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General Introduction

Air quality has emerged as a pressing global issue due to the accelerated pace of
industrialization, urbanization, and the proliferation of vehicular emissions. Compounding
these issues, conflicts and wars between countries have led to significant destruction of nature,
causing severe damage to ecosystems. Toxic air from one region can have fatal consequences
for innocent populations in another. Historically, liquid poisons were known to take lives, but
in today's world, the very air we breathe is becoming increasingly toxic, leading to thousands
of deaths due to the inhalation of harmful gases. The detrimental effects of poor air quality on
human health are well-documented, encompassing severe conditions such as respiratory
diseases, cardiovascular ailments, and cancer. The World Health Organization (WHO)
attributes millions of premature deaths annually to air pollution, underscoring its status as a
significant environmental health hazard®. In addition to human health impacts, pollutants such
as volatile organic compounds (VOCs), carbon monoxide (CO), ammonia (NHs), nitrogen
oxides (NOy), ground level ozone (Os3) and sulphur dioxide (SO2) contribute to broader
environmental problems, including acid rain, global warming, and the depletion of the ozone

layer?.

Given the profound implications of air pollution, the need for precise and continuous
monitoring of air quality is paramount. Air pollution itself is a serious problem, but the real
danger lies in not recognizing the levels of pollutants in the air we breathe. Effective air quality
monitoring is essential for assessing pollution levels, ensuring compliance with environmental
regulations, protecting public health by providing timely information during high pollution
events, and informing research and policy decisions aimed at environmental protection.
However, current air quality monitoring techniques, such as mass spectrometry, gas

chromatography, and non-dispersive infrared (NDIR) spectroscopy, though accurate, present
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significant limitations. These techniques are typically costly, requiring expensive equipment
and maintenance, are bulky and non-portable, and are complex to operate. Additionally, these
methods are time-consuming and do not provide real-time analysis. In today's fast-paced world,

delayed information can be nearly useless.

In light of these challenges, there is an urgent need for gas sensors that are cost-effective,
portable, user-friendly, and capable of providing real-time monitoring. Molecular materials,
particularly organic semiconductors, offer a promising solution to these challenges. These
materials possess several advantageous properties, including tuneable electronic characteristics
through chemical synthesis, mechanical flexibility, lightweight nature, and the potential for
low-cost production®. Moreover, molecular semiconductors can be designed to exhibit high
sensitivity and selectivity towards specific gases, enhancing their utility in gas sensing

applications®.

In this thesis, initially, we explored the potential of silicon phthalocyanines (Cl>-SiPc
and (345F).-SiPc)® in a bilayer organic heterojunction device by combining it with a highly
conducting molecular material (LuPc2)® and investigated its NHs sensing properties to
understand the interaction between gas molecules and the sensing layer. With this basic
knowledge, we further explored the use of two original highly z-conjugated porphyrin
complexes’ in bilayer heterojunction devices in combination with LuPc; as the top layer and
their response to ammonia under both dark and UV light. For very first time, we have
demonstrated an amplification in sensing properties of an organic heterojunction device under

illumination of UV light.

Most interestingly, we discovered a new type of ambipolar heterojunction device
(CoFsPc/LuPc2)® as well as novel external trigger (temperature variation) to inverse the nature

of majority charge carriers within the device (VOFsPc/LuPc)®. CoFgPc-based device exhibits
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n-type behaviour (current increases) under NHsz and p-type behaviour (current increases) under
NO and Os. It is surprising to observe the devices current goes up under both e” donating and
withdrawing gas species. The VOFgPc-based device changes its polarity upon humidity and
temperature variation. Finally, we also studied the influence of the top layer on the polarity of
bilayer heterojunction devices. Till now, we extensively studied the effect of sublayer in devices
polarity, by employing different types of poor conductors as sublayer in bilayer heterojunction
devices. For the first time, to realise the original effect of top layer in bilayer heterojunction
devices, we utilised an ambipolar molecule (CuFsPc)®° as sublayer and a series of 5,15-diaryl
Ni(Il) porphyrin conjugated polymers (pNiD(Aryl)P) as top layer. Thanks to these
CuFsPc/pNiD(Aryl)P) bilayer heterojunction devices, we report the pioneering demonstration
of polarity inversion within a heterojunction device, by strategically manipulating the meso-
substituent of the 5,15-diaryl Ni(ll) porphyrin conjugated polymer in the top layer of the

heterojunction device. These findings would act as a precedent for later research works.

Globally, in this project, we focused on understanding and developing unipolar and
ambipolar organic heterojunction devices based on molecular materials like phthalocyanines
and porphyrins through external triggers and gas sensing. We developed different types of
organic bilayer heterojunction devices. Among them, we reported several devices as very best
gas sensors compared to existing gas sensors in detection of polluting gases like NHs, NO2 and
Os. Our main goal in this thesis is in achieving ambipolarity in molecular materials-based
devices, which can replace two types of devices (p- and n-type) into single ambipolar device.
Such ambipolar devices hold promise for various applications in nanotechnology, including
deployment in spacecraft, satellites, and everyday electrical appliances where minimizing

weight and size of the system is crucial.
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Chapter 1. Introduction bibliography

1. Molecular semiconductors

In most inorganic materials, electronic wave functions are delocalized over many atoms,
forming energy bands'!. Charge carriers are generated when electrons transfer from the valence
band to the conduction band, and mobility is high due to the strong overlap between atomic
orbitals. However, this is not the case in molecular materials, in which conduction occurs
through successive hopping of electrons from one molecule to another!? with generally a lower
conductivity compared to inorganic semiconductors. Only a few materials exhibit intrinsic

electrical conductivity ranging from 107¢ to 107! Q'cm™ at room temperature.

The conduction process in molecular materials involves two main steps. The first step
is the creation of charge carriers through the reduction of one molecular unit (A) and the
oxidation of another unit. The second step involves the separation of the ion pair and the
migration of the charges. Thus, the density of charge carriers is related to the oxidation and
reduction potentials of the molecular unit A2, This process can be simply described by the
following equation:

AAAAAA=AAATAAA= AATAAAA 1)

Charge carriers can also be generated through photoexcitation®® and doping process*“.
Upon absorption of a photon, an electron is excited from the highest occupied molecular orbital
(HOMO) to the lowest unoccupied molecular orbital (LUMO), creating an exciton, a Coulomb-
bound electron-hole pair'®16. The dissociation of excitons into free charge carriers is a critical
process and can be facilitated by thermal energy, electric fields, or at donor-acceptor interfaces
in heterojunctions'’-*8. Doping, which involves the intentional introduction of impurities,

modifies the intrinsic carrier concentration, enhancing conductivity. Molecular semiconductors
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can be doped either p-type, introducing holes, or n-type, introducing electrons. Such doping

phenomenon is fundamental to the development of conductometric gas sensors®®.

Among the notable molecular semiconductors, phthalocyanines have garnered
significant attention. Discovered in the early 20th century, phthalocyanines are a group of
macrocyclic compounds characterized by a large, planar conjugated n-system?°. This structure,
with alternating single and double bonds, creates a delocalized network of electrons over the
molecule. The extended n-conjugation allows for the overlap of w-orbitals, facilitating electron
mobility, which is influenced by the molecular packing, crystallinity, and purity of the
material?*?%. Overall, the unique properties of phthalocyanines, including their tuneable
electronic characteristics and ability to form high-conductivity interfaces, make them highly
suitable for a range of applications, especially in the realm of gas sensing, where they offer high

sensitivity and selectivity.
1.1. Discrete energy levels

The electronic properties of molecular semiconductors are fundamentally determined
by their energy levels, specifically the HOMO and LUMO?. The energy difference between
these levels dictates the optical and electronic behaviour of the material'’. Unlike inorganic
semiconductors, which possess continuous energy bands, molecular semiconductors exhibit
discrete energy levels®. In-depth, the concept of the energy gap in molecular crystals is
fundamentally different from the forbidden energy gap in conventional covalent
semiconductors such as germanium or silicon. However, the introduction of e  donors or e
acceptors substituents can lead to p-type or n-type materials, without any doping. For instance,
substituting fluorine atom in copper phthalocyanine (CuPc) macrocycle, which is a p-type
material, leads to the inversion in majority charge carrier densities. In CuFoPc, it is easy to inject

an holes from Fermi energy level of the electrodes (ITO or gold) to the HOMO makes it as p-
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type material. However, addition of fluorine atoms in CuFoPc macrocycle shifts the energy
levels of the frontier orbitals. Hence it became easy to inject an electron from Fermi energy
level of the electrodes to the LUMO of CuFisPc making it as a n-type material. Figure 1

displays the energy level diagram of CuFoPc and CuFiePc.

= CuF,Pc CuFcPc
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S 1 4.46
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! E,op = 2.04 E,.p =193
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Figure 1. Energy levels of frontier orbitals: CuFoPc (p-type) and CuFiePc (n-type).

In molecular crystals and van der Waals solids, there is a significant difference in energy
between intramolecular and intermolecular interactions. The energy of an intramolecular C-C
bond is about 3.6 eV (83.1 kcal/mol), whereas the intermolecular interaction energy between C
atoms of neighbouring molecules is only about 4 meV (0.1 kcal/mol), which is three orders of
magnitude smaller?®. Therefore, many-electron interaction phenomena must be considered,
while conventional band theory is inapplicable. In molecular crystals, charge carriers do not
behave as "bare" quasi-free electrons or holes but instead form polaron-type quasi-particles,

dressed “in electronic and vibronic polarization clouds®’.
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1.2. Charge transport regime

Charge transport in molecular semiconductors is highly dependent on the nature of
intermolecular interactions in the solid state?®2°. These interactions, including van der Waals
forces, n-m stacking, and hydrogen bonding, govern the molecular packing, crystalline order
and charge transport within the material3®-32, Efficient charge transport is often achieved in
materials where strong n-m interactions lead to significant orbital overlap, facilitating coherent

charge migration?®,

Understanding the frontier molecular orbitals and their alignments is pivotal for
optimizing the electrical properties of the molecular semiconductor-based devices. The
alignment of energy levels at interfaces, particularly in heterojunctions, critically influences
charge separation and recombination processes®:. When the work function of the electrode
aligns well with the HOMO or LUMO of the semiconducting material, it can create a ohmic
contact where the charges can flow through the materials without any contact resistance.
However, metal-semiconductor junction can exhibit rectifying behaviour due to the formation
of a Schottky barrier at the interface®. This occurs when the semiconductor is n-type and its
work function is smaller than that of the metal, or when the semiconductor is p-type and the
opposite relation between work functions exists. The height of the barrier, influenced by the
work functions, gives rise to Schottky diode, which has a low forward voltage drop and fast
switching speeds®. Similarly, when p-type and n-type molecular semiconductors are engaged
in a heterojunction device, it can give rise to p-n junction diode®’. The behaviour of p-n
junctions in molecular semiconductors is influenced by factors such as energy level alignment,
exciton dissociation efficiency, and the quality of the interface. These diodes are essential in
applications where efficient charge separation and recombination processes are crucial for

device performance®®.
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Beyond metal-organic semiconductor junctions, interfaces can also form in devices with
bilayer or multilayer sensing active layers, creating organic-organic heterojunctions®®. A typical
p-n heterojunction, formed from p-type and n-type organic semiconductors, is characterized by
the accumulation of electrons (e”) and holes (h*) at the interface due to differences in electron
affinity and work function. These interfaces generally conduct better than the bulk of either
semiconductor in the heterojunction, with carrier transport occurring along the interface. In
contrast, the space charge region in conventional inorganic p-n junctions is highly resistive3®
40 It consists of a depletion of free charge carriers exhibiting an opposite polarity to the
heterojunction's built-in electric field. Charge migration in inorganic and organic heterojunction

devices is shown in Figure 2.

a . - b) . L
(a) Inorganic heterojunction Organic heterojunction
L=
LY
E
+|-
+
p - n
+|-
+
+|-
+ | -
immobile charge carriers (ions) Mobile charge carriers (e- or h*)
Highly resistive interface Conducting interface

Figure 2: Typical p-n heterojunction formation and interfacial charges alignments in
conventional inorganic semiconductor (a) and organic semiconductor (b). (adapted from Ref 1
%9). The arrangements of mobile (" or h*) and immobile (ions) charges at the interface and

associated direction of electric field are shown.
1.3. Organic electronics

In the realm of materials science and organic electronics, the quest for efficient, flexible,
and sustainable electronic devices has led to the exploration of novel materials with unique

properties. Molecular semiconductors have emerged as a key class of materials, offering
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promising electrical properties, making them vital components in various applications ranging
from energy harvesting in solar cells*! to light emission in organic light-emitting diodes
(OLEDs)* and the development of organic field-effect transistors (OFETS), and organic

photovoltaics (OPVs), which hold promise for flexible and wearable electronics®.

Unlike silicon-based counterparts, organic semiconductors offer mechanical flexibility,
solution processability, and potentially lower manufacturing costs**. These materials exhibit
semiconducting behaviour through the delocalization of =n-electrons across conjugated
molecular structures and their electrical properties are highly tuneable by modifying molecular
structure, such as varying the size and arrangement of aromatic rings, substituents, or
conjugation length®. In recent decades, organic electronics have transitioned from the confines
of research laboratories to the commercial market. A common example is OLED, which is
widely used in modern displays like in televisions, computers, smartphones, and various
wearable devices. Similarly, OPVs are gaining recognition as a promising alternative to
traditional, costly silicon-based photovoltaic technologies*. Alongside these developments,
chemical sensors have emerged as a significant area of research, attracting extensive studies on
organic semiconductors owing to their advantages of low cost and flexibilities of chemical

design, synthesis and processing.

2. Chemical Sensors

Gas sensors operate on the fundamental principle of detecting changes in the physical
or chemical properties of a sensing material upon exposure to a target gas*’. These changes,
which may involve variations in electrical resistance, capacitance, or optical properties, are
converted into electrical signals for measurement and analysis. The detection mechanism
typically involves the adsorption of gas molecules onto the surface of the sensing material,

followed by interactions that alter the material's properties and result in a measurable electrical
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signal. Depending on the type of sensor and the gas involved, sorption behaviour can lead to
changes in the sensor’s electrical, optical or thermal properties based on the concentration of
the target gas. Understanding and controlling sorption behaviour is crucial for designing

effective gas sensors with high sensitivity and selectivity*’.

Various types of gas sensors have been developed, including metal-oxide
semiconductor (MOS) sensors*, electrochemical sensors*®, optical sensors®, and molecular
semiconductor-based sensors®. MOS sensors detect gases through changes in the resistance of
metal oxide films, while electrochemical sensors measure gas concentration via redox reactions
that generate a proportional current. Optical sensors utilize changes in light absorption or
emission caused by gas interactions, and molecular semiconductor-based sensors leverage the
unique electronic properties (delocalization of electrons) of organic semiconductors. Many
different types of device architectures have been adapted in modern gas sensors. Here we

discussed about the two main designs: chemiresistors and heterojunction-based gas sensors.
2.1. Chemiresistive gas sensors

Chemiresistors are nothing but conductometric sensors made up of only one layer unlike
heterostructure sensors that consist of two or more different types of materials that form
junctions. Schematic view of simple chemiresistive devices were shown in scheme 1. Over the
decades, chemiresistive gas sensors have emerged as a promising technology for the simple

detection of harmful gases and VOCs across various applications®.

Scheme 1. Schematic view of simple chemiresistive devices. The arrow indicates the charge

flowing pathway.

31



In 1960s, Seyama et al. demonstrated the effectiveness of ZnO thin films as sensing
layers for propane, pioneering the development of simple electrical devices for gas sensing®.
Since then, there has been a remarkable development in research on metal oxides-based gas
sensors. For instance, tin dioxide (SnOz)-based sensors are extensively utilized for detecting
gases like methane and carbon monoxide>*. Although, metal oxides-based sensors offer several
advantages like low-power, low-cost, small-size, durability, ease of fabrication and high
sensitivity, they suffer from poor selectivity in the presence of interfering gases and require

high operating temperatures®®.

Throughout the 20th century and into the 21st century, research efforts focused on
enhancing the sensitivity, selectivity, and stability of chemiresistive gas sensors. This involved
advancements in materials science, nanotechnology, and surface chemistry, as well as the
integration of sensor arrays and signal processing algorithms for improved detection and
discrimination of target gases* *6. In recent years, the emergence of novel materials such as
carbon nanotubes, graphene, and metal-organic frameworks has opened up new possibilities for
chemiresistive gas sensor technology. These materials offer advantages such as high surface
area, tuneable properties, and enhanced sensing performance, driving further innovation in the

field®"8,

The development of porphyrinoids and conjugated polymers provides an effective
alternative to metal oxide dominance in chemiresistive gas sensors. The tunability, durability,
and their capability to operate at ambient temperature make porphyrinoids and conjugated
polymers such as phthalocyanines, porphyrins, corroles, polypyrrole, polyaniline (PANI) and
polythiophene attractive as chemiresistive gas sensors materials®®®°. In particular, PANI-based
materials are largely exploited for their sensing properties towards NHz. Similarly to metal
oxide-based chemiresistive gas sensors materials, the sensing properties of conjugated

polymers are influenced by their structure and morphology®-%2. For example, PANI nanowires
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demonstrated excellent sensing detection limit, up to 0.5 ppm, towards NHs, which changes to
15-120 ppb for 2D PANI films®. The sensing properties of conjugated polymers can be further
tuned by different processes like chemical doping and composite formation with other

materials, thereby amplifying the chemiresistive gas sensors’ performance and selectivity.

Porphyrinoid-based chemiresistors also exhibit remarkable sensing response towards
various of target gases like NH3, Clz, NOx and H2S%%5. In particular, metal phthalocyanine-
based chemiresistors were frequently reported for their sensing performance towards VOC®¢7,
For instance, classical NiPc-based sensor displays excellent sensitivity and stability towards
NO exposure. The device exhibits sensitivity values of 0.19% ppm™ and 0.42% ppm* for NO
concentration in the ranges of 500-50 ppm and 50-5 ppm, respectively®®. On other hand,
Trogler et al reported the sensing performance of cobalt and metal-free phthalocyanine-based
thin films under various analytes. Particularly, both CoPc and HzPc-based chemiresistive
sensors exhibit sensitivity of 0.05% ppm™ and 0.14% ppm™ towards dimethyl sulfoxide
(DMSO) and 0.01% ppm™ and 0.1% ppm™ towards dimethyl methylphosphonate (DMMP, a

neurotoxin simulant), respectively®’.

Moreover, the possibility to modulate a chemical structure of porphyrinoids and
polymers by introducing groups equipped with interacting sites and their adaptability in various
forms like nanofibers, nanoparticles and thin films empowers scientists to tailormade sensors
for desired sensing requirements®. However, despite several advantages, chemiresistor-based
sensors face limitations in terms of slow response and long recovery times, poor thermal
stability, and limited selectivity, which seldom constrained their larger utility. Today,
chemiresistive gas sensors are widely used in various applications, including environmental
monitoring, industrial safety, healthcare, and consumer electronics. Ongoing research aims to

address remaining challenges such as selectivity, stability, and power consumption, while also
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exploring new avenues for sensor integration, miniaturization, and wireless connectivity in the

era of the Internet of Things (10T)®°.
2.2. Heterojunction gas sensors

Among these, heterojunction gas sensors, which combine two different semiconductor
materials, stand out for their enhanced performance?®. The heterojunction interface creates a
unique electronic environment that can significantly improve sensor sensitivity and selectivity.
This improvement is due to the synergistic effects at the interface, which enhance the sensor's
response to gas molecules by providing tailored interactions for specific gases and facilitating
faster charge transfer processes for quicker detection. Additionally, the combination of
materials can enhance the stability and durability of the sensors. This makes heterojunction gas

sensors a promising solution for precise and reliable gas detection applications.

Different gas-sensitive materials engaged in heterostructures were continuously
reported to offer better gas-sensing properties, in terms of sensing response, selectivity,
operating temperature and reproducibility, compared to chemiresistors prepared with the same
inorganic sensing materials, such as MoS2/Sn0,"%", However, the interaction between sensing
materials and gas molecules is identical in heterojunction devices as in chemoresistors, but the
sensing mechanisms of heterojunction devices are more complex. Indeed, after adsorption,
charge transfer between target gas and sensing material can lead to doping, charge
neutralization or trapping, and more important, it can modify the energy barrier at the interface

between materials, which gives us astonishing results.

Numerous studies have been carried out on ZnO engaged in a heterostructure with other
metal oxides, metal sulphides, quantum dots and noble metals’?7. Thanks to their difference
in work function, each combination gives rise to different interfaces with different levels of

energy barrier, which play a major role in their optical, electrical and gas sensing properties.
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The improvement in gas sensing technology was attempted by changing the sensing materials,
but recently a growing trend aiming to exploit organic semiconductor-based heterojunction
device and the role of interface to modulate the sensing performance of the device® 7. The
interfaces between the sensing material thin film and the electrodes (typically metals) have
prompted extensive research into metal-organic semiconductor junctions and their effects on
chemical sensors*. In many sensor configurations, the interaction of target gases with either
metal electrodes or the organic semiconductor thin film modulates charge carrier injection from
the metal to the organic film’’. This interaction adjusts the interfacial energy level alignment at

the metal-organic junction, forming the core sensing principle’®.

Given that bulk carrier transport in organic semiconductor thin films is typically slow
due to the hopping of e™ or h*, from molecules to molecules, creating a heterojunction in organic
semiconductor-based devices is highly beneficial”®. It enhances carrier transport and thus
improves device conductivity. The dynamics of interfacial alignment of free charges can be
modulated by external doping, such as chemical doping by redox active gases (e.g., Oz, NO; or

NH3)®-82, This approach has been exploited to develop high-performance gas sensors.

A few years ago, M. Bouvet et al. introduced a new type of heterojunction device
composed of two distinct conducting layers: a poorly conducting material as the sublayer in
contact with electrodes, covered by a highly conductive molecular material as the top layer.
Initially, this device was named as molecular semiconductor doped insulator (MSDI)® &,
Unlike classical resistors, which exhibit linear current-voltage (I-V) characteristics in
accordance with Ohm's law, this novel device displays non-linear I-V characteristics due to

charge accumulation at the interface.

In this device, the poorly conducting sublayer causes injected charges to encounter

significant resistance at low voltage, resulting in lower current. However, at higher biases, the
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injected charges from the electrode gain sufficient energy to overcome the energy barrier,
leading to higher current at higher voltages. In most of such heterojunctions reported before
starting this PhD work, LuPc, was used as top layer® due to its high conductivity. The
activation energy of LuPcz is 0.5 eV, which is very small compared to other metal
phthalocyanines like CuPc (ca. 2 eV). Moreover, LuPc; has a stable radical nature and possess
high density of intrinsic charge carriers with both e~ and h* densities near equilibrium®. Since
the resistive sublayer is much thinner than the inter-electrode distance, when bias is applied, in
order to take most conductive pathway, the charges flow through the interface between both
materials. Thus, modifying the interface can lead to novel electrical and gas sensing behaviours.
This idea inspired us to explore various types of poorly conducting materials as sublayers in
bilayer heterojunction devices with LuPc,. Additionally to LuPcz, a polyporphyrin was also

used as a top layer®.

Beside double layer heterojunctions®’, another type of heterojunction was recently
reported, namely double lateral heterojunctions”™. The former is a classical heterojunction,
which is fabricated by sequentially depositing two different materials over the entire surface of
the substrate®. This method ensures complete coverage of the substrate by each material layer,
one on top of the other. Typically, techniques like physical vapour deposition (PVD)¥, e.g. for
phthalocyanine complexes, or chemical vapour deposition (CVD)® for depositing poly
porphyrin, starting from porphyrin monomers are used for this purpose, allowing for precise
control over the thickness and uniformity of each layer. The latter were obtained by depositing
material by an electrodeposition technique, such as electropolymerization’® 88 8 _|n this
method, the material is deposited only on the surface of the electrodes where monomers are
oxidized to form insoluble polymers. This selective deposition allows for precise patterning of
the material on the electrode fingers. However, using this technique, only one material can be

deposited at a time. To create a double layer heterojunction, the second layer must be deposited
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using a different suitable technique after the initial electrodeposition. In this thesis, mostly we
used thermal evaporation technique to deposit the top layer. Schematic view of double layer

and double lateral heterojunction devices are shown in Scheme 2.

(a) (b)
- lam
0

Scheme 2. Scheme of a double lateral heterojunction (a) and a double layer heterojunction (b).

Arrows represent the charge transport pathways.

3. Ambipolar devices

3.1. Ambipolarity

Ambipolarity is often referred to a physical balance, characterized by an infinite number
of unbalanced positions but only one stable state. It is achieved when the densities of electrons
(e) and holes (h*) contribute equally to electrical conduction. Theoretically, this equilibrium is
realized in intrinsic semiconductors exemplified by LuPc», yet trapping effects and specific
environmental interactions may impede its observation®®. To achieve an ambipolar transport
regime in organic electronic devices including gas sensors, there are two main challenges:
Tuning the " and h* concentrations in the device near equilibrium to a sufficiently large level

and an efficient trigger for the majority charge carrier inversion.

To achieve high densities of electrons (e) and holes (h™) in equilibrium within a
molecular semiconductor like metal phthalocyanines (MPcs), an appropriate combination of
electron-accepting and electron-donating substituents can be grafted, and metal centres with
different electron affinities can be utilized. Only a few ambipolar molecules have been
previously reported. As we discussed earlier, the p-type CuPc was converted to n-type material

by substituting 16 fluorine atoms (CuF1sPc). However, optimising the degree of fluorine atoms
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in CuFxPc macrocycles gave rise to a novel electronic property. In CuFgPc the frontier energy
levels were align well with the Fermi energy level of the electrodes that makes possible to inject

charges from either to HOMO or LUMO. Hence, CuFsPc can exhibit both p- and n-type®

(Figure 3).
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Figure 3. Comparison between frontier energy orbitals of CuFoPc (p-type), CuFsPc (p/n-type)

and CuF1sPc (n-type).

The phenoxy and naphthoxy substitutions in europium triple-decker phthalocyanine
complexes have resulted in very high and similar e and h* carrier mobilities, both exceeding 1
cm? V! s7! in organic field-effect transistor (OFET) devices, thereby demonstrating air-stable
ambipolar carrier transport®°2, However, it is important to note that not all materials with both
p- and n-channels exhibit ambipolar sensing behaviour. This limitation arises due to significant
differences in e- and h+ concentrations or the absence of a suitable trigger (an external stimulus)

to shift the equilibrium concentration of either charge carrier.
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For instance, the europium triple-decker phthalocyanine complex bearing thiohexyl
groups, Euz[Pc(S-hexyl)g]s, in a chemiresistor configuration, exhibited n-type polarity with a
current decrease under NO, exposure but was insensitive to NHs and H2S%. Conversely, LuPc;-
based OFET shows n-type behaviour in an inert atmosphere and p-type behaviour in ambient
conditions®®. This dual behaviour is due to the equilibrium between charges densities, where
specific interactions with the environment lead to polarity transformation. This example
underscores the necessity of fine-tuning the molecular structure and external conditions to

achieve desired ambipolar sensing characteristics.
3.2. External triggers

An external energy source such as optical, electrical or atmospheric changes, used to
trigger the inversion in nature of majority charge carrier in molecular semiconductor-based
devices, is often called as an external trigger. Only very few ambipolar devices have been
reported in the literature, and those utilizing external triggers to control over the inversion in
polarity of the device are particularly scarce. Scheme 3 displays different external triggers used

to inverse the polarity of ambipolar devices

n-type p-type

Scheme 3. Schematic view of external triggers (voltage, light, humidity and temperature)

capable of inversing the polarity of an ambipolar device (modified from Ref ).
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3.2.1. Optical trigger

It is well known that light illumination on semiconductor device can modify the density
of charge carriers. However, in heterojunctions, the effect of light also depends on interfacial
charge accumulation and on the work function of the materials engaged in it. A few years ago,
M. Bouvet at al. demonstrated a brand-new effect on gas sensors using visible light illumination
on organic heterojunction devices. They fabricated a series of bilayer semiconductor devices
consisting of copper phthalocyanines with different degrees of halogenation, such as CuFiePc,
CuFsgPc, CuClgPc and CuPc as sublayers, which were commonly covered by a LuPc> as a top
layer'® % The electrical and NHs gas sensing properties of the organic heterojunction devices
were investigated both in the dark and under visible light illumination (red LED, 642 nm) at

room temperature.

The CuF1sPc/LuPc, device exhibits a positive response to NHz (Figure 4a), whereas the
CuClsPc/LuPc; device exhibits a negative response (Figure 4c), similar to CuPc/LuPc,. All
three of these devices exhibit excellent observable response towards NHsgas at room
temperature in the dark, and the response remains almost the same under visible light
illumination, while a current increase was observed due to light absorption. Authors did not
observe any enhancement in gas sensing properties upon illumination for the octa-fluorinated
copper phthalocyanine-based heterojunction device (CuFsPc/LuPc2). However, the most
interesting phenomenon observed was the inversion in the nature of the response (Figure 4b)*.
This shows that apart from charge density modification, light can induce a new phenomenon in
gas sensors called the detrapping effect, which can invert the polarity of the majority charge

carriers®.
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Figure 4. Response of CuFiePc/LuPc. (a), CuFsPc/LuPc, (b) and CuClgPc/LuPc: (c) based
heterojunction sensors towards 20 ppm of NHz under dark and light at room temperature

(adapted from the Ref 19).

Initially, the CuFgPc/LuPc2-based heterojunction device shows a very clear negative
response (with less noise) towards 20 ppm of NH3 gas with an RR of —7%, displaying its p-
type nature in the dark, but under visible light illumination, the device exhibits stable positive
response with RR ca. 1.2% towards the same concentration of NH3 gas showing n-type nature.
Therefore, the CuFsPc/LuPc2-based device changes its polarity from p- to n-type, depending on

the optical external trigger, exhibiting its bistability.

This fascinating phenomenon under visible light illumination can be explained by the
desorption effect of oxygen molecules. It is well known that the adsorption of oxygen molecules
on semiconductor devices can decrease the density of free electrons while increasing hole
density®. At the same time, light illumination on semiconducting devices is well known for
facilitating oxygen desorption from the surface of sensing materials, which induces a detrapping
of negative charges. Thus CuFsPc/LuPc,-based device exhibits p-type behaviour towards
reduction gas (NHz) in oxygen-rich dark environmental condition. However, under red light
illumination, the desorption of oxygen molecules is favoured. Hence, there is an inversion in
nature of majority charge carriers, which leads to an inversion in gas response. This inversion

is mainly due to the ambipolar property of CuFgPc, with an initial density of positive and

41



negative charge carriers very near to each other'® %0, Since the electrical properties of the
semiconductor material are near equilibrium, a weak energy coming from an external trigger is
sufficient to inverse its polarity. To date, this is the only report of such an astonishing effect in

conductometric sensors using visible light.
3.2.2. Electrical trigger

Electrical trigger is often used in ambipolar organic field-effect transistors in the form
of applying potential difference across the gate terminal of the transistor. Ambipolar transistors
represent a class of transistors that facilitate the synchronous transport and accumulation of
both electrons and holes within semiconductors. An ambipolar transistor typically constructed
as same as classical transistors that consists of a gate electrode, a dielectric material, a
semiconducting layer, and source and drain electrodes. The first three components form a
metal—-insulator—semiconductor architecture, which enables the accumulation of holes or
electrons at the interface between the dielectric and the semiconducting layer by applying a gate
bias with a specific voltage polarity, negative or positive, respectively. The source to drain
voltage controls the injection of charge carriers necessary for the accumulation process in the

channel at the interface between the dielectric material and the semiconductor.

The injected holes and electrons can transfer based on various bias applied at these three
terminals. As a result, the amount and polarity of charge carriers within the accumulation zone
vary with different gate bias: positive gate bias for electron accumulation and negative gate bias
for hole accumulation. This variability in the charge carrier accumulation ultimately leads to
differences in the conductivity of the transistors. In 1990, J. Simon et al. reported the first ever
transistor that exhibits both p- and n-type behaviour using LuPc; as a semiconductor, depending
on the direction of the gate voltage as well as the surrounding atmosphere®3. Under vacuum, the

device displayed n-type behaviour when a positive gate voltage was applied, while no transistor
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effect was observed with a negative gate voltage. Conversely, in ambient conditions, the same
device exhibited p-type behaviour with a negative gate voltage, while no transistor effect was

observed with a positive gate voltage.

Later in 2011, Dodabalapur et al® reported the first ever chemical sensor based on an
ambipolar transistor, consisting of two superposed semiconducting layers: zinc oxide (ZnO) as
an n-type semiconductor, covered by pentacene, a p-type semiconductor. In the p-channel
accumulation mode (Ves < Vps < 0), a decrease in current was observed under ethanol vapours
due to positive charges being trapped in the pentacene layer. Conversely, in the n-channel linear
regime (Vs > Vps > 0), an increase in current was observed. The polar ethanol molecules can
act as a trap for positive charges to stabilize itself. Hence there is a shift in charge carrier
equilibrium causing polarity inversion in the device. This effect is analogous to decrease in the
magnitude of the gate bias, which results in an increase of the drain-source current. This sensor
combines the sensitivity of organic materials to polar analytes through dipolar chemical
interactions, combined with the stability of metal oxide semiconductors, which are protected
from air. This ground-breaking discovery highlighted the potential of environmental conditions
and electrical trigger to influence the properties of transistors, paving the way for future

advancements in ambipolar transistor technology.
3.2.3. Humidity and Temperature

It is well known that variations in humidity or temperature can significantly impact the
performance of conductometric transducers. Even small fluctuations can cause substantial
changes in the electrical and sensing properties of these devices. Humidity, in particular, is a
critical factor in real-time applications, serving as a potential external trigger that can invert the
nature of the majority charge carriers in ambipolar devices. For instance, a ZnClsPc/LuPc>

device exhibits p-type behaviour (current decreases under NHsz exposure) at higher humidity
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levels (70%), whereas the same device shows n-type behaviour (current increases under NH3
exposure) at lower humidity levels (20%)°%" (Figure 5a). On the contrary, a CuFsPc/LuPc;
device displays p-type behaviour at lower humidity (30%) and n-type behaviour at higher
humidity (70%)°* (Figure 5b). Here, two different concepts were involved. Water molecules
are well known for their electron-donating behaviour, but also possess the ability to trap mobile
charges within the device. In heterojunction sensors, the changes in charge densities initially
occur in top layer, as it is the sensor surface directly exposed to the target gas and the
atmosphere. However, the diffusion of gas and water molecules into the underlying layers can

subsequently influence the charge transport regime within the device®.
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Figure 5. Response curve of ZnClsPc/LuPc; (a) (adapted from the Ref ') and CuFsPc/LuPc;

(b) (adapted from the Ref %) device towards NHs under different humidity level at room

temperature.

Regarding temperature effect, an increase in temperature typically leads to higher
current and accelerates the sorption kinetics in conductometric sensors. However, this thesis
presents, for the first time, the use of temperature variation as an external trigger to invert the
nature of majority charge carriers in a heterojunction device. The detailed explanation of this

work is summarized in chapter 5.
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The growing need for effective and reliable gas sensors as well as miniature electrical
systems, driven by the escalating concerns about air quality and compactable devices,
underscores the significance of this research. Molecular semiconductor-based heterojunction
devices offer a promising approach, combining the advantageous properties of organic
materials with the enhanced performance of heterojunctions. This thesis aims to explore the
development and optimization of these devices, addressing current challenges and advancing

the field of gas sensing and ambipolar device technologies.

45



46



Chapter 2

Experimental Descriptions and Optical
Characterization of Bilayer Films

47



48



Chapter 2

Experimental Descriptions and Optical Characterization

of Bilayer Films

Table of Content

1.

2.

Introduction

Materials and Methods

Device Fabrication Techniques

3.1. Physical Vapour deposition

3.2. Oxidative Chemical VVapour Deposition

3.3. Quasi-Dip Coating Method

Characterisation Techniques

4.1. Optical and Topographical Analyses

4.2. Electrical Measurements

Sensing Measurements

Optical characterisation of Bilayer Films

6.1. UV-Vis Absorption Spectroscopy Measurements

6.2. Raman diffusion Spectroscopy Measurements

Conclusion

49

51

52

53

54

55

57

58

59

59

61

64

64

66

69



50



Chapter 2. Experimental descriptions and optical

characterization of bilayer films

1. Introduction

This chapter has been divided into two main sections: materials and methods, and
optical characterization of all bilayer heterojunction devices reported in this thesis. In the first
section, we discuss the molecular materials used in this work, including their synthesis and
properties, as well as the various deposition techniques employed to fabricate the bilayer
heterojunction devices. These techniques include physical vapour deposition (PVD), oxidative
chemical vapour deposition (0CVD), electrodeposition, and the quasi-dip coating method.
Additionally, we detail the different characterization techniques adopted to understand the
device properties, such as electrical measurements and the setups used for studying the sensing
properties of the bilayer sensors. In the second section, we focus on the optical characterization
of the materials and bilayer films, presenting the ultraviolet-visible (UV-Vis) and Raman
spectra of all the reported devices. The UV-Vis spectroscopy provides insights into the optical
properties and electronic transitions of the materials, while the Raman spectroscopy analysis
helps to understand the vibrational modes and molecular interactions within the heterojunction
devices. This comprehensive approach ensures a thorough understanding of both the
experimental methodologies and the optical properties of the bilayer heterojunction devices,
forming a solid foundation for the subsequent analysis of their electrical and sensing

performances.
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2. Materials and methods

Molecular semiconductors such as dichloro silicon phthalocyanine (CI.SiPc) and
bis(3,4,5 triflurophenoxy) silicon phthalocyanine ((345F)2-SiPc) were synthesized by our
collaborator Prof. Benoit H. Lessard from University of Ottawa®. Acenaphtho[l,2-b]-
pentacene-9,16-dione-fused nickel porphyrin (Ace-PQ-Ni) and pentacene fused nickel
porphyrin (AM®6) were provided by our collaborator Prof. Hong Wang from University of North
Texas’, and different types of conjugated nickel porphyrins were obtained from our collaborator
Dr. Nicolas Boscher in Luxembourg Institute of Science and Technology (LIST). Octafluoro-
metallophthalocyanines (ZnFsPc, CoFsPc, VOFgPc) were synthesized in our laboratory by

collaborating with Dr. Seydou Ouedraogo from Burkina Faso.

ZnFgPc, and CoFgPc were obtained from 4,5-difluoro-1,2-dicyanobenzene, which was
reacted at 210 °C for 2.5 h in a glass tube with zinc acetate (Zn(OAc)2) and cobalt acetate
(Co(OAC)>), respectively. VOFgPc was synthesized from 4,5-difluorophthalonitrile by reacting
at 200 °C for 2.5 h in a glass tube with vanady| diacetate (VO(OAC).). The obtained solids were
washed with DMF and ethyl alcohol, each three times, using an ultrasonic bath for 10 min and
centrifugation at 3000 rpm for 20 min. The solids were then dried at 100 °C under primary

vacuum for 2 h, following a previously reported method?.

Similarly, lutetium bisphthalocyanine (LuPc2) was synthesized from o-phthalonitrile
and lutetium triacetate by heating at 300 °C without any solvent for 3 h, following a previously
reported method®. Synthesis of Cu(FsPc) was achieved through reaction of 4,5-difluoro-1,2-
dibromobenzene with copper cyanide as described in literature®. Chemical structure of all the

molecular materials used in this thesis were shown in scheme 4.
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Scheme 4: Chemical structure of silicon phthalocyanine (CIl.SiPc) (a) and bis(3,4,5-
triflurophenoxy) silicon phthalocyanine ((345F)2-SiPc) (b), octafluoro-metallophthalocyanines
(c), lutetium bisphthalocyanine (LuPc2) (d), acenaphtho[1,2-b]-pentacene-9,16-dione-fused
nickel porphyrin (Ace-PQ-Ni) (e), pentacene fused nickel porphyrin (AM6) (f) and different

substituted Ni(Il) polyporphyrins (g).

3. Device fabrication techniques

The fabrication of our heterojunction devices began with the subsequent deposition of

sublayer and top layer on Indium Tin Oxide (ITO) interdigitated electrodes (IDEs). These IDEs
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consisted of 16 pairs of ITO digits, each with a width and spacing of 75 um, fabricated on a
glass substrate using lithography techniques. Prior to deposition, the electrodes underwent
thorough cleaning with CH.Cl, and EtOH through multiple stepwise ultrasonication cycles,

each for 5 min, followed by drying in an oven at 100 °C for 1 h.

To fabricate bilayer heterojunction devices, we employed various deposition methods
based on the solubility and thermal stability of the materials. These methods included both
physical vapour deposition and oxidative chemical vapour deposition. For certain materials, the
conventional drop casting method did not yield a sufficiently homogeneous surface. Therefore,
we experimented different approaches and ultimately developed a novel deposition technique

called quasi-dip coating method.
3.1. Physical vapour deposition

Physical VVapour Deposition (PVD) is a traditional vacuum deposition technique where
material is vaporized in a vacuum environment and then deposited onto a target substrate,
forming a thin film. Most of the devices reported in this thesis were fabricated using a German-

made thermal evaporator, the UNIVEX 250 (Oerlikon).

The UNIVEX 250 is equipped with dual tantalum crucibles, allowing for the sequential
deposition of two different materials. Additionally, a quartz crystal microbalance is mounted
near the target substrate inside the instrument, enabling precise control of the deposition rate
and thickness. The sublimation temperature was chosen depending on the thermal stability of
the material. Moreover, the vacuum evaporation technique to deposit films is also a further
purification step of the materials. Thus, on the cover of tantalum crucible, crystals are formed
that are purer than the pristine material, and can be used for Raman analyses. The Cl.-SiPc,
(345F).-SiPc, MFsPc (Zn, Co and VO) and LuPc. were deposited using this technique. All these

materials were deposited around the temperature from 400 to 450 °C with deposition rate of ca.
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1 As? except 345F,-SiPc. The deposition rate and sublimination temperature for 345F,-SiPc
was maintained at ca. 0.2 As™ and 350-400 °C, respectively, due to its potential decomposition
over 450 °C. To achieve a highly homogeneous surface, the samples were coated under a
secondary vacuum of ca. 7 x 107" mbar. The detailed information about vacuum sublimation is

given in scheme 5.
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Scheme 5: Schematic view of device fabrication through physical vapour deposition using

UNIVEX 250.

To attain a high vacuum, it is necessary to run the turbo molecular pump overnight,
which must be maintained by a continuous flow of water (at 2 °C) provided by a cryostat
cooling system to prevent heat damage to the pump. However, any failure in the water flow
from the cooling system can cause significant damage to the turbo pump. To address this, we
developed our own security system for the UNIVEX 250 by programming an Arduino UNO
board assisted with a water flow sensor. If something goes wrong, the security system

automatically turns off the pump and puts the system in safe mode.
3.2. Oxidative chemical vapour deposition

Oxidative Chemical Vapour Deposition (0CVD) has been progressively developed over

the last two decades as a solvent-free (or dry) methodology for the synthesis and thin film
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deposition of conjugated polymers®®. This method offers new opportunities beyond traditional
solution processing methods in the research of these materials. The general mechanism of all
solvent-free methods is based on the initial oxidation of reactive monomers, similar to oxidation

polymerization in the solution phase'®.

For a long time, a common practice was to first cover the substrate (to be coated) with
an oxidizing agent and then expose the pre-treated substrate to vapours of monomers. In this
approach, the monomers first adsorb on the surface of the substrate under reduced pressure and
then are activated by interactions with the oxidant present on the substrate's surface. In oCVD
both the oxidant and the monomer are vaporized and metered into a gas-phase reactor under
reduced pressure. They are then adsorbed on the surface of a substrate, initiating polymerization

and film formation simultaneously.

oCVD has been carried out in LIST using two types of setups called multifuser and
conjugator, depending on optimization steps (Scheme 6). The films were prepared under 1.0 x
107 mbar and the substrate temperature has been maintained at 150 °C. Using two different
crucibles porphyrin monomer and oxidant were simultaneously evaporated into the gas-phase
reactor, leading to polyporphyrins. The monomers were evaporated at the temperature around
250 °C — 300 °C, while the oxidant (FeCls) was evaporated at 150 °C. By vaporizing both the
monomer and oxidant and controlling their delivery into a gas-phase reactor, oCVD has become
a powerful tool for creating high-quality polymer films with potential applications in

electronics, sensors, and other advanced technologies®:.
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Monomer Oxidant (FeCl,) Monomer

Scheme 6: Schematic view of device fabrication through oxidative chemical vapour deposition

method. Evaporators: Multifuser (a) and Conjugator (b).
3.3. Quasi-dip coating method

For materials that are not suitable for thermal evaporation or electrodeposition
techniques, we were compelled to use solvent casting methods. However, solvent-based
deposition techniques often present challenges in achieving homogeneity. To address these
issues, we experimented with several methods and accidently discover a new type of deposition

technique called quasi-dip coating method.

In the classical dip coating method, the material is deposited by dipping the substrate
into a solution containing the target material and then removing the substrate after a brief period,
followed by drying. The quasi-dip coating method is quite different from the classical dip
coating, since here the solution is poured into a Petri dish, which contains target substrate

(facing upwards), until the substrate is fully submerged by solution. The solution is then slowly
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sucked out by slightly tilting the Petri dish up to 45°, followed by drying at 100 °C. The detailed
deposition method is shown in scheme 7. This technique results in a much more homogeneous
surface compared to the classical solvent casting technique. The Ace-PQ-Ni and AM6 were

deposited on ITO IDEs using this technique.

-
—

r

micro pipette =

After slowly removing

E:>le(!tl’0de ! the soluEion
—_—
submerged ) . .
Electrode Inclined 45

THF + chloroform + material

Scheme 7: Schematic view of device fabrication through homemade quasi-dip coating method.

Initially we named this method the "deep-swimming method"”, because of the
submerging step of the substrate. We later published this technique for the first time in the

journal Sensors, in 2023, under the name "quasi-dip coating method"%.

4. Characterisation techniques

All our bilayer heterostructure films were thoroughly studied using various optical and
electrical characterization techniques. These techniques included UV-Vis adsorption
spectroscopy, Raman diffusion spectroscopy, current-voltage (I-V) measurements, and
Impedance spectroscopy. For some specific samples, where the sensing response was
significantly influenced by the surface, namely silicon phthalocyanines, we also employed
Atomic Force Microscopy (AFM) to gain deeper insights into the surface morphology and its

impact on the sensing performance.
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4.1. Optical and topographical analyses

The optical absorption properties of the materials and bilayer devices were measured by
Cary 50 (Varian) UV-vis spectrophotometer, between 300 and 1000 nm and Raman spectral
measurement was conducted on the samples using a Renishaw inVia microscope at an
excitation wavelength of 473 nm with ca. 1% of a 12 mW laser power, under 50x magnification.
Multiple datasets were acquired for both materials and devices to derive an average

representative spectrum for all normalized spectra.

The surface of the bilayer heterostructures coated on glass was evaluated by AFM
imaging, on Bruker Icon 2 nano DMA equipment by employing nano DMA peak force tapping
mode. Scan of the surface was performed using a silicon probe (DNP SA or ScanAsyst-HR)
(tip radius<b5) at a peak force frequency of 2 kHz and amplitude in the range of 50-100 nm.
The images were finally analysed by Nanoscope analysis software. The measurements were
carried out by Prof. E. Lesniewska in the ARCEN platform of LICB (UB) and we did the data

treatment in ICMUB.
4.2. Electrical measurements

I-V measurements were conducted by Keithley 6517B electrometer by applying a bias
voltage ranging from -10 to +10 V in steps of 0.1 V. In ordered to avoid any polarization effect
the 1-V measurements were started and ended at 0 V. Impedance measurements were carried
out using a Solartron SI 1260 impedance analyser, applying a fixed AC oscillation amplitude
of 0.2 V in the frequency range of 10 Hz to 10 MHz and a DC bias ranging from 0 to 10 V. All
the electrical measurement were carried out under ambient conditions (20-22 °C and 45% RH),

unless otherwise specified.
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The experimental Nyquist plot of all heterojunction devices, which corresponds to the
imaginary part of impedance as a function of the real part, presented two depressed semicircles.
Figure 6 displays an example of heterojunction’s Nyquist plot. The one at high frequency (HF,
left part) remains unaffected no matter the applied DC bias. It represents charge transport in
bulk medium. On the other hand, the one at low frequency (LF, right part) decreases as a
function of increasing DC bias from 0 to 10 V, which corresponds to interfacial charge transport
at the interface of organic-organic heterojunction®®. Obtained data were treated using

commercially available Ametek’s Zview software.
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Figure 6. Example of Nyquist plot of an heterojunction device.

To quantitatively access various charge transport parameters of the devices, the
experimental Nyquist plots were fitted with constant phase element (CPE)-based circuits. CPE
are most often used to describe the non-ideal capacitive behaviour of a system%. All bilayer
heterojunction devices were modelled by incorporating two CPEs connected in series, along
with resistors connected in parallel to those CPEs. A contact resistor was also included to
account for the resistance between the material and the electrodes. Generally, the contact
resistance is very small, and in some cases, it has been completely negligible. Hence, we used

two types of circuits, specifically, R1-CPE1 describes the semicircles at HF, while R2-CPE2
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represents the semicircles at LF, correlating to bulk and interfacial charge transport,

respectively. The impedance of the CPE is defined by equation (2).

_r
Qix(Jjw)xt

(2)

ZCPEi(w) =

where Qj and a; are the parameters defining the CPE and o is pulsation (o = 2xf, f being
the frequency). Here, o varying between 0 to 1 as a dimensionless parameter, Qi represents the
capacity of the system in the case where a;i = 1. It is important to note that the CPE parameter

Qi cannot represent capacitance when a; < 1105109,

Through fitting the data, we obtain R1, al, and Q1 as parameters characterizing bulk
charge transport, and R2, a2, and Q2 as parameters characterizing interfacial charge transport.
In all the cases the a; values are less than 1 for both heterojunction devices. Hence the effective

capacitance (Ce) is calculated using Brug's relationship (equation 3)1.
Cops = Qi “RYTO" 3)
5. Sensing measurements

All gas sensing experiments were carried out using homemade gas chamber (volume 8
cm?®), which is equipped with DN505-05 controlled heater positioned at the bottom, ensuring
precise temperature regulation, while three red LEDs (maximum wavelength: 642 nm) are
strategically positioned 2 cm above the test sample, providing consistent illumination.
Furthermore, the chamber is connected to a cooling system, facilitating rapid cooldown when
necessary. The workstation was fully automated in which the gas concentration, humidity
values, switching of the value, PID control, temperature regulation, light illumination and data

transfer were controlled by homemade and customized software.
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The detailed experimental setup utilized for electrical and gas sensing measurements
under different conditions is depicted in scheme 8. It comprises fluidic circuits interconnected
with commercial cylinders containing synthetic air, ammonia gas (with a concentration of 1000
ppm mol/mol or 100 ppm mol/mol), nitrogen dioxide (with a concentration of 10 ppm mol/mol)

purchased from Air Liquide France and ozone generator (Osz 41M Environment S.A., France).

V= Valve; EV = Electric valve

e NO, exj NO, experiments: V1, V 3 = Open; V 2 = Close
- 4 " E EV 1 V1 NH; experiments: V 2, V 3 = Open; V 1 = Close
NO,: 10 ppm mol/mo . X =
- 3 . ’ y
4 <t O; experiments: V1,V 2,V 3 = Close
FC1
Recovery period P
NH,: 1000 ppm and, i __ NH,exposure | b
" 100 ppm mol/mol EV 2 :\>/<2 ¢
in 7
. 50-5 7 _wrc2 Recoukry period 559\""_';"-’_“1'
> > NmL/min ] > . Red LED
& ,é’ 3 i Exposure period \ " nt
R - EV.3 e
. 5’ S B ; " 'Pdrtable
¥ 03\ = MFC 3 RH ~ #, 2 cooling system
o Calibration Recovery period 8 o \ =l B
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Scheme 8: lllustration of homemade device testing workstation integrating different gas
sources, fluidic circuits, mass flow controllers, electronic valves, water column, humidity
sensor, ozone generator, electrometer, and test chamber equipped with a controlled heater,

cooling system and red LEDs.

The gas flow within the circuit is controlled as per our desired gas concentration and
exposure/recovery time using various mass flow controllers (Brooks Instrument) and electric
valves, respectively. Precise control over relative humidity is achieved with the help of a
commercially available humidity sensor (HMT 100, Vaisala, Finland) interconnected with mass
flow controllers. Both the mass flow controllers and humidity sensor are interfaced with a PID

program, enabling the precise dilution of humidity saturated air from the water column with dry
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air to maintain a standardized relative humidity value. A small flow of target gas (ca. 5 to 50
NmL min?) was introduced into the previous flow to generate air with controlled gas
concentrations, in the range of 1 — 90 ppm and 100 — 900 ppb, depending on the concentration
in the NHa/air and NOo/air cylinders, respectively. The total gas flow was kept constant
throughout all the experiments (550 NmL min™), except for ozone experiments. For ozone
experiments, a total mass flow of 1.6 L min~* with desire ozone concentration (20 — 100 ppb)

was generated by the ozone generator.

All the heterojunction devices were characterized under target gas for so called long and
short exposure/recovery for 10 min/30 min and 1 min/4 min, respectively, at 45% RH, with
recovery under clean air, except for ozone. For ozone, we followed a static recovery since ozone
is self-destructive. As quantitative measurement, relative response (RR) of the heterojunction

sensors was calculated using the following equation:

RR(%) = L= x 100 (4)
0

where lg and I are initial and final current of an exposure period, respectively. The plot
of RR (%) as a function of the gas concentration will be called as calibration curve. When it
comes to conductometric sensors, limit of detection (LOD) stands out as a critical parameter,
which has to be calculated with high precision. Hence the LOD was estimated for the

heterojunction sensors using the following equation:

3N
S*IO

LOD =

()

Here, N is the level of noise of the sensor’s signal that has been measured during
exposure phase, S is the sensitivity given by the slope of the sensor calibration curve and lg is

the sensor baseline current.
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6. Optical characterisation of bilayer films

6.1. UV-Vis absorption spectroscopy measurements

The normalized optical absorption spectra of each layer as well as the resulting bilayer
heterostructures are displayed in Figure 7 and 8. The spectral region spanning between 300
and 800 nm contains some of the most representative absorption bands for both sublayer and
top layer. Notably, all phthalocyanine-based heterojunction films exhibit a typical B band in
the range of 300400 nm, while Q-band appears in the range of 600—700 nm, originating from
the electron transition from the HOMO to the LUMO (r — =* transition).!'° Notably, in most
of the case, the Q bands of bilayers experienced splitting into two or three sub-bands, which are
ascribed to Davydov splitting, originating stronger intermolecular interactions in the thin film

of MPcs heterostructures compared to solutionst!112,

On other hand, the porphyrin-based films exhibit typical porphyrin absorption peaks
from sublayer that correspond to Soret band region spanning at 428, 460, 493 and 577 nm in
Ace-PQ-Ni/LuPc. and at 435 nm in AM6/LuPc,. Several weaker bands of AM6 between 600
to 704 nm were overlapped with a main peak of LuPc, at 669 nm. In all bilayer films, majority
of absorption peaks from sublayer were overlapped with peaks from top layer resulting in
change in peak intensity and broadness, e.g. the sharp peaks at 657 and 646 nm from ZnFgPc
and CoFgPc, respectively, are completely shadowed by the broad peak from LuPc; layer (650
690 nm) and appeared at 669 and 667 nm in ZnFgPc/LuPc. and CoFgPc/LuPc, heterostructures,

respectively.
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Figure 7. Absorption spectrum of Cl.SiPc/LuPc, (a), (345F)2-SiPc/LuPc; (c), Ace-PQ-
Ni/LuPc2 (b), and AMG6/LuPc; (d) bilayer heterostructure films (red line) compared to the
spectra of their corresponding sublayer (black dotted line) and top layer (LuPc2) (blue dash line)

in THF solutions.

Notably, while the main peak of LuPc, remains consistent in the VOFgPc/LuPc;
heterojunction film, the main peak of the sublayer broadens into a shoulder. As previously
reported by T. Basova,? the VOFsPc film exhibits a broad red-shifted Q-band. It can be correlate
to J-aggregate formation, compared to its spectra in solution. Consequently, the main peak from
the sublayer shifts entirely to around 750 nm and appears as a broad shoulder in the
heterostructure film. It is quite particular in VOFgPc due to strongest interaction compared to
ZnFgPc and CoFgPc, resulting from the presence of the polar vanadyl moiety. The shoulder at

608 nm in heterojunction film is significant for fluorinated compounds and similar shoulder
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was observed in MFPc, corresponding to H-aggregates. The UV-Vis spectra of octafluoro-
metallophthalocyanines were shown in Figure 8. The absorption band at 470 nm in all
heterostructure films is specifically associated with the Semi-Occupied Molecular Orbital

(SOMO) of the LuPc; neutral radical, linked to the e; — a, transition® 113114,
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Figure 8. Absorption spectrum of ZnFgPc/LuPc> (a), CoFsPc/LuPc: (b) and VOFsPc/LuPc: (¢)
bilayer heterostructure films (red line) compared to the spectra of their corresponding sublayer

(black dotted line) and top layer (LuPc») (blue dash line) in THF solutions.
6.2. Raman diffusion spectroscopy measurements

For further understanding the distinct optical properties of bilayer heterostructure films,
Raman vibrational spectroscopy measurement was studied on each layer, as well as on resulting
heterostructures. In the analysis of various heterostructures using Raman spectroscopy, distinct
vibrational modes were identified for each sample. On bilayer films, Raman spectra reveal a
combination of peaks attributed to the chemical signatures of both sublayer and top layer. In
the Cl>-SiPc/LuPc: heterostructure, the peak at 592 cm™! was consistent with the Pc breathing
mode, while additional peaks at 756, 965, 1005, 1048, 1188, 1525 cm™!, and a strong peak at
1558 cm™! belonged to Clo-SiPc. In the (345F)2-SiPc/LuPc; heterostructure, peaks at 594 cm™!
and 652 cm! corresponded to Pc breathing, with peaks at 1047 and 1196 cm™ attributed to C-
H bending, and peaks at 1615 cm™ and a strong peak at 1553 cm™ belonging to (345F)2-SiPc

(Figure 9).
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Figure 9. Superimposition of the Raman spectra of Cl>SiPc/LuPc> (a) and (345F)2SiPc/LuPc:

(b) bilayers with the respective spectra of their constituents. Individual peaks from each layer

were marked with dotted lines.

For the Ace-PQ-Ni/LuPc; heterostructure, medium intense peaks at 1270, 1352, 1381,

1429, 1568, 1589 cm™, and strong peaks at 1140 and 1658 cm™ were attributed to the Ace-PQ-

Ni layer. In the AMG6/LuPc; heterostructure, peaks at 772, 831, 1075, 1287, 1372, 1656 cm™,

and a strong peak at 1565 cm™ were associated with the AM®6 layer (Figure 10).
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Figure 10. Superimposition of the Raman spectra of Ace-PQ-Ni/LuPc: (a) and AM6/LuPc: (b)

bilayers with the respective spectra of their constituents. Individual peaks from each layer were

marked with dotted lines.
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The ZnFgPc/LuPc,, CoFgPc/LuPc2 and VOFsPc/LuPc, heterostructures exhibited
numerous common peaks, such as those at approximately 550, 740, 1000, 1030, 1100, 1150,
1220, 1300, 1335 cm™!, and a strong peak at 1405 cm™'. Specifically, the main peak at 1513
cm™ in ZnFgPc shifted to 1531 cm™ in VOFsPc, and to 1546 cm™ in CoFgPc, demonstrating
the effect of the central metal in the octafluoro-phthalocyanine complex. The peaks at ca. 760,
880, 1190, 1360, 1470, 1530 and 1620 cm™ were particularly belonging to the sublayer (ZnFsPc

and CoFgPc and VOFgPc) (Figure 11)8.
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Figure 11. Superimposition of the Raman spectra of ZnFsPc/LuPc, (a), CoFgPc/LuPc2 (b) and
VOFsPc/LuPc: (c) bilayer with the respective spectra of their constituents. Induvial peaks from

each layer were marked with dotted line.

Throughout all the heterostructures, most of the peaks from LuPc. overlapped with

those from the sublayers, resulting in changes in peak intensity without introducing new peaks,
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which indicates no degradation of the sublayer is observed with the subsequent deposition of
LuPc during the fabrication of the bilayer devices. Unique peaks such as ca. 1125, 1175, 1512
and 1598 cm™ presented in bilayer heterojunction films were directly attributed to LuPco''.
These findings underscore the importance of maintaining pristine interfaces void of molecular
degradation, as charge transport primarily occurs at the bilayer interface. Globally, the UV-vis
and Raman spectra of heterostructure films are the addition of the spectra of sublayers and top
layers. For better understanding, the Raman data of all bilayer heterojunction films with their

corresponding layers were given in Annexed — Raman Data.
Conclusion

In this thesis work, we engaged seven different types of molecular semiconductors such
as dichloro silicon phthalocyanine (Cl2SiPc), bis(3,4,5-triflurophenoxy) silicon phthalocyanine
((345F),-SiPc), acenaphtho[1,2-b]-pentacene-9,16-dione-fused nickel porphyrin (Ace-PQ-Ni),
pentacene fused nickel porphyrin (AM6), and octafluoro-metallophthalocyanines such as
ZnFgPc, COFgPc, VOFgPc, and CuFgPc as sublayer in bilayer heterojunction devices, which is
commonly covered by LuP> as top layer, except in CuFgPc-based bilayer heterojunction
devices, different types of conjugated nickel porphyrins were used as top layer for common
CuFsgPc sublayer. For fabricating these devices, we adapted three different deposition methods:
physical vapour deposition, oxidative chemical vapor deposition and quasi-dip coating method
to obtain highly homogeneous bilayer heterojunction device. All the bilayer films and materials
reported in this work were thoroughly studied using various optical and electrical
characterization techniques, including UV-Vis, Raman, impedance spectroscopies and I-V
measurements. AFM measurements were also considered for some devices that have high
influence of roughness and morphology on their sensing properties. All the sensing
measurements were conducted on our advanced homemade work bench under different

experimental conductions.
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Chapter 3. Silicon phthalocyanine-based ammonia sensors

1. Introduction

Over 175 million tons of ammonia is produced globally every year, making it one of the
most essential chemicals in industries’'®. In addition to its widespread use in agriculture,
pharmaceutical development, and food processing, ammonia has received increased attention
as a refrigerant, capable of replacing chlorofluorocarbons. Moreover, it is being increasingly
used as a source of green hydrogen!!® and an important biomarker in disease monitoring®t’-18,
Despite its widespread use, ammonia is highly toxic, corrosive and damaging to human health
and the environment. Short term (10-15 min) exposure limits to ammonia are typically set at 35
parts per million (ppm) while longer (8-10 h) limits are set at 25 ppm**°. To enable a proactive
response to ammonia exposure and prevent serious negative health outcomes, ammonia sensors
must have a LOD below these thresholds, with rapid response and recovery times, and with
high selectivity for ammonia in environments containing other gaseous analytes, especially
water vapour. Many sensing technologies have been reported previously for ammonia
detection, such as chemiresistors,'?° diodes?'1?? and field-effect transistors (FET), 2314 which
revealed high sensitive to ammonia. However, conventional chemiresistors based on metal
oxides often require high operating temperature (typically over 200 °C), have longer response/
recovery times and suffer from drift in the sensors signal baseline® &. On the other hand, FET-
based sensors require expensive fabrication methods, such as micromachining and clean-room

requirements, limiting their upscaling for large area coverage.

Silicon phthalocyanines (SiPc) are a class of MPc which have shown promising
applications in n-type or ambipolar OTFTs?>126 Additionally, SiPcs can be functionalized

with axial ligands as well as peripheral substitution, to tune their crystalline structure in thin
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film, chemical affinity and electronic properties*?’-12¢, A large catalogue of axially substituted

SiPc derivatives have been reported, which are processable into devices by physical vapour

127 129

deposition,**" solution casting*~” or both, making them suitable for applications in organic
electronics. SiPcs have shown great promises in heterojunction devices, having been
incorporated into both planar heterojunction (PHJ)'* and bulk heterojunction (BHJ)**! organic
photovoltaic (OPVs) as non-fullerene acceptors. Despite exhibiting high performances in PHJ
and BHJ, the use of SiPc as a sensing layer in gas sensors has been scarce. Recently, carbon
nanotube cross-linked to SiPc via axial substitution was used in chemiresistive sensors for
detecting NH3 and H2'%2. A conductometric sensor based on Langmuir-Blodgett coated SiPc,
having tert-butyl moieties as peripheral substituents and ethyloxy as an axial ligand was
reported to sensitively detect NO- at 5 ppm*®, Elsewhere, gas sensing properties of polymeric
SiPc film was investigated at high temperature to detect NO, and Cl, gases®**. However, there
is no SiPc-based heterostructure reported yet for application in gas sensors. Taking into account,
fast charge conductivity, these materials demonstrated in PHJ and BHJ photovoltaic devices

and their applications in chemiresistor gas sensors, they can provide tremendous opportunity in

organic heterojunction gas sensors.

Accordingly, here we explored the potential of R>-SiPcs (R= axial ligand) in a bilayer
organic heterojunction device by combining it with a highly conducting material LuPc; and
investigates its NH3 sensing properties. Two different R2-SiPc derivatives, axially substituted
with chlorine and trifluorophenol, respectively (Scheme 9), were studied in heterostructures as
the sublayer in order to modulate the interfacial charge transport and NH3 gas sensing properties

of resulting devices.
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Scheme 9. Chemical structure of dichloro silicon phthalocyanine (a) and bis(3,4,5-

triflurophenoxy) silicon phthalocyanine (b).

The chemical functionality and microstructure of the bilayer films are characterized by
UV-Vis and Raman spectroscopies (chapter 2), while their surface topography is investigated
by atomic force microscopy. The electrical properties of the heterojunction devices have been
studied by I-V measurements, while in depth charge transfer studies have been performed by
impedance spectroscopy. Ammonia sensing properties of the heterojunction sensors are finally

evaluated at room temperature and different metrological characteristics are assessed.

2. Electrical properties of heterojunction devices

To investigate the electrical properties, 1-V measurements were performed on both
devices at applied bias in the range from -10 to +10 V. As expected for bilayer organic
heterojunction devices, Cl>-SiPc/LuPc, (Figure 12a) and (345F)2-SiPc/LuPc. (Figure 12b)
devices exhibit symmetric and non-linear I-V curves. The non-linearity in I-V curves is due to

the difference in work functions, which leads to accumulation of mobile charges at the interface
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between the two layers*® 3, Considering the distance between interdigitated electrodes (75
pm) and the thickness of the layers (50 nm), the horizontal resistance of the sublayer is
exceptionally enormous compared to the vertical resistance. Due to the geometry of the IDE
ITO electrodes, charges predominantly flow through the interface between materials to access
the most conductive pathway. It is worthy to note that LuPc; resistors exhibit perfectly linear I-
V curves, displaying ohmic contact between 1TO and LuPc, semiconductor®. It confirms the
presence of organic-organic interface in the organic heterojunction devices. Moreover, at lower
bias current across the devices remains small, because charges experience high resistance due
to the poor conducting sublayer. However, when applying higher bias, the mobile charges have

enough energy to overcome the energy barrier resulting in higher current.
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Figure 12. I-V characteristics of Cl>-SiPc (a) and (345F)2-SiPc (b) based heterojunctions.

The non-linearity in the 1-V curves is quantified by the threshold voltage (Uw) that gives
an estimation of the apparent energy barrier, through tracing a tangent on the I-V curves and
extrapolating it to the X-axis. The calculated Uy are 2.2 and 5.1 V for Cl,-SiPc/LuPc2 and
(345F)2-SiPc/LuPc. devices, respectively, clearly indicating that the latter has higher energy
resistance for the transport of mobile charges in the heterostructure. Although, the work

function of the sublayer materials are similar (4.1 and 4.4 eV)°.
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To get in depth information about the effect of heterojunction in bilayer devices, charge
transport studies were performed by impedance spectroscopy on both octafluoro-
phthalocyanine-based devices, at given amplitude of 0.2 V AC signal, with a wide range of
frequency, from 10 Hz to 10 MHz, superimposed by different DC bias (0 to 10 V). The Nyquist

plots of the both heterojunction devices presented two depressed semicircles (Figure 13).
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Figure 13. Nyquist plots of Cl.SiPc (a) and (345F)2SiPc (b) based heterojunctions measured at
fixed AC (0.2 V) superimposed by variable DC voltage in the range of 0-10 V. The equivalent

circuit selected for fitting Nyquist plots is added in (b).

Interestingly, the magnitude of the bulk and the interfacial impedances are lower in Cl»-
SiPc/LuPc> than those of (345F).-SiPc/LuPcz, implying that both bulk and interfacial charge
transport are faster in the former. Using equation (3) Brug's relationship®, the experimental
Nyquist plots of both devices have been fitted and the variation of charge transport parameters
with respect to applied bias is shown in Figure 14. From the variations of bulk resistance R1
(Figure 14a) and interfacial resistance R2 (Figure 14b) of the both devices as a function of DC
bias, it is noted that R1 remains nearly independent of the bias, while R2 reveals an exponential

decay with increasing bias. Such observation infers that interfacial charge transport gets faster,
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while bulk charge transport does not change with increasing bias, which is a typical
characteristic feature of bilayer heterojunction devices®®. The rapid decrease in R2 is attributed
to the arrival of injected charges from the electrode to the interface region, which further
populates the interface region with mobile charges accumulation, thereby filling the traps and
enhancing the charge mobility along the interface. On the other hand, mean variation of the
mobile charge carriers’ concentration in the large bulk region does not change significantly
with changing bias, keeping charge transport unchanged. Notably, R1 and R2 of (345F).-
SiPc/LuPc; are 66 times and 2760 times higher at 1 V than R1 and R2 of Cl>-SiPc/LuPc,
respectively, which are also commensurate with the higher magnitude of current and lower Ui,
of the latter in the 1-V curve. Such a large R2 in (345F)>-SiPc/LuPc; device can be assigned to
the small number of mobile charge carriers” accumulation at the interface between (345F)2-

SiPc and LuPc; because of their work function differences.
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Figure 14. Variations of equivalent circuit resistances, R1 (a) and R2 (b), al (¢) and a2 (d),
effective capacitances Ceffl (e) and Ce2 (), as a function of bias voltage (0-10 V) for Cl»-

SiPc/LuPc; and (345F),-SiPc/LuPc; heterojunction devices.

The al value of both heterojunction devices remains more than 0.93 and increases

towards 1 as bias increase (Figure 14c). It indicates that CPE associated to bulk region is highly
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homogeneous, which is consistent with the negligible variation in the electrical properties of
the bulk with change in bias. On the contrary, a2 experienced a significant decrease from 0.95
to 0.81 in (345F),-SiPc/LuPc; and from 0.83 to 0.69 in Cl,-SiPc/LuPc; heterojunction device
(Figure 14d). It indicates that interface region is heterogeneous at higher bias in both the
devices. It is attributed to the arrival of higher concentration of mobile charges at interface, thus
extending the conducting networks by filling of the traps. The variations of effective
capacitances of the heterojunction devices with DC bias are presented in Figure 14e and 14f,
exhibiting the bulk capacitance (Cles) in the range of pF, while interfacial capacitance (C2e)
in the range of nF. This huge difference is due to the very thin interface compared to the
thickness of layers (50 nm). The calculated effective capacitance values agree with the ai values,

indicating higher capacitance as the ai values approach 1 and vice versa.
3. Ammonia sensing performance of heterojunction sensors

Both heterojunction devices were characterized under exposure to 90 ppm of NH3 for
10 min and recovery under clean air for 30 min. The current variations with time (i-t) (Figure
15) exhibits a decrease in current under exposure cycle and increase of current during the
recovery cycle. Such behaviour of the heterojunction sensors suggests their p-type nature,
taking into account electron donating tendency of ammonia. It is important to note here that
even though (345F)2-SiPc is known to exhibit n-type performance in organic thin film
transistors?®, in the present experimental conditions, particularly in air and combined with
LuPc> in a bilayer heterojunction, it exhibits a p-type behaviour. This can be attributed to the
hole injection from the LuPc> and adsorption of Oz and H2O in the ambient conditions, which
can neutralise negative charge carriers (equation 6) and act as trap for mobile electrons,

respectively®3®.
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MPc* + NH3 — MPc + NH3" (6)

Notably, the baseline of the both i-t curves evidenced slight drift, which is attributed to
incomplete desorption of the NH3 during the recovery step. Nonetheless, sensors recover more
than 90% of their signal during the desorption cycle. Interestingly, the shapes of the response
curves associated to adsorption and desorption phases present different profiles in Clo-
SiPc/LuPcz and (345F),-SiPc/LuPc, heterojunction sensors. In the former a continuous
decrease/increase in current is noticeable throughout the exposure/recovery cycles, while in the
latter a plateau in the i-t curve is evidenced in the exposure/recovery steps. Such features imply
that NH3 gas diffuses within the volume of the Cl2-SiPc/LuPc; layer, accessing adsorption sites
within the bulk. On the other hand, NH3 adsorption remains confined to the surface in (345F).-
SiPc/LuPc> layer, in which limited adsorption sites are available, consequently a sorption

equilibrium is attained rapidly in the exposure/recovery cycles.

(a) T T T T (b) 0.120
0.905
i NH,
0.900 - 0.1154 ~
< —_
E g
— 0.895 =
c € 0.1104
g g
5 5
3 0.890 - o
. 0.1054
Clean Air ‘\
0.885 - Clean Air
0.880 T T T T T T 0.100 T T T T T T
40 60 80 100 120 140 160 40 60 80 100 120 140 160
Time (min) Time (min)

Figure 15. Response of Cl>-SiPc/LuPc; (a) and (345F).-SiPc/LuPc2 (b) heterojunction sensors
under successive exposures to 90 ppm ammonia for 10 min and recovery period under clean air

for 30 min at 45% relative humidity (RH) and room temperature (20-22 °C).

To understand the difference in sorption kinetics, we studied the topography analysis

(AFM studies) on both bilayer heterojunction films. Figure 16a and 16b depicts the AFM
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micrographs of Cl,-SiPc/LuPc; and (345F)2-SiPc/LuPc; bilayer heterostructure films coated on
the glass substrates, respectively. The two heterostructures present a very contrasting surface
topography profile, as evidenced by a highly rugged and porous film of Cl,-SiPc/LuPc2, while
a compact packing of molecular crystals in (345F)2-SiPc/LuPc,. Taking into account the
common top layer in the bilayer heterostructures, it is clear that organization of the sublayer
provides a template for the subsequent growth of the top layer, thus influencing the surface
topography of the bilayer film®, The evolution of different surface topographies of Cl2-SiPc
and (345F).-SiPc can be attributed to different sublimation temperatures, solid state stacking
and evaporation sticking coefficients> ¥, which would determine their microstructural

organization in the thin film.

The distribution of surface pores of up to 50 nm in Cl>-SiPc/LuPc; film is evident in the
surface height variations profile (Figure 16c) deduced from a selected linescan in the image.
Notably, the surface depth is similar to the thickness of the either layer, indicating that sublayer
does not completely cover the substrate, leaving behind holes to be filled by LuPc. layer.
Further analysis of the total image area resulted in the mean roughness (RMS) of 15.6 nm. The
surface of (345F)2-SiPc/LuPc; film is mainly composed of closely packed elongated grains of
size ca. 160 nm, while mean roughness of the total image area is estimated as ca. 7.3 nm. The
presence of a few larger grains is also noticed as bright spots in the image, which surface height
increase up to 40 nm (Figure 16d) in the selected linescan. The different surface topographies,
as confirmed by AFM images, clearly has implication on the nature of organic-organic
interfaces formed within the heterostructures. Higher roughness, porous and rugged surface of
Cl2-SiPc/LuPc: film predicts a non-continuous interface between Cl,-SiPc and LuPc> layer. On
the contrary, relatively smooth and compact surface of (345F).-SiPc/LuPc> bilayer predicts a
continuous interface between the constituent organic layers. Such differences in the organic-

organic interface in the two heterostructures are expected to influence the electrical properties
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of the devices based on them and it also explains the difference in sorption kinetics of the

bilayer heterojunction devices.
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Figure 16. AFM images of Cl>-SiPc/LuPc, (a) and (345F)2-SiPc/LuPc, (b) bilayer
heterostructures coated on glass substrate. The surface height variation corresponding to the

linescan on both images are shown in image panel (c) and (d).

The implication of variable adsorption/desorption profiles of NHz on the two sensing
layers is evident on the response/recovery times (time taken to change 90% of the current in
respective cycle) of the two sensors, which are estimated as more than 7 min and less than 1
min for Cl>-SiPc/LuPc; and (345F),-SiPc/LuPcy, respectively. To further evaluate the NHs
sensing performances of the two sensors in a wide concentration range, they were subjected to

short exposure/recovery cycles of 1 min/4 min at different NH3z concentration in the range of
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10 to 90 ppm and 1 to 9 ppm. Figure 17 depicts the response curves of Cl>-SiPc/LuPc and
(345F),-SiPc/LuPc2 sensors, respectively, exhibiting current decrease and increase under
alternating exposure/recovery cycles. Notably, the current variations are highly reversible
during the exposure and recovery cycles and increase as a function of the increasing ammonia
concentration. Moreover, the sensors responses at a given NHsz concentration are highly
repeatable, as similar variation in current is observed in 4 consecutive exposure/recovery cycles
recorded at each concentration. It confirms high repeatability of the two sensors in an extended

range of NHz exposure.
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Figure 17: Response of Cl.-SiPc/LuPc> (a, ¢) and (345F),-SiPc/LuPcz (b, d) heterojunction
sensors under successive exposure of NHs for 1 min and recovery under clean air for 4 min in

the range of NHs concentration 1 — 90 ppm at a RH of 45% and room temperature (20 — 22 °C).
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The calibration curves of the two sensors present different profiles (Figure 18),
exhibiting a linear variation in the sensors response magnitude, with RR from ca. -0.3% to -
15.5% for Cl2SiPc/LuPcz, while an exponential decay in the response, with RR from ca. -0.4%
to -11.4% for (345F)2-SiPc/LuPc,, as NHs concentration increases from 1 to 90 ppm. The
uncertainties of the sensors are given as error bars in calibrations curves. The evolution of
different calibration curves of the two sensors are attributed to different adsorption regimes,
associated to surface topography of the sensing layers. The porous layer of Cl.SiPc/LuPc;
imparts access to larger adsorption sites to NHz molecules, as they can diffuse within its
volume. Thus there is always availability of the adsorption sites for increasing number of NH3
molecules in the range of 1 to 90 ppm. On the other hand, compact topography of (345F),-
SiPc/LuPcz provides limited number of adsorption sites, mainly on the surface and restricts the
NHz diffusion within the bulk of the sensing layer. Consequently, the surface adsorption sites,
limited in number, are saturated with increasing NHs concentration, exhibiting a Langmuir type

adsorption isotherm. The fitting parameters were given in the insets of Figure 18.
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Figure 18. The variation of RR of Cl>-SiPc/LuPc; (a) and (345F).-SiPc/LuPc> (b) as a function

of NH3 concentration.
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It is worth mentioning that both heterojunction sensors can experimentally detect NH3
at 1 ppm. Using equation (5), LOD of Cl>SiPc/LuPc. and (345F)2-SiPc/LuPc, heterojunction

sensors are estimated as ca. 400 ppb and 310 ppb, respectively.

4. Humidity effect

Humidity is a potential interferant in the real environment application of NH3 sensors,
which can experience variation in a wide range during a short period. Therefore, the behaviour
of the two heterojunction sensors was investigated in a changing RH condition was investigated.
Figure 19 depicts the current variation of the two sensors over time as RH is increased at first
from 30% to 60% and then decreased to the initial value. The i-t curves of the two sensors
revealed distinct features. For Cl.SiPc/LuPcz-based sensor, current continuously increases
during the monotonic increase of RH from 30 to 60% and remains constant during the
monotonic decrease of RH (Figure 19a). The increase of the sensor current can be attributed to
the trapping of mobile electron in the sensing layer, facilitating the hole transport in the
sublayer'®. On the contrary, the (345F),-SiPc/LuPc2-based sensor reveals a rapid increase in
current followed by a plateau like feature during step of RH increase and a similar decreasing
pattern during the monotonically decreasing cycles of RH change (Figure 19b). Different
behaviour of the two sensors towards RH can be correlated to surface topography of the
respective sensing layer, imparting different adsorption of H20. The highly porous layer of
Cl2SiPc/LuPc; results in diffusion of H.O molecules in the bulk of the heterostructure, causing
large increase in the sensor current during monotonically increasing steps of RH change.
However, H,O molecules remain trapped in the porous morphology of the film, causing sensor
current to stay constant during the decreasing cycles of RH. In the case of (345F)2-SiPc/LuPc,-
based sensor, H2O interaction remains confined to its surface because of its highly compact

topography. Consequently, water adsorption/desorption cycles have a rapid and reversible
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effect on the sensor current. Moreover, fluorination of the phenoxy groups of the (345F),-SiPc
layer repulses adsorbed water molecules more easily than CI2SiPc, preventing H2O molecules
to diffuse in the sublayer. Thus, the results suggest that the choice of axial functional groups in
SiPc play a significant role on the moisture sensitivity of the sensor. For real application of
these sensors, association of a humidity sensor in the measurement system will be necessary to
take into the account the humidity effect and interaction between NH3z and H>O molecules to

minimize the interference.
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Figure 19. Response of Cl>-SiPc/LuPc: (a) and (345F)2-SiPc/LuPc: (b) heterojunctions towards

the RH change in the range of 30% to 60% and then to 30%, at room temperature (20°C).

5. Conclusion

Here, we have demonstrated for the first time the application of silicon phthalocyanines
(Cl>-SiPc and (345F)2-SiPc) in thin film bilayer heterojunction sensors for NH3 detection. The
choice of axial groups in SiPc imparts different thin film morphologies and electronic
properties, which strongly influence the interfacial charge transport in the associated
heterojunction device and finally sensing performances towards NHsz. The bilayer

heterostructures of SiPc derivatives in combination with LuPc, revealed characteristics
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absorption bands and vibrational Raman peaks of phthalocyanines, confirming that each
macrocycle preserves its electronic identity in the heterostructures. The two heterostructures
film exhibited very distinct surface topography as revealed by the AFM imaging, such that Cl»-
SiPc/LuPc; film has highly porous and rugged surface, while (345F)2-SiPc/LuPc, possesses a
compact surface. Different topographies of the two heterostructures has a strong impact on its
electrical and charge transport properties. Accordingly, Cl2>-SiPc/LuPc, heterojunction device
exhibits a smaller Ui, and faster interfacial and bulk charge transport than (345F)2-SiPc/LuPc.
Both sensors exhibit p-type behaviour upon interaction to NHs, revealing a quasi-reversible
response in the alternate exposure/recovery steps. However, (345F),-SiPc/LuPc; reveals a short
response/recovery time (less than 1 min), while Cl>-SiPc/LuPc2 based sensor presents a long
response/recovery time (more than 7 min). Moreover, the calibration curve of the Cl»-
SiPc/LuPcz-based sensor is linear, while the one of (345F)2-SiPc/LuPc, is exponentially
decaying, in NHz concentration range of 1 to 90 ppm. The different sensing properties of the
two heterojunction sensors have been correlated to different regimes of surface adsorption and
bulk diffusion, associated to their surface topography. Both sensors are capable to detect NH3

in the sub-ppm range, making them suitable for application in real environmental conditions.
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Chapter 4

Effect of UV Light on n-Extended
Porphyrin-Phthalocyanine-Based Ammonia
Sensors

Fabrication of m-extended porphyrin-phthalocyanine-
based devices and amplifying its efficiency through UV

illumination. o
”~
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Chapter 4. Effect of UV light on w-extended porphyrin-

phthalocyanine-based ammonia sensors

1. Introduction

Porphyrins known as pigments of life offer a wide range of interaction mechanisms for
analyte binding, mainly through Van der Waals interactions, n-n interactions and coordination
to the central metal ion. The richness of their properties has been taken advantage of to develop
gas sensors, associated mainly to optical*®*-14% and acoustic!4!-1*? transducers. Due to their rather
poor conducting properties, porphyrins have been rarely used directly as sensing materials in
conductometric sensors'#3, However, they were more studied associated with carbonaceous
materials, such as carbon nanotubes!#-146, Recently, polyporphyrins were introduced in two
types of gas sensing heterostructures including double lateral heterojunctions'*’ and double
layer heterojunctions®®. In double lateral heterojunctions, polyporphyrins were electrodeposited
on interdigitated electrodes, then covered by LuPc; as a molecular semiconductor. In double
layer heterojunctions, polyporphyrins were synthesized and deposited by chemical vapour
deposition technique, in the presence of an oxidizing species, on a poor conducting
phthalocyanine material. In the former devices, electrosynthesis of zinc porphyrin — a non-
substituted porphyrin — at low positive potential, to obtain a low conjugated and poor
conducting polymer, allowing for the heterojunction effect to play a key role. In the latter case,
polyporphyrins obtained from nickel tetraphenyl and nickel tetramesityl porphyrins were highly
conjugated, leading to another type of heterojunction effect??: 148,

It is well-known that photoexcitation can affect transport phenomena by increasing the
density of free charge carriers and by decreasing the energy barrier at grain boundaries?*®. Thus,

illumination can also change trapping phenomena by changing the occupancy of defects by
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electrons and holes. In terms of gas sensing, relative response can be increased and response
time can be shortened under light. It has been reported that the response was multiplied by ca.
6% upon UV irradiation on SnO, exposed to CO (100 ppm, RT) or NO; (1 ppm, 300°C). With
In203, RR was multiplied by 16 at 100 ppm CO, while RR was quasi unchanged at 3 ppm NO2,
but with a better recovery and improved kinetics at RT. To explain these observations, the
authors hypothesized that light helps oxygen desorption, and consequently facilitating CO
adsorption. However, response can also decrease depending on light energy, even though
recovery time is shortened®, suggesting complex light effect. Improved response time by a
factor of ten was reported by Llobet et al. for pulsed UV light illuminated on WO3 nanoneedles
exposed to NO, or NH3™!. Nakamura and co-workers reported an interesting p-NiO/n-ZnO
heterojunction, for which sensing performances for aromatic volatile organic compounds
(VOCs) were highly improved under deep UV light irradiation, as a result of an electron transfer
from the photo-excited VOC adsorbates to the valence band (VB) of p-NiO™. A high
sensitivity increase was also observed with visible light on inorganic halide perovskites used to
detect Oz, and volatile small organic molecules including acetone and ethyl alcohol*®3. Di
Natale et al. reported the use of visible light effect to tune the selectivity of porphyrin coated
ZnO hybrid material towards VOCs®* 1% In this case, light induces not only a photocurrent as
in any junction-based solar cell, but also promotes the selectivity towards amines compared to
alcohols. Obviously, mechanisms involved in metal oxide-based resistors or heterojunctions
cannot be directly applied to molecular material-based sensors. Actually, only a few examples
of light effect on molecular material-based gas sensors were reported. An increase in sensitivity
towards water, ethyl alcohol and dimethyl methyl phosphonate (DMMP) was reported for

graphene field-effect transistor under UV light®e,

In this work, we used two original n- extended conjugated porphyrin complexes in

double layer heterojunction devices, in combination with LuPc; as a top layer and studied their
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response to ammonia. n-Extended porphyrins have received particular attention due to their
unique photophysical and optoelectronic properties*®’-1%8, Recently, H. Wang et. al reported the
synthesis of unsymmetric polycyclic aromatic hydrocarbon (PAH) — fused porphyrins, i.e.
pentacenequinone — fused (cross-conjugated) and pentacene — fused porphyrins (linear-
conjugated)’, which can potentially lead to original electrical properties. Despite their similar
D2nh symmetry, they display very different optical and electronic properties, due to the type of
conjugation involved. In the former, conjugation is extended on all the pentacene moiety, while
in the later the quinone carbonyl fragment interrupts the n-conjugation. Precisely, the porphyrin
complexes compiled in this chapter are pentacene-fused nickel porphyrin (AM6) and
acenaphtho[1,2-b]pentacene-9,16-dione-fused nickel porphyrins (Ace-PQ-Ni) (Scheme 10).

We also studied the effect of illumination on electrical and sensing responses.

Ace-PQ-Ni AM6

Scheme 10. Chemical structure of acenaphtho[1,2-b]pentacene-9,16-dione-fused nickel

porphyrin (Ace-PQ-Ni) and pentacene-fused nickel porphyrin (AMG6).
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2. Electrical properties of heterojunction devices in dark and

under light

Electrical properties of the Ace-PQ-Ni/LuPc, and AM6/LuPc. bilayer heterojunction

devices were investigated by performing I-V measurements in the applied bias range of -10 V

to +10 V in dark and under UV light (EvoluChem 365PF: 12.4 mW/cm?) (Figure. 20a and

20b). Both heterojunction devices exhibit symmetric and non-linear behavior in all conditions.

However, a plateau is observed only with AM6-based device.
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Figure 20. I-V characteristics of Ace-PQ-Ni- (a) and AM6- (b) based heterojunctions under

dark (red curve) and under UV light (blue curve). Nyquist plots of Ace-PQ-Ni- (c) and AM6-
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(d) based heterojunctions recorded at variable DC voltage in the range of 0-10 V. The inset of

Figure (c) indicates the equivalent circuit selected for fitting Nyquist plots.

The apparent energy barrier was calculated for different conditions. The calculated Ui
for Ace-PQ-Ni/LuPc, and AM6/LuPc; in dark was 4.5 V and 6.6 V, respectively. Under light,
current increases, as expected for most of the semiconductor-based devices. Thus, current at
+10 V was multiplied by 1.13 times for Ace-PQ-Ni/LuPc; and by 1.73 times for AM6/LuPc>
under UV light, with Uy, values slightly lower at 4.0 V and 6.3 V, respectively. Whatever the
conditions, the energy barrier of AM6/LuPc. heterojunction is much higher compared to this

of Ace-PQ-Ni/LuPc; heterojunction.

To further understand the different electrical behaviours of the two heterojunction
devices, in depth charge transport studies were performed by impedance spectroscopy in a wide
frequency range, from 10 Hz to 10 MHz, at different DC bias. The Nyquist plots of both Ace-
PQ-Ni/LuPc2 and AMG6/LuPc> heterojunction devices presented two depressed semicircles
(Figure 20c and 20d). To quantitatively determine different charge transport parameters, the
experimental Nyquist plots were fitted with constant phase element (CPE) based circuits®.
Through fitting the data using equation (2) and Brug's relationship® equation (3), we obtain
parameters such as R1, al, and Clefr for bulk charge transport characterization, and R2, a2,
and C2e for interfacial charge transport characterization. R1 value is about ten times lower for
AM6-based device than for Ace-PQ-Ni-based device, but R2 is ca. ten times higher, at 2.2 MW
at low bias, which confirms the lower current at low bias. However, R2 diminishes with bias

increase, down to a value comparable for both devices (Figure 21a and 21b).
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Figure 21. Variations of equivalent circuit resistances, R1 (a) and R2 (b), a1 (¢) and a 2 (d),
effective capacitances Cerfl (e) and Cefi2 (f), as a function of bias (0-10 V) for Ace-PQ-

Ni/LuPc. and AM6/LuPc; heterojunction devices.
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This explains why at +10 V, current value was higher for AM6-based device compared
to Ace-PQ-Ni-based device. For al and a2, values are different for both devices, but remain in
the same range, namely 0.9 — 1.0, so near 1, which confirms the existence of high capacity at
the interfaces for both devices and explains the non-linearity of I-V characteristics (Figure 21c
and 21d). This is also confirmed by the effective capacitances, in the nF range for C2¢+ and in
the pF range for Cler, with values for AM6-based device about twice these of Ace-PQ-Ni-

based device (Figure 21e and 21f).

3. Ammonia sensing properties

Ammonia sensing properties of the heterojunction devices were investigated under 90
ppm of NHs for 10 min/30 min exposure/recovery cycles. The current variation with time
depicted in Figure 22 exhibits a decrease in current under NH3 exposure, while an increase of

current was observed during the recovery period, which depicts the heterojunction’s p-type

nature.
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Figure 22. Response curve of Ace-PQ-Ni /LuPc, (a) and AMG6/LuPc, (b) heterojunction
sensors, under successive exposures to 90 ppm ammonia for 10 minutes and recovery under

clean air for 30 minutes at 45% relative humidity (RH) and room temperature (18 — 21°C).
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Notably, Ace-PQ-Ni/LuPc, heterojunction response curve demonstrated very stable
baseline with almost complete recovery of the signal during desorption period. On the other
hand, AM6/LuPc> shows slight drift in response curve, which mainly attributed to incomplete
desorption of the NHs during recovery period. Anyhow, it is worthy to notice that the sensor
recovers more than 85% of its signal during desorption period. A continuous decrease/increase
of current was observed throughout exposure/recover cycles for AM6/LuPc, heterojunction
sensor, while in Ace-PQ-Ni/LuPc; heterojunction sensor, a plateau in the response curve was
observed during exposure/recovery period. This sorption behaviour of NHz in Ace-PQ-
Ni/LuPc: heterojunction sensor shows that the sorption equilibrium was attained rapidly during

exposure/recovery cycles.

Interestingly, different Kkinetics in response curves of both heterojunction sensors
associated with adsorption and desorption rates was evident in response/recovery times. The
time taken for both heterojunction sensors to change 90% (tgo) of its current during exposure
period was approximately estimated as 40 s for Ace-PQ-Ni/LuPc, device and 80 s for
AMBG/LuPc; device. The quick response of both heterojunction sensors towards NH3 gas were
ascribed to the organic heterojunction effect in heterojunction sensors, in which interfacial
accumulation of mobile charges facilitates the faster exchange of charges between NH3 and the

sensing layer®” 147,

To further evaluate the NH3z sensing properties, both bilayer heterojunction sensors
were subjected to short exposure/recovery cycles of 1 min/4 min, under variable NHs
concentration from 1 to 90 ppm (Figure 23a-d). As quantitative measurement, RR of the two
sensors was calculated using equation (4). The RR variation as a function of NHs
concentration of Ace-PQ-Ni/LuPc2 and AMG6/LuPc; heterojunction sensors were displayed as
calibration curves in Figure 23e and 23f, respectively. The uncertainties of the sensors were

included as error bar in calibration curves.
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Figure 23. Response of Ace-PQ-Ni /LuPc; (a and ¢) and AM6/LuPc: (b and d) heterojunction

sensors under NHz gas for 1 min and recovery under clean air for 4 min in the range of NH3

concentration from 1 to 90 ppm at 45% of RH and room temperature (18-21 °C). The variation

of relative response (calibration curve) of Ace-PQ-Ni /LuPc; (¢) and AM6/LuPc; (f) as a

function of NH3 concentration.
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RR value of AM6/LuPc, based sensor is up to 4 times higher than Ace-PQ-Ni/LuPc;
sensor as evident from the calibration curve. Notably, the calibration curves are not linear and
fit accurately with Langmuir’s equation. The fitting parameters were given in the inserts of
Figure 23e and 23f. Therefore, the interaction of NHz gas molecules on sensor’s surface obeys
Langmuir type adsorption. It is worth mentioning that Ace-PQ-Ni/LuPcz- and AMG6/LuPc;-
based heterojunction sensors can detect NH3 gas experimentally even at 1 ppm with very low
noise. Sensitivity of Ace-PQ-Ni/LuPc; heterojunction sensor was determined as S = -0.059%
ppm*tat 10 ppm and for AM6/LuPc; heterojunction sensor, S = -0.21% ppm™at 10 ppm. Limit
of detection was calculated by using equation (5). Such sensitivity of the sensor led us to obtain
a LOD of =156 ppb and 115 ppb for Ace-PQ-Ni/LuPc2and AMe/LuPc; heterojunction sensors,

respectively.

4. Effect of UV light exposure in ammonia sensing

Taking into account the light effect on the electrical properties of heterojunction
devices, we also carried out sensing experiments under UV light (365 nm). As expected for
semiconductor-based devices, current increases under light. Surprisingly, both heterojunction
sensors show different sensing responses towards NHz gas under UV light. Ace-PQ-Ni-based
heterojunction sensor shows only a weak response to NHz under UV light (Figure 24a). In
addition, we observed a continuous increase in current due to the heating effect of UV light,
temperature increasing up to 55 °C, current was finally multiplied by a factor of 2 at the end of
light exposure. At this stage, we cannot distinguish between thermal and pure optical effects.
On the other hand, with AM6-based heterojunction sensor we observed a greater response to
NHzs, with relative response multiplied by more than 3 at 90 ppm compared to dark, from -

10.0% in the dark to -34.33% under light exposure (Figure 24b, Table 1).
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Figure 24. Response of Ace-PQ-Ni /LuPc; (a) and AM6/LuPc. (b) heterojunction sensors
under NHs concentration of 90 ppm for 1 min/4min exposure/recovery under light exposure
(365 nm) at 45% of RH. In (b), current variation was added during the same exposure/recovery
cycles, but under a thermal cycle (red line), showing the programmed temperature cycle (dotted
line). Blue shaded indicating illumination cycles.

This results from a huge increase of Al, multiplied by more than 13, while current
baseline increased by only 3.9. This stronger current increase due to light effect has to be
correlated with the higher energy barrier. Under light, the temperature of both samples
increased up to 55 °C, while light effect is smaller in sensing response with Ace-PQ-Ni
compared to AM6. We have to keep in mind that 365 nm corresponds to a minimum of
absorption for both porphyrins. Actually, LuPc: is the material that absorbs the most at this
wavelength through its Soret band. These results confirm that the difference between the two
devices is mainly due to the interface between the two layers in each sensor. Actually, upon
constant UV illumination, we can distinguish between a short time effect, which is optical in
nature, and a slow kinetics effect, which can be attributed to the heating of the device. This
thermal effect is visible with Ace-PQ-Ni, but is masked with AMG6, due to the high response to
NHzs. In addition, as soon as light is turned off, a sharp decrease is observed, followed by a

slow decrease (temperature decrease).
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To differentiate the light and temperature effects, we studied the AM6/LuPc> sensor
under the same concentration of NHz gas by increasing the temperature from 20 °C to 55 °C in
the dark. The baseline current was multiplied by 3, but Al remains almost the same from 20 °C
to 55 °C, leading to a weaker RR. Even though the temperature change shows strong effect, it
still has nothing to do with increasing in RR under light. It is evident that the unique increase
in RR is truly because of the illumination. Sensitivity of AM6-based heterojunction sensor at
90 ppm NH3 was increased from -0.21% ppm in the dark to -0.56% ppm™ under light exposure

(Table 1).

To evaluate further, the AM6/LuPc. sensor was investigated under a wide range of NH3
concentration from 10 ppm to 90 ppm under exposure to UV light. Nine cycles were recorded
at each given concentration where the light was turned on after third cycle and turned off after
sixth cycle, at each concentration, using a homemade software with Arduino UNO board. At
all tested NH3 concentrations, current increase and decrease under light were reversible, while
the sensor response was correlated with the NHz concentration (Figure 25). Under light, the
LOD became better than 100 ppb (calc. 83 ppb, Table 1). This value is the best we ever

obtained with heterojunction devices.

Such response enhancement under light has been already reported, but only with
inorganic conductometric gas sensors'®. Two phenomena can occur in the present molecular
material-based sensors. At First, light can facilitate dioxygen desorption, increasing the number
of available adsorption sites for ammonia molecules. Second, by adsorption/desorption

processes are generally faster under illumination.
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Table 1. Comparison of lo, Al and RR of Ace-PQ-Ni- and AM6-based heterojunction sensors

in the dark and under light, as determined at 90 ppm NHz and LOD.

Ratio
Dark UV light
] UV light/Dark
Device
lo Al RR LOD lo Al RR LOD lo Al RR
HA) | (MA) % (ppb) | (MA) | (A) % (ppb) | (MA) | (MA) | %
Ace-PQ-Ni/
462 | -0.27 | -5.95 156
LuPc,
AMG6/ LuPc; | 051 | -0.05 | -10.0 115 2.01 |-0.69 | -34.3 83 3.94 | 1353 | 3.40

The difference between the two studied heterojunctions can only come from the nature
of the sub-layer. As shown in Figure 20, AM6/LuPc: exhibits a higher energy barrier than
Ace-PQ-Ni/LuPc, and a stronger light effect. As a result, in sensing experiments, we also
observed a higher current increase from dark to light. Current was multiplied by a factor of 4
with AM6 and only 2 with Ace-PQ-Ni. It means that, under light, a higher density of mobile

charges is accumulated in the channel, resulting in a higher sensitivity*’.

5. Humidity effect

Both heterojunction devices were also investigated in a broad range of humidity,
varying monotonically from 30% to 60%, then decreased to initial value for 10 min at each RH
step. Figure 26 depicts the current variation of the two sensors at given RH over time.

Ace-PQ-Ni/LuPcz-based sensor shows increase in current during monotonically
increase in RH step and decrease during monotonically decrease in RH with good reversibility.
On the other hand, AM6/LuPc»-based sensor reveals a continuous increase in current during

steps of RH and exhibits partial recovery during RH decrease, which is attributed to incomplete
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desorption of the H.O molecules during the recovery step, which may get trapped during
monotonically increase in RH. Overall, current changes by +27% for AM6/LuPc, and only
+12% for Ace-PQ-Ni/LuPc2, when RH varies from 30% to 60%, but with a quasi-stabilization
of the current after 10 min, compared to -10% for the RR to 90 ppm NHs in the dark and -34%

under UV light for AM6/LuPc;.
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Figure 26. Response of Ace-PQ-Ni/LuPc; (a) and AM6/LuPc: (b) heterojunctions towards the
RH change in the range of 30% to 60%, at room temperature (21°C).

This difference could be due to morphological differences between the heterojunctions
as already demonstrated with silicon phthalocyanine-based gas sensors®®. However, the good
point is that the humidity effect is reversible, which is rarely the case, in particular when
working at room temperature. So, the combination of this sensors with a humidity sensor could

be used to get a corrected value of NH3 concentration.

6. Conclusion

Cross-conjugated (Ace-PQ-Ni) and linear-conjugated (AMG6) p-extended porphyrins
have been introduced to construct double layer heterojunction devices. Ace-PQ-Ni and AM6
combined with LuPc; as an intrinsic semiconductor led to devices with rather high energy
barriers, 4.5 and 6.5 V, respectively, as estimated from I-V characteristics. These values

explain the high sensitivity towards NHs and the response stability compared to classical
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resistors, with LOD of 156 and 115 ppb for Ace-PQ-Ni- and AM6-based sensors, respectively.
In addition, although both with a current increase, the two porphyrin-based sensors show
opposite sensing behaviours towards NHs under light illumination. Thus, for Ace-PQ-Ni/LuPc:
device, the current variation under NHs largely decreased upon light illumination. In sharp
contrast, the current variation remarkably increased by multiplication factor of 13 for
AMG6/LuPc, sensor under UV light illumination. This unusual behaviour observed for
AMG6/LuPc; sensor can be attributed to the linear conjugation in the p-extended macrocycle of
AMBG. In comparison, Ace-PQ-Ni is a cross-conjugated p-extended porphyrin. This work paves
the way to further studies of p-extended porphyrins in organic electronics devices and gas

SENSOrs.
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Chapter 5

Octafluoro-Metallophthalocyanine-Based
Heterojunctions as Ambipolar Devices

Study of octafluoro-metallophthalocyanine-
based ambipolar devices and discovery of
new type of external trigger: Delving into

the reason behind.
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Chapter 5. Octafluoro-metallophthalocyanine-based

heterojunctions as ambipolar devices

1. Introduction

Optimising the frontier orbitals of a molecular semiconductor, HOMO and LUMO,
relatively to the Fermi energy level of electrodes, can significantly influence the polarity of the
molecular material and also facilitate ambipolar charge transport®® 61, Ambipolarity, as
discussed earlier, refers to a physical balance where both electron (e”) and hole (h*) densities
contribute equally to electrical conduction, achieving a stable state among infinite unbalanced
positions. Although theoretically realizable in intrinsic semiconductors, practical challenges
such as trapping effects and environmental interactions often hinder this equilibrium. Achieving
ambipolar charge transport necessitates tuning the concentrations of e~ and h* near equilibrium
to a sufficiently high level'® ®. Ambipolar materials have shown promising potential in CMOS-
like inverters, where both n-type and p-type transistors can be replaced by a single ambipolar
transistor'®2, This type of ambipolar device can effectively reduce the size of electronic systems,
simplifying circuit designs, minimizing power dissipation, and enhances switching
efficiency!63164,

In previous work by M. Bouvet et al., ambipolar charge transport was demonstrated in
various chlorinated and fluorinated metallophthalocyanine-based sensors. Notably, CuFgPc and
ZnClgPc-based sensors exhibited polarity switching using visible light (low power red LEDSs)
and humidity variation as external triggers'® ®’. Specifically, CuFsPc exhibits p-type behaviour
in the dark and n-type under red LED illumination. The nature of majority charge carriers
underwent inversion upon exposure to light, attributed to the desorption of oxygen, which

serves as a trap for mobile negative charge carriers'®. Also humidity variation has huge effect
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on the device polarity®*. A small external trigger has the capability to reverse the nature of
majority charge carrier density in a molecular semiconductor heterojunction device, thanks to

the initial near-equilibrium position between charge carrier densities in the sensing layers.

In current scenario, we aimed to understand the effect of central metal atom in to the
octafluoro-phthalocyanine macrocycle (Scheme 11). This chapter has been divided into two
main sections. In the first section, we introduced a new type of ambipolar heterojunction sensor

that exhibits different polarities under different gas species.

F M=2Zn: ZnFgPc
M = Co: CoFgPc
M = VO: VOFgPc
M = Cu: CuFgPc

Scheme 11. Chemical structure of octafluoro-metallophthalocyanines: ZnFgPc, CoFgPc and

VOFsPc.

Octafluoro-phthalocyanine complexes were synthesized with zinc (Zn) (Scheme 12a
and 12d) and cobalt (Co) as metal centres (Scheme 12b and 12¢) and engaged with LuPc; in
organic-organic heterojunction devices. We investigated the sensing properties of the resulting
devices towards NHs, NO2 and Oz under different conditions. In the second section, with our
previous experience in investigation of ambipolar devices, we delved into the ambipolar charge
transport regime in bilayer heterojunction-based device to understand the effect of ambipolarity

through external triggers and gas species. For this purpose, we used vanadyl (VO) as a metal
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centre in octafluoro-phthalocyanine complex as a sublayer in bilayer heterojunction device
covered by LuPcy as top layer and exposed to various types of gasses under different
environmental conditions. The originality of VOFgPc is the presence of the oxygen atom that
leads to a dipole moment, which induces a different crystal structure (Scheme 12c¢).

(a) ZnFgPc (b) CoFgPc (c) VOFgPc

ZnFgPc (e) CoFgPc (f) VOFgPc

I

Scheme 12. Molecular packing diagram of ZnFgPc, CoFsPc, and VOFgPc showing their
arrangement inside individual stacks (a-c). Orientation of MFgPc molecules in the thin films

relative to the surface of the glass substrate (d-f) (adapted from ref 8).

2. ZnFgPc- and CoFsPc-based ambipolar gas sensor —
Another way to detect polluting gases
In this first section, we discussed about the electrical and sensing properties of ZnFgPc
and CoFgPc-based bilayer heterojunction sensors under different gas species and experimental

conditions. The main concept is to understand the effect of different metal center in octafluoro-

phthalocyanine complexes and to achieve ambipolar charge transport within the device.
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2.1. Electrical properties of heterojunction devices

To investigate the electrical properties, I-V measurements were performed on both
devices at applied bias in the range from -10 to +10 V. As expected for bilayer organic
heterojunction devices, ZnFgPc/LuPc, and CoFsPc/LuPc, devices exhibit symmetric and non-

linear I-V curves (Figure 27).
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Figure 27. 1-V characteristics of ZnFsPc/LuPc2 (a) and CoFgPc/LuPc: (b) based heterojunction

devices.

Interestingly, both heterojunction devices exhibit different electrical properties
depending on central metal. Moreover, the non-linearity in 1-V curve of both heterojunction
devices is quantified by the threshold voltage Ui, that gives an estimation of the energy barrier.
U is 3.58 V and 1.96 V, for ZnFsPc/LuPc. and CoFsPc/LuPc,, respectively, as estimated by
drawing the tangent at high voltage on the I-V curves and extrapolating it to the X-axis. At +10
V, current values of ZnFgPc/LuPc. and CoFgPc/LuPc, devices are ca. +9 A and ca. +90 PA,
respectively, as a result of the higher energy barrier in ZnFgPc/LuPc, compared to

CoFgPc/LuPc; device.
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To get in depth information about the effect of heterojunction in bilayer devices, charge
transport studies were performed by impedance spectroscopy on both octafluoro-
phthalocyanine-based devices, at given amplitude of 0.2 VV AC signal, with a wide range of
frequency, from 10 Hz to 10 MHz, superimposed by different DC bias (0 to 10 V). The Nyquist
plots that show the imaginary part of the impedance as a function of the real part exhibit
different behaviours that depends on the type of metal centre in octafluoro-phthalocyanine
macrocycle. Initially, both devices exhibit two depressed semicircles, which is expected for

bilayer heterojunction devices (Figure 28).
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Figure 28. Nyquist plots of ZnFgPc (a) and CoFgPc (b) based heterojunctions measured at fixed
AC (0.2 V) superimposed by variable DC voltage in the range of 0-10 V. The insets show the

zooms at low resistance. The equivalent circuit selected for fitting Nyquist plots is added in (b).

The solely AC signal (0.2 V) is very small for both heterojunction devices compared to
their apparent energy barrier. Hence the semicircle in LF region of the Nyquist plots of both
devices appears larger, indicating the minimal charge injection. However, with the introduction
of increasing DC voltage superimposed to the AC signal, there is a decrease in the LF semicircle
due to the increasing charge density at the organic-organic interface channel. Interestingly, even

at DC +10 V, ZnFgPc/LuPc, device exhibits two distinct semicircles, which confirms the
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existence of the energy barrier even at higher bias due to the difference in work function of the
materials. On the contrary, LF semicircle that belongs to CoFsPc/LuPc; device is almost merged
with its HF semicircle at +5 V and completely collapsed at +10 V. To quantitatively determine

different charge transport parameters, the experimental Nyquist plots were fitted with constant

108 106

phase element (CPE)-based circuits

).

using equation (2) and Brug's relationship~® equation

The variation in bulk charge transport (R1, a1, and Cetf1) and interfacial charge transport
(R2, 02, and Cefr2) with DC bias are depicted in Figure 29. Similar to our previous studies, the
bulk resistance (R1) demonstrates minimal dependency on applied bias, whereas the interfacial
resistance (R2) exhibits an exponential decline as the DC bias increases. This indicates that the
interfacial charge transport mobility increases as the DC bias increases, while bulk charge
transport remains relatively stable. R1 and R2 values of Zn-based heterojunction device is ca.
1.5 and 6.5 times higher than Co-based heterojunction device at lower DC bias. The al values
of both devices remain close to 1 and show slight increases with increasing DC bias, suggesting
highly homogeneous bulk charge transport in both devices. In contrast, 02 experience relatively
large variations with increasing bias, indicating heterogeneity of the interface visible when a
higher density of charges arrives at the interface at higher bias. The calculated effective
capacitance values agree with the ai values, indicating higher capacitance as the ai values
approach 1. Additionally, the Cefr2 values were higher in magnitude compared to Cefl values,
by a factor higher than 100, indicating that the thickness of interface is much smaller than that

of bulk, which is typical for organic heterojunction devices.
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Figure 29. Variations of equivalent circuit resistances, R1 (a) and R2 (b), al (c¢) and a2 (d),
effective capacitances Cesfl () and Ces2 (), as a function of bias voltage (0-10 V) for

ZnFg/LuPc. and CoFg/LuPc> heterojunction devices.
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At lower bias levels, the Cesfl value of Zn-based heterojunction device is ca. 1.5 times
lower than that of the Co-based device. However, the Ces2 is ca. ten times higher for Zn-based
device, and this difference exponentially decreases with increasing bias until it becomes almost
equal at higher bias levels. This can be attributed to the overcoming of the energy barrier at
higher bias levels. These measurements further confirmed the distinct electrical properties

between devices, which arise from difference in metal centre.

2.2. Gas sensing characteristics of heterojunction sensors

Sensing properties of as-prepared samples were investigated under different gases at
different exposure/recovery time periods. Initially the gas sensing responses towards NH3, NO>
and Oz of octafluoro-phthalocyanine-based heterojunction sensors were investigated under long
dynamic exposure/recovery (10/30 min) time periods, at high gas concentration of 90 ppm, 900
ppb and 300 ppb, respectively, at room temperature. Except for ozone sensing experiments, we
used dynamic exposure followed by static recovery. For Os, since molecules are highly
unstable, they can be easily destroyed by interacting with solid surface and recovery occurs by

simply stopping gas flow .

Under exposure to NH3, ZnFgPc/LuPcz-based heterojunction sensor exhibits negative
response (current decrease) upon NHs exposure, while increase in current was observed during
recovery period, which depicts the heterojunction’s p-type nature by considering ammonia as
an electron donating species (Figure 30a). On the other hand, the device with Co as a central
metal exhibits positive response towards NHs (current increase), which reveals its n-type nature
(Figure 30b). Equation (6) and (7) explains current decrease for p-type and current increase

for n-type materials, respectively.

MPc, + NH3 — MPc; + NHs* (7)
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The sensors made up of similar macrocycle organic complexes exhibit opposite sensing
behaviour because of the influence of the metal centre on the electrical properties of

phthalocyanine complexes.
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Figure 30. Response curve of ZnFgPc/LuPc; (a) and CoFsPc/LuPc: (b) heterojunction sensors,
under successive exposures to 90 ppm NHz for 10 min and recovery under clean air for 30 min

at 45% RH and room temperature (18 — 19 "C).

Beyond the shadow of a doubt, changing the metal centre will create a slight shift in the
frontier molecular orbitals of MFsPc macrocycle, which greatly influences the nature of
majority charge carrier density in the devices. Zinc is typically found in +2 oxidation state in
coordination complexes, which has lowest electronegativity compared to Cu?* and Co?*. When
Zn(11) coordinates with a ligand, it stabilises less the electron density in the macrocycle, which
leads to the shift in HOMO to higher level. Hence it makes easier to inject an electron from
HOMO to Fermi level of the electrode, exhibiting p-type behaviour. On the other hand, cobalt
can typically exist in various oxidation states, most commonly in 2+ or 3+ states. Compared to
ZnFgPc, frontier molecular orbitals are more stabilized in CoFgPc, which allows more easily to
inject an electron from Fermi level of electrodes into the LUMO. Hence, it exhibits n-type

behaviour under NH3 exposure. At the same time, it is important to note that LuPc: is the only
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common layer in both sensors that can interact with gas molecules. Thus, the electron transfer
takes place between gas molecules and LuPc», which leads to a change in charge carrier density
in the top layer. Moreover, LuPc, complex, due to its high conductivity, related to its radical
nature, with a huge density of electrons and holes near equilibrium compared to many other
MPcs. Hence, LuPc, can be oxidised and reduced quite easily depending on target gas. The

unique properties of LuPc; give free access to sublayer to decide the polarity of the device °.

When ZnFsPc/LuPc, heterojunction sensor is exposed to oxidation gases like NO2 (900
ppb) and Oz (300 ppb), which are strong oxidation gases, it shows current increase, displaying
its stable p-type nature (Figure 3la and 31b). Most surprisingly, when CoFgPc/LuPc;
heterojunction sensor is exposed to oxidation gases, the device immediately changed its polarity
from n- to p-type, thus exhibiting current increase under oxidizing species (Figure 31c and
31d). Under both oxidizing and reducing gases, Zn complex-based sensor exhibits p-type
nature, but Co complex-based sensor exhibits n-type behaviour under electron-donating gas and
p-type behaviour under oxidizing gas. This change in polarity depends on the nature of the
target gases, exhibiting another type of the ambipolar behaviour, compared to the light effect
above mentioned for CuFsPc/LuPc, heterojunction. Moreover, the baseline current of both
sensors is highly stable under all three gases, except for CoFgPc/LuPc2 under NO2 exposure,
that shows a slight shift in baseline cycle after cycle. Anyhow, it is worthy to mention that the

sensor recovered more than 95% of its signal during desorption period.

Under electron donating species, electrons become majority charge carriers; therefore
the heterojunction sensor behaves as n-type. However, under hole donating (oxidizing) species,
holes become majority charge carriers, leading to a p-type behaviour. Globally, whether it is an
electron donating or withdrawing gas, CoFsPc/LuPc; based sensor shows current increase under

exposure in the atmospheric conditions of the experiment. The quasi-equilibrium state between
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positive and negative charge carriers allows for a free access to polarity change depending on
external trigger that is herein the target gas®. This unique property is made possible because
both charge carrier densities are almost equal. Very few molecular material-based gas sensors

were reported in literature, with this behaviour under different gas species (chapter 1)%°.
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Figure 31. Response curve of ZnFsPc/LuPc, (a and b) and CoFsPc/LuPc2 (¢ and d)
heterojunction sensors under successive exposures to 900 ppb of NO2 (a and c¢) and 300 ppb of
O3 (c and d) for 10 min followed by dynamic recovery (under clean air) and static recovery
(without any flow) for 30 min for NO. and Og, respectively, at 45% RH and room temperature

(18-19°C).

The gas sensing properties of both sensors were further studied by testing them under a

wide range of gas concentration, from 90 ppm to 1 ppm, 900 to 100 ppb and 100 to 20 ppb of
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NHs, NO2 and Os, respectively (Figure 32). Both sensors exhibit clear and observable response

experimentally, even at low concentration of target gases, with very low noise.
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Figure 32. Response curve of ZnFgPc/LuPc: (a, ¢, e and f) and CoFsPc/LuPc: (b, d, g and h)
heterojunction sensors under 90 to 1 ppm of NHs, 900 to 100 ppb of NO2 and 100 to 20 ppb of
Os, respectively, under dynamic exposure/recovery for NHsz and NO2 and dynamic

exposure/static recovery for Os, at 45% RH and room temperature (18 — 19 “C).

126



The response curves of the sensors under both oxidizing and reducing gases were highly
reversible and repeatable. Similar variations in current are observed in four consecutive
exposure/recovery cycles recorded at each concentration. As quantitative measurement, relative
response (RR) of both sensors was calculated using equation (4). The RR variation as a
function of gas concentration of ZnFsPc/LuPc2 and CoFgPc/LuPc, heterojunction sensors was
displayed as calibration curves in Figure 33. The uncertainties of the sensors were included as
error bars in calibration curves. It is mesmerising to note the stability and reproducibility of

both sensors, particularly the bistability of the CoFsPc-based sensor in an extended range of gas
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Figure 33. The variation of relative response (calibration curve) of ZnFgPc/LuPc, (a—c) and
CoFgPc/LuPc, (d-f) heterojunction sensors, as a function of gas concentration, for NHz, NO>

and Oas.

Notably, the calibration curves show different profiles depending on the target gases.
Under NHs and NOg, they are not linear and fit accurately with the Langmuir’s equation.

Therefore, the interaction of NH3z and NO; gas molecules on sensor’s surface obeys Langmuir
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type adsorption, in which the number of adsorption sites is limited. At high concentrations, NH3
or NO2 gas molecules almost occupied all the available adsorption sites leading to saturation in
the sensor signal. However, the calibration curves of both devices towards Oz show curves that
are fitted precisely with linear equation. It is well known that ozone is highly unstable molecule,
which can be easily destroyed at the moment it interacts with any surface. It gets destroyed into
diatomic and nascent oxygen at the moment it touches the sensing material %, Unlike other
gases, with ozone there is no such phenomenon called adsorption and diffusion. So, ozone
reacts only with the surface of the top layer, and enough sites are available on the surface of the
sensors for O3 to react, so the RR linearly increases as a function of gas concentration in the
studied range. Using the equation (5), we estimated LOD for both the heterojunction sensors.
The sensitivity of the ZnFsPc/LuPc,-based sensor was determined as S= -0.655% ppm™?, S=
0.032% ppb?, and S= 0.0767% ppb™* for NHs, NO2, and Os, respectively. In the case of the
CoFgPc/LuPc2-based sensor, distinct sensitivities were determined for NHs, NO, and Oz as S=
0.347% ppm*, S=0.009% ppb, and S=0.0176% ppb, respectively. These sensitivity values
contributed to achieving a LOD of =330 ppb, 4.9 ppb, and 0.75 ppb for ZnFsPc/LuPc,, and
~200 ppb, 23 ppb, and 10 ppb for the CoFgPc/LuPc, under exposure to NHs3, NO2, and Og,
respectively (Table 2). Both sensors displayed a LOD below daily exposure limit established
by European parliament and World Health Organisation (WHO) for NH3 (25 ppm), NO2 (20

ppm) and O3 (60 ppb) as long term exposure (8 h)1% 166,
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Table 2. Comparison of sensitivity and LOD of ZnFgPc/LuPc; and CoFgPc/LuPc;

heterojunction devices under different target gases.

NH; NO, O3

Device S (% LOD |Range | S(% | LOD | Range | S(% | LOD | Range

ppb™) | (ppb) | (Ppm) | ppb™) | (ppb) | (ppm) | ppb™) | (pPb) | (PPM)

100- 20-
ZnFgPc/LuPc, | -0.655 | 330 1-3 | 0.032 | 4.9 0.076 | 0.75

300 100

100- 20-
CoFgPc/LuPcz | 0.347 | 200 1-3 | 0.009 23 0.017 | 10

300 100

2.3. Humidity effect on electrical and sensing properties

Humidity poses a potential interference, which can highly influence the sensing and
electrical properties of the devices®?. Initially, both heterojunction sensors were investigated
under changing relative humidity conditions. Figure 34 depicts the current measurement of
both sensors over time as RH increases from 30% to 60% and monotonically decreases from

60% to 30%.

Both sensors exhibit very low and highly reversible negative response to humidity
change, with RR values of ca. -1.6% and —1.0% for ZnFgPc-and CoFsPc-based heterojunction
sensors, respectively. Fluorinated compounds are well known for their hydrophobicity, which
explains why the sensor shows reversible and very low sensitivity towards humidity change.
Even though the fluorinated layers are covered by LuPcg, it prevents water molecules to attain

the interface, which is the main path for charge carriers.
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Figure 34. Response curve of ZnFsPc/LuPc, (a) and CoFgPc/LuPc2 (b) heterojunction sensors

towards RH change in the range of 30% to 60%, at room temperature (18 — 19°C).

It is worth mentioning that in one case (ZnFgPc-based sensor) the nature of the effect of
humidity is the same as this of NHz (current decrease), but for the other (CoFsPc-based sensor)
it is the oppositive, current increases under NHsz and decreases when RH is increases. So, the
main effect of humidity is not its electron donating effect, but rather its capability to trap the
charge carriers. However, when it comes to NHz or NO2 gas sensing applications in humid
environment, we have to concern about the acid-base reaction between toxic gases and
humidity. Therefore, investigating the response of sensors towards the target gases at different

RH levels is essential.

In reality the adsorption of water molecules on the solid surface is a complex
phenomenon. Indeed it is true that there is always an equilibrium between adsorbed water
molecules and water molecules in environment, but the diffusion effect may differ over time.
Moreover, in real environment, humidity value has huge fluctuation from morning to evening,
summer to winter and sometimes even more during rainy days. Hence, the as-prepared samples
and the samples that have been exposed to humidity for several times may differ in their sensing

properties. Thus, prior to gas sensing investigation at different RH values, we exposed the
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sensors several times from low (30%) to high (60%) RH values and back to low humidity
(repeating the same humidity experiment). However, to keep the samples at ambient condition

we always ended the experiments at 30% RH.

In order to study the sensors in real indoor environmental conditions, we strategically
varied humidity levels from 60% to 30%. The gas sensing experiments were initiated at a RH
of 60%, progressing monotonically in 10% decrements till ambient value (30%). At each
humidity value, different gas concentrations (90, 60, 30 ppm of NH3 and 900, 600, 300 ppb of
NO.) were studied (Figure 35). Thanks to their limited sensitivity to humidity variations, both
sensors maintained a stable baseline current throughout all the experiments. However, both

sensors exhibit different features in sensing properties compared to their as-prepared state.
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Figure 35. Response curve of ZnFsPc/LuPc, (a and b) and CoFsPc/LuPc; (c and d)

heterojunction sensors under exposure of 90, 60, 30 ppm of NH3z (a and ¢) and 900, 600, 300
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ppb of NO2 (b and d) in humid air, in the range of 60 to 30% RH, during 1 min exposure

followed by 4 min recovery, at room temperature (18 — 19 °C)

Under NHs, the CoFgPc/LuPc; heterojunction sensor exhibits slight increase in RR from
ca. 22% to 23% from 30% to 40% RH change, respectively, at 90 ppm of NHs, and became
stable from 40% to 60% RH values (ca. 23%) (Figure 36c¢). However, it is multiplied by a
factor of 2 when compared to its previous conditions (as-prepared samples) at 45% RH.
Meanwhile, the absolute RR value of ZnFgPc/LuPc2-based sensor increases from ca. 10% to
13% at 90 ppm with increasing humidity from 30% to 60% (Figure 36a), which almost agrees

with RR values of it’s as-prepared sample at 45% RH.
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Figure 36. The variation of relative response towards NHsz and NO- of ZnFsPc/LuPc: (a and b)

and CoFgPc/LuPc; (c and d) heterojunction sensors as a function of gas concentration.
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On the other hand, under oxidizing gas (NOz), ZnFsPc- and CoFsPc-based sensors show
an increasing in RR from ca. 14% to 38% and from ca. 5% to 20% (at 900 ppb) with increasing
humidity from 30% to 60%, respectively (Figure 36b and 36d). Most interestingly, these values

were coexisting with the RR values of as-prepared samples at 45% RH.

Here two main concepts are involved. At first, even though the investigation of target
gases were conducted on as-prepared samples at fixed RH value (45%) for long windows, the
sensors properties can still experience a transition over time due to the specific interaction with
fluctuating humidity, especially when it comes to ammonia sensing, due to its high solubility
in water (654 L/L). This can explain why both sensor’s responses towards NHz became higher
after conditioning with varying humidity. The higher response to NHz at higher humidity value

has been previously observed, e.g. with polypyrrole-phthalocyanine-based chemiresistors'®’.

As we said before, the adsorption of water molecules on the solid surface is a complex
phenomenon. At high humidity level, a molecular film of water in liquid form can develop on
the surface of the sensors. The target gases are more likely to get dissolved in the molecular
film of water through an acid-base reaction, generating ions, which can participate to the current
in the sensing layer'®®. On the other hand, at low humidity value, hydrogen-bonded icelike
network of water is formed, where there is no dissolution of gas. In the contrary, water
molecules compete with target gas to occupy active adsorption sites on the sensor surface. Such

event results in diminishing the RR value.

When we consider the acid-base reaction between target gases and water, most likely at
high humidity level, since NHz has high solubility, it can easily get dissolved in H2O molecule
and forms aqueous ammonia, which is a weak base in nature. Here, the CoFgPc-based sensor
became highly stable after humidity conditioning step, hence it is not affected anymore by this

weak basic reaction, while ZnFgPc-based sensor shows increasing response in increasing
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humidity. Meanwhile, reaction between nitrogen dioxide and water is very slow due to the weak
solubility of NOz in water (0.27 L/L), compared to this of NHs. This is the main reason why the
RR values of as-prepared samples and the RR values of the samples, which undergoes multiple

humidity testing agree with each other.

However, NO: is a strong oxidizing gas and even a small amount of dissolution of gas
in water can influence the response of the sensors. Thus from lower (30%) to higher (60%)
humidity, RR of both sensors were multiplied by ca. 3 times. It clearly shows that both sensors
were highly sensitive to the small dissolution effect of NO2 in water. It is also the reason why
the sensor’s uncertainties (error bars in calibration curves) were higher at high concentration of
target gases and humidity, which become negligible at low concentration. Anyhow, it is
noteworthy to mention that the electrical properties of the samples were preserved even after
multiple exposures to NHz and NO-, which confirms that no damage occurred on the device
due to acid-base reaction at given concentration of target gases and humidity values. For ozone
the effect is different. Ozone can react with conjugated molecules to give oxidation products.
However, the previous findings show that only few A thickness of a phthalocyanine layer, ca.
50 A have been degraded under exposure to 1 ppm for long term (17 h)®. This is the reason
why indigo was used as a filter in NO2 sensors for eliminating O3, to get rid of the interface
between these both strong oxidizing gases. Considering the ozone sensors operate in the range
10-100 ppb, with a partial time exposure, degradation of the sensing layer should be considered

only at the scale of the months.

2.4. Investigation of temperature effect around ambient condition

Much like humidity, temperature fluctuations also can significantly impact the sensing
properties of gas sensors, particularly in organic semiconductors. Even minor temperature

variations have the potential to alter the entire operational profile of these sensors. Therefore
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gas sensors, which claimed to operate at room temperature, need a detailed investigation around
the working temperature. Hence, we examined the impact of slight temperature variations
around ambient conduction (19, 22, 25 and 30 °C) on both octafluoro-phthalocyanine-based
gas sensors. To comprehend this influence, we exposed our sensors to a low concentration of
NHsz (20 ppm) in humid air (45% RH), at various temperatures, for 1 min/4 min

exposure/recovery time periods (Figure 37a and 37c).
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Figure 37. Response curve of ZnFsPc/LuPc, (a) and CoFsPc/LuPc: (c) heterojunction sensors
under exposure of 20 ppm of NHsz in humid air (45% RH), at different temperature, during 1
min exposure followed by 4 min recovery. The variation of relative response and baseline
current of ZnFgPc/LuPc2 (b) and CoFsPc/LuPc, (d) heterojunction sensors as a function of

temperature.
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Both heterojunction sensors show increasing in baseline current, as expected for
electronic devices, with increasing in temperature from 19 to 30 °C. In ZnFgPc/LuPc-based
sensor, baseline current and current variation were increased from +8.2 pA to ca. +11 pA and
-0.55 pA to -0.64 pA, respectively. However, the absolute RR value decreases from -6.7% to -
6.1% (Figure 37b). Meanwhile, for CoFgPc/LuPc,-based sensor, baseline current and RR were
increased from +6.2 pA to +7.8 YA and +4.9% to +5.5%, respectively (Figure 37d). The
baseline current of Zn and Co-based devices is multiplied by 1.4 and 1.2 times from 19 to 30
°C, respectively, and the relative thermal variation of RR of ZnFgPc/LuPc; and CoFgPc/LuPc;-
based sensors, in this temperature range is given by the following equation.

ARRT __ RR finial—-RR initial
RRp RR initial

(7)

The thermal variation of RR per Celsius degree can be calculated by dividing the equation by

AT.

ARR . 100

BR_— (in % per °C) )
AT
It is indeed true that both sensors experienced a shift in baseline current and relative
response, which is often observed in conductometric gas sensors due to thermally induced
charge carriers and accelerated sorption (adsorption and desorption) Kinetics at higher
temperature. For Co-based sensor, current variation increases more than the baseline current
leading to an increase in RR, by 12% from 19 °C to 30 °C. It is opposite for Zn-based sensor,

leading to a RR decrease by -9.8%. These values correspond to ca. 1% °C* for both sensors.

Conducting a thorough investigation into the effect caused by humidity and temperature
variations around working conditions is a very important stage in metrology that has never been

reported previously. Implementing these sensors in an array, assisted with temperature and

136



humidity sensors, could make them suitable for real-world applications in indoor environmental
monitoring. For better understanding and to take advantage of a sensor array, we also conducted
NO: sensing experiments on a few year old CuFiePc/LuPc. sensor kept in the dark, in dry
atmosphere and at room temperature, which has been already studied for NHz and O3 sensing?®.
As expected, it exhibits a negative response to NO2 and Oz and positive response to NHs, which
indicates its stable n-type behaviour under both oxidizing and reducing species. The

experimental curve of CuFisPc/LuPc, under NO2 (200 ppb) has been shown in Figure 38.
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Figure 38. Response curve of CuFisPc/LuPc2 heterojunction sensor under 200 ppb of NO», at

ambient conditions (19 'C and 45% RH).

Comparison table of all these sensors under different gas species is given in Table 3.
Green colour downwards arrow indicates a negative response (current decrease) and red colour
upwards arrow indicates a positive response (current increases) under target gas. Combining
ZnFgPc (p-type) and CuFiePc (n-type)-based sensors with CoFgPc (ambipolar)-based sensor
will make a powerful tool to analysis the target gas species more accurately even in sub ppm

range.
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Table 3. Current change under NH3, NO2 and Os. Upward arrows represent current increase

and downward arrows represent current decrease.

Gas
Sensor NH, NO, O, Reference
This work
ZnFgPc/LuPc, v A A
CoFgPc/LuPc, A A A This work
CuFgPc/LuPc, v A A 10
CuF,Pc/LuPc, A v v 9

2.5. Short conclusion

ZnFgPc/LuPc. sensor exhibits its stable p-type nature under both oxidizing and reducing
gases, while CoFsPc/LuPc, sensor demonstrates n-type behaviour under reducing gas (NHz)
and p-type behaviour under oxidizing gases (NO2 and Os), exhibiting its ambipolar nature and
bistability across a wide range of gas concentrations. Both sensors exhibit very good LOD
towards all three gases. Utilizing these sensors in an array combined with a stable n-type device
(CuF1ePc/LuPcy) will create a powerful tool for distinguishing and analysing target gases with
a greater precision. However, further studies are needed to realise ambipolar devices in real life

applications.
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3. VOFgPc-based ambipolar device — In-depth study of
ambipolar charge transport regime through external

triggers and gas sensing

In this section, we discussed about the electrical and sensing properties of VOFgPc-
based bilayer heterojunction sensors under different gas species and experimental conditions.
The key novelty of this study lies in the in-depth examination of polarity inversion in ambipolar
device from n- to p-state or vice versa, through zero state (no response) upon different external
triggers, which has never been reported. Furthermore, our investigation delves into elucidating
the factors influencing the polarity of the ambipolar device due to variations in humidity and

temperature.

3.1. Current measurement during deposition and oxygen effect

Throughout the deposition process of both layers onto the ITO-IDE substrate, we
continuously monitored the flow of electric charges across the sample by applying a voltage of
3 V. This measurement was continued from the bare ITO-IDE to the formation of the
heterojunction device, aiming to understand the electrical properties of the materials and their

dependency on thickness on the ITO-IDE substrate (Figure 39).

The sublayer exhibits poor conductivity, as evidenced by very low and noisy signal
throughout its deposition process, up to a thickness of 50 nm. However, upon initiation of the
LuPc> deposition over the sublayer, a notable decrease in signal noise (i.e. from A), then a sharp

increase in current is observed (i.e. in B).
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Figure 39. Current measurement during deposition process. The inset shows a zoomed view
of the change in slope. The letters A, B, and C represent different singular points: A indicates

a decrease in signal noise, B shows a sharp increase in current, and C denotes the change in

slope.

This increase follows a linear trend during ca. 20 min of LuPc. deposition, reaching
thickness around 150 to 240 A, indicating the establishment of a conducting channel.
Subsequently, above ca. 250 A, there is a change in i(t) slope (i.e. in C phase), suggesting total
surface coverage by LuPc,, which continued until the shutter closed at 500 A. A zoom was

added as inset in Figure 39 for better visibility of the change in slope.

3.2. Effect of oxygen

After the deposition process, the vacuum chamber of the thermal evaporator was vented
with dry air to investigate the solely effect of oxygen without interference of humidity on the

electrical properties of the resulting device. Subsequently, the current exhibited an exponential
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decay upon exposure to oxygen, consistent with the n-type behaviour of the device, since
oxygen neutralizes negative charge carriers. To delve into this effect, we conducted cyclically
pumping and venting of the chamber while continuously measuring the current change.
Notably, during the pumping phase, the heterojunction sensor demonstrated a positive response,
indicative of increased conductivity, whereas a decrease in current was observed during the
venting period. This experimental observation provides further confirmation of the n-type

nature of the device (Figure 40).
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Figure 40. Effect of oxygen on VOFgPc/LuPc. heterojunction device.

3.3. Electrical properties of the device under different conditions.

To explore the impact of diverse atmospheric surroundings on the electrical
characteristics of the heterojunction device, we performed I-V measurements by applying a
potential difference across the device, varying from -10 to +10 V, under different conditions.

Initially, we conducted the I-V experiments under secondary vacuum (ca. 7 x 107 mbar),
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followed by exposure to 45% Relative Humidity (RH), NH3 (90 ppm), NO2 (900 ppm), and

red-light illumination and under heating condition (80 °C) (Figure 41).
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Figure 41. |-V characteristics of the heterojunction device under different atmospheric

conditions (a) and their normalized view (b).

It is noteworthy that under all conditions, the device exhibits non-linear and symmetrical
I-V curve. As discussed before, the non-linearity is characteristic of bilayer heterojunction
devices composed of materials with different work functions, originating from the
accumulation of mobile charges at the interface. However, the degree of non-linearity is
intricately linked to the formation of the interface between the organic layers and to the charge
transport resistance in both layers %2, 1-V curves allow comparing current values in the different
conditions (Figure 41a). The normalized |-V characteristics, obtained by plotting | (V)/l+10v
as a function of bias offer a clear perspective on realizing the apparent energy barrier of the

device under various conditions (Figure 41b).

In current scenario, the resistivity of the sublayer is very high compared to this of LuPc,
resulting in low current (ca. 0.4 pA at +10 V) and high Uw values (7 V) under ambient
conditions. Compare to other two octafluorinated-metallophthalocyanines-based devices (Zn

and Co), VOFgPc-based device has the highest Uw value in ambient conditions. When the
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device is exposed to NHs and NOg, the current at +10 V increases to ca. 0.45 pA and 0.6 pA,
respectively. However, these gases do not affect the apparent energy barrier of the
heterojunction device. Surprisingly, under secondary vacuum (ca. 7 x 10~ mbar) and red-light
illumination the U values roughly halved compared to other conditions. However, the current
at +10 V under red-light illumination is ca. 1 pA, significantly higher than the current under
secondary vacuum (ca. 0.4 pA), although they share similar U values. Interestingly, the current
value at +10 V under vacuum coincides that under ambient conditions, but with a lower U
value (ca. 4 V). Finally, when the device temperature is increased to 80 °C, the current at +10
V rises to ca. 1.3 4A, and the apparent energy barrier is modified to ca. 6 V. These values are

summarized in the Table 4 for better understanding.

Table 4. Comparison of current at +10 V and apparent energy barrier Uw under different

experimental conditions.

Current Apparent energy
Conditions
at +10 V (uA) barrier Uw (V)
Vacuum
0.4 4
(7.1 x 107" mbar)

RH 45% 0.4 7
NHz — 90 ppm 0.45 7
NO- — 900 ppb 0.6 7
Red LED 1 4
80 °C 1.3 6

To gain insights into the electrical properties of the heterojunction device and the charge

transport regime at the interface, impedance spectroscopy measurements were conducted. A
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fixed amplitude of 0.2 VV AC signal was applied, covering a wide range of frequencies from 10
Hz to 10 MHz, under various DC bias conditions (ranging from 0 to 10 V). All the impedance
spectroscopy measurements were conducted in ambient conditions. The impedance
spectroscopy results, as depicted through Nyquist plots showing the imaginary part versus the
real part of the impedance, offer valuable insights into the distinct charge transport
characteristics observed at the interface and within the bulk of the bilayer heterojunction device
(Figure 42). Similar to other heterojunction devices, VOFgPc/LuPc, devices also reveal two
distinct depressed semicircles, which is a characteristic feature of typical bilayer heterojunction

devices.
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Figure 42. Nyquist plots of VOFgPc-based heterojunction device measured at fixed AC (0.2 V)
superimposed by variable DC voltage in the range of 0-10 V. The inset shows the equivalent

circuit selected for fitting Nyquist plots.
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As discussed earlier, under AC mode (DC 0 V), without any steady state voltage in the
circuit, the semicircle in LF region of the Nyquist plot appears larger. However, with the
introduction of an increasing DC voltage superimposed to the AC signal, the injected charges
started to overcome the energy barrier, because of the increasing charge density at the organic-
organic interface channel. This is observable as a diminishing semicircle in the LF region of
the Nyquist plot. Most interestingly, the difference in size of both semicircles continuously
decreases with increasing DC bias and became almost equal between applied bias of 7V and 8
V, indicating the arrival of equal density of mobile charges at the interface compared to the
charge density within the bulk medium. However, further increases in bias lead to further
decreases in LF semicircle. Notably, even at DC +10 V, the device exhibits two distinct
semicircles that confirms the high value of the energy barrier, which is not totally overcome
even at +10 V. As we did for other heterojunction devices, the experimental Nyquist plots were
fitted with constant phase element (CPE) based circuits'® using equation (2) and Brug's
relationship?® equation (3). The variation in bulk charge transport (R1, al, and Cerl) and

interfacial charge transport (R2, a2, and Cef2) with DC bias are depicted in Figure 43.
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Figure 43. Variations of equivalent circuit resistances, R1 (a) and R2 (b), al (¢) and a2 (d),

effective capacitances Cerrl (€) and Ces2 (f), as a function of bias voltage (0-10 V).

Similar to other heterojunction devices, the bulk resistance (R1) exhibits minimal

dependency on applied bias, showing a slow linear decay from ca. 2.65 to 2.15 MQ. On the
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contrary, the interfacial resistance (R2) displays significant variation, exhibiting an exponential
decline, from ca. 55 to 1 MQ, with increasing DC bias (Figure 43a and 43b). Notably, al
varies with DC bias but remains very near to 1, while a2 decreases from ca. 0.84 to 0.79 when
DC increases from 0 to 10 V (Figure 43c and 43d). Notably, the Cefr2 value decreased from
ca. 1.8 to 0.78 nF as the DC bias increased from 0 to 10 V, while the Cesl values remained
relatively stable at ca. 7.73 pF under minimal DC bias (0 to 1.5 V). Subsequently, it exhibited
a quasi-linear decrease down to 7.65 pF with increasing DC bias from 2 to 10 V (Figure 43e

and 43f).

This behaviour aligns with the fundamental principle of capacitors, where an increase
in voltage does not directly change its capacitance. However, higher voltages can generate a
stronger electric field at the organic-organic interface, causing the device to conduct electricity.
This effect can change the device electrical properties, potentially leading to a decrease in
capacitance.’® Nevertheless, explaining the interfacial charge transport is further complex due
to the play of various phenomena. As voltage increases, the density of mobile charge carriers
at the interface rises, leading to decrease in heterojunction effect and consequent drops in
resistance and capacitance in wide range. Furthermore, the Cer2 values were significantly larger
in magnitude compared to the Cef1 values, ca. 100 times greater. The difference in magnitude
is directly linked to the thickness of the layers, as capacitance is inversely proportional to
thickness.!”* This huge difference in the capacitance values means that the interface to consider

is very thin compared to the thickness of the layers (50 nm).

3.4. Exploring the ambipolarity of the bilayer device through

different gaseous species

Initially, the as-prepared sample was investigated under 90 ppm of NH3, a weak electron

donating species, for time periods of 10 min exposure followed by 30 min recovery under clean
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air in ambient conditions (18 °C and 45% RH). The device exhibited current increase under
NH3 exposure and decrease during recovery period, which is characteristic of an n-type device
(Figure 44a). The relative response (RR), defined as the current variation under NH3 divided
by the current in air, was ca. 19.5%. Furthermore, it confirms the measurements recorded during

oxygen exposure, when the current decreased upon air entry in the vacuum chamber.
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Figure 44. Response curve of VOFgPc/LuPc, heterojunction sensor, under successive
exposures to 90 ppm NHs (a), 900 ppb of NO2 (b) and 100 ppb of Os (c) for 10 min. This was
followed by a dynamic recovery (under clean air) for NHsz and NO2, and a static recovery

(without any flow) for Os, each lasting 30 min at 45% RH and room temperature (18 — 19 °C).

However, under the same experimental conditions, upon exposure to 900 ppb of NO>
and 100 ppb of Os, both strong oxidizing species, a current increase was also observed,
indicating a p-type behaviour (Figure 44b and 44c). This inversion of polarity from n-type
under NHs to p-type under oxidizing species means that the density of negative charge carriers
(electrons) and positive charge carriers (holes) were almost at the equilibrium in the device in
air, which is similar to our previous findings with CoFgPc-based device. Even though it is very
unusual, a few examples have already been reported by Y. Chen, with phthalocyanine-based
resistors and field-effect transistors®® 72173 To understand the charge ambipolar transport

phenomenon in this device, we tested the device under different experimental conditions.
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3.5. In-depth exploration of external triggers on ambipolar device

3.5.1. Light and temperature effects

Initially, the heterojunction device was tested under 1 min exposure to 20 ppm NHs,
followed by 4 min recovery under clean air, at 45% RH, both in dark and under red light from
red LEDs (axical intensity: 700 mcd) (Figure 45a). As expected in organic electronics, a current
increase was observed upon illumination, by slightly less than a factor of 2. Interestingly, the
response to NHs increases under illumination. The device exhibited not only an increase in
current variation under NHs, from ca. 0.01 pA in the dark to ca. 0.05 pA under illumination,
but also an increase in relative response from 3.5% in the dark to 7% under illumination.
Remarkably, under light exposure, both Al and RR of the heterojunction device increased, by

ca. 5 and 2 times, respectively, compared to the values observed in dark condition.
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Figure 45. Response curve of VOFgPc/LuPc2 heterojunction sensor, under successive
exposures to 20 ppm NHs under different conditions: in the dark and under light (a), as well as

in room temperature and 80 °C (b) at 45% RH.

When the device was subjected to a temperature of 80 °C in a dark environment, it

displayed a higher response compared to that at room temperature (19-20 °C) and even higher
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than under light exposure (Figure 45b). The RR increased to ca. 10.5%, roughly 5 times higher
than in ambient conditions and 1.5 times higher than under light exposure. However, the current
shift was higher under light exposure (ca. 0.3 pA) compared to that at 80 °C (ca. 0.2 pA). It is
well known that the RR values of conductometric sensors can be influenced by changes in
temperature or light exposure, because of the induced mobile charges, oxygen desorption and
accelerated adsorption/desorption kinetics.1”* However, upon closer inspection, differences in
sorption Kinetics can be observed between light exposure and heating conditions. When the
light is switched on and off, there is a sharp increase and decrease in current with a stable
baseline. On the contrary, under heating conditions, there is an initial sharp increase in current,
due to the activation energy of materials conductivity, followed by a decline in baseline current
for the first few exposure/recovery cycles, after which it stabilised. This effect is directly linked
to the desorption of water molecules from the organic layers, which influences the conductivity
of the device (vide infra). However, after a few minutes, the baseline current becomes stable

indicating the equilibrium state of the sensing material in terms of water contain.

To understand the solely effect of temperature on the heterojunction device, we
conducted the same experiment on a freshly prepared sample under rather dry conditions (10%
RH) across a wide temperature range, from 20 °C to 80 °C (Figure 46a). Interestingly, we
observed a similar decline in baseline current as we did previously at 80 °C , but this time it
occurred at 30 °C and still slightly at 40 and 50 °C. It is apparent that the device attained more
easily the equilibrium state at these temperatures, as a result of its initial dry state and the rather
dry experimental conditions (10% RH). At 20 °C, in this rather dry environment, the device
exhibited superior RR values (ca. 12%) compared to those in a humid atmosphere (RR 3.5% at
RH 45%). This can be considered as surprising, since often it is the reverse, the response to
NHjs increases when RH value increases, as a result of a higher affinity for NHs when sensing

material is already covered by adsorbed water molecules®® %,

150



(a ) 1.1 ( b) T T T T T T T
15 4
e 144 Model LangmuirEXT1
= Equation ¥ = (@b x*M1-c))(1 + b*xA(1-c))
Plat RR
17.95476 £ 1.06665
— @ 13 : 0.20484 £ 005916
< 3 0.25615 1 0.1462
=1 Reduced Chi-Sqr 0.179565
- 12 4 R-Square (COD) 0.99681
t Adj. R-Square 0.99521
Q 1.0 T T T T+ T L T
E R s — T - . -
= 3 Plot Baseline Current
(8] ~ Weight No Weighting
E D 8 ) Intercept 0.15561 £ 0.01555
@ 0 7 siope 0.00011 £ 2.68603E4
I‘_- Residual Sum of Squares 0.00117
3 Pearson's r 0.9975
Q 0.6 R-Square [COD) 0.985
o T Adi. R-Square 0.984
£
@
! o 0.4 1
0.3 T T T T T T T T @ T T T T T T T
0 20 40 60 80 100 120 140 160 20 30 40 50 60 70 80
Time (min) Temperature (°C)

Figure 46. Response curve of VOFgPc/LuPc, heterojunction sensor, under successive
exposures to 20 ppm NH3 in a wide temperature range, from 20 °C to 80 °C, in rather dry
experimental condition (10% RH) (a). The variation in relative response and baseline current

as a function of temperature (b).

However, an opposite factor can take place. Indeed, the surface density of available
adsorption sites is higher for NHs molecules when less water molecules are adsorbed.®® The
baseline current increased linearly with temperature, while RR values increased exponentially
(Figure 46b). Globally, these experiments confirm that the device exhibits higher n-type nature

towards electron donating gas species in rather dry experimental conditions.
3.5.2. Humidity effect on the nature of majority charge carriers

To explore the effect of humidity changes on the sensitivity towards NHs of the bilayer
heterojunction device, we subjected a as-prepared sample to NHz experiments. The experiments
involved stepwise increasing of the humidity level from 20% to 80% and then monotonically
decreasing to 20%, all conducted for 30 min at each RH values, while maintaining a constant

temperature (20 °C) (Figure 47a).
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Figure 47. Response curve of VOFgPc/LuPc2 heterojunction sensor, under successive
exposures to 20 ppm NH3 under a wide range of humidity level, from 20% to 80 %, at room

temperature (a). A zoom is shown for better visibility of the polarity inversion (b).
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Remarkably, during RH increasing phase, the device maintained a stable baseline
current with minimal sensitivity to humidity changes and displaying n-type behaviour towards
NH3 across humidity levels from 20% to 60% RH. However, as humidity increased from 60%
to 70%, the device exhibited a slight increase in baseline current (ca. 0.05 pA) with a rather
noisy n-type response to NHs. A significant current shift (ca. 0.2 pA) was observed when RH
reached 80%, resulting in the disappearance of the device's gas response. Unexpectedly, as RH
monotonically decreased from 70% to 50% RH, the device displayed a high transient effect
during exposure/recovery cycle. The transient effect characterized by an initial sharp decrease
in current followed by a small increase, or vice versa, within the same exposure/recovery cycle
of NHs. The transient effect is clearly visible around 240 min to 320 min in Figure 47b.
Fascinatingly, the n-type behaviour of the bilayer device began to diminish, eventually
transitioning to a p-type device and exhibiting a distinct negative response (current decrease)
towards NHz. Subsequently, the device stabilized into a consistent p-type behaviour. The
humidity effect of VOFgPc/LuPc> can be directly compared to CuFgPc/LuPc; device, since both

devices exhibit polarity inversion upon humidity change.

Remarkably, the CuFsPc/LuPc-based device transforms from p- to n-type, while
VVOFgPc-based device exhibits n-type behaviour at the beginning and transformed to p-type
upon humidity as an external trigger. Changing the metal centre from Cu?* to VO?* induces
modification in the organisation in the solid-state and the intermolecular interactions, due to the
dipole-dipole interactions that introduce a small shift in the frontier molecular orbitals of the
MFgPc macrocycle, but significantly impact the nature of majority charge carriers within the
devices. This effect can be also correlate with the different oxidation states and electronegativity
of the metal centre, as reported with metalated octachloro phthalocyanine-based
heterojunctions.t* In the current scenario, the formal oxidation state of V in VOFgPc is +4, the

vanadyl is likely to be the dication VO?*, which has higher electronegativity than Cu?*, so
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induces a higher stabilization of electrons of the phthalocyanine macrocycle. This is the reason
why in ambient conditions VOFgPc leads to a n-type device, while CuFsPc leads to a p-type
device, the injection of electrons from the Fermi level of electrodes into the LUMO of VOFgPc

becomes feasible, contrarily to what we observe with the copper complex.

To confirm the p-type behaviour of the device, we subjected the same device, previously
subjected to higher humidity levels, to 90 ppm NHz for an extended exposure/recovery cycle
of 10 min/30 min in ambient conditions (19 °C and 45% RH). Remarkably, throughout
numerous cycles, the device consistently maintained a stable p-type response over long

exposure and recovery experiment (Figure 48).
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Figure 48. Response curve of VOFgPc/LuPc, heterojunction sensor (in p-state), under
successive exposures to 90 ppm NHs for 10 min followed by a dynamic recovery (under clean

air) for 30 min at 45% RH and room temperature (18 — 19 “C).

After exposure to higher humidity levels, the initially n-type device underwent a

complete transformation into a stable p-type device. This transformation persisted even under
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ambient conditions, with the device exhibiting RR of ca. -25%. Interestingly, the shapes of the
response curves associated with adsorption and desorption phases present different profile in p-
type state of the device, while comparing it to that of n-type state. When the heterojunction
device was in its n-type state, a continuous increase in current was observed throughout the
exposure period, while in its p-type state, a sharp current decrease followed by a plateau is
observed. This difference in adsorption kinetics implies that in the n-type state, NHz molecules
diffuse within the volume of the device and access additional sites within the bulk. On the other
hand, in p-type state of the device, after adsorption, NHz molecules mainly neutralize positive
charge carriers in the LuPc> layer, and do not diffuse anymore. After a long exposure at high
humidity, limited adsorption sites are available due to the presence of water molecules. As a
result, sorption equilibrium of NHs is attained more rapidly during exposure period in the p-

state.

Further investigation into the device's behaviour involved testing it across a wide range
of gas and humidity concentrations. Gas sensing experiments were conducted starting at 80%
RH, decreasing incrementally in 20% steps down to RH level of 20%, with five
exposure/recovery cycles at each NHz concentration (90, 60 and 30 ppm), at 20 °C (Figure
49a). Having conditioned the device at 80% RH, it consistently exhibited p-type behaviour with
minimal baseline drift. The absolute value of RR linearly increased with rising humidity levels,
ranging from ca. 8.5% to 13.5% at 90 ppm NHz under RH values from 20% to 80%, respectively
(Figure 49b). This suggests that increasing water content in the device promotes its p-type
behaviour. In other words, we can make the assumption that decreasing the water content in the
device will continuously reduce the p-type behaviour and eventually it will inverse its polarity

to n-type.

155



(a) 040 T T T T : 250 (p) " T T T — T
RT 20 °C (b) = 90 ppm RT20°C {
134 | ® 60ppm E
0.35 F200 ‘g 4 30 ppm
2 A2 4
Eho 30 150 & *
= U904 [ =
= oé' o© -11 4 E -
2 = F
B - - -
5 0.254 ﬂﬂ(m AAAAAA 100 © < 10
© (T
o -9 g
RH 80% . L T =
0.20 RH 60% RH 40 200 50 =
TEAMEAMEAIT 3 '
0.15 iy ) ”” 0 -7 T T T T T T T
0 50 100 150 200 250 300 20 30 40 50 60 70 80
Time (min) RH %

Figure 49. Response curve of VOFgPc/LuPc. heterojunction sensor under exposure to 90, 60,
30 ppm of NHz in humid air, in the range of 80 to 20% RH, during 1 min exposure followed by
4 min recovery, at 20 °C (a). The variation in relative response of the device as a function of

RH (b).

This assumption was proven by repeating the experiment at 80 °C, where the device
demonstrated excellent n-type behaviour, with RR from ca. 21% to 16% at 90 ppm across a
wide range of humidity levels from 20% to 80%, respectively (Figure 50). It is mesmerising to
realise the possibility of operating a single device with good stability in both polarities,
regardless of the natural environmental conditions. Interestingly, in its n-state the device's
response to NHz decreased linearly with increasing humidity levels, further confirming the
influence of water molecules on the response of the bilayer heterojunction device. It means that
the absolute response (IRRI) to NHs decreases for n-state when RH value increases, but it
increases for p-state. The adsorption of water molecules onto solid surfaces is the same as
explained before with Zn and Co-based devices. However, besides adsorption, water molecules
can also diffuse into the materials, potentially altering the device's electrical properties

depending on the exposure duration.
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Figure 50. Response curve of VOFgPc/LuPc: heterojunction sensor under exposure to 90, 60,

30 ppm of NHj3 in humid air, in the range of 80 to 20% RH, during 1 min exposure followed by

4 min recovery, at 80 °C (a). The variation in relative response of the device as a function of

RH (b).

To investigate this phenomenon, we investigated the bilayer heterojunction device

towards 20 ppm of NHs, under high humidity level (80%) for an extended period of

approximately 7 h, at room temperature (20 °C) (Figure 51).
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Figure 51. The original experimental curve of VOFgPc/LuPc; heterojunction under 20 ppm of

NH3 at 80% RH and 20 °C for 1 min/4 min exposure/recovery cycles.
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Actually, the quasi-dry sample exhibits a huge drift in baseline current when it is

exposed to 80% of RH. To focus on transition in the nature of majority charge carriers and to

get a good visibility, we did a baseline correction and divided the single experiment into 4

graphs (labelled as 1 to 4), which are displayed in Figure 52.
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Figure 52. Response curve of VOFgPc/LuPc. device towards 20 ppm of NHz at 80% RH.

single experimental curve was divided into four parts (1, 2, 3 and 4) for better visibility.
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During the investigation, we witnessed the remarkable transformation on the device's

charge transport dynamics. Initially, as expected, the device exhibited n-type behaviour, with a

gradually diminishing response to NHsz over time, with an increasing transient effect during the

recovery period (Part 1 of the Figure 52). It is indicative of the coexistence of two phenomena

involving charge carriers’ density with different kinetics. We can suppose that both surface

effect (fast kinetics) and diffusion (slow kinetics) phenomena coexist. During recovery periods,
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a fascinating kinetic interplay unfolded: an initial sharp decline in current followed by a slower
decrease (Part 2 of the Figure 52). Surprisingly, subsequent cycles revealed the reversal
process, with the slower decline becoming more pronounced, ultimately shifting the decrease
in current entirely to the exposure phase, where a decline in current during NH3z exposure and
an increase during recovery were observed. The n-type device turned to stable p-type behaviour,
after exposing it to high humidity level (80%) for approximately 210 min. The zoom has been

shown in Figure 53.
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Figure 53. Zoom (from Fig. 52 part 2 and 3) in the inversion in nature of majority charge

carriers from n- to p-type (a) and p- to n-type (b).

However, to our surprise, the device underwent another remarkable transformation that
was occurred approximately 70 min after the initial transition (t = 280 min). The previously
stable p-type behaviour began to weaken, marked by a sharp decline in current followed by a
sudden increase within the same exposure period (Part 3 of the Figure 52). Consequently, the
device undergoes another transition and exhibits again a stable n-type behaviour (Part 4 of the
Figure 52). Zooming in on the data, we can clearly observe a shift in the dominance of majority
charge carriers (holes) over minority charge carriers (electrons) (Figure 53a). Around 290 min
from the beginning of the experiment, the device displayed a unique equilibrium, where both

p- and n-type behaviours occur within the same exposure cycle (Figure 53b). This observation
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underscores the intricate interplay between charge carriers and environmental factors. Anyhow,
it is mesmerising to witness the inversion in device polarity and spectating the changes in nature

of majority charge carriers, very closely, which to our knowledge has never reported so far.

Globally, the organic-organic bilayer heterojunction device, with a thickness of 50/50
nm, underwent two distinct episodes of polarity inversion during its ca. 7 h exposure to 80%
RH at room temperature. This phenomenon is not only related to the molecular structure of the
two components, but also intricately linked to the device's architecture. The initial n-type to p-
type transition arises from the gradual diffusion of water into the top layer, altering charge
transfer dynamics at the interface by trapping mobile charges that inverse the nature of majority
charge carriers in favour of p-type. Subsequent diffusion of water till the interface and into the
sublayer affecting the hole mobility, enhancing electron density and leading to the device's

transformation into n-type.
3.5.3. Exploring the ambipolarity of the device under oxidating gas species

The stability of the bilayer heterojunction device's ambipolarity was further explored
under the influence of strong electron withdrawing species, such as NO, across various
conditions. Initially, the device underwent exposure to a wide range of humidity levels and gas
concentrations, from 80% to 20% RH and from 900 ppb to 300 ppb of NO_, respectively
(Figure 54). As observed previously in ambient conditions, the device shows p-type behaviour
(current increases) upon exposure to NO,. However, it exhibited a decrease in its p-type
behaviour with decreasing humidity, reflected in the decrease of RR from ca. 25% to 7.5% as

humidity declined from 80% to 20% at 900 ppb of NO,.

160



(a) 1.4 ’ r r T T (b)

sl ® 90 ppm RT 20 °C 1
* 60 ppm {
1.2 4 30 ppm
204
jé 1.04[\' RH80% E :
c T 154
o RH 60 % ON i
5 08 &
(&) £ ]
10 []
0.6 F
F-—_L—_—L“—L__.____ ; .
5
0.4

0 50 100 150 200 250 300 20 30 40 s e 70 80
Time (min) RH %

Figure 54. Response curve of VOFsPc/LuPc, heterojunction sensor under exposure to 900,
600, 300 ppb of NO; in humid air, in the range of 80 to 20% RH, during 1 min exposure
followed by 4 min recovery, at 20 °C (a). The variation in relative response of the device as a

function of RH (b).

This phenomenon aligns with our earlier observations and is driven by similar
underlying mechanisms. However, contrarily to what happens with NHs, the response to NO>
is strongly affected by RH variations. To delve deeper into achieving ambipolar charge
transport regimes, we investigated the heterojunction device under different temperatures at

fixed NO2 concentration of 200 ppb in a dry environmental condition (RH 10%) (Figure 55).

To ensure solely effect of the ambipolar device, a freshly prepared sample was utilised.
In a dry environment, the device demonstrated observable p-type behaviour under NO2, up to
30 °C. However, as the temperature increased to 40 and 50 °C, the device displayed a
diminished response, with no clear polarity observed. Notably, at 60 °C, a significant inversion
occurred, transitioning the device to n-type behaviour. By utilising the cooling system, within
a few minutes we successfully lowered the temperature back to 30 and 20 °C, where the device

returns to the p-type polarity.
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Figure 55. Response curve of VOFgPc/LuPc; heterojunction sensor under exposure of 200 ppb
of NO2 in dry experimental condition (10% RH), during 1 min exposure followed by 4 min

recovery, under wide range of temperature from 18 °C to 60 °C.

Most interestingly, it is the very first report that observes the rather zero state (where
the device exhibits no response) of the ambipolar device (at ca. 40 °C) when the domination of
majority charge carrier densities goes from p- to n-state or vice versa. For better visibility, the

zoom figure was displayed in Figure 56.
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Figure 56. Zoom of Fig. 55 at different polarity state under different temperature: p-type at18

°C (a), n-type at 60 °C (b) and rather zero state (no response) at 40 °C (c).
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Furthermore, the ambipolar charge transport regime was also achieved at ambient
humidity level (RH 45%), by increasing the device temperature from 20 to 80 °C (Figure 57).
As expected, the bilayer heterojunction device exhibits p-type behaviour, which shifted to n-
type as the temperature raised to 80 °C. Fascinatingly, during first few cycles at 80 °C, the
device exhibited a gradually increase in its n-type response, indicating the desorption of water
molecules from the solid surface. Subsequently, the device's n-type response rather stabilized,

suggesting a dry state and further confirmed the initial state of our ambipolar device.
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Figure 57. Response curve of VOFsPc/LuPc; heterojunction sensor under exposure of 200

ppb of NO2 under 20 °C and 80 °C at 45% RH.

As we discussed earlier, the water molecules can act as a trap for positive mobile charge
carriers and their desorption ultimately triggers a detrapping effect, prompting a transformation
in the nature of majority charge carriers and resulting in a change in polarity. Additionally, the
results aligned well with our previous experimental observations under different conditions.

Particularly, it is interesting to compare these results with a previous experiment conducted
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under same experimental conditions towards 20 ppm of NHs exposure (Figure 45b). In the
previous case, we observed an amplification in the response at 80 °C compared to ambient
conditions, whereas in the current scenario, we observed an inversion in the response. Table 5
helps us to have a clear view on device’s direction of the current change and polarity inversion

under NHz and NO; with respect to the experimental conditions.

Table 5. Comparison of heterojunction device’s current change direction and polarity inversion
under NHz and NO> with respect to the experimental conditions. Red upward arrows represent

current increase and green downward arrows represent current decrease.

Experimental Current Polarity
conditions 3 NO, NH, NO,

10% RH and 20 °C n-type p-type

10% RH and 60 °C
45% RH and 20 °C
45% RH and 80 °C
80% RH and 20 °C

n-type n-type

n-type* p-type
n-type n-type

2l 4l L L AE:
2811 48 |l <

p-type n-type

*Except if the device has been conditioned in its p-type (long exposure at high humidity value).

The charge transport regime of the VOFsPc/LuPc; bilayer heterojunction (ambipolar)
device is extensively studied by utilizing different types of external triggers under different
gases. The bilayer heterojunction device demonstrates both p- and n-type behaviours under
exposure to oxidation gases (NO2 and Os) and reducing gas species (NHs), depending on
humidity levels and temperature variations. The initial polarity of the ambipolar device is
identified by observing a current decrease under oxygen exposure, indicates n-type behaviour.
This is further verified by exposing freshly prepared samples to weak reducing gas (NHs,

current increase) at 20 °C and 45% RH (ambient conditions). Surprisingly, when exposed to
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strong oxidation gases (NO2 and Os) under the same experimental conditions, the device
exhibits p-type behaviour (current increases) showcasing an ambipolar behaviour. However,
increasing the temperature of the device to 80 °C revealed its initial n-type polarity even under
ambient conditions. Notably, the device exhibits stable response towards NO2 and NHs in both

polarity states.

4. Conclusion

Three different octafluoro-phthalocyanines were successfully synthesised with zinc,
cobalt and vanadyl as central metal atom. By engaging these molecules as a sublayer, we
fabricated bilayer heterojunction sensors with highly conducting material (LuPc>) as a top layer.
The change in metal centre in the octafluoro-phthalocyanine macrocycle induces a dramatic
difference in the polarity of the resulting devices. Additionally, the architecture of the devices
opens the gateway for ambipolar molecules (CoFgPc and VOFsPc) to decide the device polarity.
For a comprehensive understanding, we summarised the polarity of all MFgPc under different

external triggers (Table 6).

Table 6. Comparison of MFgPc-based heterojunction device’s polarity under different external

triggers

External trigger | ZnFgPc/LuPc, | CuFgPc/LuPc, | CoFgPc/LuPc, | VOFgPc/LuPc,
NH; (ambient)
NO, (ambient)
0, (ambient)

Light

Humidity

oolcooe
olololoole
oololoolo
ogocoe

Temperature

*The polarity is dependent on humidity exposure time period.
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Green positive symbol has been used to represent p-type polarity of the devices, while
red negative symbol indicating n-type polarity. This type of device that exhibits ambipolar
behaviour has the potential to replace two different types of devices (p- and n-type) into a single
ambipolar device, eventually reducing the size of the electrical system. Such ambipolar devices
hold promise for various applications in nanotechnology, including deployment of spacecraft,
satellites, and everyday electrical appliances where minimizing weight and size is crucial.
However, achieving precise control over the inversion of majority charge carriers, which
determines the device's polarity required a suitable and controllable external trigger, and it may
depend on the molecular composition and the architecture of the device. It is crucial to conduct
comprehensive investigations into the environmental effects such as humidity and temperature
variations when working with ambipolar devices. Moreover, further research is essential before

these devices can be effectively deployed in real-world applications.
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Chapter 6

Controlling the Polarity of Heterojunction
Devices by Manipulating the Top Layer

Pioneer demonstration of polarity inversion within a device by strategically manipulating the meso-
substituent of 5,15-diaryl Ni(Il) porphyrin conjugated polymer in the top layer of the bilayer

heterojunction device.
R= Electron Donating R= Electron Withdrawing

COOMe CN

Slselels

Naphthyl Tolyl nMcPh
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Chapter 6. Controlling the Polarity of Heterojunction

Devices by Manipulating the Top Layer

1. Introduction

The recent developments of conjugated polymers provide an effective alternative to
metal oxide dominance in gas sensors'’>. The tunability, durability, and their capability to
operate at ambient temperature make conjugated polymers such as polypyrrole, polyaniline
(PANI), polythiophene and poly(3,4-ethylenedioxythiophene) (PEDOT) as attractive materials
in gas sensing applications'’®1"". In particular, PANI-based materials are largely exploited for
their sensing properties towards NHs. Similarly to metal oxides, the sensing properties of
conjugated polymers are influences by their structure and morphology®*%% '8, Moreover, the
possibility to modulate a polymeric structure by introducing groups equipped with interacting
sites and their adaptability in various forms like nanofibers, nanoparticles and thin films

empower scientists to tailormade sensors for desired sensing requirements®® 17°,

Interestingly, metalloporphyrins (MPor) offer advantage to tune the electronic and
optoelectronic properties of their conjugated polymer by the incorporation of substituents to
one or several of the eight - and four meso- positions of the porphyrin ring, and/or from the
introduction of a cation inside the porphyrin core®® 189-181 Moreover, the electronic properties
of the substituent on MPor directly affect the structural properties of MPor conjugated
polymers, which in turn can impact the sensing response of the bilayer heterojunction devices
towards ammonia. Realizing the chemistry offered by MPors and advantage of oCVD, which
overcomes many of the limitations related to solution-based approaches, enable the synthesis,
deposition and engineering of metalloporphyrin conjugated polymer thin films on virtually any

substrate!®?, herein we report the engineering of a series of multiply fused disubstituted
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Ni(IDporphyrins conjugated polymer thin films containing different aryl synthons at 5,15-

positions.

Up to now we explored various types of materials engaged in our bilayer heterojunction
devices as sublayer, which is commonly covered by LuPc> as top layer. Since LuPc» has huge
densities of charge carriers near equilibrium, the heterojunction device’s polarity is highly
influenced by the sublayer. Hence, we were capable to get the desire device polarity by
changing the sublayer in bilayer heterojunction devices. In current scenario, we fabricated
different types of heterojunction devices that have an ambipolar material (CuFsPc) as common
sublayer covered by different meso substituted Ni(ll)porphyrins conjugated polymers, while
previous works demonstrated the change in sensing response on replacing the sublayer in a
bilayer heterojunction device. Goal of this work is to explore the different types of top layer on
ambipolar molecule in bilayer heterojunction devices. Taking advantage of the ability of oCVD
and the range of multiply fused Ni(ll)porphyrin conjugated polymeric films (pNiD(Aryl)P)
bearing electron donating (pNiDNapP, pNiDPP, pNiDTP and pNiDOMePP) and electron
withdrawing (pNiDCOOMEePP and pNiDCNPP) aryl synthons were deposited onto a CuFgPc
thin film to form bilayer heterojunction devices for gas sensing application. Schematic
representation of the oCVD reaction of 5,15-diaryl Ni(ll) porphyrins and different aryl

substituents were shown in scheme 13.
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Scheme 13. Schematic representation of the oCVD reaction of 5,15-diaryl Ni(ll) porphyrins

and the molecular structures of the aryl substituents used in this work.

2. Electrical properties of the heterojunction devices

Electrical properties of the resulting bilayer heterojunction sensors were studied by
performing I-V measurements in the applied voltage ranging from -10 V to +10 V. As expected
for bilayer heterojunction devices, all the devices exhibit symmetric and non-linear 1-V curves,
except CuFgPc/pNiDCOOMEePP device, which shows huge noise, due to its very poor
conducting nature (Figure 58). The typical non-linear I-V curve observed in other organic
bilayer heterojunction devices arises from the accumulation of mobile charges at the interface
as same as previous discussions. Bilayer heterojunction devices based on CuFgPc/pNiDNapP
and CuFgPc/pNiDPP exhibit higher Uy, of 2.43 V and 2.49 V with similar current at +10 V
(0.32 pA and 0.29 pA), respectively. CuFsPc/pNiDOMePP (U =1.97 V) and CuFgPc/pNiDTP
(U = 1.75 V) exhibit a slightly lower apparent energy barrier, while CuFsPc/pNiDCNPP

displays a significantly lower Ui, value of 0.68 V.
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Figure 58. I-V characteristics of CuFsPc/pNiD(Aryl)P bilayer heterojunction devices with

estimated apparent energy barrier.

3. Ammonia sensing properties

To investigate the sensing capabilities of the bilayer heterojunction devices towards
ammonia, the devices were subjected to a high concentration of NHz (90 ppm) for 10 min/30
min exposure/recovery cycles. The bilayer heterojunction devices engaged with 5,15-diaryl
Ni(ll) porphyrin conjugated polymer bearing electron-donating meso-substituents as top layer
(pNiDNapP, pNiDTP, pNiDOMePP and pNiDPP) demonstrate a decrease in current when
exposed to NHs, while an increase in current was observed during recovery period (Figure 59a-
d). Such behaviour of bilayer heterojunction sensors indicates their p-type behaviour, which is
consistent with the electron-donating character of ammonia. Conversely, devices featuring
porphyrin polymer with electron-withdrawing substituents in the top layer (opNiDCNPP and
pNiDCOOMEePP) exhibit an increase in current under NHsexposure, while a decrease in current

during recovery period (Figure 59e-f), showcasing their n-type nature.

174



(a) 10.0 T T - (b)11.0 : r r : : (c) - T T
CuFzPc/pNiDNapP CuF Pc/pNiDTP 12.9 N CuF;Pc/pNiDOMePP
10.54 E
9.5 126 NH,
_ 21091 -
< I
£ 90 = o054 €123
£ £ 904 £ 120
5 8.5- a 3
o 8.5
1.7
8.0 8.0 }ir
751 ] 114
4 60 80 100 120 140 160 40 60 80 100 120 140 160 4 60 80 100 120 140 160
Time (min) Time (min) Time (min)
(d)o.09 T T r T (e)11.5 . . . (f) 16.4 . . : .
CuF4Pc/pNiDPP CuF4Pc/pNiDCNPP CuFzPc/pNiDCOOMePP
0.081 {1 1104 1 16.3 1
™ Air
T = = 162
g o074 T 1059 )
£ = = 161
] & 1004 &
£ 0.061 £ E
a3 5 5 160
© g5 ©
0.05 15.9
9.01 15.8
0.04
+ v x T r T 8.5 . r ; r " 16.7 4 : : : . r
4 60 80 100 120 140 160 40 60 80 100 120 140 160 40 60 80 100 120 140 160
Time (min) Time (min) Time (min)

Figure 59. Response curve of CuFgPc/pNiD(Aryl)P bilayer heterojunction sensors, under
successive exposures to 90 ppm ammonia for 10 min and recovery under air for 30 min at 45%

RH and room temperature (18 — 20 ‘C).

In our previous studies, we extensively investigated the significant impact of the
sublayer on device polarity. For the very first time, we have observed that the nature of the
device is influenced by the top layer. This effect primarily arises from the equilibrium between
charge carriers in the sublayer. Previously, CuFgPc was identified as an ambipolar molecule
when combined with LuPc; in bilayer heterojunction devicel® & % In the current scenario,
owing to the ambipolarity of the sublayer, the top layer gains the ability to switch the polarity
of the device according to the substituents present on their macrocycle. Notably all the bilayer
heterojunction sensors demonstrated a slight drift in baseline current, which can be attributed
to the incomplete desorption of NH3 during recovery period. However, the sensors signal was
recovered by more than 95% during desorption period. The relative response (RR) of the bilayer

heterojunction sensors was calculated by using the equation (4).
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CuFgPc/pNiDPP shows the highest negative RR of -56% with response/recovery time
(time taken to complete 90% of the final value) of 198/1170 s, respectively, whereas,
CuFgPc/pNiDCNPP exhibits the highest positive RR of 22%, with response/recovery time of
13/255 s, respectively. Notably, this device has the fastest response/recovery kinetics among all
bilayer heterojunction sensors, which makes it as highly suitable for application in emergency
alert system in chemical industries and laboratories. The calculated values of RR and

response/recovery time of bilayer heterojunction sensors were shown in the Table 7.

Table 7. Comparison of RR, Res tgo and Rec teo of CuFsPc/pNiD(Aryl)P bilayer heterojunction

Sensors.
Response time | Recovery time
Sensors RR{90 ppm] (%)
(too) (s) (too) ()
pNiDNapP -22.84 293 1530
pNiDTP - 26.02 43 1383
pNiDOMePP -11.46 64 1205
pNiDPP -56.22 198 1170
pNiCOOMePP 2.10 519 1575
pNiDCNPP 22.11 13 255

With the exception of CuFgPc/pNiCOOMePP, which exhibits high noise in long
exposure, all other bilayer heterojunction sensors were further evaluated under a wide range of
NHz3 concentrations from 90 to 10 ppm (Figure 60), with dynamic cycles of 1 min exposure
and 4 min recovery periods. Remarkably, the current variations observed in all sensors were

highly reversible and repeatable throughout the experiments.
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Figure 60. Response curve of CuFgPc/pNiD(Aryl)P bilayer heterojunction sensors, under NH3

gas for 1 min and recovery under clean air for 4 min, in the range of NHs concentration from

90 to 10 ppm, at 45% of RH and room temperature (18-20 'C) (a—¢).

All the bilayer heterojunction sensors displayed distinct gas responses down to 10 ppm.

Notably, the CuFgPc/pNiDCNPP bilayer heterojunction sensor demonstrated a sharp and stable

response without any baseline drift. Hence these sensors were further evaluated by exposing to

low NHs concentrations, ranging from 9 to 1 ppm (Figure 61). Most interestingly,

CuFgPc/pNiDNapP, CuFgPc/pNiDTP, CuFgPc/pNiDOMePP and CuFsPc/pNiDCNPP bilayer

heterojunction sensors demonstrate observable responses even at 1 ppm experimentally (Figure

6la-c) and the CuFsPc/pNiDPP bilayer heterojunction sensor exhibits distinct gas response

down to 3 ppm (Figure 61d-e).
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Figure 61. Response curve of CuFgPc/pNiD(Aryl)P bilayer heterojunction sensors, under NHs
gas for 1 min and recovery under clean air for 4 min, in the range of NHz concentration from 9

to 1 ppm, at 45% of RH and room temperature (18-20 C) (a—e).

To understand the variation in sensors response influenced by different top layers, we
calculated the RR using the equation (4) and plotted them against varying NHs concentration,
creating calibration curves. Figure 62 illustrates these calibration curves for all five bilayer
heterojunction sensors (a zoom is shown as inset for a better visibility). Notably, all curves were
fitted with the Langmuir’s equation, indicating that the interaction between gas molecules and
solid surfaces follows Langmuir-type adsorption. This suggests the saturation of all available
adsorption sites by NHz gas molecules at higher concentrations. This effect is particularly
evident in the CuFgPc/pNiDTP bilayer heterojunction sensor, which almost reaches saturation
between 30 to 70 ppm, displaying only a slight change in RR from -6.4% to -6.7%, respectively.
Anyhow, it is important to note that this sensor shows clear distinction at low NH3

concentrations, ranging from 5 to 1 ppm, with RR values from -4.8% to -3.5%, respectively.
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Figure 62. The variation of relative response (calibration curve) of bilayer heterojunction
sensors as a function of NHz concentration. Inset is shown for better visibility of Langmuir’s

fit at low concentration.

Limit of detection was calculated for all five bilayer heterojunction devices using
equation (5). Among all bilayer heterojunction sensors, CuFgPc/pNiDPP exhibits high
sensitivity (-1.17% ppm™) and CuFsPc/pNiDNapP exhibits the lowest LOD (190 ppb). To
comprehend, the sensitivity of the sensors was increased in the order of CuFsPc/pNiDTP (-
0.32% ppm™?) < CuFsPc/pNiDOMEePP (-0.52% ppm™*) < CuFsPc/pNiDCNPP (-0.69% ppm™) <
CuFsPc/pNiDNapP (-0.98% ppm™) < CuFsPc/pNiDPP (-1.17% ppm™) and LOD decreased in
the order of CuFgPc/pNiDPP (2 ppm) > pNiDOMePP (508 ppb) > CuFsPc/pNiDTP (492 ppb)
> CuFsPc/pNiDCNPP (199 ppb) > CuFgPc/pNiDNapP (190 ppb). Estimated sensitivity and
LOD of the bilayer heterojunction sensors are compiled in the Table 2. All these sensors
displayed a LOD below 20 ppm, which is the daily exposure limit established by the European

Parliament. Moreover, the CuFsPc/pNiDNapP and CuFsPc/pNiDCNPP bilayer heterojunction
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devices demonstrated a LOD below 200 ppb, making them exceptionally suitable for real
environmental applications such as in the medical field, where concentrations of interest

typically are in sub ppm range'®?,

Table 8. Comparison of sensitivities (S) and Limit of detections (LOD) of CuFgPc/pNiD(Aryl)P

bilayer heterojunction sensors.

Devices S (% ppm™) LOD (ppb) [NH3] (ppm)
pNiDNapP -0.98 190 3-1
pNiDTP -0.32 492 9-1
pNiDOMePP -0.52 508 3-1
pNiDPP -1.17 2000 9-3
pNiDCNPP 0.69 199 3-1

Comparison of all these sensors polarity under NHzs is given in Table 9. Green colour
downwards arrow indicates a negative response (current decrease) and red colour upwards

arrow indicates a positive response (current increases).

Table 9. Behaviour (n-type or p-type) of CuF8Pc/pNiD(Aryl)P bilayer heterojunction sensors

upon NHs exposure.

Devices Current Polarity
(Under NH;) | (Under NH,)
CuF4Pc/pNiDNapP v p-type
CuF,Pc/pNiDTP v p-type
CuF,Pc/pNiDOMePP \ 4 p-type
CuF4Pc/pNiDPP A 4 p-type
CuF,Pc/pNiCOOMePP A n-type
CuF4Pc/pNiDCNPP A n-type
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4. Conclusion

Here we reported the direct synthesis of different 5,15-diaryl Ni(ll) porphyrin-based
conjugated polymers (pNiD(Aryl)P) bearing electron donating (pNiDNapP, pNiDTP,
pNiDOMePP, pNiDPP) or electron withdrawing (pNiDCOOMePP, pNiDCNPP) meso-
substituents, and their integration, as conductive top layer, on CuFsPc sublayer, to construct
CuFsPc/pNiD(Aryl)P bilayer heterojunction devices. For the first time, thanks to these devices,
we report the pioneering demonstration of polarity inversion within a heterojunction device, by
strategically manipulating the meso-substituent of the 5,15-diaryl Ni(ll) porphyrin conjugated
polymer in the top layer of the heterojunction device. It is due to the ambipolarity of the
sublayer, the top layer gains an access to dictate the device’s polarity. This work lays a
foundation for upcoming research where the top layer’s participation will be crucial in device’s

polarities.
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General Conclusion

Over the three years (2021 — 2024) of research work within the team Electrochemistry,
Materials, Coordination, Analysis and Porphyrinoids (EMCAP) previously knowns as
Electrochemistry, Molecular Materials and Devices (EMMD) of the Institute of Molecular
Chemistry of the University of Burgundy (ICMUB), we developed various types of organic
bilayer heterojunction devices and investigated their electrical and sensing properties under
different experimental conditions. In most of our work, we utilised a highly conducting
molecular material (LuPc>) as the top layer and various molecular materials as sublayer from
our collaborators worldwide to fabricate novel heterojunction devices, potentially

revolutionizing organic electronic applications.

Each chapter of this thesis led to new experiments, innovations, and the discovery of
new phenomena. These included the pioneering demonstration of SiPc-based ammonia sensors,
the introduction of a novel deposition method (Quasi-Dip Coating), and the enhancement of
organic bilayer heterojunction device performance through UV light illumination. Additionally,
we introduced a new type of bilayer ambipolar heterojunction device that exhibits different
polarity towards different gasses, a novel external trigger (temperature variation) to invert the
nature of majority mobile charge carriers within the bilayer heterojunction device, observed
polarity inversion within the device through the zero state, and achieved a control of the charge

transport regime through chemical engineering on the top layer of bilayer devices.

Our studies begin with the elaboration of organic heterojunction devices under different
oxidizing (NO2 and O3) and reducing (NHs) gases that provides insight into the charge transport
properties of these devices. Initially, we explored the potential of silicon phthalocyanines (Cl»-
SiPc and (345F),-SiPc) in a bilayer organic heterojunction device by combining them with

LuPc> and investigated their NH3 sensing properties to understand the interaction between gas
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molecules and the sensing layer. With this basic knowledge, we further explored two original
n-extended conjugated porphyrin complexes in bilayer heterojunction devices and their
response to ammonia under both dark and UV light conditions. For the first time, we
demonstrated an amplification in the sensing properties of an organic heterojunction device

under UV light illumination.

By changing the metal centre in octafluoro-metallophthalocyanine complexes, we
achieved ambipolar charge transport regimes in organic heterojunction devices. Inversion in the
nature of the majority charge carriers within the device was achieved by utilizing external
triggers like humidity and temperature, as well as the nature of gas species. The CoFgPc-based
device changed its polarity depending on the nature of the gas species, while the inversion in
the nature of majority charge carriers in the VOFgPc-based device was achieved by varying
humidity levels and temperature. These devices exhibit bistability under different experimental
conditions. However, achieving precise control over the inversion of majority charge carriers,
which determines the device's polarity, requires a suitable and controllable external trigger, and
it may depend on the molecular composition and the architecture of the device. It is crucial to
conduct comprehensive investigations into environmental effects such as humidity and

temperature variations when working with ambipolar devices.

Finally, we also studied the influence of the top layer on the polarity of bilayer
heterojunction devices. For the first time, we report the pioneering demonstration of polarity
inversion within a heterojunction device, by strategically manipulating the meso-substituent of
the 5,15-diaryl Ni(Il) porphyrin conjugated polymer in the top layer of the devices that contain
an ambipolar molecule (CuFgPc) as sublayer. Globally, in this project, we focused on
understanding and developing unipolar and ambipolar organic heterojunction devices based on
molecular materials like phthalocyanines and porphyrins through external triggers and gas

sensing.
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Perspectives

Our fundamental research into charge transport properties of organic heterojunction
devices under different experimental conditions laid a solid foundation for enhancing the device
performance and achieving ambipolar charge transport regime within the device. However, to
realise these types of ambipolar devices or light assisted devices in real world applications, we

need to delve deeper into the underlying mechanisms of each observed effect.

Understanding the impact of light on organic heterojunction devices, such as
AMG6/IuPc,, requires an in-depth investigation into the photophysical properties of the
molecules. Specifically, exploring the lifetime of excited charge carriers is crucial for
understanding the amplification in device performance. This could provide insights into the
mechanisms behind the observed enhancements and help optimize device designs for better

efficiency and functionality.

Our findings and investigations into ambipolar molecules and the charge transport
regime in ambipolar organic heterojunction-based devices can serve as a guide for future
researchers in developing advanced electrical components like ambipolar organic field-effect
transistors (OFETSs). Our research group has already initiated efforts to realize ambipolar
OFETs using octahalogeno-metallophthalocyanine complexes. These materials have promising
future due to their ability to support both types of charge carriers near equilibrium, which could

lead to more versatile and efficient electronic devices, with the gate voltage as external trigger.

Additionally, the work summarized in the last chapter of this thesis demonstrates that
the polarity of heterojunction devices can be influenced by the top layer. This finding can be a
precursor to achieve an ambipolar charge transport regime in organic heterojunction devices by

modifying the substituents in the top layer while using an ambipolar molecule as the sublayer.
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This approach could simplify the design and fabrication of ambipolar devices, making them

more practical for widespread use.

Recommendations for Future Research

1. Photophysical Properties: Detailed studies on the lifetime and behaviour of excited

charge carriers in light-activated devices.
2. Ambipolar OFETSs: Investigating ambipolar molecules in OFETS.

3. Environmental Effects: Exploring the impact of environmental conditions such as

humidity and temperature on device stability and performance.

4. Device Architecture: Developing new device architectures that leverage the unique
properties of ambipolar materials for more efficient and multifunctional electronic

components.

5. Material Optimization: Investigating a broader range of ambipolar materials and their

interactions with different top layers to fine-tune device performance.
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Raman Data

Table 1. Raman data (in cm™) of Cl,SiPc/LuPc, and (345F),-SiPc/LuPc, devices compared to these of each

product as powder and their attribution (S: strong, m: medium and w: weak).
Cl,SiPc-evaporated ClSiPc/LuPc, (345F);SiPc (345F)2-SiPc/ LuPc, LuPc; crystalline Assignment
crystals heterojunction evaporated crystals heterojunction powder
548 w 548 w Pc breathing
563 w 564 w Pc breathing
577 w 578 w Pc breathing
592 w 592 w 593 w 594 w Pc breathing
615w
634w Pc breathing
647 w 652 w Pc breathing
666 W Pc breathing
679 m 680 m 683 m 684 m 682 S Pc breathing
689 w
717w
725w
735w 735m C-H wagging
742 w
756 w 756 w 757w
785w 783 w 787 w 782w 781 m C=N aza stretching
798 w 798 w
842 m 840 w 843 m 843 w
965 w 964 w
1005 w 1005 w 1006 w 1007 w
1016 w 1012 w C-H bending
1033 w C-H bending
1048 m 1047 w 1046 w 1047 w C-H bending
1057 w
1104 m 1104 m 1109 m 1108 m 1104 w C-H bending
1121 m 1123 m 1122 S
1139 w 1144 w 1147 w pyrrole breathing
1158 w 1159 w 1163 w
1174 m 1177 w 1177 m C-H bending
1188 m 1188 w
1196 w 1196 w C-H bending
1219w 1217 w C-H bending
1230 w
1307 m 1306 m 1309 w 1309 w 1303 w C-H bending
1328 w 1333w c=C pyg:‘r’;fcf]’i‘:gbenze"e
1341 m 1341 m 1344 w 1343 w 1347 w
1362 w 1360 w
1381w
1409 m 1408 S 1411 m 1408 S isoindole stretching
1420 w isoindole stretching
1491 w
1512 m 1512 m 1512 S Coupling s?tfrg)éir]rlﬂlge and aza
1527 m 1525 m 1519 w
1559 S 1558 S 1554 S 1553 S 1552 w
1601 m 1598 S 1602 m 1601 m 1601 S benzene stretching
1613 S 1612 S 1615m 1615m -
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Table 2. Raman data (in cm™) of Ace-PQ-Ni/LuPc; and AM6/LuPc; devices compared to these of each product
as powder and their attribution (S: strong, m: medium and w: weak).

Ace-PQ-Ni Ace-PQ-Ni/LuPc, AM6 AMB6/LuPc, LuPc; crystalline )
crystalline powder heterojunction crystalline powder heterojunction powder Assignment
547 w 549 w 549 w 549 w Pc breathing
564 w 564 w 564 w 564 w Pc breathing
576 w 576 w 578 w Pc breathing
618 w 622 w
628 w 625 w
645 w 645 w
667 w 665 w 655 w
680 w 680 m 675w 680 S 682 S Pc breathing
697 w 697 w 699 w
714w 717w 714w
732w 735w 734w 737 m 735m C-H wagging
744 w 742m
767 w 770 w 772w 772w
777w 780 w 779 w 782 m 781 m C=N aza stretching
825w 827 w 827 m 831w
843 w 848 w 848 w 843 w
882 w 881w
900 w 899 w
964 w 965 w 965 w
993 w 993 w 999 w
1006 w 1006 m 1002 w C-H bending
1014 w 1017 w 1016 w 1012 w C-H bending
1036 w 1040 w 1040 w 1033 w C-H bending
1061 w 1062 w 1064 w 1065 w
1080 m 1075 w
1086 w 1091 w
1102 w 1104 w 1104 w C-H bending
1121 m 1128 w 1121 S 1122 S
1139 S 1140 S
1142 w 1147 w pyrrole breathing
1163 w 1158 w
1170 w 1174 m 1172 w 1175 S 1177 m C-H bending
1194 w 1194 w 1207 w C-H bending
1216 w 1218 w 1217 w C-H bending
1226 m 1232 w 1227 m
1265 m 1270 m
1285w 1288 w 1287 w 1287 w
1302 w 1301 w 1304 m 1301 w 1303 w C-H bending
1330 w 1333 w benzene stretching
1349 m 1352 m 1352 S 1351 m
1360 m 1366 m
1371 m 1372 m
1377 m 1381 m
1402 S 1405 S 1408 S 1408 S isoindole stretching
1414 m
1428 m 1429 m 1428 w
1451 w
1472 w 1474 w
1492 w 1493 w
1513 m 1512'S 1512'S Coupling of pyrrole and
aza stretching
1531 m 1530 m 1536 m 1534 m C-C stretching
1565 S 1568 m 1562 S 1565 S C-C stretching
1584 m 1589 m
1598 m 1593 m 1598 S 1601 S benzene stretching
1659 S 1658 S 1662 w 1656 w -
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Table 3. Raman data (in cm™) of ZnFgPc/LuPc,, CoFgPc/LuPc,; and VOFgPc/LuPc; devices compared to these of
each product as powder and their attribution (S: strong, m: medium, w: weak and sh.: shoulder).

cyslline | e | oyelive | COTPOLPG | g, VORPOLIPG: | il asgmen
powder powder powder powder
547 m 549 m 552 m 551 m 554 m 554 m 549 w Pc breathing
566 w 567 m 564 m 562 w 564 w Pc breathing
576 w 578 m 578 m 578 w Pc breathing
611 w 612 m 612 m
625 w 628 w 627 w
687 m 684 m 690 m 682 S 685 m 682 S 682 S Pc breathing
719w 714w
729 w 726 W 722 W
739 m 739 m 744 w 742 m 744 w 742 m 735m C-H wagging
750 m 754 w 754 w
760 m (sh.) 762'm 762m 766 m 764 S 764 w
782 m 784 w 782 m 780 w 781l m C=N aza stretching
877m 879w 882 m 884 w 979 m 882 m
953 w 944 w 943 w
974 w 1006 m 1006 m
1004 w 1006 m 997 w 1007 m 1002 w C-H bending
1012 w C-H bending
1030 w 1028 w 1024 m 1033 w 1032 w C-H bending
1046 w 1054 w
1076 w 1070 w
1094 w 1099 m
1100 w 1107 m 1105w 1104 m 1104 w 1104 w C-H bending
1121 m 1123S 11218 1122 S
1155 w 1144 m 1145 w 1144 w 1144 w 1147 w pyrrole breathing
1161 m 1159 m 1158 w 1162 m
1173 m 1170 w 1175S 1172 m 1175 m 1177 m C-H bending
1196 m 1194 m 1191w 1189 m 1189w
1207 w C-H bending
1219 m 1219 m 1219 m 1219 m 1215 m 1216 w 1217w C-H bending
1296 w 1304 w 1296 w 1303 m 1303 w C-H bending
1338 m 1338 m 1341 m 1335 m 1340 m 1340 m 1333 w benzene stretching
1360 w 1360 w 1364 w 1362 w
1406 S 1409 S 1405 m 1409 S 1401 m 1408 S 1408 S isoindole stretching
1449 m 1450 m (sh.) 1455 m 1451 w
1458 m 1454 w
1470 m 1473 w (sh.) 1467 m 1475w 1463 m 1464 w
1502 m 1496 m (sh.)
1513 S 1516 S 1513 S 1515m 1512'S ii‘ép;'z’;g;t’rfe%:%e
1527 w (sh.) 1528 m 1527 w C-C stretching
1531S 15318 C-C stretching
1547 S 1550 m C-C stretching
1593 S 1586 m (sh.) 1583 w 1583 w (sh.)
1601 S 1599 S 1607 m 1599 S 1601 m 1600S 1601 S benzene stretching
1617 S 1620 m 1622 S 1620 w (sh.) 1620S 1622 m
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Résumé : Les dispositifs a base de semi-
conducteurs organiques font 1’objet de
nombreuses recherches en raison de leurs
propriétés électriques uniques. Il existe une
forte demande pour des appareils miniatures, en
particulier ceux remplissant des fonctions
multiples. Ce besoin a attiré une attention
particuliere sur les dispositifs ambipolaires.
Dans cette thése, nous visons a utiliser des
matériaux possédant des densités de porteurs de
charge mobiles positives et négatives presque
égales pour créer des dispositifs bipolaires (de
type p et n) appelés dispositifs ambipolaires. Ce
type de dispositif présentant un comportement
ambipolaire a le potentiel de remplacer deux
dispositifs différents (types p et n) par un seul
dispositif ambipolaire, réduisant ainsi la taille
du systeme électronique. De tels dispositifs
ambipolaires sont prometteurs pour diverses
applications en nanotechnologie, notamment
leur déploiement dans des engins spatiaux, des
satellites et des appareils électriques quotidiens
ou la minimisation du poids et de la taille est
cruciale.

L'étude de dispositifs  organiques a
hétérojonction sous différents gaz oxydants
(NO; et Os3) et réducteurs (NHs) donne un
apercu des propriétés de transport de charge
dans ces dispositifs. Initialement, nous avons
exploré le potentiel des phtalocyanines de
silicium (Cl-SiPc et (345F),-SiPc) dans un
dispositif a hétérojonction organique bicouche
en les combinant avec un matériau moléculaire
tres conducteur (LuPcy) et étudié leurs
propriétés de détection de NH3z pour comprendre
I'interaction entre les molécules de gaz et la
couche sensible. Grace a ces connaissances de
base, nous avons exploré plus en détail deux
complexes originaux de porphyrines a nuages «
étendus dans des dispositifs a hétérojonction
bicouche et leur réponse & I'ammoniac dans
1’obscurité et sous lumiére UV. Pour la premiere
fois, nous avons démontré une amplification des
propriétés de détection d'un dispositif organique
a hétérojonction sous illumination UV.

En modifiant le centre métallique des complexes
octafluoro-métallophtalocyanines, nous avons
observé des comportements ambipolaires dans
des dispositifs organiques a hétérojonction.
L'inversion de la nature des porteurs de charge
majoritaires au sein du dispositif a été réalisée
en utilisant des stimuli externes tels que
I'humidité et la température, ainsi que la nature
des especes gazeuses. Le dispositif basé sur
CoFgPc change de polarité en fonction de la
nature du gaz, tandis que l'inversion de la nature
des porteurs de charge majoritaires dans le
dispositif basé sur VOFgPc est obtenue en
faisant varier les niveaux dhumidité et la
température. Ces dispositifs présentent une
bistabilitt  dans  différentes  conditions
expérimentales. Cependant, obtenir un contrdle
précis de l'inversion des porteurs de charge
majoritaires, qui détermine la polarité du
dispositif, nécessite un stimulus externe
approprié et controlable, et cela peut dépendre
de la composition moléculaire et de
l'architecture du dispositif. Il est crucial de
mener des études approfondies sur les effets
environnementaux tels que les variations
d’humidité et de température lorsque 1’on
travaille avec ce type de dispositifs
ambipolaires.

Enfin, nous avons également étudié I'influence
de la couche supérieure sur la polarité des
dispositifs a hétérojonction bicouche. Pour la
premiére fois, nous rapportons la démonstration
pionniére de l'inversion de polarité au sein d'un
dispositif & hétérojonction, en changeant
stratégiquement le substituant en position meso
de la porphyrine 5,15-diaryl Ni (Il), dont les
polyméres conjugués sont utilisés comme
couches supérieures dans des dispositifs
utilisant CuFsPc comme sous-couche. Dans ce
projet, nous nous sommes concentrés sur la
compréhension et le développement de
dispositifs &  hétérojonction  organiques
unipolaires et ambipolaires basés sur des
matériaux ~ moléculaires tels que les
phtalocyanines et les porphyrines via des stimuli
externes et la détection de gaz.
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Abstract Organic  semiconductor-based
devices are attracting a wide range of
researchers due to their unique electrical
properties. In today’s advanced world, there is a
high demand for miniature devices, particularly
those performing multiple functions. This need
has brought special attention to ambipolar
devices. In this thesis, we aim to utilize
materials possessing nearly equal densities of
mobile charge carriers in molecular materials to
create bipolar (both p- and n-type) devices
known as ambipolar devices. This type of
device that exhibits ambipolar behaviour has the
potential to replace two different types of
devices (p- and n-type) with a single ambipolar
device, eventually reducing the size of the
electrical system. Such ambipolar devices hold
promise  for  various applications in
nanotechnology, including deployment in
spacecraft, satellites, and everyday electrical
appliances where minimizing weight and size is
crucial.

The study of organic heterojunction devices
under different oxidizing (NO. and Os) and
reducing (NHs) gases provides insight into the
charge transport properties in these devices.
Initially, we explored the potential of silicon
phthalocyanines (Cl,-SiPc and (345F),-SiPc) in
a bilayer organic heterojunction device by
combining them with a highly conducting
molecular material (LuPc;) and investigated
their NH3 sensing properties to understand the
interaction between gas molecules and the
sensing layer. With this basic knowledge, we
further explored two original w-extended
conjugated porphyrin complexes in bilayer
heterojunction devices and their response to
ammonia under both dark and UV light
conditions. For the first time, we demonstrated
an amplification in the sensing properties of an
organic heterojunction device under UV light
illumination.

By changing the metal centre in octafluoro-
metallophthalocyanine complexes, we achieved
ambipolar charge transport regimes in organic
heterojunction devices. Inversion in the nature
of the majority charge carriers within the device
was achieved by utilizing external triggers like
humidity and temperature, as well as the nature
of gas species. The CoFgPc-based device
changed its polarity depending on the nature of
the gas species, while the inversion in the nature
of majority charge carriers in the VOFsPc-based
device was achieved by varying humidity levels
and temperature. These devices exhibit
bistability — under different  experimental
conditions. However, achieving precise control
over the inversion of majority charge carriers,
which determines the device's polarity, requires
a suitable and controllable external trigger, and
it may depend on the molecular composition and
the architecture of the device. It is crucial to
conduct comprehensive investigations into
environmental effects such as humidity and
temperature variations when working with
ambipolar devices.

Finally, we also studied the influence of the top
layer on the polarity of bilayer heterojunction
devices. For the first time, we report the
pioneering demonstration of polarity inversion
within a heterojunction device, by strategically
manipulating the meso-substituent of the 5,15-
diaryl Ni(ll) porphyrin conjugated polymer in
the top layer of the devices that contain an
ambipolar molecule (CuFsPc) as sublayer.
Globally, in this project, we focused on
understanding and developing unipolar and
ambipolar organic heterojunction devices based
on molecular materials like phthalocyanines and
porphyrins through external triggers and gas
sensing.
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