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General introduction
The objective of this work is to demonstrate the feasibility of the inkjet printing of the
perovskite material for the application of photovoltaic devices. These printed perovskite solar
cells are aimed to be used to supply energy to autonomous sensors, primarily used for the
Internet of Things.
The first two sections will deal with the context and the literature about perovskite solar
cells as well as presenting the experimental technics used for this work:
- The presentation of the context will set up the photovoltaic parameters objectives
needed to supply in energy a network of autonomous sensors with perovskite solar cells. The
physical explanation of the photovoltaic phenomenon will be also covered alongside the
presentation of the functioning and literature of the perovskite solar cell technology.
- In the experimental technics the main fabrication methods used in this work will be
investigated at the theoretical level. Spincoating technic and Drop-on-Demand inkjet printing
technique will be presented and the physical models describing the rheological behaviour are
deeply covered.
- The characterization technics for the rheological parameters of inks are also presented
in this section with the classical electrical characterisation of solar cells.
The first result obtained for the reference perovskite solar cell made in the laboratory
will be presented in the third section. In the same section, we will investigate the possibility to
replace the conventional electron transporting layers, which are not printable and require high
annealing temperatures, by the WO3 material. This WO3 layer is extensively investigated in this
section: KPFM and ellipsometric measurements, optical characterization, and microscopic
imagery has been conducted to qualify it. A large section of this section deals with the dynamic
of the charge carriers between this layer and the perovskite layer, this discussion relies on the
use of the spectrofluorimetry. The stability of perovskite solar cell will also be studied with the
possibility to enhance it with down-shifting molecules.
The last section will cover in depth the inkjet printing of the perovskite solar cell inner
layers. The experimental conditions and the results associated with the printing of the WO3,
perovskite and Spiro-OMeTAD hole transport layer will be investigated and discussed.
Investigations on the interactions between the ITO surface and the WO3 ink is discussed,
especially about the use of cleaning and surface treatment procedures. The printing of the
9
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perovskite will be deeply covered: the optimisation of the perovskite ink is one of the main
topic of the section with the control of the thickness of the printed wet layer.
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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 communicate witch each other, informing about
their state or their whereabouts, was often described in the science-fiction and fantastic genre.
The visions of this world are various depending of the atmosphere: in the Walt Disney’s
animated movie Beauty and the Beast [1] cups, teapots and furniture speak and sing altogether,
it is the object for humoristic or musical interlude, however in the short-story ...That Thou Art
Mindful of Him written by Isaac Asimov in 1974 [2] little animals, like birds of insects, are
replaced by autonomous basic robots, barely able to accomplish one simply task, but at the end
ought to replace gradually every living being on Earth, including men. In a less apocalyptic
point of view the novel 1984 Neuromancer [3], which is considered as a seminal work of the
cyberpunk genre, William Gibson describes a very disturbing world where every object is
connected and are speaking via the internet. Thanks to this technology, this fictional world is
perfectly controlled by the states, the armies and the private organisations.
Let’s us finish this short cultural review with a more positive thought. In the TV-Show
Star Trek [4], created in 1966 by Gene Roddenberry, the communicating objects are used to
teleport people with their badges used as a GPS marker or simply to save people thanks to this
marvellous communicator able to diagnosis every possible medical condition and communicate
with every electronic device. These communicating objects are thus essential, and precursor
ideas are already developed in our current society.
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Figure I.1 – The future as seen by Syd Mead, the first publication of Asimov’s « ...That Thou
Art Mindful of Him » and Captain James Tiberius Kirk using his omnipotent communicator.
Today this idea that every object could communicate between them and with the users
has a concrete application: the Internet of Things (IoT) [5]. The implications of this concept are
huge. In the commercial application IoT could help to monitor the behaviour of persons through
space and time in order to send them custom sales or special offers. In the industry it will be a
powerful tool to control closed and automated systems, like production process or supply chain.
At the geographic scale it would give the opportunity to manage the energy consumption and
to adjust its production and distribution, as well as helping the managing of person or cars flux.
This shows how the Internet of Things could help to act on process of any kind. It this thesis
we will focus on the other utilisation, more passive and simple: the information gathering. Thise
simple version of IoT could be able to give information about the condition of a specific area,
like its temperature, its humidity, the presence of an illumination source or the presence of
sound. These application interest military organizations as well as public and private organisms
which work into difficult conditions or not easily accessible areas. We will discuss about the
particularities of these IoT on the next sections.
To give the possibility to an object to talk will need electronics: generally composed of
a simple microcontroller, a sensor (designed to gather the interesting information) and an
antenna to communicate. If science-fiction always dreamed of this kind of technology it never
really explain how these electronics could work, especially what is its power source.
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2. Autonomous sensor network
i.

Sizing the autonomous sensor
One example of application of the IoT is an autonomous sensor network. An

autonomous network is composed of hundreds of autonomous sensors, each of these sensors is
able to gather information about the environment, such as temperature or composition of the
atmosphere. The aim of this network is to monitor an area for security or sanitary purpose.
Depending of the design and its component, a sensor could inform about the temperature or the
composition of an atmosphere, thus detecting the presence of threats like radiological, chemical
or biological attacks or hazards. This network could be droppable by plane on the area to survey
or can be simply used indoor, anyway they must function in various and multiple conditions.
Furthermore, each sensor is autonomous so it must possess its own power supply, these sensors
are also potentially not-recoverable. This kind of network potentially interests military
organizations as well as public and private organisms eager to evaluate risks before to intervene
on battlefields or industrial accidents, or simply to monitor air contamination.

Sensor

Energy
Harvesting
Component
n°1

Hybrid
supercapacitor
n°1
When charged

Energy
Harvesting
Component
n°2

Electronic for
control and
processing
(microcontroller)

Hybrid
supercapacitor
n°2

Other autonomous sensors

Environment

Energy storage

Antenna

Data exchanges
Day time energy exchange

Electronics

Night time energy exchange

Figure I.2 – Schematic representation of an autonomous sensor
Each sensor is composed of three main part as presented in Figure I.2. The first part is
the electronic one, containing the sensor itself whose role is to gather information such as the
temperature, the humidity or the composition of an atmosphere. These data must be treated and
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filtered to reduce the energy consumption during its sending trough wireless communications.
To do so the second part of the electronics is composed, for example, by a microcontroller
consuming a very low level of energy, typically with operating voltages between 3 and 5 Volts.
The last electronic component is the antenna allowing the sensor to communicate with the other
sensors and eventually directly with the users.
The storage part has a particular functioning cycle because it must supply in energy to
the sensor in every condition, furthermore it must be i) cheap and ii) small, as well as ii)
efficient. In order to compete the third point the storage contains two Hybrid Super-Capacitors
(HSC), one for the day and one for the night. During the day the hybrid super-capacitor n°1 is
charged (via the Energy Harvesting Component n°1) during few minutes. When it is full, it is
used to supply the electronics part of the sensor. The sensor uses this energy to gather the needed
information (with the sensor), to process it (with the microcontroller) and to send it (with the
antenna). When it is fully charged, the remaining energy is used to fill the hybrid supercapacitor n°2. Parallel to these operations the hybrid super-capacitor n°2 is continually filled
during day in order to be used during night. During night the HSC n°2 is slowly used to supply
all the sensor in energy. These operations are summarized in Figure I.3.
The energy harvesting part is composed of two Energy Harvesting Component (EHC).
There are a lot of different possibilities to produce energy but the EHC must fulfil certain
requirements which limit the number of possibilities. The main requirements is to possess a
high power density. Indeed, the sensor must be small, around 10 cm2 and cannot be heavier
than an hundred grams. This constraint reduces the possibility, as the only light energy
supplying component are batteries, photovoltaic solar cells, thermoelectric devices, tribo or
piezoelectric devices (powered by wind and/or motion). Moreover these sensors should be
usable for indoor application, which is an environment with potentially low solar energy or
mechanical energy. One important aspect to consider is that some of the sensors could be used
in some conditions where retrieval is not possible, therefore the environmental impact and
pollutions must be reduced at its minimum. With these constraints and for long-term usage the
best is not to use energy suppling solution only based on batteries [6]. Furthermore the sensor
might be used during several weeks, and be used at any time without having to worry about
finding an electrical plug to recharge its battery. Conventional batteries (alone) are thus
suppressed from the list.
In term of energy requirements, an IoT sensor would need around 10 mW of power
energy (see further to the detail of the calculus). Considering the size of a sensor (10 cm2), as
14
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specified previously, some technologies for energy harvesting will have strong limitations.
Tribo or piezoelectric is limited at 10 µW, and as the sensor must be used in any place,
potentially without wind or motion, the tribological devices are also not practicable. The same
power level limitation would apply to ambient RF harvesting, some places can be also be
deprived of artificial RF signal. Thermoelectric harvesting can only supply few tens of µW and
need a high gradient in temperature which is almost never the case. At the end only the
photovoltaic technology remains, which can harvest few hundreds of µW indoors and up to 100
mW outdoor [7].
From now on, EHC will be assimilated as photovoltaic solar cell.

Hybrid
supercapacitor 2
CHARGING

Hybrid supercapacitor 1
CHARGING

TRANSMISSION

Hybrid supercapacitor 1
CHARGING

TRANSMISSION

Tension

DURING DAY
Hybrid
supercapacitor 2
CHARGING

Tension

T (minutes)

Hybrid super-capacitor 2 CHARGING

T (minutes)

Tension

DURING NIGHT

Hybrid super-capacitor 2
USING

TRANSMISSION

TRANSMISSION

TRANSMISSION

TRANSMISSION

Tension

T (hours)

T (minutes)

Figure I.3 – Schematic illustration of the15
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The objective is therefore to print at low cost a solar cell to supply in energy the
autonomous sensor. The first step is to know the electrical requirement for such equipment. As
said previously, the sensor must be able to send data every 5 minutes during the day, and 20
minutes during the night. The energy would be stored in a 1 F supercapacitor or a 100 mAh
battery. To charge 100 mAh during 6 h at least 16.7 mA is needed while 5 V is necessary to
maintain the electronic component functioning. Knowing this sizing and the average
performance published in literature, the objective to achieve for one perovskite solar cell is:
around 1 V for the open-circuit voltage (0.83 V is enough to obtain the needed 5 V) and 16
mA.cm-2 for the short-circuit current (Jsc). With 6 cells of 1 cm2 by cell, connected in series, the
autonomous sensor should work in the optimal conditions. Furthermore to allow the fabrication
of solar cells on all substrate the maximum annealing temperature should be 130 °C. All the
objectives are summarized on the Table I.1.
Photovoltaic parameters
Voc (mV)

830

-2

Jsc (mA.cm )

16

FF (%)
PCE (%)

75
10

Fabrication
Surface (cm )
1
Back electrode (ITO or
Non-printable
FTO)
ETL
Printed
2

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 technologies are already available, there
are summarized in the Table I.2.
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Type

Amorphous
Silicon

Crystalline
Silicon

Current uses

Calculator,
watches

Domestic,
sensors

5-7 %

10-20 %

Best laboratory
efficiency
Printable

No

Multijunction

CIGS

Cars, domestic
40 %

20 %

Organic

Dyes

Commercialized for
some applications
(sensors, domestic)

Perovskite

Research

10 %

10 %

20 %

No
No
Yes
Yes
Table I.2 - Available solar cell technologies

Yes

Yes

In term of photovoltaic performances the amorphous silicon, organic and dyes
technology are not powerful enough. The best efficiencies obtained in laboratory are not high
enough to promise a sufficient performance for an industrial fabrication. For our application,
only the crystalline silicon, the multi-junction, the CIGS, and the perovskite technologies
remain efficient enough. The crystalline Silicon and the multi-junction technologies remain too
expensive to be used as solar cell on disposable sensors. The only left technologies are the CIGS
and the perovskite which are both printable and allow a high PCE around 20 % in laboratory
for surface areas lower than 1 cm2.
Compared to CIGS one of the advantages of the perovskite are the availability of certain
raw materials. Some CIGS are constituted by indium which is a rare material, however other
technologies of CIGS use gallium instead of indium. The perovskites are only composed of
carbon, hydrogen, nitrogen, iodine and lead which are very affordable materials and can be
found very easily anywhere on Earth. The main advantage of perovskite is of course their low
annealing temperature, once the CIGS layer is printed it needs to be sintered at 400 °C [8] while
the perovskite only need an annealing at 90 °C. This allows the production of printed solar cells
on flexible substrates, such as PET or PEN.
One other advantage of the perovskite is their high efficiency under low level of
illumination. Organic solar cells with P3HT:PCBM reached a 7 % PCE under low light
conditions [9]. Under LED lightings PCE over 20 % were reported for organic solar cells [10].
In the other hand, perovskite solar cells with PEDOT:PSS as hole transporting layer and C70 as
electron transporting layer were able to achieve a 22.5 % of efficiency for a 100 lux illumination
[11] which corresponds to an overcast day. This result shows that perovskite material could
open a path for new applications for indoor usage.
The presence of lead in the composition of perovskite is an issue in term of
environmental contamination and safety during production. Several studies already investigate
17
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the effect of lead during the production of Perovskite Solar Cell (PSC) and lead is commonly
known to provoke lead poisoning [12]. Attempts to replace it by other metals, like tin, is in
process but this solution is known to induced lower material stability, and therefore, at the end,
higher probability of tin poisoning or lead poisoning in the case of mix-cations perovskite [13].
Compared to the consumption of electricity (and its impact on global environment for the
preparation of the different materials of the PSC and its fabrication), the presence of lead is not
critical [14]. At the end, in a PSC only 0.008 % of the cell is composed of PbCl2 and 0.001 %
of metallic Pb [14]. The RoHS (Restriction of the use of certain Hazardous Substances in
electrical and electronic equipment) directive of the European Union is known as the “lead-free
directive”, among other materials it restricts the use of lead in electronics sold in the EU [15].
This directive could be a brake in the development of perovskite photovoltaic panel in the UE,
however the RoHS also restricts the use of cadmium but an exception has been created for CdTe
thin-films PV modules. The same can be expected for perovskite photovoltaics considering
their huge potential. If we exclude the legislative (considering an exception has been made)
and the environmental (using perovskite solar cells for energy production compensates the
environmental threat of lead) issues, the main effort to be done are in the production of PSC to
protect the operators and in the recycling of the perovskite PV modules at the end of the life
cycle [14].

3. Photovoltaic
i.

Photovoltaic effect
The photovoltaic effect was first observed by French physicist Alexandre Edmond

Becquerel in 1839, almost 200 years ago. His experience consisted in two electrodes made of
platinum and copper in an acidic solution: when the liquid was exposed to light a current was
spontaneously produced [16]. In 1883 the American inventor Charles Fritt created the first
photovoltaic cell made with gold coated selenium, with a power conversion efficiency of 1%.
In 1905 Albert Einstein published “On a Heuristic Point of View about the Creation and
Conversion of Light” explaining the photovoltaic and photoelectric effects, from a quantum
point of view, which has earned him the physic Nobel Prize in 1921. The first commercial
silicon solar cell is created in 1954 by the Bell Labs, with a power conversion efficiency of 6%.
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Figure I.4 – From left to right Alexandre Edmond Becquerel, Charles Fritt, Albert Einstein
and Alexander Graham Bell
The photovoltaic effect happens when a material is under illumination (natural or
artificial) and consequently photons are absorbed by the structure of the material. If the energy
of the incoming photon is enough (depending of its wavelength) one of its electron from its
outer orbital will escape from the attraction of the atom’s nuclei. This electron will be free to
move to another atom and its absence in the original atom will create a lack of negative charge:
a hole. Considering the original atom it is now in an ionized state, this state can be exchanged
with another atom in the neighbour and so forth. As a result we consider than, as the electron is
a mobile negative charge carrier passing from atom to atom, the hole is a mobile positive charge
carrier.
The movement of the electrons and holes (a pair of each bounded by Coulombian force
is named an exciton) follows the rule of a Brownian motion. When a large amount of photons
are absorbed by the material the same number of holes and electrons are created, which means
that each charge carrier (negative or positive) has a great chance to meet his opposed charged
entity and, therefore, to recombine. In order to produce a current it is needed to collect a
maximum quantity of electrons and holes and to avoid recombination. However when an
electric field is imposed to the material the holes and electrons are separated in two opposite
direction, which favour the exciton dissociation mechanisms.
The solution to avoid recombination is therefore to engineer an inbuilt electric field
thanks to a pn junction (n for negative and p for positive). For a crystal lattice, such as crystalline
silicon, a pn junction can be created by the incorporation of impurities: a process called the
doping. In order to produce p type silicon the most used acceptor used is boron, while the
phosphorus is often used for the n-type silicon. As the interface between the p-doped material
and the n-doped material the holes are attracted and move toward from the p-doped material to
19
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the n-doped material in a diffusion mechanism. The electrons move in the other direction, from
the n-type to the p-type zone. This will create a depletion region with an inbuilt electric field to
help the extraction of the charges. Of course, the exciton spontaneously dissociates in
crystalline silicon, as the Coulombic binding energy between the electron and the hole is in the
order of the thermal energy. This is not always the case for disordered or organic semiconductors, as we will see later.

ii. Photovoltaic as an energy supplier
In one hand the need for electricity in 2025 will summit at 25000 TWh. In the other
hand, each centimetre square of the earth surface receives during daytime, in average, 100
milliwatt of solar energy. If we had a device able to restrain only 10 % of this energy we only
need to cover 31000 km2 with these devices, this corresponds to a square with 176 km length
sides, 0.006 % of the total earth surface area, the size of 10 French department of the size of the
“Rhône” one.

4. Hybrid Organic-Inorganic Perovskites
i.

3D hybrid perovskite
Within the last five years, a new class of photovoltaic materials made an impressive

arrival in the field of solar energy conversion: the organic-inorganic halide perovskites, or
hybrid perovskites. The term perovskite was primary created for the CaTiO3, discovered in
1839 by the German mineralogist Gustav Rose from a rock sample of the Ural Mountains. He
gave the name perovskite as a tribute to the Russian count Alexeïevitch Perovski, who was also
a respected mineralogist, having proposed in 1845 to found the Русское географическое
общество, the Russian Geographical Society. The term perovskite was given then to the typical
crystalline structure presented by the CaTiO3. It is defined by a crystalline structure composed
by three different species (A, B and X) forming the general ABX3 formula, an ideal cubic
structure (α phase, Pm3m space group) [17]. A and B are two cations of very different sizes and
X an anion. In the ideal perovskite structure the big A+ cations are at the corners of a cube, the
anions X- are in the middle of each faces, and the little B2+ cations are in the middle of the
octahedral sites formed by the anions X-.

20

ENERGY SUPPLYING FOR AUTONOMOUS NETWORK OF COMMUNICATING DEVICES

Figure I.5 - Generic perovskite structure.
In hybrid perovskites, the X anion is often a halide: an atom of fluorine (F), chlorine
(Cl), bromine (Br) or iodine (I). The halide anion site can also be used by a mixture of different
halide atoms, leading to mixed halide perovskites. In fact, by replacing chlorine by bromine,
and then by iodine, the absorption spectrum shifts toward the red. The little B cations is usually
lead (Pb). Tin (Sn) can also be used but the resulting material is found to be less stable as it can
form SnI4 inside the perovskite phase [18]. For the moment, lead is the favourite specie because
of its higher electronegativity and a larger binding metal-anion-metal angle (which is good for
high band gap absorption) [19]. These X anions and little cations B form the inorganic part of
the hybrid perovskites. The organic part corresponds to the big cation A, it is played by an
organic molecule. Methylammonium (CH3NH3+) is commonly used and is sometimes replaced
by ethylammonium (CH3CH2NH3+) or formamidinium (NH2CH=NH2+). For example,
formamidium is used to reduce the absorption gap in order to increase the part of the light that
is converted in current [20]. At last for the photovoltaic application the most investigated hybrid
perovskites are CH3NH3PbI3, or the mixed-halide compound CH3NH3PbI3-xClx, which is the
main perovskite used for this thesis.
Under ideal conditions and to maintain the cubic structure, A, B, and X should be chosen
related to their atomic radius, which must allow a tolerance factor t close to 1, following:
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=

√2 × (

+

+

)

(1)

Where RA, RX, RB are the ionic radii of corresponding ions. If the cubic symmetry is not
respected the structure will be distorted while the crystal symmetry is lowered. In order to
respect this condition and with these kind of perovskite where the B site is occupied by a Pb
atom, which is already big, the A has yet to be bigger. The biggest atom that we can consider
is Cs, but it is not big enough, and this is probably why organic molecules are employed to form
more stable perovskites [21]. Theoretically, the perovskite crystal will exhibit a cubic structures
if t is between 0.89 and 1. Furthermore, smaller t leads to lower-symmetry tetragonal (β phase)
or orthorhombic structures (γ phase), whereas larger t (t>1) could destabilize the threedimensional network, forming a two-dimensional (2D) layer structure. In other words, if this
organic molecule radius begins to be bigger than roughly 0.40 nm the perovskite becomes a 2D
perovskite, forming more or less thick sheets of inorganic materials separated by organic sheet.
Depending of the temperature and the composition, the perovskite can change its phase. As an
example with the classical CH3NH3PbI3 the α to β to γ phase transitions happen respectively at
330 K and 160 K [22].

ii. Optical and electronical properties
Now than the principal lines of perovskite are drawn, the explanations about
photovoltaic properties is now approached. These explanations lay essentially on computational
modelling and will focus on the work of Jacky Even et al [23].
In term of optical properties, the CH3NH3PbI3 perovskite is characterized by an
absorption spectrum between 460 and 760 nm, as figured in the Figure I.6. The direct gap
transition from the first valence band maximum to the conduction band minimum, has a value
of 1.7 eV [24] and around 1.6 eV for CH3NH3PbI3-xClx perovskite [25]. From this value we can
predict where the absorption peak is on an absorption spectrum with:
=

ℎ

(2)
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With h the Planck constant and c the light velocity in vacuum, we find 775 nm. A close
value can be found in the absorption spectrum with the presence of a peak around 770 nm [26].
The linear absorption coefficient of hybrid perovskite has been calculated at 5.7 × 104 cm-1 [26].

Figure I.6 - Absorption Spectrum of CH3NH3PbI3-xClx perovskite
The absorbance α from the transmission T of the perovskite film can be computed with
the following equation:
=

1

log( )

(3)

Where d is the thickness of the layer (here, 2 microns). The absorbance and the optical
gap Eg can be linked by the Tauc equation [27] :
ℎ =

(ℎ

)
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Where hυ is the incident photon energy, B is a parameter corresponding to the band
tailing and r a parameter with a specific value: 2 for indirect allowed transitions, 3 for indirect
forbidden transitions, 1/2 for direct allowed transitions or 1/3 for direct forbidden transitions.

Figure I.7 - Tauc fit for CH3NH3PbI3-xClx layer
As said previously the hybrid perovskite possess a direct gap transitions, ½ is therefore
the value of r. The value of Eg can be then calculated by extrapolating the linear region of the
curve with the following equation (Figure I.7):
( ℎ ) = (ℎ )
The value of Eg is found at the intersection of the abscise and the tangent. We find for
the CH3NH3PbI3- perovskite a value of 1.6 eV.
It is possible with photoluminescence technics to extract some interesting optoelectronic
properties values. For a CH3NH3PbI3 perovskite layer the fitted charge carrier lifetime has been
calculated around 4.5 ns [26] and 9.6 ns [28] while in the CH3NH3PbI3-xClx material the lifetime
of the charge carrier calculated at XLIM was 238 ns [29] and confirmed at 273 ns by Stranks
et al. [28]. Here we see the beneficial effect of the presence of chlorine, even if it is not clearly
explained. With its higher charge carrier lifetime, the CH3NH3PbI3-xClx perovskite produces
much longer diffusion lengths of the holes and electrons, with values respectively around 1200
nm and 1000 nm against 100nm and 130 nm for CH3NH3PbI3 [26, 28]. This will have an
interesting consequence in term of solar cell fabrication, particularly because the CH3NH3PbI324
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xClx allows

to produce a thicker and less homogeneous layer with a simple methodology, while

the CH3NH3PbI3 perovskite asks to be prepared in a sequential fabrication which is not suitable
for printing technologies. However the CH3NH3PbI3 remains more performant than the
CH3NH3PbI3-xClx [30]. Halide perovskites are also characterized by high carrier diffusion
length for about one micron, effective mobilities of roughly 10 cm2.V-1.s-1 while the exciton
binding energy value is still being investigated, it has been reported between approximately ~40
meV [31] and 6 meV [32].
Computational modelling is able to evaluate the band structure of the hybrid perovskite.
It is has been demonstrated that it is possible to link the electronical structures of the ideal cubic
crystal structure of the perovskite and that it is of its room temperature tetragonal phase [33]. It
appears that such structure leads to a direct band-gap structure. Furthermore a spin-orbit
coupling lower the band-gap value for more than 0.8 eV [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 the solid-state dye sensitized solar cell
(sDSSC) technology previously designed in 1998 by Grätzel and al. [34], the power conversion
efficiency (PCE) was 0.74 %. After much improvements in architecture and composition the

Figure I.8 - The evolution of perovskite solar cells from the dye sensitized solar
cells technology [113]
25

ENERGY SUPPLYING FOR AUTONOMOUS NETWORK OF COMMUNICATING DEVICES
most commonly used sDSSC is composed of TiO2 mesoporous layer sensitized with an organic
dye called D102 [35] and a solid electrolyte as hole transporting layer (Figure I.8), the
conversion efficiency of these kind cells are around 4 %.
In the other hand, the photovoltaic behaviour of inorganic perovskites was already
reported in 1956 [36] on BaTiO3, however it is only in 2006 that we saw the first application of
a hybrid perovskite as the active layer of solar cells. Hybrid perovskite were then used as photosensitizers in dye sensitized solar cells demonstrating 2.2 % efficient devices under full sun
illumination condition [37] before achieving 3.8 % in 2009 [38]. The solar cells performances
were however highly unstable and deteriorated within a few minutes. In 2012 occurred the real
breakthrough: two publications reported efficiencies up to 10 % [39, 40], constituting the first
uses of the perovskite as sensitizers of the mesostructured electron transporting layer TiO2.
Since these reports, a lot of progress has been made in the composition, fabrication, and postprocessing of the different layers that compose these PSC. Today, certified state-of-the-art
performance are reported at 21.02 % by a common work of the Ecole polytechnique fédérale
de Lausanne and the Australian company Dyesol and 22,1% by the Korea Research Institute of
Chemical Technology with the university of Ulsan, and several groups demonstrated
efficiencies over 19% illustrating the strong potentialities of perovskite materials among thin
film technologies [41, 42]. All these PCE evolutions are presented in the NREL chart [43] of
the Figure I.9.

Figure I.9 - Chart of the best photovoltaic research-cell efficiencies (January 2017)
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This rapid and outstanding evolution of performance is thus mostly of the precedent
DSSC technology and its progress in the fabrication and process of the TiO2 layers as well as
that of the hole transporting layer organic molecule Spiro-OMeTAD.
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II. Experimental technics
1. Fabrication methods
i.

Spincoating
The spincoating method was used in this work to produce and optimize the reference

TiO2 perovskite solar cells. It was then used for optimization of the new layers and the different
characterizations conducted on these new perovskite solar cells. Spincoating is a way to produce
a uniform thin liquid film on small rigid flat substrate. This process is divided in three stages:
deposition, spinning and evaporation
The first stage consists in deposing an excess of liquid on an immobile or a slowly
spinning substrate. The amount of liquid is far more than the coating actually needs, provoking
a loss of matter.
In the second stage the spinning of the substrate begins and the liquid flows radially
outward, driven by the centrifugal force generated by the rotating substrate. This stage can last
few seconds or several minutes. The substrate rotates as several thousand revolutions by
minutes. During the spinning the liquid flows against the gas surrounding the original drop.
After a moment the liquid occupies all the free surface of the substrate. At the perimeter of the
substrate accumulates all the unwanted matter in the form of a swelling that eventually break
into droplets. In the rest of the surface the thickness of the liquid film reaches an initial thickness
h0. The equation linking the evolution of the thickness of the film with times and rotation speed
before the evaporation step is [44]:
ℎ( ) =

ℎ!

"1 + 4 %&ℎ!
3 '

(5)

Here ρ is the density of the liquid, ω the angular velocity, and η the dynamic

viscosity. As the film thins the resistance against the flow and the evaporating rate increase

resulting in a decrease of the liquid flow. This means that the final thickness depends also of
the nature of the gas surrounding the layer and of the vapour pressure of the liquid in this gas
since the evaporation of the solvent can begin during the spincoating.
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The last stage depends of the nature of the spincoated liquid, some require a annealing
to simply evaporate the solvents, some to sinter the metallic particle and other just need an
evaporation at room temperature.
Spincoating is an efficient method to produce homogenous film because two forces
balance in the liquid during the spinning: the centrifugal forces that drives the liquid out and
the resisting viscous forces that lead the liquid toward the interior of the substrate.

ii. Drop-on-Demand Inkjet
Presentation
Once the fabrication of the TiO2 reference perovskite solar cells with spincoating was
mastered, our objective was to produce the perovskite solar cells with a printing technique. In
XLIM the only printing technics which is available is Drop-on-Demand (DOD) Inkjet, this
technology will be presented in this section.
DOD Inkjet is a masterless printing technology. This means that this technology does
not need a master. This master consists on a substrate commonly etched with the image to print.
This substrate carries the ink and transfer it to the printed surface: this is case for gravure with
the gravure cylinder, the offset printing with the offset plate, the screen-printing and its screen,
and, at last, the flexography and the rubber plate. This kind of printing processes is call digital
printing. With inkjet we can find in this group electrophotography (also known as xerography
or laser-printing), ionography, magnetography. The main advantages of this kind of printing is
that the image to print can be changed for every substrate allowing a more flexible printing
strategy, which is very comfortable for R&D objectives.
The main principle in inkjet is to jet little droplets through nozzles and to drop them on
the substrate. There are a lot of technologies to eject droplet but here, we will focus on the one
used by the Dimatix Materials Printer DMP-2850 [45] used in the thesis: the piezoelectric
technic. The “Drop-On-Demand” term means that droplet are jet only when necessary, contrary
to Continuous Ink Jet where drop are continuously jetted, and are deflected by an electric field
(meaning that the ink must be electrically charged).

Piezoelectric jetting
The principle is to deform a piezoelectric element which is in front of the nozzle,
separated by a flexible and hermetic vibration plate and the ink chamber. The deformation of
the piezoelectric element will create a variation of the ink volume, this variation will provoke
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the ejection of a drop (Figure II.1). Other architecture are possible, with piezoelement on both
side of the ink chamber, around it or with each ink chamber separated by a piezoelectric
bulkhead.

Figure II.1 - Piezoelectric element deformation provoking the droplet jetting
The way the piezo electric deforms will change how the drop is ejected. The piezo
element is deformed by applying a voltage. The waveform of the voltage signal can be changes
in order to tune the jetting parameters. The shape of this waveform is the one presented in the
Figure II.2. The first negative voltage 1 will deform the size of the piezo element, pulling it in
the opposite direction of the nozzle. The volume of ink is then increased, this first modification
of the piezoelement plays a major role in the size of the drop. Indeed the bigger is this voltage
1, the bigger the deformation of the piezoelement will be, the bigger will be the drop. We will
see later (in the following jetting condition section) how the size of the drop, more specifically
its weight (i.e. its inertia) can ease the jetting or restrain it. Of course the size of the drop plays
an important role in the size of the splat on the substrate, and the final thickness of the layer.
Depending on the viscosity and the density of the liquid it can be necessary to adjust the
Holdtime 1, to let the time (or not) to the ink to fill the new volume of the ink chamber. The
voltage 2 will decrease the size of the ink chamber pushing the ink in the only free direction:
toward the nozzle. Indeed the ink cannot go back in the canal since it is continually fill with ink
up to the ink cartridge itself. This voltage can be held during few milliseconds (holdtime 1) to
enhance jetting quality. The voltage 2 value will be also important for the drop size. For each
ink it is needed to customise the shape of the waveform. The waveform can be heavily modified
by extending the length of the different step, adding a slope rate between ejection phases or a
negative voltage bias can be added.
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Holdtime 2

Voltage 1

Voltage

Voltage 2

PUSH

Time
PULL
Holdtime 1

Figure II.2 - Pieozoelement jetting waveform

Jetting condition
The final objective is to jet an ink in good and repeatable conditions. These conditions
are visually represented in the Figure II.3 and are:
-

a jetted ink forming a unique drop (without satellites droplets)

-

without any tail (the head of the drop and its tail must merge)

-

following a straight trajectory

-

without clogging the nozzle

Figure II.3 - example of a good and repeatable jetting: forming a unique drop, without
droplets, in a straight trajectory and with tails retracting into the drop’s head. [111]
To know if a liquid is correctly jettable with an inkjet system, a number of ink
parameters must be checked. In the general case the ink viscosity should be between 1 mPa.s
(water viscosity at 20°C) and 30 mPa.s and its surface tension should be between 24 and 40
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mN.m-1 [46]. In the specific case of our inkjet printing machine it is advised to keep the viscosity
between 10 mPa.s and 12 mPa.s which is a pretty narrow gap, it is possible to use lower
viscosity ink but to the detriment of the jetting performances (i.e. repeatability). The surface
tension should be between 28 and 33 mN.m-1.
In the general case, inkjet inks must be engineered in order not to clog the nozzle. If the
ink is a suspension of particles, the particles should not be bigger than 1/10th of the nozzle
diameter (1/100th for the case of the DMP-2850 10 pl cartridge, that is to say 0.2 µm). It is also
mandatory to avoid evaporation of the ink in the nozzle during the non-printing steps. To do so
the solvent must have a high boiling point. It is possible to do a mix of solvent to increase this
temperature while trying to keep the rheological properties of the ink.
Viscosity, surface tension, particle size and boiling point temperature are a quick way
to evaluate the usability of a solution in an inkjet system. However good rheological parameters,
coupled with the density and limited nozzle size cannot, sometimes, guarantee a good jettability
of the ink. In order to predict in a more efficient way what are the appropriate jetting
mathematical models have been designed. This work has been made by Derby and Reiss, and
summarized by Derby in a review in 2010 [47] and will be described here.
The jettablity of the ink is linked to the Reynolds (Re) number which express the ratio
between the inertial forces and the viscous forces. The value of this ratio express if the strain
we apply on the ink is enough to overpass the liquid viscosity. If Re is superior to one we
consider than the ink is jettable.
==

>%?
'

(6)

Where v is the jet speed, ρ the bulk weight of the ink, η 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. Re depends 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.

32

EXPERIMENTAL TECHNICS
L= =

> %?
>4
M

(7)

Here γ is the surface tension of the ink. From this equation it is possible to calculate the
minimum velocity needed to eject a drop:
> > "4
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Moreover, almost the same expression for the minimum speed for drop ejection can be
found from a different calculus. In considering that the ejection of the drop is possible when the
kinetic energy overcome the surface energy of the air/liquid energy we have:
1
O> > MP
2

(9)
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Where the mass m of the spherical drop can be write as O = % R S T V and S the section

of the nozzle exposed to the air by P = S T V , and we found :
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In practice we used the expression determined with We (8) to calculate this minimum
drop velocity.
To know if the jet will be composed of only one drop and without any satellites droplets
the number of Ohnesorge (Oh) is calculate (this number is sometimes expressed with Z=1/Oh).
When this number is between 0.1 and 1, there will not have any satellite droplets. The smaller
Oh is, bigger will be the number of droplets, when Oh is too big it is difficult to jet a drop.
Wℎ =
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=
=
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(11)

Is it possible to summarize this calculations in one graph (Figure II.4). In this graph for
each speed reachable by the drop the We and Re are calculated and reported. This graph helps
to select the speed that allow the print condition to be in the “Printable fluid” area. This graph
allow us to see in what conditions the jetting may be problematic (with a fixed size drop) and
help to engineer the ink:
33

EXPERIMENTAL TECHNICS
-

When Re is too low (<1), the solutions could be to reduce the viscosity in using a
co-solvent with a lower viscosity.

-

When Re is too high (>20), increasing the viscosity in using a long chain glycol
additive (the chemical family possesses viscosity between 10 and 50 mPa.s) is an
often used solution.

-

When We is too low (<4), since this number is proportional to the square to the speed
this case is rarely seen, the solution being to reduce the surface tension with a nonionic surfactant.

-

For this three cases the density can be adjusted, however this will change both
number at the time.

At last, it is important to note that since the density, the viscosity and the surface tension
are temperature dependents it is possible to tweak the ejection parameters by adjusting the
temperature of the nozzle. Indeed these three rheological parameters decrease with the
increasing of the temperature, viscosity being the more sensible parameters. However, in doing
so, the temperature should not be too close to the boiling point of any co-solvent which could
provoke the clogging of the nozzle.

Figure II.4 - Re/We graph for ink jettability [46]
Here we see that when the Weber is very high it is possible that the drop splash instead
of forming a uniform film. This splashing is due to the interaction between the arriving drop
and the surface, which is the subject of the next section.
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Drop/surface interaction
For Stow & Hadfield [48] an ejected drop falling on a surface can splash when:
√L= × √ = > 50
Y

(12)

This inequality can be used to determine when the speed of the jetted drop will likely
provoke splashing at the surface. However please note that the empirical law was established
for distilled water, more specifically for speed lower that the one attributed to inkjet (~3 m.s-1
against inkjet jetting speed between 5 and 40 m.s-1) and bigger drop than the inkjet drop ( 2 mm
diameter against only 20 µm for inkjet drops).
Without this splashing we can determinate 3 phases describing the deposition phase of
the drop on the printed surface, summarized in the Figure II.5.

Phase 0
Drop ejection

Phase 1
Phase 2
Collision
Capillarity Wicking
Drop velocity
Ink rheological properties
Ink surface tension
Substrate morphological
Substrate surface energy
properties
Figure II.5 - Interaction phases between drop and surface.

Phase 3
Liquid Evaporation
Dying condition

The phase 1, the collision, is when the splashing can occur if the roughness is too big
compared to the drop size, or if the drop velocity is too high. Rheological proprieties of the ink
also play an important role. If the surface tension and viscosity are too high drop may rebound
or partial rebound. A low viscosity or a low surface tension will provoke the splashing as seen
is the Stow & Hadfield inequality (12). A good spreading will be the result of an ink surface
tension compatible with the surface energy of the surface and a viscosity suitable with the shear
imposed to the drop when it collides the surface, shear related to the speed of the drop. The
different collision possibilities are summarized in the Figure II.6. Please note that phase 1 could
be subdivided under 3 other phases, indeed upon impact the drop is crossed by fluctuations due
to residual kinetic energy and it needs some times to reach stabilization.
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Deposition
Splash
Corona Splash
Break-up

Partial rebound
Complete rebound

Figure II.6 - A variety liquid drop impact on to a surface [112, 45]
The phase 2 (Figure II.6) is the phase where most of the final spot size is determined.
This phase is the most sensitive to the surface tension of the ink and its affinity with the surface
energy. When a drop is deposited on to a surface (Figure II.7) the shape of the drop depends on
the interaction energy between the surface and the liquid (γLS), between the gas surrounding the
drop and the liquid (γL) and between the gas and the surface (γS). The angle θ formed by the
vectors γLS and γL is called the contact angle and it used to determinate the quality of the wetting:
-

When θ is close to 0° the wetting is complete

-

Between 0 and 90 ° the wetting is partial

-

For contact angle above 90° and lower 180° this corresponds to a partial dewetting.

-

For θ=180° the liquid forms a perfect spherical drop

Gas

γL

γS

Liquid

θ
γLS

Solid

Figure II.7 - Interaction forces at the gas/surface/liquid interfaces
Depending of the intensity and the affinity of this interactions the drop will more or less
be spread. The theory, and the practical measurements of the contact angle, will be presented
further in the section II.3. If the substrate is porous the liquid will flow in it during this phase.
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That means that if the objectives is to impregnate a substrate the liquid should be choose to
avoid its premature evaporation. This phase can last from a few hundred of nanoseconds for the
case of non-porous and smooth substrate, up to tenth of seconds for substrate like paper.
The phase 3 begins when the flow of liquid (parallel to the substrate or in its porous
structure) has stopped. This is the drying phase, depending of the concentration in materials,
the boiling point of the solvent, its vapour pressure the drying stage can take several minutes to
few hours.
In order to apprehend the problematic of drying we will focus only on the evaporation
of one drop containing only one liquid. As the height of liquid is maximum at the middle of the
drop and decrease when approaching the edge and since the evaporation rate is the same
everywhere then the drying is quicker in the edge (since there is less liquid). This phenomenon
will create flows from the surface of the drop toward the edge of the drop. Depending of the
evolution of the viscosity during drying these flows might be able to follow the flow of
evaporation inside the drop. If not the edge will be completely dry before the rest of the drop.
This can produce heterogeneous film if this situation happens relatively soon in the drying.

Pinned contact line in
constant contact area mode

Moving contact line in constant
contact angle mode

Figure II.8 - Drying mode and contact line moves
Furthermore, if the surface energy of the substrate is high the drop cannot reduce its size
as the liquid dry, this is the case of the pinned contact lined with a decreasing contact angle. At
the contrary when the surface energy is low the reducing size of the drop will be proceeded at
constant contact angle (Figure II.8). Both can produce good homogeneous films, but, since the
drop size is reduced in the second case, this can produce dewetting between droplets and at the
edge of the printed layer.
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2. Image management
i.

Splat size and resolution
In order to control the size, thickness and shape of a printed layer the first step is to

measure the size of one dry drop printed on the previous layer. This measurement is effectuated
by optical microscope. This size is called the splat size. Once the splat size is known, it is
possible to calculate the minimum space between each drop-centre to promote coalescence,
which is equal to the diameter of one splat size.
Once established, we can calculate the resolution needed to have each drop side by side.
For this resolution, the thickness of the final layer will be close to the thickness of one drop.
Indeed there is no overlapping between each drop. To calculate the resolution we must calculate
the number n of drop: we can take the case of one rectangle with a length of x and a height of y
(Figure II.9). To print this rectangle we use drops with a splat size of 2r, each drop being
separated from another of a drop spacing of d.
r

e
d

y

x
Figure II.9 - Drop disposition on a rectangle
We have then, with nx and ny the number of drop respectively at the length and height:
] = ]^ ]_
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Which gives for the total number of drops:
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The resolution r is usually given in dpi, (Dot Per Inch) and is calculated this way:
a=

]_
]^
=
`/2.54 b/2.54

(16)

During printing some nozzles can clog, thus reducing the number on drop effectively
deposited on the substrate. It is interesting to know how many drop were actually printed, in
taking the same value for the ratio between the number of open nozzle and desired nozzle and
the ration between the effectively ejected drop and the theoretical number. The drop spacing d
can be adjust in a second printing to print the good number 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 possible between 2 drops (or between
dots for other printing technics). When printing different colour layers in an image for a graphic
objective, for example for a photography, it is very important to make sure the horizontal
registering respected. Meaning that the different layers not supposed to overlap should be side
by side. However, if an overlapping occurs it can be invisible for the human eye. At best, with
a good contrast and luminosity, the human eye can perceive details occupying 1/3000th radian
of its field of view, which corresponds to approximately 100 µm. Typically, the addressability
must be around 0.1 mm for most practical application.
To print electronic devices, this horizontal registration must be taken more seriously:
two layer side by side which are not meant to touch, must absolutely not touch. It could for
example create short-circuit.
For the inkjet printing machines used in this thesis this minimum addressability is 5 µm
[45]. These limitations must be taken into account when designing the architecture of the solar
cells ought to be printed. Each pattern must be horizontally separated by at least 5 µm, smaller
gap cannot be fabricated and will provoke coalescence of the normally separated drops.
This position repeatability is also crucial when the objective is to print layers on top of
others. Each layers must absolutely be on top of the previous, without touching for example the
substrate, or even more seriously, the layer beneath the layer on which the printing is done. The
Dimatix Materials Printer DMP-2850 has a repeatability of ±25 µm between layers of different
materials. This repeatability must be taken into account for the design of patterns of different
layers printed side by side, the gap between them must be at the minimum of 50 µm. This also
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means that superposing layer will not be perfectly superposed and two layers separated by a
third layers can come in contact. One strategy is to print smaller layer as the layers superposed
layer after layer, but this is not always possible.

3. Characterisations
i.

Surface Energy
Surface energy is a broadly researched topic [49] : inside a phase (solid, liquid or gas)

every molecules endures the attraction from the other molecules surrounding here. The
molecules pushed away from one another by the thermal agitation, in the overall phase all
movements cancel each other statistically.

Figure II.10 - Schematic reorientation of the forces acting on
the internal and superficial molecules
At the contrary at the surface of the phase each molecules endures an asymmetric pull
toward the interiors of the phase, the attraction toward the exterior is weak. Therefore, the phase
will tend to minimize the energy of the interface with the other exterior phase, to form a sphere
as seen with liquid in zero gravity condition. In reality the Brownian movement, and the
different flows in the phase (if the phase is a liquid or a gas), imply that the surface is
continuously renewed by different molecules. This energy is the cohesion energy that allow a
liquid phase to keep its integrity. It is usually expressed in mN.m-1 and can be interpreted as the
force needed to break a film of a certain length of this liquid.
For a solid the dangling bonds at the surfaces, the morphological defaults, the crystalline
structure and other external graft specie are all kind of sources of this surface energy
representing the abilities that the solid has to stick to liquids.

Young equation
For a drop deposited on to a surface (Figure II.7) its shape depends on the interaction
energy between the surface and the liquid (γLS), between the gas surrounding the drop and the
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liquid (γL) and between the gas and the surface (γS). The angle θ formed by the vectors γLS and
γL is called the contact angle and it used to determinate the quality of the wetting. When the
thermodynamic equilibrium state is reached it is possible to write the Young equation :
Mg + hhhhhi
hhhi
Mjg + hhhi
Mj = 0

Mg = Mjg + Mj cos k

(17)

From this equation is possible to predict the wettability of a specific liquid on a specific
surface in calculating the angle θ (Figure II.7), thanks to the already known values of γL of
specific liquid (water, ethylene glycol and diiodomethane) and of γS of specific surfaces. The
calculation of surface energy is possible from the measurements of contact angle. Here will be
presented one method of calculation.

Owens-Wendt-Rabel and Kaelble method
In this method, the liquid/solid interface energy value can be calculated from the value
of surface energy of the solid and tension surface of the liquid and with the polar and dispersion
component of each of these two energy, the formula being:
Mjg = Mj + Mg

2 lmMjn Mgn + mMjo Mgo p

(18)

The dispersive component γiD takes into account the electrostatic attraction, H-H, van
der Walls bounding for example, the polar γiP component represents the attraction due to the
polar nature of the molecules of the solid and the liquid.
When using the equation (17) with the equation (18) we have:
Mjg = Mj + Mg

2 lmMjn Mgn + mMjo Mgo p

(19)

With:
Mq = Mqo + Mqn

(20)

From the equations (17) and (19), we found:
Mj (1 + cos k) = 2 lmMjn Mgn + mMjo Mgo p
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This equation allows to compute γS of a specific solid in measuring the contact angle of
the drops of 3 different known reference liquids deposited on the substrate. Alternatively it is
possible to calculate γL with the use of 3 different known reference substrate. The method is to
express the precedent equation under the y=ax+b, for computing γS we have:
Mj (1 + cos k)
2XMjo

=

mMgn

Mjn
"
×
+ mMgo
Mjo

(22)

After having measuring the contact angle is it possible to draw the y=f(x) graph with 3
points (the 3 different reference liquids), and to extract a and b with a linear regression:

b=

? = mMgn

Mj (1 + cos k)
2XMjo

r = mMgo
`="

Mjn
Mjo

For computing γL we have:
Mo
Mj
1 + cos k
2" gn =
×
Mg
XMgn
XMjo

2"

Mjn
Mjo

(23)

With :
Mgo
b = 2" n
Mg

?=

Mj

XMjo

`=

1 + cos k
XMgn

r=

Mjn
2" o
Mj

Wettability envelop
The wetting envelop is a graph which is used to determine which kind of liquid will
have a perfect wettability on a specific surfaces. This is the condition when θ=0, so from the
equation (21) we obtain:
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Mjo + Mjn = mMjn Mgn + mMjo Mgo

(24)

The polar and dispersive components of the liquid surface energy can be used in a
coordinate system as functions. Hence, we have for the R parameter for the geometric
consideration:
= m(Mjo ) + (Mjn )
cos s = Mjn
sin s = Mjo

(25)
(26)
(27)

In putting the equations (26) and (27) into the equation (24), we have:
cos s +

sin s = m Mgo cos s + m Mgn sin s

(28)

When this equation is resolved to express R as function of φ we find:
(s) =

TXMgo cos s + XMgn sin sV
t
(cos s + sin s)

(29)

As the polar and dispersive components cannot be negative we consider only the value
of φ between 0° and 90°. Finally we have these two expressions for the dispersive and polar
components.
Mjn
Mjo

TXMgo cos s + XMgn sin sV
t
= cos(s) × (s) = cos s × u
(cos s + sin s)v
TXMgo cos s + XMgn sin sV
t
= sin(s) × (s) = sin s × u
(cos s + sin s)v

(30)

(31)

The obtained graph is represented in the Figure II.11, here the liquid 1 will wet correctly
the surface while the liquid 2 will provoke a dewetting:

43

EXPERIMENTAL TECHNICS

Liquid 2

Mjn

Total wetting

Partial wetting

Liquid 1
Mjo
Figure II.11 - Wetting envelop look

ii. Surface tension
To measure the surface tension of a liquid the most used technique is the pendent drop
method (Figure II.12). The setup is to capture the image of a drop pending from a vertical needle
on a syringe, the drop is formed by the pressure of the piston. When the drop is the heavier
possible, that is to say just before it falls, the capture is taken and the edge of the drop is
numerically analysed.
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z

Φ

R2

b
R1
Φ
x
Figure II.12 - Drop schematisation for surface
energy measurement
The analysis method is to determine the half bottom part of the drop forming a perfect
hemisphere. This hemisphere has a height named b in (Figure II.12) and surface at its maximum
height forms an angle Φ with the horizontal. The angle is reported to determine the radius R2
between the any points of top of the hemisphere and the vertical axis of the drop and to the
radius R1 between any points of the hemisphere (excepted at the top) and the vertical axis. Of
course when Φ approaches 90 ° the value of R1 and R2 are the almost the same and the bottom
of the drop forms a perfect hemisphere.
The difference of pressure between the two phases, the liquid and the atmospheres,
separated by a curved interface is given by the Young-Laplace equation, in function of the
surface tension γ:
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∆x = xqyz

x{^z = M e

1

+

1

f

(32)

At the vertex (lowest point of the drop) the shape of the drop can be approach as being
a perfect sphere, therefore R1=R2=R:
∆x! =

2M

(33)

From Pascal law along the z axis where ∆ρ is the difference between the densities of

the two phases in contact, we have:

∆x(|) = ∆x! ± ~%•| =

2M

+ ~%•|

(34)

From every point above the vertex we have R2=x/sin Φ, from the equation (32) it gives:
∆x
1 €•] Φ
=
+
M
`

(35)

The equality of the equations (34) and (35) leads to:
1

=

2

±

~%•|
M

€•] Φ
`

(36)

With this equation it is possible to calculate γ from the shape analysis of the drop, and
from the known density of each phases.

iii. Viscosity
Definition
The viscosity is the propriety of a fluid to resist to shear stress and flow. This measurable
physical value is called the dynamic viscosity η and corresponds to the shear stress when a shear
rate to the fluid.
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The dynamic viscosity η can be defined in the ideal situation where the fluid is trapped
between two horizontal plate, one is fixed the other is moving horizontally with a constant speed
u (the Couette flow, Figure II.13).

Moving plate
velocity u

Fluid

Shear Stress τ
Gradient
y
…†
…b

Stationary plate

Figure II.13 - Laminar shear of fluid between two plates: Couette flow
Here, each layer of the fluid will flow slower than the one on top of it: friction between
them will provoke resistance against their relative motion. Therefore a force F applied on the
top plate is needed to keep it in motion, it is proportional to the contact area A between the plate
and the fluid:
ƒi = '„

…†
hi
…b

(37)
hi
‡ˆ

Fluids with a fixed value of dynamic viscosity, meaning that η is independent from ‡_

(rate of shear strain), are called Newtonian fluids. Most inkjet ink are Newtonian but some are
none. The shear-thickening will have a viscosity increasing with a shear strain, contrary to the
shear-thinning fluids. Thixotropic fluids become less viscous after a certain time of stressing
(contrary to the rheopectic), this is the case of liquids containing particles with a high aspect
ratio (solutions with long polymer chains for example).

Measurements
For the viscosity measurements of the ink used in this theses we used an A&D SV-A
series Tuning Fork Vibro Viscosimeter [50]. Two thin parallel plates are forced to vibrate at
their resonant frequency of 30 Hz within the sample fluid. Viscosity is then calculated based on
the proportional relationship between the viscous resistance of the sample fluid and the amount
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of electric current required to maintain the sensor plates at a constant vibration. The advantage
is that this measurement needs only 2 ml of the solution. The drawback is that this measurement
is performed under fixed shear strain, we must assumed that the tested inks are Newtonian.

iv. Measurement of the bulk density
As there is no access to measure the density of a fluid a methodology has been designed
by using water, a micro-balance and a pipette:
-

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

-

With the pipette set on a 100 µl volume water is taken and weighted several times

-

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

-

With the pipette set on a 100 µl volume the liquid to measure is taken and weighted
several times.

-

From the correct value of taken volume and the correct value of weight of the liquid
to measure the density is calculated by divided the weight by the volume (kg/m3).

v. Photovoltaic
JV characterisation
Through the imposition of a voltage sweep and the measurements of the photocurrent
of a solar cell it is possible to obtain different electronic parameters. During this measurement
the solar cells is exposed to a simulated solar light. This simulated solar light is provided by a
lamp equipment and the emitted light spectrum follows the AM 1.5 G norm, its illumination
power Plum is of 100 mW.cm-2. This spectrum corresponds to the actual solar spectrum light
received on earth surface at a 45° latitude as represented as AM 1.5 Global curve in the Figure
II.14.
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Figure II.14 - The AM1.5 Global spectrum is designed for flat plate modules,
AM1.5 for solar concentrator, the AM0 is the extraterrestrial solar spectra
From the JV curve the short-circuit current JSC and the open-circuit voltage VOC can be
easily extracted, as well as the point of maximum power Pmax. The Power Conversion Efficiency
(PCE) or efficiency η is expressed in percentage, A being the surface area of the solar cell:
x‰ =

xŠU^
× 100
x‹ˆŠ × „

(38)

The fill factor (FF) can be also calculated and is expressed in percentage. The higher the
value of FF is the more ideal is the tested solar cell, low FF means that the cells might has
current leaks, charge recombination. It could be due to bad quality of material, charge being
stocked at the interface for example, it is a great indicator of the overall quality of the cell.
ƒƒ =

xŠU^
ŒŠU^ × ŽŠU^
× 100 =
× 100
Œg• × Ž••
Œg• × Ž••
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From the value of the slope of the J(V) curve at VOC and Jsc it is possible to calculate

J [mA.cm-2]

respectively the series resistance RS and the shunt resistance RSH.

VOC
Vmax
RS
V [V]
FF

Jmax
Pmax

JSC
RSh

Figure II.15 - J(V) curve schematic representation of an illuminated
photovoltaic cell
The JV measurement can be done with two voltage sweep directions: in the forward
scan the scan is proceed from the negative voltage to the positive voltage, the backward scan is
done from the positive bias to the negative bias. In the case of the perovskite solar cell the
photovoltaic performances are most often determined in the JV backward scan. More
explanation about this will be given in the section III.1.Erreur ! Source du renvoi
introuvable. about electrical measurement parameters. During these measurements the cell was
masked in order to correctly determine the surface area and not to make any errors in the current
density. Furthermore the intensity of light is adjusted by using a mismatch factor to compensate
the discrepancy between the simulated spectrum of the solar lamp and the spectrum of the sun.

IPCE
Incident photon to converted electron (IPCE) is the method to analyse the efficiency of
photovoltaic solar cell. The objective of the measurements is to know the efficiency of
conversion of the energy of each photon onto electrical energy. In this experiments a
monochromatic filter (with a xenon white lamp) isolate each wavelength, the shape of the
illuminated zone on the photovoltaic cell is a small area of roughly 2 mm of diameter. The
illumination power is first measured before the actual measurements with a silicon calibration
cell whose wavelength sensibility is known. With this calibration the power of illumination Plum
of each wavelength is known. From the calibration and the measurements of the electric power
Pelec for each wavelength we have:
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(40)

With the R the impedance of the measuring instrumentation, q the charge of an electron,
h the Planck constant, c the light velocity. The boundary of the wavelength are adjustable as
well as the delay between each wavelength and the bandwidth ∆λ.

Mismatch factor
As the spectrum of the solar simulator is not perfectly the same as the true solar
irradiance spectrum the evaluation the PCE of a solar cell can be over or under estimated.
Furthermore, the IPCE(λ) depends of the illumination wavelength which increases the
discrepancy between the measured PCE and the true PCE. A methodology has been designed
to control and compensate this discrepancy [51, 52, 53].
The solution to correct this imprecision is to equalize the photogenerated current under
the theoretical AM 1.5 G spectrum and the same current under the used solar simulator:
•‰x ( ) =

g—gqŠ
•‘{‹‹
›
˜ .™š =
•‘{‹‹
›

g—gqŠ P‘{‹‹
˜ .™š

P‘{‹‹

=1

(41)

Where :
-

ESoSim is the irradiance spectrum of the used solar simulator

-

EAM 1.5G is the irradiance spectrum of the sun for the AM 1.5G norm.

-

Scell is the sensibility of the solar cell to characterize

This condition happens in evaluating the mismatch factor M, which takes into account
another term, Sref, the sensibility of the calibration device sensor:
œ=

›
›

˜ .™š P {•

g—gqŠ

P

{•

×

›
›

g—gqŠ P‘{‹‹
˜ .™š

P‘{‹‹

(42)

The computing of the M factor (for one system constituted of one cell, one calibration
sensor and a solar simulator) allows to correct the calibration of the solar simulator in order that
the illumination power received by the solar cell is close from the one delivered by the AM1.5G
irradiance spectrum.

51

TOWARD A LOW ANNEALING PRINTABLE PEROVSKITE SOLAR CELL

III. Toward a low annealing printable perovskite solar cell
1. The reference and non-printable perovskite solar cell
i.

Objectives, strategy
The industrialisation and commercialisation of a new photovoltaic technology require

that it presents a high efficiency, a good stability and a low cost of fabrication. The perovskite
solar cells match the first requirements and the second point is the subject of several studies
across the world. The third point is important to consider for the case of disposable autonomous
sensors.
The strategy of this thesis has been to develop a protocol for the printing of the PSC
starting from a speciality of the laboratory XLIM: the DSSCs made from TiO2 electron
transporting layer (ETL). This structure is called “direct architecture” [54]. From this
technology the strategy is to replace the non-printable layer by printable and low-temperature
annealable layers. In order to facilitate the printing step of the perovskite solar cells the inner
layers (ETL, perovskite and HTL) was designed to be fabricated by exclusively liquid solution
with one deposition for each layer. For the perovskites it is possible to use different approach,
for example via evaporation or chemical deposition, or with liquid deposition in two step [34]
(see section IV.4.iv).
The comparison of the PSC performances is not easy: there are a lot of different
perovskite solar cells version, direct or indirect architecture, with or without mesoporous TiO2,
with or without chlorine or with different solvent, concentration, additives etc.. In the literature,
the cell architecture which was the closer of the one of our cells was the one of Wojciechowski
et al. [55]: the best PCE obtainable is around 15.9 %, this corresponds to a Voc of 1 V, a Jsc of
21.5 mA.cm-2 and a 71 % FF, for a 10 mm2 solar cell.

ii. Architecture
The first cells produced were composed of an electrode in FTO, of a dense TiO2 as ETL,
CH3NH3PbI3 perovskite as absorbent layer, Spiro-OMeTAD as HTL and gold as top electrode.
The first results were not as good as expected: the solar cells were shunted. After having add a
TiO2-mesoporous layer (TiO2-mp) and changed the CH3NH3PbI3 perovskite for CH3NH3PbI3xClx

(Figure III.2) we obtained our first working cells, and 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 illuminated from the back electrode in FTO, having
firstly cross through the glass substrate. The light then goes through the two ETL layers of TiO2
to be absorbed by the hybrid photovoltaic (Figure III.2). The band gap of the CH3NH3PbI3-xClx
perovskite is of 1.7 eV, with an electronic affinity and an ionization potential respectively at 3.7 eV and -5.4 eV [24]. Each absorbed photon will provoke the promotion of one electron in
a higher energy band, creating one electron-hole pair. The hole is extracted by the holetransporting layer Spiro-OMeTAD valence band (-5.22 eV [19]), since it cannot go to the one
of TiO2 which is too high. The electron is transported toward the FTO electrode by the TiO2
layer (-4.2 eV [19]).

Spiro-OMeTAD

Figure III.2 - Schematic representation of the TiO2 reference perovskite
solar cell direct structure

Energy (Ev)

eeePerovskite

FTO

Au

h+
TiO2

h+
h+

Figure III.2 - Working principle of perovskite solar cell in direct
architecture
This first PCE were around 0.14 %. It was very low but we knew that we were on the
good path since we got our first photoconversion, this convinced us that the overall architecture
was correct but architecture defect, or bad post treatment (for example annealing of the layer),
was responsible of this low PCE. One of the most important aspect to look upon is the way the
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layers are stacked, each layer must be in contact with the previous one and the next one but
should never touches the other layers. This will provoke recombinations between holes an
electrons. After few adjustments on the architecture, with bigger overlapping layer to protect
the previous one the PCE was enhanced to 0.74 %. The final architecture of a 20 mm2 active
area perovskite solar cell is presented in Figure III.3.

Figure III.3 - TiO2-based perovskite solar cell fabrication design (vertical scale not respected)

iii. Best results
After much improvements, particularly in the perovskite spincoating and annealing
conditions and in the post-treatment of the TiO2 (explained further in the III.1.iv. section), and
a better master of the overall production the best result obtained was a PCE of 15.3 %. The FF
was of 68 %, while the Voc was at 949 mV and the Jsc at 23.6 mA.cm-2. The JV curve of this
best cell is represented in Figure III.4, and its aspect is in Figure III.7. The JV measurements
conducted under dark conditions (Figure III.5) highlights the quality of the TiO2-based PSC
with no current until 650 mV. The performances of this best solar cell are very close to the
maximum performances for this kind of architecture when comparing to the typical result of
the literature. The evolution of the TiO2-based PSC performances through time is presented in
Figure III.6.
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Figure III.4 - JV curves of the best TiO2-based
PSC : backward (BW) measurements is from
1.5 V to -0.1 V and forward (FW) is from -0.1 V
to 1.5V

Figure III.5 - JV curve in dark of a
perovskite solar cell

Figure III.6 - PCE evolution of the best perovskite solar cells

Figure III.7 - A TiO2based perovskite solar
cell

From this point we can compare this 15.3 % performances with the objectives of the
Table I.1. The photovoltaic parameters of the TiO2-based perovskite solar cells are superior to
the objectives. The open-circuit voltage is 14 % higher than the voltage objectives. The shortcircuit current, which is the most important parameter to charge the batteries, is 47 % higher
than the one of the objectives. The result is a very high PCE compared to the objectives.
For each batch of produced TiO2-based perovskite solar cells not all perovskite solar
cells will be at this maximum of 15.3 %, the repartition of the performances will be in reality
between 7 % and this maximum of 15.3 % PCE. It happens that one or two cells of a batch of
12 cells presented a short circuit. Furthermore, some batches will be better than others and the
mean PCE of each batch can be greatly different from another.
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To have a better idea of which value of PCE that can be expected when producing TiO2based perovskite solar cells we computed the photovoltaic performances of an “Average best
TiO2 cell”. This mean value takes into account all the cells produced with a PCE higher than 9
% (in backward measurements). The chosen value of 9 % is arbitrary. We think that a PCE over
9 % means than the perovskite solar cell is working properly, furthermore, every time a batch
of TiO2-based PSC produced working solar cells (some batch produced just non-working cells)
the minimum PCE of working solar cells was around 9 % (non-working solar cells are still
present, yet). The mean PCE of the average best TiO2-based PSC is 10.2 %, the mean JSC is
19.01 mA.cm-2, the mean VOC is 860 mV, and the mean FF is 64 %, there are summarized and
compared with the objectives in the Table III.1. In a controlled environment with an industrial
fabrication method these are the value that can be expected at the minimum for this kind of
TiO2-based PSC.

OBJECTIVES

BEST TIO2 CELL

AVERAGE BEST TIO2
CELLS

Photovoltaic parameters
Voc

(mV)

830

949

850 (± 6)

Jsc
FF

(mA.cm-2)
(%)

16
75

23.6
68

19.21 (± 3.11)
64 (± 9)

PCE

(%)

10

15.3

10.26 (± 1.73)

Fabrication
2

Active area
1 cm
20 mm2
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
450 °C
130°C
temperature
Table III.1 - Comparison between the objectives and the TiO2-based perovskite solar cell
As it is, the TiO2 PSC are already completing the photovoltaic parameters objectives.
They can produce enough power to supply in energy an autonomous sensor. The effort must be
now focused on the fabrication steps. Only the perovskite layer and the HTL are printable and
annealable below 130 °C: the TiO2 is here the principal issue as it is not easily jettable
(particularly the mesoporous TiO2), but the most important aspect is that it must be annealed at
500 °C. The second issue is the size of the cell which is 5 times smaller than wished.
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iv. Fabrication
This section presents first the protocol to produce TiO2-based PSC, which is used as a
reference cell. Then follow different aspects about this fabrication.

Protocol
In this section the fabrication of reference TiO2-based perovskites solar cell will be
detailed.
Three days before the spincoating of the TiO2 layers the dense TiO2, the mesoporous
TiO2 and the Spiro-OMeTAD solutions are prepared as follow:
The dense TiO2 solution is prepared with 15.4 µl of titanium (IV) isopropoxide in 1 ml
of ethanol, then 1 µl of HCl 37 % (one little drop) is added and the solution is put to be stirred
until its use. The mesoporous-TiO2 solution is prepared with 210 mg of mesoporous TiO2 paste
[56] in 700 mg of ethanol, the solution is then put to be stirred until its use. For the SpiroOMeTAD solution, in a nitrogen glovebox 106 mg of Bis(trifluoromethane)sulfonimide lithium
salt (Li salt) is added in 200 µl of acetonitrile. Separately, in ambient condition, 73.2 mg of
Spiro-OMeTAD is added to 1 ml of chlorobenzene, then 17.5 µl of the lithium salt/acetronile
solution is added followed by 28,8 µl of 4-tert-Butylpyridine (tBP). This yellow-coloured
solution is then put to be stirred up until its use. Before their spincoating the dense TiO2 solution
and the Spiro-OMeTAD must be filtered with a 0.2 µm PTFE filter.
For the FTO etching the first step is to cover the non-etched parts (8.5 mm on the bottom,
and 1 m at the top, as figured in the Figure III.3) with duct tape. Then a cotton buds impregnated
with a 37% HCl water solution is covered with zinc powder. The cotton buds is rubbed on the
non-covered part of the FTO, the FTO layer takes a brown colour then after a few rubbing the
rubbed part become transparent again, the etching is finished. The substrate is immediately soak
in water to stop the chemical reaction. The duct tape is removed and the substrate is cleaned in
acetone, iso-propanol then ethanol in an ultrasonic bath during 20 min for each solvent.
The day of the spincoating of the TiO2 layers a 70°C solution of TiCl4 is prepared in
adding 220 µl of TiCl4 in 100 ml of distilled water at 5°C and then mixing it with 100 ml of
distilled water à 100°C. The produced solution must be clear, like water, any slight white tint
indicates a bad preparation.
Just before the deposition of the first TiO2 layer the FTO surface of the substrates is
treated by UV/ozone during 20 minutes. The TiO2 spincoating on FTO is then proceed at 4000
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rpm (rotations per minute), with an acceleration of 1000 rpm.s-1, for 10 seconds. The layer is
partially removed at both side of the cell by using a swab and ethanol and annealed at 450°C
during 20 minutes, once cooldown the substrates are put in 100 ml of the TiCl4 solution at 70°C
during 30 minutes, then rinsed with water and ethanol and annealed at 450 °C for 20 minutes.
The resulting thickness is 15 nm (measured by ellipsometry).
The mesoporous TiO2 is spincoated at 5000 rpm (2000 rpm.s-1) during 60 seconds. The
layer is partially removed at both side of the cell by using a swab and ethanol. The layer is then
annealed at 325°C for 30 minutes, then at 375°C for 5 minutes, then 450 °C for 15 minutes and
finally 500°C for 30 min. Once cooldown the substrates are put in 100 ml of the TiCl4 solution
at 70°C during 30 minutes, then rinsed with water and ethanol and annealed at 450 °C for 20
minutes. The thickness of the mesoporous layer is of 250 nm (measured by ellipsometry and
profilometry).
The day of the spincoating of the perovskite the perovskite solution is prepared in adding
252 mg of methylammonium iodide (CH3NH3I, 158.9 g.mol-1, MAI) in 600 mg of N,NDimethylformamide (0.948 g.mol-1, DMF). Once the MAI is correctly dissolved in the DMF,
147 mg of PbCl2 (278.2 g.mol-1) and 5.4 µl of diiodooctane (ICH2(CH2)6CH2I, 1.84 g.ml-1,
DIO) are added. The solution is stirred during at least 1 hour at 90°C. The resulting solution
has a weight concentration in perovskite of 40 %, and a weight concentration of DIO of 1 %.
The molar ratio between MAI and PbCl2 is 3:1, thus to benefit the formation of CH3NH3PbI3xClx with

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

Before the spincoating the TiO2 coated substrates are heated to 90°C as well as the 0.2
PTFE filtered perovskite solution. The spincoating is proceed under nitrogen atmosphere: 5000
rpm, with a 2000 rpm.s-1 acceleration, for 20 seconds. Then the substrate rests motionless in the
spincoater, under nitrogen atmosphere, for 20 seconds. The perovskite layer is then directly
annealed under ambient atmosphere at 90°C for 2 hours. 15 minutes before the end of the
annealing the layer is removed from each side of the cell by using a swab and DMF while the
substrate are still on the hot-plate. On top of the perovskite layer (once the substrate is cooled)
the filtered Spiro-OMeTAD is spincoated at 2000 rpm (2000 rpm.s-1) during 20 seconds. The
layer is removed from each side of the cell by using a swab and chlorobenzene. The thickness
of the perovskite and Spiro-OMeTAD layer is difficult to measure because the mesoporous
TiO2 is very rough and porous, as well as the perovskite layer itself. The perovskite layer has a
thickness of around 200 nm and the thickness of Spiro-OMeTAD is around 100 nm (measured
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with a profilometer on glass). Under a 10-6 mbar vacuum a 100 nm thick gold electrode is
evaporated at 0.1 Å.s-1.

Ambient condition effects: N2
As seen in the protocol of the previous section the spincoating phase in processed under
N2 atmosphere. A commercial perovskite solution (with a composition very close of what we
used thereafter) [57] was spincoated to produce TiO2-based PSC. For 3 cells the perovskite
layers were spincoated under normal atmosphere and for 3 other cells the perovskite layers were
spincoated under nitrogen atmosphere. All cells were annealed at 90°C during 120 minutes
under normal atmosphere. The results are summarized in the Figure III.8. The presence of the
nitrogen atmosphere tends to enhance the value of the JSC by 1 mA.cm-2. This increase is slightly
higher than the standard deviation value (0.53 mA.cm-2). The modification of the FF is more
noticeable: in normal atmosphere the FF is at 50 % in average and is increased at 57 % with
nitrogen atmosphere but the high standard deviation of 7 points forces us to be cautious on the
interpretations. This results in the increase of the PCE by 1.08 point (SD: 0.53 point) which
correspond to an increase of 26 %.
The presence of N2 atmosphere could have an impact of the evaporation rate of the DMF
solvent. A lower evaporation rate could reduce the rate of perovskite crystallization, and thus
promotes bigger perovskite crystal domain. This can be explained by a lower vapour pressure
in nitrogen atmosphere than in normal atmosphere, also, the atmospheric pressure in the
spincoater could be higher when the nitrogen atmosphere is applied.
11,03
9,86

Voc (V)
Jsc (mA.cm-2)
5,20
4,12

FF
PCE (%)

0,84

0,50

Spincoating without dinitrogen

0,83

0,57

Spincoating with dinitrogen

Figure III.8 - PSC performances measured in backward JV depending of the atmosphere during
perovskite spincoating
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A more possible explanation is that the perovskite crystallisation is sensible to humidity
[58] and since the nitrogen atmosphere is totally dry this could enhance the crystallisation. In
the objectives to print the perovskite layer this method could be very useful to control the
evaporation of the DMF, or at least the crystallisation quality of the perovskite. We are not able
to print under nitrogen atmosphere, therefore, all the following perovskite printing will be done
under normal atmosphere. That means that perovskite printing is subject to atmospheric
changes, like temperature and relative humidity variation through the seasons. That also means
that all the performances of printed PSC shown in this thesis could be enhance in the future by
simply printing under nitrogen atmosphere.

Ambient condition effects: humidity
In the previous section the effect of N2 atmosphere during spincoating was investigated.
This was link to the perovskite sensibility relative humidity level in atmosphere. The effect of
humidity during the annealing is also known. For some authors a dry atmosphere is the best to
anneal perovskite layers [58], for others the best relative humidity level is around 30 % [59]. In
our process since we have no control on the level of humidity we just did the measurements.
During most of the year, from October to April the relative humidity level is lower than 45 %.
When summer hits and the temperature rises the relative humidity can increase up to 90 %. This
can be clearly seen in the Figure III.6 where no increase in the PCE was made during summer
2015. Atmospheric conditions could have a detrimental effect on photovoltaic performances,
for our protocol the best humidity range seems to be under 45 %. This can be improved with a
controlled atmosphere with a steady relative humidity level.

Compact TiO2 layer solution
At the beginning of this thesis the compact TiO2 layers was processed via spray technic
with this recipe for the TiO2 solution (noted TiO2 recipe 1):
-

250 mg of acetylacetone in 355 mg de titanium IV isopropoxide, this solution is then
added in 5 ml of asbolute ethanol.

The results are presented in the Table III.2 and are here for PSC with CH3NH3PbI3-xCLx
perovskite and a mesoporous TiO2.
Two other TiO2 solutions where tested but this time with spincoating technics:
-

The TiO2 recipe 2 : 380 µl of acetylacetone in 5 ml of ethanol followed by the adding
of 650 µl de Ti (IV) isopropoxide
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-

The TiO2 recipe 3 : 15.4 µl of titanium (IV) isopropoxide in 1 ml of ethanol, then 1
µl of HCl 37 %.

The results are also presented in the Table III.2. The main difference of photovoltaic
performances se sdue do the use of the spincoating instead of the spray TiO2 fabrication. Both
recipe 2 and recipe 3 allow the fabrication of PSC with photovoltaic performances close to one
another. However, the average VOC is higher for the recipe 3 and the electrical parameters of
the best cell is higher also for the recipe 3. As seen is the protocol section this TiO2 fabrication
proceeding with the recipe 3 has been chosen for the future works.
Spray
Spincoating
TiO2 recipe 1
TiO2 recipe 2
TiO2 recipe 3
Electrical
Average
Best
Average
Best
Average
Best
SD
SD
SD
paramaters
(2 cells)
cell
(2 cells)
cell
(3 cells)
cell
289
266
733
Voc (mV)
549
283
862
16
831
877
-2
0.42
0.4
1
Jsc (mA.cm )
13.0
0.4
13.4
1.6
13.4
15.3
26
13
54
FF (%)
40
11
44
22
51
48
0.08
0.2
0.46
PCE (%)
3.1
2.2
4.8
2.3
5.3
6.5
Table III.2 - TiO2 fabrication proceeding effect on the electrical parameters of TiO2-based PSC

TiCl4 treatment influence
As specified in the protocol section, the TiO2 layers (dense and mesoporous) are treated
by a bath in an aqueous solution of TiCl4. This treatment reduces the oxygen vacancies of the
TiO2 [60] and, therefore, enhances the surface of the TiO2.
In a first attempt to assess the utility of this treatment six PSC with TiO2 layers were
processed with two different conditions:
-

Three PSC with a TiCl4 treatment of the mesoporous TiO2. Two of the cells did
work.

-

Three PSC without a TiCl4 treatment of the mesoporous TiO2, all three cells were
working

For both conditions the dense TiO2 remained untreated. The results are summarized in
the Table III.3. The main effects of the TiCl4 treatment are the increase of the VOC and the JSC.
The VOC is considerably increased from 479 mV to 650 mV. The JSC, despite a high standard
deviation, has been efficiently enhanced. This increase can be clearly seen in the result of the
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best cells of both conditions, from 2.5 to 15.8 mA.cm-2. This treatment has allowed the increase
the PCE to almost 10 %.
Here, we can comment the result. Without the TiCl4 treatment the average PCE is lower
than the previous result found for the TiO2 recipe 2 or TiO2 recipe 3. It is possible that this batch
was not correctly produced but the TiCl4 treatment could compensate the overall bad quality of
the PSC. This treatment was then adopted for both compact and mesoporous TiO2 layers.
WITH TICL4 TREATMENT
Average
SD
Best cell
(2 cells)
650
54
708

WITHOUT TICL4 TREATMENT
Average
SD
Best cell
(3 cells)
479
168
711

Electrical
paramaters
Voc (mV)
Jsc
9.6
5.9
4.4
2.7
15.8
2.5
(mA.cm-2)
FF (%)
52
20
44
20
83
79
PCE (%)
3.46
3.4
0.82
0.5
9.24
1.40
Table III.3 - TiCl4 treatment effect on the electrical parameters of TiO2-based PSC

v. Morphological features
AFM characterization were conducted on the surface of the mesoporous TiO2 and are
presented in the Figure III.9 and in the Figure III.10. In putting the lowest point of the TiO2
mesoporous layer at 0 nm the highest height is around 80 nm while the roughness (RMS) is 8
nm. The particle size is around 20 nm, as specified by the TiO2 mesoporous furnisher [56]. As
for the perovskite the surface is way more heterogeneous: the mean thickness is calculated at
170 nm, which is close from the 200 nm measured with the profilometer, however the difference
between the lowest and highest point is at around 400 nm. This measurement highlights one
particularity of the perovskite layer: the coverage on top of the TiO2 mesoporous layer is not
efficient. This observation can also be made from simple optical microscopy, the two pictures
of the Figure III.11 were taken from PSCs with 10 % PCE and the result is visually different,
the coverage of the perovskite seems not to be detrimental to the performances.
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Figure III.9 - TiO2-mp surface AFM
characterization

Figure III.10 - CH3NH3PbI3-xClx perovskite
surface AFM characterization

Figure III.11 - Two different shots of optical microscopy of the perovskite layer from
comparable perovskite solar cell.

vi. Optical characterization and IPCE
Optical characterization
The UV-Visible spectrometry was conducted on the TiO2 layers, on the perovskite layer
and on the TiO2/perovskite/Spiro-OMeTAD stacking in order to determine, for example, the
transparency of the TiO2, which could be useful to compare with a replacement ETL. The
measurements are summarized in the Figure III.12. For perovskite spincoated on glass, the layer
already absorbs 90 % to 100 % of the light between 350 nm and 750 nm, showing the absorption
efficiency of 1µm thick layer of perovskite.
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Figure III.12 - Post-annealing UV–Visible transmission and
reflection spectra for compact and mesoporous TiO2 on glass,
absorption of CH3NH3IxCl3-x on glass.
IPCE
In order to determinate the efficiency of photo-conversion of the perovskite solar cell in
function of the wavelength light Incident-Photon-to-electron Conversion Efficiency (IPCE, or
External Quantum Efficiency, EQE) characterizations were performed. In this characterization
the cell is illuminated by a white lamp, between the lamp and the cell a monochromator which
allows the selection of a particular wavelength, for each wavelength the photogenerated current
is measured. The integration of the current curve gives the maximum current than can produce
a solar cell. The ICPE of a TiO2 perovskite solar cell is presented in the Figure III.13. It shows
that the perovskite layer is the more efficient between 350 nm and 750 nm. Most of the light
absorbedin this 400 nm bandwidth is converted into current, the light which is not converted in
electron has been absorbed by the other layer or is reflected outside of the cell. Part of the
electron-hole pair recombins in the perovskite itself, these recombinations also provoke a
decrease of the measured current in the IPCE characterization.
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Figure III.13 - IPCE of a TiO2- based perovskite solar cell
Once integrated this curve predicts a maximum short-circuit current of 16.9 mA.cm-2
which is 30 % lower than the one observed in the JV characterisation (Figure III.4).

Mismatch factor
The mismatch factor calculated for the TiO2-based PSC and for the solar simulator and
the calibration sensor that we used (the details are in the section II.3.v.) is at 0.83. This value
of mismatch factor has been used for all the other JV characterisation of this work because of
the difficulty to evaluate the IPCE of the WO3-based PSC.

vii. Electrical measurements parameters
Hysteresis
As stated in the section II.3.v about photovoltaic characterisation it is possible to do the
JV polarisation with a voltage sweep from negative tension to positive tension (forward), or in
the other direction (backward). In the case of perovskite solar cells there is a difference between
this two directions: the backward measurement gives better photovoltaic parameter
measurments, as seen in the Figure III.14.
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This phenomenon could be due to mobile charge carriers in the perovskite layer. These
mobile charge carriers could be I- [61], Pb2+ and CH3NH3+ [62] or vacancies of these ions in
the perovskite structures [62]. When no tension is applied, an inbuilt electrical field is imposed
by the work function difference between the ETL and the HTL. This electrical field displaced
the anions and can partially screens them. When a positive polarisation is imposed this effect is
increased, all the anions move closer to the ETL. This corresponds to an increase of the positive
carrier population near the TiO2 and an increase of the negative carrier population near the
Spiro-OMeTAD. This provokes a modification in the band structure of the perovskite solar cell
and easing the transport of the hole toward the Spiro-OMeTAD and the electrons through the
TiO2. This effect reduces the value of the electrical potential needed to force the charge carrier
to go through their respective collection layers. When a forward scan is imposed to the cell, that
is to say when a positive bias is imposed to the cell, the VOC will be lower than when the
backward scan is imposed. This can be clearly seen in the Figure III.14 and the mechanism is
schematized in the Figure III.15.

Figure III.14 - JV curves of the best TiO2based PSC: backward (BW) measurements is
from 1.5 V to -0.1 V and forward (FW) is
from -0.1 V to 1.5V
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Figure III.15 - Influence of moving charge carriers on band energies of a perovskite thin film.

Voltage sweep starting point
For the forward scan the first voltage value imposed to the perovskite solar cell will also
determine the value of the measured performances. This can be even seen with low-efficient
PSC in the Figure III.16. When a very low negative starting point is chosen the JSC is extremely
reduced. This results in a lower PCE. This phenomenon has probably the same origin than the

Figure III.16 - Influence of the voltage sweep starting
point on the forward scan
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hysteresis. In this case the screening of the electrical field would be so effective that the charge
collection will be dramatically reduced if the polarisation level is high and maintained during a
long time. To limit the S shape visible at the VOC it is preferable to start the voltage sweep on
the lowest positive polarisation, like 0 V. However the acquisition software does not correctly
identify the JSC if the sweep start at 0 V (as seen in the table of the Figure III.16) so every JV
characterizations has been made between -0.1 V and 1.5 V.

Delay
One of the electrical parameter is the delay between each imposition of voltage. This
delay can have consequences on the final result. Indeed, the longer the delay is the longer the
JV characterization takes. Furthermore, since there are several ions in the perovskite layer,
depending of their mobilities and diffusion coefficients choosing short delays could help to
reduce their effect and to obtain the photovoltaic parameters which are the closest of the true
working state of the PSC. For example, and with no polarisation, at 320 K, the diffusion
coefficient of I- and CH3NH3+ were respectively estimated at 10-12 cm2.s-1 and 10-16 cm2.s-1 [62].
For this measurement three cells were characterized with the JV characterization at
different delay, 0 ms, 100 ms, 250 ms, 500 ms and 1000 ms. For each cell and for each voltage
the maximum value of current was used as reference and the other delay value was compared
to. Then, for each value of delay the mean for each compared current was calculated, this
generated the curves presented in the Figure III.17. In the forward measurement, in seems that
delay value higher than 250 ms will provoke very similar curves. In the backward measurement
the effect of the delay is much visible. The JSC and VOC decrease as the delay increases. The
delay that gives the best PCE is 250 nm but a strong S shape is visible between 0 V and 0.4 V,
this create an error in the calculation of the FF, explaining the high PCE. The most interesting
delay to choose would be 0 ms. Indeed the JSC and VOC is the higher and the shape of the curve
is well defined. However, the equipment is not as fast as 0 ms and we do not know what is the
exact value of minimum possible delay. Furthermore, in the backward measurements this very
low delay tends to generate high standard deviation. Therefore, in order to know the exact value
of the delay, and thus to have repeatability, the value of 100 ms has been chosen for most of the
measurements. This has the side effects to slightly reduce the JSC by 10 % and the VOC by 3 %.
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Figure III.17 - Forward (top) and backward (bottom) JV curves depending of the delay
between voltage imposition values. For clarity only the positive standard deviation values are
displayed

Illumination level
These perovskite solar cells are aim to be used to gather energy for autonomous sensors
which can be used indoor. Thus, we measured the efficiency of one cell with low level of
illumination, the results are summarized in the Figure III.18.
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Figure III.18 - Short-circuit current, open-circuit
voltage, FF and PCE depending of the illumination
level
As expected the JSC increase is directly link to the increase of illumination level with
almost a linear law. The VOC loses only 10 % of its maximum value when the level of
illumination is only at 10 W.cm-2. As for the PCE when the level of illumination is around 10
W.cm-2 the remaining efficiency is at 85 % of its maximum, this is a good point because it
means that the cell is still efficient even with a very low level of illumination. For a 10 % PCE
cell we can hope to have an 8.5 % conversion efficiency when used indoor. The limitation
would be the low current which could be not high enough to load the super-capacitor or batteries
and to operate all the electronics of the sensor in the same time. When the electronic operations
are idle, the low current could be also not enough to charge entirely the batteries.

viii. Stability issues
One of the most commented aspect on perovskite solar cells are their stability when
illuminated or even when stored in the black. Several article already explored this aspect [63,
64] and we begin to understand what the mechanics of deterioration are. Our work allowed us
to write an article about the stability of PSC [29]. In this section we will summarized the
principal result and main interpretation of the deterioration mechanisms.
The deterioration occurs when the perovskite layer is in contact with moisture of the
atmosphere, as schematized in the Figure III.19. The first step is the diffusion of water into the
perovskite. In a second step this water reacts with the CH3NH3PbI3-xClx to create H+ and I-.
During illumination the UV light have also a role which is not clear but we know that it can be
absorbed by the TiO2 layers to generate a electron-hole pairs.
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For Snaith et al. the hole will be collected by the Spiro-OMeTAD but the electron could
react with adsorbed oxygen at the TiO2 surface on the oxygen vacancies [64]. In detail, the
explanation of the Snaith team is that oxygen vacancies of the TiO2 mesoporous layer,
combined with an exposure to UV-containing light can explain the poor stability of PSC
produced and characterized in the absence of atmospheric oxygen (while keeping in mind that
the ITO and FTO TCL are known to absorb UV below 300 nm, yet transmit between 300 and
400 nm). In this case, the solar cells whose TiO2 layer is produced under nitrogen atmosphere
and then encapsulated were less stable under illumination than the ambient-air-produced and
not-encapsulated ones, or even than the simply UV-filtered and encapsulated ones. The
mesoporous TiO2 layer naturally hosts oxygen vacancies, especially at its surface, in the form
of Ti3+ sites [65]. When exposed to ambient atmosphere after production and annealing, these
vacancies are spontaneously filled with O2 molecules. Under illumination using a UVcontaining-light, an electron-hole pair is generated in the TiO2 (step 3). The photo-generated
hole recombines with electron at the O2 site, desorbing the oxygen [66]. This leaves a free
electron and an oxygen vacancy site at the TiO2 surface. The free electron will eventually
combine with a hole from the doped Spiro-OMeTAD HTL. TiO2 layers produced under
nitrogen exhibit native oxygen vacancies and if a cell based on such layers is encapsulated, O2
will never have the opportunity to diffuse trough the layers (either from the top electrode or
through lateral diffusion pathways) to fill and passivate these vacancies. However, if the cell is
not encapsulated, and after a certain amount of time, oxygen will passivate the vacancies until
it is desorbed again by the UV-induced hole generated under (unfiltered) solar illumination. A
potential solution to address this issue would be to cut the UV contribution in the illumination
spectrum, so that oxygen vacancies remain passivated. The report by Snaith et al. finally points
out that theses vacancies are supposed to be at the origin of the fast degradation of cells based
on TiO2 layers processed under nitrogen atmosphere.
We think that this mechanism is limited in the case of our TiO2-based perovskite solar
cells and that the exciton just recombines in this third step. Indeed our TiO2 is treated with a
TiCl4 bath and this greatly reduce the oxygen vacancies of the TiO2 [60]. The fourth step is the
closing of the loop, the water continues to add up and to degrade the perovskite layer.
This path for the reaction of the adsorbed O2 has been also reported by Wang et. Al [67]
(in the case of CH3NH3PbI3-xClx) where HI (produced by the degradation of CH3NH3I) reacts
with the O2 to form water as follow:
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Figure III.19 - Summarizing scheme of degradation in PSC
The presence of water can be directly seen in the steady-state photoluminescence spectra
shown in the Figure III.20. Although both ETL sample are associated with a highly quenched
perovskite PL emission in the 740-800 nm range, they exhibit some structuration. In general,
two main contributions centred at 770 and 790 nm are evidenced. The steady-state PL spectra
of the TiO2-based PSC show a trend: two days after the production the peak at 770 nm is very
weak but its signal significantly increased after 9 days of storage in the dark and under ambient
conditions. This trend, which has already been identified in the literature is supposed to be
correlated with the presence of water into the perovskite crystal. [68] The penetration of water
molecules in the perovskite layer is usually accompanied by a blue-shift of the free exciton
emission, going from 790 nm to 770 nm. From the steady-state PL spectra we can conclude that
the fresh TiO2-based perovskite solar cells contain only few water molecules after their
production, but that moisture is in fact absorbed throughout the storage.
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Figure III.20 - Steady-state PL measurements of perovskite layers 2 days and 11
days after the production on TiO2 ETL
When perovskite solar cells are exposed to illumination over a long period of time they
deteriorate, the reason is the photo-bleaching of the perovskite. This can be seen in the Figure
III.21 where the PCE of the cell is at 10 % of its initial value after 5 hours of exposition. We
observe a little increase of the PCE after these 5 hours, this is mostly due to an increase in the
FF and this increase tends to disappear after another 10 hours. Removing the UV from the light
source improves the stability of the PSC during the 10 first hours. It seems that the UVs have a
detrimental influence on the perovskite solar cells and need to be removed with encapsulation
if we want to produce more stable perovskite solar cells.

Figure III.21 - Stability of TiO2-based perovskite solar cells
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TiO2-based PSC stored in black during few days tend to have different deterioration. At
the day of the production the cells all work with similar photovoltaic parameters as presented
in Figure III.22, for example the mean PCE is (with backward JV measurement) 10.2 % with a
law standard deviation of 0.6 %. When stored 9 days in dark in ambient atmosphere this means
PCE decreases to 5.8 % with a standard deviation of 2.4. This trends in the decrease of the
photovoltaic parameters is easy to generalize since some cells will be working better after this
storage and other will lost all their efficiency. The parameters who are the most sensitive to
storage are the JSC and the FF. As stated previously this is probably due to the reaction with the
humidity of the atmosphere. Pin-holes on the metallic top electrode, or local in-homogeneities
in the perovskite or HTM layers would result in various degree of active layer degradation upon
oxygen and moisture exposure [69]. Furthermore, Spiro-OMeTAD is responsible of antagonist
effects which complicates the interpretation of the poor dark room stability of the PSC. Indeed,
the presence of the dopants in this HTL is thought to be responsible for the poor stability of the
perovskite solar cells and at the same time the Spiro-OMeTAD needs to be doped by
atmospheric oxygen to function properly [70, 71].

Day 1

Day 9

Figure III.22 - Backward JV measurements for TiO2-based PSC at their production day and 9
days later.
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2. WO3-based perovskite solar cell
i.

Introduction and literature.
As said in the first section the goal is to produce a solar cell with printing technics and

suitable for all substrate. One possibility is to replace the TiO2 layer by WO3. Indeed the TiO2
layers are annealed at 450°C which is incompatible with the polymer substrates and the
mesoporous layer cannot be produced via inkjet printing. Furthermore, it is important to create
a mesoporous - or at least rough - layer in order to provoke a good shape definition and layer
stacking precision for the following perovskite inkjet-printing step [72, 73]. To summarize the
material that would replace the TiO2 must be jettable, at least slightly rough and annealed under
130 °C maximum.
There are many alternative: SnO2 [74, 75], ZnO [76, 77] Al2O3 [19]. For these materials
the stability are not systematically tested and still need annealing temperature slightly above
130 °C. Here, we propose to the use of tungsten oxide (WOx or WO3), this oxide is already
commercially available in a printable nanoparticle alcoholic solutions, allowing the production
of a mesoporous and rough layer, and has been already used with success as an interface layer
in organic solar cell [78, 79, 80].
The first used of WO3 with PSC happened in 2014: nano-structured high temperature
annealed WO3 structures were synthetized on another WO3 compact layer [81]. Different
shapes were tested, such as nanorods, nanosheets or simply nanoparticles in order to create a
mesoporous ETL. Power conversion efficiency (PCE) reached 3.80 % for the nano-sheets WO3
based perovskite solar cell, improved to 11.2 % when coated with the classical ETL TiO2 via a
TiCl4 chemical treatment. Low-temperature annealed WOx was then tested. In this case, the
oxide was synthetized from a solution of WCl6 in N-propanol [82]. The 150°C annealed WOx
was then covered with CH3NH3IxCl3-x and the produced solar cells owned a mean PCE of 8.99
% when the TiO2 reference cells was able to reach the 8.78 %. Even if these solar cells showed
a relatively small active area (0.06 cm2) and were entirely produced in a nitrogen glove box,
this remains the first significant demonstration of the true potential WOx as an alternative to
TiO2. The authors made the statement that such good performances could be improved by
suppressing the charge recombination events at the WOx/perovskite interface. This idea was
put in practice by another research team which proposed the utilization of a self-assembled
monolayer (SAM) of fullerene coated directly on the low temperature annealed WO3 layer [83].
The WO3 reference cell, without any SAM, produced a short-circuit current density (JSC) of
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21.8 mA.cm−2, with an open-circuit voltage (VOC) of 750 mV and a fill factor (FF) of 65.3%,
resulting in a PCE of 10.7% which was at the moment the best bare-WO3-based PSC. The cell
with SAM on top of WO3 was even able to reach an impressive PCE of 14.9 % [83]. The
augmentation of PCE is related to a huge raise of VOC up to 1.02V, when the JSC and FF were
almost unchanged at 21.9 mA.cm−2 and 66.5% respectively.
From this bibliographic study we saw that the WO3 ETL would be able the production
of printed perovskite solar with a PCE of 10 %. The next sections will present the main feature
of these WO3-based perovskite solar cells.

ii. Fabrication
WO3 solution
The solution used is a solution of WOx nanoparticle from the company Avantama
(former Nanograde) [84]. The nanoparticles as a mean size of 16 nm, and the known main
solvent is 2-propanol, and the weight concentration is 2.5 % (Figure III.23). The information
from the manufacturer specifies that the viscosity is 2 mP.s and the work function of the
resulting layer is 5.5 eV.

Figure III.23 - WO3 nanoparticle solution used for
PSC fabrication

76

TOWARD A LOW ANNEALING PRINTABLE PEROVSKITE SOLAR CELL

Architecture and design
The design for the production of the WO3-based perovskite solar cells is adapted from
the design of the perovskite solar cell with TiO2 as presented previously Figure III.3. This
design is presented in the Figure III.24.

Figure III.24 - WO3-based perovskite solar cell fabrication design (vertical scale not
respected)

Fabrication routine
In this section only the WO3-based perovskites solar fabrication steps which defers from
the one of the reference TO2-based PSC will be detailed. The step of the preparation of the
perovskite solution and Spiro-OMeTAD is the same. The ITO etching part is strictly the same
than for the FTO. However, the cleaning and preparation of the cells are slightly different. The
first solvent to be used to clean is acetone, then it is ethanol, isopropanol. After the cleaning the
ITO surface is treated with UV/ozone during 20 minutes and the substrate are soaked again in
iso-propanol and put in an ultrasonic bath during 20 minutes and finally dried.
The WO3 solution is agitated with an ultrasonic probe for one minute with sequences of
agitation of 5 seconds separated by sequence of non-agitation of 5 seconds. This solution is
then put in an ultrasonic bath during 20 minutes.
The WO3 is spincoated on FTO at 2000 rpm with an acceleration of 2000 rpm.s-1, for
10 seconds. The layer is then annealed at 110°C during 10 minutes.
Before the perovskite spincoating the WO3 coated substrates are heated at 90°C as well
as the 0.2 PTFE filtered perovskite solution. The spincoating is proceed under nitrogen
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atmosphere: 2000 rpm, with a 2000 rpm.s-1 acceleration, for 20 seconds. Then the substrate
rests motionless in the spincoater, under nitrogen atmosphere, for 20 seconds. The perovskite
layer is then directly annealed under ambient atmosphere at 90°C for 2 hours. On top of the
perovskite layer (once the substrate is cooled) the filtered Spiro-OMeTAD is spincoated at 2000
rpm (2000 rpm.s-1) during 20 seconds. Under a 10-6 mbar vacuum a 100 nm thick gold electrode
is evaporated at 0.1 Å.s-1.

iii. Best results
The best result obtained for a WO3-based PSC (with a spincoated ETL) is a PCE of 9.5
% in backward measurement. This corresponds to a VOC of 710 mV, a JSC of 20.7 mA.cm-2 with
a FF of 58 %, the JV curve is represented in Figure III.25. When the dark characterisation
(Figure III.26) of the WO3-based PSC is compared to the one of the TiO2-based PSC (Figure
III.5) the main difference is less defined and the threshold voltage is more difficult to determine,
it is around 650 mV, against 750 mV for the TiO2-based PSC. The best performances for WO3based PSC was obtained in 6 months. The optimisation of the WO3-based PSC profited from
the elaboration of the TiO2-based PSC, the evolution of PCE is represented in the Figure III.27.

Figure III.25 - JV curves of the best WO3-based
PSC : backward (BW) measurements is from 1.5
V to -0.1 V and forward (FW) is from -0.1 V to
1.5V
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Figure III.26 - JV curve in dark of a
perovskite solar cell
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Figure III.27 - PCE evolution of the best perovskite solar cells

Figure III.28 - A WO3based perovskite solar
cell

Compared to the objectives, described in the Table III.4, the best performances of the
WO3-based PSC are in the desired range. We calculated the average best WO3-based PSC, this
time only the cells with a PCE superior to 6 % (in the backward measurement) were retained.
The average best WO3-based PSC PCE is 7.19 %. This PCE seems pretty low compared to the
PCE of the objectives, however the JSC is superior to the current of the objective. This aspect is
crucial because the current is the most important electrical parameter to enhance the supercapacitor loading speed. The VOC is pretty low compared to the objective, it is still high enough
yet to operate the sensor if the solar cells are disposed in series.
As for the fabrication side, the evolution toward the objectives is positive. Now three
layers on five are printable while with the TiO2-based PSC only two were printable.
Furthermore the maximum temperature used is now of 110 °C. All substrates are now usable
like polyethylene terephthalate (PET), polyethylene naphthalate (PEN) or even cardboard and
paper.
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iv. Optical, electrical and morphological features, IPCE
OBJECTIVES

BEST TIO2 CELL BEST WO3 CELL

AVERAGE BEST
WO3 CELLS

Photovoltaic parameters
Voc

(mV)
-2

830

949

791

720 (± 70)

Jsc

(mA.cm )

16

23.6

20.7

18.39 (± 3.57)

FF
PCE

(%)
(%)

75
10

68
15.3

58
9.5

54 (± 6.3)
7.19 (± 1.4)

2

Fabrication
20 mm2

Active area
1 cm
20 mm2
Electrode (ITO or
Non-printable
Non-printable
Non-printable
FTO)
ETL
Printed
Non-printed
Printable
Perovskite
Printed
Non-printed
Printable
HTL
Printed
Non-printed
Printable
Top electrode
Printable
Non-printable
Non-printable
Max annealing
450 °C
130°C
130°C
temperature
Table III.4 - Comparison between the objectives, the TiO2-based and WO3-based PSC

Absorption
The UV-Visible spectrometry was also conducted on the WO3 thin layers, and the
measurements are summarized in the Figure III.29. Interferences effects are visible with the
waves in the measurements of the reflection and transmission of the WO3 film. These are due
to the low thickness of the WO3 film, measured with ellipsometry at around 50 nm (see next
section). The transmission of the WO3 film is between 80 % and 90 % above 350 nm. This point
is very important to guarantee a good absorption of the perovskite layer.
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Figure III.29 - Post-annealing UV–Visible transmission and reflection
spectra for compact and mesoporous WO3 on glass, absorption of
CH3NH3IxCl3-x on glass.
UV-visible spectrometry was also conducted on the PSC itself to determine the
absorption efficiency of the PSC depending of their ETL, this measurement takes into account
the total absorption of the glass, the ITO or FTO, the ETL and the perovskite. The additional
absorptions of the HTL in Spiro-OMeTAD and the top electrode in gold are not measured here.
The curves are represented in the Figure III.30. The TiO2-based PSC shows a better absorption
between 300 nm and 550 nm while the WO3-based PSC, and the perovskite absorption gap
around 780 nm is way more visible on TiO2 than on WO3, this could indicates a lower
perovskite quality in the case of WO3-based PSC. This could also be due to the higher diffusion
of a rougher perovskite layer.

Figure III.30 - UV-visible absorption spectra for PSC with
WO3 or TiO2 as ETL (without the gold top electrode)
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IPCE
The measurement of the IPCE is not an easy to do on WO3-based perovskite layer. In
fact, the acquisition of the photo-current is not working properly. The origin of this problem is
not well-known but seems to be intrinsic to the perovskite layer, indeed this happens also
sometime with some TiO2-based PSC. In the case of the WO3-based PSC the integrated current
from the IPCE is dramatically lower than the JSC measured on the JV characterisation, 0.5
mA.cm-2 against 15 mA.cm-2. In order to produce an IPCE we corrected the measured IPCE in
order to have a 15 mA.cm-2 integrated current. This increases the noise in the signal, as visible
in the Figure III.31. If we compare the IPCE of WO3-based PSC based with the IPCE of TiO2based PSC the same peak is visible around 350 nm.

Figure III.31 - IPCE of a WO3- based perovskite solar
cell

Illumination level
As for the TiO2-based PSC, the effect of the illumination level on the photovoltaic
parameters of WO3-based PSC has been evaluated, and are summarized in the Erreur ! Source
du renvoi introuvable..
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Figure III.32 - Short-circuit current, open-circuit voltage, FF and
PCE depending of the illumination level

The result for the WO3-based PSC are very close from the result for the TiO2. As
expected the JSC is directly proportional to the illumination level. The PCE remains stable when
the illumination level is reduced, at around 13 mW.cm-2 the PCE is about 86 % of its maximum
(at 100 mW.cm-2). Again, as for the TiO2, this is a good point to use WO3-based PSC could be
used inside buildings or in low-level illumination situation, for example at dawn or at dusk.

Ellipsometry
Ellipsometry was conducted on WO3 film to determine its thickness, porosity and
optical properties. Thickness has been measured at exactly 54 nm, and the porosity at 30 %. As
t mean size of the nanoparticle of WO3 is 16 nm the average number of nanoparticle superposed
in the film is 3. The minimum of porosity for a stacking of sphere is 26 %, if we consider that
the WO3 nanoparticle can be seen as sphere then the porosity of this WO3 is low. With a value
around 30 % that means that in the film there is some nanoparticle vacancy. These vacancies
could play an important role for the printing of the perovskite layer on top of the WO3 layer.
The Figure III.33 presents the refractive and extinction index of the WO3 layer.
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Figure III.33 - Refractive (n) and extinction (k) index of the WO3 layer
depending of the radiation energy

Morphology features
AFM characterization was conducted on spincoated WO3 film, the picture is in the
Figure III.34. The particle can be clearly seen and their size is around 20 nanometres. The
roughness (RMS) is 4 nanometres, which is low but still comparable with the 8 nm RMS
roughness of the mesoporous TiO2. The most interesting feature to see is that the coverage of
the ITO by the WO3 layer is not perfect. Indeed the deepest region of the AFM characterisation
is around 44 nanometres deep which is very close from the actual thickness of the film. This
means that the perovskites layer will be in some places in contact with the ITO layer which can
create recombination between holes and non-collected electrons.
As for the perovskite layer the optical microscopy indicates us that the coverage ratio is
not good. Several pinholes are visible through this 200 nm thick layer. This pinholes will create
contact between the Spiro-OMeTAD and the WO3 layer. However this situation, even if it is
not desirable, is not detrimental as demonstrated in the next section about work function.
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50 µm

Figure III.34 - WO3 surface AFM
characterization

Figure III.35 - Optical microscopy of
CH3NH3PbI3-xClx perovskite spincoated on a
WO3 layer

v. Work Function
In order to understand the functioning of the perovskite solar cell, it is possible to
measure the work function of the ETL layers and to compare it with the work function of the
perovskite layer. With the work function value it is possible to evaluate the quality of the charge
transfer mechanisms at the interface. To do so, we conducted a HD-Kelvin-probe Force
Microscopy KPFM measurements on the layers. It is worth noting that the measurements were
performed under ambient atmosphere, in the dark and without HTL. These conditions are
different from real operating conditions under light exposure. However, such measurement can
provide valuable preliminary information on the energetic configuration of the selective
contacts. Also, reference materials such as gold, ITO and FTO were initially tested in order to
evaluate the relevance of our estimations with regard to the literature. The result is presented in
the Table III.5.
The WF of both ITO and FTO are measured here at 4.9 eV and 4.8 eV respectively, for
these materials these WF values are commonly reported in the literature [85, 86]. This
validation of our experimental WF value data enabled us to evaluate the WF of the two ETL
deposited on ITO or FTO or glass. The first observation is that the WO3’s WF (5.4 eV) is higher
than the TiO2’s (5.2 eV). In fact, our measured value of the WO3 WF (deposited on glass) is
very close to the one communicated by the provider of the WO3 solution which is 5.5 eV [84].
When the layer are deposited on the respective transparent conductive layer (FTO or ITO) the
value of their WF tends to be decreased. For the WO3 the new value of WF is 5.0 eV while for
the TiO2 the new WF is now below the WF value of FTO, at 4.5 eV. This means that the sole
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knowledge of the value communicated by the producer is not enough to properly choose an
ETL.
CONTROL LAYERS
ITO
FTO
STACKING
Glass/CH3NH3I3-xClx
Glass/WO3
Glass/ITO/WO3
Glass/ITO/WO3/CH3NH3I3-xClx
Glass/TiO2/TiO2-mp
Glass/FTO/TiO2/TiO2-mp
Glass/FTO/TiO2/TiO2-mp /CH3NH3I3-xClx

MEASURED WORK FUNCTION (EV)
-4.9
-4.8
MEASURED WORK FUNCTION (EV)
-5.0 ± 0.2
-5.4
-5.0
-5.0 ± 0.2
-5.2
-4.5
-5.0 ± 0.2

Table III.5 - Work function measurements with KPFM technique
These differences in WF could give us an insight on the reason of the lower VOC of the
WO3-based PSC, indeed, the Voc is expected to be closely related to the absolute difference
between the WF of the ETL and HTL, as illustrate in the Figure III.13. While the VOC of the
TiO2-based PSC can reach more than 1100 mV [41, 42] that of WO3-based devices is not
expected to exceed 800 mV. The experimental VOC measured for our TiO2-based PSC (950
mV) seems to indicate that some significant loss mechanisms occur in our devices, such as
charge recombination, these losses being probably less important in the case of TiO2-based
devices.

Figure III.36 - Illustration of the existence of a correlation between the values of the ETL WF
and the VOC of the PSC
As said previously the WF of WO3 align with the one of ITO while this is not the case
of the TiO2 with the FTO, here the gap between each WF is about 0.5 eV. If we compare this
gap of 0.5 eV and the actual 150 mV differences between the Voc we observe a discrepancy.
Indeed the WF of the perovskite is very close of the WF of the WO3, which means that the
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electron does need a lot of energy to overcome the energy barrier Eb to pass between each layer,
almost 0 eV. If we consider the WF very close from the electronic affinity eχ we have in fact:
¡

= =¢n{

—£

=¢¤•¥

(43)

But in the case if the TiO2 layer, the value of Eb is of 0.5 eV which is in contradiction
with a higher VOC. We think that the measurements of the TiO2 WF are distorted because of
its roughness comparatively to the size of the KPFM tip (30nm). The measured WF is in fact
an average between the actual TiO2 and a voltage created by a capacitance between TiO2, air
(created by the porosity), and the tip itself. Moreover this interpretation can be modified by the
existence of a built-in electrical field in the perovskite layer during illumination.

vi. Optoelectronic properties
One of the aspect to look is these devices are the photoluminescence (PL) of the
perovskite material and the effect of the ETL, WO3 or TiO2, on charge extraction or excitation
recombination time. The steady-state PL measurements can give is an insight of the quality of
the perovskite layer and a comparison of the quenching in different conditions. Meanwhile, the
time-resolved PL decay measurements will provide information on the mechanisms mainly
governed by the interfacial charge transfer processes (electron transfer), leading to a relevant
assessment of the general trends of the charge transfer efficiency of our ETLs.

Steady-state photoluminescence
For this characterisation perovskite layers were illuminated at 509.2 nm and the
photoluminescence emissions count was observed between 700 nm and 820 nm. The
comparison has been made between a simple layer of perovskite spincoated on top of a glass
substrate and annealed at 90°C, and with perovskite layers processed in the same conditions
that of a complete PSC fabrication, except no HTL or top electrode was deposited. The 509.2
nm excitation was performed under the same direction than the solar illumination, that is to say
through the glass and through the ETL before to be absorbed by the perovskite layer. This
illumination condition aim to simulate the true functioning of the PSC and to help discriminate
the charges transfer mechanisms occurring at the interface. The delay between each wavelength
is 600 ms and the step is 2 nm while the photons count was performed 4 times and added up,
the resulting curves are presented in the Figure III.37.
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Figure III.37 - Steady-state PL measurements of perovskite layers
on ETL and on their respective transparent conductive layer
The comparison between the peak intensity of the PL of the perovskite with or without
an ETL indicates that with no ETL a large number of the exciton recombines in radiative
mechanism. That means that, as expected, the TiO2 promote non-radiative mechanisms like
electron extraction. As for the WO3, when compared to the TiO2 the difference is not
meaningful but we see that this new layer would be a good ETL.

Time-resolved PL decay
In order to discriminate the effect of both ETL time-resolved PL decay (TPLD) was
performed on the same perovskite layers 3 days and 11 days after their production (with a
storage in ambient atmosphere and in dark). For this characterisation each perovskite layer was
illuminated with a 509.2 nm laser and the time before a radiative recombination (at 780 nm)
was measured. These measurements are summarized in the Figure III.38, for the sake of reading
the curve for the perovskite alone is not represented, as its decay time is extremely lengthy and
would appear as a flat signal. In this graph, the instrument response function (IRF) is also
represented, this IRF curve represents the minimum time resolution of the detector. As seen in
the decay graphs the quenching of the charges are more effective on TiO2 as the slope of the
decay curve is steeper in this case.
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Figure III.38 - TRPLD curves of perovskite layers on ETL
on their respective TCL
In order to have a more quantitative analysis we performed an exponential fitting of the
raw data. More precisely, bi-exponential decay functions was used for the measurements for
perovskite on ETL and a mono-exponential decay function was used for the perovskite layer
on glass, the results are represented is the Table III.6:
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661
238.1
238.1
On glass
Day 3
3965
1.1
329
16.6
2.29
99.0
6.6
On TiO2
Day 11
3312
1.2
304
16.3
2.47
99.0
6.3
Day 3
1377
1.2
780
9.8
4.31
98.2
3.3
On WO3
Day 11
722
1.8
778
10.3
6.2
97.3
2.3
Table III.6 - Life time constants of perovskite on the different ETL and on glass
¬«
(ns)
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¬ª
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ηCT
(%)

With τ1 and τ2 corresponding to the decay time constants, and a1 and a2 to the amplitude
of both components respectively. The radiative recombination of free excitons is reported in
various reports to be relatively long-lived for CH3NH3PbI3-xClx, either deposited using physical
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vapour deposition or solution processed [28]. In the presence of the ETL, a fast (τ1 in the order
of 1-2 ns) and a slow (τ2 in the order of 10-20 ns) components are observed for both TiO2 and
WO3-based PSC. Both ETL exhibit quite different morphology, the TiO2 mesoporous is
principle thicker (in the order of 200 nm) and much more porous (around 60% of porosity)
while the WO3 layer is only 50 nm with a 30 % porosity. Consequently, the amount of
perovskite material deposited on TiO2 is expected to be slightly larger than that deposited on
WO3. Such trend is confirmed by the UV-visible absorption spectra of both samples (Figure
III.30), especially for the domain of excitation a 509.2 nm. In order to compensate this
difference in absorption the PL data were normalized with regard to the optical density of the
films at the excitation wavelength (509 nm). Moreover, it was reported that all photo-generated
charge carriers can reach the interface with the ETL, due to large charge diffusion lengths of
hybrid perovskite up to 1 µm [28]. In these conditions, PL decays are representative of the
ability of the ETL to efficiently collect photo-generated electrons from the perovskite layer.
Here, we clearly evidence that the fast component is slightly shorter for TiO2 compared to WO3
for both fresh (3 days) and aged samples (11 days). These observations are consistent with the
larger photocurrents evidenced for full devices measured under full sun where the contribution
of the perovskite absorption is found to be larger on TiO2. The slow component is however
found to be slower for TiO2 than WO3. Such observation could be a consequence of thicker
perovskite layer in this case, through a signature of delayed charge transfer events following
charge diffusion to the interface. With only a minor increase of all time constants, aged devices
show a similar trend, which indicates that no drastic influence of aging conditions on charge
transfer mechanisms can be observed. In order to get a more quantitative picture of the transient
behaviour of the samples, we have computes the weighted average PL lifetime τa [87] and the
charge transfer efficiency ηCT of the ETL:
³U =
'•´ = 1
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The results show that both layers efficiently collect photo-generated electrons from the
perovskite film. Such observation is consistent with the PL quenching seen in Figure III.37 and
with similar calculated charge transfer efficiency previously reported [88]. Considering the
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similar order of magnitudes evidenced, the charge transfer rate (kCT) is a better indicator to
quantify the efficiency of the considered ETL. A suitable procedure consists to evaluate the
natural logarithm of the ratio of the PL decay of the perovskite on ETL layers to the PL decay
of the perovskite on glass. The time-dependent charge transfer rate is therefore given by [87] :
¹•´ ( ) =
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kCT(t) are plotted in Figure III.39, showing an absolute order of magnitude of ~108 s-1,
comparable with that of efficient photo-electrochemical systems such as TiO2-based dyesensitized solar cells [87].

a)
b)
Figure III.39 - kCT curves of perovskite layer on TiO2 and WO3, after 3 days (a) and 11 days (b)
From these data, the charge transfer rate of TiO2 remains twice larger than that of WO3,
confirming that the layer remains a better electron acceptor for the perovskite layer, both for
fresh and aged devices. A rapid electron injection to TiO2 reduces radiative charge
recombination in the perovskite, leading to efficient current generation. Upon aging during one
week in the dark and under ambient conditions, kCT remains almost unchanged. This
exploitation of TRPL have as main result that the charge transport kinetics (including either
non-radiative recombination, electron transfer, and interface charge trapping) are not modified
upon storage in dark and ambient atmosphere, as long as the Spiro-OMeTAD HTL is not
involved.
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vii. Stability issues
Stability
The modification of one layer, the two TiO2 layers (dense and mesoporous) being
replaced by one layer of WO3, have of course an impact on performances and on stability. In
this section we will focus on the principal results and main interpretation concerning the
stability of the WO3-based PSC comparatively to that of TiO2-based PSC.
As shown previously the WO3 layer absorbs mainly in the UV part of the illumination
spectrum (Figure III.29), below 350 nm. Moreover we know the influence of UV light exposure
on large gap metal oxide materials (like WO3), such optical absorption could also plays an
important role regarding device operation, aging and degradation. Indeed a simple comparison
with the well-known UV-absorption behaviour of TiO2, particularly when formed as a
mesoporous layer, is possible. This behaviour has been described in the previous III.1.viii.
section on TiO2-based PSC stability
We propose that similar mechanisms associated with the presence of this oxygen
vacancies mechanism occur within the WO3 layer. Indeed, WO3 is known to present oxygen
vacancies associated with W5+ and W6+ sites [89]. Furthermore, the density of oxygen vacancies
have been found directly dependent on the processing temperature of the films: the hotter it is
heated the more it gets oxygen deficiencies [89]. Anyhow the annealing of WO3 is necessary to
completely remove the solvent and to obtain a good film homogeneity. In addition, depending
of the method used for the production of the commercial WO3 nanoparticle suspension, more
oxygen vacancies can be produced if the synthesis was made under nitrogen atmosphere. In our
process the WO3 layer is formed just before the perovskite deposition since its electrics
properties tend to degrade when exposed to air humidity. The presence of a large amount of unpassivated oxygen vacancies would then induce a fast deterioration of the WO3-based solar
cells under unfiltered solar illumination, compared to TiO2-based system. Moreover, WO3 layer
absorbs much more in the UVs than the TiO2 even if it is thinner, which means that if our
hypothesis is exact, the effect of UV on the oxygen vacancies is much more intense on WO3.
However; the more oxygen vacancies they are the more conductive is the WO3 layer [90], thus
the presence of the oxygen is beneficial for the overall performances, as long as the PSC is not
exposed to UV containing light.
It is also possible to link the presence of the oxygen vacancies into the WO3 with the
results from the PL measurements showing the presence of water in the perovskite layer (Figure
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III.40). As said previously the shifting of the peaks toward 770 nm reveals the presence of
water. Comparatively to the TiO2-based PSC the water is present as soon as 2 days after the
production, indicating that water is already present in the WO3 layer, or at least diffuse very
quickly is the case of WO3-based vacancy. Indeed, oxygen vacancies could also provoke water
adsorption at the interface of the WO3. Additionally, water molecules be produced trough the
reaction of the WO3 with hydrogen atoms forming H2O molecules [91, 63]

Figure III.40 - Steady-state PL measurements of perovskite layers 2 days and 11
days after the production on WO3 ETL
Consequently, a reaction between WO3, perovskite and water is proposed and resumed
in the Figure III.41: this reaction being catalysed by the photo generation of excitons into the
WO3 following the UV exposure and the consecutive desorption of oxygen. Before the
spincoating of perovskite, H2O could be already present in the WO3 layer, due to the presence
of the O2 vacancies and explaining the non-evolving shape of the PL spectra. Indeed, a noncovalent bound is created between oxygen of the O2 and electron vacancy of the W5+ and W6+.
After the spincoating of the perovskite the first step of degradation is the water diffusion from
the non-protected sides of the perovskite layer. Production of water could also be occurring
within the perovskite layer, as it may contain H+, resulting from the perovskite degradation by
ambient humidity [92]. This H+ would react with O2 at the surface of the WO3 whose desorption
would be facilitated by the production of electron by UV absorption of the WO3. Moreover,
WO3 is known to be an efficient insertion material, which can therefore carry additional protons
into its structure constituting another source of hydrogen species [93]. Tungsten oxide is also
expected to actively produce reactive oxygen species (ROS), and exhibits a strong
photocatalytic activity [94, 95]. Two mechanisms occur in the same time: the degradation by
moistures absorption, again, and by water synthesis at the WO3 surface due to the presence of
a limited amount of oxygen vacancies. This should produce a bi-exponential decay in
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photovoltaic performances whom one of the constant is correlated with the number of available
passivated oxygen vacancies. If the cells are properly encapsulated the number of available
passivated oxygen vacancies should tend to zero after few hours of exposition, resulting in a
degradation comparable to the one of the TiO2-based PSC.
To summarize (Figure III.42), ambient moisture can induce the degradation of the
perovskite layer, forming H+ ions (step 1 then step 2). These ions would react with passivated
oxygen vacancies in the WO3 to form more water, this last reaction being catalysed under UV
light (step 3 and step 4). The degradation of the perovskite layer is also likely to be enhanced
in the case of WO3, considering its high reactivity with oxygen species, as mentioned
previously.

Figure III.41 - Summarizing scheme of degradation in PSC
The same way that the perovskite of the TiO2-based is sensible to photo-bleaching the
same phenomenon occurs for the WO3-based PSC. This can be seen in the Figure III.42 where
the PCE of the cell is at 10 % of its initial value after 2 hours of exposition of UV-containing
light and 4 hours when UV are suppressed from the light. This proves again the detrimental
effect of the UV and that its suppression would be one of the key to improve the stability of the
PSC. Of course, comparatively to the TiO2-based PSC the WO3-based PSC are less stable,
since the reference TiO2 PSC are at 10 % of its initial performance after 12 hours of
illumination.
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Figure III.42 - Stability of TiO2-based perovskite solar cells
TiO2-based PSC stored in black during few days tend to have different deterioration. At
the day of the production the cells all work with similar photovoltaic parameters as presented
in Figure III.43, for example the mean PCE is (with backward JV measurement) 4.5 % with a
high standard deviation of 3 points. When stored 9 days in dark in ambient atmosphere this
mean PCE increases to 7.5 % with a standard deviation of 1.0 points. This shows a trend: an
increase of PCE and a decrease in the standard deviation for all WO3-based PSC. All WO3-PSC
exhibits the same photovoltaic performances after 9 days of storage in ambient atmosphere and
in dark. The JSC, the VOC and the FF behaviour toward storage is of course the same. SpiroOMeTAD needs to be doped by atmospheric oxygen to function properly [70, 71] and could be
one of the origin of the increase in PCE but does not explain alone the difference with TiO2based PSC which are less stable toward storage, even if these cells contains also this HTL.
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Day 1

Day 9

Figure III.43 - Backward JV measurements for WO3-based PSC at their production day and 9
days later.

3. UV protection of perovskite solar cells
i.

Introduction
In this section we propose to evaluate the effect of a luminescent downshifting molecule

to enhance the performances of PSC while protecting them from the ultraviolet (UV). The goal
of this work is to use a S-tetrazine (NITZ, Figure III.44) molecule in a down-shifting layer in
order to protect our PSC from UV light and to re-emit in the visible spectrum to enhance the
PCE of the PSC or, at least, to compensate the loss in absorbed light.

Figure III.44 - NITZ molecule
This strategy has been already used several times: by Komarala et al. [96] who used a
spray deposition of SHMP (sodium hexametaphosphate) capped YVO4:Eu3+ nanophosphor
layer. This specie is excited in the UV mostly between 200 and 310 nm and emits in the red at
614 nm. This layer deposited on the back of PSC with CH3NH3PbI3 as sensitizer and TiO2 as
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ETL allowed to enhance the PCE from 7.42 % to 7.92 %. After a 12 h exposition 52 % of the
initial PCE remain, against 35 % for the control PSC (without YVO4:Eu3+ layer). More recently
Bella et al. [97] used a classical organic fluorescence brightener in a fluoropolymeric capping
layer. This molecule is excited around 370 nm and emits at 440 nm and is used on top of a PSC
whose photoactive layer is a mix-halide formamidinium perovskite which almost does not
absorb under 400 nm. This structure increased the average PCE from 17.31 % to 18.67 %.
However, this is not clear if these molecules really improve the long-time stability of the devices
since the fluoropolymer layer is already very efficient to stabilize the PSC [98].

ii. Optical properties
In order to measure the optical properties and to use the NITZ molecules polystyrene
film containing the NITZ molecule has been produced on quartz substrate. A solution of toluene
with a weight concentration of 20 % in PS (polystyrene from Sigma-Aldrich with an average
molecular weight of 192000) and 0.3 % in NITZ is prepared and then spincoated on the quartz
substrate at 6000 rpm and dried 5 min at 90°C in air. The produced film has a weight
concentration is NITZ of 1.5 % and a thickness on 1.2 µm.
Different optical measurements are presented in the Figure III.45, please note that to
ease the reading all values have been normalized. NITZ molecule, taken alone is solution, has
a main excitation range between 250 and 375 nm with a maximum at 350 nm, which is well
placed as it is entirely below the visible light range, in the near-UV region. The emission range
of the molecule (excited at 350 nm) is found between 525 nm and 650 nm with a maximum at
580 nm, which is also ideally placed since it is where the perovskite active layer absorbs and
photo-generates the most (the absorption spectrum of the perovskite active layer can be found
in Figure S1 in the ESI). This photoluminescence is due to a π→π* transition [99]. It is worth
noting that this molecule also has a way less sensitive excitation domain around 550 nm due to
a n→π* transition [99]. The optical transparency of the NITZ:PS film is found to be very high
in the visible range, over 350 nm, with more than 91% transmission. A transmission drop down
to 45% occurs around 375 nm, where the molecule absorbs light.
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Figure III.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 evaluated using our reference TiO2-based
PSC which are composed of a FTO (fluorine doped tin oxide) in transparent conducive layer
(TCL) covered by a dense TiO2 layer and a mesoporous TiO2 layer playing the role of ETLs.
The photo-active layer is based on the reference methylammonium lead iodide chloride
(CH3NH3PbI3-xClx) perovskite and the HTL is Spiro-OMeTAD layer doped by Li-TFSI and
tert-butylpyridine. A gold top electrode is finally evaporated under vacuum, leading to the final
structure FTO/TiO2/TiO2-mp/CH3NH3PbI3-xClx/Spiro-OMeTAD/gold. In a similar war, the
WO3-based

PSC

are

designed

with

structure

ITO/WO3/CH3NH3PbI3-xClx/Spiro-

OMeTAD/gold where the WO3 layer, deposited from spin-coating from a commercial
suspension, plays the role of low-temperature ETL.

iii. Utilization of the down-shifting film for PCE enhancing
Five PSC with TiO2 as ETL where exposed during 9 minutes under an AM 1.5 G100
W.m-2 solar simulator with a 0.20 cm2 aperture mask. Between the PSC and the light source
were disposed alternatively every minute a quartz substrate with only a PS film or a quartz
substrate with a NITZ-embedded-PS film. Every minute a current density / voltage
characteristics (or JV curve). This experimentation was designed to discriminate two
independent phenomena: the actual effect of the down-shifting filter, and the natural PCE
evolution of the cell under illumination and electric solicitations. Figure III.46 shows the mean
evolution of the PCE comparatively to the PCE of the previous minute of the TiO2-based PSC,
as well as the standard deviation. The first point of the graph corresponds to the quartz substrate
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covered by a pristine PS film only, noted as Q. The second point corresponds to the use of the
NITZ down-shifting film (noted N), and so on.
The Figure shows that using a down-shifting layer to enhance the PCE of our PSC is
not efficient. A slight positive influence of the strategy is only seen after 5 minutes of exposure.
Before this point, the use of a NITZ-loaded layer tends to lower the overall device efficiency.
We also note that the standard deviation remain significant, so that it is difficult to conclude
even if the positive trend seen after a few minutes is reproducible. Despite this observation, we
now investigate the reasons of this negative influence of the down-shifting layer in order to
guide further developments in this field.

Q

N

Q

N

Q

N

Q

N

Figure III.46 - Mean evolution of PCE of 5 PSC during nine minutes under an AM 1.5 100
W.m-2 illumination, being alternatively exposed to UV-containing light (Q) and NITZfiltered light (N)
Incident-Photon-to-electron Conversion Efficiency (IPCE) measurements were
conducted on TiO2-based PSC (Figure III.47) by placing either a NITZ-embedded PS film or a
bare PS film between the tungsten continuous light source and the PSC. For this graph the value
was normalized from the IPCE value at 650 nm of the TiO2-based PSC and from the IPCE value
of the same cell with the NITZ whose photo-generated current (at 650nm) was reduced by 5 %
to reproduce the 95 % transmission of the NITZ film at 650 nm (Figure III.45). At wavelengths
in the excitation range of the NITZ (around 340 nm), the IPCE of the device is lower using
NITZ than without, due to the direct absorption of incident photons by the down-shifting
molecules, reducing the corresponding amount of photons able to be converted into charge
carriers in the perovskite active layer. It can be notted that the reemission of the NITZ layer at
this wavelength seems to not be sufficiently efficient to cover the direct absorption of the NITZ.
We will now explain that in deeper.
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Figure III.47 - IPCE of TiO2 PSC with or
without NITZ film
We can summarize this problematic by defining a ratio X taking into account QY of the
down-shifting layer and the efficiencies of the PSC in the excitation spectrum and emission
spectrum of the down-shifting molecule:
½ = ¾¿ × À
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Where Pelec is the electric power produced by the PSC in function of wavelength, Plum
is the illumination power of the lighting source in function of the wavelength. Last is defined
either for λemi the emission domain of the down-shifting molecule (i.e. 475 – 550 nm), and λexc
its excitation domain (i.e. 250 – 375 nm). The R factor is present in this formula in order to take
account of the NITZ emission which do not have a preferred direction (50% is emitted in the
wrong direction) and the limit angle of refraction (total reflexion limit) between the polystyrene
film and the quartz substrate. For example the refractive index of PS at 520 nm is 1.6, according
to the literature, and the quartz refractive index was fixed at 1.55 giving a limit angle of 75.6°.
We can evaluate the R factor at 520 nm to be given by 0.5 ×

Ç™.È
É!

= 0.42.

When X is superior to one then the energy produced by the system PSC/down-shifting
layer is greater than the one produced by the PSC alone and the use of this down-shifting
material is relevant. To help identify the situation a graphical representation of this equitation
is presented in the Figure III.48. This graphical representation indicates that the most important
factor is the PSC efficiency in the excitation range of the down-shifting molecule. Indeed, under
certain condition the use of a down-shifting layer is relevant even with an EQY of 15 % of the
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down-shifting molecule, but the IPCE in the excitation range must not be higher than 35 % in
this case. Here, the NITZ EQY is around 30 % as measured by photoluminescence spectroscopy
with an integrating sphere, and the IPCE of our perovskite device without NITZ is in average
of 30% in the excitation range of the NITZ. To be really efficient on this kind of PSC, such
down-shifting material should have an EQY higher than 85%. This simple evaluation can thus
quite easily explain our experimental results in terms of PCE evolution with and without the
down-shifting layer. Nevertheless, even if this layer is not able to efficiently improve the Jsc of
perovskite solar cells, they still act as a UV-filter where a part of the UV light is recycled for
the generation of photo-current, which is a useful advantage compare to a standard UV filter.
The gain of a down-shifting UV filter is close to its EQY (for light emitted towards the active
layer) of reemission in the good direction. This corresponds, in our case, to 15% of useful
reemission, in a spectral range where the perovskite has in average 70% of IPCE. This effect
is therefore completely significant, if it can also have a positive impact on device stability, as
we discuss in the following sections

Figure III.48 - Graphical representation of the X calculation for two value of the IPCE of the PSC (70 and 90 %)
in the emission range, depending of the efficiency (from 5 to 100 %) in the excitation range and the EQY. The
situation of our PSC/NITZ system is framed in yellow.

The utilisation of the NITZ molecule to enhance the PCE of the P3HT:PCBM organic
solar cells has already been proven to be efficient: the PCE has been increased by 6%. In the
case of these organic solar cells its IPCE at 550 nm is 70 % and 5 % at 350 nm. Therefore, the

101

TOWARD A LOW ANNEALING PRINTABLE PEROVSKITE SOLAR CELL
X value for this system is 4.3 showing that the strategy 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 PSC, however, since it absorbs UV
and re-emits the energy in the visible range, it should be able to help stabilizing the solar cell
operation and protect them against UV-induced deterioration. In order to assess the relevance
of this strategy, three TiO2-based PSC and three WO3-based PSC with comparable photovoltaic
parameters (Table III.7) were exposed during more than 14 h to simulated solar illumination,
using a class A solar simulator whose irradiance spectrum is given as SI in Figure S2. For each
cell, different conditions were used condition: UV-filtered (only the quartz substrate with
pristine PS and a UV filtering glass), non-UV-filtered (only the quartz substrate with pristine
PS is used in this case) and NITZ-protected (with the polystyrene film embedded with NITZ
on quartz).
Electron
Transporting
TiO2
WO3
Layer
A
B
C
1
2
3
Cell number
8.6
9.6
8.6
7.5
7.7
7.5
PCE (%)
17.7
15.3
15.6
21
18.3
20
Jsc (mA.cm-2)
857
831
796
724
700
663
Voc (mV)
Table III.7 - Photovoltaic parameters of PSC before the stability measurements
The evolution of power conversion efficiencies of the devices based on TiO2 and WO3
ETL are summarized in Figure III.55. The TiO2-based PSC are a little more stable when
protected from UV radiation (with UV filtering glass or NITZ), particularly in the first five
hours. When the TiO2-based PSC are UV-protected the PCE drops to 40 % of its initial value
after 3 h of exposition while the PCE of the not-UV-protected TiO2-based PSC remains at 30
% of its initial value. However all three cells drop 30 % of the initial PCE after 6 h of exposition.
Analysing in detail the different photovoltaic parameters (from Figure III.49 to Figure III.54)
reveals that the short-circuit current (JSC) is sensitive towards UV, UV-protected TiO2-based
PSC (with UV filtering glass or NITZ) keep 65 % of the JSC initial value after 3 hours of
exposition while the not-UV-protected TiO2-based PSC only keeps 50 % of its initial
photocurrent. The main difference of evolution between the three cells is clearly seen in the
evolution of the fill factor (FF). Which increases by 10 points during the first two hours of
exposure to UV. This could indicated that UV tends to stabilize the PSC in the first hours of
exposure. The open-circuit voltage (VOC) dropped for all TiO2 PSC around 70 % of its initial
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value after 6 h of exposition, following a rather linear trend, indicating than the only electrical
parameters sensitive to the UV are finally JSC and FF.

Figure III.49 - JSC of TiO2-based PSC protected with
UV filter (without UV), with NITZ or not UVprotected (with UV)

Figure III.51 - VOC of TiO2-based PSC protected
with UV filter (without UV), with NITZ or not UVprotected (with UV)

Figure III.50 - FF of TiO2-based PSC protected with
UV filter (without UV), with NITZ or not UVprotected (with UV)

Figure III.52 - JSC of WO3-based PSC protected
with UV filter (without UV), with NITZ or not UVprotected (with UV))
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Figure III.53 - FF of WO3-based PSC protected with
UV filter (without UV), with NITZ or not UVprotected (with UV)

Figure III.54 - VOC of WO3-based PSC protected
with UV filter (without UV), with NITZ or not UVprotected (with UV)

The results for WO3-based PSC are more promising. Indeed, the PCE of the WO3-based
cells decays slower when protected from UV with the NITZ film compared to the cells which
are not protect of the UV, showing that UV is apparently detrimental to their light stability, as
previously suggested in our previous article [29]. This is confirmed by the fact that the WO3based PSC is slightly more stable when protected of the UV with the UV filter glass. With a
NITZ film or UV-protected the PCE drops to 15 % of its initial value after 3h of exposition
while the non-UV-protected WO3-based PSC PCE drops at the same level after 1h30 of
exposition. This result also shows that although while the strategy of using a NITZ downshifting film is not efficient to enhance the PCE of the WO3-based PSC, , it can at significantly
helps their stability, while partially compensating the efficiency loss due to the use of an UV
light filter.

104

TOWARD A LOW ANNEALING PRINTABLE PEROVSKITE SOLAR CELL

(a)

(b)

Figure III.55 - PCE of PSC protected with UV filter (without UV), with NITZ or not UVprotected (with UV) with TiO2 (a) and WO3 (b) as ETL
The beneficial effect of the protection from the UV for the WO3-based PSC can be
linked with the mechanisms exposed in the section III.2.vii (about the stability of the WO3based PSC). In fact since the UV are suppressed the adsorbed gaseous O2 as the WO3/perovskite
interface cannot leave the oxygen vacancies and do not react to form water. As a result the
WO3-based PSC are more stable.

v. Stability of the NITZ molecule

Figure III.56 - EQY of NITZ film after 4 h of solar light exposition
The diffuclty to improve the PCE with our strategy lead us to study the stability of the
NITZ molecule itself in terms of emission quantum yield (EQY) measured by
photoluminescence spectroscopy using an integrating sphere. Nine quartz substrates were
spincoated with NITZ-embedded PS films. Three of them were exposed during four hours under
a 1 sun irradiance (AM1.5G, 100 mW.cm-2), three others were left aside in the dark but at the
same temperature than the exposed cells (50°C), and the three remaining devices (the control
substrates) were left in ambiant condition.. Before and after the four hours, the EQY of each
cell was calculated. The corresponding data are summarized in Figure III.56. These
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measurements reveal that the NITZ films are unstable when exposed to solar illumination under
ambient conditions. A photo-bleaching is indeed observed after the light exposure, and the EQY
drops from 30 to 3 % only. The NITZ film seems also quite sensitive to temperature since the
films unexposed to light lost 4 points of EQY, while the control sample fully retains his EQY.
Our optical transmission measurements of the NITZ cells show than the films still absorbs UV
light even if the emission is very low. In the present case, the NITZ specie is not more efficient
than a classical UV filter.

vi. Conclusion
Through JV measurements and IPCE characterization we showed that NITZ can
temporary act as a down-shifting and UV-protecting layer for CH3NH3PbI3-xClx perovskite
solar cells which already absorbs and photo-generates in the UVs. Indeed, the EQY of this
down-shifting specie is not high enough to increase the photovoltaic properties but can
effectively recover a part of the absorbed UV light. The NITZ could be further investigate with
different perovskites, like mix-halide or mix-cation hybrid perovskite, more fitted in term of
absorption spectrum. Our modelling shows that a good active layer candidate for this use should
present an average IPCE lower than 10% in the spectral range of 250 and 375 nm. The specie
present a photo and thermal degradation after a 4 h of continuous exposition when used with
polystyrene. In the present state, further experimentation is mandatory to find more suitable
polymeric substrate and solvent which could allow a greater stability once deposited on film.
The NITZ molecule has yet a great potential since its gap between its excitation domain and
emission domain is very broad, almost 300 nm. We also confirm that cutting the UV from the
incoming light tends to be beneficial for the stability of WO3-based devices, meaning that the
WO3 is way more sensitive to UV than the classical TiO2 layer. Finally, this latter achievement
allows to emphasis on the importance to protect some architecture of PSC from the UV, with a
preferentially use of a downshifting protection in order to compensate the JSC loss when the UV
light is cut.
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IV. Printed perovskite solar cells
1. Introduction
The spincoating fabrication of a perovskite solar cell with 3 printable layers (ETL,
perovskite and HTL) is now mastered. This cell, as resumed in the Table IV.1, match the
objective in term of photovoltaic performances. The next step is the actual printing of the 3
inner layers.

OBJECTIVES

BEST WO3 CELL

COMPARISON

Photovoltaic parameters
Voc

(mV)

830

791

Jsc
FF
PCE

(mA.cm-2)
(%)
(%)

16
75
10

20.7
58
9.5
Fabrication
2

Active area
1 cm
20 mm2
Electrode (ITO or
Non-printable
100 %
FTO)
ETL
Printed
50 % (printable)
Perovskite
Printed
50 % (printable)
HTL
Printed
50 % (printable)
Top electrode
Printable
0%
Max annealing
100 %
130°C
temperature
Table IV.1 - Comparison between the objectives and spincoated printable
WO3-based PSC
The overall strategy was to replace gradually, from the bottom to the top, each
spincoated layer by an inkjet printed layer. This strategy has been chosen since the printing of
each layer depends of the surface of the previous layer. Once a layer is printed its surface
energy, its thickness as wells as its roughness can vary from that of its spincoated version.
Therefore, this gradual strategy is a good choice to correctly optimize the printing of each layer
depending of the previous layer.
The first step was obviously to replace the spincoated WO3 ETL by a printed WO3 layer
and to continue to process the 2 other layers by spincoating. After optimisation of the ETL
printing the next step would be to go for the printing of the perovskite, on top of the printed
ETL, while spincoating the Spiro-OMeTAD. The last step is of course the printing on the SpiroOMeTAD on top of the printed WO3 and printed perovskite.
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Among the steps of printing optimisation this section will develop the ink
characterization and formulation, the ejection parameters and wettability of each ink.
Morphological characterisation like AFM or optical will be addressed. The photovoltaic
parameters for each printed perovskite solar cell (with 1, 2 or 3 printed layers) will be measured
as well as optoelectronic measurements. The stability and photo-degradation behaviour
principles for printed WO3-based PSC are considered as identical that for the spincoated WO3based PSC, and thus, will not be studied.

2. Design of the printed solar cell
The spincoated perovskite solar cell surface area is 20 mm2, this size is limited by the
gold electrode. The objective for the printing of the perovskite solar cell should be to reach
larger active area, close to 1 cm2. In order to also have a gradual strategy the active area was
slightly increased to 0.33 cm2, and this size is still limited by the size of the evaporated gold
electrode which has been not changed. However, instead on printing the layers on all the width
of the substrate (12 mm) it has been decided to print a smaller area. The printed WO3 and
perovskite layers have the same size (0.64 cm2) and the same position. The 0.42 cm2 SpiroOMeTAD area in contact with the perovskite layer is smaller in order to reduce the probability
of contact between the HTL and the ITO. The HTL has been design to overlap the perovskite
layer where the ITO is etched: this precaution has been taken to be sure that the gold does not
touch the ITO or the WO3 and in order to have a smoother offset for the evaporated gold
between the superposition of the ITO, WO3 and perovskite (more than 1.5 µm in total) and the
bare glass surface. This HTL could be easily expanded to 0.54 cm2. With a bigger gold electrode
the active area could be extended to 0.42 cm2.
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Figure IV.1 - Printed WO3-based perovskite solar cell fabrication design (vertical scale not
respected)
The strategy to keep small area was chosen for two main reasons. The first is that in
order to fabricate a solar cell it is necessary to manually etch the ITO. For the printing this
etching must be very accurate since the printing machine cannot adapt the printing for each
substrate. The minimum size of the etching cannot be in practice inferior to 1.5 mm (since the
etching is manual), a 1.5 mm band of ITO must remain at the top and 1 mm of non-printed ITO
at the bottom, both for the electrical contact during measurement. At the end the maximum
printable area is 0.75 mm2, without considering the security margin in order that, for example,
the gold and the WO3 does not touch. This etching could be in the future however be realized
by lithography in order to increase the surface.
The second reason is to ease the printing. Indeed the bigger the print area is, the higher
is the probability that nozzles clog during printing. In choosing small area first we focus on
optimisation of the printing and will try to increase progressively the printed area.
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3. Printed WO3 electron transporting layer
i.

WO3 nanoparticle ink
The printed WO3 ink is very close from the WO3 nanoparticle suspension used for the

spincoating. The ink was fabricated by the same company, Avantama, but the production has
stopped, and no more information is available. The WO3 nanoparticle weight concentration is
about 2.5 % and the solvent is also the isopropanol, an unknown amount of ethylene glycol is
added to increase its viscosity. The size of nanoparticles, 16 nm, is suitable for inkjet printing
because it is inferior to 1 µm (which is 1/10 of the nozzle size).

Rheological parameters
The viscosity of the WO3 ink has been measured at 9.2 mPa.s at 26 °C (and 8.9 mPa.s
at 30°C). Both bulk density and surface tension were measured at 22 °C and were respectively
at 930 kg.m-3 and 18.4 mN.m-1 (with the pendant drop method).
In order to determine the polar Mjn and dispersive Mjo components of the surface tension

of the WO3 ink the contact angle of WO3 ink droplets was measured on a Teflon surface. The
average value was measured at 56.8° (±1.7°) while the surface energy dispersive component

Mgo of the Teflon surface was measured at 14.5 mN.m-1 and the polar component Mgn was set at 0
mN.m-1 (the real measured value is 0.3 mN.m-1). The Owens-Wendt-Rabel and Kaelble
equation coupled with the Young equation (equation (21) and the fact that the polar component
of Teflon is equal to zero give us the next equation:
Mj (1 + cos k) = 2 lmMjo Mgo p

(50)

The equation is easily solvable and we find a dispersive component estimated at 14.01
mN/m-1 and a polar at 4.39 mN.m-1.

Jettability
From these different characterisations we can evaluate the jettability of this ink. Since
this ink has been already optimized for jetting, and is produced by a third party, we will not try
to modify it.
However, the jettability of this ink is not insured. Indeed, we can compute the minimum
speed required for ejection from the Weber equation (7), in taking 10 µm for a, we find v > 2.8
m.s-1. This results in a Reynolds number (6) at 2.84, for an optimum jetting the Re value should
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be higher than 1. However, the computation of Ohnesorge number (11) with a value at 0.70,
smaller than the maximum of 1, allows us to foretell the good jetting of the ink.

Ejection parameters
As said before the WO3 ink was not modified in order to keep it as the manufacturer
deliver it, indeed the fabrication of this kind of ink tends to change and we did not want to
change the optimisation of the ink for each new bottle. The ejection is difficult to stabilize at
first, and new cartridge must be used every two printings.
The ejection voltage was around 30 V and was often change between 29 V and 33 V,
depending of the batch and the used cartridge. The applied waveform at the piezoelectric
elements of the nozzles is presented in the Figure IV.2. The first step in the waveform is the
withdrawal of the piezoelectric and last for about 19 µs. The first push stays for 3 µs and creates
the head of the drop as seen in the Figure IV.3.a. The second push helps the tails to catch up the
head (Figure IV.3.b). The total time period of the wave form is 55.6 µs, which allows a
maximum jetting frequency of 18 kHz. For the actual printing of the WO3 ink the jetting
frequency was set at 1 kHz to stabilize the printing and to avoid clogging of the nozzle, and
more specifically to give the time to the ink to stabilize in the nozzle between each jetting. As
such, the volume of each drop is 1.2 pl, which corresponds to a drop diameter of 13 µm. The
final speed of the drop is 2.95 m.s-1, very close from the previously computed speed.

Figure IV.2 - Waveform applied for the WO3 ink ejection
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a
b
c
Figure IV.3 - Drop profiles of the WO3 ejection through time, from the beginning of the
jetting (a), to the intermediate step (b) then to the final drop (c)

Printing parameters
Once the ejection parameters were set the next optimisation was about printing
parameters. The thickness to obtain is around 50 nanometres like in the case of the spincoated
WO3. This is a low thickness for inkjet printing which is normally superior to 100 nm, at best
[100]. This means that (1) the printing must be done is one time, a second pass is not feasible,
(2) the dropspacing must be low compared to the splat size; (3) each default in printing will
result in a contact between perovskite and ITO, the default must be minimized, which is more
difficult with only one pass.
In order to have a starting point for the drop spacing we can estimate the size of the splat
as being roughly the same size as the droplet. The chosen cartridge jets 10 pl droplets, for a
spherical droplet this corresponds to a diameter of roughly 100 µm. A more precise estimation
would be to print droplets of WO3 on the ITO in making sure that the droplet does not touch
each other, which has been done in this work.
The mean diameter of WO3 splats on the ITO, after a 110 °C annealing, is 43.6 µm (±
1.4 µm). This is relatively small compared to the predicted 100 µm. This reduced size of splat
is due to dewetting. Indeed, as said previously the value for the WO3 the dispersive component
is estimated at 14.01 mN.m-1 and the polar at 4.39 mN.m-1. Which means that the polar
component is not negligible compared to the dispersive one. The ITO surface without any
treatment has a polar component of 8.0 mN.m-1 and a dispersive one at 25.3 nN.m-1 (measured
with the contact angle measurements technic), it mays be possible to increase this low polar
component in order to increase the wettability of the ink.
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One strategy to enhance the wettability of the ink is to increase the surface energy of the
ITO with surface treatment and cleaning with selected solvent. The normal treatment used for
the spincoating of WO3 to put the ITO substrate in a succession of 20 min ultrasonic bath of
acetone, ethanol and isopropanol. This treatment has been adapted for WO3 printing. After such
treatment, an increase of the splat size is observed from 43.6 µm (± 1.4 µm) to 101.6 (± 3.1
µm). In order to slightly increase the wetting quality UV/ozone treatment was performed. This
treatment removes O2 and other organic molecules adsorbed on the ITO surface. After the same
wet cleaning (acetone, ethanol, isopropanol, UV/ozone) the splat size is increased to 107.1 (±
3.1 µm). Unfortunately, we know from the spincoated WO3 layer for spincoated PSC that the
UV treatment is detrimental for the efficiency, avoiding the cell to function properly. The
solution is to follow the UV treatment by a final ultrasonic bath in isopropanol. In doing so we
keep a mean splat size of 104.7, slightly smaller than at the end of the UV treatment with a
standard deviation of 2.9 µm. The results are summarized in Figure IV.4.
120,0

107,1

101,6

104,7

Splat size (um)

100,0
80,0
60,0
43,6
40,0
20,0
0,0
Without surface Acetone ethanol
treatment
isopropanol

Acetone
isopropanol UV

Acetone
isopropanol UV
isopropanol
Figure IV.4 - Splat size of WO3 printed on ITO depending of the surface treatment
With contact angle measurements of three reference liquids (water, dioodomethane and
ethylene glycol) the surface energy of the ITO in the OWRK model (section II.3.i), before and
after the treatment, was measured. Before the acetone/ethanol/isopropanol/UV/isopropanol
treatment the dispersive component is at 25.3 mN.m-1 and the polar component is at 8.0 mN.m1

, as said previously. After the selected treatment (acetone, ethanol, isopropanol, UV,

isopropanol), the dispersive component is very slightly increased to 27.9 mN.m-1, the
improvement is very high for the polar component with a new value at 25.2 mN.m-1. From these
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values we can compute the wetting envelop of the ITO with or without treatment, this is shown
in the Figure IV.5. As we can see the wetting envelop is larger after the treatments, confirming
its effectiveness.

Figure IV.5 - Wetting envelope of the ITO before and after the
acetone/ethanol/isopropanol/UV/isopropanol treatment
WO3 has already been used in XLIM as a printed layer for organic solar cell by JeanCharles Obscur [78], therefore we begun by set a very close printing parameter already used: a
drop spacing of 45 µm. The quality of printing is improved after the surface treatment as we
can easily see in the Figure IV.6 and Figure IV.7. Without the treatment the droplets do not fuse
and created separated lines at best, and separated drop at worst. This clearly shows the dewetting
issue.
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500 µm

Figure IV.6 - WO3 layer printed on ITO
before treatment

500 µm

Figure IV.7 - WO3 layer printed on ITO after
treatment

Perovskite solar cells were made with printed WO3 layer with different dropspacing and
thickness of this printed layer was measured with a Dektak profilometer, the results are resumed
in the Figure IV.8. The best efficiencies were obtained for a drop spacing of 45 µm, which
corresponds to a thickness of 70 nanometres which is thicker than the 50 nm spincoated WO3
layers. Later, to print the perovskite layer on top of the printed WO3 the drop spacing of the
printing of the WO3 has been adjust to 50 µm because of a new bottle of WO3 nanoparticle
solution, with these new conditions the thickness was 60 nm.

Figure IV.8 - Drop spacing optimisation with perovskite solar cell.
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ii. AFM and KPFM characterization
KPFM characterization was conducted to evaluate the work function of the WO3 layer
once printed. This measure was effectuated on a WO3 layer printed on ITO and is reported in
the Table IV.2. The measured work function is now at -4.8 eV for printed WO3 layer, this could
be due to the thicker layer in the case of printed layer (60 nm against 50 nm).
Control layers
Measured work function (eV)
ITO
-4.9
FTO
-4.8
Stacking
Measured Work Function (eV)
Glass/CH3NH3I3-xClx
-5.0 ± 0.2
Glass/WO3
5.4
Glass/ITO/Spincoated WO3
-5.0
-4.8
Glass/ITO/Printed WO3
Glass/FTO/TiO2/TiO2-mp
-4.5
Table IV.2 - Work function measurements with KPFM technique
AFM characterisation on printed layer was conducted and is visible in the Figure IV.9.
The highest point is around 60 nm which is in fact the measured thickness which indicated that
some areas are not covered by WO3. The roughness (RMS) is 8 nm which is higher than for the
spincoated layer (4 nm).

Figure IV.9 - AFM characterization of printed WO3 layer.
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iii. Perovskite solar cell with printed WO3 layer.
The perovskite solar cells with a printed WO3 layer was made following the same
process than exposed in the section in WO3-based PSC (III.2.ii) for the perovskite, SpiroOMeTAD and gold layer. The WO3 layer was printed as specified in the previous layer, with
especially a drop spacing of 45 µm.
The best efficiency obtained was 9.3 %, with a VOC of 797 mV, a JSC 20.2 mA.cm-2 and
a FF of 57 % and is presented in the Figure IV.10. The fabrication for this kind of PSC was
rapidly mastered and the champion cell was quickly obtained two months after the first try
(Figure IV.11).

Figure IV.10 - JV curves of the best WO3-based
PSC with printed WO3

Figure IV.11 - PCE evolution of the best perovskite solar
cells

Compared to the objectives one more step has been realized. WO3 is now fully printed
and allows the production of PSC with efficiency up to 9.3 %, the results are summarized in the
Table IV.1.
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OBJECTIVES

BEST WO3 CELL

Photovoltaic parameters
Voc

(mV)

830

797

Jsc
FF
η

(mA.cm-2)
(%)
(%)

16
75
10

20.2
57
9.3

Fabrication
Active area
1 cm2
20 mm2
Electrode (ITO or
Non-printable
100 %
FTO)
ETL
Printed
100 % (printed)
Perovskite
Printed
50 % (printable)
HTL
Printed
50 % (printable)
Top electrode
Printable
0%
Max annealing
130°C
100 %
temperature
Figure IV.4 - Comparison between the objectives and WO3-based PSC with
printed WO3

iv. Discussions on possible improvements
One limitation is the low stability of the printings from the jetting point of view that
force to change the nozzles head every two printings. In order to enhance the quality of the
jetting one solution is to look at the Oh number. In this case the Oh number of the WO3 is in
the good range but the value of 0.7 is relatively close to the maximum of one. In practice the
jetting of the WO3 was often erratic and this can be due to a bad stability of the ink. Particular
an evaporation of the solvent (the isopropanol) which can increase the viscosity of the ink and
increase the value of the Oh number.
From the user’s point-of-view, who has not the access to the fabrication of the ink, the
best solution is to decrease the Oh 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 ink to optimize, the strategy was to start

from the solution used for the spincoated PSC. As a reminder, here the composition of the 40
% weight concentration perovskite solution:
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The perovskite solution is prepared in adding 252 mg of methylammonium iodide
(CH3NH3I, 158.9 g.mol-1, MAI) in 600 mg of N,N-Dimethylformamide (0.948 g.mol-1, DMF).
Once the MAI is correctly dissolved in the DMF, 147 mg of PbCl2 (278.2 g.mol-1) and 5.4 µl
of diiodooctane (ICH2(CH2)6CH2I, 1,84 g.ml-1, DIO). The solution is stirred during at least 1
hour at 90°C. The resulting solution has a weight concentration in perovskite of 40 %, and a
weight concentration of DIO of 1 %. The molar ratio between MAI and PbCl2 is 3:1, thus to
benefit the formation of CH3NH3PbI3-xClx with the lower x (i.e. the lowest amount of chlorine).
After optimisation (IV.4.iii) the perovskite concentration was increased to 50 %:
With this new formulation, the perovskite solution is prepared in adding 593 mg of
methylammonium iodide (CH3NH3I, 158.9 g.mol-1, MAI) in 940 mg of N,NDimethylformamide (0.948 g.mol-1, DMF). Once the MAI is correctly dissolved in the DMF,
347 mg of PbCl2 (278.2 g.mol-1) and 10.1 µl of diiodooctane (ICH2(CH2)6CH2I, 1,84 g.ml-1,
DIO). The solution is stirred during at least 1 hour at 90°C. The resulting solution has a weight
concentration in perovskite of 40 %, and a weight concentration of DIO of 1 %. The molar ratio
between MAI and PbCl2 is 3:1, thus to benefit the formation of CH3NH3PbI3-xClx with the lower
x (i.e. the lowest amount of chlorine).

Rheological parameters
The viscosity of the 50 % weight concentration perovskite solution is of the ink has been
measured at 10.6 mPa.s at 26 °. Both bulk density and surface tension were measured at 22 °C
and were respectively at 1430 kg.m-3 and 19.3 mN.m-1. If the surface tension is slightly under
the 25 mN.m-1, the viscosity is in the good range.

Jettability
From these different characterisations we can evaluate the jettability of this ink. We can
compute the minimum speed required for ejection from the Weber equation (7), in taking 10
µm for a, we find v > 2.3 m.s-1. This value of ejection results in a Reynolds number (6) at 3.13,
for an optimum jetting the Re value should be higher than 1. The computation of Ohnesorge
number (11) confirm this conclusion, with a value at 0.63 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 90°C in wet condition. In colder
temperature the PbI2 is formed before the CH3NH3PbI3-xClx hybrid perovskite, this also happens
when the solvent begins to dry. Indeed, when the solvent evaporate the concentration rises and
hits it maximum (around 50 %), and as the PbI2 is the less soluble than CH3NH3I the PbI2
precipitates at the surface of the printed substrate. Therefore, the printed layer must remain wet
until it is annealed.
The best parameters for the printing of the perovskite film would be:
-

High speed of printing: fast printing will allow to keep a wet film

-

Large drops: the larger the drop the faster will be the printing. Of course as the
jettability of the ink is related to the drop size there 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 during printing (see section IV.4.iii)

Ejection parameters
The ejection voltage was around 33 V, depending of the batch and the used cartridge.
The cartridge temperature was set at 50°C. The waveform applied at the piezoelectric elements
of the nozzles is presented in the Figure IV.12. The first step in the waveform is the withdrawal
of the piezoelectric and last for about 27 µs and is very subtle. The only push stays for 18 µs
and create the drop as seen in the Figure IV.13. The total time period of the wave form is 100
µs, which allows a maximum jetting frequency of 10 kHz. For the actual printing of the
perovskite ink the jetting frequency was set at 1 kHz to stabilize the printing and to avoid

Figure IV.12 - Waveform applied for the perovskite ink ejection
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clogging of the nozzle, and more specifically to give the time to the ink to stabilize in the nozzle
between each jetting. The resulting diameter of the perovskite ink droplets is 10.3 µm, that is
to say a volume of 4.7 pl. The final speed of the drop is 5.1 m.s-1, which is twice the speed
calculated previously. This difference could not be explained by the higher temperature use for
the printing. Indeed to reach this speed the density should be divided by at least 3 and the surface
tension multiplied by 3 (which is not possible since the surface tension normal evolution is to
decrease when the temperature increases).

a
b
c
Figure IV.13 - Drop profiles of the perovskite ink ejection through time, from the beginning
of the jetting (a), to the intermediate step (b) then to the final drop (c)

Splat size
Measuring the splat size of the printed droplets of perovskite is not easy as the droplets
dry quickly after deposition. Therefore two sizes of splat were considered: with a simple drying
at ambient temperature and with a 2h annealing time at 90°C in ambient atmosphere. The optical
microscopy characterization of both conditions are seen in the Figure IV.14 and Figure IV.15,
this pictures has been taken for a printing with a drop spacing of 200 µm.
The average diameter of the perovskite droplets dried at ambient temperature is 132.3
µm (± 7.7 µm), the mean size for the droplets annealed at 90 °C is 117.1 µm (± 5.7 µm). Several
observations can be made. First, the larger average splat size for the droplets dried at ambient
temperature indicates than the perovskite droplets tend to spread on the WO3 if enough time is
given. This time is relatively short, indeed the droplets dry in less than 30 seconds. Second, the
higher standard deviation for the dried droplets is only the statistical translation for a feature
which can be easily seen: the droplets present a non-regular circular shape. These shapes are
due to the dewetting of the perovskite ink on the ITO in places where there is no WO3 or a very
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thin layer of WO3. This is confirmed by the average splat size on ITO in the same condition
which is 57.8 µm (± 2.1 µm). In conclusion, the spreading of the perovskite ink is enhanced on
the WO3 layer and when given time the splat size of the perovskite ink splat increases. These
two behaviours will play a critical role in the quality of the printing, this will be discussed in
next sections.

200 µm

200 µm

Figure IV.14 - perovskite printed drops
annealed at ambient temperature

Figure IV.15 - perovskite printed drops
annealed at 90°C

Printing parameters
For a drop volume of 4.66x10-15 m3, theoretically the height of the sphere cap formed
by the drop is 0.9 nm. If the perovskite layer was printed with a drop spacing of 117 µm (the
diameter of one splat) the height of the annealed film would be nearly half of one nanometre
(with a weight concentration of 50%). In order to have a perovskite thickness of 200 nm, we
must at least print a wet layer of 400 nm. For a surface of 0.64 cm2 this correspond to a volume
of 2.6x10-11 m3. For this volume and a number of 5500 drops this corresponds to a drop spacing
of 108 µm. In practice, with a drops pacing of 108 µm the film is already dry before the end of
the printing because the thickness of the wet film is too low and the DMF evaporates quickly.
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Weight
concentration

40%

1 layer
Drop spacing Mean
(um)
PCE (%)
15
0,4
20
0,0
25
0,6
35
0,6
45
55
3,9

SD
0,4
0,0
0,2
0,0

2,0

2 layers
Best
Mean
PCE (%) PCE (%)
0,7
0,0
0,8
0,6
4,8
4,6
5,5
4,3

1 layer

30%

Dropspacing
(um)
25
35
45

Mean
PCE (%)
3,7

SD

1,3

SD

0,7
1,2
0,4

3 layers
Best
PCE (%)

5,6
6,2
4,7

Mean
PCE (%)

SD

Best
PCE (%)

0,0

0,0

0,0

5,2

1,1

6,2

2 layers
Best
Mean
PCE (%) PCE (%)
0,9
5,2
0,2
3,6

SD
1,2
0,2
1,4

Best PCE
(%)
2,6
0,5
5,0

1 layer

50%

Dropspacing
(um)
30
35
40

Mean
PCE (%)
4,8
4,4
0,0

SD
1,2
1,9
0,0

Best
PCE (%)
5,9
7,6
0,0

Table IV.3 - PCE of PSC with printed WO3 layer and printed perovskite layer, depending of the drop
spacing of the perovskite printing and perovskite weight concentration, PCE measured with a AM 1.5
G 100 mW.cm-2 illumination source, masked at 0.20 cm2.
Therefore, several drop spacing values, several number of printed overlapping layers
and different concentration of perovskite were tried in order to determine the best printing
parameters to use. The results are presented in the following Table IV.3. When the printing of
the perovskite is not stable and reproducible the number of working cell is often only of one
cell for three printed cells. This first criteria indicated us which drop spacing values to exclude.
The other criteria was a good compromise between the highest mean PCE of the working cells,
the lowest standard deviation and the value of the best obtained PCE. The best mean efficiencies

123

PRINTED PEROVSKITE SOLAR CELLS
with lowest standard deviation were obtained with one printed layer for a 40 % weight
concentration and for a drop spacing of 55 µm and the smaller drop spacing was detrimental
for the efficiency. When a greater number of layers are printed the mean efficiencies are
superior to 4.3 % with a maximum at 5.2 %. Here we see two antagonist conclusions: using
smaller dropspacing will increase the quantity of perovskite matter but will be reduce the
efficiencies, increasing the number of layer will increase the quantity of perovskite matter and
increase the mean efficiency. The difference between these two situations are the printing time,
in one situation a greater quantity of perovskite is printed in one time when in the other situation
the larger quantity of perovskite is deposited in several step. In the first condition the wet film
is thick and as explained in the next section this creates flows in the layer and in the end a low
film quality. In the last condition the solvent has time to dry between each layer printing and
the thickness of the wet film at the end is reduced. A deeper analysis is addressed in the next
section.
From this finding an ink with a higher concentration was tested: 50 % in weight of
perovskite. With a drop spacing of 35 the best efficiencies was obtained at 7.6 % with a mean
efficiency at 4.4 %.This parameter has been chosen for its ability to produce cells with a highest
PCE.

iii. Thickness variation of printed perovskite layer
Phenomena
To illustrate the problematics of the perovskite printing this section will present one of
the phenomena that occur when the printings is not stabilized. This phenomenon is due to the
thickness variation across the printed perovskite layer and the result be seen in the Figure IV.16.
In this picture we can identify two main features: some white shapes in the vertical direction
and a colour variation from black to brown. Of course these features are detrimental to the
functioning of the PSC: the white shapes are areas with a lack of perovskite creating contact
between WO3 and the Spiro-OMeTAD and possibly with the gold electrode. The variation of
colour reflects a variation of thickness which is also a problem, indeed in order to print larger
area the thickness of printed Spiro-OMeTAD should precisely adjusted in order to correctly
cover even the thicker perovskite area which is not of course easily doable. In order to obtain a
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homogenous thickness layer and to remove these white shapes this section will explain the
causes of the phenomena.

Printing direction
Figure IV.16 - Not stabilized printing of printed
perovskite layer on printed WO3 layer
The steps leading to this bad quality of printing are detailed in the Figure IV.17:
-

The first step (a) is the printing of the first lines of droplets, depending of the
number of nozzles the number of simultaneously printed lines lies between 2 and
6 nozzles. The dotted lines symbolize the height and width of the printed lines.

-

During the second step (b), which takes place between the printing of the first
lines and the printing of the second row, the lines have the time to spread. The
line of ink spreads on the WO3 layer 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 is 35 µm, the second lines is printed on
70 % on the last line of droplets. At the beginning of this step the new lines of
ink are not stabilized, furthermore the surface contact between this second lines
and the WO3 is smaller than the one between the first lines and the same layer.
As a result, the coalescence of the second lines toward the first lines is provoked.
More specifically, a light dewetting occurs and the ink excess at the top of the
second line in displaced toward the first lines, only the boundary layer of the ink
film stays on the printed WO3 layer.

-

The fourth step (d) between the printing of the second and third line presents the
resulting shape profile of the perovskite film.
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-

The fifth step (e) represents the profile of the film after completion of the
printing. The film is thicker at the beginning of the printing and thinner at the
end.

-

The sixth step (f) is the annealing of the film at 90°C. All across the perovskite
film the evaporation rate is identical, but since the thickness is not homogenous
the thinner part will be dry quicker. As a result, the concentration of the
precursors is not constant trough the layer. The concentration will be higher in
the thinner part and lower in the thicker part. This gradient creates a precursor
flux from the end to the beginning area. Moreover, during drying the faster
evaporation of the solvent in the thinner part created a moving front from the
end to the beginning area. This front push forward some of the liquid and
increase the heterogeneity of the annealed layer.

Inkjet nozzle

WO3
ITO
Glass

a) Printing of the first lines of droplets

b) Spreading of the first rows
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Ink flux
Dewetting
1st row contact surface 2nd row contact surface

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

precursors flux
Precursors concentration gradient

f) Annealing at 90°C after the completed printing
Figure IV.17 - Profile view of the substrate and steps of the perovskite printing (vertical and
horizontal scales not respected)
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This flows of precursors and this moving front creates these white shapes oriented from
the end to the beginning area of the printing. Furthermore, the precursors flux speed is probably
not the same for both precursor (PbCl2 and CH3NH3I), some areas would then lack of one
precursors which provokes this change of colour. Of course the variation of thickness also
explains the variation of colour, from brown to black.
The hypothesis was that the viscosity of the ink was to low or the thickness of the wet
film was too high. In order to reduce the height of the film two solution was investigated: using
high drop spacing with 40 % and 30 % perovskite weight concentration, and as demonstrated
previously this solution was not satisfactory. To increase the viscosity was the other solution
and is developed in the next section, as well as the characterisation of the other inks with
different perovskite weight concentration.

Ink optimisation
To increase the viscosity one solution is to modify the concentration of hybrid
perovskite, as resumed in the Table IV.4. By modifying the weight concentration of the ink the
viscosity is modified from 2.3 to 10.6 mPa.s, the minimum being close to 0.92 mPa.s which is
the viscosity of the pristine DMF. The value of surface tension maximum is found to be for a
perovskite weight concentration of 40 %. The exact maximum of surface tension has not been
investigated since its variation is not significant between 30 % and 50 % of perovskite weight
concentration. 50 % is the maximum concentration reachable giving the solubility of the
precursors. One observation to make is that the diiodooctane additive seems to play a surfactant
role by reducing the surface tension.
Perovskite weight
concentration
Diiodooctane weight
concentration

30 %

40 %

50 %

0%

1%

1%

Density (kg.m3)

1250

1340

1430

Viscosity (mPa.s)

2.3

10.5

Surface tension (mN.m-1)

18.5

8.8
21.2
21.9a

2.43

2.51

2.32

13.2

3.8

3.1

Minimum ejection speed
(m.s-1)
Re

19.3

Oh
0.15
0.52
0.63
Table IV.4 - Ejection parameters of the perovskite inks depending of the CH3NH3PbI3-xClx
weight concentration. a Surface tension of the perovskite ink without diiodooctane
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The first effect of this perovskite ink optimization is the reduction of the Re number:
from the 30 % perovskite concentration with a Re value of 13.2 (too high to have a stable jetting)
to 3.1 which is in the working range. The 40 % concentration ink is already jettable and the first
printed perovskite layer was in fact used but the printing was not stable (as demonstrated
previously). The other effect of the concentration increase is the enhancing of the Oh number
to approach the middle of the [0.1;1] range.

Other optimisation tries
Other optimisations were tried to increase the viscosity of the perovskite. In a perovskite
ink with a weight concentration of 30 % polyethylene glycol (PEG) was added. The objective
was to increase the viscosity of the ink in order to reduce the previous problematics. The
viscosity and the surface tension of the ink were measured for different value of PEG
concentrations (Figure IV.18). The viscosity of the ink increased from 2.3 to 3.9 mPa.s when
the weight concentration of PEG increased from 0 to 10 %. More precisely the viscosity
increase is the most sensible up to 5 % weight concentration of PEG into the perovskite ink.
The surface tension does not evolve with the PEG concentration. This new value of viscosity
increases the Oh from 0.15 to 0.23 which enhance the stability of the jetting.
30

4,5
4

Viscosity (mPa.s)

20

3
2,5

15
2
1,5

10

1
5
0,5
0

0
0

1

2
3
4
5
6
7
8
Polyethylene Glycol weight concentration (%)

9

10

Figure IV.18 - PEG influence on viscosity and surface tension on 30 % weight concentration
perovskite ink.
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Perovskite solar cells were made using printed WO3 layer and printed perovskite with
30 % weight concentration with a weight concentration of 1% for DIO and 5 % for PEG.
Unfortunately, upon annealing the perovskite layer presented a yellow colour, and the cells
were not working properly showing only short circuit behaviour.
Other solution could be to change part of the solvent of the perovskite ink. One of the
most used solvents for perovskite are dimethyl sulfoxide (DMSO) and gamma-butyrolactone
(GBL) which have a higher viscosity than the one of the DMF. The GBL possesses a viscosity
of 1.7 mPa.s while the DMSO is at 2 mPa.s, twice as big as the viscosity of the DMF.
Furthermore, in order to reduce the rate of evaporation it would be a good idea to choose a
solvent with a lower vapor pressure. At 20°C DMF is at 3.77 mbar, DMSO at 0.6 mbar and
GBL at 1.5 mbar. Thus, in replacing part of the DMF by one of these two solvents it will
naturally increase the viscosity and reduce the evaporation rate allowing a better homogeneity
of the thickness while keeping a lower average thickness. Finally in order to reduce again the
evaporation rate the printing could be conducted in an atmosphere already saturated with the
chosen solvents.

iv. Surface energy and perovskite composition influence on wettability.
This final section will deal with the role of chlorine in the perovskite. The chlorine is
used as a second halide in the composition of the hybrid perovskite. First we will speak about
the current state of the art about the two main fabrication methods and about the effect of
chlorine in the perovskite formation. The second part will show the result of this work and
hypothesis about one of the possibly revealed role of chlorine.

Literature
The simplest possible hybrid perovskite is CH3NH3PbI3, as such this composition was
the first to be intensely used in research. With this kind of perovskite fabrication method is the
sequential deposition [101], also known as “two-step”. Essentially this method consists in the
spincoating of a first solution of PbI2 in isopropanol, a short annealing at 90 °C forms at the
surface a first layer of PbI2. The second step is the soaking of the substrate in a CH3NH3
solution, often in DMF. During this soaking the perovskite forms, turning the colour of the film
from yellow to brown, an annealing of 2 hours at 90°C finishes the perovskite formation. With
this technic PSCs over15 % PCE are easily obtained [101].
The one-step method is the other strategy. This technic is the one used in this thesis and
has been chosen to ease the printing step as the soaking step of the previous method is not
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doable in the inkjet method, at least not with the used printing machine. The one-step method
performs well with the use of chlorine in the perovskite but a CH3NH3PbI3 perovskite solution
would produce layer with low quality and low performances [102]. The chlorine can come from
the use of CH3NH3Cl (instead of CH3NH3I) or in the case of this work from PbCl2 (instead of
PbI2).
The true role of chlorine in the formation of perovskite is not confirmed but several
hypothesis already exists, of course the chlorine could play a beneficial role for multiple
explanations:
-

The use of CH3NH3Cl allows a better control of the perovskite formation process
[102], more precisely in facilitating the evaporation of CH3NH3+ in excess at low
annealing temperature [103].

-

The chlorine improves the interface between the perovskites and the carrier
transport layer, however does not improve crystal morphology [104].

-

The chlorine tends to concentrate at the interface between the perovskite layer
and the ETL, increasing the binding energy of both film [105].

-

At the interface the chlorine modifies the interface electronic structures. More
precisely it leads to an interfacial coupling between the lead p and the titanium
d conduction band states and favourites higher electron injection [105].

-

At last, the chlorine would tend to enhance the formation of a p-i-n structures
easing charge extraction [106].

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

Wettability interpretation
The use of chlorine for the one-step fabrication leads us to hypothesis the possible
influence of chlorine on the wettability of the perovskite ink. For this experimentation only
contact angle measurements was used to compute the surface energy components, dispersive
and polar, in the OWRK model. Three solvents were used as reference liquids:
-

Diiodomethane (DIM)

-

Ethylene glycol (EG)
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-

Water

The software used for this characterisation has for the reference liquid the value of
dispersive and polar component presented in the Table IV.5.
LIQUID
DIM
EG
H2O
Dispersive
component
50.8
19.0
21.8
(mN.m-1)
Polar
component
0
3.0
51.0
-1
(mN.m )
Table IV.5 - Tension surface components of the reference liquids
These three liquids were used to determine the surface energy of both mesoporous-TiO2
layer and WO3 layer (respectively on FTO and ITO) as well as to determine the surface energy
of five materials used as reference surfaces:
-

Teflon

-

PVDF (Polyvinylidene fluoride)

-

PMMA (Poly(methyl methacrylate))

-

PS (polystyrene)

-

Inox

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

LIQUIDS

reference liquids on the reference surfaces.

Teflon

PVDF

SURFACES
PMMA

DIM

82.6 ± 2.3

51.2 ± 2.1

32.3 ± 1.3

32.4 ± 1.7

47.0 ± 2.4

EG

94.5 ± 1.4

56.1 ± 1.7

48.8 ± 0.9

59.7 ± 1.0

50.6 ± 1.8

H2O

108.0 ± 2.0

75.7 ± 1.2

68.2 ± 2.2

92.0 ± 2.2

73.4 ± 2.8

PS

Inox

Table IV.6 - Contact angle of reference liquids on reference solid.
From this contact angle values a linear regression was effectuated to compute the polar
and dispersive component for our reference surfaces, the results are presented in the Table IV.7
alongside comparison with known value of the literature. No source or comparison has been
found for inox steel.
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SURFACE

Teflon

PVDF

PMMA

PS

Inox

COMPUTED SURFACE ENERGY
Dispersive
component
(mN.m-1)
Polar
component
(mN.m-1)

15.5

27.6

35.8

42.7

39.8

0.3

6.0

5.6

0.4

6.4

LITERATURE REFERENCES
Dispersive
component
(mN.m-1)
Polar
component
(mN.m-1)
Reference

22.0

23.3

31.3

35.8

41.2

41.4

-

0.3

7.0

5.4

4.4

0.8

0.6

-

[108]
[109] [110]
[109]
[109] [110]
Table IV.7 - Surface energy for reference surfaces.

-

The next step was to measure the contact angle of 4 different perovskite inks on the five
reference surface materials. Each solution is composed of a perovskite weight concentration of
40 % in DMF, and with a molar ratio of 3:1 for the CH3NH3I and PbX2 (X=I,Br,Cl). These four
perovskite are:
-

CH3NH3PbI3 (I ink)

-

CH3NH3PbI3-xClx (C ink)

-

CH3NH3PbI3-xClx with 1% wt DIO (D ink)

-

CH3NH3PbI3-xBrx (B ink)

The results are summarized in the Table IV.8. The clearest result is that chlorine
decreases the contact angle on PVDF and Inox while the contact angle on the other surfaces
remain in the range of the standard deviation measurement. This confirms the beneficial effect
of chlorine in improving a better wettability and thus inducing a better crystal perovskite
formation and a better impregnation in porous material like mesoporous TiO2. On the other
hand, the use of DIO will decrease the wettability in increasing the overall surface tension of
the ink (as seen previously) promoting the behaviour to form a drop instead of forming a film.
When bromide is used instead of chlorine the contact angle increases on all surfaces
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Teflon

PVDF

SURFACES
PMMA

I

68.8 ± 0.8

23.3 ± 0.7

20.3 ± 1.6

28.4 ± 0.8

46.0 ± 1.2

C

67.7 ± 2.0

18.9 ± 1.3

23.8 ± 1.6

30.9 ± 1.6

38.6 ± 1.9

D

71.4 ± 1

24.3 ± 1.0

23.4 ± 1.3

30.4 ± 1.4

41.3 ± 2.8

B

73.6 ± 2.1

23.1 ± 1.5

25.0 ± 1.1

34.1 ± 1.5

42.2 ± 1.6

PS

Inox

Table IV.8 - Contact angle of perovskite ink on reference surfaces.
In order to have a better comprehension of this mechanism and its consequence in term
of perovskite ink spreading and perovskite formation, the component and dispersive part of the
surface energy of each ETL (TiO2 and WO3) and of the surface tension of each ink has been
computed. To do so the contact angles of the three reference liquids were measured and the
surface energy of each solid was computed by linear regression (see the explanation in section
II.3.i). The results are summarized in the Table IV.9.
SURFACE
TiO2
TiO2-mp
WO3
Dispersive
component
26.2
30.0
26.7
(mN.m-1)
Polar
component
38.9
33.7
36.7
-1
(mN.m )
Table IV.9 - Surface energy of the ETLs
The three ETL are very close from one another, especially the dense TiO2 and WO3
layers. Indeed as these two layers are very thin (respectively 20 and 50 nm) the surface energy
of ITO and FTO has probably on strong influence on the surface energy of each ETL.
In measuring the contact angle of the drop of the 4 perovskite inks on the 5 reference
surface materials followed by a linear regression (with the OWRK model) the dispersive and
polar components of the surface tensions of these inks were estimated (Table IV.10).
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PEROVSKITE
I
C
D
B
INK
Dispersive
component
36.8
34.6
34.9
33.3
(mN.m-1)
Polar
component
3.9
5.1
5.9
7.7
-1
(mN.m )
Table IV.10 - Surface tension component of the perovskite inks.
From these values of polar and dispersive components of the ETL and of the surface
tension of ink it is possible to draw the wetting envelope of each ETL as well as indicate the
position of each ink in this diagram (Figure IV.19). In this diagram the wetting envelop of the
dense TiO2 layer is not represented for two reasons: (1) the perovskite inks are never in contact
with this layer (2) the WO3 wetting envelop is very similar and was kept alone for the ease of
reading.
Several conclusions can been made from this diagram:

Figure IV.19 - Wetting envelope of the ETL and wettability
of various perovskite inks
-

The WO3 and mesoporous-TiO2 are very close in term of wetting envelop. Each
perovskite ink have a very good predicted wettability on the two surfaces,
independently of their composition. We can see this effect in the section IV.4.ii
when the splat of the perovskite ink is reported to be 132 µm for a drop size of
only 10 µm.

-

The position of each ink in the diagram is unique. In comparing the iodine-based
perovskite and the chlorine-based perovskite we see that the position of the
chlorine-based perovskite point is further inside the wettability envelope. This
135

PRINTED PEROVSKITE SOLAR CELLS
could indicate us that for porous material the impregnation of the ink would be
slightly better. Thus chlorine would improve the wettability of the ink in certain
conditions. This effect of chlorine has already been observed previously in the
Table IV.8 when the contact angle is reduced for PVDF and Inox which are the
reference material with the higher dispersive component.
-

The DIO tends to slightly decrease the wettability of the chlorine-based
perovskite, as already observed in the result of the Table IV.8.

One hypothesis to explain the better wettability of the chlorine-based perovskite ink was
that chlorine was more electronegative that iodine (3.16 against 2.66 on the Pauling scale) thus
increasing the polarity of the components of the ink (namely the methylammonium halide). The
increase in polar component of the perovskite ink surface tension can been seen in the Table
IV.10. In order to test this hypothesis, the same experiments was conducted in replacing the
chlorine by bromine which possess an intermediate electronegativity at 2.96. The results
indicated that the polar component of bromine-based perovskite is stronger than for the
chlorine-based ink which contradict our first hypothesis.
In conclusion the use of chlorine tends to increase the wettability of the perovskite ink
compared to ink containing only iodine. This has been demonstrated by contact angle
measurements and wettability envelop and compatibility calculation. The origin of this
behaviour is unknown for the moment and the effect of electronegativity can be ruled out. At
last, the effect of diiodooctane (DIO) is not clear and does not seems to play a significant role
in wettability.

v. Characterisation of printed perovskite layer
Morphology
The thickness of the printed perovskite film has been measured with a profilometer at
1.8 µm. Interestingly, for a printed layer with a drop spacing of 35 µm with droplets volume of
4.7 picolitre, a 50 % weight concentration perovskite ink and a 0.64 cm2 surface the predicted
height is of 1.8 µm. That indicates us that the printing of the perovskite is stable since all the
desired matter is ejected and no nozzles clog during printing. This thickness is very high
compared to the 200 nm for the spincoated perovskite on the WO3 layer, however this high
thickness is not detrimental to the efficiency of the perovskite cell (see further).
The Figure IV.20 presents the picture of the printed perovskite layer taken with an
optical microscope. The high thickness of the printed perovskite layer is visible in this picture
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as holes in the perovskite layer are barely visible and no transmitted light is visible through the
layer. The roughness of the perovskite, estimated from the AFM data (Figure IV.21) is 83 nm
(RMS). The difference between the deepest and the highest points is 462 nm, this indicates that
the coverture is good since the thickness is 1.8 µm.

50 µm

Figure IV.20 - Optical microscopy picture of
printed perovskite layer on printed WO3 layer.

Figure IV.21 - AFM characterization of the printed
perovskite layer.

PL and TPLRD
For the steady-state PL characterisation the printed perovskite layers were illuminated
at 509.2 nm and the photoluminescence emissions count was observed between 700 nm and
820 nm and is presented in the Figure IV.22. The curve shows a well-defined peak centred at
790 nm. This is a similar shape than the one observed for the perovskite layer on TiO2 ETL
(Figure III.20), the second peak around 750 nm related to the presence of water is not visible
confirming again the very good quality of the film. This absence of water can be the result of a
thicker perovskite layer protecting most of the layer from being in contact with humidity.
Time-resolved PL decay measurement was performed on the printed perovskite layers
rapidly following the printing. For this characterisation the perovskite layer was illuminated
with a 509.2 nm laser and the time before a radiative recombination (at 780 nm) was measured.
This measurement is summarized in the Figure IV.23.
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Figure IV.23 - TRPLD curves of the printed
perovskite layer on printed WO3 layer.

Figure IV.22 - Steady-state PL measurements of
the printed perovskite layers on printed WO3 layer

Exponential fitting on the time-resolved PL decay on the printed perovskite was
performed to determine the decay time constant. All mathematical explanations have already
been developed in the section III.2.vi. The results are presented in the Table IV.11 where the
previous result for spincoated perovskite and WO3 layers are also reported.
ª«

¬«
(ns)

ª-

¬(ns)

¬ª
(ns)

Spincoated perovskite on spincoated WO3
3965
1.1
329
16.6
2.3
Printed perovskite on printed WO3
105
12.3
12.3
Table IV.11 - Life time constants of printed and spincoated perovskite on WO3 both
spincoated and printed.
The average decay time constant τa of the printed perovskite layer photoluminescence
value is 12.3 ns against 2.3 ns for the spincoated perovskite layer. The comparison here is
difficult since the thickness of the printed perovskite layer is nine times stronger than for the
spincoated layer. This could indicate that the emissive recombination of exciton occurs later for
the printed layer or that the quenching of the electron in less efficient in this printed layer.
However, the electrons photo-generated at the surface layer could be too far away from the
WO3 layer to be collected provoking a lower quenching efficiency. The charge transfer
efficiency decreasing from 99 % to 94.8 % illustrated this loss in quenching efficiency.

XRD
XRD was conducted to characterize and determine the quality of the perovskite layer
printed on a printed WO3 layer (Figure IV.24). This printed perovskite layer shows a crystal
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structure with two distinctive (110) and (220) diffraction peaks at 12.2° (▲) and 28.3° (▼)
[111]. The peak at 12.7° (♦) is associated to PbI2 [103] and this peak is very small, indicating
the overall good quality of this printed perovskite layer.

Figure IV.24 - XRD patterns corresponding to printed
perovskite films

vi. Perovskite solar cells with printed WO3 and printed perovskite layers
The best cell obtained with printed WO3 and printed perovskite layer reached 8.1 % in
backward measurements, with a VOC of 745 mV a JSC of 21 mA.cm-2 with a FF a 52 % (Figure
IV.8). This PCE has been obtained after 7 months of work on the printing of perovskite. As
stated in the previous section the critical steps were the evolution of the perovskite layer before
the annealing. Furthermore, a new bottle of WO3 solution delivered during this work forced us
to optimize again the printing of the WO3 layer. However, the critical evolution during this
printing optimisation was to evolve from a 40 % weight perovskite ink to a 50 % weight
concentration. This allowed to increase the PCE from 6.2 % to 7.6 % in the first time.
Furthermore, with this new formulation, the printing was more stable and the layer more
homogeneous.
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Figure IV.25 - JV curves of the best WO3-based
PSC with printed WO3 and printed perovskite

Figure IV.26 - PCE evolution of the best perovskite solar
cells

Compared to the objectives the VOC is still in an acceptable range. In fact 795 mV was
the best value of the VOC obtained in the case of spincoated WO3 while we obtain a 745 mV
VOC with a printed WO3. These PSCs have now two printed layers, and despite its relatively
low performances compared to the objective, the decision was taken to continue toward the
printing of the HTL. Indeed, since the printing of the Spiro-OMeTAD depends on the layer
quality of the printed perovskite the probability that further optimisations of the perovskite
printing would be necessary was evaluated as relatively high. This strategy allows also to study
the feasibility of the Spiro-OMeTAD printing and its limitations.
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OBJECTIVES

BEST PRINTED WO3 AND PRINTED
PEROVSKITE CELL COMPARISON

Photovoltaic parameters
Voc

(mV)

830

745

Jsc
FF
PCE

(mA.cm-2)
(%)
(%)

16
75
10

21
52
8.1
Fabrication

Active area
Electrode (ITO or
FTO)
ETL
Perovskite
HTL
Top electrode
Max annealing
temperature

1 cm

2

20 mm2

Non-printable

100 %

Printed
Printed
Printed
Printable

100 % (printed)
100 % (printed)
50 % (printable)
0%

130°C

110 °C

Table IV.12 - Comparison between the objectives and spincoated printable
WO3-based PSC

5. Printing of the hole transporting layer printing
i.

HTL ink requirements
This section will briefly present the requirements for the HTM ink. For direct

configurations processed from solution using techniques, such as spray-coating, spin-coating
or printing, the best HTM are those that do not require strong polar and protic solvent, as such
solvents could dissolve the perovskite layer. However, the HTM solvent should exhibit a good
affinity with the surface of the perovskites. To get a better understanding of perovskite layer
surface energy and its impact on solution-processing of the solar cell, we performed surface
energy measurements with three reference liquids on CH3NH3PbI3−xClx.
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Contact Angles Measurements with Sessile Drop
Technique
Liquid
Contact angle
H2O
49.8°
EG
26.6°
Ethanol
7.3°
Surface Energy (Owens–Wendt Theory) (mJ·m−2)
Total surface energy γS (γd + γp)
51.9
Dispersive component γd
6.2
Polar component γp
45.7
Figure IV.27 - Contact angle and surface energy of
CH3NH3PbI3−xClx hybrid perovskite
These measurements have been made on 600 nm-thick CH3NH3PbI3−xClx layers, spin
coated directly on glass and annealed in air at 90 °C during 120 min. These results show that
the surface energy of the perovskite layer is primarily (for about 88%) due to polar interactions.
In principle, the solvent of the HTM should have a surface tension energy with a high polar
contribution in order to tie in with the polar-oriented profile of the perovskite surface energy.
The surface tension of a liquid is defined by its main solvent, but also by the species in
suspension or in dilution: in other words, the presence of an HTM can completely modify the
surface tension profile of the solvent. Perovskites are also sensitive to humidity, possibly
oxygen and doping from other layers: a perfect HTL would be a layer that protects perovskite
material from the air and prevents the diffusion of external moieties or elements inside the
absorber. Moreover, a perfect HTM would have to properly fill the roughness of perovskite
layer. Finally, as the HTM is deposited second to last in the inverted architecture, it should be
associated with a low annealing temperature and a short annealing time in order to avoid any
degradation of the underlying materials. Typically, the suitable post-processing upper limit is
to use an annealing temperature of 60 °C, for less than 1 hour [112].

ii. Spiro-OMeTAD ink
Literature: Spiro-OMeTAD printing and inkjet printing
There is no found studies about the printability of Spiro-OMeTAD despite being known
since 1995. This will probably be the first public work on the use of Spiro-OmeTAD for inkjet
printing. For this step the Spiro-OmeTAD solution used as ink is the classical solution used
previously, it is prepared three days before printing:
In a nitrogen glovebox 106 mg of Bis(trifluoromethane)sulfonimide lithium salt (Li salt)
is added in 200 µl of acetonitrile. Separately, in ambient condition, 73.2 mg of Spiro-OMeTAD
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is added to 1 ml of chlorobenzene, then 17.5 µl of the lithium salt/acetronile is added followed
by 28,8 µl of 4-tert-Butylpyridine (tBP). The solution is then put to be stirred up until its use.
Before their printing the Spiro-OMeTAD must be filtered with a 0.2 µm PTFE filter.

Rheological parameters and jettability
The rheological measurements and the calculation of the Re and Oh number (Table
IV.13) indicate that the Spiro-OMeTAD is in the limit of stable jettability. The surface tension
is lower than the advised 25 mN.m-1 by the furnisher of the Dimatix printer. The Re number
value is superior to 1 but the Oh number value is at that the lowest limit value. The predicted
ejection speed is 2.47 m.s-1.
Density (kg.m-3)

1117

Viscosity (mPa.s)

1.3

Surface tension (mN.m-1)

17.03

-1

Ejection speed (m.s )

2.47

Re

21

Oh
0.1
Table IV.13 - Rheological parameters and jettability of Spiro-OMeTAD

iii. Printing optimisation
Ejection parameters
The speed of ejection measured on the inkjet printing machine is 2.94 m.s-1. Giving the
high evaporation rate of the Spiro-OMeTAD solvent it was not possible to measure the droplets
volume.

Splat size
The splat size of the Spiro-OMeTAD printed on perovskite later is not measurable
because of the high roughness of the perovskite surface compared to the amount of SpiroOMeTAD contained in one droplet. Moreover the Spiro-OMeTAD splats are invisible once
deposited on the perovskite layer because of the high opacity of the perovskite. Therefore the
splat size of the Spiro-OMeTAD was estimated thanks to splat measurements on ITO and WO3.
The mean splat size on ITO is 103.7 ± 9.2 µm while on WO3 itis 126.2 ± 5.7 µm.

Printing parameters
The drop spacing parameter was optimized from the measure of the thickness of the
spincoated Spiro-OMeTAD layer and of the printed Spiro-OMeTAD layer. The tested dropspacing value were 40, 45 and 50 µm and was chosen arbitrary. However, these values were
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found to produce a film thickness close to the one of the spincoated layer, the results are
summarized in the Table IV.14. The thickness was in fact measured on the side of the SpiroOMeTAD layer which is in contact of the glass since it was not possible to measure its thickness
on the perovskite layer which is too rough.
Drop spacing (µm)

Spincoated
Average
thickness
Standard
deviation

40

45

50

283

330

277

233

13

44

13

34

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

iv. Perovskite solar cells with three printed layers
The best PSC with three inkjet printed layers was obtained in May 2017 with a PCE of
10.7 %. These three printed layers were WO3, CH3NH3PbI3-xClx perovskite and SpiroOMeTAD. Before to achieve such a high working photovoltaic cell the optimisation of the
printing of the Spiro-OMeTAD lasted less than 4 months. In fact, most of the progress were
made in the process of the WO3 and perovskite layers (see next sections).

Figure IV.28 - JV curves of the best PSC with three
printed layers
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Figure IV.29 - A PSC with
printed WO3, perovskite, and
Spiro-OMeTAD layers
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Figure IV.30 - PCE evolution of the best perovskite solar cells
This champion cell is visible in the Figure IV.29 alongside its JV curves of the Figure
II.3. Compared to the objectives the VOC of the best cell, which is at 744 mV, is in the acceptable
range but still slightly lower. The JSC is high enough at 22 mA.cm-2. For the first time the
resulting PCE is higher that the objective which is of course a very good result. In term of
fabrication the printing is now complete for the three inner layers and the annealing is lower
than 130 °C.
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BEST PRINTED WO3 AND
OBJECTIVES

PRINTED PEROVSKITE CELL
COMPARISON

Photovoltaic parameters
Voc

(mV)

830

744

Jsc

(mA.cm-2)

16

22

FF
PCE

(%)
(%)

75
10

65
10.7
2

Fabrication
20 mm2

Active area
1 cm
Electrode (ITO or
Non-printable
Non-printable
FTO)
ETL
Printed
printed
Perovskite
Printed
printed
HTL
Printed
printed
Top electrode
Printable
Non-printable
Max annealing
110 °C
130°C
temperature
Table IV.15 - Comparison between the objectives and spincoated printable
WO3-based PSC

v. LBIC and LBIV
Light Beam Induced Current (LBIC) and Light Beam Induced Voltage (LBIV) was
conducted on TiO2-based PSC and printed WO3-based PSC (with three printed layer). In this
characterisation technic the cell is illuminated locally by a pulsating white light spot which
sweeps all the surface of the cell. The acquisition of the resulting current (in short-circuit
condition) or the resulting voltage (in open-circuit condition) is proceed synchronously with
the pulsating white light.
The LBIC and LBIV characterizations of photovoltaic cell can give insight on the
physical default and features as well as the interfacial characteristics of the layers stacking. For
the LBIV characterisation technics no current is collected because of the open-circuit condition.
In this condition the collected value of VOC gives information about, for example, the local
shunt resistance or capacitive effects. For the LBIC, the short-circuit current condition allows
to identify the difference in photo-generation trough the layer and interfacial and recombination
defects.
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The illuminated spot size is 200 µm2 with a power illumination of 0.5 mW. The shape
of the electrode is visible in the four next figures. In the Figure IV.31 the superposition of the
printed perovskite solar cell design and a LBIC/V cartography 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 IV.32) of the spincoated TiO2-based PSC shows a relatively
homogenous cell in term of photo-generated current. As the spincoating fabrication technic
does not produce layer with a preferred orientation we can confirm that the aliasing of the
picture is only due to the acquisition sweeping technic. Some defaults can be identified as little
yellow dots in the right-top corner of the electrode. These little dots could be low-currentgeneration areas due to a bad processing of the material (crystallisation defect, foreign element).
In the LBIV (Figure IV.33) cartography blurry horizontal lines can be seen and can be due to
the acquisition. Furthermore, the dots region of low-current-generation are barely visible,
always in the right top corner. As they are not provoking a low voltage area we can conclude
that the origin of these dots are not due to a bad processing of the material but rather to a lowcurrent-generation areas, probably due to a thinner zone of perovskite due to a dewetting of the
perovskite ink. Always in the LBIV of the TiO2-based PSC, the value of the local Voc is higher
as we get close to the end of the electrode (low part of the cartography) where the holes are
collected. This is due to the fact the conductivity of gold (over 107 S.m-1) is higher than that of
FTO (over 103 S.m-1). The electrons are collected in the other direction (toward the top of the
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picture) through the FTO layer and the longer is the path through the FTO the higher is the
resistance and the higher is the resulting VOC.
For both LBIC and LBIV of the TiO2-based PSC we clearly see the low level (green
color) of, respectively, local JSC and VOC in the border of the electrode. Additionally, for the JSC
the lower value is in the bottom of the electrode. These low JSC and VOC areas are probably due
to diffusion of specie like O2 or H2O from the side of the gold electrode.

Figure IV.32 - LBIC cartography of TiO2-based PSC

Figure IV.33 - LBIV cartography of TiO2-based PSC

The LBIC (Figure IV.34) and the LBIV (Figure IV.35) of the printed based-WO3 PSC
demonstrate a high heterogeneity. Both cartography show a low quality area in the right top
corner of the electrode. This area is probably due to a delamination of the gold electrode from
its corner.
The higher voltage area represents less than half of the cell and well defined horizontal
lines can be seen. These lines are clearly visible in the LBIC cartography and are probably due
to the printing default of the WO3 layer of the Spiro-OMeTAD. The stronger hypothesis is than
the quality of the WO3 printing is homogenous at the top of the electrode (which is the beginning
of the printing) and tends to deteriorate randomly creating these lines. These defaults in the
printing produce higher current region. The higher current could be explained by nozzles which
clog during printing: therefore, some lines could not be printed which would produce thinner
WO3 layer and promoting a better conductivity of the layer.
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Figure IV.34 - LBIC cartography of printed WO3-

Figure IV.35 - LBIV cartography of printed WO3-

based PSC (the white arrow indicates the printing

based PSC (the white arrow indicates the printing

direction while the purple one indicates drop

direction while the purple one indicates drop

deposition direction)

deposition direction)

vi. Cause of outstanding working cell
Dewetting of the perovskite ink and influence of device performances
The best printed PSC was obtained after having printed the perovskite layer two days
after the printing of the WO3 layer, between these two steps the substrates were stored in the
glovebox in a dry nitrogen atmosphere. In order to determine the effect of this modification in
the process we measured the contact angle of three reference liquids (water, DIM and EG, Table
IV.5) on WO3 and ITO depending of the storage condition. Both surfaces were characterized
just after the cleaning or the printing and 5 days after, with a storage in the nitrogen dry
glovebox or outside in ambient condition. The surface energies were computed and are
presented in the Table IV.16.
SURFACE
STORAGE
CONDITION

0 day after
cleaning

ITO
5 days in
air

5 days in
nitrogen

0 day after
cleaning

WO3
5 days in
air

5 days in
nitrogen

Dispersive
component
25.3
30.6
26.8
26.9
35.2
26.6
-1
(mN.m )
Polar
8.0
10.8
16.6
37.1
13.7
38.1
component
(mN.m-1)
Table IV.16 - Surface energy for ITO and WO3 depending of the storage condition
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The effect of storage is clearly visible on both surfaces. On the ITO the storage in dry
nitrogen atmosphere doubles the polar component of the surface energy when the dispersive
component stays in the same range. For the WO3 the effect of storage in air is detrimental in
completely reducing the polar component of the surface. In the overall the polar component of
both surfaces are the most sensible to storage.
In order to have a better understanding of the consequences of the storage we computed
the wetting envelop of each surfaces from this values of surface energy Figure IV.36. Thanks
to the diagram the effect of storage is clear. The ITO wetting envelop is larger when stored 5
days after the cleaning, the enhancing is better in the case of nitrogen storage. As such, the
perovskite ink has a better wettability on aged ITO than on fresh-cleaned ITO. This could have
a positive outcome since it will prevent the dewetting of the perovskite ink on area without
WO3 layer. This situation happens often when the WO3 is printed: nozzles can randomly
clognand this could create area without printed droplets or printed lines. If the ITO is aged
during the perovskite printing the perovskite ink will not dewet and this will promote the
production of a homogenous film.

Figure IV.36 - Wetting envelope of ITO and WO3 depending of the storage condition
Moreover; we can now look at the different formulation of the ink and its impact on
wetting on the ITO. In the same Figure IV.36 two different formulations of perovskite ink are
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presented: one with only iodine and the other one with chlorine and iodine (the explanation on
the ink preparation is explained before on section IV.4.i.). This diagram clearly shows that the
use of chlorine will promote a better wettability of the aged ITO compared to the perovskite
with only iodine. This result could indicate why chlorine is often used in perovskite solution,
indeed this improves the wettability of the ink in certain case where the ITO has been cleaned
several days before the use.
In a first conclusion two parameters tend to increase wettability of the ink and promote
good quality of the film:
-

ITO which has been cleaned then aged during few days

-

Use of chlorine in the ink.

The effect of the nature of the aging atmosphere on ITO is now to determine. From the
Figure IV.35 we can say that to use nitrogen or ambient atmosphere has few impact on the ITO.
At least nitrogen atmosphere tends to improve a little the polar component of the surface. This
could be explained by the fact that nitrogen atmosphere is of course deprived of water. Water
molecules adsorbed by the ITO are essentially responsible of the dispersive surface energy
component and could be the source of the increasing dispersive component of the ITO surface
energy when stored in air. At the contrary when the ITO is stored in nitrogen no water is
adsorbed, as the atmosphere is almost perfectly dry the remaining water desorbs from the ITO
surface which recovers the same value of dispersive component that after the cleaning.
The increase of the polar component of the ITO surface energy during the nitrogen
storage is not easily explained. The only hypothesis is that vacancies in the ITO are responsible
for the polarity of the surface. Since these vacancies are freed during the storage (by the
desorbing of water and oxygen molecules) the polar component would increase as the number
of free vacancies increases.
The effect of storage is clear for the WO3 layer stored in air. As the dispersive
component slightly increases (probably due to adsorbed water) the polar completely drops at
13.7 mN.m-1. The reason of this drop is not clear but can be prevented by storing the WO3 in
the nitrogen atmosphere. This lower surface energy would provoke some dewetting during the
perovskite printing. Further investigation with KPFM was conducted in the next section to
determine the effect of this degradation on the electrical functioning of the perovskite solar
cells.
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As a final conclusion the storage of the printed WO3 in nitrogen is beneficial because it
allows to increase the wettability of the ITO without degrading the WO3 layer. The increase of
wettability produce homogenous layer of printed perovskite with chlorine with less pinholes
and therefore fewer contact between the ITO and the printed Spiro-OMeTAD.

Effect during printing
When the ITO substrate is not cleaned properly the WO3 droplets do not fusion and
create a regular frame of WO3 point. This behaviour has already been developed in the IV.3.
section. We will now see the direct effect of the cleaning of ITO on the perovskite printing.
In the Figure IV.37 and Figure IV.38 are presented the typical result of a WO3 printing
on an ITO substrate which was not cleaning properly. More precisely the ITO substrate were
rub a few second with a paper towel, rinsed with isopropanol then dry with nitrogen. In this
situation the quality printing of the WO3 printing is not sufficient and the droplets do not fusion.
The result is a regulate frame with 30 µm droplets separated by a distance of 50 µm between
droplets centre.

200 µm

1 mm

Figure IV.37 - Optical microscopy of the

Figure IV.38 - Optical microscopy detail of

printing of WO3 without correct cleaning

the printing of WO3 without correct cleaning

This layer was then printed 3 days later with a perovskite CH3NH3PbI3-xClx ink and the
results are visible on the Figure IV.39. The result here is clear: the perovskite ink completely
dewets from the ITO and spreads only on WO3 splats. Since the perovskite ink is in greater
amount that necessary to only cover the WO3 splats the ink tends to form bigger drop which are
visible in the Figure IV.40. This tends to happen when some WO3 droplets manage to fuse to
form a continuous path that the perovskite ink runs up by capillarity.
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200 µm

1 mm

Figure IV.39 - Optical microscopy of the

Figure IV.40 - Optical microscopy detail of

perovskite printed on a WO3 splat frame

the perovskite printed on a WO3 splat frame

In term of PSC this dewetting is detrimental for the solar cell operations. In these
conditions the ITO and Spiro-OMeTAD layers are in contact and this could provoke
recombination between the electrons collected by ITO and the holes extracted by the HTL. This
clearly shows that in this process the cleaning of the ITO and the printing of the WO3 are the
most sensible steps and must be preciously followed.
This phenomenon also shows the possibility to use this dewetting effect to produce by
inkjet printing an array of photoelectric micro-devices (PV, photodiode, LED…) on a single
substrate. To do so technological challenges must be first investigated, such as the design of an
efficient ITO electrodes and top electrodes (probably by photolithography) and the efficient
drying of such small droplets of perovskite ink at ambient temperatures.

Work function
KPFM measurements were performed on the printed WO3 in function of the storage
condition in order to determine the effect of storage on the WO3 energy level. The results are
presented in the Table IV.17. The same value of -4.8 eV is found for each condition. The same
value has already been found few months before (Table IV.2).
The storage has no effect on the work function of the WO3 layer. This result with the
previous one on the wetting envelope indicate that the effect on storage in the WO3 is not trivial.
The surface of the WO3 is modified upon storage which modifies the wettability but no effect
on electron extraction is found.
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MEASURED WORK
FUNCTION (EV)
-4.9
ITO
-4.8
FTO
MEASURED WORK
STACKING
FUNCTION (EV)
0 day after cleaning
-4.8
Glass/ITO/printed WO3
5 days in air
-4.8
5 days in nitrogen
-4.8
Table IV.17 - Work function of printed WO3 depending of storage condition
CONTROL LAYERS

vii. WO3 annealing temperature
Effect on photovoltaic parameters
After the production of PSC with three printed layers further optimisation of the layers
were performed. One of the parameters which was not deeply investigated was the annealing
temperature of the WO3. For this experiment PSC were produced with spincoated layer of WO3,
perovskite and Spiro-OMeTAD, the WO3 layer was annealed at 80°C, 110 °C and 140°C during
10 minutes. For the other parts of the fabrication the same procedures as presented previously
were followed. For each temperature three cells were produced and the average value for each
electrical parameter (PCE, FF, JSC, VOC) was calculated.
In term of PCE (Figure IV.41) the annealing temperature of 110 °C normally used is in
fact the annealing temperature that produced the least efficient PSC for both backward and
forward measurements. As such, both temperature of 80°C and 140°C produce WO3-based PSC
with the highest mean efficiencies. In order to determine which temperature is the best it is
interesting to look at the other electrical parameters such as FF, JSC and VOC.
For a 140°C annealing temperature the mean JSC (Figure IV.43) of the FW and BW
measurements is almost the same around 20 mA.cm-2, almost the same value is obtained for
80°C only for the BW measurement. Interestingly the average value of the short-circuit current
in backward measurement increases with the annealing temperature. This can be explained by
the increasing amount of oxygen vacancies with higher annealing temperature [89]. Indeed as
the amount of oxygen vacancies increases the WOx is getting closer of the metallic tungsten
therefore increasing the conductivity of the layer. Anyhow from the point view of the JSC the
best temperature to use is 140°C.
In term of FF (Figure IV.42) the higher average value is 66% obtained for an annealing
80°C in backward measurements The other value of average FF for 110°C and 140°C in
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backward measurement are close to one another and their variation are in the range of the
standard deviation. The three values of FF in FW measurement for each annealing temperature
are in the same situation and are not discernible.
The best annealing temperature for the average VOC is 80°C (Figure IV.44). The highest
mean VOC is obtained at 693 mV for backward measurement, for the forward measurement the
highest mean VOC is still obtained for the annealing temperature of 80°C despite a high
hysteresis.

Figure IV.41 - Average PCE of WO3-based PSC
depending of the WO3 annealing temperature

Figure IV.42- Average FF of WO3-based PSC
depending of the WO3 annealing temperature

Figure IV.43- Average JSC of WO3-based PSC
depending of the WO3 annealing temperature

Figure IV.44- Average VOC of WO3-based PSC
depending of the WO3 annealing temperature

Compared to the objectives (Table IV.15) the short-circuit current is already high
enough and the enhancing should be focused on FF and VOC. In term of average value the
highest FF and VOC wad obtained for 80°C. Furthermore, in this experiments the best VOC at
710 mV and the highest FF at 68 % was also obtained for 80°C. Therefore, the temperature of
annealing of the printed WO3 was lowered from 110°C to 80°C.
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Effect on WO3 work function
KPFM measurement were conducted on spincoated layers of WO3 annealed at three
different temperatures: 80, 110 and 140 °C. The results of the work function measurements are
presented in the Table IV.18
MEASURED WORK
FUNCTION (EV)
-4.9
ITO
-4.8
FTO
MEASURED WORK
REFERENCE LAYER
FUNCTION (EV)
-4.5
Glass/FTO/TiO2/TiO2-mp
ANNEALING
MEASURED WORK
LAYER
TEMPERATURE
FUNCTION (EV)
80 °C
-4.7
Glass/ITO/WO3
110 °C
-4.9
140 °C
-4.9
Table IV.18 - Work function of spincoated WO3 depending of annealing temperature
CONTROL LAYERS

Here we find that the WF of the WO3 annealed at 80°c has a higher work function than
the one annealed at 110°C. The WF of the WO3 layer increases from -4.9 eV to -4.7 eV. This
is beneficial since the WF value approaches the one of the stacking of FTO and TiO2 layers.
The conditions of the 80°C annealed WO3 is closer of the condition of the TiO2-based PSC. It
seems that the annealing temperature has a high impact of the electron extraction of the WO3
layer as it has an impact of the conductivity of the same layers.
For a better comprehension of the mechanism other measurement should be conducted.
These measurements should be done on WO3 layer annealed at different temperature from
ambient temperature to at least 150 °C. KPFM would be very interesting to investigate,
conductivity measurements (with the 4 probes technique) would be mandatory.

Hall

measurements are currently on the way, we hope that this characterization will give us insight
on the doping level of level, notably regarding the density of oxygen vacancies and their roles
in the conductivity.

6. Perspectives for a printable top electrode
The next step for the design of the printed cell is to replace the evaporated gold by a
printable electrode. The process and the nature of the electrode must follow some requirements:
-

The energy level of the conduction band of the materials must be slightly
superior to the one of the Spiro-OMeTAD which is -5.22 eV [113]. In term of
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metal the most suitable is of course the gold (-5.1 eV), then silver (-4.6 eV),
copper (-4.4 eV), and aluminium (-4.3 eV).
-

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

-

The solvent of the electrode ink should be compatible with the Spiro-OMeTAD.
This layer has been processed with chlorobenzene so this solvent must be
avoided.

As the objective is to produce low-cost printed perovskite solar cell the strategy would
be to choose a low-cost material which is already well known for the printing of electrodes.
Silver nanoparticles inks are already widely used in a lot of applications and particularly in the
printing of organics solar cells, therefore this material could be a good choice to replace the top
electrode.
However, silver is known to react with perovskite CH3NH3PbI3-xClx to form AgI [114]
in the case of evaporated silver. During evaporation hot silver atoms can easily diffuse trough
the Spiro-OMeTAD (which is also heated) and react with the perovskite. We hope that this
phenomenon will not occur for the printing of the silver top electrode. Indeed, the ink is a
nanoparticle suspension and the nanoparticles would have more difficulty to go through the
Spiro-OMeTAD that an atom. Furthermore, if the printing is processed at ambient temperature
the diffusion of nanoparticle would be considerably slowdown. Upon annealing of the top
electrode the nanoparticle will be partially sintered, thus reducing the chance of diffusion of
silver nanoparticle in the Spiro-OMeTAD. Previous work from Brabec. Et al [115] showed that
sprayed silver nanowires electrode allow the production of efficient and stable perovskite solar
cell.
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General conclusion
The principal goals of this work of thesis were the mastery of the fabrication process of
these new perovskite solar cells in XLIM and the feasibility demonstration of the printability
of such solar cells.
After these three years of work the fabrication of the perovskite solar cell has been
adapted for the needs and the objectives of the Elite team of XLIM. It allowed the production
of state-of-the-art perovskite solar cell with TiO2 electron transporting layer with a champion
cell at 15.3%. The first important achievement was the design and fabrication of a printable
perovskite solar cell. This solar cell was also annealable at low-temperature, showing its
versatility for every substrate such as PET or even paper. This WO3-based perovskite solar cell
was also at the state-of-the-art level with a photo-conversion efficiency of 9.3 %.
The most important achievement of this work is the production an actual printed
perovskite solar cell, all in ambient atmosphere. If at the beginning of the research project the
objective was to print only the perovskite absorbing layer this work showed in fact that three of
the solar cell layers was in fact printable. With a WO3 printed layer, a perovskite printed layer
and a Spiro-OMeTAD layer a 20 mm2 champion solar cell with an efficiency over 10.7 % was
produced. This result is one of the best in term of printed solar cell. This inkjet process used in
the work is a true printing and without any utilisation of a mask.
The printed perovskite solar cells are now able to supply in energy at low-cost condition
an autonomous sensor. From the first work on stability effectuated in this thesis the remaining
work is clear: perovskite solar cell must be protected of the UV and the atmosphere by an
efficient encapsulating layer. The next big step is the enlargement of the printed area. This is
the biggest challenge for the printing of the perovskite solar cell: despite the large area to print
the perovskite layer must remain wet and homogenous in thickness, furthermore if the WO3
layer is kept as an electron transporting layer its printing process must be stabilized in term of
ejection and wettability on ITO.
At last, this work opens opportunities for the creation of new shape of perovskite solar
cell. Of course, the feasibility to print the perovskite solar cell on flexible substrates such as
PET or paper should be considered. This work gives many insights about stability, and on the
importance of the rheology investigations. It notably brings new arguments on the role of
chloride on the perovskite mixture. Thanks to the variation of the wetting of the substrate it is
now even possible to print different kind of perovskite side by side in order to create frame and
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modulate the colour of the absorbing layer, or the transparency of the cell. One of the new and
exciting possibilities would be to print array of micro-perovskite solar cell, in order to increase
the stability (each active layer will be fully surrounded by a protecting interfacial layer) and to
tailor the electrical parameters for the each application.
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4. Notations table
a
AFM
AM
BW
c
CB
DIM

Characteristic dimension
Atomic Force Microscopy
Air Mass
Backward
Light velocity in vacuum
Conduction Band
Diiodomethane
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DIO
DMF
DOD
DSSC
E
eEHC
EQE
EQY
ETL
ETM
FF
FTO
FW
g
h
h+
HSC
HTL
HTM
IoT
IPCE
IRF
ITO
Jsc
JV
kCT
KPFM
LBIC
LBIV
m
MAI
NITZ
Oh
OWRK
P
PCE
PEG
PEN
PET
PL
PMMA
PS

Diiodooctane
N,N-Dimethylformamide
Drop-On-Demand
Dye Sensitized Solar Cell
Energy
Electron
Energy Harvesting Component
External Quantum Efficiency
Emission Quantum Yield
Electron Transporting Layer
Electron Transporting Material
Fill Factor
Fluorine-doped Indium Tin
Oxide
Forward
g-force
Planck constant
Hole
Hybrid Super-Capacitor
Hole Transporting Layer
Hole Transporting Material
Internet of Things
Incident photon to converted
electron
Instrument Response Function
Indium Tin Oxide
Short-circuit current
Current-Voltage characterization
charge transfer rate
Kelvin-probe Force Miscroscopy
Light Beam Induced Current
Light Beam Induced Voltage
Mass
Methylammonium Iodide
naphthalimide-tetrazine
Ohnesorge number
Owens-Wendt-Rabel-Kaelble
Power
Photo-Conversion Efficiency
polyethylene glycol
polyethylene naphthalate
polyethylene terephthalate
Photoluminescence
Poly(methyl methacrylate)
Polystyrene
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PSC
PTFE
PVDF
Re
RMS
rpm
S
SD
sDSSC
T
tBP
TRPLD
UV
v
VB
Voc
We
XRD
Z
α
γ
η
θ
λ
ρ
τ
υ

Perovskite Solar Cell
Polytetrafluoroethylene
Polyvinylidene fluoride
Reynolds number
Root Mean Square
revolutions per minute
Surface of the nozzle section
Standard Deviation
solid Dye Sensitized Solar Cell
Transmission
4-tert-Butylpyridine
Time-resolved PL decay
Ultra-Violet
Drop velocity
Valence Banf
Open-circuit Voltage
Weber number
X-Ray Diffraction
Inverse of Oh
Absrobance
Surface Tension and Surface
Energy
Diynamic velocity
Drop contact angle
Wavelength
Bulk density
Time constant
Period
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RÉSUMÉ EN FRANÇAIS

VII. Résumé en français
Ce travail de thèse a pour sujet la conception des cellules solaires photovoltaïques à base
de pérovskite hybride par le biais de la technologie d’impression jet d’encre. Les deux premier
chapitres font la présentation du contexte de la thèse, à savoir l’alimentation d’un réseau
autonome de capteur, et passent en revue les aspects scientifiques des technologies jet d’encre
et photovoltaïque de nouvelle génération. Le troisième chapitre présente la mise au point d’une
cellule photovoltaïque à l’état de l’art et son évolution vers une architecture imprimable à basses
températures de recuit. La problématique de la stabilité des cellules photovoltaïques à
pérovskite est aussi abordée. La dernière partie présente les différents aspects et problématiques
de l’impression par jet d’encre des trois couches internes d’une cellule solaire pérovskite. Au
terme de ce travail la possibilité d’imprimer des cellules solaires pérovskites avec des
rendements supérieurs à 10 % a été démontrée, le tout en condition ambiante et à basse
température.
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