm 5
EC eV 1.6 [103]

EV eV 5.4 [103]

εr 12 [104]

NC/V cm–3 1021
2.1

NA cm–3 1012
[105]

μn,p cm2V–1s–1
0.3 [106]

External parameters

V V 0 – 10 -

δt s 0.05 -

Gmax cm–3s–1 1010 – 1015
-

Table 6.1: Simulation parameters. The

columns report symbol, unity, value and

source. See nomenclature section at the

end of the thesis for clarification of the

quantity that the symbol represents.
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6.4 Assumptions and limitations

Limitations of the simulation that need to be taken into account are the

simplistic model employed (one mobile anion, only radiative recombina-

tion) and the unrealistic parameters used (low ion concentration and low

illumination).

First, assuming that ions can’t react or diffuse into the transport layer

could limit the reliability of the model, since ions are known to do both

[60][61]. On top of that, since the activation energy and mobility of ions in

mixed halide and mixed cation perovskite is still not clearly determined

[57], the assumption that only I–
moves and leaves immobile Frenkel

vacancies behind, could sound slander.

Moreover, assuming purely radiative recombination and neglecting the

defects-mediated recombination, by setting k1 = 0, is a rough assumption.

In fact, ions can activate or passivate traps in the bulk or in the interface,

quenching or enhancing the PL [81]. Neglecting Auger recombination is

fair for low levels of injected carriers (n < 1022m–3
) [107].

Second, the simulations did not converge for higher values of illumination

intensity and ion concentration. In fact, the maximum generation rate

tested is 1015cm–3s–1
while the generation rate in the PL measurements is

1022cm–3s–1
as calculated in section 5.3. The maximum ion concentration

tested is 1013cm–3s–1
, which is lower than the values proposed in the

literature that vary from 1013cm–3s–1
[102], 1017cm–3s–1

[108] up to

1019cm–3s–1
[109].

Nevertheless, the purpose of this limited qualitative model is to show

how the formation of dark and bright regions in the photoluminescence

could be due to electrostatic effects, without involving defect chemistry

or interface effects.
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6.5 Results

In this section the main results of the simulations are reported. In the first

simulation, the device is illuminated at different positions with a gaussian

pulse of 1μm width for 0.05s. A 2V bias is also applied, mimicking the

experimental conditions. The resulting concentration np is plotted in

fig. 6.2 for different excitation positions. The np concentration (and

hence the photoluminescence is peaked in the center-right of the device

and quenched in the center-left. This is compatible with the observed

photoluminescence profile under bias.
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Figure 6.2: Excitation position depen-
dent simulation. Product of electron and

hole concentrations np for different exci-

tation positions.

In all following simulations, the full device is illuminated with the same

generation rate and for the same amount of time. The shape of the

PL doesn’t change, still peaking in center-anode and depleted at the

cathode. This feature does not change when varying the voltage (fig. 6.3),

illumination (fig. 6.4) or concentration of immobile cations (fig. 6.5).

Nevertheless, testing the impact of different ionic concentrations, shows

how ions play a critical role in determining the peaked PL shape. As

evident from figure 6.6, when the concentration of mobile anions is too

low, the electrons are confined to the anode interface. Only after a certain

critical concentration, electrons are repelled towards the middle of the

device, forming the peaked PL profile observed in the experiments.

Some simulations at 0V were carried too, even though the algorithm

diverged in many cases and for the majority of parameters tried. One

result is shown in fig. 6.7 and will be further discussed in the following

chapter.
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Figure 6.3: Bias dependent simulations.
Normalized concentrations of mobile an-

ions (A), electrons n (B), holes p (C)
and photoluminescence np (D) for differ-

ent external biases. Band diagrams and

quasi-Fermi levels for V = 2V (E) and V

= 10 V (F).
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Figure 6.4: Illumination dependent sim-
ulations. Normalized concentrations of

mobile anions (A), electrons n (B), holes p

(C) and photoluminescence np (D) for dif-

ferent generation rates. Band diagrams

and quasi-fermi levels for G = 0 (E),
G = 1021m–3s–1 (F).
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Figure 6.5: Simulations on p-doping.
Normalized concentrations of mobile an-

ions (A), electrons n (B), holes p (C) and

photoluminescence np (D) for different

ratios of immobile cations (C+) to mo-

bile ions (C–). Band diagrams and quasi-

fermi levels for C+ = 0 (E) C+ = 0.9C–
(F).
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holes p (C) and photoluminescence np
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Figure 6.7: Ions dependent simulations
at 0V. Concentrations of mobile anions

(A), electrons n (B), holes p (C) and np

(D) for different concentrations of mobile

anions (C–). This graph is the complete

simulation of fig 7.2.
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7.1 Steady state PL at open circuit

The photoluminescence profile along the 100 μm device at 0V is displayed

in fig. 7.1. It has a symmetrical shape, as expected, even though it is not

uniform: peaked close to the transport layer interface and lower in the

middle of the cell. This behaviour doesn’t depend on the position of

the device where the scan is performed, hence it is not due to the local

variability in the chemical composition. In different batches, the distance

of the peaks from the contact varies in the range 10– 18μm while the ratio

of minimum to maximum varies in the range 40 – 80% (see Appendix

A.2).
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Figure 7.1: Measured steady state PL at

0V.

The reason of this inhomogeneity is yet to be understood since the

simulated np concentration at 0V (fig. 7.2) is uniform. The trend observed

in the experiments emerges when zooming in by several orders of

magnitude since the signal to background ratio in the graph is 10–10
. The

simulations suggest the accumulated ions at the interface, attracted by

the built-in electric field, create a region of intense field at the interface,

attracting carriers and generating the observed peaks in the PL.

Figure 7.2: Simulated np at 0V for differ-

ent mobile anion concentrations.



34 7 Discussion

7.2 Steady state PL under bias

At 10 V, the PL distribution is asymmetrical as shown in fig. 7.3. It peaks in

the middle of the device, towards the anode (right) and it is quenched but

not completely at the interface with the cathode (left). The PL increases

in the middle by 50 % and decreases at the cathode by 80 %.

Figure 7.3: Measured steady state PL at

10V.
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In this case, the simulated PL at 10 V qualitatively matches the measured

PL, pointing at how the electrostatic repulsion of the ion accumulation

layer might be the main process determining the distribution of charges

and thus the PL along the device. Looking at fig. 7.4, for low ion concen-

trations (orange), electrons are concentrated on the anode and the PL

peaks at the interface and decreases exponentially from the interface to

the center. At higher anion concentrations, the negative ions accumulated

at the interface repel the electrons, confining them in the center of the

device and limiting their transport to the anode. This field screening

at the interface could be the factor determining the increase in charge

density in the middle of the device and thus the shift in the PL maximum

from the anode towards the center.

Figure 7.4: Simulated np at 10V for dif-

ferent mobile anion concentrations.

+-
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Further insights on the mechanism proposed here come from analyzing

the band diagrams shown in fig. 7.5. With relatively low ion concen-

trations (top diagram), the band energies decrease linearly across the

device, from cathode to anode. Hence, the electric field, which is the

gradient of the potential, is constant across the device. With higher anion

concentrations (bottom diagram), the accumulation layer at the anode

is sufficient to screen the electric field, forming a flat band region in

the middle-right of the device. This field-free region can span from the

anode to the middle of the device, extending up to 70μm. The drift of

electrons towards the anode is limited, increasing the concentrations of

electrons, as well as radiative recombination and PL, in the field-free

region. At the cathode interface, the electric field is increased, since the

energy-potential gradient is steeper, increasing the drift velocity of holes.

Holes are transported and extracted more efficiently, thus decreasing the

concentration of holes, as well as radiative recombination and PL, in the

vicinity of the anode interface.
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Figure 7.5: Simulated band diagram un-

der bias at different ion concentrations.

The band diagram at 2V (anode is on the

right) of the device is displayed for differ-

ent concentrations of mobile anions: A)
low ion density 1011cm–3

and B) high

ion density 1013cm–3
. In the highlighted

regions the PL is not quenched.
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7.3 PL dynamics under bias

The steady-state PL profiles described in the section before do not inter-

change immediately when switching a bias. The transition between the

steady states can be observed by measuring a succession one after the

other, as described in section 5. It takes 0.06 s to measure the Pl spectrum

at one point and move to the next and thus a 100 points line lasts 6s. For

every fixed position, a point in the second line reports the PL measured 6

seconds after the PL in the first line. A point in the third line has a delay

of 12 s and so forth. The transitions from the biased to the unbiased PL

steady-state and vice-versa are shown in figure 7.6.

Figure 7.6: Time dependency of PL pro-

file. In the top, drift-dominated transition

between the 0V PL profile (blue) and the

10V PL profile (orange). The voltage and

the time, start after the first scan is com-

pleted and each line scan lasts 6 s. In the

bottom, diffusion-dominated transition

from 10V PL profile (orange) and the 0V

PL profile (blue).
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First let’s focus on the top graph, capturing the transition from 0 to 10 V.

The device is initially at 0V. After scanning the first line, the voltage is

switched to 10V. In the second line scan, the PL peak is already shifted

away from the anode (right) meaning that some anions have already

accumulated at the anode interface. At the cathode (left) interface the

peak slowly decreases. The transition to the 10 V steady state is completed

after 40s.

In the bottom graph, the device is initially at 10V and after the first line

scan the voltage is switched off. The transition is twice as slow, since 0V

steady state is reached after roughly 80s.

Following this work interpretation, these features can be explained by

assuming that anions slowly drift to the anode interface. The more

anions accumulate, the wider the field free region, hence the charge-

rich and bright region. In short, anions drifting to the anode lead to

photoluminescence drift away from it. At the same time, the region close to

the cathode slowly darkens. This could be explained by the migration of

anions leaving a uniform positively charged region, iodide vacancies. In
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this region the electric field slowly increases, as well as the drift velocity

of electrons and holes. Hence the cathode interface is progressively more

depleted of holes and darkens.

Hence, the PL transient to the biased steady state is governed by the

drift of ions. As soon as the voltage is switched on, the mobile anions

are evenly distributed and there is no diffusion. Additionally, the electric

field E is constant across the device. The drift current of ions can be

written as

J = eCv = eCμE (7.1)

where e is the elementary charge, C the concentration and μ the mobility.

The mobility can be derived from the previous equation as

μ = v
E (7.2)

Let’s assume that the velocity of the PL front is comparable to the velocity

of the ions. In the first 30s the PL peak has moved roughly 30 μm, leading

to an approximate velocity of 10–4cm/s. When the 10V bias is switched

on, the electric field along the 100μm device is 103Vcm. The estimate of

the mobility is then 10–7cm2/Vs. More precisely this is an upper estimate

of the mobility, since, when the diffusion current in the opposite direction

is taken into consideration equation A.4 becomes

J = eCv < eCμE (7.3)

and thus

μ < v
E = 10–7cm2/Vs (7.4)

This is a reliable upper estimate of the mobility of ions, which varies in

the literature between 10–8cm2/Vs [110] and 10–9cm2/Vs [111].

The inverse transition happens when the voltage is switched off as

shown in the bottom graph of fig. 7.6. In this case the transition is

diffusion dominated. The accumulated anions diffuse back to a uniform

distribution when the voltage is switched back.
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7.4 Summary and Outlook

The total PL along a mixed halide mixed cation hole only, back contact,

perovskite device is symmetric but non uniform at open circuit, displaying

two peaks at roughly at 15μm from the hole transport layers. Under

exposure to an electric field, the PL profile becomes asymmetric: the

cathode peak is quenched, while the anode peak is enhanced and moves

to the center of the device. The transition between the unbiased-to-biased

PL profile, driven by the drift of ions, has a time-scale of roughly 40 s.

On the other hand, the diffusion-driven relaxation from the biased PL to

the unbiased PL happens in double the time, 80s. (see fig. 7.6).

The ionic specie -or species- involved in the quenching and enhancement

of the PL under bias, and the mechanism by which the ions influence the

charge carriers are not yet understood.

Nevertheless, steady-state simulations of the device, with one mobile

anion, an immobile cation and no traps, are able to reproduce some

features of the measured photoluminescence.

After the bias is switched on, mobile anions (possibly I–
) drift to the

anode interface and screen the field. In the field-free region in the middle

of the device, the transport of electrons and holes is limited and their

direct recombination increases, leading to a PL enhancement. At the

cathode interface the constant concentration of immobile cations (V+
I )

increases the electric field, thus extracting more holes and quenching the

PL. After the voltage is switched off, the ions diffuse back to a uniform

distribution and the unbiased photoluminescence profile is restored.

It is then possible to interpret the qualitative feature of the PL under bias

just with electrostatic field screening of mobile ions. Band misalignment,

change in trap density, interface chemistry, trap passivation, are neglected

in the simulations and might not be the main mechanisms determining

the PL behaviour in this device. This is in accordance with a paper from

Thiesbrummel et al. published in 2021 [111], where they proposed that:

"The loss in charge extraction efficiency and the PL increase in the device is due
to the accumulation of electronic charges in the active layer. It is shown that the
movement of mobile ions toward the interface inhibits charge extraction due to
band flattening. It was found that the ionic charge density exceeded the injected
carrier density by 2 orders of magnitude."

Still many aspects deserve further investigation. First, it is not clear what

determines the unbiased photoluminescence profile. Further work is

required in making the simulations converge for realistic parameters.

Second, it would be insightful to quantitatively derive an estimate of the

ionic mobility through time-dependent drift-diffusion simulations. In

order to do that, the simulation parameters need to be aligned with the

experimental values.

Third, it is key to assess with imaging techniques (XRF) which ionic

species migrate.

Fourth, the role of traps should be further investigated by measuring the

change in non-radiative recombination coefficient k1 with time-resolved

PL under bias.
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Fifth, new devices could be fabricated to determine the role of the

transport layer and of the electrodes on the measurements. A Ni-NiOx

device was fabricated during this project to avoid the electrochemical

reactions that have been recorded with the Ag contact. Unfortunately,

these devices didn’t lead to any valuable result and further optimization

of the annealing procedure is necessary.

Finally and most importantly. Ion migration deforms the band diagram

flattening the band in the middle of the device while creating intense

electric fields at the interfaces. Hence the transport of carriers is limited in

the center and improved close to the interfaces. It is crucial to understand

what are the global effects of ion accumulation on the extraction efficiency,

hence performance, of a full perovskite solar cell. Is the performance

of perovskites affected by the increased non-radiative recombination or

by the decreased transport efficiency? Carrying these measurements on

HTL/perovskite/ETL devices with the same architecture could bring

interesting insights.





Appendix A
A.1 Dependence on different integration choices

Figure A.1: The top two graphs confront the line scans for non-normalized PL signal (left) and normalized PL signal (right). The bottom

ones compare the scans for different integration intervals Ω = ω0 ± 20μm (left) and Ω = ω0 ± 50μm (right).
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Batch ω0 σ

b33 778 nm 18 nm
b46 772 nm 16 nm
b46 770 nm 16 nm

Table A.1: Cell variability of the PL spec-

tral peak (ω0) and width (ω0) in the

middle of the perovskite.

A.2 Measurement reproducibility

One of the major hurdles of studying perovskite devices is the cell-to-

cell, batch-to-batch and laboratory-to-laboratory reproducibility of the

measurements. It could be due to the glovebox atmosphere or volume, to

chemical impurities or stochiometric differences in the precursor mixture

[112].

Figure A.2: Batch variability of the steady

state PL scan at 0V.

The line scans vary slightly from batch to batch, though preserving

the same trend. In b33 the PL quenching in the middle of the contact

is much enhanced than in b46 and 48. This is most likely due to the

different density of free ions, as shown in the simulations at different

ion-concentrations 7.2. In b46 the peak positions are further from the

contact. If one considers the PL spectra of the three batches in the middle

of the perovskite, the central wavelength and standard deviation of the

fitted gaussian do vary, as reported in the table.

The variability between batches could be due to differences in the sythesis,

as stechiometry of precursors, spin-coating conditions etc. The fact that

the trend is reproductible is good news. The variability for different

samples in on batch and different cells in the same sample is obviously

much lower and probably due to the non homogeneous nature of the

perovskite layer due to differences in local cristallization.

Figure A.3: Cell variability of the steady

state PL scan at 0V for sample 5 (solid)

and sample 6 (dashed) of batch 48.
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A.3 PL time evolution at different positions

The graphs on PL time evolution in Figure 5.3 C are plotted at two fixed

spatial positions along the device. The peak of the 0V PL (15μm) at the

cathode and the peak of the 10 V PL (62μm) close to the anode were

considered appropriate choices to track the dynamic of the peak. For the

broad 10V peak (red), modifying the position by 3μm doesn’t change the

behaviour of the peak. For the narrower 0V left peak (green), a slight

change in position alters the PL intensity, since it is much less uniform,

but doesn’t impact the timescale of the transition.
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Figure A.4: Time dependent PL un-
der bias at different positions: the top

graphs shows the PL over time when

a 10V bias is switched on, for different

positions along the device. In the bottom

graph, the voltage is switched off. The

figure is equivalent to ?? C, but shows

the behaviour of the left (red) and right

(green) peak, for slightly changed posi-

tions.

The measurements give a photoluminescence signal dependent on three

variables, wavelength λ, position along the device x and time t, PL(x, t, λ).
The photoluminescence spectrum is fitted to a gaussian, background

subtracted and integrated over the full wavelength range, to obtain a space

and time dependent photoluminescence PL(x, t). This is plotted in figure

?? at few fixed positions or instants and as a colormap. Alternatively the

peak wavelength can be plotted as a function of time and space λ0(x, t),
to capture possible local changes in the crystalline structure and bangaps

induced by the migration of ions, as reported in figure A.7.
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A.4 Current measurements

The current measured during the transient PL measurement are reported

in figure A.4. First of all, in the left graph it is evident how the current

fluctuates. Indeed, during a line scan, when the laser is exciting electron-

hole pairs in proximity of the cathode, the current is peaked since holes

can be easily extracted. On the other hand, when the laser hovers above

the anode, the photogenerated holes need to be transported all the way

to the anode in order to generate current and electrons can’t be extracted

because of the energy barrier at the HTL interface. Hence the current is

lower. Since the laser scans back and forth from cathode to anode the

current oscillates.

In the right graph, the bias is switched off and the current still oscillates,

but also decays exponentially to 0. We would expect this behaviour since

at the 0V steady state the charges can’t be extracted. The retarded decrease

in current is an indication that ions accumulated at the interfaces create

an internal field that transport charges, even when the external bias is

off.

0V - 10V 10V - 0V

Figure A.5: Current measured during the PL measurements under bias. In the top graph, the current measurements starts after the 10V

bias is applied. In the bottom graphs, the current measurement starts when the 10V bias is switched off.
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A.5 PL red-shift

The PL in the region adjacent to the cathode not only is quenched but

also red-shifted. As shown in fig. A.6, the peak wavelength in the cathode

peak ( 15μm) shifts from roughly 773 nm at 0V to 771 nm at 2V. The peak
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Figure A.6: PL quenching and peak shift
at the anode. Comparison of the unbi-

ased PL spectrum (blue) and PL spec-

trum at the 10V steady state (orange). The

spectrum showed is 15μ away from the

anode, where the 0V PL peaks and the

10V PL has a minimum. The background

subtracted spectrum (top), can be fitted

and normalized (bottom) to highlight the

peak shift.

shift can also visualized with a t-x colormap of the peak wavelenght. For

every time and position, the PL spectrum is fitted to a gaussian and the

central position of the fitted curve is assumed to be the local bandgap

wavelenght.
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Figure A.7: PL peak shift under bias. A) Peak wavelength of the PL spectrum over time and space. The voltage is applied as in figure 5.3.

B) Peak wavelenght over time above the 0 V maximum (x = 15μm).
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Notation

The next list describes several symbols that will be later used within the body of the document.

β inverse of the thermal energy

ΔEF quasi-Fermi level splitting

ε electric permittivity

μ mobility

φ flux

φ photon flux

ρ charge density

σ trap cross section

C ion concentration

c speed of light in a vacuum inertial frame

cn electron trap capture rate

D diffusion coefficient

d penetration depth

E electric field

e elementary charge

EC conduction band energy

EF Fermi energy

EG bandgap energy

EV valence band energy

Efn electron quasi-Fermi level

Efp hole quasi-Fermi level

FF fill factor

G generation rate

Gth thermal generation rate

h Planck constant

Iin Incident irradiance

J current density



JSC short circut current density

k Boltzmann constant

k1 trap-assisted recombination constant

k2 direct recombination constant

k3 third order recombination constant

L diffusion lenght

l device length

m∗
effective mass

n electron concentration under illumination

n0 electron concentration in the dark

NC density of states of the conduction band

NT density of traps

NV density of states of the valence band

p electron concentration under illumination

p0 hole concentration at in the dark

R recombination rate

R1 trap-assisted recombination rate

R2 direct recombination rate

R3 Auger recombination rate

Rbulk bulk trap-assisted recombination rate

Rsurf surface trap-assisted recombination rate

Rth thermal recombination rate

Sr surface recombination velocity

T temperature

V electric potential

v velocity

Vb bias voltage

VOC open circuit potential

vth thermal velocity
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