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Summary

Perovskite solar cells represent a new class of photovoltaic devices that, in only
a decade, has already been achieved comparable performance to that of the most
established photovoltaic technologies. To satisfy the demanding market require-
ments, however, perovskite solar cells need to have the high performances with
the use of low-cost materials and cost-effective fabrication processes, during a long
term in the working environment and this needs to be possible for both small scale
and large-scale devices.

The fully printable carbon perovskite solar cells are based on an inorganic
triple mesoscopic stack that is infiltrated by a perovskite precursors solution. This
architecture seems to be the most promising to satisfy the requirements of the
market, because the manufacture can simply occur with low-cost materials and
well-established industrial deposition techniques, such as screen printing. Further-
more, the stability of these cells was reported to be one of the longest among
perovskite solar cells, making this technology the closest to make market penetra-
tion.

This work focuses on fully printable perovskite solar cells with a special outlook
at their up-scaling in series-connected modules. The fabrication of large area
modules with both high performance and substrate coverage will be discussed,
in a journey that starts from single cell devices, overcomes issues found in the
up-scaling process, and finally reaches design optimisation. Devices of single cells
with 1 cm? active area will be presented, as well as modules on 5 x 5 cm? or
10 x 10 cm? substrates. Finally, series-connected modules with around 200 cm?
active area and high coverage on the substrate will be shown.
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List of abbreviations and
definitions

Below are the most important abbreviations and definitions for this work:

Abbreviation Definition and section of first appearance

a-Si SC amorphous silicon solar cell 1.2.1
ABXj3 generic perovskite formula l.o.1
AC alternating current 2.0.1
Al-tape the conductive tape that was developed for the C-PSC and  [3.5.2
discussed in Chapter |§|

ALD atomic layer deposition 1.4.2
AM 0, AM 1, different definitions of solar spectrum at different air mass [1.2.2
AM 1.5, AM 1.5G  conditions

aperture area the area of the module that includes the active area and @

interspace between cells

ASTM American society for testing and materials 1.2.2
AVA 5-aminovaleric acid [NH3(CHz),COOH]* 1.3.1
AVA-MAPI 2D /3D MAPI perovskite with AVA Lol
AVAI 5-aminovaleric acid iodide [NH3(CH),COOH]" I~ 1.3.1
bLayer compact titanium(IV) oxide .
C-PSC the triple-mesoscopic carbon perovskite solar cell E
¢-Si SC monocrystalline or multicrystalline silicon solar cell I|
CdTe cadmium telluride solar cell 1.2.1
CIGS CulnGaSe solar cell 1.2.1
DC direct current 1.2.2
DMF N,N-dimethylformamide, solvent 1.0.2
DMSO dimethyl sulfoxide, solvent 1.5.2
DSSC dye sensitised solar cell 1.2.1
EDX energy dispersive X-ray 2.0.2
E, band gap energy 1.2.2
EQE external quantum efficiency 1.4.1
ETM electron transporting material 1.2.2
FAB formamidinium [NHy(CH)NH,]* 1.4.1
FABI formamidinium iodide [NHo(CH)NHg] ™ 1~ 1.4.1
FTO fluorine-doped tin(IV) oxide .
GBL ~-butyrolactone, solvent 1.0.2
H length of the cell 0.3.1
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HTM
IV or JV curve
IoT
IPA
iR-drop
L¢

LED
MA
MAI
mAl;O3
MAPI
MAPIC

mTiO,

mSiOy

mZrOq

M1, M2, M3,
M1max, M2max
n-type

e

NMP

OoPV

p-n or p-i-n junc-
tions

p-type

Pa-M

PCBM
PEDOT:PSS
PSC

PV

PVA

P1, P2, P3

P3HT
QDSSC

Ra, Rp, Rx
RbM

hole transporting material

current (density) - voltage characteristic
internet of things

2-propanol, solvent

current-resistance drop

transfer line

light emission diode

methylammonium [CH3NH3]*
methylammonium iodide [CH3NH3]* 1~
mesoporous aluminium (I1T) oxide
CH3NH3PbI3 perovskite

perovskite fabricated starting from a 3:1 molar ratio
CH3NH;3I:PbCl; solution

mesoporous titanium(IV) oxide
mesoporous silicon(IV) oxide
mesoporous zirconium(IV) oxide

module layouts that are presented in Chapter |§|

semiconductors that collect negative charge, hole barrier
(ETM)

number of cells

N-methyl-2-pyrrolidone, solvent

organic photovoltaic

that are formed by the junctions of a p- and a n-type mate-
rials and eventually an intrinsic semiconductor in between
semiconductors that collect positive charge, electron barrier
(HTM)

parallel-connected module

phenyl-C61-butyric acid methyl ester
poly(3,4-ethylenedioxythiophene) polystyrene sulfonate
perovskite solar cell

photovoltaic

poly(vinyl acetate)

pattern 1, 2, 3; the scribes that form the interconnects in the
series-connected modules that are discussed in Chapter |§|
poly(3-hexylthiophene-2,5-diyl)

quantum dots solar cell

ionic radii of the ABX3

robotic mesh deposition method

resistance of the electrode

roughness: root mean square

roughness: maximum peak height

recombination resistance

sheet resistance

roughness: maximum height of the profile

1.2.2

1.2.2

1.2.2

2.2.1

1.5.5

2.3.1

1.5.2

1.5.2

1.3.2

1.3.2

1.o.1

1.5.2

1.2.1

1.4.2

1.6.1

1.4.1

1.2.1

1.2.2

1.2.1

1.2.1

1.o.1

0.0.1

2.0.2

2.3.2

4.3.4

2.3.1

2.3.2




S-H, S-M, S-L,
D-H, D-M, D-L
Se-M
SEM
Si SC

Spiro-OMeTaD

S1, S2

TAA

TFT

TLM

triple mesoscopic
stack

UNFCCC

UV, Vis, NIR, IR
XRD

nomenclature for some devices presented in Chapter 3] “S”
and “D” refer to the thickness of the ZrOs layer; “H”, “M”
and “L” refer to the concentration of the infiltrated solution
series-connected module

scanning electron microscope

silicon solar cells
2,2°7,7-tetrakis[N,N-di(4-methoxyphenyl)amino]-9,9’-
spirobifluorene

space 1, 2; the space between P1 and P2 and the space
between P2 and P3 that are presented in Chapter |§|
titanium diisopropoxide bis(acetylacetonate)

thin film transistor

transmission line measurement
glass/FTO/bLayer/mTiOy/mZrOs /carbon substrate with-
out perovskite

United Nations framework convention on climate change
ultraviolet, visible, near infra-red and infra red

X-ray diffraction
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1.4.2
1.5.2
2.3.1
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2.3.4




List of symbols

Symbol and units

Definition and section of first appearance

ISC

Jump
JSC

Min-Jg.

PCE

PMP or
MPP

RH

<H=Hx

Vmp

V, mV

%

%o

eV

KQ

%o

A, mA

A, mA

A or mA

A, mA

A/em?, mA /cm?
A/em?, mA /cm?
A, mA /em?

1.380649-10~23 J/K

A/em?, mA /cm?
%o

mW
mW

1.602:1071% C
Q

%

Q

K

V, mV

V, mV

Vor mV

ideality factor

coverage relatively to the aperture area
or aperture ratio

averaged voltage of single cells in mod-
ule design

coverage relatively to the total area

fill factor

band gap

shunt resistance

geometric fill factor

dark current

photocurrent

short circuit current

current density

current density at the Py/p

short circuit current density
saturation current density

Boltzmann constant

current density of a module relatively
to the active area of a single cell
power conversion efficiency relatively to
the active area

incident power from the light source

power at the maximum point

electric charge
contact resistance
relative humidity
series resistance
temperature
applied voltage
voltage at the Py, p

open circuit voltage

L9
753

[6]

1.6.5
1.2.2
1.2.2

1.2.2
1.2.2
1.2.2

1.2.2
1.2.2

2Bl

7y ¢

—
N
[\

Ty ¢

—
N
[\

EEEjgE
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DI DI

All elements will be referred to their chemical symbol.
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Chapter 1
Introduction

One of the biggest issues of the modern economic system is energy. However,
solar energy is abundant and freely available on Earth. To quantify the amount
of solar energy that is available, it is estimated that the earth receives the energy
consumed by all humanity in the year 2012 every 1.8 h [I]. Theoretically, solar
energy represents a limitless, free and inexhaustible resource which may also be
harnessed through photovoltaic (PV) technology. In order to produce electricity,
Si-based solar cells (Si SC) represent the most successful PV technology available
on the market so far. However, thin film PV can be much more versatile than
Si due to the possibility of exploiting printing as a deposition technique, allowing
high control of the final device design and low-cost manufacture.

An emerging and promising class of materials that can be utilised in thin film
technology is the halide perovskite. This class of semiconductors is characterised
by high charge-carrier mobility and good spectrum absorption in visible light (Sec-
tion . Moreover, halide compounds are solution-phase processable, enabling
low-cost and large-area production. In the PV field, the organic-inorganic Pb
halide perovskite solar cells (PSC) have shown astonishing performance and, in
only a decade of research, the achieved efficiency is comparable to the more estab-
lished technologies, such as monocrystalline and multicrystalline Si SC (c-Si SC),
i.e. with a certified efficiency above 25 % (Fig[L.1). The fully-printable carbon
PSC based on three porous layers (C-PSC) is a novel architecture that emerged
in the literature in 2013 and represents, probably, the closest to achieve market
penetration: it is fully printable, stable for more than a year under illumination
and does not requires expensive materials such as Spiro-OMeTaD and noble metal
contacts (Section [1.4)).

This chapter wants to go over the basic concepts of solar cells with a special

focus on the key points that will be utilised in the discussion of the next chapters.
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The energy demand issue and a brief overview of solar cell history, to introduce
the event of PSC, will open the chapter. A general explanation of the solar cell
working principles will be given. A deeper explanation of the PSC and C-PSC will
be presented; the large area modules and screen printing will be introduced at the

end of the chapter.

1.1 The energy challenge

The development of renewable energy sources is becoming urgent after the
realization of the negative effects that burning fossil fuels have on the environ-
ment. Climate change and global warming are becoming, in particular, the most
urgent issues that modern society must tackle nowadays. The 2015 United Na-
tions framework convention on climate change (UNFCCC) agreement aims to limit
global warming to below 1.5 °C above pre-industrial levels. Different reports have
been prepared to compare different scenarios and predict the effect of our life style
and energy policy in accordance to the UNFCCC [3; 4] showing the importance of
producing energy from low greenhouse gas emission energy sources, for example
PV.

The use of renewable sources would be the largest contributor to mitigation
over 2015-2050 and would increase their impact in all sectors, i.e. industry, trans-
port and building sectors (Fig . They are used in final energy demand either
directly (solar thermal, geothermal, heat pumps, etc.) or through energy carriers,
such as electricity and liquid biofuels production (from wind, solar, hydro and
biomass). In the industrial sector, renewable would come to represent nearly half
(45%) of energy sources in 2050, principally thanks to an increased participation
of renewable electricity. The transport sector exhibited the lowest share in renew-
able in 2015 among all sectors (3%) and would remain so despite a high growth in
renewables penetration (36% in 2050). The share of transport fuel from renewable
energy sources in 2050 would be dominated by biomass (liquid biofuels), followed
by renewable electricity. The buildings sector accounts and will still account for the
largest renewable share (33% in 2015, 65% in 2050). This would occur especially
for the larger consumption of electricity produced by renewable sources.

This data shows that the demand for renewable energy in the market, including
PV, is increasing due to the need of a sustainable economy. Furthermore, PV and
other renewable electricity sources are expected to give an important contribution
to building, transport and industry sectors in order to achieve the global warming

mitigation goals.
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Figure 1.2: (a) Global greenhouse gas emissions and global average temperature
change for different global warming scenarios. Reference refers to a scenario where
no political act is taken place. (b) Share of renewables by sector in the 2 °C
scenario with comparison between 2015 and 2050. On the right the renewable
energy share (direct renewables and energy carriers) per sector between 2015 and
2050. Gtoe = giga tonnes of oil equivalent; Gt-COs-eq = giga tonnes of CO,
equivalent. From reference [4]

1.2 Basic concepts of solar cells

1.2.1 Brief history

The history of solar cells started in 1839, when Edmund Bequerel observed
that, under illumination, solutions containing a metal halide salt produced a cur-
rent between two platinum electrodes immersed in the electrolyte [5]. This effect,
or photoelectric effect, was explained later by Albert Einstein in 1905. The first
“modern” PV device was a Si SC with 6 % power conversion efficiency (PCE) in
1954. In spite of the early discovery, PV technology has been subjected to intense
scientific interest only since the 1970s, with the oil crisis [5]. Although the produc-
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tion of ¢-Si SC became cheaper in the last few years, the Si wafer has always been
considered a major cost of PV modules [6]. Thin film technology is convenient
in terms of low-cost production, minimisation of material consumption and ver-
satile applications such as controlling the pattern, feasibility for semi-transparent
devices and deposition on multiple substrates including flexible and textile. Some
important commercially available thin film PV are CdTe, CIGS (with CulnGaSe
as absorber material) and amorphous Si SC (a-Si SC). Other emerging technolo-
gies are organic or polymer PV (OPV) and dye sensitised solar cell (DSSC), which
are the closest relatives of PSC.

OPV is an interesting class of PV that has been studied for decades. The
importance of OPV is not only the low-cost and the flexible devices that have
been widely reported in the literature, but also the recent achievement in PCE,
more than 16.5 % (Fig[1.1). OPV is based on a planar architecture with donor and
acceptor materials, polymers or small organic molecules [7; 8; [9]. The research in
the field of OPV was, in some terms, of great support for the PSC because many
materials that had been developed for OPV were then utilised for PSC. Some
outstanding examples are poly(3,4-ethylenedioxythiophene) polystyrene sulfonate
(PEDOT:PSS), Poly(3-hexylthiophene-2,5-diyl) (P3HT) and Phenyl-C61-butyric
acid methyl ester (PCBM) [10; 11} 12; [13; [14].

Thin film technology can be based on compact thin layers (planar architec-
tures) or mesoporous thin layers. The advantage of using mesoporous thin layers
is the increase of the surface area and the maximisation of the light absorption.
This is the case of DSSC, developed for the first time by Michael Grétzel and
Brian O’Regan in 1991 [15]. A photoanode, based on a transparent conductor as
substrate and mesoporous TiOy (mTi0O,), is infiltrated by a dye and then placed
in contact with an electrolyte. The cathode is in electrical contact with the elec-
trolyte. The DSSC represents also the starting technology for the PSC. The PSC,
which was proposed for the first time by Tsutomu Miyasaka and co-workers in
2009 [16], was initially prepared in a typical DSSC architecture with perovskite as
a dye.

The quantum dot sensitised solar cell (QDSSC), is another emerging class of
PV technology analogous to DSSC. Starting from a similar architecture based on
mTiO,, the absorber material is in nanoparticles. The nanoparticles are small
enough to exhibit quantum properties (quantum dots). The quantum dots can
exhibit different properties compared to classical nanoparticles, including multiple
charge generation per single incident photon [I7]. Several materials were utilised

to make QDSSC [18; [19], including perovskite quantum dots [20].
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PSC has already achieved above 25 % in PCE, close to the efficiency of best
research single ¢-Si SC (26.1 %) and slightly higher than multi ¢-Si SC (22.3 %)
(Fig . Intensive research has been invested in this technology, which can be

based on the mesoporous architecture, similarly to the DSSC, or planar, similarly

to OPV and CIGS. PSC will be discussed in more detail in Section [1.3.21

1.2.2 Working principle

The working principle of a solar cell is simple: first, absorb the energy of a
photon to generate a positive and a negative charge carriers; then, collect them
with a cathode and an anode respectively. In order to generate charge in solid state
matter, electrons need to be promoted to energy levels where they are free to move.
This promotion generates also voids, or holes, in the original position of the respec-
tive electrons. The electron-hole pair can be described as a quantum-mechanical
particle called “exciton”, which is bonded together by Coulomb interactions. The
electron tends to recombine with the hole via a decay process that can result in
the emission of radiative or non-radiative energy. This phenomenon of absorption
of the light and recombination of the generated exciton is the most common mech-
anism for colour generation in most objects around us [2I]. However, when the
exciton is split into the two negative and positive components, energetic charge
carriers can be collected and generate electrical energy. This occurs when the hole
is filled with a low energetic electron, whereas the electron that transport energy
is collected by the anode. The process results in positive and negative poles for a
DC (direct current) generation.

The splitting of the exciton is possible by exploiting the electronic properties of
semiconductors, especially band gap (E,). To understand in more depth how solar
cells work, basic concepts of E,, semiconductors, diodes, and the mechanism of
electron-hole pair recombination, should be introduced. However, more inherently
to the discussion of this work, only some key aspects of the role of semiconductors
in PV and the figure of merits to define the performance of solar cell will be

presented.

Semiconductors in solar cells

The minimum energy required to achieve the absorption of light is that the
photon has energy equal or higher to the E; of the material. Small E, results
in large absorption in the solar spectrum region, which includes ultraviolet (UV),
visible (Vis) and infrared (IR, NIR for near IR). If the E, is extremely low or even
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zero (e.g. metals and semimetals), electrons are promoted through a continuum
of energy levels. However, they decay back down to the ground state through a
series of intermediate levels [22]. Therefore, metals and semi-metals can absorb all
the solar spectrum, but the recombination occurs so quickly that no charge can be
collected. If the E; is large (e.g. semiconductors and insulators) the lifetime of the
generated excitons is increased. In insulators, for examples, electron-hole pairs can
form stable excitons, that eventually can form complexes, such as biexcitons [23].
However, the absorption in the light spectrum is reduced and, in case of insulators
there is no or very little absorption in the solar spectrum. A compromise between
small and large E, is necessary, and is found in semiconductors. Examples of E,
values for some semiconductors utilised in PV are 0.67 eV for Ge, 1.1 eV for Si
and 1.5 eV for GaAs.

Charge collection is possible when different semiconductors are interfaced to
create a specific energy alignment and force the current to move only in one di-
rection. This can occur thanks to p-n or p-i-n junctions. The p-n junction is an
electrical contact between p-type (that transport positive charge) and n-type (that
transport negative charge) materials. Materials that are p-type and n-type are also
called respectively hole or electron transporting materials (HTM, ETM). The p-i-n
junction involves also an intrinsic material in between the p- and n-type materials.
Diodes are devices formed by a p-n or p-i-n junction. Metals, semimetals, and
insulators cannot be used for the light absorption or for the diode, although they
can still play a role in devices, e.g. for electrical contacts (metals and semimetals)
or for specific design or architecture (insulators).

Solar cells are, therefore, diodes that can generate current under illumination
(photocurrent, I1) due to the promotion of electrons to the conduction band when
photons are absorbed. The light absorption in a diode and the relative behaviour
during a current-voltage scan (IV or JV curve) is shown in Fig 1.3, When a
voltage V < 0 is applied, no current is measured in the dark due to the energy
alignment of the p-n junction but, under illumination, I; is generated. At short
circuit conditions, i.e. V = 0, no dark current (I;) is generated, thus, the measured
current in such a condition is I,. The I}, at V = 0 is called short circuit current (I.)
or current density (Jg.). Js is expected to be proportional to the light absorption,
thus, when Eg is small J,. should be high. For example, Si SC can present values
of Js. > 35 mA/cm? (E;, = 1.1 eV) whereas perovskites with E;, ~ 1.6 eV cannot
exceed 25 mA /cm?.

When V > 0, I; can be measured and, under illumination, is opposite to the

I,. A special case is when the current is equal to 0 under illumination because
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Iy = -I. This is the open circuit condition and it is possible to define V = V.
(Fig . The V,. is expected to be high when E, is large. Similarly to the
previous comparison, Si SC can exhibit V,. ~ 600 mV, whereas PSC can have
V,. > 1 V in optimal devices. V,., furthermore, becomes smaller at lower light

intensity and it should be 0 in dark condition.
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Figure 1.3: The p-n junction behaviour at different applied voltage. (a) Schematic
of a p-n junction connected by two conductors and definition of the x-direction.
(b) Experimental current-voltage characteristic in the dark and under illumination
of a PV device. When V < 0, no current is measured in the dark. Under illumina-
tion, the photocurrent is generated. The measured photocurrent in short circuit
condition (V = 0) is called short circuit current, I,., or current density, Js.. When
V > 0, dark current can be measured and, under illumination, is opposite to the
photocurrent. Special case when the current is equal to 0 under illumination. This
is the open circuit condition at which voltage, V = V,., the dark current is equal
and opposite to the photocurrent.

Figure of merits

The main parameter to define the performance of solar cells is the PCE, which
is the ratio between the maximum generated power of the device and the incident
power of the light source (P;,). The maximum power can be measured with a
tracker that determines the point of maximum generated current at the maximum
extraction voltage, so it is called maximum power point (MPP) or power at the

maximum point (Pyp). With a Pyp tracker, it is possible to detect this point
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and define the PCE, according to Eq [L.1]

PMP
PCE = 1.1
CF = =L (11)

Where the light source is calibrated at a known P;,. However, it is also pos-
sible to measure the IV curve to find the P,;p, including also other useful PV
parameters.

The Js. and V,. were identified in the JV curve in Fig|1.3l The P,,p is charac-
terised by a voltage and a current at maximum power (Vp, Jysp). The product
between the V;p and Jy;p define a square inside the JV curve. Ideally, the JV
curve should as squared as the product of Vyp and Jy,p or, in other words, the
product of Vy;p and Jy;p should be equal to the product of V. and J,.. The ratio
of the two products is called fill factor (FF, Eq .

Vup - Jup Pyrp

— - eMs o ME 1.
FF V;)c : Jsc V;)c : Jsc ( 2)

The FF, J,., and V. can be used to measure the PCE from a JV curve (Eq.

PMP FF - ‘/oc ' Jsc
PCE = =
¢ P I

P;, depends on the light source and can influence the PCE, especially due to

(1.3)

the characteristic absorption of the spectrum of light. The next section will give

the definition of few important light spectra.

Spectrum of the light

The definition of the spectrum of light is crucial to define the performance
of a PV device at different light conditions. The most important light source
is undeniably the sun, thus, the definition of the solar spectrum is crucial. The
solar spectrum can be closely described with the black body equation considering
a temperature of 5760 K: ranging from the UV to the IR region and having the
greatest irradiance at wavelength between 300 and 800 nm.

The power density at the Earth’s atmosphere is nearly 1.4 KW /m?. The light
is then absorbed and scattered by the atmosphere, so that the power is further de-
creased at the Earth’s surface [22]. The effect of the atmosphere becomes more or
less important according to the altitude and the height above sea level. Moreover,
the solar spectrum varies with the seasons, weather condition, and the time of
day. This variation of the solar spectrum makes the standardisation not straight-

forward. The American society for testing and materials (ASTM) has developed
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Figure 1.4: Definition of AM 0, AM 1, and AM 1.5. (a) Definition of the solar
spectrum at different points relative to the Earth. (b) Standard solar spectra,
downloaded from [24].

different standards to define the solar spectrum in a conventional way. According
to the mass of air that the light will meet, it is possible to define the air mass
(AM) 0, 1, and 1.5 (Fig[L.4h). The AM 0 is the solar spectrum at the atmosphere
surface, AM 1 at the sea level and perpendicular point. The AM 1.5 is the light
spectrum at the sea level and a tilted point of 37 °, so a thicker atmosphere layer is
considered. Normally, AM 1.5 is intended as direct light but AM 1.5 G, or global,
accounts also the effects of diffusion (Fig[1.4p). The AM 1.5 G is commonly used
for the characterisation of PV devices and 100 mW /cm? is the defined density of

power at 1 sun.

Another important definition is the light source for indoor applications. A
huge number of items can work together through an internet connection in indoor.
These items are called “internet of things” (IoT) [25]. The IoT can be sensors,
LED, or any device that is applied in a specific environment, i.e. in a house or
car. These items need to be powered, typically by a battery that can be recharged
by PV devices. Since the [oT works mostly in indoor environment, an interest to
test solar cells in such conditions has been raised. Semiconductors with small E,
e.g. Si, can absorb light until the red or even a small portion of the NIR region,
which can be found in the solar spectrum. Because modern LED and fluorescent
lamps do not contain the NIR component, interesting applications can be found
for semiconductors with large E,, e.g. perovskite (E, ~ 1.5 eV [20]).

Some modules that were fabricated in this work were measured with fluorescent
lamps by Tsoi and co-workers [27; 28] and the emission spectrum is shown in
Fig 1.5 However, these results will not be presented here because the core of this

work is based on the characterisation under 1 sun AM 1.5 G.
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Figure 1.5: Light spectrum of a fluorescent lamp.

1.3 Perovskite

PSCs have been in the centre of an intense research effort, due to the unex-
pected steep increase in performance that has been achieved in the last ten years.
This has made the name “perovskite” very well-known in the PV field. However,
the crystal structure and the relative halide-based compounds have been studied
for decades. One of the oldest publications related to halide perovskite is probably
dated to 1973, with a study of CsPbX3 and CsSnX; [29]. It is unlikely that anyone
could predict at that time the multiple applications of such a class of compounds,
from LED (light emission diode), TFT (thin film transistors), and of course PV.

The perovskite crystal structure is particularly flexible compared to others.
Several different elements and organic ions can be hosted by the perovskite struc-
ture with no or little phase segregation. The flexibility in the chemical composition
of perovskite crystal structure is beneficial in terms of ease in the process and tun-

ability of the material properties.

1.3.1 Chemistry, crystallography and properties

Perovskite is a crystal structure of the homonym mineral based on CaTiO3. The
general perovskite formula is ABX3 with A and X ions forming a face centred cube
(fce) structure. The close packed layers parallel to {111} planes have the formula
AX; (Fig [1.6p) [30]. The cation B is placed in § of the octahedral interstices.
If the crystal structure is not distorted, the space group will be Pm3m [31]. An
alternative way to describe the perovskite structure is given by edge-sharing B-
centred Xg octahedral. The latter representation shows clearly that the perovskite

structure can be distorted with relative ease (Fig ) The degree of distortion
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(b)

Figure 1.6: Perovskite crystal structure. (a) The AXj structure that is paral-
lel layer to the {111} planes. (b) Undistorted perovskite structure (space group
Pm3m) in polyhedra representation. B atoms are in the centre and X at the cor-
ners of octahedral, A is cuboctahedrally coordinated. The position of the cubic
unit cell is also shown.

(t) for perovskite structures can be calculated as:

B Ry + Rx
' V2(Rg + Rx) (14)

where R4, Rp, or Rx are the ionic radii of the respective elements in ABX3 per-

ovskite. The value “t” is between 0.8 and 1 in case of the perovskite structure [32],
explaining why the perovskite structure is quite flexible to host different kind of
elements. The elements can fit into the structure at different symmetries with a
strong influence on the optical and electronic properties. Some outstanding exam-
ples of materials with perovskite structure are BaTiO3 and YBayCu3O7_,. The
former shows ferroelectric properties due to the displacement of Ti and loss of the
centrosymmetry. The latter perovskite is defective and it is a high-temperature
superconductor [30]. In case of CH3NH3PDbl3, in this thesis known as MAPI,
the crystal system is tetragonal (space group I4/mem) at room temperature [31].
CH3NH; belongs to a non-centrosymmetric group, thus it does not agree with the
octahedral symmetry for the A cation required for the of the Pm3m and 14 /mcm
space groups. This means that the organic cation must be orientationally disor-
dered [31].

While it is relatively straightforward to assign ionic radii for elemental inorganic

ions, non-spherically symmetric organic cations and charged complexes pose a
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Table 1.1: Ionic radii of some important cations and anions related to the organic-
inorganic Pb halide perovskite. From reference [32].

Cation (A) Effective ionic radius R4 (pm)
Ammonium [NH4]* 146
Hydroxylammonium [HsNOH]|* 216
Methylammonium [CH3NH;3]* 217
Azetidinium [(CHy)sNH,]* 250
Formamidinium [NHy(CH)NH,]* 253
Cation (B) Rp
Lead Pbl’ 119
Anion (X) Rx
Fluoride F~ 129
Chloride Cl- 181
Bromide Br~ 196
Iodide I~ 220

greater challenge. With the assumption of the molecule being free to rotate around
its centre of mass, it becomes possible to assign effective radii for organic cations.
Tab shows some of the possible ions that can be incorporated in the organic-
inorganic Pb-based halide perovskite.

One of the most remarkable properties of the halide perovskites is their solu-
bility. Halide-based compounds are soluble in different solvents, whereas oxides
are not. The synthesis and the deposition of thin film perovskite, therefore, re-
quires only the mixing of the precursors and the deposition can occur by solution-
processed methods. This means that no hydrothermal, high temperature or vac-
uum processes are in principle needed, reducing the complexity of film fabrication.

One of the most critical downsides of the halide perovskites is the stability,
which strongly limits their application. The degradation process is caused by a
synergy of different factors, e.g. O, moisture, UV light, the solution process
(solvents, solutes, additives), and temperature. Considering the special case of
MAPI films, perovskite tends to hydrolyse in the presence of moisture due to the
well-known high sensitivity to water, leading to the formation of CH3NHy(, and
Pbl, [33]. The presence of Oq affects the stability of MAPI due to the forma-
tion of superoxide (O35 7). The process requires the presence of photo-generated
electrons in the conduction band (under illumination) [34]. Even if a MAPI film
is encapsulated in a moisture-free environment, still the presence of Os and light

will cause the generation of HoO as by-product of the degradation process [34].
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The combined effect of Oy and light is much faster than the degradation in mois-
ture [35] and it can be hindered with an enhanced charge extraction that removes
the carrier efficiently, e.g. in presence of mTiOs [30] in spite of the well-known
photo-degradation processes that TiOy can trigger under UV light [37].

Moisture and the combined effect of Oy and light can be the cause of important
degradation processes in MAPI films, but when the three factors are all present
in the film, the degradation process can be much faster [3§]. Films in presence of
only O, and light degrades more slowly than films placed in the same condition
and 25 % relative humidity (RH). The effect if more striking when the film is in
85 % RH. However, the degradation appears much slower when O is removed, i.e.
in presence of only moisture and light. Overall, the removal of both moisture and
O, is beneficial in the stability of the film [3§].

Defects in the crystal structure can facilitate the diffusion of Oy, making the
film more unstable [39]. Moreover, the defects are highly energetic crystallographic
sites where perovskite can start degrading [40; 41; 42]. The presence of Br~
in substitution of I~ can improve the stability of the crystal structure because
the shorter Pb-Br bond is thermodynamically more stable than Pb-I [43]. The
presence of Br™, furthermore, makes the crystal structure cubic, i.e. undistorted,
which helps the stability also at relative high temperature [44].

The crystallographic defects can be reduced by passivation with organic molecules
[45] or even breaking the 3D crystal structure in 2D [32]. The 2D perovskite, which
dimensionality refers to the corner-sharing BXg, is much more flexible in terms of
cation insertion than the 3D perovskite. As the perovskite structure is cut into
slices, the size restrictions, as outlined by the tolerance factor for the 3D struc-
tures, are gradually lifted [46]. A special case is with the 5-aminovaleric acid
(NHy(CH3)4COOH, AVA) that is typically added to MAPI (AVA-MAPI) in C-
PSC, forming a 2D/3D crystal structure (Section [I.4). The insertion of a large
organic molecule can change the properties of the material. The electronic prop-
erties, such as the E;, can be tuned from a 3D to a 2D perovskite [47]. Another
important property than can be changed with the insertion of organic molecules
is the surface energy. It is possible, in fact, to make the perovskite hydrophobic in
order to improve the moisture resistivity with the insertion of relative large organic
cations, i.e. tetrabutylammonium ([N(C4Hg)4]T), butylammonium ([NH3C4H]™,
and octylammonium ([NH3CgH;7]"), in the perovskite crystal structure [48} [49].
AVA-MAPI raised a great interest in PSC technology for the higher stability that
was observed over MAPT [50; 51] as also reported in Section [3.3.3] The stability of
MAPI when AVA is inserted into the crystal structure can be also attributed to the
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passivation of the surface defects resulting in a superior resistance to superoxide

induced degradation [52].

1.3.2 Perovskite for solar cell applications

Organic-inorganic perovskites were considered promising for flexible electronics
for quite a long time. A good example is the conference proceeding of Mitzi and
co-worker in 2001 [53], where organic-inorganic perovskites are presented as a
good opportunity for TFTs and LEDs. This is a result of the outstanding charge
mobility of this semiconductor, that can be processed by solution phase deposition.
In the PV field, perovskite represents a breakthrough. The first application of PSC
as alternative dye for a DSSC architecture in 2009 [16] was based on a rigid glass
substrate with a mTiO, layer where a dye, or perovskite in this case, can infiltrate.
Then, a liquid electrolyte was placed in contact with the active layers, as per typical
DSSC architecture, resulting in a reported PCE of 3.81 %.

Perovskite is unstable in water, therefore a further improvement was done by
using a solid state architecture, i.e. using Spiro-OMeTAD (2,2",7,7-Tetrakis[N,N-
di(4-methoxyphenyl)aminol-9,9’-spirobifluorene) as hole collector [54]. The per-
formance of PSC with MAPI jumped to 9.7 % in 2012, that was in only 3 years of
research. Another important milestone was achieved when an insulator material,
mAl,O3, was used in substitution of mTiOs,, resulting in an enhancement in PCE,
above 10 % [55]. The importance of this result, however, goes beyond the mere
improvement in PCE. In a traditional DSSC, mTiO, plays the key role in the
charge extraction from the dye and avoids the rapid charge recombination that
would occur otherwise. However, mAl,Oj3 is an insulating material and the charge
is forced to move through the perovskite. This experiment has confirmed the out-
standing carrier lifetime for MAPI and the efficient charge extraction. The result
has opened new prospects for PSC, from the physical and manufacture points of
view: MAPI represents a unique semiconductor with an extraordinary charge mo-
bility and charge lifetime [506} [57]; perovskite allows a great flexibility in the device
architecture because the presence of the mesoporous layer is not strictly necessary
for the charge transfer.

The next key experiment in the PSC evolution was the deposition of MAPI as
a compact layer without using mesoporous layers. This planar device, fabricated
by evaporation process in the first instance by Snaith and co-workers in 2013 [5§],
resulted in a new record, up to 15.4 % PCE. PSC can, therefore, assume either a
mesoporous (like DSSC) or a planar (like CIGS or OPV) architecture.

PSC can assume also an inverted structure. The architecture with ETM on the
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transparent conductive substrate and HTM on the top of the cell has been widely
adopted with TiO, as n-type on the bottom cells. However, perovskite can be
prepared also in an inverted architecture with a HTM on the substrate side. The
most applied are PEDOT:PSS or NiO, both HTM, with PCBM as n-type material
on the top of the device [59; 60].

Perovskite can be processed in a single step or in a 2-step approach. In a
single step approach, all the precursors of perovskite are dissolved in the same
solvent to make a solution that can be deposited on the substrate. The single
step deposition represents a low-cost and facile route towards high-performance
PSCs. The perovskite absorber is deposited starting from a solution of both PbX,
and CH3NH;3X (X: I, Cl, Br) in a polar solvent, such as N,N-dimethylformamide
(DMF) [61], dimethyl sulfoxide (DMSO) [62], or v-Butyrolactone (GBL) [63] or
mixed solvents [64]. Although the film deposition is very easy, the control over the
crystallization process can be difficult due to several factors that affect the film
formation. Among the several approaches to improve the crystallisation control
and reliability, it is important to state the anti-solvent method. Designed for spin
coating deposition, a non-polar solvent is spun on the just deposited perovskite
film to extract the remaining solvent and improve the perovskite crystallinity. The
first anti-solvent reported dripping chlorobenzene onto a spinning MAPI film from
a DMF solution, resulting in planar cells with PCE of over 13 % [65]. Other
solvents were also reported, allowing the manufacture of perovskite thin films
even in high humidity environments [66]. The 2-step deposition was originally
introduced for the deposition of Pbls via spin coating followed by a second step, i.e.
the immersion in a solution of methylammonium iodide (CH3NH3I, MAI) [67] as
Pbl, + CH3NH{ + - — CH3N H3Pbl;. Pbl, films converted instantaneously
into CH3NH3Pbl3, enabling much better control over the film morphology and
higher reproducibility than with standard single step deposition. However, 2-step
deposition introduces an additional step, making the process more complex and
slower.

Another outstanding characteristic of PSC is the ambipolarity [68} [69], that is,
when the harvest material can also play the role of either HTM [70] or ETM [71].
This property can be exploited to reduce the complexity of the device fabrication
by removing a layer, as also observed in C-PSC (Section [1.4).

The chemical composition of perovskite can be very flexible, as already pointed

out in Section[I.3.1l The exchange of the cation in the “A” site, until now occupied
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by CH3NH;, can result in improved performance and/or stability. The variation
with formamidinium (HC(NH);) in a mixed MAPI composition [72], and the
triple-cation composition, i.e. Cs™, HC(NHy)5 and CH3NH; [73] are prominent
examples of mixed cation perovskites. Fully inorganic perovskites have been stud-
ied, especially for the attraction to improve the long-term stability of the material.
The only inorganic cation that can fit in the A site for a 3D Pb-based perovskite,
is Cs™. Examples of Cs perovskites are CsPbl; [74] and CsPbBrs [75; [76].

The halides can be substituted resulting in an easy and effective way to tune
the B, [77; [78; [79]. The 3:1 molar ratio CH3NH;3I:PbCl, perovskite (MAPIC) is
an important example of harvesting material [80]. However, MAPIC was reported
to result in a MAPI composition with an improved crystal formation because Cl—,
which is much smaller than 17, allows a rapid crystal formation of CH3NH3PbCl;
but CH3NH;3Pbl; gradually forms due to the higher thermodynamical stability,
with the exclusion of CHsNH3Cly) [81].

Pb-free perovskite alternatives have been investigated. The issue of the use of
Pb is related to its toxicity, which is made worse by its solubility in water [82
83}, 84} 85]. The perovskite crystal structure does not require Pb, and alternatives
can be adopted, e.g. Sn [86; 87], Bi [88; [89], Bi-Ag [90] and others. However, the
astonishing results that were achieved in the last years in PV were possible with
the Pb content in the perovskite crystal structure, making the substitution of the
toxic element challenging. The Pb-free perovskite for PV applications is still an
open field and, so far, the optimal option to utilise PSC in a real environment is

the development of encapsulation strategies to properly protect the device.

1.4 The fully printable carbon perovskite solar

cells

C-PSC is a fully printable architecture based on three porous layers, or triple
mesoscopic stack, with carbon as counter electrode. It was developed for both
PSC and DSSC by Han and co-workers in 2013 [91; [92]. This special architec-
ture, that can work with either a dye or perovskite, has found a larger inter-
est for PSC applications. A schematic of the C-PSC architecture is shown in
Fig [I.7 The C-PSC shows lower PCE compared to other PSC types in terms of
record efficiency on lab scale cells, i.e. about 17 % [93], versus over 22 % for a
mTiO, /perovskite/poly(triarylamine) (PTAA)/Au [94]). However, some key as-

pects to enable large scale production are satisfied in C-PSC, i.e.:
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Figure 1.7: Schematic cross section of the C-PSC showing the conductive glass
substrate with layers of TiOs, ZrOs, carbon, and the infiltration of perovskite
through the mesoporous layers as last step.

e low capital cost, especially because of the use of low-cost screen printing;

e the use of inexpensive materials, excluding layers of gold or Spiro-OMeTAD
192} 95 [96];

e high performance even after long term exposure (more than 1000 h) in dif-

ferent working environment and external stresses when AVAI is added to the
perovskite solution [95; 51} 97].

The architecture is based on a three-layers stack which includes firstly a mTiOq
layer (mTiO,) followed by a mesoporous ZrO, layer (mZrO,) as an insulating
spacer and then, finally, a porous conductive carbon layer as top contact. To
complete the device, droplets of a perovskite solution are applied to the carbon
surface which then wet and infiltrate through the porous stack. Because of the high
temperature process at which each layer needs to be fired to remove the binder and
leave open pores to infiltrate perovskite, a rigid glass substrate must be adopted.
This glass is usually coated with fluorine-doped SnOs (FTO) as electrode and
compact TiOs as blocking layer (bLayer). When the charge is generated, the
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electrons are injected into TiOq, which is close to the transparent electrode (or
photoanode), whereas the holes are transferred through perovskite to be injected
into the top electrode (or cathode, Fig[l.8n). The stack is very thick compared to
conventional architectures, in the order of pum, so only perovskite with very high
charge mobility and lifetime can support the long path at which the charge must
travel without significant recombination. The holes are, then, injected into the

carbon layer, which is massively thicker than the other layers to achieve enough
conductivity (Fig[L.8p).

Energy Vs
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-4.2 Perovskite /=
FTO
( o Carbon
—‘5.0
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Figure 1.8: (a) Energy level and band gaps of TiO,, ZrO, and carbon showing
the active role of perovskite in the charge transfer through the ZrO, layer. Values
from reference [98;99]. (b) SEM cross section of a device with false colouring map.
SEM images kindly taken by Dr. Dena Pourjafari from CINVESTAV-Mérida.

Other PSCs based on a carbon top electrode were proposed, where perovskite
is deposited before carbon [I00] and no insulating layer is necessary because the
perovskite capping layer plays the role of spacer layer. However, the chemical
composition of the binder for carbon needs to be designed in a way that does not
affect the perovskite. The C-PSC, which is based on the triple mesoscopic stack,
has a number of advantages compared to the other carbon devices. First, it can be
printed to form a very stable inorganic stack where perovskite can be infiltrated
when required. This is advantageous for an eventual industrial production, where
meters of layers can be printed and stored, and the infiltration can occur only
on demand. Another advantage is the relatively simple recycling process. The
perovskite can be washed off when the device is exhausted, to recycle both the
inorganic stack and the Pb content [101]. A disadvantage of the C-PSC is that the

layers need to be fired at very high temperature in order to remove the binder and
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leave porous layers. This means that a large amount of energy needs to be spent
during the fabrication. However, the energy consumption, as well as the heating

time, can be strongly reduced using NIR ovens [102].

The first reported PCE for the C-PSC was 6.6 % on an active area of 0.5 cm?
and mask open area of 0.125 cm? [92]. Since then, the perovskite formulation and
the layers of the stack were optimised to improve both stability and performance.
In the following, the most important modifications in the perovskite formulation

and stack, to enhance both performance and stability, are discussed.

1.4.1 Modifications in the perovskite formulation

MAPI

The first applied perovskite in C-PSC was MAPI deposited by the 1-step de-
position [92] with PCE of 6.6 %. Also the 2-step deposition was adopted with
PCE up to 11.9 %, obtained in 2016 [103]. The use of N-methyl-2-pyrrolidone
(NMP) was reported for the manufacture of 15 % device based on the single step
deposition of MAPI [104]. The DMF/DMSO mixture is also reported for highly
performing MAPI C-PSCs [105]. An outstanding device with MAPT as harvesting
material is fabricated with an extra interlayer of NiO between ZrO, and carbon
to improve the hole extraction in 2015 (14.9 % [106]).

AVA-MAPI

An important aspect of the C-PSC is the stability. The addition of AVAI in the
MAPI formulation in a single-step deposition can enormously improve the stability,
as reported since its first appearance in 2014 [50]. The high stability of the device
was further investigated under simulated sunlight with the UV component [107].
Grancini et al. have shown the long term high performance without the UV
component and devices encapsulated in air [51]. The outstanding stability of the
AVA-MAPI was attributed to the 2D/3D nature of the perovskite, where the
2D component protects the 3D perovskite. In fact, the presence of the 2D/3D
crystal structure allows an improvement of the stability [I08] due to the low defect
concentration typical of the 2D perovskite, without affecting the highly efficient
charge transfer [52].

The interest in the AVA-MAPI C-PSC is not only related to the application
and engineering point of view, but also from the physical point of view. Since the

first publication [50] the need for 3 minutes of light soaking to properly measure the
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device with the AVA-MAPI was outlined. The J,., in particular, was reported to
be strongly affected by the light soaking, making the external quantum efficiency
(EQE) measurement difficult to relate to the current. The effect can be attributed
to the exceptionally slow response time under illumination [109]. Some aspects of
these phenomena will be discussed in Section [3.3.4]

Another special characteristic of AVA-MAPI C-PSC is the possibility to im-
prove PCE and JV hysteresis with a post-annealing process in humidity condition
(70 % RH) [110]. Although it is not clear whether this treatment acts as just
an accelerating ageing effect on the device [28], the result gives confidence that
the manufacture process can simply occur in ambient condition. Moreover, the
peculiar effect of the moisture that is observed in this kind of PSC increases the
scientific interest behind the chemical mechanisms that act in this architecture.

The highest performing device with AVA-MAPI, mZrO,, no HTM and no spe-
cial modifications on the carbon layer was reported to be around 14 - 15 % in
2018 [I11; 112], although the performance seems strongly related to both the

thickness and conductivity of the carbon.

Other formulations

Other perovskites that were utilised in the C-PSC include mixed cations,
e.g. MA/FAB (Methylamine and Formamidinium [T113; 114} 115] or triple-cation
with Cs [I16] and Br perovskites [I17; 118]. Other additives, e.g. BF4 [119],
Phenethylamine [120], NH,Cl [121], were also reported. The optimal performance
is achieved with Csgo5(FABg4MAg6)0.05PblagBros triple-cation perovskite and
NiO interlayer, which is reported to be around 17 % PCE in 2017 [116]. With
a simplified architecture without NiO, the mixed cation with FAB and Cs was
reported to achieve 15 % [122].

1.4.2 Modifications in the triple mesoporous stack

The triple mesoscopic stack plays an important role in the performance of the
C-PSC. In following, the modifications that were reported for each layer will be

discussed.

The effect of the carbon counter electrode

The thickness of the carbon layer affects both the infiltration and the con-
ductivity. The conductivity of the carbon increases with the thickness, which is

beneficial to the device performance, especially in terms of FF. However, thick car-
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bon layers can negatively affect the performance of the devices because they can
hinder the infiltration of perovskite. An optimal thickness was observed to balance
conductivity and infiltration and was reported to be between 9 and 14 pm [123]

The morphology of the carbon particles plays a role in the infiltration. Large
flakes of graphite can result in compact or semi-compact layers that do not allow
the infiltration of the perovskite [92]. The use of carbon black can increase the
porosity of the layer. Therefore, an optimised ratio of graphite and carbon black
is necessary [124].

The deposition of an extra conductive layer on the top of the device after
perovskite infiltration was reported with the use of graphite flakes (up to 14 % from
12.6 % PCE) [125] or carbon nanotubes in a NiO matrix (up to 12.7 % from 10.5 %
PCE) [126]. The carbon layer does not act as an effective electron barrier and, to
increase the hole selectivity of the top electrode, the work-function of carbon can
be raised by functionalisation. An approach is to use oxygen groups, i.e. C-OH
or C=0 [I12], approach that was reported to achieve the highest performance for
C-PSC based on AVA-MAPI, up to 15.7 % from 13.6 % PCE. Similarly, also B
was tried to functionalise the carbon layer with an increase from around 12.5 to
13.5 % PCE [127].

Since the first publication of the C-PSC, it was clear that all the layers, includ-
ing carbon, require to be fired at high temperature to remove the binder of the ink
and leave porous layers. The presence of binder in the carbon layer, in fact, affects
the performance of the device, especially where there is a chemical interaction with
the perovskite [102]. The effect of the heating temperature in device and, thus,
the effect of the remaining binder in the device, was systematically studied and
reported in 2019 [12§].

The effect of the insulating layer

The spacer layer is crucial in the C-PSC architecture. The insulating oxide
gives a separation between the n-type material and the top electrode avoiding
recombination in the eventual TiOs/carbon interface. This layer is not present
in other architectures where the HTM, or a capping layer of perovskite, gives the
necessary separation between the top electrode and the ETM [70; [7T} 100].

The most widely used spacer layers are mZrOy and mAl,Oz, but also meso-
porous SiO (mSiO,) has been reported. It seems logical to think that the spacer
layer should be thick enough to avoid any pinhole and properly separate carbon
from TiOs, but also thin enough to not hinder the charge transport. According to

early reports, the spacer layer is crucial to obtain working devices, and the optimal
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thickness of the spacer layer can be larger than 1 pum [129]. In particular, it is
reported that with the thickness of the spacer layer, J,. and V,. tend to improve,
whereas the FF is roughly independent. When the layer is too thick, however,
the FF and V,. are negatively affected whereas the J,. may still improve. The
optimum thickness of the spacer layer was reported to be between 1 and 1.4 pym
for ZrO, in 2015 [129]. However, efficient devices with more than 15 % PCE can
be achieved with 3 pm as reported in 2018 [I11; 130]. Reference [111] and [130] do
not focus on the role of the spacer layer and the reason for the exceptional thick
insulating layer of such efficient devices is not discussed. However, devices with
3 or 2 pum thick ZrO, layer show better performance than devices with 1.2 um
7104 layer if the stack is properly infiltrated with perovskite according to refer-
ence [IT1]. Apparently, the infiltration of the perovskite solution is more critical
when the ZrOs layer is thicker, but higher performance can be achieved. This
aspect will be further discussed in Section [3.3.7]

Much thinner spacer layers, in the order of hundreds of nm, were obtained by
spin coating as reported in a publication focusing of the role of the ZrO, thick-
ness [I31]. The architecture is, however, slightly different to the C-PSC because
a glass/FTO /bLayer/mTiOy/mZrO, /perovskite/carbon architecture, where per-
ovskite was deposited before the carbon layer, was used. In this system, perovskite
can form a capping layer that play the role of the spacer between ETM and the
carbon top electrode, turning the role of mZrO, layer to a mere scaffold where

perovskite can crystallise.

Al O3 is also a common spacer layer, although the AVA-MAPI perovskite was
reported mostly in combination with ZrO,. A comparison between Al,O3 and ZrO,
in presence of AVA-MAPI can be found in reference [I132]. Al,O3 was reported to
achieve high performance with different perovskite formulations, e.g. MAPI [133;
126; [134; 135], MAPIBr [136], and triple-cation [I16]. The combination of AlyO3
and triple-cation is so far the best reported for the preparation of C-PSC in terms
of PCE (17 %). Another example of spacer layer is SiOs with either MAPI [103]
or AVA-MAPT [121].

The effect of the mesoporous TiO, layer

The thickness of the TiOq layer is reported to be around 1 pm [51] or less [137;
120]. The effect of the particle size was reported to have little effect on the PCE of
the devices [I38]. When the particle size is around 15 nm in diameter, a low PCE

(between 8 and 10 %), compared to other devices prepared with nanoparticles of
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from 20 to 35 nm (all around 11 %), was reported. Also, the use of nanosheets
instead of the more common nanoparticles was reported [98].

The expected role of mTiO, is to offer a very large surface where perovskite
can interface with the ETM and inject the electrons. The removal of the mTiO,
causes a decrease in the C-PSC device performance, unless a much thicker mZrOs is
utilised [139]. In detail, mZrOy must be increased from 1.4 to 2.1 pum to substitute
the 0.5 pm layer of mTiO, and achieve nearly the same performance of a standard
architecture in the reported work (11.9 % PCE standard architecture, 7.8 % PCE
without mTiO,, and 9.7 % PCE with thicker mZrO,) [139]. This result leads to
think that mTiOy does play an important role in the device performance, but the

key parameter is the distance between carbon top electrode and photoanode.

The effect of the blocking layer

The thickness of the bLayer plays an important role. Thin bLayers are more
transparent and more conductive in the z-direction compared to thick ones. More-
over, a correlation between the thickness of the bLayer and the hysteresis for the
C-PSC was reported. In particular, the hysteresis can be suppressed, or even in-
verted, when the bLayer is very thin, up to around 13 nm for no hysteresis or 7 nm
for inverted hysteresis [140].

The bLayer is typically deposited by spray starting from a solution of titanium
diisopropoxide bis(acetylacetonate) (TAA), but other deposition techniques can be
adopted, including screen printing [141]. Spray pyrolysis can achieve very thin and
compact layers. However, other techniques are more reliable for a very thin layer,
for example Atomic Layer Deposition (ALD). An example of application of ALD
on carbon-based PSC is given in reference [142], where a non triple mesoscopic
C-PSC was utilised.

The addition of a hole transporting material

The C-PSC is often defined as HT'M-free. However, HT'M can be utilised in
the architecture to improve the hole extraction. Because the C-PSC is based on
layers that can be fired before the deposition of perovskite, inorganic materials
must be used.

The most common and successful HTM is NiO, introduced by Wang and co-
workers in 2015 by using Al,O3 [I33] or ZrO, [106]; 143] as insulating layer. How-
ever, most of the research activity with NiO was carried out with Al;O3, including
the C-PSC with highest reported PCE [116]. Another strategy to deposit NiO

on mZrO, is via flame assisted chemical vapour deposition (FACVD), allowing a
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small improvement in PCE for C-PSC [144]. This technique allows the deposition
of a very thin layer of oxide in nanoparticle form on another mesoporous layer,
such as mZrO,. Other strategies to improve the hole extraction in the C-PSC
includes the use of NiO in the carbon ink [I45], the use of the spinel Coz0, [146]
or the Cu-doped NiO [147].

1.5 Theoretical behaviours

The interpretation of the PV parameters can be helped with the understanding
of the theoretical behaviour of the devices. In particular, the interpretation of the
issues related to the parasitic resistances, i.e. the series resistance (Rs) and the
shunt resistance (G), can help the improvement of the devices from small scale
to large area modules. Starting from the diode equation, some basic theoretical
behaviour will be shown, to facilitate further discussions in this thesis.

The general diode equation that describes the JV curve, including the effect of

the parasitic resistances, is:

q

7 = g, [ertneen ] VoI

G

where “J,” is the dark saturation current density, “q” the electrical charge,

T (1.5)

“A” the ideality factor, “K” the Boltzmann’s constant, “T” the temperature, “V”
the applied voltage and “J” is the current density output. A simplified equivalent
circuit of a single cell is shown in Fig[1.9
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Figure 1.9: Simplified equivalent circuit of a single cell with a diode (D) and the
parameters of Eq

1.5.1 The shunt resistance

The current flows in one direction in a p-n junction. However, preferential

paths can be found to bypass the diode. G is the parallel resistance that hinders
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the charge to move from alternatives paths that are not the diode itself (Eq
and Fig[L.9). The effect of a poor (low) G on the JV curve is a loss in the typical
flat shape of the diode curve at low applied voltage. The main effect is on the FF
but, when G is particularly low, also the V,. can decrease even by few hundreds

mV in extreme cases (Fig|l.10p). Typical factors that can reduce G are:
1. The top and bottom electrodes are shorted. This can be caused by:

(a) design issue;

(b) registration issues, i.e. mismatch between layers during printing pro-

cessing;

(c) material removal issues, i.e. an incorrect removal when the electrodes

are patterned.

2. Pinholes in either HTM or ETM.
The presence of pinholes and defects in general becomes more important
during the up-scaling of the device because the likelihood to have defects on
the active area increases with the device size. In order to avoid the decrease
of G, high homogeneous deposition over large area is crucial for successful

up-scaling.

1.5.2 The series resistance

The generated power of a solar cell is also dissipated by the resistance during
the charge transfer. In particular, the distance at which charge needs to flow, the
resistance of the electrodes and the resistance between the layers, can have a great
impact on the cell performance. All these effects can be included in Ry (Eq
and Fig . The effect of Rs on the JV curve is the loss of the typical steep decay
in current from just below the V., due to the hindered flow of current between
the electrical contacts. The FF is mainly affected but also the J,. can be reduced
when Rj is particularly high (Fig[L.10k). The factors that can increase R, are:

1. The conductivity of materials.
The higher is the conductivity of the materials that are utilised in the device,

the lower the resistance will be. This is reflected on:

(a) the resistance through the layers inside the stack.
Very thin films can minimise the resistance through the layers in z

direction. However, the thickness cannot be too low, for example, to
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Figure 1.10: The effect of (a) G and (b) Rs on the JV curve. The set parameters,
unless when specified, are I, = 1-107" A, T=298 K, A=1.5,R, =1Q, G =5 KQ,
I; = 20 mA, and active area 1 cm?. Calculation performed with Matlab.

allow a proper light absorption by the harvesting material (perovskite
in this case) or minimise the likelihood to have defects and pinholes in

the layer.

(b) the lateral resistance.
The electrons should be collected as close as possible to the position of
the charge generation. This parameter is usually not difficult to opti-
mise in small devices, but is crucial in large-area modules. The lateral
conductivity can be easily increased with the thickness of the electrode,
but this approach might have some side effects. For example, the car-
bon layer utilised in C-PSC can hinder the infiltration of perovskite

solution when it is too thick.

(c) contact resistance.
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In series connected modules, single cells are connected through a contact

resistance that must be minimised.

2. The design of the device.
Appropriate geometry is required to overcome the issues related to the lat-
eral resistance of the layers and the contact resistance at the interconnects
(R¢). This is crucial especially during the up-scaling, where the material con-
ductivity becomes more important due to the increased distance that charge

must travel.

1.5.3 The current-resistance drop

R, causes a drop in voltage proportional to the current. In Eq[1.5 R, multiplies
J, thus, when J is small or even zero, Rs plays a negligible role or no role at all.
This is also observable in Fig [l.10b at open circuit condition, i.e. J = 0, where
no effect is observed on the V. at different R, scenarios. This effect is commonly

known as current-resistance drop (iR-drop) [148].
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Figure 1.11: The effect of the current on the FF due to the Rs. At given Ry the
effect of the current reduces the FF. The trend becomes more striking when R
increases. Calculation according to Eq made with Matlab.

Rs becomes more prominent when the current increases, giving an effect on
the FF, as the plot in Fig [1.11| shows. Generally speaking, the FF cannot be
compared between devices when the current is significantly different, especially in

C-PSC where very conductive metal electrodes are not utilised.
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1.6 Large scale devices

The main issues of the up-scaling of thin film devices are:

e the deposition of the layers without defects, e.g. pinholes, which can affect

G, or layer thickness inhomogeneity;

e the increase in Ry due to the device size. R, however, can be kept low

enough with optimal design and electrical connection.

The likelihood of defects in the active layers increases with larger area devices.
Therefore, homogeneity and control of the film deposition becomes more impor-
tant. A special method to deposit perovskite on the C-PSC over large areas is
presented in Chapter

The electrical connection and design are the second main issues that need to
be addressed in order to scale-up solar cells. The Ry increases with the substrate
size. In order to limit this effect, electrical connections need to be placed as close
as possible to the area where the charge is generated. A possible approach is to use
a metallic grid that can be printed on the transparent side of the device. Screen-
printed Ag grids are the most common solution to the issue, especially in Si SC.
Still, some areas are shadowed by the metallic grid, so a portion of the device is
inactive. Conductive inks can be expensive and can chemically interact the active
layers. Perovskite, for example, can react with Ag and many organics that might
be present in the ink, especially in C-PSC where the conductive ink may penetrate
through the porous carbon and enter into direct contact with perovskite.

When the size of the cells is limited by the conductivity of the electrodes,
connection of single cells in parallel or in series are possible. In this case, the Ry is
small due to the small width of the single cells. The connection can occur externally
from the substrate or on the same substrate. External connections, however, might
require high manufacturing work and complexity due to the wiring in the final
device. Connection on the same substrate, by contrast, can be manufactured in a
single pass during the layer deposition.

In order to prepare modules on the same substrate, different patterning meth-
ods can be used, i.e. printing technology, material removal, and material exclusion.
Cells can be connected in parallel or in series. These designs will be discussed in

the next two sections.
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1.6.1 Parallel-connected modules

When cells are connected in parallel, it is possible to fabricate a device where
current increases with the number of the cells (n., Fig[l.12a). From the electrical
point of view, a parallel-connected module (Pa-M) behaves as if it was a large solar
cell but the construction does not require highly conductive electrodes.

The most reported architectures for Pa-M are based on long and narrow single
cells deposited on a transparent conductive substrate, such as FTO glass. The
cells are then connected in parallel by either a second conductive substrate that
seals the device from the top, or by busbars that are printed on the same substrate
(Fig|1.12b). The former approach is widely used in DSSC with liquid electrolyte,
because the double glass, which seals the active layers in between, also allows the

electrolyte to be incorporated [149)].
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Figure 1.12: Schematic representation of Pa-M. (a) Semplified equivalent circuit of
two single solar cells. (b) Two possible configurations to connect cells in parallel.
Two conductive glasses can be in electrical contact with one side and the other
side of the solar cells; monolithic configuration where the contact are on the same
substrate.

1.6.2 Series-connected modules

When cells are connected in series, to make a series-connected module (Se-M),
the voltage increases proportionally with n. (Fig [1.13p). Conversely, current is
limited by the cell with the lowest current. Therefore, the overall current density
referred to the module active area is inversely proportional to the number of cells.

Each cell in Se-M transports charge along adjacent cells. The conductive bus-

bar, required for local charge collection in Pa-Ms, is therefore rendered unnecessary.
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This removal of the busbar makes the construction simpler and more inexpensive,
which is an interesting advantage over Pa-M. The possibility to increase the volt-
age of the device is the special feature that differentiate Se-Ms from Pa-Ms and
large solar cells. This means, that whereas either Pa-M or large solar cells can be
fabricated to increase the current, depending on the conductivity of the electrodes,
Se-Ms are always necessary to increase the voltage. However, it should be under-
lined that the combination of large cells and/or Pa-M with Se-M would allow a

proper customisation of current and voltage for specific applications.
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Figure 1.13: Schematic representation of Se-M. (a) Simplified equivalent circuit of
two single solar cells. (b) Two possible configurations for Se-M. Z-series intercon-
nect type of module, where the cells are all oriented in the same directions, and
the W-series interconnect type module, where the cell are regularly flipped from
one to another.

Se-M can be fabricated between two conductive substrates or in a monolithic
design, like in the case of Pa-Ms. The two conductive substrates approach, as for
Pa-Ms, is typically used for devices with liquid electrolyte, such as DSSC. Further-
more, Se-M can be designed in “Z” or “W” orientation, i.e. the same orientation
or flipped orientation [150] (Fig [1.13p). The W configuration has advantages in
the case of double glass sealed modules, since vertical metal connections are not re-

quired. However, changing the orientation of the cells like in the W configuration,
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adds further complexity in the design because the generated current of cells at dif-
ferent orientation may be different, especially due to the different light absorption
of the HTM and ETM. In W configuration, therefore, the design may consider dif-
ferent size for different cells in order to achieve a current match. Solid-state based
devices are generally prepared via a monolithic architecture in Z configuration,
although the W configuration is also possible.

In this work, the up-scaling effort focuses on the monolithic Se-Ms in Z config-

uration and “module” will refer to this, unless differently specified.

1.6.3 The geometric fill factor

The quality of a module design is not evaluated only by the PCE referred to
the active area, but also by the power produced considered the total area of the
device. A good design should maximise the coverage of the active area of the cells
on the substrate. If the substrate was completely covered by the active area, all
the available area would be active and the power maximised. The coverage (Cv)

of the substrate is defined as:

Active area
Cv = 1.6
v Substrate area (1.6)

The main factors that limit the coverage are:

e the inter-cell separation required for the interconnects;

e the presence of edge electrical contacts to collect the current;
e the space required for the device encapsulation.

The electrical contact and encapsulation area can be minimised by precision
printing, such as screen printing or inkjet. The impact of the contacts and the
encapsulation on the coverage, moreover, become less important during the scaling-
up process because they occupy a smaller portion of the substrate with the increase
of module size. The intrinsic limitation on the coverage is the inter-distance be-
tween cells.

In order to define the Cv in consideration only on the active area and interspace,
the coverage can be referred only of the aperture area and called “aperture ratio”
(A,), defined as:

A ne Wa ne

A — = 1.
" Ay ne + Ag (n.—1) Wyn. + Wy (n.—1) (17)
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where “A,” is the active area and “W,” is the relative width, “A,” is the dead
area and “W,” is the relative width (Fig[1.14]). When the length of the cells is the

same, either the areas or the widths can be used.
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Figure 1.14: Generic scheme of a module with n, = 5.

The factor “-17 arises from the fact that there are -1 interconnects compared
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