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GENERAL INTRODUCTION

General introduction

The objective of this work is to demonstrate thesfbility of the inkjet printing of the
perovskite material for the application of photdaal devices. These printed perovskite solar
cells are aimed to be used to supply energy tonantous sensors, primarily used for the
Internet of Things.

The first two sections will deal with the contextdethe literature about perovskite solar

cells as well as presenting the experimental teshused for this work:

- The presentation of the context will set up tlm®tpvoltaic parameters objectives
needed to supply in energy a network of autononseasors with perovskite solar cells. The
physical explanation of the photovoltaic phenomenalh be also covered alongside the
presentation of the functioning and literaturere perovskite solar cell technology.

- In the experimental technics the main fabricatioethods used in this work will be
investigated at the theoretical level. Spincoatewhnic and Drop-on-Demand inkjet printing
technique will be presented and the physical modesribing the rheological behaviour are

deeply covered.

- The characterization technics for the rheologozabameters of inks are also presented
in this section with the classical electrical cltéeasation of solar cells.

The first result obtained for the reference perdeskolar cell made in the laboratory
will be presented in the third section. In the sa®etion, we will investigate the possibility to
replace the conventional electron transportingrgy&hich are not printable and require high
annealing temperatures, by the ¥@aterial. This W@Ilayer is extensively investigated in this
section: KPFM and ellipsometric measurements, aptharacterization, and microscopic
imagery has been conducted to qualify it. A largetisn of this section deals with the dynamic
of the charge carriers between this layer and #nevskite layer, this discussion relies on the
use of the spectrofluorimetry. The stability of geskite solar cell will also be studied with the

possibility to enhance it with down-shifting moléest

The last section will cover in depth the inkjetrytimg of the perovskite solar cell inner
layers. The experimental conditions and the resadsociated with the printing of the WO
perovskite and Spiro-OMeTAD hole transport layedl vise investigated and discussed.
Investigations on the interactions between the Bface and the WHOink is discussed,

especially about the use of cleaning and surfaeatrtrent procedures. The printing of the
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perovskite will be deeply covered: the optimisat@inthe perovskite ink is one of the main

topic of the section with the control of the thielss of the printed wet layer.

10



ENERGY SUPPLYING FOR AUTONOMOUS NETWORK OF COMMUNICATING DEVICES

I. Energy supplying for autonomous network of communicating
devices

1. Photovoltaic as a credible energy source for nomad devices

A world where inanimate objects could communicatetweach other, informing about
their state or their whereabouts, was often desdrib the science-fiction and fantastic genre.
The visions of this world are various dependingtled atmosphere: in the Walt Disney’s
animated moviBeauty and the BeaFl] cups, teapots and furniture speak and sitogyather,
it is the object for humoristic or musical intereychowever in the short-storyThat Thou Art
Mindful of Himwritten by Isaac Asimov in 1974 [2] little animalgke birds of insects, are
replaced by autonomous basic robots, barely aldedomplish one simply task, but at the end
ought to replace gradually every living being ontEaincluding men. In a less apocalyptic
point of view the novel 198Kleuromancef3], which is considered as a seminal work of the
cyberpunk genre, William Gibson describes a vestulbing world where every object is
connected and are speakwig the internet. Thanks to this technology, thisidical world is

perfectly controlled by the states, the armiestaedorivate organisations.

Let’s us finish this short cultural review with aone positive thought. In the TV-Show
Star Trek[4], created in 1966 by Gene Roddenberry, the comeating objects are used to
teleport people with their badges used as a GP&emar simply to save people thanks to this
marvellous communicator able to diagnosis evergiptes medical condition and communicate
with every electronic device. These communicatibgects are thus essential, and precursor
ideas are already developed in our current society.

11
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The Ultimate
Science Fiction
Anthology

Figure 1.1 — The future as seen by Syd Mead, tisé fublication of Asimov’s « ...That Thou
Art Mindful of Him » and Captain James Tiberius IKusing his omnipotent communicator.

Today this idea that every object could communitatsveen them and with the users
has a concrete application: the Internet of Thiihg8) [5]. The implications of this concept are
huge. Inthe commercial application IoT could htelmonitor the behaviour of persons through
space and time in order to send them custom sakgsegial offers. In the industry it will be a
powerful tool to control closed and automated systdike production process or supply chain.
At the geographic scale it would give the oppoftiyto manage the energy consumption and
to adjust its production and distribution, as vesllhelping the managing of person or cars flux.
This shows how the Internet of Things could hel@d¢bon process of any kind. It this thesis
we will focus on the other utilisation, more pagsind simple: the information gathering. Thise
simple version of 10T could be able to give infotraa about the condition of a specific area,
like its temperature, its humidity, the presenceofillumination source or the presence of
sound. These application interest military orgatidzes as well as public and private organisms
which work into difficult conditions or not easipccessible areas. We will discuss about the

particularities of these 10T on the next sections.

To give the possibility to an object to talk wiked electronics: generally composed of
a simple microcontroller, a sensor (designed tdeyathe interesting information) and an
antenna to communicate. If science-fiction alwaysached of this kind of technology it never

really explain how these electronics could worlgessally what is its power source.

12



ENERGY SUPPLYING FOR AUTONOMOUS NETWORK OF COMMUNICATING DEVICES

2. Autonomous sensor network

1. Sizing the autonomous sensor

One example of application of the loT is an autooos sensor network. An
autonomous network is composed of hundreds of autons sensors, each of these sensors is
able to gather information about the environmemthsas temperature or composition of the
atmosphere. The aim of this network is to monitoraaea for security or sanitary purpose.
Depending of the design and its component, a sewsdd inform about the temperature or the
composition of an atmosphere, thus detecting teggorce of threats like radiological, chemical
or biological attacks or hazards. This network ddaé droppable by plane on the area to survey
or can be simply used indoor, anyway they musttfandn various and multiple conditions.
Furthermore, each sensor is autonomous so it negseps its own power supply, these sensors
are also potentially not-recoverable. This kind radtwork potentially interests military
organizations as well as public and private orgasisager to evaluate risks before to intervene

on battlefields or industrial accidents, or simggymonitor air contamination.

( N ()
Sensor
Energy storage
g Energy Hybrid u o
S Harvesting super- S
é > Comrionent > capacitor | | Electronic for §
g L n°l control and @
. w When charge} processing S
(microcontroller) S
Energy Hybrid S
Harvesting super- 3
==p| COmponent ===p=P| capacitor |s=pu==py -
n°2 n°2 g
=> Data exchanges Antenna >
= Day time energy exchange
===« P Night time energy exchange Electronics
\ J

Figure .2 — Schematic representation of an autonomous sensor

Each sensor is composed of three main part asneesm Figure 1.2. The first part is
the electronic one, containing the sensor itselbsehrole is to gather information such as the
temperature, the humidity or the composition odamosphere. These data must be treated and

13
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filtered to reduce the energy consumption durisgénding trough wireless communications.
To do so the second part of the electronics is cm®, for example, by a microcontroller

consuming a very low level of energy, typically kvdperating voltages between 3 and 5 Volts.
The last electronic component is the antenna atigihe sensor to communicate with the other

sensors and eventually directly with the users.

The storage part has a particular functioning cpeleause it must supply in energy to
the sensor in every condition, furthermore it miosti) cheap and ii) small, as well as ii)
efficient. In order to compete the third point 8terage contains two Hybrid Super-Capacitors
(HSC), one for the day and one for the night. Dyitime day the hybrid super-capacitor n°1 is
charged (via the Energy Harvesting Component nfitind few minutes. When it is full, it is
used to supply the electronics part of the sefdwr sensor uses this energy to gather the needed
information (with the sensor), to process it (witle microcontroller) and to send it (with the
antenna). When it is fully charged, the remainimgrgy is used to fill the hybrid super-
capacitor n°2. Parallel to these operations theithyguper-capacitor n°2 is continually filled
during day in order to be used during night. Dumight the HSC n°2 is slowly used to supply

all the sensor in energy. These operations are suineadl in Figure 1.3.

The energy harvesting part is composed of two Bnelayvesting Component (EHC).
There are a lot of different possibilities to produenergy but the EHC must fulfil certain
requirements which limit the number of possibikti@he main requirements is to possess a
high power density. Indeed, the sensor must belsarauind 10 crhand cannot be heavier
than an hundred grams. This constraint reducesptissibility, as the only light energy
supplying component are batteries, photovoltaiarsoetlls, thermoelectric devices, tribo or
piezoelectric devices (powered by wind and/or nmjticMoreover these sensors should be
usable for indoor application, which is an envir@mnwith potentially low solar energy or
mechanical energy. One important aspect to consdhat some of the sensors could be used
in some conditions where retrieval is not possikierefore the environmental impact and
pollutions must be reduced at its minimum. Withsheonstraints and for long-term usage the
best is not to use energy suppling solution onkeldaon batteries [6]. Furthermore the sensor
might be used during several weeks, and be usadyatime without having to worry about
finding an electrical plug to recharge its batteGonventional batteries (alone) are thus

suppressed from the list.

In term of energy requirements, an loT sensor waiddd around 10 mW of power
energy (see further to the detail of the calcul@®nsidering the size of a sensor (1F)ras
14



ENERGY SUPPLYING FOR AUTONOMOUS NETWORK OF COMMUNICATING DEVICES

specified previously, some technologies for endrggyesting will have strong limitations.
Tribo or piezoelectric is limited at 10W, and as the sensor must be used in any place,
potentially without wind or motion, the tribologiodevices are also not practicable. The same
power level limitation would apply to ambient RFnhasting, some places can be also be
deprived of artificial RF signal. Thermoelectriawasting can only supply few tensi @V and
need a high gradient in temperature which is alnmester the case. At the end only the
photovoltaic technology remains, which can harf@sthundreds ofiWw indoors and up to 100
mW outdoor [7].

From now on, EHC will be assimilated as photovol&olar cell.
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"""""" R T
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Figure 1.3 — Schematic illustration of the energgnagement in the sensor.



ENERGY SUPPLYING FOR AUTONOMOUS NETWORK OF COMMUNICATING DEVICES

The objective is therefore to print at low costdaas cell to supply in energy the
autonomous sensor. The first step is to know teetetal requirement for such equipment. As
said previously, the sensor must be able to setadedeery 5 minutes during the day, and 20
minutes during the night. The energy would be stanea 1 F supercapacitor or a 100 mAh
battery. To charge 100 mAh during 6 h at least b&éA7is needed while 5 V is necessary to
maintain the electronic component functioning. Kimgyv this sizing and the average
performance published in literature, the objectiveachieve for one perovskite solar cell is:
around 1 V for the open-circuit voltage (0.83 Versough to obtain the needed 5 V) and 16
mA.cni2for the short-circuit current 4. With 6 cells of 1 crhby cell, connected in series, the
autonomous sensor should work in the optimal cantst Furthermore to allow the fabrication
of solar cells on all substrate the maximum anngaieémperature should be 130 °C. All the

objectives are summarized on the Table I.1.

‘ Photovoltaic parameters

Voc(MV) 830
Jc (MA.cnT?) 16
FF (%) 75
PCE (%) 10
| Fabrication
Surface (crf) 1
Back elelzcérg;je (ITOo Non-printable
ETL Printed
Absorbing layer Printed
HTL Printed
Top electrode Printable
Max annealing 130°C
temperature

Table I.1 - Objectives for the printed solar cell.

ii. The different solar cell technologies.

To produce this solar cell a various number of hebbgies are already available, there

are summarized in the Table I.2.
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Amorphous Crystalline Multi-

Type CIGS Organic Dyes Perovskite

Silicon Silicon junction
. Commercialized fol
Calculator, | Domestic, . e
Current uses Cars, domestic some applications| Research
watches sensors )
(sensors, domestig
Bestlaborator - . 10-20% | 40 % 20 % 10% | 10% 20 %
efficiency
Printable No No No Yes Yes Yes Yes

Table 1.2 - Available solar cell technologies

In term of photovoltaic performances the amorphsigon, organic and dyes
technology are not powerful enough. The best efficies obtained in laboratory are not high
enough to promise a sufficient performance forratustrial fabrication. For our application,
only the crystalline silicon, the multi-junctionhe CIGS, and the perovskite technologies
remain efficient enough. The crystalline Silicorddahe multi-junction technologies remain too
expensive to be used as solar cell on disposabs®ee The only left technologies are the CIGS
and the perovskite which are both printable anowat high PCE around 20 % in laboratory

for surface areas lower than 1<Tm

Compared to CIGS one of the advantages of thespkite are the availability of certain
raw materials. Some CIGS are constituted by indidmch is a rare material, however other
technologies of CIGS use gallium instead of indidrhe perovskites are only composed of
carbon, hydrogen, nitrogen, iodine and lead whigh\eery affordable materials and can be
found very easily anywhere on Earth. The main atagaof perovskite is of course their low
annealing temperature, once the CIGS layer isguiittneeds to be sintered at 400 °C [8] while
the perovskite only need an annealing at 90 °Gs &lhows the production of printed solar cells
on flexible substrates, such as PET or PEN.

One other advantage of the perovskite is theih refficiency under low level of
illumination. Organic solar cells with P3HT:PCBMaghed a 7 % PCE under low light
conditions [9]. Under LED lightings PCE over 20 %re reported for organic solar cells [10].
In the other hand, perovskite solar cells with PHERSBS as hole transporting layer and &
electron transporting layer were able to achie22.8 % of efficiency for a 100 lux illumination
[11] which corresponds to an overcast day. Thislteshows that perovskite material could
open a path for new applications for indoor usage.

The presence of lead in the composition of penteslks an issue in term of
environmental contamination and safety during potidu. Several studies already investigate
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the effect of lead during the production of Peratessolar Cell (PSC) and lead is commonly
known to provoke lead poisoning [12]. Attempts éplace it by other metals, like tin, is in
process but this solution is known to induced lometerial stability, and therefore, at the end,
higher probability of tin poisoning or lead poisoegiin the case of mix-cations perovskite [13].
Compared to the consumption of electricity (andintpact on global environment for the
preparation of the different materials of the P&@ iss fabrication), the presence of lead is not
critical [14]. At the end, in a PSC only 0.008 %tlé cell is composed of PGind 0.001 %

of metallic Pb [14]. The RoHS (Restriction of theeuof certain Hazardous Substances in
electrical and electronic equipment) directivele European Union is known as the “lead-free
directive”, among other materials it restricts tlee of lead in electronics sold in the EU [15].
This directive could be a brake in the developnodémterovskite photovoltaic panel in the UE,
however the RoHS also restricts the use of cadrbuinan exception has been created for CdTe
thin-films PV modules. The same can be expecteé&vovskite photovoltaics considering
their huge potential. If we exclude the legislaticonsidering an exception has been made)
and the environmental (using perovskite solar delisenergy production compensates the
environmental threat of lead) issues, the mainreféobe done are in the production of PSC to
protect the operators and in the recycling of tempskite PV modules at the end of the life

cycle [14].

3. Photovoltaic

i. Photovoltaic effect

The photovoltaic effect was first observed by Fremptysicist Alexandre Edmond
Becquerel in 1839, almost 200 years ago. His e&pee consisted in two electrodes made of
platinum and copper in an acidic solution: whenlityeid was exposed to light a current was
spontaneously produced [16]. In 1883 the Americaremtor Charles Fritt created the first
photovoltaic cell made with gold coated seleniunthwa power conversion efficiency of 1%.
In 1905 Albert Einstein published “On a Heuristioif® of View about the Creation and
Conversion of Light” explaining the photovoltaicdaphotoelectric effects, from a quantum
point of view, which has earned him the physic NdPeze in 1921. The first commercial

silicon solar cell is created in 1954 by the Belbls, with a power conversion efficiency of 6%.
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Figure 1.4 — From left to right Alexandre EdmondcBaerel, Charles Fritt, Albert Einstein
and Alexander Graham Bell

The photovoltaic effect happens when a materialnder illumination (natural or
artificial) and consequently photons are absorbetthé structure of the material. If the energy
of the incoming photon is enough (depending ofnigsrelength) one of its electron from its
outer orbital will escape from the attraction o thtom’s nuclei. This electron will be free to
move to another atom and its absence in the ofigtoan will create a lack of negative charge:
a hole. Considering the original atom it is novamionized state, this state can be exchanged
with another atom in the neighbour and so forthaAssult we consider than, as the electron is
a mobile negative charge carrier passing from atoatom, the hole is a mobile positive charge

carrier.

The movement of the electrons and holes (a paaolh bounded by Coulombian force
is named an exciton) follows the rule of a Brownmation. When a large amount of photons
are absorbed by the material the same number e$ lawid electrons are created, which means
that each charge carrier (negative or positive)dhgeeat chance to meet his opposed charged
entity and, therefore, to recombine. In order todoice a current it is needed to collect a
maximum quantity of electrons and holes and to chwvecombination. However when an
electric field is imposed to the material the hakesl electrons are separated in two opposite

direction, which favour the exciton dissociationaimanisms.

The solution to avoid recombination is thereforeetmineer an inbuilt electric field
thanks to gnjunction (n for negative and p for positive). larystal lattice, such as crystalline
silicon, apn junction can be created by the incorporation gbunities: a process called the
doping. In order to produce p type silicon the maostd acceptor used is boron, while the
phosphorus is often used for the n-type siliconthsinterface between the p-doped material

and the n-doped material the holes are attractédrmve toward from the p-doped material to
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the n-doped material in a diffusion mechanism. &leetrons move in the other direction, from
the n-type to the p-type zone. This will createspldtion region with an inbuilt electric field to
help the extraction of the charges. Of course, é¢keiton spontaneously dissociates in
crystalline silicon, as the Coulombic binding enebgtween the electron and the hole is in the
order of the thermal energy. This is not always thee for disordered or organic semi-

conductors, as we will see later.

ii. Photovoltaic as an energy supplier

In one hand the need for electricity in 2025 wilhanit at 25000 TWh. In the other
hand, each centimetre square of the earth surtamsves during daytime, in average, 100
milliwatt of solar energy. If we had a device atweestrain only 10 % of this energy we only
need to cover 31000 Knwith these devices, this corresponds to a squiahelw6 km length
sides, 0.006 % of the total earth surface areasiieeof 10 French department of the size of the

“Rhéne” one.

4. Hybrid Organic-Inorganic Perovskites

i. 3D hybrid perovskite

Within the last five years, a new class of phottaiol materials made an impressive
arrival in the field of solar energy conversione tbrganic-inorganic halide perovskites, or
hybrid perovskites. The term perovskite was primengated for the CaTi) discovered in
1839 by the German mineralogist Gustav Rose fraotlk sample of the Ural Mountains. He
gave the namperovskiteas a tribute to the Russian count Alexeievitch ¥iowho was also
a respected mineralogist, having proposed in 1&4tound thePycckoe eeocpapuueckoe
obwecmso, the Russian Geographical Society. The term p&i@as given then to the typical
crystalline structure presented by the CafTilDis defined by a crystalline structure composed
by three different species (A, B and X) forming tpeneral ABX% formula, an ideal cubic
structure ¢ phase, Pm3m space group) [17]. A and B are twortabf very different sizes and
X an anion. In the ideal perovskite structure tlipA” cations are at the corners of a cube, the
anions X are in the middle of each faces, and the littfé @&tions are in the middle of the

octahedral sites formed by the aniors X
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Figure 1.5 -Generic perovskite structure.

In hybrid perovskites, the X anion is often a halidn atom of fluorine (F), chlorine
(CI), bromine (Br) or iodine (). The halide anisite can also be used by a mixture of different
halide atoms, leading to mixed halide perovskitegact, by replacing chlorine by bromine,
and then by iodine, the absorption spectrum staftsrd the red. The little B cations is usually
lead (Pb). Tin (Sn) can also be used but the raguthaterial is found to be less stable as it can
form Snk inside the perovskite phase [18]. For the momead is the favourite specie because
of its higher electronegativity and a larger birgdmetal-anion-metal angle (which is good for
high band gap absorption) [19]. These X anionsldthel cations B form the inorganic part of
the hybrid perovskites. The organic part correspaiedthe big cation A, it is played by an
organic molecule. Methylammonium (GKH3") is commonly used and is sometimes replaced
by ethylammonium (CECH:NH*") or formamidinium (NHCH=NH."). For example,
formamidium is used to reduce the absorption gagdeer to increase the part of the light that
is converted in current [20]. At last for the phattiaic application the most investigated hybrid
perovskites are CillHsPbk, or the mixed-halide compound GRH3Pbk.«Clx, which is the

main perovskite used for this thesis.

Under ideal conditions and to maintain the cubigecdtire, A, B, and X should be chosen

related to their atomic radius, which must allotlarance factot close to 1, following:
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L RatR
T V2 x (Rg + Ry) (1)

WhereRa, Rx, Rg are the ionic radii of corresponding ions. If tubic symmetry is not
respected the structure will be distorted while thgstal symmetry is lowered. In order to
respect this condition and with these kind of pskite where the B site is occupied by a Pb
atom, which is already big, the A has yet to beybrg The biggest atom that we can consider
is Cs, but it is not big enough, and this is prapalhy organic molecules are employed to form
more stable perovskites [21]. Theoretically, theopskite crystal will exhibit a cubic structures
if tis between 0.89 and 1. Furthermore, smalleads to lower-symmetry tetragonplghase)
or orthorhombic structuresy (phase), whereas larger(t>1) could destabilize the three-
dimensional network, forming a two-dimensional (2Byer structure. In other words, if this
organic molecule radius begins to be bigger thaghty 0.40 nm the perovskite becomes a 2D
perovskite, forming more or less thick sheets ofganic materials separated by organic sheet.
Depending of the temperature and the compositi@perovskite can change its phase. As an
example with the classical GNH3Pbk thea to  toy phase transitions happen respectively at
330 K and 160 K [22].

ii. Optical and electronical properties
Now than the principal lines of perovskite are dmavthe explanations about
photovoltaic properties is now approached. Thep&eations lay essentially on computational

modelling and will focus on the work of Jacky Etral [23].

In term of optical properties, the GMNH3:Pbk perovskite is characterized by an
absorption spectrum between 460 and 760 nm, asefigm the Figure 1.6. The direct gap
transition from the first valence band maximumhe tonduction band minimum, has a value
of 1.7 eV [24] and around 1.6 eV for @RH3Pbk.xClx perovskite [25]. From this value we can
predict where the absorption peak is on an absorsipectrum with:

E=— 2)
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With h the Planck constant aedhe light velocity in vacuum, we find 775 nm. Aosé
value can be found in the absorption spectrum thighpresence of a peak around 770 nm [26].
The linear absorption coefficient of hybrid peroskas been calculated at 570 cmit [26].

100
80

60 —

Arbitrary unit

—A— Perovskite absorption

20

360 l 460 ' 560 ' 660 ' 760 ' 860
Wavelength (nm)
Figure 1.6 - Absorption Spectrum of GINH3Pbk«Clx perovskite

The absorbance from the transmissiom of the perovskite film can be computed with
the following equation:

a=-— % log(T) 3)

Whered is the thickness of the layer (here, 2 micronge @bsorbance and the optical
gapEg can be linked by the Tauc equation [27] :

ahv = B*(hv — E,)" (4)
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Whereho is the incident photon energh,is a parameter corresponding to the band
tailing andr a parameter with a specific value: 2 for indirgtdwed transitions, 3 for indirect
forbidden transitions, 1/2 for direct allowed traosis or 1/3 for direct forbidden transitions.
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Perovskite CH,NH_Pbl. CI

e Tangent
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1,5x10"% 1

1,0x10"% 1

T T T T T T T T
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(ahv)’ €V2.cm™)

5,0x10""

0,0

1,6 1,8 2,0 2,2 2,4 2,6 2,8 3,0 3,2
hv (eV)
Figure 1.7 - Tauc fit for CENH3Pbk«Clx layer
As said previously the hybrid perovskite possegdsext gap transitions, ¥z is therefore
the value of. The value oEg can be then calculated by extrapolating the limegion of the

curve with the following equation (Figure 1.7):

(ahv)7 = f(hw)

The value ofggis found at the intersection of the abscise andahgent. We find for
the CHNH3Pbk.perovskite a value of 1.6 eV.

It is possible with photoluminescence technicsdoaet some interesting optoelectronic
properties values. For a GNHsPbk perovskite layer the fitted charge carrier lifegitms been
calculated around 4.5 ns [26] and 9.6 ns [28] wihikhe CHNH3Pbk.xClx material the lifetime
of the charge carrier calculated at XLIM was 23§29 and confirmed at 273 ns by Stranks
et al. [28]. Here we see the beneficial effecthef presence of chlorine, even if it is not clearly
explained. With its higher charge carrier lifetintee CHNHsPbk.«Clx perovskite produces
much longer diffusion lengths of the holes andtetets, with values respectively around 1200
nm and 1000 nm against 100nm and 130 nm fogNEHPbk [26, 28]. This will have an

interesting consequence in term of solar cell tdtion, particularly because the §NH3Pbk.
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xClx allows to produce a thicker and less homogeneges gith a simple methodology, while
the CHNH3sPbk perovskite asks to be prepared in a sequentidatéhon which is not suitable
for printing technologies. However the €MH3:Pbk remains more performant than the
CHsNH3Pbk«Clx [30]. Halide perovskites are also characterizedhigh carrier diffusion
length for about one micron, effective mobilitiesroughly 10 cm.V-1.s* while the exciton
binding energy value is still being investigatedhas been reported between approximately ~40
meV [31] and 6 meV [32].

Computational modelling is able to evaluate thedostructure of the hybrid perovskite.
It is has been demonstrated that it is possibliaikdhe electronical structures of the ideal cubic
crystal structure of the perovskite and that @figs room temperature tetragonal phase [33]. It
appears that such structure leads to a direct Qapdstructure. Furthermore a spin-orbit
coupling lower the band-gap value for more thaned/§23], leading to theoretical predictions

in line with experimental values.

iii. Perovskite solar cell technology development

Direct Architecture

The perovskite solar cell technology profits of #wdid-state dye sensitized solar cell
(sDSSC) technology previously designed in 1998 t£el and al. [34], the power conversion
efficiency (PCE) was 0.74 %. After much improvenseint architecture and composition the

a Dye-sensitized solar cell b Perovskite solar cell

Electrode

—t-Tio,

—Dye
- Perovskite

—Electrolyte Hole-

transporting
- material

Counter - Gold

electrode

Figure 1.8 - The evolution of perovskite solar céltsn the dye sensitized so
cells technology [113]
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most commonly used sDSSC is composed ok Tm@soporous layer sensitized with an organic
dye called D102 [35] and a solid electrolyte asehtvhnsporting layer (Figure 1.8), the
conversion efficiency of these kind cells are adro.

In the other hand, the photovoltaic behaviour afrganic perovskites was already
reported in 1956 [36] on BaT#ohowever it is only in 2006 that we saw the fapplication of
a hybrid perovskite as the active layer of sol#iscklybrid perovskite were then used as photo-
sensitizers in dye sensitized solar cells demainsiy&.2 % efficient devices under full sun
illumination condition [37] before achieving 3.8i#%2009 [38]. The solar cells performances
were however highly unstable and deteriorated wighiew minutes. In 2012 occurred the real
breakthrough: two publications reported efficiesaig to 10 % [39, 40], constituting the first
uses of the perovskite as sensitizers of the nesbsted electron transporting layer BiO
Since these reports, a lot of progress has beere matie composition, fabrication, and post-
processing of the different layers that composaedheSC. Today, certified state-of-the-art
performance are reported at 21.02 % by a commoR wfothe Ecole polytechnique fédérale
de Lausanne and the Australian company Dyesol 2iid2by the Korea Research Institute of
Chemical Technology with the university of Ulsamdaseveral groups demonstrated
efficiencies over 19% illustrating the strong pdiglities of perovskite materials among thin
film technologies [41, 42]. All these PCE evolutoare presented in the NREL chart [43] of
the Figure 1.9.
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This rapid and outstanding evolution of performargcéhus mostly of the precedent
DSSC technology and its progress in the fabricadioth process of the TiQayers as well as
that of the hole transporting layer organic molecspiro-OMeTAD.
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II. Experimental technics

1. Fabrication methods
1. Spincoating
The spincoating method was used in this work talpce and optimize the reference
TiO2 perovskite solar cells. It was then used for ofation of the new layers and the different
characterizations conducted on these new perovsiiie cells. Spincoating is a way to produce

a uniform thin liquid film on small rigid flat subsite. This process is divided in three stages:

deposition, spinning and evaporation

The first stage consists in deposing an excesgjoidl on an immobile or a slowly
spinning substrate. The amount of liquid is far enibran the coating actually needs, provoking

a loss of matter.

In the second stage the spinning of the substred@b and the liquid flows radially
outward, driven by the centrifugal force generdigdhe rotating substrate. This stage can last
few seconds or several minutes. The substrateesoia$ several thousand revolutions by
minutes. During the spinning the liquid flows agsithe gas surrounding the original drop.
After a moment the liquid occupies all the freeface of the substrate. At the perimeter of the
substrate accumulates all the unwanted mattereiricthm of a swelling that eventually break
into droplets. In the rest of the surface the theds of the liquid film reaches an initial thickees
ho. The equation linking the evolution of the thicke®$ the film with times and rotation speed

before the evaporation step is [44]:

h
M) — 0 (5)
épa)hozt
3.1

1+

Here p is the density of the liquid, @ the angular velocity, and 7 the dynamic
viscosity. As the film thins the resistance against the flovd the evaporating rate increase
resulting in a decrease of the liquid flow. Thisang that the final thickness depends also of
the nature of the gas surrounding the layer arttie¥apour pressure of the liquid in this gas

since the evaporation of the solvent can begimdute spincoating.
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The last stage depends of the nature of the spieddiguid, some require a annealing
to simply evaporate the solvents, some to sinterntietallic particle and other just need an

evaporation at room temperature.

Spincoating is an efficient method to produce hoemogis film because two forces
balance in the liquid during the spinning: the aéugal forces that drives the liquid out and

the resisting viscous forces that lead the ligoisard the interior of the substrate.

ii. Drop-on-Demand Inkjet

Presentation

Once the fabrication of the TiQeference perovskite solar cells with spincoatiras
mastered, our objective was to produce the pertesskiar cells with a printing technique. In
XLIM the only printing technics which is availabie Drop-on-Demand (DOD) Inkjet, this

technology will be presented in this section.

DOD Inkjet is a masterless printing technology.slmeans that this technology does
not need a master. This master consists on a atdst'mmonly etched with the image to print.
This substrate carries the ink and transfer iheogrinted surface: this is case for gravure with
the gravure cylinder, the offset printing with thiéset plate, the screen-printing and its screen,
and, at last, the flexography and the rubber plEtés kind of printing processes is call digital
printing. With inkjet we can find in this group eteophotography (also known as xerography
or laser-printing), ionography, magnetography. fiten advantages of this kind of printing is
that the image to print can be changed for evebgtsate allowing a more flexible printing

strategy, which is very comfortable for R&D objeets.

The main principle in inkjet is to jet little dragib through nozzles and to drop them on
the substrate. There are a lot of technologiegettt droplet but here, we will focus on the one
used by the Dimatix Materials Printer DMP-2850 [4Bjed in the thesis: the piezoelectric
technic. The “Drop-On-Demand” term means that d¥bate jet only when necessary, contrary
to Continuous Ink Jet where drop are continuowsted, and are deflected by an electric field
(meaning that the ink must be electrically charged)

Piezoelectric jetting
The principle is to deform a piezoelectric elemeich is in front of the nozzle,
separated by a flexible and hermetic vibrationgpktd the ink chamber. The deformation of

the piezoelectric element will create a variatibnh@ ink volume, this variation will provoke
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the ejection of a drop (Figure 11.1). Other arctitee are possible, with piezoelement on both
side of the ink chamber, around it or with each afamber separated by a piezoelectric
bulkhead.

Piezo element —= Il chamber
Vibration plate = |

Pull Push Pull

Figure II.1 - Piezoelectric element deformation provoking the dropletgettin

@)

The way the piezo electric deforms will change hbe drop is ejected. The piezo
element is deformed by applying a voltage. The \icave of the voltage signal can be changes
in order to tune the jetting parameters. The sludpleis waveform is the one presented in the
Figure 11.2. The first negativeoltage 1will deform the size of the piezo element, pullibg
the opposite direction of the nozzle. The volumakfis then increased, this first modification
of the piezoelement plays a major role in the sizéhe drop. Indeed the bigger is thidtage
1, the bigger the deformation of the piezoelemelitlye, the bigger will be the drop. We will
see later (in the followingetting conditionsection) how the size of the drop, more speciical
its weight (i.e. its inertia) can ease the jetiimgestrain it. Of course the size of the drop play
an important role in the size of the splat on thiessrate, and the final thickness of the layer.
Depending on the viscosity and the density of thaid it can be necessary to adjust the
Holdtime 1 to let the time (or not) to the ink to fill thew volume of the ink chamber. The
voltage 2will decrease the size of the ink chamber puskinegink in the only free direction:
toward the nozzle. Indeed the ink cannot go bat¢kercanal since it is continually fill with ink
up to the ink cartridge itself. This voltage canhedd during few millisecond$¢ldtime J to
enhance jetting quality. Theoltage 2value will be also important for the drop size. Each
ink it is needed to customise the shape of the feave The waveform can be heavily modified
by extending the length of the different step, agd slope rate between ejection phases or a

negative voltage bias can be added.
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Figure 1.2 - Pieozoelement jetting waveform
Jetting condition

The final objective is to jet an ink in good angeatable conditions. These conditions

are visually represented in the Figure 1.3 and are

- ajetted ink forming a unique drop (without sate8idroplets)
- without any tail (the head of the drop and its mailst merge)
- following a straight trajectory

- without clogging the nozzle

— . . o s . A i -  — e — —
v U : ~— Secondary tail
— Primary tail

Head

Jlgaog

Figure I1.3 - example of a good and repeatable jetting: forming a unique drbputvit
droplets, in a straight trajectory and with tails retracting into the dropts FEHL]

To know if a liquid is correctly jettable with amkjet system, a number of ink
parameters must be checked. In the general casekivescosity should be between 1 mPa.s
(water viscosity at 20°C) and 30 mPa.s and itsasertension should be between 24 and 40

31



EXPERIMENTAL TECHNICS

mN.m1[46]. In the specific case of our inkjet printingahine it is advised to keep the viscosity
between 10 mPa.s and 12 mPa.s which is a prettpwagap, it is possible to use lower
viscosity ink but to the detriment of the jettingriprmances (i.e. repeatability). The surface

tension should be between 28 and 33 mil.m

In the general case, inkjet inks must be engineeredder not to clog the nozzle. If the
ink is a suspension of particles, the particlesushmot be bigger than 1/10of the nozzle
diameter (1/100for the case of the DMP-2850 10 pl cartridge, thab say 0.2um). It is also
mandatory to avoid evaporation of the ink in thezie during the non-printing steps. To do so
the solvent must have a high boiling point. It asgible to do a mix of solvent to increase this
temperature while trying to keep the rheologicalparties of the ink.

Viscosity, surface tension, particle size and hgilpoint temperature are a quick way
to evaluate the usability of a solution in an itlggstem. However good rheological parameters,
coupled with the density and limited nozzle sizerc#, sometimes, guarantee a good jettability
of the ink. In order to predict in a more efficieway what are the appropriate jetting
mathematical models have been designed. This waskken made by Derby and Reiss, and
summarized by Derby in a review in 2010 [47] ant lae¢ described here.

The jettablity of the ink is linked to the Reynol@e number which express the ratio
between the inertial forces and the viscous fortas. value of this ratio express if the strain
we apply on the ink is enough to overpass the diquscosity. IfReis superior to one we

consider than the ink is jettable.

Y]

Wherevis the jet speegy the bulk weight of the ink, 7 the dynamic viscosity and a
a characteristic dimension of the studied flow, here it is the drop diameter than we can
approximate by the diameter of the nozzle. Redepends of the speed of the drop v, which

is not accessible before having try a first printing.

A solution to determine a velocity is to calculate the ejection speed. This speed
corresponds to the minimum speed that allows the drop to overcome the barrier that the
surface energy of the air/liquid interface represents. To do so we use the Weber ( We)

number, which must be superior to 4.
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v?pa (7)

We = >4
Y

Herey is the surface tension of the ink. From this eiguait is possible to calculate the

minimum velocity needed to eject a drop:

[ (8)
v > 41
pa

Moreover, almost the same expression for the mimmspeed for drop ejection can be
found from a different calculus. In consideringtttiee ejection of the drop is possible when the

kinetic energy overcome the surface energy of itisgaid energy we have:

1
> mv? > yS ©)

3
Where the mags of the spherical drop can be writeras= p%ﬂ (%) andSthe section

2
of the nozzle exposed to the air$y (%) , and we found :

[ (10)
v > 31
pa

In practice we used the expression determined Wigt{8) to calculate this minimum

drop velocity.

To know if the jet will be composed of only one pgrand without any satellites droplets
the number of Ohnesorg®l() is calculate (this number is sometimes expressgdZ=1/0Oh).
When this number is between 0.1 and 1, there willave any satellite droplets. The smaller
Ohis, bigger will be the number of droplets, wheni®too big it is difficult to jet a drop.

VvWe n (11)

Oh = =
Re ypa

Is it possible to summarize this calculations ie gnaph (Figure 11.4). In this graph for
each speed reachable by the dropviteandReare calculated and reported. This graph helps
to select the speed that allow the print conditmbe in the “Printable fluid” area. This graph
allow us to see in what conditions the jetting rbayproblematic (with a fixed size drop) and

help to engineer the ink:
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- WhenReis too low (<1), the solutions could be to redtive viscosity in using a
co-solvent with a lower viscosity.

- WhenReis too high (>20), increasing the viscosity inngsia long chain glycol
additive (the chemical family possesses viscostyveen 10 and 50 mPa.s) is an
often used solution.

- WhenWeis too low (<4), since this number is proportiottaihe square to the speed
this case is rarely seen, the solution being tacedhe surface tension with a non-
ionic surfactant.

- For this three cases the density can be adjusteadever this will change both

number at the time.

At last, it is important to note that since the slgn the viscosity and the surface tension
are temperature dependents it is possible to tilealejection parameters by adjusting the
temperature of the nozzle. Indeed these three ogmal parameters decrease with the
increasing of the temperature, viscosity beingtioee sensible parameters. However, in doing
so, the temperature should not be too close tbaiieng point of any co-solvent which could

provoke the clogging of the nozzle.

| ol
1000 | Ons E
- / 3%
' Too viscous ) //
2 100F Z=1/0h<1  / / 4
E C f 2 " 4
g 7/ Prlft;@:)le/ /
= / uid .~ z=1/0n>10
g Satellite droplets
=
10 =
/"~ Insufficient energy for drop formation
1 " .’/|.....l’/ I T | 1 s
0.1 1 10 100

Reynolds number

Figure 1.4 - Re/We graph for ink jettability [46]

Here we see that when the Weber is very highgossible that the drop splash instead
of forming a uniform film. This splashing is duettte interaction between the arriving drop

and the surface, which is the subject of the netian.
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Drop/ surface interaction

For Stow & Hadfield [48] an ejected drop falling arsurface can splash when:

VWe x VRe > 50 (12)

This inequality can be used to determine when peed of the jetted drop will likely
provoke splashing at the surface. However please that the empirical law was established
for distilled water, more specifically for speeavier that the one attributed to inkjet (~3 th.s
against inkjet jetting speed between 5 and 40"asd bigger drop than the inkjet drop (2 mm
diameter against only 2dm for inkjet drops).

Without this splashing we can determinate 3 phdsssribing the deposition phase of

the drop on the printed surface, summarized irFtgare 11.5.

x X\

Addsda VITGne ASEEES.
[V VVY N

Phase 0 Phase 1 Phase 2 Phase 3
Drop ejection Collision Capillarity Wicking Liquid Evaporation
Drop velocity
Ink rheological properties Ink surface tension
Substrate morphological Substrate surface energy
properties
Figure IL.5 - Interaction phases between drop amthse.

Dying condition

The phase 1, the collision, is when the splashargaxcur if the roughness is too big
compared to the drop size, or if the drop velotypo high. Rheological proprieties of the ink
also play an important role. If the surface tensiad viscosity are too high drop may rebound
or partial rebound. A low viscosity or a low suaension will provoke the splashing as seen
is the Stow & Hadfield inequality (12). A good sading will be the result of an ink surface
tension compatible with the surface energy of tiréase and a viscosity suitable with the shear
imposed to the drop when it collides the surfabeas related to the speed of the drop. The
different collision possibilities are summarizedhe Figure 11.6. Please note that phase 1 could
be subdivided under 3 other phases, indeed upoadntipe drop is crossed by fluctuations due
to residual kinetic energy and it needs some titmesach stabilization.
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Figure I1.6 - A variety liquid drop impact on tosarface [112, 45]
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The phase 2 (Figure 11.6) is the phase where mioteofinal spot size is determined.
This phase is the most sensitive to the surfacderof the ink and its affinity with the surface
energy. When a drop is deposited on to a surfager@l11.7) the shape of the drop depends on
the interaction energy between the surface antithiel (y.s), between the gas surrounding the
drop and the liquidy() and between the gas and the surfage The angled formed by the

vectorsyLsandy.is called the contact angle and it used to deteataithe quality of the wetting:

- Whend is close to 0° the wetting is complete

- Between 0 and 90 ° the wetting is partial

- For contact angle above 90° and lower 180° thisesponds to a partial dewetting.
- For6=180° the liquid forms a perfect spherical drop

Gas

Figure I1.7 - Interaction forces at the gas/surface/liquid intesface

Depending of the intensity and the affinity of tmgeractions the drop will more or less
be spread. The theory, and the practical measutsméthe contact angle, will be presented

further in the section 11.3. If the substrate isqaes the liquid will flow in it during this phase.
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That means that if the objectives is to impregraatibstrate the liquid should be choose to
avoid its premature evaporation. This phase cdrirta® a few hundred of nanoseconds for the
case of non-porous and smooth substrate, up to ¢drseconds for substrate like paper.

The phase 3 begins when the flow of liquid (patdtiethe substrate or in its porous
structure) has stopped. This is the drying phaspending of the concentration in materials,
the boiling point of the solvent, its vapour pressilne drying stage can take several minutes to

few hours.

In order to apprehend the problematic of dryingwilefocus only on the evaporation
of one drop containing only one liquid. As the Heigf liquid is maximum at the middle of the
drop and decrease when approaching the edge acel tia evaporation rate is the same
everywhere then the drying is quicker in the edgece there is less liquid). This phenomenon
will create flows from the surface of the drop tediéhe edge of the drop. Depending of the
evolution of the viscosity during drying these flownight be able to follow the flow of
evaporation inside the drop. If not the edge wélldompletely dry before the rest of the drop.

This can produce heterogeneous film if this sitratiappens relatively soon in the drying.

Pinned contact line in Moving contact line in constant
constant contact area mode contact angle mode

Figure 11.8 - Drying mode and contact line moves

Furthermore, if the surface energy of the substisatégh the drop cannot reduce its size
as the liquid dry, this is the case of the pinnetact lined with a decreasing contact angle. At
the contrary when the surface energy is low theced) size of the drop will be proceeded at
constant contact angle (Figure 11.8). Both can poedgood homogeneous films, but, since the
drop size is reduced in the second case, this matupe dewetting between droplets and at the

edge of the printed layer.
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2. Image management

1. Splat size and resolution

In order to control the size, thickness and shdpe rinted layer the first step is to
measure the size of one dry drop printed on theique layer. This measurement is effectuated
by optical microscope. This size is called the tsplae. Once the splat size is known, it is
possible to calculate the minimum space betweeh demp-centre to promote coalescence,

which is equal to the diameter of one splat size.

Once established, we can calculate the resolueded to have each drop side by side.
For this resolution, the thickness of the finaldawill be close to the thickness of one drop.
Indeed there is no overlapping between each dropalculate the resolution we must calculate
the numben of drop: we can take the case of one rectangle aviength ok and a height oy
(Figure 11.9). To print this rectangle we use drapgh a splat size ofr, each drop being

separated from another of a drop spacind. of

Figuie WY -Trrgfiaspusaionutiraret iy
We have then, withyand i the number of drop respectively at the length lagight:

n= n.n,
x=2r+ (n,—1)d (13)
y=2r+(ny—1)d

Which gives for the total number of drops:

n=<x_d2r+1) (y—d2r+1) (14)

With:

e =v2d —2r (15)
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The resolutiorr is usually given in dpi, (Dot Per Inch) and isccééted this way:

ny N
x/2.54  y/2.54

(16)

During printing some nozzles can clog, thus redyc¢ie number on drop effectively
deposited on the substrate. It is interesting wwkhow many drop were actually printed, in
taking the same value for the ratio between thebmirof open nozzle and desired nozzle and
the ration between the effectively ejected drop #wedtheoretical number. The drop spaaing
can be adjust in a second printing to print thedgnomber of drop, i.e. the same quantity of

matter i.e. the same thickness, with less nozzle.

ii. Addressability and repeatability: conception of the image

The addressability is the minimum drop spacing isdetween 2 drops (or between
dots for other printing technics). When printin§felient colour layers in an image for a graphic
objective, for example for a photography, it is w@&nportant to make sure the horizontal
registering respected. Meaning that the differapéts not supposed to overlap should be side
by side. However, if an overlapping occurs it canrisible for the human eye. At best, with
a good contrast and luminosity, the human eye eacejpve details occupying 1/30D@adian
of its field of view, which corresponds to apprositely 100 um. Typically, the addressability

must be around 0.1 mm for most practical applicatio

To print electronic devices, this horizontal regibn must be taken more seriously:
two layer side by side which are not meant to touetist absolutely not touch. It could for

example create short-circuit.

For the inkjet printing machines used in this thekis minimum addressability is 5 um
[45]. These limitations must be taken into accomnén designing the architecture of the solar
cells ought to be printed. Each pattern must bebotally separated by at least 5 um, smaller
gap cannot be fabricated and will provoke coalese@f the normally separated drops.

This position repeatability is also crucial whep thbjective is to print layers on top of
others. Each layers must absolutely be on topeopthvious, without touching for example the
substrate, or even more seriously, the layer barteatlayer on which the printing is done. The
Dimatix Materials Printer DMP-2850 has a repeatghilf +25 um between layers of different
materials. This repeatability must be taken intcoant for the design of patterns of different

layers printed side by side, the gap between thest be at the minimum of 50 um. This also
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means that superposing layer will not be perfestiperposed and two layers separated by a
third layers can come in contact. One strategy [@int smaller layer as the layers superposed

layer after layer, but this is not always possible.

3. Characterisations

1. Surface Energy

Surface energy is a broadly researched topic [#%§ide a phase (solid, liquid or gas)
every molecules endures the attraction from theerotholecules surrounding here. The
molecules pushed away from one another by the thleagitation, in the overall phase all

movements cancel each other statistically.

Figure 11.10 -Schematic reorientation of the forces actin(
the internal and superficial molecules

At the contrary at the surface of the phase eadeaules endures an asymmetric pull
toward the interiors of the phase, the attractooveird the exterior is weak. Therefore, the phase
will tend to minimize the energy of the interfacghathe other exterior phase, to form a sphere
as seen with liquid in zero gravity condition. leality the Brownian movement, and the
different flows in the phase (if the phase is aiiligor a gas), imply that the surface is
continuously renewed by different molecules. Thisrgy is the cohesion energy that allow a
liquid phase to keep its integrity. It is usualkpeessed in mN.rhand can be interpreted as the

force needed to break a film of a certain lengtthaf liquid.

For a solid the dangling bonds at the surfacesnthphological defaults, the crystalline

structure and other external graft specie are @l lof sources of this surface energy

representing the abilities that the solid hasittkgb liquids.

Young equation
For a drop deposited on to a surface (Figure Itsr¥hape depends on the interaction

energy between the surface and the liquid)( between the gas surrounding the drop and the
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liquid (yL) and between the gas and the surfage The anglé formed by the vectorg s and
yL is called the contact angle and it used to deteataithe quality of the wetting. When the

thermodynamic equilibrium state is reached it isgldle to write the Young equation :
Vst+Vis+yL=0

Ys = Yis T Y, cosf (17)

From this equation is possible to predict the welitg of a specific liquid on a specific
surface in calculating the angte(Figure 11.7), thanks to the already known valoég. of
specific liquid (water, ethylene glycol and diiodetinane) and ofs of specific surfaces. The
calculation of surface energy is possible fromrnieasurements of contact angle. Here will be

presented one method of calculation.

Owens-Wendt-Rabel and Kaelble method
In this method, the liquid/solid interface energue can be calculated from the value
of surface energy of the solid and tension suréddke liquid and with the polar and dispersion

component of each of these two energy, the forrneiag:

YLS:yL+YS_2<Jy£y§+JVEVSP> (18)

The dispersive componenp takes into account the electrostatic attractior,van
der Walls bounding for example, the pofdr component represents the attraction due to the

polar nature of the molecules of the solid anditied.

When using the equation (17) with the equation {@8have:

YLS:yL+YS_2<Jy£y§+JVEVSP> (19)

With:
vi=ve+v{ (20)

From the equations (17) and (19), we found:

yo(1+ cos6) = 2 (\/n"ys" + Jy£y£> (21)
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This equation allows to compugeof a specific solid in measuring the contact amgle
the drops of 3 different known reference liquidpalgted on the substrate. Alternatively it is
possible to calculatg with the use of 3 different known reference sudistrThe method is to

express the precedent equation undey#fax+b, for computingyswe have:

v (1 +cos) (1 + cos 0) \/7 \/E + \/7 (22)

After having measuring the contact angle is it g@ego draw they=f(x) graph with 3
points (the 3 different reference liquids), aneéxtracta andb with a linear regression:

A
VP
_ Y1 (1 +cosh) s
2JvP
= B
17
For computing/. we have:
b 1+ cosB P
s oy > 2 n (23)
s \JYP Vs YL
With :
- yP a= YL £ = LFcosb N 7
=2 | > — _o [
vE Vi VYs e
Wettability envelop

The wetting envelop is a graph which is used t@meine which kind of liquid will
have a perfect wettability on a specific surfaddss is the condition whe6=0, so from the

equation (21) we obtain:
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vPvE = Vv + Jrivd (24)

The polar and dispersive components of the liquidase energy can be used in a
coordinate system as functions. Hence, we havetHerR parameter for the geometric

consideration:

R= o)+ (0 (25)
Rcosg =vyF (26)
Rsing =yp (27)

In putting the equations (26) and (27) into theagmun (24), we have:

Rcosg + Rsing = \/RySD cosrp+\/Ry5Psin(p (28)

When this equation is resolved to express R agifimof ¢ we find:

VY2 cosp +/¥E sing
Rw) = ( ) ’ )/(cos @ + sin @) (29)

As the polar and dispersive components cannot Qative we consider only the value

of ¢ between 0° and 90°. Finally we have these twoesgions for the dispersive and polar

components.
VY2 cosp +/yE sing
yE = cos(¢) X R(¢) = cos ¢ X ( )/(COS(p+Sin(p) (30)
VY2 cos @ +/yE sing
yL = sin(@) X R(p) = sing x ( ’ ’ )/(cosfp + sin ) (31)

The obtained graph is represented in the Figuté,lhere the liquid 1 will wet correctly

the surface while the liquid 2 will provoke a detired:
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Liquid 2
X

Partial wetting

Total wetting

X

Liquid 1

v

YD

Figure I1.11 - Wetting envelop look

ii.  Surface tension

To measure the surface tension of a liquid the messtl technique is the pendent drop
method (Figure 11.12). The setup is to capturdriegge of a drop pending from a vertical needle
on a syringe, the drop is formed by the pressurh®fpiston. When the drop is the heavier
possible, that is to say just before it falls, ttagture is taken and the edge of the drop is

numerically analysed.
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Figure 11.12 - Drop schematisation for surface
energy measurement

The analysis method is to determine the half bofpam of the drop forming a perfect
hemisphere. This hemisphere has a height nénref(Figure 11.12) and surface at its maximum
height forms an angl® with the horizontal. The angle is reported to duiae the radius R
between the any points of top of the hemispherethedertical axis of the drop and to the
radius R between any points of the hemisphere (exceptéieabp) and the vertical axis. Of
course wherd approaches 90 ° the value of &d R are the almost the same and the bottom

of the drop forms a perfect hemisphere.

The difference of pressure between the two phdkesliquid and the atmospheres,
separated by a curved interface is given by thengdiaplace equation, in function of the

surface tension:
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1 1
AP:Pint_Pext:V<R_1+R_2> (32)
At the vertex (lowest point of the drop) the shapéhe drop can be approach as being
a perfect sphere, therefdRe=R>=R:

APy = — 33
0= (33)

From Pascal law along the z axis wheyeis the difference between the densities of

the two phases in contact, we have:
2y
AP(z) = APy + Apgz = R + Apgz (34)

From every point above the vertex we h&yex/sin @, from the equation (32) it gives:

AP 1 sind

7 = R_1 + X (35)
The equality of the equations (34) and (35) leads t
1 2 A in @
1_2. pgz _sin (36)

Ri R vy X
With this equation it is possible to calculatéom the shape analysis of the drop, and
from the known density of each phases.
1. Viscosity
Definition
The viscosity is the propriety of a fluid to ressshear stress and flow. This measurable

physical value is called the dynamic viscogignd corresponds to the shear stress when a shear

rate to the fluid.
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The dynamic viscosity can be defined in the ideal situation where thelfis trapped
between two horizontal plate, one is fixed the othenoving horizontally with a constant speed

u (the Couette flow, Figure 11.13).

Moving plate
velocityu

Gradient

Stationary plate

Figure 11.13 - Laminar shear of fluid between two plates: Couette flow

Here, each layer of the fluid will flow slower thére one on top of it: friction between
them will provoke resistance against their relativation. Therefore a forde applied on the
top plate is needed to keep it in motion, it isgandional to the contact ardebetween the plate
and the fluid:

Fonadl (37)

Fluids with a fixed value of dynamic viscosity, meg thaty is independent fror%%

(rate of shear strain), are called Newtonian fluMsest inkjet ink are Newtonian but some are
none. The shear-thickening will have a viscosityr@asing with a shear strain, contrary to the
shear-thinning fluids. Thixotropic fluids becomeadeviscous after a certain time of stressing
(contrary to the rheopectic), this is the casedfitls containing particles with a high aspect

ratio (solutions with long polymer chains for exde)p

Measurements

For the viscosity measurements of the ink usedis theses we used &&D SV-A
series Tuning Fork Vibro Viscosimei&0]. Two thin parallel plates are forced to vilerait
their resonant frequency of 30 Hz within the sanfipliel. VViscosity is then calculated based on

the proportional relationship between the viscassstance of the sample fluid and the amount
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of electric current required to maintain the serates at a constant vibration. The advantage
is that this measurement needs only 2 ml of thatisol. The drawback is that this measurement

is performed under fixed shear strain, we mustrassithat the tested inks are Newtonian.

iv. Measurement of the bulk density
As there is no access to measure the densityloiteaf methodology has been designed

by using water, a micro-balance and a pipette:

- The first step is to measure the temperature ofviter and to determine the density
of water thanks to reference table

- With the pipette set on a 1@0volume water is taken and weighted several times

- The correct value of taken volume of water is calimd from the mean value of
measured water and the reference density of water

- With the pipette set on a 1@0volume the liquid to measure is taken and weidhte
several times.

- From the correct value of taken volume and thesmbralue of weight of the liquid

to measure the density is calculated by dividedateigiht by the volume (kg/m3).

v. Photovoltaic

JV characterisation

Through the imposition of a voltage sweep and teasurements of the photocurrent
of a solar cell it is possible to obtain differ@téctronic parameters. During this measurement
the solar cells is exposed to a simulated solat.lighis simulated solar light is provided by a
lamp equipment and the emitted light spectrum fedldhe AM 1.5 G norm, its illumination
power Rim is of 100 mW.cr. This spectrum corresponds to the actual solastspa light
received on earth surface at a 45° latitude agsepted as AM 1.5 Global curve in the Figure
11.14.
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Figure 11.14 - The AM1.5 Global spectrum is designed for flat plate modules,
AML1.5 for solar concentrator, the AMO is the extraterrestrial solar spectra

0.0

From the JV curve the short-circuit curreptdnd the open-circuit voltageo¥ can be
easily extracted, as well as the point of maximunver Pwax. The Power Conversion Efficiency
(PCE) or efficiency; is expressed in percentage, A being the surfaearthe solar cell:

Pmax
PCE = ——————x 100 38
Pyym X A (38)

The fill factor (FF) can be also calculated anexpressed in percentage. The higher the
value of FF is the more ideal is the tested saddly bw FF means that the cells might has
current leaks, charge recombination. It could be tdubad quality of material, charge being

stocked at the interface for example, it is a gmeditator of the overall quality of the cell.

Pmax ]max X Vmax
FF = ————Xx 100 =———=x 100 39
Jsc X Voc Jsc X Voc (39)
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From the value of the slope of the J(V) curve at &hd Jsc it is possible to calculate

respectively the series resistangsaRd the shunt resistancerR

FA
g Voc
é Vma) . [
i j'Rs >
\\ .
Jmay &
Rsn

Figure 11.15 - J(V) curve schematic representation of an illuminated
photovoltaic cell

The JV measurement can be done with two voltagegwi&ections: in théorward
scan the scan is proceed from the negative vottatiee positive voltage, tHeckwardscan is
done from the positive bias to the negative biasthe case of the perovskite solar cell the
photovoltaic performances are most often determimedhe JV backward scan. More
explanation about this will be given in the sectidhl.Erreur! Source du renvoi
introuvable. about electrical measurement parameters. Durgggtmeasurements the cell was
masked in order to correctly determine the suréaea and not to make any errors in the current
density. Furthermore the intensity of light is ad@d by using a mismatch factor to compensate

the discrepancy between the simulated spectruimeaddlar lamp and the spectrum of the sun.

IPCE

Incident photon to converted electron (IPCE) isrtiethod to analyse the efficiency of
photovoltaic solar cell. The objective of the measwents is to know the efficiency of
conversion of the energy of each photon onto etadtrenergy. In this experiments a
monochromatic filter (with a xenon white lamp) @@ each wavelength, the shape of the
illuminated zone on the photovoltaic cell is a dnaaka of roughly 2 mm of diameter. The
illumination power is first measured before theuatimeasurements with a silicon calibration
cell whose wavelength sensibility is known. Witkstbalibration the power of illuminatidPum
of each wavelength is known. From the calibratind he measurements of the electric power

Peiec fOr each wavelength we have:
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( y electrons)2

Pelec(ﬂ')= R x q sz.S

Prym(A) hC/)L photons
cm?.s

ICPE(X) = (40)

With theR the impedance of the measuring instrumentatjdhe charge of an electron,
h the Planck constant,the light velocity. The boundary of the wavelengtlke adjustable as

well as the delay between each wavelength andahdvadth,.

Mismatch factor

As the spectrum of the solar simulator is not pelyethe same as the true solar
irradiance spectrum the evaluation the PCE of arsall can be over or under estimated.
Furthermore, the IPCE)( depends of the illumination wavelength which @ases the
discrepancy between the measured PCE and the @te A methodology has been designed

to control and compensate this discrepancy [51538R,

The solution to correct this imprecision is to dqeathe photogenerated current under

the theoretical AM 1.5 G spectrum and the samesatiinder the used solar simulator:

ICPE(A) = Igeolsilm _ fESOSi‘mScelldll _

AM1.5G ~ -
Icell fEAMl.SG Scelld/l

(41)

Where :

- Esosimis the irradiance spectrum of the used solar sitoula
- Eamuscis the irradiance spectrum of the sun for the ABIGLhorm.

- Senis the sensibility of the solar cell to characeri

This condition happens in evaluating the mismaégatadr M, which takes into account

another termSet, the sensibility of the calibration device sensor:

M = fEAMl.SGSrefdA x fESoSimScelldA
fESOSim Srefdl fEAMl.SG Scelldl

(42)

The computing of the M factor (for one system cbatgd of one cell, one calibration
sensor and a solar simulator) allows to correct#tiration of the solar simulator in order that
the illumination power received by the solar celtlose from the one delivered by the AM1.5G

irradiance spectrum.
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III. Toward a low annealing printable perovskite solar cell

1. The reference and non-printable perovskite solar cell

1. Objectives, strategy

The industrialisation and commercialisation of a/m@hotovoltaic technology require
that it presents a high efficiency, a good stabdmd a low cost of fabrication. The perovskite
solar cells match the first requirements and tlwesa point is the subject of several studies
across the world. The third point is importantémsider for the case of disposable autonomous

SEensors.

The strategy of this thesis has been to developiqpl for the printing of the PSC
starting from a speciality of the laboratory XLINhe DSSCs made from TiCelectron
transporting layer (ETL). This structure is callédirect architecture” [54]. From this
technology the strategy is to replace the non-phbiet layer by printable and low-temperature
annealable layers. In order to facilitate the pmiptstep of the perovskite solar cells the inner
layers (ETL, perovskite and HTL) was designed tdabeicated by exclusively liquid solution
with one deposition for each layer. For the peraeskit is possible to use different approach,
for example via evaporation or chemical depositmmnyith liquid deposition in two step [34]

(see section IV.4.iv).

The comparison of the PSC performances is not gagye are a lot of different
perovskite solar cells version, direct or indiraathitecture, with or without mesoporous 7O
with or without chlorine or with different solverdpncentration, additives etc.. In the literature,
the cell architecture which was the closer of the of our cells was the one of Wojciechowski
et al. [55]: the best PCE obtainable is around ¥, %his corresponds to adbf 1V, a . of
21.5 mA.cn? and a 71 % FF, for a 10 mrsolar cell.

ii.  Architecture
The first cells produced were composed of an eldetin FTO, of a dense Ti@s ETL,
CHsNH3sPbk perovskite as absorbent layer, Spiro-OMeTAD as ldmd gold as top electrode.
The first results were not as good as expectedsdlse cells were shunted. After having add a
TiO2>-mesoporous layer (T#&@mp) and changed the GNHsPbk perovskite for CENHzPbk-
xClx (Figure 111.2) we obtained our first working cellnd this is the same architecture that we

kept as a reference for most of the comparisons.
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In this direct architecture the cell is illuminatiedm the back electrode in FTO, having
firstly cross through the glass substrate. The lighn goes through the two ETL layers of 7iO
to be absorbed by the hybrid photovoltaic (Figui@)l. The band gap of the GNH3Pbk.xClx
perovskite is of 1.7 eV, with an electronic affingnd an ionization potential respectively at -
3.7 eV and -5.4 eV [24]. Each absorbed photon pvidlvoke the promotion of one electron in
a higher energy band, creating one electron-hole ppae hole is extracted by the hole-
transporting layer Spiro-OMeTAD valence band (-5¢22[19]), since it cannot go to the one
of TiO2 which is too high. The electron is transporteddamivthe FTO electrode by the TO
layer (-4.2 eV [19]).

Evaporation { Gold (top electrode)

Spiro-OMeTAD (HTM)

Spincoating

Bought with FTO (bottom)

evaporated FTO
Figure IIl.2 - Schematic representation of the Ji€ference perovskite
solar cell direct structure

—_ - ()
> e <
) >
o o
vAg FTO =3
<©> |
£ Vv N TiOz

Figure 1.2 - Working principle of perovskite solar cell in direct
architecture

This first PCE were around 0.14 %. It was very lowt we knew that we were on the
good path since we got our first photoconversibis, ¢convinced us that the overall architecture
was correct but architecture defect, or bad pesittnent (for example annealing of the layer),
was responsible of this low PCE. One of the mogbirtant aspect to look upon is the way the
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layers are stacked, each layer must be in contdicttihae previous one and the next one but
should never touches the other layers. This witlvpke recombinations between holes an
electrons. After few adjustments on the architextwith bigger overlapping layer to protect
the previous one the PCE was enhanced to 0.74 &fifi&l architecture of a 20 nfractive

area perovskite solar cell is presented in Figlir@. |

Y
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Figure II.3 - TiQ-based perovskite solar cell fabrication design (vertical scale nottedpe
ii.  Best results

After much improvements, particularly in the perates spincoating and annealing
conditions and in the post-treatment of the J{€xplained further in the Ill.1.iv. section), and
a better master of the overall production the besilt obtained was a PCE of 15.3 %. The FF
was of 68 %, while the & was at 949 mV and thec.at 23.6 mA.crif. The JV curve of this
best cell is represented in Figure lll.4, and #peat is in Figure 11l.7. The JV measurements
conducted under dark conditions (Figure 111.5) hiigits the quality of the Ti@based PSC
with no current until 650 mV. The performances lustbest solar cell are very close to the
maximum performances for this kind of architectwt@en comparing to the typical result of
the literature. The evolution of the TiBased PSC performances through time is presemted i
Figure III.6.
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Figure I11.4 - JV curves of the best TidDased Figure II1.5 - JV curve in dark of a

PSC : backward (BW) measurements is from perovskite solar cell
1.5V t0-0.1V and forward (FW) is from -0.1 V
to 1.5V

PCE (%)

> TiO,-based perovskite solar cell

_ _ _ Figure lIl.7 - A TiQ-
Figure 111.6 - PCE evolution of the best perovsidtdar cells  pased perovskite solar

cell

From this point we can compare this 15.3 % perforcea with the objectives of the
Table I.1. The photovoltaic parameters of thesHi@sed perovskite solar cells are superior to
the objectives. The open-circuit voltage is 14 %hler than the voltage objectives. The short-
circuit current, which is the most important paréendéo charge the batteries, is 47 % higher

than the one of the objectives. The result is & iegh PCE compared to the objectives.

For each batch of produced Tidased perovskite solar cells not all perovskitarso
cells will be at this maximum of 15.3 %, the refiamt of the performances will be in reality
between 7 % and this maximum of 15.3 % PCE. It bapghat one or two cells of a batch of
12 cells presented a short circuit. Furthermormesbatches will be better than others and the

mean PCE of each batch can be greatly differem fraother.
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To have a better idea of which value of PCE thatlmexpected when producing piO
based perovskite solar cells we computed the pbtitoe performances of amAVerage best
TiO2 cell’. This mean value takes into account all the gadtsluced with a PCE higher than 9
% (in backward measurements). The chosen valué&oisGarbitrary. We think that a PCE over
9 % means than the perovskite solar cell is workiraperly, furthermore, every time a batch
of TiO2-based PSC produced working solar cells (some lpatirkuced just non-working cells)
the minimum PCE of working solar cells was arounth {non-working solar cells are still
present, yet). The mean PCE of the average bestbE€ed PSC is 10.2 %, the measid
19.01 mA.cn?, the mean ¥c is 860 mV, and the mean FF is 64 %, there are sarimed and
compared with the objectives in the Table Ill.1alaontrolled environment with an industrial
fabrication method these are the value that caexipected at the minimum for this kind of
TiO2-based PSC.

OBJECTIVES BESTT102 CELL AMERACE BRI IO
CELLS
Photovoltaic parameters
Voc (mV) 830 949 850 (+ 6)
Jsc (mA.cmi?) 16 23.6 19.21 (+ 3.11)
FF (%) 75
PCE (%) 10 15.3 10.26 (+ 1.73)
Active area 1 cn? 20 mn?
Electrode (ITO or FTO Non-printable Non-printable
ETL Printed Non-printed
Perovskite Printed Non-printed
HTL Printed Non-printed
Top electrode Printable Non-printable
Max annealing 130°C 450 °C
temperature

Table 1l.1 - Comparison between the objectives thedTiQ-based perovskite solar cell

As it is, the TiQ PSC are already completing the photovoltaic patareaebjectives.
They can produce enough power to supply in enangguégonomous sensor. The effort must be
now focused on the fabrication steps. Only the yskite layer and the HTL are printable and
annealable below 130 °C: the Ti@ here the principal issue as it is not easilyajde
(particularly the mesoporous TiQbut the most important aspect is that it musafrgealed at
500 °C. The second issue is the size of the cattiwils 5 times smaller than wished.
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tv. Fabrication

This section presents first the protocol to prodii€a>-based PSC, which is used as a

reference cell. Then follow different aspects alibig fabrication.

Protocol

In this section the fabrication of reference Fased perovskites solar cell will be
detailed.

Three days before the spincoating of the slli&yers the dense Tdthe mesoporous
TiO2 and the Spiro-OMeTAD solutions are prepared dewviol

The dense Ti@solution is prepared with 15.4 ul of titanium (Ippropoxide in 1 ml
of ethanol, then 1 pl of HCI 37 % (one little droap)added and the solution is put to be stirred
until its use. The mesoporous-Ti€blution is prepared with 210 mg of mesoporous, figste
[56] in 700 mg of ethanol, the solution is then putbe stirred until its use. For the Spiro-
OMeTAD solution, in a nitrogen glovebox 106 mg a@ifluoromethane)sulfonimide lithium
salt (Li salt) is added in 200 ul of acetonitrieparately, in ambient condition, 73.2 mg of
Spiro-OMeTAD is added to 1 ml of chlorobenzenentti&.5 pl of the lithium salt/acetronile
solution is added followed by 28,8 ul of 4-tert-Apyridine (tBP). This yellow-coloured
solution is then put to be stirred up until its.uBefore their spincoating the dense T&dlution
and the Spiro-OMeTAD must be filtered with a 0.2 RiFFE filter.

For the FTO etching the first step is to coventbr-etched parts (8.5 mm on the bottom,
and 1 m at the top, as figured in the Figure InW&h duct tape. Then a cotton buds impregnated
with a 37% HCI water solution is covered with zpmwder. The cotton buds is rubbed on the
non-covered part of the FTO, the FTO layer takbsoavn colour then after a few rubbing the
rubbed part become transparent again, the etchimgshed. The substrate is immediately soak
in water to stop the chemical reaction. The duse ia removed and the substrate is cleaned in

acetone, iso-propanol then ethanol in an ultrasoaib during 20 min for each solvent.

The day of the spincoating of the Ti@yers a 70°C solution of Ti€ls prepared in
adding 220 ul of TiGlin 100 ml of distilled water at 5°C and then mgiih with 100 ml of
distilled water a 100°C. The produced solution nhestlear, like water, any slight white tint

indicates a bad preparation.

Just before the deposition of the first Fifayer the FTO surface of the substrates is

treated by UV/ozone during 20 minutes. The #pincoating on FTO is then proceed at 4000
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rpm (rotations per minute), with an acceleratiorl®00 rpm.3, for 10 seconds. The layer is
partially removed at both side of the cell by ustngwab and ethanol and annealed at 450°C
during 20 minutes, once cooldown the substrateputran 100 ml of the TiGlsolution at 70°C
during 30 minutes, then rinsed with water and ethand annealed at 450 °C for 20 minutes.

The resulting thickness is 15 nm (measured bysahpetry).

The mesoporous TiJs spincoated at 5000 rpm (2000 rpM).during 60 seconds. The
layer is partially removed at both side of the bgllusing a swab and ethanol. The layer is then
annealed at 325°C for 30 minutes, then at 375°G foinutes, then 450 °C for 15 minutes and
finally 500°C for 30 min. Once cooldown the subtgsaare put in 100 ml of the Ti3olution
at 70°C during 30 minutes, then rinsed with watet athanol and annealed at 450 °C for 20
minutes. The thickness of the mesoporous layef 266 nm (measured by ellipsometry and

profilometry).

The day of the spincoating of the perovskite theyskite solution is prepared in adding
252 mg of methylammonium iodide (GNHsl, 158.9 g.mof, MAI) in 600 mg of N,N-
Dimethylformamide (0.948 g.md] DMF). Once the MAI is correctly dissolved in tBF,
147 mg of PbGI (278.2 g.mol) and 5.4 pl of diiodooctane (IGKCH2)6CHal, 1.84 g.mtt,
DIO) are added. The solution is stirred duringeatst 1 hour at 90°C. The resulting solution
has a weight concentration in perovskite of 40 A6l a weight concentration of DIO of 1 %.
The molar ratio between MAI and Pb@ 3:1, thus to benefit the formation of eNHzPbk.
xClx with the lowerx (i.e. the lowest amount of chlorine).

Before the spincoating the Ti@oated substrates are heated to 90°C as weledxs2h
PTFE filtered perovskite solution. The spincoaimgroceed under nitrogen atmosphere: 5000
rpm, with a 2000 rpmsacceleration, for 20 seconds. Then the substate motionless in the
spincoater, under nitrogen atmosphere, for 20 skcofhe perovskite layer is then directly
annealed under ambient atmosphere at 90°C for Bsh@b minutes before the end of the
annealing the layer is removed from each side @c#ll by using a swab and DMF while the
substrate are still on the hot-plate. On top ofgleovskite layer (once the substrate is cooled)
the filtered Spiro-OMeTAD is spincoated at 2000 r(#000 rpm.3) during 20 seconds. The
layer is removed from each side of the cell by ggirswab and chlorobenzene. The thickness
of the perovskite and Spiro-OMeTAD layer is difficto measure because the mesoporous
TiOz is very rough and porous, as well as the peroesaiter itself. The perovskite layer has a
thickness of around 200 nm and the thickness abSpMeTAD is around 100 nm (measured
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with a profilometer on glass). Under a®lfhbar vacuum a 100 nm thick gold electrode is

evaporated at 0.1 Als

Ambient condition effects: N2

As seen in the protocol of the previous sectiorsfiiacoating phase in processed under
N2 atmosphere. A commercial perovskite solution (vaitbtomposition very close of what we
used thereafter) [57] was spincoated to produce-ba3ed PSC. For 3 cells the perovskite
layers were spincoated under normal atmospheréoaBdther cells the perovskite layers were
spincoated under nitrogen atmosphere. All cellsevarnealed at 90°C during 120 minutes
under normal atmosphere. The results are summanzbeé Figure 111.8. The presence of the
nitrogen atmosphere tends to enhance the valie ddby 1 mA.cn?. This increase is slightly
higher than the standard deviation value (0.53 m&)c The modification of the FF is more
noticeable: in normal atmosphere the FF is at 50 @erage and is increased at 57 % with
nitrogen atmosphere but the high standard deviatighpoints forces us to be cautious on the
interpretations. This results in the increase ef BCE by 1.08 point (SD: 0.53 point) which

correspond to an increase of 26 %.

The presence of \Natmosphere could have an impact of the evaporedierof the DMF
solvent. A lower evaporation rate could reducertiie of perovskite crystallization, and thus
promotes bigger perovskite crystal domain. This lbarexplained by a lower vapour pressure
in nitrogen atmosphere than in normal atmosphdes, dhe atmospheric pressure in the
spincoater could be higher when the nitrogen atimespis applied.

11,03
9,86 I

I

Voc (V)

Jsc (mA.cm-2)

5,20
4,12
I FF
PCE (%)
0,84 0,50 0,83 0,57
Spincoating without dinitrogen Spincoating with dinitrogen

Figure 111.8 - PSC performances measured in backward JV depending of tisphére during
perovskite spincoating
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A more possible explanation is that the perovstiystallisation is sensible to humidity
[58] and since the nitrogen atmosphere is totaljytlis could enhance the crystallisation. In
the objectives to print the perovskite layer thistinod could be very useful to control the
evaporation of the DMF, or at least the crystafi@saquality of the perovskite. We are not able
to print under nitrogen atmosphere, thereforeghallfollowing perovskite printing will be done
under normal atmosphere. That means that perovgkitding is subject to atmospheric
changes, like temperature and relative humidityati@n through the seasons. That also means
that all the performances of printed PSC showmhimthesis could be enhance in the future by

simply printing under nitrogen atmosphere.
Ambient condition effects: humidity

In the previous section the effect of &tmosphere during spincoating was investigated.
This was link to the perovskite sensibility relatilkumidity level in atmosphere. The effect of
humidity during the annealing is also known. Famsaauthors a dry atmosphere is the best to
anneal perovskite layers [58], for others the belstive humidity level is around 30 % [59]. In
our process since we have no control on the lelvelmidity we just did the measurements.
During most of the year, from October to April ttedative humidity level is lower than 45 %.
When summer hits and the temperature rises thiveelaumidity can increase up to 90 %. This
can be clearly seen in the Figure 111.6 where ravaase in the PCE was made during summer
2015. Atmospheric conditions could have a detriraleetfect on photovoltaic performances,
for our protocol the best humidity range seemsetaitider 45 %. This can be improved with a

controlled atmosphere with a steady relative hutyiéivel.

Compact TiO: layer solution

At the beginning of this thesis the compact Fi&ers was processed via spray technic

with this recipe for the Ti@solution (noted TiQ@recipe 1):

- 250 mg of acetylacetone in 355 mg de titanium Bpepoxide, this solution is then

added in 5 ml of asbolute ethanol.

The results are presented in the Table 111.2 aadhare for PSC with GiNH3Pbk.xCLx

perovskite and a mesoporous 7iO
Two other TiQ solutions where tested but this time with spinc@atechnics:

- The TiQ recipe 2 : 38Ql of acetylacetone in 5 ml of ethanol followed hg adding
of 650ul de Ti (V) isopropoxide
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- The TiG recipe 3 : 15.4 pl of titanium (1V) isopropoxide1 ml of ethanol, then 1
ul of HCI 37 %.

The results are also presented in the Table Mi& main difference of photovoltaic
performances se sdue do the use of the spincaastend of the spray TiQabrication. Both
recipe 2 and recipe 3 allow the fabrication of Rth photovoltaic performances close to one
another. However, the averagedds higher for the recipe 3 and the electrical peagers of
the best cell is higher also for the recipe 3. éarsis the protocol section this Bi@brication

proceeding with the recipe 3 has been chosen éofutinre works.

Spincoating

TiO. recipe 2 TiO. recipe 3
Electrical Average sD Best | Average sD Best | Average sD Best
paramaters (2 cells) cell | (2 cells) cell (3 cells) cell
Voc (MV) 289 266 | 733 549 283 | 831 862 16 877
Jsc (MA.crmid) 0.42 04| 1 13.0 04| 134 13.4 1.6 | 15.3
FF (%) 26 13 54 40 11 51 44 22 48
PCE (%) 0.08 0.2 | 0.46 3.1 22| 53 4.8 2.3 6.5

Table 111.2 - TiQ fabrication proceeding effect on the electricabpaeters of Ti@based PSC

TiCly treatment influence

As specified in the protocol section, the Ti@yers (dense and mesoporous) are treated
by a bath in an aqueous solution of Lidlhis treatment reduces the oxygen vacancieseof th

TiO2 [60] and, therefore, enhances the surface of ibe. T

In a first attempt to assess the utility of thisatment six PSC with TiQayers were
processed with two different conditions:

- Three PSC with a TiGltreatment of the mesoporous Bidwo of the cells did
work.

- Three PSC without a Tigtreatment of the mesoporous Bj@ll three cells were
working

For both conditions the dense TBi@mained untreated. The results are summarized in
the Table 111.3. The main effects of the Ti®leatment are the increase of the-\énd the gc.
The Vocis considerably increased from 479 mV to 650 mVe Wz, despite a high standard

deviation, has been efficiently enhanced. Thisdase can be clearly seen in the result of the
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best cells of both conditions, from 2.5 to 15.8 om?2. This treatment has allowed the increase
the PCE to almost 10 %.

Here, we can comment the result. Without the Fi@atment the average PCE is lower
than the previous result found for the Ti@cipe 2 or TiQrecipe 3. It is possible that this batch
was not correctly produced but the Ta@katment could compensate the overall bad quaidity
the PSC. This treatment was then adopted for batipact and mesoporous Thi@yers.

4 TREA O 4 TREA

Electrical | Average sSD Best cell Average sSD Best cell

paramatery (2 cells) (3 cells)

Voc (MV) 650 54 708 479 168 711

(mA‘?ng_z) 9.6 5.9 15.8 4.4 2.7 25
FF (%) 52 20 83 44 20 79

PCE (%) 3.46 3.4 9.24 0.82 0.5 1.40

Table 111.3 - TiCk treatment effect on the electrical parametersiOb-based PSC

v. Morphological features

AFM characterization were conducted on the surtddbe mesoporous Tiand are
presented in th&igure 111.9 and in theFigure [11.10. In putting the lowest point of the T:O
mesoporous layer at 0 nm the highest height israt@&® nm while the roughness (RMS) is 8
nm. The particle size is around 20 nm, as specifiethe TiQ mesoporous furnisher [56]. As
for the perovskite the surface is way more hetaregas: the mean thickness is calculated at
170 nm, which is close from the 200 nm measurel thie profilometer, however the difference
between the lowest and highest point is at aro@@nn. This measurement highlights one
particularity of the perovskite layer: the coveragetop of the TiQ mesoporous layer is not
efficient. This observation can also be made frampte optical microscopy, the two pictures
of the Figure IIl.11 were taken from PSCs with 1(P%E and the result is visually different,
the coverage of the perovskite seems not to berdeital to the performances.
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Figure II.9 - TiG-mp surface AFM Figure 111.10 - CHNHsPblz«Clx perovskite
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Figure 1ll.11 - Two different shots of optical mascopy of the perovskite layer from
comparable perovskite solar cell.

vi. Optical characterization and IPCE

Optical characterization

The UV-Visible spectrometry was conducted on th@ Tayers, on the perovskite layer
and on the Ti@perovskite/Spiro-OMeTAD stacking in order to detere, for example, the
transparency of the TE) which could be useful to compare with a replacent€lL. The
measurements are summarized in the Figure Ill.&2p€rovskite spincoated on glass, the layer
already absorbs 90 % to 100 % of the light betv3&hnm and 750 nm, showing the absorption

efficiency of Jum thick layer of perovskite.
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Figure Ill.12 - Post-annealing UV-Visible transmission and
reflection spectra for compact and mesoporous diDglass,
absorption of CBNHzIxClzx on glass.
IPCE

In order to determinate the efficiency of photoersion of the perovskite solar cell in
function of the wavelength light Incident-Photondiectron Conversion Efficiency (IPCE, or
External Quantum Efficiency, EQE) characterizatiomese performed. In this characterization
the cell is illuminated by a white lamp, betweea mp and the cell a monochromator which
allows the selection of a particular wavelength gach wavelength the photogenerated current
is measured. The integration of the current cuivesgthe maximum current than can produce
a solar cell. The ICPE of a Ti@erovskite solar cell is presented in the Figur&3. It shows
that the perovskite layer is the more efficienten 350 nm and 750 nm. Most of the light
absorbedin this 400 nm bandwidth is converted entoent, the light which is not converted in
electron has been absorbed by the other layer mflected outside of the cell. Part of the
electron-hole pair recombins in the perovskitelfifshese recombinations also provoke a

decrease of the measured current in the IPCE deaimztion.
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Figure 111.13 - IPCE of a Ti@ based perovskite solar cell
Once integrated this curve predicts a maximum stioetiit current of 16.9 mA.cr

which is 30 % lower than the one observed in thel3&facterisation (Figure 111.4).

Mismatch factor

The mismatch factor calculated for the FHased PSC and for the solar simulator and
the calibration sensor that we used (the detadsrathe section 11.3.v.) is at 0.83. This value
of mismatch factor has been used for all the alvecharacterisation of this work because of
the difficulty to evaluate the IPCE of the Wased PSC.

vii. Electrical measurements parameters

Hysteresis

As stated in the section 11.3.v about photovoltdiaracterisation it is possible to do the
JV polarisation with a voltage sweep from negateresion to positive tension (forward), or in
the other direction (backward). In the case of pgkie solar cells there is a difference between
this two directions: the backward measurement gibetter photovoltaic parameter

measurments, as seen in the Figure 111.14.
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This phenomenon could be due to mobile chargeerarim the perovskite layer. These
mobile charge carriers could bg61], PlF* and CHNHs" [62] or vacancies of these ions in
the perovskite structures [62]. When no tensiapiglied, an inbuilt electrical field is imposed
by the work function difference between the ETL #mel HTL. This electrical field displaced
the anions and can partially screens them. Whesitiye polarisation is imposed this effect is
increased, all the anions move closer to the EThiis €orresponds to an increase of the positive
carrier population near the Ti@nd an increase of the negative carrier populatear the
Spiro-OMeTAD. This provokes a modification in thentl structure of the perovskite solar cell
and easing the transport of the hole toward theoSpMeTAD and the electrons through the
TiO2. This effect reduces the value of the electricaéptialneeded to force the charge carrier
to go through their respective collection layerhiaiy a forward scan is imposed to the cell, that
is to say when a positive bias is imposed to tHe te Voc will be lower than when the
backward scan is imposed. This can be clearly setre Figure Ill.14 and the mechanism is
schematized in the Figure 111.15.
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Figure I11.14 - JV curves of the best T#O
based PSC: backward (BW) measurements is
from 1.5V to -0.1 V and forward (FW) is
from -0.1 V to 1.5V
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Figure I11.15 - Influence of moving charge carriers band energies of a perovskite thin film.

Voltage sweep starting point
For the forward scan the first voltage value imghbt®ethe perovskite solar cell will also

determine the value of the measured performandas.chn be even seen with low-efficient

PSC in the Figure 111.16. When a very low negastating point is chosen thecls extremely
reduced. This results in a lower PCE. This phenamdras probably the same origin than the
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Figure I11.16 - Influence of the voltage sweep starting
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hysteresis. In this case the screening of theredatfield would be so effective that the charge
collection will be dramatically reduced if the posation level is high and maintained during a
long time. To limit the S shape visible at thed\t is preferable to start the voltage sweep on
the lowest positive polarisation, like 0 V. Howevke acquisition software does not correctly
identify the 3c if the sweep start at 0 V (as seen in the tabkbefrigure 111.16) so every JV
characterizations has been made between -0.1 \1.&nd.

Delay

One of the electrical parameter is the delay betwesech imposition of voltage. This
delay can have consequences on the final resditeth the longer the delay is the longer the
JV characterization takes. Furthermore, since theeeseveral ions in the perovskite layer,
depending of their mobilities and diffusion coeiiéicts choosing short delays could help to
reduce their effect and to obtain the photovolfscameters which are the closest of the true
working state of the PSC. For example, and withpotarisation, at 320 K, the diffusion
coefficient of I and CHNHs" were respectively estimated at’#@nv.s*and 10 cn?.s[62].

For this measurement three cells were charactemattdthe JV characterization at
different delay, 0 ms, 100 ms, 250 ms, 500 ms &@® Ins. For each cell and for each voltage
the maximum value of current was used as referandehe other delay value was compared
to. Then, for each value of delay the mean for eamhpared current was calculated, this
generated the curves presented in the Figure lllinlthe forward measurement, in seems that
delay value higher than 250 ms will provoke vergifar curves. In the backward measurement
the effect of the delay is much visible. The dnd \oc decrease as the delay increases. The
delay that gives the best PCE is 250 nm but a gtBoshape is visible between 0 V and 0.4 V,
this create an error in the calculation of the &fplaining the high PCE. The most interesting
delay to choose would be 0 ms. Indeed #eadd \oc is the higher and the shape of the curve
is well defined. However, the equipment is notast fis 0 ms and we do not know what is the
exact value of minimum possible delay. Furthermoréhe backward measurements this very
low delay tends to generate high standard devialibarefore, in order to know the exact value
of the delay, and thus to have repeatability, tleeof 100 ms has been chosen for most of the
measurements. This has the side effects to slightlyce thest by 10 % and the &t by 3 %.
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Figure I11.17 - Forward (top) and backward (bottaiw) curves depending of the delay
between voltage imposition values. For clarity othlg positive standard deviation values are
displayed

lumination level

These perovskite solar cells are aim to be usegdttoer energy for autonomous sensors
which can be used indoor. Thus, we measured thaegity of one cell with low level of

illumination, the results are summarized in theuFéglll.18.
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Figure I11.18 - Short-circuit current, open-circuit
voltage, FF and PCE depending of the illumination
level

As expected thesd increase is directly link to the increase of illnation level with
almost a linear law. The 3¢ loses only 10 % of its maximum value when the llesfe
illumination is only at 10 W.crA As for the PCE when the level of illuminationaisound 10
W.cn? the remaining efficiency is at 85 % of its maximutinis is a good point because it
means that the cell is still efficient even withiexy low level of illumination. For a 10 % PCE
cell we can hope to have an 8.5 % conversion effiy when used indoor. The limitation
would be the low current which could be not higbwgh to load the super-capacitor or batteries
and to operate all the electronics of the senstirarsame time. When the electronic operations

are idle, the low current could be also not enaiegtharge entirely the batteries.

viil. Stability issues
One of the most commented aspect on perovskite sels are their stability when
illuminated or even when stored in the black. Salvarticle already explored this aspect [63,
64] and we begin to understand what the mecharidsterioration are. Our work allowed us
to write an article about the stability of PSC [28] this section we will summarized the

principal result and main interpretation of theedietration mechanisms.

The deterioration occurs when the perovskite layen contact with moisture of the
atmosphere, as schematized in the Figure 111.18.fiFkt step is the diffusion of water into the
perovskite. In a second step this water reacts thithCHNH3Pbk.«Clx to create H and 1.
During illumination the UV light have also a roldigh is not clear but we know that it can be

absorbed by the Tifdayers to generate a electron-hole pairs.
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For Snaith et al. the hole will be collected by 8@ro-OMeTAD but the electron could
react with adsorbed oxygen at the Ti€urface on the oxygen vacancies [64]. In dethd, t
explanation of the Snaith team is that oxygen veiesnof the Ti@ mesoporous layer,
combined with an exposure to UV-containing light aaxplain the poor stability of PSC
produced and characterized in the absence of atredspxygen (while keeping in mind that
the ITO and FTO TCL are known to absorb UV beloW 8@, yet transmit between 300 and
400 nm). In this case, the solar cells whosexTa@er is produced under nitrogen atmosphere
and then encapsulated were less stable under iatran than the ambient-air-produced and
not-encapsulated ones, or even than the simply iltd&fdd and encapsulated ones. The
mesoporous Tielayer naturally hosts oxygen vacancies, especallis surface, in the form
of Ti** sites [65]. When exposed to ambient atmospheeg pfoduction and annealing, these
vacancies are spontaneously filled with @olecules. Under illumination using a UV-
containing-light, an electron-hole pair is genedate the TiQ (step 3). The photo-generated
hole recombines with electron at the €ite, desorbing the oxygen [66]. This leaves a fre
electron and an oxygen vacancy site at thex W@face. The free electron will eventually
combine with a hole from the doped Spiro-OMeTAD HTLO:. layers produced under
nitrogen exhibit native oxygen vacancies and i€k lzased on such layers is encapsulated, O
will never have the opportunity to diffuse trougdtetlayers (either from the top electrode or
through lateral diffusion pathways) to fill and pasite these vacancies. However, if the cell is
not encapsulated, and after a certain amount @, toxygen will passivate the vacancies until
it is desorbed again by the UV-induced hole geerérander (unfiltered) solar illumination. A
potential solution to address this issue woulddoeut the UV contribution in the illumination
spectrum, so that oxygen vacancies remain pasdivelte report by Snaith et al. finally points
out that theses vacancies are supposed to be atigire of the fast degradation of cells based

on TiO, layers processed under nitrogen atmosphere.

We think that this mechanism is limited in the caseur TiQ-based perovskite solar
cells and that the exciton just recombines in thisl step. Indeed our TiQs treated with a
TiCl4 bath and this greatly reduce the oxygen vacamndite TiQ [60]. The fourth step is the

closing of the loop, the water continues to adéuog to degrade the perovskite layer.

This path for the reaction of the adsorbech@s been also reported by Wang et. Al [67]
(in the case of CkNH3Pbk.xClx) where HI (produced by the degradation of:8Hsl) reacts
with the Q to form water as follow:
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CH3NH5Pbl, (s) & Pbl, (s) + CH;NHsI (aq)
CH3;NH;lI (aq) & CH3;NH, (aq) + HI (aq)
4 HI (aq) + 0,(g) & 2L,(s) + 2H,0 (1)

Spiro-OMeTAD
CH;3NH5Pbl;,Cl,

Figure I11.19 - Summarizing scheme of degradation in PSC
The presence of water can be directly seen intdaglg-state photoluminescence spectra

shown in the Figure I11.20. Although both ETL samplre associated with a highly quenched
perovskite PL emission in the 740-800 nm rangey théhibit some structuration. In general,
two main contributions centred at 770 and 790 nenemidenced. The steady-state PL spectra
of the TiO2-based PSC show a trend: two days #feeproduction the peak at 770 nm is very
weak but its signal significantly increased aftefa§s of storage in the dark and under ambient
conditions. This trend, which has already beentitled in the literature is supposed to be
correlated with the presence of water into the yskibe crystal. [68] The penetration of water
molecules in the perovskite layer is usually accanmgd by a blue-shift of the free exciton
emission, going from 790 nm to 770 nm. From thadyestate PL spectra we can conclude that
the fresh TiG-based perovskite solar cells contain only few waiwlecules after their

production, but that moisture is in fact absordedughout the storage.
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Figure 111.20 - Steady-state PL measurements of perovskite |2ykrgs and 1
days after the production on TA@TL

When perovskite solar cells are exposed to illutmmaover a long period of time they
deteriorate, the reason is the photo-bleaching@perovskite. This can be seen in the Figure
[11.21 where the PCE of the cell is at 10 % ofingial value after 5 hours of exposition. We
observe a little increase of the PCE after thekeuss, this is mostly due to an increase in the
FF and this increase tends to disappear after antthhours. Removing the UV from the light
source improves the stability of the PSC duringlidirst hours. It seems that the UVs have a
detrimental influence on the perovskite solar caild need to be removed with encapsulation

if we want to produce more stable perovskite soddis.
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Figure 111.21 - Stability of TiG-based perovskite solar cells
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TiO2-based PSC stored in black during few days teméte different deterioration. At
the day of the production the cells all work witmgar photovoltaic parameters as presented
in Figure 111.22, for example the mean PCE is (vbitkward JV measurement) 10.2 % with a
law standard deviation of 0.6 %. When stored 9 dagark in ambient atmosphere this means
PCE decreases to 5.8 % with a standard deviatich4ofThis trends in the decrease of the
photovoltaic parameters is easy to generalize soo®e cells will be working better after this
storage and other will lost all their efficiencyhd parameters who are the most sensitive to
storage are thesdand the FF. As stated previously this is probalig to the reaction with the
humidity of the atmosphere. Pin-holes on the mettdp electrode, or local in-homogeneities
in the perovskite or HTM layers would result inieass degree of active layer degradation upon
oxygen and moisture exposure [69]. Furthermore,aSpMeTAD is responsible of antagonist
effects which complicates the interpretation ofplber dark room stability of the PSC. Indeed,
the presence of the dopants in this HTL is thoaglise responsible for the poor stability of the
perovskite solar cells and at the same time theoSpMeTAD needs to be doped by
atmospheric oxygen to function properly [70, 71].
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Figure 111.22 - Backward JV measurements for Flfased PSC at thgwoduction day and
days later.
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2. WOs-based perovskite solar cell

i. Introduction and literature.

As said in the first section the goal is to prodacsolar cell with printing technics and
suitable for all substrate. One possibility iseéplace the Ti@layer by WQ. Indeed the Ti@
layers are annealed at 450°C which is incompatitith the polymer substrates and the
mesoporous layer cannot be produced via inkjetipgnFurthermore, it is important to create
a mesoporous - or at least rough - layer in ordgmréovoke a good shape definition and layer
stacking precision for the following perovskite jetkprinting step [72, 73]. To summarize the
material that would replace the Ti@wust be jettable, at least slightly rough and afeteunder

130 °C maximum.

There are many alternative: Sn@4, 75], ZnO [76, 77] AlO3 [19]. For these materials
the stability are not systematically tested anlll stied annealing temperature slightly above
130 °C. Here, we propose to the use of tungstedeo®@VQG or Ws), this oxide is already
commercially available in a printable nanoparteleoholic solutions, allowing the production
of a mesoporous and rough layer, and has beerdgluszd with success as an interface layer

in organic solar cell [78, 79, 80].

The first used of W@with PSC happened in 2014: nano-structured higipégature
annealed W@ structures were synthetized on another AMOmpact layer [81]. Different
shapes were tested, such as nanorods, nanosheaatspbr nanoparticles in order to create a
mesoporous ETL. Power conversion efficiency (P@&aghed 3.80 % for the nano-sheetsaWO
based perovskite solar cell, improved to 11.2 %rwtwated with the classical ETL Ti@ia a
TiCls chemical treatment. Low-temperature annealedx\We&s then tested. In this case, the
oxide was synthetized from a solution of W@l N-propanol [82]. The 150°C annealed WO
was then covered with GNHzlxClzx and the produced solar cells owned a mean PCE#8f 8
% when the TiQreference cells was able to reach the 8.78 %. Evkase solar cells showed
a relatively small active area (0.06 9Ynand were entirely produced in a nitrogen glovg, bo
this remains the first significant demonstrationtloé true potential Woas an alternative to
TiO2. The authors made the statement that such goddrpances could be improved by
suppressing the charge recombination events atVi@gperovskite interface. This idea was
put in practice by another research team which ggeg the utilization of a self-assembled
monolayer (SAM) of fullerene coated directly on tbe temperature annealed Wfayer [83].

The WQ reference cell, without any SAM, produced a sleoduit current density 62) of
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21.8 mA.cm?, with an open-circuit voltage &) of 750 mV and a fill factor (FF) of 65.3%,
resulting in a PCE of 10.7% which was at the montleatoest bare-Wgbased PSC. The cell
with SAM on top of WQ was even able to reach an impressive PCE of 14[83} The
augmentation of PCE is related to a huge raiseqafiy to 1.02V, when thesdand FF were
almost unchanged at 21.9 mA.@nand 66.5% respectively.

From this bibliographic study we saw that the YWETL would be able the production
of printed perovskite solar with a PCE of 10 %. Tieat sections will present the main feature

of these W@-based perovskite solar cells.

ii. Fabrication

WOs solution

The solution used is a solution of W@anoparticle from the company Avantama
(former Nanograde) [84]. The nanoparticles as amsze of 16 nm, and the known main
solvent is 2-propanol, and the weight concentraiso®.5 % (Figure 111.23). The information
from the manufacturer specifies that the viscost mP.s and the work function of the

resulting layer is 5.5 eV.
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Figure 111.23 - WQ nanopatrticle solution used
PSC fabrication
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Architecture and design
The design for the production of the \A/@ased perovskite solar cells is adapted from
the design of the perovskite solar cell with Ti@ presented previously Figure 111.3. This

design is presented in the Figure 111.24.
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Figure 111.24 - WQ-based perovskite solar cell fabrication design (vertical scale not
respected)

Fabrication routine

In this section only the Wfbased perovskites solar fabrication steps whiderddérom
the one of the reference T®ased PSC will be detailed. The step of the pegpmar of the
perovskite solution and Spiro-OMeTAD is the samige TTO etching part is strictly the same
than for the FTO. However, the cleaning and prejmaraf the cells are slightly different. The
first solvent to be used to clean is acetone, thisrethanol, isopropanol. After the cleaning the
ITO surface is treated with UV/ozone during 20 niésuand the substrate are soaked again in

iso-propanol and put in an ultrasonic bath duri@gritnutes and finally dried.

The WQ solution is agitated with an ultrasonic probedoe minute with sequences of
agitation of 5 seconds separated by sequence eagitation of 5 seconds. This solution is

then put in an ultrasonic bath during 20 minutes.

The WG is spincoated on FTO at 2000 rpm with an acceteraif 2000 rpm.3, for
10 seconds. The layer is then annealed at 110°%6gil® minutes.

Before the perovskite spincoating the ¥Dated substrates are heated at 90°C as well

as the 0.2 PTFE filtered perovskite solution. Tipgnsoating is proceed under nitrogen
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atmosphere: 2000 rpm, with a 2000 rpmasceleration, for 20 seconds. Then the substrate
rests motionless in the spincoater, under nitragemsphere, for 20 seconds. The perovskite
layer is then directly annealed under ambient apmee at 90°C for 2 hours. On top of the
perovskite layer (once the substrate is cooledijteeed Spiro-OMeTAD is spincoated at 2000
rpm (2000 rpm.8) during 20 seconds. Under a®fbar vacuum a 100 nm thick gold electrode
is evaporated at 0.1 Als

ii. Best results

The best result obtained for a \A49ased PSC (with a spincoated ETL) is a PCE of 9.5

% in backward measurement. This corresponds tgc@¥710 mV, a dc of 20.7 mA.ci? with

a FF of 58 %, the JV curve is represented in Figli25. When the dark characterisation
(Figure 111.26) of the W@based PSC is compared to the one of the-b&ded PSC (Figure
[11.5) the main difference is less defined andttireshold voltage is more difficult to determine,
it is around 650 mV, against 750 mV for the FHaased PSC. The best performances fosWO
based PSC was obtained in 6 months. The optimisafithe WQ-based PSC profited from
the elaboration of the Tizbased PSC, the evolution of PCE is representdteifrigure 111.27.
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Figure 111.25 - JV curves of the best Wased ~ Figure 111.26 - JV curve in dark of a
PSC : backward (BW) measurements is from 1.5 perovskite solar cell
V to -0.1 V and forward (FW) is from -0.1 V to

1.5V
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cell
Compared to the objectives, described in the THbike the best performances of the

WOs-based PSC are in the desired range. We calculaeaverage best Wbased PSC, this
time only the cells with a PCE superior to 6 %t{ie backward measurement) were retained.
The average best Wased PSC PCE is 7.19 %. This PCE seems prettgdawpared to the
PCE of the objectives, however the s superior to the current of the objective. Tdspect is
crucial because the current is the most importhetdtrgcal parameter to enhance the super-
capacitor loading speed. Thedis pretty low compared to the objective, it idl $ligh enough

yet to operate the sensor if the solar cells aspadied in series.

As for the fabrication side, the evolution towah@ bjectives is positive. Now three
layers on five are printable while with the B#Based PSC only two were printable.
Furthermore the maximum temperature used is no®d0f°C. All substrates are now usable
like polyethylene terephthalate (PET), polyethyleaphthalate (PEN) or even cardboard and

paper.
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iv.  Optical, electrical and morphological features, IPCE

OBJECTIVES |BESTTI1O2CELL |BESTWO3CELL AVWEg'L;iIEELBLESST
Voc (mV) 830 949 791
Jc  (MmA.cm?) 16 23.6 20.7 18.39 (+ 3.57)
FF (%) 75
PCE (%) 10 15.3 9.5
Fabrication
Active area 1 cn? 20 mnt 20 mnt
Electrlg_(lzl_(ce))(lTO or Non-printable | Non-printable Non-printable
ETL Printed Non-printed
Perovskite Printed Non-printed
HTL Printed Non-printed
Top electrode Printable Non-printable Non-printable
Max annealin R R
temperatureg 130°C 450 °C 130°C

Table 1.4 - Comparison between the objectives, TiO,-based and Wébased PSC

Absorption

The UV-Visible spectrometry was also conducted o WQ thin layers, and the
measurements are summarized in the Figure llli&@rferences effects are visible with the
waves in the measurements of the reflection ams$néssion of the WeXfilm. These are due
to the low thickness of the Ws@ilm, measured with ellipsometry at around 50 rsae( next
section). The transmission of the \3fm is between 80 % and 90 % above 350 nm. Thistpo

is very important to guarantee a good absorptiagh@®perovskite layer.
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Figure I11.29 - Post-annealing UV-Visible transmission and reflection
spectra for compact and mesoporous @@ glass, absorption of
CHsNHalxClsxon glass.

UV-visible spectrometry was also conducted on ti®&CHtself to determine the
absorption efficiency of the PSC depending of tBdit., this measurement takes into account
the total absorption of the glass, the ITO or FTi@, ETL and the perovskite. The additional
absorptions of the HTL in Spiro-OMeTAD and the &dectrode in gold are not measured here.
The curves are represented in the Figure I11.3@. Ti®,-based PSC shows a better absorption
between 300 nm and 550 nm while the YWHased PSC, and the perovskite absorption gap
around 780 nm is way more visible on Eithan on WQ, this could indicates a lower
perovskite quality in the case of W@ased PSC. This could also be due to the higlffeisatin
of a rougher perovskite layer.
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Figure 11.30 - UV-visible absorption spectra for PSC with
WOs3 or TiO; as ETL (without the gold top electrode)
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IPCE
The measurement of the IPCE is not an easy to dWOstbased perovskite layer. In
fact, the acquisition of the photo-current is narking properly. The origin of this problem is
not well-known but seems to be intrinsic to theopskite layer, indeed this happens also
sometime with some TiEbased PSC. In the case of the ased PSC the integrated current
from the IPCE is dramatically lower than the dneasured on the JV characterisation, 0.5
mA.cni? against 15 mA.cm In order to produce an IPCE we corrected the omredsPCE in
order to have a 15 mA.cfintegrated current. This increases the noise irsitpeal, as visible
in the Figure I11.31. If we compare the IPCE of Wkased PSC based with the IPCE of #iO
based PSC the same peak is visible around 350 nm.
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Figure 111.31 - IPCE of a W& based perovskite so
cell

Hlumination level
As for the TiQ-based PSC, the effect of the illumination leveltba photovoltaic
parameters of Ws-based PSC has been evaluated, and are summarthetEireur | Source

du renvoi introuvable..
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Figure 111.32 - Short-circuit current, open-circuit voltage, FF and
PCE depending of the illumination level

The result for the W@based PSC are very close from the result for ti@.TAs
expected thesg is directly proportional to the illumination levdlhe PCE remains stable when
the illumination level is reduced, at around 13 roWW? the PCE is about 86 % of its maximum
(at 100 mW.cr%). Again, as for the Ti@ this is a good point to use W-@ased PSC could be

used inside buildings or in low-level illuminatigituation, for example at dawn or at dusk.

Ellipsometry

Ellipsometry was conducted on W@Ilm to determine its thickness, porosity and
optical properties. Thickness has been measurexhatly 54 nm, and the porosity at 30 %. As
t mean size of the nanopatrticle of \4i® 16 nm the average number of nanoparticle saserp
in the film is 3. The minimum of porosity for a eking of sphere is 26 %, if we consider that
the WQ nanoparticle can be seen as sphere then the fyoobshis WQ is low. With a value
around 30 % that means that in the film there lmesmanoparticle vacancy. These vacancies
could play an important role for the printing oetperovskite layer on top of the Wayer.

The Figure 111.33 presents the refractive and etiom index of the We@layer.
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Figure 111.33 - Refractive (n) and extinction (k) index of th©Wayel
depending of the radiation energy

Morphology features

AFM characterization was conducted on spincoateds \Wi®, the picture is in the
Figure 111.34. The particle can be clearly seen #mar size is around 20 nanometres. The
roughness (RMS) is 4 nanometres, which is low hilltcomparable with the 8 nm RMS
roughness of the mesoporous Ti®he most interesting feature to see is that dwerage of
the ITO by the W@Iayer is not perfect. Indeed the deepest regiaghe@AFM characterisation
is around 44 nanometres deep which is very clas® the actual thickness of the film. This
means that the perovskites layer will be in sonaegs in contact with the ITO layer which can

create recombination between holes and non-cotlesdextrons.

As for the perovskite layer the optical microscapgicates us that the coverage ratio is
not good. Several pinholes are visible through2B@ nm thick layer. This pinholes will create
contact between the Spiro-OMeTAD and the W&yer. However this situation, even if it is

not desirable, is not detrimental as demonstratéda next section about work function.
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Figure 111.35 - Optical microscopy of
CHsNH3Pbk.<Clx perovskite spincoated on a
WOQOs layer

Figure 111.34 - WQ surface AFM
characterization

v. Work Function

In order to understand the functioning of the pekite solar cell, it is possible to
measure the work function of the ETL layers anddmpare it with the work function of the
perovskite layer. With the work function valuesifgossible to evaluate the quality of the charge
transfer mechanisms at the interface. To do so,careducted a HD-Kelvin-probe Force
Microscopy KPFM measurements on the layers. Itaghvnoting that the measurements were
performed under ambient atmosphere, in the darkvatittbut HTL. These conditions are
different from real operating conditions under tigikposure. However, such measurement can
provide valuable preliminary information on the \getic configuration of the selective
contacts. Also, reference materials such as géfd,dnd FTO were initially tested in order to
evaluate the relevance of our estimations withnet@mthe literature. The result is presented in
the Table I11.5.

The WF of both ITO and FTO are measured here a¢V.8nd 4.8 eV respectively, for
these materials these WF values are commonly expadrt the literature [85, 86]. This
validation of our experimental WF value data endhls to evaluate the WF of the two ETL
deposited on ITO or FTO or glass. The first obsgowds that the W@s WF (5.4 eV) is higher
than the TiO2's (5.2 eV). In fact, our measuredueabf the WQ WF (deposited on glass) is
very close to the one communicated by the prowadéne WQ solution which is 5.5 eV [84].
When the layer are deposited on the respectivepgearant conductive layer (FTO or ITO) the
value of their WF tends to be decreased. For the Wé®new value of WF is 5.0 eV while for
the TiQ the new WF is now below the WF value of FTO, &t&V. This means that the sole
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knowledge of the value communicated by the prodig@ot enough to properly choose an
ETL.

CONTROL LAYERS MEASURED WORK FUNCTION (EV)
ITO -4.9
FTO -4.8
STACKING MEASURED WORK FUNCTION (EV)
-5.0x£0.2
-5.4
-5.0
-5.0+0.2
Glass/TiO/TiO 2-mp -5.2
Glass/FTO/TiO2/TiO 2-mp -4.5

Table II1.5 - Work function measurements with KPE&¢hnique

These differences in WF could give us an insightne reason of the lowero¥ of the
WOs-based PSC, indeed, the Voc is expected to belglosated to the absolute difference
between the WF of the ETL and HTL, as illustratehia Figure 111.13. While the &c of the
TiO2-based PSC can reach more than 1100 mV [41, 42]ofhe/Os-based devices is not
expected to exceed 800 mV. The experimentsad Measured for our Tigbased PSC (950
mV) seems to indicate that some significant losghmrisms occur in our devices, such as
charge recombination, these losses being probakly important in the case of tidased

devices.
s Perovskite CB

FTO/TiO, WF - - - - -----------------———----—

ITO/WO; WF - - - - - - - - === == == == == == -
I N P

Spiro-OMeTAD (HOMO)

Perovskite VB msssmms

Figure I11.36 - lllustration of the existenoé a correlation between the values of the ETL
and the \éc of the PSC

As said previously the WF of Wialign with the one of ITO while this is not thesea
of the TiQ with the FTO, here the gap between each WF istahéweV. If we compare this
gap of 0.5 eV and the actual 150 mV differencesvben the ¥: we observe a discrepancy.

Indeed the WF of the perovskite is very close ef WiF of the W@, which means that the
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electron does need a lot of energy to overcomertbegy barrieE, to pass between each layer,

almost 0 eV. If we consider the WF very close fribim electronic affinitygy we have in fact:
E, = eXperov — €Xwo, (43)

But in the case if the TiQayer, the value OE, is of 0.5 eV which is in contradiction
with a higher \bc. We think that the measurements of the ;IWZF are distorted because of
its roughness comparatively to the size of the KREM30nm). The measured WF is in fact
an average between the actual TiO2 and a voltagdert by a capacitance between JJi&r
(created by the porosity), and the tip itself. Mower this interpretation can be modified by the

existence of a built-in electrical field in the peskite layer during illumination.

vi. Optoelectronic properties
One of the aspect to look is these devices areptim@oluminescence (PL) of the
perovskite material and the effect of the ETL, WD TiOz, on charge extraction or excitation
recombination time. The steady-state PL measurentamt give is an insight of the quality of
the perovskite layer and a comparison of the quegadh different conditions. Meanwhile, the
time-resolved PL decay measurements will providermation on the mechanisms mainly
governed by the interfacial charge transfer praee$slectron transfer), leading to a relevant

assessment of the general trends of the chargeeraefficiency of our ETLs.

Steady-state photoluminescence

For this characterisation perovskite layers weheminated at 509.2 nm and the
photoluminescence emissions count was observedebatw00 nm and 820 nm. The
comparison has been made between a simple laymrofskite spincoated on top of a glass
substrate and annealed at 90°C, and with peroviEites processed in the same conditions
that of a complete PSC fabrication, except no HTLop electrode was deposited. The 509.2
nm excitation was performed under the same dine¢kian the solar illumination, that is to say
through the glass and through the ETL before t@lisorbed by the perovskite layer. This
illumination condition aim to simulate the true @ioning of the PSC and to help discriminate
the charges transfer mechanisms occurring at tedace. The delay between each wavelength
is 600 ms and the step is 2 nm while the photonsitcwas performed 4 times and added up,

the resulting curves are presented in the Figuu&7ll
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Figure 111.37 - Steady-state PL measurements of perovskite layers
on ETL and on their respective transparent conductive layer

The comparison between the peak intensity of thefRhe perovskite with or without
an ETL indicates that with no ETL a large numberthad exciton recombines in radiative
mechanism. That means that, as expected, the @n@note non-radiative mechanisms like
electron extraction. As for the WOwhen compared to the TiChe difference is not

meaningful but we see that this new layer wouléd lg@od ETL.

Time-resolved PL. decay
In order to discriminate the effect of both ETL é&nesolved PL decay (TPLD) was

performed on the same perovskite layers 3 dayslandays after their production (with a
storage in ambient atmosphere and in dark). Ferctimracterisation each perovskite layer was
illuminated with a 509.2 nm laser and the time befa radiative recombination (at 780 nm)
was measured. These measurements are summarthedHigure 111.38, for the sake of reading
the curve for the perovskite alone is not represgrds its decay time is extremely lengthy and
would appear as a flat signal. In this graph, tetrument response function (IRF) is also
represented, this IRF curve represents the minitiue resolution of the detector. As seen in
the decay graphs the quenching of the charges are @ffective on Ti@as the slope of the

decay curve is steeper in this case.

88



TOWARD A LOW ANNEALING PRINTABLE PEROVSKITE SOLAR CELL

Normalized PL emission at 780 nm [arb. units]
o
(@)
1

-
o
1

o
o

—+—IRF
FTO/TIO,/perovskite

ITO/WO /perovskite

o

10

20 30

Time [ns]

40

Figure 111.38 - TRPLD curves of perovskite layers on ETL
on their respective TCL

In order to have a more quantitative analysis wép@ed an exponential fitting of the

raw data. More precisely, bi-exponential decay fimams was used for the measurements for

perovskite on ETL and a mono-exponential decaytfanavas used for the perovskite layer

on glass, the results are represented is the Tihble

t

y(t) =a+ae (44)
t t

y(t) =a+ae Tt +ae 2 (45)
c c : yer kcr x1078
a 1 a 2 a t=0s
SN I B S I I CO N I CO B i

On glass - - 661 238.1 238.1 - -
On TiO2 Day 3 3965 1.1 329 16.6 2.29 99.0 6.6
Day 11 3312 1.2 304 16.3 2.47 99.0 6.3
On WOs3 Day 3 1377 1.2 780 9.8 4.31 98.2 3.3
Day 11 722 1.8 778 10.3 6.2 97.3 2.3

Table III.6 - Life time constants of perovskite e different ETL and on glass

With 71 andrz corresponding to the decay time constantsaa@ehda; to the amplitude

of both components respectively. The radiative mdmoation of free excitons is reported in

various reports to be relatively long-lived for €HHsPbk.xClx, either deposited using physical
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vapour deposition or solution processed [28]. lnghesence of the ETL, a fast in the order

of 1-2 ns) and a slowt{in the order of 10-20 ns) components are obseimeldoth TiG and
WOsz-based PSC. Both ETL exhibit quite different morplgy, the TiQ mesoporous is
principle thicker (in the order of 200 nm) and muubre porous (around 60% of porosity)
while the WQ layer is only 50 nm with a 30 % porosity. Consetlye the amount of
perovskite material deposited on Bi8 expected to be slightly larger than that dejedson
WOs. Such trend is confirmed by the UV-visible absmmptspectra of both samples (Figure
[11.30), especially for the domain of excitation5®9.2 nm. In order to compensate this
difference in absorption the PL data were normdlxéh regard to the optical density of the
films at the excitation wavelength (509 nm). Moreguvt was reported that all photo-generated
charge carriers can reach the interface with thie, Elie to large charge diffusion lengths of
hybrid perovskite up to 1 um [28]. In these comuli, PL decays are representative of the
ability of the ETL to efficiently collect photo-gerated electrons from the perovskite layer.
Here, we clearly evidence that the fast comporseslightly shorter for TiQcompared to We

for both fresh (3 days) and aged samples (11 dai€se observations are consistent with the
larger photocurrents evidenced for full devices snead under full sun where the contribution
of the perovskite absorption is found to be largerTiC,. The slow component is however
found to be slower for TiPthan WQ. Such observation could be a consequence of thicke
perovskite layer in this case, through a signatirdelayed charge transfer events following
charge diffusion to the interface. With only a mrimcrease of all time constants, aged devices
show a similar trend, which indicates that no dcasifluence of aging conditions on charge
transfer mechanisms can be observed. In ordett ®mere quantitative picture of the transient
behaviour of the samples, we have computes themezlcgaverage PL lifetimg [87] and the
charge transfer efficienoyer of the ETL.:

a;tT; +a,t
T, = 171 212 (46)
a, +a,

perovskite on ETL

> (47)

Ner =1-— perovskite on glass
Ta

The results show that both layers efficiently adllghoto-generated electrons from the
perovskite film. Such observation is consistenhwiite PL quenching seen in Figure 111.37 and

with similar calculated charge transfer efficieqgviously reported [88]. Considering the
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similar order of magnitudes evidenced, the chargesfer rate (&) is a better indicator to
guantify the efficiency of the considered ETL. Aitable procedure consists to evaluate the
natural logarithm of the ratio of the PL decaylud perovskite on ETL layers to the PL decay

of the perovskite on glass. The time-dependentgehmansfer rate is therefore given by [87] :

d PL ;
kCT (t) — _ a (ln ( perovskite on ETL )) (48)

PLperovskite on glass

ker(t) are plotted in Figure 111.39, showing an abselarder of magnitude of ~§@7,
comparable with that of efficient photo-electroclesh systems such as Tidased dye-
sensitized solar cells [87].
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Figure 111.39 - ket curves of perovskite layer on Ti@nd WQ, after 3 days (a) and 11 days (b)

From these data, the charge transfer rate of l@@ains twice larger than that of WO
confirming that the layer remains a better electooeptor for the perovskite layer, both for
fresh and aged devices. A rapid electron injecttonTiO, reduces radiative charge
recombination in the perovskite, leading to efintieurrent generation. Upon aging during one
week in the dark and under ambient conditions; kkmains almost unchanged. This
exploitation of TRPL have as main result that tharge transport kinetics (including either
non-radiative recombination, electron transfer, guteirface charge trapping) are not modified
upon storage in dark and ambient atmosphere, apdenthe Spiro-OMeTAD HTL is not
involved.
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vil. Stability issues
Stability

The modification of one layer, the two TiQayers (dense and mesoporous) being
replaced by one layer of WiOhave of course an impact on performances andatlity. In
this section we will focus on the principal resudtsd main interpretation concerning the
stability of the WQ@-based PSC comparatively to that of FHiased PSC.

As shown previously the W{dayer absorbs mainly in the UV part of the illumtion
spectrum (Figure 111.29), below 350 nm. Moreoverkmew the influence of UV light exposure
on large gap metal oxide materials (like ¥Gsuch optical absorption could also plays an
important role regarding device operation, aging degradation. Indeed a simple comparison
with the well-known UV-absorption behaviour of TiOparticularly when formed as a
mesoporous layer, is possible. This behaviour lees lwescribed in the previous Ill.1.viii.
section on Ti@-based PSC stability

We propose that similar mechanisms associated tughpresence of this oxygen
vacancies mechanism occur within the Weyer. Indeed, W®is known to present oxygen
vacancies associated witlP¥\and W* sites [89]. Furthermore, the density of oxygeravamies
have been found directly dependent on the proog¢emperature of the films: the hotter it is
heated the more it gets oxygen deficiencies [88})w the annealing of W{s necessary to
completely remove the solvent and to obtain a gowdhomogeneity. In addition, depending
of the method used for the production of the conumé&WO; nanoparticle suspension, more
oxygen vacancies can be produced if the synthessswade under nitrogen atmosphere. In our
process the WO®layer is formed just before the perovskite depmsitsince its electrics
properties tend to degrade when exposed to airdityni he presence of a large amount of un-
passivated oxygen vacancies would then inducetad&srioration of the Wébased solar
cells under unfiltered solar illumination, compatediO,-based system. Moreover, W{ayer
absorbs much more in the UVs than the cTéDen if it is thinner, which means that if our
hypothesis is exact, the effect of UV on the oxygacancies is much more intense on 3O
However; the more oxygen vacancies they are the mwamductive is the W ayer [90], thus
the presence of the oxygen is beneficial for theral performances, as long as the PSC is not
exposed to UV containing light.

It is also possible to link the presence of thegexyvacancies into the W@vith the

results from the PL measurements showing the pcesarwater in the perovskite layer (Figure
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[11.40). As said previously the shifting of the featoward 770 nm reveals the presence of
water. Comparatively to the Tibhased PSC the water is present as soon as 2 fieysha
production, indicating that water is already presarthe WQ layer, or at least diffuse very
quickly is the case of Wébased vacancy. Indeed, oxygen vacancies couwgatsoke water
adsorption at the interface of the \W@dditionally, water molecules be produced trouigé

reaction of the Wewith hydrogen atoms forming2® molecules [91, 63]

100 H
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o
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Figure I11.40 - Steady-state PL measurements of perovskite [2ykags and 1
days after the production on WEGTL

Consequently, a reaction between YV@erovskite and water is proposed and resumed
in the Figure 111.41: this reaction being catalyssdthe photo generation of excitons into the
WO:; following the UV exposure and the consecutive detsan of oxygen. Before the
spincoating of perovskite, @ could be already present in the ¥Y@yer, due to the presence
of the Q vacancies and explaining the non-evolving shaph@fPL spectra. Indeed, a non-
covalent bound is created between oxygen of than@ electron vacancy of the®\and W".
After the spincoating of the perovskite the firgpsof degradation is the water diffusion from
the non-protected sides of the perovskite layesdéetion of water could also be occurring
within the perovskite layer, as it may contain asulting from the perovskite degradation by
ambient humidity [92]. This Hwould react with @at the surface of the Wi@vhose desorption
would be facilitated by the production of electioy UV absorption of the W€ Moreover,
WOz is known to be an efficient insertion material,jgthcan therefore carry additional protons
into its structure constituting another source ydrogen species [93]. Tungsten oxide is also
expected to actively produce reactive oxygen spe¢irOS), and exhibits a strong
photocatalytic activity [94, 95]. Two mechanismgacin the same time: the degradation by
moistures absorption, again, and by water syntfadise WQ surface due to the presence of
a limited amount of oxygen vacancies. This shoutddpce a bi-exponential decay in
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photovoltaic performances whom one of the conssacarrelated with the number of available
passivated oxygen vacancies. If the cells are pippacapsulated the number of available
passivated oxygen vacancies should tend to zeeo faftv hours of exposition, resulting in a
degradation comparable to the one of thexT@sed PSC.

To summarize (Figure 111.42), ambient moisture ¢aduce the degradation of the
perovskite layer, forming H+ ions (step 1 then 2gprhese ions would react with passivated
oxygen vacancies in the W§@ form more water, this last reaction being gatadl under UV
light (step 3 and step 4). The degradation of #ryskite layer is also likely to be enhanced
in the case of W) considering its high reactivity with oxygen spxi as mentioned

previously.
Spiro-OMeTAD
H,0
7z A\
0= i+
we+
WO,
_ S

Oxygen vacancies are under the form 1. Moisture diffuses trough lateral pathways
of W3* and W®*, some are passivated
with atmospheric oxygen 2. H,0 and CH;NHsPbl;,,Cl, produce H* and I

3. UV photogenerated electrons desorb the O,
4. Water is produced, under UV catalized,

as followed :

O,+2H*+hv = 2H20

5. Water continue to add up by diffusion AND
synthesis

Figure l1.41 - Summarizing scheme of degradation in PSC

The same way that the perovskite of the sHased is sensible to photo-bleaching the
same phenomenon occurs for the YWfased PSC. This can be seen in the Figure Il l[4&&v
the PCE of the cell is at 10 % of its initial valafter 2 hours of exposition of UV-containing
light and 4 hours when UV are suppressed fromitite.|This proves again the detrimental
effect of the UV and that its suppression wouldbe of the key to improve the stability of the
PSC. Of course, comparatively to the Fiased PSC the Wi&based PSC are less stable,
since the reference T¥OPSC are at 10 % of its initial performance aft@ Hours of

illumination.
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Figure 111.42 - Stability of Ti@-based perovskite solar cells
TiO2-based PSC stored in black during few days teméte different deterioration. At

the day of the production the cells all work witmsgar photovoltaic parameters as presented
in Figure 111.43, for example the mean PCE is (Wodctkward JV measurement) 4.5 % with a
high standard deviation of 3 points. When storath@s in dark in ambient atmosphere this
mean PCE increases to 7.5 % with a standard dewiafi 1.0 points. This shows a trend: an
increase of PCE and a decrease in the standaratidevior all WQ-based PSC. All WePSC
exhibits the same photovoltaic performances aftay® of storage in ambient atmosphere and
in dark. The &c, the Voc and the FF behaviour toward storage is of coursesame. Spiro-
OMeTAD needs to be doped by atmospheric oxygeuartotion properly [70, 71] and could be
one of the origin of the increase in PCE but dostsemplain alone the difference with T30

based PSC which are less stable toward storage,ifethese cells contains also this HTL.
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Figure 111.43 - Backward JV measurements for Wiased PSC at their production day ar
days later.

3. UV protection of perovskite solar cells

i. Introduction

In this section we propose to evaluate the effeatiominescent downshifting molecule
to enhance the performances of PSC while protettieig from the ultraviolet (UV). The goal
of this work is to use a S-tetrazine (NITZ, Figlite44) molecule in a down-shifting layer in
order to protect our PSC from UV light and to reieim the visible spectrum to enhance the
PCE of the PSC or, at least, to compensate therladssorbed light.

Figure 11.44 - NITZ molecule

This strategy has been already used several tinygdsomarala et al. [96] who used a
spray deposition of SHMP (sodium hexametaphospltaigped YVO4:Eu3+ nanophosphor
layer. This specie is excited in the UV mostly betw 200 and 310 nm and emits in the red at
614 nm. This layer deposited on the back of PS@ @ksNHsPbk as sensitizer and Ti&as
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ETL allowed to enhance the PCE from 7.42 % to #®2After a 12 h exposition 52 % of the
initial PCE remain, against 35 % for the controR@ithout YVQu:EL3* layer). More recently
Bella et al. [97] used a classical organic fluoesse brightener in a fluoropolymeric capping
layer. This molecule is excited around 370 nm andseat 440 nm and is used on top of a PSC
whose photoactive layer is a mix-halide formamigimi perovskite which almost does not
absorb under 400 nm. This structure increased theage PCE from 17.31 % to 18.67 %.
However, this is not clear if these molecules yaatiprove the long-time stability of the devices
since the fluoropolymer layer is already very eéfitt to stabilize the PSC [98].

ii. Optical properties

In order to measure the optical properties andstothe NITZ molecules polystyrene
film containing the NITZ molecule has been producedjuartz substrate. A solution of toluene
with a weight concentration of 20 % in PS (polysty from Sigma-Aldrich with an average
molecular weight of 192000) and 0.3 % in NITZ igpared and then spincoated on the quartz
substrate at 6000 rpm and dried 5 min at 90°C in Eie produced film has a weight
concentration is NITZ of 1.5 % and a thickness d@yin.

Different optical measurements are presented irFthare 111.45, please note that to
ease the reading all values have been normalizZdd@ Molecule, taken alone is solution, has
a main excitation range between 250 and 375 nm avitteximum at 350 nm, which is well
placed as it is entirely below the visible lighhge, in the near-UV region. The emission range
of the molecule (excited at 350 nm) is found betw®25 nm and 650 nm with a maximum at
580 nm, which is also ideally placed since it isevéhthe perovskite active layer absorbs and
photo-generates the most (the absorption spectfuheerovskite active layer can be found
in Figure S1 in the ESI). This photoluminescenceus to ar—n* transition [99]. It is worth
noting that this molecule also has a way less Beasxcitation domain around 550 nm due to
a nor* transition [99]. The optical transparency of tRE'Z:PS film is found to be very high
in the visible range, over 350 nm, with more th&afoXransmission. A transmission drop down

to 45% occurs around 375 nm, where the moleculerbbdight.
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Figure I11.45 - Excitation (magenta line) and emission (orange
line) spectrum of NITZ molecule, PS/NITZ film transmission
(black line). IPCE spectrum (cyan line) of our PSC.

This down-shifting layer was subsequently evaluatsitig our reference Ticbased
PSC which are composed of a FTO (fluorine dopeaxide) in transparent conducive layer
(TCL) covered by a dense Tiayer and a mesoporous bi@yer playing the role of ETLs.
The photo-active layer is based on the referencthyleanmonium lead iodide chloride
(CH3NH3Pbk.xClx) perovskite and the HTL is Spiro-OMeTAD layer dddey Li-TFSI and
tert-butylpyridine. A gold top electrode is finakyaporated under vacuum, leading to the final
structure FTO/TiQTiO2>-mp/CHNH3Pbk«Cly/Spiro-OMeTAD/gold. In a similar war, the
WO3-based PSC are designed with structure ITOMBNH3Pbk.xClx/Spiro-
OMeTAD/gold where the W@ layer, deposited from spin-coating from a comnwrci
suspension, plays the role of low-temperature ETL.

iii. Utilization of the down-shifting film for PCE enhancing

Five PSC with TiQ as ETL where exposed during 9 minutes under an1A8/G100
W.m2 solar simulator with a 0.20 ¢naperture mask. Between the PSC and the light sourc
were disposed alternatively every minute a quantissate with only a PS film or a quartz
substrate with a NITZ-embedded-PS film. Every nmenw current density / voltage
characteristics (or JV curve). This experimentataas designed to discriminate two
independent phenomena: the actual effect of thenekiwfting filter, and the natural PCE
evolution of the cell under illumination and eléctolicitations. Figurell.46 shows the mean
evolution of the PCE comparatively to the PCE ef pinevious minute of the Tichased PSC,
as well as the standard deviation. The first poirthe graph corresponds to the quartz substrate
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covered by a pristine PS film only, noted as Q. $&eond point corresponds to the use of the

NITZ down-shifting film (noted N), and so on.

The Figure shows that using a down-shifting lageemhance the PCE of our PSC is
not efficient. A slight positive influence of theaegy is only seen after 5 minutes of exposure.
Before this point, the use of a NITZ-loaded layads to lower the overall device efficiency.
We also note that the standard deviation remainifsignt, so that it is difficult to conclude
even if the positive trend seen after a few minigesproducible. Despite this observation, we
now investigate the reasons of this negative imibgeof the down-shifting layer in order to

guide further developments in this field.

Time (minutes) and exposition condition

Q N Q N Q N Q N
0 1 2 3 4 5 6 7 8 9

PCE evolution (%)

Figure 111.46 -Mean evolution of PCE of 5 PSC during nine minutes under an AM 1.
W.mZillumination, being alternatively exposed to UV-containing light (Q) and NITZ
filtered light (N)

Incident-Photon-to-electron Conversion EfficiencyPGE) measurements were
conducted on Ti@based PSC (Figure 111.47) by placing either a N@dbedded PS film or a
bare PS film between the tungsten continuous §ghtce and the PSC. For this graph the value
was normalized from the IPCE value at 650 nm ofTili2-based PSC and from the IPCE value
of the same cell with the NITZ whose photo-genetatarent (at 650nm) was reduced by 5 %
to reproduce the 95 % transmission of the NITZ @650 nm (Figure IlIl.45)At wavelengths
in the excitation range of the NITZ (around 340 nthg IPCE of the device is lower using
NITZ than without, due to the direct absorptioninéident photons by the down-shifting
molecules, reducing the corresponding amount otgitsoable to be converted into charge
carriers in the perovskite active layer. It cambé#ed that the reemission of the NITZ layer at
this wavelength seems to not be sufficiently edintito cover the direct absorption of the NITZ.

We will now explain that in deeper.
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Figure 111.47 - IPCE of Ti@ PSC with or
without NITZ film

We can summarize this problematic by defining e rdttaking into account QY of the
down-shifting layer and the efficiencies of the P8Ghe excitation spectrum and emission

spectrum of the down-shifting molecule:

Pelec (’1) da
Aemi
X = Qij R x Priym (1) (49)
Aexc Pelec(l) da
Aexc Plum (/1)

WherePeecis the electric power produced by the PSC in fioncbf wavelengthPum
is the illumination power of the lighting sourcefumction of the wavelength. Last is defined
either forlemithe emission domain of the down-shifting molediule 475 — 550 nm), antxc
its excitation domain (i.e. 250 — 375 nm). The Edais present in this formula in order to take
account of the NITZ emission which do not have efgared direction (50% is emitted in the
wrong direction) and the limit angle of refracti@atal reflexion limit) between the polystyrene
film and the quartz substrate. For example thewo#ifre index of PS at 520 nm is 1.6, according

to the literature, and the quartz refractive indes fixed at 1.55 giving a limit angle of 75.6°.

We can evaluate the R factor at 520 nm to be doyeh5 x % = 0.42.

WhenX is superior to one then the energy produced bgystem PSC/down-shifting
layer is greater than the one produced by the A8@& and the use of this down-shifting
material is relevant. To help identify the situat@ graphical representation of this equitation
is presented in the Figure 111.48. This graphiegdresentation indicates that the most important
factor is the PSC efficiency in the excitation rarmd the down-shifting molecule. Indeed, under

certain condition the use of a down-shifting laigerelevant even with an EQY of 15 % of the
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down-shifting molecule, but the IPCE in the exaéttatrange must not be higher than 35 % in
this case. Here, the NITZ EQY is around 30 % assonea by photoluminescence spectroscopy
with an integrating sphere, and the IPCE of ouops&kite device without NITZ is in average
of 30% in the excitation range of the NITZ. To lealty efficient on this kind of PSC, such
down-shifting material should have an EQY highemtl85%. This simple evaluation can thus
quite easily explain our experimental results irmig of PCE evolution with and without the
down-shifting layer. Nevertheless, even if thisdiais not able to efficiently improve the Jsc of
perovskite solar cells, they still act as a UVeiilivhere a part of the UV light is recycled for
the generation of photo-current, which is a usafilantage compare to a standard UV filter.
The gain of a down-shifting UV filter is close tis EQY (for light emitted towards the active
layer) of reemission in the good direction. Thisresponds, in our case, to 15% of useful
reemission, in a spectral range where the peravs$las in average 70% of IPCE. This effect
is therefore completely significant, if it can alsave a positive impact on device stability, as

we discuss in the following sections

X value for an 70 % IPCE in the emission X value for an 90 % IPCE in the emission

range of the down-shifting molecule range of the down-shifting molecule
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Figure 111.48 -Graphical representation of the X calculation feo tvalue of the IPCE of the PSC (70 and 90 %)
in the emission range, depending of the efficieffim 5 to 100 %) in the excitation range and tigYEThe
situation of our PSC/NITZ system is framed in yello

The utilisation of the NITZ molecule to enhance B€E of the PSHT:PCBM organic
solar cells has already been proven to be effictbiet PCE has been increased by 6%. In the
case of these organic solar cells its IPCE at $80sn70 % and 5 % at 350 nm. Therefore, the
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X value for this system is 4.3 showing that thatsigy to use NITZ for P3HT:PCBM is
efficient.

iv. Beneficial effect of UV-protection on device stability

The use of NITZ does not enhance the PCE of our, B8®ever, since it absorbs UV
and re-emits the energy in the visible range, austh be able to help stabilizing the solar cell
operation and protect them against UV-induced detdion. In order to assess the relevance
of this strategy, three Tibased PSC and three \B#dased PSC with comparable photovoltaic
parameters (Table 111.7) were exposed during mbaa t14 h to simulated solar illumination,
using a class A solar simulator whose irradianeegpm is given as Sl in Figure S2. For each
cell, different conditions were used condition: GiNered (only the quartz substrate with
pristine PS and a UV filtering glass), non-UV-fike (only the quartz substrate with pristine
PS is used in this case) and NITZ-protected (vhthgolystyrene film embedded with NITZ

on quartz).

Electron

Transporting TiO2 WO3

Layer

Cell number A B C 1 2 3
PCE (%) 8.6 9.6 8.6 7.5 7.7 7.5

Jsc (MA.cn?) 17.7 15.3 15.6 21 18.3 20
Voc (MV) 857 831 796 724 700 663

Table 1.7 - Photovoltaic parameters of PSC betbeestability measurements

The evolution of power conversion efficiencies lod devices based on Ti@nd WQ
ETL are summarized in Figure 111.55. The Bi#Based PSC are a little more stable when
protected from UV radiation (with UV filtering glasor NITZ), particularly in the first five
hours. When the Tigbased PSC are UV-protected the PCE drops to 40i% ioitial value
after 3 h of exposition while the PCE of the notdgkbtected TiG-based PSC remains at 30
% of its initial value. However all three cells @gr80 % of the initial PCE after 6 h of exposition.
Analysing in detail the different photovoltaic pareters (from Figure 111.49 to Figure 111.54)
reveals that the short-circuit currengdJis sensitive towards UV, UV-protected TiDased
PSC (with UV filtering glass or NITZ) keep 65 % thfe c initial value after 3 hours of
exposition while the not-UV-protected TiDased PSC only keeps 50 % of its initial
photocurrent. The main difference of evolution begw the three cells is clearly seen in the
evolution of the fill factor (FF). Which increasbg 10 points during the first two hours of
exposure to UV. This could indicated that UV tetalstabilize the PSC in the first hours of
exposure. The open-circuit voltageod) dropped for all TiQ PSC around 70 % of its initial
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value after 6 h of exposition, following a rathigrelar trend, indicating than the only electrical
parameters sensitive to the UV are finallyand FF.
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Figure 111.49 - §c of TiO--based PSC protected withFigure 111.50 - FF of TiG@-based PSC protected with
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Figure 111.51 - \bc of TiO2-based PSC protected
with UV filter (without UV), with NITZ or not UV-
protected (with UV)

UV filter (without UV), with NITZ or not UV-
protected (with UV)

Time (h)
Figure 111.52 - 3c of WOs-based PSC protected
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Figure 111.53 - FF of W@-based PSC protected with
UV filter (without UV), with NITZ or not UV-
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Figure 111.54 - \b¢c of WOz-based PSC protected
with UV filter (without UV), with NITZ or not UV-

protected (with UV) protected (with UV)

The results for W@based PSC are more promising. Indeed, the PQtedMQ-based
cells decays slower when protected from UV with KH&Z film compared to the cells which
are not protect of the UV, showing that UV is agpdlly detrimental to their light stability, as
previously suggested in our previous article [29iis is confirmed by the fact that the \AO
based PSC is slightly more stable when protectetieofJV with the UV filter glass. With a
NITZ film or UV-protected the PCE drops to 15 %its initial value after 3h of exposition
while the non-UV-protected Wibased PSC PCE drops at the same level after 1h30 o
exposition. This result also shows that althoughlevthe strategy of using a NITZ down-
shifting film is not efficient to enhance the PCElte W&-based PSC, , it can at significantly

helps their stability, while partially compensatitige efficiency loss due to the use of an UV
light filter.
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Figure I11.55 - PCE of PSC protected with UV filt@gvithout UV), with NITZ or not UV-
protected (with UV) with TiQ (a) and WQ (b) as ETL

The beneficial effect of the protection from the WM the WQ-based PSC can be
linked with the mechanisms exposed in the sectib®.\lii (about the stability of the W&
based PSC). In fact since the UV are suppressetism@bed gaseous &s the W@perovskite
interface cannot leave the oxygen vacancies andotioeact to form water. As a result the
WOzs-based PSC are more stable.

v. Stability of the NITZ molecule
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Figure 111.56 - EQY of NITZ film after 4 h of solar light exposition

The diffuclty to improve the PCE with our stratdggad us to study the stability of the
NITZ molecule itself in terms of emission quantumely (EQY) measured by
photoluminescence spectroscopy using an integrapigere. Nine quartz substrates were
spincoated with NITZ-embedded PS films. Three efittwere exposed during four hours under
a 1 sun irradiance (AM1.5G, 100 mW.énthree others were left aside in the dark buhat
same temperature than the exposed cells (50°C)thantthree remaining devices (the control
substrates) were left in ambiant condition.. Befand after the four hours, the EQY of each

cell was calculated. The corresponding data arensammed in Figure IlIl.56. These
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measurements reveal that the NITZ films are unstahlen exposed to solar illumination under
ambient conditions. A photo-bleaching is indeedeobsd after the light exposure, and the EQY
drops from 30 to 3 % only. The NITZ film seems algote sensitive to temperature since the
films unexposed to light lost 4 points of EQY, wehihe control sample fully retains his EQY.
Our optical transmission measurements of the NI@IBshow than the films still absorbs UV
light even if the emission is very low. In the prascase, the NITZ specie is not more efficient
than a classical UV filter.

vi. Conclusion

Through JV measurements and IPCE characterizatienshowed that NITZ can
temporary act as a down-shifting and UV-protectiager for CHNHzPbk.xClx perovskite
solar cells which already absorbs and photo-geeerat the UVs. Indeed, the EQY of this
down-shifting specie is not high enough to incre#is® photovoltaic properties but can
effectively recover a part of the absorbed UV ligitte NITZ could be further investigate with
different perovskites, like mix-halide or mix-catitnybrid perovskite, more fitted in term of
absorption spectrum. Our modelling shows that algmtive layer candidate for this use should
present an average IPCE lower than 10% in the speange of 250 and 375 nm. The specie
present a photo and thermal degradation after @fcbntinuous exposition when used with
polystyrene. In the present state, further expeartaten is mandatory to find more suitable
polymeric substrate and solvent which could allogr@ater stability once deposited on film.
The NITZ molecule has yet a great potential sinsegap between its excitation domain and
emission domain is very broad, almost 300 nm. Ve abnfirm that cutting the UV from the
incoming light tends to be beneficial for the ski#piof WOz-based devices, meaning that the
WOz is way more sensitive to UV than the classicalzTa@er. Finally, this latter achievement
allows to emphasis on the importance to protectesarohitecture of PSC from the UV, with a
preferentially use of a downshifting protectioronger to compensate the-Joss when the UV

light is cut.
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IV. Printed perovskite solar cells

1. Introduction

The spincoating fabrication of a perovskite solall with 3 printable layers (ETL,
perovskite and HTL) is now mastered. This cellresumed in the Table V.1, match the

objective in term of photovoltaic performances. Text step is the actual printing of the 3

inner layers.
OBJECTIVES BESTWO3 CELL COMPARISON
Photovoltaic parameters
Voc (mV) 830 791
Jc  (MmA.cm?) 16 20.7
FF (%) 75
PCE (%) 10 9.5
Active area 1 cn? 20 mn?
Electrode (ITO or L 0
FTO) Non-printable 100 %
ETL Printed
Perovskite Printed
HTL Printed
Top electrode Printable 0%
Max annealing 130°C 100 %
temperature

Table IV.1 - Comparison between the objectives spidcoated printable
WOzs-based PSC

The overall strategy was to replace gradually, frima bottom to the top, each
spincoated layer by an inkjet printed layer. Thrategy has been chosen since the printing of
each layer depends of the surface of the previaysrl Once a layer is printed its surface
energy, its thickness as wells as its roughnessvaan from that of its spincoated version.
Therefore, this gradual strategy is a good chaamtrectly optimize the printing of each layer

depending of the previous layer.

The first step was obviously to replace the spite&/Q ETL by a printed W®layer
and to continue to process the 2 other layers ycepting. After optimisation of the ETL
printing the next step would be to go for the pngtof the perovskite, on top of the printed
ETL, while spincoating the Spiro-OMeTAD. The lasgysis of course the printing on the Spiro-
OMeTAD on top of the printed W{and printed perovskite.
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Among the steps of printing optimisation this seatiwill develop the ink
characterization and formulation, the ejection pweters and wettability of each ink.
Morphological characterisation like AFM or opticalill be addressed. The photovoltaic
parameters for each printed perovskite solar wéth(1, 2 or 3 printed layers) will be measured
as well as optoelectronic measurements. The diakahd photo-degradation behaviour
principles for printed W@based PSC are considered as identical that fapimeoated We
based PSC, and thus, will not be studied.

2. Design of the printed solar cell

The spincoated perovskite solar cell surface a&0imm, this size is limited by the
gold electrode. The objective for the printing bé tperovskite solar cell should be to reach
larger active area, close to 1 <rin order to also have a gradual strategy the/actiea was
slightly increased to 0.33 &nand this size is still limited by the size of #eaporated gold
electrode which has been not changed. Howevegadsin printing the layers on all the width
of the substrate (12 mm) it has been decided tat prismaller area. The printed \&/@nd
perovskite layers have the same size (0.68 @nd the same position. The 0.422c8piro-
OMeTAD area in contact with the perovskite layesnsaller in order to reduce the probability
of contact between the HTL and the ITO. The HTL haen design to overlap the perovskite
layer where the ITO is etched: this precautiontieen taken to be sure that the gold does not
touch the ITO or the W@and in order to have a smoother offset for thepexated gold
between the superposition of the ITO, ¥Yhd perovskite (more than luf in total) and the
bare glass surface. This HTL could be easily expdrid 0.54 crh With a bigger gold electrode

the active area could be extended to 0.42 cm
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Figure IV.1 - Printed W@based perovskite solar cell fabrication design (vertical scale not
respected)

The strategy to keep small area was chosen fomtaim reasons. The first is that in
order to fabricate a solar cell it is necessarytmually etch the ITO. For the printing this
etching must be very accurate since the printinghime cannot adapt the printing for each
substrate. The minimum size of the etching caneahlpractice inferior to 1.5 mm (since the
etching is manual), a 1.5 mm band of ITO must remaathe top and 1 mm of non-printed ITO
at the bottom, both for the electrical contact dgrmeasurement. At the end the maximum
printable area is 0.75 nfnwithout considering the security margin in ortieat, for example,
the gold and the Wgdoes not touch. This etching could be in the Ritupwever be realized
by lithography in order to increase the surface.

The second reason is to ease the printing. Indeedigger the print area is, the higher
is the probability that nozzles clog during prigtinn choosing small area first we focus on
optimisation of the printing and will try to increaprogressively the printed area.
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3. Printed WOs;electron transporting layer

1. WOs nanoparticle ink

The printed WQ ink is very close from the W¥hanoparticle suspension used for the
spincoating. The ink was fabricated by the samepasy, Avantama, but the production has
stopped, and no more information is available. TW&s nanoparticle weight concentration is
about 2.5 % and the solvent is also the isoprop@munknown amount of ethylene glycol is
added to increase its viscosity. The size of narimpes, 16 nm, is suitable for inkjet printing
because it is inferior to dm (which is 1/10 of the nozzle size).

Rheological parameters

The viscosity of the W®ink has been measured at 9.2 mPa.s at 26 °C (AGndRa.s
at 30°C). Both bulk density and surface tensioneweeasured at 22 °C and were respectively
at 930 kg.i¥ and 18.4 mN.m (with the pendant drop method).

In order to determine the pola and dispersivg” components of the surface tension
of the WQ ink the contact angle of Wink droplets was measured on a Teflon surface. The
average value was measured at 56.8° (+1.7°) whdestrface energy dispersive component
yPof the Teflon surface was measured at 14.5 mNamd the polar componepfwas set at 0
mN.m! (the real measured value is 0.3 mN)mThe Owens-Wendt-Rabel and Kaelble
eqguation coupled with the Young equation (equa&dr) and the fact that the polar component

of Teflon is equal to zero give us the next equmtio

¥ (1 + cos) =2 < /YZ’)@?) (50)

The equation is easily solvable and we find a @spe component estimated at 14.01
mN/mt and a polar at 4.39 mN:n

Jettability
From these different characterisations we can et@lthe jettability of this ink. Since
this ink has been already optimized for jetting] aproduced by a third party, we will not try

to modify it.

However, the jettability of this ink is not insurdddeed, we can compute the minimum
speed required for ejection from the Weber equdfipnin taking 1Qum for a, we findv > 2.8

m.s®. This results in a Reynolds number (6) at 2.8dafooptimum jetting the Re value should
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be higher than 1. However, the computation of Obrggsnumber (11) with a value at 0.70,

smaller than the maximum of 1, allows us to fotated good jetting of the ink.

Ejection parameters

As said before the W{ink was not modified in order to keep it as thenofacturer
deliver it, indeed the fabrication of this kind iok tends to change and we did not want to
change the optimisation of the ink for each newtléoThe ejection is difficult to stabilize at

first, and new cartridge must be used every twotgs.

The ejection voltage was around 30 V and was afteange between 29 V and 33 V,
depending of the batch and the used cartridge. apjpdied waveform at the piezoelectric
elements of the nozzles is presented in the Figu& The first step in the waveform is the
withdrawal of the piezoelectric and last for abd8@fis. The first push stays fon® and creates
the head of the drop as seen in the Figure IVIha.second push helps the tails to catch up the
head (Figure 1V.3.b). The total time period of twave form is 55.6us, which allows a
maximum jetting frequency of 18 kHz. For the actpahting of the WQ ink the jetting
frequency was set at 1 kHz to stabilize the printamd to avoid clogging of the nozzle, and
more specifically to give the time to the ink talstize in the nozzle between each jetting. As
such, the volume of each drop is 1.2 pl, whichegponds to a drop diameter of [i/&. The

final speed of the drop is 2.95 M, sery close from the previously computed speed.

2.784us

|

19-392“} 55 594us

55.552us]

Figure IV.2 - Waveform applied for the W@k ejection
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a c
Figure 1IV.3 - Drop profiles of the W{ejection through time, from the beginning of the

jetting (@), to the intermediate step (b) therh®final drop (c)

Printing parameters

Once the ejection parameters were set the nexmigatiion was about printing
parameters. The thickness to obtain is around B0matres like in the case of the spincoated
WO:s. This is a low thickness for inkjet printing whichnormally superior to 100 nm, at best
[100]. This means that (1) the printing must beedmone time, a second pass is not feasible,
(2) the dropspacing must be low compared to that gite; (3) each default in printing will
result in a contact between perovskite and ITOdéfault must be minimized, which is more

difficult with only one pass.

In order to have a starting point for the drop spgave can estimate the size of the splat
as being roughly the same size as the droplet.chhbeen cartridge jets 10 pl droplets, for a
spherical droplet this corresponds to a diameteowghly 100um. A more precise estimation
would be to print droplets of W n the ITO in making sure that the droplet doetstooach

each other, which has been done in this work.

The mean diameter of WGplats on the ITO, after a 110 °C annealing, i$ 48 (=
1.4um). This is relatively small compared to the préetic100um. This reduced size of splat
is due to dewetting. Indeed, as said previously#iee for the W@the dispersive component
is estimated at 14.01 mNJmand the polar at 4.39 mNnWhich means that the polar
component is not negligible compared to the dispersne. The ITO surface without any
treatment has a polar component of 8.0 miand a dispersive one at 25.3 nN.(measured
with the contact angle measurements technic), itsniee possible to increase this low polar

component in order to increase the wettabilityhaf ink.

112



PRINTED PEROVSKITE SOLAR CELLS

One strategy to enhance the wettability of theisrtk increase the surface energy of the
ITO with surface treatment and cleaning with seld&olvent. The normal treatment used for
the spincoating of WeXto put the ITO substrate in a succession of 20 utthasonic bath of
acetone, ethanol and isopropanol. This treatmenbean adapted for VW¢@rinting. After such
treatment, an increase of the splat size is obddreen 43.6um (+ 1.4um) to 101.6 (£ 3.1
um). In order to slightly increase the wetting qtyall\VV/ozone treatment was performed. This
treatment removesAand other organic molecules adsorbed on the IT@aseirAfter the same
wet cleaning (acetone, ethanol, isopropanol, UMezdhe splat size is increased to 107.1 (+
3.1 um). Unfortunately, we know from the spincoated Wa&yer for spincoated PSC that the
UV treatment is detrimental for the efficiency, a&ing the cell to function properly. The
solution is to follow the UV treatment by a findtrasonic bath in isopropanol. In doing so we
keep a mean splat size of 104.7, slightly smalantat the end of the UV treatment with a

standard deviation of 2,8m. The results are summarized in Figure 1V.4.

101,6 ’ 104,7
100,0 -
T 80,0 -
=
5 60,0
©
a
v 40,0 A
20,0 A
0,0
Without surface Acetone ethanol Acetone Acetone
treatment isopropanol isopropanol UV  isopropanol UV
isopropanol

Figure IV.4 - Splat size of W§printed on ITO depending of the surface treatment

With contact angle measurements of three referkqaiels (water, dioodomethane and
ethylene glycol) the surface energy of the ITOha OWRK model (section 11.3.i), before and
after the treatment, was measured. Before the meftihanol/isopropanol/UV/isopropanol
treatment the dispersive component is at 25.3 misumd the polar component is at 8.0 mN.m
1 as said previously. After the selected treatmg@uetone, ethanol, isopropanol, UV,
isopropanol), the dispersive component is veryhsljgincreased to 27.9 mN:m the
improvement is very high for the polar componerthvai new value at 25.2 mN-nFrom these
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values we can compute the wetting envelop of tli@with or without treatment, this is shown
in the Figure IV.5. As we can see the wetting eopes larger after the treatments, confirming

its effectiveness.
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Figure IV.5 - Wetting envelope of the ITO before and after the
acetone/ethanol/isopropanol/UV/isopropanol treatment

WO;3 has already been used in XLIM as a printed lageofganic solar cell by Jean-
Charles Obscur [78], therefore we begun by setraalese printing parameter already used: a
drop spacing of 4om. The quality of printing is improved after thefage treatment as we
can easily see in the Figure IV.6 and Figure IWnthout the treatment the droplets do not fuse
and created separated lines at best, and sepdrafedt worst. This clearly shows the dewetting

issue.
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500pum 500pm

Figure IV.6 - WQ layer printed on ITO  Figure IV.7 - WQ layer printed on ITGfter
before treatment treatment

Perovskite solar cells were made with printed 3A&9er with different dropspacing and
thickness of this printed layer was measured wibiektak profilometer, the results are resumed
in the Figure 1V.8. The best efficiencies were afed for a drop spacing of 48m, which
corresponds to a thickness of 70 nanometres whitaker than the 50 nm spincoated WO
layers. Later, to print the perovskite layer on tdghe printed W®@the drop spacing of the
printing of the WQ has been adjust to 50n because of a new bottle of W@anoparticle
solution, with these new conditions the thickness @0 nm.
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Figure 1V.8 - Drop spacing optimisation with perovskite solar cell.
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ii. AFM and KPFM characterization
KPFM characterization was conducted to evaluatembrd function of the W@layer
once printed. This measure was effectuated on a M4@r printed on ITO and is reported in
the Table IV.2. The measured work function is nowiaB eV for printed W®layer, this could
be due to the thicker layer in the case of pritdgdr (60 nm against 50 nm).

Control layers Measured work function (eV)

ITO -4.9

FTO -4.8
Glass/CHNHzsl3xClx -5.0+0.2

Glass/WQ 5.4

Glass/ITO/Spincoated WO -5.0

Glass/FTO/TiQ/TiO>-mp -4.5

Table IV.2 - Work function measurements with KPFdlinique

AFM characterisation on printed layer was condueted is visible in the Figure 1V.9.
The highest point is around 60 nm which is in thetmeasured thickness which indicated that
some areas are not covered by 3Whe roughness (RMS) is 8 nm which is higher tioauthe

spincoated layer (4 nm).
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Figure IV.9 - AFM characterization of printed W@yer.
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iii. Perovskite solar cell with printed WOjs layer.
The perovskite solar cells with a printed W{ayer was made following the same
process than exposed in the section inVd@&sed PSC (lll.2.ii) for the perovskite, Spiro-
OMeTAD and gold layer. The W{ayer was printed as specified in the previougdawith

especially a drop spacing of 4¢k.

The best efficiency obtained was 9.3 %, withg ®f 797 mV, a dc 20.2 mA.cn? and
a FF of 57 % and is presented in the Figure VIl fabrication for this kind of PSC was
rapidly mastered and the champion cell was quickitained two months after the first try
(Figure IV.11).
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Figure 1V.10 - JV curves of the best WBased  Figure IV.11 - PCE evolution of the best perovskitéar
PSC with printed W@ cells

Compared to the objectives one more step has leadined. WQ is now fully printed
and allows the production of PSC with efficiencyta®.3 %, the results are summarized in the

Table IV.1.
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OBJECTIVES

BESTWO3 CELL

Photovoltaic parameters

Voc (mV) 830 797
Jc  (mA.cm?) 16 20.2
FF (%) 75
n (%) 10 9.3
Active area 1 cn? 20 mn?
Electrode (ITO or : 0
FTO) Non-printable 100 %
ETL Printed 100 % (printed)
Perovskite Printed
HTL Printed
Top electrode Printable 0%
Max annealing 130°C 100 %
temperature
Figure IV.4 - Comparison between the objectives\Wk-based PSC with
printed WQ

iv. Discussions on possible improvements
One limitation is the low stability of the printiagrom the jetting point of view that
force to change the nozzles head every two pristing order to enhance the quality of the
jetting one solution is to look at tig@h number. In this case tl@h number of the W@is in
the good range but the value of 0.7 is relativébge to the maximum of one. In practice the
jetting of the WQ was often erratic and this can be due to a bduilisgeof the ink. Particular
an evaporation of the solvent (the isopropanol)Wlzan increase the viscosity of the ink and

increase the value of tii@h number.

From the user’s point-of-view, who has not the asde the fabrication of the ink, the
best solution is to decrease tfdn number by lowering its viscosity by adding solvent
isopropanol in this case.

4. Printing of the perovskite layer

i.  Perovskite ink

The perovskite solution is the most important inloptimize, the strategy was to start
from the solution used for the spincoated PSC. Aanainder, here the composition of the 40

% weight concentration perovskite solution:
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The perovskite solution is prepared in adding 25% oh methylammonium iodide
(CH3NHal, 158.9 g.mof, MAI) in 600 mg of N,N-Dimethylformamide (0.948 gai', DMF).
Once the MAI is correctly dissolved in the DMF, 1dg of PbCl (278.2 g.mol) and 5.4 pl
of diiodooctane (ICH{CH.)6CHql, 1,84 g.mt, DIO). The solution is stirred during at least 1
hour at 90°C. The resulting solution has a weigircentration in perovskite of 40 %, and a
weight concentration of DIO of 1 %. The molar ratetween MAI and Pbglis 3:1, thus to
benefit the formation of C#NH3Pbk«Clx with the lowerx (i.e. the lowest amount of chlorine).

After optimisation (IV.4.iii) the perovskite conceation was increased to 50 %:

With this new formulation, the perovskite solutienprepared in adding 593 mg of
methylammonium iodide (C#MHsl, 158.9 g.mof MAI) in 940 mg of N,N-
Dimethylformamide (0.948 g.mé] DMF). Once the MAI is correctly dissolved in tBF,
347 mg of PbCGI(278.2 g.mol) and 10.1 pl of diiodooctane (IGECHz)sCHal, 1,84 g.mt,
DIO). The solution is stirred during at least 1 hati90°C. The resulting solution has a weight
concentration in perovskite of 40 %, and a weigoentration of DIO of 1 %. The molar ratio
between MAI and Pb@Gls 3:1, thus to benefit the formation of €NH3Pbk-xClx with the lower

x (i.e. the lowest amount of chlorine).

Rhbeological parameters

The viscosity of the 50 % weight concentration pskiate solution is of the ink has been
measured at 10.6 mPa.s at 26 °. Both bulk densdysarface tension were measured at 22 °C
and were respectively at 1430 kgtrmand 19.3 mN.m. If the surface tension is slightly under
the 25 mN.rt, the viscosity is in the good range.

Jettability

From these different characterisations we can et@lithe jettability of this ink. We can
compute the minimum speed required for ejectiomftbe Weber equation (7), in taking 10
um fora, we findv > 2.3 m.g". This value of ejection results in a Reynolds nan(B) at 3.13,
for an optimum jetting the Re value should be highan 1. The computation of Ohnesorge
number (11) confirm this conclusion, with a valu®#3 in the middle of the jettable [0.1;1]

range.
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ii. Printing optimisation
Printing requirements

The formation of the perovskite is promoted at 90ACwet condition. In colder
temperature the Pbik formed before the GINH3Pbk-«Clx hybrid perovskite, this also happens
when the solvent begins to dry. Indeed, when theesbevaporate the concentration rises and
hits it maximum (around 50 %), and as the:Rblthe less soluble than GNHal the Pb
precipitates at the surface of the printed sulstiidterefore, the printed layer must remain wet

until it is annealed.
The best parameters for the printing of the perb@gkm would be:

- High speed of printing: fast printing will allow teep a wet film

- Large drops: the larger the drop the faster willthe printing. Of course as the
jettability of the ink is related to the drop siiteere is, depending of the jetting
condition, a maximum size.

- Low temperature to reduce the evaporation rate.

- Lower thickness to reduce the flow of the film ahgriprinting (see section IV.4.iii)

Ejection parameters

The ejection voltage was around 33 V, dependinth@fbatch and the used cartridge.
The cartridge temperature was set at 50°C. The feaveapplied at the piezoelectric elements
of the nozzles is presented in the Figure IV.12 fitst step in the waveform is the withdrawal
of the piezoelectric and last for about 2 and is very subtle. The only push stays fon48
and create the drop as seen in the Figure 1V.18.tdtal time period of the wave form is 100
us, which allows a maximum jetting frequency of 1idzk For the actual printing of the

perovskite ink the jetting frequency was set atHz ko stabilize the printing and to avoid

2171 45.376us

100.160us

Figure IV.12 -Waveform applied for the perovskite ink ejec
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clogging of the nozzle, and more specifically teegihe time to the ink to stabilize in the nozzle
between each jetting. The resulting diameter ofpd@vskite ink droplets is 1018n, that is

to say a volume of 4.7 pl. The final speed of thepds 5.1 m.3, which is twice the speed
calculated previously. This difference could noelplained by the higher temperature use for
the printing. Indeed to reach this speed the dgsbituld be divided by at least 3 and the surface
tension multiplied by 3 (which is not possible @rtbe surface tension normal evolution is to

decrease when the temperature increases).

a b c
Figure IV.13 - Drop profiles of the perovskite igjection through time, from the beginning
of the jetting (a), to the intermediate step (l@rtho the final drop (c)

Splat size

Measuring the splat size of the printed dropletpaybvskite is not easy as the droplets
dry quickly after deposition. Therefore two sizésplat were considered: with a simple drying
at ambient temperature and with a 2h annealingdit®8°C in ambient atmosphere. The optical
microscopy characterization of both conditionsseen in the Figure 1V.14 and Figure V.15,

this pictures has been taken for a printing withr@ spacing of 200m.

The average diameter of the perovskite dropletsddat ambient temperature is 132.3
um (£ 7.7um), the mean size for the droplets annealed a€946 117.1um (£ 5.7um). Several
observations can be made. First, the larger avesplge size for the droplets dried at ambient
temperature indicates than the perovskite dropéetd to spread on the W@ enough time is
given. This time is relatively short, indeed themlets dry in less than 30 seconds. Second, the
higher standard deviation for the dried dropletenty the statistical translation for a feature
which can be easily seen: the droplets presennaregular circular shape. These shapes are

due to the dewetting of the perovskite ink on th@ in places where there is no \W@ a very
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thin layer of WQ. This is confirmed by the average splat size d@ Iii the same condition
which is 57.8um (£ 2.1um). In conclusion, the spreading of the perovskikas enhanced on
the WQ layer and when given time the splat size of theyskite ink splat increases. These
two behaviours will play a critical role in the diiyof the printing, this will be discussed in

next sections.

Figure IV.14 - perovskite printed drops Figure IV.15 - perovskite printed drops
annealed aambient temperature annealed a20°C

Printing parameters

For a drop volume of 4.66x0m?3, theoretically the height of the sphere cap formed
by the drop is 0.9 nm. If the perovskite layer wasted with a drop spacing of 11im (the
diameter of one splat) the height of the anneadledvould be nearly half of one nanometre
(with a weight concentration of 50%). In order vl a perovskite thickness of 200 nm, we
must at least print a wet layer of 400 nm. Forrdese of 0.64 crhthis correspond to a volume
of 2.6x10' m3. For this volume and a number of 5500 drops thisesponds to a drop spacing
of 108um. In practice, with a drops pacing of & the film is already dry before the end of
the printing because the thickness of the wet ilitoo low and the DMF evaporates quickly.
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con\é\:;ltgr};iion 1 layer 2 layers 3 layers
Drop spacing | Mean D Best Mean D Best Mean D Best
(um) PCE (%) PCE (%) | PCE (%) PCE (%) | PCE (%) PCE (%)
15 04 0,4 0,7
20 0,0 0,0 0,0 0,0 0,0 0,0
40% 25 0,6 0,2 0,8
35 0,6 0,0 0,6 4,8 0,7 5,6
45 4,6 1,2 6,2
55 3,9 2,0 5,5 4,3 0,4 4,7 5,2 1,1 6,2
1 layer 2 layers
Dropspacing | Mean . Best Mean . Best PCE
(um) PCE (%) PCE (%) | PCE (%) (%)
30% 25 0,9 1,2 2,6
35 3,7 1,3 5,2 0,2 0,2 0,5
45 3,6 1,4 5,0
1 layer
Dropspacing | Mean D Best
(um) PCE (%) PCE (%)
50% 30 4,8 1,2 59
35 44 1,9 7,6
40 0,0 0,0 0,0

Table 1V.3 - PCE of PSC with printed Wyer and printed perovskite layer, dependindhefdrop

spacing of the perovskite printing and perovskigghit concentration, PCE measured with a AM 1.5
G 100 mW.crt illumination source, masked at 0.20cm

Therefore, several drop spacing values, severabeumf printed overlapping layers

and different concentration of perovskite weredrie order to determine the best printing

parameters to use. The results are presented foltbeing Table IV.3. When the printing of

the perovskite is not stable and reproducible tnaber of working cell is often only of one

cell for three printed cells. This first criteriadicated us which drop spacing values to exclude.

The other criteria was a good compromise betweehigihest mean PCE of the working cells,

the lowest standard deviation and the value ob#st obtained PCE. The best mean efficiencies

123




PRINTED PEROVSKITE SOLAR CELLS

with lowest standard deviation were obtained witie @rinted layer for a 40 % weight
concentration and for a drop spacing ofyd and the smaller drop spacing was detrimental
for the efficiency. When a greater number of layars printed the mean efficiencies are
superior to 4.3 % with a maximum at 5.2 %. Heresee two antagonist conclusions: using
smaller dropspacing will increase the quantity efqvskite matter but will be reduce the
efficiencies, increasing the number of layer wiltiease the quantity of perovskite matter and
increase the mean efficiency. The difference betvirese two situations are the printing time,
in one situation a greater quantity of perovslgterinted in one time when in the other situation
the larger quantity of perovskite is depositedemesal step. In the first condition the wet film
is thick and as explained in the next section ¢hesites flows in the layer and in the end a low
film quality. In the last condition the solvent hase to dry between each layer printing and
the thickness of the wet film at the end is redu@edeeper analysis is addressed in the next

section.

From this finding an ink with a higher concentrativas tested: 50 % in weight of
perovskite. With a drop spacing of 35 the bestidficies was obtained at 7.6 % with a mean
efficiency at 4.4 %.This parameter has been chfisats ability to produce cells with a highest
PCE.

iii. Thickness variation of printed perovskite layer

Phenomena

To illustrate the problematics of the perovskiteang this section will present one of
the phenomena that occur when the printings istattilized. This phenomenon is due to the
thickness variation across the printed perovskieid and the result be seen in the Figure 1V.16.
In this picture we can identify two main featuresme white shapes in the vertical direction
and a colour variation from black to brown. Of csrithese features are detrimental to the
functioning of the PSC: the white shapes are anethisa lack of perovskite creating contact
between W@ and the Spiro-OMeTAD and possibly with the goldatlode. The variation of
colour reflects a variation of thickness which lsoaa problem, indeed in order to print larger
area the thickness of printed Spiro-OMeTAD shoulecsely adjusted in order to correctly

cover even the thicker perovskite area which isaficburse easily doable. In order to obtain a
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homogenous thickness layer and to remove theses wshapes this section will explain the

causes of the phenomena.

r. — —

uonoalip Sunuid

Figure IV.16 - Not stabilized primmg-of printed
perovskite layer on printed WQayer

The steps leading to this bad quality of printing detailed in the Figure 1V.17:

The first step (a) is the printing of the firstdm of droplets, depending of the
number of nozzles the number of simultaneouslytedifines lies between 2 and
6 nozzles. The dotted lines symbolize the heigbtwaidth of the printed lines.
During the second step (b), which takes place batvtke printing of the first
lines and the printing of the second row, the lihage the time to spread. The
line of ink spreads on the Wdayer and not on the ITO side (this is
demonstrated further in the section IV.4.iv)

In the third step (c), as the drop spacing is85 the second lines is printed on
70 % on the last line of droplets. At the beginnaidhis step the new lines of
ink are not stabilized, furthermore the surfacetacinbetween this second lines
and the WQ s smaller than the one between the first linesthe same layer.
As aresult, the coalescence of the second livegrtbthe first lines is provoked.
More specifically, a light dewetting occurs and thlke excess at the top of the
second line in displaced toward the first linedyahe boundary layer of the ink
film stays on the printed W{ayer.

The fourth step (d) between the printing of theoselcand third line presents the

resulting shape profile of the perovskite film.
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- The fifth step (e) represents the profile of thienfiafter completion of the
printing. The film is thicker at the beginning dfet printing and thinner at the
end.

- The sixth step (f) is the annealing of the filmBatC. All across the perovskite
film the evaporation rate is identical, but sinle thickness is not homogenous
the thinner part will be dry quicker. As a resuhge concentration of the
precursors is not constant trough the layer. Threeotration will be higher in
the thinner part and lower in the thicker part.sTradient creates a precursor
flux from the end to the beginning area. Moreowkrring drying the faster
evaporation of the solvent in the thinner part tsda moving front from the
end to the beginning area. This front push forwsodhe of the liquid and

increase the heterogeneity of the annealed layer.

' Inkjet nozzle

a) Printing of the first lines of droplets

b) Spreading of the first rows
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Ink flux

Dewetting

1stro

c) Printing of the second rows of droplets

d) Final state of the droplets after fusion

e) Profile of the perovskite film after printing

DMF evaporation

t t+ t 1

f) Annealing at 90°C after the completed printing

Figure IV.17 - Profile view of the substrate anejpst of the perovskite printing (vertical and
horizontal scales not respected)
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This flows of precursors and this moving front ¢esethese white shapes oriented from
the end to the beginning area of the printing. lk@mnore, the precursors flux speed is probably
not the same for both precursor (Pb@hd CHNHzl), some areas would then lack of one
precursors which provokes this change of colourc@irse the variation of thickness also

explains the variation of colour, from brown todka

The hypothesis was that the viscosity of the inks ¥ealow or the thickness of the wet
film was too high. In order to reduce the heightha film two solution was investigated: using
high drop spacing with 40 % and 30 % perovskitegiveconcentration, and as demonstrated
previously this solution was not satisfactory. fiorease the viscosity was the other solution
and is developed in the next section, as well asctiaracterisation of the other inks with

different perovskite weight concentration.

Ink optimisation

To increase the viscosity one solution is to modifig concentration of hybrid
perovskite, as resumed in the Table 1V.4. By madgythe weight concentration of the ink the
viscosity is modified from 2.3 to 10.6 mPa.s, theimum being close to 0.92 mPa.s which is
the viscosity of the pristine DMF. The value offage tension maximum is found to be for a
perovskite weight concentration of 40 %. The exaakimum of surface tension has not been
investigated since its variation is not significaetween 30 % and 50 % of perovskite weight
concentration. 50 % is the maximum concentraticachable giving the solubility of the
precursors. One observation to make is that tlreldoctane additive seems to play a surfactant
role by reducing the surface tension.

Perovskite weight
concentration

40 % 50 %

Diiodooctane yvelght 0% 1% 1%
concentration
Density (kg.nd) 1250 1340 1430
Viscosity (mPa.s) 2.3 8.8 10.5
. 21.2
Surface tension (MN.1) 18.5 216 19.3
Minimum ejei:tlon speed 243 251 230
(m.s?)
Re 13.2 3.8 3.1
Oh 0.15 0.52 0.63

Table 1V.4 - Ejection parameters of the perovskites depending of the GINH3PbkxClx
weight concentratiorf. Surface tension of the perovskite ink without ddoctane
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The first effect of this perovskite ink optimizatias the reduction of thRe number:
from the 30 % perovskite concentration witRevalue of 13.2 (too high to have a stable jetting)
to 3.1 which is in the working range. The 40 % aantcation ink is already jettable and the first
printed perovskite layer was in fact used but thatipg was not stable (as demonstrated
previously). The other effect of the concentratiiocrease is the enhancing of & number

to approach the middle of the [0.1;1] range.

Other optimisation tries

Other optimisations were tried to increase theossy of the perovskite. In a perovskite
ink with a weight concentration of 30 % polyethyeglycol (PEG) was added. The objective
was to increase the viscosity of the ink in ordereduce the previous problematics. The
viscosity and the surface tension of the ink wereasured for different value of PEG
concentrations (Figure 1V.18). The viscosity of thk increased from 2.3 to 3.9 mPa.s when
the weight concentration of PEG increased from @0%. More precisely the viscosity
increase is the most sensible up to 5 % weightaunation of PEG into the perovskite ink.
The surface tension does not evolve with the PE@eaatration. This new value of viscosity

increases th®hfrom 0.15 to 0.23 which enhance the stability & jitting.
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Figure IV.18 - PEG influence on viscosity and sceféension on 30 % weight concentration
perovskite ink.

129



PRINTED PEROVSKITE SOLAR CELLS

Perovskite solar cells were made using printeds\Wé§er and printed perovskite with
30 % weight concentration with a weight concentratof 1% for DIO and 5 % for PEG.
Unfortunately, upon annealing the perovskite lagyessented a yellow colour, and the cells

were not working properly showing only short citdoghaviour.

Other solution could be to change part of the sulwé the perovskite ink. One of the
most used solvents for perovskite are dimethylosudie (DMSO) andyjammabutyrolactone
(GBL) which have a higher viscosity than the on¢éhef DMF. The GBL possesses a viscosity
of 1.7 mPa.s while the DMSO is at 2 mPa.s, twicebigsas the viscosity of the DMF.
Furthermore, in order to reduce the rate of evdpmorat would be a good idea to choose a
solvent with a lower vapor pressure. At 20°C DMFRis3.77 mbar, DMSO at 0.6 mbar and
GBL at 1.5 mbar. Thus, in replacing part of the DI\ one of these two solvents it will
naturally increase the viscosity and reduce th@enaion rate allowing a better homogeneity
of the thickness while keeping a lower averagektiess. Finally in order to reduce again the
evaporation rate the printing could be conductednratmosphere already saturated with the

chosen solvents.

iv. Surface energy and perovskite composition influence on wettability.

This final section will deal with the role of chibe in the perovskite. The chlorine is
used as a second halide in the composition of ybedhperovskite. First we will speak about
the current state of the art about the two maimi¢dabon methods and about the effect of
chlorine in the perovskite formation. The second pall show the result of this work and

hypothesis about one of the possibly revealedabtlorine.

1 iterature

The simplest possible hybrid perovskite iss8H3Pbk, as such this composition was
the first to be intensely used in research. Witk kind of perovskite fabrication method is the
sequential deposition [101], also known as “tw@st&ssentially this method consists in the
spincoating of a first solution of Phin isopropanol, a short annealing at 90 °C forinthe
surface a first layer of PblThe second step is the soaking of the substrate CHNHs
solution, often in DMF. During this soaking the geskite forms, turning the colour of the film
from yellow to brown, an annealing of 2 hours at®finishes the perovskite formation. With
this technic PSCs overl5 % PCE are easily obtd@t.

The one-step method is the other strategy. Thimiegs the one used in this thesis and

has been chosen to ease the printing step as akengostep of the previous method is not

130



PRINTED PEROVSKITE SOLAR CELLS

doable in the inkjet method, at least not with tised printing machine. The one-step method
performs well with the use of chlorine in the peskite but a CRENH3Pbk perovskite solution
would produce layer with low quality and low perfaances [102]. The chlorine can come from
the use of CENH3Cl (instead of CBENHal) or in the case of this work from PhGlnstead of
Pbk).

The true role of chlorine in the formation of peskite is not confirmed but several
hypothesis already exists, of course the chlorioelcc play a beneficial role for multiple

explanations:

The use of CENHzCl allows a better control of the perovskite forroatprocess

[102], more precisely in facilitating the evapooatiof CHHNHz" in excess at low

annealing temperature [103].

- The chlorine improves the interface between theyskites and the carrier
transport layer, however does not improve crysiaiphology [104].

- The chlorine tends to concentrate at the interfate/een the perovskite layer
and the ETL, increasing the binding energy of it [105].

- At the interface the chlorine modifies the intedagectronic structures. More
precisely it leads to an interfacial coupling betwehe lead p and the titanium
d conduction band states and favourites highetrelejection [105].

- At last, the chlorine would tend to enhance thenfation of a p-i-n structures

easing charge extraction [106].

Furthermore, several studies shows the absenddarire, or at least the low amount,
at the end of the annealing. From XRD data the losrman is that the Cl incorporation is about
3-4% [25]. Other data suggest that the Cl incorponas very weak at the surface with a molar
ratio (relative to the iodine) inferior to 0.07 knelatively high at 0.40 near the ETL surface
[107].

Wettability interpretation

The use of chlorine for the one-step fabricatiomdie us to hypothesis the possible
influence of chlorine on the wettability of the peskite ink. For this experimentation only
contact angle measurements was used to computeitfaEe energy components, dispersive

and polar, in the OWRK model. Three solvents weseduas reference liquids:
- Diiodomethane (DIM)
- Ethylene glycol (EG)
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- Water

The software used for this characterisation hagHerreference liquid the value of

dispersive and polar component presented in théeeTslb.

LiQuID DIM EG H.O |
Dispersive
component 50.8 19.0 21.8

(mN.mh)
Polar
component 0 3.0 51.0
(mN.m%)
Table IV.5 - Tension surface components of theresfee liquids

These three liquids were used to determine thaseignergy of both mesoporous-7iO
layer and W@layer (respectively on FTO and ITO) as well asatednine the surface energy

of five materials used as reference surfaces:

- Teflon

- PVDF (Polyvinylidene fluoride)

- PMMA (Poly(methyl methacrylate))
- PS (polystyrene)

- lnox

For information here (Table IV.6) are the measwaldie of contacted angle for each

reference liquids on the reference surfaces.

SURFACES
Teflon PVDF PMMA PS  Inox
DIM 82.6+2.3 51.2+2.1 32.3+1.3 32.4+1.7 47.0+2.4
EG 945+ 1.4 56.1+1.7 48.8+0.9 59.7+1.0 50.6+1.8

LIQUIDS

H2O 108.0+2.0| 75.7+1.2 68.2+2.2 92.0+2.2 | 73.4+238

Table IV.6 - Contact angle of reference liquidsreference solid.

From this contact angle values a linear regressms effectuated to compute the polar
and dispersive component for our reference surfdlcesesults are presented in the Table IV.7
alongside comparison with known value of the litere. No source or comparison has been

found for inox steel.
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Surrace [NTEflon PVDF PMMA | PS Inox
COMPUTED SURFACE ENERGY
Dispersive
component 155 27.6 35.8 42.7 39.8
(mN.mh)
Polar
component 0.3 6.0 5.6 0.4 6.4
(mN.mh)
LITERATURE REFERENCES
Dispersive
componen! 22.0 23.3| 31.3 35.8 41.p 414 -
(mN.mh)
Polar
componen| 0.3 7.0 5.4 4.4 0.8 0.4 -
(mN.mh)
Reference [108] [109][110] [109] [109]]| [110] -

Table IV.7 - Surface energy for reference surfaces.

The next step was to measure the contact angleiffiedent perovskite inks on the five
reference surface materials. Each solution is caegof a perovskite weight concentration of
40 % in DMF, and with a molar ratio of 3:1 for t8&sNHsl and PbX (X=I1,Br,Cl). These four

perovskite are:

- CHsNHzPbk (1 ink)

- CHsNH3Pbk«Clx (C ink)

- CHsNH3Pbk«Clx with 1% wt DIO (D ink)
- CHsNH3Pbk.Brx (B ink)

The results are summarized in the Table IV.8. Tlearest result is that chlorine
decreases the contact angle on PVDF and Inox wliideeontact angle on the other surfaces
remain in the range of the standard deviation measent. This confirms the beneficial effect
of chlorine in improving a better wettability andus inducing a better crystal perovskite
formation and a better impregnation in porous niatéike mesoporous Ti® On the other
hand, the use of DIO will decrease the wettabilityncreasing the overall surface tension of
the ink (as seen previously) promoting the behaviodorm a drop instead of forming a film.

When bromide is used instead of chlorine the cadratagle increases on all surfaces
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SURFACES
Teflon PVDF  PMMA | PS Inox

I 68.8+0.8 23.3£0.7 20.3+1.6 28.4+0.8 | 46.0+1.2

X
% C 67.7+ 2.0 18.9+1.3 23.8+1.6 30.9+1.6 | 38.6+£1.9
<
2
> D 71.4+1 24.3£1.0 23.4+13 30.4+1.4 | 41.3+28
4

B 73.6+2.1 23.1+15 25.0+11 34.1+15 | 42.2+1.6

Table V.8 - Contact angle of perovskite ink orerehce surfaces.

In order to have a better comprehension of thishaeism and its consequence in term
of perovskite ink spreading and perovskite formatihe component and dispersive part of the
surface energy of each ETL (Ti@nd WQ) and of the surface tension of each ink has been
computed. To do so the contact angles of the ttefseence liquids were measured and the
surface energy of each solid was computed by liregression (see the explanation in section

I1.3.i). The results are summarized in the TablSIV

Surrace [TIOZ TiO>-mp | WOs
Dispersive
componen! 26.2 30.0 26.7
(mN.mh)
Polar

component 38.9 33.7 36.7
(mN.m%)

Table IV.9 - Surface energy of the ETLs

The three ETL are very close from one another, @ajie the dense Ti®and WQ
layers. Indeed as these two layers are very tbsgpgctively 20 and 50 nm) the surface energy

of ITO and FTO has probably on strong influencearensurface energy of each ETL.

In measuring the contact angle of the drop of tiperbvskite inks on the 5 reference
surface materials followed by a linear regressisith(the OWRK model) the dispersive and

polar components of the surface tensions of theésewere estimated (Table 1V.10).
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PEROVSKITE
INK
Dispersive
component 36.8 34.6 34.9 33.3
(mN.mh)
Polar
component 3.9 51 5.9 7.7
(mN.nm%)

Table IV.10 - Surface tension component of the y&kibe inks.

(@)
O
W

From these values of polar and dispersive compsneinthe ETL and of the surface
tension of ink it is possible to draw the wettingvelope of each ETL as well as indicate the
position of each ink in this diagram (Figure IV.18) this diagram the wetting envelop of the
dense TiQlayer is not represented for two reasons: (1p#revskite inks are never in contact

with this layer (2) the W@wetting envelop is very similar and was kept alémethe ease of
reading.

Several conclusions can been made from this diagram
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Dispersive component (mN.m‘1)

Figure IV.19 - Wetting envelope ofdlETL and wettabilit
of various perovskite inks

- The WQ and mesoporous-Tiare very close in term of wetting envelop. Each
perovskite ink have a very good predicted wetthbitin the two surfaces,
independently of their composition. We can seedHict in the section IV.4.ii
when the splat of the perovskite ink is reportetdeal 32um for a drop size of
only 10um.

- The position of each ink in the diagram is unignecomparing the iodine-based
perovskite and the chlorine-based perovskite wetlsaethe position of the

chlorine-based perovskite point is further inside wvettability envelope. This
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could indicate us that for porous material the iegmation of the ink would be
slightly better. Thus chlorine would improve thettability of the ink in certain
conditions. This effect of chlorine has alreadyrbebserved previously in the
Table IV.8 when the contact angle is reduced foDP\and Inox which are the
reference material with the higher dispersive conepo.

- The DIO tends to slightly decrease the wettabibty the chlorine-based
perovskite, as already observed in the result®fTiéble 1V.8.

One hypothesis to explain the better wettabilitthef chlorine-based perovskite ink was
that chlorine was more electronegative that iod#h&6 against 2.66 on the Pauling scale) thus
increasing the polarity of the components of the(mamely the methylammonium halide). The
increase in polar component of the perovskite imfage tension can been seen in the Table
IV.10. In order to test this hypothesis, the samgeements was conducted in replacing the
chlorine by bromine which possess an intermedidgetrenegativity at 2.96. The results
indicated that the polar component of bromine-bagerbvskite is stronger than for the

chlorine-based ink which contradict our first hylpesis.

In conclusion the use of chlorine tends to increbsewettability of the perovskite ink
compared to ink containing only iodine. This hasrbedemonstrated by contact angle
measurements and wettability envelop and compiyibdalculation. The origin of this
behaviour is unknown for the moment and the eféé@lectronegativity can be ruled out. At
last, the effect of dilodooctane (DIO) is not clead does not seems to play a significant role
in wettability.

v. Characterisation of printed perovskite layer

Morphology

The thickness of the printed perovskite film hasrbeneasured with a profilometer at
1.8um. Interestingly, for a printed layer with a drggasing of 35um with droplets volume of
4.7 picolitre, a 50 % weight concentration peroteskik and a 0.64 chrsurface the predicted
height is of 1.8um. That indicates us that the printing of the pekite is stable since all the
desired matter is ejected and no nozzles clog dupnnting. This thickness is very high
compared to the 200 nm for the spincoated perawskitthe W@ layer, however this high

thickness is not detrimental to the efficiencylud perovskite cell (see further).

The Figure 1V.20 presents the picture of the pdnperovskite layer taken with an

optical microscope. The high thickness of the pdnperovskite layer is visible in this picture
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as holes in the perovskite layer are barely visaloleé no transmitted light is visible through the
layer. The roughness of the perovskite, estimatau the AFM data (Figure 1V.21) is 83 nm
(RMS). The difference between the deepest andighest points is 462 nm, this indicates that
the coverture is good since the thickness iquin8

0,47 pm
0,40
0,35

| 030

Figure 1V.20 - Optical microscopy picture of Figure IV.21 -AFM chargcterization of the print
printed perovskite layer on printed Wiyer. perovskite layer.

PL. and TPI.RD

For the steady-state PL characterisation the mripgFovskite layers were illuminated
at 509.2 nm and the photoluminescence emissionst eeas observed between 700 nm and
820 nm and is presented in the Figure IV.22. Theeshows a well-defined peak centred at
790 nm. This is a similar shape than the one obksefor the perovskite layer on TA&TL
(Figure 111.20), the second peak around 750 nmtedl#o the presence of water is not visible
confirming again the very good quality of the filithis absence of water can be the result of a

thicker perovskite layer protecting most of thediafrom being in contact with humidity.

Time-resolved PL decay measurement was performdteoprinted perovskite layers
rapidly following the printing. For this charactgation the perovskite layer was illuminated
with a 509.2 nm laser and the time before a radiagcombination (at 780 nm) was measured.
This measurement is summarized in the Figure IV.23.
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Figure IV.22 - Steady-state PL measurements of
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Figure IV.23 - TRPLD curves of the printed

perovskite layer on printed Wsayer.

Exponential fitting on the time-resolved PL decay the printed perovskite was

performed to determine the decay time constantnfdthematical explanations have already

been developed in the section Ill.2.vi. The resatts presented in the Table V.11 where the

previous result for spincoated perovskite andaAyers are also reported.

a Tq a T2 Ta ncr

! (ns) 2 (ns) (ns) (%)
Spincoated perovskite on spincoated WQ 3965 1.1 329 16.6 2.3 99
Printed perovskite on printed WO 105 12.3 - - 12.3 94.8

Table IV.11 - Life time constants of printed andngpated perovskite on Wi®oth

spincoated and printed.

The average decay time constanof the printed perovskite layer photoluminescence

value is 12.3 ns against 2.3 ns for the spincoptrdvskite layer. The comparison here is

difficult since the thickness of the printed peiates layer is nine times stronger than for the

spincoated layer. This could indicate that the simésrecombination of exciton occurs later for

the printed layer or that the quenching of the tetecin less efficient in this printed layer.

However, the electrons photo-generated at the cityer could be too far away from the

WOs3 layer to be collected provoking a lower quenchefficiency. The charge transfer

efficiency decreasing from 99 % to 94.8 % illustdhthis loss in quenching efficiency.

printed on a printed Wflayer (Figure 1V.24). This printed perovskite layhows a crystal

XRD
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structure with two distinctive (110) and (220) daftion peaks at 12.2°A() and 28.3° ¥)
[111]. The peak at 12.7%)is associated to PHJ103] and this peak is very small, indicating
the overall good quality of this printed perovskdger.
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20 (%)
Figure IV.24 - XRD patterns correspondingptinted
perovskite films

vi. Perovskite solar cells with printed WO3 and printed perovskite layers

The best cell obtained with printed W@nd printed perovskite layer reached 8.1 % in
backward measurements, with adbf 745 mV a dc of 21 mA.cn? with a FF a 52 % (Figure
IV.8). This PCE has been obtained after 7 montheak on the printing of perovskite. As
stated in the previous section the critical stepeevthe evolution of the perovskite layer before
the annealing. Furthermore, a new bottle of ¥8Glution delivered during this work forced us
to optimize again the printing of the Wyer. However, the critical evolution during this
printing optimisation was to evolve from a 40 % gldi perovskite ink to a 50 % weight
concentration. This allowed to increase the PCEnf@®&2 % to 7.6 % in the first time.
Furthermore, with this new formulation, the prigfizvas more stable and the layer more

homogeneous.

139



PRINTED PEROVSKITE SOLAR CELLS

Voltage (V)
16 4
o0 01 02 03 04 05 06 07 08 6
0 PR S U PP E R EP S S| 14 -
1 FW BW : /
] Voe(mV) 598 745 J 121
i 10 4
54 e 213 21 ¢ / g ° 4
4 2 ' ; a2 < "
1 (mA.cm™®) / o & N "
< FF (%) 49 52 / Q 6 N
g 10 PCE(%) 62 8,1 /! ol a -
< FW Vs .
£ ]—=—BwW Ve 2
£ .
-— < _/ i A A
5 '1 5 = ° /l/ 0 T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T 1
o .
5 o s o s s s s T i T s s B i T T B i s
O . _a— Qéve},oef SSS Q«\ D PP 07}’0?} ,0'2} ,Qe} SO Q«\ S @ S ,oe} Qéve}vé SO S S
20 o e FESCION S T +Y Bvﬁ@&d}o ST ¥ oY 5}@\0@0&0@0&@ SN ¥
- _'5\5/5\6/2,249\-/-1'/ SF ¢ (OQJQ O 3¢ 929 O ¢
TiO,-based PSC
25 A WO,-based PSC
A WO, -based PSC with printed WO,

Figure IV.25 - JV curves of the best Wfased
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WO3-based PSC with printed WO, and printed perovskite

Figure IV.26 - PCE evolution of the best perovskibéar

with printed W@and printed perovskite cells

Compared to the objectives thedis still in an acceptable range. In fact 795 mV was
the best value of thedé¢ obtained in the case of spincoated YWdile we obtain a 745 mV
Voc with a printed WQ. These PSCs have now two printed layers, and epirelatively
low performances compared to the objective, thesaet was taken to continue toward the
printing of the HTL. Indeed, since the printingtbe Spiro-OMeTAD depends on the layer
guality of the printed perovskite the probabilityat further optimisations of the perovskite
printing would be necessary was evaluated as velgthigh. This strategy allows also to study

the feasibility of the Spiro-OMeTAD printing and itimitations.
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OBJECTIVES

BEST PRINTED WO3 AND PRINTED
PEROVSKITE CELL COMPARISON

Photovoltaic parameters

Voc (mV) 830
Jc  (mA.cm?) 16 21
FF (%) 75
PCE (%) 10
Active area 1 cn? 20 mn?
Electrode (ITO or : 0
FTO) Non-printable 100 %
ETL Printed 100 % (printed)
Perovskite Printed 100 % (printed)
HTL Printed
Top electrode Printable 0%
Max annealing 130°C 110 °C

temperature

Table IV.12 - Comparison between the objectivessmdcoated printable
WOzs-based PSC

5. Printing of the hole transporting layer printing

1. HTL ink requirements

This section will briefly present the requiremerits the HTM ink. For direct
configurations processed from solution using teghes, such as spray-coating, spin-coating
or printing, the best HTM are those that do notinexgstrong polar and protic solvent, as such
solvents could dissolve the perovskite layer. Havethe HTM solvent should exhibit a good
affinity with the surface of the perovskites. Ta gebetter understanding of perovskite layer
surface energy and its impact on solution-processirthe solar cell, we performed surface

energy measurements with three reference liquidSkyNH3zPbk-xClx.
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Contact Angles Measurements with Sessile Drop

Technique

Liquid Contact angle
H20 49.8°
EG 26.6°
Ethanol 7.3°

Surface Energy (Owens—Wendt Theory) (mJ- %)
Total surface energys (yd + vp) 51.9
Dispersive component 6.2

Polar component, 45.7

Figure IV.27 - Contact angle and surface energy of
CHsNH3Pbk-xClx hybrid perovskite
These measurements have been made on 600 nm-tH¥H3Pbk-Clx layers, spin
coated directly on glass and annealed in air &®@Auring 120 min. These results show that
the surface energy of the perovskite layer is priipéor about 88%) due to polar interactions.
In principle, the solvent of the HTM should havewface tension energy with a high polar
contribution in order to tie in with the polar-anted profile of the perovskite surface energy.
The surface tension of a liquid is defined by itaimsolvent, but also by the species in
suspension or in dilution: in other words, the prez of an HTM can completely modify the
surface tension profile of the solvent. Perovskdes also sensitive to humidity, possibly
oxygen and doping from other layers: a perfect kduld be a layer that protects perovskite
material from the air and prevents the diffusionesternal moieties or elements inside the
absorber. Moreover, a perfect HTM would have topprty fill the roughness of perovskite
layer. Finally, as the HTM is deposited secondsi In the inverted architecture, it should be
associated with a low annealing temperature arftbe annealing time in order to avoid any
degradation of the underlying materials. Typicathge suitable post-processing upper limit is

to use an annealing temperature of 60 °C, fortlesms 1 hour [112].

ii. Spiro-OMeTAD ink
Literature: Spiro-OMeTAD printing and inkjet printing
There is no found studies about the printabilit$pfro-OMeTAD despite being known
since 1995. This will probably be the first publork on the use of Spiro-OmeTAD for inkjet
printing. For this step the Spiro-OmeTAD solutiosed as ink is the classical solution used

previously, it is prepared three days before pranti

In a nitrogen glovebox 106 mg of Bis(trifluorometiegsulfonimide lithium salt (Li salt)
is added in 200 ul of acetonitrile. Separatelygnmbient condition, 73.2 mg of Spiro-OMeTAD
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is added to 1 ml of chlorobenzene, then 17.5 jithefithium salt/acetronile is added followed
by 28,8 ul of 4-tert-Butylpyridine (tBP). The salut is then put to be stirred up until its use.
Before their printing the Spiro-OMeTAD must bediked with a 0.2 um PTFE filter.

Rbheological parameters and jettability

The rheological measurements and the calculatioth@Re and Oh number (Table
IV.13) indicate that the Spiro-OMeTAD is in the lirof stable jettability. The surface tension
is lower than the advised 25 mNnby the furnisher of the Dimatix printer. TiRenumber
value is superior to 1 but tl@h number value is at that the lowest limit valuee Tiredicted

ejection speed is 2.47 rit.s

Density (kg.nv) 1117
Viscosity (mPa.s) 1.3
Surface tension (MN.1) 17.03
Ejection speed (M3 2.47
Re 21
Oh 0.1

Table IV.13 - Rheological parameters and jettaboit Spiro-OMeTAD
iit.  Printing optimisation
Ejection parameters
The speed of ejection measured on the inkjet pgminachine is 2.94 misGiving the

high evaporation rate of the Spiro-OMeTAD solvéntas not possible to measure the droplets

volume.

Splat size

The splat size of the Spiro-OMeTAD printed on pefote later is not measurable
because of the high roughness of the perovskitacicompared to the amount of Spiro-
OMeTAD contained in one droplet. Moreover the Sfid@leTAD splats are invisible once
deposited on the perovskite layer because of thie dypacity of the perovskite. Therefore the
splat size of the Spiro-OMeTAD was estimated thdalsplat measurements on ITO and WO
The mean splat size on ITO is 103.7 + @2 while on WQ itis 126.2 + 5.7um.

Printing parameters
The drop spacing parameter was optimized from tkasure of the thickness of the
spincoated Spiro-OMeTAD layer and of the printedr&@MeTAD layer. The tested drop-

spacing value were 40, 45 and g and was chosen arbitrary. However, these valwss w
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found to produce a film thickness close to the ohehe spincoated layer, the results are
summarized in the Table 1V.14. The thickness wamah measured on the side of the Spiro-
OMeTAD layer which is in contact of the glass siitagas not possible to measure its thickness

on the perovskite layer which is too rough.

iv. Perovskite solar cells with three printed layers
The best PSC with three inkjet printed layers wataioed in May 2017 with a PCE of
10.7 %. These three printed layers were VOHNH3Pbk«Clx perovskite and Spiro-
OMeTAD. Before to achieve such a high working pkottaic cell the optimisation of the
printing of the Spiro-OMeTAD lasted less than 4 iinen In fact, most of the progress were

made in the process of the \W@nd perovskite layers (see next sections).

Spincoated

Drop spacing (um)

40 45 50
Average 283 330 277 233
thickness
Standard 13 44 13 34
deviation

Table IV.14 - Thickness of the printed layer of ISpi

OMeTAD

Voltage (V)
00 01 02 03 04 05 06
0- FW BW
] Voc(mV) 582 744
54 e .22 221
1 (mA.cm™)
FF (%) 50 65
101 PCE(%) 64 10,7
FW
1= BW
-15—_
-20 1 .
gt T
=251

Figure 1V.28 - JV curves of the best PSC with three
printed layers
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Figure IV.29 - A PSC with
printed WQ, perovskite, and
Spiro-OMeTAD layers
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Figure IV.30 - PCE evolution of the best perovskibéar cells

This champion cell is visible in the Figure IV.2@m@gside its JV curves of the Figure
I1.3. Compared to the objectives thed/of the best cell, which is at 744 mV, is in thegutable
range but still slightly lower. Thesd is high enough at 22 mA.cfn For the first time the
resulting PCE is higher that the objective whicltoiscourse a very good result. In term of

fabrication the printing is now complete for theeth inner layers and the annealing is lower

than 130 °C.
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BEST PRINTED WO3 AND
OBJECTIVES |PRINTED PEROVSKITE C ELL
COMPARISON
Photovoltaic parameters
Voc (mV) 830
Jc  (MA.cm?) 16 22
FF (%) 75
PCE (%) 10 10.7
Active area 1 cn? 20 mn?
Electrode (ITO g . :
FTO) Non-printablg Non-printable
ETL Printed printed
Perovskite Printed printed
HTL Printed printed
Top electrode | Printable Non-printable
Max annealing 130°C 110 °C
temperature

Table IV.15 - Comparison between the objectivesspidcoated printable
WOs-based PSC

v. LBIC and LLBIV

Light Beam Induced Current (LBIC) and Light Beanduced Voltage (LBIV) was
conducted on Ti@based PSC and printed Wased PSC (with three printed layer). In this
characterisation technic the cell is illuminatedally by a pulsating white light spot which
sweeps all the surface of the cell. The acquisitbrthe resulting current (in short-circuit
condition) or the resulting voltage (in open-citcoondition) is proceed synchronously with

the pulsating white light.

The LBIC and LBIV characterizations of photovoltaiell can give insight on the
physical default and features as well as the iatéaf characteristics of the layers stacking. For
the LBIV characterisation technics no current idsmbed because of the open-circuit condition.
In this condition the collected value ob¥ gives information about, for example, the local
shunt resistance or capacitive effects. For theQ,Bhe short-circuit current condition allows
to identify the difference in photo-generation gbuhe layer and interfacial and recombination

defects.
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The illuminated spot size is 2@@n? with a power illumination of 0.5 mW. The shape
of the electrode is visible in the four next figswrén the Figure 1V.31 the superposition of the
printed perovskite solar cell design and a LBIC/&tography has been done to help the

identification of the electrode.

Figure IV.31 - Superposition of LBIV or LBIC cartography with
the design of the printed PSC

The LBIC (Figure 1V.32) of the spincoated Tidased PSC shows a relatively
homogenous cell in term of photo-generated currgatthe spincoating fabrication technic
does not produce layer with a preferred orientati@can confirm that the aliasing of the
picture is only due to the acquisition sweepindntec. Some defaults can be identified as little
yellow dots in the right-top corner of the eleceodhese little dots could be low-current-
generation areas due to a bad processing of thexialdtrystallisation defect, foreign element).
In the LBIV (Figure IV.33) cartography blurry hoaatal lines can be seen and can be due to
the acquisition. Furthermore, the dots region af-turrent-generation are barely visible,
always in the right top corner. As they are notvpkong a low voltage area we can conclude
that the origin of these dots are not due to agradessing of the material but rather to a low-
current-generation areas, probably due to a thinoee of perovskite due to a dewetting of the
perovskite ink. Always in the LBIV of the Ticbased PSC, the value of the local Voc is higher
as we get close to the end of the electrode (low gdfahe cartography) where the holes are
collected. This is due to the fact the conductiatygold (over 10 S.n%) is higher than that of
FTO (over 18 S.m%). The electrons are collected in the other dicgcttoward the top of the
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picture) through the FTO layer and the longer & plath through the FTO the higher is the

resistance and the higher is the resulting.V

For both LBIC and LBIV of the Ti@based PSC we clearly see the low level (green
color) of, respectively, locakd and \oc in the border of the electrode. Additionally, the &c
the lower value is in the bottom of the electrobeese low gc and \oc areas are probably due

to diffusion of specie like ©or HO from the side of the gold electrode.

200,0 nA 13,0 mV
160,0
10,0
140,0
120,0 8,0
100,0
80,0 6,0
60,0
4,0
40,0
12,7 2,0

Figure IV.32 - LBIC cartography of Tibased PSC  Figure IV.33 - LBIV cartography of Faased PSC

The LBIC (Figure 1V.34) and the LBIV (Figure 1V.39f the printed based-WKPSC
demonstrate a high heterogeneity. Both cartograbloyv a low quality area in the right top
corner of the electrode. This area is probablytdue delamination of the gold electrode from

its corner.

The higher voltage area represents less than htdéaell and well defined horizontal
lines can be seen. These lines are clearly vigiliee LBIC cartography and are probably due
to the printing default of the W{ayer of the Spiro-OMeTAD. The stronger hypothésithan
the quality of the W@printing is homogenous at the top of the elect(@dech is the beginning
of the printing) and tends to deteriorate randooryating these lines. These defaults in the
printing produce higher current region. The higterent could be explained by nozzles which
clog during printing: therefore, some lines coutd he printed which would produce thinner

WOs layer and promoting a better conductivity of thger.
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25,0 nA
22,0

20,0
18,0
16,0
14,0
12,0
10,0

8,0

5,0

Figure IV.34 - LBIC cartography of printed WO
based PSC (the white arrow indicates the printing
direction while the purple one indicates drop

deposition direction)

0,6 mV

0,5

0,4

0,3

0,2
- —

d Fim 0,1

Figure V.35 - LBIV cartography of printed WO

based PSC (the white arrow indicates the printing

direction while the purple one indicates drop
deposition direction)

vi. Cause of outstanding working cell

Denwetting of the perovskite ink and influence of device performances

The best printed PSC was obtained after havingeqatithe perovskite layer two days
after the printing of the W¢layer, between these two steps the substratessi@eed in the
glovebox in a dry nitrogen atmosphere. In ordedt@étermine the effect of this modification in
the process we measured the contact angle ofrbfieyence liquids (water, DIM and EG, Table
IV.5) on WG; and ITO depending of the storage condition. Boftieges were characterized
just after the cleaning or the printing and 5 dafter, with a storage in the nitrogen dry
glovebox or outside in ambient condition. The stefaenergies were computed and are
presented in the Table IV.16.

SURFACE ITO | WOs
STORAGE O day after, 5daysin | 5daysin Odayafter 5daysin 5daysin
CONDITION | cleaning air nitrogen cleaning air nitrogen
Dispersive

componen| 25.3 30.6 26.8 26.9 35.2 26.6
(mN.nh)

Polar

componen| 8.0 10.8 16.6 37.1 13.7 38.1
(mN.nh)

Table IV.16 - Surface energy for ITO and \&/@epending of the storage condition
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The effect of storage is clearly visible on botinfaces. On the ITO the storage in dry

nitrogen atmosphere doubles the polar componetiteoburface energy when the dispersive

component stays in the same range. For the WO effect

of storage in air is detrimental in

completely reducing the polar component of theasef In the overall the polar component of

both surfaces are the most sensible to storage.

In order to have a better understanding of the equsnces of the storage we computed

the wetting envelop of each surfaces from this eslof sur

face energy Figure IV.36. Thanks

to the diagram the effect of storage is clear. M@ wetting envelop is larger when stored 5

days after the cleaning, the enhancing is bettéheéncase

of nitrogen storage. As such, the

perovskite ink has a better wettability on aged Ehén on fresh-cleaned ITO. This could have

a positive outcome since it will prevent the dewettof th

e perovskite ink on area without

WO:s layer. This situation happens often when the W©printed: nozzles can randomly

clognand this could create area without printecpldts or

printed lines. If the ITO is aged

during the perovskite printing the perovskite inkl wot dewet and this will promote the

production of a homogenous film.

—=— WO, 0 day after cleaning
v~ WO, 5 days in air

50 e S — 4-- WO, 5 days in nitrogen
A 3
A —0o— ITO 0 day after cleaning
CA
—v—ITO 5 days in air
40 A . y o
{E\ A &+ [TO 5 days in nitrogen
%_ A P CH3NH3Pb|3
< %0 A +— CH,NH_PbI,_Cl
T P AT G A
S - S }
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g— T e . A ” \‘\ A
8 20 v — A V\\V\
S VoA Ty A
o v N
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Dispersive component (mN.m™")

Figure 1V.36 - Wetting envelope of ITO and W@epending of the storage condition

Moreover; we can now look at the different formidatof the ink and its impact on

wetting on the ITO. In the same Figure V.36 twlietent formulations of perovskite ink are
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presented: one with only iodine and the other oitle ghlorine and iodine (the explanation on
the ink preparation is explained before on sedtba.i.). This diagram clearly shows that the
use of chlorine will promote a better wettabilitiytbe aged ITO compared to the perovskite
with only iodine. This result could indicate whylafine is often used in perovskite solution,
indeed this improves the wettability of the inkciertain case where the ITO has been cleaned

several days before the use.

In a first conclusion two parameters tend to inseeaettability of the ink and promote

good quality of the film:

- ITO which has been cleaned then aged during fews day

- Use of chlorine in the ink.

The effect of the nature of the aging atmospherf @Gnis now to determine. From the
Figure V.35 we can say that to use nitrogen orianttatmosphere has few impact on the ITO.
At least nitrogen atmosphere tends to improvetla lihe polar component of the surface. This
could be explained by the fact that nitrogen atrhesp is of course deprived of water. Water
molecules adsorbed by the ITO are essentially resple of the dispersive surface energy
component and could be the source of the increaspgrsive component of the ITO surface
energy when stored in air. At the contrary when [fh® is stored in nitrogen no water is
adsorbed, as the atmosphere is almost perfectlthdrgemaining water desorbs from the ITO
surface which recovers the same value of dispecsiugonent that after the cleaning.

The increase of the polar component of the ITOam@fenergy during the nitrogen
storage is not easily explained. The only hypothissihat vacancies in the ITO are responsible
for the polarity of the surface. Since these vammnare freed during the storage (by the
desorbing of water and oxygen molecules) the pmdarponent would increase as the number

of free vacancies increases.

The effect of storage is clear for the \W(yer stored in air. As the dispersive
component slightly increases (probably due to dusbmvater) the polar completely drops at
13.7 mN.m'. The reason of this drop is not clear but canresgnted by storing the WGn
the nitrogen atmosphere. This lower surface enexgyld provoke some dewetting during the
perovskite printing. Further investigation with KlFRwvas conducted in the next section to
determine the effect of this degradation on thetgtal functioning of the perovskite solar

cells.
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As a final conclusion the storage of the printed 3ifOnitrogen is beneficial because it
allows to increase the wettability of the ITO withalegrading the Wg&ayer. The increase of
wettability produce homogenous layer of printedopskite with chlorine with less pinholes
and therefore fewer contact between the ITO angtimed Spiro-OMeTAD.

Effect during printing
When the ITO substrate is not cleaned properly\i@; droplets do not fusion and
create a regular frame of W@oint. This behaviour has already been developedta 1V.3.

section. We will now see the direct effect of theaaing of ITO on the perovskite printing.

In the Figure 1V.37 and Figure 1V.38 are preseritettypical result of a Wgprinting
on an ITO substrate which was not cleaning prop&digre precisely the ITO substrate were
rub a few second with a paper towel, rinsed witprepanol then dry with nitrogen. In this
situation the quality printing of the W@rinting is not sufficient and the droplets do fustion.
The result is a regulate frame with @t droplets separated by a distance ofiB0between

droplets centre.

1 mm 200pm

Figure IV.37 - Optical microscopy of the Figure V.38 - Optical microscopy detail of

printing of WQ without correct cleaning the printing of WQ without correct cleaning

This layer was then printed 3 days later with aopskite CHNH3zPbk.<Clx ink and the
results are visible on the Figure IV.39. The rebalte is clear: the perovskite ink completely
dewets from the ITO and spreads only on 3éplats. Since the perovskite ink is in greater
amount that necessary to only cover thea8flats the ink tends to form bigger drop which are
visible in the Figure 1V.40. This tends to happemew some We@droplets manage to fuse to
form a continuous path that the perovskite ink nupdy capillarity.
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Figure IV.39 - Optical microscopy of the Figure 1V.40 - Optical microscopy detail of
perovskite printed on a Wiplat frame  the perovskite printed on a WW®plat frame

In term of PSC this dewetting is detrimental foe tholar cell operations. In these
conditions the ITO and Spiro-OMeTAD layers are iontact and this could provoke
recombination between the electrons collected Iy dnd the holes extracted by the HTL. This
clearly shows that in this process the cleanintheflITO and the printing of the WQ@re the

most sensible steps and must be preciously followed

This phenomenon also shows the possibility to hsedewetting effect to produce by
inkjet printing an array of photoelectric micro-deas (PV, photodiode, LED...) on a single
substrate. To do so technological challenges nrutdi investigated, such as the design of an
efficient ITO electrodes and top electrodes (prdpély photolithography) and the efficient
drying of such small droplets of perovskite inlkaatbient temperatures.

Work function

KPFM measurements were performed on the printeck W@unction of the storage
condition in order to determine the effect of sgw@n the W@energy level. The results are
presented in the Table IV.17. The same value &fe¥.is found for each condition. The same
value has already been found few months beforel¢Tiat2).

The storage has no effect on the work functiornef\WQ layer. This result with the
previous one on the wetting envelope indicatetti@effect on storage in the W@ not trivial.
The surface of the W{ds modified upon storage which modifies the watitgtbut no effect

on electron extraction is found.
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M EASURED WORK
FUNCTION (EV)
ITO -4.9
FTO -4.8
STACKING M EASURED WORK
FUNCTION (EV)

CONTROL LAYERS

0 day after cleaning .
5 days in air -4.8
5 days in nitrogen -4.8
Table IV.17 - Work function of printed Wlepending of storage condition

vil. WOj; annealing temperature

Elffect on photovoltaic parameters

After the production of PSC with three printed les/Rirther optimisation of the layers
were performed. One of the parameters which wasleeply investigated was the annealing
temperature of the W{OFor this experiment PSC were produced with s@texblayer of W@
perovskite and Spiro-OMeTAD, the Wdayer was annealed at 80°C, 110 °C and 140°C gurin
10 minutes. For the other parts of the fabricatit@same procedures as presented previously
were followed. For each temperature three celleweoduced and the average value for each

electrical parameter (PCE, FlscJVoc) was calculated.

In term of PCE (Figure IV.41) the annealing tempaof 110 °C normally used is in
fact the annealing temperature that produced tast lefficient PSC for both backward and
forward measurements. As such, both temperati8é°@ and 140°C produce Wdased PSC
with the highest mean efficiencies. In order toed®ine which temperature is the best it is

interesting to look at the other electrical paramesuch as FFgsdand \oc.

For a 140°C annealing temperature the mean(Rigure 1V.43) of the FW and BW
measurements is almost the same around 20 m#.almost the same value is obtained for
80°C only for the BW measurement. Interestinglydkierage value of the short-circuit current
in backward measurement increases with the anmge@mperature. This can be explained by
the increasing amount of oxygen vacancies withdmngimnealing temperature [89]. Indeed as
the amount of oxygen vacancies increases the WQ@etting closer of the metallic tungsten
therefore increasing the conductivity of the lay&smyhow from the point view of thesd the

best temperature to use is 140°C.

In term of FF (Figure 1V.42) the higher averageuesis 66% obtained for an annealing

80°C in backward measurements The other value efage FF for 110°C and 140°C in
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backward measurement are close to one anotherhairdvariation are in the range of the
standard deviation. The three values of FF in FVdsueement for each annealing temperature

are in the same situation and are not discernible.

The best annealing temperature for the averaggas/80°C (Figure IV.44). The highest
mean \bc is obtained at 693 mV for backward measurementhi® forward measurement the

highest mean ¥c is still obtained for the annealing temperature86fC despite a high

hysteresis.

10,0 80
01 8; 7,7 70 66
8,0 l 9 58
7,0 6.2 l 60 53 ;

60 - ° 50 4 o)
g 48 g ) o s
'§ ’ 4,0 3.6 o} OForward E4O 43 1 OForward
4,0 1 @ % @ Backward 30 4 48 @ Backward
3,0
20 A
2,0 A
1,0 4 10 4
0,0 T T T T T T T 0 T T T T T T T
70 80 90 100 110 120 130 140 150 70 80 90 100 110 120 130 140 150
WO; Annealing temperature (°C) WO; Annealing temperature (°C)

Figure 1V.41 - Average PCE of W&based PSC Figure 1V.42- Average FF of Wgbased PSC
depending of the W€annealing temperature depending of the W§€annealing temperature
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Figure 1V.43- Averagest of WOs-based PSC Figure 1IV.44- Average ¥c of WOs-based PSC
depending of the Wgannealing temperature depending of the Wgannealing temperature

Compared to the objectives (Table 1V.15) the skoduit current is already high
enough and the enhancing should be focused on &RFaa In term of average value the
highest FF and ¥ wad obtained for 80°C. Furthermore, in this experits the best 3¢ at
710 mV and the highest FF at 68 % was also obtdore80°C. Therefore, the temperature of
annealing of the printed Wfvas lowered from 110°C to 80°C.
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Effect on WOs work function

KPFM measurement were conducted on spincoatedslapyfeW® annealed at three
different temperatures: 80, 110 and 140 °C. Theltesf the work function measurements are
presented in the Table IV.18

M EASURED WORK

CONTROL LAYERS
FUNCTION (EV)

M EASURED WORK

REFERENCE LAYER
FUNCTION (EV)

Glass/FTO/TiO2/TiO2-mp

ANNEALING M EASURED WORK
TEMPERATURE FUNCTION (EV)

LAYER

Table IV.18 - Work function of spincoated W@®epending of annealing temperature

Here we find that the WF of the W§@nnealed at 80°c has a higher work function than
the one annealed at 110°C. The WF of thesWaQer increases from -4.9 eV to -4.7 eV. This
is beneficial since the WF value approaches theobrtee stacking of FTO and TiQayers.
The conditions of the 80°C annealed W®closer of the condition of the Tiased PSC. It
seems that the annealing temperature has a higictnop the electron extraction of the \W/O
layer as it has an impact of the conductivity & §ame layers.

For a better comprehension of the mechanism otleasorement should be conducted.
These measurements should be done org Va@er annealed at different temperature from
ambient temperature to at least 150 °C. KPFM wdddvery interesting to investigate,
conductivity measurements (with the 4 probes tephe) would be mandatory. Hall
measurements are currently on the way, we hopetttsatharacterization will give us insight
on the doping level of level, notably regarding tlemsity of oxygen vacancies and their roles
in the conductivity.

0. Perspectives for a printable top electrode
The next step for the design of the printed cetbiseplace the evaporated gold by a
printable electrode. The process and the natutteecdlectrode must follow some requirements:
- The energy level of the conduction band of the nete must be slightly
superior to the one of the Spiro-OMeTAD which i25eV [113]. In term of
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metal the most suitable is of course the gold (é8/], then silver (-4.6 eV),
copper (-4.4 eV), and aluminium (-4.3 eV).

- The process of the electrode should have an amgelakver that 90°C during
less than 10 minutes.

- The solvent of the electrode ink should be compatith the Spiro-OMeTAD.
This layer has been processed with chlorobenzenthisosolvent must be
avoided.

As the objective is to produce low-cost printedowskite solar cell the strategy would
be to choose a low-cost material which is alrea@yl Wnown for the printing of electrodes.
Silver nanoparticles inks are already widely used lot of applications and particularly in the
printing of organics solar cells, therefore thisenal could be a good choice to replace the top

electrode.

However, silver is known to react with perovskitel8IH3Pbk.xClx to form Agl [114]
in the case of evaporated silver. During evaponatiot silver atoms can easily diffuse trough
the Spiro-OMeTAD (which is also heated) and reaith \the perovskite. We hope that this
phenomenon will not occur for the printing of thivex top electrode. Indeed, the ink is a
nanoparticle suspension and the nanoparticles wmaNg more difficulty to go through the
Spiro-OMeTAD that an atom. Furthermore, if the png is processed at ambient temperature
the diffusion of nanoparticle would be considerablgwdown. Upon annealing of the top
electrode the nanoparticle will be partially sietrthus reducing the chance of diffusion of
silver nanoparticle in the Spiro-OMeTAD. Previougriwfrom Brabec. Et al [115] showed that
sprayed silver nanowires electrode allow the prédo®f efficient and stable perovskite solar

cell.
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General conclusion

The principal goals of this work of thesis were thastery of the fabrication process of
these new perovskite solar cells in XLIM and thasfbility demonstration of the printability

of such solar cells.

After these three years of work the fabricationtlod perovskite solar cell has been
adapted for the needs and the objectives of the t&am of XLIM. It allowed the production
of state-of-the-art perovskite solar cell with Fi€lectron transporting layer with a champion
cell at 15.3%. The first important achievement wees design and fabrication of a printable
perovskite solar cell. This solar cell was also emtable at low-temperature, showing its
versatility for every substrate such as PET or gxagrer. This W@based perovskite solar cell

was also at the state-of-the-art level with a pfamtnversion efficiency of 9.3 %.

The most important achievement of this work is flreduction an actual printed
perovskite solar cell, all in ambient atmosphefrat the beginning of the research project the
objective was to print only the perovskite absogdayer this work showed in fact that three of
the solar cell layers was in fact printable. WitlWé&s printed layer, a perovskite printed layer
and a Spiro-OMeTAD layer a 20 mrhampion solar cell with an efficiency over 10.7%s
produced. This result is one of the best in termrofted solar cell. This inkjet process used in

the work is a true printing and without any utitisa of a mask.

The printed perovskite solar cells are now ablkugaply in energy at low-cost condition
an autonomous sensor. From the first work on staleffectuated in this thesis the remaining
work is clear: perovskite solar cell must be prt#dcof the UV and the atmosphere by an
efficient encapsulating layer. The next big stefhes enlargement of the printed area. This is
the biggest challenge for the printing of the pskite solar cell: despite the large area to print
the perovskite layer must remain wet and homogenotisickness, furthermore if the WO
layer is kept as an electron transporting layepiitsting process must be stabilized in term of
ejection and wettability on ITO.

At last, this work opens opportunities for the ti@aof new shape of perovskite solar
cell. Of course, the feasibility to print the peskite solar cell on flexible substrates such as
PET or paper should be considered. This work giwasy insights about stability, and on the
importance of the rheology investigations. It ndgalbrings new arguments on the role of
chloride on the perovskite mixture. Thanks to theation of the wetting of the substrate it is

now even possible to print different kind of perkites side by side in order to create frame and
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modulate the colour of the absorbing layer, orttaasparency of the cell. One of the new and
exciting possibilities would be to print array ofamo-perovskite solar cell, in order to increase
the stability (each active layer will be fully saunded by a protecting interfacial layer) and to

tailor the electrical parameters for the each apfbbn.
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