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Abstract

Perovskite solar cells (PSCs) have shown a remarkable improvement in efficiency over the

past few years, giving high hopes for the future application of this technology in solar

photovoltaic electricity production at industrial scale. Nowadays PSCs are inferior to

crystalline silicon, especially in terms of efficiency and stability, thus preventing large

scale market entry. A common issue of these cells involves the contact surfaces between

the perovskite absorber and the charge extraction layers: High densities of superficial

defects cause significant non-radiative recombination of charge carriers, thus lowering

the achievable open circuit voltage. The focus of this work is the interface between the

perovskite and the electron transport layer of p-i-n PSCs, modified by introducing low-

dimensional perovskites through novel surface modification techniques. The analysis deals

primarily with a triple-cation perovskite composition, optimized for use as top subcell

in perovskite/CuInSe
2
tandem solar cells. Promising approaches have been compared to

select the highest-performing processes before application in tandem devices. Inspired

by multiple research papers, the newly developed treatments are based on solutions of

phenethylammonium (PEA) salts and perovskite precursors in organic solvents. Upon

selection of the most suitable halide ion composing the large cation salt, optimizations of

solution concentration and molar ratios are realized. A combination of PEA chloride and

methylammonium iodide produces the greatest, although incremental, improvement in

power conversion efficiency. To characterize the fabricated devices, photoluminescence

quantum yield, x-ray diffraction, and charge extraction analyses are carried out, giving

insights into how the investigated solutions modify the perovskite interface.
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1. Introduction

In the past few decades, the planet has witnessed a dramatic uptick in carbon dioxide

atmospheric level, which is causing a rapid increase in the average temperature [1]. In

turn, rapid heating is causing widespread damage to numerous ecosystems, while making

wider portions of land unfit for human civilization [2]. Global warming is the direct

result of carbon dioxide and other greenhouse gases, according to the vast majority of

the scientific community, as well as the Intergovernmental Panel on Climate Change [3,

4]. Electric power plants are one of the main emitters of CO
2
, implying that the world,

and especially developed countries, need to find alternative and renewable energy sources

to comply with the Paris agreement [5]. Electricity and heat production, employed for

either industrial production or building heating, play a leading role in total CO
2
emissions,

accounting for 38% of the 36.3 Gt of CO
2
released per annum [6]. Additionally, electricity

demand is projected to rise by 2.4 to 3.5% yearly until 2030, putting more pressure on the

energy supply system [5, 7]. Novel electricity production methods must be developed in a

relatively short time, if the direst consequences of climate change are to be avoided.

Solar energy, and, in particular, the photovoltaic (PV) energy conversion, is growing

faster than other renewable technologies and consequently it is among themajor candidates

to lead the energy transition [7]. PV panels, coupled with proper energy storage solutions,

are expected to replace fossil fuels in many civil and industrial applications, contributing

to the electrification of our society [8, 9]. Power generation from the PV sector is currently

soaring sharply with a 20% year over year growth, though it sits at only 4% of global

electricity production [10].

Currently the industry of PV panels is dominated by the crystalline silicon (c-Si) tech-

nology, produced with the Czochralski method and accounting for over 90% of market

share [11]. This process has enabled remarkable power conversion efficiencies (PCEs),

26.7% at the cell level and 24.4% at the module level [12], but it is reaching the theoreti-

cal limit, standing at around 29% [13]. Other technologies have been developing on the

side, such as cadmium telluride, gallium arsenide, copper indium gallium selenide (CIGS)

and organic solar cells. In the recent past, research has uncovered perovskite solar cells

(PSCs), displaying quick progress in PCE [14] and thus driving even more funding in the

field. Perovskites are considered a promising research sector in PV electricity production,

offering a combination of desirable electronic features and cheap precursor materials [15].

Present research is focusing on the biggest problems holding PSCs from market entry,

namely inferior stability and performance not quite reaching the c-Si standard [12, 16].

PSCs have the potential to overtake the c-Si sector firstly in niche applications, owing

to their peculiar properties, before entering the global large scale market. Additionally,

their production processes, free of high temperature and expensive procedures, are highly

suitable for massive manufacturing, a fundamental feature to quickly fight climate change

[17]. Economy of scale could drive down the specific cost of production, further promoting

1



1. Introduction

PV electricity in place of fossil fuels. Nonetheless, for industrial deployment the levelized

cost of electricity (LCOE) of PSCs must first drop below the c-Si price, possibly with a

combination of stability and performance improvements. Advancements in PCE, exceeding

the benchmark represented by c-Si, would reduce area-related costs in perovskite PV

systems, thus making the economic calculation more favorable by lowering LCOE and

payback time [18].

Such efficiency gains can be achieved through pairing of multiple cells in multi-junction

solar cells, a technology already in use for III/V semiconductors solar cells. The most

elementary case is a system involving two subcells, creating a tandem solar cell (TSC).

Pairing of two cells enables a greater exploitation of solar irradiation, attained by optimized

selective absorption of each subcell [19]. The focus of this work is a triple-cation PSC in

inverted, p-i-n, configuration, based on a hybrid organic-inorganic perovskite.

The analysis centers around the single junction PSC, although this cell has been de-

veloped for use in perovskite/CuInSe
2
(CIS) tandem devices in two terminal architecture,

i.e. series connection between the two subcells. The main problem under investigation

is the voltage loss caused by the interfaces between the perovskite absorber and the

charge transport layers, due to fast charge carrier recombination. In particular, most

of the voltage deficit originates at the contact surface with the electron transport layer,

since the opposite junction with [2-(9H-carbazol-9-yl)ethyl]phosphonic acid (2PACz) is

nearly loss-free [20, 21, 22]. This issue, often present in PSCs, restricts the power output

by decreasing the photogenerated voltage significantly below the theoretical maximum.

Inspired by recent literature, multiple approaches to engineer this surface are studied,

selecting the best-performing processes before a future application in TSC fabrication.

The treatments are based on solutions of large organic cations and perovskite precursors

in organic solvents, directly applied on the perovskite surface. Stability of treated devices

is also investigated in view of future real-world applications. Such solution-based methods

are named passivation strategies or treatments, since the general view is that large cations

can occupy superficial defects of bulk perovskite and thus limit recombination speed [23,

24, 25, 26, 27, 28, 29], although direct evidence of defect passivation was not uncovered in

this study.

This thesis includes a general summary on solar cell functioning and theory in Chapter 2,

with particular focus on perovskite properties and PSCs architecture. Recombination loss

mechanisms are described in detail to provide a framework for the conducted experiments.

In Chapter 3 characterization methods and employed measurement tools are described,

giving a quick explanation of their fundamental principles to interpret the collected data.

The selected techniques for PSCs analysis probe efficiency, power output stability, charge

extraction efficiency, chemical composition, radiative and non-radiative recombination

pathways. Subsequently, results and their interpretations are presented in Chapter 4,

discussing the observed changes upon surface modifications. Since a few treatments

demonstrated marginal improvements, the discussion moves to possible applications of

this study in future works. Conclusions regarding the outcomes and a general outlook of

the research direction are contained in Chapter 5.
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2. Fundamentals

To provide some background, this chapter collects a general overview of both the perovskite

and the wider PV research fields. Essential theoretical concepts on the functioning principle

of PV solar cells are introduced, explaining the physical processes at work behind light

absorption and the PV effect. Material properties and structural architecture of PSCs are

presented, laying the groundwork before description of the conducted analysis.

2.1. Theory of solar cells

The PV effect describes the production of electric current and voltage following light

irradiation of a semiconductor. Absorbed photons can create electron-hole pairs, which

need to be extracted before recombination to produce a photogenerated current. Electrons

require a minimum energy to be excited from the valence to the conduction band of the

semiconductor, i.e. jumping to a higher energy orbital. This condition must be always

fulfilled to enable successful light absorption, thus limiting the maximum efficiency. To

efficiently generate electricity, electrons and holes must be separated and directed to the

respective electrodes before recombination events take place. Conventional solar cells

based on c-Si rely on a built-in voltage, created by doping the siliconwafer, to extract charge

carrier pairs once generated. PSCs do not require doping to separate charge carriers due

to long charge carrier diffusion lengths, hence are classified as intrinsic semiconductors.

The distribution of energy states, an elemental material characteristic, is therefore of

highest importance for the light absorber selection. The region in the energy diagram

between valence and conduction bands, empty of energy levels available to electrons,

is named bandgap, thus leading to the concept of bandgap energy, a material property

usually expressed in electronvolt (eV). The energy levels that act as edges of the bandgap

are indicated as valence band maximum (VBM), the lower boundary, and conduction band

minimum (CBM), the upper one. Under sunlight illumination some photons, carrying an

energy lower than the bandgap energy, do not contribute to the PV effect, since they are

unable to excite an electron. This phenomenon is named transmission and is ubiquitous in

solar cells, since the solar spectrum can be closely approximated with a black body emission

at around 5778 K. Therefore, a maximum useful wavelength can be calculated through

Planck’s relation 𝐸𝑝ℎ = ℎ𝜈 , above which additional light does not excite charge carrier pairs.

Another implication of the bandgap energy is thermalization, the unavoidable dissipation

of photon energy that exceeds the bandgap. An excited electron is often brought up to

a level higher than the CBM, before moving down the energy diagram until the band

edge. This process lowers its potential energy, which is dissipated as thermal vibrations of

the crystal lattice, also named phonons. Semiconductors with wider bandgaps encounter

minimize thermalization losses, though increasing transmission, and vice versa.

3



2. Fundamentals

Semiconductors can be further classified into direct and indirect, depending on the

momentum needed to excite an electron to the conduction band. In materials with a direct

bandgap charge carriers can be excited without momentum contribution, provided by

phonons in a crystalline lattice. Conversely, indirect absorbers necessitate momentum for

excitation, consequently lowering the absorption of incoming light with sufficient energy.

2.1.1. Photovoltaic parameters

To compare multiple solar cells an array of parameters has been developed, summarizing

the most important cell characteristics. The simplest measurement of a PV solar cell is the

current-voltage curve, often abbreviated I-V curve (J-V when referring to current density).

Electric potential is applied to the cell in a proper range to simulate different loading

conditions. The obtained data carry basic information about the solar cell, quantifying

its capability to produce electric power when illuminated. An example of I-V curve is

displayed in Fig. 2.1a.

The curve’s intersections with the axes provide the operation points at limit conditions,

open circuit and short circuit respectively. At open circuit, null current flowing out, the

cell produces its maximum voltage (𝑉𝑂𝐶 ), whereas at short circuit the output contacts are

directly connected and the current is highest (𝐼𝑆𝐶 ). To avoid the area dependence, the

short circuit current is usually divided by the active surface, leading to the short circuit

current density (𝐽𝑆𝐶 ). To evaluate how well the cell can exploit these two characteristics to

produce power, another important value is defined, the fill factor (FF):

𝐹𝐹 =
𝐼𝑀𝑃𝑃 ·𝑉𝑀𝑃𝑃

𝐼𝑆𝐶 ·𝑉𝑂𝐶
(2.1)

Here the MPP subscript stands for the maximum power point, identified with a star in Fig.

2.1a. Referring to the same picture the FF expresses the ratio between the areas of green

and blue squares.

The FF can be easily included in the formula for the power conversion efficiency (PCE),

defined as the produced electric power divided by the incident irradiation power (𝑃𝑖 ):

𝑃𝐶𝐸 =
𝐼𝑀𝑃𝑃 ·𝑉𝑀𝑃𝑃

𝑃𝑖
=
𝐹𝐹 · 𝐼𝑆𝐶 ·𝑉𝑂𝐶

𝑃𝑖
(2.2)

The electric behavior of a solar cell can be closely approximated with a simple diode

model if operated in normal conditions, i.e. in a moderate voltage range. The power

generation is schematized as an ideal current generator, producing a signal equivalent to

the photogenerated current (𝐼𝑝ℎ). This current is equal to the short circuit current when

considering an ideal solar cell and it is a fairly accurate hypothesis for real solar cells as

well, since recombination is minimal at null voltage. A sketch of this model is represented

in Fig. 2.1b.

In the electric circuit are also included two electric resistances, which represent various

intrinsic loss mechanisms. Namely, the series resistance (𝑅𝑆 ) models the bulk resistance of

the cell and the electric contacts resistivity, whereas the shunt resistance (𝑅𝑆𝐻 ) corresponds

to the leakage current caused by recombination mechanisms, explained with better detail

4



2.1. Theory of solar cells

(a)

(b)

Figure 2.1.: In (a) an example of current-voltage curve is reproduced, with a star marking

the maximum power point. (b) Single-diode circuit model of a solar cell, where

𝑅𝑆 and 𝑅𝑆𝐻 indicate series and shunt resistances, respectively.

in Section 2.1.2. These resistances strongly influence the FF: in particular an ideal cell

has negligible 𝑅𝑆 while presenting an extremely high 𝑅𝑆𝐻 to avoid current and voltage

losses. Moreover, these two values can be estimated from the I-V curve applying a linear

approximation at the axes intersections, using Ohm’s law 𝑉 = 𝑅 · 𝐼 . Series and shunt

resistances indicate the slopes at open circuit and short circuit conditions, respectively.

Based on the described model, it is possible to derive an expression for the current-

voltage characteristic starting from Kirchhoff’s current law, relating the photogenerated

current 𝐼𝑝ℎ with current (I) and voltage (V) supplied to the load. The formula states as

follows:

𝐼 = 𝐼𝑝ℎ − 𝐼0

[
exp

(
𝑞

𝑛𝑖𝑑𝑘𝐵𝑇
(𝑉 − 𝐼𝑅𝑆 )

)
− 1

]
− 𝑉 − 𝐼𝑅𝑆

𝑅𝑆𝐻
(2.3)

Where 𝐼0 is the diode saturation current, also named dark current, 𝑞 is the elementary

charge, 𝑛𝑖𝑑 is the ideality factor, and 𝑘𝐵 is the Boltzmann constant. A more detailed

description of this model is provided by Ref. [30], whereas a thorough explanation of 𝑛𝑖𝑑
and its interpretation in the field of PSCs are included in Ref. [31].

For an ideal solar cell in short-circuit conditions the equation simplifies to 𝐼 = 𝐼𝑝ℎ,

supporting the previous claim. On the other hand, applying the same expression to the

same ideal cell in open circuit leads to this relation when solving for the voltage:

𝑉𝑂𝐶 =
𝑘𝐵𝑇

𝑞
ln

(
𝐼𝑝ℎ

𝐼0
+ 1

)
(2.4)

Hence, a lower saturation current is beneficial for power conversion, since it is correlated

with an increased open circuit voltage.

2.1.2. Recombination mechanisms

The term recombination refers to phenomena that involve electrons moving from the

excited state back to the valence band, thus losing potential energy and returning to a

5



2. Fundamentals

stable condition. Recombination mechanisms are detrimental to PV performance, lowering

extracted short circuit current and open circuit voltage, hence constituting extremely

undesirable losses in solar cells. They can take place for multiple reasons and can be

divided into four categories:

• Radiative recombination is the opposite of light absorption and involves the release

of photons with energy corresponding to the bandgap energy. It is unavoidable in

semiconductors since it is imposed by Planck’s spectral emission law and it is related

to variations in charge carrier concentrations compared to thermal equilibrium.

• Shockley-Read-Hall (SRH) recombination is a defect-driven mechanism, caused by

vacancies and other crystallographic irregularities that promote electrons dropping

to the valence band. Since defects introduce trap states inside the bandgap, electrons

can split the bandgap energy step into two portions, enhancing recombination

speed. This effect is greater for thicker absorber layers because they involve longer

charge carriers traveling paths to reach the electrodes, increasing the possibility of

encountering a trap state.

• Auger recombination refers to the annihilation of two opposite charge carriers,

transferring the potential energy to a third one, that later dissipates excess energy

through phonon emission. It is greatly affected by charge carrier concentrations,

hence heavily limiting charge extraction at strong light intensities.

• Surface recombination is a special case of the SRH mechanism, involving interfaces

as recombination centers due to the greater presence of defects such as dangling

bonds and irregular lattice structures.

These recombination pathways, acting at the same time in the bulk and on the surface

of the absorber, determine changes in charge carrier populations, thus influencing their

extraction and ultimately the produced power. A key parameter in this study is the charge

carrier density (𝑛𝑐 ), a concept applicable to both electrons and holes. For any level of

𝑛𝑐 greater than zero, a recombination rate (𝑅𝑐 ) sets in and influences the equilibrium

carrier density in the absorber bulk. This balance is dictated by the continuity equation,

reproduced here in differential form, stating that charge must be conserved in a defined

control volume:

𝑑𝑛𝑐

𝑑𝑡
=
1

𝑞
∇ · J − 𝑅𝑐𝑛𝑐 +𝐺𝑐𝑛𝑐 (2.5)

Where J is the current density through the borders of the control volume and 𝐺𝑐 is the

generation rate. The recombination rate can be modeled by splitting the contributions

based on the dependence from the charge carrier density, obtaining linear, second, and

third order components, as explicated by this expression:

𝑅𝑐 = 𝑘1 + 𝑘2𝑛𝑐 + 𝑘3𝑛2𝑐 (2.6)

With 𝑘1,𝑘2, and 𝑘3 being recombination constants. The recombination mechanisms listed

before are accounted for by these parameters, in particular: SRH defect capture of charge

carriers is a linear, or monomolecular, effect; radiative recombination is a second order

process, comprising an electron and a hole that cancel out; and Auger recombination

6



2.1. Theory of solar cells

is a third order phenomenon, since interactions between three carriers take place. As

a side note, surface recombination strongly influence the local value of 𝑛𝑐 , introducing

spacial gradients in charge carrier density. This phenomenon is especially relevant in

the case of defect-rich interfaces or poor energy band alignment between the absorber

and the charge transport layers. Furthermore, it is important to remember that surface

recombination scales with the minority charge carrier concentration, hence modifying the

previous equations.

2.1.3. Efficiency limit

In real solar cells all of the above-mentioned recombination mechanisms are present,

limiting the attainable PCE by reducing photogenerated current and voltage. To model

the device behavior numerous schemes have been proposed, among which the most well-

know is certainly the Shockley-Queisser limit. The two authors published it in 1961 to

calculate the maximum achievable PCE for an ideal single junction solar cell [32]. A

few key assumptions simplify the mathematical endeavor, including: an ideal absorber,

meaning perfect absorption for photon energies above the bandgap; perfect extraction

of charge carriers; no optical losses, such as reflection and parasitic absorption; and null

non-radiative losses. Consequently, SRH, Auger, and surface recombinations are neglected,

thus leaving solely unavoidable radiative losses, imposed by basic thermodynamics of

black body radiation. Under these hypotheses each bandgap is associated with the ultimate

efficiency, summarized in Fig. 2.2a. It becomes clear that an intermediate bandgap, more

precisely 1.34 eV, can minimize losses, delivering optimal energy conversion under the

standard AM1.5 spectrum illumination.

Losses can be visualized by plotting the solar spectrum and the spectral use of an

ideal solar cell in function of wavelength, shown in Fig. 2.2b for a 1.34 eV bandgap solar

cell. The areas below the solar irradiance while above the spectral use curves amount

to transparency and thermalization losses. Applying the same calculation to tandem

solar cells (TSCs) maximum efficiencies for different bandgap pairs can be calculated,

with the optimal PCE of 42.3% achieved with 1.9 and 1.0 eV top and bottom bandgaps,

respectively [33]. The available energy of a TSC combining 1.59 and 1.03 eV bandgaps, the

final application of the PSC under study, is plotted in Fig. 2.2c.

Shockley and Queisser ignored any non-radiative loss by assuming an ideal black body

absorber and emitter, thus applying Planck’s law of spectral emission. Such a cell would

present the minimum possible current density loss due to radiative emission, expressed by

the following equation:

𝐽0,𝑟𝑎𝑑 = 𝑞

∫ +∞

𝐸𝑔

Φ𝑏𝑏 (𝐸)𝑑𝐸 (2.7)

Where 𝐸𝑔 stands for the energy gap andΦ𝑏𝑏 (𝐸) is the black body spectral emission function,

approximating the Fermi-Dirac statistics with a Boltzmann distribution:

Φ𝑏𝑏 (𝐸) =
2𝜋

ℎ3𝑐2
𝐸2

exp [𝐸/(𝑘𝐵𝑇 )] − 1

(2.8)

The speed of light in vacuum and Planck constant are indicated with the symbols 𝑐 and ℎ,

respectively.
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2. Fundamentals

(a) (b)

(c)

Figure 2.2.: (a) Shockley-Queisser limit efficiency in function of bandgap energy. Spectral

uses for single-junction cell with a 1.34 eV bandgap, in (b), and tandem solar cell

composed of a 1.03 eV CuInSe
2
(CIS) bottom subcell and a 1.59 eV perovskite

top subcell, in (c). Spectral uses and Shockley-Queisser limit were calculated

with data from the National Renewable Energy Laboratory and through an

open-source Python code [34, 35].

2.1.4. Open circuit voltage losses

When analyzing voltage losses in solar cells an important parameter to evaluate is the

photoluminescence quantum yield (PLQY), defined as the ratio between radiative emitted

photon flux (Φ𝑒𝑚) and absorbed flux (Φ𝑎𝑏𝑠 ). According to the recombination model intro-

duced earlier, in open circuit conditions the PLQY can also be expressed as the fraction of

radiative (𝐽𝑟𝑎𝑑 ) to total recombination current (𝐽𝑟𝑎𝑑 + 𝐽𝑛𝑜𝑛−𝑟𝑎𝑑 ):

𝑃𝐿𝑄𝑌 =
Φ𝑒𝑚

Φ𝑎𝑏𝑠

=
𝐽𝑟𝑎𝑑

𝐽𝑟𝑎𝑑 + 𝐽𝑛𝑜𝑛−𝑟𝑎𝑑
(2.9)
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The PLQY is an important measurement to quantify the impact of recombination on

solar cell performance, since lower recombination rates directly translate into higher PLQY

values. Moreover, it can provide insightful information on the open circuit voltage losses

taking place inside the solar cell. To see this relation the radiative current density must be

replaced with the diode equation, as explained in Refs. [36, 37]:

𝐽𝑟𝑎𝑑 = 𝐽0,𝑟𝑎𝑑

[
exp

(
𝑞𝑉

𝑘𝐵𝑇

)
− 1

]
≈ 𝐽0,𝑟𝑎𝑑 exp

(
𝑞𝑉

𝑘𝐵𝑇

)
(2.10)

Valid also for PSCs, as reported by Tvingstedt et al. [38]. Upon combining Equations 2.9

and 2.10 for open circuit conditions and solving for the voltage, the final expression is as

follows:

𝑉𝑂𝐶,𝑖𝑚𝑝 =
𝑘𝐵𝑇

𝑞
ln

(
𝐽𝑟𝑎𝑑 + 𝐽𝑛𝑜𝑛−𝑟𝑎𝑑

𝐽0,𝑟𝑎𝑑

)
+ 𝑘𝐵𝑇

𝑞
ln (𝑃𝐿𝑄𝑌 ) (2.11)

The resulting voltage, indicated as implied open circuit voltage (𝑉𝑂𝐶,𝑖𝑚𝑝 ), describes the

maximum achievable voltage of the studied device, either complete or unfinished solar

cell.

Since by definition 𝑃𝐿𝑄𝑌 ≤ 1, the first term on the right side can be considered as the

upper limit of the 𝑉𝑂𝐶 , named radiative open circuit voltage (𝑉𝑂𝐶,𝑟𝑎𝑑 ), and it describes the

ideal condition, i.e. only radiative recombination takes place. The second term on the right

side of the equation is effectively the non-radiative recombination voltage loss, mostly

due to the SRH mechanism for PSCs under normal cell operation.

𝑉𝑂𝐶,𝑖𝑚𝑝 = 𝑉𝑂𝐶,𝑟𝑎𝑑 +
𝑘𝐵𝑇

𝑞
ln (𝑃𝐿𝑄𝑌 ) (2.12)

At this point it is clear why considering only radiative recombination, as done for the

Shockley-Queisser limit, is not a good approximation of real solar cells. This reasoning is

also supported by experimental results, revealing a substantial discrepancy between the

open circuit voltage and the quasi-Fermi level splitting, a quantity related to 𝑉𝑂𝐶,𝑟𝑎𝑑 [39].

From this result it can be concluded that the higher the PLQY the lower the non-radiative

defect-assisted recombination rate, resulting in a higher 𝑉𝑂𝐶 and hence a more efficient

solar cell. These mathematical expressions will be used to quantify non-radiative SHR

recombination and to evaluate 𝑉𝑂𝐶 improvements of multiple treatment groups, reported

in Section 4.2. Such procedures reduce the surface defect density, thus hindering the SRH

recombination pathway and enhancing the 𝑉𝑂𝐶 .

2.1.5. Charge carrier extraction

As part of the characterization section, extraction efficiency of charge carriers in PSCs is

studied, since it is significantly impacted by the developed surface strategies. Successful

charge extraction refers to the number of separated electron-hole pairs that can reach the

respective electrodes before recombination, contributing to the produced power. Charge

separation is carried out thanks to the built-in voltage, induced with doping in c-Si solar

cells or created by the heterojunctions at the contact surfaces with charge transport

layers in PSCs. Energy barriers at interfaces, high density of defect states, numerous
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2. Fundamentals

grain boundaries, and low conductive layers are all possible causes of poorer extraction

efficiency, leading to inferior FF and 𝐽𝑆𝐶 . In a classic silicon solar cell, additional grain

boundaries, present in multi-crystalline and amorphous silicon, strongly limit charge

carrier diffusion lengths, reducing the charges that can reach the contacts. Moreover, a

large defect density induces a smaller shunt resistance and a greater saturation current,

hence hampering the cell voltage in all loading conditions, according to Eq. 2.3.

The studied surface modificationmethods form a low dimensional perovskite (LDP) layer

on top of the absorber, decreasing the surface defect density with the aim of limiting SRH

recombination speed. However, such LDP layers introduce an additional resistance, due to

its limited electric conductivity, and thus hamper charge carrier mobility, as described in

Section 4.3.

2.2. Perovskite solar cells

First reported in 2009 in dye-sensitized solar cells as visible light sensitizers [40], perovskites

have become increasingly popular in the PV research field, thanks to a combination of

desirable material properties and inexpensive production methods. PSCs have now widely

surpassed the efficiencies of dye-sensitized solar cells and are expected to become a major

player in the future PV market, due to the excellent performances achieved recently [12].

PSCs inherited the structure from dye-sensitized solar cells, but have since then devel-

oped distinct architectures owing to the different opto-electronic properties. Perovskite

single-junction cells today usually employ: glass as a superstrate, a transparent conductive

oxide (TCO) as front, sun-facing, electrode, the perovskite absorber sandwiched between

two charge transport layers (CTLs), and a back metallic electrode. The CTLs comprise an

electron transport layer (ETL) and a hole transport layer (HTL) to extract the correspond-

ing photogenerated charge carriers from the absorber. The ETL (HTL) is an n-type (p-type)

semiconductor promoting electron (hole) extraction by proper energy band alignment.

Namely, a narrow difference between the VBM of perovskite and HTL facilitates hole

extraction by avoiding charge accumulation or an energy barrier at the interface. In a

similar manner, little mismatch between the CBM of perovskite and ETL is beneficial.

PSCs can be classified, based on the deposition order of the layers, in regular or inverted

architectures. The regular configuration involves the perovskite deposition on top of

the ETL, abbreviated n-i-p referencing to the electric behavior of the various layers (the

absorber has nearly no doping, thus is described as intrinsic). The CTLs can be ordered in

opposite succession, producing the inverted, or p-i-n, architecture, with the HTL sitting

below the absorber. The PSC studied in this thesis, because of numerous reasons concerning

the bottom CIS subcell composing the TSC, falls under the p-i-n category. Firstly, high

temperature processes for n-i-p PSCs would damage the bottom cell and secondly the

CuInSe
2
cell polarity imposes the inverted configuration for two terminal TSC architecture.

More information on TSCs and their development can be found in numerous review papers

[19, 41, 42].

Inverted PSCs make use of inorganic materials as HTL, for example NiOx, or organic

compounds such as: poly[bis(4-phenyl)(2,4,6-trime-thylphenyl)amine] (PTAA), poly(3,4-

ethenedioxythiophene):poly(styrenesulfonate) (PEDOT-PSS), (2-3,6-bis[bis(4-methoxy
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2.2. Perovskite solar cells

phenyl)amino]-9H-carbazol-9-ylethyl)phosphonic acid (V1036), and [2-(9H-carbazol-9-

yl)ethyl]phosphonic acid (2PACz). ETLs instead are almost exclusively organic, with

widespread use of fullerenes and their derivatives as [6,6]-phenyl-C61-butyric acid methyl

ester (PCBM) and buckminsterfullerene (C
60
).

2.2.1. Perovskite crystal structure

PSCs owe their recent success to excellent intrinsic properties of organic-inorganic, or

hybrid, perovskites and their lattice structure. The chemical formula is ABX
3
, in which

A, B, and X consist of a monovalent cation [Cs, methylammonium (MA, CH
3
NH

3
), or

formamidinium (FA, H
2
N CH NH

2
)], a bivalent cation (Pb or Sn), and a halogen (I, Br,

or Cl), respectively. For PV applications the cubic phase, also referred to as 𝛼-phase,

offers the best combination of properties, but other crystal structures are possible. In this

configuration the cation B sits at the cell’s center surrounded by an octahedron of halogen

ions inserted in the middle of the cube’s faces, whereas the cation A occupies the corners.

A schematics of this lattice structure is presented in Fig. 2.3.

Figure 2.3.: Schematic representation of the unit cell of the cubic perovskite structure,

indicated with the formula ABX
3
. Adopted from [43].

As a rule of thumb, the ability to form a stable ABX
3
perovskite phase can be empirically

predicted through the Goldschmidt’s tolerance factor 𝑡𝐺 , defined as:

𝑡𝐺 =
𝑅𝐴 + 𝑅𝑋√
2(𝑅𝐵 + 𝑅𝑋 )

(2.13)

Here 𝑅𝐴, 𝑅𝐵, and 𝑅𝑋 represent the atomic radii of the perovskite elemental components

[44]. When this factor assumes values close to unity (∼0.81−1.1) the perovskite phase is
supposedly stable, whereas a non-perovskite phase is formed otherwise. To satisfy this

condition the cation A must be considerably larger than the cation B, which explains the

frequent use of bulky organic cations such as MA and FA. The presence of Pb, a well-known

toxic metal, is currently a weak point since it constitutes a hefty hazard to humans and

the environment in case of failure [45].

Mixed organic-inorganic compositions offer great advantages is terms of properties

optimization, but at the same time hinder the long-term stability of these devices. Organic

compounds can react with other materials present in the solar cell, such as CTLs or the
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metal electrode, modifying their physical and chemical characteristics. Moreover, organic

molecules deteriorate easily with oxygen, water, or high temperatures, quickly degrading

the PV performance. Material properties can be adjusted through many techniques to best

fit the studied application, including stoichiometric changes in the precursor solution [46,

47, 48], exposure to organic vapors [49], surface and bulk passivation [24, 50, 51, 52, 53, 54].

A prime example of optimization is the bandgap tuning: the energy gap between valence

and conduction band can be smoothly augmented either by adding greater percentages of

Br in place of I [55], or by replacing MA with Cs [48].

Another challenge of hybrid perovskites are phase transformations. It has been known

for a long time that these structures can undergo multiple crystallographic changes by

varying their temperature [56], thus requiring careful composition engineering to widen

the stable temperature range [46, 47]. For example, mixing FA and MA cations was shown

to halt the formation of the unwanted 𝛿-phase of FAPbI
3
perovskite at room temperature

[57]. For further information on early development and theoretical background of PSCs

see Ref. [58, 59, 60].

2.2.2. Perovskite electronic properties

The cubic crystallographic structure enables especially favorable electronic properties

for PV applications. Perovskites display strong absorption in the visible part of the

light spectrum, caused by the direct bandgap, constituting a great advantage over c-Si.

Consequently, PSCs usually employ a perovskite absorber layer thickness between 400 and

1000 nm, making them more than 100 times thinner than conventional c-Si wafers [61].

They also offer long charge carrier diffusion lengths and low exciton binding energy, two

prerequisites for efficient charge extraction [62]. Furthermore, PSCs are weakly affected

by crystallographic defects, hence not requiring a single crystal structure to produce high-

performing solar cells [63]. Multiple explanations for this behavior have been proposed,

but a general consensus has not been achieved yet [64]. Defect tolerance enables numerous

deposition options, ranging from solvent-based processes to physical evaporation [17], all

based on low-temperature procedures.

Unfortunately, PSCs often present hysteretic behavior during PV testing, producing

different results based on the voltage scan direction and hence casting shadows over

the long term stability of these devices. This characteristic has been attributed to ion

movement inside the perovskite bulk, possibly forming an electric charge barrier at one

of the CTL interfaces, although other explanations have not been fully ruled out [63, 65].

This phenomenon can have a significant impact on J-V curves, reducing multiple PV

parameters and thus requiring more extensive testing, such as maximum power point

tracking, to individuate the best performing solar cells. Hysteresis has been observed on

different levels within this work while measuring fabricated PSCs, often complicating

result interpretation.

Another common issue associated with the interfaces between the perovskite absorber

and the CTLs is the enhanced surface recombination. Such contact areas present high

defect density because of the interruption in the material lattice, resulting in trap states

that favor non-radiative recombination, i.e. SRH recombination. As demonstrated by

Al-Ashouri et al. [22], utilizing 2PACz as HTL in p-i-n PSCs produces a nearly loss-less
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interface, fundamentally eliminating the problem on that side. Conversely, the ETL contact

area substantially hinders the 𝑉𝑂𝐶 , as clearly put in evidence by PLQY and time-resolved

microwave conductivity measurements [21, 39]. For this reason much research is currently

ongoing to engineer the perovskite surface before the ETL deposition, either by interposing

an additional layer or by modifying the absorber exterior. This work revolves around the

modification of this interface through the formation of low dimensional perovskites on top

of the regular absorber, with the intent of reducing the high density of surface defects. For

this reason, a brief summary of physical and electronic properties of this new perovskite

category will be introduced next.

2.2.3. Low-dimensional perovskites

The indication low-dimensional perovskites (LDPs) identifies perovskite structures with a

small number of lattice planes, interrupted by single layers of bulky organic cations. Large

organic molecules, such as phenethylammonium (PEA) cannot fit inside the octahedral

perovskite cell and must therefore interrupt the perovskite lattice order. The general

formula is R
2
A𝑛–1B𝑛X3𝑛+1, where R is a bulky organic cation and 𝑛 indicates the number of

perovskite unit cells between two subsequent organic sheets. This structural arrangement,

also defined as 2D perovskite given the limited extension in one spatial direction, is

analogous to the Ruddlesden-Popper perovskites, discovered more than sixty years ago

[66].

Figure 2.4.: Schematic representation of 2D and 3D perovskites ranging from a perovskite

thickness of 1 to infinity. Adopted from [43].

The parameter 𝑛, related to the amount of organic spacers, strongly influences the

physical properties of the material. For instance, a decrease in perovskite thickness 𝑛 leads

to an increase in exciton binding energy and to a widening bandgap, making LDPs with

𝑛 ≤ 2 unsuitable for the absorber role in solar cells [67]. For 𝑛 tending to infinity the

normal, or 3D, perovskite structure is regained, as displayed in Fig. 2.4. Replacing the
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organic 2D ligand, either PEA or other organic molecules, can bear dramatically varied

chemical features by altering the plane stacking in the 2D lattice, vastly extending the

range of applications for LDPs.

The properties of LDPs, similarly to regular 3D perovskites, can be tailored upon compo-

sitional engineering, enabling fine tuning of the optoelectronic behavior [68]. Nevertheless,

LDPs present numerous different properties when compared with the 3D reference cell.

First of all, LDPs properties are not isotropic: for example electric conductivity is strongly

reduced by the presence of organic layers, which hinder electron transport in the per-

pendicular direction. Thus, controlling the alignment of the 2D/3D interface is extremely

important for efficient charge extraction, requiring careful optimization [69]. Furthermore,

hydrophobic organic cations, for instance fluorinated chemicals, enhance water resistance

of LDPs, making them an interesting option to enhance PSC stability [68, 43, 70, 71]. 2D and

3D structures can be integrated to optimize both bulk and surface features, exploiting the

advantages of both crystal phases to produce highly stable and efficient multi-dimensional

PSCs.
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In this chapter information on the adopted PSC structure is summarized, including details

about the fabrication process. The employed characterization methods are presented

subsequently, with brief explanation of the functioning principle of each instrument. Upon

evaluating the PV performance of fabricated PSCs, multiple characterization techniques are

employed to investigate the variations introduced by the surface modification treatments,

including: photoluminescence quantum yield (PLQY), charge extraction with linearly

increasing voltage (CELIV), and x-ray diffraction (XRD).

3.1. Materials

3.1.1. Perovskite precursors

The experiments presented in this thesis, for reasons explained in Chapter 4, involve two dif-

ferent perovskite compositions, namely a triple-cationmixture [Cs
0.05

MA
0.1
FA

0.85
Pb(I

0.9
Br

0.1
)
3
],

abbreviated CsMAFA, and a double-cation one (Cs
0.12

FA
0.88

PbI
3
), shortened CsFA. Both

perovskites possess a 1.59 eV bandgap, suitable for pairing with a ∼1.0 eV bandgap CIS

cell in TSCs. Employed precursors include PbI
2
, PbBr

2
, CsI, and FAI for the CsMAFA

stoichiometry. Conversely, the simpler CsFA comsposition is prepared starting from PbI
2
,

FAI, and CsCl. Both perovskites contain excess PbI
2
, amounting to 3% and 10% for CsMAFA

and CsFA, respectively.

The two perovskites are employed in an inverted architecture, thus requiring lower

production temperatures in comparison to conventional n-i-p PSCs. Indium-doped tin

oxide (ITO) forms the front, sun-facing, contact, enabling hole extraction, whereas a

silver cathode transfers electrons out of the device. Devices were fabricated according

to a glass/ITO/2PACz/perovskite/fullerene(C
60
)/bathocuproine(BCP)/Ag structure, where

2PACz and C
60
act as CTLs. The cell stack has been reproduced in Fig. 3.1, together with a

schematics of the energy band alignments inside the PSC.

3.1.2. Materials for surface treatments

Surface modification of PSCs has been explored by many research groups in the recent

past, producing a convincing body of evidence that these treatments can be very successful

in diminishing SRH and surface recombination in PSCs. Noticeable examples of superficial

treatments utilize ammonium salts [24, 51, 52, 72, 73, 74], fluorine-containing materials

[39, 75, 53], and other organic compounds [23, 76, 77, 78]. Generally, these strategies can

be divided into two groups: surface passivation, involving a solution treatment of the

perovskite surface, and bulk passivation, based on additives inserted in the perovskite
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(a)

(b)

Figure 3.1.: The complete cell stack is represented in (a), including: indium-doped tin oxide

(ITO) as front contact, [2-(9H-carbazol-9-yl)ethyl]phosphonic acid (2PACz)

and C
60
as charge transport layers, bathocuproine (BCP) as buffer layer, and

silver as back contact. The energy band alignment is schematized in (b) high-

lighting the successful extraction paths of electrons (e
–
) and holes (h

+
) after

photogeneration. HTL and ETL stand for hole and electron transport layers.

solution. From now on the focus will be on superficial modification of p-i-n PSCs, since

bulk additives were not within the scope of this work.

A well-known surface treatment for inverted PSCs is represented by lithium fluoride

(LiF): inserting a 1 nm-thick layer before the ETL deposition enhances FF and 𝑉𝑂𝐶 [79,

20]. Unfortunately, devices with LiF suffer from severe long-term degradation, making it

unsuitable for industrial application [75, 79, 80]. Recently Liu et al. have experimented with

magnesium fluoride and other fluorides as alternatives, obtaining similar improvements

but retaining performance stability [53].

Large cation treatments, on the other hand, actively alter the perovskite surface by

partially dissolving the absorber layer and forming a LDP on top of it. Generally, organic

salts are diluted in iso-propanol (IPA) and subsequently spin coated on the perovskite

absorber, with a brief annealing step completing the process. Phenethylammonium (PEA)

based salts are an established, though not unique, surface modification option for PSCs

[74]. This approach possesses also the additional potential of enhanced stability, since

LDPs are well-known for superior water and thermal resistance [70, 71].

In this work the focus is on compounds formed by PEA with various halide ions, namely

PEA chloride (PEACl), PEA iodide (PEAI), and PEA bromide (PEABr). Afterwards, tech-

niques employing monofluorinated PEA salts are studied as part of a replication attempt.

These chemicals contain a fluorine atom bound to the benzene ring of PEA, in particular

in position 3, and are thus abbreviated to 3F-PEACl, 3F-PEAI, and 3F-PEABr, respec-

tively. More advanced strategies are developed by combining PEA salts and perovskite

precursors, namely methylammonium iodide (MAI), formamidinium iodide (FAI), and

trimethylphenylammonium tribromide (TPABr
3
).
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3.2. Fabrication techniques

3.2. Fabrication techniques

This section encloses all the experimental details related to the fabrication of PSCs analyzed

in this study. The fundamental deposition techniques, namely spin coating and thermal

evaporation, are introduced. Subsequently the processing is described in a step-by-step

manner.

3.2.1. Spin coating

Among the solution-based processes to fabricate PSCs, spin coating is certainly the most

common procedure, owing to facile implementation and good crystallization. The precur-

sor solution is dripped on the substrate, which is later spun thanks to a rotating holder,

called chuck. Dynamic spin coating, indicating solution deployment during the rotation,

was adopted for some surface modification methods. During rotation some extra solvent is

dropped on top of the forming film to help crystallization. Solvents ratios in the precursor

solution, solvent casting speed and timing, rotating speed, and solution concentration

are all factors influencing the obtained film. Most commonly PSCs are later annealed to

evaporate all the remaining solvents. For this study the 2PACz and the perovskite absorber

were deposited through spin coating.

Record-performing PSCs in numerous categories are produced with this method, al-

though its application is limited to the laboratory scale. Film unevenness and solution

waste increase with the substrate size, precluding large scale use of spin coating.

3.2.2. Thermal evaporation

Another widely used technique to produce PSCs is thermal evaporation. With this method

the target material is placed on a resistor and then heated through Joule effect, producing

a slow evaporation of the compound. The process is carried out inside a vacuum chamber

(10
−6

mbar) to minimize deflection of the vapor stream by air molecules. The evaporation

rate can be measured by a piezoelectric sensor placed in the gas flow, which modifies its

vibrating frequency due to the mass change when electrically stimulated. The sample

holder is also rotating to ensure uniform layer deposition.

Numerous layers in the PSC stack, including the perovskite absorber and the CTLs, can

be deposited with this procedure. PSCs fabricated for this thesis include evaporated ETL

and metallic back contact.

3.3. Solar cell fabrication

The PSC fabrication process will be described in this section, detailing step-by-step the

various proceedings. The sequence of actions to build PSCs, with the exception of glass

cutting and cleaning, was always carried out in one day to prevent possible over-night

degradation. The fabrication process is unchanged for CsMAFA and CsFA compositions

unless otherwise stated.
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3.3.1. Substrate preparation and hole transport layer deposition

The production process starts with a glass substrate, cut in 16 mm x 16 mm squares. The

glass, purchased from Luminescence Technology, already presents a sputtered 120 nm-thick

patterned ITO layer (15 Ω/sq) on top, acting as front contact. The pattern scheme, pictured

in Fig. 3.2a, presents stripes to enable later access to this contact. The substrates are

ultrasonically washed with acetone and IPA in this order for 15 minutes each. After the

first bath samples are washed with additional IPA to remove the remaining acetone. To

remove the remaining impurities O
2
plasma cleaning for three minutes is performed,

immediately followed by the HTL deposition. To deposit the HTL a 1 mM solution of

2PACz in ethanol, previously placed in ultrasonic bath for 15 minutes, is statically spin

coated (70 µl) on the sample in a nitrogen-filled glovebox. The substrate is then rotated at

3000 rpm for a 30 s time period, before being annealed at 100°C for 10 minutes to evaporate

the residual solvent.

3.3.2. Perovskite layer deposition

The CsMAFA perovskite precursor solution is prepared by mixing PbI
2
with dimethyl-

formamide (DMF) and dimethyl-sulfoxide (DMSO) in a 4:1 volumetric ratio for a total of

1 ml, preceding heating at 100°C for a few minutes to enable fast dissolution. Upon cool

down to room temperature the solution is added to the other precursors (MABr, PbBr
2
, and

FAI) and shaken until complete dissolution, followed by the addition of the CsI solution in

DMSO (1.5 M). The perovskite absorber is subsequently statically spin coated, 70 µl for

each substrate, using a two-step program. First 1000 rpm rotation for 10 s, followed by 30

s at 5000 rpm, setting a constant acceleration of 2000 rpm/s. The solvent casting, utilizing

150 µl of ethyl-acetate, was performed with a manual pipette 15 s before the end of the

second step.

For the CsFA composition the PbI
2
solution is prepared in the same manner, but later

addition includes only FAI and CsCl. The identical spin coating program is used, though

solvent casting is executed with an electronic pipette 12 s ahead of the substrate stop.

Samples are later annealed on a hot plate at 100°C for one hour or 150°C for 30 minutes

for CsMAFA and CsFA, respectively. After cool down to room temperature the treatment

solution is applied, with the details explained in section 3.3.4.

3.3.3. Electron transport layer and back electrode evaporation

The cell stack progresses with the ETL deposition, 20 nm of fullerene (C
60
) thermally

evaporated under high vacuum (10
−6

mbar) in a physical vapor deposition system from

Angstrom Engineering. A 5 nm layer of BCP is also deposited to form a better ohmic

contact with the metal and limit interfacial recombination [81]. Afterwards the edges of

the substrates are swiped with gamma-butyrolactone to remove the perovskite absorber

and the CTLs, exposing the front electrode. The 100 nm-thick silver back contact, thermally

evaporated in a BellJar system with a rate of ∼1 Å/s, completes the device.

The multiple fabrication steps are visually summarized in Fig. 3.2, displaying the

substrate architecture with its four active areas measuring 10.5 mm
2
each.
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(a) (b) (c) (d) (e)

Figure 3.2.: Solar cell fabrication process steps: starting with glass and indium-doped tin

oxide substrate (a); followed by hole transport layer spin coating, perovskite

spin coating, and electron transport layer evaporation (b); with subsequent

swiping of the edges (c); and finishing with the evaporated metal contact (d).

(e) A photo of the complete device.

3.3.4. Surface treatment techniques

Many surface treatment approaches have been developed to reduce SRH recombination at

the perovskite/ETL interface of inverted PSCs. Specifically, solutions of large cation salts

and perovskite precursors have been analyzed, with the aim of producing LDPs on top of

the 3D absorber. Solutions are prepared by dissolving the above mentioned compounds in

either pure IPA or a mixture of IPA and DMF, as reported in other articles [25, 26]. The

second choice is adopted for dual strategies, involving the combination of a PEA salt and

a perovskite forming chemical.

The deposition procedure involves the either static or dynamic spin coating of 150 µl of

solution on the formed 3D perovskite, followed by a 4000 rpm rotation for 30 s, accelerating

at 4000 rpm/s. In the static procedure the spin coating program is started immediately

after the solution dropping, whereas dynamic deployment of the solution is performed 5

s after the rotation start. A dynamic deposition is adopted unless otherwise stated. The

annealing is performed at 100°C for 5 minutes, as already tested by multiple groups [24,

25, 26].

3.4. Methods

3.4.1. Photovoltaic characterization

Photovoltaic characteristics are measured according to the commonly accepted standard

test conditions, which impose: air mass index (AM) of 1.5, radiation intensity of 1000W/m
2
,

and cell temperature of 25°C. More information on the test conditions can be found on the

National Renewable Energy Laboratory website [35]. The current-voltage characteristic

curve is measured for each active area, extracting the main PV parameters, namely PCE,

FF, 𝑉𝑂𝐶 , and 𝐽𝑆𝐶 . The voltage is swept in the two directions within the range -0.2/1.2 V,

with 10 mV increments, to quantify hysteretic behavior of tested PSCs. Normally the

reverse scan results are reproduced in this work.

For the characterization of fabricated PSCs, a class AAA solar simulator Oriel Sol3A

by the company Newport and a Sinus 70 from WAVELABS, based on light emitting diodes,
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are utilized. The tested cell is placed inside a holder, with eight gold pins that act as

electric contacts. Results from both simulators are corrected for intensity using data from

a KG5 c-Si reference cell, placed under illumination right before the first measurement.

Additionally, short circuit current densities and PCEs are adjusted with a mismatch factor,

accounting for the differences between the AM1.5 and the actual solar simulator spectral

intensities, making the results from the two instrument largely comparable. The three

mentioned spectral intensities are plotted in function of light wavelength in Fig. 3.3a.

During testing small tolerances in the dimensions of the active area were discovered

to cause fluctuations in the short circuit current, thus influencing the PCE. To solve this

issue, next PSCs were measured with a 7.84 mm
2
mask, eliminating this problem but

simultaneously reducing the 𝑉𝑂𝐶 by a small amount. Some literature is also present on

support of this compromise [82, 83]. However, the presence of the control group is nearly

complete, unequivocally underlining real PV performance gains.

Hysteresis was also found to meaningfully influence J-V curve measurements in some

cases, affecting especially the FF of fabricated PSCs. For this reason reverse and forward

scan data are included for those experiments highlighting significant hysteretic behavior.

The mismatch between the two scan directions is quantified with an hysteresis index (HI),

defined as the PCE difference divided by the reverse PCE:

𝐻𝐼 =
𝑃𝐶𝐸𝑟𝑒𝑣 − 𝑃𝐶𝐸 𝑓 𝑜𝑟

𝑃𝐶𝐸𝑟𝑒𝑣
(3.1)

An example of J-V curves presenting hysteresis has been reproduced in Fig. 3.3b.

Additionally, light soaking effect, i.e. change in PV parameters following extended

light illumination, was observed in many treatment groups, distorting collected values. In

particular, performance improved upon long light exposure for the CsFA perovskite and

degraded for treated CsMAFA solar cells before stabilization. This influence was detected

even when PSCs were left in the dark for several minutes following illumination. Since the

lamps of the solar simulators shine on the entire substrate, measurements were performed

after a 1 minute long soaking period in open circuit conditions, in order to measure each

active area in a fair setting. The PCE obtained in this manner turned out to be an imprecise

approximation of true efficiency in real working conditions for some treated groups, as

explained in Chapter 4.

In order to quickly probe the power output stability of fabricated PSCs, maximum power

point tracking (MPPT) tests are performed with the same solar simulators described above,

for an period of 300 s. The tracking software employs a perturb-and-observe algorithm,

slightly modifying the applied voltage every few seconds and measuring the power to

individuate the maximum. After a few treatment groups demonstrated promising stability

during this time period, more in-depth analysis was undertaken.

More extensive MPPT tests are undertaken using a WAVELABS LS-2 solar simulator

(with the spectrum present in Appendix A.3), measuring PCE under 1 sun illumination for

100 hours and inside a 25°C nitrogen atmosphere. These conditions are selected according

to the ISOS-L-1 standard, a specific protocol designed specifically for organic PV cells

[84]. The aim is to isolate intrinsic degradation mechanisms without influence of external

factors such as humidity, oxygen, and elevated temperature. Such mechanisms consist of
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light-assisted decomposition reactions of the perovskite layer, a well-known phenomenon

of PSCs. Samples were not encapsulated prior to this test.

(a) (b)

Figure 3.3.: (a) Spectral irradiance of the Oriel Sol3A (Xenon lamp) and the Sinus 70

(LED) solar simulators compared to the AM1.5 reference signal. (b) Exemplary

current-voltage scan of a solar cell displaying significant hysteresis between

forward and reverse scan directions.

3.4.2. External quantum efficiency

To gauge how efficiently photons are converted into extracted charge carrier pairs, external

quantum efficiency (EQE) of PSCs is evaluated. The EQE is defined as the ratio between

the number of collected carriers, namely electrons and holes, and the amount of incident

photons. In other terms, when dealing with instant quantities per unit of area, the EQE

can be expressed as the current density (𝐽 ) divided by the incident photon flux per unitary

area (Φ𝑝ℎ) times the elementary charge (𝑞):

𝐸𝑄𝐸 (𝐸) = 𝐽 (𝐸)
𝑞 · Φ𝑝ℎ (𝐸)

(3.2)

Both 𝐽 and Φ𝑝ℎ are functions of either photon energy (𝐸) or wavelength (𝜆), making the

EQE a highly useful tool to investigate how easily absorption and charge collection take

place inside the solar cell.

To adhere to the international standards the spectral photon flux must correspond to

solar radiation with a 1.5 air mass index. For this thesis a PVE300 photovoltaic QE setup

from Bentham, placed in a nitrogen filled glovebox, was used, in combination with a c-Si

calibration cell. The scanned wavelength range extends from 300 to 852 nm with a 4 nm

step size.

Many parameters can be extracted from the EQE data, including the integrated short

circuit current density, according to the next equation:

𝐽𝑆𝐶 = 𝑞

∫
𝐸𝑄𝐸 (𝐸)Φ𝑝ℎ (𝐸)𝑑𝐸 (3.3)
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Treated PSCs exhibited an EQE profile closely resembling the control devices, although

shifted downwards by a few percentage points over the entire wavelength range, pointing

to less efficient charge carrier extraction. Reference samples demonstrated consistently

integrated 𝐽𝑆𝐶 of around 21.7 mA/cm
2
, whereas treated PSCs displayed variable deficits,

ranging from 0.1 to almost 2 mA/cm
2
.

3.4.3. Energy bandgap determination

EQE measurements are a useful tool, among many others, to calculate the absorber energy

bandgap of solar cells. Different estimation methods, as noted in Ref. [85], provide a wide

distribution of resulting bandgap energies, leading to significant difficulties in comparison

of literature results. Since the obtained bandgap is then adopted in Eq. 2.7 for the calculation

of the ideal radiative current density, the choice of the approach significantly impacts the

quantification of radiative and non-radiative voltage losses.

The adopted technique, also suggested by Krückemeier et al. [85], is simple and requires

only the EQE function. It works by individuating the inflection point of the EQE curve in

the absorption edge, i.e. the region of minimum absorbed photon energy. This criterion,

compared to other calculation methods, provides a good estimate of the bandgap energy,

especially when comparing semiconductors having differently steep absorption edges. The

change of concavity in the EQE spectrum is located by extracting the second derivative

with a finite difference method. Fig. 3.4a provides a visual representation of the described

process.

3.4.4. Photoluminescence quantum yield

Photoluminescence quantum yield (PLQY) analysis, as alreadymentioned in section 2.1.4, is

a powerful method to discern voltage losses due to non-radiative recombination happening

in different regions inside the device. Maximum achievable open circuit voltage, named

implied open circuit voltage (𝑉𝑂𝐶,𝑖𝑚𝑝 ), of different configurations can be computed using

Equation 2.11. It must be noted that for these calculations a non-ideal semiconductor is

considered, thus substituting the radiative lost current density with this expression:

𝐽0,𝑟𝑎𝑑 = 𝑞

∫
𝐸𝑄𝐸 (𝐸)Φ𝑏𝑏 (𝐸)𝑑𝐸 (3.4)

Applying the theoretical exponential fitting for the EQE in the low energy region, as

explained in Ref. [85]. This choice, based on the Urbach tail theory, improves the accuracy

of the calculation by reducing the effect of signal noise coming from the measurement.

The final result is plotted in Fig. 3.4b together with the normalized photon flux.

Moreover, the sum 𝐽𝑟𝑎𝑑 + 𝐽𝑛𝑜𝑛−𝑟𝑎𝑑 is replaced with the short circuit current density,

calculated by integrating the EQE data as introduced in Section 3.4.2. The final expression

for the implied open circuit voltage is then the following:

𝑉𝑂𝐶,𝑖𝑚𝑝 =
𝑘𝐵𝑇

𝑞
ln

(
𝐽𝑆𝐶

𝐽0,𝑟𝑎𝑑

)
+ 𝑘𝐵𝑇

𝑞
ln (𝑃𝐿𝑄𝑌 ) (3.5)
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The first term on the right side, as noted earlier, defines the radiative limit for the studied

semiconductor and is uniquely defined by the EQE spectral response:

𝑉𝑂𝐶,𝑟𝑎𝑑 =
𝑘𝐵𝑇

𝑞
ln

(
𝐽𝑆𝐶

𝐽0,𝑟𝑎𝑑

)
(3.6)

PLQY characterization is carried out for complete solar cells or incomplete devices, also

named half stacks, fabricated following the procedures detailed in Section 3.3. The partial

production process is stopped at either the perovskite or the C
60
deposition step with the

only difference being uniform, instead of patterned, ITO for easier measurement. Samples

with and without C
60
have been studied to highlight the voltage loss caused by its interface

with the absorber. Since the HTL/perovskite interface has been shown to cause negligible

losses [22], the calculated 𝑉𝑂𝐶,𝑖𝑚𝑝 is assumed to be similar for perovskite deposited on

2PACz or inert substrate.

The experiments were carried out according to de Mello et al. [86], by shining a laser

with a 15° angle onto the substrate, after placement inside an integrating sphere. The offset

angle is to avoid erroneous detection of the reflected light. To probe the impacts of light

soaking the PLQY was evaluated immediately following illumination start and also one

minute later.

To compare the 𝑉𝑂𝐶,𝑖𝑚𝑝 with measured open circuit voltages, a simple formula was

applied to take into account the voltage loss introduced by the shadow mask, when

employed in current-voltage measurements. The correction, proposed in Ref. [87], is based

on the fact that recombination takes place in all the absorber volume, while free charge

carrier generation only inside the illuminated area.

Δ𝑉𝑂𝐶 =
𝑛𝑖𝑑𝑘𝐵𝑇

𝑞
ln

(
𝐴

𝐴𝑚𝑎𝑠𝑘

)
(3.7)

With 𝐴 and 𝐴𝑚𝑎𝑠𝑘 indicating solar cell active area and mask aperture area, respectively.

For the determination of the ideality factor (𝑛𝑖𝑑 ) an intensity dependence measurement

of the PLQY was carried out. Shining light with different intensities, it is possible to fit the

calculated 𝑉𝑂𝐶,𝑖𝑚𝑝 with the present logarithmic relation, as indicated in Ref. [31]:

𝑉𝑂𝐶,𝑖𝑚𝑝 (𝐼 ) ∝
𝑘𝐵𝑇

𝑞
ln

(
𝐼

𝐼0

)𝑛𝑖𝑑
(3.8)

With 𝐼 and 𝐼0 indicating variable and reference illumination intensities.

3.4.5. Charge extraction with linearly increasing voltage

First introduced by Juška et al. in 2000 [88], the charge extraction with linearly increasing

voltage (CELIV) method has gained popularity in the PV community. The procedure

consists in applying a linear voltage ramp to the solar cell under investigation, measuring

the consequent current flow until the new equilibrium sets in after the end of the ramp.

The current profile provides information on the charge extraction and recombination

happening inside the solar cell, enabling calculation of numerous electric parameters.
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(a) (b)

Figure 3.4.: (a) External quantum efficiency as a function of light wavelength, in blue,

plotted with the addition of the tangent line at the inflection point, in green.

(b) External quantum efficiency data (blue stars, fitted with the exponential

Urbach tail trend. The product of ideal black-body photon flux, calculated with

Eq. 2.8 and fitted external quantum efficiency is also represented for reference

and normalized with the maximum value.

Multiple versions of this technique have been developed, which stem from modifying

other conditions such as ramp speed, starting and final voltages, and illumination.

In this work photo-CELIV and dark-CELIV have been selected, since they provide

complementary data for the analysis of PSC electronic properties. Photo-CELIV includes

sample illumination shortly preceding the applied voltage, in contrast to dark-CELIV

which does not. Such illumination provides excess charge pairs, producing a peak in the

drawn current, which is not present in dark-CELIV. The ramp starting points are open

circuit and short circuit conditions for photo- and dark-CELIV respectively, not to modify

initial charge carrier populations. Delay times (𝑡𝑑𝑒𝑙𝑎𝑦) for photo-CELIV are spaced in a

logarithmic fashion between 1 and 30 µs, trailing a 100 µs light pulse of intensity equal to 69

mW/cm
2
. The voltage time derivative is set at -0.04 V/µs, whereas the final potentials are

-0.4 and -0.2 V for illuminated and dark procedures. The voltage, illumination, and current

trends have been schematized in Fig. 3.5. The equipment utilized for this measurement is

the PAIOS system, manufactured by the company Fluxim.

Under dark-CELIV conditions the solar cell response can be modeled with a resistance-

capacitance (RC) circuit, with the series resistance (𝑅𝑆 ) and the capacitance (𝐶) placed in

series. The capacitive behavior is due to charge carrier gradients inside the perovskite

absorber, produced by the equilibrium between drift and diffusion mechanisms. Starting

from fundamental equations 𝑅𝑆 and 𝐶 can be expressed in the following manner, as

explained in Ref. [89]:

𝑅𝑆 =
𝑑𝑉 /𝑑𝑡

(𝑑𝐼/𝑑𝑡)𝑡=0
(3.9)

𝐶 =
𝐼 (𝑡 = 0)
𝑑𝑉 /𝑑𝑡 (3.10)
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Next the modelled circuit current can be computed, either making use of the widely

known transient equation or by directly deriving the measured voltage:

𝐼𝑅𝐶 (𝑡) = 𝐼0 exp

(
− 𝑡

𝑅𝑆𝐶

)
= −𝐶𝑑𝑉

𝑑𝑡
(3.11)

With 𝐼0 and 𝑅𝑆𝐶 being the initial current and the time constant. In this work the second

approach was applied since it was already implemented in the PAIOS proprietary software

provided by Fluxim. Once this transient current profile is known, photo-CELIV data can

be corrected by subtracting this contribution, as displayed in Fig. 3.6b.

(a) (b)

Figure 3.5.: Charge extraction with linearly increasing voltage (CELIV) characterization.

Schematics for applied voltage, illumination, and extracted current for dark-

(a) and photo-CELIV (b).

Photo-CELIV measurements, placing the studied cell under illumination, can provide

additional information on PSC recombination and charge extraction properties. Increasing

the time delay gives charge carrier pairs more time to recombine, producing a lower peak

in the extracted current evolution, as displayed in Fig. 3.6a. Furthermore, mobility of

majority charge carriers (𝜇) can be computed with the subsequent equation, introduced by

Juška et al. [90]:

𝜇 =
2𝑑2

3
𝑑𝑉
𝑑𝑡
𝑡2𝑚𝑎𝑥

· 1

1 + 0.36 Δ𝐼
𝐼 (𝑡=0)

(3.12)
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Where 𝑑 and 𝑡𝑚𝑎𝑥 indicate absorber thickness and time of current peak, respectively. The

second factor has been inserted to fit the results to numerical calculations and it is valid

for Δ𝐼 ≤ 10𝐼 (𝑡 = 0). Even though the obtained value should be independent of the delay

time, large variation can be observed when plotting 𝜇 against 𝑡𝑑𝑒𝑙𝑎𝑦 , shown in Fig. 3.6c, as

noted in Ref. [91]. Higher mobility numbers, reducing the chances for recombination, are

a sign of improved charge extraction.

(a) (b)

(c)

(d)

Figure 3.6.: Photo- charge extraction with linearly increasing voltage (CELIV) results.

(a) Current density profiles for different time delays between 1 and 30 µs. (b)

Current density profiles of: raw datawith 1 µs time delay (in blue), experimental

resistive-capacitive (RC) response (in gray), and theoretical RC curve (in black).

The extracted charge carrier density is determined by the light blue area

between the curves. (c) Majority charge carrier mobility as a function of time

delay. (d) Extracted charge carrier density as a function of time delay.

Total extracted carrier density (𝑁𝑒𝑥𝑡𝑟 ) can also be calculated, integrating the photo-

CELIV current evolution after removing the RC effect between ramp start at 𝑡 = 0 and
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final equilibrium at 𝑡 = 𝑡𝑒𝑛𝑑 , applying this formula:

𝑁𝑒𝑥𝑡𝑟 =
1

𝑞𝐴𝑑

∫ 𝑡𝑒𝑛𝑑

0

(𝐼 − 𝐼𝑅𝐶)𝑑𝑡 (3.13)

With 𝐴𝑑 indicating the absorber volume. Tweaking the time delay between illumination

and ramp start impacts the current peak, thus highlighting the lost charge carriers due

to recombination during this time period. Extracted carriers can be plotted against time

delay for multiple PSCs to identify the ones with reduced recombination, as realized in

Fig. 3.6d. Comparing normalized results with the same delay time, less pronounced 𝑁𝑒𝑥𝑡𝑟

declines for increasing 𝑡𝑑𝑒𝑙𝑎𝑦 are representative of slower recombination, namely in the

form of SRH mechanism for what concerns this work.

It is important to notice that the time constant (𝑅𝑆𝐶) must be small compared to 𝑡𝑚𝑎𝑥 ,

otherwise mobility and extracted carrier results are severely affected by imprecision.

Nonetheless, calculated mobility and extracted charge carrier density results can only

provide an order of magnitude and must not be interpreted as precise data.

As a small addition, current-voltage curves are measured in dark conditions to provide

an evaluation of the dark, also named saturation, current (𝐼0). According to Eq. 2.4, the

lower 𝐼0 the greater the open circuit voltage, leading to enhanced PCE. An example of

dark J-V curve is represented in Fig. 3.7, plotted, as most commonly, with a logarithmic

vertical axis.

Figure 3.7.: Example of current density curve in function of applied voltage in dark condi-

tions.

3.4.6. X-ray diffraction

As part of additional characterization of the analyzed interface, x-ray diffraction (XRD)

measurements are carried out for the most studied treatments. This technique consists in

shining x-rays with a variable angle on a crystalline sample and then analyzing the contri-

bution scattered by the atomic electron clouds. Waves scattered by atoms in subsequent

crystal planes interfere constructively at specific incident angles, providing information on

plane spacing and thus also lattice structure, as schematized in Fig. 3.8a. The interference
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phenomenon is regulated by Bragg’s law, relating the light wavelength (𝜆) with the crystal

plane distance (𝑑):

𝑛𝜆 = 2𝑑 sin (𝜃 ) (3.14)

Where 𝑛 is an integer indicating the additional traveled distance, expressed in number of

wavelengths.

Many data sheets are present in the literature reporting peak angles of various chemical

substances, enabling facile identification of known compounds. Regarding PSCs, a very

common peak is present at ≈ 12.9° for PbI
2
, whereas the perovskite peak is usually detected

at ≈ 14°, depending on the stoichiometry. Superficial LDPs, on the other hand, produce

modest peaks at small incident angles due to their limited thickness, and are not easily

detectable at normal concentrations. Hence, solution concentrations are increased by a

factor of 10 to observe the new crystalline phases in the XRD spectra. Notably, peaks are

present also for multiples of the diffraction angles, as a result of x-rays scattered by two

non-adjacent crystal planes. An instance of XRD pattern has been reproduced in Fig. 3.8b

with indication of the usual diffraction peaks of materials in PSCs, namely: PbI
2
at 12.8°,

ITO at 31.8°, multiple perovskite lattice directions at 14.2°, 20.1°, and 24.6°.

Sample preparation was done following the procedures indicated in Section 3.2, halting

the process after the spin coating of the treatment solutions. The XRD experiments

presented in this thesis were performed using a D2 Phaser setup by Bruker with Cu-K𝛼

radiation.

(a)

(b)

Figure 3.8.: (a) X-ray diffraction schematics, adopted from [92]. (b) Example of an x-ray

diffraction pattern with indication of the most common peaks for metal-halide

perovskites.
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The objective of this thesis, as already anticipated in previous chapters, is to develop a

surface treatment to minimize the voltage losses occurring at the perovskite/C
60
interface

of CsMAFA PSCs. The investigation started from a literature review of the most promising

methods developed in the past few years to achieve this goal. All tested procedures are

based on organic salts composed by a large cation, phenethylammonium (PEA), and a

halogen, namely Cl, Br, or I. More complex, or dual, surface modification options were

studied next, introducing also a perovskite precursor, either MAI, FAI, or TPABr
3
.

Surface strategies were tested with two different perovskite compositions to study the

influence of the absorber bulk stoichiometry. Most experiments were carried out with

a Cs
0.05

MA
0.1
FA

0.85
Pb(I

0.9
Br

0.1
)
3
mixture, denominated CsMAFA, whereas the rest with a

double-cation one (Cs
0.12

FA
0.88

PbI
3
), shortened CsFA, as described in Section 3.1.1. All

treatments turned out to be slightly more effective with the double-cation perovskite,

although the underlying reason could not be isolated. Furthermore, an additional solution

based on TPABr
3
was studied more in-depth in terms of power output stability.

Afterwards, in Sections 4.2 and 4.3, further characterization of the fabricated devices

is presented, attempting to explain the resulting voltage increases. Photoluminescence

quantum yield (PLQY), charge extraction, and carrier mobility measurements have been

performed with this aim. X-ray diffraction (XRD) spectra are present to provide supple-

mentary information on the additional phases in treated surfaces.

4.1. Photovoltaic performance of surface treated cells

Numerous scientific studies report surface passivation of inverted PSCs upon use of bulky

organic cations, forming a superficial 2D perovskite layer on top of the 3D absorber [24,

25, 51, 52, 73]. Common observed changes include enhanced 𝑉𝑂𝐶 , PCE, and stability of

the treated devices, mostly ascribed to the newly-formed LDP layer on top of the 3D bulk.

The article by Gharibzadeh et al. [24], which analyzed the CsFA composition introduced

earlier, was selected as research starting point before switching to the CsMAFA perovskite.

4.1.1. Surface treatment with phenethylammonium salts

The study of surface engineering methods was initiated with replication of a published

result, providing a solid starting point for the subsequent analysis. The selected treatment,

reported in Ref. [24], is part of a quickly growing research field and constitutes a model

approach that has been proven to work in multiple articles. The process is based on a

10 mM PEACl solution in IPA, applied according to Section 3.3.4. The statistical data,

plotted in Fig. 4.1, have been obtained after one minute of light soaking time to allow
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performance stabilization of treated and reference devices, a behavior explained in better

detail in Sections 4.1.2 and 4.1.4. The modified PSCs exhibited the expected changes,

namely an increase in𝑉𝑂𝐶 of roughly 40 mV compared to the control group, demonstrating

the effectiveness of the approach. Meanwhile FF and 𝐽𝑆𝐶 were not affected, resulting in a

PCE gain of almost 1%abs.

Figure 4.1.: Photovoltaic parameters of CsFA PSCs treated with a 10 mM PEACl solution

against control. The abbreviations stand for power conversion efficiency (PCE),

fill factor (FF), open-circuit voltage (𝑉𝑂𝐶 ), and short-circuit current density

(𝐽𝑆𝐶 ).

This positive outcome led to the application of similar treatments to the CsMAFA

perovskite, seeking an analogous PCE boost. The analysis included a scan of similar large

cation salts, namely PEABr and PEAI. These procedures were named simple strategies, to

distinguish them from dual techniques described in later sections. Solutions with 5 mM

and 10 mM concentrations in IPA were prepared for the three compounds, since previous

data, reported in Appendix A.1, demonstrated excessive PCE declines with 15 mM, mainly

caused by reduced 𝐽𝑆𝐶 . The results, displayed in Fig. 4.2, highlighted how these treatments

reduce the 𝐽𝑆𝐶 while boosting the 𝑉𝑂𝐶 , in contrast to the outcome of the CsFA perovskite.

Higher concentrations, producing greater 𝑉𝑂𝐶 increases and similar current drops, were

deemed superior, with the exception of PEAI. In the latter case the 5 mM group displayed

equal 𝑉𝑂𝐶 gain, roughly 40 mV, but higher 𝐽𝑆𝐶 , making it preferable for later optimization.
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In contrast to CsFA, the CsMAFA perovskite showed a slight degradation in 𝐹𝐹 for all

treatments, that combined with the lower current resulted in inferior PCE in comparison

to the reference group.

Figure 4.2.: Photovoltaic parameters of PSCs treated with different phenethylammonium

salt concentrations. The abbreviations stand for power conversion efficiency

(PCE), fill factor (FF), open-circuit voltage (𝑉𝑂𝐶 ), and short-circuit current

density (𝐽𝑆𝐶 ).

The short circuit currents evaluated in this case were slightly lower than in subsequent

data for some treatment groups, however, no single cause of the reduction could be isolated.

To support the previous result, 𝐽𝑆𝐶 measurements obtained from the EQE integration

were reported in Fig. 4.3 and displayed an identical trend, confirming the reduction

upon surface engineering. Integrated 𝐽𝑆𝐶 is considered more reliable, firstly because it is

independent of the active area extension, and secondly it does not suffer from spectral

mismatch. In summary, surface modifications marginally impaired short circuit current at

all wavelengths, with greater impacts for more concentrated solutions, pointing to inferior

charge extraction, analyzed in more detail in Section 4.3.

To test whether PEACl treatments work differently with CsMAFA compared to CsFA

bulk composition, other parameters were modified, selecting the 10 mM PEACl treatment

as a test group. Initially the static spin coating of the solution was tested, following what
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4. Results and discussion

Figure 4.3.: Integrated short circuit current density (𝐽𝑆𝐶 ) of CsMAFA PSCs treated with

PEA salts containing different halides in concentrations of 5 and 10 mM.

reported in other literature articles [25]. Minor differences in PV parameters were recorded

between the two groups, leading to the conservation of the dynamic approach for later

investigations. Afterwards, the 5 minutes annealing time was compared to not-annealed

samples, demonstrating that the procedure was beneficial since it caused an increase in

𝑉𝑂𝐶 of 10 to 20 mV. Data from these experiments are plotted in Fig. 4.4. This result is in

contrast with other literature dealing with n-i-p PSCs, which found that the annealing

step was not beneficial to PV performance [50]. Other annealing parameters, such as

temperature and timing, were not studied more in detail.

The above-mentioned results, supporting previous choices of strategy parameters, led to

the hypothesis that the dissimilar behavior of the surface modification methods was caused

by the different perovskite composition, since MA and Br are absent from the CsFAmixture.

The assumption prompted further literature review, to find out whether other research

groups had already observed similar effects. A recent study had reported substantial

PCE increases, employing a new set of materials with a perovskite bulk composition that

closely resembled the triple-cation CsMAFA combination [25]. As presented in the next

subsection, the same treatment concepts were applied to the CsMAFA perovskite to probe

the validity of such procedures.

4.1.2. Dual surface treatment with organic salts and perovskite precursors

In 2019 a novel passivation strategy has been proposed by Zhou et al. [26], involving the

addition of MAI to the large cation solution. Additionally, a small amount of DMF was

added to partially dissolve the underlying 3D perovskite, with the intent of obtaining a

more uniform and thicker LDP layer.

In a later article, Chen et al. continued the investigation by applying the MAI addition

concept, named quasi-2D treatment, to regular as well as fluorinated PEACl salts, following

DMF content optimization [25]. The latter compounds include a fluorine atom attached to
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4.1. Photovoltaic performance of surface treated cells

Figure 4.4.: Photovoltaic parameters of CsMAFA PSCs treated with PEACl solutions modi-

fying spin coating deposition method, static vs dynamic, and annealing time, 5

vs 0 minutes. The abbreviations stand for power conversion efficiency (PCE),

fill factor (FF), open-circuit voltage (𝑉𝑂𝐶 ), and short-circuit current density

(𝐽𝑆𝐶 ).

the benzene ring of PEA, causing small but decisive changes in chemical bonds arrangement.

First introduced in 2D PSCs, these materials showed starkly different crystal structure

and PV performance due to peculiar packing of the bulky organic cations in 𝑛 = 1 2D

perovskites [93]. These features are fully determined by the position of the fluorine atom in

the benzene ring, emphasizing the fundamental importance of atomic bonds and formation

energies in perovskite crystallization. In the results reported by Chen et al. the fluorinated

PEACl salts, in particular 3F-PEACl, exhibited substantially greater performance than

control and even superior to the PEACl treatment. The observed enhancements were

attributed to 𝑛 ≥ 3 LDPs, introduced by the addition of MAI. Replication with the CsMAFA

perovskite was attempted to investigate the impact of these strategies on a slightly different

absorber stoichiometry.

The analysis was initiated from the approach combining PEACl and MAI, adopting a

2:1 molar ratio of PEACl to MAI, following the experimental procedures by Chen et al.

[25]. Moreover, the PEACl concentration was set to 6.7 mM, corresponding to two thirds
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4. Results and discussion

Figure 4.5.: Photovoltaic parameters of CsMAFA PSCs treated with PEACl and MAI in a

2:1 molar ratio comparing different DMF contents. The abbreviations stand for

power conversion efficiency (PCE), fill factor (FF), open-circuit voltage (𝑉𝑂𝐶 ),

and short-circuit current density (𝐽𝑆𝐶 ).

of the simple PEACl treatment content presented in the precedent section. The effect of

DMF was firstly studied for optimization, revealing that a small addition of 1.25 µl per ml

of IPA was sufficient to enable enhanced PCE, supposedly by partial dissolution of the

absorber and MAI incorporation into the lattice. This concentration was tested against 2.5

and 5 µl, revealing quite similar effects on PV parameters, with the outcome displayed in

Fig. 4.5. Importantly, the dual strategies did not reduce significantly the 𝐽𝑆𝐶 , consequently

boosting PCE above the control group. The 𝑉𝑂𝐶 improvements of 40 to 50 mV, instead,

match the single PEACl treatment, proving the potential of this approach in producing

superior PCE. The lowest amount was adopted for all subsequent experiments involving

dual procedures.

As a second step the PEACl to MAI ratio was tackled, comparing molar proportions

of 4:1, 2:1, and 1:1. The 2D ligand content was kept constant at 6.7 mM, while the MAI

amount was altered. These quasi-2D treatments were compared against the previous 10

mM PEACl solution, as detailed in Fig. 4.6. The four groups exhibit very similar FF and𝑉𝑂𝐶 ,

standing at 0.78 and 1.14 V respectively, whereas the current determined the PCE trend,

with the 2:1 film being the best performing. This outcome, in agreement with what is

detailed in the work by Chen et al. [25], confirms the greater capacity of the dual treatment
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4.1. Photovoltaic performance of surface treated cells

in enhancing PCE. Moreover, dual methods attenuated the hysteretic behavior of treated

devices, lowering the mean hysteresis index from 2.88% to 2.05% for the 2:1 molar ratio.

The 2:1 molar fraction was deemed the overall best combination and thus employed for

subsequent dual strategies.

Figure 4.6.: Photovoltaic parameters of CsMAFA PSCs treated with PEACl and MAI in

molar ratios of 4:1, 2:1, and 1:1. The abbreviations stand for power conversion

efficiency (PCE), fill factor (FF), open-circuit voltage (𝑉𝑂𝐶 ), and short-circuit

current density (𝐽𝑆𝐶 ).

Subsequently, a second scan of PEA salts was undertaken with the aim of isolating the

different effect of combined strategies when compared against single treatments, since the

combination of PEACl and MAI (6.7 and 3.3 mM respectively) demonstrated the greatest

potential so far. PEACl, PEABr, and PEAI, the latter in a lower concentration of 3.3

mM, were tested against each other when coupled with MAI, always in a 2:1 molar ratio.

Additionally, in a second PEACl group, MAI was replaced with FAI, in equal molar content,

to test whether the effects on the multiple PV parameters are unique to the perovskite

precursor or not.

At this stage the light soaking effect was individuated as cause of result manipulation

during the measurement phase. PSCs based on the CsMAFA composition were previously

assumed to be unaffected by this issue since the control devices always behaved very

consistently across multiple J-V scans. The statistical data, plotted in Fig. 4.7, demonstrate

35



4. Results and discussion

Figure 4.7.: Photovoltaic parameters of CsMAFA PSCs treated with PEACl, PEAI, and

PEABr in combination with methylammonium iodide (MAI) or formamidinium

iodide (FAI) in 2:1 molar ratio. Data obtained using a shadow mask and after

oneminute of light soaking time. The abbreviations stand for power conversion

efficiency (PCE), fill factor (FF), open-circuit voltage (𝑉𝑂𝐶 ), and short-circuit

current density (𝐽𝑆𝐶 ).

how light soaking for 1 minute, introduced to equalize the testing conditions, entirely

nullified the PCE gain over the reference group previously observed. In particular, FF and

𝐽𝑆𝐶 were substantially lower when compared to not light soaked measurements, portraying

the treatment strategies as ineffective in boosting PCE. On the other hand, 𝑉𝑂𝐶 was not

impacted at all by the light soaking time, although it was lowered by the presence of the

shadow mask on top of the sample during measurement. This precaution was adopted

for the present and subsequent series of tests to restrict the illuminated area, avoiding

uncertainties in the active area extension.

The technique containing PEABr remained the most effective at enhancing𝑉𝑂𝐶 , though

the FF and 𝐽𝑆𝐶 reductions were significant. Conversely, PEAI could achieve approximately

the same 𝑉𝑂𝐶 gain, even though half of the regular concentration was used (3.3 mM vs 6.7

mM). No significant PCE difference could be detected among PSCs treated with either PEAI

or PEACl, confirming the precedent results. Concerning the perovskite precursors, the
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4.1. Photovoltaic performance of surface treated cells

effects on PV parameters proved to be identical when using MAI or FAI in the treatment

solution, potentially expanding application to MA-free perovskite stoichiometries.

MPPT tracking tests were carried out for champion devices out of each group to deter-

mine the real performance of treated PSCs. The results, presented in Fig. 4.8, contradicted

the last J-V scans and corroborated previous observations indicating the overall efficiency

gain due to surface modification. In fact, performing the measurements immediately after

illumination start it was possible to obtain again superior PCE, restating the superiority of

dual methods in boosting PCE, mostly because of higher 𝐽𝑆𝐶 . In particular, the PEACl+MAI

approach proved to be the best one, despite not being the most effective in enhancing 𝑉𝑂𝐶 .

With these numbers it was concluded that: measuring the current-voltage characteristic

minimizing time under illumination provides the best estimation of real device performance

duringMPPT. However, changing themeasurement setup was not an option due to logistics

constraints, therefore later PSCs were also measured after one minute of light soaking,

not to bias the results based on the device position on the substrate. MPPT measurements

were also performed for next fabricated devices, since the objective was to reach actual

PCE gains and not trivial performance improvements in fast J-V scans.

Figure 4.8.: Maximum power point tracking test of CsMAFA PSCs treated with PEACl,

PEAI, and PEABr combined with either methylammonium iodide (MAI) or

formamidinium iodide (FAI) in 2:1 molar ratio. Data obtained using a shadow

mask. The abbreviation PCE stands for power conversion efficiency.

In conclusion, the same dual approach was applied to different fluorinated PEA salts,

as presented in Ref. [25], keeping molar quantities and ratios unchanged, i.e. 6.7 and 3.3

mM for 2D ligand and MAI respectively. Concentrations were left unaltered from the

previous experiment to highlight the differences induced by the extra fluorine atom, thus

a diminished 3F-PEAI content (3.3 mM) was utilized.

The new results, reported in Fig. 4.9, displayed slightly lower 𝑉𝑂𝐶 gains than non-

fluorinated PEA salts, around 30 mV in this case. However, FF and 𝐽𝑆𝐶 were reduced

in comparison to the previous outcome, consequently determining PCEs meaningfully

inferior to the reference. The 3F-PEABr treatment reached again the greatest 𝑉𝑂𝐶 , as

reported for regular dual strategies, although it was also the worst performing in terms

of 𝐽𝑆𝐶 and FF, substantially impairing the PCE. On the other hand, the 3F-PEAI solution

37



4. Results and discussion

demonstrated a slightly lower voltage improvement, presumably because of the diminished

salt concentration.

Figure 4.9.: Photovoltaic parameters of CsMAFA PSCs treated with fluorinated PEA salts

in combination with methylammonium iodide (MAI) in 2:1 molar ratio. Data

obtained using a shadow mask and after one minute of light soaking time.

The abbreviations stand for power conversion efficiency (PCE), fill factor (FF),

open-circuit voltage (𝑉𝑂𝐶 ), and short-circuit current density (𝐽𝑆𝐶 ).

For the reasons mentioned earlier, MPPT data are reported in Fig. 4.10 to effectively

evaluate PV performance induced by surface modification. Once again, treated devices

demonstrated higher PCE in real working conditions as compared to J-V scans performed

after stabilization in illuminated open circuit conditions, exposing the consistency of this

effect. In particular, fluorinated salts containing chlorine and iodine were confirmed as the

best suited for application with the CsMAFA perovskite composition, with the 3F-PEAI

demonstrating the highest PCE, although not by a significant margin. Fluorinated PEABr,

in turn, manifested efficiencies inferior to the control group, essentially caused by reduced

current density, as noted above in the PV characterization. Notably, all treatments proved

superior PCE stability over the tested time period, with 3F-PEABr presenting the best

example of this feature that could be caused by the hydrophobic properties of fluorinated

chemical compounds.
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4.1. Photovoltaic performance of surface treated cells

Looking at these data, fluorinated PEA compounds exhibited inferior performance when

compared to non-fluorinated salts, in view of greater FF and 𝐽𝑆𝐶 drops when applied to

the CsMAFA perovskite composition. The decreased PV performance could be attributed

to the different stacking of the perovskite layers in the 2D structure, caused by the extra

fluorine atom as proved by Hu and coworkers [93]. Nonetheless, further characterization

to support this claim was not undertaken because of time constraints.

Figure 4.10.: Maximum power point tracking test of CsMAFA PSCs treated with fluorinated

PEACl, PEAI, and PEABr combined with methylammonium iodide (MAI) in

2:1 molar ratio. Data obtained using a shadow mask. The abbreviation PCE

stands for power conversion efficiency.

As last optimization step, the concentration of dual strategies, holding constant the 2:1

molar ratio between PEA salt and perovskite precursor, was tackled. Since the deficit in

𝐽𝑆𝐶 could be attenuated with the addition of MAI, it was speculated that the optimal 2D

ligand amount in combined treatments was higher than in procedures employing only

the PEA salt. The pair of PEACl and MAI was singled out as representative group for

this study. The selected concentrations amount to 70, 100, 150, and 200% of the original

values, standing at 6.7 and 3.3 mM for PEACl and MAI respectively. The expected trends,

namely rising 𝑉𝑂𝐶 , dropping 𝐽𝑆𝐶 , and softly declining FF moving to higher concentrations

could be clearly observed in the data reported in the Appendix A.2. Quantities above

the starting point demonstrated mediocre efficiencies, whereas no clear difference was

detected between 70% and 100% values, thus this route was investigated no further.

4.1.3. Dual surface treatment with phenethylammonium salts and
trimethylphenylammonium tribromide

After the successful substitution of MAI with FAI in the dual surface modification approach,

other compounds were considered as perovskite precursor replacement. The remaining

perovskite forming chemicals used in the CsMAFA bulk composition, namely PbI
2
, PbBr

2
,

and CsI, were ruled out since they do not dissolve meaningfully in IPA. Eventually, a

newly presented material, trimethylphenylammonium tribromide (TPABr
3
), was chosen

to examine the role of the perovskite forming compound in dual treatments. TPABr
3
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Figure 4.11.: Photovoltaic parameters of CsMAFA PSCs treated with PEACl and TPABr
3

in 8:1, 6:1, and 4:1 molar ratios. Data obtained using a shadow mask and

after one minute of light soaking time. The abbreviations stand for power

conversion efficiency (PCE), fill factor (FF), open-circuit voltage (𝑉𝑂𝐶 ), and

short-circuit current density (𝐽𝑆𝐶 )

was recently reported to substantially decrease the 𝑉𝑂𝐶 deficit of wide bandgap PSCs,

when used as bulk additive in combination with PEACl and other compounds [54]. The

above-mentioned effect was attributed to reduced iodine interstitial defect density, caused

by the presence of bromine in the absorber composition.

The newly developed surface modification approach was built on top of previous inves-

tigation by selecting the same PEACl concentration, namely 6.7 mM. Seeking to maximize

𝑉𝑂𝐶 improvements, TPABr
3
quantity was optimized first. Molar ratios of 8:1, 6:1, and 4:1

of PEACl to TPABr
3
were selected for this analysis.

The obtained results, shown in Fig. 4.11, put in evidence a clear 𝑉𝑂𝐶 boost of 30 mV for

all treatment groups. Additional TPABr
3
provided only a minor increase, in contrast to

what expected, questioning the real functioning mechanism of this chemical in presence

of defects. Conversely, PCE and FF data displayed a great impact caused by the presence

of TPABr
3
, especially visible when comparing opposite scan directions. The higher the

TPABr
3
concentration the greater the hysteresis observed, primarily characterized by a

drop in FF. The mean hysteresis index soared from 1.55% of the control group to 9.4%
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4.1. Photovoltaic performance of surface treated cells

and 13.1% of the PSCs treated with the 8:1 and 4:1 solutions, respectively. Values for 𝑉𝑂𝐶
and 𝐽𝑆𝐶 in forward scan have not been reproduced since the hysteresis influence was not

significant.

MPPT measurements were carried out as usual for the reasons already exposed in

precedence. The outcome, provided in Fig. 4.12a, proved that stabilized PCEs of the treated

devices lie in close proximity of the reverse scan efficiencies, thus not exceeding reference

group values. Importantly, power output stability was positively correlated with TPABr
3

amounts, with the 4:1 ratio displaying remarkably flat PCE curves. This finding prompted

more extensive tests to probe long term stability of these devices.

PCE was tracked for a duration of 100 hours to analyze performance degradation under

light. Normalized time evolutions of champion devices, plotted in Fig. 4.12b, uncovered a

drastically different behavior, highlighting the unstable nature of treated samples, although

TPABr
3
content was again correlated with slower PCE decay. Conversely, the reference

group demonstrated superb stability, retaining in full the initial efficiency. Statistical data

regarding the long-term stability test are included in Appendix A.3 and corroborate the

reached conclusion.

Such outcome evidenced the new and largely unknown properties of multi-dimensional

PSCs, especially when based on the CsMAFA stoichiometry, calling for more extensive

and rigorous testing.

(a) (b)

Figure 4.12.: Maximum power point tracking tests of CsMAFA PSCs treated with PEACl

and TPABr
3
in 8:1, 6:1, and 4:1 molar ratios, recorded for a time period of 300

s (a) and 100 hours (b). Data obtained using a shadow mask. The abbreviation

PCE stands for power conversion efficiency.

4.1.4. Application of dual strategies to double cation perovskites

Overall, the previous Section 4.1.2 demonstrated that dual treatments are more effective

in enhancing PCE than single PEA salt solutions, at least when applied to the CsMAFA

stoichiometry. This result motivated further application of the same approaches to the

simpler CsFA perovskite, as an attempt to surpass the already good improvement obtained

with the 10 mM PEACl solution. Among all the presented procedures, surface modification
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procedures based on non-fluorinated PEACl paired with MAI or FAI were analyzed first

and stacked against the precedent PEACl group. Since previous experiments indicated

similar optimal concentrations between the two compositions, equal optimized molar

quantities and ratios were employed, i.e. 6.7 mM for PEACl and 3.3 mM for MAI or FAI.

A statistical representation of the usual PV parameters is presented in Fig. 4.13, obtained

after the usual light soaking time. As introduced earlier, PV performance was significantly

increased upon waiting in light soaking conditions for control and treated devices, produc-

ing gains in PCE of up to 3%abs. When comparing the different approaches no important

differences could be isolated, leading to the conclusion that the studied strategies are

substantially equivalent. All treatment groups could increase 𝑉𝑂𝐶 by 40 mV without any

decline in FF and 𝐽𝑆𝐶 , resulting in close to 1%abs enhancements of PCE. The single PEACl

treatment provided a greater, even if slightly, PCE boost. Notably, MAI and FAI turned out

to work identically, although CsFA bulk composition does not contain the MA cation.

Figure 4.13.: Photovoltaic parameters of CsFA PSCs treated with single and dual strategies

based either solely on PEACl, or PEACl in combination with methylammo-

nium iodide (MAI) or formamidinium iodide (FAI). Data obtained after one

minute of light soaking time. The abbreviations stand for power conversion

efficiency (PCE), fill factor (FF), open-circuit voltage (𝑉𝑂𝐶 ), and short-circuit

current density (𝐽𝑆𝐶 ).
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The precedent outcome was also supported by MPPT measurements displayed in Fig.

4.14, carried out to confirm the PCE improvements. In contrast to what observed previously

with the CsMAFA perovkite, J-V scans of treated CsFA PSCs in light soaking conditions

proved to be more predictive of real MPPT performance. All devices performed below

expectations, an effect that could be due to limited shelf stability, since the samples were

stored for three weeks in a nitrogen atmosphere before MPPT testing. MPPT was also

performed for a few champion devices right after device fabrication, revealing excellent

correlation between MPPT and J-V scan results. The details are included in Appendix A.3.

Overall, treated PSCs demonstrated greater stability and about 1%abs higher PCE com-

pared to the control, indicating that the beneficial effects of surface modification are long

lasting. The three approaches proved to be equally effective, with no clear difference in any

PV parameter, indicating the higher efficacy of treatments with the CsFA stoichiometry.

Such outcome could be attributed to the absence of Br in the bulk composition, since the

results from Chen et al. were also obtained with a single-halogen perovskite [25].

Figure 4.14.: Maximum power point tracking test of CsFA PSCs treated with single, 10 mM

PEACl, and dual strategies, PEACl coupled with methylammonium iodide

(MAI) or formamidinium iodide (FAI). Data obtained using a shadow mask.

The abbreviation PCE stands for power conversion efficiency.

Subsequently, fluorinated compounds, namely 3F-PEACl and 3F-PEAI, were applied

to the CsFA stoichiometry to test whether they have different impacts on a simpler bulk

composition. Fluorinated PEABr was not tested, since the regular PEABr was previously

found to be ineffective with the CsMAFA perovskite and also with the CsFA composition

[24]. MAI was selected as additive since it demonstrated to work perfectly well with

the CsFA perovskite. Dual strategies proved to be slightly less effective when compared

with precedent results, as displayed in Fig. 4.15. Namely, slight reductions in FF and

𝐽𝑆𝐶 hampered PCE, producing only a small efficiency boost. Nonetheless, treated PSCs

displayed very good performances, achieving FF of 80% and 𝐽𝑆𝐶 exceeding 22 mA/cm
2
. The

treatment containing 3F-PEAI enhanced 𝑉𝑂𝐶 only by 30 mV, perhaps due to the decreased

2D ligand concentration (3.3 mM), contributing to the lower than expected performance.

MPPT measurements were regularly performed to substantiate the recorded J-V scans

and are plotted in Fig. 4.16. Once again, JV curves of CsFA PSCs confirmed the high
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Figure 4.15.: Photovoltaic parameters of CsFA PSCs treated with dual strategies based on

3F-PEACl and 3F-PEAI coupled with methylammonium iodide (MAI). Data

obtained after one minute of light soaking time. The abbreviations stand for

power conversion efficiency (PCE), fill factor (FF), open-circuit voltage (𝑉𝑂𝐶 ),

and short-circuit current density (𝐽𝑆𝐶 )

predictability of MPPT efficiency, restating the more stable behavior of treated devices

based on this stoichiometry. PCE time evolutions display a wider efficiency gain for the

treated PSCs, roughly 2%abs, although this effect might be due to control device degradation

prior to MPPT tests, performed three weeks after device fabrication.

In conclusion, dual methods proved to be effective in increasing PCE of double-cation

CsFA PSCs, even though they did not appear to be superior to single PEA salt treatments.

Further boosts in FF and 𝐽𝑆𝐶 above the reference values were not achieved, thus limiting

the improvements to the 𝑉𝑂𝐶 . Fluorinated salts were proved suboptimal also with the

CsFA composition, although MPPT stability could be greater than in PSCs treated with

regular PEA compounds. Overall, surface modification approaches confirmed their greater

efficacy when applied to the CsFA stoichiometry; however, the cause of this behavior was

not identified.
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Figure 4.16.: Maximum power point tracking test of CsFA PSCs treated with dual strategies

employing 3F-PEACl and 3F-PEAI coupled with methylammonium iodide

(MAI). Data obtained using a shadow mask. The abbreviation PCE stands for

power conversion efficiency.

4.2. Photoluminescence quantum yield results

Upon completing the analysis of the presented surface strategies, further investigation was

undertaken to probe the origin of the enhanced open circuit voltage. Photoluminescence

quantum yield (PLQY), as already introduced in Section 2.1.4, provides great insights into

the voltage loss caused by non-radiative recombination taking place at the perovskite/C
60

interface. Therefore, PLQY was measured for the dual treatment groups including non-

fluorinated PEA salts to highlight the voltage improvements dependence on the halide

ion. The previous molar concentrations were employed, namely 6.7 and 3.3 mM for 2D

ligand and MAI respectively, with the exception of PEAI, for which half of the mentioned

amount was included. The 2:1 molar ratio was always respected.

Results of dual strategies, including values under normal and light soaking conditions,

are shown in Fig. 4.17 including samples with and without ETL. All three groups demon-

strated close to 40 mV 𝑉𝑂𝐶,𝑖𝑚𝑝 increases when the ETL is present, confirming the sought

achievements. The PEABr group, as previously observed, proved to be the best compound

to boost voltage, although this came with a 𝐽𝑆𝐶 loss. For stacks lacking the C
60
layer the

improvements were more modest, reaching around 30 mV also for PEAI, in spite of the

lower concentration. Additionally, after waiting for one minute of light soaking the same

devices displayed an interesting, though marginal, behavior. ETL-free stacks improved

their𝑉𝑂𝐶,𝑖𝑚𝑝 , whereas when including the transport layer the values were slightly reduced.

No clear cause of this small changes has been identified.

This result largely confirms precedent characterization, supporting the superior 𝑉𝑂𝐶
values noticed in J-V scans. To clarify, this set of data was obtained with a different

instrument setup, explaining why the 𝑉𝑂𝐶,𝑖𝑚𝑝 of all groups including the ETL was inferior

to the complete device 𝑉𝑂𝐶 , measured with the solar simulators. More in detail, the

laser intensity was not adjusted to match the same charge carrier density as under 1 sun

illumination, skewing all results downwards.
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Figure 4.17.: Statistics of implied open circuit voltage for control and treated CsMAFA

devices with (diamonds) and without (circles) electron transport layer. Dual

surface modification strategies, employing PEACl, PEAI, and PEABr, were

analyzed. Light soaking measurements have been performed after one minute

of illumination.

Subsequently, simple and dual treatment approaches based on PEACl have been com-

pared to better comprehend the role of additives, i.e. perovskite precursors, in superficial

SRH recombination reduction. The selected groups included, other than the simple 10

mM PEACl treatment, dual strategies combining PEACl with one amongst MAI, FAI,

and TPABr
3
. All molar concentrations and ratios were left unchanged from the previous

sections. Fig. 4.18 depicts the calculated implied voltage, indicated as 𝑉𝑂𝐶,𝑖𝑚𝑝,𝐶60 because

of the presence of the ETL, in relation to the radiative limit defined by Eq. 3.6, named

𝑉𝑂𝐶,𝑟𝑎𝑑 . To be noted, these values were obtained from a different batch of fabricated PSCs

and with a different measurement setup, explaining the discrepancies in 𝑉𝑂𝐶,𝑖𝑚𝑝 of control

and treated devices in comparison to Fig. 4.17.

As detected in precedence, the analyzed surface modification techniques enhanced the

𝑉𝑂𝐶,𝑖𝑚𝑝,𝐶60 by around 40 mV, in accordance with the measured current-voltage curves. The

simple PEACl treatment was the most effective in increasing implied voltage, although its

reduction under light soaking conditions was also the greatest. Conversely, dual strategies,

aside from the PEACl+FAI mixture, demonstrated more stable gains, in agreement with the

less pronounced hysteretic behavior in J-V scans. As noted before, the perovskite precursor

in dual treatments did not play a significant role in boosting 𝑉𝑂𝐶,𝑖𝑚𝑝,𝐶60, demonstrating

scarce selectivity of these treatments. This finding, in combination with the successful ap-

plication of PEACl and MAI to the CsFA perovskite, points to the possibility of widespread

employment of such procedures, extending the research to other stoichiometries.
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(a) (b)

Figure 4.18.: Implied open circuit voltages for single and dual treatment strategies based

on PEACl compared to the CsMAFA reference. Best implied voltages are

reported for samples with and without electron transport layer. The same

samples have been measured without (a) and with one minute of light soaking

(b).

4.3. Charge carrier extraction

The second technique employed to evaluate charge carrier recombination in PSCs is the

CELIV method, described in Section 3.4.5. Dark- and photo-CELIV transient current evolu-

tion data have been combined to calculate charge carrier mobility (𝜇) and extracted charge

carrier density (𝑁𝑒𝑥𝑡𝑟 ), important values evaluating extraction efficiency of photogenerated

electron-hole pairs in PSCs. Such characterization was carried out for the most important

newly developed strategies, with the aim of analyzing the effect of surface treatments on

the extraction parameters.

To provide a clear comparison amongst various molar ratios for dual methods, solutions

containing PEACl and MAI were selected for this study, adopting once again proportions

of 4:1, 2:1, and 1:1. Such treatments were evaluated against the reference group, nicely

revealing the surface modification effects. Fig. 4.19a, representing the extracted carriers in

function of the photo-CELIV delay time, shows meaningfully higher values for treated

samples, especially for 2:1 and 1:1 ratios, due to slower recombination rates. However, the

sought improvements in SRH recombination reduction came at the cost of charge carrier

mobility, highlighted in Fig. 4.19b. In this respect, the control devices presented a faster

rise in photo-CELIV current transients, consequently having an earlier curve peak, which

translated into higher mobility, according to Eq. 3.12. Hindered charge carrier mobility,

probably due to the poorly conductive LDP layer in the treated PSCs, could also explain

the slightly lower FF observed in precedence.

Moreover, dark current density of reference and treated samples were plotted in Fig.

4.19c, further supporting the claim of enhanced open circuit voltage. All strategies were

successful in lowering saturation current, a sign of greater 𝑉𝑂𝐶 .
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(a) (b)

(c)

Figure 4.19.: Results extracted from photo- charge extraction with linearly increasing

voltage (CELIV) for CsMAFA PSCs treated with PEACl+MAI solutions in 4:1,

2:1, and 1:1 ratios against control. (a) Extracted charge carrier density as a

function of time delay. (b) Majority charge carrier mobility as a function of

time delay. (c) Dark current-voltage curve.

The same effects, namely increased extracted carrier density and diminished mobility,

were also noticed for the single PEACl treatment method, with the supporting data included

in Appendix A.4. Charge extraction, due to the presence of PEACl, was substantially the

same, although the greater PEA salt content provided even larger 𝑁𝑒𝑥𝑡𝑟 , whereas mobility

was reduced by a greater extend compared to other treatment groups.

Subsequently, the same analysis was conducted on dual methods combining PEACl and

TPABr
3
, in order to evidence the differences induced by a different perovskite precursor.

Molar proportions of 8:1, 6:1, and 4:1 were selected as previously. Extracted parameters,

plotted in Fig. 4.20, demonstrated slightly different treatment effects due to the presence of

TPABr
3
. Extracted charge carrier density was improved by a factor of 3, similarly to what

obtained for PEACl and MAI methods, whereas mobility was also enhanced by surface

modification with TPABr
3
, indicating the remarkably different properties of this compound

in comparison to MAI. Both set of values were independent from the employed molar
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(a)

(b)

(c)

Figure 4.20.: Results extracted from photo- charge extraction with linearly increasing

voltage (CELIV) for CsMAFA PSCs treated with PEACl+TPABr
3
solutions in

4:1, 2:1, and 1:1 ratios against control. (a) Extracted charge carrier density as

a function of time delay. (b) Majority charge carrier mobility as a function of

time delay. (c) Dark current-voltage curve.

ratio, suggesting that maybe a relatively small amount of TPABr
3
would be sufficient to

enhance carrier mobility.

In addition, saturation current densities of PSCs treated with 8:1 and 6:1 solutions were

significantly lower that reference values, pointing once again to the higher 𝑉𝑂𝐶 induced

by superficial defect passivation.

In conclusion, TPABr
3
content was associated with increasing hysteretic behavior in

current-voltage scans, though instability in MPPT measurements was associated with

lower TPABr
3
content. Other unstable behaviors were not observed in the remaining PV

parameters. Combinations of PEACl and TPABr
3
, both being bulky organic compounds

that do not fit inside the perovskite lattice, improved charge extraction of PSCs, stress-

ing the largely unknown properties of these chemicals and their impacts on perovskite

crystallization.
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4.4. X-ray diffraction

As an addition to the results already presented, XRD characterization was implemented to

prove the presence of LDPs in treated devices. Following what indicated in Section 3.4.6,

concentrated solutions were prepared to allow easier detection of LDP peaks in the low

incidence angle region. The illustrate the different LDPs introduced by the treatments

analyzed in this work, one surface modification technique out of each major section was

isolated. Namely, the 10 mM PEACl solution was taken as representative for the single

treatments, whereas the selected dual method included PEACl coupled with MAI in 2:1

molar proportions.

The measured XRD spectra of control and above mentioned groups have been plotted in

Fig. 4.21, with indication of the most interesting detected peaks. Following what reported

in Ref. [26], LDP peaks were identified at various angles, all multiples of 5.3°, caused

by (00𝑙) (𝑙 = 2𝑚) 2D perovskite planes on the absorber surface treated with PEACl. In

comparison the dual strategy did not form a similar structure, since none of the mentioned

peaks could be detected, pointing to the substantially different 2D lattice. Another modest

peak at 8.7° was observed for the PEACl+MAI group, possibly analogous to what observed

at 8.2° in Ref. [25] and attributed to 𝑛 = 2 LDPs. Lastly, the PEACl pattern presented a

peak at 9.6° that could not be identified.

Figure 4.21.: X-ray diffraction pattern of reference CsMAFA films and CsMAFA samples

treated with either the single solution based on PEACl, or the dual treatment

combining PEACl and methylammonium iodide (MAI) (2:1 molar ratio). The

concentrations were increased by a factor of 10 to enable clear identification

of the diffraction peaks. Low dimensional perovskite (LDP) peaks, corre-

sponding to (00𝑙) (𝑙 = 2𝑚) planes, have been labeled for easier reading. The

characteristic 3D perovskite peaks have been indicated with blue stars.

Surface engineering, especially the single method, significantly reduced the PbI
2
maxi-

mum intensity, suggesting integration of its excess into the LDP structure. Furthermore,
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no shift in the perovskite peaks, present at angles of 14.2°, 20.1°, and 24.6°, was detected,

indicating no modification of the original 3D lattice.

Overall, the single treatment demonstrated the greatest impacts in terms of LDP for-

mation, whereas the dual strategy modified more subtly the perovskite surface, possibly

forming thicker LDP as claimed in Ref. [25]. A greater share of 𝑛 = 1 LDPs, due to the

lower conductivity, is also in accordance with the lower 𝐽𝑆𝐶 of PSCs modified with single

approaches.

51





5. Conclusion

In summary, this thesis analyses open circuit voltage losses caused by defect-assisted

recombination at the perovskite/C
60

interface of inverted PSCs. The investigation is

conducted on single junction PSCs with the aim of future application of the best performing

strategies in two-terminal tandem solar cells, fabricated by combining the PSC under focus

with a CuInSe
2
bottom subcell, as detailed by Ruiz-Preciado et al. [94].

The newly developed surface modification methods are inspired by recent literature

articles, attributing the efficacy of interface treatments based on large cations to successful

defect passivation. Surface engineering is enacted by applying solutions of organic solvents,

IPA and DMF, and PEA salts, pure or paired with perovskite precursors. Such solutions

are spin coated on the formed perovskite absorber prior to the electron transport layer

evaporation, producing a thin superficial 2D perovskite layer, capable of reducing Shockley-

Read-Hall recombination rates. The effects of PEA salts composed by different halide ions,

namely PEACl, PEAI, and PEABr, are studied by comparing PV parameters of PSCs treated

with pure PEA salts dissolved in IPA. Molar concentration of 10 mM of either PEACl or

PEABr is deemed optimal for single treatments, whereas PEAI performs best at 5 mM.

Employing these amounts, open circuit voltage (𝑉𝑂𝐶 ) of CsMAFA PSCs can be enhanced by

30 to 40 mV, although fill factor (FF) and especially short circuit current density (𝐽𝑆𝐶 ) are

decreased, resulting in overall inferior power conversion efficiency (PCE). This analysis

evidences the greater 𝑉𝑂𝐶 boost provided by techniques based on PEABr, when adopting

equal molar amounts; however this comes with significant drops in FF and 𝐽𝑆𝐶 , making

it less suitable overall. The influences of annealing time and spin coating procedure are

also investigated, though the effects on PV performance are rather small, halting further

research.

Subsequently, the study moves on to treatment solutions prepared by combining a

PEA salt with a perovskite precursor, in particular methylammonium iodide (MAI) or

formamidinium iodide (FAI). These more complex, indicated as dual, strategies include a

small addition of DMF to partially dissolve the absorber surface, with the goal of integrat-

ing its external layer in the 2D perovskite crystallization. First DMF content is studied,

leading to the determination of 800:1 v/v as the most effective proportion between IPA

and DMF. Afterwards, optimal molar ratio of 2:1 mol/mol between PEACl and MAI is

identified, demonstrating 𝑉𝑂𝐶 increases similar to precedent strategies but reduced 𝐽𝑆𝐶
losses, confirming the greater potential of such approach. Different halogens are tested

again in this framework, displaying a more complex behavior during the current-voltage

scans. Measurements without light soaking period are predictive of real performance in

maximum power point tracking (MPPT) tests, whereas waiting under illumination upon

stabilization provides PCEs inferior to the reference. MPPT reveals how such surface

modification techniques are effective in boosting PCE, with minor stability degradation up

to 300 s. PSCs treated with a combination of PEACl and MAI demonstrate the greatest PCE
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gain, exceeding the reference champion device by close to 1%abs. Additionally, replacing

MAI with FAI proves to be equivalent in current-voltage scans.

Afterwards, fluorinated PEA compounds, modified by the addition of a fluorine atom

on the benzene ring, are tested in dual methods with molar concentrations equal to the

non-fluorinated salts. Treated PSCs exhibit PCE gains not reaching 0.5%abs, although

stability in MPPT is enhanced. For this reason, fluorinated PEA salts are deemed not

especially suitable for the CsMAFA perovskite composition.

Dual methods, replacing MAI with trimethylphenylammonium tribromide (TPABr
3
),

are also analyzed, though treated PSCs exhibit no improvements in PCE and increased

hysteresis.

To investigate the influence of the absorber stoichiometry on the impacts of surface

modification, optimized dual treatments are applied to a simpler double-cation perovskite,

CsFA. Single and dual approaches are deemed largely equal, since they are similarly able to

increase𝑉𝑂𝐶 without any FF or 𝐽𝑆𝐶 deficits. In contrast to what observed with the CsMAFA

composition, current-voltage sweeps under light soaking conditions are highly predictive

of MPPT performance, both evidencing up to 1%abs advancements in PCE and increased

output stability, the latter especially for fluorinated compounds.

Photoluminescence quantum yield tests are performed for a few treated CsMAFA PSCs,

putting in evidence the roughly 40 mV voltage gain due to reduced recombination at

the perovskite/C
60
contact surface, confirming the sought achievements. Additionally,

dual treatments exhibit minor performance degradation under light soaking conditions,

supporting previous indications of superior efficacy. Charge extraction measurements,

on the other hand, prove decreased charge carrier mobility in CsMAFA PSCs treated

with PEACl and MAI, possibly caused by the poorly conductive 2D perovskite layer.

The corresponding single strategy, removing MAI from the solution, demonstrates even

lower carrier mobility, pointing to a minor low-dimensional perovskite (LDP) thickness

𝑛. Techniques employing PEACl plus TPABr
3
, instead, have positive impacts on mobility

and extracted charge carriers by limiting defect-assisted surface recombination. X-ray

diffraction patterns suggest more extensive surface modification upon single treatment,

with indications of thicker LDP layers when adding MAI to the solution.

Recapping the main findings, treated CsMAFA PSCs demonstrate enhancements in 𝑉𝑂𝐶
of around 30 mV, plotted in Fig. 5.1a, thus confirming the efficacy of PEA-based surface

treatments. However, FF and 𝐽𝑆𝐶 are hindered, probably due to inferior charge extraction,

as shown in the CELIV results. The same strategies are slightly more effective with the

CsFA composition, possibly due to the absence of Br in the 3D bulk. Voltage gains of

35 to 48 mV are achieved by various surface modification treatments, displayed in Fig.

5.1b. CsFA PSCs treated with either MAI or FAI, acting as additives in the solution, are

equally improved, despite the fact that the underlying 3D perovskite does not contain the

MA cation. This proves the wide application field of such surface modification methods,

leaving open the possibility for experimentation on numerous perovskite stoichiometries.

Overall, this thesis constitutes additional evidence supporting the efficacy of surface

modification strategies based on PEA salts, especially when combined with perovskite

precursors. Real performance, measured with MPPT tests, can be slightly enhanced by

introducing a thin 2D perovskite layer before the ETL deposition, limiting Shockley-Read-

Hall recombination speed. The developed procedures demonstrate significant voltage
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(a) (b)

Figure 5.1.: Open circuit voltages of CsMAFA (a) and CsFA (b) devices treated with var-

ious solutions against references. All treatments present optimized values,

i.e. 10 and 6.7 mM concentrations of 2D ligand for single and dual treat-

ments; 2:1 molar ratios for solutions containing methylammonium iodide

(MAI) or formamidinium iodide (FAI); 6:1 molar ratios for solutions contain-

ing trimethylphenylammonium tribromide (TPABr
3
). Data obtained after one

minute of light soaking time; a shadow mask was used for CsMAFA measure-

ments.

gains in comparison to control devices, although this comes with small 𝐽𝑆𝐶 deficits in

CsMAFA PSCs. The reduced charge extraction, supported by CELIV characterization

of CsMAFA PSCs, can be attributed to the particular perovskite composition, since the

same effect is not detected in CsFA devices. Ion movement enhancement or suppression,

due to the presence of either MA or Br, could affect charge carrier mobility and thus the

extraction efficiency [29, 95, 96]. More extensive investigation on the impacts of LDPs in

charge carrier extraction is required to advance the research. Extending the application to

perovskite/CuInSe
2
tandem solar cells, the current reduction of CsMAFA PSCs constitutes

a smaller issue, since the monolithic devices are limited by the photogenerated current of

the bottom CuInSe
2
subcell.

Looking at future developments in this field, more can be done to identify the optimal

surface modification treatment, first by scanning a wider range of materials and secondly

by adjusting the bulk composition of the studied PSC. Excess PbI
2
is possibly playing

an important role in LDP formation, influencing the composition and thickness 𝑛 of

such phases. Charge extraction analysis and other techniques are extremely useful to

study LDPs and the influence of their properties on PV performance. Moreover, surface

engineering can be coupled with bulk additives, PEA-based or other large cation salts,

to further reduce Shockley-Read-Hall recombination at the grain boundaries inside the

absorber, limiting voltage losses of p-i-n PSCs. More extensive characterization of treated

devices, involving a thorough investigation of 2D perovskites chemical and optoelectronic

properties, is needed to further advance the research.
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List of symbols

𝜆 Light wavelength

𝜇 Charge carrier mobility

𝜈 Light frequency

𝜋 Pi

Φ𝑎𝑏𝑠 Absorbed photon flux

Φ𝑏𝑏 Black body photon flux

Φ𝑒𝑚 Emitted photon flux

Φ𝑝ℎ Incident photon flux

𝐴 Solar cell active area

𝐴𝑚𝑎𝑠𝑘 Mask aperture area

𝑑 Absorber thickness

𝐸𝑔 Bandgap energy

𝐸𝑝ℎ Photon energy

𝐺𝑐 Generation rate

ℎ Planck constant

𝐼 Electric current

𝐽 Electric current density

𝐽0,𝑟𝑎𝑑 Radiative dark recombination current density

𝐽𝑛𝑜𝑛−𝑟𝑎𝑑 Non-radiative recombination current density

𝐽𝑟𝑎𝑑 Radiative recombination current density

𝐽𝑆𝐶 Short circuit current density
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𝑘 Recombination constant

𝑘𝐵 Boltzmann constant

𝑁𝑒𝑥𝑡𝑟 Extracted charge carrier density

𝑛𝑐 Charge carrier density

𝑛𝑖𝑑 Ideality factor

𝑃 Radiative power

𝑞 Electron charge

𝑅𝑐 Recombination rate

𝑅𝑆 Series resistance

𝑅𝑆𝐻 Shunt resistance

𝑇 Absolute temperature

𝑡 Time

𝑡𝐺 Goldschmidt’s tolerance factor

𝑉 Electric voltage

𝑉𝑂𝐶 Open circuit voltage

𝑉𝑂𝐶,𝑖𝑚𝑝 Implied open circuit voltage

𝑉𝑂𝐶,𝑟𝑎𝑑 Radiative open circuit voltage
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A. Appendix

A.1. Phenethylammonium salt concentrations

The influence of large cation salt concentration in single strategies was part of the prelimi-

nary analysis for this thesis. The experiment was conducted with PEABr diluted in IPA in

three different amounts: 5, 10, and 15 mM concentrations were selected. Current-voltage

curves of fabricated PSCs were evaluated to determine the most successful option, but

MPPT testing was not undertaken. Statistical data, summarized in Fig. A.1, points out

evident trends of descending FF and 𝐽𝑆𝐶 for greater PEABr amounts. The highest PEABr

quantity was deemed excessive, due to significantly lower PCE, whereas the middle and

lowest concentration groups were considered worthy of further investigation.

Figure A.1.: Photovoltaic parameters of PSCs treated with PEABr in concentrations of 5,

10, and 15 mM compared against the control group. The abbreviations stand

for power conversion efficiency (PCE), fill factor (FF), open-circuit voltage

(𝑉𝑂𝐶 ), and short-circuit current density (𝐽𝑆𝐶 )
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A.2. Dual treatment concentration dependence

As mentioned in the main text, optimization of the dual treatment concentration was

executed to shinemore light on the impacts of PEACl quantity when coupledwithMAI. The

quantities chosen are the following: 70, 100, 150, and 200% of initial amounts, which added

up to 6.7 and 3.3 mM for 2D ligand and MAI, respectively. Current-voltage characterization

was performed following a one minute illumination time, as explained previously. The

outcome, plotted in Fig. A.2, displays the expected trends, namely the 𝑉𝑂𝐶 was positively

correlated with solution concentration, whereas FF and 𝐽𝑆𝐶 drop. Importantly, no further

𝑉𝑂𝐶 gain was observed between the two intermediate concentrations, discouraging the

use of the 150% solution in other experiments. On the other hand, the short circuit

current deficit was uniform for treatments up to 150% of normal amounts, underlining

the small impact of the 2D ligand on charge extraction when combined with MAI. In a

possible explanation this effect could be attributed to the higher conductivity of LDP layers

produced by dual strategies, compared with LDPs present in single-treated PSCs.

Figure A.2.: Photovoltaic parameters of PSCs treated with PEACl and methylammonium

iodide (MAI) in 2:1 molar ratio and with concentrations ranging from 70% to

200% of the original value. Data obtained using a shadow mask and after one

minute of light soaking time. The abbreviations stand for power conversion

efficiency (PCE), fill factor (FF), open-circuit voltage (𝑉𝑂𝐶 ), and short-circuit

current density (𝐽𝑆𝐶 ).
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A.3. Stability measurements

As highlighted before, light soaking undermines J-V scans credibility, eliciting MPPT

measurements of champion devices. Unfortunately, this set of PSCs displayed inferior

PCE stability, as proved by the time evolutions reproduced in Fig. A.3a. The cause of this

result remains unknown, precluding a clear interpretation of the collected data. It could

be concluded that the optimal quantity was not very dissimilar to the reference used for

this experiment (100% group), although identification of the very best concentration was

not possible.

As an addition, integrated 𝐽𝑆𝐶 is reported in Fig. A.3b, further supporting the claim

that greater 2D ligand amounts limit more substantially charge extraction, due to the

additional LDP layer. In particular, the reduced short circuit current was attributed to the

larger amounts of PEACl.

(a) (b)

Figure A.3.: (a) Maximum power point tracking test of devices treated with PEACl and

methylammonium iodide (MAI) in 2:1 molar ratio and with concentrations of

70, 100, 150, and 200% of original values. Data obtained using a shadow mask.

The abbreviation PCE stands for power conversion efficiency. (b) Integrated

short circuit current density (𝐽𝑆𝐶 ) obtained from external quantum efficiency

curves of control and treated devices.

A.3. Stability measurements

To substantiate the results exposed in Section 4.1.3, statistical data of successful long

term stability tests, in terms of final PCE, are reported in Fig. A.4a. Reference samples

consistently outperformed treated PSCs, with the champion device retaining an impressive

20.8% PCE at the end of the 100 h tracking time, demonstrating the excellent research

starting point. Strategies based on PEACl and TPABr
3
turned out to be ineffective in

enhancing stability under illumination, in contrast to what observed after 300 s of tracking.

As an addition, the spectral irradiance of the LED lamp of the setup used for this test, a

WAVELABS LS-2, is represented in Fig. A.4b, compared with the standard AM1.5 spectrum.

Regarding the MPPT tests of treated CsFA PSCs, results of the champion device treated

with the simple 10 mM PEACl are plotted in Fig. A.5. As explained in the main text, J-V
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(a)
(b)

Figure A.4.: (a) Statistical data of power conversion efficiencies (PCEs) at the end of long

term stability tests. Measurements for control devices and samples treated

with solutions containing PEACl and TPABr
3
in molar ratios of 8:1, 6:1, and

4:1. (b) Spectral irradiance theWAVELABS LS-2 solar simulator compared to

the AM1.5 reference signal.

scans after one minute of light soaking time provided very good indications on MPPT

performance of treated as well as control devices. Current-voltage curves in reverse and

forward scan directions indicated PCE of 21.4 and 20.2% respectively, whereas MPPT

performance was very stable at 21.1%, demonstrating excellent PV performance. Overall,

the single PEACl treatment displayed outstanding results, far exceeding what could be

achieved with the CsMAFA perovskite.

Comparing the present outcome, measured right after device fabrication, to the PCE

time evolution in Fig. 4.14, the efficiency degradation is evident, indicating sub-optimal

shelf stability in nitrogen atmosphere.

(a) (b)

Figure A.5.: (a) Maximum power point tracking test of the CsFA champion device treated

with PEACl. (b) Respective current-voltage scans with indication of power

conversion efficiencies (PCEs).
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(a)
(b)

(c)

Figure A.6.: Results extracted from photo- charge extraction with linearly increasing volt-

age (CELIV) for CsMAFA devices treated with a 10 mM PEACl solution against

control. (a) Extracted charge carrier density as a function of time delay. (b)

Majority charge carrier mobility as a function of time delay. (c) Dark current-

voltage curve.

A.4. Charge carrier extraction

Charge extraction with linearly increasing voltage (CELIV) measurements have been

conducted for the 10 mM PEACl strategy to highlight the differences introduced by the

addition of MAI in dual treatments of CsMAFA PSCs. The obtained results, graphed in

Fig. A.6, prove the largely similar impacts of the two approaches, indicating that most

effects could be attributed to the presence of the PEA salt. The extracted charge carrier

trend was found to closely resemble what obtained with dual methods, though the values

are higher in the present case, indicating less pronounced SRH recombination due to the

greater amount of PEACl (10 vs 6.7 mM). Carrier mobility, instead, was the lowest recorded

amongst all tested PSCs, demonstrating the beneficial presence of MAI in promoting LDP

layers with larger perovskite thickness 𝑛, enhancing electric conductivity. This explanation

is in line with what discussed by Chen et al. [25], which attributed the enhanced charge
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extraction efficiency to 𝑛 ≥ 3 LDPs. Moreover, the saturation current curve indicated, as

previously noted for similar treatments, increased 𝑉𝑂𝐶 caused by reduced defect density.
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