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Notations and abbreviations

Table 1: Physical Constants

Symbol Value Definition
c 299792458 m.s ! Speed of light in a vacuum
e ~1.6x107 C Elementary charge
h ~6.62 x 10734 J.s Planck constant
h ~1.05 x 10734 J.s Reduced Planck constant
k ~1.38x 1072 JK! Boltzmann constant
mo ~9.11 x 1073! kg Electron mass
€0 ~ 8.85 x 1072 m3 kg~t.s*.A Vacuum permittivity

0.1 Notations and abbreviations
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Notations and abbreviations

Table 2: Notations and Abbreviations

Definition

Egopt
FEy or VB or VBM
Ec or CB or CBM
MOS
FGA
RCA
Vor
Dit
Er
Gm or W E,,
NIR
SWIR
IR
MWIR
Vis
sccm
u.a
EQE
A
Me
mp,

m*

Transparent conductive oxide
Transition metal oxide
Electron transport layer
Holes transport layer
Tin doped indium oxide
Hydrogen doped indium tin oxide
Zinc oxide
Quantum dot
Lead sulfide
Molybdenum oxide
Nickel oxide
Silicon oxide
X-ray photoemission spectroscopy
Fermi energy level
Band gap energy
Optical band gap energy
Valence band maximum energy
Conduction band minimum energy
Metal Oxide Semiconductor
Forming Gas Annealing
Standard cleaning process before high temperature oxidation
Flat band voltage
Interface density of states
Relative permittivity
Work Function of Material m
Near infrared (0.8um < A < 1um)
Short wave infrared (1um < A < 1.7um)
Infrared
Middle wave infrared (3pm < A < 5um)
Visible range (400 nm < A <780 nm)
Standard cubic centimeters per minute (gas flow rate)
Arbitrary units
External quantum efficiency
Wavelength
Electron effective mass
Hole effective mass
Effective mass

page 7



Notations and abbreviations

page 8



Chapter 1

Introduction

1.1 Motivation and Objectives

Infrared (IR) photodetectors are considered as the "eyes" of many optoelectronic devices, capable
of converting IR light signals into an electrical response. The emergence of new applications based
on IR photodetectors and the fast growing demand for innovative solutions in the fields of au-
tomation, optical fiber communication, machine vision, military industry, food inspection, remote
sensing and metrology, agriculture and medical imaging, pose new challenges. The fabrication of
most current IR photodetectors is based on the epitaxial growth of II1I-V semiconductors (such
as InGaAs), which is difficult to scale up due to high material costs and technological difficulties.
Problems such as mismatch of lattice parameters, high thermal budget and contamination make
integration on CMOS readout circuits difficult[1, 2]. These technological issues generally lead to
devices with poor performance, such as a high operating bias or high dark currents (noise). On
the other hand, despite the fact that they benefit from advances in CMOS technology, Ge-based
IR photodetectors still have high production costs and a limited operating spectral range due
to the limited absorption of Si, with absorption maximum edge at ~ 1100 nm (indirect gap)
and Ge, with absorption maximum edge at ~ 1600 nm (direct gap) [3, 4]. To overcome above
mentioned issues, related to the high cost of semiconductors, the challenges of integrating I11-V
semiconductors and the limitation of Si and Ge photodetectors, intensive research has been
carried out on various alternatives.

In recent decades, the development of zero-dimensional (0D) materials or quantum dots (QDs)
has experienced significant growth (Nobel Prize of Chemistry 2023, A. Ekimov, L. Brus and
M. Bawendi). Among these, PbS QDs have received special attention due to their outstanding
properties, including tunable optical absorption from 600 to 2600 nm (size-dependent band
gap) and ease of synthesis in solution. PbS QDs are considered one of the most promising
materials for the next generation of IR sensors. Hence, there is a growing interest in their use in
industrial sectors. In parallel to QDs, perovskite materials are also promising candidates for IR
photodetectors due to their excellent electrical properties, such as high carrier mobility and long
carrier diffusion length, their good optical properties, i.e. light absorption capacity and tunable
bandgap (depending on composition), and above all their cost-effective synthesis process in
solution under non-vacuum conditions[5]. The fabrication of high-performance photodiodes based
on these materials (QDs and perovskites) requires, on the one hand, the realisation of efficient
holes extraction contact or HTL (electrons blocking layer) and electrons extraction contact or
ETL (holes blocking layer) and, on the other hand, the realisation of an electrical transparent
contact adapted for the IR spectrum, that allows an efficient collection of the extracted charges
from the active material at the top electrode of the device.

This thesis is part of a project focusing on the development by STMicroelectronics of the
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Introduction

next generation of infrared sensors with low manufacturing costs and improved performance
compared to current devices[6, 7]. The thesis was carried out within the collaboration between
STMicroelectronics and CEA-Leti in Grenoble. The deposition of metal oxide thin films and
TCO as well as the various characterizations were carried out in Leti’s clean rooms and laborato-
ries within the DPFT/SDEP/LDJ and DCOS/SCCS/LCEF departments. The deposition and
optimization of the PbS QD films was carried out by STMicroelectronics (Crolles 300). For the
fabrication of the photodiodes, the 300 mm Si/Ta/TiN/ZnO/PbS substrates, i.e. the PbS QD
films deposited on an optimised electron extraction electrode, were supplied by Crolles 300 mm.
In order to be processed on 200 mm tools, these substrates were cut into several smaller samples,
and our photodiode devices were fabricated by depositing the hole extraction layer (HTL) and the
transparent electrical contact (TCO). One of the difficulties with QD-based technologies is their
stability, and our studies were significantly impacted by the transfer of wafers between CEA-Leti
and STMicroelectronics Crolles. This is because PbS QDs can be rapidly oxidised or degraded
when exposed to oxygen or moisture (in the ambient atmosphere)[8]. The quality of PbS QDs
film surfaces must therefore be carefully monitored in order to achieve high performance devices.

The main objective of this research work is to realise a novel top electrode adapted to

the IR spectrum by sputtering at room temperature, thus adapted to fragile PbS QDs and
perovskite materials. This top electrode will consist of a HTL and a transparent electrical contact
(TCO). The TCO and HTL layers will first be studied individually and then integrated together
in photodiode structures. These materials will be prepared by DC and RF sputtering on an
equipment compatible with industrial developments.
For this purpose, inorganic semiconductors based on n- and p-type metal oxides were investigated
as HTL. MoO,, an n-type semiconductor with an appropriate choice of stoichiometry is the
traditionally and the most commonly used material as HTL on PbS QD films. The use of MoO,
brings a number of challenges, such as optimising the stoichiometry for efficient holes transport.
In addition to the difficulties of optimising the MoO,, stoichiometry on PbS QDs films, it is very
often necessary to use an additional layer of p-type PbS QDs film between the n-type PbS QDs
films and the MoO,, film to achieve high performance devices[9, 10, 11]. Besides MoO,, we have
also investigated other HTL materials known in the literature, in particular NiO,, which is a
p-type material. We have compared different materials and have showed that ultrathin NiO,
film could be a better alternative to MoO,, film as hole extraction layer. The optimization of
the HTL electrical and optical properties as well as their band structures during the deposition
process and at room temperature is necessary to obtain devices with the best performances.
We will be focused on the change of the properties of the different HTL as a function of their
chemical composition, and the the chemical composition has been varied by tuning the deposition
parameters.

For transparent electrical contact, we will focus on InsO3-based TCO, of which ITO is the best
known. It is well known that the optical transmission of ITO decreases strongly in the IR region
due to plasmonic absorption[12]. In this work, we will study the effects of deposition conditions
as well as Sn and hydrogen doping to define the most suitable TCO in the IR region, i.e. a
material that favours the transmission of IR photons and the collection of holes photogenerated
by the active material (perovskite or PbS QDs).

1.2 Outline

This thesis document is divided into five chapters. The first chapter is devoted to the state
of the art. It begins with the history of photodetectors, in particular IR photodetectors. The
different photodetector architectures are presented, with a focus on photodiodes. We present
some interesting applications for IR sensors as well as the development of the market for IR
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sensors between 2021 and 2031. Secondly, we present the electrical, electronic, structural and
optical properties of nanocrystals, with a particular focus on PbS QDs. The various synthesis
methods for PbS QDs are also presented. Next, we have presented the theoretical elements to
understand and optimise the electrical, electronic and optical properties of TCO, especially in
the case of InoO3 TCO. Based on classical calculations, we have shown that there is a trade-off
between the optical and electrical properties of TCO. Finally, we reviewed the optical, electrical
and electronic properties of inorganic HTLs based on transition metal oxides, focusing on MoO,
and NiO,.

In the second chapter, we present in detail the technique we used to prepare our OCT films.
We have presented in detail the PVD deposition technique as well as the tool used to prepare
the different metal oxide and TCO films studied in this thesis. We have presented the rapid
characterization techniques available in clean rooms such as X-ray reflectometry (XRR) and the
04-point resistivity measurement method. The principles of in-depth characterisation techniques
such as spectral ellipsometry, optical transmission and reflection, XPS-UPS, X-ray diffraction
are also presented. Other analysis techniques such as AFM and Hall effect measurements are
also described. In the last part of this chapter, we review the theory of MOS capacitance, the
characterization and in-depth analysis of which will enable us to determine the work function of
some of the materials studied here.

The third chapter is devoted to the study of the properties of IngO3 TCO. We report the
structural, electrical and optical properties of InoO3 TCO. We have also demonstrated the value
of hydrogen doping for the optimisation of InoOsz and Sn-doped InsOs3 films for applications
in the IR region of the electromagnetic spectrum. We then determined the work function of
hydrogen-doped ITO (H-ITO) by MOS capacitance measurements and analysis. Finally, we
present the damaging effect of ITO sputtering on H-ITO/SiO2/Si structures.

In the fourth chapter, we present the properties of MoO, and NiO, as a function of stoi-
chiometry. First, we describe the procedure for the preparation of NiOx and MoOx films. We
then report on the various studies that have been carried out on the structural, electrical and
optical properties of these materials. We present the work function of NiOx and MoOx measured
by UPS. Also, for the first time, we have determined the work function of MoOx as a function of
stoichiometry by measuring and analysing the MOS capacitances of Al/MoOx/SiO2/Si. Part of
this chapter is also dedicated to the thermal stability and ambient atmosphere of these materials.

The fifth chapter will be devoted to photodiode devices based on PbS QDs and perovskites.
Firstly, we will present a simplified fabrication method for PbS QD-based photodiodes. Secondly,
we will study the properties of the transparent H-ITO contact on photodiode performance. We
will then study the different HTL layers (NiO, and MoO,,), and show the importance of the
surface quality of the PbS film on photodiode performance. Finally, we will demonstrate the
possibility of making superior transparent electrical contacts on perovskite-based photodiodes,
validating their possible integration on CMOS readout circuits. We will also summarise the main
results obtained in this work and outline some important perspectives to be explored in the
continuation of this thesis.
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Chapter 2

State of art

2.1 Image sensors and light detectors

2.1.1 History of image sensors

The history of image sensors began in France in the 19" century. Between 1816 and 1839,
inventors Nicephore Niepce and Louis Daguerre developed a photographic technique called
the daguerreotype, in which copper plates were coated with a thin layer of polished, light-
sensitized silver. After exposure, the image was made visible by exposing the plate to mercury
vapor, creating a unique positive black-and-white image[13, 14]. In 1848, the physicist Edmond
Becquerel (who was the son of the father of radioactivity, Henri Becquerel), known for his
work in the field of electricity and especially for the discovery of the photovoltaic effect, made
an important contribution to color photography (short-lived image) [15]. In 1855, Maxwell
published his article entitled Exzperiments on Color, as Perceived by the Eye, with Remarks
on Color-Blindness in which he proposed that colors can be reproduced by combining three
primary colors (red, green, and blue), known as Mazwell’s trichromatic theory, and he also
developed the first mathematical model describing the properties of trichromatic colors [16]. In
1861, he made the first color photograph of a rainbow using his method of three primary colors,
making an important breakthrough in the field of color photography. In 1903, the Lumiere
brothers invented the Autochrome camera, the first commercially available color camera, in which
glass plates were coated with colored potato starch grains in red-orange, green, and blue-violet.
During exposure, the starch grains acted as color filters, recording the various color components
on the plate[17]. In the 1920s and 1930s, American musicians and inventors Godowsky and
Mannes, who worked for Eastman Kodak, developed an innovative process that became known
as Kodachrome [18]. The Kodachrome process consisted of gelatin layers containing dyes that
recorded the three primary colors separately. During development, these layers were treated
with special chemical reagents to produce color images. This process, based on color reversal or
slide films, revolutionized color photography at the time and continued to be used until 2009.
The era of digital imaging began with the creation of the first digital image by Russell Kirsch in
1957[19], followed by the invention of the CCD sensor by Willard Boyle and George E. Smith
in 1969[20]. In 1973, Steven Sasson developed the first digital camera[21], and in 1981 Sony
introduced the first consumer digital camera, the Sony Mavica, which stored images on floppy
disks. The advent of user-friendly graphical interfaces, such as those introduced by Apple in 1984,
made it easier to edit and manipulate digital images. Adobe played an important role with the
introduction of Photoshop in 1990, which has become the industry standard for image editing.
CMOS sensors, originally developed in the 1960s by Mohamed Atalla and Dawon Kahng[22],
have become increasingly popular due to their advantages such as low power consumption, lower
manufacturing costs, and the ability to integrate image processing circuits. It is important to
point out that the emergence of IR detectors dates back to World War II, when, thanks to the
work of Theodore Case and Albert Chapin, the thermo-bolometer emerged. The first IR diode
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detectors (IR) appeared in the 1950s, while in the 1970s the first IR CMOS image sensors were
introduced by Eric Fossum and George Smith. In the early 2000s, CMOS sensors became a
popular alternative to CCD sensors, facilitating the miniaturization of digital cameras and their
widespread adoption. Today, CMOS sensors are widely used in digital cameras, smartphones,
and other digital imaging devices[23, 24].

Among these photodetectors, infrared (IR) image sensors play a significant role in various
fields, including military applications, thermal imaging, surveillance, medical imaging, and
consumer electronics. The development of IR image sensors has seen significant advancements
over the years, including the utilization of indium gallium arsenide (InGaAs) and quantum
dot (QD) materials. IR imaging has its roots in the late 19" century when William Herschel
discovered the existence of IR radiation [9]. The first practical application of IR imaging was
during World War II when IR detectors were used for night vision The early IR detectors utilized
thermal principles, such as bolometers and thermopiles, to detect and convert IR radiation into
electrical signals [25]. In the 1960s, the development of photovoltaic detectors, also known as
photovoltaic or PV cells, marked a significant milestone in IR sensing technology. PV cells were
typically made of materials like lead sulfide (PbS) or lead selenide (PbSe), which were sensitive
to the mid-wavelength infrared (MWIR) and long-wavelength infrared (LWIR) regions [26]. In
the 1970s, the introduction of HgCdTe (Mercury Cadmium Telluride) detectors revolutionized
the field of IR imaging. HgCdTe offered a wide spectral range, including MWIR, LWIR, and
even the SWIR regions. HgCdTe detectors provided high sensitivity, low noise, and high frame
rates, making them suitable for a wide range of applications [27]. In the 1990s, indium gallium
arsenide (InGaAs) detectors gained attention due to their sensitivity in the SWIR region. InGaAs
detectors were particularly suitable for telecommunications applications, as they could operate in
the 1000-1700 nm wavelength range. The sensitivity of these detectors based on I1I-V compound
semi-conductors was achieved through band gap engineering by adjusting the indium and gallium
composition ratios [26]. In recent decades, quantum dot (QDs) materials have emerged as a
promising alternative for IR sensing applications [25, 28]. QDs are nanoscale semiconductor
crystals that exhibit quantum confinement effects, enabling precise tuning of their bandgaps
[3]. QDs materials, such as lead sulfide (PbS) and lead selenide (PbSe), have been investigated
for their potential in IR imaging [28, 29]. In this thesis, we will be particularly interested
on PbS-based IR image sensors. The increasing availability of digital visible and IR cameras
plays an important role in popularising digital imaging. The era of digital imaging has brought
constant advances in image quality, storage capacity, and sharing capabilities, changing the way
we capture, process, and share images. New technological developments will undoubtedly lower
the cost of IR photodetectors and make their use accessible to the general public.

2.1.2 Primary types of IR light detectors and image sensors operating princi-
ple

Photodetectors are semiconductor devices that electrically detect and convert optical signals
into electrical signals. At its operating wavelength, the photodetector should have high sensi-
tivity, high response speed, minimum noise, small size, low voltage, and high reliability under
operating conditions. There are several different architectures of photodetectors, including photo-
diodes, phototransistors, solar cells, and photoconductors. Each architecture has its own unique
characteristics and operating principles. Here is an overview of these different photodetector
architectures:

2.1.2.1 Photoconductors or photoresistors

Photoconductor devices operate on the principle of measuring a temporary change in conductivity
of the semiconductor under illumination (Figure 2.1.a). Commercial bulk PbS photoconductors
are commonly used for the detection of IR light in the range of 1 - 3 pm. In this range, they
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exhibit a typical detectivity of 10'° Jones (cm Hzl/g.Wl), which peaks at 10'0 Jones at 2.2 um
at 25°C when biassed at 100 V and with a rise time of 200 us [3]. The photoconductivity arises
mainly from the generation of a primary photocurrent. These currents result directly from the
absorption of photons and subsequent extraction of photoexcited charge carriers and determine
the EQE of the device. Photoconductivity can also result from the generation of a secondary
photocurrent due to the injection and transit of charge carriers from the device electrodes and
determines the photoconductive gain (G), which is expressed as:

N4 ! ?
_ T _ . _t_r 2.1.1
G Ttt 2’ (Ttt pE @V ( )

where 75, is the lifetime of the main charge carrier, 73 is the transit time of the main charge
carrier, u is the mobility of the main charge carrier, 1 is the distance between the electrodes,
and V is the applied voltage to generate the electric field E = (V/1). It can be observed that
a gain (G > 1) can be achieved in the device when 7y > 7. The dark current is a key factor
for these devices. It depends primarily on the applied electric field, the mobility of the charge
carriers, the quality of the QDs layer (dispersion and size distribution of the QDs), and the
relative band alignment of the metal electrode to the conducting band. Most PbS QDs light
guides are fabricated with gold contacts. Gold has a work function of ¢ = 5.1 eV. Therefore,
the gold contact can inject holes into the VB of the PbS QDs (since the work function of gold
matches the VB energy level of the PbS QDs), this significantly increases the hole concentration
np, leading to p-type transport [30].

2.1.2.2 Phototransitors

Phototransistors are electronic devices that combine the characteristics of a transistor and a
photodetector. The operating principle of phototransistor is similar to that of a conventional
transistor, but it is photosensitive and can convert incident light into an electric current. They
consist of three electrical contacts, gate, source and drain (Figure 2.1.b), this allows better
control of the semiconductor’s conductivity, as the gate voltage can be varied in addition to the
source-drain voltage and illumination intensity. For example, applying a negative gate voltage
induces charge carriers (holes) in a p-type PbS QDs layer, thus increasing the conductivity. The
gate electrode can therefore be used as a switch or amplifier and can also control the position of
the Fermi level, thereby establishing or removing trap states. Phototransistors based on QDs
have very low quantum efficiencies in addition to high dark currents (noise) due to low mobility
in QDs films. Therefore, they are rarely used in industrial applications. However, hybrid 0D-2D
structures (PbS-QDs on graphene or 2D-MoSs) can lead to improved performance of QDs -based
phototransistors, where the 2D material facilitates the electrical transport of charges generated
by light [31].
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Figure 2.1: PbS QDs-based Photodetectors architecture: a) schematic image describing a
simple photoconductor architecture, b) phototransistor device, ¢) p-i-n, p-n photodiode or solar
cell device vertically stacked. HTL and ETL layers are generally transition metal oxide thin film
materials with relatively low work function ¢ ~ 4 eV such as ZnO or TiOy are used as ETL,
while MoO,, NiO,, V50, or WO, with work function ¢ > 5 eV outputs are used as HTL. The
transparent electrode is a TCO, usually ITO.

2.1.2.3 Photodiodes

Photodiodes can be classified into several types, including Schottky, heterojunction, p-n, and p-i-n
types. The main architectures of photodiodes are p-i-n and p-n photodiodes. p-i-n photodiodes
consist of p-type and n-type regions separated by more or less long intrinsic region, while p-n
photodiodes consist exclusively of a p-n junction. They operate on the principle of the internal
photoelectric effect. When exposed to appropriate light, photon absorption produces excitons
(electron-hole pairs), and separation of these electron-hole pairs by an electric field produces
a photocurrent. Figure 2.1.c shows a p-n photodiode, which can be considered as a p-i-n
architecture when the PbS-QDs layer is an intrinsic semiconductor. The HTL and ETL layers
have respectively the function of hole extraction and electron transport (electron blocking) and
electron extraction and electron transport (hole blocking). The alignment of the energy levels
of the materials used facilitates the collection of electrons and holes at opposing contacts while
limiting the passage of opposite charges (reducing dark current). Photodiodes can be operated
with zero bias (photovoltaic mode), but are typically used with reverse bias (photoconductive
mode), which allows for wide bandwidth and wide linear dynamic range. p-i-n photodiodes offer
several advantages, such as high quantum efficiency, low dark current, and fast response time.
They are mainly used in optical communication systems, imaging applications and light detection
applications.

2.1.2.4 Solar cells

Solar cells typically consist of single or multiple p-n junctions, with different band gaps to
efficiently capture a wider range of the solar spectrum.

2.1.2.5 Figures of merit or performance metrics

Photodetector figures of merit provide information about theirs performances and light detection
capability. These parameters allow characterization and comparison of different types of pho-
todetectors. The most commonly used performance metrics include external quantum efficiency,
detectivity, responsivity, linearity, bandwidth, response time, and signal-to-noise ratio.
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External quantum efficiency EQE(N):
The external quantum efficiency EQE()) is the number of electron-hole pairs collected for each
absorbed incident photon.

EQE(A):(Iphe(A)) (Ihpct/(i))l (unit, %) (2.1.2)

where Ipp(A) = Iight(A) — Igark () is the photogenerated current in amperes, with Ijigp; the total
current under illumination, I44, the dark current, I,y () is the incident optical power in watts
at a wavelength A\, h is Planck’s constant, c is the speed of light and e is the elementary charge.
It is important to have a high EQE over the entire wavelength range of the photodetector. In
the particular case of QDs, the EQE spectrum is a quasi-Gaussian curve whose maximum and
half-maximum width (FWHM) are determined by the band gap and size distribution, respectively.
The EQE can be improved by optimizing the alignment of the band levels of the contacts with
the active material to facilitate the extraction of the generated electron-hole pairs, it can also be
improved by photomultiplication, i.e., collection of multiple charge carriers per incident photon
well known as a multiple exciton generation [32, 33]. The EQE can also be tuned to a specific
wavelength using an optical filter.

Responsivity R(\):
The responsivity is the ratio of photogenerated current to the incident optical power falling on
the detector at a given wavelength .

R(A):Lﬁ&) (unit, AW (2.1.3)

The spectral response of the photodetector is obtained by plotting the responsivity against the

wavelength, and usually follows the absorption spectrum of the photosensitive semiconductor
material used for the fabrication of the photodetector|[3].

Signal to noise ratio SNR and noise equivalent power NEP(\):
The SNR is the measure of the relative strength of the desired signal compared to the background
noise level. It quantifies the quality of a signal by comparing the magnitude of the signal to the
magnitude of the noise.

SNR = 20log <S Zg”“l)

2.14
oise ( )
where Signal represents the power or amplitude of the desired signal, and Noise represents the
power or amplitude of the background noise. A higher SNR indicates a stronger and more

distinguishable signal compared to the noise, resulting in better signal quality and easier detection.

The NEP()) is the minimum detectable optical power at which the electrical SNR in the
photodetector is equal to unity.

/T2
NEP()\) = 2= 2.1.5
where I,, is the noise current spectral density, and NEP()) is in units of W.Hz~%?. Total noise
current in a detector is the sum of all the noise sources. These include 1/f low-frequency flicker
noise, I, (generation-recombination noise) , the thermal noise Iy, and the shot noise Ig,.

Detectivity D*(X):
The detectivity is the most important figure of merit for photodetectors, it is used to quantify
the sensitivity of a photodetector in detecting weak optical signals in the presence of noise. It
provides a measure of the smallest detectable signal that can be reliably distinguished from the
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noise[34]. As the detectivity of a photodetector is directly proportional to the responsivity, it is
indirectly a function of wavelength, modulation frequency and applied electric field.

. VA
D'\ = Y 5oy (2.1.6)

where A is the active area of the photodetector.

Response time:

The response time is the time required to collect the photogenerated charge carriers (electrons
and holes) by the photons absorbed at the contacts with the active layer under the effect of an
applied electric field, i.e., the time required for the output signal of the photodetector to reach
(1 —e™1) = 63% of its steady-state maximum value in response to an incident optical signal. he
response time determines the detector’s ability to capture fast optical events or signals (ability to
acquire high-frequency images). This is an essential parameter for applications such as LIDAR
(Light Detection and Ranging) or the detection of hot objects against a cold background. It
is generally measured by using a "pulse’ or ’slot’ source and by studying the photodetector’s
response to rapid changes in the signal.

Dynamic range DR()):

The DR of a photodetector refers to the range of input signal power levels over which the detector
can provide a useful and reliable output. It represents the ratio between the maximum detectable
signal power and the minimum detectable signal power without saturation or excessive noise, it
is the range over which the photocurrent increases with increasing incident optical power, and
the linear dynamic range is the range over which photocurrent increases linearly with increasing
optical power. The dynamic range is typically expressed in decibels (dB) and is calculated using
the formula:

Praz(A)
DR()\) = 10log (m”> 2.1.7
o i (2.1.7)
where DR is the dynamic range, Pyq.(A) and Py () are the maximum and minimum detectable
signal powers respectively. A larger dynamic range indicates a photodetector’s ability to handle
a wide range of signal powers, from weak signals to strong signals, without losing accuracy.

Dark current density Jy:

Dark current is the electrical current that flows through a photodetector under an applied reverse
bias voltage even when no light is incident on it. It is primarily caused by the thermal generation
of charge carriers within the active material. The dark current in PbS-QDs based photodetectors
can originate from various sources, including trap-assisted tunneling due to defect states or
traps within the material bandgap, leakage current caused by the device structure imperfections
(material defects or interface states), surface recombination, PbS-QDs typically have surface
ligands, incomplete surface passivation can lead to important surface recombination processes
that contribute to dark current. Dark current can limit the sensitivity and other performances of
photodetectors, especially in low-light or high-precision applications. Minimizing dark current in
PbS-QDs based photodetectors is critical to achieve high sensitivity and good signal-to-noise ratio.
Several strategies can be used to reduce dark current, including surface passivation and band-level
engineering[35]. Improving device structure and interfaces, such as optimizing electrode materials
and interfaces[36, 37, 38, 39], can help reduce leakage currents and improve dark current. In
recent years, considerable effort has been made to reduce the dark current density in PbS-based
IR photodiodes. The most recent photodetectors have ultra low values, of the order of ~ 10~
A.cm~2 for IR photodetetors and of ~ 25.1078 A.cm™2 for SWIR photodetectors, at T = 60°C
and at high bias V = -2 V [6]. Georgitzikis et al also reported ultra low dark current density less
than 25.1078A.cm ™2 at room temperature and at reverse bias V = -1 V [40].
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2.1.3 Main applications

IR photodetectors are widely used in a variety of applications. The Figure. 2.2 shows the
applications in each wavelength range of the IR spectrum, NIR[41, 42], SWIR[43], MWIR[44]
and LWIR [45]. In surveillance and security applications, they are used to detect motion and
monitor areas even in complete darkness [29, 46], the Figure 2.3.a shows the difference between
a Vis and SWIR detector of a scene taken in a foggy atmosphere. In thermography, IR detectors
are used to measure the temperature of objects without contact and have applications in building
inspection and preventive maintenance of equipment. Another area where IR detectors convert
IR radiation into visible signals is thermal imaging, which enables fire monitoring, search and
rescue, and night vision [47, 48]. In the military and defence sectors, IR detectors are used
for target detection, night vision, and heat warning detection[1]. They also play an important
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Figure 2.2: Atmospheric transmittance and absorbing molecules versus wavelength[49], possible
IR sensors applications in different spectral bands

role in controlling industrial processes by monitoring parameters such as temperature and gas
concentration[3]. In medicine and bioimaging, IR photodetectors are used for tumour detection,
medical thermography, and vital signs monitoring [50]. Moisture is a key indicator of process
control and quality in agriculture and and food industry, IR photodetectors can be used for
sorting and inspection of products, thanks to selective imaging at the wavelengths where water
absorption is strongest, items with a high water content appear darker than drier tissues, because
water is opaque to SWIR illumination, detecting its presence or absence can be useful for assessing
the health of plants and the maturity or dryness of produces (see Figure 2.3.b and d).
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Standard camera (VIS) Imec QD camera (SWIR)

Figure 2.3: Examples of IR photodetector applications:a) Surveillance, artificial vision or night
vision, SWIR cameras reduce the effect of fog or smoke, allowing scenes not present in the visible
realm to be seen, source: Courtesy of NASA. b)Food inspection, images of cookies acquired with
a visual sensor (left) and with Imec’s quantum dot-based SWIR sensor at 1,450nm (right), the
bottom cookie had a drop of water applied to its surface, which can be only distinguished under
SWIR light, source: Imec. c¢) Checking of liquid fill levels, the fill level in the plastic bottle is not
revealed with a visible camera, whereas a SWIR camera clearly shows the fill level, source: SWIR
Vision Systems. d) Agricultural food product sorting and inspection systems, the visible image
of apple shows no bruising, while the SWIR image on right shows the fruit is clearly damaged
source: UTC Aerospace Systems.

In industrial automation, infrared sensors are used in a variety of applications, such as
detecting proximity, level (Figure 2.3.c), motion, position, and more. They enable accurate and
reliable monitoring and control of industrial processes. Common applications such as LIDAR use
IR light sensing to accurately measure the distance between the emitter and surrounding objects,
creating accurate and detailed 3D point clouds of the environment, this data can then be used
for a variety of applications in a wide range of fields[51, 52]. These applications are just a few of
many that demonstrate the versatility and importance of IR photodetectors in a variety of fields.

2.1.4 Market of IR sensors

The IR sensors market is a rapidly growing industry that focuses on the development, production,
and distribution of photodetectors capable of detecting and measuring IR radiation. The market
for IR sensors has witnessed significant advancements in recent years, driven by technological
innovations and increasing demand for non-contact temperature measurement, night vision, gas
detection, and motion sensing. IR sensors offer several advantages, such as high sensitivity, fast
response time, and the ability to operate in harsh environments. Key factors contributing to the
growth of the photodetectors market include the expanding adoption of IR sensing technology in
surveillance systems, the rising need for automation and safety in industries, and the growing
demand for consumer electronics with IR capabilities. Prominent players in the IR sensors market
include companies like STMicroelectronics|7], Omron Corporation, Texas Instruments, Murata
Manufacturing[53], etc... These companies focus on product innovations, strategic partnerships,
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Figure 2.4: Infrared imaging market size, share by spectral band, and forecast trends for
2021-2031

and mergers and acquisitions to strengthen their market position and gain a competitive edge.
Overall, the IR sensors market is poised for continued growth in the coming years as advancements
in technology drive the development of more advanced and versatile sensors to meet the evolving
needs of various industries. Figure 2.4 shows the growth of the photodetector market IR
according to Fact.MR, which is expected to double in the next ten years and reach a value of 1
billion dollars in 2031.

2.2 Lead Sulphide (PbS) colloidal quantum dots (QDs), from
engineered functionalities to applications

2.2.1 Colloidal quantum dot and basic materials physics

QDs were first synthesised in the 1980s by Louis E. Brus [54] and have attracted the interest of
various fields, especially in optoelectronics. QDs are solid semiconductor nanostructures consisting
of several hundred to thousands of atoms and have a diameter of 2 to 10 nm, corresponding to a
size range of 10 to 50 atomic lengths. QDs surface is controlled by adding surfacee ligands by the
surface ligand, to preserve the particle size and to avoids defects, which provides optical and elec-
tronic properties controlled by surface. The small size of QDs results in a high surface-to-volume
ratio, such that their properties are intermediate between those of single molecules and bulk
semiconductors, a significant fraction of the atoms making up the quantum dots are therefore
located on the surface. QDs surface states therefore play a key role in determining the properties
of these materials, by influencing luminescence, defect energy levels , doping type and charge
density. These materials have unique optical and electronic properties that depend strongly
on their size. Due to quantum confinement, they exhibit interesting phenomena, particularly
a narrow absorption peak. QDs are generally compounds of the type II-VI (HgTe, ...), IIT -V
(InSb, ...) or IV-VI (PbS ...), although there are also QDs in the form of single elements (Ge, Si
...). In this section, as in this work, we will focus specifically on the case of PbS.

Quantum confinement is a very essential aspect of QDs semiconductors. It occurs in all semi-
conductors where at least one of the dimensions is smaller than its Bohr radius of the exciton
(Wannier exciton) or the bound electron-hole pair. PbS bulk is a semiconductor with a direct
band gap of about 0.41 eV, when an electron is excited (photon absorption), the Coulomb
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interaction between the electron and the created hole is such that, the Bohr radius a; (distance
between the electron-hole pair) given by the following equation is ~ 18 nm [3].

h2ege 1 1 1
m*e2m m m; o omk

Due to the small dimensions of PbS QDs, similar to the de Broglie wavelength (spatial extension
of atomic orbitals), ~ 9 nm, which is approximately twice the Borhr radius of the exciton, there
is strong quantum confinement of electrons and holes in all three spatial dimensions, leading to
discrete quantized energy states (as in 3D quantum well or spherical quantum box) observable
in optical absorption spectrum. The confinement of the wave function leads to a tunable band
gap of the QDs over a broad energy range between 0.6 -1.6 €V, depending on the average QDs
size. For a spherical quantum well with zero potential inside the box and infinite outside, the
Hamiltonian gives eigenergies as:
ne?
LT omrR2
where, m* is the effective mass of the particle, and R is the radius of the nanocrystal. The
coefficient ®,,; is the nt" zero of the " spherical Bessel function. numbers n, 1 and m are the
same as used in the atomic notation of states, for example, n = 1, 1 = 0 would be the 1S state.
The following experimentally determined relationship is useful to determine the band gap width
E, as a function of the diameter d of the QDs and vice versa [55].

(2.2.2)

1
0.0392d? 4 0.114d

E, =041+ (2.2.3)
As direct band gap semiconductors, PbS QDs also have a large molar absorption coefficient,
reaching ~ 105 M~L.em™! at 400 nm [56].

2.2.2 Optical, electronic properties and charge transport in QDs film

In QDs, electron states in the conduction band and the hole states in the valence band are
quantized. Figure.2.5 shows the density of states for a bulk semiconductor compared to
semiconductor QDs. Starting from a continuum of the density of states in the bulk, as the
size of the dot decreases, the separation between energy levels increases, and it increases more
dramatically near the band edge. The states near the center of the band are still close enough to
be considered continuous. The absorption spectrum of a bulk semiconductor is continuous, but
in QDs, it consists of a series of discrete transitions with very high absorption intensity at the
transition wavelengths (energies).
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Figure 2.5: Change in energy levels as a function of QDs size. The QDs materials show the
individual energy levels which can be calculated using the particle-in-a-box model. As the crystal
grows large it approaches the bulk semiconductor state with energy bands separated by the
bandgap energy Eg

Although there are no real bands in QDs, the term interband is used to refer to a transition
between a level from the valence band and a level from the conduction band, and intraband
to refer to a transition between two levels from the same band. Thus, the smallest interband
transition energy is the energy difference between the last level of the valence band 1S and the
first level of the conduction band 1S, is:

2 *
2R s omy

2p2 (1 1
18, — 18 ~ By + ~ 1 (— + > + B, (2.2.4)

Where R is the radius of the nanocrystal and F, is the Coulomb interaction energy between the
hole and the electron, also known as the exciton binding energy. Thus, for the 1.5, — 15}, interband
w2 [ 1 1
2R? ms  mj
to the band gap energy of the bulk material. The band gap energy Eg is directly related to the
size of the QDs by the Equation 2.2.3.

The electronic properties of QDs are defined in terms of the energy levels of the individual
dots, the coupling between dots, and their structural arrangement. Silver nanoparticles of 4 nm
separated by 0.5 nm or gold nanoparticles of 5 nm separated by butane dithiol ligands or by
shorter ligands were reported to be metallic. In contrast, semiconducting QDs with similar or
higher monodispersivity initially did not even exhibit ohmic transport. By controlling the Fermi
level with charge transfer doping and an efficient ligand exchange procedure, ohmic conductivity
can be achieve in some monodisperse QDs with mobilities up to 1072 cm?.V~1.s71[57]. However,
this conductivity decreases with temperature, indicating insulating behaviour unlike metal
nanocrystals, even with very short ligands[58]. The conductivity in QDs must follow certain

transition with the lowest energy, quantum confinement adds the energy + E.
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rules, there must be partial state occupancy in QDs, and charges must be able to move from
one state to another between QDs on a reasonable timescale. In addition, the disorder in the
QD films must be taken into account. The charge transport in QDs film can be described by a
combination of several mechanisms:

Band transport-hopping transport: In QDs film, electrons and holes are confined within a discrete
energy level structure due to their small size. The charge transport can occur through the
energy bands, similar to bulk semiconductors. In this case, the charge carriers move by hopping
between neighbouring QDs, and the transport behaviour is influenced by the energy levels,
density of states, carrier concentrations and the distance between neighbouring QDs. Due to
disorder, it is difficult to obtain band conduction in QDs. Band formation requires coupling
greater than disorder energy. Even in ordered systems, sufficient electron-electron repulsion can
split the band, leading to the Mott insulator[59], but more often disorder localises the electrons,
as in Anderson localisation[60]. Weak transmission due to variations in confinement energy,
electron-electron repulsion and variations in coupling and thermal broadening leads instead to
hopping conductivity, the mobility in the hopping regime derived from Einstein-Smoluchowsky
equation is given by[57]:

ed*E, E,
oy = w61 - 2 (2.2.5)

where d is center to center distance between two neighbouring dots, E, is the activation energy
(Eq ~ 0.02 - 0.05 eV, depending on ordering in QDs film), § is the attenuation of the wave
function (8 ~ 0.9 - 1.2 A1, 1 is dot separation( edge-to-edge spacing), h and k are the Planck
and the Boltzmann constants respectively.

Trap-assisted transport: QDs generally have surface defects and trap states that can capture and
release charge carriers. These trap states act as localized energy levels within the band gap, and
charge carriers can be trapped and transported between the QDs via these states. Trap-assisted
transport can significantly affect the charge carrier mobility and overall transport characteristics
in QDs film.

Tunnelling transport: Quantum tunnelling is a phenomenon where charge carriers can cross an
energy barrier by exploiting their wave-like nature. In QDs, charge carriers can tunnel through
potential barriers, allowing them to move between neighbouring quantum dots. Tunnelling
mechanism becomes more significant when the inter-dot spacing is small and the the energy
barriers. The tunnelling rate between two orbitals of QDs neighbors can be approximated by[61]:

T ~ exp{—2(2m*AE/h*)"/? Az} (2.2.6)

where m* is the electron effective mass, AF is the the height of the tunnelling barrier and Ax are
and width of the tunnelling barrier or the shortest edge-to-edge distance between the dots. If the
barriers between dots are sufficiently small, the quantum dot array is analogous to a covalently
bonded solid, even though the coupling ligand itself is much more complex than a single bond.
Surface ligands contribution: QDs are typically coated with organic ligands or inorganic surface
passivators to protect the QDs and control their electronic properties. These ligands can
influence charge transport by affecting the carrier mobility, inter-dot coupling, and energy level
alignment[61]. Ligands may form a tunnelling barrier or provide an additional charge transport
pathway.

Additionally, in the case of PbS QDs, the type of ligand controls the type of electrical conduction
(p-type or n-type). Figure 2.6 shows the tunability of the band gap energy levels (CB and
VB energy levels measured by UPS and optical absorption) of PbS QDs capped with different
ligands. The QD films used all have the first excitonic peak at A = 963 nm, i.e. they are QDs
with the same diameter or bandgap E,. Starting with Br- and proceeding clockwise (Figure 2.6
left panel ), the effect of tuning the energy levels is shown on Figure 2.6 right panel. The halide
ligands lead to a low VBM, while the thiol ligands have the opposite effect[62]. The observed
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shift in energy levels is expected to have a significant impact on the operation of electronic
devices fabricated with PbS QDs.
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Figure 2.6: Tuning the energy level of the band gap (control of CB and VB energy levels) of
PbS QDs using different ligands[62]

2.2.3 Synthesis and deposition of QDs

The synthesis and deposition of quantum dots (QDs) are crucial steps in the fabrication of
materials or devices based on QDs. There are several synthesis methods, including colloidal
synthesis, sol-gel synthesis, self-assembly, assisted lithography and plasma synthesis. In this
section, we will focus solely on colloidal synthesis, which is the most commonly used method.
Colloidal synthesis of QDs involves the use of chemical precursors containing the constituent
elements of QDs, such as PbCly or Pbls and NaoS for PbS QDs, along with a suitable solvent
and ligands like oleic acid. The precursors, dissolved in organic solvents such as tetrahydrofuran,
hexane, or octadecene, are mixed and heated at an appropriate temperature under an inert
atmosphere (Nj3). The nucleation phase is initiated by adding nucleating agents or catalysts,
typically a weak base like triethylamine, where atoms cluster to form very small PbS QD nuclei.
QD growth is continued by adding growth agents such as dodecylamine and additional precursors.
Precise control over the size of PbS QDs can be achieved by adjusting reaction parameters
such as precursor concentration, temperature, reaction time, and precursor-to-growth-agent
ratio. Longer reaction times and higher reaction temperatures result in larger nanocrystals.
Characterization techniques such as absorption spectroscopy and dynamic light scattering can be
employed to evaluate the size and distribution of the obtained QDs. Once the desired-sized PbS
QDs are formed, a quenching solution, containing an excess of ligands (typically oleic acid), is
injected into the solution, and the reaction medium’s temperature is rapidly reduced to ambient
temperature to halt further reaction. The ligand solution helps stabilize the QD surface and
prevent particle aggregation, resulting in a colloidal suspension. Colloidal synthesis of QDs offers
several advantages, including relative simplicity, high flexibility in QD design, and the ability to
produce QDs in large quantities. The synthesis of QDs is based on the use of long alkyl chains
(oleic acid or oleylamine). Ligand exchange plays an important role in the functionalization and
integration of QDs in various applications. Ligand exchange consists of replacing the original
ligands on the surface of QDs with new ligands to achieve better electrical properties and higher
stability of QDs (surface passivation). A ligand exchange process consists of replacing long-chain
ligands with single-element ligands or shorter molecules[63, 64, 65]. The main ligand exchange
methods are:

Solid-state ligand exchange: QDs with long alkyl chains are first deposited on the substrate
by spin coating, then a solution containing an excess of short ligands (thiol ligands) is added,
followed by a short soaking and removal of the solution by spin coating, then a protic solvent
(polar solvent with at least one hydrogen that can interfere with hydrogen bonds or solvent that
can release an HT proton) is spin-coated onto the QDs film to remove the alkyl chains and excess

page 25



CHAPTER 2. STATE OF ART

short ligands[66]. To achieve complete ligand exchange, the concentration of QDs is adjusted to
film thickness of several tens of nm.

Solution-phase ligand exchange: QDs encapsulated with long alkyl chains and dispersed in a
nonpolar solvent are dissolved in a polar solvent containing short hydrophilic ligands. The long
ligands are replaced by short hydrophilic ligands, and the QDs then migrate into the polar
solvent. The polar phase containing QDs with exchanged ligands can be easily separated from the
nonpolar phase. The QDs solution can then be used as an ink, enabling a one-step film-making
process such as spin coating or spray coating without the need for further exchange steps.

Currently, most QDs-based applications use solid-phase ligand exchange because this method
can be better controlled and produces smooth, compact QDs films from which long alkyl ligands
are largely removed. The strong bonding between the thiol ligands and the QDs enables fast and
efficient exchange[66]. Commonly used ligands for surface modification of QDs include are:

o Organic ligands used in the synthesis of QDs (organic alkyl chains, etc...).

¢ Inorganic ligands such as metal chalcogenide complexes designed to increase charge carrier
mobility[67]. To increase carrier mobility, inorganic metal chalcogenide complexes (MCC)
ligands have been developed. Unlike organic alkyl chains, metal chalcogenide complexes
ligands generally provide a net charge, allowing dispersion in polar solvents. As with QD
inks based on organic ligands solution, one-step spin coating can be considered for film
formation directly from metal chalcogenide complexes-ligated QDs. Organic components
such as ammonium can be removed by gentle post-annealing. After removal of the organic
ligands, the mobility and conductivity of the carriers are significantly improved, making it
possible to demonstrate the efficiency of QD-based field-effect transistors[66].

o Halide ligands, used to achieve low defect density while maintaining high charge carrier
mobility. Despite the improvement in charge carrier mobility in QD films achieved by using
MCC ligands, the performance of devices based on these ligands remains poor due to the
high defect density in these solids. Therefore, halogenated ligands have been investigated
for QD passivation, offering both efficient carrier transport between QDs due to their
atomic size and enhanced surface passivation due to their strong bonding with QDs. In
comparison to chloride and bromide ligands, iodide ligands can form a stronger coupling
with the surface atoms of QDs, resulting in a lower defect density in the film. The iodine,
as a strong base, strongly couples with the weak acid, Pb atoms of PbS QDs, whereas
the strong acid, H™, forms a strong coupling with the chlorine base. Chlorine ligands are
easily removed from the surface by protic solvents. DFT calculations demonstrate that
the energy required to remove iodine ligands is higher than that of chlorine ligands. The
binding of oxygen atoms leads to the formation of defect states within the energy gap, while
the adsorption of halogen ligands prevents the adsorption of oxygen|[64, 68]. Halogenated
ligands have shown promising advantages in reducing defect density and improving charge
carrier mobility, reaching values exceeding 10 ~2 cm?.V~1.s~!. Furthermore, The use of
halogenated ligands has proven effective in preventing oxygen adsorption on QD surfaces,
contributing to device stability and performance.

The choice of ligands also makes it possible to define the doping type of the QDs film. For
example, the use of iodide ligands leads to an n-type, whereas PbS+EDT (Ethane-1,2-dithiol) is
p-type.

There is also a hybrid ligand exchange process, which combines organic cross-linkers and inorganic
passivators. The hybrid ligand passivation process comprises two stages: an exchange of
halogenated ligands in the solution phase followed by an exchange of organic ligands in the
solid state. Halogenated anions are introduced in situ or during the final stages of the synthesis
process, enabling passivation of sites inaccessible to larger organic ligands. Small organic ligands
such as EDT are then used in the solid state to replace the long organic ligands.
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2.3 Iny,Oj3 based TCO

2.3.1 Introduction

Numerous technologies, such as screens, organic light-emitting diodes (OLEDs), photovoltaic
panels and smart windows, require the use of transparent electrodes. Metals such as nickel (Ni),
gold (Au), or silver (Ag) thin films, with a thickness of less than 10 nm can exhibit optical
transparency of over 40% in the visible (Vis) and near-infrared (NIR) domains[69, 70] and a
relatively high sheet resistance on the order of several hundred §2/0J. This increased sheet
resistance is attributed to the scattering diffusion of conduction electrons at the film’s surface[71].
For metal films thicker than a few tens of nanometers, good electrical resistance is achieved,
however, the optical transmission gets close to zero. Therefore, thin metal films cannot fully
play the role of transparent electrodes. There is another class of materials that simultaneously
exhibit good optical transmission (in the Vis and NIR domains of the electromagnetic spectrum)
and low electrical resistivity, known as transparent conductive oxides (TCO). The primary TCO
are M,,,O,, type materials, where M is usually a post-transition metal atom (In, Sn, Zn, Cd
...) and O represents the oxygen atom. The extraordinary combination between electrical and
optical properties was first observed in 1907 by K. Baedeker on thermally evaporated cadmium
oxides (CdO)[72]. In 1947, the optical transmission and electrical conductivity properties of
chlorine-doped tin oxide (SnO2:Cl) [73] and antimony-doped tin oxide (Sn02:Sb) [74], as well as
tin-doped indium oxide (Ina_;O3:Sn, or ITO) [75], were discovered. Later, in 1971, aluminum-
doped zinc oxide (ZnO:Al) was also identified as TCO [76]. Table-1 shows the most important
TCO and various possible dopants|77].

Materials Dopants
Iny O3 Sn, Ge, Mo, F, Ti, Zr, Mo, Hf, Nb, Ta, W, Te
SnOs Sb, F, As, Nb, Ta
Zn0O Al Ga, B, In, Y, Sc, F, V, S, Ge, Ti, Zr, Hf

Table 2.1: Doping of main TCO materials.

From the 1990s onward, the development of transparent conductors has progressed rapidly,
with the discovery of several new materials every year and the improvement of existing materials’
properties. Research efforts have expanded the family of transparent conductors to include
sulfides, selenides, nitrides, graphene, and carbon nanotubes [77]. Among these materials, ITO is
considered the best transparent conductor and is therefore the most widely used. Figure.2.7
shows the resistivities of the main TCO-based materials that have been reported between the
1970s and 2000 [78].
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Figure 2.7: Reported (1970-2000) resistivities of binary transparent conducting oxide (TCO)
materials: undoped and impurity-doped SnOz (O), InaO3 (A), and ZnO (e). lowest restivities
are observed for InyO3-based TCO.

The main limitation of TCO is related to the inherent trade-off between transparency and
electrical conductivity from a physical point of view. A conductor tends to be opaque like metal,
while a visibly transparent material like glass tends to be insulating. This limitation is critical for
certain applications. For example, as displays get larger and write speeds increase, it is necessary
to reduce electrical resistance while maintaining good optical transmission[79]. In the IR region,
optical transmittance tends to decrease sharply, and simply reducing film thickness to increase
optical transmittance would result in an increase in resistivity. However, the requirements are
not limited to the combination of conductivity and transparency. Other properties of transparent
conductors such as work function and morphology are also important. The knowledge of the
work function of TCO is necessary to understand band alignment and optimize contact resistance
with other materials when used in tandem solar cell stacks or photodiodes. With the increasing
demand for TCO and the development of more complex devices, a deep understanding of the
physics of TCO materials is needed to optimize new properties compatible with increasingly
complex applications. The ever-growing interest in TCO is reflected in an extensive literature on
various materials, their properties, and deposition techniques, which reflects several decades of
intensive scientific research and technical applications. Figure.2.8 shows the evolution of the
number of publications referring to the three most important TCO over the last two decades
[80]. The guiding principles for the design of TCO materials and their integration into new
applications still represents a challenging tasks nowadays. The basic physics of their rarest
electrical and optical properties (electronic conduction in a transparent solid), is now reasonably
well understood[81].
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Figure 2.8: Number of publications devoted to ZnO, SnOy and InyO3 based-TCO over the
last two decades

This section will present the main fundamental aspects of TCO-based semiconductor physics.
In Sections 2.3.2 and 2.3.3, we will discuss the electronic structure, electronic and optical
properties of TCO, and the criteria for selecting a TCO as a transparent conductor. Special
attention will be given to InyOs-based materials, although most of the considerations can be
generalized to all other n-type TCO and some p-type materials.

2.3.2 Basic physics of TCO

2.3.2.1 Structural properties

TCO based on InsO3, such as ITO, crystallizes in a complex structure closely resembling that
of bixbyite (space group symmetry: Ia3, lattice constant: 1.0117 nm, cubic crystal), which
corresponds to InyO3 crystal lattice (Figure.2.9). The structure of bixbyite can be regarded as
an imperfect crystal of the fluorite structure obtained by extracting 16 oxygen atoms (empty
anion sites) for a unit cell of bixbyite. The unit cell of InyO3 consists of 80 atoms, with 32 indium
atoms occupying b-sites and 24 occupying d-sites, while oxygen atoms occupy Wyckoff positions
48e [82, 83|
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Figure 2.9: Schematic representation of the crystal structure of InsOgs, the open circles indicate
the oxygen vacancies, the blue spheres indicate the oxygen atoms, and the green spheres indicate
the indium atoms. In the ideal structure, one quarter of the anionic sites are empty (oxygen atom
position), 80 atoms per unit cell, 48 anions, 8 cations in b-position and 24 cations in d-position.

Sn-doped Ins O3 or ITO is a heavily doped n-type semiconductor with a wide band gap, which
has a relatively low electrical resistivity due to its density of free charge carriers. In intrinsic
stoichiometric oxides, electrical conductivity and transparency in the visible cannot coexist,
however doping can create free charge carriers. The density of free charge carriers in ITO results
from two different types of electron donor sites:

> Oxygen vacancies (Vp), which act as n-type double electron donors (Equation 2.3.1).
1
o5 =V5"+ 5Og(g) + 2¢’ (2.3.1)

Where, O is the neutral oxygn atom in it normal lattice site, V3* is a oxygn vacancy, with
double positive charges and €’ is an electron in Kroger-Vink notation.

> Doping with Sn, a metal with a higher valence than In (In: [Kr]5s24d!®5p! and Sn:
[Kr]5s24d'%5p?), primarily occurs through the substitution of In atoms with Sn atoms (In3* by
Sn**). The state where all Sn ions have released their conduction electrons can be described as
Iny_5Sn*03ef, neglecting the density of oxygen vacancies (6 > x) ,where x is the concentration
of oxygen vacancies in substoichiometric indium oxide of the formula InyO3_,[84].

It is generally considered that each Vo site is surrounded by the 5s orbitals of In3* ions.
These orbitals are stabilized compared to the In 5s conduction band due to the absence of
covalent bonding with the missing oxygen O?~. Thus, the In 5s orbitals at each Vo site form
shallow donor states below the conduction band, at around 30 meV for low x values. At high
concentrations of Vo, a impurity band is expected to form, overlapping the lower conduction band
of IngO3_5(VE)€h,, leading to an electronic transition towards a heavily doped semiconductor
with itinerant electrons [81, 84]. The electronic band structure of ITO with low and high oxygen
vacancy concentrations, adapted from Fan and Goodenough [85] is represented in Figure 2.10.
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Figure 2.10: Schematic electronic band structure of Sn-doped InyOg, for small x (left) and for
large x (right).

The density of electrons can be controlled by ITO’s chemical composition in several ways,
including:

> The concentration of Sn through the choice of the deposition target, by adjusting the
initial composition of the ITO target with Sn (1-10 at.%.) [77].

> The choice of oxygen partial pressure (po,) and total pressure. A low pp, promotes the
formation of oxygen vacancies, while high deposition pressure will lead to the opposite effect.

> Post-deposition annealing treatments. Annealing under oxygen atmosphere reduces the
density of oxygen vacancies, while annealing under a non-oxidizing atmosphere leads to oxygen
desorption or an activation of doping through the reduction of (2Sn®InO/)* known as Frank and
Kostlin defects , according to the following equation [84, 86]

1
(25n°InO})* = 502(9) +28ny,, + 2¢' (2.3.2)

The density of free carriers in ITO can reach 1-2x10%! - ¢m ™3 depending on the process. We will
discuss the impact of electron density on ITO’s electrical and optical properties in the following
sections.

2.3.2.2 Electrical properties

Mott criterion given by Equation 2.3.3 provides the free charge carriers density n. at which the
transition from non-metal to metal conductivity (itinerant-electron) occurs.

nea’y = 0.26 4 0.05 (2.3.3)

h apgey
P = 2.3.4
¢’ m*(e?/e;)  m*/mg ( )
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where a}; is the Bohr radius of the material, ag is the hydrogen Bohr radius, m* is an appropriate
effective mass and ¢, the relative permittivity. The data collected in the literature on ITO
films give: m* = 0.35mg, €, = 4, which gives aj; = 13A and n, = 6.4 x 10®¥cm 3. The free
carriers density in ITO films, as well as in other TCO, is generally higher the critical density n..
Therefore, this criterion justifies the application of free electrons model to TCO. The Boltzmann
theory of classical electron gas and the Drude model are two important tools used to describe
electron transport in conductive materials.

Within the Boltzmann formulation, conductivity o (resistivity p) depends on both the mobility
u of free charge carriers and their density n:
ne’r 1

o=mnep=-_— = p (2.3.5)

where mx is the effective mass and 7is the charge carrier lifetime. For thin films with uniform
thickness t, the electrical resistance is expressed as sheet resistance:

Rs=p/t (2.3.6)

This quantity only depends on the film thickness t. If t is known, the resistivity (conductivity)
can be easily determined using the four-point probe measurement technique (Van der Pauw)
which will be described later.

Equation 2.3.5 also shows that electrical conductivity can be improved by increasing the free
charge carriers through doping. Increasing conductivity can also be achieved by improving charge
mobility. In ITO films, mobility depends on several scattering mechanisms, namely scattering
through neutral and ionized impurities (oxygen vacancies), electron-phonon interaction, and
scattering at grain boundaries.

Grain boundaries scattering: grain boundaries behave as charge traps, creating an energy
barrier Ey. They reduces the mobility of charge carriers between grains. The grain boundary
mobility jig, is given by the Equation 2.3.7 [87, 88].

L

=——cip(— 2.3.7
= T (i) 287

where L is the grain size.

This model applied to ITO gives an Ej, ~10 meV [89]. The grain boundaries have a significant
impact on mobility when the grain size is comparable to the electron mean free path A, the
electron mean free path in a solid is given by the following equation:

= UpT (2.3.8)

where vp = hkp/m* is the Fermi velocity and 7 = um®* /e the resistivity relaxation time or free
carriers live time. For ITO film with a free carriers density of 5 x10?° cm™3 and a mobility of 50
cm?.V~1.s7! the mean free path of electrons \,, fp ~ 8 nm, whereas the typical grain sizes are on
the order of 50 - 100 nm [77]. Therefore, we expect that an electron moving under the influence
of an applied d.c. electric field will be scattered many times within a grain before reaching a
grain boundary. Thus this mechanism is not as relevant in the TCO materials.

lonized impurities scattering: It is characterized by short or long-range Coulomb interactions
between the ionized impurities and the free electrons in the film. This interaction reduces the
mobility u;; of free carriers in the background formed by fixed ionized impurities. This mechanism
is intrinsic to the doped material and can therefore set the lower limit of the resistivity. Using
the Coulomb interaction between the electrons and the impurities, Brooks calculated in 1955 the
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mobility for an electron gas of density n as[907 |:

o 8m(coer)?h?n 1
Hit = N, Z?e*>m:? f(kp)

(2.3.9)

where N; is the number of scattering centers per unit volume and Z is the charge of the impurity,
€ is the dielectric constant of free space, while ¢, is the relative dielectric constant at low
frequencies. f(kr) is the screening function and depends on the Thomas-Fermi screening wave
vector.

When the free carriers density is above 10! cm™ (high density of oxygen vacancies),
the interaction between free charges and grain ionized impurities become the most important
scattering mechanism in TCO. Considering only ionized impurities scattering, the mobility limit
of ITO has been estimated between 90-100 cm?.V~1.s71[91, 92]. However, in practice, this value
is rarely achieved, and the total mobilities of ITO films range from 10-50 cm 2.V—!.s~! depending
on the processes[93]. Nevertheless, hydrogen-doped indium oxide can exhibit mobilities higher
than 100 cm?.V~1.s71[94].

Neutral impurity scattering: In ITO films with high Sn doping, non-activated defects such as
SnyOy4 or SnzOy4 groups are formed[84]. These non-activated defects are related to the limited
solubility of Sn in ITO. The solubility values of ~ 60 — 80% were reported by Kostlin et al for
ITOI[95]. Even if these defects are neutral, they can interact with free electrons by means of
collisions when they are in the path of an electron. The impact of these defects on the mobility
pN is given by the following equation[96, 97].

* 3
e me (2.3.10)

- 2060€TTLN7:L3
Where, ny is the concentration (per cm?) of neutral impurities. This value is often estimated
from the difference between the measured carrier density and the carrier concentration.

The total mobility can be estimated using the Matthiessen formula.
1 1 1 1

=—+ —+ — (2.3.11)
Htot Hgb  His  UN

The mobility of TCO can be controlled through the precise selection of parameters or conditions
during the film preparation process. Specifically, by carefully adjusting the partial pressure of
oxygen, one can effectively regulate the density of free charge carriers. A higher pp, results in a
lower density of oxygen vacancies, which consequently corresponds to a reduced density of free
charge carriers, in turn, leads to an increased mobility (limited ionized impurities scattering).
Similarly, a high density of oxygen vacancies leads to low mobility and high free carrier density,
resulting in a trade-off between the two quantities. Thus, the maximum conductivity of TCO is
limited by the theoretical upper limit of mobility.

2.3.2.3 Optical properties

The second interesting property of TCO is their optical transmission in the Vis and NIR regions
of the electromagnetic spectrum. The optical transmission can be simply defined by the Beer-
Lambert law, which is the ratio of the transmitted intensity I trough a material of thickness t to
the incident light intensity I, see the Figure2.11.a, The optical transmission of a semiconductor
film of thickness t and absorption « is described by Equation 2.3.12

It I = T=(1-R)e™ (2.3.12)
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Where R is the reflection coefficient and « is the optical absorption. The optical absorption is
an intrinsic property of semiconductor materials, it depends on the extinction coefficient & and
the wavelength A and is described by:

4wk
Y

The reflection coefficients R and extinction coefficients k will be calculated in the sections below
using the classical Drude theory of free electrons. The variation of optical transmission of TCO
as a function of wavelength is shown in Figure 2.11.b[98, 99].

o (2.3.13)

a) b)
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Figure 2.11: a) Illustration of the phenomena of reflection, absorption and transmission of
light through a semiconductor, b) Spectral transmittance of a thin film of TCO material, band
gap and absorption below A\, and free electrons plasma absorption above \;,.

At shorter wavelengths (ultraviolet or region below ), ), the transmission is limited by the
energy band gap of the material (E; > 3 eV). The energy of the photons is high enough to allow
band-to-band transitions, resulting in absorption of the incident light in the material. The width
of the transmission window A, < wavelength <\, of TCO depends on the optical gap, which is
directly related to the free carriers density. In heavily doped n-type TCO, a gradual shift of the
band gap toward higher energy is generally observed as the electron density increases. This is
well-known as the Moss-Burstein shift [100, 101]. In heavily doped semiconductors, the lowest
states in the conduction band are occupied. Therefore, the allowing transitions occur at energies
above the Fermi level Ep (Figure 2.12), increasing the optical band gap E;pt.
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Figure 2.12: Diagram of the optical widening effect of the Moss-Burstein shift [102]

where E, is the fundamental energy gap separating the VBM and CBM (intrinsic band gap),
Egpt is the optical band gap corresponding to the smallest allowed optical transition from the
VB to the CB, Eé\/[ B is the Moss-Burstein shift and Er is the Fermi level. At high free carrier
densities, the band gap narrowing phenomenon can also occur in TCO due to electron-electron
and electron-ion interactions [103]. This mechanism competes with the Moss-Burstein effect and
may be predominant in certain cases of films with significant densities of impurities within the
band gap prior to annealing [104]. The energy gap between the maximum of the valence band
and the lowest empty state in the conduction band is given as follows:

EP = Eg+ EY'P — AE, (2.3.14)

where Fj is the fundamental band gap, shown in Figure 2.12 is direct gap and estimated by
first-principles calculations and X-rays spectroscopy to be E4 ~ 2.8 £ 0.2eV [105]; Eéw B is the
MB shift given by:

h? 2/3
BB = 1 (352" (2.3.15)

2ms

In this relation m; is the reduced effective mass 1/m; = 1/m} + 1/mj; where m} and mj are
effective mass of the carriers in the conduction and valence band respectively, the value of
mj, ~ 0.65mg for ITO [106].

From the absorption coefficient « (2.3.13), in which the expression for k& will be specified
in the following sections, the optical gap E;’pt value of polycrystalline films can be estimated
using the Tauc diagram [107, 108, 109]. Considering direct band-to-band transitions and in the
parabolic band approximation, we have:

(ahw) = (hv — Egpt)l/ ’ (2.3.16)

Egpt is then obtained by plotting (ozhy)2 as a function of energy hv and performing a linear
regression on the lower part of the curve to find the intersection with the energy-axis. This optical
gap extraction technique will be then used to make relative comparisons of volume absorption
properties between samples. In particular, given the predominance of the Moss-Burstein effect
over the band gap narrowing effect, the change in optical gap gives a qualitative indication of
the evolution of the doping of the materials as well as their work function.

In the NIR , optical transmission is limited by the photon-plasmon interaction, and the skin
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depth effect preventing light penetration into the material. The interaction between incident
light and a semiconductor includes the phenomena of transmission, reflection, and absorption;
the relationship between these three phenomena is given by the following energy conservation
yields equation at each wavelength:

AN +RN+T(\) =1 (2.3.17)

Within the framework of free electrons, the optical properties of TCO can be described by the
Drude theory. The electric conductivity o is also defined as the response of free charge carriers
in metallic materials to the electric component of an electromagnetic field. This establishes the
relationship between current density and electric field:

J =neuE = oE (2.3.18)

In classical mechanics, current is generally defined as the flow of charged particles with charge e
through an elemental surface per unit time. The expression for current density J derived from
this definition is:

J=—nev (2.3.19)

Here, v represents the statistical average velocity of electrons. The Drude theory describes
electrons in conducting materials as a collection of free and independent particles, neglecting
electron-electron interactions. According to this theory, electrons oscillate in response to an
time-dependent electric field E while undergoing collisions with lattice ions during their motion.
The collision probability is proportional to the average time between two collisions. The dynamics
of electrons can be described by the following Newton’s equation:

— =_Z _¢E (2.3.20)

Where, p = m*v is the average momentum of electrons under the electric field, and 7 is the
average time between two collisions (relaxation time). By incorporating the aforementioned
current density relationships, For the specific case of ITO m* = 0.35m., with m,. the electron
mass. The free electrons motion equation can be written as:

dJ J  ne?

Writing the frequency-dependent relation from Equation 2.3.18 J(w) = o(w)E(w), we derive

the dynamic conductivity o(w):
ne? 1
= 2.3.22
o(w) (m*go <1+iw7) ( )

Introducing the Maxwell-Ampere equation:

V xH=1J+iwepe, E(w) = iwepe(w)E (w) (2.3.23)

The frequency-dependent dielectric function £(w) = e1(w) — iea(w) is:

ooT . g0
- —1
1+w?r? w(l+4w?r?)

e(w) =&, (2.3.24)

?7,627'

where ¢, is the relative permittivity of the TCO lattice, for ITO &, = 4, and 09 = —
m*e

is the

dc conductivity. The real and imaginary parts of the frequency-dependent dielectric permittivity
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are givermn: ooT (2 ; 25)
El=& ———5— 3.
L WP
and
P R— (2.3.26)
w(l +w?r?)

The real parts 1 of the dielectric permittivity is the difference of two terms, which means that
it is zero at some combination of values of the parameters and frequency, the corresponding
frequency is known as plasma frequency wy:

9 L\ /2
wp:< ne —) (2.3.27)

m*epe, T2

In TCO, the plasma wavelength A,, which corresponds to the plasma frequency w,, divides
the optical properties (Figure 2.11.b). At wavelengths shorter than ), free electrons cannot
respond to the electric field, and the material behaves like a transparent dielectric, and the

4k
optical absorption is given by the a = % At wavelengths longer than A,, TCO reflect and

absorb (intra-band) the incident radiation. For most TCO materials, the plasma frequency is in
the NIR region of the spectrum (A, > 1 pm).

For ITO in the limit of high electron density ( n > 10?! cm™3) and high mobility (x > 20
em?. Vs, ne’r’
m*eg

> 1, then, the plasma frequency becomes:

neQ 1/2
wp = () (2.3.28)

m*epe,

The Equation 2.3.28 means that for a TCO film to be non-reflective to light of wavelength A (

27c
wp < %), the electron density n must satisfy the following relation:

Am?m*e,
n < 2.3.29
fro€? A2 ( )
€1 and g9 are related to the optical constants and by the following two equations:

n=n-—1k g1 =n%—k?
9 ) g (2.3.30)
N“=c¢e1 —teg =¢ €9 = 2nk

where 1 is the complex refractive index and n the refractive index Equation 2.3.30 may be used
to obtain expressions for the refractive index and the extinction coefficient:

n = \/%(E% +ed)/2 + 1y
k=L +3)12 - L

(2.3.31)

Figures 2.13 and 2.14 shows the modelled reflectance, transmittance, and absorption of a
100-nm-thick film of the modelled material.

The reflection coefficient R in the equation (2.3.17) at an interface between an ITO layer and
free space can be calculated from n and & (2.3.31) using the Fresnel relation:

(2.3.32)
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Figures 2.13.a and 2.13.b show the reflection and transmission coefficients of a 100 nm thick I'TO
film, modelled as a function of electron mobility and density values. The reflection coefficient
R (Figures 2.13.a) is determined from Equation (2.3.32) and the transmission coefficient T’
is computed from Equation (2.3.12). The increase of charge density leads to a shift of the
reflection wavelength onset, which corresponds to a shift of A, (increase of plasma frequency wy)

to short wavelengths, resulting in a degradation of optical transmission in the NIR region, see
Figures 2.13.b.
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Figure 2.13: Modelled reflection a) and transmittance b) of ITO film as function of wavelength
and various electron density . The effective mass was 0.4m,, the permittivity was ,=4, and
mobility was 50 cm?.V~1.s™! and the film thickness was taken as 100 nm

We show the absorption as a function of carrier concentration in Figure 2.14.a, the absorption
peak shift to shorter wavelengths and the height of the absorption band increases as the carrier
concentration increases, leading to a degradation of the transmission. On the other hand, the
variation of mobility does not affect the position of the absorption peak, but absorption decreases
with increasing electron mobility (Figure 2.14.b).
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Figure 2.14: Modelled ITO absorption as a function of wavelength: a) with different electron
densities, electron mobility was 50 cm2.V~'s.”!; b) with different variable electron mobility, the

carrier density was 5x10%° cm™3. The effective mass was 0.4m,, the permittivity was e,=4 and
the film thickness was fixed at 100 nm.

This result has an important consequence when highly transparent films with very low sheet
resistance Rs are required at specific wavelength. Figure 2.14.a and b shows that this is best
achieved by increasing mobility u rather than the free carriers density n, since increasing n leads

page 38



CHAPTER 2. STATE OF ART

to an increase of the absorption as plasma frequency increases. For example, if the mobility could
be doubled while maintaining a high n, then assuming that p > 10 cm?.V~!s.7! initially, a film
could in principle be grown to twice the thickness while maintaining the same optical transmission;
therefore, Rs for this film could be reduced by a factor of four, which is a very significant result
illustrating the importance of maximising p . This could be achieved by improving the processing
conditions of the film so that z approaches its intrinsic limit, which is less than 100 cm?.V~—1s. 7!
for ITO films due to ionised impurities scattering[91].

2.3.2.4 Transparent electrodes: figure of merit

Since there is a trade-off between the optical transmission and conductivity of TCO, the quality
of a transparent electrode can be evaluated using performance metrics commonly known as
figures of merit (FOM). These figures of merit define the trade-off between conductivity and
optical transmission. The best known and most widely used figure of merit is the Haacke figure
[110], which is given as a function of transmission T and the sheet resistance R by the following
equation:
Tx

o = o (2.3.33)
Values of x equal to 10, 20 and 100 correspond to transmittances of 90%, 95% and 99% respectively.
This method is used in the literature with x = 10 to characterise ITO thin films. This FOM is
more suitable for optoelectronic applications, because it favours the optical transmittance of the
film while taking into account its resistivity. ® is expressed in Q! and high values indicate good
quality TCO film. Gordon[111] proposed another index, independent of film thickness, based on
sheet resistance R, total visible transmittance T and total visible reflectance R.

2 * 2
— [Roln(T + R) = Ao n(mne) (2.3.34)

D =~
(Ae)?

219

where ¢( is the permittivity of free space, c is the speed of light in vacuum, n is the refractive
index of the film, m* is the effective mass of the conduction electrons, u. is the mobility, A is a
visible wavelength of light, and e is the electronic charge. In the literature,very different values
for the merit factor are given for ITO, depending on the film processing conditions, Haccke’s
formula gives values of the order of 107* to 107! Q! [112, 113] and Gordon’s equation gives
values of the order of 1-10 Q=1 [111]. These FOM are based solely on the optical transmission
and conductivity of TCO. However, structural properties such as film composition and impurities
type, morphology and uniformity of film thickness are also important. All these factors are
influenced by the process parameters of the different various methods. In addition to these
qualities, other criteria such as etching properties, production cost, toxicity, mechanical hardness
(flexible devices), thermal and chemical stability may influence the choice of a TCO. For some
applications, another important criterion when choosing a transparent electrode is its work
function. For metals, the work function is clearly defined as the energy required to remove an
electron from the Fermi level to the vacuum level (energy difference between the Fermi level
and vacuum level). This definition is still correct in the case of degenerate semiconductors,
which is generally the case for TCO and particularly for ITO, However, for a non-degenerate
semiconductor it is ambiguous since there are no electrons at the Fermi level. We therefore
consider the work function of a semiconductor to be the energy required to extract an electron
from its surface and move it away from the material, so that the interaction between the extracted
electron and the material becomes negligible. See the book by M. Yoshitake[114] (page 7 to 21)
for illustration of these definitions. We will refer to the latter definition when we talk about
semiconductors based on transition metal oxides (NiOx and MoOx). There are several techniques
for determining the work function value, the most widely used being UPS, but it is very sensitive
to the measurement conditions and surface preparation, which may explain the discrepancies
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in work function values observed in the literature for certain semiconductors (typical case of
transition metal oxides). Another technique is the use of MOS capacitance, which is well suited
to determining the work function of metals or degenerate semiconductors. We will discuss these
different methods in the next section.

Gordon’s work [111] provides an overview of the figures of merit for basic TCO and criteria for
choosing a transparent electrode depending on the intended application.

2.4 Hole extraction materials, metal oxides for PbS QDs devices

2.4.1 Transition metal oxides and HTL

In numerous optoelectronic devices based on QDs, perovskite or organic semiconductors such as
photodiodes, LEDs or solar cells, hole extraction or transport layers (HTL) play an essential
role in the efficient collection and transport of charges. In the photodiode structures we studied,
the HTL and ETL layers are inserted between the electrodes and the photosensitive material to
control the electrons and holes transport. The ETL must facilitate the passage of electrons and
block holes, while the HTL must facilitate the transfer of electrons and block holes. Therefore,
they help reduce contact resistances at the interfaces between the different materials making
up these devices, and the dark current of devices. The choice of HTL depends on a number
of factors, including the specific device architecture, the ability of band levels alignment, and
charge transport properties, which can influence the efficiency and stability of the device. It is
therefore important to take these factors into account and optimise the device design accord-
ingly. HTL play a central role in efficient hole extraction and transport from the HTL/active
interface to the anode TCO/HTL interface, thereby increasing device efficiency. To achieve
high-performance devices, materials used for HTL need to have specific characteristics, including
a high WF matching the VBM energy level of the donor material and the anode (HTL) energy
level, transparency to increase light absorption by the active layer, high hole mobility to reduce
charge accumulation and recombination, a large band gap to block electron carriers, and chemical
resistance to external factors[115].

Initially, organic semiconductors or conductive polymers such as PEDOT:PSS (poly(3, 4 -
ethylenedioxythiophene) polystyrene sulphonate) were used as HTL because of their high con-
ductivity and ease of synthesis in solution[116, 117]. However, organic materials are not an
ideal HTL due to their inefficient electron-blocking capability, corrosive nature and hygroscopic
behavior, which limit their use in many devices [118, 119]. In particular, the low work function
(WF) of PEDOT:PSS (about -5.0 V) can lead to the formation of labile and mismatched energy
level alignments with the active layer (e.g 4.8 - 5.4 €V for PbS QDs films depending on the
cross-linkers), resulting in poor device performances[120, 121, 122, 123].

Due to these limitations, other HTL materials have been developed. High work function transition
metal oxides are now recognised as efficient HTL in a variety of devices including photodiodes,
OFETS and solar cells. These oxides can efficiently extract holes from the PbS QDs layer[11]
and facilitate their transport to the electrode. They provide good charge selectivity and can
enhance the overall device performance. Metal oxides offer chemical and electronic properties
that can be adjusted (wide range work functions) to enable charge exchange with a wide variety
of semiconductors. The ability of two materials to exchange charges requires a close alignment of
donor and acceptor states of either material. The Figure 2.15.a shows an ideal band alignment
between a QDs film and a HTL for efficient charge extraction from holes and electron blocking.
The example of energy level diagram of an oxide/semiconductor interface revealed by photo-
electron spectroscopy is illustrated in Figure 2.15.b[124]. Important parameters for energy level
alignment, such as the oxide’s work function ¢, the vacuum level, the VBM, the energy level
offset AFEy, and the ionization energy of the active layer IE. Roughly speaking, one of the goals
of HTL optimization is to reduce the energy mismatch AEy.
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Figure 2.15: Energy levels at oxide-semiconductor interfaces: a) picture of suitable energy-level
alignment between QDs film and the HTL, b) schematic energy-level diagram of an oxide-active
layer (organic semiconductor 2T-NATA) interface revealed by UPS.

In recent decades, much work has gone into understanding energy alignment in devices such
as OLEDs, solar cells, and photodiodes. Metal/organic interfaces were the first to be considered.
Researchers initially assumed that vacuum levels align at the interface. They therefore assumed
that the difference between the work function of a metal and the CBM and VBM levels of the
semiconductor would determine the charge extraction barriers. The researchers soon realised
that the vacuum levels rarely align[125], and the role of the work function in energy alignment
became uncertain. Several developments of the interface energy alignment model emerged, such
as the Fermi level pinning at the interface (alignment between the VBM and the Fermi level
remains constant as the electrode work function increases), the concept of induced density of
interface states, interfacial dipoles[126], the push-back or pillow effect[127], the concept of the
charge neutrality level[128] and charge transfer model[129]. These concepts help reconcile some
of the initial discrepancies in the energy alignment model, but they are not all consistent with
each other. Although many scientists and engineers commonly use the work function as an
assessment of energy alignment, the reason for doing so is often considered self-evident. The
way in which energy alignment is established remains uncertain, and no comprehensive and
quantitative predictive model has been developed.

Work function was initially considered to affect energy alignment only in the sense that it
determines the positions of the valence and conduction bands of an oxide relative to the vacuum
level. Many of the concepts developed for energy alignment at metal/organic semiconductor
interfaces are not necessarily valid for semiconductor interfaces with metal oxides. For example,
most oxides do not have electronic states at the Fermi level that allow charge exchange. Charge
transfer must therefore generally take place via the valence or conduction bands of an oxide[130].
Indeed, several works have convincingly shown that electrons can transfer from the VBM of a
semiconductor to the low conduction bands of some d” oxides (the spectroscopic notation d®
simply refers to the filling of the core level d of the main metal that makes up the oxide), such
as MoO3z and WO3[131]. This has led many to believe that the energy alignment characteristics
of MoO3 and WOg are the result of their low conduction bands. Although a Fermi-level-pinning
transition had been demonstrated previously[132], it was unclear whether this trend was truly
universal, as it had been demonstrated using a limited set of samples prepared ex-situ. Later
Greiner et al demonstrated, using a wide variety of oxides prepared in-situ, that such a Fermi-level-
pinning alignment transition is a universal trend, and that it is the result of an energy alignment
principle for non-reactive oxides[124]. This trend is observed with large variety of semiconductor
materials. It is generally assumed that, for an electron to move from a semiconductor to an
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oxide, it must move from the VBM level of the semiconductor to the conduction band of the
oxide, and that the conduction band position of an oxide should therefore be very important for
energy alignment. However, the tendency towards Fermi pinning level implies that energy levels
alignment can occur independently of the oxide’s conduction and valence band positions.
Understanding and optimising band alignment requires a knowledge of the electronic properties
of transition metal oxides.

The main factor controlling the electronic structures and properties of transition metal oxides
is d-band occupancy, consequently, transition metal oxides can broadly classified into different
classes[133, 134]. We focus only on some of the oxides with high work function, while noting
that there are other oxide families such as TiO2, ZnO or ZrOs with relatively low work function
and they are generally used as electron transport layers.

The different kinds of materials are the following

n-type d° oxides with a wide band gap like MoOg, V205, WO3 are insulators in their stoichiometric
forms, but they naturally tend to be n-type materials due to the presence of oxygen vacancy
defects[11, 135]. Their conduction band minima are mainly composed of empty metal d states,
and their valence band maxima are mainly composed of O 2p states.

Sub-stoichiometric (defective) n-type oxides: MoO3_,, WO,, V2O5_, and CrOs_,: This is the
subset of oxygen-deficient d° oxides. Oxygen vacancies generate a high density of occupied
defective states close to the Fermi level as in InsOs-based TCO, which makes these oxides n-type
semiconductors. The defect states arise from the filling of empty metallic d-states and can be
observed in the valence band XPS spectra.

p-type semiconducting oxides like CusO, CroO3 are oxides whose d-bands are completely filled
(d'Y oxides). They tend to be semiconductors because of the gap between the d band and the
next higher energy band (generally derived from the metal’s s orbitals).

Conductive metal oxides: MoOs, WO2: Oxides whose d-bands are partially occupied, but with
a low number of electrons (d!, d? and d3). These oxides tend to form when the d° oxides are
chemically reduced. They are n-type semiconductors (with high electrical conductivity) with the
presence of a density of states near the Fermi level observable in the valence band XPS spectra.
p-type Mott-Hubbard insulators: CuO, NiO: Oxides whose d-bands are partially occupied by a
large number of electrons (d”, d® and d”): These oxides tend to be Mott-Hubbard /charge-transfer
insulators because of their strong electronic correlation [136, 137]. Their electronic properties
are dominated by electron-electron correlations. The valence photoemission spectra of these
oxides are not as simple to interpret as those of d®ozides (0 < z < 4), because there is often
significant hybridisation between the d states of the metal and the p states of the oxygen, so that
it is not easy to divide the valence density of states between the d regions of the metal and the p
regions of the oxygen. Their electronic properties cannot be correctly predicted by the simple
independent electron model because of the strong Coulomb repulsion between electrons and site
exchange interactions. These materials, which should be metallic conductors according to the
independent electron model, are instead insulators. In the Mott-Hubbard model, d-electrons
localise to metal cations because of a strong repulsion energy in narrow d-bands. Conduction
occurs via d-electrons jumping from one metal site to another, and the Coulomb repulsion and
exchange interactions introduce an energy penalty for the placement of two d-electrons on the
same site. The presence of vacant states at energy levels slightly higher than the most occupied
state is a characteristic of metallic materials.
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Figure 2.16: Schematic illustration of energy levels for (a) a Mott-Hubbard insulator and (b)
a charge-transfer insulator generated by the d-site interaction effect[137].

However, Coulomb repulsion increases the energy of the lowest unoccupied state, resulting in

the formation of an energy gap in the d-band, leading to the lower and upper Hubbard bands,
separated by the Hubbard term U (see Figure 2.16.a). Strong electronic correlation can also give
rise to charge transfer insulators, where the lowest energy excitation involves a transition from a
ligand site to a metal site, such as from oxygen to a metallic d-state. The energy required to
excite an electron from the highest occupied state of an oxygen atom to the lowest unoccupied d
state of the metal is represented by the charge transfer term A. If the Hubbard shift U is much
larger than the charge transfer energy A, as shown in Figure 2.16.b, the oxide is considered to
be a charge transfer insulator, rather than a Mott-Hubbard insulator[137].
Similar to how the n-type conductivity of d° oxides is attributed to oxygen vacancies, the p-type
nature of these oxides is commonly accepted to be due to the presence of cation vacancies or
cation-substituted oxygen atoms, these defects behave as electron acceptors[138]. We will restrict
ourselves to the case of MoO3 with 0 < z < 3 and NiOx. MoOx is chosen first, as it is considered
to be the n-type metal oxide with the highest work function[139] and by far one of the most
widely used HTL materials. As for NiO,, it is the HTL of reference in solar cell devices, it is
p-type and may have a different hole extraction mechanism to MoO,. In the following sections,
we will present their electronic structures, structural, electrical and optical properties.

2.4.2 Molybdenium oxide (MoO,)
2.4.2.1 Molybdenum oxide structural properties

Molybdenum (Mo: [Kr]4d®5s!) can form two stable binary oxides, namely MoO3z (Mo: 4d?
oxidation state VI+) and MoOg (Mo: 4d® oxidation state IV+). The sub-stoichiometric oxides
MoO,, (2 < z < 3), initially considered as p-type semiconductors, are now well known as n-type
semiconductors. Molybdenum oxide in its stoichiometric form MoOgs can crystallise in two
forms. The thermodynamically stable a-MoQOj3 phase has an orthorhombic crystal structure
(Figure 2.17.a), with lattice parameters a=3.963 A, b= 13.855 A, ¢=3.699 Aand belongs to
the space group Pbnm. It has a layered structure perpendicular to the vertical b-direction
and linked together by non-covalent van der Waals bonds, resulting in stratification. Internal
interactions in octahedra are dominated by strong covalent and ionic bonds. The layers consist
of an atomically thin bilayer about 0.7 nm thick. Each bilayer consists of two sub-layers of
deformed MoOg octahedra. The distance between Mo atoms in two layers is 1.4 nm[140]. The
planar sheets of double-layered MoQOg octahedra are arranged in a zigzag pattern of shared edges
along the c-direction and shared corner rows along the a-direction. The metastable 5-MoQOj3
phase (Figure 2.17.b) has a monoclinic crystal structure with lattice parameters a=7.122 A, b=
5.366 A, c=5.566 Aand oo = v = 90, B = 91.990° (space group P2;/c), similar to that of ReOs
or WOs3, with MoOg octahedra sharing corners in all three dimensions. Unlike a-MoQOgs, MoOg
octahedra in the 5-MoQOg crystal structure do not form double layers and do not form zigzag
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rows along the plane [001]. The lack of plane formation in 5-MoOs makes it non-layered. On
each octahedron, the central Mo(VI+) cation is surrounded by six oxygen atoms that occupy
three crystallographically non-equivalent sites (Figure 2.18). These are the single-coordinated
O(1) oxygen, the double-coordinated O(2) oxygen and the triple-coordinated O(3) oxygen. Each
O(1) oxygen is linked to a single Mo atom by a very short Mo-O bond of 1.67 A. The O(2)
oxygen is doubly co-ordinated and located asymmetrically between two Mo centres with bond
lengths of 1.73 and 2.25 A. Finally, oxygen 0O(3) is symmetrically located between two Mo centres
in one sub-layer with a bond distance of 1.94 A and is also connected to another Mo centre
in the other sub-layer with a bond length of 2.33 A [135]. Monoclinic MoOs has a distorted

a-MoO, S-MoO,

Figure 2.17: Schematic illustration of crystal structures of (a) orthorhombic layered a-MoOs,
and (b) monoclinic distorted-ReOs-like 5-MoOs. The gray and red balls correspond to Mo and
O atoms, respectively. The black lines show each unit cell[141]

rutile structure. Oxygen vacancies in MoQO, can be controlled during fabrication processes or
can be created by the reduction of higher oxides (annealing in a controlled atmosphere). Oxygen
vacancies play a crucial role in modifying the electronic and optical properties of semiconducting
oxides. Band gap states caused by oxygen vacancies have been identified in single crystals of
MoOs (structural defect). Oxygen vacancies are energetically more favourable than Mo vacancies
and can induce gap states in the MoQO, band gap, which is exploited for band engineering in
devices such as solar cells, LEDs or photodiodes. Various synthetic methods have been used
to produce sub-stoichiometric molybdenum oxide with oxygen vacancies. In our study, we will
use reactive plasma deposition to produce amorphous sub-stoichiometric oxides. Amorphous
MoO,, also features the octahedral building block, connected by vertices to their six neighbouring
octahedra, similar to that of amorphous tungsten oxide[142, 143].

In practice, stoichiometric molybdenum oxides are the most widely used, as they provide
the best performance devices. Although hole extraction requires materials with a large work
function, Greiner et al have shown that efficient hole extraction is not obtained with MoOQOs,
but with MoO,(2<x<3) which has a smaller work function than MoOs [144]. The evolution
of work function as a function of stoichiometry will be discussed more clearly in the following
sections. Mixed amorphous or crystalline molybdenum oxide structures (known as molybdenum
oxide bronzes or Magnelli[145] phases for the crystalline forms) are formed by a mixture of
Mo(VI+) and Mo(IV+) as well as intermediate Mo(V+) states. These sub-stoichiometric or
mixed forms offer a wide range of electronic, optical and electrical properties. XPS measurements
are well suited to determining the stoichiometry of these molybdenum sub-oxides, in particular
by analysing the Mo 3d and O 1s spectra. The positions of the peaks and the relative area and
theirs full width half maximum (FWHM) provide quantitative information on the stoichiometry
of the MoQO,, for example, the binding energy of the peaks increases with the oxidation state of
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Figure 2.18: Cation coordination in stoichiometric molybdenum oxides, a) MoQOg distorted
octahedra of MoOj3 unit cell b) MoOg distorted octahedra of MoOs unit cell[135]

the molybdenum. The band gap states that can be measured in the XPS spectra of the valence
band (O 2p) also give an indication of the level of sub-stoichiometry.

2.4.2.2 Molybdenum oxide electronic structure

The electronic properties of molybdenum oxide are highly dependent on its stoichiometry. MoOs
unintentionally n-type doped wide band gap semiconductor, with a valence band edge around
2.5-3 eV below the Fermi level and a conduction band closer to the Fermi level, with electron
affinity greater than 6 eV, and ionisation energy greater than 9 eV [115]. The work function of
MoOQO,, is about WF = 7 €V for x = 3, and this value decreases with the x stoichiometry of MoO,
films. DFT calculations (Perdew-Burke-Ernzerhof method) have shown that the valence band of
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Figure 2.19: Electronic density of states of MoO3 (1) and MoO2(2), (a) Total EDOS, (b) Mo
PEDOS, and (¢) O PEDOS. The blue lines represent d states, green s states, and red p states.
The dashed line denotes the Fermi energy and correspond to the I' direction in the first Brillouin
zone.[135]

MoQs3 consists of the O 2p oxygen orbitals, while the conduction band is formed by the Mo 4d
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orbitals (Figure 2.19.1). We also note the absence of any electronic state from 0 eV up to about
2 eV. Although this is characteristic of the presence of a band gap, its value is underestimated by
this method, and the actual value of the experimental gap has been measured to be well above
3 eV[146]. Recently, ab initio calculations using the hybrid functional and the Becke-Jonhson
potential methods have provided a correct calculation of 3 €V for the band gap. The electronic
structure of MoOs (Figure 2.19.2) calculated by DFT (Perdew-Burke-Ernzerhof method) shows
a metallic nature, with the presence of Mo 4d states just below the Fermi level and a lack of
band gap. The discussion on the metallic nature of MoOs remains open in the literature, but
when we consider thin films tens of nanometes thick, we can achieve optical transmittances in
over 50% in the visible region. If MoOy were completely metallic, film thicker than 10 nm would
have to be completely opaque to visible and IR light.

2.4.2.3 Molybdenum oxide electrical properties

In most metal oxide-based n-type semiconductors, oxygen vacancies play an important role because
they behave as electron donors and contribute significantly to the free electron density. The
resistivity of semiconductors depends on the density of NJ]{) ionised donors, structural parameters
such as grain size, film thickness and crystalline phases. Therefore, the electrical properties
of MoQO, are strongly determined by the x-stoichiometry. Due to the high vacancy density,
mobilities are generally very low (~ 1072cm2.V~1.s7!) | and resistivity is mainly determined
by electron density. The electrical resistivity of MoO, decreases from MoOj3 to MoOs. The
literature also reports a lower resistivity in the a-MoOgz phase (10? to 10* ©.cm)[147], compared
to the 8-MoOj3 phase (107 Q.cm)[148]. It should be noted that MoOj is rarely used in devices,
since the introduction of a certain density of oxygen vacancies is necessary to reduce resistivity
and improve charge transport.

2.4.2.4 Molybdenum oxide optical properties

The optical properties of MoO,, films are strongly influenced by their stoichiometry and crystalline
structure. Fully stoichiometric MoOg films are transparent in the visible and IR light spectrum,
similar to insulating materials with a wide band gap, more than 3 eV. In contrast, MoOs films,
which is semi-metallic in nature, show significant absorption in the visible and IR spectrum. The
mixed valence states of MoO,, which involve the presence of Mo(V+) ions, contribute to the
remarkable optical changes observed in the material, such as chromism [149, 150] where the
yellowish transparent MoOs takes on a blue colouration when exposed to ultraviolet light or
when small positive ions (Li*, Na®, K*, Cs™, and H") are intercalated, similar to WO3[143].
These optical changes are closely linked to the electronic structure, where the presence of Mo(V+)
states plays a crucial role. The small polaron model[151] is used to explain the chromic response
of MoO,. This model involves oxidation state transitions between neighbouring metal atoms,
resulting in an extra electron localised on the reduced metal atom, Mo(VI+) to Mo(V+), causing
a local perturbation of the structure, with the system gaining energy (strain energy). When
photons of sufficient energy interact with the material, the localised electron can overcome the
deformation energy or lattice distortion and transfer to an adjacent metal atom with a higher
oxidation state (transferring from the reduced Mo(V+) oxidation state and lattice distortion to
this adjacent atom), resulting in colouration[152].

2.4.2.5 Molybdenum oxide stability

The stability of molybdenum oxide is one of the parameters that must be considered when
incorporating it into devices. Sub-stoichiometric molybdenum oxide MoO,, (x<3) exhibit very
high surface reactivity to oxidizing or reducing atmospheres. Figure 2.20.a shows the evolution of
the valence band structure (O 2p) of MoO, deposited by sputtering as a function of air exposure
time. The density of states seen below the Fermi level (0 €V) is directly related to the density of
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oxygen vacancies in the superficial layer of the MoO, film. This density of states decreases as
a function of exposure time, reflecting oxidization of the film surface. Figure 2.20.b shows the
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Figure 2.20: MoO, stability, a) Valence band spectra (O 2p) of sputtered MoOs films and
representative evolution with exposure durations, b) The surface work function in eV of thermally
evaporated MoOg vs air an oxygen exposure[153]

evolution of the work function measured by UPS (surface analysis method, probing only a few
nanometres) as a function of the time exposure to air or oxygen. We also note a strong oxidization
of the MoO,, films(deposited by thermal evaporation), resulting in an initial significant increase
in the work function of more than 1 eV (shift in Fermi level with n-type doping by oxygen
vacancies). The later decrease in work function is a signature of surface contamination by carbon,
moisture or other molecules. This degradation of work function due to surface contamination is
well-known and generally leads to a deterioration in device performance[154].

2.4.3 Nickel oxide (NiO,)
2.4.3.1 NiQO,, structural properties and electronic structure

Nickel oxide (NiO, or NiO) is a well-studied transition metal oxide with a variety of interesting
properties and applications. Due to its unique structural properties, it is widely used as a
catalyst, electrode material in lithium-ion batteries and in gas sensors. In addition, because
of its electrical and optical properties, NiO,, is of great interest as a new functional material
in many electronic and optoelectronic devices. In particular, it is being studied and used as a
hole extraction and transport layer (HTL) in organic semiconductor or perovskite-based solar
cells and photodiodes. In particular, NiO, as an HTL has to achieve PCE (power conversion
efficiency) record values of over 24% in a single-junction perovskite solar cells[155]. These various
applications take advantage of the high work function of NiO, , which can be tuned to between
5-6.5eV, depending on the material preparation conditions [133, 156, 157]. NiO, is generally green
to black in colour, depending on particle size and charge density or stoichiometry, and appears
as a greenish-black powder in its raw form. NiO, is an antiferromagnetic material (antiparallel
alignment of magnetic moments between adjacent nickel ions) with a Néel temperature Ty =
52643 K. It is also stable at high temperatures, with a high melting point of about 2257 K[158].
NiO, has different crystalline structures determined by temperature and pressure conditions. At
low temperature, NiO,, crystallises in a NaCl-like structure, with Ni®* ions occupying face-centred
cubic (FCC) positions, O~ ions occupying the octahedral sites formed by Ni atoms and vice
versa [159]. It belongs to the space group Fm3m with a lattice parameter a = 4.1769 A.
Conventional band theory, which focuses on the delocalised nature of electrons, cannot be
applied to systems with strongly correlated electrons such as NiO,. In fact the gap between the
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Figure 2.21: Band structure of NiO, obtained by plane-wave pseudo-potential calculation
with the exact exchange in combination with LDA correlation, using the full optimized potential
method for the evaluation of the exchange potential. Also shown are the total (solid, black line)
and partial densities of states (DOS): O2 p-dashed, red line; Ni 3d with majority 1-dotted, green
line; Ni 3d with majority |-dash-dotted, blue line[160].

bands (0.4 eV) is much smaller than the experimental values (> 3 eV). Conventional band theory
cannot explain the large gap and predicts that NiO,, is metallic in nature[159, 161]. The electronic
structure of NiO, is complex from an experimental theoretical point of view. Approaches, such
as calculations based on the local spin density approximation (LSDA) or the exact exchange
technique, have shown better agreement with experimental results, predicting an insulating and
anti-ferromagnetic ground state for NiO,, but leading to a smaller gap than the experimental
values. More sophisticated techniques have succeeded in reproducing band gap and magnetic
moments in agreement with experimental measurements [160, 162, 163, 164]. It should be noted,
however, that some results may differ significantly in detail, highlighting the complexity of the
system studied and confirming the irrelevance the application of conventional band theory to
NiO,. Engel et al calculated a band structure and densities of states (DOS) for NiO,, shown in
Figure 2.21. They used the exact exchange technique and obtained insulating ground states,
predicted band gap and magnetic moments in good agreement with the experiment.

The DOS spectrum (see Figure 2.21) shows that the majority-spin d-bands are almost full
and the minority-spin d-bands are about half full, and that the direct gap E, is about 4.3 eV
(Centre of the first Brillouin zone or I' direction), which is in agreement with some photoemission
experiments [165]. The optical spectra are defined by the transitions between the p-orbitals
of the oxygen ligand and the Ni 3d states, which corresponds to charge-transfer excitation.
The maximum of the valence band is dominated by oxygen p-states, while the bottom of the
conduction band consists mainly of Ni d-states. So the initial state is the combination of the O
2p and Ni 3d states and the final state is mainly Ni 3d. We also note the presence of d orbitals at
the top of the valence band, in the K direction of the first Brillouin zone. The singlet at the top
of the valence band is almost purely p., while the degenerate doublet at the top of the valence
band comes from hybridisation between (p,, py), which contribute about 80%, and (d},, dgz),
which contribute 20% [164]. Because of this significant hybridisation between the d states of the
metal and the p states of the oxygen, so that it is not easy to divide the valence DOS into d
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regions of the metal and p regions of the oxygen, the interpretation of photoemission spectra
(XPS) of the valence band of NiOx is extremely complex. This hybridisation between the p
orbitals of the oxygen and the d orbitals of the metal also makes it difficult to quantify the Ni
and O atoms using XPS measurements and analyses (more on this discussion in the section on
XPS measurements on NiOy).

2.4.3.2 NiO, electrical properties

According to the conventional theory of electronic band structure, NiO, with the external
electronic configuration Ni3d® O2p® should be a metal because of unfilled d-shell, whereas
experimentally, NiO, is a semiconductor or "insulator" with a gap greater than 3 eV (the radius of
3d orbitals ~ 0.6 A is much smaller than the metal-metal distance ~3 A, so that the effective d-d
hopping which actually goes via an intermediate oxygen is much smaller than the on-site Coulomb
repulsion). It is often referred to as a Mott-Hubbard insulator, to indicate that its non-metallic
nature is a consequence of the strong electronic correlations between the Ni 3d electrons. In
reality it is a charge-transfer insulator and not a Mot-Hubbard insulator. Namely, when the
charge transfer energy term A between a Ni metal d-site and an oxygen ligand p-site (d"p®
to the excited configuration d"*!1p®) is greater than the Hubbard term U (Coulomb repulsion
between electrons on neighbouring atomic orbitals), the electrons remain localised on the atomic
sites, resulting in an absence of electrical conduction [166].

Recall Figure.2.16, this type of transition-metal oxide where A = |g4 — £ is assumed to be
larger than U is called a Mott-Hubbard insulator. Because of U < A, the charge gap in the Mott
insulating phase is mainly determined by U. On the other hand, if A = |e4 — | is smaller than
U, the charge excitation in the insulating phase is mainly determined by the charge-transfer type
where an added hole in the material mainly occupies the oxygen-ps band. The importance of
the oxygen-ps band in this class of material is pointed out by Fujimori et al[167]. This type of
compound is referred to as the charge-transfer insulator [168].

The room temperature resistivity values of NiO,, films reported in the literature vary by several
orders of magnitude depending on the defect densities and the preparation methods used to
fabricate the films[169]. The Hall mobility of holes in NiO, films varies from 107! to 102
em?V.7 1571 NiO, is considered to be one of the transition metal oxides with good electrical
properties compared with d° oxides and others.

2.4.3.3 NiO, optical properties

Like most transition metal oxides, NiO, has a defective structure, generally an excess of oxygen
and Ni [170], leading to the oxidation of Ni*T to Ni3>T. These defects behave as acceptors
(p-type doping) and lead to a shift Fermi level close to the valence band maximum, so NiO,
is considered to be a p-type semiconductor with an optical gap > 3eV. NiO, is a transparent
material in the visible and IR. The optical absorption is due to p-d transitions in Ni atoms or d-d
transitions between two adjacent Ni atoms[171, 172]. Absorption increases with defect density,
and experimentally a visual darkening of NiO, films deposited on glass is observed with increase
oxygen concentration.
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Chapter 3

Processes and characterizations

3.1 Vacuum thin film synthesis methods

3.1.1 Overview of the different vacuum thin film deposition methods

There are several vacuum deposition methods to obtain thin films with specific properties
such as thickness, chemical composition and crystalline structure. Each of these methods has
its advantages and limitations, and the choice of method depends on several factors such as
industrial constraints (vacuum operation, need for cooling systems, deposition time or speed,
cost of deposition, etc.), the desired properties of the thin film and the target materials.
Thin film synthesis methods can be grouped into two main groups, chemical vapour deposition
(CVD) and physical vapour deposition (PVD). PVD includes a variety of vacuum processes in
which thin films are produced by condensing a vapour of the desired chemical composition onto
the substrate. There are a large number of PVD processes[173], including:

Sputtering (DC/RF) with/without magnetron
This technique uses a plasma to eject atoms from the target material (cathode) by bombarding
them with ions. The ejected atoms are then deposited on the substrate, forming the thin film. It
offers the possibility of relatively easy sputtering of materials with very high melting points and
high densities. Any type of material (conducting, semiconducting or insulating) can be deposited
on any type of substrate (insulating or conductive), at low or high temperatures. This technique
is also considered "environmentally friendly", as it generally generates less chemical and toxic
waste. On the other hand, costs are high because reactors are expensive, targets must be cooled
due to high-energy ion bombardment, and deposition rates are relatively low.

Ion beam sputtering (IBD)
IBD, also known as ion beam sputtering, is an advanced thin film deposition technique based
on the acceleration and focusing of ions onto a solid target. In this process, an ion beam is
generated by electric or magnetic fields to accelerate the ions.
These ions are directed on a solid target, where they impact the surface with sufficient energy to
eject atoms from the target. These ejected atoms form a stream of particles that deposit on a
substrate to form a thin film. The IBD technique offers precise control over the composition,
thickness and structure of the thin film by modulating ion beam parameters such as energy and
angle of incidence.

Thermal evaporation (by joule effect, electron beam or electric arc)
In this method, the starting material (in solid form) is heated in a vacuum environment so that it
sublimes. The atoms or molecules released in the process are deposited on the substrate, where
they form a thin film.

Pulsed Laser Ablation (PLD):
Pulsed laser deposition (PLD) is a growth technique in which photonic energy is coupled to the
bulk starting material via electronic processes. An intense laser pulse is focused onto a solid
target, where it is partially absorbed. Above a certain power density, significant material removal
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occurs in the form of an ejected luminous plume (plasma). The threshold power density needed
to produce such a plume depends on the target material, its morphology, and the laser pulse
wavelength and duration. Material from the plume is then re-condensed on a substrate, where
film growth occurs. The growth process may be supplemented by a passive or reactive gas or ion
source, which may affect the ablation plume species in the gas phase or the surface reaction, in
which case one talks of reactive PLD [174, 175]. Pulsed laser deposition preserves the intrinsic
properties of the target material in the deposited layer, it enables precise control of thickness,
composition, and crystallinity.

Additionally, molecular beam epitaxy (MBE) can be added:

Molecular Beam Epitaxy (MBE) refers to the technique of epitaxial growth of semiconductor
compound films by a process involving the reaction of one or more thermal molecular beams
with a crystalline surface under ultra-high vacuum conditions. The MBE technique is related to
vacuum evaporation, but offers much improved control of the incident atomic or molecular fluxes
so that sticking coefficient differences may be taken into account, and allows rapid changing of
beam species. MBE is widely used in devices requiring precise control of crystal growth (such as
semiconductor lasers) to achieve optimal performance [176]. For example, MBE can be used to
produce ’superlattice’ structures consisting of many alternating layers of GaAs and Al,Ga;_,As
with layer thickness as low as 10 A[177].

The other major family of thin film synthesis is Chemical Vapor Deposition (CVD), encompassing
all deposition techniques where one or more chemical compounds, referred to as precursors, react
and/or decompose on a substrate to produce the desired deposit with specific properties [173].
CVD processes can be carried out at low or atmospheric pressure. In some cases, plasma or
light is used to activate certain reactants or initiate specific chemical reactions, known as Plasma
Enhanced CVD (PECVD) and Photo-CVD (Photon-enhanced CVD), respectively. PECVD or
Photo-CVD allows for reduced temperatures and increased deposition rates. Additionally, the
family of CVD techniques includes Atomic Layer Deposition (ALD). ALD is a sophisticated thin
film deposition technique that enables extremely precise control over the thickness, composition,
and structure of deposited films. In this process, materials are deposited layer by layer using
sequential chemical reactions between gaseous precursors. Each layer is deposited sequentially
and controlled with atomic precision, by alternately exposing the substrate surface to a reactive
chemical precursor (surface activation), followed by a reactant that purifies (saturates) the surface
and readies it for the next layer. ALD enables the creation of ultra-thin, conformal, and uniform
layers, even on complex surfaces. This technique is now extensively employed in microelectronic
device fabrication and the synthesis of two-dimensional (2D) materials, owing to its ability to
produce precise and reproducible layers while minimizing defects and offering exceptional control
over the properties of resulting thin films [178].

Some of the properties of TCO deposited by different techniques are reported in the Table 3.1 .

Method p(Qem) T(%) Ey,(eV) n(em™3) p (cm?(Vs)™!) Ref

In;O3 Evaporation 2x107% >90%  3.56 4x10% 70 [179]

In,03 PLD . 86% 3.5 : e [180]
ITO CVD 1.7x107%  90% 3.9 8.8x10% 43 [181]
ITO IBD 2.4x107%*  90% 3.85 8x10% 30 [182]
ITO PLD 8.5x107°%  85% 1.4x10% 53.5 [183]
ITO PVD 2.4x107%*  95% 4 1x10%° 12 [184]
ITO ALD 5x107%  >90% 3.5-3.7 4-7.6x10%° 23-49 [185, 186]

Table 3.1: Reported of properties of InosO3 based TCO deposited by different techniques.

In this thesis we will mainly use the DC and RF PVD technique for almost all thin film

deposition.
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3.1.2 DC/RF magnetron sputtering.

The sputtering effect was first observed by W. R. Grove in 1852[187]. He observed the formation
of a thin layer of the metal of the cathode on the surface of the anode and the walls of an electric
discharge tube when an electric discharge is applied between the two electrodes of the tube in the
presence of an inert gas under low pressure. However, the first applications of this discovery did
not occur until a century later with the development of pumping systems. The first industrial
applications occurred in 1965 (production of the first films), followed by the invention of the
magnetron cathode in 1972. Today, sputtering is one of the most widely used techniques for the
synthesis of thin film materials and metallic or ceramic coatings.

3.1.2.1 The principle of sputtering

Sputtering is divided into three main phases:

e Generation of the vapour consisting of species of the material to be synthesised from a
target and reactive gases (Og, No, So).

o Transport of these species to the substrate in the gas phase.
o Condensation of the vapour on the substrate (nucleation or nucleation and growth).

Figure 3.1 illustrates the sputtering processes. The sputtering chamber is first pumped to a
secondary vacuum on the order of 10~ mbar using a turbomolecular and/or cryogenic pump,
after a primary pump initially lowers the pressure to limit the introduction of atmospheric
contaminants. The sputtering gas (usually Ar) is introduced into the chamber at a flow rate
monitored by flow metres and gauges to regulate the working pressure.

By applying a sufficient potential difference (~100 - 1000 V) between the cathode, which
consists of the target (negatively polarised), and the anode, which consists of the reactor walls,
a cold plasma or electric filament discharge is generated in a rarefied argon atmosphere at a
pressure of the order of 1073 - 10~! mbar, consisting of electrons e~, positive Ar* ions, photons,
and neutral Ar atoms. The substrate holder is electrically isolated from the rest of the cathode
and anode. Under the action of the electric field, the positive species of the plasma, (Ar™) ions,
are accelerated on the cathode (the target), resulting in its ablation by releasing the energy
gained upon impact with the surface of the target. The target atoms in the form of neutral
species are ejected by the ballistic effect and condense on the substrate. The momentum of the
Ar™ ions is not only used to eject the target atoms, but also phenomena such as implantation
of the incident ion, elastic reflection of the neutralised ion, and emission of secondary electrons
may occur[188, 189]. Secondary electrons are added to the free electrons produced during the
generation of Art cations. These electrons are accelerated under the action of the electric field
and in turn ionise the (neutral) argon atoms by collisions, forming Ar™ ions. This mechanism
maintains the plasma (maintenance of the electric discharge).

3.1.2.2 The magnetron effect

Two main problems arise in diode sputtering, the low ionisation rate of the plasma, which leads to
low deposition rates (< 0.1 gm.h~!) and the high thermalization of the sputtered atoms, which
leads to the formation of porous layers: To achieve discharge at lower pressure (1072 - 1072 mbar),
a higher ion density, with higher energy incident species, while maintaining a high deposition rate,
it is necessary to equip the cathode with a magnetron system (see Figure.3.1.b). The advantage
of magnetron is also to allow to maintain a discharge at lower pressure (pressure is limited in
classical sputtering). These magnets create a magnetic field parallel to the surface of the target,
perpendicular to the electric field. The electrons emitted by the cathode (secondary electrons)
and present in the gas are then trapped by the Lorentz force (eEx B). The probability of
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Figure 3.1: Schematic sputtering set-up: a) without magnetron system and, b) with magnetron,
the field lines confine the plasma near the target and force the electrons in a solenoidal movement.

collisions between electrons and argon atoms is therefore increased, leading to a higher ionisation
rate, easier maintenance of the plasma at low pressure and improved sputtering yields. This
enables the production of denser films[190].

3.1.2.3 Reactive sputtering.

The diode sputtering process with a DC supply is suitable for the deposition of metallic or
conductive materials. During the sputtering process with weakly conductive targets, a significant
current of positive charges can flow into the target, resulting in over-voltages or electrical
discharges and plasma instability, which are detrimental to the process[191]. There are two
processes for the deposition of metal oxides:

o Radio frequency (RF) sputtering from compound targets (the metal oxide in question).

e Reactive sputtering from a metal target with the metal oxide being added via the reactive
gas (Og, Na, S or Ha).

In RF sputtering, an RF generator (13.6 or 27.2 MHz) creates a modulation of the cathode
potential, which limits the accumulation of charges on the surface of the target, leading to the
maintenance of a stable plasma. Another alternative to RF sputtering is DC-pulsed sputtering
(with frequencies between 10 and 100 kHz), which is known to be effective in limiting plasma
instabilities. During the polarisation period Tpy, the target is negatively polarised, leading to
an accumulation of positive charges on the target surface, while during the non-polarisation
or positive polarisation period Topr (see Figure.3.2), the plasma is attracted to the target
surface and neutralises the accumulated positive charges. But the metal oxides deposited by
RF sputtering are often of better quality than those made by DC-pulsed sputtering, because
the voltage RF is not perceived by the low-mobility ions in the plasma,, so the potential is not
screened and remains uniform between the two electrodes[192].

Reactive sputtering also offers the possibility of producing oxides with different stoichiometry,
which can be controlled by the flow rates of the reactive gases and the working pressure during
the process. This is important for certain optoelectronic applications where certain specific
properties of the material are required, such as work function or defined free carrier densities
and mobilities. This is particularly the case for charge extraction and transport layers based
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Figure 3.2: Schematic representation of the target voltage waveform for a pulsed DC power
supply operating in asymmetric bipolar pulse mode [190]

on transition metal oxides, where the work function depends on the oxygen concentration, or
for transparent electrodes (TCO) where the optical and electrical properties are defined by the
density of oxygen vacancies. Reactive sputtering from metal targets has other advantages:

e The targets are often of better chemical quality and the deposited films are generally
characterised by very low amounts of impurities.

o Metallic targets are thermally conductive and can therefore be cooled efficiently. This
means that the possible range of power applied can be extended, for example to a value
close to 50 W.cm ™2, without the risk of cracking or melting the target.
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Figure 3.3: a) Changes in the partial pressure of the reactive gas , b) the discharge voltage
and, c) the deposition rate as a function of the reactive gas flow rate[192].

3.1.2.4 Thin film growth

In reactive sputtering, the flow of reactive gas O2 can lead to the appearance of an unstable
transition zone between two different sputtering regimes (elemental and compound sputtering
regimes). In the absence of electrical discharge, the pressure increases linearly with the flow
rate of gas introduced into the sputtering chamber (Figure 3.3a) The same pressure decreases
when the electrical discharge is turned on. The instability of the sputtering regime is generally
observed when the surface area of the target is very small compared with the dimensions of
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the sputtering chamber or when the pumping rate is low. This instability is presented by a
hysteresis phenomenon that is widely studied in the literature [193]. This phenomenon results
from the competition between the oxidation rate of the target and its sputtering rate. Figures
3.3 a, b and c [194] show the hysteresis phenomenon on the reactive gas partial pressure Pg,
the discharge voltage V and the deposition rate Vp as a function of the reactive gas flow rate
introduced D respectively. When a reactive gas such as oxygen is introduced into the chamber in
small quantities, it is essentially consumed by the metal vapour on the reactor walls through the
Getter effect and the interaction with the target surface is relatively week. If the partial pressure
of the reactive gas is increased to point 1, the system is in the ESR (elementary sputtering
regime), hence the contamination of the target is greater (the target is mainly covered with the
most stable material compound resulting from the reaction between the metal of the target and
the reactive gas), in this situation the sputtering rate of the target is lower than that of the
metal. If the flow rate of the reactive gas flow rate increases above a critical value Dg_gr (up
to point 2), the wall surfaces are completely saturated with metalloid, resulting in a sudden
increase in the partial pressure of the reagent and a significant increase in the discharge voltage.
A decrease in sputtering efficiency and deposition rate is observed. The system switches from the
ESR to the compound sputtering regime (CSR). In CSR, the evolution of the partial pressure
of the reactive gas as a function of the reactive gas flow rate parallels the "no discharge" line.
The difference between the curves with and without discharge reflects the ability of the reactor
to consume reactive gas molecules through the getter effect. When the reactive gas pressure
changes little, the cathode discharge voltage remains constant and the deposition rate remains
high. The decrease of the reactive gas flow does not immediately lead to a return to the ESR.
This difference between the CSR and ESR tipping points is due to the fact that the target is
still completely covered by the insulating compound, which generally has a lower sputtering rate
than the pure metal from which it was obtained[195]. It is therefore more difficult to completely
decontaminate the target to switch back to ESR. For the growth of sub-stoichiometric metal
oxide films, we need to place ourselves between ESR and CSR. The formation of a film occurs
in several phases: Adsorption and agglomeration of atoms on the substrate, incorporation of
deposited atoms by nucleation growth and coalescence or grain boundary migration. Several
kinetic and thermodynamic factors influence the different phases of the deposition process. This
leads to differences in morphology and microstructure. The morphology of thin films is highly
dependent on the deposition conditions and can be predicted by the zone structure model (SZM)
[196]. According to this model, the most important deposition parameters in metal film synthesis
are the total deposition pressure and the generalised homologous temperature (ratio between the
deposition temperature and the absolute melting temperature of the target material). The SZM
model was generalised by Anders (Figure 3.4) [197]. The Anders zone structure model predicts
the morphology of thin films as a function of temperature and plasma ion energy. Controlling the
structural properties of materials may be necessary for certain applications. Reactive sputtering
offers the possibility to control the structural properties of metal oxides by adjusting gas flow
rates and deposition conditions or parameters. The morphology obtained is defined by the film
thickness t*, the generalised homologous temperature T* and the normalised kinetic energy flux
E* of the particles arriving on the target surface. The parameters T* and E* are mainly influenced
by the substrate temperature and the working pressure. During the deposition process, the
substrate temperature influences the mobility of atoms on the surface. An increase in substrate
temperature leads to an increase in the mobility of the species adsorbed on the substrate surface,
but also to an increase in volume diffusion, and therefore to the formation of a denser layer. The
deposition pressure influences the energy and angles between the normal to the substrate and the
trajectory of the incident particles. As a function of the parameters t*, E* and T*, the Anders
diagram shows 4 zones with different morphologies.

e Zone 1
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Figure 3.4: A structure zone diagram including plasma-based deposition and ion etching [197]

Columnar morphology, porous and rough, with low diffusion of atoms. The structure is
amorphous or consists of few grains. At lower values of E* (high pressure), the argon
adsorbed on the surface of the film limits the surface diffusion, maintaining the columnar
structure. At lower pressures, the incident particles are more energetic, which increases the
mobility of the atoms and leads to the loss of the columnar structure.

e Zone T
Surface diffusion increases significantly, and the empty spaces between the columns can be
filled. The result is a structure of fibrous grains separated by dense gaps.

e Zone 2
This zone is formed when the deposition temperature is higher. The structure consists of
columnar grains extending through the entire thickness of the layer and separated by dense
grain boundaries.

e Zone 3
Dense, coarse grains (volume diffusion) Some zones are not accessible when using a diode
system. At T* near the melting temperature of the coating, volume diffusion is significant,
resulting in a polycrystalline film (dense films with coarse grain size).

3.1.3 Description of the equipment used: Alliance Concept Cluster Tool 200
(AC CT200)

In this work, our thin films were mainly deposited using a 200 mm multi-chamber PVD coater,
the Alliance Concept Cluster Tool 200 (AC CT200). The AC CT200 consists of a load lock (the
load lock allows substrates to be loaded and vacuumed before being transferred by a robotic arm
to the various process chambers), a transfer chamber, a pre-cleaning chamber for cleaning or
de-oxidizing the substrate (Ar etching), two planar chambers (single target in DC sputtering) and
a co-sputtering chamber (multi-cathode). Our depositions were performed in this multi-cathode
chamber. It is equipped with three magnetron cathodes, one DC and two RF /DC, which can
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accommodate metal or ceramic targets with a diameter of 101 mm and a usually thickness of 6
mm (thickness of the target material), fixed on a copper disc of 107.5 mm in diameter and 3
mm thick using indium. The use of low melting point materials such as indium (T, = 430 K)
makes it easier to cool the target during the sputtering process. The targets, located 30 cm from
the substrate holder (equipped with a rotation and translation system), are tilted at 22 degrees
to the horizontal in order to promote homogeneous and uniform films. The maximum possible
power is 200 W for the DC cathode target and 250 W for the two DC /RF targets. With a
target of 101 mm diameter, a power density of 2.5 W.cm~2 and a sputtering rate > 1 A.s™!
and 5 A.s~! with metallic and ceramic targets, respectively, can be achieved with these powers.
To obtain high quality deposits and limit excessive heating that could damage the targets, we
stayed well below the power limits.

The co-sputtering chamber is connected to different gas lines, an argon line with the possibility

a)

h

Figure 3.5: Description of the equipment: a) sketch of the AC CT200 in a clean room, the
different chambers are under vacuum, in the transfer chamber there is a robotic articulated arm
responsible for transporting the substrates between the different chambers of the equipment,
b) picture of the multi-cathode chamber, where the different TCO and TMO depositions were
made, c¢) substrate holder equipped with a rotation and translation motor that allows uniform
and homogeneous depositions, d) new molybdenum oxide (MoOs target bonded with indium on
a copper disc.

to switch to hydrogenated argon (Ar + 3% Hs) for depositions involving hydrogen doping, with
a flow rate between 0 - 100 sccm (standard cubic centimeters per minute), a nitrogen line (0
- 20 scem) and two oxygen lines, one operating between 0 - 5 sccm for low O concentration
control and a second between 0 - 20 sccm. A butterfly valve connected to the cryopump allows
the working pressure to be controlled independently of the gas flow. The residual pressure in
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the AC CT200 is of the order of 10 x 10~® mbar and can vary between 1.8x1072 and 5x 107!
mbar during deposition. It is also possible to apply a bias voltage to the substrate holder of the
AC CT200, but the large distance (30 cm) between the target and the substrate holder limits
the effect, as there will be no ionised species near the substrate. The substrate is biassed via a
power-controlled RF generator with voltage response (the physical parameter of post-ionization).
A tuning box with a motorised RLC circuit is used to adjust the impedance (set point and return)
of the system to limit the reflected power, which is especially important for ceramic targets. The
substrate holder in the co-sputter chamber is equipped with a heating resistor. It is possible to
reach up to 873,15 K. We did not use this feature during our studies.

3.2 Method and characterizations

3.2.1 X-rays reflectivity

X-ray reflectometry (XRR) is a simple, rapid and non-destructive technique for characterising
thin films, multilayer structures and surfaces by measuring the intensity of reflected x-rays as
a function of the angle of incidence. This technique provides valuable information about the
composition, thickness, density, and roughness of the various layers of a stack of metallic and/or
dielectric materials. XRR is based on scattering by a layered medium, as opposed to x-ray
diffraction where scattering occurs by reticular planes. XRR uses the reflection of monochromatic
x-rays at grazing incidence on a surface or interface. An angular w = 26 scan is used to measure
the reflected intensity as a function of incident angle (the scan range is measured from below
the critical angle to the angle at which the measured reflection intensity reaches the background
level, the scan range is between 260 = (0.1 - 0.2 degree and 4 - 12 degree, the scan speed is set to
the speed at which statistical fluctuations can be suppressed to the extent that the oscillation of
the reflection intensity can be observed clearly and without noise, e.g. 0,01 - 2 degree.min™!).
The analysis of the reflected intensity makes it possible to determine the thickness, roughness
and density of the thin layers or stacks under investigation with extreme accuracy, Figure 3.6.
a) and b) illustrate the principle of XRR measurement. Figure 3.6. a) shows that at angles

a b
)Source ) . F NiO, // Si
Detector 10%+ Thickness (t) tnm) R(nm) D(g.cm)
) Ag NiO, 1696 048 635
o 10°3 o Si .. 037 233
> 4
-‘;’ 10% ¥ pensity )
5 ! e Experimental
8 1035 I —— Simulation
, 5 i
Re.fracnve Dispersion  Absorption o 102+ i
it e | Slope = Roughness (R)
ope = Roughness "
101., . LA
I A e R
0 <1 2 3 4 5 6

2Theta(®)

Figure 3.6: [Illustration of the principle of XRR measurement: a) interaction between the
sample and the x-rays as a function of the angle of incidence. b) determination of thickness,
density and roughness by reconstruction of the reflectivity curve as a function of the angle of
incidence (real case of a NiO, thin film deposited by sputtering on Si substrate).

less than the angle of incidence 6., the x-rays are totally reflected and do not propagate inside
the material. At angles of incidence greater than 6, and at material thickness’s less than 200 nm,

refraction and reflection occur and the x-rays beam propagates through the material, resulting
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in the formation of interference fringes called Kiessig fringes (Figure 3.6. b)). These fringes
are due to interference between the reflections at the surface/interface of the substrate and the
reflections at the surface of the film, the period of these oscillations can be used to determine the
thickness of the film. The amplitude of the oscillation and the critical angle for total reflection
0. provide information about the film density. This angle depends on the electron density of the
film, which in turn depends on its density[198].

The amplitude of the oscillation depends on the difference between the densities of the film
and the substrate; the greater the difference in film density, the greater the amplitude of the
oscillation.

Most dense materials have a refractive index of less than 1, so total reflection is possible at
very small angles of incidence of 0.2 to 1 degree. The refractive index n of a material for x-rays
can be calculated using the following equations[198]:

n=1-6+if (3.2.1)

where,

2
& =1 =1

2
B = (ng; ) Nop Y wi(Zi+ )] wiM; (3.2.3)
i=1 =1

Where 7 is the classical radius of an electron (~2.8x107m), Ny is the Avogadro number, A
is the X-ray wavelength, p is the density (g.cm?®), Z;, M;, x;, fi/ and fg, are respectively the
atomic number, atomic weight, atomic ratio (molar ratio), atomic scattering factors(anomalous
dispersion term) of the i*® atom. The term § corresponds to dispersion and its value depends on
the wavelength of the X-rays and on the density and composition of the material. The parameter
B is related to the absorption of X-rays, which is expressed by the linear absorption coefficient p,
as shown in the following equations [198]:

Ap
= — 3.2.4
p=22 (3:2.4)
The critical angle 8. for total reflection is given by the Equation 3.2.5, from the critical angle
for total reflection, the density of the film can be derived.

B = V26 = )\,/@ ~ 0.1 — 1degree (3.2.5)
T

The thickness t of the film is determined from the period A6 of the Kiessig strips and the
wavelength A of the incident X-rays according to the following equation:

A

During this thesis, all measurements of the thicknesses and densities of the thin films (TCO and
TMO) were performed in a clean room using the Bruker D8 Fabline reflectometer in 200 and 300
mm. Bruker’s Leptos software, which uses Fast Fourier Transforms and the Monte Carlo method,
was used to analyse the data. Thickness, density and roughness are determined by fitting the
experimental data (reflectogram reconstruction) as shown in Figure 3.6 for the case of a thin
NiOx film.
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3.2.2 Optical characterizations
3.2.2.1 Transmission and reflection

Optical transmission and reflection measurements were carried out using a Cary 7000 UMS
UV-Vis-NIR version 2.24 dual-beam spectrophotometer operating in the ultraviolet, visible, and
near-infrared (NIR) regions between 190 and 3300 nm (deuterium lamp: 190 - 350 nm and halogen
lamp: 350 - 3300 nm). The dual-beam operation allows the correction of intensity fluctuations
from the source and the environment. The instrument is equipped with the Universal Measurement
Accessory (UMA) system, which automatically measures absolute specular reflection, transmission
and scattering over a wide range of angles and polarizations. For transmission measurements,

R light source /\

T collimator

T light source —

Sample

R collimator

Figure 3.7: Illustration of the optical reflection and transmission measurement principle

angles of 0 and 180 deg were used for the source and detector (collimator), respectively, while for
reflection measurements, angles of 7 and 17 deg were used for the detector and collimator. Figure
3.7 illustrates the principle of transmission and reflection measurements. We used a measurement
step of 1 nm with a selected scan rate of 600 nm.min~!. The measurements were performed on
materials on a 25x25 mm? glass substrate. A baseline was carried out before measurements
on a bare substrate. Optical absorption « for a thin film of thickness t is determined from the
transmission and reflection values using the following equation[199]:

1 VI =R} +4T2R?2 — (1 — R)? 1

3.2.2.2 Optical characterization by spectral ellipsometry

Ellipsometry is a non-destructive technique based on measuring the change in polarisation of
light reflected from a surface. Ellipsometry is considered as an impedance measurement, while
reflection or transmission can be considered as power measurement (impedance measurement
provides both amplitude and phase, while a power measurement provides only amplitudes).
Ellipsometry is mainly used to determine the thickness and optical indices n and k of thin
dielectric or transparent films deposited on absorbing substrates (e.g. Si). The basic principle
of ellipsometry is based on the analysis of the polarisation state of light reflected by a sample.
When light strikes a surface, its polarisation can change due to interactions with electrons in
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the material. The amplitude of light reflected from a single surface is generally decreased while
its phase is shifted. In the case of multiple reflecting surfaces, the different reflecting rays
interact and produce maxima and minima depending on the wavelength or angle of incidence.
Figure 3.8 illustrates the basic principle of ellipsometry, where incident polarised light consists
of a p-component parallel to the plane of incidence and an s-component perpendicular to the
plane of incidence. For a material with zero absorption, only the amplitude of the reflected
wave is affected. Linearly polarised light is reflected as linearly polarised light. However, for
absorbing materials and for multiple reflections in a thin layer between the air and the substrate,
the two components experience different amplitude changes and phase shifts during reflection.
The reflection of the parallel component is always lower than that of the vertical component
at angles of incidence other than 0 and 90 deg. Phase shift introduces an additional 90 deg

Figure 3.8: Ellipsometry measurement, reflection of polarised light on a flat surface, ¢ is the
angle of incidence.

polarised component into the incident beam, making the reflected light elliptically polarised.
The key property of ellipsometric measurement is based on the change from linearly polarised to
elliptically polarised light or from elliptically polarised to linearly polarised light upon reflection.
The reflection coefficients R, and R, of the parallel and perpendicular components of the electric
field allow us to define the ellipsometric angles ¥ and A[200]:

ep(incident) es(incident)
- . R, = Sslincident) (3.2.8)
ep(reflected) es(reflected)
and,
, 0° < ¥ <90°
B _ anweid - - (3.2.9)
R 0° < A < 360°
where,
| Ry |
tan¥ =
| Rs| (3.2.10)
A=A, A,

The refractive index of the material n and the extinction coefficient k of the sample can be
expressed as a function of the ellipsometric angles and the incident angle ¢ using the following
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equations:
tan?¢(cos?2¥ — sin?2Wsin?A)
(1 + sin2WcosA)?
ngsin®ptan®¢sindVsinA
(14 sin2WcosA)?
Ellipsometry is complementary to transmission and reflection measurements. The absorption
coefficient can also be defined as a function of the extinction coefficient k by a = 47k /. Briefly,

n? —k*= mn3sin?¢ |1+
(3.2.11)
nk =
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Figure 3.9: a) ellipsometry raw data and model fit for ~ 400 nm of PbS QD), b) Optical
indices determined by modelling the ellipsometric angles as a function of wavelength for a PbS
QD film of ~400 nm absorbing at 940 nm.

in ellipsometry, the ellipsometric angles ¥ and A are measured at different ¢ angles as a function
of wavelength. The measured ¥ and A parameters are then compared with optical models and
simulations to determine material properties such as refractive index, extinction coefficient, and
film thickness. Figure 3.9.a shows the two ellipsometric angles ¥ and A measured (dashed black
lines) and fitted (solid colour lines) at different incidence angles ¢ for a PbS QD film deposited
on a Si//Ta//TiN//ZnO stack. Figure 3.9.b shows the optical indices n and k resulting from
modelling these two angles. It can be clearly seen that the QD absorption peak is at 940 nm
as expected. It should be noted that ellipsometry has one major drawback, different optical
models can be used to reconstruct the psi and delta curves as a function of wavelength with good
accuracy. Therefore, some knowledge of the samples under study is required, or a combination of
ellipsometry and another technique such as XRR may be useful (prior measurement of sample
thickness with XRR reduces the number of parameters that need to be determined by modelling).

3.2.3 Four probes electrical measurements, VDP and Hall effect

Electrical resistivity measurements were performed in a clean room at room temperature using the
standard four-point probe technique on thin films deposited on thermal oxides with a thickness
of 500 nm (on 200 mm substrates, the probe is pressed directly onto the surface of the film).
The simplest model is obtained when the four tips are aligned and separated by equal distances
(see Figure 3.10a), a small current I is applied between the two outer probes, and the voltage
is measured between the two inner probes. The four probes technique minimises the effects of
contact resistance and voltage drops in the leads (the current flowing in the V measuring branch
is negligible because the impedance of the voltmeter is very high, so voltage drops across the
contacts are negligible and the measured voltage is actually the voltage between the contacts.
Using the voltage and current readings from the probes, the resistivity is given by [199]:

d K
n(2) I

P= (3.2.12)
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Figure 3.10: a) Four-point-probe resistivity measurements configuration (four probes in line),
b) Hall effect measurement configuration for thin films on insulating substrate, ¢)Van der Pauw
(VDP) resistivity measurement (suitable for arbitrary four probes configuration.

This formula assumes that the thickness of the sample is much less than the distance between
the probes, d < s/2.

For arbitrary shape (Figure 3.10.c), the resistivity can be calculated using the following
equation[199]:

_ md (Ris23+ Ra31)
~In(2) 2

p F (3.2.13)
where Ri4923 = Va3/I14 and F is the correction factor and depends on the ratio R, = Ri4,23/R42.31.
It is close to 1 for all symmetrical shapes. The VDP measurement does not provide information
about the density or mobility of free charge carriers in a material (metal or semiconductor).
These quantities can be measured by the Hall effect, which was discovered by E. Hall in 1879[201].
The Hall effect is based on the principle that a magnetic field applied to a conducting or
semiconducting material through which a current flows leads to the creation of a potential
difference that is perpendicular to the direction of the current and the magnetic field (see Figure
3.10.b). The potential difference produced, also known as the Hall voltage, is related to the
deflection of the charge carriers by the Lorentz force -evxB, where v is the electron velocity.
The Hall voltage Vg is directly proportional to the charge carriers density and their mobility.
The Hall voltage is given by the following expression:

Vi = RyIB (3.2.14)
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Where Ry is the Hall coefficient and the scattering factor r, Ry is given by:

R r(p — b?n)
H = —_—
e(p +bn)? (3.2.15)
b=
Hp

When the conduction is dominated by one type of charge carriers, e.g., of type n, the equation is
largely simplified as:
r
Ry =— (3.2.16)

en

The sign of Ry indicates the type of carrier. The diffusion factor varies between 1 and 2 and
depends on the diffusion mechanism in the semiconductor, the magnetic field intensity and the

temperature. In the limit of high magnetic fields, r — 1 and Ry = — for n-type material.

The high fields required for r to approach unity are not achievable in most laboratories. Typical
magnetic fields are between 0.5 and 1 T (0.5 T for our measurements), so r > 1 for typical Hall
measurements. Since r is generally not known, it is often assumed to be equal to one. Knowledge
of the Hall coeflicient, together with measurement of resistivity, allows determination of the
carrier type and carrier mobility density.

3.2.4 X-ray Photoelectron Spectroscopy (XPS) and Ultraviolet Photoelectron
Spectroscopy (UPS)

3.24.1 XPS

Definition and principle

X-ray photoelectron spectroscopy (XPS), also known as ESCA (Electron Spectroscopy for
Chemical Analysis), is a powerful analytical technique used to study the surface chemistry of
materials. XPS is based on the photoelectric effect described by A. Einstein (1905). Photoemission
using x-rays was first observed by Robinson and Rawlinson in 1914, and the first application
of photoemission as an analytical method was described by Steinhardt and Serfass in 1951.
However, the development of XPS as we know it today was pioneered by K. Siegbahn in the
1960s. The photoelectron emission process is illustrated in Figure 3.11, A monochromatic soft
x-ray beam (hv < ~ 6 keV) with a specific energy (e.g., Al K, 1486.6 €V) is used to irradiate the
sample surface. The interaction of the x-ray photons with the surface of the sample can cause
the ejection of photoelectrons from the outermost atomic layers and core levels of the material.
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Figure 3.11: Photoelectron emission process

The kinetic energy and the number of electrons ejected provide useful information about the
elemental composition (each atom generally has its own binding energy) and the chemical state
of the atoms on the surface. The vacuum level refers to the energy level of an ejected electron at
rest (a position where the interaction between the ejected electron and the sample is negligible),
and the work function of a material is the difference between this and the Fermi energy level. By
measuring the kinetic energy KE,,cqsureq Of the photoelectrons, we can determine their origin
and their binding energies BE (see the energy diagram, Figure 3.12).

BE = hV - KEmeasured - d)spectrometer (3217)

Where hv is the x-ray energy and ¢spectrometer is the spectrometer work function.

All elements except hydrogen and helium can be detected (with a detection limit of 0.1-1 at. %,
and in some cases, e.g., for light elements in a matrix of heavy elements, the detection limit may
exceed 10% at.); XPS can be used to study the surface of almost any material, conductive or not.
The large majority of XPS peaks originate from electrons at specific core levels that have not
suffered energy loss or inelastic collisions on their way to the surface (main peaks). Electrons that
have undergone inelastic scattering processes lose some of their energy and information about
their origin. These inelastically scattered electrons contribute to the continuous background of
the spectrum.
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Figure 3.12: XPS basic principle, energy level diagram illustrates schematically the basic
XPS equation, including the x-ray source energy hv, the binding energy of the electron BE, the
measured kinetic energy of the electron KE,,cqsured, and the work function of the spectrometer

¢spectrometer [202]

The main peaks are described with the spectroscopic notation Xnl;, where X stands for
the element, n is the main quantum number (n = 1, 2, 3, ...), | stands for the orbital angular
momentum, s, p, d, f are notated corresponding tol =0, 1, 2, ..., n - 1, j = l4s is the total angular
momentum and corresponds to the sum of the orbital angular momentum and the projection of
the spin magnetic spin moment s = +1/2. For example, Mo 3d5 5 corresponds to electrons of Mo
atoms with n = 3,1 = 2, and s = 1/2. For values of | > 1, the peaks appear as P3/2-P1/2: d5/2-d3/2
and f7/o-f5 /o doublets separated by the AEgo spin-orbit coupling (see Figure 3.11). The area
ratios between the peaks in the doublet are determined by the degeneracy of the electronic levels
(2j + 1), e.g., this ratio is equal to 3:2 for levels d5/, and dg/p. The spin-orbit coupling may
be so important that the in-depth analysis focuses only on the spin-1/2 component, as is the
case for Ni 2p, where generally only the Ni 2p3/, state is analysed. The position, shape, and
the full width at half maximum of the peaks provide useful information about the chemical
environment of the atoms. For transition metal oxides, the peaks of the metallic element (e.g.
Mo(0) for molybdenum oxides) are generally asymmetric, the full width at half maximum of
these peaks decreases as the oxidation state of the metal increases and the binding energies are
shifted towards higher values (Table 3.2 for the specific case of MoO,), while for the oxide in its
stoichiometric form such as MoQOgs, the peaks of the metallic element become symmetric.

Compounds Main oxidation states Binding Energy (eV)
Mo 3d5/2 Mo 3d3/2

Mo Mo(0) 298.3 231.5
MoOs Mo(IV+) 230.0 233.1
MoOs Mo(VI+) 232.5 235.6

Table 3.2: Reported values of binding energies of the chemical states of molybdenum and their
stoichiometric oxides[203)].

One of the keys to XPS measurement is its high surface sensitivity. In measurements with
an Al K, source, the interaction of x-rays with the core levels is mainly due to inelastic colli-
sions, and the distance A (mean free path) travelled by photoelectrons between two inelastic
collisions is less than 2-3 nm. This mean free path length depends on the kinetic energy of
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the electrons and the density of the free electrons and is of the same order in all solids except
alkali metals[204]. Surface sensitivity is related to the attenuation of the x-rays as they pass
through the sample. The probing depth d of the x-rays corresponding to the surface layer, which
accounts for 95% of the total recorded signal intensity, is about 3Acosf), where 6 is the emission
angle of the electrons relative to the sample normal, so that d varies between 6-9 nm in the
case of electrons collected at the surface normal [202, 204]. For emission angle 6 (referred to
the surface normal) and an incident energy intensity Iy, the intensity contribution of a surface
layer of thickness d to the total intensity of an XPS signal is determined by the following equation:

I = Iyexp(—d/Acosh) (3.2.18)

Increasing the probing depth can be beneficial to minimise the relative contribution of surface
oxides and impurities, especially for samples sensitive to sputtering damage (where the use of
low energy Ar ions or Ar cluster etching will alter or degrade the sample). Surface sensitivity is a
problem when studying certain materials. In particular, for transition metals or transition metal
oxides, which are very sensitive to oxygen, the chemical composition may not be representative
of the entire layer after an air exposure.

The difficulties associated with surface sensitivity can be overcome by etching with low energy
Ar ions (where this is not limiting) or at the expense of lower energy resolution by using higher
energy X-rays (the lower resolution is due to the larger linewidths of Ag L, and Cr K, sources
[204]. Another problem with XPS can be the charging effect; in some situations, the surface
of the samples can become charged during XPS analysis, leading to shifts and distortions of
the peak shape, as the loss of negative charge from the surface region due to the photoelectric
effect is no longer sufficiently compensated by electrons from the sample bulk, substrate, or
surrounding environment. This leads to a positive charging of the sample surface and it becomes
more difficult to remove other electrons and the binding energies become greater, causing the
peaks shift towards higher binding energies (decrease in the kinetic energy of the photoelectrons
due to the Coulombic interaction). This effect can also lead to broadening of the peaks, similar
to reduction in the case of metal oxides. The analysis of non-conducting samples requires the use
of a low energy electron or electron/ion gun (1-5 eV for electrons or < 5 €V for ions), called a
flood gun. However, this type of compensation does not always guarantee the electrical neutrality
of the surface.

Another alternative to address peak shifts due to charge effects is energy scaling correction, where
the lowest C 1s peak is often used as an internal standard for energy calibration. However, there
is debate in the literature about the appropriate binding energy of this peak, with values varying
between 284.6 and 285 eV. The effects of these variations in the carbon source, interactions with
different substrates, and coupling of the adsorbed layer to the substrate limit the validity of
using the C 1s peak as an accurate and universal reference[205, 206, 207].

XPS instrument
In this work, our measurements were performed off-line using a PHI500 VersaProbe II x-ray
microscope spectrometer. Its schematic diagram is shown in Figure 3.13. It uses electrons
generated by the thermoelectric effect with a LaBg filament. These electrons are accelerated by a
high voltage onto an Al anode to produce an x-ray radiation source consisting of a characteristic
spectral line (radiative interaction between the electrons and the core levels of the atoms of the
anode) and a continuous spectrum resulting from the deceleration of the electrons on the anode
(bremsstrahlung). These x-rays are then passed over an ellipsoidal quartz crystal monochromator
that selects the K, 1 line. The monochromatic x-ray beam obtained is focused on the sample,
and the ejected photoelectrons are collected and analysed using a multichannel detector. The
analyzer consists of two concentric hemispheres with different radius Ry, and Ry, covered with
a conductive layer and subjected to a potential difference U. The geometry of the analyzer can
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Figure 3.13: Schematic diagram showing the major components of an XPS instrument and
monochromator.

be used to determine the characteristic energy E, of the analyzer, also known as the energy
pass[205]:

Rou Rzn
! ) (3.2.19)

Ep = e.U (M

out

E, corresponds to the energy that an electron entering the analyzer must have to escape on an
intermediate radius trajectory. Only electrons with energies near E, can be detected; electrons
with energies much higher or much lower than E, will be deflected from the outer or inner
hemisphere, respectively. Since the kinetic energies of the emitted photoelectrons are not equal,
a delay potential is applied to the input of the analyzer so that the energy of E, is identical to
the kinetic energy of all photoelectrons. The variation of this potential is used to construct the
XPS spectrum. This method allows to work with a constant energy resolution over the entire
kinetic energy range studied.

Analysis of XPS spectra

Survey scans

Survey scans can be used to quickly obtain primary information about the composition of the
sample. They are elemental, qualitative analyses that can be used to determine the various
elements present in the sample without giving any indication about their concentration. Survey
scans are generally acquired at a relatively high energy step to ensure a high signal-to-noise ratio
so that even weak signals can be detected. The wide energy range ensures that the peaks of all
core electron levels that can be excited by incident photons are acquired. Since the electronic
structure is element specific, it is easy to verify which elements are present in the sample by
comparing the recorded binding energy values to the XPS manuals. Survey scan analysis must
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Figure 3.14: XPS survey scan spectra of Mo-doped NiO,

be performed prior to recording narrow range resolution spectra. As example, the Figure 3.14
shows the survey scans spectrum of Mo-doped NiO,,, showing the different peaks that are present
in the material. The presence of C (C 1s around 284.5 eV) is due to surface contamination
resulting from air exposure.

High resolution spectra (narrow range)

Spectra over narrow energy ranges are obtained with a very small energy step, resulting in high
energy resolution. These spectra provide more accurate information about the surface chemistry
of the sample. In our studies, we used the CasaXPS software [208] to analyse the high-resolution
spectra. This tool provides different peak shapes, including Gaussian and Lorentzian and their
mixtures, as well as different backgrounds such as linear Shirley or Tougaard functions. Figure
3.15 shows an example of quantitative analysis of the high-resolution O 1s peak in a NiO, sample
deposited from a NiO target by reactive sputtering (Ar + Og). A Shirley background function
and a mixture of Gaussian and Lorentz peaks are used for the fit. There are two different
environments around the Ni atoms: NiO corresponds to the oxide in its stoichiometric form, while
NioO3 describes a more oxidised environment, NiOOH refers to contamination or hydroxylation
of the surface. XPS quantification is based on the evaluation of the ratio of the areas under the
main peaks of the core levels of all elements present in the sample. In the case of signal overlap,
the peaks must first be adjusted to obtain an accurate estimate of the peak areas. The peak area
is normalised by the relative sensitivity factor (RSF) of each corresponding electronic level. The
RSF takes into account the fact that the number of electrons detected from a given core level of
an atom depends on several factors, including the excitation source, the effective photoionization
cross section, the inelastic mean free path of the electrons, the angle between the incident x-rays,
etc. For the quantification of MoOz, for example, we will use 3. 32 and 2.93 for Mo 3d and O
1s, respectively, and the stoichiometry x of MoO,, is defined by the ratio of the area under the
peaks of O 1s and Mo 3d.

The order of magnitude of the error is ~ 5% and the corresponding quantification accuracy in
XPS is considered to be poor compared to other techniques such as Auger electron spectroscopy
(AES), energy dispersive X-ray spectrometry (EDX or EDS), Rutherford backscatter spectrometry
(RBS)[209, 210, 211].
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Figure 3.15: High-resolution spectra O 1s pic obtained from NiO, films, compositions of NiO,
by O 1s XPS spectra divided into NiO lattice (blue), NizOj3 lattice (red) and bound hydroxide
related group NiOOH (green) concentrations

3.2.4.2 UPS

Ultraviolet photoelectron spectroscopy (UPS) is a surface analysis technique similar in principle
to XPS. It uses a monochromatic UV photon source, generally with an energy of hv = 21.2
eV (He-I discharge lamp or synchrotron radiation with absolute calibration of photon energy),
instead of x-rays, to probe the valence region of the material (binding energy below 30 eV) and
can be used to determine the surface work function of metallic and semiconductor materials
as well as the ionisation energy or the energy between the vacuum level and the first valence
level in a semiconductor. The low energy of the UV source makes this technique even more
surface sensitive than XPS, since only the uppermost ~2-3 nm are analysed, which means that
surface contamination is even more problematic. Figure 3.16 illustrates the principle of the
measurement UPS. The binding energies are given relative to the Fermi level (BE = 0), electrons
with higher binding energies are not probed, this part of the spectrum is called the secondary
electron cut-off (Ecyz—off). The work function and ionisation energy can be determined by the
following equations:

{d’ = hv = (Ecuory = Er) (3.2.20)

IE = hv — (Ecutoff — EvB).
This characterization technique is difficult to apply to weakly conducting or insulating materials.
However, in the special case where the very thin insulating layer is deposited on a metal substrate

and no charging effect occurs, the work function of the weakly conducting or insulating film can
be measured.
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Figure 3.16: Schematic diagram of work function measurement using photoelectron spec-
troscopy

3.2.4.3 X-ray diffraction

X-ray diffraction (XRD) is used in chemistry and solid state physics to study the structure of
crystalline materials. It is based on the phenomenon of x-ray diffraction, in which x-rays are
scattered by the periodic arrangement of atoms within a crystal lattice, resulting in the formation
of a diffraction pattern (see Figure 3.17.a). By measuring the angles and intensities of the
diffracted waves, the crystal structure, crystal size, orientation, and other important properties
of the sample can be determined. The diffraction condition for planes of index hkl separated by
a distance dpy; is given by Bragg’s relation:

2dsinf = nA (3.2.21)

where A is the wavelength of the incident radiation.

We have investigated the structural properties of TCO films and transition metal oxides prepared
using the XRD technique. Our measurements were performed on an Empyrean PANalytical
diffractometer using a Cu-Ka source at 45 kV/40 mA /) = 1.540598 A with a minimum resolution
as low as 0.01deg. XRD scans were performed in w-26 symmetry (see Figure 3.17.b), incidence
angle w and the angle of the detector is 20 (goniometer 2 circles: w, 20 / radius = 240 mm).
The x-ray source is kept stationary and the sample and detector are rotated by 6 deg.s™! and
20 deg.s™!, respectively, i.e. in the direction (001) where the diffraction vector is perpendicular to
the film surface. Only diffraction from crystal planes parallel to the sample surface is detected,
since the Bragg condition can only be satisfied for these planes (see Figure 3.17.c). When the
structure is more or less crystalline, the grain size D can be determined as a function of the full
width at half maximum (FWHM) § of the main peaks and taking into account the instrumental
broadening, the calculation being based on the Scherrer formula given by the following equation

KX
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where = width at half height of the line under consideration (hkl). K is the Scherrer constant,
also known as the shape factor, it depends on how  is determined, the shape of the grains and
their size distribution [212]. In most cases, it varies between 0.89 for spherical particles at w =
260 and 0.94 for cubic particles. For unknown particle shapes, it is fixed at 0.90, and we will use
this value.

a) b)
X-ray
source

Detector

Figure 3.17: a) Diffraction of X-rays by a crystal lattice, b)and c) diffractometer beam path
in w = 20 mode

3.2.5 Surface morphology by AFM

The morphology of the different layers was determined by atomic force microscopy (AFM)
in tapping or intermittent contact mode. A probe attached to a cantilever equipped with
a piezoelectric oscillator interacts with the surface of the sample by coulombic attraction or
repulsion. These interactions cause fluctuations in the amplitude of the oscillations and induce
deflections of a laser beam directed at the cantilever; the reflection of this laser beam is detected
by a synchronised photodetector. Based on this deflection, the instrument can create an atomic-
scale topographic image of the sample surface at the atomic scale. By measuring the distance
between the tip and the surface at each scanned point, the AFM can create a three-dimensional
map of the sample topography.

3.2.6 Metal-Oxide-Semiconductor (MOS) capacitor analyses
3.2.6.1 Theory

The MOS or MIS (metal-insulator-semiconductor) capacitor is generally the basic building block
of many semiconductor devices. A MOS structure can be simply defined as a capacitor whose
value is a function of gate voltage. It is useful for the study of semiconductor surfaces. In a
MOS structure, the oxide (insulator) must be of sufficient quality and thickness to minimise the
leakage current between the metal and the semiconductor. This is especially true for SiO2, which
is obtained by thermal growth on clean Si surfaces. Thermal oxide have very few defects (mobile
charges, fixed charges, etc.) and induce very low densities of interface states (Dits) with the
semiconductor (Si). In the case of high defect densities, and if necessary, NoHy annealing (425
°C, 30 minutes) can passivate the interfacial traps to density limits of ~10'%m~2. The reduction
of Dits prevents pinning of the Fermi level [213] and allows a more accurate determination of the
work function of the metal (gate). This section will describes the principle of determining the
work function using simple MOS structures.

3.2.6.2 Ideal MOS structure

An ideal MOS (see Figure 3.18.a) is a theoretical model in which, under all bias conditions, no
leakage current between the metal and the semiconductor (the insulator resistivity is infinite)
and no charge is stored in the insulator. The only charges present in the structure are those
in the semiconductor and those of opposite sign, but equal magnitude, at the metal-insulator
interface, i.e., there are no interface traps or oxide charges of any kind. In practice,the real MOS
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is not perfectly ideal, but the ideal MOS serves as a theoretical reference for analysis. The total
capacitance at a given gate voltage is expressed by the following relation:

C— CsCox

= "7 3.2.23
Cs+ Cox ( )

Where Cox = epox/tox is the oxide capacitance and corresponds to Cjq, in accumulation
regime, and C; is the semiconductor capacitance and depends on the applied gate voltage, The
relation between V;; and C; is expressed by the following equation[214, 215]:

_dQs
Cs = di)s (3.2.24)
Vg =6m— s+ s —

Cox

Qs is the solution of Poisson’s equation whose analytical expression is easily found in the Boltz-
mann approximation, but in the degeneracy regime this approximation is no longer valid[214].
Nevertheless, a numerical solution that takes quantum effects into account can be found by
numerically solving the Poisson-Schrodinger equation.
In the absence of an applied voltage and when the work function of the metal and the semi-
conductor are equal, the flat-band condition (see Figure 3.18.b) is given by the following
relation: 5

bm — (?9 —¢p) =0 (3.2.25)
For different work functions of the metal and the semiconductor, there is a certain value of
the gate voltage, called the flat-band voltage V/y, for which the flat-band condition is achieved,
s = 0. The net charge is zero at the surface of the substrate.
The substrate capacitance is by:

Cupp = =2 (3.2.26)
L

where L, is the Debye length and is given by Lg = \/ﬁ and e the semiconductor permittivity.
In the presence of polarisation, three cases can occur at the surface of the semiconductor:

a) b)

v Metal ry 3 r EVL
"X [1)'¢ Xsi
tox Insulator Pm L Ec
E,/2 E
4 ~

_ ——— E
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Semiconductor (p-Si) | contact p By

.  tox

Metal Insulator p-Si(semiconductor)

Figure 3.18: a) Ideal metal-insulator-semiconductor capacitor structure, b) energy-band
diagrams of ideal p-type MOS capacitors at equilibrium V = 0.

At negative bias (Figure 3.19.a) and V; < Vj,, near the semiconductor surface, the band edges
bend upward and approach the Fermi level, leading to a strong accumulation of majority carriers
(holes) and total capacitance C' ~ Cpx.

When the polarisation is such that V; > Vy, (see textbfFigure 3.19.b), the band edges bend
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downward and the majority carriers are depleted a depth W in silicon substrate, this is the
depletion regime. The semiconductor capacitance is defined as:

Cy = -2 (3.2.27)

Finally, when the gate voltage is very high compared to the flat band voltage, V, > Vy;, (Figure
3.19.c), the band edges are bent down significantly and an n-type region is formed on the surface
of the semiconductor due to the accumulation of minority carriers, this is the inversion regime,
The total capacitance C' ~ Cpx.

Experimentally, the inversion is observed only at low frequencies; at high frequencies, the

a) b) ©) E.
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Figure 3.19: Energy-band diagrams for ideal p-type MOS capacitors under different bias, for
a) accumulation, b) depletion, and c) inversion regimes.

minority carriers do not have enough time to respond to the potential variations, and the lifetime
of the minority carriers is less than the period of the 1/f signal AC (where f is the frequency
of the electrical excitation). The C(V) curve in Figure 3.20 illustrates the different operating
regimes of the capacitor as described above.
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Figure 3.20: Ideal p-type MOS C-V curve obtained from one dimensional Poisson-Schrodinger
simulations[216], with Na = 10°ecm™3, tox = 7.2 nm, and A = 3.72x10"%cm?
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3.2.6.3 Gate work function

The energy band diagram of a MOS structure for a voltage V; = V;, such that the flat band
condition is achieved is shown in Figure 3.21. By comparing the measured C(V) curves with
the theoretical model, it is possible to determine the various parameters useful for determining
the work function and calculating the Dits. One important parameter is the equivalent oxide
thickness (EOT), i.e., the thickness of a SiO2 layer with the same electrical properties as a layer
of high-k dielectric. It can be easily determined from the capacitance Cy,q.p = Cox. However,
this formula does not take into account the residual capacitance Cy of the semiconductor in
the accumulation region and other effects that may be due to quantum confinement at the
dielectric/semiconductor interface, so the error in determining the EOT can be considerable,
especially for very ultra-thin dielectric layers, comparable to the de Broglie wavelength of the
charge carriers.

To reliably extract the various parameters, we used solutions of the one-dimensional Poisson-
Schrodinger equation that take into account the dependencies of the charge Qs and the capacitance
Cs on the potential at the semiconductor surface for different doping levels of the substrate[216].
The important parameters were determined by fitting our C(V) measurements to these data using
a simple Python script (see Appendices). The substrate doping is determined directly by the

. Eny
Energy T Xox
¢m Xsi = 4.05eV
Psi
‘,E Fm EC
Vib A
DLy [Coemvo | B
Oxyde Ey
W 1% . .
Potential Métal Oxide Semiconductor p-Si Na=10cm

Figure 3.21: Energy band diagram of a p-type MOS capacitor in flat-band conditions, Na =
10%cm 3.

simulation. Within the Boltzmann approximation, the substrate doping can also be determined
from the Cgn by the expression :

. €s
Cmin = 3.2.28
Wmam ( )
where is the depletion depth limit and is given by the following relation[214]:
2e4 N,
W, = 2.10(ln— 2.08 3.2.29
s \/N( (in7") +2.08) (3229)

The flat band capacity Cy, can be calculated from the relation 3.2.23 by replacing C, by
Cs b, the value of the gate potential corresponding to the Cy, can be read directly from the C-V
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curve, this value is nothing other than the Vz:

Vfb = Om — @s = Om — Psi (3.2.30)

The V;, defined above depends on the oxidation temperature, the crystalline orientation of the
substrate, the density of traps at the interface Dits, the annealing at low temperature, etc. The
real expression of the Vy, is given by the following relation[199]

Qtot

Vip = Om — ¢si —
00.¢

EOT (3.2.31)

Where Qo is the sum of all oxide and interface charges and epx the oxide permittivity.

Thus, knowing the Si work function does not allow us to determine the actual gate work function.
To determine the ideal Vf;, accurately, we need to eliminate all the effects associated with the
oxides and interface charges.

The methodology adopted consists of using different thicknesses of oxide (SiO3), an even more
appropriate method is the use of oxide bevelsLachaume, as it allows you to work on the same
substrate and oxide with different thicknesses. A plot of V; as a function of EOT will then give
a straight line with slope Qo /€si0,, While the y-intercept (EOT = 0) will give the flat band
voltage ¢, — Ps;-

3.2.6.4 Interface trapped charge densities extraction

There are several methods for extracting Dits, here we will use the simple method proposed
by Castagné et al [217]. The density of interfacial states Dits is estimated from the difference
between a measurement C(V) at high frequency Cp ), which should not include the contribution
of the interfacial trap states, and another measurement at low frequency C;y), which should
include all the contribution of the interfacial trap states :

1( CoxCiy CoxChy )

Cox —Ciy  Cox — Chy

Dits = —

; (3.2.32)

3.2.6.5 Application: p-Si/SiOy/Al (reference)

Metal oxide semiconductor structures (MOS) for capacitance-voltage measurements and analysis
were fabricated as follows. We used boron-doped p-Si C, (100) substrates with resistivity values
ranging from 0.8 to 4 Q.cm. The surfaces of the substrates were first chemically cleaned by Caro
+ Dip HF 20s 1% +RCA and then thermally oxidised in an O2+HCI atmosphere (HCI is used to
limit metal contamination) at 900 °C. Growth times were defined for SiOg layers with thicknesses
of 10 nm, 20 nm and 30 nm.

The oxide thicknesses were verified by ellipsometry (NANOMETRICS ATLAS II). The
oxidised substrates were then annealed in a NoHo gas environment at 425 °C for 30 minutes
(FGA) to obtain a Si/SiOs interface with a low interface state density (Dit) of the order of
100 cm~2eV~! (verified by Hg drop measurements on CVmap). The 150 nm thick aluminium
contacts were deposited on the different oxide thicknesses by thermal evaporation through a
metal mask to define the surface of the capacities. An optical microscope image of the different
devices is shown in Figure 3.22. After Al deposition, some devices were treated with a second
FGA to restore the Si/SiO2 interface.

3.2.6.6 Application to MOS capacitor with an ITO-H gate

Measurements on the MOS devices were made using an Agilent 4284A C(V) capacitance meter.
The C(V) analyser applies an AC signal (frequency between 100 Hz and 1 MHz) V4 (t), which is
superimposed on a main DC signal, on the gate contact (high terminal). The induced current
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Figure 3.22: Optical microscope image of fabricated MOS structures, with corrected area of
~3.72x10 ~Scm?

is measured through the substrate via another probe (chuck), which is connected to earth (low
terminal), and the capacitance is then calculated. The value of the gate work function was
estimated from the C(V) curves obtained as follows. The values of V¢, and EOT were determined
by fitting the experimental curves to the theoretical model. A comparison between the C(V)
curves (tox= 10 nm) and simulation before and after FGA are shown in Figure 3.23 a and b.

There is a significant reduction in Dits after FGA, comparing the high-frequency (500 kHz) and
low-frequency (500 Hz) C(V) curves.
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Figure 3.23: Fitting of C(V) measurements of Al//SiO2//p-Si structures for tox = 10 nm of
SiOy at high and low frequency, a) without FGA, b) after FGA
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Figure 3.24:
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Fitting of C(V) measurements of Al/SiOy/p-Si structures for different SiOq

thicknesses after FGA. The measurements were carried out at low frequency (quasi-static mode)

The flat band potential and EOTs are extracted for different oxide thicknesses (3.24). The

relationship between flat band voltage (Vyp) as well as Dits and SiO2 thickness (tox) or EOT
for experimental samples was plotted.
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Figure 3.25: a) Relation between flat-band voltage Vy, and EOT, Interface defect density

Dits for different SiO9 thicknesses tox without and after FGA.

Vi (V) WFg;(eV) WEFy (eV) Dits (cm2eV 1)
w.0. FGA -0.66+0.07 5.02 4.284+0.07 ~ 102
After FGA -0.765+0.004 5.02 4.185+0.004 ~ 1010

Table 3.3: Al work function extracted using the C(V) technique

The Table 3.3 summarises the various parameters extracted using the C(V) technique. The

work function of Al ( ~ 4.2 eV) is effectively obtained in both cases. We also note that after FGA,
the flat-band potential no longer varies independently of the thickness of the oxide, reflecting
global a reduction of charge in oxyde or at interface. Meanwhile, the Dits are drastically reduced
(from,10'2 to 10 em=2.eV—1). This gate will be used as a reference for all future work function
extraction studies using the C(V) method.
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Chapter 4

Transparent electrode based
Sn-doped InyO35 and InyO3 and the
effect of hydrogen doping

4.1 Introduction

InyO3-based transparent conductive films are one of the best TCO because they have optical
and electrical properties superior to those of all other TCO. They are widely used as transparent
electrodes in solar cells, display technologies (screens), LEDs, photodiodes, and many other
optoelectronic applications. They are extremely stable, compatible with many types of substrates
(rigid, flexible, polymer, etc.), and can be deposited using a variety of techniques (physical and
chemical). These materials are also suitable for industrial etching [218]. As pointed out in the
previous sections, the electrical and optical properties of TCO in general, and of InsOs-based
TCO in particular, strongly depend on the oxygen concentration (or oxygen vacancies). In fact,
the oxygen concentration of TCO determines the density of free carriers and strongly affects the
mobility of these free carriers. In the case of ITO (InyO3 : Sn), intentional Sn doping also affects
the density of free carriers and the properties of the deposited films. In the Kroger-Vink notation,
the phenomena of doping by V¢ oxygen vacancies (two-electron donors) and substitution of In
atoms (In3* cation) by Sn atoms (Sn**t cation) are described by the following relations [219]:

1
o5 — 5Og(g) + VS® +2¢ (4.1.1)

and
(2808, O —» %Og(g) +2Sns, 4+ 2¢ (4.1.2)

Oxygen concentration can be precisely controlled during deposition by adjusting deposition
100 x 02
, total

O2 + Ar
deposition pressure, or substrate temperature.The doping reaction by neutral defects2 (25n3,0")*
(Equation?7.0.1 and 7.0.2) depends not only on the Sn concentration, but also on the temperature
(thermally activation mechanism), therefore, the growth of ITO films with optimal electrical
and optical properties is generally achieved at temperatures between 150 - 400°C [109, 220, 221].
In this study, the material (especially PbS QDs) on which the transparent contacts are made
does not allow the use of such thermal budgets. Therefore, close control of the oxygen partial
pressure and the total deposition pressure is required to obtain high quality thin films at room
temperature. On the deposition tool (Figure 3.5 ), we use an Ar+3%Hs gas feed line that
allows us to grow H-doped films such as hydrogen-doped indium oxide (InoO3:H or IOH) or
hydrogen-doped indium tin oxide (H-ITO). The successful use of hydrogen as a dopant in TCO

parameters such as oxygen concentration in deposition atmosphere is O2(%) =
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during sputtering process has already been demonstrated for ITO[222] or ZnO[223]. IOH is
known to be a promising candidate for applications requiring high conductivity while maintain-
ing good IR transparency. Its low preparation temperatures make it a suitable candidate for
low-temperature applications, such as deposition on temperature-sensitive materials or in appli-
cations requiring deposition on plastic or polymer substrates [224, 225, 226]. Theoretical studies
on hydrogen configuration in InyOs-based TCO have shown that interstitial or substitutional
hydrogen on an oxygen site behaved as a shallow donor [227]. In addition, hydrogen incorpo-
rated at grain boundaries is considered as passivation of defects to reduce electron transport
barriers (carrier mobility enhancement) [228, 229, 230, 231]. The free electron density of IOH is
generally a factor of two lower than that of ITO, which can be explained by hydrogen passivation
of defects at grain boundaries without the effect of active doping [232], and thus improved mobility.

In the following sections, we present the electrical performance and effects of hydrogen doping,
optical properties, and structural aspects of tin-doped indium oxide films deposited by PVD
at room temperature. We show the results of measuring the work function of the film with
the best electrical and optical properties, and discuss the plasma damage effects related to the
sputtering phenomenon. We will then compare the optimum electrical and optical properties
of different InoOs-based oxides with different Sn concentrations as well as samples with and
without hydrogen doping. Finally, we will conclude on the choice of a transparent electrode for
optoelectronic devices in the IR range.

4.2 Sn-doped Iny,Oj films by RF sputtering and the effect of
hydrogen doping

4.2.1 Experimental

Diffrent layers of IOH (hydrogen doped indium oxide), H-ITO (hydrogen doped indium tin oxide)
and ITO (indium tin oxide) were deposited by RF magnetron sputtering on an Alliance Concept
Cluster Tool machine (AC CT200) using commercial targets of IngOs, IngO3-doped Sn 1% and
Sn 10% with purity 99.99% and density greater than 95%, with diameter of 101 mm in diameter
and 6 mm thickness, supplied by Kurt J. Lesker Company Ltd (section 3.1.3). Oxygen and
Ar were used as process gases. For IOH and H-ITO deposits, Ar is replaced by an Ar-+3%Hs,
mixture. As is mentioned earlier, the resistivity of indium oxides is improved with deposition
temperature, but in our study the H-ITO electrode will be deposited on a material (PbS QDs)
that is highly temperature-sensitive. Therefore, the deposition parameters were carefully tuned
to ensure the growth of high-quality indium oxide-based TCO films at room temperature. To
achieve this, an optimum oxygen partial pressure and sputtering pressure were determined.
The deposition rate of H-ITO (Sn 1%) as a function of oxygen partial pressure for a power of
50 watts and a sputtering pressure of 0.001 mbar is shown in Figure 4.1. The deposition rate
decreases with increasing oxygen pressure. An increase in oxygen flow leads to a decrease in the
concentration of the sputtering species (Ar™), resulting in a decrease in sputtering yield and thus
a decrease in deposition rate.
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Figure 4.2: Resistivity of ITO and H-ITO (Sn 1%) as a function of oxygen concentration for
~ 50 - 60 nm deposited on SiOy (500 nm) at room temperature and at a total pressure of 0.001
mbar, a) without hydrogen doping (ITO) and b) with hydrogen doping (H-ITO).
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Figure 4.1: Deposition rate as a function of oxygen partial pressure for hydrogen-doped ITO
(Sn 1%) at a sputtering power of 50 watts.

4.2.2 Electrical properties

The electrical resistivities measured by the van der Pauw four-probes technique for samples with
thickness ~ 50 nm , without and with hydrogen doping are shown in Figures 4.2a and 4.2b
respectively. We found an optimum oxygen concentration of ~ 0.6% for the non-hydrogen-doped
samples (Figure 4.2a), corresponding to a resistivity of 6.12x107* Q.cm, while the optimum
for the hydrogen-doped films was 1.6%, corresponding to a resistivity of 3.73x10™% Q.cm. The
resistivity of the hydrogen-doped films is comparable to that of ITO films deposited at high
temperature [221, 233]. We also achieved very good uniformity with a standard deviation of less
than 2% for sheet resistance measurements of 49 points on 200 mm substrate for the optimal
recipes (Figure 4.3).

In the following, the properties of H-ITO samples (Sn 1%) at three different oxygen partial
pressures (at the optimum oxygen concentration of 1.6%, the lowest and the highest oxygen
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Figure 4.3: Film uniformity for ~ 50 nm H-ITO, resistivity measurements of 49 points on 200
mm SiOg substrates for optimum oxygen concentration (1.6%).

concentration of 0.2% and 5.7%, respectively) are discussed.

Measurements of charge carrier mobility and density ( Figure 4.4) show that as oxygen

pressure increases, the density of oxygen vacancies incorporated into the film decreases, resulting
in a decrease in the density of free charge carriers. The density value determined for the best
recipe (ppO2 = 1.6%) is 5.56x102°cm 3. Although it should be noted that the charge carrier
density of ITO deposited at higher temperatures can reach 1x10%! ecm™3 (highly degenerated
semiconductor). Highly degenerated TCO films are not suitable for applications in the IR region,
because the high charge carrier density leads to an increase in plasma frequency wy, resulting
in stronger electron-photon interaction and lower optical transmission in the IR region. On
the other hand, high degeneracy leads to an increase in the optical gap (Moss-Burnstein shift),
making films with very high charge densities suitable for applications in the visible range.
The mobility increases as the free charge carrier density decreases. Mobility depends mainly on
the density of ionised impurities, especially oxygen vacancies and Sn** ions, which in turn are
related to the number of free charge carriers. In analogy to the evolution of the density of free
charge carriers with the oxygen partial pressure, the mobility increases as the oxygen pressure
increases. Hall measurements show that careful control of oxygen partial pressure allows the best
compromise between mobility and free carrier density, which corresponds to the lowest electrical
resistivity.
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Figure 4.4: Free carrier density and Hall mobility versus oxygen deposition pressure H-ITO

(Sn 1%)

4.2.3 Optical properties

Optical transmission and reflectance measurements for 50 nm H-ITO films of different oxygen
concentration deposited on glass substrates (Corning Glass) are shown in Figure 4.5.a The
best recipe ( oxygen concentration = 1.6%) demonstrated an optical transmission of over 80%
in the 600-1800 nm region. As the oxygen concentration increases, the concentration of free
carriers decreases and reduces the absorption of light in the IR region, and therefore improving
the optical transmission.

a) b)
Transmission ~ — pp0; = 02% [2.
80 % 0.9 — ppO, = 1.6%
§ 60 Electron density 8 06 1.
o o c
& 40 . glass g
o Reflexion —— pp0,=02% | T 0.3 1.
-
20 SSg~_ — PPO2=16% 2
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300 600 900 1200 1500 300 600 900 1200 1500
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Figure 4.5: a) Optical transmission T and reflexion R , b) extinction coefficient k and
refractive index n, of 50 nm H-ITO (Sn 1%) films deposited at different oxygen pressures

Figure 4.5.b shows the refractive index n and extinction coeflicient k of ITO films deposited
on Si substrates under different oxygen pressures and measured by spectral ellipsometry. With
increasing oxygen pressure, the refractive index n of the H-ITO film increases and the extinction
coefficient decreases in the Vis and IR regions. An increase in oxygen concentration leads to a
decrease in oxygen vacancies and consequently to a decrease in carrier concentration, resulting in
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lower optical losses in H-ITO thin films. These results are consistent with optical transmission
and Hall effect measurements.

The extinction coefficients of H-ITO for different oxygen concentrations at some wavelengths of
interest are listed in Table 4.1. The optical band gap Eg.¢ is calculated from the extrapolation of

Oxygen concentration (%) k& @633 nm &k @940 nm k& @1360 nm

0.2 0.079 0.105 0.327
1.6 0.009 0.035 0.141
5.7 0.002 0.006 0.042

Table 4.1: H-ITO (Sn 1%) extinction coefficients for different oxygen concentrations at several
relevant wavelengths.

a? (where « is the absorption determined from the reflection coefficient) as a function of photon
energy hr (Tauc-plot), as described in section 2.3.2.3. Figure 4.6 shows the extrapolation of
the absorptivity for three 50 nm H-ITO films at different oxygen pressures. The intercept of the
x-axis corresponding to the optical gap decreases at higher oxygen pressure due to the difference
in charge carrier density.

(ahv)? (a.u)

T Ll

24 28 32 36 4.0
Photon Energy (eV)

Figure 4.6: Optical band gap extraction images (Tauc-plot) of H-ITO (Sn 1%) thin films with
different oxygen partial pressures.

According to the Moss-Burnstein relation, the optical gap should increase with carrier
concentration as a function of n?/3. We also find that the optical gap is larger than 3.6 eV, and
this large gap width explains the high transmission of IngO3-based TCO. Knowing the density
and the optical gap and assuming that the band gap is changed only by the Moss-Burnstein effect,
it is possible to estimate the fundamental gap Eyo and the reduced effective mass mx. In this
case, the fundamental gap and the effective mass correspond to the y-axis intercept and slope of
the curve Egopt = f(nQ/ 3), respectively. In reality, however, this measurement is complex because
there is a band-gap narrowing effect that is the opposite of the Moss-Burnstein effect, known as
the Hamberg and Granvqist effect, which is due to the electron-electron and electron-impurities
scattering [100]. This phenomenon of band-gap narrowing is well known for Si with significant
doping[234].
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4.2.4 Surface morphology

In Figure 7.10 and Figure 4.8, we show the 2D and 3D morphologies of H-ITO (Sn 1%) and
H-ITO (Sn 10%) thin films for different oxygen pressures deposited on Si substrates (1x1 pym
scan). All thin films exhibit a smooth surface morphology, as expected due for the low deposition
power (50 watts) and low deposition pressure (0.001 mbar). The grain size is larger with the
Sn doping of 10 wt%. The roughness (RMS) is less than 1 nm in both cases (Figure 4.9). The
roughness also decreased with decreasing oxygen pressures.

Figure 4.7: 2D and 3D Atomic force microscopy (AFM) micrographs showing the surface of
H-ITO (Sn 1 %) films deposited on Si substrates with different oxygen partial pressures
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Figure 4.8: 2D and 3D Atomic force microscopy (AFM) micrographs showing the surface of
H-ITO (Sn 10 %) films deposited on Si substrates with different oxygen partial pressures
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Figure 4.9: Surface roughness (RMS ) versus oxygen partial pressure

4.2.5 Structural properties

Figure 7.11.a and 7.11.b show the structural properties of the H-ITO thin film as a function of
oxygen pressure for 1% and 10% of Sn concentrations. Almost all films have a polycrystalline
structure with diffraction peaks with (222) and (211) diffraction peaks for certain oxygen pressures,
indicating a bixbyite-type cubic structure. Peak intensity generally increased with increasing Oq
concentration. The (440) peak is due to the increase in oxygen concentration (oxygen pressure),
and the higher oxygen concentrations induce the formation of In-O bond networks and favour
the growth in the direction perpendicular to the (222) plane[235].

M| pro sn1%) 2 — b0, = 02% b) PO @) 029
S | T=25°C — pp0,=16% | 3 — pp0; = 1.6%
L — pp0,=57% | & —— pp0; = 5.7%
by oy (211) (440)
5 5 e (440)
wlE

14 21 28 35 42 49 14 21 28 35 42 49
2Theta(®°) 2Theta(°)

Figure 4.10: X-ray diffraction spectra of H-ITO (thickness of ~ 60 nm) films grown at room
temperature with different oxygen concentration for a) Sn 1 % and b) Sn 10 % .

It can also be observed that the films doped with 1% Sn are more amorphous than the
films doped with 10% Sn, which is consistent with the AFM measurements. The grain size D
estimated from the total half-width of the main peak (222), the Bragg diffraction angle and the
X-ray wavelength was calculated using the Scherrer formula, D ~ 20 nm for polycrystalline films.
Despite the fact that all films have some degree of crystallinity, the structural properties do not
provide a straightforward explanation for the electrical properties.
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4.2.6 ITO-H (Sn 1%) work function by MOS capacitor analyses

The work function is one of the most important properties of an electrode because it defines the
height of the energy barrier at the interfaces with other materials, affects the charge transport
mechanisms in the devices, and can have a strong impact on their performance. In this work,
the value of the H-ITO work function (Sn 1%) at the H-ITO/SiO interface and the impact
of process-induced damage during TCO deposition were extracted by C-V measurements and
analysed using the method described in section 3.2.5. For this purpose, devices with H-ITO(60
nm)/SiO2/Si MOS structure and devices with Al(150 nm)/SiO2/Si structure (reference) were
fabricated. The effects induced by the H-ITO sputtering process were estimated as Dits and V fb
shifts at the SiO2/Si interface and indium diffusion in SiOy. Post-treatment of the devices, was
performed to remove damage at SiO2/Si interface. Their effects on the work function at the
interface and Dits are also discussed. As Hall effect measurements have shown, H-ITO has a free
carrier density of n, > 10?° cm™3, and a rather low electrical resistivity p ~ 10™* Q.cm, H-ITO
behaves well as a semi-metallic material, therefore it is well validated for use as a metallic gate
on MOS structures.
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Figure 4.11: C-V curves measured and simulated for H-ITO/SiO2/Si stacks for different SiOo
thicknesses tox at frequency f = 0.5 kHz, a) before FGA and b) after FGA.

The experimental and simulated C-V curves of H-ITO(60 nm)/SiO2/Si stacks for different
SiOy thicknesses (10, 20, 30 nm) measured at a frequency of 0.5 kHz before and after FGA are
shown in Figure 7.12.a and 7.12.b respectively. It can be seen that the C-V curves before FGA
show anomalies in the depletion region, indicating damage caused by the deposition process. The
C-V curves before FGA also shift to negative polarizations with increasing tox.
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Figure 4.12: a) Equivalent oxide thickness (EOT) versus oxide thickness tox and b) relation
between flat-band voltage Vg, and SiO9 at f = 0.5 kHz, of H-ITO/SiO2/Si stacks compared to
Al/Si04/Si reference stacks before and after FGA.

This shift in V f;, suggests that the silicon surface potential varies as a function of fixed charges
in the insulator and/or Si/SiOs interface charges. After FGA, these different effects are no longer
observed and the Vy, is almost constant with the oxide thickness. Figure 7.13.a shows the
evolution of the EOT values as a function of tox. EOT or equivalent oxide thickness, is given by

the following equation:
€510,

€oXx

EOT =

tox (4.2.1)

where €g;0, and epx are the dielectric constant of the SiO2 and that of the oxide as in the device,
respectively. Its value must be equal to tpx if the oxide is SiOs. It can be seen that in the case
of H-ITO/SiO2/Si devices, the EOT values do not correspond to the tox values; this decrease of
EOT values compared to the Al/SiOy/Si reference devices reveals a damage of the oxide induced
by the H-ITO sputtering process. We will discuss this problem later.

The work function was calculated using the relationship between Vs, and EOT. The plot of Vg,
against EOT can be fitted with linear approximation lines7.13.b. The value of Vz;, extrapolated
to EOT = 0 corresponds to the difference ¢g_rr0 — ¢g; (see section 2.5.3). The work function
values are summarised in Table 4.2. ¢ 4; = 4.28 €V and 4.18 eV before and after FGA respectively
and correspond to the expected value for the Al reference gate.

Flat Band Voltage, Vy, (V) Work Function, ¢ (eV)
Al w.o. FGA -0.660£0.07 4.280+0.070
Al After FGA -0.765£0.004 4.185+0.004
H-ITO w.o. FGA -0.52240.016 4.4284+0.016
H-ITO After FGA -0.20340.001 4.74740.001

Table 4.2: Work function of H-ITO (Sn 1%) and Al reference extracted by C(V) technique
on SiO,/Si substrate, with Si substrate doping N, = 2x10'® cm™3 corresponding to the work
function ¢g; = 4.951 €V.

Although the EOT for the H-ITO gate are lower than expected, the relationship between
them and the flat band voltage V f, remains quasi-linear and allows an accurate determination
of the work function of the gate material. The work function before annealing is ¢_r70 =
4.42 eV and after annealing ¢y_rro = 4.74 e€V. These values are in good agreement with the
literature[236, 237, 238]. The difference between the measurement before and after FGA can
be simply attributed to the change in the gate material due to the passivation annealing of the
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SiO2/Si interface. The value of the work function considered in the following is the one obtained
without annealing, since the TCO in photodiode devices is not subjected to any treatment after
deposition.

4.2.7 Interface defect and damage induced by I'TO-H sputtering process

The density of interface defects near the middle gap at the Si/SiOq interface (Dits) was calculated
using the Equation 3.2.32. The Dits value determined is shown in Figure 4.13 for samples
with different tox. The maximum Dits value is about 2.4x10'? cm~2.eV~! for samples with
H-ITO gate without FGA, while the maximum value for Al reference gate is about 1.04x10"2
cm~2.eV~!. The lower Dits values for Al indicate that Al evaporation process causes less damage
to SiO2 and the SiO2/Si interface.

7 ® H-ITO w.0 FGA
Al w.o FGA
%J' 271 o TO after FGA
o~ ® H- arcer T °-
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Figure 4.13: Interface defect density Dits near the mid-gap in Si as a function of SiO9 thickness
tox for Al and H-ITO gate before and after FGA.

After FGA, the Dits are significantly reduced, reaching 1.7x10' - 7.6x10° cm=2.eV~1. It
should be noted that the method used here tends to overestimate the Dits, a more accurate

technique such as conductance methods could be useful to accurately assess the energy signature
of these defects [237].
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Figure 4.14: ToF-SIMS depth profiles intensity a) before FGA, and b) after FGA of H-
ITO/Si02/Si stack.

page 92



CHAPTER 4. TRANSPARENT ELECTRODE BASED SN-DOPED IN;03 AND IN2,O3 AND
THE EFFECT OF HYDROGEN DOPING

In addition to important Dy, the results in Figure 7.13.a have shown an unexpected
decrease in EOT for the H-ITO/SiO2/Si stacks. To understand this decrease in EOT observed in
the H-ITO lattice capacitors, ToF-SIMS measurements were performed on the H-ITO/SiO2(30
nm)/Si structure before and after FGA (Figure 4.14.a and Figure 4.14.b respectively). They
show a diffusion effect of the In species throughout the 30 nm of SiO,. Figure 4.15.a is the
schematic of the penetration of indium in SiOs. Moreover, there is no difference between the
results before and after FGA (Figure 4.15.b), suggesting that this diffusion occurs only during
the H-ITO sputtering process. Kamioka et al. also observed similar indium diffusion effects at
the ITO/MoO,, interface[239]. For rigorous optimization and good understanding of devices with
transparent electrodes based on InoOg deposited by sputtering, a thorough investigation of these
diffusion phenomena at the interfaces could be useful.
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Figure 4.15: a) Schematic of the penetration of In atoms from the ITO into SiOg, b) Depth
profile of In concentration in the SiOy layer for H-ITO/SiO2/Si samples measured by ToF-SIMS
before and after FGA

The physical origin of the damage caused by the H-ITO (ITO) sputtering process is not yet
very well understood. The decrease in the EOT of H-ITO lattice capacitors can be attributed
to this phenomenon. The scattering of metallic elements such as indium atoms into SiOs can
increase its dielectric constant, leading to a decrease in EOT. A simple model assuming the In
scattering only over a certain thickness of SiOg, i.e. assuming a boundary layer with a dielectric
constant different from that of SiOy, was unable to explain this phenomenon. Moreover, the
linearity of the relationship between EOT and tpx may indicate that In scattering impacts
uniformly the entire thickness of SiO3. The EOT reduction is then a consequence of the variation
in the dielectric constant. UV photons with an energy of ~ 8.8 eV present in the Ar plasma
used for deposition can also induce positive charges in SiO9 [240], leading to the change of SiOq
permittivity, which may also explain the decrease in EOT.

4.2.8 Transparent electrodes for IR applications

We have investigated many properties of indium oxide based TCO thin films. We studied the case
with different Sn doping and the effects of introducing hydrogen during deposition. Figure 4.16.a
summarise the optimal electrical properties of various InyOs-based TCO films prepared at room
temperature. They show that the films exhibit higher electrical resistivity with increasing Sn
concentration. Impurities such as Sn** ions contribute to the creation of higher electron densities
(one-electron donors), but also behave as electron scattering centres, leading to lower mobilities.
We find that hydrogen doping leads to an improvement in mobility (impurities passivation), so
that for two films with the same Sn concentration, further addition of hydrogen leads to an
improvement in electrical properties. Figure 4.16.b shows the extinction coefficients k for the
different TCO with different Sn compositions and the effects of hydrogen doping. Since the
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Figure 4.16: Comparison of electrical and optical properties between different InyO3-based
TCO, a) comparison of electrical resistivity, mobility and free charge density, b) comparison of
optical properties (extinction coefficient k).

extinction coefficient is directly related to absorption, it can be seen that the optical properties
do not really change in the visible region, but that the extinction coefficient and thus absorption
increase in the IR region. This increase is due to a higher electron density in films with a high Sn
doping and reflects a stronger electron-photon interaction due to an increase in plasma frequency
Wp.

Thus, considering only the transmittance (or absorption) and resistivity (or conductivity) of
the films as the key figures under the conditions of fabrication of InyOs-based TCO at ambient
temperature, the films without Sn doping but doped with hydrogen are the most suitable TCO
for applications in the IR region, mentioning the case of IOH (Sn 0%), which has a resistivity p
< 3x10 ~*Q.cm and the lowest extinction coefficient in the IR range, i.e. the highest optical
transmission.

4.3 Conclusion

The main challenge of this section was to optimise a TCO compatible with IR applications, such
as photodiodes, at room temperature. To this end, thin InyOs-based TCO films were deposited
by RF sputtering at room temperature and various characterizations were performed. We have
shown that the electrical and optical properties of these TCO are mainly determined by the
process parameters, of which oxygen concentration is the most important. This determines the
charge carrier density of the TCO. Sn doping also leads to an increase in charge carrier density.
Hydrogen doping and oxygen pressure control showed that the resistivity decreases with Sn
concentration. Resistivities of p < 4x 107*Q.cm for H-ITO (Sn 1%) and p < 3 x 10~*Q.cm
for IOH were obtained, as well as an optical transmission T > 80% (50 nm thickness) in both
cases. Although crystallisation temperatures of InyO3-based oxides are generally well above room
temperature, some degree of crystallinity with extremely low roughness (RMS < 1 nm) was
observed for all oxides prepared at room temperature. We also evaluated the work function for
H-ITO (Sn 1%) using the C-V technique. The work functions obtained before and after the FGA
d_rro = 4.43 eV and ¢g_jro = 4.74 €V respectively, are in agreement with the literature.
The difference between the work function value before and after FGA may be related to the
change in H-ITO properties due to thermal annealing. The most useful measurement for the
following study is that of H-ITO without FGA, as it corresponds to that of the material as used
in photodiodes. There was also an unexpected decrease in EOT on the H-ITO gate, which could
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be attributed to damage from the gate deposition process (sputtering). ToF-SIMS measurements
showed diffusion of indium into the SiOs, which could explain the decrease in EOT. The damage
caused by the H-ITO deposition process was also evaluated in terms of Dits. After FGA, the Dits
decrease from 10'2 cm=2.eV~! to the limit of 10'° cm=2.eV~! | which allows a easier extraction
of the flat band voltage Vy;, as well as an accurate determination of the gate work function.
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Chapter 5

Hole extraction layers made
transition metal oxides, NiO, and

MoO.

5.1 MoO, thin films

5.1.1 Introduction

MoQ,, is a n-type material with tunable properties due to the different states of the O ligand and
the multivalence of the Mo cation. It has a high work function of up to 7 €V in the case of MoOs.
Due to its electronic structure, optical and electrical properties, MoO,, is one of the promising
materials, widely studied and used as a material for electron injection or hole extraction in various
types of optoelectronic devices such as organic and inorganic solar cells, OLEDs or photodiodes.
Most studies have shown that the ability of MoO, to selectively transport holes is related to its
high work function. In addition to the work function, the presence of gap states in MoO, may
also play a positive role in trap-assisted tunnelling transport of holes[241]. In this section, we
will investigate the properties of MoO, thin films deposited by reactive DC sputtering from a
molybdenum (Mo) metal target. We use the XPS technique to evaluate the composition of films
of different stoichiometries. We will present the electrical and optical properties as well as the
structural properties and morphology of the films as a function of stoichiometry. Finally, we will
determine the work function as a function of stoichiometry. In the literature, the work function
of MoQ,, is usually determined using the UPS technique. It is known that UPS technique is very
sensitive to the surface, sample preparation and measurement conditions, which could explain
the large variability in work function values among literature[142, 242, 243, 244, 245] In this
work, the work function of MoO, (x = 2.2 - 3) will also be determined using capacitance-voltage
analyses of Al/MoO,/SiO2/Si devices.

5.1.2 Experimental

MoOQ,, thin films were deposited on various substrate types using the reactive DC sputtering
technique (in an Og:Ar mixture) from Mo targets (99.9 % purity) supplied by Kurt J. Lesker
Company Ltd. The films were deposited at different oxygen concentrations. The chamber was
evacuated to a base pressure of less than 1x 10~7 mbar, the deposition pressure was set at 0.0025
mbar. The Ar flow rate and deposition power were 50 sccm and 100 watts respectively, and
the Oy flow rate varied between 3 and 8 sccm, corresponding to a variation in the of oxygen
concentration of between 5.66% and 13.8%. The rotation of the substrate was set to 20 rpm
to improve the uniformity of the film. The deposition rate as a function ppOs is shown in
Figure 5.1. The deposition rate is less than 2 A.s~! and decreases with increasing ppOs. This
decrease indicates the oxidation of the Mo target and/or a decrease in Ar™ concentration in
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the sputtering chamber, which leads to a decrease in sputtering yield. The drop in the slope at
~12 % could be related to a trend towards complete oxidation of the surface of the Mo target.
The Al/MoOx/SiO2/Si MOS structures were prepared following the steps described in Section
3.2.7.
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Figure 5.1: Room temperature MoOx thin films deposition rate change as a function of ppOs
in %. Ar flow rate = 50 sccm, working pressure = 0.0025 mbar, DC power = 100 watts.

The various results are obtained using the characterization methods described in Sections
3.2.1 to 3.2.6.

5.1.3 Results and discussions
5.1.3.1 XPS analysis and the control of MoO, stoichiometry

XPS measurements were carried out (with a PHI500 VersaProbe II) to analyse the core level
spectra, the oxidation states and the composition of the MoQO, films. The excitation source
was a monochromatic Al K, X-ray with an energy of 1486.6 eV. The samples were stored in air
for less than 30 minutes before being loaded into the spectrometer. There was no Ar preclean
(known as GCIB) before XPS measurements to avoid any change in chemical states of the surface
of MoO, samples. Figure 5.2 shows the XPS spectra of the Mo 3d state of MoO, films in
the binding energy range of 239-225 eV at different oxygen concentrations in the narrow scan
range. MoQ,, films deposited at low ppOs values between 5.66 and 8.42 % show a peak around
228-229 eV (Figure 5.2a and 5.2b), or a broadening or shift of the Mo 3d peak at lower binding
energies up to 228 eV (Figure 5.2c to 5.2e), indicating a strong reduction of Mo of the presence
of an high oxygen vacancies (presence of the Mo** oxidation state). The separation between the
Mo 3d5/, and Mo 3d3/5 doublets is not clear, the MoO, films are close to MoO2 semi-metallic
structures type. MoO, films deposited with a relatively high oxygen partial pressure exhibit
spectra of the Mo 3d level showing two peaks associated to the Mo 3d5/, and Mo 3d3/; levels
and clearly separated by the spin-orbit coupling energy (3.15 eV). These peaks are antisymmetric
for films with a ppO2 between 8.93 % and 11.97 % (Figure 5.2f to 5.2h), indicating a significant
contribution of Mo®* and/or Mo** oxidation states (Mo 4d! and/or Mo 4d?), indicating the
presence of oxygen vacancies or the formation of Mo cations with lower electronegativity (weaker
coordination around the Mo atoms). At higher oxygen concentrations (Figure 5.2k to 5.2i),
the two peaks are symmetric with Gaussian or Lorentzian shape, and the binding energy of the
Mo 3d;/5 level is much higher (~232.5 V), suggesting that the films are almost stoichiometric
(close to MoO3 with Mo 4d° band). There is also a residual presence of Mo®* in the films, which
we consider to be almost stoichiometric, and this residual concentration may be related to the
entropy [246].

page 98



CHAPTER 5. HOLE EXTRACTION LAYERS MADE TRANSITION METAL OXIDES,
NIOx AND MOOx

MoO5; 13 MoO, 35

c/s (a.u)
>
c/s (a.u)
/§5

240 235 230 225 240 235 230 225
Binding Energy (eV) Binding Energy (eV)
MoO3 a0 MoO; 53

c/s (a.u)
c/s (a.u)
>&

240 235 230 225 240 235 230 225
Binding Energy (eV) Binding Energy (eV)
MoO5 sg Mo0O, 66
- e) = f)
) s
u o
(@) | | o . |
240 235 230 225 240 235 230 225
Binding Energy (eV) Binding Energy (eV)
MoO2 71 MoO, gs

g)

c/s (a.u)
c/s (a.u)
é

240 235 230 225 240 235 230 225
Binding Energy (eV) Binding Energy (eV)
MoO, g9 MoOs3 g9

) i

c/s (a.u)
c/s (a.u)

240 235 230 225 240 235 230 225
Binding Energy (eV) Binding Energy (eV)
MoOs o3 MoOs3 o1

= k) S| Mo 3d 3/2

8 o

@ @ —» Mo 3d 5/2

(&) | . Q . .

240 235 230 225 240 235 230 225
Binding Energy (eV) Binding Energy (eV)

Figure 5.2: High-resolution XPS spectra at the Mo 3d core of MoO, films deposited at
different oxygen flow rates, a) to 1) correspond to 3.0, 3.7, 4.3, 4.6, 4.9, 5.3, 5.7, 6.1, 6.4, 6.8,
7.7, 8.0 sccm or Og partial pressures (ppO2) of 5.66, 6.89, 7.92, 8.42, 8.93, 9.58, 10.23, 10.87,
11.35, 11.97, 13.34, 13.79% respectively (MoQ, stoichiometries above the figures correspond to
the extractions that are presented later in this section).
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Table 5.1: Summary of the fitting parameters for the Mo 3d;/, peaks at different ppOg, the
area indicated in the table corresponds to the relative area of each component with respect to
the total area of the Mo 3d peak, the parameters corresponding to the Mo 3d3/, peaks can be
derived from those of the Mo 3d5/, peak on the basis of the dependency relations between these
two peaks (spin-orbit coupling, intensity ratio, and equal fwhm).

pp02 (%) Mo 3d5/2 (6+) Mo 3d5/2 (5+) Mo 3d5/2 (4+)

Position FWHM  Area Position FWHM Area Position FWHM Area
5.66 232.33 2.5 0.15 230.61 2 0.25 229.02 1.25 0.28
6.19 232.49 2.5 0.12  230.72 2 0.24  229.09 1.31 0.24
6.89 232.77 2 0.09 230.91 2 0.27 229.2 1.37 0.24
7.41 232.46 3.5 0.13  230.75 2.45 0.31 229.22 1.29 0.17
7.92 232.91 2 0.09 231.07 2 0.3 229.4 1.45 0.21
8.42 232.75 2 0.1 231.02 2 0.33 229.44 1.43 0.17
8.93 232.89 1.9 0.09 231.21 2 0.36 229.64 1.55 0.15
9.58 232.55 2 0.15 231.18 1.9 0.38 229.74 1.43 0.08

10.23 23241 1.8 0.23  231.18 1.74 0.36  229.61 1.06 0.01
10.87 232.35 1.76 0.3 231.33 1.67 0.3 229.17 0.29 0
11.35 232.55 1.68 0.54  231.39 1 0.06

11.97 232.6 1.42 0.54  231.42 1.05 0.06

12.74 232.63 1.25 0.55  231.47 1.11 0.05

13.34 232.62 1.32 0.55  231.43 1.03 0.05

13.79 232.64 1.2 0.57  231.38 0.95 0.03

For an in-depth analysis and to determine the composition of the different MoO, films, i.e.
the relative concentrations of the different oxidation states, a deconvolution of the peaks was
performed with the CasaXPS software using Lorentz and Gaussian or mixed Lorentz-Gaussian
functions. Table 5.1 summarises the binding energies, relative areas and fwhm of the Mo
3d;/; peaks as a function of ppOz. The Mo 3ds5/, and Mo 3d3,, doublets are each separated
by spin-orbit coupling 3.15 eV and an area ratio of Ajpsy34, /22AM03d3 20 corresponding to the
ratio of the degeneracies of Mo 3d5/, and Mo 3d3s, AM03d5/2:AM03d3/2 = (2j++1):(2j-+1) =

5 3

(2><§+1):(2><§—|—1) = 3:2 (with jg = |l + s|), and we kept the fwhm between the two peaks

equal in our fits. In films deposited at low oxygen concentrations (Figure 5.3a to 5.3c), the Mo
3d spectra show three doublets Mo 3ds5/ and Mo 3d3/o, each separated by spin-orbit coupling
ernergy and with an intensity ratio of 3:2. As ppOsy increases, the Mo** content decreases,
disappearing at very high ppOs values (Figure 5.3e and 5.3f). The Mo®" concentration initially
increases with the ppOgy value and then decreases above a certain ppOy value. We also note
a shift in binding energy towards higher values (Table 5.1), which is due to an increase in
the electronegativity of Mo as a result of the increase in oxygen content in the films. We also
note that in addition to the symmetry of the nearly stoichiometric films, a decrease in fwhm is
observed with increasing oxygen content. To observe the reduction in fwhm, keep in mind that
we have modified the scale between the Figure 5.3a and Figure 5.3f.

The O 2p valence band spectra of MoO,films for different oxygen partial pressures are shown
in Figure 5.4. These spectra show two distinct peaks. The first peak near the Fermi level
(binding energy = 0 €V) is directly related to the oxygen vacancies in the octahedral lattice, i.e.
it is associated with the Mo 4d™ electrons, which remain weakly bound to the Mo atoms, and
the second corresponds to the actual valence band. The intensity of the first peak decreases
significantly with the oxygen partial pressure. The current literature assumes that these defects
which are associated with oxygen vacancies, lead to the formation of a shallow donor state (close
to the conduction band) into the band gap of MoO,, hence the n-type nature of MoO,[139].
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Figure 5.3: High-resolution Mo 3d XPS spectra fitting with components from MoS*, Mot
Mo*t.

At low oxygen concentrations (stoichiometry x < 2.8), this peak overlaps with the Fermi
level, indicating a semi-metallic nature, since MoOs is known to be semi-metallic and exhibits a
metallic Fermi-Dirac edge at zero energy[247]. The role of this peak is still controversial, as it
probably plays an important role for band levels alignment and the charge (holes) transport in
optoelectronic devices[115].
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Figure 5.4: High-resolution XPS spectra of the O 2p valence band of MoOx films deposited at

different oxygen partial pressures.
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The O 1s spectra for the film with the lowest oxygen concentration (MoOz 13) and the highest
oxygen concentration (MoOg o3) are shown in Figure 5.5a and 5.5b. They are composed of two
different peaks, one with a lower binding energy corresponding to the atoms in their lattice and
the second corresponding to the oxygen vacancies and/or adsorbed oxygen.
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Figure 5.6: Evolution of MoO,, stoichiometry as a function of oxygen partial pressure, computed
from XPS Mo 3d and O 1s spectra normalised with corresponding component effective RSF, x =
O/Mo ratio.

The stoichiometry of the MoO,, films is determined by calculating the O/Mo atomic ratio
after correcting the intensities (areas under the peaks) of the Mo 3d and O 1s core level peaks by
their atomic relative sensitivity factor (RSF). Figure 5.6 shows the evolution of stoichiometry
as a function of oxygen partial pressure. A linear increase in stoichiometry and saturation can
be seen above a certain ppOs, meaning that the films are almost completely oxidised (nearly
stoichiometric structure). These study show that the formation of defect bands and reduced
oxidation states (Mo**, MoT) as well as the stoichiometry are directly related to the oxygen
vacancies in MoQO, films, and they can be carefully controlled by the selection of deposition
parameters, particularly the oxygen flow rate for room temperature experiments.

5.1.3.2 MoO, electrical properties

The electrical resistivity, density and carrier mobility of MoOx at room temperature at different
oxygen partial pressures (or stoichiometries) were determined from sheet resistance measurements
using the van der Pauw four-probes method and Hall effect measurements on films with a
thickness of 2100 nm (Figure 5.7a and 5.7b). As shown in Figure 5.7a, the electrical resistivity
of MoO, films depends on the oxygen partial pressure used during deposition process, the
resistivity of MoO,, increases between 2.15x1073 Q.cm and 1.20x10° Q.cm with an increase in
stoichiometry between x = 2.18 and x = 3.03 or in oxygen partial pressure between 5.66 % and
13.34 % . We observe a variation in resistivity over more than 8 decades. At low oxygen partial
pressures ppOy < 8% or stoichiometries x < 2.5, the films are semi-metallic-like, the resistivity
is in the order of 1073Q.cm and increases slowly with increasing ppOs, the films have a charge
carrier density in the order of 1023 cm ™2 and very low electron mobilities in the order of 1072 -
107! em?.V~1.s7! (Figure 5.7b). The low mobility is related to the high concentration of ionised
impurities (oxygen vacancies), which act as scattering centres and limit the mean free path of the
charge carriers. The charge carrier density decreases with increasing oxygen partial pressure, as it
is the case with all n-type semiconductor oxides. This decrease is due to the lower concentration
of oxygen vacancies, which act as electron donors. The mobilities remain relatively low p < 2
ecm?.V~1.s71. At high oxygen partial pressures (ppO2 < 11%) or at larger stoichiometries (x >
2.8), the MoO,, films are highly resistive (resistivity in the order of 10 =2 Q.cm), and density and
mobility measurements are no longer possible due to instrumental limitations.
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Figure 5.7: Electrical properties of MoOx with different ppOs(stoichiometry), a) electrical
resistivity, b) Free carrier density and electrons mobility as a function of MoOx stoichiometry.

We also carried out in-situ measurements of resistivity as a function of temperature. The
results of the in-situ measurements of resistivity as a function of temperature in an Ny and
O2 atmosphere (in proportions of approximately 20% Oy and 80% N3) show a decrease of
the resistivity between 25°C and 320 - 350°C (Figure 5.8a). This decrease of the resistivity
as a function of temperature reveals the semiconducting nature of all MoO, films, and is well
illustrated by the thermal activation phenomenon, characterised by the linear relationship between
the logarithm of the sheet resistance Rs; and measurement’ temperature (Figure 5.8b). MoOx
films with stoichiometry x < 2.7 are indeed semiconductors, but they are less sensitive to thermal
activation (low slope of log(Rs) vs. T-curves). With these stoichiometries, we have an electrical
behaviour at the boundary between semiconductors and metals, which can be explained by a
high density of free charge carriers (see Figure 5.7b).
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Figure 5.8: a) In situ electrical resistivity as a function of temperature of MoOx films with
various stoichiometry in No+Og ambient, b) Plot of the logarithm of MoQ,, sheet resistance as
function of temperature (log(Rs) vs temperature.)

Above 390 - 400°C, an initial increase in electrical resistivity was observed in all MoO,, layers.
This increase could be related to the onset of oxidation. However, this increase is less significant
for films with low stoichiometry (x < 2.7). A reversibility of the resistivity measurement as
a function of temperature is also observed, the resistivity recovering the initial values when
returning to the initial temperature (Figure 5.9a). In this case, we are in the presence of
a hysteresis phenomenon rather than an oxidation of MoQO, film. On the other hand, the
temperature measurement is irreversible at higher oxygen concentrations (stoichiometry x > 2.7).
The final resistivity values are identical for all stoichiometries, but are significantly higher than
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the initial values, more than 4 decades higher (see Figure 5.9b). As will be shown by the XPS
measurements below, there is a complete and non-reversible oxidation of the MoO, (Figure
5.10) films.
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Figure 5.9: In situ electrical resistivity as a function of temperature, forward and reverse
measurement for higher oxygen concentrations or stoichiometry x < 2.7 (a and for higher oxygen
concentrations or stoichiometry x > 2.7 (b).
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Figure 5.10: XPS Mo 3d (a) valence band O 2p (b) spectra of MoO,, with different stoichiometry
after annealing at 450°C, showing complete oxidation of different films

The XPS measurements after the in-situ electrical resistivity measurements as a function of
temperature 25°C — 450°C — 25°C (Figure 5.10a) show that the samples with the stoichiometry
x > 2.7 are completely oxidised. The subsequent Mo 3d spectra are identical, completely
symmetrical and the fmhw are reduced (recall that the broadening of the Mo 3d peak is usually
associated with the presence of the weakly oxidised Mo?™ or Mo®* states). The valence band
spectrum (Figure 5.10b) also shows the vanishing of gap states near the Fermi level (binding
energy = 0 €V) after the in-situ resistivity measurements. It is known that annealing of MoO,,
(x ~ 3) in an inert atmosphere or in the absence of oxygen and plasma annealing lead to the
opposite phenomenon, i.e. a reduction towards layers with lower stoichiometry (lower resistivity).
Numerous studies suggest a transition from MoO3 to MoOg around 700K ( ~ 430°C) [248, 249].
To summarise, MoOx films with low stoichiometry (2 < x < 2.7) can be considered as materials
at the boundary between semiconductors and metals, since they have a relatively high free carrier
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density n. > 102! em™3, and show a relatively low thermal activation effect (very low slope of
log(Rs) vs. T curves). The oxidation kinetics or mechanisms of MoO, films depend not only on
the annealing conditions but also on the initial stoichiometry of these films. A similar and more
in-depth study could be useful to understand the oxidation and reduction mechanisms of MoO,
as well as the oxidation and reduction kinetics depending on the initial stoichiometry of MoO,.

5.1.3.3 MoO, optical properties

Figure 5.11a shows the optical transmission spectra of MoO,, at different oxygen partial pressures
(stoichiometry) as a function of wavelength for 15 nm thick layers. The optical transmission of
MoO, depends on its stoichiometry. Nearly stoichiometric films (x > 2.7) have excellent optical
transmission (over 80%) in the Vis-IR range. The optical transmission decreases significantly
with stoichiometry, and films with lower stoichiometry (x < 2.5) have an optical transmission
of less than 60 % in the Vis-IR range. This drastic reduction of the optical transmission is
associated with low oxidation states of the Mo cation and therefore high electron density, which
is consistent with electrical measurements and XPS analyses.
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Figure 5.11: MoO, optical properties as function of the films stoichiometry (oxygen partial
pressure), a) Optical transmittance spectra by transmission measurements, b) Extinction
coefficient k by ellipsometry measurements.

The extinction coefficients of films of different stoichiometries derived from the ellipsometry
measurement are shown in Figure 5.11b. The extinction coefficient measures the absorption of
the material, which depends on the gap and the electron density of the material. The extinction
coefficient of MoQ, decreases with increasing stoichiometry, reflecting a decrease in optical
absorption. These results are consistent with the optical transmission measurements.

To determine the different optical gaps, the Tauc digrams (Figure 5.12a) were obtained from the

4mk
extinction coefficients by calculating the absorption coefficient using the relationship o = —,

taking into account direct transitions. Films with low stoichiometry show two absorption bands,
the first band before 2.5 eV can be attributed to gap states associated with oxygen defects,
and the second absorption corresponds to the transitions between the valence band and the
conduction band. The optical gap increases with stoichiometry (Figure 5.12b). At higher ppOq
the optical gap becomes constant. The Tauc plots are consistent with previous analyses and
suggest that the optical properties of MoO,, are easily tunable and are correlate strongly with
the electrical properties. For stoichiometry x < 2.8, subgap optical absorption is observed. It is
suggested that this sub-gap absorption in metal oxides is mainly due to the presence of oxygen
defects[250]. This property is problematic for the transparency of MoO, films, but interesting
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in terms of electrical properties, as the sub-gap states cause an increase in the concentration of
carriers, as well as an increase in the conductivity of the film.
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Figure 5.12: a) Tauc plot of MoOx with different stoichiometry, b) Evolution of the MoOx
optical band gap as function of the stoichiometry.

In summary, there is therefore a balance between the optical and electrical properties, i.e.
conductivity improves at the expense of optical transmission and vice versa.

5.1.3.4 Structural properties and surface morphology

Figure 5.13 shows the x-ray diffraction measurements of the films with higher and lower
stoichiometry. No obvious peaks were detected, indicating that the MoO,, film is not crystallised.
The amorphous properties of the films can be attributed to the low growth temperature. During
the MoO, sputtering process, the films did not have enough energy to form a nanocrystalline
or polycrystalline structure, even with a relatively high power density used for this study (125
W.cm?) .
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Figure 5.13: X-ray diffraction pattern of the MoOX film with the lowest and highest
stoichiometry

The surface topography of the MoO, films was also investigated using AFM. Figure 5.14a-f
shows two-dimensional (2D) AFM diagrams of MoO,, thin films deposited at different oxygen
partial pressures (ppOz). These AFM images show that all the MoO,, films exhibit a remarkably
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smooth surface morphology. No grain or particle-like structures are observed, the films are very
flat with a peak-to-valley height of less than 3 nm in all cases. The surface roughness of the films
with root mean square (RMS) as a function of stoichiometry is shown in Figure 5.15 . The films
are flat and almost smooth with a roughness (RMS) of less than 0.5 nm.
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Figure 5.14: 2D AFM images of MoOx with various stoichiometry
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Figure 5.15: Evolution of roughness (RMS) as a function of MoO,, stoichiometry

5.1.3.5 MoOx work function using UPS measurement and MOS capacitor C-V
analyses

One of the most desired properties of hole extraction films is their high work function. In a
simplified case, the energy barrier for the transport of holes at the interface between a given
semiconductor and the hole extraction layer can be considered as the difference between the
ionisation energy of said semiconductor and the work function of the extraction layer, where a
high value of the work function is required to minimise this energy barrier. In this section, we
will evaluate the work function of MoO, using two different techniques, the UPS measurement
and the C-V measurement and analysis of Al/MoO,/SiO2/Si capacitance.

MoO, work function using ultraviolet photoelectron spectroscopy (UPS) measure-
ments

We performed work function measurements on MoQO, films with stoichiometries x = 2.18,
2.58, 2.71 and 3.03. The UPS measurements were performed on a XPEEM ScientaOmicron
NanoESCA Mkl spectrometer microscope equipped with a He(I) source with energy hv=
21.22 €V. Prior to the measurements, the spectrometer chamber loaded with samples was exposed
to an ultra-high vacuum with a pressure of about 107° mbar.

To avoid possible chemical changes associated with surface preparation, we initially chose to
perform the measurements without etching; we simply limited the exposure times of the samples
in the ambient atmosphere as much as possible. The UPS spectra of MoOx samples of 4 different
stoichiometries are shown in Figure 5.16.

MoO2 13
4.3+0.05

MoO2 58
5.440.05

MoO2.71
4.84+0.05

MoO3.03
4.5+0.05

dro0z (€V)

Table 5.2: MoO, work function values obtained without surface preparation.

The work function is determined by measuring the photoemission threshold of the secondary
electron spectrum and the Fermi energy level (Section on XPS and UPS measurement techniques).
The values of the work function are summarised in Table 5.2. The values obtained at low
stoichiometries (x = 2.18, 2.58) are in agreement with the literature, but the work values
obtained for MoOs 71 and MoQOj3 o3 are very low compared to the literature values. In fact, an
increase in work function is expected with increasing stoichiometry[133]. Due to the difficulties
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Figure 5.16: a) UPS spectra of MoOx with various stoichiometry

encountered with the samples with higher stoichiometry (MoOs 71 and MoQ3 o3), we performed
the measurements after surface preparation. We used a low damage ion beam etching (gun
cluster ion beam or GCIB) with Ar clusters (Arj;,, with an energy of 5 keV at 5 nA, i.e.
2eV /atom) on a 2x2 mm? surface for 90 seconds on the PHI 5000 VersaProbe II spectrometer.
The survey spectrum (Figure 5.17 a) shows the disappearance of the C 1s peak after GCIB,
indicating effective decontamination of the surface with GCIB. A sample transfer was then
performed between the PHI 5000 VersaProbe II and the XPEEM ScientaOmicron using
a capsule in a neutral atmosphere (nitrogen), with all samples on the same support. The UPS
spectra of MoOx samples of 4 different stoichiometries are shown in Figure 5.17 b, where
significant differences were observed between the different measured surfaces. The work function
is determined from the measurement of the photoemission threshold of the secondary electron
spectrum and the position of the Fermi level. The values after GCIB are summarised in Table
5.3. There is an overall increase in the work function after GCIB. As before, the values of the
work function for MoO, (x = 2.18, 2.58) are close to the expected values. @100, .5 >~ 6 €V is
in agreement with the literature[251] and corresponds to the order of magnitude of the work
function expected for MoO,, films with high stoichiometry. The work function values obtained
for MoOs.71 and MoQOs3 3 remain very low compared to the literature values. This anomaly is
therefore not due to surface contamination. The most likely hypothesis for the origin of these low
work function values for higher stoichiometry is the limitation of the spectrometer we used for
the work function measurements. Charge effects can occur when photoelectrons are emitted from
material surfaces with high electrical resistivity. Indeed, the photoemission from resistive films
leads to an accumulation of positive charges on the surface (the emitted electrons are replaced at
a very low rate due to the low conductivity), which leads to the reduction of the photoelectrons
kinetic energy, hence the low values of work function compared to those expected.

MOOQ,lg MOOQ'SS MOOQ"?l MOOg_og
O Mooz (€V) 4.65+0.05 5.9540.05 4.70+0.05 4.80+0.05

Table 5.3: MoO, work function measured after surface preparation by Ar clusters etching (GCIB)
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Figure 5.17: a) XPS analysis for surface preparation prior to UPS measurement, with a gun
cluster ion beam (GCIB) consisting of low-energy Ar™ clusters, 5 keV at 5 nA, etching during 90
seconds b) UPS spectra of MoO, with various stoichiometry after surface preparation (GCIB),
c) Expanded view of the secondary electrons threshold (secondary cut-off for determining the
work function).

In conclusion, the work function measurements by UPS are consistent for MoO,, films with
resistivity p < 1 Q.cm. Above this value, we are limited by the capabilities of the measurement
tool.

MoOz work function using MOS capacitor C-V analyses

In this section, we will determine the work function of MoO, based on the C-V measure-
ments. For this purpose, we have fabricated Al/MoOx/SiO2/Si MOS structures. SiOy/Si
substrates with different SiOs thicknesses were prepared according to the procedure described
in section on Metal-Oxide-Semiconductor (MOS) capacitor analyses. MoO, with thicknesses
of 15 nm with oxygen partial pressures corresponding to the stoichiometry x = 2.18, 2.35, 2.58,
2.71, 3.03 were deposited by DC reactive sputtering on the SiO2/Si substrates (p-type) through
a physical mask (S = 200x200 pm?). The deposition of MoO,was immediately followed by the
deposition of a 100 nm thick aluminium layer by thermal evaporation in order to obtain better
electrical contacts. Some devices underwent FGA in order to evaluate the effects of annealing
on the MoOx work function. The C-V curves of the MOS structures were measured at signal
frequencies in the range of 100 Hz to 100 kHz.
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Figure 5.18: C-V curves for Al/MoOx/SiO2/Si stack , tox = 10 nm (a and b), tox = 20 nm
(cand d), tox = 30 nm (e and f) with Al and MoOx as-growth; the measurement frequencies
are 100 Hz, and 100 kHz and the capacitance is normalized by the maximum capacitance.

The C-V curves at the lowest stoichiometry (x = 2.18) and at the highest stoichiometry (x =
3.03) are shown in Figure 5.18a and 5.18b for tpx = 10 nm, 5.18c and 5.18d for tox = 20 nm,
5.18e and 5.18f for tox = 30 nm, at the highest and lowest frequencies (100 Hz and 100 kHz).
The curves shift towards negative voltages as a SiOo thickness increases, indicating the presence
of oxide and interface charges. For the same oxide thickness, but with different stoichiometries,
the curves shift towards positive voltages as the MoQO,, stoichiometry increases, this shift could
be related to the change of the MoO, work function. We also noted that there is a hump in the
inversion region of the C-V curve at low frequency (100 Hz), indicating the damage (Dits) caused
by the MoO,, sputtering process at the SiO2/Si interface.
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Figure 5.19: a) Relation between the equivalent oxide thickness EOT and and the oxide tox
for 100 Hz C-V curves. b) Relation between the flat band voltage V¢, and the EOTf or MoOx
with various stoichiometry, the linear lines are fitted by linear regression method.

Figure 5.19a shows the equivalent oxide thickness EOT extracted from the maximum
capacitance value in the accumulation region as function of the oxide thickness tox (ellipsometry
values). We observe that the various MoOx films behave like metal gate (electrical conductors).
In fact, a slight increase in EOT is observed as the stoichiometry of the MoO,, films increases.
However, this increase is almost negligible and cannot be attributed to the dielectric nature of the
MoOx films. On the other hand, this slight increase in EOT can be related to the effects of the
sputtering process on the SiO2. For example, when the oxygen concentration in the deposition
atmosphere is increased, there is a decrease in the sputtering species(Ar™), which may have more
or less effect on the SiO2 substrate. The flatband potentials Vb as a function of EOT extracted
from the C-V analyses are shown in Figure 5.19b. A simple linear regression is used to extract
the flat-band potential Vg at EOT = 0, which is then independent of oxide charges and Dits
and directly related to MoO, gate work function.
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Figure 5.20: a) MoOx work function as function of the stoichiometry, b) Dits as a function of
tox for different MoOx stoichiometry.

The work function of MoOx is calculated from V{b0 using the following relationship:

Vibo = OMoOz — ¢si (5.1.1)

The evolution of the work function as a function of the MoQO, stoichiometry is shown in
Figure 5.20a. There is an increase of the work function with stoichiometry and for nearly
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stoichiometric films the work function ¢as,0. > 6 €V. These results are consistent with those from
the literature (UPS measurements) [133]. As the MoO, stoichiometry increases, the low-valence
Mo states associated with the donor states (oxygen vacancies) in the MoO, band gap gradually
decrease. However, these variations in gap states density do not provide a direct explanation for
the large variations in work function (Work function difference of more than 1 eV between MoOs
and MoOs) as a function of stoichiometry. The increase in work function could be related to a
general change in the electronic structure of MoOj, in particular an increase in ionisation energy
or electronic affinity with increasing stoichiometry (ionisation of MoQOg is more difficult than
that of MoO2).

The damage caused by the MoQO,, gate deposition process was evaluated in terms of Dits. The
Dits as a function of oxide thickness for different MoQO,, stoichiometries are shown in the Figure
5.20b. An increase of Dits is observed with decreasing MoO,, stoichiometry and SiOs thickness
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Figure 5.21: Normalized C-V curves at 1 kHz for Al/MoO,/SiO2/Si stack with different
MoO,, stoichiometry after annealing at 425°C during 30 minutes in No + Hy ambient (FGA), a)
tox = 10 nm, and b) tox = 30 nm

On the one hand, the increase of Dits with decreasing SiOs thickness can be explained by
the fact that the SiO9/Si interface is less protected by a lower SiO9 thickness during the MoO,,
sputtering process, which leads to a stronger degradation of the interface. As for the increase in
Dits with decreasing stoichiometry, the origin and explanation is more difficult, but one could be
that the energies of the chemical species in the plasma decrease with increasing oxygen partial
pressure, leading to relatively less degradation of the SiOy/Si interfaces at higher stoichiometries,
as MoQ,, layers with higher stoichiometry are deposited with higher oxygen partial pressure.
We have also performed C-V measurements on Al/MoO,(15nm)/SiO2/Si structures after FGA
(annealing in NoHy atmosphere at 425°C during 30 minutes). The normalised C-V curves with
different MoO,, stoichiometry after FGA for tox = 10 nm Figure 5.21a and, tox = 30 nm
Figure 5.21b are shown.

After the FGA, there is a significant reduction of Dits (absence of the hump near the inversion
region as observe in the C-V curves of structures without FGA). There is no further effect of
charge and Dits, and the flat band potential V f;, is almost identical, regardless of the stoichiometry
of the MoO,, or the thickness of the SiOs (no variation of Vy, with EOT). The work function
of MoOg., drro0: = 4.940.1 eV after FGA is identical for all stoichiometries. The value of the
work function obtained is close to that of MoQOs 5. These observations may indicate that that
the FGA process led to a reduction of all MoO,, films to metalic-like MoOs9 15. Several literature
references indicate a reduction of MoO3_, to MoOs at temperatures close to 700K when annealed
in an inert atmosphere or in the absence of oxygen [252].
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5.2 NiO, thin films

5.2.1 Introduction

Nickel oxide (NiO, ), often mistaken as a Mott-Hubbard insulator, is actually a charge transfer
insulator[137], with a rhombohedral or cubic structure, the cubic structure being the most
notable. NiO, in stoichiometric form (x = 1) has a high resistivity of the order of 10!3 Q.cm at
room temperature[253], this resistivity can be reduced by more than 10 orders of magnitude by
controlling the oxidation states of the transition metal Ni such as Ni** and Ni**. The meteoric
advance of perovskite-based solar cells and organic semiconductors has put NiO, at the centre of
innovations in photovoltaic and many other optoelectronic applications such as photodetectors
(photodiodes). This metal oxide is known for its exceptional electronic properties that favour
the extraction of holes. It has achieved remarkable conversion efficiencies (PCE) of over 22%
and excellent stability on single junction perovskite solar cells[254]. p-type NiO, is a wide
bandgap semiconductor that offers a combination of electrical and optical properties, and an
optimal electronic band structure that can be tuned according to the deposition conditions. The
electrical and optical properties of NiO, can be tuned by changing the concentration of Ni3*
ions, either by the introduction of monovalent atoms or by the formation of nickel vacancies
and/or interstitial oxygen in the NiO, lattice[255]. For example, a high oxygen partial pressure
can cause significant changes in the chemical composition of NiO, thin films (The excess oxygen
should lead to an increase in Ni** defects), which strongly influence the electrical resistivity. In
addition to its potential for hole extraction, NiO, also has electron-blocking properties and is very
compatible with low temperature processing. These properties make it a promising material for
band alignment engineering or HTL on IR photodiodes based on QDs such as PbS or perovskite
QDs. The possibility of large-area deposition (by PVD or PLD) also makes them suitable for
industrial-scale applications. This section focuses on the room temperature preparation and
characterization of NiO, thin films as hole transport layers in PbS QDs and perovskites based
photodiodes.

5.2.2 Experimental

The NiO, thin films were deposited at room temperature (without intentional heating of the
substrate) by RF magnetron sputtering (AC CT200), on different types of substrates (Corning
glass, Si and SiO9 substrates depending on the intended final characterizations to be preformed),
from a NiO target (supplied by Praxair Technology Inc), with 103 mm in diameter and 3 mm
thick bonded on a copper plate by indium paste. The target was of 3N purity, Ni and O
composition in a 1:1 ratio. Prior to any deposition, the target was pre-sputtered during 30
minutes to decontaminate and de-oxidise the target surface, the chamber base pressure was
reduced to ~10~7 mbar. The distance between the target and the substrates was maintained at
about 22 cm and the substrate was rotated at 45 rpm to achieve uniform thickness on 200 mm
substrate. The total sputtering power was maintained at 100 W, with the deposition pressure
varying between 0.002 and 0.004 mbar. The Ar flow rate was set at 50 sccm and the oxygen flow
was varied between 0 and 15 sccm corresponding to an oxygen concentration varying between 0
and 23.08%.

Films thickness were monitored by adjusting the deposition time and using XRR measurements.
For a total deposition pressure of 0.002 mbar, the deposition rate and volume density of the
films as a function of oxygen concentration are shown in Figure 5.22. There is a decrease in
deposition rate due to oxidation of the target with the addition of oxygen and a reduction in
sputtering efficiency. There are also extremely low deposition rates, of the order of 0.1 A.s~1.
Intuitively, a decrease of the film density is expected with increasing oxygen concentration in the
deposition atmosphere, since the atomic mass of oxygen is lower than that of nickel, so that an
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increase in the O/Ni ratio in NiO, films should lead to the decrease of the film density. The
observed increase of the density indicates that the films become less porous as the oxygen partial
pressure increases, and this decrease of the porosity dominates over the increase of the O/Ni
ratio (see Figure 5.23, fitting data are shown in appendix).
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Figure 5.22: In red, the change in deposition rate of NiOx thin films at room temperature as
a function of ppOs in %, Ar flow rate = 50 sccm, working pressure = 0.002 mbar, RF power =
100 watts. In blue, NiOx volume density in g.cm™2 as a function of oxygen partial pressure (O
flow rate varies between 0 sccm and 15 scecm).
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Figure 5.23: NiO, X-ray reflectometry measurements as a function of oxygen concentration,
the image on the right shows the highlight of the region # = 0.6-0.9°, the shift to the right
corresponds to an increase in the density of the NiO, films.

5.2.3 Results and discussions

Different types of characterization were performed and we present and discuss their results in
the following sections. Since the properties of NiO, films are expected to change depending on
the oxygen concentration, we will first examine the chemical composition of NiO,. Secondly, we
will present some properties of NiO,, films prepared at different oxygen concentrations (oxygen
flow rate).

page 116



CHAPTER 5. HOLE EXTRACTION LAYERS MADE TRANSITION METAL OXIDES,
NIOx AND MOOx

5.2.3.1 XPS analyses and NiO, composition

We have used XPS to identify the Ni oxydisation states and to study the composition of NiO,
thin films as a function of ppOs. The spectra of Ni 2p, Ni 3s and O 1s are shown in Figures
5.24a, 5.24b and 5.24c, respectively. The magnification of the highlighted region of the O 1s
peak (Figure 5.24d) at about 531 eV shows an increase of the intensity with increasing oxygen
partial pressure. In contrast, the Ni 2p and Ni 3s spectra show no sensitivity to the change of the
oxygen pressure. Therefore, the most suitable peak for assessing the composition of the different
NiO,, films is that of the O 1s core level.

Figure 5.25a-d shows the O 1s peak, which was carefully de-convoluted using Gaussian functions
centered at 529.3 ¢V, 531.1 eV, and 532.1 eV corresponding to NiO lattice oxygen (or Ni**), Ni
vacancies or interstitial oxygen (NipO3z or Ni3T), or substitutions of Ni%* ions by Ni** ions and
hydroxide groups or absorbed water (NiIOOH), respectively. Even though the NiO, was prepared
in a vacuum system without water in the deposition atmosphere, hydroxylation was observed
in all our NiO,, films. This hydroxylation is related to the exposure of the films to ambient air.
This effect persists even if the air exposure time is extremely shortened, as the phenomenon of
hydroxylation is almost ubiquitous in metal oxides. The increase in oxygen concentration leads
to the evolution of NiO, (x =~ 1) to NizOgs, i.e. an increase in Ni*T and a decrease in Ni?*.
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Figure 5.24: XPS spectra of NiOx films deposited under the different oxygen partial pressures,
a) Ni 2p, b) Ni 3s, ¢ Ols, d) Expanded view of the second peak of O 1s core level showing the
relative increase of the intensity with oxygen partial pressure.

The composition of the films in proportions (in %) NiO:Ni;O3:NiOOH or Ni?*:Ni3+:NiOOH
ranged from 68.85:25.21:5.95 for NiO, (ppO2 = 0.0%) to 56.26:36.18:7.56 for NiO, (ppOs =
23.08%). The NiO, film deposited at the highest oxygen partial pressure has the highest Ni3*
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concentration, which is associated with significant oxygen and nickel defects generation described
in Kroger-Vink notation by the following relation[256]:

1
2NiR; +502(9) = 2Nik; + 05 + Vi (5.2.1)

More clearly, the above relationship corresponds to the doping mechanism of NiO, films by
interstitial oxygen atoms or Ni vacancies (the formation of an ionized nickel vacancy leads to the
release of two holes in the material):

1

NixX; , Ni%;, V4; and O% represent lattice Ni*T, Ni3*, jonized nickel vacancies and lattice
oxygen O?~ respectively. Ni** ions thus act as acceptors, and we will observe their effects on
the electrical and optical properties of NiO, films. The Figure 5.26 summarizes the chemical
composition measurements and shows an increase in the NipO3/NiO ratio with increasing oxygen
partial pressure. The concentration of NioOs groups increases significantly in the 0 - 5% partial
pressure range, while the increase is slower in the 5 - 23% range.
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Figure 5.25: Composition of NiO, by O 1s XPS spectra fitted into lattice oxygen NiO (Ni?T),

interstitial oxygen or oxygen defect NigO3 (Ni*T), and loosely bound hydroxide related group
NiOOH concentrations.
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Figure 5.26: Evolution of the NiO, composition (NigO3/NiO ratio) as function of the oxygen
partial pressure.

5.2.3.2 NiO, electrical properties

Electrical resistivity measurements are shown in Figure 5.27. Electrical resistivity decreases
between 25.68 Q.cm to 0.71 Q.cm when the oxygen concentration varies between 0 and 23.08%.
The decrease in electrical resistivity over more than a decade is related to the increase in Ni**
concentration. Due to the relatively high electrical resistivities, accurate Hall effect measurements
were only possible on NiOx samples prepared with a high oxygen concentration, with hole
densities of ~ 107 cm™ and an electrical mobility in the order ~ 1 — 10 cm?.V~1.s™!. These
Hall effect measurements also prove that sup-stoichiometric NiO, films (x > 1) are p-type
semiconductors and confirm the fact that the formation of (interstitial) oxygen defects or Ni
vacancies (or the substitution of Ni?T cations by Ni3*) leads to the formation of acceptor states
in the material, described by Equation: 5.2.1.
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Figure 5.27: NiO, electrical resistivity as function of oxygen partial pressure.
We have also performed in-situ measurements of the electrical resistivity of NiO, in an
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0O2+Ny atmosphere between 25°C and 450°C. The measurements were performed at different
time points on different samples prepared from identical samples (a substrate with a 30 nm NiO,,
deposited on SiOg, then cleaved into different samples). The Figure 5.28a show that NiO,
behaves like a semiconductor, with an overall decrease in resistivity as a function of temperature.
This can be explained by thermal activation in the material or the ionisation of neutral defects
(Ni vacancies or interstitial O). Resistivity measurements at different time intervals on different
but almost identical samples (with the only difference being the duration of exposure to the
ambient atmosphere before measurement) have shown that NiO,, like almost all other transition
metal oxides, is unstable in air. This instability is reflected in a continuous increase in electrical
resistivity at room temperature (resistivity value at 25°C) of about one decade after one month’s
exposure to the ambient atmosphere (Figure 5.28b). In addition to the increase in electrical
resistivity, at ~ 200°C a hump of unknown origin appears and increases progressively as the
time of exposure to ambient air increases. The observed instability of NiO, films (increases
resistivity) can be attributed to the absorption of HoO or moisture by the NiO, films (increased
concentration of NiIOOH complexes). Complementary XPS measurements could provide a better
understanding of this degradation phenomenon.
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Figure 5.28: a) NiO, (ppO2 = 0.0%) in-situ electrical resistivity as a function of temperature
and, b) NiOx air stability, changes in electrical resistivity over time (resistivity measured at
room temperature T = 25°C.)

5.2.3.3 NiO, optical properties

The optical transmission measurements for NiO,, at different oxygen partial pressures are shown
in Figure 5.29a. For films with a thickness of 30 nm, the transmission values in the lower IR
range are between 60 % and 85 %. The variation as a function of oxygen concentration is not
significant. However, there is a difference between the optical transmission of the NiOx films
deposited without additional oxygen (ppO2 = 0 %) and the films deposited with added oxygen.
The transmission value at 940 nm, one of the wavelengths of interest, is about 75 % for NiOx
(ppO2 = 0 %) and about 65 % for the other oxygen concentrations. The slight decrease in optical
transmission between the film deposited without added oxygen and the films deposited with
ppO2 > 0% can be attributed to the high concentration of Ni*T cations, as Ni** ions act as F
color centers and lead to darkening of the NiO, films. This effect is well known and is associated
with the electrochromic properties of NiO,.[257, 258]. The relatively low optical transmission
of NiO,, films with a thickness of 30 nm (lower than 80% in Vis-NIR) could be a problem for
their use in devices such as photodiodes, as the films would absorb a significant portion of the
light signal at such thicknesses. Fortunately, the optimal thickness are between 5-10 nm, as we
will see in the section on QD-based photodiodes using NiO, as HTL. Figure 5.29b shows the
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evolution of the optical NiOx transmission (ppO2s = 0%) as a function of films thickness, with
transmission values greater than 80% in the Vis-NIR range for layer thickness less than 10 nm.
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Figure 5.29: a) Optical transmission spectra of the NiO, thin films with different oxygen
concentration (thickness = 30 nm), b) Optical transmission spectra on NiO, (ppO2 = 0.0%) for

different thicknesses.

The extinction coefficients k obtained from ellipsometric measurements (Figure 5.30a) show
that the NiO, film deposited without oxygen has the lowest extinction coefficient values between

47k

600 - 1800 nm, i.e. the lowest optical absorption (o = T) There is very good agreement

between the optical transmission measurements and the ellipsometry measurements. As with
the optical transmission, the films deposited with oxygen also show only a very insignificant
increase in the extinction coefficient with increasing oxygen concentration. Measurements of the
optical gap using Tauc diagrams (Figure 5.30b) give Ey,,; = 3.37 €V for NiO, (ppO2 = 0%),
this optical gap decreases only very slightly with increasing oxygen concentration.
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Figure 5.30: a) NiO, extinction coefficient and, b) NiO, Tauc-plot (optical band-gap) as

function of oxygen partial pressure.
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5.2.3.4 NiO, structural properties and surface morphology
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Figure 5.31: a) Grazing incidence angle x-rays diffraction patterns of NiO, as function of
oxygen partial pressure, features are labelled with the corresponding (hkl) reflections of NiO,
cubic-phase, b) Expanded view of (200) pic showing the shift towards low Bragg angles.

Figure 5.31a shows grazing incidence X-ray diffraction spectra of 30 nm thick NiO, films mea-
sured at room temperature as a function of oxygen partial pressure. All films were nanocrystalline
with preferred orientations in the (111) and (200) planes, with peaks occurring around 26 =
36-37° and 42-43°, respectively, indicating the cubic rock salt structure. The intensity of the peak
(111), which corresponds to the main plane of the NiO crystal (rock salt with face-centred cubic
structure), decreases with decreasing oxygen concentration. This decrease indicates a decrease
in crystallinity, which can be attributed to the increase in defects (Ni vacancies or interstitial
oxygen atoms) in the NiO, structures as the oxygen concentration increases. The grain size D

estimated by the Scherrer formula D = was about 16 nm for the oxygen-free film and

cos
lower values (8-11 nm) for the films prepared with oxygen. With increasing ppOsz, we observe

a shift of peaks (111) and (200) to lower Bragg angles,20 = 36.85 — 36.45 — 36.35 — 36.3 —
36.37 — 36.35 — 36.17 and 43.05 — 42.63 — 42.47 — 42.45 — 42,43 — 42.43 — 42.31 — 42.29,
respectively for (111) and (200) peaks, as ppOz increases between 0 — 23% (Figure 5.31b). In
the literature, this shift is generally attributed to the existence of strains in NiO, films[259, 260].
Interstitial oxygen atoms can induce tensile strains in NiO, films. These measurements can
be correlated with the XRR measurements, the increase in film density with increasing oxygen
concentration observed may be related to the insertion of additional oxygen atoms resulting in
strains in the NiO lattice.

2D AFM images show the surface topography of NiO, films deposited with different oxygen
partial pressures. The film deposited without oxygen (Figure 5.32a) has the highest peak-
to-valley value (= 10.0 nm) and a RMS surface roughness greater than 1 nm. A grain-like or
nanocrystalline structure is also observed, confirming the grain size value obtained in GIXRD.
As ppOs increases, the overall surface roughness decreases and the crystalline signature is less
and less visible on the AFM images (Figure 5.32b - 5.32f). The evolution of roughness as a
function of ppOs is shown in Figure 5.33.

page 122



CHAPTER 5. HOLE EXTRACTION LAYERS MADE TRANSITION METAL OXIDES,
NIOx AND MOOx

4.28 nm

3.50
3.00
2.50
2.00
1.50
1.00

0.00

3.06 nm

2.50

2.00

1.50

1.00

0.00

4.5nm
4.0

1.0

0.0

Figure 5.32: 2D AFM images of NiO, with different oxygen partial pressure
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Figure 5.33: Evolution of NiO,roughness (RMS) obtained from AFM measurements, as a
function oxygen partial pressure ppOs (%).
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5.2.3.5 NiO, work function by UPS measurements

Measurements of the work function of NiO, deposited at different working pressures and without
oxygen addition (ppO2 =0%) were performed with UPS. To decontaminate the sample surface,
we used a 120 second low damage etching ion beam or GCIB. The procedure is almost identical
to that described in the section on measuring the MoO, work function after surface preparation.
The XPS measurement (survey spectrum) in Figure 5.34a shows the disappearance of the C 1s
peak (/= 284 eV) associated with surface contamination, indicating that we have a clean surface.
We also note an increase in signal intensity after GCIB. The UPS spectra recorded after GCIB
are shown in Figure 5.34b. All three samples show almost identical spectra, indicating minor
variations in the work function of the NiOx films with total deposition pressure. Figure 5.34c
and 5.34c correspond to the expanded view on the secondary electron cut-off (SEC) and the
valence band regions. The secondary cut-off region (17.1-17.4 eV) show only slightly changes.
The structure of the valence band shows that there are almost no gap states for NiO, (ppOs
= 0.0%) as observed in MoO,, and that the Fermi level is located at ~ 1 eV above the NiO,
valence band maximum. This considerable energy difference (=~ 1 eV) between the position of
the Fermi level and the top of the valence band may be somewhat perplexing. Considering the
case of p-type Si with doping levels similar to those in NiO, films (106 - 107 cm™3), the Fermi
level is found to be about 0.18-0.12 eV above the valence band, i.e. a variation of about 60
meV per decade on the acceptor density. However, several other authors have reported similar
results[261, 262]. We will retain the value of Ep - Eyy & 1 €V where necessary in the following.
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Figure 5.34: a) XPS analysis for surface preparation prior to UPS measurement, with a gun
cluster ion beam (GCIB) consisting of low-energy Ar™ clusters, 5 keV at 5 nA, etching during
120 s b) UPS spectra of the NiOx films at different deposition pressures (0.002, 0.003 and 0.004
mbar), ¢) secondary electrons cut-off for determining the work function, d) binding energy range
valence band spectra

Working pressure (mbar) 0.002 0.003 0.004
dNioz (€V) 3.92+0.05 4.01+£0.05 4.0310.05

Table 5.4: NiO, work function values after surface preparation for various total deposition
pressures.

The work function is determined by measuring the photoemission threshold on the secondary
electron spectrum and the position of the Fermi level. The values of the work function are
summarized in Table 5.4. The work function is between 3.92 - 4.03) eV. These values are about
0.4-1.9 eV below the expected values and the literature [263, 264, 265]. Due to the electrical
properties of NiO, (resistivity in the order of 10 2.cm, hole density of about 10 ecm™3), we
believe that we encounter the same difficulties as when measuring the work function of highly
stoichiometric MoO,, films (with high electrical resistivity).
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5.3 Conclusion

In this section, we have investigated the properties of MoO, and NiO, prepared by DC/RF
sputtering as potential hole extraction materials on PbS-based perovskite QDs. We have shown
that the properties of these materials are strongly dependent on their oxygen concentration and
can be easily tuned by the choice of deposition conditions.

Investigations on MoO, have shown that the stoichiometry can be easily controlled during
deposition by the oxygen partial pressure. At a partial pressure between 5.67% and 19.35%, we
obtained a stoichiometry or O /Mo ratio between x = 2.18-3, with oxidation almost complete at
ppO2 = 12%. We have shown that the electrical resistivity of MoO,, varies from 1072 Q.cm to 10°
Q).cm when the stoichiometry x varies between x= 2.18-3, i.e. by more than 8 orders of magnitude.
MoQ,, films with stoichiometry x < 2.5 are semi-metallic-like with charge carrier densities of
102'-10% ¢cm ™2 and mobilities of about 1072 cm?V~!s™!, while films with x > 2.7 are highly
resistive and the mobility and density of the free charge carriers are no longer easily measurable.
There is a trade-off between the electrical and optical properties of MoO,, with increasing
stoichiometry, there is a deterioration of the electrical properties and an improvement of the
optical properties, in particular an increase in the optical gap and thus the optical transmission.
All MoQO,, films deposited at room temperature were completely amorphous, and exhibited very
low surface roughness (RMS < 0.5 nm). The work function was determined using two different
techniques. UPS measurement showed limitations on highly resistive materials (there would be a
charging effect leading to lower values than expected). Consistent values of the work function
were obtained by UPS measurements on MoO, films with lower stoichiometry (low electrical
resistivities), while the values of films with a stoichiometry x > 2.7 were too low compared to
literature. The C-V method enabled us to measure values for the work function that were close
to the expected values and in very good agreement with those from the literature (increasing
work function with stoichiometry and ¢ > 6eV for nearly stoichiometric films). These C-V
measurements and analysis have also shown that, regardless of the stoichiometry, the MoO,, films
behave like metallic gate and not like dielectrics, as one might expect, especially for films with a
stoichiometry x = 3. The EOT values are all close to the prepared SiOs thickness.

Concerning NiO, material, depositions and characterizations showed that NiO, (x > 1) is a
p-type semiconductor in contrast of n-type MoQO,. NiO, electrical and optical properties change
in the opposite direction to MoO, with increasing oxygen concentration. The determination of
NiO,, stoichiometry by XPS is not straightforward due to the complex nature of the Ni 2p and Ni
1s peaks, but quantification of the different chemical states around Ni was achieved with the O 1s
core level peak. An increase in NipO3 or Ni3T concentration was observed simultaneously with a
decrease in NiO (Ni%") concentration with increasing oxygen partial pressure. Both phenomena
correspond to an increase in the concentration of Ni vacancies or interstitial oxygen atoms. These
defects act as acceptors and generate a greater density of holes, leading to a decrease in resistivity
and optical transmission with increasing oxygen partial pressure. All NiO, films deposited from
a NiO target at room temperature were nanocrystalline with grain sizes of 8 - 16 nm and low
surface roughnesses, RMS of 0.4 - 1.1 nm. The high concentration of oxygen relative to Ni led to
tensile strains in the NiO, films and made them less dense. Moreover, like most metal oxides,
NiO, is very unstable in the ambient atmosphere (resistivity increases with respect to the air
exposition time). NiOx work function measurements by UPS were unsuccessful due to their
relatively low conductivity.

In the next section, we present results for photodiode devices incorporating NiO,, MoO, as a
hole extraction layer and hydrogen-doped ITO as a transparent electrode.
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Chapter 6

Photodiodes based on PbS QDs and
perovskites

6.1 PbS QDs based IR p-i-n photodiodes

6.1.1 Introduction

Infrared detectors with high efficiency are necessary for numerous applications such as spec-
troscopy, night and computer vision, medical imaging, consumer electronics, and astronomy[266].
Over the last decade, significant progress has been made in the development of detectors based on
colloidal quantum dots to replace traditional III-V semiconductor-based detectors (InGaAs, InP,
GaN), which involve expensive manufacturing processes and poor performance[267]. Colloidal
quantum dot technology offers many advantages, including low cost and easy fabrication, high
performance, direct integration with silicon electronics for imaging systems, the possibility of
dimension reduction, and compatibility with flexible substrates[40]. Significant efforts have
been made in the synthesis and deposition of a light-harvesting layer (PbS QDs) with high
stability, good electrical and optical properties[55]. Efforts have also been made to achieve
contacts allowing proper transport of electrons and holes at each electrode in a p-i-n photodiode
architecture[1]. Different classes of materials are used as hole extraction layers, with the primary
ones consisting of transition metal oxides and organic semiconductors. Traditionally, n-type
MoQO, has been the most frequently used material, but it requires a precisely defined choice of
MoO, stoichiometry and the additional use of a p-type PbS layer for good performance[9, 10].

This section will focus specifically on the study of hole extraction layers and the transparent
electrode based-InsO3 TCO. We will show the comparison between different hole extraction layer
materials and demonstrate the interest of NiO, ultra-thin film as extraction layers.

6.1.2 Experimental
6.1.2.1 Device fabrication and electrical measurements set-up

The structure of the photodiode is shown in Figure 6.1 . The anode (top electrode) consists of
a transparent conductive hydrogen-doped indium oxide electrode (H-ITO). H-ITO films with
different properties are deposited by RF magnetron sputtering in an Ar:02:Hy atmosphere at
different oxygen concentrations and deposition powers with a fixed sputtering pressure of 0.001
mbar (section on the investigation of the properties of IngOs-based TCO), starting from an InyOs-
Sn target (Sn 10 wt%, purity 6N, 4 inch diameter, by Kurt J. Lesker), The electrical resistivity p
of the ITO-H films vary between 420 u).cm and 820 pf2.cm, with an optical transmission of
more than 80% at 940 nm for thicknesses between 22 and 100 nm.
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Top TCO TCO: transparent electrode

Electrode HTI HTL: holes transport layers

Active layer

Bottom
Electrode '[ _ETL: electrons transport layers

Figure 6.1: Device architecture of PbS QDs film based photodiodes.

NiO,; and MoQO,, holes extraction layers were deposited at room temperature respectively
by RF sputtering from a 4.0 inch diameter NiO target with a purity of 3N supplied by Praxair
(with a sputtering pressure of 0.002 mbar and an RF power of 50 W), and by reactive DC
sputtering from a metallic Mo target supplied by Kurt J. Lesker with a purity of 99.99% (with a
sputtering pressure of 0.0025 mbar, a DC power of 100 W and a different oxygen concentration
of Oz). The properties of these materials are described in the section on metal oxide (NiO,
and MoO,,) hole extraction layers. We will present photodiodes with holes extraction layers
based on Mo-doped NiOx. Holes extraction layers based on Mo-doped NiO, will be prepared by
co-sputtering between NiO and Mo targets. The Mo concentration in these films was defined
by adjusting the powers on the Mo and NiO targets. Investigations on NiO, extraction layers
deposited from a NiO target by reactive RF sputtering were performed after the difficulties faced
when using NiO,, films deposited from a Ni metal target (Ni target supplied by Kurt J. Lesker).
The deposition of the transparent H-ITO electrode and the different HTL materials was performed
on the PbS QDs layer at a very low deposition rate of less than 1 nm.min~! in order to limit
damage caused on the PbS QDs film by the plasma sputtering process.

The PbS QD layer absorbing at 940 nm (see absorption spectrum in Figure 6.2) deposited on
an optimised TiN/ZnO electron transport layer is supplied by STMicroelectronics. The exciton
peak at 940 nm is directly associated to the material band gap or the PbS QDs and corresponds
to the detection wavelength of the photodiode or the operating wavelength of the photodetector.
The current-voltage (J-V) characteristics in the dark and under illumination were carried out in
a black box on photodiodes with an area of 1 mm? using an Agilent 4256 sourcemeter. The J-V
characteristics under illumination were performed with monochromatic light (940 nm) from a Xe
source using a Czerny-Turner monochromator (to select a specific wavelength), and the power
of the light beam used was ~ 0.6xW.cm?. The anode of the photodiode is connected to the
negative terminal of the voltage source, and the cathode of the diode is connected to the positive
terminal of the voltage source. The electric field, generated by a negative voltage applied to the
anode, drives the holes toward the MoO, or NiO, hole extraction layers. The most important
characteristics of photodiode are obtained or derived from the J-V characteristics at reverse
biasing of the photodiode.
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Figure 6.2: PbS QDs absorption with the first exciton peak located at ~ 940 nm.

6.1.2.2 Validation of the simplified fabrication process route for photodiode devices

To avoid the complexity of etching and wet or cleaning processes, we used a highly simplified
method to fabricate photodiodes. Full-plate deposition of the Si/Ta/TiN/ZnO/PbS QDs/MoO,
(15 nm)/ITO (100 nm) stack were performed. The devices with different surfaces were defined
using a diamond saw (see Figures 6.3a, 6.3b, 6.3c, and 6.3d). To validate the fabrication method,
the J-V characteristic under dark and under illumination were compared with a reference device
corresponding to a complete stack of Si/Ta/TiN/ZnO/PbS QDs/MoO, (15 nm)/ITO entirely
made with classical clean-room processes by STMicroelectronics Crolles (simplified process and
reference). Figures 6.4a and 6.4b show that we obtain for both devices almost identical current
levels under illumination (at 940 nm) and in the dark depending with respect to the applied
voltage, i.e. the same external quantum efficiency (EQE ~ 33%). This results validates the
fabricating process used. In the following sections, all photodiodes based on PbS QDs will be
fabricated using this technique.
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Figure 6.3: a) Photodiode architecture, the electron-hole pair light collecting material (PbS
QDs) is sandwiched between a hole extraction electrode (HTL) and an electron extraction
electrode (ETL), the ETL is deposited on Ta (diffusion barrier), which in turn is deposited on a
silicided silicon substrate (the silicidation enables ohmic contact between Ta and the substrate),
b) Representation of an isolation line with a diamond saw (50 micrometre depth and width), c)
Repetition of the isolation lines in vertical and horizontal direction to obtain numerous patterns,
d) Optical microscope image of the isolation lines obtained.
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Figure 6.4: Comparison between the reference photodiode and a device fabricated using the
simplified diamond saw chip isolation process, a) Current-voltage characteristic under illumination

at 940 mm and, b) Current-voltage characteristic under dark on a surface area of 1 mm?.
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6.1.3 Results and discussion

6.1.3.1 Investigation of the properties of the transparent ITO electrode on the
performance of the photodiodes

We have investigated the properties of the transparent H-ITO electrode on the performance of
Si/Ta/TiN/ZnO/QDs PbS/MoO, (15 nm)/H-ITO photodiodes. The different H-ITO coatings
(using an AC CT200 sputtering tool) were performed on a Si/Ta/TiN/ZnO/QDs PbS/MoO, (15
nm) stack supplied by STMicroelectronics Crolles. Although a reduction in optical transmission
as a function of thickness was observed at 940 nm, Figure 6.5a, Figure 6.5b and 6.5¢ show that
this reduction in thickness had no major effect on the performance (EQE) of the photodiodes,
and no significant change was observed in the evolution of current density (under dark and
illumination) as a function of the applied voltage.
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Figure 6.5: Investigation of the influence of H-ITO thickness on photodiode performance, a)

current-voltage characteristic under illumination at 940 mm and, b) Current-voltage characteristic
under dark, ¢) Optical transmission for different H-ITO thicknesses.

We have also investigated the effects of changing the resistivity of the transparent electrical
contact on the performance of the photodiode. For this purpose, we chose 50 nm H-ITO films
with resistivity between 420 pQ.cm and 820 pf2.cm (Figure 6.6a). We find that changing the
resistivity of the transparent electrical contact has no real effect on the resistivity of H-ITO and
the EQE remains the same, about 33% at -2 V. Possible effects of H-ITO sputtering were also
investigated by varying the deposition power (RF generator power) between 25 and 150 W, and
no significant effects were observed (Figure 6.6b).
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Figure 6.6: Investigation of the influence of H-ITO resistivity (a) and deposition power (b) on
photodiode performances.

6.1.3.2 p-i-n photodiode based on MoQO, and NiO, HTL prepared by reactive
sputtering from metallic targets (Mo and Ni)

Figure 6.7a and 6.7b show the current-voltage characteristics of the Si/Ta/TiN/ZnO/QDs
PbS/MoO, (15 nm)/H-ITO (50 nm) devices under illumination and dark with different MoO,,
coating conditions. We have selected the H-ITO film with the optimal properties (optimised

as described in the section on InsOs-based transparent conductors) for the fabrication of our
10

T
devices. The chosen film is the one with the best figure of merit of R = 3.32x10 2 Q71 (p
s
= 419 pf2.cm) with a Sn concentration of 10 %wt and the thickness of 50 nm (T is the optical
transmission at 940 nm and Rs is the sheet resistance). The 15 nm MoO, and 50 nm H-ITO
films were sequentially deposited (on AC CT200). The photodiode structures with different
surfaces were then defined by diamond saw isolation.
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Figure 6.7: Investigation of MoO,-based extraction layers deposited from a metal target with
different oxygen flow rates (in sccm) or Og:Ar ratio = 4.9:50, 12.5:50, 20:50 a) Current-voltage
characteristic under illumination at 940 mm and, b) Current-voltage characteristic under dark.

The current-voltage characteristics show a decrease in EQE at -2 V| there is a reduction from
~ 33% to 24 - 27%, we also have the 'S’-shaped curves and the deterioration of the dark current.
The degradation of the photodiode performances (quantum efficiency and dark current) is even
greater when the oxygen flow rate used to prepare the MoO, layer increases, the ’S’-shaped curves
are also more pronounced. The 'S’-shape of the J-V curves is known as a signature of charge
extraction issues in the device[268, 269, 270]. The observed deterioration in the performance of
the photodiodes may be related to the several factors:
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First, the properties of MoO, layers may not be optimised for efficient hole extraction. The

work function of MoQO, and the density of defect states induced in the MoO, gap by oxygen
vacancies are generally considered to be the properties that define the potential of MoO, as a
HTL. These properties (work function and defect levels in the band gap) as well as the electrical
and optical properties of MoO,, are strongly dependent on the oxygen concentration (MoO,
stoichiometry). As they play an important role in the alignment of the bands with the PbS
QD films and the mechanism of hole extraction[124, 144], they need to be better optimised by
adjusting the oxygen flow rate used for their deposition. The oxygen flow rate enables the control
of the stoichiometry and therefore the band structure (width of the band gap, density of the
defect states, work function) of MoO,.
Second, the PbS CDs film are known to be sensitive to oxygen and moisture, and this sensitivity
is even more pronounced if the surface of the QDs is not sufficiently passivated[8]. The XPS Pb 4f
core level of PbS measured on the Si/Ta/TiN/ZnO/PbS QDs stack on which the MoO, /H-ITO
layers were deposited shows the formation of PbO, and sulphates (Pb(OH)3), indicating oxidation
of the PbS film surface (Figure6.8). The increase in degradation observed in the J-V curves
under illumination and in the dark when the oxygen gas flow rate is increased, when the oxygen
concentration in the deposition atmosphere increases. It could also be explained by the fact
that the oxygen introduced directly on top the PbS-QDs layer during the MoO, deposition can
contributes to the degradation (oxidation) of the PbS-QDs layer.
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Figure 6.8:  XPS spectra of Pb 4f7/; and Pb 4f5,, peaks in oxydized PbS QDs film ,
PbO,/Pb(OH)y and PbS doublets are fitted with a 4:3 intensity ratio and 4.86 eV splitting
energy.

We have also studied NiO, hole extraction layers obtained from a metal target (reactive
sputtering in an argon-oxygen atmosphere). In the previous Si/Ta/TiN/ZnO/QDs PbS/MoO,
(15 nm)/H-ITO structures, the MoO, was replaced by NiO, films (15 nm) deposited with
different oxygen flow rates (Figure 6.9a and 6.9b). As we increase the oxygen flow rate,
similar degradation of the EQE was observed on the Si/Ta/TiN/ZnO/QDs PbS/NiO, (15
nm)/H-ITO devices (EQE < 27% at -2V). However, the dark currents are not degraded and
are comparable to those of the reference devices (=~ 5 nA.cm~2 at -2 V). This result is interest-
ing because it indicates that NiOx can effectively act as a barrier for minority carriers or electrons.
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Figure 6.9: Investigation of NiO,-based extraction layers deposited from a metal target with
different oxygen flow rates (in sccm) or Og:Ar ratio = 6:50, 8:50, 10:50 10:50 a) Current-voltage
characteristic under illumination at 940 mm and, b) Current-voltage characteristic under dark.

These results show that the properties of the transparent electrode (TCO) have a very limited
influence on the performance of the photodiode. There is no change in EQE, and the shapes
of the J-V characteristics are not modified when the properties of the H-ITO film are changed.
However, the performance of the photodiodes depends on the conditions under which the HTL
is deposited in MoOx. The main challenges in optimising the photodiodes mainly concern the
PbS/HTL-QDs interface and the stability of the PbS-QDs film (protection against oxidation or
moisture).

6.1.3.3 p-i-n photodiode based on NiO, HTL deposited from non-metallic NiO
target

Due to the difficulties highlighted in the previous sections, we have opted for a non-metallic target.
Precautions were also taken to ensure the quality of the PbS layers prior to HTL and transparent
contact. In this study, we limited the exposure time of the PbS QDs film (Si/Ta/TiN/ZnO/PbS
QDs) to avoid degradation of the PbS QDs film. The decomposition of the Pb 4f peak shows
that the PbO,/Pb(OH)s subpeak is not present (Figure 6.10), demonstrating the good surface
quality of the PbS QDs film. In this section, we investigate NiOx HTLs deposited from a
NiO oxide target. This approach will allows us to limit potential degradation of the PbS QDs
film caused by the use of oxygen during HTL deposition. Figure 6.11a and 6.11b show the
J-V characteristics of the photodiodes, under illumination and under dark, respectively, as the
thickness of the NiO, layer is increased. There is a general decrease in saturation current with
increasing NiO, thickness (Figure 6.11a), which can be attributed to increase of the optical
absorption by the NiO, film according to the Beer-Lambert law. It is also important to notice
that the use of NiO,, leads to an increase in EQE from ~33 % (a value that can be compared to
the 33% EQE obtained on our MoO,, reference device) to 43% at -2 V.
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Figure 6.10: XPS spectra of Pb 4f7 /5 and Pb 4f; /5 peaks of a clean surface PbS QDs film ,
PbS doublet is fitted with a 4:3 intensity ratio and 4.86 eV splitting energy.
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Figure 6.11: a) Current-voltage characteristics under light, and b Dark current of the
photodiodes as a function of NiOx thickness.

Another important parameter for photodiodes is the operating bias, which is defined here
as the voltage at which the current is 95 % of the saturation current. For the optimal NiO,
thickness, this value is around -0.4 V which is significantly lower compared to the MoO, HTL
(greater than -1 V). In addition, we observe an improvement in the short-circuit current (current
density at zero bias) and the absence of an "S"-shape in the J-V characteristic, indicating highly
efficient hole extraction by the NiO, HTL (5 nm), or confirming the better band levels alignment
between NiO, film (5 nm thick) and the PbS QDs film. With optimised PbS QD film, we
have achieved an extremely low dark current level , ~ 3 nA.cm™2, where the thickness of the
extraction layer has no significant influence on the dark current (Figure 6.9b).
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Figure 6.12: a) XPS survey spectra of NiO-doped Mo, and b) High-resolution XPS spectra of
Mo 3d core level in NiO-doped Mo.

We also used HTL based on Mo-doped NiOx (0 %, 10 %, 30 %). The XPS transmission
spectrum and the high-resolution Mo 3d peak (Figure 6.12a and 6.12b) illustrate the Mo doping
of NiO,. The aim of Mo doping is to modified the electrical properties of NiO,, such as a
reduction of the electrical resistivity or the modification of the band structure and to observe the
effects on the performance of the photodiode.
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Figure 6.13: a) Current-voltage characteristics under light , and b Dark current of the
photodiodes for NiO-doped Mo with different Mo concentrations.

Figure 6.13a and 6.13b show the J-V characteristics under illumination and in the dark for
different Mo concentrations. There is neither an improvement of the EQE compared to NiO,
HTL nor a significant change in dark current, the decrease of the EQE is well correlated with the
decrease in optical transmission due to high Mo metal doping (Figure 6.14). On the other hand,
compared to NiO, (Mo 0 wt%) the operating bias decreases with increasing Mo concentration, i.e.
the saturation current is reached at a lower voltage, for NiO,(Mo 30 wt%), the operating bias is
obtained ~ - 0.3V. Nevertheless, these materials could be useful in a configuration where the
PbS QDs film is deposited on the HTL and does not interfere with the illumination of the device.

page 136



CHAPTER 6. PHOTODIODES BASED ON PBS QDS AND PEROVSKITES

! —-ﬁ

[ .

o0
o

(o)}
o

N
o

—+ glass

NiO - Mo 0wt%
—— NiO - Mo 10wt%
—— NiO - Mo 30wt%

300 600 900 1200 1500 1800
Wavelength (nm)

Transmission (%)
N
(]

o

Figure 6.14: NiO doped Mo optical transmission (15 nm thickness).

To find out which material has the best hole extraction and electron blocking potential, we
need to compare the investigated p-type hole extraction layers with the n-type hole extraction
layers. In the following sections, we will compare NiO, HTL with MoO, films. For better
understanding, we will also sketch and discuss the band alignment diagrams at the top electrode
of the device.

6.1.3.4 Comparison between NiO, and MoO, HTL

In order to perform a good comparative study, we remade Si/Ta/TiN/ZnO/PbS/MoO, (15
nm)/H-ITO photodiodes. The MoO,, films are still prepared from a metallic target, and we
compare it with the optimum obtained with NiO, (5 nm thickness). Nevertheless, the quality of
the PbS QDs film is better controlled than in previous studies with MoOx, with a surface that is
not oxidised or only briefly exposed to the ambient atmosphere and therefore not oxidised (see the
XPS measurement in Figure 6.10). The thickness chosen for the MoO,, is ~ 5 nm. For devices
with MoO, HTL, the EQE value obtained at -2 V is ~ 31%, which is significantly lower than the
43% obtained with the NiO, film of the same thickness. The EQE value at -2 V varies slightly
between the two MoO, stoichiometries (Figure 6.15a and 6.15b), and the value of short-circuit
current (at voltage = 0 V) is lower for MoOs. Although the improvement in performance
compared with the oxidised Pbs QDs films in the previous studies with MoO, (Figure 6.7), the
"S" shapes of the J-V characteristics are still present. This effect is more pronounced for MoOQOs,
i.e. the MoO, film prepared with a higher oxygen flow rate (compared with MoO3 4). These "S"
shape of the J-V characteristics is the signature of holes extraction issues and strengthen the idea
of alteration of the PbS QDs film by reactive oxygen sputtering process. Compared with NiO,
(5 nm), the operating voltage with MoO,, is greater than -0.9 V. There is also a degradation of
the dark current, which tends to be greater for MoOgs, which may indicate PbS QDs film quality
also has an impact on the dark current. The dark current curves show an overshoot around 0 V.
There is no real explanation for this effect; it could simply a measurement artefact.

To summarise, NiO, has a very good potential for hole extraction, and compared to MoO,, the
NiO,-HTL led to an overall improvement in the performance of the photodiode. MoO,, films
with a very high stoichiometry (x &~ 3) have a low hole extraction potential. The use of MoO,
requires an appropriate choice of target stoichiometry (use of non-metallic targets), as the Mo
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oxidation process on top of the PbS QDs film may contribute to the surface degradation, leading
to a degradation of the photodiode performances. The necessity of using a MoQO,, target with a
specific stoichiometry poses a technological or experimental issue, as the optimal stoichiometry
for efficient charge extraction is not known in advance.
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Figure 6.15: Comparison between NiOx and MoOx HTL, a) Current-voltage characteristics
under light, and b Dark current.

6.1.3.5 Hole extraction efficiency and alignment of the energy band levels alignment

The construction of the band diagram (Figure 6.16) can provide an explanation for the mecha-
nism of hole transport through a defined hole extraction layers. On the basis of the properties
of different materials obtained in the previous sections, and assuming that, at equilibrium, the
Fermi levels of the different layers of the stack are aligned, we propose a band alignment diagram
for hole transport and a discussion. The hypothesis that the Fermi levels are aligned is based on
the fact that the various electrode materials in the device are electrically conductive according
to previous electrical studies.

It should be noted that this study is based on a simple hypothesis and may not reflect the actual
reality of the devices, as the parameters used to build the diagram come from different sources.
Despite the difficulties reported with the UPS measurement, we will use the value obtained to
build the energy diagram, since the configuration of the bands would not change significantly if
we had obtained a work function of ~ 5 eV for NiO,.

The ideal energy band configuration is shown in Figure 6.16a. When the photodiode is in
operation, the hole extraction (HTL) and electron extraction layers (ETL) should facilitate the
separation of excitons (electron-hole pairs) generated by the absorption of photons by the PbS
QDs. In addition to the alignment of the energy bands, the extraction electrodes must have
electrical properties that facilitate the rapid transfer of charges in order to limit their potential
recombination. For example, good electrical mobility can facilitate charge transport and limit
their accumulation or recombination at the interfaces. The energy reference is taken as the
vacuum level of the TCO (H-ITO). The positions of the band edges of the other layers are
aligned with respect to the vacuum level of the H-ITO under the assumption that the Fermi
levels are aligned. The work function of H-ITO ¢ = 4.4 eV is obtained from C-V measurements
and analyses (before annealing). We have selected MoQOg 71 whose work function ¢ = 6.01 eV is
derived from MOS C-V measurements and analyses (without annealing), the defect band due
to oxygen vacancies in MoO, is = 0.3 - 0. 4 €V below the Fermi level and the position of the
conduction band minimum is 0.5 eV above the Fermi level, values which were reported in the
work of Kanai [271], Meyer [154] and Kroger[131]. As the difference between the MoO, and
H-ITO work function is very large, the alignment of the Fermi levels between the two materials
implies the existence of a significant interfacial dipole.
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The band gap of the PbS QD is 1.32 €V (absorption wavelength = 940 nm) according to the
optical absorption spectrum of the PbS QDs film and that of MoOs 71 is 3.8 eV according to the
optical gap measurements. The work function of the PbS QDs is between 4.3 - 5.0 €V according
to the literature[11]. The NiO, work function ¢ = 4.0 eV and the position of the Fermi level
with respect to the valence band are derived from UPS measurements, the Fermi level of NiO, is
~1 eV above its BV. The NiO, band gap width E;, = 3.37 €V is determined from optical gap
measurements(Tauc plot).
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Figure 6.16: Schematic band levels alignment diagram of the ETL/PbS QDs/HTL/TCO a)
Ideal or desired energy levels configuration. b) Schematic energy diagram of the PbS/MoO,(x
= 2.71)/H-ITO interfaces. c¢) Schematic energy diagram of the PbS/NiO,/H-ITO interfaces.

Figure 6.16b and 6.16¢ show respectively the band alignment diagrams of photodiodes based
on MoO, and NiO extraction layers (intermediate case of MoOg 71). Figure 6.16b shows that
the VB of the MoO, HTL is well below the VB of the PbS QDs layer because MoQO, is of
n-type and has a very wide band gap with E;, = 3.8 eV. The energy diagram obtained from our
hypotheses with MoOx is similar to those in the literature(see Figure 6.17) [11].
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Figure 6.17:  Schematic energy diagram of interfacial layers PbS/MoOx based on UPS
measurements|11]

Such a configuration should lead to a large hole injection barrier at the MoO, /PbS interface,

resulting in poor device performance rather than increasing EQE or decreasing the operating
potential of the photodiodes. It is hypothesised that the relative efficiency of hole extraction by
MoO, is mainly related to the existence of gap states (oxygen gaps) in the band gap. These gap
states (electron donors) are supposed to create hole transport states by injecting electrons into
the PbS QDs structure. This could explain why MoOs 4 leads to better performance compared to
MoO3 (lower operating voltage and less pronounced "S" shape). We also note that the positioning
of the conduction bands of MoO, and PbS QDs can facilitate the transport of electrons from
PbS to MoO,, which can lead to a degradation of device performance. The band diagram with
NiO, provides a more favourable situation for the transport of holes and blocking of electrons
between the PbS QD film and NiO,. The p-type nature and wide band gap E, = 3.37 ¢V as well
as the position of the Fermi level of NiO, relative to its valence band (about 1 eV above the BV)
lead to band-to-band charge transport (holes), which could explain the excellent performance
with NiO,.
In summary, we have proposed an equilibrium band diagram for the MoO,/PbS QDs and
NiO,/PbS QDs interfaces based on the assumption of Fermi-level alignment. We have confirm
that the transport of holes through MoO, occurs mainly via gap states in the MoO,, gap (gap-
state assisted transport), while in the case of NiO,, direct band-to-band transport occurs between
the NiO, and PbS QDs films. Finally, it should be noted that the electrical mobility of the
charge carriers in the extraction layer can also facilitate the removal of charges by preventing
recombination at the interfaces. The higher mobility of NiO,, of the order of 20 cm?.V~!.s7!
compared to MoO, 0.03 - 2 cm?.V~1.s71, could also explain the high potential for hole extraction
by NiO,. The proposed band diagrams are based on the sole assumption that the Fermi levels are
aligned. The actual situation may be more complex. Furthermore, if we take into account that
all our materials, PbS QDs, NiO, and MoQ,, , are sensitive to oxygen or ambient atmosphere
and that our measurements of work function are mainly performed by UPS after a certain time
of air exposure, then the proposed diagrams may not reflect exactly the reality of our devices.

page 140



CHAPTER 6. PHOTODIODES BASED ON PBS QDS AND PEROVSKITES

6.2 Visible range perovskites based photodiodes

This study deals with the fabrication of transparent electrodes on perovskite photodiodes.This
study is not at the core of this thesis work, but it is part of the same project and is conducted within
the collaboration with Cea-Liten. Since the same materials (metal oxide extraction electrodes,
transparent electrical contact) are involved the fabrication of perovskite-based photodiodes and
similar optimizations as for the PbS-QDs-based photodiodes have to be made. Perovskites,
generally hybrid organometallic and/or lead halides compounds, are crystalline materials with
interesting properties for optoelectronic applications. Because of their high optical absorption in
the Vis-IR range, they are one of the most promising materials for the fabrication of image sensors.
They can be easily synthesised in solution. They also have remarkable charge transport properties,
i.e. high electrical mobility compared to conventional organic semiconductors or PbS QDs. They
have a tunable band gap, i.e. they can be tailored to absorb light in a specific wavelength range
by adjusting their chemical composition. Perovskite materials are an alternative to PbS QDs
as light harvesting material in Vis-IR photodiodes, and tremendous research efforts are being
made to extend their absorption to a wider radiation range as well as to improve the durability
or reliability of perovskite-based devices. Perovskite devices are typically manufactured in such a
way as to limit the degradation of the perovskite material, which is known to be sensitive to the
effects of sputtering. This is usually done by a glass—TCO—HTL—perovskite—ETL—metal or
glass—TCO—ETL—perovskite—HTL—metal integration, where the metal is deposited by a
soft process such as thermal evaporation.

In this section, we have fabricated bifacial glass—ITO(bottom)—HTL—perovskite-~ETL—H-
ITO(top) photodiodes and a glass—ITO(bottom)—HTL—perovskite-ETL—metal(Cu, top)
reference on a glass substrate.

The aim of the study is to demonstrate the fabrication of a transparent top electrode on perovskite,
which enables perovskite-based photodiodes to be integrated directly into a CMOS readout
circuit(for image sensor devices).

6.2.1 Experimental

Figure 6.18a shows the structure of the stack or perovskite layer Csy.17FA(.g3Pbls layer with
a thickness of 470 nm, which was prepared in solution and deposited by spin-coating and
absorbs in the Vis range (400-800 nm). The perovskite layer is sandwiched between a PTAA
(poly(triaryl amine), [Ce HyN (CsHa(C H3)3)CsHyly )-hole extraction electrode and a Cgo/BCP
(bathocuproine, Ca6Hg9N32) electron extraction electrode. The ITO (bottom) is a commercial
ITO layer with a thickness of 100 nm, a resistivity of about 1x10~% Q.cm and an electrical
density of n, > 10?! cm™3, while the H-ITO layers (top) were prepared by sputtering on an
AC-CT200. All structures were encapsulated with a polymer to protect them from oxidation
and moisture. Figure 6.18b shows a schematic of the fabricated photodiode structures, with the
bottom ITO electrode shown in green and the top electrode in red. The black discs represent the

photodiodes with a surface area of S ~ 3.14 mm?.
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Figure 6.18: a) Photodiode architecture based on a perovskite absorbing in Vis , b) Schematic
structure of the devices fabricated (four photodiodes in each substrate).

6.2.2 Results and discussion

The deposition parameters and electrical properties of these different H-ITO layers are summarised
in Table 6.1. The resistivities range from 372-750 Q.cm, and the extremely low deposition
rates of 0.15-1.2 A.s~! were chosen to avoid degradation of the Cgp, BCP and perovskite films
by the H-ITO sputtering process. Figure 6.19a shows the optical transmittances between the
different ITO and H-ITO layers that we have used below and above the perovskite. The high
transmission of the commercial ITO film (bottom) in the Vis range is related to a degeneracy of
the BC (Moss-Burstein shift) due to the high density of free electrons. The strong reduction of
the optical transmission in the IR, the plasmon-photon interaction, has the same cause as the
increase of the optical transmission in the visible (n, > 10%! cm™3). Measuring the optical gaps
by plotting Tauc diagrams (Figure 6.19b) shows that the gap of commercial ITO is larger than
that of our different H-ITO layers, confirming the Moss-Burstein shift.

Table 6.1: H-ITO Split on ETL/Perovskite Process Conditions

Process conditions: p = 0.001 mbar, T = 25°C, Oy : Ar = 0.5 sccm : 50 sccm
Sputtering Power p in p.cm dep rate(nm.s™!)
RF 25W 480 + 3% 0.015
RF 50W 372 + 2% 0.037
DC 50W 750 + 5% 0.120
DC 25W 570 + 3% 0.063
DC 10W 468 + 3% 0.024
Reference, Cu electrode, by thermal evaporation
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Figure 6.19: a) Optical transmission of the different films deposited as transparent electrodes
on the top and bottom face of the bifacial photodiodes, b) Change of the optical gap between
ITO (bottom contact) and H-ITO of the top contact due to different free charge carrier densities.

The characteristic J-V measurements were performed in the dark and under illumination at
560 nm with a light power of 0.86 W.m™2. Figure 6.20a and 6.20b show a comparison of J-V
characteristics between the Cu reference electrode and the transparent H-ITO electrode (P = 10
W DC), measured under illumination and in the dark respectively. Compared to the Cu reference
electrode, the photodiodes with H-ITO top electrode have better properties, the saturation
current under illumination is reached at lower voltage, and no leakage current is observed at
relatively high voltage. Similarly, the current of the Cu reference is completely degraded above
-0.5 V (increase of Jp by several decades, 1078 to 107> mA.cm~2).

3)10_4 b)lo—S
m— Cu ref {
‘:‘-\ :‘\ 10—6 = H-ITO DC_10W 50 n
| |
£ 107 £
© S 1077
< <
S S
~— -6 S— -8
= 10 \Q 10
m— Cu ref
= H-ITO DC_10W 50 nm 10 -9
1.0 0.5 0.0 -0.5 -1.0 1.0 0.5 0.0 -0.5 -1.0
Voltage (V) Voltage (V)

Figure 6.20: Comparison between the Cu electrode (top contact) and the H-ITO contact
deposited by DC sputtering with a power P = 10 W, a)Current-voltage characteristics under
light, and b Dark current of the perovskite photodiodes.

The H-ITO electrodes also exhibit a lower hysteresis at 10 W DC (Figure 6.21a and 6.21b).
The hysteresis effects observed with the Cu reference are complex. There are several explanations
in the literature. Some authors suggest that perovskites may undergo structural reorganisation
in response to an electrical bias (electric field), leading to a change in device properties [272].
This can also be attributed to ion migration, trapping and dettraping mechanism in the bulk
perovskite material, leading to a redistribution of charge in the photodiode[273] .
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Figure 6.21: Current-voltage curve hysteresis in perovskite photodiodes, a) Current-voltage
characteristics under light, and b Dark current
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Figure 6.22: a) Evolution of the external quantum efficiency (EQE) between different
deposition processes of the H-ITO and Cu reference (top electrode) in the visible range, b)
spectrum range, b)EQE comparison between the top and bottom contact.

Figure 6.22a shows the evolution of external quantum efficiency (EQE) as a function of
wavelength for different H-ITO electrode. The EQE quantum efficiency is EQE > 70% between
400 - 750 nm, with no notable change observed with the change in the properties of the top
transparent electrode. There is a difference in quantum efficiency between the front-side (top)
and the backside(bottom) , see Figure 6.22b. The optical and electrical properties of the ITO
film on the bottom and the H-ITO films on the front do not provide any direct explanation for
this difference.

6.3 Conclusion

In this section, we have integrated transparent electrodes based on InsOs and charge extraction
layers based on transition metal oxides. We first demonstrated the efficiency of a simplified
fabrication process for photodiodes. We then investigated the effects of the properties of the
transparent electrode and the extraction layers on the performance of the photodiodes. It was
found that changing the properties of the transparent H-ITO electrode had no significant direct
effect on the performance of the devices. The H-ITO/MoO, or H-ITO/NiO, interface is less
critical, but great efforts must be made to optimise the HTL/PbS QDs interface. It has been
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shown that prolonged exposure of the PbS QDs film with the ambient atmosphere can lead to
oxidation of the surface and thus to degradation device performances. For MoOx HTL fabricated
from a Mo metal target, the quantum yield is limited to &~ 33 %, and the operating voltage
is relatively high due to the J-V characteristics. In contrast, with NiO, HTL we were able to
achieve EQE ~43 %, demonstrate more efficient hole extraction and a very low operating voltage
of ~ -0.4 V. Based on the hypothesis that the Fermi levels are aligned between the different
materials composing the photodiode, we have shown that the transport of holes between the PbS
QDs films occurs from band to band, while in the case of MoQO,, the gaps play an important role.
Finally, we have fabricated a transparent H-ITO electrode on perovskite-based photodiodes
(Cso.17FA( 83Pbl3), demonstrating the possibility of integrating these photodiodes directly into
CMOS readout circuits.
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Chapter 7

Conclusion and Perspectives

7.1 Conclusion

The aim of this work was to optimise a top electrode in the IR range of the light spectrum
for photodetector devices based on PbS QDs or on perovskite, in a polarisation configuration
where it has to collect holes and block electrons while being as transparent as possible. Below
is a summary of the various studies we have conducted. First, we thoroughly investigated
InyO3-based TCO deposited by sputtering at room temperature. We focused on the deposition
conditions, the composition of the target (Sn concentration) and hydrogen doping to maximise
light transmission while maintaining excellent electrical properties. In this study, we were able
to explore the fundamental mechanisms that determine the conductivity and transparency of
InyO3-based TCO while seeking to maximise its performance for specific applications, especially
for IR photodiodes. The results obtained show that hydrogen-doped ITO (H-ITO) films are
a promising solution, with a remarkably low electrical resistivity at room temperature p <
350x10~% Q.cm and a high optical transmission in the IR range, T > 80%. The introduction
of hydrogen improves the electrical conductivity by a relative increase in the mobility of the
charge carriers and not by an increase of the density n of the free charge carriers, which in
turn improves the optical transmission in the IR range. This is because the plasmon-photon
interaction (plasmonic absorption) is weaker when the density of free carriers is low, the plasma
pulsation given by Equation 7.1.1, show that, a low density of free carriers leads to a lower
plasma pulsation, i.e. a larger wavelength.

n€2

(7.1.1)

“r S\ reoes

We have also shown that the effects of hydrogen doping become less significant with increasing
Sn concentration, as the effect of the high charge carrier density generated by Sn doping becomes
dominant. Regardless of the Sn concentration, with or without hydrogen doping, the film with
the optimal perfomance is always obtained with the addition of oxygen during deposition, which
allows the best compromise between mobility and carrier density. The TCO films obtained were
all polycrystalline and exhibited very low surface roughness. The work function measured on the
H-ITO film (Sn 10 %) using MOS capacitors was ¢ ~ 4.4 eV without gas-forming annealing, while
a value of ¢ ~ 4.7 eV was obtained after annealing. Based on the MOS capacitance analyses,
we found that the deposition of ITO layers can lead to degradation effects on the substrates
on which they were deposited. In particular, for the stacks of H-ITO/SiO3/Si structures, we
observed a decrease in EOT, which can be explained by the change in permittivity of part or
all of the SiO2 thickness due to the diffusion of In. These H-ITO films will later be integrated
within photodiode structures based on PbS QDs or on perovskites.

Second, we investigated hole extraction layers based on molybdenum oxide (MoO,) and nickel
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oxide (NiOy).

MoO,, is an n-type semiconductor whose properties strongly depend on the oxygen concentration
(stoichiometry). MoQO, films of various stoichiometry were prepared by DC sputtering at room
temperature. It has been shown that the properties of MoO, can be precisely controlled by
adjusting the oxygen concentration during deposition. The MoO, composition can be also
modified by post-deposition treatments such as thermal annealing. Using XPS analyses, we
were able to determine the evolution of stoichiometry as a function of the oxygen flow rate used
during deposition. Using the van der Pauw’s four-probe technique, we demonstrated that the
resistivity of MoO,, strongly depends on the oxygen vacancy concentration and varies by more
than 7 orders of magnitude between MoOs 13 and MoQOg3. MoO,, films with low stoichiometry are
inherently semi-metallic in nature with a free carrier density of up to 10*! cm™2 for MoO2 15. The
electrical mobilities, only measurable for stoichiometry x < 2.8 are very low and vary between
3x1072 -2 cm?2.V~ls7! for 2.18 < x < 3. For 15 nm thick films with a stoichiometry x < 2.8,
the optical transmission in the IR is less than 80 %. This low stoichiometry is associated with a
relatively high density of free charge carriers (due to oxygen vacancies). In contrast, the optical
transmission of MoO, with stoichiometry x > 2.8 eV is over 80 %. The optical gap measured
using the Tauc plot increases between 2.9 - 3.8 €V when the stoichiometry x changes between
2.18 and 3. The MoO, films prepared at room temperature are completely amorphous, with
an effective roughness rms < 1 nm. Work function measurement using UPS is limited to films
with relatively low resistivity, for nearly stoichiometric films, the work function measurement
becomes difficult due to charge effects. This difficulty is primarily due to the limitations of the
spectrometer available to us. On the other hand, measurements of the work function by CV
analysis have shown surprisingly interesting results: we have observed an increase of the work
function with increasing stoichiometry and, a work function ¢ > 6 €V is obtained for almost
stoichiometric films, which is in very good agreement with the literature (UPS measurements).
Similar studies have been carried out on NiO,. In contrast to MoO,, NiO,, is generally a p-type
semiconductor with a wide band gap (E4 = 3.2 eV). We prepared NiO,, films from a non-metallic
NiO target at room temperature with different oxygen concentrations. XPS characterization
allowed us to analyse the composition of these different films. When the oxygen concentration is
increased, an increase in the Ni®* /Ni?* ratio is observed, which is reflected by an increase in
Ni3* defects (mainly due to Ni** substitution) and the occupation of interstitial sites by oxygen
atoms (oxygen defects). These defects play the role of electron acceptors, and Hall measurements
have shown, as far as possible, an increase in the density of free carriers (holes) between 10
- 10'" em™3 and a decrease in mobility with the increase in oxygen concentration (increase in
Ni?*/Ni?T ratio). Using four probes van der Pauw method, a decrease in resistivity between
25.7 - 0.7 Q.cm was observed when the gas flow rate ratio of Ar and Oz, Ar:Os (in sccm) varied
between 0:50 and 15:50. The NiO,, films deposited at room temperature are polycrystalline and
have a grain size of about 11 nm (XRD and AFM). The concentration of oxygen atoms in the
interstitial sites increases with increasing oxygen concentration, which leads to tensile stresses in
the NiO, films. These interstitial sites also lead to an increase in the volume density of the films.
The films exhibit very low roughness, rms < 1.1 nm. As with most transition metal oxides, we
found that NiO, is unstable and its resistivity increases with the duration of exposure to the
ambient atmosphere. Precise measurements of the work function done by UPS were not possible
due to the relatively high resistivity of the NiO, layers, similar effect was observed with nearly
stoichiometric MoQO,, films. These materials were then used as a hole extraction layer on PbS
QDs-based photodiodes.

Third, we integrated InsO3-based TCO as well as MoO,, and NiO, HTL in the order to fabricate
photodiode structures. For the PbS QDs-based photodiodes, we adopted a simplified device
fabrication process. It was found that the properties of the H-ITO films have only a limited
effect on the performance of the devices. No significant changes in external quantum efficiency
(EQE) were observed by changing the optical transmission, the electrical resistivity of the films
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or the power of the plasma generator used for H-ITO sputtering (deposition power). The studies
have shown that the major optimisation effort must be directed not only on the HEL/PbS QDs
interface, but also on the stability or the surface quality of the PbS QDs film. Indeed, the
preservation of the surface of the PbS QDs film was one of the major challenges during this work.
It is also important to prioritise non-metallic targets, since deposition in a reactive atmosphere
can also lead to degradation of the PbS QDs film. With PbS QDs films whose surface is oxidised,
we obtained photodiodes with poor performance, such as lower EQE compared to the reference,
we also obtained "S"-shaped J-V characteristics with operating voltages well above -0.5 V, and
in some cases, we observed the degradation of the dark current with MoO, HTL. The use of
NiO, HTL deposited from a NiO target allowed us to obtain photodiodes with very interesting
properties: an EQE = 43 % for the optimal NiO, film thickness, an operating voltage of ~ -0.4
V and a ultra-low dark current of 3 nA.cm—2. Considering the alignment of the Fermi levels at
equilibrium, the band diagrams show that, with NiO, HTL, there is a band-to-band transport,
while with MoO,, the defect levels in the MoO, gap play an important role in the holes extraction
mechanism. Finally, we have fabricated transparent top electrodes on photodiodes (bifacial),
validating the possibility of their direct integration into CMOS readout circuits for the fabrication
of imaging devices.

7.2 Perspectives

The transparent metallic contacts studied here are InpOs-based TCO. It is the most expensive
and rarest of the base metals making up n-type TCO (In, Zn, Sn). We could consider replacing
ITO or H-ITO by ZnO-based TCO, e.g. Al-doped ZnO, which also has interesting electrical and
optical properties. This would be more environmentally friendly and would reduce production
costs and the price of the devices produced. Transition metal oxides can be obtained either by
non-reactive sputtering (Ar plasma) from non-metallic targets with a given stoichiometry (MoO,
and NiO,) or by reactive sputtering (Ar + Og) from metallic targets (e.g. Mo and Ni). Since the
properties of NiO, or MoQO, and their hole-extraction efficiency are highly dependent on their
stoichiometry (O:Mo or O:Ni), and to avoid possible degradation due to oxidation phenomena
when these HTL are deposited on sensitive substrates (film of PbS QDs), co-sputtering between
a metallic Mo or Ni target and a non-metallic NiO or MoOg; target can enable the optimal
stoichiometry (allowing the best hole extraction or performance devices to be obtained). MoO,
and NiO, HTL could also be prepared using ultra-low damage techniques such as PLD, this would
limit any degradation on the PbS QDs film caused by sputtering process. To avoid the difficulties
associated with UPS measurements (case of highly resistive materials), the performance of MoO,,
and NiO, can also be evaluated using the Kelvin Probe Force Microscopy (KPFM) technique.
Given the sensitivity of these oxides to the ambient atmosphere, in situ characterizations should
be considered to obtain the properties of the materials as they exist in the devices. For simplicity
(because small QDs are more stable than large ones), our studies on photodiodes were limited to
PbS QDs absorbing in the NIR at 940 nm (~ 3.2 nm in size). This study could be extended to
PbS QDs films that absorb at 1360 nm in the SWIR. To better characterise our devices, more
in-depth studies such as as stress measurements and time-resolved measurements, EQE stability
over time could be performed. Other inorganic hole extraction layers such as CuO, could also be
investigated. Finally, in perovskite-based photodiodes, the PTAA (holes) and Cgp/BCP charge
extraction layers can be replaced by more robust and stable materials. NiO, could be used as
HTL instead of NiO, PTAA and SnOs could be used to replace organic electron extraction layer
Cgo/BCP.
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Simple python script for TCO optical

properties simulation (classical
model)

# —-*x- coding: utf-8 -x*-

Created on Mon Feb 13 12:15:48 2023

Q@author: Louis David MOHGOUK ZOUKNAK

import numpy as np

import matplotlib.pyplot as plt

font = {’family’: ’arial’, ’color’: ’black’, ’weight’: ’bold’,
’size’: 20, ’fontstyle’:’italic’}

¢ = 3.0e8 vitesse de la lumiére

el = 1.602e-19 # charge élémentaire

epsr = 4.0

epsO = 8.85e-12 # permittivité du vide

m = 0.4%x9.1094e-31 # electron mass (ITO)

t = 100*1e-9 # TCO thickness

def k1(n,mu, wavelength): # Coeff d’extinction

tau = le-4*m*mu/(3*el)

omega = 2*np.pi*c/wavelength

wn = np.sqrt(nxel**2/(m*xeps_0))

epsl = epsr - (wn*x*2xtaux*2) / (l+omegax*2xtaux*2)

eps2 = (wn**2*tau)/(omega* (1+omega*x*2xtau**2))

return np.sqrt( 0.5%np.sqrt(epsl**2+eps2**2) - 0.5%epsl)
def Ni(n, mu, wavelength): # indice de refraction

tau = le-4xm*xmu/(3*el)

omega = 2*np.pi*c/wavelength

wn = np.sqrt(nxel**2/(m*eps_0))

epsl = eps_r - (wn*x2*tau**2) / (l+omega**2*tau**2)

eps2 = (wn**2*tau)/(omega* (1+omega**2xtaux*2))

return np.sqrt( 0.5*np.sqrt(epsl**2+eps2*x2) + 0.5%eps_1)
def alphal(n, mu, wavelength): # Absorption

tau = le-4*m*mu/(3*el)

omega = 2*np.pi*c/wavelength

wn = np.sqrt(nxel**2/(m*eps_0))

epsl = epsr - (wn**2xtauxx2) / (l+omega**2xtau**2)
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eps2 = (wn**2*tau)/(omega* (1+omega**2xtaux*2))
return 4#np.pi*np.sqrt( 0.5*np.sqrt(epsl**2+eps2*x2) - 0.5%epsl)/wavelength

wavelength = le-9*np.linspace(200,2500, 1000)# en nm
alphal = alphal(5e20%1e6, 50, wavelength)
N1 = N1(5e20%*1e6, 50, wavelength)

k1l = k1(5e20*1e6, 50, wavelength)

Rl = ((N1-1)**2+k1*%2)/((N1+1)**2+k1**2)
T1 = (1-R1)*np.exp(-alphal*t)

Al = 1-R1-T1

plt.text (280, 30, ’Mobility (cm$~{2}$.V$"{-1}$.s$"{-1}$)’, fontdict= font)
plt.plot(le9*wavelength, 100%Al, label =r’50’, color = ’k’, lw = 4)
plt.show()

plt.text (250, 35, ’Density (cm$~{-3}$)’, fontdict= font)
plt.plot(le9*wavelength, 100%A1l, label =r’$4.107{20}$’, color = ’k’, 1lw = 4)
plt.show()

A1l = 1-R1-T1

plt.plot(le9*wavelength, 100*R1,label =r’$4.107{20}$’, color = ’k’, lw = 4)
plt.show()

plt.plot(le9*wavelength, 100%T1,label =r’$4.107{20}$’, color = ’k’, lw = 4)

plt.text (350, 55, ’Density n(cm$~{-3}$)’, fontdict=font)
plt.x1im(280, 2500)
plt.show()

def wp(n): #Plasma frequency

return 1e9*2*np.pi*c/np.sqrt(nxel**2/(m*epsr*xeps0))
print ([wp(le6*1e20*n) for n in [4, 6, 8, 10]])
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Frequency dependence of C-V
capacitances for H-ITO and Al
reference gates for a 10 nm oxide

(Si0y).
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H-ITO/SIO2/Si before and after FGA respectively.
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Python Script for MOS capacitor
simulation

# —*x- coding: utf-8 -x*-

Created on Tue Feb 16 17:59:20 2021

Qauthor: Louis David MOHGOUK ZOUKNAK

import matplotlib.pyplot as plt
import numpy as np
import pandas as pd

T = 300. # Température en °K

tox = 10.6e-7 # Epaisseur de 1l’oxyde en nm convertie en m
eox = 3.9 # Pemittivité relative de 1’oxyde

S = 0.93%(200.*1e-4)**x2

#S = be-4

# Constantes physiques

e0 = 8.85e-14 # En F.m-1

q = 1.602e-19 # Charge élementaire en C

k = 1.38e-23 # Constante de Boltzmann en eV.K-1

# Paramétres du sustrat type p

es = 11.9 # Permittivité relative du Si, sans unité

chi_s = 4.05 # Affinité électronique du Si en eV

Nd = 1.e10 # Densité de donneurs en cm-3

Na = 2.9E15 # Densité d’accepteurs en cm-3

Eg = 1.17- (4.73%1e-4xT*x2) /(T+636.0) # Bandgap du Si, formule de Vashirini

2.5e19*%(0.59%T/300.)**x1.5 # Densité d’état effective de la bande de valence
2.5e19%(1.06*T/300.)**x1.5 # Densité d’état effective de la bande de conduction

Nv
Nc

# Positions des bandes

ni = (Nc*Nv)#*x0.5*np.exp(-q*Eg/ (2xk*T)) # Densité intrinséque de porteurs

Ec = Eg # Energie du min de la BC
Ev = 0. # Energie du min de la BV
Ei = Ec + kxT*np.log(ni/Nc)/q # Energie du niveau intrinséque
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phi_ T = kxT # Potentiel thermique

#Résolution de 1’équation de 1’é&lectroneutralité: calcul du niveau de Fermi
def bissection(f,a,b):
precision = le-10
¢ = min(a,b)
d = max(a,b)
count = 0
while (d-c)>precision :
if £(c)*£(d)>0.:
print("Pas de racine dans",c,"et",d)
count = count + 1
m = (c+d)/2.
if f(m)*f(c)<0:
d=m
else:
c=m
return (c+d)/2.0

def f(Ef):
return Nv*np.exp(q*(Ev - Ef)/phi_T)- Nc*np.exp(q*x(-Ec + Ef)/phi_T) +
Nd - Na # Equation de 1’é&lectroneutralité électronique

Ef = bissection(f, Ev, Ec) # Calcul du niveau de Fermi
phi_Si = (Ec- Ef) + chi_s

n0
pO

ni*np.exp(q*x(-Ei + Ef)/phi_T) # Densité d’électrons & 1l’équilibre
ni*np.exp(q*(Ei - Ef)/phi_T) # Densité de trous & 1’équilibre

Ldl = np.sqrt(eOxes*phi_T/(2*nixq**2)) # Longuer de Debye
# Charge de surface

phi_ B = Ef - Ei # Potentiel dans le bulk du SC
print("phi_B= ", phi_B, "phi_T = ", phi_T)
def Qs(psi_S):

phi_S = psi_S + phi_B

us = g*phi_S/phi_T

ub = g*phi_B/phi_T

f = np.sqrt(2)*np.sqrt( (ub - us)*np.sinh(ub) - (np.cosh(ub)- np.cosh(us)))
cl = es*xe0/Ld1l

return np.sign(ub-us)*cl*phi_T*f/q

def C(psi_S):
phi_S = psi_S + phi_B

us = g*phi_S/phi_T
ub = g*phi_B/phi_T
f = np.sqrt(2.)*np.sqrt((ub - us)*np.sinh(ub)-(np.cosh(ub)- np.cosh(us)))

cl = es*e0/Ldl
Cox = eox*e0/tox
Cs = -np.sign(ub-us)*cl*(np.sinh(us)-np.sinh(ub))/f
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return S*Cs*Cox/(Cs+Cox)
nbx = 201

VEb0 = -1.15
Q0 = 5.el0%*q

df _ps = pd.read_csv(r’H:/MesuresAvril2021/syntheseessai2.txt’,index_col
= 0, delimiter = ’\t’, header = None)

df_ps.to_csv (r’H:/MesuresAvril2021/syntheseessai2.csv’, index=None)

df _ps = df_ps.reset_index()

# Importation de la base de données et indexation des tableaux
i=0

count = 1

while i<575:

= ’Vgsc_’ + str(count)

’Csc_’ + str(count)

’Qsc_’ + str(count)

= ’Y_’ + str(count)

= ’col_’ + str(count)

df _ps = df_ps.rename(columns={df_ps.columns[i]: a})
df _ps = df_ps.rename(columns={df_ps.columns[i+1]: b})
df _ps = df_ps.rename(columns={df_ps.columns[i+2]: c})
df _ps = df_ps.rename(columns={df_ps.columns[i+3]: d})
df _ps = df_ps.rename(columns={df_ps.columns[i+4]: e})
i=1+56

count = count+1

O Q& 0 T W
I

phi_fs = phi_T*np.log(Na/ni)/q

tsub = 1.

beta = q/phi_T

dopage = 4

a = ’col_’+str(dopage)
b = ’Vgsc_’+str(dopage)
c = ’Qsc_’+str(dopage)
d = ’Csc_’+str(dopage)

Na = 1.e-6*df_psl[a] [48]
Vgsc = df_ps[b]

Qsc = df_ps[c]

Csc = df_ps[d]

Vfbsub = sum(df_ps[a] [-3:])

def f(Ef):
return Nv*np.exp(q*(Ev - Ef)/phi_T)- Nc*np.exp(q*(-Ec + Ef)/phi_T)
+ Nd - Na  # Equation de 1’électroneutralité électronique

Ef = bissection(f, Ev, Ec) # Calcul du niveau de Fermi

phi_Si = (Ec-Ef) + chi_s
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Nal = df_ps([a] [48]*np.exp(-gq*Ef/phi_T)
Nv = 2.5e19%(0.59%T/300.)**1.5
phi_fs = (1./beta)*(np.log(Na/Nv))+0.5%Eg

CV36_FGA_bis2 = pd.read_csv(r’H:MesuresAvril2022CV36_30nm
_Mo0Ox14_Al1_FGA_bis2.txt’,index_col = 0,

skiprows = 2, delimiter = ’;’)

CV36_FGA_bis2.to_csv (r’H:/MesuresAvril2022/
CV36_30nm_MoOx14 Al FGA bis2.csv’, index=None)
CV36_FGA_bis2 = CV36_FGA_bis2.reset_index()

Cox = eox*e0/tox

df = CV36_FGA_bis?2
Qf = 0.el5
Dvib = 0.28
Vifbs = -phi_fs + Vfbsub + Dvfb
print (’Vbfs00 = ’, Vfbs+0.239)
while Dvfb < 0.5:
Vfbs = -phi_fs + Vfbsub + Dvfb-g*Qf/Cox
Vsub = Vfbs + Vgsc -Qsc/Cox
Csub = Cox*Csc/(Cox+Csc)
plt.scatter(df[’Vg’], df[’C.5k’]/S, color = ’violet’, label = ’100kHz’,

s = 10, marker = ’v’)

plt.show()

Dvfb = Dvfb+0.01213
print("Dvfb =", Dvfb, "Vfb = ", Vfbs, "Na = ", Na, ’WF = ’, Vfbs+phi_Si, ’WFmidgap
= ?, -phi_fs+phi_Si, ’phi_Si = ’, phi_Si, ’phi_fs = ’, phi_fs)

page 160



XRR spectra (measured and fitted)
of NiOx with different oxygen partial

pressure, ppOs (%)
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Figure 2: XRR measurements of NiOx films with different oxygen concentrations (left), change
of the down set slope showing the evolution of film density as a function of oxygen concentration

(right)
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Evidence of hydrogen doping of
Iny,Os-based TCO by SIMS
(secondary-ion mass spectrometry)
measurements
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Figure 7.4: Hydrogen doping of InpOs-based TCO, secondary ion mass spectrometry (SIMS)
measurements: a) 100 nm InyO3 from an IngO3 target on Si, b) 100 nm IOH (hydrogen doped
InyO3) from an InyO3 target) on Si, ¢) 100 nm ITO (Sn doped InyO3) from an ITO target (Sn
10% wt) on Si d)100 nm H-ITO (hydrogen doped ITO) from an ITO target.
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Abstract

7.0.1 Version francaise

Au cours des dernieres décennies, le développement de matériaux a zéro dimension (0D) ou de
points quantiques (QDs ou quantum dots) a connu une croissance significative. Parmi ceux-ci,
les QDs de sulfure de plomb (PbS) ont fait ’objet d’une attention particuliere en raison de leurs
propriétés exceptionnelles, notamment ’absorption optique accordable de 600 a 2600 nm. Les
QDs de PbS sont considérés comme 'un des matériaux les plus prometteurs pour la prochaine
génération de capteurs infrarouges. Leur utilisation dans le domaine de I'industrie suscite donc
un intérét croissant. Lorsque ces matériaux sont intégrés dans des dispositifs optoélectroniques,
ils nécessitent I'utilisation d’électrodes efficientes pour I’extraction de charges, ainsi qu'un contact
électrique transparent dans I'IR pour 'obtention de meilleures performances. Dans ce travail
de these, des études des propriétés des électrodes d’extraction de trous (HTL) a base d’oxydes
des métaux de transition et du contact électrique transparent a base d’InyO3 (TCO ou oxyde
transparent et conducteur) préparés par pulvérisation cathodique ont été réalisées. Ces études
ont été menées dans un premier temps sur des couches individuelles. Les caractérisations des
films TCO ont permis de montrer I'intérét du dopage a I’hydrogene sur 'amélioration de leurs
propriétés optiques dans le domaine infrarouge du spectre électromagnétique (domaine d’intérét
pour les applications visées). Dans un second temps, afin de fabriquer des structures photodiodes,
elles ont été intégrées sur un film de QDs de PbS déposé sur une électrode optimisée pour
I’extraction et le transport d’électrons. Les caractérisations appropriées ont permis de montrer
que les films ultraminces de NiOx peuvent étre de meilleures alternatives aux couches de MoOx
traditionnellement utilisées comme matériaux d’extraction et de transport de trous sur les films
de QDs de PbS.

7.0.2 English version

Over the last few decades, there has been significant growth in the development of zero-dimensional
(0D) materials or quantum dots (QDs). Among these, lead sulphide (PbS) QDs have received
particular attention because of their outstanding properties, including tunable optical absorption
from 600 to 2600 nm. PbS QDs are considered to be one of the most promising materials for the
next generation of infrared sensors. There is therefore growing interest in their use in industry.
When these materials are integrated into optoelectronic devices, they require the use of efficient
electrodes for charge extraction, as well as a transparent electrical contact in the IR for better
performance. In this thesis work, studies of the properties of hole extraction electrodes (HTL)
based on transition metal oxides and of the transparent electrical contact based on InyO3 (TCO
or transparent and conductive oxide) prepared by sputtering were performed. These studies
were initially carried out on individual layers. Characterisation of the TCO films showed that
hydrogen doping improves their optical properties in the infrared region of the electromagnetic
spectrum (the region of interest for the targeted applications). Secondly, in order to fabricate
photodiode structures, they were integrated onto a film of PbS QDs deposited on an electrode
optimised for electron extraction and transport. Appropriate characterisations have shown that
ultra-thin NiOx films can be better alternatives to the MoOx layers traditionally used as hole
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extraction and transport materials on PbS QD films.
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Extended summary in French
(résumé de la thése en francais)

Les films conducteurs transparents a base d’InsO3 sont I'un des meilleurs TCO car ils ont des
propriétés optiques et électriques supérieures a celles de tous les autres TCO. Ils sont largement
utilisés comme électrodes transparentes dans les cellules solaires, les technologies d’affichage
(écrans), les LED, les photodiodes et de nombreuses autres applications optoélectroniques. Ils
sont extrémement stables, compatibles avec de nombreux types de substrats (rigides, flexibles,
polymeres, etc.) et peuvent étre déposés a ’aide de diverses techniques (physiques et chimiques).
Ces matériaux conviennent également a la gravure industrielle. Comme indiqué dans les sections
précédentes, les propriétés électriques et optiques du TCO en général, et du TCO a base d’InyO3
en particulier, dépendent fortement de la concentration d’oxygene (ou des vides d’oxygene). En
fait, la concentration en oxygene du TCO détermine la densité des porteurs libres et affecte
fortement la mobilité de ces porteurs libres. Dans le cas de 'ITO (IngO3 : Sn), le dopage
intentionnel au Sn affecte également la densité des porteurs libres et les propriétés des films
déposés. Dans la notation de Kroger-Vink, les phénomenes de dopage par des lacunes d’oxygeéne
V5* (donneurs de deux électrons) et de substitution d’atomes In (cation In3*) par des atomes
Sn (cation Sn**) sont décrits par les relations suivantes

1
o5 — 502(9) + V3 +2¢ (7.0.1)

et
1
(25n3,00)¢ — 502(9) +28nY,, + 2¢ (7.0.2)

La concentration d’oxygene peut étre contrélée avec précision pendant le dépdt en ajustant
les parametres de dépot tels que la concentration d’oxygene dans 'atmosphére de dépot est

100 x O
02(%) = 5 ar

de dopage par des défauts neutres 25n%, 0/)* données ’'Equation 7.0.2 et 'Equation 7.0.1
dépendent non seulement de la concentration en Sn, mais aussi de la température (par des
mécanismes d’activation thermique), c’est pourquoi la croissance de films ITO avec des propriétés
électriques et optiques optimales est généralement réalisée a des températures comprises entre
150 et 400°C[109, 220, 221]. Dans cette étude, le matériau (en particulier les PbS QDs) sur lequel
les contacts transparents sont réalisés ne permet pas 'utilisation de tels budgets thermiques. Par
conséquent, les conditions adaptées telles que la composition des cibles les parametres de dépot
ainsi que les gaz utilisés doivent étre trouvées pour la réalisation a température ambiante des
films minces de TCO a base d?InlnaO3 de haute qualité. Sur notre machine de dépot (Alliance
Concept Cluster Tool 200 ou AC CT200), nous disposons en plus de la ligne d’alimentation en
Ar, une ligne composée d'un mélange Ar +3%H,. Cette ligne d’alimentation en gaz Ar+3%H,
qui nous permettra d’étudier des films dopés H tels que 'oxyde d’indium dopé a ’hydrogene
(IngO3:H ou IOH) ou l'oxyde d’indium et d’étain dopé a I'’hydrogene (H-ITO). L’utilisation
réussie de ’hydrogene comme dopant dans le TCO pendant le processus de pulvérisation a déja
été démontrée pour 1'Ina03[222]. L’IOH est connu pour étre un candidat prometteur pour les

, la pression totale de dépdt, ou la température du substrat. Les réactions
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applications nécessitant un contact électrique ayant une conductivité élevée tout en conservant
une bonne transparence IR. La possibilité de fabrication des films de TCO a base d’InsO3 a
température ambiante en font des candidats idéals pour des applications dont 1'utilisation d’un
budget important est un parametre critique, c’est le cas des dépots sur des matériaux sensibles a
la température ou des applications nécessitant un dépot sur des substrats en plastique ou en
polymere[224, 225, 226]. Des études théoriques sur la configuration de 1’hydrogeéne dans le TCO
a base d'In2O3 ont montré que I’hydrogene incorporé aux joints de grains est considéré comme
une passivation des défauts pour réduire les barrieres de transport des électrons (amélioration
de la mobilité des porteurs) [228, 229, 230, 231]. Ainsi la densité d’électrons libres de 'TOH
est généralement inférieure d’un facteur deux a celle de I'I'TO, on a une amélioration de la
conductivité qui se fait par une augmentation de la mobilité plutot que par la densité [34].
Dans cette partie, nous étudions les effets du dopage a ’hydrogene sur les performances électriques,
les propriétés optiques et les aspects structurels des films d’oxyde d’indium dopé a 1’étain déposés
par PVD a température ambiante. Nous montrons les résultats de la mesure de la fonction
de travail du film présentant les meilleures propriétés électriques et optiques, et discutons des
effets des dommages causés par le plasma lié au phénomeéne de pulvérisation. Nous comparerons
ensuite les propriétés électriques et optiques optimales de différents oxydes a base d’InsO3 avec
différentes concentrations de Sn ainsi que des échantillons avec et sans dopage a I’hydrogene. Enfin,
nous conclurons sur le choix d’une électrode transparente pour les dispositifs optoélectroniques
dans la gamme IR. Différentes couches d’IOH (oxyde d’indium dopé a I’hydrogene) de H-ITO
(oxyde d’indium-étain dopé a I’hydrogene) et d’'ITO (oxyde d’indium-étain) ont été déposées
par pulvérisation magnétron RF en utilisant des cibles commerciales d’InpO3 dopé Sn 10 %wt,
d’In,O3 dopé Sn 1 %wt, d’'InoO3. L’oxygene et I’Ar ont été utilisés comme gaz de traitement.
Pour les dépots IOH et H-ITO, Ar est remplacé par un mélange ’Ar+3%Hs. Les paramétres
de dépdt ont été soigneusement réglés pour garantir la croissance de films TCO a base d’oxyde
d’indium de haute qualité a température ambiante. Pour ce faire, une pression partielle d’oxygene
et une pression de pulvérisation optimales ont été déterminées.
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Figure 7.5: Résistivité de H-ITO (Sn 1%) en fonction de la pression de dépot d’oxygene de
~50 nm déposée sur SiOs (500 nm) & température ambiante et & une pression totale de 0.001
mbar, a) sans dopage a I’hydrogene et b) avec dopage & ’hydrogeéne.

Pour une cible ITO (Sn 1%wt), les résistivités électriques mesurées par la technique des quatre
pour des échantillons d’une épaisseur ~ 50 - 60 nm, sans et avec dopage a 1’hydrogene, sont
présentées dans les Figure 7.5a et 7.5b respectivement. Nous avons trouvé une concentration
optimale d’oxygene de ~ 0.6 % pour les échantillons non dopés & I’hydrogéne correspondant a
une résistivité de 6.12x107* Q.cm, tandis que optimum pour les films dopés & I’hydrogene est
de ~1.6 %, correspondant & une résistivité de ~3.73x10™* Q.cm. La résistivité des films dopés &
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I'hydrogene est comparable a celle des films d’'ITO déposés a haute température [221, 234]. Nous
avons également obtenu une trés bonne uniformité avec une déviation standard de moins de 2%
pour les mesures de résistance en 49 points des films de H-ITO (concentration d’oxygene = 1.6%)
déposés sur des substrats de SiO2 en 200 nm (Figure 7.6).

P= 50W [O:]= 1.6% P =0.001mbar std =1.45%

[ |
[ | [ |
| [ | o5
[ | - [ |
[ | [ |
[ | o4
[ | [ | -
[ | o @
[ | =
= n G
= H [ ] [ ] :-: [ ] [ ] [ ] 925
[ | | B
= 5
[ | [ |
[ | [ |
m = a0
[ | [ |
[ | . - [ |
- B9
x

Figure 7.6: Uniformité du film pour ~50 nm H-ITO, mesures de résistivité de 49 points sur
des substrats SiO2 de 200 mm pour une concentration optimale d’oxygene (1.6%).

Les mesures de la mobilité et de la densité des porteurs de charge (Figure 7.7) montrent que
lorsque la pression d’oxygéne augmente, la densité des lacunes d’oxygene incorporées dans le film
diminue, ce qui entraine une baisse de la densité des porteurs de charge libres. La valeur de la
densité déterminée pour la meilleure recette (ppO2 = 1.6%) est de 5.56x10?°cm~3. 11 convient
toutefois de noter que la densité de porteurs de charge de I'I'TO déposé a des températures
plus élevées peut atteindre 1x10%?'cm =2 (semi-conducteur hautement dégénéré). Les films TCO
hautement dégénérés ne conviennent pas aux applications dans la région IR, car la densité élevée
de porteurs de charge entraine une augmentation de la fréquence du plasma w,, ce qui se traduit
par une interaction électron-photon plus forte et une transmission optique plus faible dans la
région IR (forte absorption plasmonique). La mobilité augmente lorsque la densité des lacunes
d’oxygene ou celle des porteurs de charges libres diminue. La mobilité dépend principalement de
la densité des impuretés ionisées, en particulier des lacunes d’oxygeéne et des ions Sn**, qui &
leur tour sont liés au nombre de porteurs de charges libres. Par analogie avec I’évolution de la
densité des porteurs de charge libres en fonction de la pression partielle d’oxygene, la mobilité
augmente a mesure que la pression d’oxygene s’accroit. Les mesures de Hall montrent qu’un
contréle minutieux de la pression partielle d’oxygene permet d’obtenir le meilleur compromis
entre la mobilité et la densité de porteurs de charge libres, ce qui correspond a la résistivité
électrique la plus faible.
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Figure 7.7: Densité de porteurs libres et mobilité de Hall en fonction de la pression de dépot
d’oxygene H-ITO (Sn 1%).

Les mesures de transmission et de réflexion optique pour des films H-ITO de 50 nm de
différentes concentrations d’oxygene déposés sur des substrats en verre sont présentées dans
la Figure 7.8.a Pour concentration d’oxygene 1.6% correspondant au fil ayant la meilleure
résistivité électrique, on a une transmission optique T > 80 % dans la région 600 - 1800 nm.
Lorsque la concentration en oxygene augmente, la concentration en porteurs libres diminue et
réduit ’absorption de la lumieére dans la région IR, améliorant ainsi la transmission optique
(concentration d’Og = 5.7%). Les mesures d’éllipsométrie(Figure 7.8.b) montrent une diminution
du coefficient d’extinction k des films de H-ITO dans les régions Vis et IR lorsque la concentration
d’oxygene augmente, c’est-a-dire une diminution de I’absorption (diminution de l'interaction

plasmon-photon). Ces résultats sont cohérents avec les mesures de transmission optique et celles
d’effet Hall.
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Figure 7.8: a) Transmission optique T et réflexion R, b)coefficient d’extinction k et indice de

réfraction n, des films de ~50 nm de H-ITO (Sn 1%) déposés a différentes pressions d’oxygene.

La bande interdite optique Egqpt est calculée a partir de 'extrapolation de a?, ol « est
I’absorption déterminée & partir du coefficient de réflexion) en fonction de ’énergie photonique hr

page 184



LIST OF TABLES

(diagramme de Tauc, a? o (Egopt - ahv (Figure 7.9). On a une légere augmentation de bande
interdite optique diminue lorsque la concentration d’oxygene diminue. Cette augmentation peut
s’expliquer par une différence de densité des porteurs de charge. En efffet, d’apres la relation de
Moss-Burnstein, la bande interdite optique devrait augmenter avec la concentration de porteurs
en fonction de n%/3. Nous constatons également que le gap optique est supérieur & 3.6 €V, et
cette grande largeur de gap explique la transmission élevée du TCO a base d'InoO3. Connaissant
la densité et le gap optique et en supposant que la bande interdite n’est modifiée que par 'effet
Moss-Burnstein, il est possible d’estimer le gap fondamental Eyq et la masse effective réduite m*.
Dans ce cas, la lacune fondamentale et la masse effective correspondent & ’ordonnée a 'origine
et a la pente de la courbe Eyopr = f(nQ/ 3), respectivement. En réalité, cette mesure est complexe
car il existe un effet de rétrécissement de la bande interdite opposé & 'effet Moss-Burnstein,
connu sous le nom d’effet Hamberg et Granvqist, qui est di a la diffusion électron-électron et
électron-impuretés [100].

(ahv)? (a.u)

T

24 28 32 36 4.0

Ll

Photon Energy (eV)

Figure 7.9: Images d’extraction de la bande interdite optique (diagramme de Tauc) de films
minces de H-ITO (Sn 1%wt) a différentes pressions partielles d’oxygene.

Les Figure 7.10 a, b et ¢ montrent les morphologies AFM 2D et 3D des films minces H-ITO
(Sn 1%) déposés a différentes concentrations d’oxygene sur des substrats de Si. Ces images
sont obtenues par des mesures AFM avec un balayage sur 1x1 pum?. Tous les films minces
présentent une morphologie de surface lisse et n’ont pas de structure en grain. En raison de la
faible puissance de dépdt (50 watts) et de la faible pression de dépét (0.001 mbar), on a de tres
faible rugosité rms < 1 nm. Avec une concentration de Sn 10%wt, on a obtenu des rugosités plus
importantes et notamment une structure en forme de grain pour la concentration d’oxygene de

1.6%.
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Figure 7.10: a,b,c) Images 2D et 3D par microscopie a force atomique (AFM) montrant la
surface, c¢) Spectres de diffraction des rayons-X des films H-ITO (Sn 1 %) préparés a température
ambiante avec différentes concentrations d’oxygene.

Les Figure 7.11.a and 7.11.b montrent les propriétés structurelles des films minces de H-ITO
en fonction de la pression d’oxygeéne pour des concentrations de Sn de 1 % et 10 %. Tous les
films de H-ITO ont une structure polycristalline avec des pics de diffraction (222) et (211) pour
certaines pressions d’oxygene, indiquant une structure cubique de type bixbyite. L’intensité des
pics augmente généralement avec 'augmentation de la concentration en Og. Le pic (440) est di
a Paugmentation de la concentration en oxygene, qui induit la formation de réseaux de liaisons
In-O et favorise la croissance dans la direction perpendiculaire au plan (222) [235]. Bien que tous
les films présentent un certain degré de cristallinité, les propriétés structurelles ne permettent
pas d’expliquer directement les propriétés électriques.
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Figure 7.11: X-ray diffraction spectra of H-ITO films grown at room temperature with different
oxygen concentration for a) Sn 1 % and b) Sn 10 % .

Le travail de sortie est I'une des propriétés les plus importantes d’une électrode car il
définit la hauteur de la barriere énergétique aux interfaces avec d’autres matériaux, affecte les
mécanismes de transport de charge dans les dispositifs et peut avoir un impact important sur
leurs performances. Ainsi, nous avons déterminé le travail de sortie de 'TTO-H (Sn 1%) par les
mesures et analyses des capacité (C-V) MOS. A cette fin, des structures MOS H-ITO (60 nm)
/Si02/Si et des dispositifs de référence en Al (150 nm) /SiO2/Si ont été fabriqués. Les effets
induits par le processus de pulvérisation H-ITO ont été estimés comme des décalages Dits et
Vib a l'interface SiO2/Si. Les résultats sont comparés avec ceux des dispositifs pairs ayant subi
un post-traitement thermique (recuit NoHsg, 425°C durant 30 minutes), permettant de passiver
I'interface SiO2/Si et de réduire les charges d’oxydes (SiO2). Les courbes C-V expérimentales et
simulées des empilements référence en Al/SiO2/Si et de H-ITO (60 nm)/SiO2/Si pour différentes
épaisseurs de SiOy (10, 20, 30 nm), mesurées a une fréquence de 0,5 kHz avant et aprés recuit
thermique sont présentées sur les Figure 7.12.a and 7.12.b. On observe des anomalies dans
la région de déplétion des caractéristiques C-V avant recuit, indiquant des dommages causés
par le processus de dépot. Les courbes C-V avant recuit sont également décalées passent vers
des tensions négatives lorsque I'épaisseur d’oxyde tpx augmente. Ce décalage correspond au
changement du potentiel des bandes plates Vy;, , et met en évidence une variation du potentiel
de surface du silicium en fonction des charges fixes dans l'isolant et/ou des charges de I'interface

Si/Si0s.
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Figure 7.12: Courbes C-V mesurées et simulées pour les empilements H-ITO/SiO2/Si pour
différentes épaisseurs de SiO2 tox a la fréquence f = 0,5 kHz, a) avant FGA et b) apres FGA.
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Figure 7.13: a) Evolution de I’épaisseur d’oxyde équivalente (EOT) en fonction de I’épaisseur
d’oxyde tox et b) Relation entre la tension de bande plate Vy;, et SiOp a f = 0,5 kHz, des
empilements H-ITO/SiO2/Si comparés aux empilements de référence Al/SiOy/Si avant et apres
recuit.

Apres recuit de passivation, ces différents effets ne sont plus observés et le Vy;, est presque
constant avec ’épaisseur de l'oxyde. La Figure 7.13.a montre ’évolution des valeurs des
épaisseurs équivalents d’oxydes (EOT) en fonction de tox, 'EOT. La relation entre ces deux
grandeurs est rappelée par ’équation suivante :

€S5i04
€oX
ol €50, €t eoxsont respectivement la constante diélectrique du SiOs2 et celle de I'oxyde tel qu’il
est dans le dispositif. Sa valeur doit étre égale a tox si I'oxyde est SiOo. Les valeurs des EOT
et du potentiel de bande plates sont extraites en superposant les C-V mesurées & un modele
théorique. Pour les dispositifs H-ITO/SiO2/Si, les valeurs EOT ne correspondent pas aux valeurs
tox ; cette diminution des valeurs EOT par rapport aux dispositifs de référence Al/SiOq/Si révele
un une dégradation de l'oxyde induite par le processus de pulvérisation H-ITO. Des mesures
de ToF-SIMS ont montré que cette diminution de 'EOT pourrait étre liée a la diffusion de I'In
dans le SiOs entrainant une augmentation de sa permittivité diélectrique. Le travail de sortie
a été calculée en utilisant la relation entre Vy, et EOT. Le tracé de Vg, en fonction de EOT
peut étre ajusté avec des d’approximation linéaires (Figure ??.b). La valeur de Vy;, extrapolée
a EOT = 0 correspond a la différence ¢pg_jro — ¢s;. Les valeurs des travaux de sortie obtenus
sont résumées dans le Tableau 7.1.

EOT =

tox (7.0.3)

Flat Band Voltage, Vy;, (V) Work Function, ¢ (eV)
Al w.o. FGA -0.660+0.07 4.28040.070
Al After FGA -0.76540.004 4.18540.004
H-ITO w.o. FGA -0.522+0.016 4.428+0.016
H-ITO After FGA -0.203+0.001 4.747£0.001

Table 7.1: Fonction de travail de H-ITO (Sn 1%) et de la référence en Al extraite par la technique
C(V) with Si dopage N, = 2x10™ cm™ et travail de sortie correspondant ¢g; = 4.951 €V.

Le travail de sortie de 'aluminium ¢ 4;= 4.28 €V et 4.18 eV avant et apres FGA respectivement
et correspondent a la valeur attendue pour la grille de référence en Al. Bien que les EOT pour
la grille H-ITO soient plus faibles que prévu, la relation entre eux et V y, reste quasi-linéaire et
permet une bonne détermination de la fonction de travail du matériau de la porte. Le travail de
sortie avant recuit est ¢g_ o = 4.42 €V alors qu’apres recuit ¢ _jro = 4.74 €V, ces valeurs sont
bien en accord avec la littérature [237, 238]. La valeur maximale de Dits est d’environ 2.4x 1012
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cm~2.eV~! pour les échantillons avec une grille H-ITO sans recuit, tandis que la valeur maximale
pour la grille de référence en Al est d’environ 1.04x10'2 cm™2. Les valeurs Dits plus faibles pour
I’Al indiquent que le processus d’évaporation de I’Al impacte moins l'interface SiO9/Si. Apres
recuit, les Dits sont considérablement réduits, atteignant 1.7x10 - 7.6x10'° cm=2.eV 1.

Nous avons ensuite étudié les couches d’extraction de trous a base d’oxyde de molybdéene
(MoOy;) et d’oxyde de nickel (NiO,) individuelles.
Le MoO, est un semi-conducteur de type n dont les propriétés dépendent fortement de la
concentration en oxygene (stoechiométrie). Des films de MoO, de différentes stoechiométries ont
été préparés par pulvérisation cathodique a température ambiante. Il a été démontré que les
propriétés du MoO, peuvent étre contrdlées avec précision en ajustant la concentration d’oxygene
pendant le dépot. La Figure 7.14 montre 1’évolution de stoechiométrie du MoO,, en fonction du
flux d’oxygene utilisé pour le dépdt. En utilisant des analyses XPS, nous avons pu déterminer
I’évolution de la steechiométrie en fonction du débit d’oxygene utilisé pendant le dépot (Figure

7.15).

Figure 7.14:
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Evolution de la stoechiométrie du MoQ, en fonction de la pression partielle
d’oxygene, calculée a partir des spectres XPS Mo 3d et O 1s normalisés avec les composantes
effectives correspondantes. RSF (facteurs de sensibilité relative), x = rapport O/Mo.
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Figure 7.15: Spectre XPS haute résolution du Mo 3d a différentes concentrations d7oxygenes,
ajusté avec les espéces chimiques de Mo%t, Mo®+ and Mo*t.

En utilisant la technique des quatre pointes de van der Pauw, nous avons montré que la

résistivité du MoO, dépend fortement de la concentration en vacance d’oxygeéne et varie de plus
de 7 ordres de grandeur entre le MoOg 15 et le MoOg3 (Figure 7.16a). Les films de MoO, a faible
stoechiométrie sont intrinsequement semi-métalliques, avec une densité de porteurs libres pouvant
atteindre 102! cm™3pour le MoO3 15. Les mobilités électriques, mesurables uniquement pour une
stoechiométrie x < 2.8, sont tres faibles et varient entre 3x1072 - 2 cm?.V~1.s™! pour 2.18 < x
< 3 (Figure 7.16b).

page 190



LIST OF TABLES

a b
?1 MoOx resistivit l, - ) e —.\ I. [ o
£ 197 e /| T 10727 @7 » - ST
é vs stoichiometry ,a" § MoOx Hall effect ~ ~® N 5
G 2] - - \ /7 iy
> 10 /./ & 1020 ‘measurements v/ £
"é 10°+ ,', 2 \\\ P 3
A o N VRN L 10-1 >
g 4 S 10184 AN R =
@ 10—2_ PR () ‘ _‘——. \ X -g
'-_f ] 1 !— I 1 Ib [ z
2.2 2.4 26 28 3.0 2.2 2..3 . 24 25 26 27
Stoichiometry x = O/Mo Stoichiometry x = O/Mo

Figure 7.16: Propriétés électriques du MoO, avec différentes ppOy (stcechiométrie), a)
résistivité électrique, b) densité des porteurs libres et mobilité des électrons en fonction de la
stoechiométrie du MoO,.

Pour des films de 15 nm d’épaisseur avec une steechiométrie x < 2.8, les mesures de transmission
optique ont montré que la transmission du MoO, dans I'IR est inférieure a 80 %. Cette faible
stoechiométrie est associée a une densité relativement élevée de porteurs de charge libres (due
aux lacunes d’oxygene). En revanche, pour les stoechiométries x > 2.8 eV est supérieure a 80 %
(Figure 7.17a). Les mesures optiques ont également montré que la largeur de la bande interdite
optique augmente lorsque la stoechiométrie x augmente (Figure 7.17b).
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Figure 7.17: a) Spectre de transmission optique par mesures de transmission du MoO, en
fonction de la stcechiométrie des films (pression partielle d’oxygene), b)Tracé de Tauc montrant
I’évolution de la largeur de la bande interdite optique du MoO, en fonction de la stcechiométrie.

La mesure de la fonction de travail a I'aide de I'UPS est limitée aux films ayant une résistivité
relativement faible, pour les films presque steechiométriques, la mesure de la fonction de travail
devient difficile en raison des effets de charge. Cette difficulté a été attribuée principalement aux
limitations du spectrometre dont nous disposons. D’autre part, les mesures de la fonction de
travail par analyse CV ont montré des résultats étonnamment intéressants. Les courbes C-V a
la steechiométrie la plus faible (x = 2.18) et a la steechiométrie la plus élevée (x = 3.03) sont
présentées sur les Figure 7.18a et 7.18b pour tox = 10 nm, aux fréquences les plus élevées et
les plus basses (100 Hz et 100 kHz). La Figure 7.18c montre ’épaisseur d’oxyde équivalente
EOT extraite de la valeur maximale de capacité dans la région d’accumulation en fonction de
Iépaisseur d’oxyde tox (valeurs d’éllipsométrie). Nous observons que les différents films MoO,
se comportent comme des grilles métalliques (conducteurs électriques). En effet, une légere
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augmentation de 'EOT est observée lorsque la stoechiométrie des films de MoO, augmente.
Cependant, cette augmentation est presque négligeable et ne peut étre attribuée a la nature
diélectrique des films MoO,. D’autre part, cette légere augmentation de 'EOT peut étre liée aux
effets du processus de pulvérisation sur le SiOs. Par exemple, lorsque la concentration d’oxygéne
dans ’atmosphere de dépdt est augmentée, il y a une diminution de 'espéce de pulvérisation
(Art), qui peut avoir plus ou moins d’effet sur le substrat SiOy. Les potentiels de bande plate
V¢, en fonction de PEOT extraits des analyses C-V sont présentés dans la Figure 7.18c. Une
simple régression linéaire est utilisée pour extraire le potentiel de bande plate Vo a EOT =
0, qui est alors indépendant des charges d’oxyde et des Dits et directement lié a la fonction de
travail de la grille MoO, (Figure 7.18d).
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Figure 7.18: a)-b) Courbes C-V normalisée par la capacité maximale de l’empilement
Al/Mo0Og3.15/Si02/Si et Al/MoO3/SiO2/Si , tox = 10 nm aux fréquences de mesure 100 Hz et
100 kHz, c) Relation entre I’épaisseur d’oxyde équivalente EOT et d’oxyde tox pour des mesures
a C-V de 100 Hz. d) Relation entre le potentiel de bande plate Vy, et PFEOT pour les films
de MoQ,, avec différentes stoechiométries, les points sont ajustées par la méthode de régression
linéaire.

On a observé une augmentation du travail de sortie avec 'augmentation de la steechiométrie
et, un travail de sortie ¢ > 6 eV est obtenu pour des films presque stoechiométriques (Figure
7.19), résultat qui est en tres bon accord avec la littérature (mesures UPS).
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Figure 7.19: Evolution du travail de sortie du MoOx en fonction de la stoechiométrie.

Des études similaires a celles sur le MoO, ont été réalisées sur le NiO,. Contrairement au
MoOy,, le NiO,, est généralement un semi-conducteur de type p avec une large bande interdite.
Nous avons préparé des films de NiO, a partir d'une cible de NiO non métallique & température
ambiante avec différentes concentrations d’oxygene. La caractérisation XPS nous a permis
d’analyser la composition de ces différents films (Figure 7.20)
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Figure 7.20: Analyse de la composition du NiO,, spectres XPS O 1s ajustés en fonction de la

composante NiO (Ni?*), celle des oxygene interstitiels ou défauts d’oxygeéne NisO3 (Ni*1), et
concentrations de groupe lié a I’hydroxyde NiOOH faiblement lié.

Lorsque la concentration en oxygeéne augmente, une augmentation du rapport Ni**/Ni**+
est observée, ce qui se traduit par une augmentation des défauts Ni**+ et I'occupation des sites
interstitiels par des atomes d’oxygene (défauts d’oxygene). Ces défauts sont supposés jouer le
role d’accepteurs d’électrons. En effet, les mesures de Hall ont confirmé la nature de type-p des
films de NiO,, en raison des résistivités relativement élevées, les mesures d’effet Hall n’ont pas
été réalisable pour toutes les concentrations d’oxygene. Pour les concentrations d’oxygene les
plus élevées, on a obtenu une densité de porteurs libres (trous) de 'ordre de 10'7 cm™3 et les
mobilités électriques de I'ordre 1 — 10? cm?.V—!.s~!. En utilisant la méthode van der Pauw &
quatre pointes, une diminution de la résistivité entre 25.7 - 0.7 Q2.cm a été observée lorsque le
rapport des débits de gaz Ar et Og, Ar:O4 (en sccm) variait entre 0:50 et 15:50 (Figure 7.21a).
Les mesures de résistivité électrique ont également monté que le NiO,, comme d’autres oxydes
des métaux de transitions est instable a 'atmosphere ambiante. On a observé une augmentation
de la résistivité avec le temps d?exposition a l'air (Figure 7.21b).
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Figure 7.21: a)Résistivité électrique du NiO, en fonction de la pression partielle d’oxygene,
b) Stabilité du NiOx dans ’air, évolution de la résistivité électrique dans le temps (résistivité
mesurée a température ambiante T = 25°C.)

Les films de NiO, déposés a température ambiante sont polycristallins et ont une taille de
grain d’environ 11 nm (Figure 7.22a). Les mesures de XRD ont montré que lorsque le nombre
d’atomes d’oxygene dans les sites interstitiels augmente avec la concentration d’oxygene, ce qui
conduit & des contraintes de traction dans les films de NiOx, décalage de la position du pic (200)
avec la concentration d’oxygene (Figure 7.22b). Ces sites interstitiels entrainent également une
augmentation de la densité volumique des films. Comme pour la plupart des oxydes de métaux
de transition, nous avons constaté que le NiO,, est instable et que sa résistivité augmente avec la
durée d’exposition a 'atmosphere ambiante. Tout comme avec avec des films de MoO, presque
stoechiométriques, mesures précises du travail de sortie effectuée par UPS n’ont pas été possibles
en raison de la résistivité relativement élevée des couches de NiO,.

a)— b)
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Nanocristallites ~ 16 nm  — 0:00% Pic (200) vs ppO:
. (111) — 1.96% T — 0.00%
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Figure 7.22: a) Diagrammes de diffraction de rayons -x a angle d’incidence rasant de NiO, en
fonction de la pression partielle d’oxygene, les caractéristiques sont étiquetées avec les réflexions
(hkl) correspondantes de la phase cubique de NiO,, b) Vue élargie de la région du pic (200)
montrant le déplacement vers des angles de Bragg plus faibles.

Ces matériaux (NiOx et MoOx) ont ensuite été utilisés comme couche d’extraction de trous
sur des photodiodes a base de PbS QDs.
Nous avons enfin intégré des TCO a base d’InpO3 ainsi que des HTL MoOx et NiOx afin de
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fabriquer des structures de photodiode. Pour les photodiodes a base de PbS QDs, nous avons
adopté un processus de fabrication simplifié. Nous avons constaté que les propriétés des films
H-ITO n’ont qu'un effet limité sur les performances des dispositifs. Aucun changement significatif
de Pefficacité quantique externe (EQE) n’a été observé en modifiant la transmission optique, la
résistivité électrique des films ou la puissance du générateur de plasma utilisé pour la pulvérisation
de H-ITO (puissance de dépdt). Les études ont montré que les principaux efforts d’optimisation
doivent porter non seulement sur l'interface HEL/PbS QDs, mais aussi sur la stabilité ou la
qualité de la surface du film de PbS QDs. En effet, la préservation de la surface du film de QDs
PDbS a été I'un des principaux défis de ce travail. Il est également important de privilégier les
cibles non métalliques, car le dép6t dans une atmosphere réactive et oxydante peut également
entrainer une dégradation du film de PbS QDs. Avec des films de PbS QDs dont la surface est
oxydée, nous avons obtenu des photodiodes aux performances médiocres, telles qu'une EQE
plus faible par rapport a la référence, nous avons également obtenu des caractéristiques J-V
en forme de "S", indiquant des difficultés d’extraction de charges (trous), avec des tensions de
fonctionnement bien supérieures a -0,5 V. L’utilisation de NiOx HTL déposé a partir d’'une cible
de NiO nous a permis d’obtenir des photodiodes avec des propriétés trés intéressantes.

181eQE ~ 43% :
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N EQE ~ 33%| & —e— Mo0024 5 nm
£ -6 g -9 —— Mo00O3 5nm
Q Q
< O < -6
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Figure 7.23: Comparaison entre les couches d’extraction de trous en NiOx et en MoOx , a)
Caractéristiques courant-tension sous illumination, et b Courants d’obscurité.

La Figure 7.23 a et 7.23 b montrent les comparaisons entre le MoOx et 'optimum en NiOx.
On note une trés bonne valeur du rendement de conversion, EQE =~ 43 % pour 1’épaisseur
optimale du film de NiOx (5 nm), une tension de fonctionnement de ~ -0.4 V et un courant
d’obscurité ultra-faible de 3 nA.cm~2.

La construction des diagrammes de bandes d’énergies a montré qu’on était plus proche de la
configuration de bande idéale avec 'HTL en NiOx que le MoOx. Avec les films de MoOx, les
niveaux de défauts dans le gap du MoOx doivent jouer un role important dans le mécanisme

d’extraction des trous.
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