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Introduction

Nowadays, the emergence of hybrid perovskites as solution-processed semiconductors
has raised wide spreading interest over the research community in the exploration for electronic
devices, such as radiation detectors (Gamma and X-rays), optically pumped lasers, light-
emitting diodes (LEDs), field effect transistors (FETSs) and solar cells as main applications. This
emerging material exhibits outstanding properties such as low effective mass, high carrier
mobility-lifetime product, weak exciton binding energy at room temperature, unusually high

defects density tolerance, low trap density[1-8] ...

However, despite being considered as an excellent semiconductor, there are many drawbacks
to overcome before transferring perovskite based devices to volume production. These are the
toxicity of lead (use of Pbl>), the sensitivity of the perovskite to the atmosphere, the need to use
aggressive solvents... By overcoming these important drawbacks, hybrid organic-inorganic
perovskite materials could be considered as a highly competitive alternative to silicon for the
fabrication of solar cells which would offer promising routes for the development of low-cost,

solar-based global energy solutions for the future.

For other devices, such as field effect transistors, the liquid processing offers a low cost and
easy technology for printed electronics. Moreover, field effect transistors are considered as a
promising platform to study the perovskite properties which have been largely predicated from
the performance of solar cells and photodetectors devices. Nevertheless, the demonstration of
room temperature operating field effect transistors using 3D hybrid perovskite has remained

elusive in the literature.

This thesis has been carried out in two different laboratories: at the Institute of Electronic and
Telecomunications of Rennes (IETR) and at the Los Alamos National Laboratory (LANL)
(USA).

The objective of this thesis is to address two of the challenges related with hybrid perovskites.
These are the demonstration of perovskite based field effect transistors (FET) operational at
room temperature and the fabrication of perovskite solar cells under air conditions. The

transistor fabrication and characterization were performed in the Light to Energy Team of
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Introduction

LANL directed by Adytia Mohite. The solar cells development and characterization were

obtained at the Microelectronics and Microsensors Department of IETR .
More specifically, the studies carried out in this thesis are divided into five chapters as follows:

In chapter 1, we present the state of art about hybrid organic-inorganic perovskite materials.
This chapter is mainly focused on the description of perovskite based devices and the major
applications developed till now with this emerging material based on MA (methylammonium),
Pb (lead), I (iodide) chemical species. We put special emphasis on the two applications
developed in this thesis: solar cells and field effect transistors (FETS).

In chapter 2, the fabrication and characterization techniques used for the development of
perovskite based solar cells and field effect transistors are explained. We give a detailed
description about the materials and techniques used for their fabrication which are essential to
understand the devices performances illustrated in the next chapters. The working principle of
solar cells and field effect transistors are also described. The last part of the chapter is dedicated
to the perovskite thin film morphological and electrical characterization techniques used in this
thesis such as X-ray diffraction (XRD), Grazing-Incidence Wide-Angle X-ray Scattering
(GIWAXS), optical absorbance spectrum, atomic force microscopy (AFM), scanning electron

microscopy (SEM) and current voltage static measurements.

In chapter 3, we examine the feasibility of methylammonium lead iodide (MAPDbI3) perovskite
based field effect transistors working at room temperature in dark conditions. This chapter is
focused on the study of critical parameters impacting the devices performances, such as
perovskite film quality and the gate dielectric material. This challenging study aims at
understanding different specific phenomena occuring during the characterization step such as:
an existing hysteresis loop, the influence of measurement scan rate, and the aging (biasing)

effect.

In chapter 4, we employ mixed cation (FA/MA/Cs)Pbls perovskite films as active layers in field
effect transistors with different Cesium (Cs) concentrations. The role of Cs on perovskite film
quality and consequently on the device performances have been studied. These results are
compared with those obtained in chapter 3 by using MAPDI3 as active layer in FETs. Stability
and reproducibility tests with both materials are also performed.

In chapter 5, we report a method for fabricating operational perovskite solar cells under air and

normal relative humidity. Optimization of perovskite thin films in terms of thickness and
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annealing temperature are correlated to the devices photovoltaic measurements. The results
obtained under humid conditions are compared to the solar cells processed under nitrogen
ambient. Reproducibility tests with solar cells processed under nitrogen ambient are also

performed.
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Chapter 1. Hybrid perovskites : Introduction and applications

CHAPTER 1. HYBRID PEROVSKITES:
INTRODUCTION AND APPLICATIONS

1.1 Origin

Perovskites take their name from the natural mineral CaTiOs, which was first discovered
in 1839 by the German scientist, Gustav Rose, during an expedition in the Ural Mountains of
Russia and is named after by Lev Perovski (1792-1856) who was the founder of the Russian
Geographical Society. The general perovskite chemical formula is AMX3 (with A a large
cation, M a small cation and X an anion) and with the same crystallographic structure as the

mineral perovskite CaTiOs [1-2].

1.2 Structure and properties

The structure of perovskite crystal was first described by Victor Goldschmidt in 1926
in his work of tolerance factors and published later in 1945 from X-ray diffraction on barium
titanate (BaTiO3) by Helen Dick Megaw. The ideal cubic structure has the B cation stabilized
in an octahedral site shared with six X anions while the larger A cation occupies a cubo-

octahedral site shared with twelve X anions [3-4] as illustrated in Figure 1.1.

A M X
® e o
A — Large cation

M — Small cation
X —anion

Figure 1.1. Crystal structure of perovskite where A is large cation, M is a small cation and

X an anion.

The Goldschmidt tolerance factor (t) has been used extensively to predict the stability and
distorsion of the perovskite structure, evaluate the maximum ionic size mistmatches between

ions that the perovskite structure can sustain. The t factor is calculated from the ratio of the
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ionic radius (Equation 1.1) in where Ra, Rs and Ry are the ionic radii of A and B site elements
and oxygen, respectively.

{Ra+Rx}

(V2@ h)]

(Equation 1.1)

The relative ion size requirements are quite stringent to have a high-symmetry cubic structure
[5] where tolerance values should be close to 1. Otherwise, the cubic structure will be distorted
with a lowered symmetry (e. g, orthorhombic, tetragonal, rhombohedral phases) which has a
direct impact in many physical properties of perovskites.

Based on the material composition of the AMX3 crystal structure, perovskites materials are
classified in two main categories[6]: inorganic oxide perovskites and halide perovskites (Figure
1.2).

Perovskite
crystalline system
(AMX)

I

Halide perovskite
(AMX;) X=F, Cl
,Br, |

——

Inorganic oxide
perovskite (AMO,)

Intrinsic perovskite Organo-metal

(AMO, to more Doped perovskite Alkali-halide halide perovskite
complicated (AB; ,MN; ,O,P;) perovskite (3D and layered
systems) structure)

Figure 1.2. Classification of perovskite materials: Inorganic oxide perovskite and Halide
perovskite[7].

Perovskite oxides have the structural formula AMO3 or A2MO4 [8] as illustrated in Figure 1.3.
In the first structure, AMO3, A-site cation is 12-fold coordinated and M-site cation is 6-fold
coordinated with oxygen anions. In the A2MO;4 structure, AMXs layers are alternated with AO

layers.
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Perovskite oxide has a variety of elements and compositions. It demonstrates several physical
properties such as ferroelectricity (e.g. BaTiOz), ferromagnetism (e.g. SrRuQ3s), piezoelectricity
(e.g. PbZrTi0Os3), and superconductivity (Ba.Y CusO7) [9-11]. Several perovskite oxides, mainly
Co-, Fe- and Mn-based oxides, are well known for exhibiting high electric conductivity and
surface activity to oxygen dissociation simultaneously being widely used for solid oxide fuel
cells (SOFCs) and oxygen permeation membranes [9-11]. Moreover, Ta- or Ti-based
perovskite is a highly important compound for application to photocatalysts due to its high

catalytic activity with respect to various reactions, in particular oxidation reactions [10].

AMOs

Figure 1.3. Crystal structure of perovskite oxides. a) AMO3z, b) A;MOa4,

On the other hand, halide perovskites (AMX3) represent an important series of the perovskite
family which can be categorized into alkali-halide perovskites and organo-metal halide
perovskites.

The first group, alkali-halide perovskites, is mainly formed from the monovalent alkali metal
Al (Li*, Na*, K*, Rb*, Cs*") and the divalent M" (Be?*, Mg?*, Ca?*, Sr?*, Ba%*, Zn?*, Ge?*, Sn?*,
Pb%*, Fe?*, Co?*, Ni**) and X as the halogen anion (F-, CI°, Br-, I)[6]. The first time that halide
perovskite was identified as a possible absorber material for photovoltaic applications was in
1980 when Salau reported KPbls as a promising material for solar cells[12]. However, no real
solar cell was demonstrated on this alkali metal halide perovskite material.

The second group, organometal halide perovskites, described by the generic chemical formula
AMX3 (A = organic cation, M = metal cation and X =halogen anion) represents a big crystalline
family of hybrids consisting of a wide range of organic cations (A: aliphatic or aromatic
ammonium) and divalent metal cations (M: Cu 2*, Ni?*, Co?", Fe?*, Mn?*, Pd?*, Cd?*, Ge?*,
Sn?*, Pb?*, Eu?*, etc.).

In the early 1990s, Mitzi et al. [4] reported the use of organometal halide perovskite in field

effect transistors (Figure 1.4) highlighting carrier mobilities in the range of 0.2~0.6 cm?V-!s

7
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for m-fluorophenethylammonium-based ( CeH4FC2H4NH3)2Snl4 perovskites demonstrating for

the first time the promising property of perovskites in electronic devices.

LRSS RN RN NN BRI 104 :'0.006
A 1vg=s0v 105} {0005 o
1 ) —_ 1 -0.004
o« 108} ] <
"5 1 -0.003 o
-7 3
- - = 0 {-0002 =
00} 10001 T
| j 10 L= 3 0.000
- - V=45V 60 30 0 -30-60
- ] Vg V)
3 ] v T T ~ 0.6
F 4 Vg=-40V C ee,
[ 3 . jos §
= - [ ] q’
| {vVg=-35v -:0.4 >
1 b 1 o
{vg=-30v jo3 £
{V@G=-25V . Jos =
= 1 VG=0Vv - 1
pla g ra b e sabyapalaa o tea s byl L n M J 0.1
0 -10 -20 -30 40 -50 -60 0 25 5 75
Vg (V)

Vg (V)
DS
Figure 1.4. a) Polycrystalline state of hybrid perovskite used in FETs by Mitzi et.al[4].b)

Characteristics of (CeHsFC2H4NHz3)2Snl4 perovskites reported by Mitzi et al.[4].

In 2009, Miyasaka et al. [13] pioneered the first perovskite solar cells highlighting the potential
of methylammonium lead iodide (CH3sNH3Pbls) as photoactive material. Although the photo
conversion efficiency obtained at that time was quite poor (1 ~ 3.8%) it was considered as the
starting point of hybrid perovskite research up-to-date.

Organometal halide perovskites combine the advantages of crystalline inorganic compounds
with the organic molecules resulting in a material with outstanding properties [18-23]. The
main properties are for example large absorption coefficient and tunable bandgap making them
extremely attractive materials for optoelectronic devices such as solar cells [14-19], field effect
transistors (FETs) [20-24], radiation detectors (Gamma and X-rays)[25-27] and optically
pumped lasers[28-29] just to name a few.

1.3 Applications of organometal halide perovskites

1.3.1 Field effect transistors

The principle of field-effect transistor (FET) was first patented by Julius Edgar
Lilienfeld in 1926 which was based on amplified effect of the conductivity using a device

8
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fabricated with copper sulfide material. Nevertheless, practical semiconducting devices were
not demonstrated until 1947. 1t was William Shockley who used the concept in practical device
structure (junction field effect transistor JFET) being the starting point in various current day
applications. The metal-oxide—semiconductor field-effect transistor (MOSFET), which had a
profound effect on digital electronic development, was demonstrated by Dawon Kahng and
Martin Atalla in 1959. FET is an ideal device for use in almost every application like analog
switches, amplifiers, phase shift oscillators, choppers.... Indeed, field effect transistors are
often utilized as a platform to evaluate lateral transport (opto) electronic transport properties in

isotropic materials.

The first convincing demonstration of a room temperature operating hybrid perovskite FET was
performed on 2D layered organic-inorganic perovskite ((CeHsC2HaNH3)2Snls)[24], with an
lon/lorr ratio of 10% and prer ~ 0.6 cm?V-is? (Figure 1.4). Li et al.[23] reported MAPbI;
phototransistors exhibiting ambipolar transport characteristics in hybrid perovskites (blue and
magenta symbols in Figure 1.5) with high photocurrent and fast response (<10 ps) in
comparison to previous reports on organic, quantum dots and hybrid photodetectors (typically
in the order of milliseconds) [30-33]. However, without light illumination (black and red
symbols in Figure 1.5) the device performances obtained exhibited very weak gate dependence
highlighting the difficulty to achieve operational perovskite based field effect transistors under

dark conditions at room temperature.

-40 =20 0 20 40

Vs (V)
Figure 1.5. Transfer curves of the CH3sNH3sPbl;-.Clx phototransistor in the dark (black and

red) and under light illumination (blue and magenta) reported by Li et al. [23].
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Xin et al. [21] reported methyl ammonium lead iodide (MAPDI3) hybrid perovskite-based FETs
that only work at low temperature to overcome screening of carriers due to ionic impurities

(Figure 1.6a). Otherwise, no gate modulation was observed at room temperature (Figure 1.6b)

due to the screening of carriers.

a
) 1By { 164
1E—5E 4 1E-5
—~ 1E-6
< ] 4 1E-6 <
3B 1E-7§ 3
— 4 1E-7
1E-8 f—— Vg=-20V — Vg =20V
Vgg=—40V \\\ 5 L —V,=-40V{ 1E-8
—— Vg=-60V = 57 4 V=60V
1E-9} ds \ s
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Figure 1.6. Transfer characteristics of perovskite based field effect transistors reported by

Xin et al. [21] at a) low temperature (78K) and b) room temperature (298K).
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Other reports on perovskite FETs have found unusual doping on hybrid perovskites
highlighting n or p-type transport depending on the processing conditions [23—-24]. Senanayak
et al.[20] reported MAPDI3 based FETs operating at low temperature (Figure 1.7a) and room

temperature (Figure 1.7b) showing n-type transport characteristics.

a) b)

1x107]
|
-6
1x107%
|
< 1%10°§
|
1x1o-’°1
1

1x10_12 T LS LJ Ll Ll L] L r T T T T T L)

60 -40 -20 0 20 40 60 60 -40 20 0 20 40 60

v,V v, ¥

Figure 1.7. Transfer characteristics of PFETS reported by Senanayak et al.[20] operating at

a) low and b) room temperature.

Moreover, hybrid perovskite-based field effect transistors have also been reported to exhibit
hysteresis in the current-voltage characteristics during device operation [20-22]. The rapid
device degradation during its operation has hindered the complete determination of the intrinsic

transport properties in hybrid perovskites.

Thus, despite the intrinsic character and promising charge transport properties of perovskite
which have been largely extracted from the performance of solar cells and photodetectors, the
demonstration of room temperature operating FETs using 3D hybrid perovskite has remained
difficult. Moreover, the intrinsic doping density (~10%%/cm®)[34], which should, in principle,
facilitate ambipolar charge transport has also not been observed. This is largely due to the low
channel conductivity most likely arising from the interface traps/defects, which pins the Fermi-
level and prevents the effective modulation of the conductance via a capacitively coupled gate
electrode. Therefore, the ability to modulate the conductance of hybrid perovskites using a FET

geometry remains a key bottleneck.
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The demonstration of operational FETs at room temperature is still challenging. This success
could pave a way towards the utilization of such devices for different applications such as low
light detection, charge detection etc. Further, it will serve as a platform for study the transport

properties of hybrid perovskites.

As the energy demand is steadily growing due to the large population in the world
nowadays, societies face with unprecedented challenges to meet sufficient and clean energy
production. Figure 1.8 illustrates the statistical data of the percentage of each energy source in
the global energy consumption (2017). The fosil energies (oil, natural gas and coal) represent
around the 85% in the total energy need. However, it is well-known that these types of energy
are in limited quantity. The renewable energy sources are expected to satisfy a clean and
unlimited supply. This kind of energy is currently growing faster than others sources of energy

production.

Global Energy Consumption in Fraction, 2017
All Fuel Types (13.5 Gtoe) Renewable Energy (1.4 Gtoe)

P g
Coal // \
/' Hydroelectric

Figure 1.8. Global energy consumption in fraction (2017).

http://www.columbia.edu/~mhs119/EnergyConsump/.

Solar cell is a device which can generate clean energy at comparatively low cost with unlimited
supply. Three different generations of solar cells can be distinguished. The first generation is
based on crystalline silicon solar cells reaching power conversion efficiencies (PCEs) up to

25%. However it requires high temperature production leading to high cost installation[35]. The
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second generation based on PV thin films (CdTe, CiGs and GaAs) with PCEs up to 26% [36]
are still expensive and posses less Earth abundant materials than the next generation based on

organic solar cells, quantum dot solar cells and perovskite solar cells. This third generation

reduces the production cost using abundant Earth elements and less expensive production

techniques.

Dye-sentized solar cells (DSSCs) were first reported in 1991 by O’Regan and Gratzel [37]

reaching PCEs up to 13% and more important opening the doors to low-cost and easy roll-to-

roll fabrication solar cells technology. Based on this work, Dye was later replaced by perovskite

materials considered as a promising photovoltaic technology thanks to their excellent properties

such as low effective mass, high carrier mobility- lifetime product, weak exciton binding energy

at room temperature, unusually high defect tolerance and low trap density[38—41]. Within a

period of few years, the devices power conversion efficiencies (PCEs) were drastically

increased from low PCEs of 3.8% to current certified values greater than 22%.

National Renewable Energy Laboratory (NREL) photovoltaic efficiency chart illustrated in

Figure 1.9 demonstrates the meteoric and incredibly impressive rise of perovskite based solar

cells over the last few years compared to emergent photovoltaic research technology, and also

traditional photovoltaics thin-film. This impressive rise reaches certified values greater than

22% making it comparable to Cadmium Telluride.
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Figure 1.9. NREL photovoltaic efficiency chart extracted from. https://www.nrel.gov/pv/.
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On the other hand, the development of traditional silicon solar cell is the main product today
and the cost is linked to the silicon processing technology. Meanwhile, the emergence of
organic-inorganic perovskites offer promising routes for the development of new solar cells
with high efficiency and reduced cost. Despite such unprecedented progress, there are still many
drawbacks to overcome before transfer to volume production. Besides the good efficiencies,
the toxicity of lead and the sensitivity of the perovskite solar cells to the atmosphere during
their operation and during their fabrication have been identified as two of the major obstacles
to transfer to large-scale PSCs (Perovskite Solar Cells) production [42-43].

The moisture during the perovskite solar cells fabrication dramatically affects the crystallization
behavior as well as the degradation of organic-inorganic hybrid perovskites crystals. To address
this issue, intensive recent research efforts have been devoted to develop consistent methods

for the fabrication of solar cells in air conditions.

Tai et al. [44] reported efficient and stable perovskite solar cells fabricated under humid
conditions (RH ~ 70%) produced on mesoporous TiO2 and using Pb-(SCNz) precursor with

power conversion efficiencies values (PCEs) up to 15% (Figure 1.10).

a) b)
(?E 20—: o 1.0+ | T
s e T ——
T ] G 0.8 |
E 15 S
oy ] T 0.6 -
2 10 B
c Q
@ ]-0- CH NH,Pbl, (SCN) —reverse scan N 0.4 -
2 == CH,NH,Pbl, (SCN),—forward scan € T T CHgNHPDI, (SCN),
@ 5 CH;NH,Pbl,—reverse scan ] 0.2 - CH,NH,Pbl,
5 CH,NH,Pbl,—forward scan z Y
3 ] )
O ' ' ) ! ’ ! ’ ! ’ O | v ] M T . T v T v 1 N
0 02 04 06 08 10 0 100 200 300 400 500 600

Voltage (V) Aging time (h)
Figure 1.10. a) J-Vcurves of CH3sNH3Pblzx(SCN)x(Pb(SCN).-derived) and

CH3NH3sPblz (Pblo-derived)-based solar cells prepared in ambient air. b) Evolution of the
PCEs of CH3NH3Pblzx(SCN)x and CH3NH3sPblz-based solar cells upon aging in air without

encapsulation reported by Tai et al.[44].

Troughton et al.[45] have developed an anti-solvent method during perovskite spin-coating able
to capture the moisture and protect the perovskite layer. They obtained efficient solar cells with
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PCEs up to 10% (area 13.5 cm?) fabricated in 75%RH ambient conditions as illustrated in
Figure 1.11.

Ed

Upto15% PCE
; processe.d at
75% " humidity

%

13.5% cm?
75%RH
10.1% PCE

1 1 71 717
0o 1 2 3 4

Voltage (V)
Figure 1.11. Device photograph, lIsc-V characteristics and perovskite micro-image of

Isc (MA)

perovskite thin films deposited under air conditions with 75% RH employing the humidity-

resistant ethyl acetate anti-solvent method reported by Troughton et al. [45].

Moreover, Kavadiya et al. [46] reported a novel technique of electrospray deposition to form
highly smooth and water resistant perovskite layers at ambient humidity conditions reaching

efficiencies up to 12% with long-term stability (Figure 1.12).
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Figure 1.12. 1-V characteristics of the two devices fabricated with the two different
techniques: spin coating (PCE ~ 6.29%) and electrospray (PCE ~ 12.01%). Time evolution
of the efficiency of the perovskite solar cells fabricated using electrospray at various
conditions [46].
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Hybrid perovskite materials exhibit tunable band gap, high photoluminescence quantum
yield (PLQY) and good charges mobilities [47-48, 16-19] making them also extremely
attractive for electroluminescense (EL) applications.

In 2014, Tvingstedt et al. [49] reported for the first time the use of 2D-layered perovskites on
LEDs; however, only low operating temperatures hindered its use in real life.

Perovskite based LEDs (PeLEDs) operating at room temperature was reported for the first time
by Schmidt et al. [50-51] by using 3D perovskites. Later, Tanetaling et al.[52] reported the
operation of multicolor (NIR, red and green) metal-halide perovskite based LEDs (PeLEDs) at
room temperature. Tan et al.[53] have reported bright, near-infrared (NIR) and green LED using
the 3D perovskites MAPbX3 (X = Br or 1) as emitter with EQE up to 0.7%.

External Quantum Efficiency (EQE) is the ratio of the number of photons emitted from the
LED to the number of electrons passing through the device which determine how efficiently

the device converts electrons to photons and allows them to escape (Equation 1.2).

electrons/sec
photons/sec

EQE = (Equation 1.2)

From then on, considerable advances have been achieved in perovskite based LEDs. Recently,
green- and near-infrared-emitting PeLEDS have reach EQEs values up to 10% [54] whereas

the demonstration of color-stable and efficient blue 3D PeLEDS remains challenging.

Recent progress on the stability devices have been done by using 2D perovskites. Quasi-2D
blue PeLEDs (Figure 1.13) have been reported providing stable color-stable blue-emitting
perovskite thin film with record high bright luminance and high EQE opening promising routes
for the development of PeLEDs[55].
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LiF/Al

—4.1

Figure 1.13. Perovskite based light-emitting diodes reported by Xing et al. [55]. a) Device
structure. b) device cross-sectional SEM image and c) energy levels alignments of the

PeLEDs, showing conduction and valence-band levels with respect to vacuum.

1.3.4 Radiation detectors

The large mobilities and carrier lifetimes in hybrid perovskite single crystals and the
high atomic numbers of Pb, | and Br [16-19] make them ideal for radiation detection widely
used in the fields of security, defense, medical imaging, industrial material inspection, nuclear

power stations and scientific research.

MAPbDBr3 single-crystals have been used in X-ray detectors (Figure 1.14) highlighting high
sensitivity and a lowest detectable dose rate [25] meeting the practical needs of medical

diagnostics [56].

On the other hand, inorganic perovskites CsPbBrs have demonstrated a great potential for
detection applications (long-term stability, easy scale-up, low cost, large bandgap, high Z
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compound...). They are considered as viable candidates for next generation room temperature
radiation detectors. Promising results have been reported by He et al. [27] by using CsPbBr3
planar detectors considered as the major step toward the fabrication of perovskite radiation

detectors.

— Au
MAPbBr single
-+ crystal
X-ray-
-+ e I generated
- charges
+o
Light-
& 29 06— FEEIE!
60 charges
BCP
— Ag or Au

Photons of
% %%% light or X-ray
Figure 1.14. Structure of perovskite based X-ray detector previously reported by Wei et
al.[25].

1.3.5 Optically pumped lasers

Organic-inorganic lead halide perovskites have recently emerged as promising material

for tunable semiconductor lasers. However its demonstration has remained challenging so far.

Some approaches have demonstrated lasing action in methylammonium lead iodide (Figure

1.15) at room temperature under continuous-wave optical pumping, in ambient air environment.

These results represent a promising step toward the fabrication of perovskite laser diodes [57].

mmm Perovskite
mmm SiO,

mmm Si

Figure 1.15. Fabrication scheme and of surface-emitting perovskite based lasers reported
by Li et al.[57].
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In this chapter, we have presented the state of art of hybrid organic-inorganic perovskite
materials by briefly discussing the origin, material properties and the major applications
developed with this emerging material. We mainly focused on the description and challenges
related to FETs and solar cells which are the two main applications in this thesis. The fabrication

and characterization techniques used will be introduced in the next chapter.
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CHAPTER 2. FABRICATION AND
CHARACTERIZATION

This section describes the detailed information about the fabrication and characterization
techniques used in this thesis for the development of perovskite based solar cells and field effect

transistors.

It should be noted that the vast majority of the processes were done under a controlled
atmosphere (Glove Box —P ~ 3.8 mBar, H>0 < 0.1 ppm, O>~ 0.5 ppm).

2.1 Fabrication techniques
2.1.1 Solar cells

2.1.1.1 Perovskite preparation

For the fabrication of perovskite solar cells, we used a commercial perovskite precursor
ink (Ossila, 1101) composed by mixture of methyl ammonium iodide (MAI) and lead chloride
(PbCI) with a molar ratio of 3:1 dissolved in dimethyl formamide (Table 2.1). The final product
is a methylammonium lead iodide perovskite with trace amounts of chlorine given by the
formula CH3NH3sPblsx Clx (Figure 2.1). This solution was preheated at 70°C during 2 hours

previously to its deposition.

Ha

H\T ity /Pb\
/Nt,, + CI Cl

H “y

|-
Figure 2.1. Combination of materials used for the preparation of methylammonium lead

iodide perovskite with trace amounts of chlorine: MAI+PDbCl..
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Precursor Materials | Methyl Ammonium lodide (99.9%)

Lead Chloride (99.999%)

Precursor Ratio 3:1

Solvent Dimethyl Formamide (99.8%)

Table 2.1. Precursor materials, ratio and solvent for the preparation of methylammonium

lead iodide perovskite.

For the fabrication of perovskite solar cells under high relative humidity, we used a thermal

technique for perovskite deposition as illustrated in Figure 2.2.

0

PEROVSKITE DEPOSITION

SUBSTRATE PREHEATING ~ PEROVSKITE MIXTURE AT 70°C ANNEALING
4 ™ BY SPIN COATING I
6 @
=
<<
Substrate temperature ~ 70°C Substrate temperEture ~70°C Hot plate ~ 100°C

Figure 2.2. Processing scheme for perovskite thin-films deposition under humid conditions.

This technique consists in setting up an infrared lamp on top of the spin coater and hot plate to
continuously heat the samples (T ~ 70°C) in order to reduce the moisture in the local
environment. The substrates are preheated during 5 minutes under the lamp, then transferred
rapidly from the hot plate to the spin-coater where the rotation starts at 3000 rpm. Then, 100
pL of perovskite solution (previously heated at 70 °C during 2 hours) is dynamically dispensed
on the spinning substrates (time duration is 30 seconds). Finally, the substrates are placed on
the hot plate at 100 °C during 90 minutes to fully convert the perovskite precursor into the

perovskite films.
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On the other hand, the technique used in this thesis to deposit perovskite under nitrogen
atmosphere conditions (Glove Box -P~3.8mBar, HO< 0.1ppm, O>~0.5ppm), known as casting
method, is illustrated in Figure 2.3.

PEROVSKITE PEROVSKITE DEPOSITION ANNEALING
MIXTURE AT 70°C BY SPIN COATING

Mixture at 70°C Spin coating Hot plate ~100°C
Figure 2.3. Processing scheme for perovskite thin-films deposition under nitrogen

atmosphere conditions.

The perovskite solution (previously heated at 70°C during 2 hours) is deposited onto the
substrates at room temperature by spin coating for 30 seconds at 3000 rpm. Then, the substrates

are placed on the hot plate at 100 °C during 90 minutes.

2.1.1.2 Solar cells fabrication

The processing scheme used in this study to fabricate perovskite solar cells is illustrated

in Figure 2.4.
ITO etchin
@ reoorpss .
O o @ o b) PEDOT:PSS deposition 7
@ Gl e, 8% | —
& ) & V =7 b A - %
B rcem
B rerovsiite @ rerovskite
@ reoorpss  ¢) Perovskite deposition @ reoorpss d) PCBM deposition
O mo 0 mo
(@) Glass - @ class
- ‘ A I Sy
[ e) Cathode deposition
B rcem
- Perovskite
@ reooT:PSS -
Qm ¢ i
() Glass

Figure 2.4. Processing scheme for perovskite solar cells fabrication used in this study.
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The fabrication of perovskite based solar cells is described in the following steps:

a) ITO etching
The substrates were indium tin oxide (ITO) coated glasses (SOLEMS, thickness ~ 400 nm,

sheet resistance ~12 Qsq?). This material has been extensively used as anode in perovskite
solar cells thanks to its outstanding properties such as high electrical conductivity, high work
function and high optical transmittance in visible area[1,2].

To proceed with the fabrication of solar cells, ITO-substrates were first partially etched by

photolithography process (Figure 2.5).

. Mask

(] Photoresist 1. 5. 1 3. 1 l

(] 1mo

(] Glass

Photoresist deposition Soft bake UV light exposure
T~100°C for 90 sec
4, 5. 6.
Photoresist development ITO etching Remove photoresist

& T~70°C for 10 min
Hard bake T~120°C for 90 sec

Figure 2.5. Photolithography steps for ITO-coated films

First, we deposited the S1818 photoresist (MicroChem S1818 Photoresist) by spin coating
method using a speed of 4000 rpm, acceleration of 2000 rpm/s for 60 seconds to obtain 1.8 pm
thick layer. The photo resist-coated film is then prebaked to drive off excess solvent at 100 °C
for 90 seconds on a hotplate, also known as soft bake step. The next step is the sample exposure
to UV light with the desired mask to define the anode patterns. This exposure causes a
chemical change (polymerization) allowing to remove the exposed photoresist by a special
solution, called "developer"(MF CD26 Shipley). S1818 is a positive photoresist which
becomes soluble in the developer for the UV exposed region. Then, samples are heated at

120°C for 90 seconds (also known as hard bake step), to improve the adhesion and hardens the
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photoresist. Then, we used wet ITO etching technique to define anode contacts. Finally, we
removed the S1818 photoresist by cleaning the substrates with acetone. After photolithography
process, the patterned ITO substrates were sonicated for 10 minutes in 1% Hellmanex (at ~
70°C) and rinsed in boiling deionized water, followed by an acetone and isopropyl alcohol
sonication during 20 minutes respectively. Then, the substrates were subsequently exposed to
UV-ozone treatment during 10 minutes in order to clean the ITO surface before the PEDOT:

PSS deposition.

b) PEDOT: PSS deposition

After the UV — ozone treatment, poly 3, 4 —ethylenedioxythiophene: poly styrenesulfonic acid
(Ossila, PEDOT: PSS 4083, thickness ~ 40nm) was deposited onto the ITO/glass substrates by

spin coating for 60 seconds at 1500 rpm. Then, the substrates were dried at 120 °C during 20
minutes after wiping the cathode strip with a micro-precision cleanroom swab dampened with

deionized water (Figure 2.4b).

c) Perovskite deposition

Perovskite films were deposited under air conditions or in nitrogen atmosphere according to

details given in section 2.1.1.1.

After perovskite deposition, the cathode strip was wiped with a dry micro-precision cleanroom

swab (Figure 2.4c).

d) PCBM deposition

To this step, the deposition parameters are the same for the air process and the glove box

process. The perovskite films were covered by spin coating at 1000 rpm for 30 seconds with
Phenyl-Cro-butyric acid methyl ester (PC70BM, Ossila, thickness ~ 100 nm) in the glove box.

Then, PCBM films were wiped with a micro-precision cleanroom swab dampened with

chlorobenzene to define the cathode strip (Figure 2.4d).

e) Cathode deposition

Finally, 150 nm of aluminum (Al) contact electrode was deposited on the PC70BM layer using
a shadow mask (Figure 2.4e). The active area, which currently varies between 0.08 and 0.1 cm?

due to uncontrolled processing misalignments, is defined by the ITO and Al contacts.
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Thermal Evaporation under high vacuum (=107 Torr) was used to deposit aluminum electrodes.
Briefly, this technique is performed by heating a material in a vacuum chamber until its surface
atoms have sufficient energy to evaporate from the surface and then condensate at the substrate
surface (Figure 2.6).

‘ Substrate Holder ‘ Deposited
Substrate 4« S5 Thin Film

A Vaporized
Material

Target

Material ¥~ ] » Evaporator

Heater

Figure 2.6. Processing scheme for thermal evaporation [30].

f) Device encapsulation

All devices were encapsulated to minimize the air degradation using a resin (E132 PV & LED

Encapsulation Epoxy, Ossila) and covered with a soda-lime glass (Figure 2.4f).

The working principle of a solar cell is based on the creation of voltage and electric
current in a material submitted to light exposure: this effect is known as photovoltaic effect.
The external and internal structure of the solar cell device are shown in the Figure 2.7a and

Figure 2.7b respectively. Basically, the internal structure of solar cells is a p-n junction diode.
The operation of a photovoltaic cell follows different steps:

)] The light is absorbed on the active layer and electron-hole pairs are generated.

i) Photo-carriers are separated by the internal electric field and create the internal
current.

iii) Extraction of those carriers to an external circuit is obtained by the contact

electrodes.
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Figure 2.7. a) External and b) internal structure of a p-n junction solar cell [33].

""I

2.1.1.4 Characterization and extraction of device performances

Figure 2.8 shows schematically an example of current density-voltage characteristics of
a solar cell under dark and light illumination. The short-circuit current density and the open-
circuit voltage, the maximum power point and the voltage and current density at the maximum
power point are denoted by Isc, Voc, mpp, Vmp and Imp ,respectively.
The main parameters of a solar cell are the short-circuit current density (Jsc), the open-circuit
voltage (Voc), the fill factor (FF) and the solar energy conversion efficiency (n).
The short circuit current density, Jsc, is the maximum current density value at V = 0 V. This
parameter strongly depends on several factors such as the number of absorbed photons,

spectrum of the incident light, absorption and reflection coefficients...

29



Chapter 2. Fabrication and characterization

J (current
(density)A

ocC

>
Voltage

[E

e Jsc Fill Factor =

Figure 2.8. A generic J-V curve of a solar cell under sun illumination.

The open-circuit voltage, Voc, is the maximum voltage from a solar cell when the net current
through the device is zero.

There is one combination of current and voltage at which the power of the solar cell has its
maximum (Imp and Vmp, respectively). This point on the |1 -V characteristic of an illuminated
solar cell is called the maximum power point

The maximum power density point (Pmax) is the product of the cell current density (Jmax) and
the voltage (Vmax) when the output power of the cell is at its maximum.

The fill factor (FF) is a measure of how far the obtained J-V characteristics differ from an ideal
solar cell. In other words, FF is a geometrical parameter which measures the “squareness” of J-
V curve. It is defined as the ratio of the maximum power density point to the product of the

open circuit voltage and short circuit current density as illustrated in Equation 2.1.

Pmax

FF =
VoS sc (Equation 2.1)

The power conversion efficiency is the most commonly used parameter to analyze the
performance of one solar cell. It is defined as the ratio of energy output from the solar cell to

the incident power density from the sun (Equation 2.2).
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— VOC]SC FF
P

incident

(Equation 2.2)

Resistive effects in solar cells could be resumed by two resistors which have a strong impact
on the efficiency of the solar cell by dissipating power in the resistances. The equivalent circuit
for modeling a solar cell is illustrated in Figure 2.9.

V Jdark

O
Figure 2.9. Equivalent circuit to model a solar cell with series and shunt resistances.

The most common parasitic resistances are series resistance and shunt resistance whose effects

are illustrated in Figure 2.10.

The main impact of series resistance (Rs) is to reduce the fill factor (FF) and the short-circuit

current (Jsc) at high Rs values (Figure 2.10a).

Low shunt resistance (Rsn) values provide a current path causing power losses in solar cells.

Very low values of Rsy will produce a significant reduction in Voc (Figure 2.10b).
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Figure 2.10. Parasitic resistances effects on the I-V characteristics of a solar cell. a) series

resistance , b) shunt resistance.

2.1.2 Field effect transistors

2.1.2.1 Perovskite preparation
Perovskite based devices can exhibit very different performances depending on their
precursor materials[3-6]. Thus, the identification of the required materials along with the

corresponding molar proportion is one of the crucial steps in the fabrication of perovskite based
devices.
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Perovskite field effect transistors (FETs) were fabricated at Los Alamos National Laboratory
and perovsite thin films were obtained from the hot-casting technique previously reported by
Nie et al.[7].

MAPbDI3

Lead iodide perovskite solution was mix of lead iodide (Pbl2) and methyl ammonium iodide
(CH3NHal) with 1:1 molar ratio in a mixture of anhydrous DMSO and DMF (1:1) solvents
(Figure 2.11).

a) b) c)

H\ /H 0 H,C 5
“y Pb g /

L T “ )L T

\NT + |/ \I HSC\N b

g Ul lH CH,

Figure 2.11. Combination of materials used for the preparation of methylammonium lead
iodide perovskite. a) CH3NHzl +Pblz, b) DMF solvent, c) DMSO solvent.

This solution was stirred for at least 48 hours at 70 °C before using. The final product is a

methylammonium lead iodide perovskite given by the formula CHsNH3Pbls,

Dimethyl sulfoxide (DMSO) was used as a solvent due to its dipolarity and higher boiling point
which helps in dissolving and mixing compared to DMF.

MAFACsPbI3

We also used mixed cation perovskite solution which was mix of lead iodide (Pbly),
formamidinium iodide (CHsIN2), methylammonium iodide (CH3sNHzal) and cesium iodide (Csl)
with a molar ratio of 1:0.7:0.25:0.05 respectively dissolved in anhydrous DMSO and DMF
solvent (1:1). After mixing the materials in the solvents, the resulting solution was stirred for
24 hours at 70 °C before using. The final product is mixed cation perovskite given by the
formula FAq.7 MAg.25Cso.05 Pbls

We studied the role of Cesium content on mixed cation perovskites by varying the concentration

of Cesium to obtain 5%, 15% and 25% Cs on the solution. Consequently, the final products are
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mixed cation perovskite given by the formulas FAo.7 MAg.25Cso.05Pbls, FA0.6MA0.25Cso.15Pblz and
FA0.5 MA0.25Cs0.25Pbls (Figure 2.12).

H H
N
Pb H T""’/ Cs
H H :
o |
H/ r,//H

Figure 2.12. Combination of materials used for the preparation of mixed cation perovskite:
Pbl+FAI+MAI+ Csl.

All the materials used such as methylammonium iodide (MAI), lead iodide (Pbly),
formamidinium iodide (FAI), cesium iodide (Csl), dimethylsulfoxide (DMSO) and
dimethylformamide (DMF) were purchased from Sigma Aldrich.

As previously said, we used the previously developed hot-casting method to grow perovskite
thin films (t ~ 400 nm) as active layer for field effect transistors (chapter 3 and 4). This
technique was revealed by Nie et al. [5] to grow continuous, pinhole-free and large grain-sized
crystalline thin films of organometallic perovskites that enables the preparation of high-quality

and large-area perovskite crystals.

Figure 2.13 illustrates the processing scheme for perovskite deposition by using such technique.

W

PEROVSKITE ~ / PEROVSKITE DEPOSITION ANNEALING
MIXTUREAT 70°C BY SPIN COATING

/

{

Hot plate™ 180°C Spin coating Hot plate ~100°C

Figure 2.13. Processing scheme for perovskite thin-films deposition using the hot casting

technique.

For this approach, we used a hot (70 °C) perovskite precursor ink (MAI: Pbl (1:1)) casted onto

a preheated and spinning (180 °C) substrates (rotation time 30 seconds). After perovskite spin
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coating (thickness ~ 400 nm), the substrates were placed on the hot plate at 100 °C during 10
minutes to fully convert the perovskite precursor into the CH3NH3Pbls perovskite films.

2.1.2.2 FET fabrication

The processing scheme used to fabricate perovskite FETSs is illustrated in Figure 2.14.

. Perovskite

O cold
[ Titanium
(0 Insulator

@ Silicon

\/<\7

INSULATOR

+ 8i0; - Thermal oxidation

+ 8i;N, - Plasma-enhanced
chemical vapor deposition

+ HfO, - Atomic layer deposition

N~

CONTACTSEVAPORATION PEROVSKITE DEPOSITION
(E-BEAM) (SPIN COATING)

Ti
« Au

Figure 2.14. Processing scheme for perovskite field effect transistors fabrication.

The substrates used were commercial doped silicon wafers (MTI Corp., Si Wafer (100), N Type
Resistivities: 0.1-0.5 ohm-cm). These substrates were first cleaned by RCA process. The RCA
(Radio Corporation of America) clean is a standard set of wafer cleaning step. This process
allows to obtain a clean silicon surface. For the dielectric layer, we used three types of insulators

on heavily n-doped Si wafer (more details are given in chapter 2):

- The first one is a 100 nm-thick thermally grown silicon dioxide layer.

- The second one is a 100 nm-thick silicon nitride deposited by PECVD (plasma-
enhanced chemical vapor deposition).

- The last one is a 30 nm-thick hafnium oxide deposited by ALD (atomic layer

deposition).

After the dielectric deposition or growth, the substrates were cleaned in an ultrasonic acetone

bath, followed by alcohol cleaning during 20 minutes.
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30 nm-thick titanium and 180 nm-thick gold electrodes (100 um x 100 um) were deposited

using a shadow mask to define channel dimensions: W = 100 um and L = 70 pm.

Subsequently, the patterned-substrates were exposed to oxygen-plasma cleaning treatment for
6 minutes to improve the wetting of the surface and obtain uniform perovskite layers (otherwise
perovskite solution does not stick on the insulating layer after its deposition) to proceed with

perovskite deposition.

Then, the substrates were rapidly transferred from the glovebox to the probe station (Janis
Research ST-500) under vacuum conditions to proceed with the device characterization.

2.1.2.2.1 Insulator deposition/growth

> Silicon dioxide growth : Thermal oxidation

Thermal oxidation is a very common technique performed in furnaces to produce oxide layers
(Figure 2.15) which can be applied to different materials, but most commonly involves the

oxidation of silicon substrates to produce silicon dioxide[11].

Briefly, this technique consists in forcing an oxidizing agent into a silicon wafer at high

temperature to produce a chemical reaction and create an oxide layer on the top of the wafer.

In this thesis, 100 nm-thick silicon dioxide films were grown on the top of silicon wafer by
thermal oxidation at 1000 °C.

Silicon  Exhaust

wafers 8
Quartz tube /‘ K

--------------

O
HCL N, M H, Quartz boat
Flowmeters

Figure 2.15. Schematic of thermal oxidation technique [32].
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Thermally grown silicon dioxide thin films exhibit outstanding advantages such as:

i) excellent electrical insulator with resistivity values higher than 10*® Qcm and
Eg~9eV;

i) high breakdown electric field (> 10 MV/cm);
iii)  stable and reproducible Si/SiO- interface;

iv) conformal oxide growth on exposed Si surface ;
V) good diffusion mask for common dopants and

vi) good etching selectivity between Si and SiO; [11,12].

» Silicon nitride deposition: Plasma-enhanced chemical vapor deposition

Plasma-deposited silicon nitride films have been widely used in microelectronics as
passivation layers and more recently as gate insulator thanks to their outstanding properties
such as high density and dielectric constant, good insulating properties and excellent
Na+ resistance, excellent mechanical properties , low deposition temperature, high growth rate

and good uniformity[13,14].

Plasma-Enhanced Chemical Vapor Deposition (PECVD) is a chemical vapor deposition
process commonly used to deposit thin films from a gas state to a solid state on a substrate.
Briefly, PECVD deposition consists in introducing reacting gases and creating a plasma by
radio frequency excitation. We used two parallel electrodes, one of them being grounded and
the other one being a RF-energized electrode (Figure 2.16). The plasma allows the formation
of numerous reactive species such as radicals or atomic species. The result of those radicals is
principally chemical reactions at the substrate surface which lead to a film deposition. In order
to enhance the chemical reaction and the film quality the substrate is heated from 250 °C to 350

°C, depending on the film requirements.

In this thesis, we deposited 100 nm-thick silicon nitride films by PECVD at 250 °C (Oxford

PECVD system) by using silane and ammonia as reactant gases and nitrogen as diluent.
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!
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* Source gas + carrier gas
Figure 2.16. Schematic of plasma enhanced chemical vapor deposition (PECVD) process
[30].

> Hafnium dioxide deposition: Atomic layer deposition

Hafnium dioxide (HfO.) layers deposited by atomic layer deposition (ALD) are used as
high-k materials for replacing silicon dioxide as gate dielectric in MIS devices[15-17].

Atomic layer deposition (ALD) is considered as a subclass of chemical vapor deposition to

obtain a thin film on a substrate, using a gas cycle.

The principle is similar to chemical vapor deposition (CVD), except that ALD involves the use
of two precursors which react sequentially on the substrate surface to produce a solid thin film
(Figure 2.17). In other words, it is based on the sequential use of self-terminating gas-solid
reactions. Thus, since ALD film growth is self-limited and based on surface reactions, the film
thickness deposited can be as fine as one monolayer. Subsequently, the chamber is purged with
an inert carrier gas (typically N> or Ar) to remove any unreacted precursor or reaction by-

products.
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Figure 2.17. Schematic of atomic layer deposition process [18].

In this thesis, we deposited 30 nm-thick hafnium dioxide layer by ALD (The PICOSUN R-200
Advanced ALD system) with Tetrakis(dimethylamido) hafnium (TDMAH) and water as

precursors at 250 °C.

2.1.2.2.2 Metal electrodes deposition
Electron beam deposition was used to obtain 30 nm-thick titanium and 180 nm-thick
gold electrodes. The electron beam scans the surface of the target material which evaporates

and condensates at the substrate surface as illustrated in Figure 2.18.
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Figure 2.18. Processing scheme for electron beam evaporation [30].
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2.1.2.3 Working principle

According to the adopted device configuration, several geometries can be employed for
the fabrication of field effect transistors: bottom gate/ bottom contact (Figure 2.19a), bottom

gate/ top contact (Figure 2.19b), top gate/ top contact (Figure 2.19c) and top gate/ bottom

contact (Figure 2.19d) structures.

Semiconductor

ﬁ -

Insulator Gate

Semiconductor

- b Source
Sourceé % Drain

Insulator Gate

Bottom Gate/Bottom Contact Bottom Gate/Top Contact
Source rain
Sourc rain
Semiconductor Semiconductor
Top Gate/Top Contact Top Gate/Bottom Contact

Figure 2.19. Schematic representative of top and bottom contact FETs. a) Bottom Gate/
Bottom Contact; b) Bottom Gate/ Top Contact; c) Top Gate/ Top Contact; d) Top Gate/
Bottom Contact [34].

The working principle of FET can be explained by a metal-insulator-semiconductor (MIS)
structure. When a MIS structure is biased with positive or negative voltages, three regimes of
operation can be observed: accumulation, depletion and inversion with two characteristics

voltages, Vrs (Flat band voltage) and V- (threshold voltage) (Figure 2.20).

Briefly, for p-type semiconductors for example, when a voltage with lower value to the flat
band voltage is applied on the metal gate (Ves<Vrg), the majority charges (holes) are
accumulated at the semiconductor-dielectric interface (accumulation mode). The top of the
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valence band bends upward getting closer to the Fermi energy. When the applied gate voltage
is higher than the flat band voltage (Ves > Vrs), the semiconductor is depleted by the minority
charges and consequently the transistor is switched off (depletion mode). The top of the valence
band moves away and causes an empty carrier zone (Space Charge Zone). In the case of a larger
positive voltage applied (Ves >> Veg) the band bends further downward so that the intrinsic
level Ei at the surface crosses over the Fermi level Ef. The minority charges (electrons) are
induced at the gate dielectric/semiconductor interface. This condition is called inversion
because the number of electrons (minority carriers) at the surface is larger than that of the holes,
so the surface is inverted. The minority carriers (electrons) are accumulated at the

semiconductor-dielectric interface forming a conducting path between the source and drain

electrodes allowing a current to flow.
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Figure 2.20. The energy band diagrams for ideal MIS-capacitors under different bias

conditions: (a) accumulation, (b) flatband, (c) depletion, and (d) inversion.

The above information helps to understand the field effect operation in terms of energy level

diagrams.
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Figure 2.21 illustrates the relative position of the top of the valence band (Ev) and the bottom of
the conduction band (Ec) with the work function of the source/drain electrodes for different Vg and
Vps Vvoltages. If there is no gate voltage applied (Vg), a semiconductor intrinsically undoped will
not show any disequilibrium of charge carriers (Figure 2.21a). Direct injection from source/drain
electrodes is the only way to create flowing current in the semiconductor. When a negative voltage
is applied (Ve < 0), for p-type semiconductors for example, positive charges are attracted to the
interface between the semiconductor and the gate dielectric to create an accumulation layer.
Consequently, due to electrical field created the fermi level along with the Ev and Ec of the
semiconductor are displaced towards the highest energy of the system (Figure 2.21b). Thus, if the
Fermi level of source/drain metal is close to the Ev of the p-type semiconductor for instance, the

positive charges can be extracted by the electrodes by applying a voltage Vps, between drain and

source (Figure 2.21c).
b) QO N-channel C) Electron transport
Electron accumulation
. VeV
VG>VFBE
Ec Vns—OV
a) * Vps>0V
Equilibrium level
V=V Evac _ E\V
Source Drain SC
Drain
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Hole accumulation Hole transport
V<V
Vi<V — —
Source  SC Drain | i
— V<0V
Ev £
' Drain
L SC
Source SC  Drain Source

Figure 2.21. lllustration of working principle of a FET in terms of energy level diagrams.
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Several factors play a key role in FETs device performance for example:

e interface and energy alignments between the semiconductor and the electrodes

e dielectric thickness and permittivity

e the device configuration ...

2.1.2.4 Characterization and extraction of devices parameters

Typical transfer (Ip as a function of Vps at fixed Vgs) and output characteristics (Ip as
a function of Vgs at fixed Vps bias) of a FET are illustrated in Figure 2.22.
Three different operating regimes can be distinguished in FETs which are: off state, linear and
saturation regime. When the applied gate voltage is lower than the threshold voltage V1w, which
represents the on-set for the conducting channel formation, the transistor is turned off which is
known as cut off region. When Vgs > V1 and Vps << Ves- V11 the channel has a behavior of an
ohmic resistance where the drain current increases linearly with Vps: this is known as linear

regime. When Vps > Vgs-VTH, the drain current remains constant reaching the saturation value:

this is known as saturation region.

Transfer characteristic Output characteristic

I,(A) - Semi Log

Ve Vo, V(W)

Vos(V)

Figure 2.22. Typical transfer and output characteristics of field effect transistors [35].
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lon/ loff ratio is used to determine the difference between the off state and on state. These two
current lon and loff are extracted from the curve in logarithmic scale in the linear region. lon is

the maximum observed current in the transfer characteristic and loff represents the lowest one.

Von is the Ve required to turn the device on where the channel current starts to flow due to
field-induced charge accumulation at the dielectric/semiconductor interface.

The transconductance gm (equation 2.3), corresponds to the slope of the transistors curves Ips=f
(Vas).

_ dlpg
I = A s (Equation 2.3)

The threshold voltage (V1H) is the gate voltage necessary to turn on and create the conduction
channel at the oxide/semiconductor interface. This value can be calculated from the intercept

of the line drawn through the linear region of the Ipsat*? versus V.

The FET mobility (i) can be estimated either from linear or from the gate field dependence of

the saturation current where Ip values are:

l,l Ci W _ VDSZ
Ipsiimear = (Vs = VindVps - =57 (Equation 2.4)
nc;w
I = (Ve =V 2 .
DSsaturation 2L ( GS TH) (Equatlon 25)

where W is the channel width, L source-drain channel length and Ci is the insulator capacitance

per unit area.

There is a strong impact on the mobility values when the structural and interface defects are
important. This model presents the ideal case, based on silicon transistor theory. We used this

model to extract the MOS parameters in this thesis.
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2.2 Characterization techniques

2.2.1 Microscope techniques

In this thesis, optical, scanning and atomic force microscopes were used to analyze the

perovskite thin films morphology and quality.

2.2.1.1 Optical microscope measurement
The optical microscope images of perovskite films were collected using an optical
bright-field microscope (Model: Olympus BX51M) with 5X and 10X focal lengths under

Olympus U-DICR prism at room temperature.

2.2.1.2 Scanning electron microscope

Scanning electron microscopy imaging was obtained on a field emission scanning
electron microscopy (JSM-7100 Thermal field emission electron microscope) at an electron
energy of 15.0 kV in order to obtain high resolution images of perovskite thin films[21,22].
Figure 2.23 illustrates the processing scheme of the working principle of scanning electron

microscope.

Electron gun —
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’ /1
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/
Second condensor lens —},
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P
Backscatter |~z
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Figure 2.23. Processing scheme for scanning electron microscope [28].
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A beam of energetic electrons is generated by an electron gun and goes through a column and
onto a series of electromagnetic lenses which are wrapped in coil (referred as solenoids) as
illustrated in Figure 2.23.

Briefly, this technique consists in scanning a focused electron beam over a surface to create an
image. The interaction between the electron beam with the sample results in different types of
electron signals emitted at or near the specimen surface which are collected and processed by
an electron detector to obtain the desired information about the surface topography and
composition. Different signals can be captured using different detectors to generate an image:
low-energy secondary electrons, high-energy backscattered electrons, transmitted electrons and

characteristic X-rays....

AFM imaging was obtained on an atomic force microscope (Veeco DiCaliber) in order
to obtain high resolution images of perovskite thin films. This technique shows different
advantages:

i) it can be performed in different environments from ultra-high vacuum to fluids

i) it is capable of producing 3D images with height information

i) Mean roughness, coverage and crystal size could be obtained by statistical
treatment [23,24].

This technique is based on the interaction of a sharp tip (typically of Si or SisN4 located at the
end of the microscope cantilever) with the sample surface. The forces caused by this interaction

lead to a deflection of the cantilever which can be modeled with Hooke’s law (Equation 2.6):

F = kx (Equation 2.6)

where K is a constant factor characteristic of the spring, and x is the total possible deformation

of the spring.

This deflection is measured by using a laser spot reflected from the top of the surface of the

cantilever into a four quadrant photodiodes as illustrated in Figure 2.24.
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According to the nature of the tip motion, AFM operation can be described as contact mode
and non-contact mode (tapping). In the last case, piezoelectric oscillations can be obtained at a

wide range of frequencies.

In this thesis, we used the contact mode where the force between the tip and the sample during

the scanning is kept constant to analyze the perovskite morphology.

Photodetector Laser

Figure 2.24. Schematic representation of an atomic force microscope [29].

2.2.2 Crystallinity analysis

In this thesis, X-ray diffraction (XRD) and Grazing-Incidence Wide-Angle X-ray
Scattering (GIWAXS) were used to analyze the structural quality and crystallinity of hybrid
perovskite thin films[25-28].

X-ray diffraction (XRD) is one of the most used tools to analyze the orientation and crystal
structure of materials and thin films. The X-ray beam is directed to the film surface and diffracts
into many specific directions. By measuring the angles and the intensity of the diffracted beam

the crystal structure and orientation can be produced according to Bragg’s law (Figure 2.25).

The diffracted X-rays are detected when conditions satisfy Bragg's Law (Equation 2.7) which

describes the condition on 0 for the constructive interference:

2dsinf = nA (Equation 2.7)
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where d is the lattice spacing of the crystal planes and A is the wavelength of the incident beam

and n is a positive integer.
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Figure 2.25. Basic diffraction pattern from two planes in crystal structure.

Thus, the identification of the material can be done by the conversion of the diffraction peaks

to d-spacing which is unique for each crystal.

In this thesis, XRD (X-Ray Diffraction) spectrum analysis was carried out in a Rigaku Ultima
[11 X-Ray Diffractometer with 6-26 configuration and scanning interval between 5° - 50°. The
scanning rate used for the measurements was 5°/min. All the samples were prepared with
perovskites solutions on ITO/glass substrates.

Grazing-Incidence Wide-Angle X-ray Scattering (GIWAXS) is another X-ray-diffraction
technique wherein wide-angle scattering is collected. We used GIWAXS measurements to
compare the perovskite film morphologies obtained with the hot casting and standard

techniques respectively.

For synchrotron GIWAXS measurements, all the samples were prepared with perovskites
solutions on ITO/glass substrates. The samples were placed on a programmable temperature
control stage (temperature set at 25 °C) inside a vacuum chamber pumped down to 10 Torr.
The two-dimensional GIWAXS maps were obtained with incident angle of 0.25° and 10 s
exposures for every 10 minutes interval. GIWAXS data were processing with GIXSGUI
package for Matlab (Mathworks) with correction for detector sensitivity, X-ray polarization and
geometrical solid-angle. The line-cut analysis of GIWAXS maps for perovskite thin-films were
compared and indexed with peaks from regular GIXRD spectra with well-resolved peaks.
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Optical absorbance spectrum was used to analyze the quality of perovskite thin films.
This technique is based on applying a light beam on the sample to measure the intensity of the
radiation that passes through it (It) and by comparison to the initial intensity of light (10), we
determine the amount of light absorbed by the sample. Transmittance is the fraction of light

that passes through the sample calculated using the Equation 2.8:

Transmittance = II—Z (Equation 2.8)

Absorption of the material can be extracted from the transmittance by using the Equation 2.9.

Absorbance (A) = —log(T) (Equation 2.9)

When a photon carrying an energy Ex falls onto the film, it can be absorbed if Ex (photon)> Eq4

(material) and it will be transmitted if Ex (photon) < Eq (material).

In terms of wavelength,

1.24

Eg (ev) = T (Equation 2.10)

In this thesis UV-Visible absorption spectra were acquired on a JASCO V-730 UV visible
Spectrophotometer. We recorded the transmission and reflection of light in the wavelength

regime 300-900 nm on perovskite thin films deposited on glass substrates.

The Current - voltage characteristics of the perovskite solar cells were obtained by using
Keithley 2636B SourceMeter under ambient conditions. These measurements were performed
at room temperature under simulated AM 1.5 G irradiation (100 mW/cm?) using a xenon-lamp-
based solar simulator (Solar Simulator Oriel SollA). The output power of the lamp was

calibrated by a reference cell.
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The characteristics of perovskite field effect transistors were analyzed by

YOKOGAWA 7562 Digital Multimeters along with a current amplifier under vacuum
conditions (Pressure < 10 Torr). The maximum input voltage is about +1000 V (peak)
continuously in a DC voltage range of 200 V to 1000 V. Whereas, the maximum input current
is + 2A (DC+AC peaks).
In chapter 3, we performed capacitance measurements to quantify the charge density on
perovskite based FETs. These measurements were carried out in the frequency range 100 Hz-
10° Hz at room temperature under vacuum conditions (Pressure < 10 Torr) on Hewlett-Packard
Precision LCR meter (Model 4248A).

In this chapter, we focused on describing the techniques of fabrication and characterization of
perovskite based field effect transistors and solar cells. The next chapter describes the
characterization at room temperature of methylammonium lead iodide (MAPbI3) perovskite

based field effect transistors

50



Chapter 2. Fabrication and characterization

[1]

[2]
[3]

[4]

[5]

[6]

[7]

[8]

[9]

[10]

[11]

[12]

[13]
[14]
[15]
[16]
[17]
[18]

[19]

S. Tombe, G. Adam, H. Heilbrunner, C. Yumusak, D.H. Apaydin, B. Hailegnaw, C. Ulbricht, C.J.
Arendse, H. Langhals, E. lwuohaa, others, The influence of perovskite precursor composition on
the morphology and photovoltaic performance of mixed halide MAPbI 3-x Cl x solar cells, Solar
Energy. 163 (2018) 215-223.

N. Setter, L. Cross, The role of B-site cation disorder in diffuse phase transition behavior of
perovskite ferroelectrics, Journal of Applied Physics. 51 (1980) 4356-4360.

M. Saliba, T. Matsui, J.-Y. Seo, K. Domanski, J.-P. Correa-Baena, M.K. Nazeeruddin, S.M.
Zakeeruddin, W. Tress, A. Abate, A. Hagfeldt, others, Cesium-containing triple cation perovskite
solar cells: improved stability, reproducibility and high efficiency, Energy & Environmental
Science. 9 (2016) 1989-1997.

F.K. Aldibaja, L. Badia, E. Mas-Marza, R.S. Sanchez, E.M. Barea, |I. Mora-Sero, Effect of
different lead precursors on perovskite solar cell performance and stability, Journal of Materials
Chemistry A. 3 (2015) 9194-9200.

W. Nie, H. Tsai, R. Asadpour, J.-C. Blancon, A.J. Neukirch, G. Gupta, J.J. Crochet, M. Chhowalla,
S. Tretiak, M.A. Alam, others, High-efficiency solution-processed perovskite solar cells with
millimeter-scale grains, Science. 347 (2015) 522-525.

W. Nie, H. Tsai, J.-C. Blancon, F. Liu, C.C. Stoumpos, B. Traore, M. Kepenekian, O. Durand, C.
Katan, S. Tretiak, others, Critical role of interface and crystallinity on the performance and
photostability of perovskite solar cell on nickel oxide, Advanced Materials. 30 (2018) 1703879.
W. Nie, J.-C. Blancon, A.J. Neukirch, K. Appavoo, H. Tsai, M. Chhowalla, M.A. Alam, M.Y.
Sfeir, C. Katan, J. Even, others, Light-activated photocurrent degradation and self-healing in
perovskite solar cells, Nature Communications. 7 (2016) 11574.

H. Tsai, R. Asadpour, J.-C. Blancon, C.C. Stoumpos, O. Durand, J.W. Strzalka, B. Chen, R.
Verduzco, P.M. Ajayan, S. Tretiak, J. Even, M.A. Alam, M.G. Kanatzidis, W. Nie, A.D. Mohite,
Light-induced lattice expansion leads to high-efficiency perovskite solar cells, Science. 360 (2018)
67-70. doi:10.1126/science.aap8671.

M. Mizuhashi, Electrical properties of vacuum-deposited indium oxide and indium tin oxide films,
Thin Solid Films. 70 (1980) 91-100.

H. Kim, C. Gilmore, A. Pique, J. Horwitz, H. Mattoussi, H. Murata, Z. Kafafi, D. Chrisey,
Electrical, optical, and structural properties of indium-tin—oxide thin films for organic light-
emitting devices, Journal of Applied Physics. 86 (1999) 6451-6461.

B.E. Deal, A. Grove, General relationship for the thermal oxidation of silicon, Journal of Applied
Physics. 36 (1965) 3770-3778.

C. Herzinger, B. Johs, W. McGahan, J.A. Woollam, W. Paulson, Ellipsometric determination of
optical constants for silicon and thermally grown silicon dioxide via a multi-sample, multi-
wavelength, multi-angle investigation, Journal of Applied Physics. 83 (1998) 3323-3336.

Y. Kuo, Plasma enhanced chemical vapor deposited silicon nitride as a gate dielectric film for
amorphous silicon thin film transistors—A critical review, Vacuum. 51 (1998) 741-745.

L. Liu, W. Liu, N. Cao, C. Cai, Study on The Performance of PECVD Silicon Nitride Thin Films,
Defence Technology. 9 (2013) 121-126. doi:https://doi.org/10.1016/j.dt.2013.10.004.

P.J. Cowdery-Corvan, D.H. Levy, S.F. Nelson, D.C. Freeman, T.D. Pawlik, Process for atomic
layer deposition, Google Patents, 2012,

M. Leskeld, M. Ritala, Atomic layer deposition (ALD): from precursors to thin film structures,
Thin Solid Films. 409 (2002) 138-146.

M. Ritala, M. Leskeld, Atomic layer deposition, in: Handbook of Thin Films, Elsevier, 2002: pp.
103-159.

L. ICKnowledge, Technology Backgrounder: Atomic Layer Deposition, ICKnowledge. Com.
(2004) 1-7.

W. Nie, H. Tsai, R. Asadpour, J.-C. Blancon, A.J. Neukirch, G. Gupta, J.J. Crochet, M. Chhowalla,
S. Tretiak, M.A. Alam, H.-L. Wang, A.D. Mohite, High-efficiency solution-processed perovskite
solar  cells  with  millimeter-scale  grains,  Science. 347 (2015) 522-525.
doi:10.1126/science.aaa0472.

51



Chapter 2. Fabrication and characterization

[20]
[21]
[22]
[23]
[24]

[25]
[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]
[34]

[35]

J.I. Goldstein, D.E. Newbury, J.R. Michael, N.W. Ritchie, J.H.J. Scott, D.C. Joy, Scanning
electron microscopy and X-ray microanalysis, Springer, 2017.

L. Reimer, Scanning electron microscopy: physics of image formation and microanalysis,
Springer, 2013.

H.-J. Butt, B. Cappella, M. Kappl, Force measurements with the atomic force microscope:
Technique, interpretation and applications, Surface Science Reports. 59 (2005) 1-152.

T. Okada, S. Mishima, T. Takase, H. Miyamoto, H. Ohta, Y. Satoh, Y. Enomoto, T. Matsuzawa,
Y. Nakamura, H. Kajimura, others, Atomic force microscope, Google Patents, 1993.

B. Borie, X-Ray Diffraction in Crystals, Imperfect Crystals, and Amorphous Bodies., Journal of
the American Chemical Society. 87 (1965) 140-141.

B.D. Cullity, S.R. Stock, Elements of X-ray Diffraction, Pearson Education, 2014.

H.P. Klug, L.E. Alexander, X-ray diffraction procedures: for polycrystalline and amorphous
materials, X-Ray Diffraction Procedures: For Polycrystalline and Amorphous Materials, 2nd
Edition, by Harold P. Klug, Leroy E. Alexander, Pp. 992. ISBN 0-471-49369-4. Wiley-VCH, May
1974. (1974) 992.

J. Kreisel, A. Glazer, G. Jones, P. Thomas, L. Abello, G. Lucazeau, An x-ray diffraction and
Raman spectroscopy investigation of A-site substituted perovskite compounds: the (Nal-xKx) 0.5
Bi0. 5TiO3 (0 x1) solid solution, Journal of Physics: Condensed Matter. 12 (2000) 3267.

Om Prakash Choudhary and Priyanka. 2017. Scanning Electron Microscope: Advantages and
Disadvantages in Imaging Componentsint.J.Curr.Microbiol.App.Sci. 6(5): 1877-1882.

Y. Shan, H. Wang, The structure and function of cell membranes examined by atomic force
microscopy and single-molecule force spectroscopy, Chemical Society Reviews. 44 (2015) 3617—
3638.

S.-I. Park, Y.-J. Quan, S.-H. Kim, H. Kim, S. Kim, D.-M. Chun, C.S. Lee, M. Taya, W.-S. Chu,
S.-H. Ahn, A review on fabrication processes for electrochromic devices, International Journal of
Precision Engineering and Manufacturing-Green Technology. 3 (2016) 397-421.

N. Xu, S.E. Hug, Novel cold cathode materials and applications, Materials Science and
Engineering: R: Reports. 48 (2005) 47-189.

N. Asim, S. Ahmadi, M. Alghoul, F. Hammadi, K. Saeedfar, K. Sopian, Research and
development aspects on chemical preparation techniques of photoanodes for dye sensitized solar
cells, International Journal of Photoenergy. 2014 (2014).

P.S. Priambodo, N.R. Poespawati, D. Hartanto, Solar Cell, in: Solar Cells-Silicon Wafer-Based
Technologies, InTech, 2011.

X. Chen, R. Zhou, S. Mao, J. Chen, Rapid detection of nutrients with electronic sensors: A review,
Environmental Science: Nano. 5 (2018).

S.R. Thomas, P. Pattanasattayavong, T.D. Anthopoulos, Solution-processable metal oxide
semiconductors for thin-film transistor applications, Chemical Society Reviews. 42 (2013) 6910-
6923.

52



Chapter 3. Hybrid perovskite based field effect transistors

CHAPTER 3. HYBRID PEROVSKITE BASED
FIELD EFFECT TRANSISTORS

3.1 Introduction

Field effect transistor (FET) is a fundamental component in the modern digital
integrated circuits. For the traditional silicon based FET, the fabrication cost, operational energy
consumption and heat dissipation are the main bottlenecks. The research for novel materials
with better properties and lower fabrication cost is always a key challenge [1-3]. The
emergence of hybrid organic-inorganic perovskites as solution-processed semiconductors with
outstanding properties have raised wide spread interest in the exploration for optoelectronic
devices such as solar cells[4-7] , radiation detectors (Gamma and X-rays) and optically pumped
lasers [8-10]. Despite such unprecedented progress, several riddles remain in understanding
charge transport mechanisms in hybrid perovskite thin-films which were mostly deduced from
photovoltaic devices[11-13]. Field-effect transistors are an excellent platform for the

elucidation of such physical properties.

3.2 Motivation

Despite the intrinsic character and excellent charge transport properties of hybrid
perovskites[11-13], the demonstration of room temperature operating FETs using 3D hybrid
perovskite has remained elusive (more details are given in chapter 1). The ability to modulate

the conductance of hybrid perovskites using a FET geometry remains a key bottleneck.

In this study, by using high quality perovskite films in combination with high k-dielectric
material we developed a hybrid perovskite based FET (PFET), working at room temperature
without need of illumination. Device simulations were used to better understand the

performances of PFETS.

We investigated the impact of several parameters as active layer quality, channel dimension,

scan rate and gate dielectric material on FET characteristics. In order to investigate the
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perovskite-based FETs properties as a function of the different dielectrics materials, we

measured the FET static characteristics and the capacitance values on specific devices.

3.3 Experimental section
Field effect transistors developed in this study were fabricated using the bottom-gate
bottom-contact structure as illustrated in Figure 3.1 with a thin active layer of Methyl

Ammonium Lead lodide (CH3NH3Pbls). The different steps of the process are explained in the

chapter 2.
: 'ﬁ‘w}‘% 3
a) b) 7 ﬁﬁm %
Perovskite 7 B
400 nm
Au 180 nm
Ti 30nm

__Insulator

Gate Si wafer

Figure 3.1. a) Schematic illustration of field effect tran5|stor archltecture b) Optlcal |mage
illustrating top view of perovskite field effect transistor. The gold electrode dimensions are
100 pm * 100 pm.

For the dielectric layer, we used three types of insulator on heavily n-doped Si wafer:

- The first one is a 100 nm-thick thermally grown silicon dioxide layer (SiO2, &:~ 3.9).

- The second one is a 100 nm-thick silicon nitride (SizNs, &~ 7.5) deposited by PECVD
(plasma-enhanced chemical vapor deposition).

- The last one is a 30 nm-thick hafnium oxide (HfO, &;~ 23.4) deposited by ALD (atomic

layer deposition).

3.4 Characterization and analysis of structural and optical properties

for large grain size perovskite based films

We characterized the properties of perovskite thin films using optical imaging and X-

ray diffraction.
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Optical micrographs were used to compare the morphologies between the hot-casted and as-
casted perovskite thin films deposited on glass substrates (Figure 3.2). For the as-casted films,
perovskite precursor was spin-coated at room temperature and then post-annealed at 100 °C for

20 min. Experimental details are given in chapter 2.

Figure 3.2. Optical micrographs of hybrid perovskite thin films deposited on glass substrates

using a) as casting and b) hot casting method.

From the images, we can observe that hot-casted films exhibit larger grain size (average grain

size ~ 80 um) in comparison to the as-casted films whose morphology is totally different.

The as casted films exhibit grains with a rod-like morphology. Such films look like a network
of disoriented high aspect ratio structures with bad uniformity and higher density of voids and
pinholes (average length of the grain size ~ 20 um). In contrast, the hot casted films show

uniform and large grains.

We further studied the perovskite orientation in the as-casted and hot-casted thin films by
performing a grazing incidence wide-angle X-ray scattering GIWAXSs analysis using
synchrotron wavelength as illustrated in Figure 3.3. The resulting scattering patterns reveal that
similar diffraction patterns with bright rings were obtained at qy (a*') = 1 and qy (a*!) = 2

corresponding to the (110) and (220) crystal planes.

These results are consistent with previous reports in the literature on CH3NH3Pbl; perovskite
crystal structure[14-16] indicating a crystal structure with a good crystallinity for both
conditions. However, we also observed that the corresponding GIWAXS pattern of the as-casted

thin films show a set of scattering spots at qy values lower than 1 which are practically
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insignificant in the hot-casted films. Moreover, these films also exhibit certain bright rings
between qy a°')= 1 and qy a~!)= 2 with intensities values higher than the obtained with the hot-

casted films.

Thus, the above observations suggest that as-casted perovskite films provide a stronger

randomness in the orientation of the crystal domains in comparison to the hot-casted perovskite

32
3
["28

thin films.

Figure 3.3. Two dimensional GIWAXS patterns corresponding to the as casted and hot casted
CH;3NH;3PbI; perovskite thin films.

In order to obtain further information about the hot-casted perovskite thin films, we performed
X-ray diffraction and absorbance measurements as illustrated in Figure 3.4.

The X-ray diffraction (XRD) patterns (Figure 3.4a) show sharp and strong diffraction peaks at
2 theta equals to 14.1° and 28.3° corresponding to the (110) and (220) planes of the perovskite

crystalline structure being in good agreement with the above observations in Figure 3.3.

Figure 3.4.b) shows the energy-dependence absorbance spectra of CH3NH3sPbls perovskite thin
films. The band-edge absorption was observed at 1.61eV (absorption onset at 773nm) being in

good agreements with previous reports [17,18].
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Figure 3.4. a) XRD patterns of CH3NH3sPbls perovskite thin films on glass substrates deposi

ted using the hot casting technique. b) The absorbance spectra of CH3sNH3Pbls perovskite
thin films

To conclude, from the morphological analysis of hot-casted perovskite thin films we can state
that such technique provides large grain-size and uniform films. From the XrD measurements,
we confirm a full perovskite crystallization where Pbl, peak (normally observed in the literature

at 12.6°) was not observed. Absorbance measurements indicate a band-edge absorption at
1.61eV.

3.5 Perovskite based FETs operating at room temperature

3.5.1 Perovskite based FETs characterization using HfO: as dielectric

In this study, we first fabricated field effect transistors in bottom contact geometry with
a channel length (L) = 100 um and width (W) = 100 pm using methylammonium lead iodide
(MAPDI3) thin film and hafnium dioxide (HfO.) film as gate insulator.

The FETSs characteristics and performances at room temperature in the dark are illustrated in

Figure 3.5 and Table 3.1 respectively. The scan rate used for these measurements is 1V/s.

57



Chapter 3. Hybrid perovskite based field effect transistors
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Figure 3.5. Perovskite field effect transistors fabricated using HfO2 as gate insulator layer
with a channel length (L) = 100 um and width (W) = 100 um. a) Output characteristics, b)

Transfer characteristics (solid black line), leakage current (red dashed line).

Transport characteristics | Hole transport
i (cm?/Vs) 1.6*107
gm (NA/V) )
lon/loft 1.4*10%
Vin (V) 0.9

Table 3.1. Device parameters of perovskite-based FETs using hafnium dioxide as dielectric
with a channel length (L) = 100 um and channel width (W) = 100 pm.

The transfer characteristics, illustrated in Figure. 3.5b, clearly show a field effect modulation
with a gate dependence for p type carriers with a mobility and conductance values of 1.6*103
cm?/Vs and 5 nA/V respectively. The level of current for the n type carriers is 2 order of

magnitude below, so we only analyze the holes transport.

The gate leakage current was measured and remained around 20 pA (red dashed line in Fig.
3.5a). These devices also exhibit an lon/loff ratio with values up to 10* in their transfer

characteristics along with a very low threshold voltage of 0.9 V.
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Figure. 3.5a shows the Ip as a function of Vps for different applied gate voltages (V¢ = -3V, -
2V, -1V, 0V, 1V, 2V, 4V and 6V). We can observe a modulation of the drain current. We could
also observe a marked shift on the turn on of the Ip-Vps curves with the gate voltage, however

further analysis would be needed to find the origin of such interesting observation.

Even if the transistor characteristics are not good, we show that by using high quality perovskite
layer in combination with a high k-dielectric as gate insulator, such as HfO2, we obtain a gate
modulation for p-type carriers. Note that such perovskite-FET operating at room temperature

has not been reported up to-date [31-33].

In order to further understand the device characteristics of perovskite based field effect
transistors, device simulations were performed by Nicolo Zagni and Muhammad A. Alam.
From LANL.

The device structure implemented in the simulator is schematically represented in Figure 3.6.

. Parameter
Symbol Description
value
L¢ Gate Length 70 pm

X W Gate Width 100 um
SOURCE DRAIN
y 30 nm

Gate Oxide Thickness

(EOT ~ 5 nm)

Semiconductor

N* Silicon

400 nm

ten )
chan Thickness

GATE
Figure 3.6. Device schematic cross-section implemented in the simulations.

Figure 3.7a shows the Ip-Vgs transfer characteristics for the device with a constant drain bias
Vps set to 6 V. The simulations predict a dominant hole current in the channel, with a threshold

voltage of 4.93 V (calculated at the point of maximum transconductance gm).

Figure 3.7b shows the Ip-Vps output characteristics for the device with four different gate bias
Vs (see plot legend). The output characteristics are in agreement with the previous transfer
characteristic, predicting no considerable change in the device behavior because the gate bias

are all well below threshold.
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Figure 3.7. Simulation of a) transfer (In-Ves) and b) output (Ip-Vps) characteristics.

To interpret the previous results more in details, we analyze the band diagrams in Figure 3.8
plotted for three different gate bias. The band diagrams are plotted in the MaPbls layer close to
the source and drain contacts (on the opposite side of the gate) as illustrated in Figure 3.8a.
From these band diagrams we see that the holes quasi-Fermi level (Erp) is below or very near
the valence band edge (Ev) at Vs set to -6 V and 0 V, respectively. Conversely, at Vs set to
6 V, the Erp is well above the valence band thereby impeding the flow of holes in the channel.
In this latter case, although the electron quasi-Fermi level (Ern) is close to the conduction band
edge (Ec), given the relative high Schottky barrier with Ec at the S/D contacts, no flow of
electrons in the channel is observed even at high positive gate bias. Similar considerations apply
for the band diagram in Figure 3.8b, plotted in in the MaPbls layer close to the interface with
the HfO: layer.

Figure 3.8c shows the band diagram at equilibrium conditions in the middle of the device,
crossing all the regions. Given the relatively thin semiconductor body (400 nm), the
electrostatic potential that builds up as a consequence of the work function difference between
the silicon substrate and the perovskite layer depletes the semiconductor region. This leads to a
free hole density much lower than the doping (10 cm) indicating that the device is fully
depleted.
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Figure 3.8. a) Band diagram close to the source and drain contacts (on the opposite side of

the gate).b) Band diagram close to the interface between the perovskite and the HfO> layer.
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Figure 3.8. ¢) Band diagram at equilibrium in the middle of the device.

Thus, the device simulations can help to explain the characteristics obtained in Figure 3.5 with
perovskite as active layer in field effect transistors.

In this section, by growing highly crystalline thin film perovskite with high k-dielectric such
HfO. we demonstrated operational perovskite based FETSs at room temperature [29-31]. Device
simulations have been developed to show the gate modulation in this device. The experimental
transfer characteristics show a p-type transport like in the simulation. The final level of current
Ip is in the same range. The evolution of the current and the threshold voltage are dependent on

the interface charges, traps which are not taken into account in the simulation.

In the next section, we illustrated the performances obtained with PFETS after consecutive

measurements on these devices.

3.5.2 Perovskite based FETs characteristics after consecutive cycles of

measurements

In order to further analyze the device performances of perovskite based FETSs, we carried
out stability tests by performing consecutive Ip-Ve measurement cycles (aging bias) at room

temperature in the dark.

Figure 3.9a shows the transfer characteristics of perovskite based FET before and after aging.

The values of the source and drain current at Ve = 10V (Vps = 12V) for each cycle of
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measurement are illustrated in Figure 3.9b. Table 3.2 provides the devices performances of

perovskite-based FETs obtained before and after aging.

Such aging experiment consists in continuously biasing the transistor, scanning Vg from -3 V
to 10 V for Vps = 12 V until getting reproducible characteristics. Such aging lasts around 20
minutes.

Observation and comparison of transfer curves after consecutive measurements cycles leads to
the following observations; (i) after aging, the maximum drain current increases then remains
quasi constant. (ii) comparable electrons and holes currents for the transfer characteristics are

measured (iii) slight decrease in the maximum hole current (iv) much weaker gate modulation.

The transfer characteristics of perovskite FETs after consecutive cycles of measurements
illustrated in Figure 3.9a, clearly show a dramatic enhancement in the gate modulation for n-
type carriers leading to an ambipolar FETs characteristics with gate dependence for n and p-

type carriers.

a) b)
-8
10-5.?‘)\_.‘ = Before a_ging 10
10 —_
< <
~— < 9
—o1 0-10' ‘ ¥ %10
> e D g
11 \ .__;" -2
10 oy
10" \, v 107 —
2 0 2 4 10 5 10 15 20 25 30
V) # Number of cycles

Figure 3.9. a) Transfer characteristics of perovskite-based FETs before and after consecutive

measurements cycles (Vps =12 V). b) Drain currentat Vo= 10V and Vps = 12 V as a function

of measurement cycles.
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Before aging After aging
Transport Hole Electron Hole Electron
characteristics transport transport transport transport
U (cm?/\/s) 1.6*10°® 1*10° 8*10* 3.38*10*
Gm (NA/V) 5 0.014 2.4 1
lon/ loff 1.4*10* 2.3*107 25 5*10*
Vin (V) 3 3 5.7 2.7

Table 3.2. Device parameters of perovskite-based field effect transistors before and after aging.

The conductance and mobility values for n-type carriers were drastically increased from 0.014
nA/V to 1 nA/V and from 1*107° cm?/Vs to 3.38*10* cm?/Vs respectively. This observation is
the result of the rapid increase of the maximum drain current at Vg = 10 V after 5 cycles and
then slowly increases during 25 cycles as illustrated in Figure 3.9b.

The enhancement for electrons carriers could be explained by the interface trap/defects which
may induce the electron current contributing to the gate modulation for n-type carriers. As our
structure is based on Schottky barriers, it is sensitive to the difference of work function between
the channel and source/drain electrodes. If there is a mismatch between these work function,
we can get transistor with unipolar behavior. By aging the devices, we get ambipolar behavior
indicating a better matching in the work functions. Such phenomenon is not obtained in
literature for perovskite transistors operating at room temperature in dark conditions. It should
be noted that it is possible to get back to the starting point, FET with p-type transport
characteristics by leaving the device at rest for at least 1 hour.

We observed a decrease on the gate modulation for p-type carriers. The conductance and
mobility values for p-type carriers was slightly decreased from 5 nA/V to 2.4 nA/V and from
1.6*1072 cm?/Vs to 8*10 cm?/Vs respectively. The lon/ lorr ratio is also decreased up to three

orders of magnitude leading to very low values around 25.

The hysteresis of our devices was examined by analyzing the Ip-Vg curves with scan from
negative to positive ([1.], solid line) and then from positive to negative ([2.], dashed-line) using
different scan rates (3 V/s, 1 V/s, 0.3 V/s and 0.1 V/s) as illustrated in Figure 3.10 (these

measurements were extracted after consecutive cycles of biasing/measurements).
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The observed “butterfly” hysteresis between forward and reverse characteristics can be
attributed to the gate voltage induced migration of ions or charged defects in the perovskite [27-
28].

In contrast, at slower scan speeds conditions, such 0.1 V/s, we observed a slight decrease in the
hysteresis area but however the measured drain current is also decreased suggesting a weaker
gate modulation (Figure 3.10).
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Figure 3. 10. Transfer characteristics of perovskite field effect transistors as a function of

scan speed in the dark at room temperature.

To quantify the above observations, we plotted the p and n-type current (Fig. 3.11a), lon/loff
ratio (Fig. 3.11b), threshold voltage (Fig. 3.11c-d), maximum transconductance value for holes
and electrons carriers (Fig. 3.11e-f), hysteresis loop area (Fig. 3.11g) as a function of scan speed

for the the forward and reverse scan.
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The understanding of the transport properties in perovskite films are clearly difficult to analyze
due to the device instabilities and the frequency domain is small due to low current acquisition.
By measuring the area under the loop on the Ip-Ve curves to extract the hysteresis area, we

observed a significant increase in the area of the loop as a function of the scan rate.

Thus, faster scan gives better performances than slower scans in the device performances of
perovskite based FETSs being in good agreement with previous reports of perovskite solar cells
in the literature [19-21]. This observation can be interpreted as the reduction of the ionic
screening with the faster scan rates. As the scan rate is slow, more the ion displacement is
important and consequently the screening effect which reduces the total current. Although,
more research is needed to explain this phenomenon, our hypothesis is that the contribution of
the interface trap defects, excess ions or interstitial defects (iodide or methylammonium) is

higher at low scans leading to a reduction on the device performances.

To conclude, in this section, by growing highly crystalline thin film perovskite with high k-
dielectric such as HfO. we demonstrated operational perovskite based FETs at room
temperature [31-33]. After consecutive cycles of measurements, we obtained ambipolar
transport where the perovskite’s fermi energy can be successfully modulated by gate voltage

allowing both electron and hole transport in the conduction band and valence band respectively.

Here, we study the channel length variation effect on the performances of perovskite

based field effect transistors.

First, we fabricated a field effect transistor in bottom contact geometry with different channel
lengths (L) =70 pm, 100 pm and 150 um using MAPbI3 thin films and HfO: as dielectric. The
devices are in the same configuration with the same perovskite film thickness, comparable

crystalline quality and identical channel width (W) = 100 pm.

The transfer and output characteristics at room temperature in the dark after consecutive cycles

of measurements are illustrated in Figure 3.12 (scan rate ~1 V/s).

As previously observed, these measurements clearly show a field effect modulation with
comparable drain current values for both p and n-type carriers exhibiting ambipolar transport

characteristics regardless the channel length.
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Observation and comparison of transfer characteristics with different channel lengths (Figure
3.12) indicate that perovskite-based FETs with shorter channel length, such as L ~ 70 pum
(Figure 3.12a-b), exhibit stronger gate dependence with very low hysteresis. The output
characteristics obtained do not respect the classical behavior, we don’t obtain a saturation. If

we increase the Vps polarization above 8 V the device is damaged.

Logarithmic scale Linear scale

1 L=70um

=3V L=100um

- Vpe=8V
L= 150um Vos=8Y DS

2 4 6 8 10 2 0 2 4
V (V) Vv (V)

2 0 6 8 2 0 6 8 10

v,
Figure 3.12. Output (for p-type carriers) and transfer characteristics (logarithmic and linear
scale) of perovskite field effect transistors with different length channels. Solid and dotted
lines in the Ip-Vg curves illustrate the forward and reverse scans. a-b) 70 um; c-d) 100 um
and e-f) 150 pm.

However, by increasing the channel length from 70 um to 150 pm, a significant deterioration
is observed in the transfer characteristics as well as for output characteristics. Larger channel

length induce a strong “butterfly” hysteresis as illustrated in Figure 3.12c-f. This hysteresis is
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a major barrier for using such devices in practical applications. Moreover, the maximum drain

current measured is considerably decreased in comparison to shorter lengths (Figure 3.12).

The above observations highlight that the modulation of carriers strongly depends on the
channel area as previously reported in FETs [29]. By increasing the channel length, the charge
trapping/recombination rate is increased due to the higher number of defects across the channel

resulting in a smaller gate modulation.

As previously reported, film surface, bulk of the grain and the boundary between are considered
as the three primary spatial locations of defects on perovskite thin films. It has been reported
that this fact plays a critical role on the perovskite devices performances [5,6,15]. Thus, by
increasing the channel length dimension on FETs the number of these defects and grain
boundaries across the channel will be increased inducing higher charge recombination rate

resulting in lower device performances.

It should be noted that in order to further optimize the device performances, we tried to use
smaller channel length (L <50 pum). However, due to the high wettability between perovskite
solution and the gold electrodes, we did not succeed in obtaining operational devices due to the

limitation on the fabrication process.

Finally, by using a relatively small channel length (L) = 70 pm and HfO: as dielectric, we
succeed in obtaining a gate modulation for 3D perovskite-FET at room temperature with a very
low hysteresis. Transfer characteristics plotted in linear scale (Figure 3.12b) highlight the
relative small hysteresis for (L) = 70 um. Such behavior for perovskite transistor has not been

reported up to-date.

In the next section, in order to understand the dielectric role on perovskite based field effect

transistors we use three different materials as gate insulators.

Here, we study the effect of the dielectric material on perovskite-based FETs by using:
silicon dioxide (SiOg, € ~ 3.9, t ~ 100 nm, thermal growth), silicon nitride (SizN4, € ~ 7.5, t ~
100 nm, PECVD), and hafnium dioxide (HfOz2, € ~ 23.5, t ~ 30 nm, ALD) respectively.
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These devices were fabricated in bottom contact geometry with the same perovskite films
thicknesses and comparable crystalline quality. Channel dimensions were chosen according to
last results: L = 70 um and W = 100 pm.

The transfer and output characteristics of perovskite-based FETs with different dielectrics are
illustrated in Figure 3.13. These measurements were carried out in the dark at room temperature
(scan rate ~1 V/s). These measurements were performed after consecutives cycles / aging which
are needed to reach a stable regime where the device performances remain stable without any

appreciable degradation or variation.
As shown on figure 3.13, main results highlight:

- no transistor effect could be obtained by using SiO> as dielectrics. The SiO2/perovskite
system looks like a memory device with a huge hysteresis [30].

- Unipolar transistor could be obtained by using SisN4. Only a weak n-type channel was
formed by tuning the gate voltage with a low hysteresis.

- Ambipolar transistor could be obtained using HfO- as previously shown. We measured
a balanced electron and hole transport for the HfO, based FETSs represented by the fairly
symmetric transfer characteristics with comparable Ip value for both n- and p-type

carrier with a very low hysteresis.

Such observations show that dielectric material is fundamental to get functional devices. As
perovskite layers deposited on these dielectrics show comparable crystalline quality, one can
suppose that defects interface play a critical role to get working transistors. For the same source-
drain voltage (Vbs =8V), we observed an increase in the source and drain current by up to an
order of magnitude as a function of the gate for HfO»-based FETSs.

To quantify and to better understand the above measurements, we calculate the EOT, maximum
transconductance reverse and forward, threshold voltage and relative maximum hysteresis
(Table 3.3).
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Figure 3.13. Output (for p-type carriers) and transfer (logarithmic and linear scale)
characteristics of a perovskite field effect transistor using different dielectrics as insulators.
a-b) HfO.; c-d) SisN4 e-f) SiOo.

EOT (equivalent oxide thickness) is an indicator of how thick a silicon oxide film would need
to be to produce the same effect as the corresponding high-k material described as follows in

Equation 3.1

Ksio2

thro2 Khfoz (Equation 3.1)

EOT =
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Dielectric SiO2 SizNa4 HfO2
EOT 100 52 5

Gm (nA/V) Non relevant 0.13 Hole transport — 3.4
Forward Electron transport — 2.6

Gm (nA/V) Non relevant 0.19 Hole transport — 2.6
Reverse Electron transport — 3
p(cm?/Vs) Non relevant 1.3x10™ Hole transport — 1x107
Forward Electron transport — 6.6x10™
u(cm?/Vs) Non relevant 1.3x10* Hole transport — 1x10°
Reverse Electron transport — 1x1073
Vth (V) Non relevant 8.2 Hole transport — 2.3
Forward Electron transport — 3.2
Vth(V) Non relevant 13.3 Hole transport — 1.8
Reverse Electron transport — 1.8

Table 3.3. Device parameters of perovskite field effect transistor using different dielectrics

as insulators: SiO2, SisNsand HfO,.

From the analysis of the device parameters illustrated in the above table, we observed an
enhanced gate-induced modulation as the value of the equivalent oxide thickness was
decreased. By using high-k dielectrics, such as HfO>, the conductance and mobility values were
dramatically improved by up to one order of magnitude. We could also observed a huge
difference on the threshold voltage, where high-k dielectrics as gate insulators on PFETSs allows

to obtain very low threshold voltages of ~ 1.8 V.

By contrast, low-K dielectrics such as SisNs, did not lead to any appreciable field effect
modulation for the p-type carriers exhibiting only a relatively weak n-type transport
characteristics suggesting that the technique used to deposit gate insulator may play an
important role in terms of interface defects leading to a defect-induced carriers. This is in good
agreement with previous reports in the literature confirming that the energy level of perovskites
strongly depends on the nature of the substrates which can introduce gap states and
consequently the perovskite film formation and morphology [34].

We also examined the hysteresis by analyzing the Ip-V¢ curves (Figure 3.13) by using the next

formula (Equation 3.2):
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maximum IDcurve—minimum IDcurve

Relative hysteresis = (Equation 3.2)

minimum ID curve

The curves obtained for each insulator, SiO2, SisN4 and HfO: are illustrated in Figure 3.14.
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Figure 3.14. Relative hysteresis value as a function of voltage for different dielectrics.

From these measurements, we observed a significant decrease in the relative hysteresis values
by using hafnium dioxide as insulator exhibiting a very low value in comparison to silicon
nitride or silicon dioxide (Figure 3.13). This observation is also visible in Figure 3.13b where
Ip-Ve curve does not show any appreciable change between the forward and reverse scan.

Charge density on the system is increased by using high-K dielectric. In order to understand the
behavior of the devices, we have investigated the static capacitance of perovskite-based FETs
by using low and high-k dielectrics as gate insulator. Here, we employ metal-insulator-
semiconductor (MIS) configuration (Figure 3.15a) using n-type silicon as contact, perovskite

layer as the semiconductor body and compared SiO2 and HfO; as dielectrics.

First, we measured the capacitance-frequency spectra (C-f) for these devices (Figure 3.15b).
From the spectra, we observed that the capacitance values obtained show negligible change
with the input frequency, suggesting that the devices are well-behaved capacitors with

negligible leakage current (shunt resistance) through the gate regardless the dielectric.

The total capacitance in the system (Cperovskite+ Coxide) Was calculated using the Equation 3.3:
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Cperovskitex Coxide

(Equation 3.3)

C =
total Cperovskite+Coxide

where C is determined by

C =¢exg 2 (Equation 3.4)

With the geometry used, we found: Csioz = 8.85*10° F, Crio2 = 2.77*10® F and Cperovskite =
2.21*10° F. Note that for Cperovskite dielectric constant was chosen to 25 according to the

literature.

Following the above equations, we found that the total capacitance in the system (Cperovskitet

Coxide) Using HfO; as insulator is dominated by the Cperovskite:

2.21¥10"°F*8.85%10 10 F
2.21%10~% F+8.85%10~ 10 F

C totalSiOzsystem = =632x10"10F

2.21%107°F%2.77+¥10" 8 F
2.21%¥1079 F4+2.77+10"8 F

C totalHfOzsystem = =2.05%x10"°F

Thus, we found that the total capacitance in the system (Cperovskitet Coxide) iS dominated by the
Cperovskite DY using high-k dielectric constant.

Next, we measure the capacitance-DC voltage (C-V) at high frequency f=100KHz
(overplayed after resistance correction) to examine the carrier density in the perovskite layer
using SiO2 and HfO- as dielectric (Figure 3.15c).

In SiO> device, we observed that the capacitance spectra do not show any modulation, which
is consistent with the absence of gate modulation in fabricated device (Figure 3.13e-f).

In sharp contrast, with HfO> as the dielectric in the MOS capacitor, we observe a capacitance
change with gate voltage in classical regimes for a FET: accumulation, depletion and
inversion. The results indicate that the MOS capacitor fabricated with HfO- as dielectric can
successfully accumulate electrostatic p-type charge in the perovskite channel (Vg < -4 V),
which can attain strong inverse region by doping n-type carrier in the perovskite with large

positive gate voltage.
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Figure 3.15. a) MIS capacitance structure used in this study. b) capacitance-frequency and
C) capacitance-voltage characteristics using SiO. and HfO, as dielectrics.

Finally, the charge density (Q) values for each insulator (SiO2, HfO) were extracted from the
capacitance-voltage measurements. The charge density value was obtained from the C-V

characteristics in Figure 3.15 using the Equation 3.5.
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Qacc = J, Cdv (Equation 3.5)

The calculation shows an increase in the charge density with the dielectric constant with values

of ~ 1.6 x 10 for silicon dioxide and 2.5 x 10! for hafnium dioxide respectively.

As charge density on the system is increased by using high-K dielectric, the charged site
vacancies can be passivated and consequently ambipolar field effect transistors could be
achieved. It should be noted that the charge density values obtained are a rough estimation of
the actual charges in the system which is strongly affected and reduced by the defects in the

channel.

To conclude this section, high k-dielectric as gate insulator was required to enhance the charge
density and thereby the channel conductance which effectively increases the capacitance of the

device leading to higher electrostatic charge density for a small applied gate voltage.

We emphasize that high quality perovskite films along with high-K materials as insulator were

the key parameters in this work to obtain operational hybrid perovskite FETSs.

By growing highly crystalline perovskite thin film with proper choice of gate dielectric
layer, we obtain perovskite based field effect transistors operating at room temperature, in the

dark. Such results are not discussed in the literature.

Moreover, we obtain ambipolar transport where the p and n-type carriers can be successfully
modulated with the gate by using HfO- as dielectric. Analysis of the FET characteristics and
correlated capacitance measurements as a function of different dielectrics, reveal that the
fundamental challenge for perovskite-based FETs was the screening of the gate electric-field
by ionic vacancies. Thus, by using high-k dielectric as gate insulator we were able to increase
the charge density on the system which can easily the charged site vacancies, which hindering
the charge modulation, contributing thus to an enhance in the carrier modulation achieving p-

type field effect transistors.

Our results contribute to overcome a key issue that had prevented the demonstration of hybrid
perovskite-based FETs. However, deep investigations are still needed to fully understand and

control main phenomena highlighted in this chapter:
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- All fabricated transistors show hysteresis. Even if this latter can be very low, one has to
investigate a way to suppress it.

- Continuous cycling of biasing leads to ambipolar transistor with HfO, insulator. This
phenomenon, not fully explained, is a barrier to overcome to get stable transistors.

- The devices do not show a classical FET behavior: no saturation is observed in the
output characteristics. The transfer characteristics using HfO> show an exponential
increase of the current before breakdown.

In the next chapter, we used mixed cation perovskite as active layer in FETs. This material has
been recently used in the literature as a promising alternative to improve the thermal stability

of 3D perovskite materials.
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CHAPTER 4. MIXED CATION PEROVSKITE
BASED FIELD EFFECT TRANSISTORS

4.1. Introduction
Recent efforts in the field of perovskite have been focused in the composition

optimization as a promising approach for metal halide perovskite to further tune the band gap
and enhance the stability. Approach such as the replacement of MA (methylAmmonium) by
FA (formamidinium) in the perovskite composition offers improved thermal stability and a
reduced band gap close to the single junction optimum[1]. However, the crystallization process
exhibits two structural final states at room temperature: it can crystallize either into a
photoinactive, non-perovskite hexagonal 3-phase (“yellow phase”); or a photoactive perovskite
a-phase (“black phase“)[2,3].

It has also been reported that the partial replacement of FA by Cs improved photo and moisture
stabilities[4,5]. The first FA/MA/Cs triple cation (FAPbI3)o.s3(MAPbBTI3)0.17 has been reported
by Saliba et al.[5]where the addition of Cs has suppressed non-perovskite hexagonal phase
resulting in an enhanced crystallization, high quality, thermally and structurally stable

perovskite films with a bandgap of 1.6 eV.

4.2. Motivation
In this study, we replaced MAPDIz in field effect transistors (chapter 3) with the recently

discovered mixed cation (Cs/MA/FA) perovskite in order to enhance the device performances
of PFETs and to analyze their stability.We first investigate the role of Cs on mixed cation
MAJ/FA perovskites by measuring the crystallinity and the morphology of the films. These
results are correlated to the PFETs performances obtained with each composition.

Indeed stability and reproducibility tests were performed on field effect transistors with mixed
cation and MAPDI3 as active layers respectively.

4.3. Characterization and analysis of structural and optical properties

for large grain sized perovskite based thin films
First, we studied the crystallographic structure of triple cation (MA/FA/Cs) perovskite

thin films by performing X-ray diffraction. The stoichiometric ratio used for mixed cation
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perovskite was FAo.75.xMA0.25CsxPbls where x is the molar fraction of Cs used to respect the
total amount of cations FA/MA/Cs =1 (in our case x = 0.05, 0.15 and 0.25). These films were
spin-coated by using the previously developed hot casting method [6]. More details about the
perovskite films deposition are given in chapter 2.

The stoichiometric ratio used for FAo.70MA0.25CS0.0sPbl3 (FA0.75-xMA0.25Cs0.05Pbl3 perovskite
with x = 0.05) was the previously optimized by Tsai et al. [13] where 70% FA was incorporated
within the lattice to form the cubic structure, 25% of MA was added to stabilize the a phase of
the FA/MA alloy whereas the addition of 5% Cs was required to stabilize the cubic phase which
otherwise undergoes phase segregation at room temperature.

Figure 4.1 illustrates the X-ray diffraction (XRD) for FAo.75.xMAo.25Csx Pblz with x = 0.05, 0.15
and 0.25.
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Figure 4.1. XRD patterns of cesium-containing triple cation FAg.75.«MAo 25CsxPbls perovskite

thin films with x = 0.05, 0.15 and 0.25 on glass substrates. (These graphs were plotted in

linear scale).
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These measurements exhibit a pure perovskite phase with sharp and strong diffraction peaks
at 2 theta equals to 14.1°and 28.3° corresponding to the (100) and (200) planes of the perovskite
crystalline structure for all three perovskite films.

As previously reported [3-5,7], the absence or too high amount of Cs on FA/MA cations leads
to an incomplete conversion of FA perovskite into the photoactive black phase. This is a very
typical observation for mixed cation, commonly noted at 11.6° and 12.7° corresponding to the
photoinactive hexagonal 6-phase of FAPDbIz and the cubic Pbly, respectively[3-5,7].

Here, by analyzing the XRD of mixed cation perovskite FAo.75-xMAo.25CsxPbls with different
Cs content (Figure 4.1) we confirm that those peaks at 11.6° and 12.7° are negligible for all the
cases. This observation demonstrates the correct formation of the black perovskite phase and
the stabilization of the perovskite phase for FAo.75.xMAo.2sCsx Pbls with x = 0.05, 0.15 and 0.25.
In order to obtain further information about the cesium content in triple cation perovskite we
perform absorbance measurements.

Figure 4.2a shows the energy-dependence absorbance spectra of mixed cation perovskite thin
films with different Cs concentration. The optical energy gap (Eg) for FAo.75.xMAo.25CsxPbls
thin films was extracted from the (chv)Y? versus the photon energy (hv) graph as illustrated in
Figure 4.2b. The interception of the linear region (dotted lines) with the x-axis gives the value
of the optical energy gap (Eg).The measurements exhibit a shift when Cs is added to the FA/MA
cations from 1.50 to 1.56 with x = 0.05 and x = 0.25 respectively. These observations are in

good agreement with previous reports in the literature[8,9].
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Figure 4.2. Optical analysis of FAo.75.xMAo25CsxPblz with x = 0.05, 0.15 and 0.25 thin
films deposited on glass substrates. a) The energy — dependent absorbance spectra b)

(ahv)Y? versus the photon energy (hv).
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Optical micrographs were used to compare the morphologies of mixed cation FAq.7s-
xMA 25CsxPbls perovskite films prepared from different Cs concentrations deposited on

glass substrates (Figure 4.3).

FA 0.75.x MA 0.25Cs x Pbls films deposited on glass substrates

Figure 4.3. Optical micrographs of mixed cation FAo.75.xMAg.25CsxPbls perovskite thin
films with a) x=0.05, b) 0.15 and c¢) 0.25 deposited on glass substrates.

By comparing the optical images, we observed that the Cs concentration plays a key role on the
perovskite grain sizes and consequently on the film quality. Higher concentration of Cs
(x=0.25) leads to larger grain size ~ 130 um in comparison to 80 pm obtained with x = 0.05
and 0.15.

In this section, we confirmed that the photoinactive hexagonal phase on mixed cation (FA/MA)
perovskite previously observed in the literature [10-13] was successfully eliminated by adding

Cs cation on the perovskite composition. Moreover, by using a stoichiometric ratio of FAo 75
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xMAo 25CsxPblsz, we succeeded in obtaining pinholes free thin films with a band gap between
1.50 - 1.56 eV by using mixed cation perovskites. We demonstrated that the grain size and
consequently the film quality of mixed cation FA/MA/Cs lead iodide perovskites is strongly
linked to Cs cation concentration in the system. This fact is expected to exhibit lower carrier
recombination rate resulting in enhanced device performances [5, 6, 10, 11].

4.4. Mixed cation perovskite based FETs
In this study, we use mixed cation films as active layer on field effect transistors. We

first study the morphology of mixed cation FAo.7s.x MAo.25sCsxPbls perovskite films deposited
on hafnium dioxide (HfO2) which is the main material used as gate insulator in this thesis
(Figure 4.4).

FA 0.75.x MA 0.25Cs x Pbls deposited on HfO, substrates

10pum

Figure 4.4. Optical micrographs of mixed cation FA¢.75.xMAg.25CsxPbls perovskite thin films
with @) x=0.05, b) 0.15 and c) 0.25 deposited on HfO..
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By comparing the optical micrographs in Figure 4.4, we observed the same trend as previously
on perovskite thin films deposited on glass substrates. Higher Cs concentration, x=0.25, on
FA0.75.x MAo.25CsxPbls leads to larger grain size resulting in more uniform perovskite thin films
either on glass or hafnium dioxide substrates.

Moreover, we found that the grain size of FAo.75.xMA0.25CsxPbls exhibits a notable
improvement by using hafnium dioxide as substrates in comparison to glass substrates. FAo.7s-
xMA0 25CsxPblz with x = 0.25 exhibit an increase on the grain size by up to two times by using

hafnium dioxide as substrates leading to values close to 0.3 mm. (Figure 4.5).

0,3
HfO

=3

50,2-

(/)]

% s
0,11 =
0‘0 L] )

0,05 0,15 0,25

Figure 4.5. Maximum grain size (MGS) of mixed cation FAo.75.xMA0.25CsxPblz perovskite
thin films with different Cs concentrations deposited on glass and HfO> substrates.

Then, we fabricated a field effect transistor in bottom contact geometry with a channel length
(L) ~ 70 um and width (W) ~100 pum using mixed cation FAg.75.xMAo.25CsxPbls with x=0.05,
0.15 and 0.25 and hafnium dioxide (HfO.) films as gate insulator. The detailed process is
described in chapter 2.

The FETSs characteristics and device performances measured at room temperature in the dark
are illustrated in Figure 4.6 and Table 4.1 respectively. The scan rate used for these
measurements is 1V/s. It should be noted that these measurements were extracted after
consecutive cycles of biasing.

As previously predicted in the above section, we clearly observed that the concentration of Cs
on perovskite FAo.7s.xMA0.25CsxPblz based FETs plays a key role on the device performances
(Figure 4.6). All the devices show an Ip (V) curve with a hysteresis depending on Cs

concentration.
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The performances obtained with low Cs concentration (x = 0.05), are extremely poor with a
very weak gate modulation and a notable hysteresis in their transfer characteristics. This fact

hinders the extraction of the device parameters (Figure 4.6a).

By contrast, a marked enhancement on the devices performances was observed with higher Cs
concentrations. FAg.s0MA0.25CS0.15Pblz and FAo0.50MA0.25CSo.25Pblz lead to stronger gate
modulation where both compositions exhibit electron and hole transport with comparable Igs

value for both n- and p-type carrier (Figure 4.6 b-c).
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Figure 4.6. Transfer characteristics of mixed cation FAo.75.xMAo.25CsxPbls perovkskite field
effect transistors with different concentration of Cs. a) x = 0.05, b) 0.15 and ¢) 0.25 and d)

x = 0.25 plot in linear scale.

By using FA0sMA0 25Cso.25Pbl3 (Figure 4.6¢) the drain current is increased by up to one order

of magnitude for both types of carriers in comparison to FA0.6sMAg.25CSo.15Pblz (Figure 4.6Db).
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Consequently, the carrier mobility increases up to one order of magnitude higher resulting in
values up to ~ 1*10 cm?/Vs. These devices also exhibit a better lon/Ioff ratio with values up
to 800 which are up to one order of magnitude higher than the obtained with
FA0.60MA0.25Cs0.15Pbls.  In  addition to the using
FA0.5sMAo.25Cs0.25Pbls, we found that the Ip-Ve curves illustrated in Figure 4.6¢-d exhibit a

enhanced performance by

smaller hysteresis.

FAo.75xMAg25CsxPbls X =0.05 X =0.15 X=0.25
Vth (V) Non relevant 0.54 3
Forward
Vth (V) Hole — 5.5 4.88 2.6
Reverse Electron — 6.5
lon/loff Non relevant 22 14
Forward
lon/loff 25 48 800
Reverse

Gm (nA/V) Non relevant Hole — 0.24 Hole - 1.5
Forward Electron — 0.36 Electron — 2.5
Gm (nA/V) Hole — 0.007 Hole — 0.05 Hole - 1.6
Reverse Electron — 0.001 Electron — 0.67 Electron — 2.6
H(cm?/Vs) Non relevant Hole — 5.7x10° Hole— 8x10*
Forward Electron — 3.7x10° | Electron- 1x103
i (cm#/Vs) Non relevant Hole — 5.9 x10° Hole — 8.5x10*
Reverse Electron — 1.5 x10* | Electron-1.5 x103

Table 4.1 Device parameters (measured in forward and reverse scan) of mixed cation FAg.7s.
xMAo.25CsxPbls perovskite field effect transistors with different concentration of Cs (x= 0.05,
0.15 and 0.25).

The Cs contribution on mixed cation (MA/FA/Cs) system leads to a higher grain size perovskite
thin films. This fact is expected to reduce significantly the defect - assisted trapping of charge

carriers leading to an enhancement on the device performances [10-13].
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As shown on Figure 4.6¢-d), ambipolar PFET is obtained with x = 0.25 highlighting a relatively
small hysteresis. To evaluate such hysteresis, transfer characteristics was plotted in linear scale.

In this section, we showed that the incorporation of Cs on mixed cation (MA/FA/Cs) perovskite
has a strong impact on the film quality and consequently on the device performances of PFETSs.
We succeed in obtaining operational mixed cation perovskite based FETs with a gate
modulation for p and n-type carriers by growing FAo5sMAq.25Cso.2sPblzperovskite thin films.

As mixed cation perovskite is considered as a promising route for the development of more
stable and reproducible perovskite based devices [3-5] in comparison to MAPDIs, in the next
section we analyze the performances and stability of PFETs with MAPDbIz and

FA0.sMAo.25Cs0.25Pbls as active layers respectively.

In this study, we measure the devices performances of perovskite based mixed cation

FA/MA with a 25% Cs addition.

The FETSs characteristics and device performances are illustrated in Figure 4.7 and Table 4.2,
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Figure 4.7. a) Ouput characteristics b) transfer characteristics for mixed cation

FA0sMAo.25Cs0.25Pbl3 as active layers.
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Before biasing the device (red line-square in the Ip-Vg curve), the transfer characteristics for
FA0sMA0.25Cso.25Pbl3z as active layer in FETs clearly shows a field effect modulation with a
gate modulation for p type carriers exhibiting hole mobility values by up to 8.5x10™* cm?/Vs.

Whereas, the measurements obtained after consecutive cycles clearly indicate ambipolar
transport with a gate dependence for both n and p type carriers. For the same source and drain
voltage (Vps= 8V), this device exhibits a balanced electron and hole transport with comparable
electron and hole transconductance and mobility values (Table 4.2). This phenomenon is

explained with more details in chapter 3.

For the output characteristics we don’t get a saturation and we can detect the value of the
threshold voltage greater than Ve =2 V. We also measure a shift for the starting point between
3V to 6V like in MAPDI3 devices. In addition for both cases, before and after biasing, the Ip-
Vg curves illustrated in Figure 4.7 exhibit small changes in the transconductance and mobility

values for the forward and reverse scan indicating, a reduced hysteresis.

FA05MA0.25Cs0.25Pbl3
First measurement After Biasing
Vth (V) 0.53 3.4
Forward
Vth (V) 4.6 2.6
Reverse
lon/loff 490 800
Gm (nA/V) Hole - 1.3 Hole - 1.5
Forward Electron — NR Electron — 2.5
Gm (NA/V) Hole -1 Hole — 1.6
Reverse Electron — NR Electron — 2.6
H(cm?/Vs) Hole — 8.5x10* Hole — 8x10*
Forward Electron — NR Electron — 1x107
1 (cm?/Vs) Hole — 1.5x10* Hole — 8.5x10*
Reverse Electron — NR Electron — 1.5x107

Table 4.2. Device parameters of mixed cation FAosMAo25CS0.25Pbl3 perovskite field effect
transistor before and after biasing.
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By using FAo5sMA0.25Cso.25Pblz as active layer in FETS, we succeed in obtaining operational

FETSs at room temperature with a gate modulation for both types of carriers.

In the next section, we evaluate the stability and reproducibility of perovskite based field effect

transistors with FAosMAo.25Cso.2sPbls and MAPbDIs as active layers.

4.5.2. Stability and reproducibility of mixed cation and lead iodide

perovskite based FETs
Here, we evaluated the stability of perovskite based FETs with MAPDIz and FAo.sMAo.25

Cso.25 Pblz as active layers in the same geometry.

We first study the stability of these devices by operating them under consecutive Ip-Ve cycles
continuously over 14 hours as illustrated in Figure 4.8. It should be noted that the stability test
was started once we got ambipolar behavior in the transfer characteristics. The time dependent

lon/loff ratio of these curves is illustrated in Figure 4.8c.

a) 10°, b)10°
MAPbI, 10°] Q. Mixed Cation 4
~ 10", = '
< < .
e 010"
=10
10" 10"
10" et o
20 2 4 6 8 10 2 0 2 4 6 8 10
Vo) V4 (V)
©) 10000.
Mixed Cation
1000. ,
&
=2100J
_O
MAPbId o
10 S
1

0 2 4 6 8 101214
Time (h)

Figure 4.8) Continuous Ip-Vg cycles of PFETs using different active layers a) MAPbI3z and b)

mixed cation FAo.75.xMA0.25CSo.25 Pbls. ¢) Time dependent-lon/loff ratio for both transistors.
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From these transfer characteristics illustrated in Figure 4.8 a-b, we note that the devices
performances for both cases, MAPbIs and FAosMAo.25Cso.25Pbls are slightly affected with the
time after consecutive cycles of measurements. We observed that the Ip-Ve curves (Ve=-3V

to 10 V) exhibit small changes for the current after continuous biasing.

The lon/loff ratio as function of time is illustrated in Figure 4.8c. The values remain quite stable
by using either MAPDIs or FAqsMA.25Cso.25Pbl3, perovskite as active layers in PFETSs. Thus,
we confirm that these PFETSs exhibit a quite good short term stability. This relative stability
takes benefit from the hot-casting technique[2] offering the possibility to grow high quality
perovskite thin films.

On the other hand, it is reported that adding Cs cation to the mixed cation FA/MA perovskites
leads to a thermal stable composition with less phase impurities than MAPbIsz being less
sensitive to the processing conditions [10-13].

Here, we analyze this fact by plotting the maximum drain current at a fixed bias (Vg = -3V,
Vs = 8 V), the threshold voltage and mobility for both type of carriers for 20 different devices
obtained with MAPDI3 and FA0sMAo 2sCso.2sPbls respectively (Figure 4.9).

In Figure 4.9, we clearly observed that mixed cation perovskite FAqsMAo.25CSo.25Pblz based
FETs exhibit more uniform values for the maximum drain current value (Figure 9a). The
mobility values for both carriers (Figure 4.9 b and c¢) exhibit poor reproducibility with high
dispersion in their values among 20 separated devices. For MAPbI3 as active layer in FETS, a
broad device parameters distribution is observed for all the conditions.

In this section, we demonstrated that the device performances obtained with hot-casted MAPDI3
and FAosMA025Cso.25Pblz as active layers on FETs exhibit small changes after 14 hours of
continuous measurements. Moreover, reproducibility test show large dispersion values for
mobility and threshold voltage values for both types of transistors. These measurements clearly
highlight the challenging fabrication of PFETs...
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Figure 4.9. Dispersion of transistors parameters for MAPbI; and mixed cation

FA0sMAo25Cs0.25Pbls films used as active layers a) Ipmax b) hole and electrons carriers

mobility ¢) P type and N type threshold voltages.

Here in this chapter, we studied the role of Cs on mixed cation (FA/MA/Cs) perovskites
field effect transistors with the stoichiometric ratio of FAo.75.xMAo.25CsxPblz (x = 0.05, 0.15 and
0.25).
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First, we studied the film morphology. We found that higher Cs concentration such as x = 0.25
(FA0sMA.25Cs0.25Pbl3) leads to a larger grain size and more uniform thin films. Consequently,
by employing such layer as active layer in FETs, we obtained ambipolar hybrid perovskite FET
operational at room temperature with a small hysteresis in their transfer characteristics.
Whereas, lower Cs concentration on mixed cation perovskite (FAo.75-xMAo.25CsxPblzand FAg 75
xMA0.25CsxPblz) have probed to exhibit weaker device performances with a notable hysteresis.
We also performed stability analysis with FAo70MAo25Cso0sPbls and MAPbDI; as
semiconductor layer in FETs. The device performances obtained for both materials does not
suffer a marked degradation after consecutive cycles of measurements highlighting relatively
good short term stability.

Reproducibility tests highlight both types of transistors exhibit low degree of reproducibility.
However, it should be noted that further optimization would be needed to obtain a better control
during perovskite deposition in order to reduce the degree of dispersion obtained with both
materials.

These results are the first results on the stability of hybrid perovskite based FETs at room
temperature offering promising routes for understanding the charge transport properties of

hybrid perovskites.

The next chapter aims at fabricating perovskite solar cells under air conditions and nitrogen

atmosphere with organometallic lead halide perovskite.
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CHAPTER 5. PEROVSKITE BASED SOLAR
CELLS FABRICATED IN DIFFERENT

ATMOSPHERES

5.1 Introduction

Recent efforts have focused on the development of low-cost and consistent methods for
the fabrication of solar cells in air condition being a step forward in processing techniques for
the commercialization of perovskite solar cells[1-6].

Tai et al.[6] reported efficient and stable perovskite solar cells fabricated under humid
conditions (RH ~ 70%) produced on mesoporous TiO2 and using Pb-(SCNz) precursor with
power conversion efficiencies values (PCE) up to 15%. Troughton et al. [1] have developed an
anti-solvent method during perovskite spin-coating able to capture the moisture and protect the
perovskite layer. They obtained efficient solar cells with PCE up to 10% (area 13.5 cm?)

fabricated in 75% RH ambient conditions.

5.2 Introduction

In this chapter, we report both methods for preparing operational perovskite solar cells
under air (relative humidity higher than 60%) and in nitrogen glove box conditions. First, we
present the air process for perovskite deposition and solar cells fabrication and then, we

compare these results to the nitrogen atmosphere condition.

5.3 Perovskite solar cells processed under air

5.3.1 Characterization of perovskite thin film quality
First, we characterized the properties of perovskite thin films deposited using the

thermal treatment under air conditions with high relative humidity (RH > 60%). The perovskite
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precursor (CH3NH3Pbl3-x)Clx) used was a commercial solution purchased from Ossila (more

details are given in chapter 2).

Figure 5.1 shows the wavelength-dependence absorbance spectra of CH3;NH3Pbli3.x)Clx
perovskite thin films. The band-edge emission and absorption for CH3NH3Pbl3.x) Clx perovskite
were observed at 1.61eV (absorption onset at 773 nm) being in good agreements with previous

reports [7-8].
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Figure 5.1. The wavelength — dependent absorbance spectra of CH3NH3Pbl 3.x) Cl; perovskite
thin films.

The X-ray diffraction (XRD) patterns of CH3NH3Pbl;3.x) Clx are illustrated in Figure 5.2. The
data display sharp and strong diffraction peaks at 2 theta equals to 14.1° and 28.3° which
correspond to the (110) and (220) planes of the perovskite crystalline structure indicating a
orientated crystal structure as previously reported in the literature[9-11]. The perovskite thin
film deposited under humid conditions can be mildly decomposed that’s why there is another

peak at 2theta equal to 12.6° which corresponding to (001) plane of Pbls.
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Figure 5.2. XRD patterns of CHs;NH3PblIs.,) Cl, perovskite thin films on glass/ITO/ PEDOT:

PSS substrates deposited under air conditions with RH > 60%.
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The morphological analysis of perovskite thin films using the thermal treatment in comparison

with the as casting method are illustrated in Figure 5.3.

As casting

Thermal treatment during perovskite deposition

As castlng hermal treatment

..L.l-

Figure 5.3. SEM zmages (low and high magmf catlon) of CH3NH3PbI(3 x)Clxthm films
deposited under high relative humidity (RH > 60%) using different methods: a) as-casting

b) thermal treatment during perovskite deposition. c) treatment with ImageJ of perovskite

thin films of SEM images
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From the SEM images illustrated in Figure 5.3a, we can observe that the films obtained with
the as casting method are not uniform exhibiting a larger presence of non-covered zones.
However, the thermal treatment during perovskite deposition provides uniform perovskite thin
films which practically cover the entire substrate as illustrated in Figure 5.3b. Both processing
conditions show different sizes and shapes of poly-crystalline films. The morphology is related
with a network of disoriented high aspect ratio structures suggesting a significant film

roughness (some of these results will be discussed later).

The fractional surface coverage values for both conditions were estimated by setting a color
threshold on the SEM image and calculating the area above and below such threshold through
Image J software. Figure 5.3c illustrates the SEM images after the treatment with ImageJ in
where the blue and white colors represent the regions with and without perovskite respectively.
For the perovskite thin films deposited under air conditions with the as casting method, the
fractional surface coverage values drops to 46% in comparison to 95% for the film obtained

with the thermal treatment.

On the other hand, it has been observed that the humidity during perovskite deposition has also
an effect in the time needed to turn from yellow phase to the final perovskite phase (dark brown
color) during the annealing. For perovskite thin films deposited with the as casting method
under humid conditions RH > 60 %, the brown color appears 10 seconds after the spin coating
step. However using the thermal treatment, this conversion occurs after several minutes. These
observations are in good agreement with previous reports in the literature[12].

From the morphological analysis of perovskite thin films deposited under high relative
humidity, we can conclude that the moisture has a detrimental impact on the perovskites crystal
growth. The thin films are non-uniform with a very low coverage. The main effect of the lamp
is to locally reduce the moisture amount. A measurement under the lamp leads to 20% RH
compared to the room value > 60% RH. We demonstrated that using such thermal treatment,

uniform perovskite thin films deposition can be achieved under humid conditions.

Perovskite solar cells were fabricated under air conditions (RH > 60%) using the thermal
treatment during perovskite deposition as previously explained. Solar cells are also fabricated
with low coverage (as casting method) film for comparison. The device architecture used in this

study 1s illustrated in Figure 5.4 (details about the fabrication are given in the chapter 2).
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Figure 5.4. Device architecture of the inverted perovskite solar cells used in this study.

Figure 5.5 shows the current density-voltage (J-V) curves of the best perovskite solar cells
fabricated under air conditions (RH > 60%) using the thermal treatment in comparison to the
as casting method to deposit hybrid perovskite thin films. The best photovoltaic parameters of

those devices are summarized in Table 5.1.

~10
N .
= Air process
<
0
£
>
=
[72)
C- E
10
©
T
O 90| As casting
c 20 IR lamp during
8 perovskite deposition

40 05 00 05 10
Voltage (V)

Figure 5.5. Current-density curves of perovskite solar cells performed under air conditions
with high relative humidity (RH>60%) using the thermal treatment and as casting method

for perovskite deposition.

The device performances obtained with perovskite solar cells fabricated under air conditions
with the as casting method exhibit extremely poor photovoltaic performances. The photocurrent
values are very low (Jsc ~ 2.01 mA/cm?) together with a low open circuit voltage (Voc ~ 0.54

V) and low fill factor (FF ~ 0.25) leading to a PCE value of 0.27%.
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Air process Voc Jse FF | Rs*ecm? | Rsh*em? |Efficiency
w) (mA/cm?) (Q*cm?) (Q*cm?) (%)
As casting 0.54 2.01 0.25 120 50 0.27
Thermal treatment 0.92 15.63 0.38 38 210 5.46

during perovskite

deposition

Table 5.1. Device performance of the best perovskite solar cell using the thermal treatment

during perovskite deposition and comparison to the as casting method.

By contrast, we observed a marked improvement on the devices performances by using the
thermal treatment. The current density (Jsc) and open-circuit voltage (Voc) values were
drastically increased from 2.01 mA/cm? to 15.63 mA/cm? and from 0.54 V to 0.92 V
respectively along with an increase in the fill factor (FF) from 0.25 to 0.38 leading to a PCE
value up to 5.46%.

We also observed that series resistances (Rs) values were decreased from 120 Q*cm? to 38
Q*cm? indicating a reduction in the resistance of the semiconductor bulk which suggests a
better connection between perovskite and the interfacial layers. On the other hand, shunt
resistances (Rsh) values were significantly increased from 50 Q*cm? to 210 Q*cm? suggesting
a higher resistance shunting pathways due to the improved contact between the ETL and HTL
with a more uniform perovskite films. Moreover, under a small applied bias voltage the PSCs
performed with the thermal method have smaller leakage current in comparison to the PSCs
performed with the as casting method which is directly linked with the shunt resistance of the
device [13-14]. A better perovskite film quality with high fractional surface coverage

contributes also to the photon absorption[15].

The results of the statistical analysis of the photovoltaic parameters obtained from 6 devices
fabricated under air condition with both processing conditions are illustrated in Figure 5.6. The
distribution of the data is represented by a box plot which is a standardized way for graphically
depicting groups of numerical data through their quartiles. The spacing between the different
parts of the box indicate the degree of dispersion in the data whereas the end whiskers
represent the minimum and maximum of all the data indicating variability outside the upper

and lower quartiles. We can clearly observe that the devices fabricated with the thermal

102


https://en.wikipedia.org/wiki/Quartile
https://en.wikipedia.org/wiki/Statistical_dispersion

Chapter 5. Perovskite based solar cells fabricated in different atmospheres

treatment exhibit high degree of reproducibility with small degree of dispersion as illustrated

in Figure 5.6.
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Figure 5.6. Box chart of photovoltaic parameters of a series of 6 perovskite solar cells

fabricated under humid conditions.

The average and the standard deviation values of photovoltaic parameters illustrated in Table

5.2 reveal that PSCs with the thermal treatment exhibit extremely low standard deviations.

during perovskite

deposition

RH > 60 % Voc Jsc FF Efficiency
\9) (mA/cm?) (“o)

As casting 0.43+£0.03 1.3+£0.80 0.23 +£0.02 0.13+0.08

Thermal treatment 0.90 £0.01 1439+ 0.56 0.37+0.01 491 +£0.27

Table 5.2. Device performance of the average of 6 perovskite solar cells using the thermal

treatment during perovskite deposition in comparison to the as casting.
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By contrast, all the devices fabricated with the as casting method to deposit perovskite thin
films under humid conditions does not show diode characteristics or exhibit extremely poor
photovoltaic performance with high uncertainty in their performances proving the no viability
of those devices. This is mainly due to the bad film quality and low fractional surface coverage

values as previously observed in the Section 5.3.1 leading to more randomized performances.

In this section, we presented a thermal treatment during perovskite spin coating which
successfully allows the fabrication of perovskite solar cells in humid environment giving
efficiencies up to 5.46% with high degree of reproducibility. However, these devices have been
prone to exhibit a notable parasitic resistances in their performances with low and high Rsh and

Rs respectively in comparison to the literature [2,15-16] leading to reduced PCE values.

One of the key variables in the fabrication of solar cells using hybrid perovskite as
absorber material is the optimization of the processing conditions. In particular, the thickness
of perovskite films employed has a strong influence on the film morphology and consequently
on the device performances [15,17-18]. In this section, analysis of perovskite film thicknesses
correlated to photovoltaic measurements were studied.

First, we characterized the morphology of perovskite thin films with different thicknesses
deposited under air conditions using the thermal treatment during the deposition. We deposited
mixed halide CH3NH3Pbl3.xClx by spin-coating technique on the top of PEDOT: PSS coated
indium tin oxide (ITO) substrates. The perovskite films thickness was controlled by using
different spin speeds (3000 rpm, 1500 rpm and 800 rpm) for a 30 seconds spin-coating time to
obtain thicknesses of 400 nm, 800 nm and 1000 nm respectively (Figure 5.7). Note that the
thickness used in the previous section was 400 nm following previous reports in the literature
[17,19].

Figure 5.8 shows the SEM images (low magnification x5500 and high magnification x25000)
of 400, 800 and 1000 nm perovskite films.
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Figure 5.7. Dependence of perovskite layer thickness as a function of spin-coating rotation

speed.
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Figure 5.8. SEM image
different thickness deposited under air conditions using the thermal treatment. a) 400 nm; b)

800 nm; c) 1000 nm.
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We can clearly observe a degradation on the morphology with thicker perovskite film. SEM
images show that 1000 nm perovskite films do not cover the entire substrate involving a larger
presence of voids and pinholes (Figure 5.8¢c).

By contrast, the morphology with thinner perovskite films, 400 and 800 nm, exhibits better
uniformity and better coverage with a low number of voids and pinholes (Figure 5.8a and Figure
5.8b). Nevertheless, we also observed that thicker perovskite films exhibited larger grain size
in comparison to thinner layers. This observation is in good agreement with previous reports in
the literature which confirm the dependence of the grain size with the film thickness in where
thicker layers induce larger crystalline domains [17].

Figure 5.9 illustrates the fractional surface coverage values estimated from SEM analysis in
where the coverage values are gradually decreased from 95% to 90% and finally to 75 % with
400 nm, 800 nm and 1000 nm respectively.
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Figure 5.9. Dependence of the fractional surface coverage percentage as a function of
perovskite thickness film extracted from Image J and SEM images illustrated in Figure 5.8.

AFM top view images of perovskite thin films with different thickness (400 nm, 800 nm and
1000 nm) are illustrated in Figure 5.10. As expected, we can clearly observe a rougher film
with the presence of voids and pinholes with thicker perovskite thin films. The root-mean-
square roughness values (Figure 5.11) were extracted from the AFM images of perovskite films
giving Rms values of 36 nm, 76 nm and 120 nm with 400 nm, 800 nm and 1000 nm film thick
respectively.
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Figure 5.10. AFM top view images of perovskite thin films with different perovskite films
thicknesses: a) 400 nm, b) 800 nm and 1000 nm.
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Figure 5.11. Root-mean-square roughness for perovskite thin film as a function of the thin

films thicknes.

In order to correlate the previous observations with the photovoltaic device performances, we
fabricated perovskite solar cells following the device structure illustrated in Figure 5.4.
Figure 5.12 shows the current density-voltage (J-V) characteristics of the devices fabricated

with the thermal treatment in air with 400, 800 and 1000 nm perovskite thick films.

The best photovoltaic parameters of those devices are summarized in Table 5.3.
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Figure 5.12. Current-density curves of the best perovskite solar cells performed under high
relative humidity (RH) with different perovskite thicknesses.

Thickness Voe Jsc FF |Rs*cm?| Rsn*em? | Efficiency (%)
perovskite (nm) | (V) | (mA/em’) Q*en?) | (Q*enr?)
400 0.92 15.63 0.38 38 210 5.46
800 0.85 13.30 0.31 39 120 3.50
1000 0.90 18.11 0.31 35 150 5.05

Table 5.3. Device performance of the best perovskite solar cell using different perovskite
thicknesses: 400 nm, 800 nm and 1000 nm.

First, we can observe that the open circuit voltage (Voc) remains almost unchanged for different
perovskite thicknesses with values around 0.9 V. The current-density (Jsc) values are varied
without any trend from 15.63 mA/cm? (400 nm) to 13.30 mA/cm? (800 nm) and 18.11 mA/cm?
(1000 nm) respectively. Series resistance (Rs) values are slightly decreased from 38 Q*cm?
(400 nm) and 39 Q*cm? (800 nm) to 35 Q*cm? (1000 nm) while the shunt resistances (Rsh)
values are decreased from 210 Q*cm? (400 nm) to 120 Q*cm? (800 nm) and 150 Q*cm? (1000
nm) respectively. We also observed a prominent S-shape kink in the J-V curves illustrated in
Figure 5.12, which becomes more pronounced with thicker film thicknesses suggesting a
deterioration of the charge extraction as thickness increases [20-22]. The decrease in the shunt
resistance might result from the increased charge recombination driven by the notable presence
of voids and pinholes in thicker perovskite films thicknesses leading to a direct contact between

electron and hole transport layers. Consequently, the fill factor values are decreased from 0.38
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(400 nm) to 0.31 (800 nm and 1000 nm) with PCE values of 5.46% (400 nm) to 3.50 % (800
nm) and 5.05% (1000 nm) respectively.

Perovskite film thickness around 1000 nm has been prone to significant roughness with low
fractional surface coverage values however, exhibited device performances comparable with
the obtained with thinner layers such as 400 nm. This observation may be related to the larger
crystal grain size in thicker films as previously observed in Figure 5.8. Notwithstanding, due to
its bad uniformity, worse average devices performances with higher uncertainty values were
obtained. Table 5.4 illustrates the device performances of the average 6 perovskite solar cells

showing the average and standard deviations values.

From these measurements, we observed that the average Voc value remains almost unchanged
showing the same trend as observed in Figure 5.12. The average current density values are again
varied without any trend with the thickness however, a drastic increase was observed in the
standard deviation of Jsc with values around + 0.5 (400 nm), £+ 1.87 (800 nm), and +4.97 (1000
nm) mA/cm? respectively. The average fill factor values slightly decreased with the thickness
from 0.36 (400 nm) to 0.29 (800 nm and 1000 nm). Consequently, the average PCE values are
decreased as thickness increases with values of 5.05%, 2.54% and 3.42% with standard

deviations of + 0.1%, 0.56% and + 1.39% for 400 nm, 800 nm and 1000 nm respectively.

Thickness Voc Jsc (mA/ecm?) FF Efficiency
Perovskite (nm) ™) (%)
400 0.83 £0.02 13.4+0.5 0.36+0.01 | 5.05+0.1
800 0.81+0.04 11.03 +£1.87 0.28+0.01 | 2.54+0.56
1000 0.87+0.01 13.05+4.97 0.29+0.01 |3.42+1.39

Table 5.4. Device performance of the average of 6 perovskite solar cells using different

perovskite thicknesses. Averages standard deviation values are reported.

Therefore, we clearly observed a degradation on the devices performances with thicker
perovskite thickness resulting in poor devices performances with higher standard deviations.
This is driven by the strong impact of the thickness on the film morphology in where thick
perovskite films leads to a bad perovskite morphology causing a detrimental impact on the

devices performances along with more randomized performances[10,17,23]. Here, we
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optimized the conditions for the thickness of PSCs fabricated under humid conditions with a
thermal treatment during perovskite deposition to obtain reproducible devices. The best
performances were obtained with 400 nm perovskite films leading to an average PCE value of

5.05+£0.1%.

One of the major advantages of the inorganic-organic perovskite material is its simple
method of deposition. Only a simple heating step with an appropriate temperature is necessary
to remove the residual solvents and finally convert the precursor to the crystalline perovskite.
In this section, the analysis of different annealing temperature (80 °C, 100 °C and 120 °C) on
mixed halide perovskite thin films was correlated to the photovoltaic measurements.

We first characterized the morphology of perovskite thin films on ITO/PEDOT:PSS substrates
annealed at temperatures of 80 °C, 100 °C and 120 °C during 120, 90 and 60 minutes
respectively.

SEM images of perovskite thin films reveal that the annealing temperature has a strong impact
on the film morphology (Figure 5.13).

The SEM images show an increase on the grain size with the temperature. The mean grain size
at 80 °C is about 1 um and reaches 4 um at 120 °C. These observations are in good agreement
with previous reports in the literature [15,24-26] which suggest that annealing temperature
higher than 120 °C can leads to an increase of the grain size but also to the decomposition of
perovskite thin films (additional formation of Pbl> ).

The fractional surface coverage of perovskite thin films shows a significant modification from
91% (80 °C) to 79% (120 °C) exhibiting bad uniformity with the presence of large voids on the
film as illustrated in Figure 5.14. However, for 100 °C, the perovskite thin films exhibit good

uniformity and good coverage with a fractional surface coverage value of 96%.
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n
Figure 5.13. SEM images of perovskite thin films (low and high magnification) deposited

under high relative humidity (RH> 60%) using different annealing temperatures. a) 80
°C. b) 100 °C. ¢) 120 °C.
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Figure 5.14. Fractional surface coverage percentage as a function of perovskite annealing
temperature.
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In order to correlate these observations with the photovoltaic performances of perovskite solar
cells, we fabricated perovskite solar cells following the structure illustrated in Figure 5.4.

The current density-voltage (J-V) characteristics of the best devices fabricated with different
annealing temperature are illustrated in Figure 5.15. The photovoltaic parameters of these

devices are summarized in Table 5.5.
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Figure 5.15. Current-density curves of the best perovskite solar cells performed under high

relative humidity (RH) with annealing temperatures of 80 °C, 100 °C and 120 °C.

Annealing Voe Jse FF | Ry*cm? | Rsw*cm? | Efficiency
Temperature \2) (mA/em?) Q*em?) | (Q*em?) (%)
80 °C 0.9 17.62 0.26 40 134 4.12
100 °C 0.92 15.63 0.38 38 210 5.46
120 °C 0.81 10.32 0.18 42 240 1.50

Table 5.5 Device performance of the best perovskite solar cells using different annealing

temperatures.

We can observe that perovskite solar cells using annealing temperatures of 80 °C and 100 °C,
have similar photovoltaic performances with PCE values of 4.12 % and 5.46 % respectively.
This can be explained by the similarity on the film morphology achieved with films annealed
at 80 °C and 100 °C, resulting in similar Voc and Jsc values. However, the Voc and Jsc obtained
with 120 °C are significantly decreased with the temperature from 0.9 V to 0.81 V and from
17.62 mA/cm?to 10.32 mA/cm? respectively leading to a poor PCE values of 1.50%. Moreover,

as the annealing temperature increases, for voltages larger than 0.5 V limitations by the series
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resistance become more apparent leading to a prominent S-shape kink in the J-V curves (Figure

5.17) suggesting a deterioration of the charge extraction[20-22].

Table 5.6 illustrates the devices performances of the average of 6 perovskite solar cells with

different annealing temperatures.

Annealing Voc Jsc (mA/em?) FF Efficiency (%)
temperature (°C) ™
80 0.8+0.09 6.16 £4.58 0.30 £0.03 1.46 £1.06
100 0.83 £0.02 13.4+0.5 0.36 £ 0.01 5.05+0.1
120 0.7 +£0.04 7.80 £2.06 0.2+0.01 1.10 £ 0.31

Table 5.6. Device performance of the average of 6 perovskite solar cell using different

perovskite thicknesses showing the averages and standard deviation values.

We clearly observed that 100 °C shows better photovoltaic performances in terms of
reproducibility with smaller standard deviations. The average current density is decreased from
13.4 mA/cm? (100 °C) to 6.16 mA/cm? (80 °C) and 7.80 mA/cm? (120 °C) with a significant
increase on the standard deviation values from + 0.5 to + 4.58 and £ 2.06 mA/cm? respectively.
The average fill factor value is decreased from 0.36 = 0.01 (100 °C) to 0.30 = 0.03 (80 °C) and
0.20+0.01 (80 °C). Consequently, the average of the PCE values is significantly decrease from
5.05+0.1% (100 °C) to 1.46 £ 1.06% and then 1.10 £ 0.31% (80 °C and 120 °C) respectively.

Here, we can state that a suitable temperature annealing should be chosen to ensure the
evaporation of the solvent and the crystallization of perovskite material in order to obtain good
perovskite film morphology under humid conditions. The best devices performances were
obtained with 400 nm perovskite films annealed at 100 °C. Annealing temperature around 80
°C has probe to be the optimum annealing temperature to obtain good perovskite film quality
in terms of coverage however, it provides worse devices performances in comparison to 100

°C.

Therefore, in this section we optimized conditions for perovskite solar cells fabricated under
humid conditions. We have found that the optimum annealing temperature and thickness are
100 °C and 400 nm respectively resulting in a power conversion efficiencies around 5.46% with
high degree of reproducibility. However, notable parasitic resistances lead to a reduced PCE

values in comparison to reported values nowadays in the literature [16,20-22].
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5.4 Perovskite solar cells processed under nitrogen ambient

5.4.1 Comparison of perovsKkite solar cells fabricated under different

atmospheres

The majority of perovskite solar cells reported are fabricated under nitrogen ambient to

maintain a controlled and constant atmosphere without humidity.

In this study, we fabricated perovskite solar cells under a controlled nitrogen atmosphere (Glove
Box —P ~ 3.8 mBar, H,O < 0.1ppm, O2 ~ 0.5ppm) and we compare to the air process. The
thickness and annealing temperature for perovskite deposition used in this study were 400 nm
and 100 °C respectively following the optimum conditions of the previous section and previous

reports in the literature [4,27-28].

Figure 5.16 shows the current density-voltage (J-V) curves of the best device fabricated under

air condition and (RH > 60%) and in the nitrogen atmosphere.
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Figure 5.16. Current-density curves of the best perovskite solar cells performed under

different atmospheres, humid environment and nitrogen atmosphere.

The best photovoltaic parameters of these devices are summarized in Table 5.7.
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Atmospheres Voe Jsc FF Rs*em? | Ra*em? | Efficiency
\%) (mA/cm?) (Q*em?) (Q*em?) (%)
Air process 0.92 15.63 0.38 38 218 5.46
N2 process 0.79 17.11 0.47 17 3545 6.35

Table 5.7. Device performance of the best perovskite solar cells fabricated under different

atmospheres

From the Figure 5.16 and Table 5.7, we can clearly observe a marked improvement on the
devices performances fabricated under nitrogen conditions. The Jsc values are increased from
15.63 mA/cm?to 17.11 mA/cm? and fill factor (FF) is also increased from 0.38 to 0.47; which
resulted in an enhancement of about 15% for PCE from 5.46% to 6.35%.

Rs values are significantly decreased from 38 Q*cm?”to 17 Q*cm? indicating a better contact
between perovskite and the interface layers induced by a better control on the perovskite
deposition. These observations suggest an improved interfacial connection reducing thus the
series resistances and improving charge extraction. Moreover, Rsh values are drastically

increased from 218 Q*cm % to 3545 Q*cm? indicating lower charge carrier recombination.

This overall improvement on the devices performances is mainly due to fact that processing
solar cells under a nitrogen conditions facilitate the development of perovskite films under a
constant and inert atmosphere (P ~ 3.8mBar, H>O < 0.1ppm, Oz~ 0.5ppm) which tremendously
improves the perovskite film characteristics. As previously reported, perovskite layers cast in
air conditions exhibit smaller grain sizes in comparison to those cast in N> related to a more
efficient perovskite nucleation, probably due to the presence of moisture in the air[12,29-30].
Thus, large grain size reduce the total grain boundary leading to a reduction in the film defects
and consequently the charge recombination due to the reduced charge trap density[31].
Moreover, larger grain sizes also improves the quality of the contact between perovskite and

the interfacial layers[15].

Table 5.8 and Figure 5.17 show the statistical analysis of the photovoltaic parameters of a series

of 6 perovskite solar cells fabricated under different atmospheres (air and nitrogen).
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Atmospheres Voe (V) Jsc (mA/cm?) FF Efficiency (%)
Air process 0.90+0.01 | 14.39+0.56 | 0.37+0.01 491 +£0.27
N2 process 0.70+0.08 14.07 £ 1.5 0.42+0.34 434+1.12

Table 5.8. Device performance of the average of 6 perovskite solar cell using different

perovskite thicknesses showing the averages and standard deviation values fabricated under

different atmospheres.
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Figure 5.17. Box chart of photovoltaic parameters of a series of 6 perovskite solar cells

fabricated under nitrogen and air conditions
We achieved very similar average PCE values processing perovskite solar cells under air and

nitrogen conditions with values of 4.91 £ 0.27 % and 4.34 + 1.12 % respectively as illustrated

in Figure 5.17.
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The devices fabricated under air condition exhibit a higher degree of reproducibility with
smaller standard deviation for parameters such as: Jsc = 14.39 £ 0.56 mA/cm?, Vo= 0.9 £ 0.01V,
FF =0.37 £ 0.01 and PCE = 4.91 £ 0.27 in comparison to 14.07 + 1.5 mA/cm?, 0.70 + 0.08 V,
0.42 + 0.34 and finally a PCE of 4.34 £ 1.12 % respectively.

This proves that the technique used in this thesis to fabricate perovskite solar cells under humid
environment exhibit good reliability in PSCs performances. However, as previously observed,
the device performances of perovskite solar cells fabricated in air are limited by the parasitic
resistances leading to reduced PCEs values in comparison to the reported ones nowadays in the

literature [16,20-22].

Hole transporting material (HTM) plays an important role on the perovskite solar cell

performances in terms of charge transport and recombination[32-34].

In this thesis, we used the common PEDOT: PSS (poly (3, 4— ethylenedioxythiophene): poly
(styrenesulfonic acid)) which is a conjugated polymer widely used as HTL in organic
optoelectronics. However, it has been reported that the PEDOT: PSS exhibits poor electrical

properties like low conductivity, hindering the charge transport within the layer[50].

In order to improve the solar cells performances, we modified the electrical properties of the
PEDOT: PSS. In particular, we modified the conductivity of the material by the addition of a
polar and high boiling point organic solvent into the PEDOT: PSS solvent. By adding 5%
DMSO to PEDOT: PSS solution, we were able to increase the conductivity values from original

values 0f 0.022 S/cm to 4.27 S/cm.

Morphological characterization was carried out by AFM analysis on PEDOT: PSS thin films
deposited on glass/ITO substrates (Figure 5.18).

The root mean-square roughness value of PEDOT: PSS are 1.9 nm and 3.5 nm without and with
DMSO solvent addition respectively. We obtain an increase of the grain size for the high

conductivity PEDOT: PSS of a factor 2.
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Figure 5.18. Top AFM images PEDOT: PSS films a) without additional treatment b) with
DMSO treatment.

In order to examine the effect of DMSO addition in PEDOT: PSS solution on the device
performances, inverted structure devices were fabricated.

Figure 5.19 shows the current density-voltage (J-V) curves of the best device fabricated under
a controlled atmosphere using PEDOT: PSS modification (5% DMSO addition) in comparison
to the standard PEDOT: PSS.
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Figure 5.19. Device performance of the best perovskite solar cells using pristine and 5%
DMSO in PEDOT: PSS solution.

The best photovoltaic parameters of this solar cell are summarized in Table 5.9.
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Voc Jse FF Rs*em? | Rsw*em? | Efficiency
) | (mAcm?) Q*em?) (Q¥em?) (%)
PEDOT:PSS 0.79 17.11 0.47 17 3545 6.35
PEDOT:PSS with 0.65 22.82 0.55 3.45 150 8.16
DMSO modification

Table 5.9. Device performance of the best perovskite solar cells fabricated under nitrogen
conditions with PEDOT: PSS modification.

We can clearly observe a marked improvement on the device performances with a 5% addition
of DMSO on PEDOT: PSS solution leading to PCE values up to 8.16%. Series resistance (Rs)
values are greatly decreased from 17 Q*cm? to 3.45 Q*cm?. DMSO addition into the HTL
(PEDOT:PSS), leads to a more conductive film which results in a decrease in the series
resistances values suggesting a more efficient charge transfer between the perovskite and
DMSO-treated PEDOS:PSS. By contrast, there is a drop in the shunt resistance which may be
related to the changing morphology of the PEDOT: PSS layer which exhibits rougher film
thickness. As the perovskite /PEDOT: PSS interface becomes rougher, surface recombination

are higher having a direct impact on the shunt resistances values [20-22,35].

The above observations lead to an increase on the Jsc and FF values from 17.11 mA/cm? to
22.82 mA/cm? and from 0.47 to 0.55 respectively. Thus, we can see clearly and obvious

improvement on the device performance by the addition of DMSO on the HTL.

We succeed in reducing the overall parasitic resistances in the device performances of
perovskite solar cells by increasing the conductivity of PEDOT: PSS which hinders the charge
transport leading to a PCE values up to 8.16%.

One major challenge to commercialize perovskite solar cells is their environmental
instability. Degradation factors, like thermal and chemical instabilities, moisture and oxygen,
extreme light exposure can strongly affect the stability of perovskite solar cells.

As it was mentioned before, most of the perovskite solar cells are fabricated under a controlled
atmosphere with an inert gas. However, the characterization of these photovoltaic devices are
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carried out under ambient conditions in where a significant performances degradation with time
is usually observed and even if the samples are encapsulated. Some reports have attributed the
origin of such degradation in the devices performances to UV light exposure and UV-induced
heating damage to the active layer[36-38].

For this reason, good encapsulation of perovskite devices is of critical importance for increasing
device life time. First, in order to evaluate the reliability of the encapsulation with such resist
for perovskite solar cells fabricated in nitrogen, we measured the power-voltage characteristics

before and after the encapsulation as illustrated in Figure 5.20.
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Figure 5.20. Normalized power —voltage dependent of perovskite solar cells before and after

encapsulation

We can observe that the open-circuit voltage of the perovskite solar cells does not change after
the encapsulation of such devices. On the other hand, the maximum power (Pmax) achieved
with the encapsulated perovskite solar cells show a slight decrease in theirs values of a 10%
indicating thus, a quite efficient encapsulation.

Stability tests were performed in order to analyze the time and ambient effect on the device
performances. We performed continuous measurements on the device by monitoring the power-
voltage characteristics under light illumination in atmospheric condition (25 °C, 60 % humidity)
during 24 hours (Figure 5.21).
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Figure 5.21. Stability as a function of time for encapsulated solar cells under light

illumination.

The power- time characteristics exhibit a degradation in the maximum power of a 30% after 24
hours highlighting therefore low stability under light illumination and humid conditions.

Here, we also performed stability test on perovskite solar cells fabricated under humid
conditions, however these devices were rapidly degraded with the time. This observation is in
good agreement with the fact that the morphology of perovskite films may influence the

stability of the devices performances in air[39].

In this chapter, we presented the fabricated perovskite solar cells in air and in N3
ambient. We analyzed the thicknesses and the annealing temperature effect for the perovskite
thin films in order to optimize the processing conditions. The optimum condition for air
deposition is a 400 nm-thick perovskite film annealead at 100 °C leading to solar cells
efficiencies values up to ~ 5% =+ 0.3 %. Finally, by modifying the HTL of perovskite solar cells
by adding DMSO to PEDOT: PSS solution, we could achieve around 8% PCE solar cells

fabricated under a controlled atmosphere.
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Conclusion and perspectives

The objective of this thesis was to fabricate operational perovskite based field effect

transistors (FET) and solar cells.
1) Perovskite based field effect transistors

The goal assigned at Light to Energy team leaded by Aditya Mohite from Los Alamos National
Laboratory (LANL) was to obtain perovskite based FETs working at room temperature. We
used the previously developed hot-casting technique by Nie et al. [1] to grow continuous,
pinhole-free, highly crystalline and millimeter-scale perovskite crystals. We succeeded in
obtaining MAPbI3 perovskite FETs operational at room temperature without need of
illumination. We demonstrated the operation of PFETs with gate modulation for the p type
carriers. Device simulations were performed by Nicolo Zagni and Muhammad A. Alam in order
to understand the obtained performances (10 A level of current, low mobility of 0.1 cm?/V.s).
After consecutive cycles of measurements, we obtained ambipolar transport characteristics
where the perovskite’s fermi energy can be successfully modulated by the gate voltage allowing
both electron and hole transport in the conduction band and valence band respectively. These
devices exhibit small hysteresis with few degradation in transport characteristics after
consecutive cycles during 14 hours highlighting thus, short-term stability operation. We also
investigated systematically the impact of channel dimension and dielectric layer between gate
and perovskites. We confirm that higher channel length on PFETS leads to higher number of
defects and grain boundaries across the channel inducing higher charge recombination rate
resulting thus in lower device performances with a notable hysteresis in theirs transfer

characteristics.

The analysis of the FET characteristics and the capacitance as a function of different dielectrics
(SiO2, SisNs and HfO2) show that the fundamental challenge in the literature for the
demonstration of perovskite-based FETSs is the screening of the gate electric-field by ionic
vacancies. By using high-k dielectric as gate insulator we were able to passivate the charge
vacancies and obtain the carrier modulation achieving operational field effect transistors at
room temperature. However, by using low-k dielectrics such SiO2 or SisNs the transfer

characteristics exhibit a very weak gate modulation. For SiO> as insulator we obtained a large
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hysteresis between the forward and reverse scan hindering thus, the extraction of the main

device parameters.

Moreover, we employed mixed cation perovskite layer with a stoichiometric ratio of
FA0.75:xMA0.25CsxPbI3 with x=0.05, 0.15 and 0.25 as active layers on field effect transistors to
study the film quality and device performances. The results obtained reveal that the device
performances of PFETs are improved with the amount of Cs on the mixed cation system
(FA/IMA/Cs).  Although high quality perovskite films were obtained with
FA06MA0.25CS0.15Pb13 and FA0.7MA0.25Cso0.0sPbI3 any good devices were obtained with those
concentrations. However, by employing the optimized stoichiometric ratio as active layer
(FA0.25sMA05Cs0.25Pb13), we succeed in obtaining PFETS operational at room temperature with
small hysteresis, high transconductance, with an lon/Ioff ratio >10%, short-term stable operation

and better degree of reproducibility.

The literature shows the difficulty to obtain FET device based on perovskite (low temperature
operation, required illumination, huge hysteresis) and here we fabricate for the first time a room

temperature operating FET devices in dark conditions.

Perspectives

Our results elucidate the key principles for achieving gate modulated carrier transport
in hybrid perovskite thin films. The demonstration of operational perovskite FETs at room
temperature provides an excellent and viable platform for study the charge transport properties.
Advanced functionalities can be explored such as ultra-low light or radiation detection

modulated by the gate electrical field among others[4-6].

However, further analysis and understanding would be needed in order to obtain a high

efficient perovskite based field effect transistors with better current voltage characteristics:

1. Increase the low current values measured in the case of PFETs. The first simple idea is
to decrease the channel length just by using the geometrical effect. Consequently, the
amount of defects will decrease in the channel due to the decrease of the number of

grain boundary.

This step must overcome the hydrophobicity of the perovskite solution on the gold
electrodes. In our case, any devices below L = 70 um were obtained. The solution could

be a plasma treatment of gold to increase the wetability.
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1)

. As grain boundary can affect the FET performances, the addition of bifunctional organic

materials (4-ABPACI) in MAPDI3 precursor solution could help to passivate the defects
[12].

. Analyze the ion diffusion inside perovskite layers by using low temperature

measurements on each dielectric based devices.

. The use of other different dielectrics (such Al2O3 or Ta>Os or Cytop) would be helpful

to fully understand the origin of the aging effect on the device performances and
determine if the n-type transport observed in this thesis comes from the
semiconductor/dielectric interface or from the passivation of the vacancies.

Increase the reproducibility of the device fabrication by better control the hot casting
technique deposition in terms of temperature.

Study on our Schottky barrier FET the effect of the metallization on the device

performances.

Perovskite solar cells fabricated under different atmospheres

The objective of this work is the fabrication of solar cells in nitrogen controled

atmospheére and in air conditions. We used a thermal treatment during perovskite deposition

which consists in set up an infrared lamp on the top of the spin coater to avoid the moisture

impact. This technique allows us to obtain reproducible perovskite solar cells fabricated under
humid conditions (RH>60%) reaching PCEs up to 5,05 % + 0,1. The perovskite thicknesses

and annealing temperature were optimized to obtain the maximum efficiency. The best

perovskite solar cells with 8% PCE were obtained under a nitrogen atmosphere.

Perspectives

The air process shows very low efficiency compared to the literature and for the same solution

we obtain 8% in nitrogen.

Further optimization could be done in order to improve the devices performances:

1. The use of the anti-solvent technique during the perovskite deposition allows to form

an intermediate MAI-PDbl>-solvent to delay the crystal growth of perovskites. It has been

reported that solvents such Ethyl acetate acts as a moisture absorber during the spin-
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coating which allows a better control on the growth and morphology of perovskite films
in humid environments.

2. using inorganic metal oxides as ETL and HTL such NiO or ZnO or TiO2 [9,11 to obtain
an efficient charge collection improving consequently the device performances.

3. Incorporating additives such as imidazolium iodide, PCBM or alkali metal ions in the
perovskite precursor solution [13] to control the rate of perovskite crystallization. This
facilitates the nucleation and modulates the kinetics of crystal growth during

crystallization [14].
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Résumé en Frangais

Les pérovskites hybrides organiques-inorganiques sont un groupe de matériaux décrit par la
formule chimique générique AMX3 (A = cation organique, M = cation métallique et X = anion
halogeéne). Ces matériaux ont fait ’attention de nombreuses recherches durant ces derniéres
annees principalement dans le domaine des énergies renouvelables ou ils démontrent des

performances exceptionnelles.

En effet les rendements de conversion d'énergie des cellules solaires a base de pérovskite
hybrides ont été considerablement améliores, passant d'environ 3,8% [1] en 2009 a environ 22%
actuellement [2-4]. Ces rendements sont alors tout a fait comparables a ceux des cellules
solaires a base de silicium permettant ainsi une réduction des colts technologiques par
I’utilisation de ce nouveau matériau [5,6]. Les propriétés exceptionnelles des pérovskites
organométalliques sont attribuées au fait qu’ elles associent les avantages des composés
inorganiques cristallins a ceux des molécules organiques, ce qui permet I’obtention d’une faible
masse effective, une importante absorption optique, une faible énergie de liaison de I'exciton a
température ambiante et une faible densité de piéges et de défauts [7-13]. Ces propriétés
exceptionnelles peuvent aussi étre utilisées dans d’autres dispositifs optoélectroniques tels que
les détecteurs de rayonnement (rayons gamma et rayons X) [14,15], les lasers a pompage
optique [16], les diodes électroluminescentes (DEL) [ 16,17] et les transistors a effet de champ
(FET) [18-20].

Cependant, bien que les systemes photovoltaiques montrent d'excellentes performances, les
pérovskites hybrides organiques-inorganiques présentent des inconvénients pratiques limitant
le passage a la production. Plusieurs problémes majeurs demeurent comme : la toxicité du
plomb, la sensibilité de la pérovskite a I'atmosphere [21-23] et la difficulté de réalisation de
dispositifs électroniques a la température ambiante [17-19] limitant ainsi les nombreuses

applications.

Dans cette these, nous nous sommes intéressés a deux défis liés aux pérovskite hybrides: le
développement de transistors a effet de champ fonctionnant a température ambiante et le
développement d'une meéthode efficace et a faible colt pour la fabrication de cellules solaires

dans des conditions atmosphériques.

Cette thése est divisée en cing chapitres:
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Dans le chapitre 1, nous présentons 1’état de 1’art concernant les matériaux a base de pérovskite
hybrides en décrivant brievement leurs origines, leurs caractéristiques et propriétés et les
principales applications. En fonction de la composition, le groupe des pérovskites peut étre
séparé en deux catégories principales [7]: les pérovskites d'oxydes inorganiques (dont la
composition est constituée de cations inorganiques oxydes) et les pérovskites d’halogénures
(qui présentent un mélange de cations halogénés dans la structure cristalline). Les matériaux a
base d'oxyde de pérovskite sont connus pour présenter plusieurs propriétes physiques telles que
la ferroélectricité, le ferromagnétisme, la piézoélectricité et la supraconductivité. lls étaient
couramment utilisés comme piles a combustible a oxyde solide, comme membranes de
permeéation pour I'oxygene et pour la photocatalyse [25-27]. D’un autre c6té, les pérovskites
halogéneées et plus particuliérement les pérovskites hybrides (contenant un cation organique)
sont considérées comme un matériau émergent pour le développement d'applications
optoélectroniques [7-13]. La fin du chapitre se focalise sur les transistors a effet de champ et
les cellules solaires. Nous utilisons la structure transistor pour analyser les propriétés de
transport dans ces matériaux. Cependant, la réalisation de transistors a la température ambiante
a base de pérovskite reste complexe. Les cellules solaires quant a elles présentent un excellent
rendement mais nécessitent une fabrication en atmosphére contrdlée. Nous présenterons donc

les avancées récentes dans ce domaine ainsi que les principales difficultés a dépasser.

Le chapitre 2, présente les différents matériaux et les étapes de fabrication utilisées dans cette
these pour le développement de transistors a effet de champ et de cellules solaires. Les principes
de fonctionnement de base pour chaque application sont également présentés. Les transistors a
effet de champ (FET) ont été fabriqués en utilisant une structure de grille enterrée, tandis que
les cellules solaires ont été fabriquées a l'aide de la configuration inversée, comme illustré a la

Figure 1.

@~
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Figure 1. a) structure des transistors FETSs et b) structure des cellules solaires

Pour la fabrication de FET, nous avons utilisé la technique d’enduction sur substrat chauffé

développé par Nie et al. [12] pour faire croitre des cristaux de pérovskite millimétrique. Cette
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technique consiste a déposer la solution de précurseur de pérovskite (70 © C) sur des substrats
préchauffés (180 ° C), la cristallisation finale se réalise par un recuit a 100 ° C pendant 10
minutes. Dans le cas de la fabrication d'une cellule solaire a I’ambiante, nous avons placé une
lampe infrarouge sur le dessus de la tournette afin de chauffer en continu I'échantillona 70 ° C
pendant le dép6t de la pérovskite. Apres cette étape, les échantillons ont été recuits a 100 °C

pendant 90 minutes.

La derniere partie de ce chapitre est consacrée a la description des techniques utilisées pour
1I’é¢tude de la morphologie des films et la caractérisation des dispositifs, telles que la diffraction
des rayons X (XRD), la diffraction des rayons X en incidence rasante (GIWAX), le spectre
d’absorption optique, la microscopie a force atomique (AFM), microscopie é€lectronique a

balayage (SEM) et caractérisation courant-tension des dispositifs.

Dans le chapitre 3, nous analyserons le fonctionnement a température ambiante de transistors a
base de pérovskite hybride MAPDI3 (iodure (1) de méthylammonium (MA) et de plomb (Pb))
dans des conditions d'obscurité. Nous décrivons d’abord la morphologie des couches minces de
pérovskites en utilisant des images optiques, la diffraction des rayons X et des mesures
d’absorbance. Ces résultats confirment le fait que nous obtenons des films minces
polycristallins dont la taille des cristallites est de 1’ordre de la centaine de micrometres. Nous
avons utilise MAPDI3 en tant que couches semi-conductrices pour réaliser des transistors a effet
de champ. Différents diélectriques d’isolant de grille ont été testés et les meilleures
performances ont été obtenues avec du HfO». Les dispositifs montrent une modulation pour des
porteurs de type p avant polarisation (Figure 2) et un comportement ambipolaire ensuite.

-5V MAF’blE i
o] en-dV 1074
10 -y
g |- 2
:D 1074 = 0V f _ 010

2

g - -10 |
ok A 10

2 0 2 4 B 8
VEE(V)

Figure 2. Caractéristiques de sortie et de transfert des FET a base de pérovskite MAPDIs.

L’origine du courant de type n peut étre attribué a une conduction par les pie¢ges et les defauts
d'interface. De plus dans le cas de notre dispositif a barriére Schottky, il est souvent observe un
comportement ambipolaire par ’injection d’¢électrons a travers la barriere. Néanmoins, une

analyse plus poussée serait nécessaire pour bien comprendre ces phénomenes.
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Nous avons également étudié I'impact de la dimension du canal sur les transistors. Une plus
grande longueur de canal entraine un nombre plus éleve de joints de grains dans le canal et par
conséquent, des performances plus faibles. On notera que nos dispositifs présentent une

hystérésis notable sur leurs caractéristiques de transfert.

Au chapitre 4, nous utilisons la pérovskite hybride contenant comme cation du Césium et du
formamidinium (FA) dont la composition est FAo75xMAo25CsxPbls. La combinaison du
Césium (Cs) et du Formamidinium permet d’obtenir une meilleure stabilité en température, ceci
a par ailleurs déja été étudié dans la littérature [28,29]. Nous étudions la morphologie du film
de perovskite a cations mixtes avec différentes concentrations de Césium (x = 0,05, 0,15 et
0,25). Les résultats indiquent qu'une concentration de Cs de x = 0,25 conduit a une meilleure
qualité de film et a de meilleures performances du dispositif avec une hystérésis réduite et des
valeurs de transconductance élevées (Figure 3). Nous avons également effectué une analyse de
stabilité et de reproductibilité des FET a base de FAosMAo.25Cs0.25Pbls et MAPbIs mettant en
évidence un fonctionnement stable a court terme ou les dispositifs présentent une faible

dégradation aprés 14 heures de mesures en continu.
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Figure 3. Caractéristiques de sortie et de transfert des FET a base de perovskite a cations

mixtes.

Le chapitre 5 présente les cellules solaires fabriquées dans le cadre de cette these. Nous avons
¢tudi¢ deux conditions de synthese, soit sous atmosphere controlée d’azote, soit sous air
(conditions d’humidité et de température habituelles). Pour la fabrication de cellules solaires a
base de pérovskite dans des conditions atmosphériques, nous avons mis en place un traitement
thermique lors du dép6t de pérovskite afin de limiter I'effet d'humidité. Plus précisément, nous
avons utilisé une lampe infrarouge (IR) permettant de chauffer de maniére continue
I'échantillon & 70 °C. Une optimisation en termes de température de recuit, d’épaisseur ont

permis d’atteindre un rendement de 5%. Les cellules obtenues quant a elles sous atmospheére
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d’azote ont démontré des rendements de 1’ordre de 8% aprés 1’amélioration des résistances

séries et paralléle de ces cellules (Figure 4).
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Figure 4. Densité de courant de cellules solaires a base de pérovskite réalisées sous air et sous
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Résumé : L'objectif de cette these était 1’étude de dispositifs électroniques a base de
pérovskites hybrides. Dans ce cadre nous avons développé et fabriqué des transistors a effet de
champ (FET) ainsi que des cellules solaires a base de perovskite.

Dans le cas des transistors, en utilisant des couches minces de pérovskites hybride hautement
cristallisées nous avons réalisé des transistors ambipolaires fonctionnant a la température
ambiante et présentant une hystérésis faible, une transconductance élevée (pour ce type de
matériau), et un rapport lon / lo> 10%. Dans le cadre de cette thése 1’utilisation de plusieurs
diélectriques nous a permis d’obtenir une forte modulation de la conductance du canal avec
des tensions de grille relativement faibles (4-6V). Dans ce cadre 1’oxyde d’Hafnium de
permittivité relative &=23.5 a montré de trés bonnes performances et une trés bonne
compatibilité pour la croissance de pérovskite hybride.

Apres plusieurs étapes de polarisation les dispositifs ont présenté un fonctionnement stabilisé
et ont été mesurés au cours des cycles consécutifs pendant 14 heures avec peu de changement
dans leurs performances. Nous avons mis en évidence que 1’augmentation du champ électrique
a permis la formation d’un canal de trous a l’interface. La polarisation consécutive des
dispositifs a base de HfO2/pérovskite a amené a la création d’un second courant d’électrons et
a mis en évidence un fonctionnement ambipolaire final. L’ensemble des dispositifs ont
présenté une hystérésis dont I’amplitude était parfois non négligeable. Cela a demontré la
présence de charges mobiles ioniques aux interfaces qui influence les courants de sorties du
dispositif.

Dans la derniére partie de la these nous nous sommes intéressés a la croissance de pérovskite
hybride pour la production de cellules solaires. Nous avons étudié les deux conditions de
croissance suivantes : conditions sous air normal (humidité relative> 60%) et en atmospheére
d’azote en boites a gants (humidité relative <0.1 ppm). Par ces deux voies nous avons obtenu
respectivement des rendements de conversion photovoltaique respectivement de 5% et 8%.
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Abstract : The objective of this thesis was the study of electronic devices based on hybrid
perovskites. In this context we have developed and produce field effect transistors (FETS) and
solar cells based on hybrid perovskite material.

In the case of transistors, using thin layers of highly crystallized hybrid perovskites we have
made ambipolar transistors operating at room temperature and having low hysteresis, high
transconductance (for this type of material) and a ratio of lon / lofr > 10%. In the context of this
thesis, the use of several dielectrics allowed us to obtain a high modulation of the channel
conductance with relatively low gate voltages (4-6V). Hafnium oxide with relative permittivity
er = 23.5 showed very good performances and a very good compatibility for the hybrid
perovskite growth.

After several polarization steps the devices exhibited stabilized operation and were measured
in consecutive cycles for 14 hours with small change in their performance. We have shown
that the increase of the electric field allowed the formation of a hole channel at the interface.
The successive polarization of HfO2 / perovskite-based devices led to the creation of a second
electron current and demonstrated a final ambipolar device. All the devices presented a
hysteresis with amplitude sometimes not negligible. This demonstrated the presence of mobile
ion charges at the interfaces that influence the output currents of the device.

In the last part of the thesis we focused our work in hybrid perovskite growth for the production
of solar cells. We have studied two growth conditions: conditions under normal air (relative
humidity> 60%) and nitrogen atmosphere in glove boxes (relative humidity <0.1 ppm). By
these two paths we obtained photovoltaic conversion efficiencies of 5% and 8% respectively.

139



140



