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Abstract

In our daily life, various wavelength electromagnetic waves play important roles.
Various colors can be captured by our naked eyes, massive information is being
received by all kinds of terminal and an X-ray photograph can provide the health
information. With the advantages of electromagnetic waves, the photo-detectors are
very crucial to obtain the signals such as remote sensing, spectrum measurement and
Infrared imaging and so on. The traditional photo-detectors fabrication processes are
based on molecular beam epitaxy and metal organic chemical vapor deposition and
micro-nano processing technology for the photo-sensitive layer and readout circuit.
With the developing of the informatization, the requirement of flexible, large area and
simplified fabrication process photodetectors is increasing. Thus, new photo-sensitive

material and preparation technology are essential for the new devices.

Due to high light absorption rate, photo-electric efficiency and fast response of
quantum dots, the photo-detectors with quantum dots attached many attentions in the
scientific field. In addition, compared with the traditional photo-detectors such as
photodiodes and photo-conductive device, photo-modulated transistor exhibits tripolar
modulating, self-amplification ability to improve the photo-electric properties. With the
purpose of decreasing the cost of the fabrication and matching the large area devices,

inkjet printing process and organic electronics are utilized in this thesis.

Based on the achievements of IETR in thin film transistors, especially the work
focus on the organic thin film transistors, inkjet printing and quantum dots photo-
detectors, this thesis combines the achievements and expands the application in the field

of the low cost and low temperature process near infrared photo-detectors.

The thesis can be divided into two parts. In the part A, the work focuses on the UV-

Visible wavelength photodetectors with the CdSe Quantum Dots. Due to expanding the
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detecting wavelength and decreasing cost, the near infrared photodetectors is

investigated in the Part B. The part B is organized in 4 chapters.

In the first chapter, the research status of the photodetectors is introduced, including
the classification of photo-detectors, quantum dots and photo-detectors with quantum
dots. Then, due to the organic transistor structure, the general introduction of the
organic semiconductor is provided. At the end, as the fabrication process, the
development of the printing electronics and the process of the DoD (drop-on-demand)

are presented.

For obtaining the good performance of the transistor, the fabrication process of the
near infrared photo-modulated transistor should be studied in details. Especially for the
pattern formation of the electrodes, the connection of the printing patterns and printing
parameters is investigated in chapter 2. Moreover, this work will help to fully

understand the phase separation that occurs during inkjet printing of colloids droplets.

Normally, the performance of the near infrared photo-modulated transistor will be
influenced by the performance of the organic thin-film transistor. With the novel
fabrication process in organic thin-film transistor, the method to improve the
performance of the organic thin-film transistor is illustrated in chapter 3. In this chapter,
the direct correlation between the structure of the C60 film (grain size, surface
roughness) from AFM measurement and electrical parameters of the organic thin-film
transistor is highlighted. Besides, considering the potential application in electronic
circuits, the response of the transistor is measured. With the 13ms switching time, the

application frequency of the transistor could be approximately 10Hz.

In the fourth chapter, integrating the achievements in inkjet printing process,
organic thin-film transistor and the PbS quantum dots, the near infrared photo-
modulated transistor is synthesized and researched. In order to observe the obviously

photo-response phenomenon, four quantum dots distribution modes are studied. Based
2



on the best distribution mode, the simple photo-detecting circuits are designed. From
the first circuit, we obtain approximately 3V voltage difference with the switching of
the 1050nm incident light. As measured from the second structure, 110nA photo-current

can be gained from the circuits.

Finally, based on the previous work of the laboratory, the thesis expands it in new

field.



General Introduction



With the research of the photo-detector developing, the researchers focused on the
various parameters of the photo-detector such as high responsivity, obvious photo-
signal, flexibility and so on. In my work, the main idea is the detection of the light in
large range of wavelength. For this purpose, the unique properties of quantum dots and
the possibilities of large gain given by field effect devices were utilized in my photo-
detector. In addition, part of these devices were fabricated by using organic electronics
technology in the goal to decrease the cost of the fabrication and to use large area
substrates in the future. Besides, Drop on Demand printing technique was utilized for
this purpose. In the following, | will define and describe the quantum dots
photodetectors, the organic electronics and the way to fabricate these organic

electronics using printing technology.

1 Research status of the photo-detectors

1.1 The Photo-detectors

1.1.1 The classification of the photo-detectors

The photodetector is a device that measures electromagnetic waves of a specific
wavelength or wavelength band by using a photoelectric effect or other physical
mechanism. The photodetectors can be easily found in our daily life such as camera,

photoelectric sensor and so on.

Normally, photodetectors can be divided into internal photodetectors and external
photodetectors by the physical mechanism as shown in Figl-1. External photodetectors
are based on the External Photoelectric Effect. It means that the incident photon energy
is greater than the work function of the photosensitive material, and the electrons of the
material escape and are detected by the external circuit [1]. For example, the
photomultiplier tube converts the incident light into weak electrons by the photoelectric
effect, and the secondary electron emission phenomenon occurs multiple times under

the action of the high voltage between the dynodes. Therefore, only at the photocathode,
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photoelectric conversion effect occurs, so the photomultiplier tube is a current amplifier.

Photoconductive
Internal
Photoelectric .
Effect
Photovoltaic
Photodetectors
External
Photoelectric Photomultiplier
Effect

Figure 1-1 the classification of the photodetectors

The internal photodetector refers to the change in the properties of the material
under electromagnetic wave irradiation. The most common device is the photoresistor.
This kind of resistive photodetector can change the material carrier concentration under
different light intensity and directly affect the resistance of the material, so it can be
used for detection. The internal photodetectors can also be subdivided into
photoconductive detectors and photovoltaic detectors depending on the detection
mechanism. Photosensitive resistors belong to photoconductive photodetectors. The
main advantage of photoconductive devices is that the photoelectric effect of the device
is independent of the positive and negative polarities of the applied electric field. The
other advantage is its high sensitivity to the light. However, its sensitivity depends on
the light power and the applied voltage. However, the performance of the
photoconductive device is greatly affected by external temperature. Then, it is mainly
used as light detector and not in the measurement of the light power. At the same time,
the detection speed of the photoconductive device is very slow [2].

6



For example (Figl-2), Gerasimous et al. reported the modification of the graphene
surface with PbS Quantum Dots. With the photo-response of the PbS QDs, the

responsivity of the device is 10’A/W [3].
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Figure 1-2 the photoconductive photodetector based on the graphene [3,4]

Photovoltaic detectors usually have a homostructure composed of 2 opposite doped
parts of the same semiconductor or a heterostructure composed of two different types
of semiconductors, which is known as the PN junction. At the interface of the junction,
a built-in electric field is formed due to majority carrier drift and minority carrier
diffusion. Under lighting, the photogenerated electrons and holes are separated by the
electrical field and diffuse to the two ends. As the most common photovoltaic device,
the structure of the photodiode device is similar to that of a conventional semiconductor
diode device, except that the photodiode device has a photosensitive region capable of
detecting an optical signal under illumination and converting it into an electrical signal.
Common photodiode devices are Schottky type photodiodes, metal-oxide-

semiconductor (MOS) type photodiodes, p-i-n photodiodes and avalanche photodiode
7
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Figure 1-3 the photodiode made with Graphene/Germanium Schottky Junction [5]

As illustrated in Figl-3, based on the Graphene/Germanium Schottky Junction, the
near-infrared photodiode was reported by the Zeng et.al. With the incident light, the
Schottky Junction will disappear. By this way, the photoelectric response of the device
is significantly improved compared to the photoconductive device under reverse bias
conditions. In addition, the photodiode has a wide detection range of 1.5 um
communication band, and the detection speed is high [5]. Therefore, the unidirectional
conductivity of the photodiode and the operating characteristics under reverse bias
make the device widely used in the field of photodetection and have been extensively
studied by the scientific community. Advantages of photodiode devices include good
linearity, high speed photocurrent response, wideband detection, low cost and long

working life. However, photodiode devices have some fatal defects, such as fast
8



quenching of excitons, low photoelectric response, and no photocurrent amplification.
In order to solve these problems, triode structure is utilized to design the photodetectors.

Photo-modulated transistors have been focused on by the researchers.

Source Drain

Semiconductor and photosensitive layer

Insulator layer

Gate

Figure 1-4 the structure of photo-modulated transistor

With the structure in Fig1-4, the photo-modulated transistor has the similar structure
with the traditional field-effect transistor. Based on the field effect modulation
amplification of gate electrode bias, the photo-modulated transistor exhibits the high
efficiency to transfer the photo-signal to the electrical signal. Normally, the photo-
sensitivity of the triode structure photo-modulated transistor is higher than photodiode.
According to the above reasons, the triode structure is utilized as the photodetector

structure.

1.1.2 The research status of the near infrared photodetector
As the core component of the photoelectric system, the photodetector can convert
the optical signal into a storable electrical signal [6,7]. After special treatment of
electrical signals according to different needs, photodetectors can be widely used in
missile guidance [8,9], night vision systems [10,11], environmental testing [12,13],
biomedical imaging [14-16], etc. Infrared photodetectors in photodetectors have very
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important applications in the military and civilian markets. In the military field, infrared
photodetectors are widely used in infrared detection, infrared guidance, and airborne
warning, in order to improve the night combat efficiency and the target's precise strike
rate, and reduce the casualty rate [17]. In the civilian field, infrared photodetectors are
widely used in forest fire alarms, weather forecasts, etc. to improve the ability to

monitor the external environment [18].

According to the optical response range, infrared photodetectors can be divided
into three categories: near, medium and far infrared photodetectors [19]. Compared
with medium and far infrared photodetectors, near-infrared photodetectors have great
market prospects due to their low cooling requirements, simple process and excellent
performance. At present, the mainstream product of near-infrared photodetectors is
indium gallium arsenide (InGaAs) photodiodes. The need for higher lattice matching,
greater material consumption, and complex array interconnect technology greatly
increases the cost of device fabrication. The price of the InGaAs-based night vision
camera has reached 40000 US dollars [20]. Exploring the development of new material
systems and device structures, while pursuing high performance, reducing costs,
reducing weight and reducing environmental pollution, is of great significance for

promoting the research and market application of infrared photodetectors.

At present, infrared detectors have mainly experienced the following three

generations of development:

The first generation is dominated by single and multiple infrared focal plane arrays.
It has a light machine string and scan imaging and represents the time delay integration
function. But the cumbersome one, two-dimensional scanning system and relatively

low light and dark current ratio limit its application and promotion.

The second generation is dominated by medium and small gaze focal plane arrays.

The devices in this period were focal plane arrays developed on the basis of the US
10



Lada I, Lada Il and Lada Il arrays, with an array size of 103~10° pixels.

The third generation is dominated by a gaze-type focal plane array. The array size
is above 10° pixels. With the features such as large area array, miniaturization, low cost,
two-color and multi-color, intelligent system, smart chips and so on, the photo-detective
array is integrated with high-performance digital signal processing, single-chip multi-

band fusion high-resolution detection and recognition.

There are many materials suitable for infrared photodetection, but it is really
suitable for the development of three generations of infrared photodetectors, that is, the
materials of the two-color and multi-color infrared focal plane array devices with
flexible response bands are few. Now, the main structures and materials of the near
infrared  photodetectors includes traditional HgCdTe[21], Quantum Well
Photodetectors[22], type Il strained-layer superlattices[23] and Quantum Dot
photodetectors[24,25].

eHgCdTe Near Infrared Photodetector

The cross-sectional schematic of the back-illuminated HgCdTe double color near
infrared detector structures is illustrated in Fig 1-5[21]. HgCdTe is the direct band gap
semiconductor consisted by the CdTe and HgTe. The material include three

advantages[26]:(1) By adjusting the content of Cd in the alloy, the absorption range can
be adjusted in 1~30um; (2) Intrinsic absorption results in a detector with high quantum

efficiency; (3) a high carrier lifetime and operating temperature. Normally, vacuum
epitaxy is used to fabricate high quality HgCdTe near infrared film. MBE (molecular
beam epitaxy) and MOCVD (Metal organic chemical vapor deposition) are relatively
mature high vacuum forging film technologies. Using these vacuum techniques,
multilayer or more complex device structures can be fabricated, and multilayer

heterojunction materials suitable for three generations of two-color, multi-color infrared

11
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Figure 1-5 Cross-section views of unit cells for various back-illuminated dual-band

HgCdTe detector approaches: (a) bias-selectable n—p-n structure reported by

Raytheon, (b) simultaneous n—p—n design reported by Raytheon, (c) simultaneous p-

n—n—p reported by BAE Systems, (d) simultaneous n—p—p—p-n design reported by

Leti, and (e) simultaneous structure based on p-on-n junctions reported by

Rockwell.[21]
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e Quantum Well Photodetectors

The potential of electrons or holes with two different semiconductor materials
arranged in phase and having a quantum confinement effect is called a quantum well.
The infrared ray detection of the target is realized by the electronic hopping principle

of the energy level in the quantum well, and the detection wavelength range can cover

1-20pm.

Figure 1-6 3-D view of dual-band Quantum well infrared detectors device structure
showing via connects for independent access of middle wavelength infrared and lower
wavelength infrared devices. The color code is as follows, orange - isolation layer;

green-lower wavelength area; light blue-middle wavelength area; grey-contact layer;

dark blue-metal bridges; yellow-indium bumps.[24]

Quantum wells have excellent infrared detection performance, but their
shortcoming of zero vertical absorption makes it necessary to fabricate an optical grid
to increase the light absorption of the device, thereby increasing the manufacturing

difficulty and cost.

e Type Il strained-layer superlattices
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InAs/GaSb energy band has a straddle structure. This infrared photodetector has
some unique advantages and has become one of the development directions for third-
generation focal plane devices that have received much attention in recent years as

illustrated in Fig 1-7.

Top ohmic contact

n-type InAs

n’-SLS

Sidewall passivation
p-SLS

Bottom ohmic contact
p-SLS

p-GaSb buffer

p-GaSb substrate

S

Incident radiation

Figure 1-7 Cross section schematic of p - i - n InAs/GaSb superlattice

photodiode[24]

Type Il strained-layer superlattices have excellent infrared photosensitivity, but
high-quality film growth and superior film passivation are difficult to achieve, the

biggest challenge in pre-study research.

e Quantum Dot NIR photodetectors

The third-generation photodetectors based on HgCdTe, Type Il strained-layer
superlattices and Quantum Well photodetectors have relatively good infrared
photosensitivity, but the deficiency is also obvious. And the use of large high vacuum
equipment such as MBE and MOCVD increases the manufacturing cost of the device.
Quantum dot photodetectors have the advantages of sensitivity to normal incident light,
high photoconductivity, high detection ratio, continuous detection wavelength and low
temperature preparation. The Quantum Dot detectors have been extensively studied in

recent years.
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At present, the research of quantum dot infrared photodetectors mainly focuses on
the heterostructure embedded in quantum dots Dwell (Dot in a well) in quantum well.
Dwell heterostructure infrared detector combines the characteristics of quantum
speaking infrared photodetector and quantum dot infrared photodetector, suitable for
the development of the third generation and future generation of infrared photodetectors.
However, due to the limitation of fine processing, this preparation method is difficult
to obtain a quantum dot material with adjustable size and controllable morphology. At
the same time, due to the need for large equipment such as MBE and MOCVD, it is
difficult to achieve low-cost, large-area preparation and other requirements, so that the

large-scale application of quantum dot infrared detectors is limited to a certain extent.

Compared to vacuum technology, chemically prepared quantum dots can avoid
some of the disadvantages of vacuum methods. There are many types of chemical
synthesis methods, and various synthesis techniques have been widely used to control
quantum dot size, chemical composition and morphology. The prepared quantum dots
have the characteristics of high quality, narrow size distribution, and uniform
appearance[27], and can be used for preparing large-area films on various substrates by
using dip coating, thermal spraying, spin coating, etc. Development and production of

low cost, high performance and flexible electronic and optoelectronic devices.

At present, the research of glue mass sub-point photodetectors mainly focuses on
photoconductors, photodiodes and phototransistors. These optoelectronic devices make
full use of the advantages that the rubber mass point can separately prepare a
photovoltaic film or combine with other materials to prepare a photoelectric composite

film.

In 2006, Gerasimos Konstantatos from the Prof. Edward H. Sargent research
group reported the work that change the ligand of PbS QDs (Quantum Dots) [28]. And
the three processes of post-crosslinking oxidation, post-crossover oxidation, and post-

15



oxidation transfer are used to enhance the adhesion of carriers between quantum dots,
as shown in Fig 1-8. It was found that the device with moderate oxidation treatment
after the transfer has the best photo-responsive performance with a responsivity of
2700A/W. And the detectivity is 10'® Jones which is higher than the imaging
requirement of 10'2 Jones. Although the device has a modulation frequency of 30Hz,

its overall performance has surpassed that of commercial photodiodes.
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Figure 1-8 the photoconductive detector based on the PbS QDs. (a) Material
processing diagram for the development of QDs photoconductive photodetectors; (b)
Responsivity as a function of applied bias of photoconductive devices measured at a

wavelength of 975 nm and light intensity of 300 nW/cm?.[28]

One year later, the research group synthesis the PbS QDs with practical size
2nm[29], and successfully decrease the absorption wavelength to 850nm~900nm. And
then they combined the 2nm particle size 2nm with particle size 4nm QDs to fabricated

the double color photodetector as illustrated in Fig 1-9.
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Large-QD Detector (alone)
Large-QD detector combined with small-QD detector
2.0 —— Small-QD detector

Light

Responsivity (arbitrary units)
o

0.0 - Y T T T T T T T T T ¥ 1
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Figure 1-9 Spectral responsivity of the stacked device shown in the inset for dual-
spectral detection. The small quantum dot (QD) layer detects effectively the short
wavelength light, whereas the longer wavelengths are detected from the large QD

layer. The responsivity of the large QD device before the stacking is also shown for

comparison.[29]

In 2012, Mengyu Chen from the City University of Hong Kong succeed in
fabricating the high response speed HgTe QDs photoconductive detector with the
thermal inkjet printing[30]. With response frequency of 1MHz and 3dB bandwidth, the
response band width is better than the other photoconductive detector, as illustrated in

Fig 1-10.
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Figure 1-10 a) Optical image of the HgTe QD film after a few passes of spray-coating.
The arrow highlights some of the substrate regions that are uncovered with QDs,
which can be fi lled up in the following spray passes. Inset: image of four spray-

coated photoconductors with different W/L ratios on one chip. b) Device structure. c)

Frequency dependence of the photocurrent illuminated by a square-wave modulated 8

mW, 635 nm laser (295 K, bias=5 V, | = 800 mW/cm?).[30]

Based on the above analysis, for photodetectors, responsiveness, response speed,
light-dark current ratio and noise are important performance parameters of
photodetectors. The response speed of the detector determines how fast the device turns
on and off, which can reduce serious problems such as smear; the dark-light current
ratio affects the strength of the device to capture the object signal; the noise level
determines the strength of the minimum detectable signal. In addition to performance,
the problems in the practical process are also important factors affecting the
development of photodetectors. Low cost, portability, and good environmental

adaptability are increasingly important.

1.2 The research status of Quantum Dots
Recently, the interest of scholars has been occasioned because of the ability to
reduce the gap between the material volume and molecular size of the nano-scale

18



materials. Its unique properties can be applied in many fields, especially in electronics,
optoelectronics and biology [31,32]. With a unique change in optical and electronic
properties and a particle size of less than 100nm, the structure may be referred to a
nanostructure. And the structure can be classified into (1) two-dimensional, such as a
quantum well;(2) one-dimensional, such as a quantum wire; (3) zero-dimensional, such
as a quantum dot. As a zero-dimensional nanomaterial, quantum dots consist of a finite
number of atoms. Due to the limited number of electrons, the energy levels change from
quasi-continuous to discrete [33]. The low density of quantum dot states leads to
quantum confinement effects on electron-hole pairs, so the optical and electrical
properties of quantum dots are distinctly different from bulk semiconductors. As early
as the 1980s, two physicists at the Bell Labs in the United States, Daniel and David
[34], first proposed the concept of quantum dots. As an emerging research field, the
research on quantum dots has been developed into one of the hot topics in research
around the world. Quantum dots have the advantages of wide absorption, narrow
emission, large quantum vyield, etc. Their unique optical and electrical properties
provide a good basis for the application of quantum dots. At present, quantum dots are
widely used in the field of optoelectronics such as light-emitting diodes [35], transistors
[36], and solar cells [37], as well as in biological imaging [38] and biological probes
[39]. With the deepening of research, the achievement of the Quantum Dots devices has
achieved rapid development in various fields, and their potential application prospects

are immeasurable.

In addition, the unique properties of quantum dots, such as quantum size effect,
surface effect and small size effect, have led to the unique physicochemical properties,
which provide a broad space and opportunity for the development of quantum dots in
the field of optoelectronic devices. The quantum size effect refers to the phenomenon
that the electron energy level near the Fermi level changes from quasi-continuous to

discrete energy level or the energy gap becomes wider when the size of the nanoparticle
19



decreases to a certain value. Common materials contain nearly infinite numbers of
atoms, so the energy level spacing of common materials is approximately zero, and the
electronic energy level is quasi-continuous. For nanomaterials, discrete energy levels
are formed due to the limited number of atoms involved. When the energy level spacing
is greater than the condensing energy of thermal energy, magnetic energy, photon
energy or superconducting state, the quantum size effect must be considered. This effect
will lead to the optical, thermal, magnetic, acoustic, electrical and other characteristics

of the nano-material and conventional materials. There are significant differences.

As the particle size becomes smaller, the ratio of the surface area to the volume, that
is, the specific surface area, increases remarkably. Thereby the surface atoms on the
nanoparticles are highly active. In turn this causes changes in the properties of the
nanoparticles. And this is the surface effect. At the same time, as the particle size of the
nanomaterial decreases, the number of surface atoms increases rapidly. For example,
when the particle diameter is 10 nm, the number of surface atoms is 20% of the total
number of complete crystal atoms; and when the particle diameter is 1 nm, the surface
atomic percentage is increased to 99%. Since the surface of the nanoparticles exhibits
high chemical activity, it is rapidly oxidized in the air. In order to improve the surface

stability, a dense oxide protective layer can be formed on the surface.

When the size of the nanoparticles is equal to or smaller than the physical
wavelength of the light wave, the de Broglie wavelength of the conduction electrons,
and the coherence or transmission depth of the superconducting state, the periodic
boundary conditions are destroyed, along with the particles. As the size is reduced,
many properties of the nanoparticle such as light, thermal, electricity and the like will
change significantly. This change in the properties of the nanoparticles due to the

reduction in size is called the small size effect, also called the volume effect.
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e Fabrication of the Quantum Dots

In order to limit the particle size of the prepared material to the nano-scale in three
dimensions, some specific processes are required to prepare the quantum dots. There
are usually three typical quantum dot preparation processes: nanolithography, epitaxial
growth and chemical wet synthesis. The earliest research related process is the use of
electron beam lithography, directly using photolithography and etching to form the
desired quantum dot material. As early as 1986, Bell Communications Laboratory A.
Scherer and H. G. Craighead utilize high voltage electron beam lithography. A
nanopattern is lithographically patterned on a porous quantum well substrate. A nano-
column of approximately 40 nm diameter and 230 nm height close to the quantum dot
material was etched by ion reaction [40]. In this research work, quantum well
heterojunctions provide a one-dimensional confinement as a traditional two-
dimensional nanostructure, while nanoscale lithography is used to achieve nanoscale in
the other two dimensions. The quantum dot material prepared by the process has good
uniformity, and the Nano-column structure can also be accurately ordered. However,
its inherent series of defects, such as slow preparation process, high pollution, high cost,
high defect density of the prepared quantum dot material is very low. Therefore,
although the process has been extensively researched, it is still difficult to put into

practical use.

The other two preparation processes are still quantum dot epitaxial growth
processes prepared by physical preparation methods, including a patterned epitaxial
growth process and a self-assembled quantum dot growth process. For example, as
reported by T. Fukui and S. Ando in 1991, metal oxide chemical vapor deposition
(MOCVD) was utilized to fabricate GaAs island-shaped quantum dot on the optional
region of GaAs substrate [41]. In 2001, P. Petroff and A. Lorke exploited the self-

assembly island-shaped quantum dot with MOCVD and MBE (molecular beam epitaxy)
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[42]. However, the uniformity of this quantum dot growth process is very poor, and the
shape and size of the quantum dots cannot be controlled, and the lithography patterning
process is required to be assisted, so that it is difficult to be practically applied in

electronic devices.

The biggest problem of the aforementioned quantum dot physical synthesis process
is that the synthesis temperature is high, the cost is high, and it cannot be prepared in a
large area and large size in the microelectronic device. It is even more incompatible
with flexible substrates that require a room temperature and pressure process. In recent
years, the preparation of quantum dot materials by chemical solution method has
become a new breakthrough. Scientists used cadmium oxide (CdO) and selenium (Se)
elements to synthesize quantum dot materials at low temperatures (225°C) in solution
[43]. This quantum dot synthesis process is simple, environmentally friendly, and
synthesized at low temperatures. More importantly, the quantum dot material is tunable
in size, controllable in the band, and can be sprayed or spin coated onto any substrate

device in a simple manner after being synthesized in solution as illustrated in Figl-11.
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Figure 1-11 Solution process of the CdSe Quantum Dots fabrication [43]

Depending on the application environment and type, the researcher can use a
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suitable chemical synthesis method to prepare quantum dots with different chemical
compositions, different wavelength bands and different sizes, including Cu.S and PbS

material [44-47].

1.3 The research status of the Quantum Dots photodetectors

1.3.1 UV-Vis photodetectors

Ultraviolet (UV) light wavelengths range from 10 nm to 400 nm, while | nm to 10
nm are now also referred to as the extreme ultraviolet spectral range. Ultraviolet light
has very few components in the solar spectrum, and most of it is absorbed by the ozone
layer, and it is even weaker on the surface of the earth. This band has a wide range of
applications in the military. For example, the flame emitted by a missile aircraft
generates a large amount of ultraviolet radiation. The flame burning in our daily life
also emits ultraviolet light, so the UV detector is widely used in national security, fire

alarm and other aspects.

In research field, the study of the UV photo-detectors focused on the wide bandgap
semiconductor material ZnO. As a versatile semiconductor material, ZnO has a band
gap of 3.37 eV and absorbable photon energy in the ultraviolet range. It is an ideal

semiconductor material for UV detectors.

In 2007, C.Soci and A.Zhang et.al. report the UV photo-detectors with single ZnO
nanowire, the work was reported in Nano letters. With 390nm incident light, the

photoconductive gain of the device is 108, [48]

In 2013, Biao Nie and Ji-Gang Hu er.al. report the detectors based on the ZnO
nanorod array for high performance. With 365nm Ultraviolet light, the response

frequency achieves 2250Hz. [49]

Recently, due to the research of the Quantum Dots(QDs), the UV photodetectors

with QDs has been the research hotspot. In 2017, Ludong Li and Leilei Gu et.al reported
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the UV image sensors based on the ZnO Quantum dots decorated Zn,SnO4 nanowire,
which provide light-to-dark current ratio (6.8x10%), specific detectivity (9x10%" Jones),
photoconductive gain (1.1x107), fast response and excellent stability with 300nm

incident light. [50]

The waveband from 400nm to 800nm is the visible light band. This band is the most
familiar range. From colorful scenery to colorful neon, it is in the range of visible light.
The application of detectors in the band is also very extensive. Optical measurement
based on visible light wavelength has been widely used because of its high precision,
high speed, and no damage to the sample. Therefore, efficient photodetector
components have become a research hotspot and have an important role in daily life
and industrial production. The most common is the imaging system, the digital CMOS
(Complementary Metal Oxide Semiconductor) system has been successfully used in
the field of consumer electronics, and the CCD (Charge-coupled Device) detection
system is also widely used in high-end consumer electronics and special fields. They

also have many advantages such as fast imaging speed and rich optical signals.

With the development of the nano-scale material, more and more researcher focus
on the new materials visible photodetectors for low cost, flexible and simple fabrication

process.

In 2009, Jason P. Clifford reported the work which focused on the tuneable
colloidal-quantum-dot photodetectors with the various advantages such as fast response,
sensitive and spectrally. The wide photo-sensitive waveband (from 400 to 1800nm), the

detectivity is approximately 1x10%2 Jones. [51]

Then, in 2015, Seung Won Shin et.al. reported the work of the highly transparent,
visible-light photodetector based on oxide semiconductors and QDs. The device
showed a responsivity of 1.35x10*A/W and an external quantum efficiency of 2.59 x10*

under illumination by a 635nm incident light. [52]
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In this thesis, we focused on the combination of the QDs and low demission

materials for design the UV-visible photodetectors in Part A.

1.3.2 NIR photodetectors

In 2000, the Leatherdale’s group first reported the CdSe Quantum Dots
photoconductive photodetectors. The group successfully measure the core-shell
structure shielding effect. The correlation between quantum dot particles spacing and

photoionization efficiency was also studied [53].

In 2005, as reported by S.A. McDonald, PbS Quantum dots were utilized in the
photoconductive photodetector. With 975nm incident light, the photodetector exhibits
the internal quantum efficiency as 3%, the ljight/ldark as 630, and the largest photo-current

response as 3.1 X 10734/W[54].

In 2006, G.Konstantatos et.al reported the solution process of the PbS Quantum
Dots photodetectors. The photo-gain of the detectors is more than 100. And the photo-

detectivity is higher than 5 x 10'?Jones, with the 800nm incident light. [55].

In 2012, Jae Woong Lee et.al fabricated the high-performance near-infrared
photodiode based on the solution process and PbS Quantum Dots. With 1500nm
incident light, the photodiode exhibits the photo-detectivity as 7 x 1013Jones.. More
importantly, this photo-detectivity is higher than the commercial InGaAs photodiode

[56].

In 2015, Valerio Adinolfi’s group reported a device which utilize the PbS Quantum
Dots as the photo-sensitive layer and the MoOs as the top gate for photo heterojunction

field effect transistors. The device exhibits a fast photo-response which decreases to
10ps [57]. Meanwhile, Lyudmila Turyanska et.al reported the triode photo-transistor

with PbS Quantum Dots and monolayer graphene. With the modification of the ligand,
the photo-responsivity increases to 10°A/W with the 532nm incident. [58].
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Colloidal quantum dot photodetectors mainly include three types of structures:
photoconductors, photodiodes and field effect phototransistors [59-61]. Colloidal
quantum dots can be used to prepare photosensitive films separately or in combination
with other materials to prepare photoelectric composite films for different types of
photodetectors. Photoconductive quantum dot photodetectors are typically composed
of a quantum dot semiconductor material and two ohmic metal contacts to form a dual
port electronic device as illustrated in Figl-12(a). With the incident light, the
conductivity of the material changes due to the change in carrier density. Due to the
generation of electron-hole pairs during illumination, the carrier density increases and
the electrical conductivity of the material increases. Photoconductive gain is produced
when the number of circulating charge carriers generated by each photon absorbed by
the photoconductor is greater than one. The physical mechanism of the photoconductive
gain is derived from the photosensitive defect state, also known as the photosensitive
center. It is possible to bind one type of carrier (such as an electron) and not to bind
another type of carrier (such as a hole). The electrons are bound by the defect state in
the conduction band, and the holes circulate in the channel as illustrated in Fig1-12(b).
The photoconductive gain is equal to the ratio of carrier lifetime to carrier transit time.
If the lifetime of the holes exceeds the transit time, the long lifetime of the bound
electrons ensures that the holes can be circulated multiple times in the outer circuit,

resulting in a gain.
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Figure 1-12 (a) Quantum Dots Photoconductive Photodetector structure (b) the

energy band of the Quantum Dots Photoconductive Photodetector

As illustrated in Figl-13(a), the quantum dot photodiode is formed by a quantum
dot sheet connected to two electrodes of different work functions. The built-in electric
field is generated due to the difference in material band structure. As the Fermi level of
the material in the heterojunction reaches equilibrium, a built-in electric field is
generated in the depletion region near the quantum dot heterojunction. The built-in

electric field pushes electrons and holes in opposite directions.

Diffusion

Electrode
Quantum
Transparent Electrode ' .
layer v\.

Drift

G

Diffusion

Photodiode

Figure 1-13(a) the Quantum Dots Photodiode detector structure (b) the energy band

of the Quantum Dots Photodiode Photodetector
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The principle of the photodiode is that the light is irradiated on the heterojunction
to generate photogenerated electron-hole pairs. Under the action of the built-in electric
field, the photogenerated electron-hole pairs are rapidly separated, and the photo-
generated carriers are transported to the metal electrode. Each time a photon is absorbed
to generate a carrier, the principle ensures that the quantum efficiency of the photodiode
IS not more than one. At the same time, since the response time of the photodiode is
determined by the transit time of the carrier, rather than by the carrier lifetime, the
photodiode is generally faster than the photoconductor. The electron-hole pairs in the
photodiode are separated by the built-in electric field, and then the electrons and holes
flow to the electrode under the action of the electric field. As explained in Fig1-13(b),
after absorbing light, the energy of the photons is transferred to the electrons in the
semiconductor, and the electrons are excited to the conduction band, leaving a hole in
the valence band. The energy band diagram shows the junction region when p-type
(more holes) and n-type (more electrons) semiconductors are close to equilibrium. In

the p-n junction diode, the dotted line indicates the Fermi level.

The field effect phototransistor type photodetector can achieve low dark current and
high gain at the same time, and has a high application prospect [61]. The field effect
phototransistor structure is similar to the lateral photoconductivity of a metal-
semiconductor-metal structure having a source and a drain, but the third electrode (the
gate electrode in which the semiconductor channel is contacted by the insulating layer)
can be used to modulate the channel conductivity (as shown in Figl-14a). The applied
gate voltage Vs controls the carrier density by field effect modulation, allowing the
device to operate in a depleted state to turn off the dark current of the device. The
incident light generates photo-generated carriers in the channel, changes the
conductivity of the device channel, and then uses the photoconductive gain mechanism
to analyze the photoelectric characteristics of the device. In order to achieve high

performance field effect phototransistors, the ideal channel material should have high
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carrier mobility to achieve a high gain bandwidth product, and a moderately sized direct

bandgap for current modulation and light absorption in the channel.
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Figure 1-14 (a) Quantum Dots photo-transistor structure. (b) the energy band of the

Quantum Dots Photo-transistor

In the device structure, the source and drain are used to inject and discharge charge
carriers. The insulating layer separates the gate from the semiconductor. A gate electric
field is generated by applying a voltage to the gate to control the current in the channel.
A charge transport channel is formed at the interface between the insulating layer and
the semiconductor layer, and the width of the charge transport channel is controlled by
the gate electric field.  With the electric field effect, the photo-generated carriers inject

the semiconductor (as shown in Figl-14b).

1.4 The Characteristics of the Photo-detector

There are four main indicators for evaluating the performance of photodetector
devices: 1. Responsivity; 2. External quantum efficiency (EQE); 3. Sensitivity; 4.
Detectivity.

e Responsivity:

The introduction of responsiveness is to quantitatively study the relationship
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between the electrical signal output by the detector and the optical signal. This is the
main parameter to measure the response performance of the device. Responsivity is

defined as the ratio of photocurrent to illumination area in A/W.

The photo responsivity could be calculated from EQ.1-1 with the transfer

characteristic:

1 -1 Iyn
R:MZP_ 1-1
P p-S

Herein, P represents optical power, liotar denotes total current, lqark is dark current,
Iph is the photocurrent, p indicates optical incident power density, and S is the effective

area of the photoelectric reaction.

Responsivity describes the results of changes in electrical signals caused by certain
illumination intensities. Therefore, it can only reflect one aspect of detector sensitivity.
External Quantum Efficiency (EQE)

The external quantum efficiency is described as the ratio of the number of charge
carriers collected by the device to the number of incident photons under illumination of
incident light. The device performance can be expressed by this parameter, and external

quantum efficiency (EQE) can be calculated for the Eq.1-2

_ Iph/q _
EQE = 2 x 100% 12

In Eg2, Iph is the photo current, g the quantity of one electron, p the incident

optical power density, h the Plank constant, and hv the incident photon energy.
Sensitivity

The photo-sensitivity is the amount to which an object reacts upon receiving

photons. Normally, the photo-sensitivity could be calculated in Eq.1-3,
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As previously, lital denotes total current, lqark is dark current. These parameters can

be obtained from static transfer characteristics to calculate the photo-sensitivity.
Detectivity
Detectivity can evaluate the performance of detectors of different geometries, and
it can evaluate the sensitivity of photoconductive materials relative to detectors of a
specific size. Besides, detectivity (D) is an important parameter that indicates the ability
of phototransistor to measure weak optical signals. D is given by Eq 1-4,

R

D= 14
v2qlpark

Where R is the photo-responsivity, Ipark is the dark current, and q is the elementary

charge.
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2 The Organic Semiconductor Thin-Film Transistor

2.1 Development of the Organic Electronics

Organic semiconductor materials are used in many fields, such as organic field
effect transistors, organic solar cells, organic electroluminescent diodes, organic
sensors and memories. A simple introduction to devices using organic semiconductor

materials is presented as follow [52-64].

Organic solar battery

The main advantage of the organic solar cell prepared by using the organic material
compared to the single crystal and amorphous Si solar cell is that the manufacturing
cost is greatly reduced and the preparation process is simple. Its working principle is to
use organic semiconductor materials to generate electron hole pairs by absorption of
sunlight, further dissociation, and transport to the electrodes to be collected. The basic
structure of an organic solar cell mainly has a double-layer heterojunction structure and

a bulk heterojunction structure.
Organic Light Emitting Diode

There are two main applications in Organic Light Emitting Diode (OLED). One is
information display and the other is solid-state lighting. Under the action of the applied
voltage, holes/electrons are injected into the highest occupied molecular orbital
(HOMO) and lowest unoccupied molecular orbital (LUMO) of the organic functional
layer through the anode/cathode respectively. The excitons are transported to the
luminescent layer through the carrier transport layer, and excitons with a certain
lifetime are diffused. A part of the excitons are radiated, and part of the exciton energy

is consumed by non-radiative recombination as illustrated in Fig 1-15.
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Anode Cathode

Figure 1-15 the mechanism of the OLED

Organic Thin-Film Transistor

Organic Thin-Film Transistor (OTFT) is a field effect transistor with an organic
small molecule or polymer film as an active layer and deposited on an insulating layer
substrate with logic switching characteristics. Thin film transistors play an important
role in microelectronics as the main driving components. The specific working

principle of OTFT will also be described in detail in the following sections.

Organic Sensor and Memory

In electronic information technology, the collection, exchange, storage and
processing of information is also very important. Sensors can collect information,
detect and identify changes in physical/chemical states within a specific range. Organic
sensors have good biocompatibility and are easy to prepare on different kinds of
substrates. According to the different characteristics of organic materials, sensors of
various types such as photosensitive, heat sensitive, force sensitive, gas sensitive and
humidity sensitive can be developed separately. The memory can exchange, store and
process information. The requirement for the memory is that the reaction time is fast,

the stability is good, and the device size and storage density are as low as possible.
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2.2 Research status of OTFT

2.2.1 Development of OTFT

Although in 1964, scientists observed field effect characteristics on organic
semiconductor material copper phthalocyanine (CuPc) films [65]. However, the
polythiophene-based organic field effect transistors, which were recognized as the first
organic thin film transistor devices, were successfully developed until 1986 [66]. And
the performance standard that can work effectively on the organic circuit is achieved,
the field effect mobility p reaches 10-°cm?/Vs, the threshold voltage VT reaches -12V,
and the switching current ratio lponpott reaches the order of 102, Looking back at the

entire history of organic thin film field-effect transistors, there are countless milestones.

In 1986, Tsumura et al. synthesized polythiophene by electrochemical
polymerization and used it as an active layer to prepare the first organic thin film

transistor device that can be used in organic circuits [66].

In 1989, small organic molecules were used as field effect materials for the first
time on the historical stage. Horowitz et al. prepared an OTFT device based on

oligothiophene [67].

In 1994, Gamier et al. tried new techniques and successfully developed all-organic

OTFT devices by printing [68].

In 1996, Katz et al. through several experiments and comparative analysis, the
research proves that the morphology of pentacene film is closely related to the
performance of the device [69]. One year later, Y. Y. Lin et al. modified the insulating
layer by using a finishing layer, thereby controlling the surface morphology of the
pentacene film. The device performance has been greatly optimized with a switching
current ratio of up to 108 orders of magnitude and a mobility of 1cm?/Vs. Compared to
amorphous silicon transistor devices, such device performance has reached a standard

that can be applied to a wide range of applications in flat panel display [70].
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In 2004, Jurchescu chose to use the excellent semiconductor material of pentacene
to prepare an OTFT device with an active layer of pentacene single crystal film. With
the use of polymers as an insulating layer, its mobility has reached a historic height.
With the room temperature 295K the carrier mobility has arrived up to 35 and 58

cm?/Vs [71].

In 2006, Ichikawa et al. significantly improved the mobility of OTFT devices by
vacuum annealing[72]. Itaka et al. [73] and Anthopoulos et al. [74] respectively made
the mobility of the prepared C60 thin film transistor to 4.9cm?/Vs and 6cm?/Vs by using
Mg as the source-drain electrode and the substrate during the deposition process of the

active layer.

In 2012, Ting Lei et al. [75] used a polymer semiconductor material to prepare a

P-type OTFTs device with a mobility of 3.62 cm?/Vs).

In 2015, Wu et al. prepared a thermally stable, biocompatible, flexible organic thin
film transistor and realized its application in artificial skin temperature sensing arrays

[76].

Although existing organic thin film transistors have disadvantages such as low
mobility, low switching current, and high threshold voltage, organic thin film transistors

have the following advantages.

(1) Organic semiconductor materials have many kinds and can obtain more ideal
semiconductor materials through molecular design and synthesis, and prepare
organic thin film transistor devices with better performance;

(2) Organic semiconductor materials have good flexibility characteristics, and can
realize fully flexible devices and circuits that do not significantly change
electrical properties even after bending and twisting [77].

(3) Organic semiconductor materials can be prepared by a variety of chemical
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methods, greatly reducing the cost of the device equipment, simplifying the
preparation process, and achieving large-area processing.

(4) With more and newer organic film forming technology, the device size is
getting smaller and smaller, the weight is getting lighter, the integration is
getting higher and higher, the operating power is getting lower and lower, and
the computing speed is getting faster and faster.

All of the above advantages make organic thin film field effect transistors have

broad market prospects.

2.2.2 The basic points of OTFT

The basic structure of the OTFT is as shown in the following figure, and is usually
composed of five parts of a substrate, a gate electrode, an insulating layer, an active
layer, and source/drain electrodes. The four different structures shown in the figure are

the bottom gate top contact and the bottom gate bottom contact, respectively.

(@)l Source Drain |(b) Active Layer
Active Layer Source Drain
Insulator Layer Insulator Layer

e

Insulator Layer Insulator Layer

Source Drain Active Layer
Active Layer Source Drain
Substrate

Figure 1-16 (a) bottom gate top contact structure. (b) bottom gate bottom contact

structure. (c) top gate top contact structure. (d) top gate bottom contact structure
36



Due to the processing characteristics of the organic material and its own properties,
the device with the top gate structure may damage the active layer during the
preparation process, thereby affecting device performance. In addition, the preparation
process of the bottom gate structure is simpler. Therefore, the bottom gate structure is
currently a relatively common structure. However, since the transmission path of the
charge carriers is different, and the difference in the contact area and the contact quality
between the source and the drain electrode and the organic semiconductor layer, the
performance difference between the top contact structure and the bottom contact
structure is relatively large. In the top contact structure, the semiconductor layer is
synthesized at first. And then, the source-drain contact electrodes are fabricated. The
molecular packing and structural quality of the semiconductor are better for the
interface between semiconductor and electrodes more smoothness. In the bottom
contact structure, since the source and drain electrodes are prepared first, and the
semiconductor layer is deposited later, the patterning method of the electrodes is more
convenient. Precise patterning techniques such as photolithography and electron beam
etching can be applied, which is more useful to the practical application of the device.
However, due to the inkjet printing methods, bottom gate bottom contact structure is

more convenient for fabrication.

During operation of the organic thin film transistor, a voltage is usually applied to
the gate electrode and the drain electrode, and the source electrode is kept grounded.
The potential difference between the source electrode and the gate electrode is
commonly defined as the gate voltage (Ves). The potential difference between the
source and drain electrodes is often defined as the source-drain voltage (Vps). The
source electrode is an injection electrode of charge carriers. When a positive voltage is
applied to the gate, electron injection is performed, and a hole is injected when a
negative voltage is applied to the gate. When the OTFT device is in operation, a certain

voltage is applied to the gate, causing charge carriers (electrons or holes) to be induced
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in the organic semiconductor layer near the insulating layer. Under a certain source-
drain voltage, the induced charge can form a conductive channel and participate in
conduction, resulting in an order of magnitude decrease in the resistivity of the
semiconductor. By adjusting the magnitude of the gate voltage, it is possible to change
the amount of induced charges in the organic semiconductor layer. The width and
narrowness of the conductive channel between the source and drain electrodes are
changed and then the source-drain current is changed. That is to say, in the organic thin
film transistor, the effect of controlling the source leakage current can be achieved by

adjusting the gate voltage.

2.2.3 Electrical characteristics of OTFT

e Transfer Characteristics

With a constant drain-source voltage Vps, the transfer characteristics corresponds
to the measurement of drain current Ip as a function of the gate-source voltage Ves. As
presented in Figure 1-17, a typical transfer characteristic of a N-type OTFT can be

defined by 3 operation zones.
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Figure 1-17: Typical transfer characteristic of N-type OTFT

The first area shows the OTFT behavior in off state with a current (Ip=lorf). The
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low value of current is primarily due to the electrical conductivity of the active layer,
which should be as low as possible in order to decrease this current. An increase of this
current under a reverse gate voltage can be observed sometimes, is due to the activation

of the carriers by the inverse electric field.

The second area shows that the formation of the channel and the drain current

increases rapidly with the gate voltage.
The third area shows the on state of OTFT (Ip=Ion).

e Output characteristics

The output characteristics correspond to the measurement of current Ip as a function
of the drain-source voltage Vps for a constant gate-source voltage. As showed in Figl-
18, a typical output characteristics of a N-type OTFT show clearly the linear regime
under a weak drain-source voltage and the saturation regime occurs when Vps becomes
larger than [V es-VTH|. This figure also shows the drain current variation with different

gate voltages.
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Figure 1-18 Output characteristics of a N-type OTFT
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e Carrier mobility

Carrier mobility is one of the most important characteristics of the OTFT. It refers
to the drift velocity of charge carriers under the action of a unit electric field. The
mobility in a thin film transistor is divided into a mobility of a linear region and a
mobility of a saturated region. When the device is operating in the linear region, the
device channel conductivity varies linearly with the density of the electric field induced

charge and can be calculated with the equation 1-5 and 1-6.

w
Ip = T#Ci(VG — Vr)Vps (1-5)
—_ L Obs ;
P—eff - WCiVps Vg (1 6)

Here, L is the distance between source and drain electrodes (called length of the
conductive channel under the gate) and W is the length of these electrodes in front
(called the width of the conductive channel under the gate). pesr is the field effect
mobility; C; is the insulator capacitance per unit area. Vgs, V1H, Vbs are the gate-source

voltage, the threshold voltage and the drain-source voltage.

When the device is operating in the saturation region, the field effect mobility of

the device can be obtained by Equations 1-7 and 1-8.

w
Ip = 2uCi(Ve = Vr)?  (1-7)

Vg

=@ )

Typically, the field effect mobility calculated in the saturation region is greater than
the field effect mobility calculated in the linear region. If the field effect mobility of the
saturation region is closer to the field effect mobility of the linear region, it can reflect
that the contact resistance of the device is smaller. That is, the contact quality between

the source and drain electrodes and the organic semiconductor layer is good. At this

40



time, the contact resistance has a smaller influence on the device performance of the

organic thin film transistor.

In organic thin film transistors, there are many factors affecting the field effect
mobility, such as the type and purity of semiconductors, the size of semiconductor
grains, the difference in crystal quality, the difference in device configuration, the
contact between electrodes and semiconductors, and the trench of devices, length to

width ratio and so on.

e Threshold Voltage Vrr

The threshold voltage (V1H) is the lowest value of the gate-source voltage when

the organic thin film transistor device is in operation.

Vi

20 0 20 4'0 6.0
Gate Voltage(V)

Figure 1-19 the threshold voltage of a N-type OTFT

In organic thin film transistors, the threshold voltage is mainly affected by the
interfacial properties between the insulating layer and the organic semiconductor layer,
the generation of dipoles in the interface, the impureness of the semiconductor layer,
the interface state and the charge trap density. In practical applications, it is generally

advantageous that the absolute value of the threshold voltage is smaller.
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e The current on/off ratio Ipon/loorr

Generally, the ratio of the maximum value of the on-state current to the minimum
value of the off-state current in the transfer characteristic curve of the organic thin film

transistor is defined as "current on/off ratio".
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Figure 1-20 the on/off ratio of a N-type OTFT

In practical applications, it will be more useful in the active matrix display and
logic circuit with the larger the value of the current switching ratio. To achieve better
stability, immunity to interference, and greater load drive capability, higher current
switching ratios are required. In the case where the contact resistance between the
source, drain electrode and the semiconductor layer is negligible; the highest on-state
current depends on the intrinsic mobility of the organic semiconductor and the
capacitance per unit area of the insulating layer. The magnitude of the off-state current
is determined by the gate leakage current, the conduction path of the interface of the
insulating layer, and the body conductance of the organic semiconductor. Usually, the
unintentional miscellaneous organic semiconductor, or oblique incidence during the
evaporation of the source and drain electrodes, causes the value of the off-state current

to become large.
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e Subthreshold Slope SS

The subthreshold Slope is one of the important characteristics, it can be calculated

by the equation 1-9:
SS = dVG/d(loglo ISD) 1‘9

The subthreshold slope reflects the rapidity of the source-drain current switching
from the off state to the on state during the operation of the organic thin film transistor.
The smaller the SS, the faster the transition from the off state to the on state and the
smaller the change in gate voltage. The subthreshold slope is related to the capacitance
per unit area of the insulating layer and the performance of the interface between the

organic semiconductor layer and the insulating layer.

e Hysteresis characteristics

The hysteresis characteristics corresponds to the measurement of current Ip as a
function of the gate voltage Vs for a constant drain voltage Vps. The measurement of
the transfer characteristic is performed when gate-source voltages increases then when
it decreases. The difference between these two curves is called hysteresis. As shown in
fig 1-21, a typical N-type hysteresis characteristic exhibits the difference between these

two curves.
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1E-10¢

40 60

Figure 1-21 hysteresis characteristic of a N-type OTFT
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The hysteresis may be related to the charge trapping and de-trapping at the interface

between the active layer and the insulator layer, or in the insulator layer.

2.3 Organic Semiconductor Material: Fullerene (C60)

Organic semiconductor materials are the core materials of OTFTs. In the
preparation process of OTFT, the nature, purity and film quality of the organic
semiconductor material directly affect the overall performance of the device. There are
three requirements for the nature of the material itself: First, Stable electrochemical
properties. Second, the HOMO level or LUMO level facilitates the injection of carriers
[78]. Third, it has a n-bond conjugated system that facilitates carrier transport. The
organic semiconductor material can be classified into two types: a polymer material and
a small molecule material according to the molecular weight of the material. In general,
the polymer material can be prepared by LB film, spin coating, inkjet printing, etc., and
the process is simple and low in cost, but the field effect mobility is low due to poor
adhesion of the material = bond [79-80]. In contrast, organic small molecular materials
are easy to purify, and it is easier to prepare polycrystalline or even single crystal films,
so the mobility is usually higher [81]. The organic semiconductor material can also be
classified into a P-type material in which a majority of carriers are holes and an N-type
material in which majority carriers are electrons, depending on carriers to be transported.
Pentacene is currently the most widely used P-type material in OTFT [82]. The active
layer material C60 selected in this work is one of the most common N-type

materials[83-84].

C60, also called fullerene, has an HOMO level of 6.2 e V, a LUMO level of 3.6 eV,
and a forbidden energy band gap of 2.6 eV [85]. The molecular structure is shown in

Figure 1-22.
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Figure 1-22 the molecular structure of the C60

When the C60 was bombarded with graphite by Kroto et al. in 1985 [86], it was
found to be the third allotrope of carbon after diamond and graphite. C60 is a
symmetrical football-like molecule composed of 60 carbon atoms with a molecular
weight of 720 and a molecular diameter of about 0.7 nm. As a large fused aromatic
hydrocarbon, C60 has the property of electron-deficient olefin and the ability to supply
electrons. It is an excellent electron transport material. The disadvantages of C60 is its
poor stability and the instable conductivity that is easily affected by water and oxygen
in the air. Therefore, the electrical performance of the C60-based OTFT prepared in this

work is carried out in a glove box under a low oxygen and low moisture environment

(<1ppm).

The performance of OTFT is closely related to the film formation quality of the
active layer film, and the highly crystalline film is more favorable for carrier transport
[87]. The implementation of some high performance C60-based OTFTs also relies on a
highly crystalline C60 active layer film. In general, there are two main ways to increase
the crystallinity of C60. The first method is to increase the crystallinity of the film by
introducing a special layer of modification. Itaka et al. [88] prepared a thin film of
pentacene on an Al>O3 substrate and then prepared a C60 film. The devices with a

maximum mobility of 4.9 cm?/Vs. The effect of the pentacene modified layer on the
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device performance was compared. It was found that the electron mobility of the device
directly grown on the insulating layer was 0.25-1cm?/Vs, and the mobility of the device
after the introduction of the pentacene modified layer reached 2-4.9 cm?/Vs. Through
characterization, it was found that the surface morphology of C60 film grown on the
pentacene modified layer was significantly improved, and obvious hexagonal grains
could be directly observed. The second method is to heat treat the C60 film. The device
with a mobility of 6 cm?/Vs prepared by Anthopoulos et al. [89] is a C60 film prepared
by HWE technology at a high temperature of 250 °C. Singh et al. [90] studied the
relationship between the crystallinity of C60 film and the deposition temperature more
systematically in the subsequent work. In the experiment, the morphology of C60 film
at 25 °C, 120 °C and 250 °C was compared by using AFM and XRD. It was found that
the crystallinity of the film was enhanced significantly under high temperature
conditions, and the field effect mobility of the corresponding device was improved.
From 0.6 cm?/Vs at 25 °C film formation to 6 cm?/Vs at 250 °C film formation. In our
work, the C60 film is thermally evaporated at ambient temperature and then the effect

of the post thermal annealing is analyzed.
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3 Printing Electronics

Printing electronics benefits from techniques already developed in the field of
graphic arts last centuries. The past few years, a growing interest has gained for additive
printing technologies. Such technologies offer an alternative to others based on
conventional lithography processing using silicon derivative materials, for instance.
Printing electronics offers many advantages such as:1) unconventional substrates
processing (flexible, stretchable, wearable...), 2) large arca processing, 3) fast
processing, 4) environmentally friendly processing, 5) low capital investment, 6) low
time lapse from idea to the fabrication. Consequently, printing electronics has gained a

growing interest throughout the past decades and many applications can be envisaged.

Printing electronics, benefiting from previously mentioned advantages, has
become the most suitable technology for realizing large area applications such as
printed RFID tags, sensors and flexible display. As shown in Fig 1-17, the roadmap for
organic and printed electronics applications is published by the Organic Electronics

Association.
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Figure 1-23: roadmap for organic and printed electronics applications [91]

3.1 Development of the inkjet printing

As a kind of meaningful patterning technology for converting electronic data onto
substrates such as paper or glass, inkjet printing technology has been widely used in
people's daily life and work [92]. Especially in recent years, inkjet printing technology
has been applied more to the spraying of tiny amounts of materials, such as welding
glue for spraying microelectronic devices, lubricants between mechanical parts, and the
like. With the development of inkjet printing equipment, inkjet printing technology
enables tiny droplets to be accurately positioned at the desired position. And it can
effectively save materials and reduce costs and environmental friendliness. Inkjet
printing technology has gradually become a solution process microelectronic device in
the field of organic semiconductors, such as organic electroluminescent devices [93]
(especially organic full color display), color filters in LCD [94], organic field effect

transistors [95]. Inkjet printing is not a independent technology, but an integration with
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different technologies. These techniques have similar functions to accurately produce
free-moving droplets. The volume of the droplets, the time the droplets are produced,
the speed at which the droplets move, and the trajectory of the movement can all be
precisely controlled by the application of specific techniques. The material is only
deposited in the desired location, which is more environmentally friendly. In general,
inkjet printing is one or more layers used to deposit device structures. Different from
the traditional deposition method, the material utilization rate of inkjet printing is over
90%, and the deposition profile can be fairly uniform on the substrate, resulting in a
high-quality film. Compared to other printing processes, inkjet printing is readily

adaptable to pattern writing/no mask processing deposition process.

Inkjet printing technology can use two modes of continuous injection and Drop-
on-demand injection [96]. Continuous inkjet refers to the continuous ejection of nozzles
during the operation of the device and the deflection of ink droplets that do not
participate in imaging. Drop-on-demand inkjet nozzles only eject ink when needed for
imaging, so there is no need to install deflection, recovery, etc. on the nozzles, and the

range of use is wider.

3.1.1 Continuous Printing

The working principle of continuous inkjet printing is shown in Fig 1-18. The
droplets are continuously ejected at the same size and spacing. The key to controlling
the printing pattern generation is the ink droplet migration system that comes with the
nozzle. Under the control of the computer, the nozzle charges a part of the ink droplets,
and the injected charged ink droplets are divided into droplets of the same size
according to the amount of charge under the action of the applied electric field. At the
same time, the ink droplets participating in the imaging smoothly reach the specified
position of the substrate, and the ink droplets that are not involved in the imaging are

deflected into the recycling system. The continuous inkjet printing method is the earliest
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inkjet printing method, and it is more advantageous in terms of printing speed than the
drop-on-demand inkjet printing that appears later. However, based on continuous inkjet
technology, it is necessary to additionally provide an ink droplet charging device, a
deflection device, and an ink recycling cycle system, and the equipment cost is high,
and the lower material utilization rate further increases the production cost. The method

is currently largely replaced by drop-on-demand printing.

" Drop Generator

Charging Electrodes

Deflector Plates

O
‘ | Ink catcher

Substrate

Figure 1-24 the working principle of continuous inkjet printing [97]

3.1.2 Drop-on-demand (DoD) Printing
DoD inkjet printing only ejects ink droplets when needed for imaging. Since the
generation and ejection of ink droplets are generally controlled by electric pulse signals,

it is also called pulse inkjet, and its working principle is shown in Fig 1-25.
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Figure 1-25 The working principle of drop-on-demand inkjet printing [97]

The nozzle structure of the DoD inkjet principle is greatly simplified, and the
inherent unreliability of the nozzle structure of the continuous inkjet principle is
eliminated. The size and spacing of the ejected ink droplets are controllable, and the
utilization of the material is also significantly improved. At present, the principle of ink
drop generation of DoD inkjet technology mainly includes thermal inkjet, piezoelectric
inkjet, electrostatic inkjet and acoustic inkjet. Among them, the inkjet printing
technology used in the preparation of printed electronics is basically in the category of

piezoelectric inkjet.

The principle of the operation of the piezoelectric ink-jet system is to deform by
applying a voltage to the piezoelectric material, and the volume of the ink chamber
changes to squeeze the ink droplets and eject them from the nozzles. When the applied
voltage is zero, the piezoelectric material returns to its original shape and the ink

chamber is refilled [98], as shown in Fig 1-26.
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Figure 1-26 Schematic diagram of a piezoelectric DoD inkjet printing process [98]

Compared to thermal inkjet technology, the droplets are smaller, have higher
resolution, and have substantially no side effects on electronic ink. Therefore, most of
the current printing electrons are produced by piezoelectric inkjet. The research in this

work also uses DoD piezoelectric inkjet printing.

3.2 Process of the DoD inkjet printing
The inkjet printing process is divided into three stages (Fig. 1-27): (1) droplet
formation; (2) droplet collision and spreading on the substrate; (3) droplet drying to

form a film.

1 - Droplet Formation 2 — Impact and Spreading 3 — Evaporation and
Self-assembly

Figure 1-27 Physical stages of inkjet printing
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3.2.1 Droplet formation

During inkjet printing, the solution is ejected by an external pulse to form droplets.
Figl-28 shows the most commonly used pulse signals. Fig 1.29 shows the process of

droplet formation driven by the pulse signal in Fig 1.28.
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L

Echo

Figure 1-28 Driving Pulse used to fire jetting devices

(a) (b) (c) (d) (e)

Figure 1-29 Schematic illustration of the drop formation process steps in sequence

[99]

In the absence of an applied pulse, the droplets in the nozzle are in equilibrium
(Figl-29a). When a certain positive pulse is applied, the nozzle deforms the solution
and is squeezed out of the nozzle (Figl-29b). As the deformation of the nozzle
continues, the kinetic energy of the nozzle continues to accumulate (Fig1-29c). When

the kinetic energy of the solution from the nozzle reaches a certain threshold, the
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solution leaves the nozzle and the droplets form (Figl-29d). The previously
accumulated kinetic energy is converted into the kinetic energy and surface energy of
the newly generated droplets. The newly formed droplets fly toward the substrate, and
the remaining solution of the nozzle returns to the nozzle under the action of a negative

pulse voltage (Fig1-29e).

3.2.2 Droplet collision and spreading on the substrate

The collision and spreading behavior of the formed droplets flying toward the
substrate is controlled by the inertial force of the droplets, capillary flow force and
gravity. The diameter of the film obtained by drying the droplets after equilibrium is
determined by the initial diameter do of the droplets and the contact angle Oeqm at
equilibrium. For printing droplets, gravity can be ignored, and the spread droplet can

be regarded as a hemisphere, which can simulate the diameter of the dry droplet dcon:

8
deon = do® 2

0 0
tan egm [3+ (tan eqm) ]

The diameter decon at which the droplet reaches equilibrium determines the
resolution of the printed image. The resolution of the pattern is determined mainly by
the size of the ejected droplets at the time of printing and the contact angle of the ink
droplets on the substrate. Its size is linear with the initial diameter do of the droplet and

increases with decreasing contact angle.

3.2.3 Droplet drying to form a film

The droplets that reach the dynamic equilibrium are dried to form a film as the
solvent evaporates. Deegan et al. were the first to study the morphology of films after
droplet drying [100]. Generally, droplet drying is divided into two modes, one is
constant contact angle mode, that is, the contact line of the droplet is not pinned, and

the solvent is uniformly volatilized to form a uniform film, as shown in Fig. 1-30a.
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Figure 1-30 Drop evaporation and deposition process. a) Uniform drop evaporation

and deposition. b) pinned contact line drops evaporation and deposition

The other is the constant diameter mode, in which the droplet contact line is pinned
and the rate of solvent evaporation at the edge of the droplet is greater than at the center.
To compensate for the volatilization of the edge solvent, capillary flow from the center
to the edge is formed within the solution. This capillary flow moves the solute in the
solution to the edge of the droplet, forming a ring-shaped top with a thin intermediate
edge, as shown in Fig. 1-30Db, the coffee ring phenomenon. In this work, we have further

discussed the parameters that affect the print pattern.
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Summary

In this chapter, the general introduction of the photo-detectors, organic electronics
and inkjet printing are provided. In order to expand the range of the detection
wavelength, quantum dots are utilized for the size tunable and the quantum effect.
Meanwhile, based on the thin-film transistor structure, the possibilities of large gain
can be obtained. With the organic electronics technology, the cost of the photo-
transistor fabrication can be decreased. Finally, due to the inkjet printing properties,
large area devices and circuit design could achieve. In the following, I will define and
describe the quantum dots photodetectors, the organic electronics and the way to

fabricate this organic electronics by printing technology.
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1. Introduction

In last few years, photo-modulated thin-film transistors (TFTs) have been drawn
widespread applications using photo sensitive materials [1-3] as the electronic and
electro-optic components. For applications of integrated circuit [4, 5], amorphous metal
oxide semiconductors (AMOS) based TFTs have been utilized in phototransistors and
photo-sensors due to their high sensitivity, electron mobility and on/off ratio. With
properties of wide-band gap (~3.3 eV) and a large exciton binding energy (60 meV),
ZnO not only can be considered as a promising candidate for ultraviolet (UV) photo-

sensors and but also it can be used as an active layer for photo-modulated TFTs [6-8].

In the meanwhile, the rapid development of tunable semiconductor quantum dots
(QDs) have been focused on applications in optoelectronics devices, such as light
emitting devices and photodetectors [9-12]. By taking into consideration of the recent
progress in optoelectronics devices, the size-tunability of the QDs can be useful in
overlapping more regions of optical spectrum [13]. Conventional visible-band
cadmium selenide CdSe quantum dot materials have been widely used in electro-optical
conversion devices such as organic light-emitting tubes and sensitized solar cells.
Benefiting from its high light absorption rate and electron-hole pair generation
efficiency, quantum dot materials can improve the photocurrent conversion
performance of optoelectronic devices, and have the prospect of large-scale application

in photodetector devices.

Compared with traditional photo-modulated transistor, as reported by Yuyu Bu [14],
properties of photo-sensitive waveband and fast response can be improved by using
hybrid materials of ZnO nanowires and QDs. However, due to the mechanism of carrier

transfer, low photo responsivity was still a challenge in photo-modulated TFTs
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application [15]. In order to improve the performance of the hybrid materials of ZnO
nanowires and QDs, graphene was exploited. Graphene as an atomic layer with
remarkable electric and optical properties was considered as a highly desired material
in applications in photodetectors, biological imaging, and telecommunication system
[16-18]. Based on the graphene linear electronic dispersion and the electrons transferred
along the surface, graphene can be used as an efficient intermediary material for
injected electrons. In addition, the high drift velocity of the charge in graphene also
provides a more efficient separation of electron from the site of injection [19-22].
Compared with monolayer graphene, reduced graphene oxide (RGO) with similar
electric properties can be utilized to provide defect energy states [23, 24]. In addition,
due to the existence of the narrow photosensitive waveband and discontinuity
distribution, hybrid materials of ZnO nanowires/RGO fragments and QDs/RGO

fragments were not recommended to use in photo-modulated transistors [25].

In this chapter, a photo modulated transistor with TFTs structure is demonstrated
using CdSe QDs/RGO fragments decorated on the surface of ZnO nanowires as the
active layer [16]. CdSe QDs, as an electron donor, was attached to the RGO fragments
to expand the photo-sensitive waveband. RGO fragments were exploited to provide a
favorable photo-responsivity. Eventually, the performances of this device such as

photocurrent, responsivity and rectifying capability were also measured and analyzed.

2. Experiment Sections

2.1 Fabrication of ZnO Nanowires

The CdSe QDs/RGO fragments decorated on the surface of ZnO nanowires was
utilized as the active layer and photo-sensitive layer (Fig. 1a). The fabrication process
of ZnO nanowires was illustrated in the following. First, a piece of silicon (001) wafer
was washed sequentially with acetone, ethanol and deionized water for 10 mins,

respectively. The quartz boat filled with 0.2g zinc powder was covered by the silicon
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wafer before transferring to the chamber. With a flow rate of 20 sccm (Ar:0.=3:1), a
pressure of chamber under 7.5 x 107 torr and 800°C controlled temperature of the
substrate, high quality ZnO nanowires with a length of 25 um and a diameter of 150
nm were deposited by RF sputtering. The aspect ratio is higher than 150 as shown in

Fig. 1b.

RGO/Quantum Dots

ZnO Nanowire

Figurel. Characterization of flexible photo-modulated transistors. (a) The
structure of the CdSe QDs/RGO decorated on the surface of ZnO nanowires photo-
modulated transistor. (b) SEM image of ZnO nanowires. (¢) SEM image of hybrid
materials. (d) TEM image of the CdSe QDs/RGO/ZnO nanowires and CdSe QDs

inset.

2.2 Synthesis of CdSe QDs/RGO Fragments
Graphene oxide (GO) was purchased from Henggiu Graphene Technology

(Suzhou Co. Ltd.). It was reacted to produce the RGO fragments in ~5 um diameter by
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adding oxidation-reductant of NaBHs. N-type CdSe QDs modified with tri-n-
octylphosphine oxide (TOPO) in ~7 nm diameter was utilized as the photosensitive
material (purchased from Mesolight Inc (Suzhou Co. Ltd)). The hybrid CdSe
QDs/RGO fragments solution is composed of equal micro litre of 5 mg mL™* CdSe QDs
and 1 mg mL RGO solution. And then, in order to obtain CdSe QDs-decorated RGO
fragments, hybrid solution was oscillated in ultrasonic bath before it was filtered by

membrane materials.

2.3 Manufacture of the Device

The three terminal gated photo-modulated transistor was fabricated on the
substrate of polyethylene terephthalate (PET). The PET coating with ITO layer and
SiO; insulating layer were deposited by magnetron sputtering process. After ZnO
nanowires dispersed in ethanol, the dispersion solution was spin-coated on the SiO-
substrate with a speed of 2000 r min™. Next, the hybrid solution of CdSe QDs/RGO
fragments was spin-coated on ZnO nanowire film with the speed of 1000 r min™. Finally,
the thermal annealing was processed at the temperature of 180 °C for promoting
uniformity of hybrid material layer and removing the solvent before the electroplating
process with the mask (W:L=100 um:20 um) for the electrodes. The channel of the
device was characterized by scanning electron microscope (SEM, FEI Quanta 200,
Holland) and the hybrid material samples were characterized by transmission electron
microscope (TEM, JEM-2100, Japan). The morphology of hybrid composed of RGO
and ZnO nanowires is shown in Fig. 1c. It can be seen ZnO nanowires in diameter of
~150 nm and length of ~25 um are covered by RGO fragments so that ZnO nanowires
are able to present the proper contact with the RGO fragments. In the inset of Fig. 1d,
the diameter of CdSe QDs with clear crystal lattices is ~7 nm. In addition, the

crystallization of CdSe QDs can be indicated by clear crystal lattices.
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3. Results and Discussion

3.1 Photo-sensitive mechanism of the Quantum Dots

When the ionic crystal or molecular crystal is irradiated with light, if the frequency
v of the light is less than a certain threshold (hvo<Eg), the material does not absorb light,
and it’s a light transmissive material. When hvo>Eg, light absorption occurs and the
material will no longer transmit light. At this time, electrons enter the conduction band
in the valence band, leaving a number of holes in the phase, they will become free
carriers, increase the conductance, and the increased conductance becomes a
photoconductor. This effect is generally called the internal photoelectric effect. When
hvo=Eg, electron holes cannot be separated, but are bound together to form a system,

and such electron hole pairs are usually called excitons.

Exciton light absorption is an important mode of light absorption for new low-
dimensional nanomaterials. After photoexcitation, QDs materials with photosensitive
properties will generate excitons (ie, electron-hole pairs). For most photoelectric
conversion devices, it is necessary to extract photocarriers (electrons or holes) from the
guantum dot material before the excitons are bound or recombined in the quantum dots.
But in most quantum dot materials, exciton binding and recombination are done in a

very fast time. In this work, we try to find a solution of this problem.

3.2 Results and Discussion

In Fig. 1d, it can be seen that the size of RGO fragments is much larger than that
of CdSe QDs. The CdSe QDs were only distributed on the surface of RGO fragments.
This confirms that CdSe QDs were blended with RGO fragments and the contact is

constructed between RGO fragments and ZnO nanowires.
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Figure 2. The Raman spectrum for Graphene and RGO.

Fig. 2 shows the Raman spectrum (carried on Renishaw, England) of the graphene
and RGO, where the peak intensity of D band and G band are respectively located at
1350 and 1580 cm-1 for RGO. It is clear evident that defect states of RGO are existed

because the peak intensity of D band and G band are shifted [26, 27].
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Figure 3 Photocurrent variation of two different devices with and without
incident light (Vps=5V, A=580nm).
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The dimension of channel area is 100 x 20 um?. When incident power intensity is
applied as 10 pW cm, the photo responsivity can be calculated from the Egs. (1) [25]

and the transfer characteristic curve is shown in Fig. 3.

R = Itotal;ldark _ 1;7_;1 (1)

Where P represents optical power, lita denotes total current, lqark is dark current,
lon implies photocurrent, p indicates optical incident power density, and S is effective
area for photo-electric reaction, respectively. When the drain-source voltage is applied
as a value of 5 V and the wavelength of incident light is 580 nm. The responsivity of
the CdSe QDs/RGO/ZnO nanowires can be calculated of ~2000 A W, which is

approximately 2 orders of magnitude larger than that of CdSe QDs/ZnO nanowires.
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Figure 4 the reproducibility test of different (Vps=5V, Vgs=8V, A=580nm).

In order to find the reproducibility of the devices, four devices have been
assembled and measured at same conditions when the voltage of drain-source is 5 V
and the voltage of back gate is 8 V, respectively. The standard deviation of the

photocurrent shown in Fig. 4 is below 1 % when incident wavelength is at 580 nm.
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Figure 5 Energy band schematic of the device with and without using RGO.

The energy band schematics of the two kinds of devices are illustrated in Fig. 5.
The charge transfer takes place among the interfaces of CdSe QDs/RGO/ZnO
nanowires. For the CdSe QDs/ZnO nanowires hybrid materials, CdSe QDs are regarded
as optical origins, where carriers can be generated and transferred from ligand capped
CdSe QDs to the ZnO nanowires. Before the recombination of the electron-hole pairs
in CdSe QDs happens, the charge can be injected into ZnO nanowire (Ecs = -4.2 eV,
Evs=-7.7 eV) and then drifted to the source electrode under the bias. In the meanwhile,
an equal number of carriers can be provided by the drain electrode to satisfy the
conversation of charge in the channel (Fig. 5 left). Since vacuum energy level is
considered as the reference of potential energy, valence band (Evg) and conduction band
(Ecg) of CdSe QDs can be also measured as a value of -4.1 and -6.2 eV. The Fermi level
of graphene was reported to be -4.5 eV [19], which is much lower compared with the
conduction band of CdSe QDs (Fig. 5 right). Therefore, after incorporating with RGO,
electrons can be transferred more efficiently from the conduction band of CdSe QDs to
graphene due to the more favorable energy barrier between the interface of CdSe QDs
and RGO. Furthermore, the electrons can jump more efficiently from the Fermi level
of the graphene to the defect level and transfer to the ZnO nanowires when the electrical
field is constructed by the positive back gate voltage directed to source electrode.
Consequently, due to the more favorable energy of CdSe QDs/RGO/Zn0O hybrid, it can
be effectively promoting the charge transferring from CdSe QDs to ZnO nanowire.

Moreover, fewer traps are existed at the interfaces among CdSe QDs/RGO
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fragments/ZnO nanowires hybrid. As the result, electron annihilation is decreased and
the carrier separation in hybrid material is benefited. Based on the Fig. 3, due to the
enrichment of the interface and heterostructure by the RGO fragments, the
improvement of photocurrent has been improved approximately 100 folds. According
to the Eq. (1), corresponding photo responsivity of the transistor with RGO fragments

is promoted approximately 100 folds.
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Figure 6. The absorption spectra of CdSe QDs, RGO, ZnO nanowires respectively

and the hybrid materials.

To investigate the optical absorption characteristics of CdSe QDs, RGO fragments,
ZnO nanowires, and CdSe QDs/RGO/Zn0O nanowires hybrids, absorption spectra were
respectively characterized in Fig. 6. Compared with the optical absorption spectra of
CdSe QDs/ZnO nanowires hybrid, optical absorption intensity is enhanced for CdSe
QDs/RGO/Zn0O nanowires during the wavelength from 200 to 650 nm. Meanwhile, it
can be proved that the optical absorption can be increased for the visible light photo-
modulated TFTs based on CdSe QDs/RGO/ZnO nanowires with excitonic transition

peak at wavelength of 580 nm (Fig. 6).

77



E ST

§1E'3 R —+—350nm

31e4 : S 440nm
—-— 580nm

1E-5 . dark

5 0 5 10 15
Gate voltage(V)

Figure 7 Transfer character curves for CdSe QDs/RGO/ZnO nanowire exposed

to different wave incident light.

Fig. 7 it illustrates the transfer characteristic curves of CdSe QDs/RGO/ZnO
nanowires device from the wavelength ranging from 215 to 580 nm. The result indicates
a fluctuated decrease of current occurred from ultraviolet to red. Traditionally, the
number of the electron and hole achieve balance and the material presents electric
neutrality with the minimum current when gate voltage equals to 0 V. However, the
electrons are injected to the RGO/ZnO nanowires by the built-in field when N-type
CdSe QDs are utilized as the electron donor. In order to achieve the electric neutrality,
a certain number of holes are ought to be provided from when N-type QDs are being
doped. Therefore, the negative back gate voltage is playing a role for the contribution
to attract holes and achieve the balance between the electrons and holes where the
current is the minimum. Additionally, photogenerated carriers are consistent with
results shown as the absorption spectra in Fig. 6, where the photocurrent has a relatively

high value near the wavelength of excitonic transition peak.
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Figure 8 The responsivity curve for different devices in incident light (A=215nm,

350nm, 440nm, 580nm).

As illustrated in Fig. 8, the photoresponse waveband of the hybrid material can be
expanded and the opportunity for the exciton separation can be improved. This

contributes to the enhanced photo-current and photo-responsivity gain.

(a) (b)
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Figure 9. Bias mechanism schematic diagram of the device with positive back

gate voltage on and off.

The photo-responsivity can be enhanced by modulating the back-gate voltage due
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to the existence of carrier transport mechanism [28-30] (in Fig. 9 left). It shows the
energy band distribution with adjusting the diverse voltages of Vgs. For the interface of
RGO/ZnO nanowires near the source electrode, a Schottky barrier is formed between
ZnO nanowires and RGO fragments. When Vyias is applied in the ZnO nanowires and
RGO fragments near the source electrode, electrons in RGO fragments can be
transferred into the ZnO nanowires. Thus, Is increases as the bias voltage is increased.
In addition, Erreo) and Er@zno) levels are shifted upwards as Ves is above zero. In the

meanwhile, the width of Schottky barrier is reduced simultaneously (Fig. 9 right).
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Figure 10 Time-dependent photo current response measurement with different

gate-voltage (Vos=5V) under illumination (580nm).

When the photo-modulated transistor is excited by the incident light (A=580 nm),
the improvement of the photocurrent can be measured by applying the back-gate
voltage demonstrated in Fig. 10. In this measurement, the value of applied back gate
voltage is proportional to the photocurrent. For instance, the photocurrent was

measured as a value of 0.15 pA when back gate voltage was applied of 8 V. And the
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photocurrent values of 0.015, 0.05, and 0.10 uA were measured when the back-gate
voltages were 0, 3, and 6 V, respectively. Consequently, the electrons tunneling from
RGO fragments to ZnO nanowires is easily obtained by applying the positive back gate

voltage and it leads to the 10 folds improvement of the photo responsivity.

Summary

To summarize, a novel photo-modulated transistor based on the TFT structure was
fabricated by using hybrid material of CdSe QDs/RGO fragments and ZnO nanowires.
By incorporating the RGO fragment, the interface and heterostructure in this hybrid
material can be properly improved and the photo responsivity of this transistor was
improved by ~10? times. This can be more advanced than that of based on CdSe
QDs/ZnO nanowires in the visible wavelength of incident light. In addition, the
photocurrent of this device was improved by 10 times by manipulating the back-gate
voltages. The photo responsivity (2000 A W) was also enhanced and the photo-
response waveband was upgraded. Since the process of our work was operated in room
temperature, achievements of using hybrid materials in photo-modulated transistor can
be a potential candidate for applications in the large-area transparent flexible photo

electronics.
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1. Introduction

Although UV-visible waveband plays a very important role in our daily lives,
infrared waveband has an irreplaceable and important use in medical examination,
military detection and communication. When the wavelength is above 800nm, we can
call it the range of infrared light, including the near infrared, mid-infrared and far-
infrared regions. Since the infrared band is beyond the visible range, we can't see it with
the naked eye. Infrared is mainly thermal radiation, that is, any object that is not
absolutely zero will radiate infrared light, so most of the nighttime camera devices we
use are based on infrared imaging. In healthcare field, near-infrared is the most

important infrared waveband for medical examination.

With the connection between individuals and Internet deepening, portable photo-
detectors have been one of the most important sensor terminals. In the near infrared
waveband, traditional near infrared photo-detectors can’t meet the requirement for the
photo-electric mechanism and complicated fabrication process. Large area, low cost,
flexible and environmental near-infrared photo-detector has been as the research
hotspot. Due to the high efficiency of the photo-electric conversion, solution process
and tunable response waveband, Quantum dots have been as the attractive photo-
sensitive materials. Meanwhile, organic materials have been widely utilized in the low
cost, flexible electronics. Printing technology have been studied in flexible, low cost
and large area electronics fabrication. The combination of the Quantum dots and printed

organic electronics is the focus of our work.

In Part B, we will conduct an in-depth study of printing pattern formation with
modification printing parameters, the connection between the n-type organic
semiconductor layer (C60) grain size and electrical performance, and printed organic

near infrared photo-sensitive system with PbS Quantum Dots.

87



2. Inkjet Printing

Although continuous inkjet printing is the earliest inkjet printing method, it is
more advantageous in terms of printing speed than the on-demand inkjet printing that
appears later. Based on the continuous inkjet technology, it is necessary to additionally
equip the ink droplet charging device, the deflection device and the ink recovery
circulation system, etc., and the equipment cost is high, and the lower material
utilization rate further increases the production cost. The continuous inkjet printing is
currently largely replaced by drop-on-demand (DoD) printing. The nozzle structure of
the DoD inkjet principle is greatly simplified, and the inherent unreliability of the
nozzle structure of the continuous ink jet principle is eliminated, the size and spacing
of the jet ink droplets can be controlled, and the utilization rate of the material is also
significantly improved. We will present the key steps of the printing techniques. And
then our result will explain the connection between the pattern formation and the

printing parameters such as surface energy, working frequency, overlap distance.

2.1 The key steps of inkjet printing pattern formation: Spreading, Wetting and
Drying

e Spreading
With a relatively high jetting velocity (6-10m/s), a droplet impacts on a dry surface
and several behaviors can be observed. Indeed, depending on substrates

(hydrophobicity, roughness...) and/or fluid (viscosity, elasticity...) properties, different

spreading behaviors can be observed as shown in Fig 2-1.
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Deposition

Prompt splash

- Complete rebound

Figure 2-1: Behavior of drop impact on a dry surface [1]

As illustrated in the first line of Fig 2-1, the requisition for inkjet printing
techniques impact mechanism is analyzed. The droplet deposition can be divided in two
parts: i) Images1,2 and 3 of the first line show the spreading step (i.e, drop let impact
and its diameter increased). This step is mainly affected by fluid viscosity. The lower is
the viscosity, the larger is the impact diameter and consequently large printed patterns
will be performed. ii) Images 4 and 5 of the first line show the relaxation phase where
the droplet minimizes its energy and determines the equilibrium contact angle. Surface

wetting properties strongly affect this phase.

The other lines of Fig 2-1 show unwanted spreading effects for inkjet printing
technology. For instance, splashing showing in the second and third lines affects the
printed pattern accuracy. This behavior can appear when: velocity is too high, surface

tension and viscosity is too low or substrate is too rough [2]. The other lines of Fig 2-1
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show unwanted phenomenon that can occur on super-hydrophobic surfaces.

e \Wetting

The wettability of a solid surface is the ability of a liquid to remain in contact with
a solid. It is the result of intermolecular interactions between solid and liquid, and
depends primarily on the balance between adsorption and adhesion. The adsorption
between the solid and liquid molecules promotes the spreading of the droplets on the
solid surface, while the internal viscosity of the liquid prevents the droplets from
spreading in order to maintain the spherical crown of the droplets. Regardless of the
wettability, the droplets are spherically crowned when they are in contact with the
substrate, as shown in Fig 2-2. At this time, the contact angle 0 of the droplet on the
solid surface is the angle between the solid-liquid interface and the tangent to the gas-
liquid interface. The contact angle is the result of the interaction between the adsorption
force and the viscosity, and is therefore used to judge the wettability of the solid surface.
When the droplets tend to spread out on the solid surface, the solid-liquid contact
surface increases and the contact angle decreases. Therefore, the value of the contact
angle is inversely proportional to the solid infiltration property, and the smaller the

contact angle, the better the wettability.

Ylv
‘ O  Liquid

Ysv Ysl

Substrate

Figure 2-2 Definition of the contact angle between liquid droplets and solid surfaces

The relationship between various wettability and contact angle is shown in Table
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2-1.

Contact Angle Wettability Solid-liquid Liquid action
interaction
0=0° Complete Strong Weak
wetting
0°<9<9(° High wetting  Strong Strong
Weak Weak
90°<0<180° Mild wetting ~ Weak Strong
0=180° Complete Weak Strong
non-wetting

Table 2-1 contact angle versus wettability

The quantification of the molecular bonds that are destroyed when creating a
surface is called surface energy. In solid physics, the molecular energy of the surface of
the material is higher than the molecular energy of the internal material, otherwise there
will be a driving force for removing the internal material on the surface of the material.
Therefore, from an energy point of view, the solid surface energy can be defined as the

portion of the energy of the solid surface that is larger than the solid internal material.

The value of solid surface energy depends mainly on the interaction force between
solid constituent molecules. Solids with higher surface energy interact with each other
through strong chemical bonds, such as covalent bonds, metal bonds, ionic bonds, etc.
The solid molecules with low surface energy are connected by weak molecular forces,
such as Van der Waals forces, hydrogen bonds. The high-energy surface has a very
strong chemical bond that requires a large amount of energy to be destroyed and is
usually easily wetted by the solution. On the low energy surface, the intermolecular
interaction is weak, it is easy to be destroyed, and it is generally difficult to be wetted

by the solution. Partial or complete infiltration of low energy surfaces can be done with
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liquids of different polarity [3-4].

In 1805, T. Young assumed the ideal condition that the solid surface was isotropic
and uniform smooth. The condition that the force in the horizontal direction at the three-
phase contact point reached equilibrium was obtained, and the Young's equation of the

wetting basic equation was obtained [5].

cosf = )/_51;—)/51 (2-1)

v

Here, 0 is the static contact angle of the droplet, ys,, ¥si, Vi represents "solid-
gas", "solid-liquid" and "liquid-gas" interfacial tension, respectively. According to the
Young's equation, the ability of a droplet to wet a solid surface depends on the
magnitude of the surface tension at various interfaces. Corresponding to the relationship
between contact angle and wettability in Table 2-1: when y, > vy, cos@ > 0, it
means 0° < 8 < 90°, the liquid can highly wet the solid surface; when vy, < yq,
cos 8 < 0, itmeans 90° < B < 180°, the liquid can mildly wet the solid surface. when
Vs <K Yy, COSO = —oo, it means 6 = 180°, the liquid completely non-wet the solid
surface. when yg, > y,;, cos@ = 4oo, it means 6 = 0°, the liquid completely wet
the solid surface. In summary, it can be understood that the level of solid surface tension
(surface energy) determines the wettability of the droplets thereon. The higher the
surface energy, the easier it is to be wetted. The lower the surface energy, the more

likely it is to be super-sparse.

Usually, the surfaces with contact angle 6 < 90° are classified as hydrophilic, and

those with contact angle 6 > 90° as hydrophobic.

e Drying
When the droplet is deposited on the substrate, a phase change occurs that is usually

induced by solvent evaporation. For instance, a well-known drying behavior, which is

reported as a drawback, in most cases, is the coffee ring effect. R.D.Deegan et al.
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conducted an in-depth study of the "coffee ring"” phenomenon in 1997[6]. They believe
that the formation of the "coffee ring" is due to the capillary flow caused by the uneven
evaporation of the droplets, which causes the suspended solute to be carried to the edge
of the droplet and deposited, as shown in Fig 2-3. As reported by Lim et al. They
proposed that the pinning of the three-phase contact line of the volatile droplets is one
of the necessary conditions for the formation of the “coffee ring" effect. When the
contact line of the droplet is pinned to the substrate, the rate of evaporation of the
solvent at the edge of the droplet is greater than the rate of evaporation at the center. To
compensate for the loss of solvent at the edge of the droplet, a capillary flow from the
center to the edge is created within the droplet, which causes the solute to carry the

solute to the edge and dry to form a "coffee ring."
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Dodecane

—p outward convective flow
Chirobenzene ——» Marangoni flow

Figure 2-3 the schematic illustration of the coffee ring formation[7]

Many techniques have been utilized in order to decrease such phenomena. For
instance, the use of higher substrate temperature during printing can improve the film
homogeneity. Heating the substrate increases the surface tension gradient between the
edge and the center of the droplet. Such surface tension gradient induces Marangoni
flows that carry the solute inward [8]. Consequently, this effect competes with this one

observed by Deegan leading to obtain a more uniform profile.
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2.2 The research of spreading and drying impact on inkjet printing Pattern
Accuracy

According to the foregoing, inkjet printing process is composed of three main steps:
1) droplet generation, ii) droplet spreading onto an arbitrary substrate and iii) droplet
drying. Each step has to be fully understood in order to fabricate accurate patterns [9].
Concerning droplet generation, recent works have demonstrated the exploitation of a
jettable window (i.e., using Ca-We space) to adjust the rheology of nanoparticle ink [10]
or polymeric ink [11] to allow the design of a jettable ink. Using such methodology,
nozzle clogging, long-lived filament, and satellite droplets can be suppressed improving
pattern accuracy [12-14]. However, the patterns generation behavior remains complex
to understand because many experimental parameters play a crucial role during ink
spreading and drying, due to its interaction with the substrate. For instance, lines can
show uniform, bulged, scalloped, stacked or separated patterns as function of jetting

frequency and drop spacing [15, 16].

After the drying step, droplets often show non-uniform profile that is frequently
attributed to the so-called coffee stain effect, firstly described by Deegan. [6] Moreover,
several works proposed strategies to suppress such undesirable behavior. [11, 17, 18]
Consequently, patterns profile can be optimized from smooth to periodically wave-

shaped film depending on application requirements. [11, 17, 19]

On the one hand, new inks designs are more and more complex and
multicomponent mixtures are usually required to obtain jettable inks fitting desired
properties (e.g., high conductivity for colloidal ink) [20]. On the other hand, literature
dealing with multicomponent mixture reports more complex droplets drying behavior
than in the work of Deegan [21-23]. Indeed, these works that mainly dealt with isolated
drop-casted microliters droplets, have shown the presence of phase separation during
spreading and drying. In our work, this behavior has been verified on picoliters printed

droplets as function of substrate wettability. Moreover, in the second part of this work,
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ink phase separation impact on patterns formation such as lines or squares is studied.
Indeed, in the field of printed electronics, lines or squares are required to fabricate

interconnects or electrodes for instance.

2.2.1 The material and methods of experiment

e Hardware

The inkjet printer used in this thesis is piezoelectric jet systems, named Ceraprinter
X-series. It is an “all-in-one” advanced materials deposition inkjet tool for inkjet
processes development in printed electronics and smart 3D printing. It offers the
possibility to use different print-head manufacturers. Thanks to its embedded post-
process and its innovative software package, Ceraprinter X-series brings new
opportunities to a wide range of industrial fields. The optical picture of Ceraprinter X-

series is shown in Fig 2-4.

Figure 2-4: Optical picture of Ceraprinter X-series

The Ceraprinter X-series, used in this work, is equipped with one print-head with
256 nozzles (256 nozzles Q-class print-head (Dimatix®)). It was used to print silver ink

as electrodes.

e Software
The software is composed of three modules: Ceraslice, Fab-analyser and Drop-

analyser.
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Drop-analyzer is an advanced droplets jetting analysis software.
Fab-analyzer is used for analyzing printed layers and substrate alignment.

Ceraslice is dedicated to the design (including: a gds files viewing, simulation step

allowing the visualization of droplets overlapping).

e Materials

400nm thick Su8 2002 films were obtained using spin-coating (Velocity = 3000
rpm; Acceleration = 3000rpm.s™, time = 60 seconds) on glass substrates. Su8 films
were baked at 95°C and exposed to UV before the final baking at 110°C during at 20
minutes. Jetlight equipment (UVO-Cleaner® 42) was used for UV ozone exposure. For
SEM experiments, Su8 was spin coated following the same process. Silicon substrates
was used and 5nm gold was deposited after inkjet printing step (silver-based ink). Such
protocol was used in order to reduce charging effect during SEM observations. Silver
based ink was purchase from ANP and used as received. Ink reference is: ANP
40LT15C which is composed of Silver nanopowder, <100nm particle size and contains
PVP as dispersant (Sigma Aldrich). TGME (CgH1304) is used as main solvent. The
metal content, the surface tension, the viscosity and the density equal 30.18wt%,

36.8mN/m, 14.16cps, 1.45g/mL respectively.

e Jetting experiments

i) Jetting criteria
The jettable criterion is the ability to obtain a droplet at a distance range from 800um
to 1 mm (acceptable working distance for the printer equipment: CERADROP Xseries).
Satellite droplets or tail must be reabsorbed by the nozzle and jettability must be stable
for a long time with low droplet misalignment on the substrate. The stroboscopic vision

system was used to determine droplet volume and velocity of three ink dilutions.
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ii) Jetting at low frequency

For all the experiments, results obtained using 20Hz as jetting frequency show
deformed printed patterns. In this case, jetting frequency is close to the lowest printing
velocity of the printer. Consequently, authors suggest that pattern deformations are only

due to the printer.

e Characterization

Scanning electron microscope images were obtained using a JEOL 7100 FEG
microscope. Water contact angle measurements were obtained using Kruss DSA30
equipment. Data are an average value of 10 measurements. Profilometry measurements
were performed using TENCOR KLA P6 equipment. Optical microscope images were

obtained using a Leica microscope equipped with a digital camera.

2.2.2 Results and discussion
The inkjet printing parameters such as: velocity, firing voltage, substrate
temperature have been kept constant and equal 3m/s, 65V and 50°C, respectively. This

crucial step is prerequisite in order to study the accuracy of printed pattern.

e Droplet spreading

With the increasing of the UV-ozone exposure time, the effect of the substrate
wetting properties on the droplets’ drying behavior is illustrated in Fig 2-5. As UV-
ozone exposure time increasing from Omin to 10min, the droplet drying pattern has

been performed immediately.
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Figure 2-5 top view optical pictures of dried droplet as function of UV ozone time

As illustrated in Fig 2-5, aggregated silver nanoparticles are highlighted by a light-
yellow region delimited by the mark: “Inner ring”. It means that the diameter of the
inner ring is the boundary of the silver nanoparticles. Normally, the diameter and
thickness of the inner ring are easily influenced by the surface character such as
hydrophobic and hydrophilic. As expected, UV ozone exposure time has a strong
impact on the silver nanoparticles spreading for the surface character changing. The
more the surface has been exposed to UV ozone, the more the droplet has spread and
consequently the more the region covered with nanoparticles is large. The drop
diameter increase and the average thickness decreases. Surprisingly, two different
droplet drying behaviors can be distinguished as function of UV ozone exposure time.
At low UV exposure time (1 minute), only the inner ring can be observed. At higher
UV ozone exposure times (6 and 10 minutes) another ring, marked “outer ring”, was
observed. For the inner ring is the boundary of the aggregated silver nanoparticle, the

constituent of the outer ring and the influenced factors are discussed.

In order to analyze the phenomena, the height and the diameter of the droplet is
shown in Fig 2-6. From the Fig 2-6a, the dried droplets morphologies as function of
UV ozone exposure time with the purpose of highlight the evolution is shown. With the

1min UV ozone treatment, the height of the droplet is above 200nm and without any
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indication of the outer ring. By increasing the UV ozone time, firstly, the coffee strain
effect is more obviously. For 4min UV ozone treatment, the height of the droplet
boundary is 180nm, but the height of the central part of the droplet is 90nm. With this
condition, the coffee stain effect is the most obvious one. Then, with the UV ozone
increasing, the coffee stain effect and the height of the droplet are decreasing. When the
UV ozone treatment is above 6min, there is no obviously change of the inner ring and

the morphology is similar. Meanwhile, the outer ring phenomenon is more and more

obviously.
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Figure 2.6 (a) two-dimensional profiles extracted along the diameter of a dried droplet
as function of UV-ozone exposure time. UV-0zone exposure time equals 1,3,6 and
10min. (b) Inner droplet diameter and outer droplet diameter as function of UV-ozone

exposure time.

Meanwhile, the diameter values of droplet are extracted from Fig 2-6b. With the
UV ozone treatment time increasing, the inner ring, the diameter increased from 50um
to 120um. Outer ring cannot be observed before 4 minutes UV exposure time whereas
inner ring diameter increases. After 4 minutes UV ozone exposure time, both diameters
(inner and outer ring) have no significant evolution. The diameter of the outer-ring is
around 160pum and doesn’t change so much with the UV ozone treatment time.

Meanwhile, UV ozone exposure time have a strong impact on colloids layer thickness
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and morphology. Indeed, 10 minutes UV ozone exposure time divides the average
thickness by more than 2 and exacerbates the well-known coffee stain effect [6].
Moreover, outer diameter is larger for 10 minutes of UV exposure time than for 6

minutes.

In conclusion, at low UV ozone exposure time (less than 4 minutes) the behavior
of colloidal drying can be described, in first approximation, using Deegan’s work [6].
This phenomenon, known as “coffee stain”, is due to the solvent evaporation rate which
IS greater at the surroundings of the so-called “triple contact line”. Consequently, when
the contact line is pinned, solute transport from the center to the edge is induced by
replenish flow, leading to inhomogeneous films after complete evaporation. However,
as previously described, droplets drying behavior is different when the surface becomes
highly hydrophilic (i.e., at higher UV ozone exposure time). In this case, Deegan’s

theory cannot fully explain the drying behavior.

A relevant study has reported the creation of a hydrophobic layer that surrounds
(i.e., outer ring) printed patterns (e.g., isolated droplets) on a hydrophilic substrate [24].
This study showed that upon the impact, the droplet spreads at it maximum value before
receding to its equilibrium state. Consequently, during triple contact line receding step,
the desorbed stabilizing agent (hexadecylamine, in their case) was deposited leading to
a hydrophobic boundary around the printed patterns. Note that, in this study, no
observations were performed to confirm this hypothesis. However, this interesting work

has shown that the surrounding layer impacts patterns creation.

Meanwhile, as shown in Fig 2-7, surface treatment has increased Su8 surface
hydrophilicity. Indeed, water contact angle values have varied over a wide range, from
hydrophobic (water contact angle equals at least 90°) to hydrophilic behavior (water
contact angle value is less than 40°). Note that, after 60 seconds silver-based ink wets
totally the surface and contact angle could not be measured. The silver-based ink
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contact angle is close to the zero. Surface free energy as function of UV ozone exposure
time is plotted on right axis. Values confirm that the more the Su8 surface is exposed to
UV ozone treatment, the more the surface becomes hydrophilic (Fig 2-7a). The
normalized radius show that the inner ring is about 2.5 times larger after 600s of
exposure to UV ozone. The outer ring radius remains relatively consistent from its
appearance (after 240s) to 600s exposure time (Fig 2-7b). Consequently, Su8 film has
been chosen to deeply highlight the impact of UV ozone exposure effect. The surface

energy increases from 40N/m to 75N/m.
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Figure 2-7 Spreading and wetting behavior of the droplets a) Water contact angle
and silver-based ink contact angle (left axis) as function of UV ozone exposure time. b)
Normalized droplet radii (inner and outer rings) and surface energy as function of UV

ozone exposure time.

In our work, three components composed the silver-based ink (see in experimental
section: “materials”): 1) hard silver nanoparticles, 1i) solvent and 1ii1)
Polyvinylpyrrolidone (PVP). Indeed, it has ever been demonstrated that the commercial
ink (DGP 40LT15C) used in this study, reveals the presence of carbonyl groups (FT-IR
experiments), suggesting that a polymer ligand such as PVP, has been used [25,26].
Moreover, it is well-known that PVP is commonly used in nanoparticles-based ink as
surface stabilizer, growth modifier, nanoparticle dispersant, and reducing agent. The
PVP avoids large sized nanoparticles agglomerations which can occur due to Van Der
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Waals or Coulomb’s forces [18,21,22]. Indeed, nanoparticles agglomeration is a major
drawback for inkjet printing because it drastically increases nozzles clogging and must
be avoided [27]. Furthermore, as for the work dealing with hexadeylamine as
stabilizing agent, we suggest that an amount of PVVP adhered to silver thanks to carbonyl

silver bound and another amount is free (desorbed).

Taking into consideration ink composition and the previously mentioned works
dealing with multicomponent mixtures drying, a hypothesis can be drawn: during
spreading and drying steps, the droplets show a formation of an inner “cap” and an
outer “foot” (see in Figure 2-8a), as described in other works [21.23]. A phase
separation can occur leading to a colloid rich and a polymer rich region located in the
center and at the periphery of the droplet, respectively. We suggest that the polymer rich
region is mainly composed of desorbed (free) PVP. In that case, colloidal particles that
are confined in the central region, also called “gelation region”, form a “solid-like
particle gel” which resists to droplet internal flow [21]. Indeed, as the solvent
evaporates, concentration of nanoparticles increases and consequently they approach
each other until they aggregate due to strong Van Der Vaals interactions [21]. Due to
phase separation, polymer which are confined in the foot pinned the droplet and is
accumulated at the contact line due to internal flow in the foot. Such a behavior leads
to the final residue as shown in Fig 1-8. Besides, as shown in Fig 2-8b the 3D schematic
of dried droplet, the height of the top is approximately 160nm and the height of the foot
is approximately 100nm. But there is no obviously phenomenon in the region between
inner ring and outer ring. Based on this, except the coffee stain effect, there are some
other parameters influence the morphology. Besides, considering the height of the outer

ring, the pattern formation should be care of the foot part.
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Outer ring

Inner ring

Figure 2-8 Drying behavior of droplet. a) 3D schematic of droplet at the
beginning of drying step. A foot and a cap area occur. b) 3D profiles showing outer
and inner ring of a dried droplet on polymeric surface exposed to UV ozone (10

minutes). d) SEM picture showing dried droplet.

Furthermore, as illustrated in Fig 2-9, with the SEM image of the dried droplet, the
dried droplet can be divided into four part. Except the inner ring and outer ring, for the
central part of the dried droplet, there are two zones. For the zone 1, cap is divided in
two regions named C and G. foot is the darkest region of the image; Black arrows shows
internal flow in the C region during drying. It means that for the process of the droplet
drying, the nanoparticles in the zone 1 were constrained in this part. When PVP solution
evaporated, the silver nanoparticles shrink to the central zone. However, the
nanoparticles in the zone 1 was dried. The nanoparticles flowed back and aggregated
around the boundary of the zone 1 and form the highest part of the dried part. In the
zone 2, for the internal flow, the dried nanoparticles show the inhomogeneity. In this
process, the aggregation of the nanoparticles was influenced by the force from the dried
zone 1 and the internal flow from the solvent. The height of this zone was higher than
zone 1. Besides, with the shrink of the silver nanoparticles, between the inter-ring and
outer-ring, there are some silver colloids left. With this information, the drying behavior

inside the cap can be obtained.
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Silver
colloids

Figure 2-9: SEM pictures showing: a) dried droplet, b) A zoom Z1 showing the
border between cap and foot; ¢) A zoom Z2 showing inhomogeneity of dried
nanoparticles in C region. d) AFM scan showing: colloid rich region (yellow region
on left side of image) and polymer rich region (right side of the image). AFM image
shows the only few amounts of silver colloids can be found at the border of colloid

and polymer rich region.

Equipment used to perform inkjet printing experiments does not allow to acquire
top view images immediately when droplets land on substrate surface to verify this
hypothesis. Moreover, due to the small droplet volume (fast evaporation) it is not
possible to take the substrate out of the equipment in order to fully analyze spreading
and drying behavior. Consequently, spreading and drying analyze have been performed
on 0.1 pL droplet deposited using micropipettes under microscope to mimic the

phenomena.

Top view optical pictures acquired as function of time are shown in Fig 2-10.
Images in Fig 2-10a to 2-10e show the spreading behavior of the droplet onto Su8
surfaces exposed to 6 minutes of UV-ozone. During droplets spreading, materials are

not uniformly distributed and two advancing fronts can be observed: the first one is
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relative to the triple contact line and the second one corresponds to the perimeter of the
dark area. As analyzed previously, the first front is the PVP solution and the second
front is the hard-silver nanoparticles aggregation. It confirms that two phases exist in
the droplet. Importantly, this observation highlights that the foot area is formed
immediately after the droplet deposition and continually expand until the contact line
is pinned (i.e, during the spreading step). Note that the dark area corresponds to a region
rich in colloids. Colloids show replenish movement and never go outside this region
that can suggest the existence of a gelation region. Iridescent region can be relative to
polymer rich thin films. When spreading reaches its maximum, the triple contact line
(first front) is pinned before it recedes letting the residue (Fig 2-10f and 2-10e). Colloids
rich region that has also been pinned (see Fig 2-10g and 2-10h), dries at last step
occurring a classical coffee stain. Consequently, the resulting dried profile (i.e., two
rings) is obtained because of a stick-slip motion of the contact line. Indeed, contact line
is mainly pinned two times during its receding phase and consequently lets residues of

materials where it has been pinned.

Note that the observation of the wetting and the drying behavior highlights that the
residue is due to a combination of several physical phenomena mainly due to phase
separation occurring during droplet spreading and not only the stick-slip motion of the

contact line.

- spreading

Colloids
Drying
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Figure 2-10: Optical images of silver ink drop-casted on Su8 surface exposed to
6 minutes UV-ozone. Images a to d show the drying behavior of the droplet as
function of time. Images a) to h) have been captured respectively 3s, 10s, 60s, 90s,
2min, 4min, 6min and 30min, after the droplet deposition. From a) to d), two
advancing fronts could be observed showing the separation phase when the droplet
spreads. In Figure f) the droplet contact line has been pinned and is beginning to
recede. In Figure g) the solvent has evaporated in the foot area and colloids area

remains to dry. in Figure h) the droplet is fully dry.

The results presented in this section have shown that due to the presence of PVP
molecules a residue remains at the periphery of the droplet triple contact line whereas
colloids are confined in the central region. We have demonstrated that the control of the
surface wetting properties is an easy way to drastically reduce such unexpected
behavior. Note that, other ink composition using another stabilizer agent have also

shown the existence of a surrounding layer.

Moreover, it has also been shown that such layer can have a strong impact on the
pattern’s formation. That’s why, in the following, deeper investigations will be
performed on more complicated patterns (conductive lines and square shaped patterns)
to understand the effect of such residue as function of the substrates wetting and the

jetting frequency.
e Line formation

In order to understand the effect as function of the substrates wetting and the jetting
frequency, firstly, we should analyze the line patterns formation. DoD printing
technique relies on the coalescence of adjacent droplets in order to form patterns.
However, the substrate wettability control is a key parameter to obtain well-defined
patterns. Indeed, when triple contact line is not firmly pinned patterns can split during

drying due to fluid instability as shown in Fig 2-11. Thus, it is well-known that surface
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treatment (e.g., UV ozone) is necessary to solve this drawback.

Figure 2-11: Square shaped patterns printed on polymeric surface (Su8 2000.5
MicroChem) without UV ozone treatment. Jetting frequency equals 1KHz and drop
spacing equals: a) 100 um leading to isolated droplets, b) 20 um, ¢) 10pum, d) 5pum.

Scale bars equal 50pum.

Matrix of isolated droplet is obtained in Figure a) because drop spacing (l.e., the
distance between the centers of two adjacent droplets) is higher than droplet diameter.
Fig2-11b, 2-11c and 2-11d shows non-continuous patterns even if drop spacing is lower
than droplets diameter. With the droplet space decreasing, the size of the droplets’
aggregation is increasing. There are some small droplets’ aggregation encircle the big

droplets’ aggregation.
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Such phenomena are due to fluid instability on hydrophobic surfaces when triple
contact line is not firmly pinned. As previously highlighted, such a treatment will
promote polymeric residue that could have an impact on pattern accuracy. Note that,

numerous works report on printed lines drying behaviors.

However, at our knowledge, no works have focused on the printed lines formations
when a residue is accumulated at the triple line (outer ring). Fig 2-12 shows the printed
lines formation as function of surface wetting behavior and drop spacing (distance

between the centers of two adjacent droplets).

Figure 2-12: Lines formation mechanism as function of drop spacing and UV

0zone exposure time. Jetting frequency equals 1 kHz. Hatched marks show zoom on
lines. UV ozone time equals 2 minutes and drop spacing equals: a) 80um leading to
isolated droplets, b) 60um leading to scalloped line, ¢) 40um leading to well defined

lines, d) 25um leading to bulged line; UV ozone times equals 10 minutes and drop
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spacing equals: €) 200um leading to isolated droplets, f) 130um leading to scalloped

lines, g) 70um leading to well defined line, h) 60um leading to well defined line.

Figures (2-12a, b, c, and d) show line formation behavior at low UV ozone
exposure time (2 minutes). As expected, when the gap between droplets centers (drop
spacing) is: higher than the droplets diameters, closed to droplets diameters, well-
adjusted or too closed, it leads to isolated droplets, scalloped lines, well-defined lines
or bulged lines, respectively. The origin of this phenomenon has ever been reported in
literature and will not be detailed here. For UV exposure time equals 10 minutes
(Figures 2-12¢, f, g, h), the same phenomenon occurs for isolated droplets (Figure 2-
12¢) and scalloped lines (Figure 2-12f). Well-defined lines can also be printed (Figure
2-129). However, even if drop spacing is drastically reduced (Figure 2-12h), line does
not show bulges. It seems that due to surface hydrophilicity (i.e., low water contact
angle), inks spreads and consequently even if drop spacing is reduced, not enough
materials are added to obtain bulges instabilities [15,16]. Meanwhile, from the Figure
2-12g and Figure 2-12h, we can find the dark line in the center of the line pattern. With
the droplets spacing decreasing, the dark line is more obviously. When the droplets
forming the line, the internal flow influences the pattern formation. Due to the droplet’s
density increasing, the internal flow influences the morphology (Figure 2-13a).
Moreover, zoom in red hatched inset shows that outer ring is formed around the line
independently of drop spacing value. This phenomenon can be explained as follows: a
line is formed when at least two droplets coalesce. Indeed, a droplet falls down and
begins to dry. Another one lands and merges with the first one. At high UV exposure

time, the separation phase occurs when droplets dry.
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Figure 2-13 (a) the morphology of the one drop line on the Su8 surface. (b) the
diameters of the drop line with different UV-ozone time. (c) the thickness of the drop

line with different UV-ozone.

With the UV-ozone time increasing, the thickness of the one drop line is decreasing.
And after 4min UV-ozone treatment, the performance tends to be stable. The average
thickness is approximately 100nm. The width range is from 120pum to 140pum with the
droplet spacing close to 40um. The maximum thickness is from 120pum to 150um as
shown in Fig 2-13b and Fig 2-13c. But, as illustrated in the Fig 2-13a, when the UV-
ozone time is more than 7min, there are protuberances at the boundary of the one drop

line. By this way, we can find the outer ring of the line pattern in Fig 2-13a.

Consequently, PVP residue that remains at the triple contact when the first droplet
is printed can be dissolved when the second one is printed. The same mechanism occurs
until the last droplet of the line is printed. The case shown in Figure 2-12f, well
describes the phenomena. Indeed, when inter-droplet distance is higher than inner ring
diameter but lower than outer ring diameter only the morphology of the outer ring is

impacted during drying.

In order to mimic this phenomena, two droplets have been successively drop-
casted using micropipette. Top view optical images acquired during droplet spreading
and drying confirms the previously mentioned explanations (see in Fig 2-14). Droplet
in the bottom left has been deposited at first. Images a to ¢ show that the two droplets
spread with same mechanism than for isolated droplet. In image d, the two-contact line
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collapse and form the same outer ring than this one observed when droplet is printed.
Images e to h show the drying step of polymer rich region. For the polymer rich region,
the outer rings connect and dissolve with each other. With the time increasing, the outer
rings of the two droplets mixed together, and the big outer ring of the two droplets
formed even if there is no connection of the colloid rich region. Based on this

phenomena and Figure 2-12, the outer ring of the hole line patterns can be explained.

— 1= 10min

Figure 2-14 Optical images of two droplets successively drop casted on Su8 surface

exposed to 6 minutes UV ozone as function of time.

In conclusion, the same drying mechanism observed in the first section at droplet
scale, also occurs when line dries. However, it does not drastically impact lines
formation but PVP residue remains at periphery of the inner lines. In the next section,
deeper investigations will be performed on square shaped patterns to highlight the

impact of PVP residue on more complex patterns’ formation.

e Square shaped behaviors

v’ Systematic
Optical pictures in Fig 2-15 show the impact of drop spacing, jetting frequency and

UV ozone exposure time on printing accuracy of the printed square patterns. The
squares are fabricated as follows: droplets are successively printed along x axis (from

left to right) and coalesce to form a line. This printing scenario is repeated when the
m



printhead has shifted along y axis, toward the top of the pictures. Consequently, lines
coalesce and form the squares (for more details, see the 3D scheme in Fig 2-16).
Importantly, in this set of experiments each square are printed from the bottom left to
the top right. The accuracy criterion is that patterns shape have to be a square

(Immx1mm) fully filled with silver.

This systematic study shows experimental parameters impact on printing accuracy.
The jetting frequency, the drop spacing, the UV ozone exposure time have been varied.
As shown in Fig 2-15, whatever UV ozone exposure time is, three behaviors can be
clearly distinguished: i) isolated droplets, ii) partially collapsed droplets and iii) merged
droplets. Note that the drop spacing values have been carefully adjusted to highlight

such well-known behaviors.

When UV ozone exposure time increases the patterns, accuracy decreases
independently of the jetting frequency or the drop spacing. Nevertheless, whatever UV
ozone exposure time was, the patterns could be fully filled with ink (i.e., no fluidic
instability). However, patterns are not well-defined even in the wide tested range of
drop spacing and jetting frequency. This unexpected behavior needs to be clarified. In
order to explain this behavior, deeper investigations on these two parameters influences

have been performed.
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Figure 2-15 Square shaped patterns (approximately 1*1mm) varying drop spacing,
jetting frequency and UV ozone exposure time; a) UV ozone exposure time equal 2
minutes; drop spacing varies from 80 to 45um and jetting frequency varies from 3340
to 20Hz; b) UV ozone exposure time equals 6 minutes; drop spacing varies from 180

to 80um and jetting frequency varies from 2480 to 20Hz; ¢) UV ozone exposure time
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equal 10 minutes; drop spacing varies from 200 to 100um and jetting frequency varies

from 2500 to 20Hz.

Based on the 2mins UV-Ozone treatment, the square with the same size emerges
the rich variation with the frequency and overlap distance respectively as shown in the
Fig 2-15a. With not obvious outer ring, the merging distance is based on the diameters
of the inner ring. Along with the overlap distance approaching to the 60pum which is the
diameter of the inner ring, the merging phenomenon began apparent. Especially, with
the overlap distance less than 65um, the drops connected each other and took shape. In
addition, compared with overlap distance determining the foundation of the merging,
the printing frequency of the pattern determine the level of the merging. With the
decreasing of the frequency from 3300Hz to 20Hz, the time of the drop drying was
increasing and the time between two drops landing up was increasing. In accompany
with the first drop drying, the second drop landed up on the substrate and connected to
the first drop. Because of the first drop drying, the influence of the drop’s interaction

was weaker than the two wet drops.

Compared with the 2min UV-ozone treatment, 6min UV-ozone treatment substrate
emerges better hydrophilic. With an obvious outer ring, the interaction of the two drops
was based on the approaching distance of the overlap distance and outer ring. As
illustrated in Fig 2-15b, with the overlap distance approaching to the 140um larger than
the inner ring diameters 120um, the drops began to merge. And the second line from
the bottom of the square was obviously influenced by the outer ring of the first line.
Inner ring wasn’t the only factor determined the foundation merging. Furthermore, with
the working frequency decreasing from 2500Hz to 20Hz, the interaction of the two
drops was different with the 2min UV-Ozone treatment. As shown in the column in the
Fig 2-15b, the pattern of the low frequency was more uniform than the high frequency;,

for the interaction of the two drops was between outer ring of the first drop and the
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second drop. When the frequency was 2500Hz, the second drop landed up on the
substrate was influenced by the wet outer ring of the first drop. Based on the non-
uniform interaction between the outer ring and the second drop, the pattern was non-
uniform as shown in the overlap distance 140pum and 2500Hz. Compared with high
frequency, the interaction of the dry outer ring and wet second drop was uniform.
Because of the dried outer ring forming a boundary which was in the range of the second
drop landed up areas, the hydrophobicity of the area influence the second drop flow up
to the inner ring of the first drop. And the overlap distance 140um permits the second
drop flowing to the inner ring rather than shrinking in the process of the drying with a
larger overlap distance. Besides, because of the boundary shaping up with low
frequency, the second line of the printing was more uniform than the high frequency

one.

Similarly, the merging phenomenon of thel0Omin UV-Ozone treatment patterns in
Fig 2-15c were influenced by the diameters of the outer ring and the frequency.
However, based on a larger outer ring diameter, the drop was dry in the process of
flowing from latter line to the previous line as shown in the overlap distance 130pum

and 20Hz working frequency.
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Figure 2-16: 3D scheme showing working principle of DoD inkjet printing for

square shaped patterns.

Overdrop is relative to droplets spacing that coalesce to form a line. Overiine is
relative to line spacing parameters in order to form square shaped patterns. Note that
“Drop after Drop” and “line after line” are relative to X axis displacement and Y axis

displacement, respectively.

v Drop spacing study

The first row (Fig 2-17a, b and c) shows independent droplets (i.e., drop spacing is
higher than droplet diameter). The second row (Fig 2-17d, 2-17e and 2-17c) shows
partially merged droplets (i.e., drop spacing value is closed to droplet diameter). The
third row (Fig 2-17g, 2-17h and 2-171) shows merged droplets (i.e., drop spacing value
is lower than droplet diameter). Each column corresponds to a different UV ozone

exposure time (2, 6 or 10 minutes from left to right).
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Figure 2-17 optical pictures of square shaped patterns (approximately 1x1mm)
printed at fixed jetting frequency equals 100Hz and varying: i) UV ozone exposure
time equals: 2, 6 and 10 minutes shown in column 1, 2 and 3, respectively; ii) drop

spacing in order to print: isolated droplets matrix, partially merged droplets, continues
patterns shown in row 1, 2 and 3, respectively. Drop spacing experimental values
equals: a) 75um; b) 160um; c) 160um; d) 60um; e) 140um; f) 130pum; g) 45 pm; h)
80 pum; i)100um.

As previously mentioned, film formation at low UV exposure time (first column)
shows different behavior compared to the others columns due to PVP residue (“outer
ring”) remaining when surface is highly hydrophilic. However, the first line residue
impacts the second printed line. Such a phenomenon is in good agreement with the
Figure 2-14 where the phenomena has been observed in real time under microscope. It
is exacerbated when the drop spacing value decreases for the following reasons. At high
drop spacing (first row), in each case, the three first printed lines show different
spreading and drying behavior. In Figure 2-17a, isolated droplets are observed because

outer ring does not occur.

117



In Figure 2-17b and 2-17c, PVP residue is observed but outer ring of each droplet
that form a line has collapsed but has no impact on inner ring of each droplet. In this
case, PVP residue does not influence droplet shapes for the droplet space big enough.
However, squares are not totally filled with ink. Besides, for the outer ring formation,
the whole outer ring of the line even with the isolated droplets can be observed. It’s the

same phenomenon as shown in Figure 2-14.

When the drop spacing is equal or slightly inferior to the droplet diameters (second
row), the outer ring of the previously printed droplets has not enough time to dry and
to pin before its neighbor droplet has landed (Figure 2-17e). This behavior occurs for
all the droplet that form a line. However, when printing the second line, the PVP residue
of the first line is firmly pinned and consequently, induces deformation of the second
line due to it 2-dimensional profile (see Figures 2-17e and 2-17f). In this case, PVP
residue does not influence the first printed lines but the others ones are impacted.
Consequently, square is not well-defined. Note that, the printing parameters that have
been fixed in Figure 2-17e are optimum to highlight such hypothesis. In the first line,
droplets show circular shape partially collapsed, whereas, in the second line, droplets
also collapse but show semicircular shape. Not that the flat droplets vertex of the second

line faces the first printed line that clearly show the negative impact of PVP residue.

When drop spacing is inferior to droplet diameters (third row), the aforementioned
phenomena occur. Indeed, as inner ring of each droplet overlap square is more filled.
However, as shown in Fig 2-17h and 2-17i, PVP residue remains leading to square
deformation. Such assertion is in good agreement with the optical picture of Fig 2-17g.

Indeed, when no PVP residue occurs patterns are well-defined.

As highlighted in this section, the PVP residue influence on patterns formation
occurs when such residue has enough time to be pinned. Consequently, the influence of
the increase of printing velocity will be discussed in the next section.
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v' Jetting frequency study

Experiments have been performed to highlight the impact of jetting frequency on
square patterns formation. Fig 2-18a and b show optical pictures of squares using the
following experimental parameters. For both Figures, drop spacing and UV exposure
time are fixed and equals 180pm and 10 minutes, respectively. Jetting frequencies

varied and equal 20Hz and 3340Hz as shown in Fig 2-18a and 2-18b, respectively.

At low jetting frequency (Fig 2-18a), outer ring is formed around each line as usual.
Interestingly, when printing frequency increases, as shown in Figure 2-18b, outer ring
is observed around the square but cannot be observed around each printed lines. In this
case, outer ring formed around each line has not enough time to be pinned.
Consequently, the shape of each droplet inner ring is not impacted. Finally, PVP residue
remains at the periphery of the square. Obviously, in this drop spacing conditions,
square is not fully filled with ink. When the drop spacing is reduced (see Fig 2-18c¢),
the same phenomena occurs. Patterns accuracy are better when printing at high velocity
(Fig 2-18d) compare with those printed at lower frequency (Fig 2-17i for instance).
However, in these conditions’ holes remain. Such a phenomenon could be due to a
largest amount of PVP induced when printing at lower drop spacing. A way to solve
this problem could be to increase printing velocity, however it was not possible with

the printer used in this study.

119



el I I

BES 09 G

$5) 0 0 ¢

Figure 2-18 optical pictures of square shaped patterns (approximately 1x1mm)
printed at fixed UV ozone exposure time equals 10 minutes and varying: i) Jetting
frequency equals: 20Hz and 3340Hz, shown in column 1 and 2, respectively; Note

that, these values corresponds to the lowest and highest available printing velocities.
i) drop spacing in order to print: isolated droplets matrix and, continues patterns
shown in row 1 and 2, respectively. Drop spacing experimental values equals: a)

180um; b) 180um; ¢) 100um; d) 100um.
Conclusion

On the basis of previously reported works dealing with multicomponent mixture,
microliters scale drop can show phase separation when a multicomponent mixture is
used. [22, 24] This work highlights that this phenomenon can occur when PVP is used
as stabilizer in colloidal based ink. It has been demonstrated that printed picolitres
droplets and drop casted microliters drops show the same morphology after drying.
Indeed, an inner colloidal rich region and an outer polymer rich region can be
distinguished independently of deposition techniques. Moreover, the optical

observation of the spreading and drying behavior confirm that a phase separation occurs.
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The new results observed in this work gave an alternative explanation of the phenomena

already observed for another ink containing another kind of stabilizing agent. [25]

This complementary work gives more information for ink designer and
experimenter involved in the field of printed electronics. Indeed, in the second part of
this work, it has been demonstrated that PP residue has a negative impact onto printed
pattern accuracy, especially when the substrate became highly hydrophilic. Moreover,
this work has highlighted one of the experimental conditions (i.e., substrates wetting
behavior) that exacerbates the phase separation of a complex mixture made of colloids
and polymer ligand. This study could pave to other dealing with a systematical study
of other experimental conditions such as: ligand kind of material, surface materials and
or roughness. It should help to fully understand the phase separation that occurs during

inkjet printing of colloids droplets.
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3 Printed N-type C60 Organic Semiconductor Thin-film Transistor

Generally, the thin-film transistor characteristic will be influenced by the quality
of the semiconducting active layer and by the interface quality between the
semiconductor and insulator layer. Besides, the interface between semiconductor layer
and electrodes is another important influence factor. Based on the previous printing
technique result, the best parameters for printing silver electrodes can be achieved. For
the next step, the high performance organic thin-film transistor should be investigated

to lay the foundation of the photo-transistor.

3.1 Research states of the C60 Organic Thin-film Transistor

Based on the research result of the printing methods, the characteristics of
semiconductor layer are the following object of study for the photo-transistor. Based on
the previous PhD. Liu Xiang’s work, we succeed in fabricating the photo-transistor in
the silicon transistor. However, with the low performance and complicated fabrication
process, a new thin-film transistor by means of low cost and easier fabricating process
is on required. With the research of the organic semiconductor, organic thin-film

transistor was investigated.

Due to the broad application in flexible, low-cost, and light electronic applications
such as flat-panel displays [1,2], radio-frequency identification tags [3,4],
complementary integrated circuits [5-7] and biological and medical applications [8-13],
transparent organic semiconductor thin films with high charge mobility and electrical
stability has been an important target. Based on the organic thin films, organic field
effect transistors (OFFTs) have been widely used for their facile process-ability in large
areas. Until now, more efforts have been made to improve the charge mobility. The
performance has developed rapidly in the past two decades. So far, a large number of
experiments have focused on the research of P-type devices, but few reported focused

on the N-type devices. The most likely cause is that the material is unstable and very
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sensitive to oxygen and moisture. Then, in order to realize the practical application of
the device in complementary logic circuits and the like, both the type and the type of
transistor need to have excellent performance. Therefore, there is still a need for further

research-type devices in organic electronics.

As reported, the charge mobility of p-channel OFETs has reached up to 23.2 cm?V-
15-1114-18]. Meanwhile, vapor-deposited OFETs exhibit mobility as high as 6 cm?V-1s’
1119,20] and solution-processed transistors have lower mobility of ~1 cm?V-1s[21,22].
Besides, n-type organic semiconductor thin-film transistor is the most important
research field for the design of the logic circuit. Among n-type organic semiconductors,
fullerene shows great potential with common mobility close to 1 cm?V-1s?[23].
Fullerene FETs present not only interesting charge mobility but also a high electrical
stability. Since Haddon et.al first reported field effect transistors in 1995 on journal
Applied Physics Letters [24], especially in the past decade, there have been many
reports on field effect transistors. Among them, the highest performance is the
preparation method using 250°C hot wall epitaxy reported by Anthopoulos et al. [25],
which makes the device mobility reach 6cm?V*s™. With the modifying by the
pentacene, Itaka et.al reported the fabrication process with the temperature 50°C and

high vacuum, the carrier mobility increases to 4.9 cm?V-1s1. [26]

By changing gate insulator, Zhang et al. [27] succeeded in fabricating C60-OFET
with high performance but also with high electrical stability under continuous
polarization. Although these reported field effect transistor devices exhibit higher
mobility, they all employ special fabrication conditions. Therefore, the most common
method of thermal evaporation can be used to provide a technical reference and
reference for exploring simple, low-cost preparation processes and preparing high-

performance types.

With the combination of the PbS quantum dots, the organic material should be
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carefully selected. Because of the bandgap of the PbS quantum dots is approximately
0.91eV, the conduction band is 4.5eV and the valence band is 5.41eV. [28] In order to
fix the PbS quantum dots, the C60 was utilized as the semiconductor. Indeed, the energy
levels of C60 changes depending of the conducting material it is in contact [29].
However, the mean value of LUMO level can be taken around 5eV when C60 is in
contact with conducting material. Same value was taken by Biebersdorf et.al. [30]
Therefore, photoexcited electrons in the PbS quantum dots are likely to transfer to C60
semiconductors. On the other hand, the holes are supposed to stay in the PbS quantum
dots because the valence band in C60 is around 7.3eV. In addition, the fabrication
process of C60 layer is easier than silicon and suitable with the printing methods which
we are experienced in the fabrication. By this consideration, the C60 is the most suitable

material for the thin-film transistor.

Based on the PhD. Malo Robin’s work, our group succeeded in modifying the
contact characteristic between the metal electrodes and C60 layer. Improving the C60
semiconductor layer performance is another method to improve the OTFT performance.
Especially, for matching the printing technology, the improvement of the C60 layer own
characteristic is more useful. Fabrication processes based on printing have a number of
advantages over conventional photolithorgraphy. Printable processes can dramatically
reduce material waste and manufacturing process steps while lowering manufacturing
costs. Moreover, they can be readily scaled to large-area production with high
throughput [31]. Hence, for commercialization or complex circuit integration, printed
OFET should have high performances, high electrical parameters uniformity and should
be stable under long-term electrical stress. The operational stability is even more
relevant when transistors are used as current source to drive QLED for instance. Indeed,
the change in drain current under continuous operating voltage will dictate the device

stability and reliability.
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For improving the semiconductor layer performance, some research results were
investigated and surveyed. Based on the Jean-Luc Bredas s report, the carrier mobility
of organic film is strongly influenced by the crystallinity, molecular packing structures
of the organic semiconductor. Meanwhile, with the study by Sokolov et.al, the influence
of the charge traps at the gate dielectric/semiconductor interface for modifying the

electric stability was investigated. [32,33]

Because of the changes in threshold voltage, contact resistances and in gate
dielectric capacitances, the degradation of the OFET performances during bias stress is
illustrated by the drain current decay from D.K. Hwang & T. Richards’ achievements

[34,35].

From report of H.L.Cheng & W.Y.Chou et.al, the degradation was explained with
several mechanisms, for instance, defect creation and charge trapping/tunneling in the
organic semiconductor which is supplemented by Clemens Simgrunner s group [36,37],
in the insulator layer and at the interface dielectric-organic semiconductor [38].
Numerous methods have been utilized to improve the electrical stability such as

substitutable organic semiconductor and gate insulator [14,34].

However, few investigations were reported about the modification of the annealing
process of the OFET to improve the stability of the devices. With the bottom gate/top
contact architecture is used, continuous polarization was found to increase contact

resistances which revealed contact degradation from Rizwan Ahmed s paper. [39]

In this configuration, changes in threshold voltage and in contact resistance
observed during the bias stress were metal dependent. The contact degradation was
assumed to be related to charges trapping and space charge built up near the contact
interface, preventing more charge to be injected. Up to now, studies about the
modification of the thermal annealing process impact on electrical stability in printed

bottom gate/bottom contact configuration have never been reported.
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Based on the printing methods, the influence factor of the interface between the
insulator layer and semiconductor layer should be investigated for improving the

printed C60 organic thin-film transistor performance.

In this chapter, the effect of the thermal annealing of this active layer on the process
reproducibility and on the electrical stability of the bottom gate/bottom contact
geometry C60 transistors is studied. The study included the effects of the organic
semiconductor layer thickness and the thermal annealing process. An optimum of
thermal annealing process linked to the organic semiconductor layer thickness is found.
This optimum led to reproducible process and uniform parameters of OTFTs distributed

on the surface of the sample.

3.2 Experimental Section
3.2.1 Transistor fabrication

e Structure

Fig.3-1 shows a schematic cross-section of the Ceo OFET fabricated following
bottom gate and bottom contacts geometry. This figure highlights the problematic of
the high aspect ratio between the drain and source contacts and the gate insulator. The
thickness of the active layer has to be enough to insure good coverage between the

source and drain contacts.

Siversaured oo [Silverrain]

Su8 Gate Insulator

Glass Substrate

Fig. 3-1: Cross-section of the C60 OFETSs using bottom gate and bottom contacts
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geometry. The figure highlights the problematic of the high aspect ratio between the

drain and source contacts and the gate insulator

e Materials

Besides the fullerene (C60) utilized as the semiconductor layer, the materials of the

electrodes and insulator are very important.

Due to the requirement of the inkjet printer, the 0.7mm thickness glass was utilized
as the substrate of the thin-film transistor. Besides, with the requirement of the printing
electronics, the glass should be super smooth. Silver based ink was purchase from ANP
and used as received. Ink reference is: ANP 40LT15C which is composed of Silver
nanoparticle <100 nm particle size and contains PVP as dispersant (Sigma Aldrich).
TGME (CgH1804) is used as main solvent. The metal content, the surface tension, the

viscosity and the density equal 30.18wt%, 36.8mN/m, 14.16¢ps, 1.45g/mL respectively.

The high-polymer Su8 photoresist is a negative, epoxy-based, near-ultraviolet
photoresist based on bisphenol A epoxy resin proposed by BIM in 1995. It has excellent
physical, mechanical, optical, mechanical, chemical and thermal stability properties.
The most important feature of SU8 glue is its high transparency in the UV range. Due
to this advantage of Su8, people can use traditional UV lithography equipment to
achieve thick glue exposure, which becomes the preferred glue for making high aspect
ratio structures. Su8 is a transparent solid epoxy resin with an average of 8 functional
epoxy groups to maximize the sensitivity of the photoresist. The ideal chemical
structure of Su8 resin is shown in Figure 3-2. Besides, Su8 is suitable for printing

electronics with the UV-Ozone treatment as discussed in chapter 2.
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Figure 3-2 The ideal chemical structure of Su8

e Fabrication Process

As illustrated in Fig.3-3, after cleaning the glass substrate with acetone, ethanol,
and deionized water for 10 mins sequentially, the silver gate electrode was printed on
the substrate (keeped at 50°C) with a thickness of 200nm using 256 nozzles Q-class
printhead (Dimatix®)(Fig 3-3b). Before spin coating the gate insulator layer, the
substrate with silver gate electrodes is baked at 110°C for 30min allowing
nanoparticules based ink sintering. Then, 1.2um thick uncross-linked SU8 2000 series
photoresist (Bisphenol A Novolak epoxy; MicroChem) is spin-coated at a speed of
4500r/min during 60 seconds (Fig 3-3c). This layer will be used as polymeric gate
insulator. After UV exposure and development (SU8 micro Dev, MicroChem), the SU8
layer was baked at 115°C during 15min.The baked SUS8 layer is then submitted to 2mins
UV-Ozone treatment to adjust SU8 wetting behavior [10-12] ready for the printing of
source and drain contacts. Drain and source electrodes were printed at 50°C using
different patterns (width of the electrodes W=4000um, distance between the electrodes
L=150um, and the thickness of the electrodes D=205nm in Fig 3-3d). Finally, Ceo film
is thermally evaporated as the active layer of the transistor at room temperature under

vacuum (2x10" mbar) with a constant deposition rate of 0.15A/s (Fig 2-3e).
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The Ceo active layer was deposited with four different thicknesses, 60 nm, 90 nm,
125nm and 250 nm in the purpose to study the effect of its thickness. The OFET is then
characterized electrically, as deposited and after annealing at 3 different temperatures,
160°C, 200°C and 250°C, during 5 mins. Electrical characterization was performed in

dark and under nitrogen atmosphere using a 2636A Keithley (Fig 3-3f).

(a) (b)

N

(c) (d)

Fig. 3-3: Fabrication process of C60 OFET

3.2.2 Transistor Characterization

e The discussion of the annealing process

Based on the suitable thickness of the printed electrodes, the 125nm C60 was
utilized for the research of the annealing process. Based on the typical thermal
annealing process, the process can be divided into three steps: A step is the temperature
increasing (increasing from room temperature to 200 °C); B step is the temperature

duration (with 200 °C for 10mins); C step is the temperature decreasing (decreasing
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from 200°C to room temperature). With the suitable thickness of the organic
semiconductor layer, the transistors were divided into four groups. The first group
transistors were under the whole process of the thermal annealing. Then, the second
group transistors were under the A step and B step. The third group was only with the
C step. Finally, the forth group was under the B and C step. With the analyzing of the
transfer and output characteristics, the performances and uniformity of the devices were
systematically performed. In addition, hysteresis measurements and continuous
polarization were done to investigate the electrical stability. With the time increasing
and bias stress, transfer and output characteristics were performed to evaluate the defect

changes during continuous polarization.

As illustrated in Fig 3-4, the transfer characteristics of four annealing process
groups. All the OFETSs have the same size (channel width and length equals to 4000 and
150um, respectively). From Fig 3-4a, the on-state current is approximately 1~10uA and
from off-state current is less than 1nA. Then, as illustrated in Fig 3-4b, the transfer
characteristics are much better than the first annealing process. Even with higher
leakage current, the on-state currents are more uniform and higher than the first
annealing process. By this comparison, it seems that the step C doesn’t obviously
influence the performance of the OFETSs. Besides, the uniformity of the first annealing

process is not as good as the second annealing process.
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Figure 3-4 transfer characteristics of the four annealing processes OFETs

In Fig 3-4c, with the third annealing process, the leakage currents of the OFETs are
much higher than the other annealing process. In addition, from the leakage current, it
seems that the third annealing process easily destroy the insulator layer. And the on-
state current’s uniform is very bad. It doesn’t show some uniformity. Finally, for the
fourth annealing process, the transfer characteristics of the OFETSs are much better than
the third annealing process. Even the on-state currents are not as big as the first and
second annealing process. But the uniformity of the OFETS is as good as the first and
second annealing process. By this way, it seems that the OFETs benefit from the step
C, they become more stable. It means that, short time and high temperature annealing
will destroy insulator layer. But the slowly temperature increasing and decreasing

process will stabilize the performance of the OFETSs.
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Figure 3-5 the Gate Current and the hysteresis voltage of the four annealing

processes OFETs

With the purpose of investigating the performance of the OFETs annealing
processes, the gate current and hysteresis of the OFETSs are measured. In Fig 3-5a, we
can find that the gate current of the third annealing process is much higher than the
others. And the performance is not as uniform as the others. Meanwhile, there is no big
difference of the first and the second annealing process. From this figure, the first and
the second annealing process are much better than the others. And the insulator layer

seems that it’s not influenced by the annealing process.

As illustrated in Fig 3-5b, from the hysteresis characteristic of the OFETs with
different annealing process, the best performance device is the second annealing
process. Normally, the hysteresis characteristic connects with the defect density of the
semiconductor layer and the interface of the insulator and semiconductor layer. Based
on this point, the defect density of the second annealing process is lower than the others.
Besides, we can find that the fourth annealing process is much similar in influencing
the hysteresis characteristic with the first annealing process. That means the step C
modifying the interface of the insulator layer and semiconductor layer and decreasing

the defect density which related to the stability of the OFETs.
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For OFETSs performance, another important parameter is the stability of the OFETS.
As illustrated in Fig 3-6, the drain-current of OFETs using 125 nm thick Ceg active layer
and annealed at different processes, was plotted as a function of the time when constant
gate voltage Vgs and drain voltage Vps are applied. Under Ves=20V and Vps=20V, the
drain current decreases with the time (Fig. 3-6a). The constant polarization under

Ves=40V and Vps=20V is shown in Fig 3-6b.
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Figure 3-6 Drain-current of OFETSs using 90 nm thick C60 active layer un-annealed
and annealed at different processes under (a) 20V gate-source voltage and 20V drain-

source voltage, (b) 40V gate-source voltage and 20V drain-source voltage

With 20V gate voltage and 20V drain voltage, the fourth annealing process is the
best one. The first annealing process and third annealing process are similar and their
performance decreases quickly. With increasing the gate voltage to 40V, we can find
that the third annealing process OFET is not stable. And the fourth annealing process
and second annealing process devices’ stability are better than others. By this
comparison, we can find that the short time and high temperature annealing will
generate negative influence of the OFETs. Meanwhile, the moderate temperature
decreasing step will improve the stability performance. Based on this analyzation, the
second annealing process with the temperature increasing step and temperature duration

step is the best choice of the annealing process.
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In order to analyzing the performance of the annealing process, for the next step,

we use different annealing temperature.

e The discussion of annealing temperature

Based on the previous discussion, we find that the influence factor of the annealing
process. With the best annealing process (increasing from room temperature to 200°C
and then sustain 200 °C for 10mins), there is another parameter which is temperature in
view. We choose 4 temperature degrees for experiment that is room temperature (as-
fabricated OFET), 160 °C, 200 °C and 250 °C with the thickness of 125nm. First, we
analyze the morphology of the device with AFM measurement to compare the

performance of the C60 surface.

v Morphology

In the purpose to study the effect of the temperature of the final annealing of the
OFET, the morphology of the C60 active layer was characterized through Atomic Force

Microscopy (AFM) analysis.

An Atomic Force Microscope (AFM VEECO Di Caliber) was utilized in tapping

mode on an area of 1x1 pm?.

Describing the topography by the Power Spectral Density Function (PSDF), we

use its formulation given in [40]:
1 .
S(fio fy) = o5 | 2Nt TN 1 hpe?mattnthym) (a1)22 (1)

to calculate the grain size.

Here S is the 2-dimensional PSDF, L? is the scanned surface area, N is the number
of data points in both X and Y direction of scanned area, hnm is the surface profile height
at position (m,n), fx and fy are the spatial frequencies in X and Y directions respectively,

AL is the sampling interval.
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Based on the Senthilkumar et.al. report [41]:

K A
PSDeotal = o7 + (rmrm@nz T Lin Ok m Tsh,m €XP[— T Top m (f —
fsh,m)z] (2)

Here, the first part of the equation:

K
fv+1

is with the order to describe the surface roughness over large range of spatial
frequencies, f is the spatial frequencies, K is the spectral strength and v is the spectral

indices. Then, for the second part:

A
(1 + B2f2)(C+1)/2

with the purpose of analyzing the random rough surfaces over large length scales,
the correlation length is determined by B; at small f values, PSD is determined by A,
and at high f values, the PSD function is determined by C. However, the equivalent

RMS roughness ¢ and correlation length t that are depend on these three parameters.

2 2mA 2 _ (C-1)?B?
~ B2(C-1)’ T = e (3)

(0}
For the third part:

Z T[O-gh,mtgh,mexp[ sh m(f fsh,m)z]
m
it corresponds to the periodicity of the superstructures in the surface. The period is
translated into the spatial frequency domain as the shift of the PSD maximum to the

frequency fshm. Here, tshm corresponds to the size and oshm to the height of the

superstructures of the 1D file of the AFM. (as shown in Figure 2-7)
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Figure 3-7 2D(1 x 1um?) AFM images, corresponding 3D enlarged (0.5 X 0.5um?)
and corresponding 1D profile along the dash line of Ceo thin film with different

annealing temperature: (a) room temperature; (b) 160C°;(c) 200C°; (d)250C°

Corresponding 1D profiles on Fig 3-7, the morphological “superstructure” was
highlighted different from Ceo grain and could reveal organization at larger scale.
Indeed, the distance between two deeper adjacent gaps marked by red arrow could
indicate Ceo “superstructure” size (ts). The average distance between domains for room

temperature, 160°C, 200°C, 250°C are respectively 0.09, 0.12, 0.16, 0.22pum.

Based on the PSDF data from the 2D AFM images, the equation 2 can be simplified

to:

A 2 .2 2 2
(1+B2f2)(C+1)/2 + ncsh,sth,meXp[_nzrsh,m(f_ 1:sh,m) ] (4)
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By fitting the PSDF data from the 2D AFM image with the equation 4, the
equivalent roughness (o) and lateral correlation length (t) can be derived with the

equation 3.

o —v—T=250°C
o 0= —o0—T=200°C
- TV
N —a—T=160°C
10 —o- __;k_g\ %‘V‘V —o—No annealing

o
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Power spectral density(nm

0.01 '
0.1
Spatial frequency (nm’")

Figure 3-8: Power spectral density versus the spatial frequency extracted from 2D
AFM images of Cego thin film with no annealing, annealing at 160°C, 200°C, and
250°C.

Based on the AFM images (1 X 1um?), the RMS roughness () and the lateral
correlation length (t) were calculated from these PSDF functions with log-log plot.

Besides, the lateral correlation length (t) is related to the grain size.

With the thickness 125nm, Ceo thin-films were annealed at 160°C, 200°C and
250°C. In order to study the relationship between Ceo layer morphology and electrical
behavior of the devices, the AFM images were investigated. As illustrated in Fig.3-7,
the 2D, 3D and line scan AFM images of Ceo thin film with room temperature (as-

fabricated) and after annealing at 160°C, 200°C and 250°C exhibit that Ceo morphology
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depends on the annealing temperature. Based on the annealing process, large grain size
Ceso molecules crystals were integrated by the interaction of the small grain size Ceo
molecules crystals. First, surface parameters extracted from the PSDF analysis on 2D
AFM images show that with the annealing temperature 160°C, the small enhancement
of the grain size and RMS roughness were calculated by the formulation(1). The
roughness and the grain size are o = 1.42nm, t = 4.72nm for the no annealing
devices (a); and o = 1.75nm, t = 7.70nm for 160°C (b). Meanwhile, 200°C (c) and
250°C (d) have different roughness (respectively ¢ = 1.91nm and ¢ = 2.72nm) and
a large improvement of the grain size (respectively T = 13.46nm and t = 14.16nm).
Corresponding 1D profiles on Fig 3-4, the morphological “superstructure” was
highlighted different from Ceo grain and could reveal organization at larger scale.
Indeed, the distance between two deeper adjacent gaps marked by red arrow could
indicate Ceo “superstructure” size (ts). The average distance between domains for room

temperature, 160°C , 200°C, 250°C are respectively 0.09, 0.12, 0.16, 0.22pm.

To study only the effect of the final annealing temperature of the OFET, on the
morphology of its Ceo active layer, the thickness of this layer was fixed at 125nm. The

morphology was studied as deposited and after annealing at 160°C, 200°C, 250°C.

As illustrated in Fig.3-7, the 2D, 3D and line scan AFM images of Ceo thin film as
deposited and after annealing at 160°C, 200°C, 250°C exhibit that Ceo morphology
depends on the annealing temperature. Obviously from the 2D AFM images, the surface
roughness increases and the number of grains decreases in the same area when the

annealing temperature increases.

Quantitatively, the RMS roughness ¢ and grain size t were calculated using the

formulation and reported in Table 3-1.
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Annealing Roughness  Grain Size t

Temperature (°C) o (nm) (nm)
As-Deposited 1.42 4.72
160 1.75 7.70

200 1.91 13.46

250 2.72 14.16

Table 3-1: RMS roughness and grain size calculated using PSDF formulation

Continuous increase of the morphology parameters is observed after annealing at
increasing temperatures. The grain size seems increase more importantly between

160°C and 200°C and nearly saturate between 200°C and 250°C.

Meanwhile, with the PSDF data in Fig 3-5, the trend of the change in grain size
and roughness is observed and implies that with the annealing temperature increasing,
the grain size of the Cgo layer was increasing. Compared with the grain size of the 200°C

and the 250°C, the grain sizes are similar.
v' Electrical Characteristics

Fig.3-9 shows the mean transfer and output characteristics of 4 OFETs as-
fabricated and after an annealing at 3 different temperatures, 160°C, 200°C and 250°C.
All the OFETS have the same size (channel width and length equals to 4000 um and

150um, respectively).
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Fig.3-9: (a)Mean transfer characteristics (Vp=20V) and (b) output characteristics
(Ve=20V) of several OFETs having the same channel size (channel width W=4000
um, channel length L=150 um) and 125 nm thick Ceo active layer, measured as-

fabricated and after annealing at 160°C, 200°C and 250°C.

All the OFET’s parameters such as threshold voltage, subthreshold slope, field
effect mobility, on-current, improve when the annealing temperature increases. The

value of these parameters is reported in Table 3.2 and plotted as a function of the

annealing temperature in Fig. 3-10a.

Table 3-2 highlights that the main electrical parameters (i.e., threshold voltage,
subthreshold slope, mobility) are strongly impacted by annealing temperature

(especially bellow 200°C). It seems that these electrical parameters are governed by the

grain size.

With the annealing temperature increasing, the decreasing threshold voltage refer
to the changes in interfacial properties between the insulating layer and the organic
semiconductor layer, the generation of dipoles in the interface, the impureness of the
semiconductor layer, the interface state and the charge trap density. Normally, in my
opinion, for this trend, it’s because of the interface state and the charge trap density.

Based on this analyze, the trap density decreasing with the annealing temperature
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increasing.

Besides, with the annealing temperature increasing, the leakage current is
increasing from 1.6 x 10711 to 2 x 107°. And the on/off ratio increases from 125 to
4.7 x 103, then the ratio decreasing to 270. In general, the leakage current is the lower
the better and the on/off ratio is the higher the better for the circuit design. By this

comprehensive comparison, we find that the 200°C exhibits the best adaption for circuit

design.
TA VTH SS u Rc u aﬁ:er Ioff Ion/lof‘f
(°C) (V) (V/dec) (cm?/V.s) Q) Re (A)
(cm?/V.s)

Unannealed | 19.3 9.3 5.3x10° 8x10° 5.8x10° 1.6x101 125

160°C 20 7 4.2x10°  2x10° 4.47x10° 3.4x10M  4.7x10°

200°C 11.2 4 1.44x102% 1.7x10° 1.46x102 2x101° 2.85x10°

250°C 6.2 6.2 1.46x102  2x105 15x10%  2x10° 270

Table 3-2 Main mean electrical parameters of several OFETSs having the same
size (channel width W=4000 pum, channel length L=150 um) and 125 nm thick Ceo
active layer, measured as-fabricated and after annealing at Ta=160°C, 200°C and
250°C. VH is the threshold voltage, SS the subthreshold slope, u the field effect
mobility, Rc the contact resistance, | after Rc the mobility after correction by Rc, lost
IS the minimum current and lon/loff IS the ratio between the maximum current and the

minimum current

The contact resistance decreases after the annealing at 160°C and then stabilizes.
Its value stays much lower than the channel resistance and then the corrected mobility

by removing the effect of the contact resistance, does not change drastically. This
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conclusion was expected due to the starting linear increase of the drain current as can
be observed in the output characteristics. Moreover, the off-current increases when the
annealing temperature increases. The increase seems to be due to the improvement of
the active layer after annealing and then to better conductive layer. Considering these
preliminary observations, it seems that the optimum annealing temperature is 200°C.
The different parameters after this annealing are similar to the 250°C annealing ones.
Moreover, the on-current to off-current ratio is higher that its value after 250°C

annealing.

To understand the behavior of the main parameters depending on the annealing
temperature, we can try to highlight a relationship between the AFM and the electrical
characterizations. The mobility and the grain size present similar behavior as shown in
Fig. 3-10b. Both, mobility and grain size strongly increase when temperature increases

until 200°C and a little bit when the grain size increases between 200°C and 250°C.

The subthreshold slope SS presents a specific behavior as it increases between
200°C and 250°C. Such behavior can be understood from the usual equation of SS (5)
as a function of the defect’s density in the channel Ngp and at the interface between the

channel and the gate insulator Nss [41]

[a2eoescNe 2
5§ = XILnAO) (3 4 - 4 Llssy 5)

q Cins Cins

Cins Is the capacitance per area unit of the gate insulator and &sc is the relative

dielectric constant of the semiconducting active layer.

On the one hand, if the Ceg active layer is considered as a polycrystalline material,
Nep is the defect density concentrated mainly in the grain boundaries. The defect density
at the interface Nss depends at least partially on the roughness of the interface between

the channel and the active layer. Note that, the grain size was previously determined by
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AFM measurements. Meanwhile, Fig.2-10c compares the behavior of SS, the
roughness and the grain size determined from AFM measurements. SS decreases
whereas the grain size and the roughness increase before 200°C. It seems that this
decrease of SS is governed mainly by the decrease of the defect density inside the
channel due to the increase of the grain size. Between 200°C and 250°C, SS increases,
the grain size increases only a little bit however the roughness increases strongly. In
conclusion, as the grain size and then the defect density inside the channel saturates

more or less, the increase of SS is mainly attributed to the increase of the roughness.
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Figure 3-10: (a) Behavior of the mean threshold voltage Vtumean , subthreshold slope
SSmean and field effect mobility, when the annealing temperature increases; (b)
Similar behavior of the mobility and the grain size as a function of the annealing

temperature; (c) Behavior of the subthreshold slope SS, the surface roughness and the

grain size as a function of the annealing temperature; (d) Semi-logarithmic plot of

146



In/(V6-Vmin) versus 1/(Ve-Vmin) for OFETS annealed at 160°C and 200°C

Coming back to the link between the mobility and the grain size, the conduction
models in polycrystalline materials can be apply, particularly the conduction in thin-
film transistors with polycrystalline active layer. If we assume that polycrystalline
materials are composed by a chain of crystalline regions with superficial discrete traps
at the grain boundaries, the drain current, Ip, and the gate voltage, Ve, of these

transistors are found [42-43] to be related in the subthreshold regime to:

q3N4t
820€sckTCins(Va—Vmin)

w
Ip = T HoCins (Vg — Vmin)VDeXp(_ (6)

W and L are the width and the length of the channel. Cixs is the capacitance per area
unit of the gate insulator. Vmin is the gate voltage at the minimum of Ip from which the
channel starts to form and then Ip start to increase. Vp is the drain voltage. q is the

electronic charge. t is the thickness of the channel. N, is the superficial concentration
of defects in the grain boundaries. &s is the permittivity of the semiconducting active

layer. KT is the thermal energy.

In this model [44], the mobility is thermally activated following the relationship:

w = poexp(—Ep/KT) ()
where Ep is the barrier energy at the grain boundary.

The relation (6) is valid when the electron concentration in the channel (in the case
of N-type transistor) is larger than a critical concentration N*=N+t/G in which G is the
size of the grains. Using this relation (6), the semi-logarithmic plot of Ip/(Ve-Vmin)
versus 1/(Ve-Vmin) may be fitted with a linear function. The slope of the function is

proportional to N2,

As shown in Fig.3-10d, semi-logarithmic plot for OFETs annealed at 160°C and

200°C. Both plots have a linear range. The departure from the linearity occurs at larger
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1/(Ve-Vmin) and the slope of the linear functions is lower for 200°C annealed OFET
than for 160°C annealed OFET, meaning lower slope for largest grain size OFET.
Larger 1/(Ve-Vmin), corresponding then to larger N*=N+/G, means larger grains in

200°C annealed OFET.

The slope of the linear function can lead us to calculate Nt. Besides the physical
constant g, eo and k, the relative dielectric constants are taken 2.7 for SU8 gate insulator
[45] and 5 for Ceo film [46]. The thickness of the gate insulator is 1.2 um. The actual
unknown is the thickness t of the channel. To jump this difficulty, we can take the
channel extending into the full thickness of the active layer that is not realistic, but can
give an order of the minimum defect density in the grain boundaries. An order of the
maximum defect density can be obtained considering very thin channel, 3 nm for

example.

Taking then t=125 nm, the calculated superficial defect density Nt at the grain
boundaries is 3x10'/cm? and 2.5x10/cm? for 160°C and 200°C annealed OFETs. Nt
increases to 1.9x10%/cm? and 1.6x10%/cm? for 160°C and 200°C annealed OFETs if

we consider a channel thickness of 3 nm (~2-unit cells of C60 crystalline network).

The first observation is the low defect density in the grain boundaries of such
organic material. For comparison, the same model gives an order of 10*2/cm? for Nt in

polycrystalline silicon transistors considering a channel thickness of 30 nm [47].

The second observation is the slight difference between the values of Nt in both
OFETSs, even if Nt is lower in 200°C annealed OFETSs. The large difference between
the mobility values in these OFETSs is mainly due to the large increase of the grain size
and not to a decrease of the defect density inside the grain boundaries, leading to much
lower N*=N+/G ratio in 200°C annealed OFET. In conclusion, the mobility is primarily
governed by the grain size (or the number of grains in the channel) than by the defect

density in the grain boundaries. Importantly, this direct quantitative link between the
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physical structure of the active layer and the electrical parameters of organic transistor

was never encountered in the literature in our knowledge.

In a summary of this section, the effect of the annealing temperature on printed
Cs0 OFET’s properties has been studied. Optimum parameters are obtained for 200°C
annealing temperature. Furthermore, compare to OFET annealed at 250°C, OFET
annealed at 200°C show similar mobility, lower subthreshold slope and higher on-

current to off-current ratio.
e The research of the thickness influence

Another experimental parameter that can influence the properties of the OFETSs is
the thickness of the Ceo active layer. Following the previous study, the effect of this
thickness on the properties of the OFETSs, annealed at 200°C after their fabrication, is

presented hereafter.

Fig. 3-11 shows the mean transfer and output characteristics of 4 OFETs having a
Ceo active layer with a thickness of 60nm, 90 nm, 125 nm or 250nm. All the OFETS
have the same size, with a channel width W=4000 pm and a channel length L=150 pm.

The best characteristics are obtained for an active layer of 90nm thick.
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Figure 3-11: (a), (b): Mean transfer and output characteristics of several OFETs
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having the same size (channel width W=4000 pum, channel length L=150 um) and a

Ceo active layer with a thickness of 60nm, 90 nm, 125 nm or 250nm.

As illustrated in Fig 3-11a, with the thickness increasing, the on-state current of the
90nm C60 layer OFETs is the best one. Besides, the leakage current of the 90nm
thickness layer C60 OFETs is the lowest one. These two parameters are very important
for the OFETs. Then, for the on-state current of the 60nm OFET is similar with the
125nm OFET. And with the thickness increasing to 250nm, the on-state current of the
device is decreasing. With the 60nm thickness, the C60 layer can’t cover the thickness
of the electrodes. But from 90nm to 250nm, the most important influence factor is the
defect density. The thicker layer the more defect density lead to the worst transfer

characteristic of the OFET.

Besides, comparing the subthreshold slope, 90nm OFET exhibits the best
performance of the subthreshold slope. For the circuit, 90nm device can provide the
faster transition from the off state to the on state and the smaller the change in gate
voltage. And, the subthreshold voltage is related to the capacitance per unit area of the
insulating layer and the performance of the interface between the organic
semiconductor layer and the insulating layer. For these, with the thickness changing,
the interface between the C60 layer and Su8 layer of the 90nm OFETs with the best

annealing condition is modified to better performance.

With the defect influence, we also can find this in the output characteristic in Fig
3-11b. With the thickness increasing, the saturation currents of these OFETs emerge the
influence of the defect density. For circuit design, output characteristic is one of the

most important characteristics.
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tCGO VTH SS u Rc u after Rc Ioﬁ Ion/loff

(nm) V) (V/dec) (cm?/V.s) (Q (cm?/\V.s) (A)

60 57 5,2 1.8x107 2.7x108 1.9x107 3x10° 180
90 10,8 3,6 2.9x107? 7.5x10° 2.95x107? 1.4x101° 7.8x10°
125 10,8 4 1.4x107 1.2x107 1.7x107 2x1010 2.85x10°

250 11 9,2 6.1x10°3 1x107 6.5x10° 2.7x1010 870

Table 3-3 Main mean electrical parameters of several OFETSs having the same
size (channel width W=4000 um, channel length L=150 um) and a Ceo active layer
with a thickness tceo of 60nm, 90 nm, 125 nm or 250nm, all annealed at 200°C. V1H is
the threshold voltage, SS the subthreshold slope, u the field effect mobility, Rc the
contact resistance, p after Rc the mobility after correction by Rc, loff is the minimum
current and lon/loff IS the ratio between the maximum current and the minimum

current.

The behavior of the electrical parameters as a function of the thickness is shown
also in Fig. 3-12 and their values are presented in Table 3-3. It seems that the low
performance of the 60 nm thick active layer OFETSs is probably due to low coverage
between the active layer and the 205 nm thick source and drain contacts. The
performance of 90 nm thick and 125 nm thick active layer OFETs are more or less
similar with higher mobility for 90 nm thick OFET. The bad subthreshold slope of 250

nm thick active layer OFET can be mainly due to the high roughness of the surface.

From the change in threshold voltage, we can find that the defect density increases
with the thickness increases. Meanwhile, with the thickness increasing above the 90nm,
the leakage currents of the 90nm, 125nm and 250nm exhibits no big difference. But for

the on-off ratio, the 90nm device shows the best performance.
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In practical applications, the larger the value of the current switching ratio, the
better, especially in the active matrix display and logic circuits. To achieve better
stability, immunity to interference, and greater load drive capability, higher current
switching ratios are required. The highest on-state current depends on the intrinsic
mobility of the organic semiconductor and the capacitance per unit area of the insulating
layer. With the experiment result, we can find that for the circuit design, the 90nm

OFETSs exhibits higher compatibility.

The magnitude of the off-state current is determined by the gate leakage current,
the conduction path of the interface of the insulating layer, and the body conductance
of the organic semiconductor. Usually, the unintentional miscellaneous organic
semiconductor, or oblique incidence during the evaporation of the source and drain
electrodes, causes the value of the off-state current to become large. With the thickness
increasing from 90nm to 250nm, the off-state current is decreasing. Besides, the contact
resistance decreasing with the thickness increasing refers to the contact area increases.
By this way, we can get a calculation that the influence of the defect density is more

important than the others.

15 0.05

T
1A

}

-

o
o
~

H——— |
< S '
3

o
o
o
=

V1HmEAN (V)/SSMEAN (V/dec)
2
Mean Mobility Max (cm’/V-s)

o
o
=1

5‘0 WEI)O 1é0 2(.)0 2é0
Thickness of C60 Active Layer (nm)

Figure 3-12 The behavior of their mean electrical parameters (Threshold voltage,

subthreshold slope and mobility)
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As comparison in Fig 3-12, we can find that as function of the thickness, the 90nm
exhibits the highest mobility, the lowest subthreshold slope. Besides, with similar
threshold voltage, 90nm should be chosen as the most suitable thickness for the OFETS.
And for the carrier mobility, there are many factors affecting the mobility, such as the
type and purity of semiconductors, the size of semiconductor grains, the difference in
crystal quality, the difference in device configuration, the contact between electrodes
and semiconductors, and the trench of devices, length to width ratio and so on. In my
experiment, we can find that the carrier mobility relates to the purity of semiconductor.
With the thickness increasing from 90nm to 250nm, the carrier mobility decreases due
to the defect density increasing. Even for 60nm C60 which can’t cover the electrodes,
the mobility is better than 125nm and 250nm. By this way, we can find a trend that the
defect density increases with the thickness increases. And then, the defect density is a

huge impact of the performance of the OFETs.

In conclusion, the best conditions to prepare the evaporated Ceo active layer of
printed bottom-gate/bottom-contacts OFETS, are obtained with a thickness of 90 nm

and a post-thermal annealing equal 200°C.

3.2.3 Dynamic behavior of the optimized printed Ceo based OFET

Based on the previous experiment results, we can find that the best post-thermal
annealing process of C60 OFETs is: (1) temperature increasing from room temperature
to ideal degree and sustaining for 10mins; (2) considering the annealing temperature,
200°C OFETs exhibits the best performance than the other degrees; (3) with the
compression of the thickness, 90nm C60 OFETs emerges best transfer and output
characteristics. By this way, 90nm C60 OFETs with the 200°C through the selected
annealing process, can be chosen as the best device for circuit. Generally, the output

characteristic of the OFETSs is very important for circuit design. But, in order to improve
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the circuit stability, the constant polarization of the OFET should be considered. Above
all, the output characteristic and constant polarization of the 90nm OFETs with different

annealing temperature degrees should be investigated.
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Figure 3-13 the output characteristic of the 90nm C60 OFETSs with different

annealing temperature.

As illustrated in Fig 3-13, with the as-deposited device, annealing temperature
160°C, 200°C and 250°C, the output characteristics of the 200°C and 250°C are better
than others. By this way, annealing temperature 200°C and 250°C OFETSs are the better

choices for circuit design.
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Figure 3-14 Drain-current of OFETs using 90 nm thick C60 active layer un-
annealed and annealed at different temperatures, 160°C, 200°C, 250°C as a function

of the time under 40V gate-source voltage and 20V drain-source voltage

As shown in Fig 3-14, the drain-current of OFETs using 90 nm thick Ceo active
layer and annealed at different temperatures, was plotted as a function of the time when
constant gate voltage Ves and drain voltage Vps are applied. Under Vgs=40V and
Vps=20V, the drain current decreases with the time (Fig. 3-14). In these conditions, the
200°C annealed OFETSs have the slowest decrease leading to more reliable value of the

current under constant biasing.

Defining then the best conditions to prepare the evaporated Ceo active layer of
printed bottom-gate/bottom-contacts OFETSs and knowing their static performances, is
a prerequisite step to evaluate their optimum dynamic performance. The dynamic
performance is studied through the behavior of resistive loaded OFET under square

pulsed voltage applied to its gate.

Static output characteristic of the OFET as an inverter is presented in Fig 3-14a.

The load resistance R is fixed to 500MQ and the circuit is biased by Vpp=20V. With
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the Vin increasing from OV to 20V, the Vour of the inverter decreases from the 20V to
2.2V. From this phenomenon, with the gate voltage increasing, the transistor works well.
And the field effect of the transistor is obviously for the voltage increasing slowly with
the input voltage increasing from OV to 11V. Then, the voltage decreases fast with the
voltage ranging from 11V to 16V. At the end of the voltage changing, the output voltage

trends to be stable.
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Figure 3-15: (a) Static output characteristic of printed Ceo based OFET loaded by
500MQ resistance and (b) its response to 1Hz pulse. The inset shows the gain of the

inverter with a maximum value of 3.

In these polarization conditions, the inverter has a gain (maximum of the
differentiation dVOUT/dV”V of 3 (Fig 3-15a). This value depends on the load resistance

of course. But it is in the order of the gain of organic based OFETSs inverters [48]. The
minimum output voltage VorL with the maximum input voltage Vv is explained by the

resistance value of the channel in on-state compared to the load resistance.

More interestingly than the static characteristic, the dynamic response of the OFET
to a voltage pulse gives a better idea of its performance. When applying 20V pulse of
0.5 second duration (1 Hz frequency) to the gate of the OFET, the behavior of the output
voltage gives its time response (as shown in fig.3-14b). When the gate-source voltage
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switches from 20V to 0V, the OFET status switches from the on-state to the off-state
and then the output voltage has to switch from nearly 0V to nearly 20V. The switch time
is defined usually by the time from 10% to 90% of the maximum voltage. In the case
of the present OFET, the switching time is 220 ms. This time is due to the load resistance
as its value is much lower than the resistance of the channel in off-regime, 500MQ

compared to some hundreds GQ.

The more significant time is the switching time between the off-state and the on-
state that depends nearly only on the transistor. This time corresponds to the decrease
of the output voltage from the maximum to the minimum value. The switching time
from 90% to 10% of the maximum voltage is 13 ms here. Present OFET can answer to
more than 10Hz frequency. However, the frequency can be increased more by
optimizing the overlap between the gate contacts and source and drain contacts and by
chemically modifying the surface of drain and source electrodes before the deposition
of C60 active layer as we have done previously for photolithography processed C60
OFETs where 1.5 cm?/V. s was obtained [49]. In fact, the frequency can be considered
depending on the applications. For example, more than 10Hz frequency is enough if
OFETs are integrated into a treatment electronic circuit of signals coming from human

body activities. Such frequency can be reached with such process improvement.

Conclusion

The main purpose of present work was devoted to the optimization of the last
deposited layer in bottom-gate bottom contacts printed Ceo based OFET. This last
deposited layer is a film of Ceo.The first steps of the process were the printing of the
silver gate contact, the photoresist SU8 gate insulator, the drain and source silver
contacts. All these steps were previously optimized and the results were published in

different papers.

The effect of the post-annealing temperature of the fabricated OFET was studied
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firstly. Direct correlation between the structure of the Cgo film (grain size, surface
roughness) as analyzed from AFM observation and electrical parameters of the OFET
was highlighted. More than the correlation, proportionality between the grain size and
the field effect mobility was evidenced. The surface roughness is effective only when
the grain size does not change a lot. The proportionality between the grain size and the
mobility led us to involve the usual Seto model and its derivatives established for
polycrystalline films and thin film transistors based on. Treatment of the experimental
curves fit well with this model leading us to the calculation of the defect density in the
grain boundaries. In our knowledge, such detailed analysis was never made before on
the effect of the post-annealing temperature on organic transistors. Determining the
200°C optimum post-annealing temperature, the thickness of the Ceo active layer was
optimized at 90 nm and confirmed by electrical stability study of the drain current
during continuous polarization of the transistor. Considering the potential main
application of such transistors in electronic circuits for the treatment of analog signals
coming from the human body activities, the response of present OFETSs to a voltage
pulse applied to the gate was measured. A switching time of 13ms was obtained, leading

to application frequency of some 10Hz.
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4. The near infrared photodetector system based on the PbS

guantum dots and Organic Thin-film Transistor

After optimizing the process of the fabrication of nearly all-printed N-type OTFT,
it is the time now to focus on the main goal of the present work that is the fabrication
of near-infrared phototransistor. As announced in the general introduction, the goal is
to fabricate NIR phototransistor at the lowest cost possible using solution-based process.
Previous optimized N-type OTFT can be the basic device of this phototransistor. Indeed,
as previously demonstrated in the PhD work of Liu Xiang [1], mixing PbS quantum
dots with usual field effect transistor can lead to NIR phototransistor thanks to the light

absorption of PbS quantum dots with proper size. This idea is used in the present work

4.1 PbS Quantum Dots

PbS quantum dots have a typical face-centered cubic structure. It is a new I1V-VI
semiconductor material with a band gap of 0.91eV, which is a direct bandgap
semiconductor material with a narrow band gap [2,3]. Since its exciton Bohr radius is
only 18 nm, it has a strong quantum confinement effect, and by adjusting its size,
quantum dots of different sizes can be obtained for use in a semiconductor device. It is
particularly noteworthy that PbS quantum dots have strong multiplex exciton effects
and therefore have good application prospects in high efficiency photoelectric

conversion devices and other semiconductor devices. [4-6]

PbS quantum dots are usually prepared by liquid colloidal chemistry. Generally,
high-quality PbS quantum dots with controlled morphology size are synthesized by
adding long-chain organic ligands to the solvent and controlling the temperature and
reaction time. [7-10] If the size distribution of the quantum dots is narrow and the
morphology is close to a spherical shape, the quantum dots can form a dense and
uniform high-quality quantum dot film. Among various devices, field effect devices

(FETs) are capable of reflecting transmission performance between quantum dots,
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semiconductor layer.

Based on the mature technology from the XingShuo Nano-technology Company
(in Suzhou, China), | brought the PbS QDs for fabricating the photo-transistor.
However, in order to cover the waveband for medical examination, the PbS QDs with
absorption waveband more than 1300nm are required [10]. Due to the size effect, we

measured the absorption waveband from the company with various diameter.
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Figure 4-1 the connection between the PbS QDs’ size and absorption waveband

With the size of the PbS increasing, the absorption wavelength increases. For

covering the medical examination, the 5.56nm PbS QDs are utilized in my devices.

With the purpose to investigate the PbS QDs morphology, tunneling electron
microscope (TEM) was utilized for observing. The collected PbS QDs was dissolved
in n-Hexane solvent. Then the solvent will be dispersed by sonic and dropped on the
copper net. After drying, the sample was set in TEM. With the high-resolution TEM,
the size of PbS QDs is the nanoparticles spherical similar with approximately 5nm

diameter. Besides, the PbS QDs are well dispersed in the solution as illustrated in Fig
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4-2a.

D=5.56+0.58 nm

5 6 7
Diameter (nm)

Figure 4-2 (a) HRTEM imgae of the PbS QDs scale bar: 5nm and overall image
(inset), scale bar: 20nm. (b) The statistic size of the 240 PbS QDs.

Besides, from the statistics of the 240 PbS QDs, the distribution of the size follows

the normal distribution. This PbS QDs meet the requirement of our devices.

The PbS QDs are well dispersed in the toluene solution and can be spin-coated
into the substrate through solution-process. Through this experiment, the compound of
PbS QDs can be revealed and the morphology of the QDs’ layer can also be investigated.
The spin-coating parameters are: 1000 rpm speed, 1000 rpm accelerated rate and 30s

duration. The thickness of the QDs layer is around 30nm.

Figure 4-3 shows the infrared absorbance and PL emission spectrum for the as-
prepared PbS QDs. From the absorbance spectrum, the peak of the absorbance is in
1380nm, while the emission peak is 1400nm due to a red shift for the PL spectrum. This
characterization shows a narrow bandgap (0.91eV) which has a wide potential in the

application of the IR detection.
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Figure 4-3 IR absorbance and PL emission intensity of the PbS QDs

Therefore, the basic performance of FETs for studying PbS quantum dots has
become a necessary condition for understanding the performance of semiconductors.
With the combination of the PbS QDs and printed organic thin-film transistors, the low

cost and large scale NIR (near infrared) photo-detectors will be our target.

Based on the fabrication process of the C60 OTFT, the incident light will go
through the 3 layers as QDs layer, C60 layer and Su8 layer. By this analyze, the

absorption of the incident near infrared light should be considered.
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Figure 4-4 the transmission of the samples: C60, C60+QDs and C60+QDs+Su8. The

incident light wavelength increases from 380nm-1500nm.
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As illustrated in Fig 4-4, comparing the transmission with the incident light
wavelength from 380nm to 700nm, the C60 layer play an important role in the
absorption of the incident light. By this way, the C60 is more sensitive in visible light
waveband. With the incident light wavelength increasing, the PbS QDs absorption is
more obviously. The main absorption wavelength of the PbS QDs is fasten on the range
from 850nm to 1200nm. In order to fabricating the near infrared detectors, the PbS QDs
provide the obviously absorption in the near infrared waveband. Meanwhile, there is

little influence from the C60 layer and Su8 layer.

Besides, for concentration selecting, the performance of the typical photo-
transistor will be influenced by the PbS QDs concentration. The assumption was
provided that if we increased the concentration of the photo-sensitive layer, the photo-
current of the transistor would increase with the concentration. With this purpose, five
concentrations were utilized for fabricating the photo-transistor which is 5mg/mL,

7.5mg/mL, 10mg/mL, 12.5mg/mL and 15mg/mL.

(a) (b) )
30
e °
o..-—-"""_‘ 25 )
z ' °
~ 25F
! 2, ‘3/ 13
¢ ) = -
s \ 7 - a/ 2
= z S
Z20r ? @ / o
g] 5 1.5 A% 12
g3
(=4
o A
o
1.0F
. L . " 1 ] A " N N " 1
4 6 8 10 12 14 16 4 6 8 10 12 14 16

Concentration(mg/mL . . ,
‘ (mg ) Concentration{mg/mL)

Figure 4-5 (a) the Responsivity and photo sensitivity of the photo-transistors with
different concentrations. (b) the detectivity and EQE of the photo-transistors with

different concentrations.

As illustrated in Fig 4-5a, with the concentration increasing, the responsivity
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increases. For this phenomenon, due to the quantity of electron-hole pair increasing,
the photo-current increases. However, the photo-sensitivity decreases at the same time.
From the Eq.3, with the photo-current increasing, the increasing of the dark current lead

to the decreasing of the photo-sensitivity.

Besides, as shown in Fig 4-5b, the detectivity increases fast with the concentration
increasing from S5mg/mL to 10mg/mL. It’s similar with the trend of the responsivity.
This trend also can be acquired from the detectivity equation. However, the detectivity
is much similar with the concentration more than 10mg/mL. Finally, the EQE increases

with the concentration increasing for the electron-hole pair increasing.

Above all, for the circuit design, the lower dark current is the more important for
photo-transistor. Besides, there is no big difference in the photo-sensitivity and
detectivity for 10mg/mL, 12.5mg/mL and 15mg/mL. In a summary, the 10mg/mL

concentration is still the best choice for the photo-transistor with separated structure.

4.2 Printed C60 & PbS Photo-transistor

Based on the graduated PhD. Liu Xiang’s work [1], our group have already
succeeded in fabricating the near infrared detectors with the traditional silicon transistor
structure. For detecting the near infrared incident light, PhD. Liu replaced the SiO>
insulator layer with the mixing layer of Su8 and PbS QDs. The photocurrent of the
device in the near infrared waveband is more obviously. And the structure is convenient

to design the circuit and to be integrated in the complex circuit.

4.2.1 Mixed PbS QDs / SU8 layer as gate insulator of the photo-OTFT
Based on the result of the PhD. Liu, the present work uses the mixing layer of the
Su8 and PbS QDs as the insulator layer in the printed OTFT firstly. Due to the continuity,
the near infrared source with 1050nm covering the medical examination wavelength

was utilized and the intensity was set as 250uW/cm?.
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Figure 4-6 (a) the 3D structure of the printed near infrared photo-detector. (b) the

cross-sectional image of the printed near infrared photo-detector.

Based on the printed OTFTs, the fabricating process of the organic photo-transistor
is similar with the OTFTs. The insulator layer Su8 is replaced by the mixing layer of

Su8&PbS QDs. For the concentration of the PbS QDs, 10mg/mL was utilized.
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Figure 4-7 (a) the transfer characteristic of the printed organic photo-transistor.

(Vds=20V) (b) the resistance characteristic of the printed organic photo-transistor.

In order to analyze the photo-response characteristic of the printed organic photo-
transistor, the transfer characteristic of the transistor was measured with the comparison
of the incident light. As illustrated in Fig 4-7a, with the reverse bias, the photo-current

is much higher around 1nA. But, with the mixing layer, there is no obviously typical
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thin-film transistor characteristics. The transistor with this performance can’t meet our

requirement of the photo-detector.

But, in order to find the influence of PbS QDs, we measure the resistance without
gate electrodes. With the data in Fig 4-7b, with the incident light, the resistance is lower.
Based on the electric field of the source and drain electrodes, it means that the Su8 layer
with PbS QDs provide some leakage current which will be influenced by the incident
light switching. By this comparison, PbS QDs provide the photo-current and decrease

the resistance.

Besides, in this fabricating process, we find that the printing electrodes in the
surface of the mixing layer exhibit nonuniform patterns. Based on these, we modify the

structure of the devices.

4.2.2 Sandwich of mixed PbS QDs / SU8 layer and SU8 layer as gate insulator of
the photo-OTFT

Considering the printing patterns uniformity, the mixing layer is divided into two
layers. For the top layer, the Su8 was utilized with the suited parameters for printing.
Then, the mixing layer was utilized as the bottom layer for photo-sensitive as illustrated
in Fig 4-8. In addition, improving the insulating layer performance is another important

target.
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Figure 4-8 (a) the 3D structure of this double layer printed near infrared photo-

detector. (b) the cross-sectional image of this device.

By this structure, the printing electrodes patterns of source and drain are similar

with the initial device. In our opinion, the interface between the Su8 and C60 becomes

better for the transfer characteristic as illustrated in Fig 4-9. In order to find the photo-

current of the transistor, the constant polarization was utilized to observe the

photocurrent with the 2050nm incident light switching on and off.
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Figure 4-9 (a) the transfer characteristic of the transistor with the switching of the

1050nm incident light. (Vds=20V) (b) With the Vds=20V and Vgs=10V, the constant

polarization of the transistor by switching the incident light.

As shown in Fig 4-9a, the transfer characteristic of the sandwich structure is
similar with the better performance OTFT. From the transfer characteristic, we can find
that the photocurrent is more obvious with the 10V gate voltage. Then, the constant
polarization was utilized with the 20V drain-source voltage and 10V gate voltage. As
illustrated in Fig 4-9b, the obvious switching of the photo-current can be observed.
Besides, the photo-current is approximately 3nA. However, the photocurrent is still

difficult for utilized in the simple circuit. And as shown in fig 4-9b, there is some noise

signal in the constant polarization.
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4.2.3 PbS QDs at the interface between SU8 layer as gate insulator and C60 active
layer of the photo-OTFT

Considering the circuit design, we should decrease the noise and increase the
photo-current of previous photo-OTFT. Besides, the better the surface of the Su8, the
better the performance of the OTFTs. The mixing layer was divided to Su8 layer and
QDs layer. Normally, the QDs photo-sensitive mechanism is the electron hole pair
divided by the exciton with the incident light. Based on this mechanism, the new
structure is designed as the QDs layer directly connecting to the C60 layer. Meanwhile,
with the field effect of the transistor, the photo-current will be influenced by the

electron-hole pair.

Besides, with the new structure, the fabrication process was changed to fit the
structure. As previous fabricating process, it’s the same process until the source and
drain electrodes printing. Then, we spin-coating the PbS QDs which dissolve in
methylbenzene with the concentration 10mg/ml. With the rotate speed 3000r/min and

acceleration 3000r/rpm, the device will be baked at the temperature 100°C for 10mins.
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Figure 4-10 (a) the 3D structure of this separated layer structure printed near infrared

photo-detector. (b) the cross-sectional image of this device.

As illustrated in Fig 4-10a, even with the spin-coating method, the active PbS QDs

were distributed in the channel of the transistor for the field effect of the transistor.
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From the Fig 4-10b, the PbS QDs layer was distributed at the interface of the Su8 and

C60. As the organic solvent, the PbS QDs layer was spin-coated first before depositing
C60.

—a— without incident light T

—o— with 1050nm incident light \‘
»
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Figure 4-11 (a) transfer characteristic of the photo-transistor. (Vps=10V) (b) the

photo-current of the photo-transistor.

At first, with the new structure, the transfer characteristic of the photo-transistor
was measured. As illustrated in Fig 4-11a, the transfer characteristic of the transistor is
similar to the typical transistor. With the electric parameters of the photo-transistor, the
on/off ratio is approximately 10, on state current is 5 x 10~7A and the sub-threshold
slope is 3.96V with the 10V Vps. As shown in fig 4-11b, with the gate voltage
increasing, the photo-current increase from 1 x 1071*A to 2.7 x 1078A. Based on
this performance, the gate field effect was verified for modifying the photo-sensitivity

of the photo-transistor. After Ves=10V, the photo-current tends to be stable.

4.2.4 Photo-sensitive circuit (Inverter)
Based on the new structure of separated C60 and PbS QDs layers, the transfer
characteristic and photo-current have been illustrated in Fig 4-10. In order to design the
circuit and research the photo-current, the output characteristic of the photo-transistor

is shown in Fig 4-12a, with a channel width W=4000 um and a channel length L=150
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Figure 4-12 (a) the output characteristic of the photo-transistor with the switching of
the incident light (A=1050nm) (b) the photo-current of the transistor calculated from

the output characteristic

From the Fig 4-12a, with the gate voltage increasing, the photo-current becomes
more evident. When the gate voltage is more than 20V, there is no obviously change of
the photo-current. For observing the phot-current clearly, the photo-current calculated
from the output characteristic is illustrated in Fig 4-12b. With the gate increasing, the

highest photo-current is approximately 8nA.

Above all, with the parameters from the output characteristic and photo-current,
the 500MQ was chosen as the connect resistance. With this connect resistance, the

photo inverter was designed.
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Figure 4-13 With the input voltage increasing, the photo-inverter parameters decrease
with the 1050nm incident light and Vpp=20V (a) the output voltage change, (b) the

current change

Based on the simple inverter circuit, the photo-transistor works as the typical
transistor in the inverter circuit. With the input voltage increasing, the resistance of the
transistor decreases and the output voltage decreases. Meanwhile, the change of the
voltage with the switching of the incident light becomes less obvious as illustrated in

Fig 4-13a.

Besides, with the input voltage increasing, the current of the transistor increases.
However, the photo-current decreases at the same time as illustrated in Fig 4-13b. Based
on this phenomenon, the performance of the photo-inverter doesn’t fix the
characteristics of the photo-transistor. Because the resistance of the photo-transistor
decreases, the voltage of the photo-transistor decreases. It means that the field effect of
the photo-transistor influence the electron-hole pair less. And these lead to the photo-

voltage and photo-current decrease with the input voltage increasing.

In order to observe the field effect influencing the photo-voltage and photo-current,
the Vpp as another parameter was considered as shown in Fig 4-14. Concluded from
the transfer characteristic and output characteristic of the transistor, the 10V gate

voltage was chosen as the input voltage. And the 1050nm wavelength was chosen as
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the incident light wavelength as previous one.

4.5

20k Vb A

R=500MQ 135
— 15 V()l“l' —_
> T ol 30 <
= 1-"_| P =)
= S
i =
> =
‘I':‘.. 1.0 42.0 IE
a 5
> 1.5 =

0.5 1.0

40.5

00 1 1 L L L 00

10 15 20 25 30
Vpp(V)

Figure 4-14 the comparison of the photo-inverter with the switching of the incident
light (A=1050nm, Vs=10V), the black line is the change of the output voltage and the

red line is the change of the current

As illustrated in Fig 4-14, with the Vpp increasing, the voltage of the transistor
increases. Meanwhile, with the switching of the near infrared light source, the photo-
voltage increases due to the enhancement of the field effect of the photo-transistor. The

photo-voltage increases from 0.2V to 2.1V.

Besides, from the red line of the fig 4-14, the photo-current increases to 4nA. The
highest photo-current of the transistor is approximately 8nA from the output
characteristic. In consequence, compared with the photo-current, the signal of the
photo-voltage is more obvious. For the circuit design, the photo-voltage of this photo-

transistor is easier to be utilized in the circuit design.

4.2.5 Photo-Inverter using OTFT with cross-finger drain and source electrodes
(Large Channel area)

Previous inverter was shown as a good photo-detector. However, higher photo-
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current is required for the circuit design. Based on the previous printed electronic, the
cross-finger electrodes photo-transistor was designed and analyzed. The structure and

the optical image of the photo-transistor can be found in fig 4-15.

(a) (b)

Figure 4-15 (a) the structure of the cross-finger photo-transistor. (b) the optical image

of the cross-finger photo-transistor.

With the channel area increasing till 52000 pum (13x4200 pm), the electron-hole

pair increases. It means that with the photo-current will increases with the modifying

of the field effect.
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Figure 4-16 (a) transfer characteristic of the photo-transistor with switching of the
incident light (Vps=10V). (b) the photo-current of the cross-finger transistor

calculated from the transfer characteristic
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Due to the channel length increasing, the current of the photo-transistor is much
higher than the typical transistor as illustrated in fig 4-16a. At the same time, the photo-
current of the transistor increases due to the channel area increasing in fig 4-16b. The
photo-current of the transistor increases from the 1nA to 1pA. Compared with the

typical photo-transistor, the photo-current has increased by two orders.

With the requirement of the circuit design, the output characteristic of the

transistor is shown in Fig 4-17.
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Figure 4-17 (a) the output characteristic of the cross-finger photo-transistor with the
switching of the incident light (A=1050nm) (b) the photo-current of the cross-finger

transistor calculated from the output characteristic

As shown in output characteristic of the cross-finger transistor, the connect
resistance of the inverter circuit should be less than the typical transistor. Besides, from
the Fig 4-17b, the photo-current of the transistor increases to 2.6pA. The signal of the
photo-current of the cross-finger photo-transistor is more obvious than the typical
transistor. Therefore, the field effect of the cross-finger photo-transistor is the most

important influence factor. The connect resistance was modifying to insure the voltage
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of the transistor for observe the photo-current signal.
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Figure 4-18 the photocurrent from the inverter based on the cross finger photo-

transistor

As illustrated in Fig 4-18, with the gate voltage of the transistor increasing, the
photo-current of the cross-finger transistor increases. By this phenomenon, the field
effect of the cross-finger transistor can be observed. Besides, the photo-current of the
inverter increases to the 110nA as the highest current signal which is more obvious than

the typical photo-transistor photo-current signal.

Conclusion

We modified the structure of the photo-transistor from mixing to double layer.
Finally, the separated layers structure exhibits the best performance of the photo-
transistor. For further step, the simple photo-inverter circuit was designed with the
photo-transistor. With the typical photo-transistor, the photo-inverter we designed
provided the better photo-voltage signal. The photo-voltage increased from 0.2V to
2.1V, which can be utilized for photo-signal readout circuit. Based on the cross-finger

photo-transistor, the device provides the choice of the photo-current signal with 2.6pA
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for next step circuit design. With the simple circuit design, higher photo-current around
100nA was obtained for photo-current signal which was much higher than the typical

photo-transistor structure.
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Based on the thin-film transistor’s self-amplifying and field effect, the photo-
generated carriers’ injection into the channel improves. Besides, with the quantum dots’
(QDs) unique optical-electrical properties such as quantum confinement, size-tunable
and photo-conductivity effects, the combination of the thin-film transistor and QDs is
recognized as new photo-detectors. Especially in the near-infrared (NIR) waveband,
traditional HgCdTe NIR photo-detectors is restricted to the complex fabrication process
and readout circuit design. With the purpose of low cost, large area and flexible
electronics, the photo-transistor was fabricated by inkjet printing process. Meanwhile,
fullerene (C60) was utilized as the semiconductor layer of the transistor. Therefore, in
this thesis, we focus on printing process, C60 organic thin-film transistor and simple

photo-sensitive circuit.

Firstly, based on the normally commercial printing silver ink, we research the
phase separation which influence the pattern formation. Our work highlights that this
phenomenon can occur when PVP is used as stabilizer in colloidal based ink. After drop
drying, an inner colloidal rich region and an outer polymer rich region can be
distinguished independently of deposition techniques. In addition, with modifying the
inkjet printing parameters (i.e., surface energy, working frequency, overlap distance),
best performance printing pattern was observed. And this work gives more information
for ink designer and experiment involved in the field of printed electronics. It could
help to fully understand the phase separation that occurs during inkjet printing of
colloids droplets with a systematical study of other experimental conditions such as:

ligand kind of material, surface materials and roughness.

With the adjustment of the printing parameters, uniform and smooth electrodes
patterns was obtained for the organic thin-film transistors’ fabrication. Based on
previous PhD. Malo Robin’s work, the research focused on the modifying the connect

area between electrodes and C60 semiconductor layer that the performance of the
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transistor improved by this way. However, it’s difficult to follow the same methods to
improve the transistor performance. Because the requirement of the substrate surface
and the roughness of the electrodes couldn’t be modifying by the same way. Therefore,
the characteristic of the semiconductor layer was focused on by us. At the beginning,
we modified the annealing temperature of the printed C60 thin-film transistors. With
the annealing temperature increasing, the grain size and the roughness of the C60 layer
increase from the AFM measurement. When annealing temperature is 200°C, the grain
size is large enough to increases the transistor electric performance. And there is no
obvious change in the surface roughness. In addition, the surface roughness is effective
only when the grain size does not change a lot. Through Seto model and its derivatives
established for polycrystalline films and thin film transistors, the calculation of the
defect density in the grain boundaries exhibits the defect density decreasing. Then, due
to the best annealing temperature 200°C obtained, the thickness of the C60 active layer
was optimized at 90nm and confirmed by electrical stability study of the drain current
during continuous polarization of the transistor. On account of the potential application
in electronic circuits for the treatment of analog signals of medical examination, the
switching time of 13ms was obtained from the response to a voltage pulse applied to
the gate. And the application frequency could approach 10Hz which could cover some

normal medical examination measurement.

Finally, considering the size influence of the PbS QDs, the PbS QDs with 5.56nm
diameter was selected as the photo-sensitive material. Through the comparison of
various concentration from 5mg/mL to 15mg/mL, the device utilizing 10mg/mL
concentration exhibited high photo-sensitivity. And there is no obvious difference of
the responsivity, EQE and detectivity when the concentration is more than 10mg/mL.
Therefore, 10mg/mL concentration was utilized in our device. Then, the structure of
the photo-transistor transformed from the mixing layer to sandwich structure. And then

PbS QDs at the insulator layer interface structure was selected, which provide evident
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photo-signal response. For further step, the simple photo-inverter circuit was designed
for obtaining photo-response signal. Connected with 500MQ resistance, the simple
inverter provided the photo-voltage from 0.2V to 2.1V, and the photo-current from
0.8nA to 4nA. In order to improving the photo-current, cross-finger structure was
utilized in the new devices. From the cross-finger electrodes, approximately 2.6pA
photo-current was obtained. In the simple inverter circuit, more than 110nA photo-

current was obtained, which can be used in medical examination field.

Moreover, due to the requirement of the low cost, large area and flexible
electronics, all solution processed devices will be optimized for next step. Besides,
combining with the P-type organic transistor, photo-sensitive printed organic CMOS

circuit could be available.
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Résumé en Francais

Introduction

Dans la vie courante, le besoin d’information en temps réel nécessite le plus
souvent la capture d’images dans une grande gamme de longueur d’onde. Les

photodétecteurs jouent un réle important dans cette capture d’informations.

Les photodétecteurs actuels sont fabriqués avec des techniques couteuses telles que
I’épiaxie et des procédés micro-nano pour la couche photosensible et le circuit

électronique de lecture.

Avec la démocratisation des équipements et 1’extension de 1’informatisation, le

besoin de procédés de fabrication plus simples et sur grande surface se fait croissant.

Dans ce but, les photodétecteurs associant des nanoparticules ont attiré et attirent
I’attention de la communauté scientifique eu égard aux propriétés particuliéres de ces
nanoparticules en efficacité photo-électrique et en modulation de la longueur d’onde
d’absorption. Des photodétecteurs associant 1’efficacité de ces nanoparticules et 1’effet

d’amplification propre des transistors attirent particulierement I’attention.

Si en plus, on peut fabriquer ces phototransistors a trés faible codt par des moyens
propres sur grande surface, la démocratisation des photodétecteurs pour des

applications diverses sera assuree.

Le but principal de ce travail de thése est de développer des photodétecteurs sur
une grande gamme de longueur d’onde par des moyens peu onéreux en utilisant de

I’impression par jet d’encre pour certaines étapes

Apres un premier chapitre introductif décrivant 1’état de 1’art des photodétecteurs

et des techniques expérimentales de fabrication, le document de these est divisé en une



premiére partie A sur les photodétecteurs dans la gamme UV-Vis et une seconde partie
B sur les photodeétecteurs dans la gamme du proche infrarouge. Cette derniére partie est
particulierement étendue car elle présente tout d’abord les résultats de 1’optimisation de
la technique d’impression par jet d’encre utilisée pour fabriquer le phototransistor
organique, puis les résultats de I’optimisation du transistor organique servant comme
base du phototransistor. Elle s’intéresse enfin dans une dernicre partie a la jonction des
nanoparticules avec le transistor donnant naissance au phototransistor. Les

performances du phototransistor en détection de lumiere infrarouge y sont présentées.



Partie A: Photodétecteurs UV-Visible

Une structure de transistor en couche mince dit TFT est utilisée pour fabriquer un
phototransistor sensible dans le domaine UV-Visible (Fig.1). La couche active de ce
transistor constitue 1’élément photosensible. Elle est composée de nanofils de ZnO

décorés par des fragments de nanoparticules de CdSe (QDs CdSe) et d’oxyde de

graphene réduit (RGO).

WA 1 A\l 2
RGO/Quantum Dots
Zn0 Nanowire

Si0,

Fig. 1 : Structure du phototransistor UV-Vis

4. Fabrication
Les nanofils de ZnO sont déposés a 800°C par pulvérisation radiofréquence d’une

cible de zinc dans un mélange argon/oxygene. Les nanofils obtenus ont une longueur

de 25 pum et un diameétre de 150 nm.

Fig. 2 : Images obtenues au Microscopoe électronique a balayage de nanofils de ZnO (a) et du
matériau hybride (b).

La synthése des fragments de nanoparticules de CdSe et de RGO se fait en
solution a partir d’oxyde de graphene acheté puis réduit pour obtenir des fragments de

RGO de 5 um de diamétre et de nanoparticules de CdSe de type N de 7nm de diametre
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modifiées par de 1’oxyde tri-n-octylphosphine (TOPO).

La fabrication du phototransistor commence par les dépdts successifs d’une
couche de ITO et d’une couche de SiO- par pulveérisation radiofréquence sur un substrat
plastique de type PET. Les nanofils de ZnO dispersés dans I’éthanol sont déposées
ensuite par spin-coating sur la surface de SiO». La succession de dépdt de couches se

termine par le dépdt par spin-coating de la solution hybride QDs de CdSe/RGO.

La structure entiére est ensuite recuite a 180°C. Finalement, les électrodes de

source et drain (W:L=100 um:20 um) sont déposees par électrolyse.

5. Résultats

La figure 3 montre des caractéristiques de transfert sous une tension drain-source
de 5V de 2 types de phototransistors en 1’absence et en présence de lumiere de longueur
d’onde 580 nm. La couche active du premier transistor est composée uniquement de
nanofils de ZnO décorés par des nanoparticules de CdSe. La couche active du second
est composée de nanofils de ZnO décorés par les fragments de QD CdSe et de RGO.
La comparaison permet de déterminer I’importance d’utiliser le RGO pour faire la
transition des porteurs de charges créés par la lumiére dans les QD CdSe vers le ZnO.
Visiblement la différence entre les courbes sous obscurités et les courbes sous lumiere
est plus importante quand on utilise le RGO, démontrant une meilleure sensibilité a la
lumiére. La photo-réponse calculée du second phototransistor (avec RGO) est de ~2000
A W, soit approximativement 2 ordres de grandeur supérieure a celle du premier
transistor (sans RGO). Ceci démontre I’importance du RGO dans le transfert des
électrons excités par la lumiére dans les QD CdSe vers les nanofils de ZnO ou ils

participeront au courant du transistor.
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Fig. 3 Caractéristiques de transfert de 2 transistors avec des couches actives de QD CdSe et
nanofils de ZnO seulement et de QD CdSe, RGO et nanofils de ZnO sous obscurité (light off) et sous
lumiére de longueur d’onde 580 nm (light on). La tension drain-source Vps est égale a 5V.

L’explication de cette meilleure photoréponse peut étre trouvée dans le schéma de

bande d’énergie représenté dans la figure 4.
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Fig. 4 schéma de bandes d’énergie du systeme QD CdSe/ZnO et du systéme QD CdSe/RGO/ZnO.
La position du niveau de Fermi du RGO favorise le passage des électrons de la
bande de conduction des QD CdSe vers le RGO. Ces électrons peuvent étre excités vers
les niveaux de défauts du RGO et transférés vers le ZnO gréce a la polarisation positive

du contact de grille.

Afin d’apprécier la gamme de longueur d’onde détectée par le phototransistor, la
figure 5 montre les caractéristiques de transfert de ce transistor a I’obscurité et soumis

a des lumiéres de longueur d’onde différentes allant de I’UV au Visible.
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Fig. 5 Caractéristiques de transfert du phototransistor QD CdSe/RGO/nanofils de ZnO sous

obscurité (dark) et sous une lumiére de longueur d’onde variant du lointain UV (215 nm) au visible

(580 nm).
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Fig. 6 Variation de la photo-réponse (responsivity) en fonction de la longueur d’onde.
Le phototransistor détecte ainsi dans toute la gamme de longueur d’onde UV-Vis.

Cependant la réponse est plus importante dans I’'UV que dans le visible.

La photo-réponse peut étre modulée par la tension appliquée sur la grille comme
I’explique le schéma de bande de la structure en présence et en I’absence de tension de

grille positive (Fig.7).



Fig. 7. Schéma de bandes du systeme sans tension de grille et avec une tension de grille positive.

L’effet direct de la tension de grille positive sur la valeur du courant en presence
de lumiére peut étre constaté dans la figure 8, représentant le courant sous une
impulsion de lumiére de 580 nm de longueur d’onde. Une proportionnalité peut étre

remarquee entre le courant et la tension de grille.
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Fig. 8 Réponse du phototransistor & une impulsion de lumicre de 580 nm de longueur d’onde

lorsqu’une tension positive de différentes valeurs est appliquée. (Vps=5V)

6. Conclusion

En conclusion un nouveau phototransistor de couche active composée d’un

matériau hybride nanoparticules de CdSe, oxyde de graphéne réduit, nanofils de ZnQO,
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détectant dans I’UV et le visible a été démontré et fabriqué. L’interface QD CdSe/Zn0
a été grandement ameéliorée par I’incorporation de 1’oxyde de graphéne réduit comme
matériau intermédiaire. La photo-réponse a été améliorée par un facteur 100. De plus
le photocourant peut encore étre amélioré par un facteur 10 en augmentant la tension

positive appliquée sur la grille.

Enfin, le procéde de fabrication de ce dispositif réalisé a température ambiante sur
un substrat flexible rend ce phototransistor trés attractif pour la photo-électronique

flexible transparente en grande surface.



Partie B: Phototransistors organiques dans la
gamme du proche-infrarouge

Cette partie B fait appel a la nouvelle électronique organique et spécialement aux
nouveaux procédes de fabrication de cette électronique par impression a jet d’encre.
Une description poussée de ce procédé accompagnée des résultats de notre optimisation
sera tout d’abord donnée. L’optimisation du procédé¢ de fabrication du transistor
organique sera ensuite présentée. Enfin la technique de fabrication du phototransistor
associant les nanoparticules de PbS (QD PbS) et le transistor organique et les résultats

en détection de lumiére proche infrarouge termineront I’exposé de cette partie B.

3. Impression par jet d’encre

L’impression continue de jet d’encre fait de plus en plus place a I’impresssion par
jet & la demande ou drop-on-demand (DoD) en anglais. La formation d’un motif par
impression a jet d’encre fait appel a 3 phénomenes : 1’extension, le mouillage et le
séchage. Le procédé comporte 3 étapes : i) génération d’une gouttelette, ii) I’extension

de la gouttelette sur un substrat quelconque iii) le séchage de la gouttelette.

Pour notre étude de I’impression nous avons utilisé une machine de I’entreprise

CERADRORP appelée Ceraprinter X-series

Figure 1. Machine Ceraprinter X-series
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Elle est équipée d’une téte d’impression de 256 embouts. Nous 1’avons utilisée
pour imprimer de I’encre d’argent directement sur substrat de verre (pour le contact de
grille du transistor « bottom gate ») et sur couche de photorésine SU8 (pour les contacts
de drain source en configuration «bottom contacts » pour le transistor). Les
caractéristiques de mouillage des surfaces de ces 2 substrats trés différentes ont amené

a la mise au point de paramétres de dépot différents pour la méme encre d’argent.

Le travail a consisté en la détermination des parametres de dépot d’une goutte, puis
du dépot de gouttes successives pour former une ligne d’argent et enfin d’un carré ou

rectangle d’argent pour former un contact.

Les figures suivantes donnent quelques exemples de ce long travail d’optimisation

et de compréhension des phénomeénes.
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Fig. 2 Motifs carrés (Immx1mm approximativement) obtenus en variant la distance entre gouttelettes,

0

la fréquence du jet et le temps du traitement UV ozone de la surface avant le jet: a) temps UV
0zone 2 minutes; distance entre gouttelettes variant de 80 a 45um et fréquence de jet variant de 3340 a
20Hz; b) temps UV ozone 6 minutes; distance entre gouttelettes variant de 180 a 80um et fréquence de
jet variant de 2480 a 20Hz; c¢) temps UV ozone 10 minutes; distance entre gouttelettes variant de 200 a

100um et fréquence de jet variant de 2500 a 20Hz
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Figure 3: schéma montrant le principe de I’impression par jet a la demande (DoD) pour la formation
d’un motif carré. Overarop concerne 1’espace entre gouttelettes qui doivent coalescer pour former une

ligne. Overiine concerne 1’espace entre lignes pour former des lignes jointives et ainsi un carré.
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Fig. 4 Images de motifs carrés (Immx1mm) imprimés & fréquence de jet fixée & 100Hz en faisant
varier: 1) le temps d’exposition a I’'UV ozone, 2, 6 et 10 minutes (colonnes 1, 2 et 3 respectivement); ii)
espace entre gouttelettes afin d’imprimer des matrices de gouttelettes isolées, gouttelettes partiellement

fusionnées, motifs continus (lignes 1, 2 et 3 respectivement). L’espace entre gouttelettes est égal a: a)
75um; b) 160um; c) 160um; d) 60um; €) 140um; f) 130um; g) 45 um; h) 80 pum; i)100um.
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En complément de 1’étude précédente de variation de différents paramétres a
fréquence de jet fixée, I’étude suivante (Figure 5) montre 1’effet de la fréquence a temps

d’exposition a I’UV-0zone fixé a 10 minutes.
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Fig. 5 Images de motifs carrés (Immx1lmm) imprimés a temps d’exposition a 1’"UV-0zone fixé a 10
minutes en faisant varier: i) la fréquence de jet, 20Hz et 3340Hz (colonnes 1 et 2 respectivement); il
faut remarquer que ces valeurs correspondent aux plus faible et plus grande vitesses d’impression
disponibles. ii) I’espace entre gouttelettes afin d’imprimer des matrices de gouttelettes isolées et des
motifs continus (lignes 1 et 2 respectivement). L’espace entre gouttelettes est égal a:: a) 180um; b)
180um; ¢) 100um; d) 100um.

4. Transistors en Couche Mince Organiques (OTFT) de type N a
base de C60

Le travail d’optimisation des performances mené dans cette these concerne

particuliérement 1’étude d’obtention de la couche active de C60 ayant les meilleures

qualités électriques. Les interfaces entre contacts de source et drain et la couche active

ont été auparavant optimisées lors du travail de thése de Malo Robin au laboratoire

[Thése Université de Rennes 1, 19 décembre 2017].

La structure de transistor choisie est de type Grille en dessous « Bottom Gate » —

13



Contacts de drain et source en dessous « Bottom Contacts ». Elle est représentée dans

la figure 6.

Shersouss  cgg |siverbrain

Su8 Gate Insulator

Glass Substrate

Fig. 6: Schéma en coupe montrant la structure du transistor fabriqué

La fabrication commence par I’impression du contact de grille en argent sur un
substrat de verre. Ensuite une couche de photorésine SU8 2000 (Bisphenol A Novolak
epoxy; MicroChem) est déposée par spin-coating et recuite. Elle sera utilisée comme
isolant de grille et a une épaisseur de 1,2 um. Apres un traitement UV-ozone de la
surface de cette couche de SUS8, les contacts de source et de drain en argent sont

imprimés. Finalement, une couche de C60 est évaporée a température ambiante.

L’optimisation du transistor a consisté en 1’étude de 1’effet de la température de
recuit tout d’abord suivie ensuite de 1’étude de I’effet de 1’épaisseur de la couche de
C60. En effet considérant 1’épaisseur des contacts de source et de drain, un probléme

de marche peut se poser pour la continuité de la couche C60.

o Effet de la température de recuit

La surface de la couche de C60 a été observée par Microscope a Force Atomique
(AFM) juste aprés la fabrication du transistor et aprés des recuits a 160°C, 200°C et
250°C. L’observation a permis de déduire la rugosité de la surface, exprimée en RMS,

et la taille des grains ; la couche de C60 est en effet polycrystalline.

La figure 7 montre des images de cette surface pour les différentes températures.
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Fig. 7: Images AFM en 2D et 3D de la surface de la couche de C60 juste apres la fabrication du
transistor (a) et aprés des recuits a 160°C (b), 200°C (c) et 250°C (d) montrant I’augmentation de la

taille des grains et de la rugosité avec la température.

Les valeurs RMS de la rugosité de surface o et de la taille des grains t sont données

dans le tableau 1.

Température de  Rugosité ¢ Taille des

recuit (°C) (nm) Grains T (nm)
Apreés depot 1.42 4.72
160 1.75 7.70
200 191 13.46
250 2.72 14.16

Tableau 1: rugosité de surface o et de la taille des grains t
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Les 4 types de transistors (juste apres fabrication, et aprés des recuits a 160°C,
200°C et 250°C) sont ensuite électriqguement caractérisés. La figure 8 donne leurs

caractéristiques de transfert et de sortie (les transistors ont la méme largeur de canal

4000um et la méme longueur de canal 150um).
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Fig.8: (a) Caractéristiques de transfert moyennes (Vp=20V) et (b) Caractéristiques de sortie (Ve=20V)
de OTFTs ayant la méme taille (Largeur de canal W=4000 pum, Longueur de canal L=150 um) et 125
nm d’épaisseur de couche active C60 mesurées juste aprés fabrication, et aprés des recuits a 160°C,
200°C et 250°C.

Tous les parametres électriques (tension de seuil, pente sous le seuil, mobilité

d’effet de champ, courant direct) s’améliorent avec la température. Le tableau 2 donne
leurs valeurs.
Ta V1H SS M Re papréesRe ot lon/loft

(°C) (V) (Video) (ENS) (g (emVs)

Non-recuit | 19.3 9.3 5.3x10° 8x10° 5.8x10° 1.6x101 125
160°C 20 7 4.2x10°3 2x108  4.47x10° 3.4x10M  4.7x10°
200°C 11.2 4 1.44x102% 1.7x10% 1.46x102 2x10° 2.85x10°

250°C 6.2 6.2 1.46x102  2x105 15x10%  2x10° 270

Tableau 2 Principaux parametres électriques moyens de plusieurs transistors de méme taille
16



(Largeur de canal W=4000 um, Longueur de canal L=150 um. V1 est la tension de seuil, SS la pente
sous le seuil, i la mobilité, Rc la résistance de contact, L aprés Rc la mobilité aprés correction par Rc,
lor €st le courant minimum et lon/los €st la rapport du courant maximum sur le courant minimum

La figure 9 montre la tres bonne corrélation entre la mobilité d’effet de champ du
transistor et la taille des grains de la couche active C60. Cette proportionnalité montre
que la couche de C60 polycrystalline obéit parfaitement au modele classique de Seto

établit pour les matériaux polycrystallins.
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Fig. 9: Corrélation entre la mobilité d’effet de champ et la taille des grains de la couche de C60

o [Effet de l’épaisseur de la couche active C60

L’eftet de I’épaisseur de la couche active C60 a été étudi€ sur des transistors recuits

a 200°C, résultat de 1’étude précédente sur I’effet de la température de recuit.

La figure 10 donne les caractéristiques de transfert et de sortie de 4 OTFTS ayant
des épaisseurs de couche active C60, 60nm, 90 nm, 125 nm et 250nm (les transistors

ont la méme largeur de canal 4000um et la méme longueur de canal 150um) .
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Fig.10: (a) Caractéristiques de transfert moyennes (Vp=20V) et (b) Caractéristiques de sortie (Vc=20V)
de OTFTs ayant la méme taille (Largeur de canal W=4000 um, Longueur de canal L=150 um) et des
épaisseurs de couche active C60, 60nm, 90 nm, 125 nm et 250nm.

La figure 10 montre que le plus grand courant est obtenu avec 1’épaisseur de 90
nm. Le minimum de courant est aussi le plus faible a 90 nm. Enfin, le transistor a 90

nm d’épaisseur de C60 présente la pente sous le seuil la plus abrupte. Le tableau 3

donne les valeurs de ces parametres.

teeo

VrH SS V] Rc L apres Re Loft Lon/ Lot
(nm) V) (V/dec) (cm?/V.s) (Q (cm?/\V.s) (A)

60 57 5,2 1.8x107 2.7x108 1.9x1072 3x10° 180
90 10,8 3,6 2.9x107? 7.5x10° 2.95x107? 1.4x1010 7.8x10°
125 10,8 4 1.4x107? 1.2x107 1.7x1072 2x1010 2.85x10°

250 11 9,2 6.1x10°3 1x107 6.5x107° 2.7x1010 870

Tableau 3 Principaux parametres électriques moyens de plusieurs transistors ayant des épaisseurs
de couche active C60 de 60nm, 90nm, 125nm et 250nm et de méme taille (Largeur de canal W=4000
pum, Longueur de canal L=150 pm. V1 est la tension de seuil, SS la pente sous le seuil, p la mobilité,

Rc la résistance de contact, 1 aprés Rc la mobilité aprés correction par Re, lof est le courant minimum

et lon/lofr €St la rapport du courant maximum sur le courant minimum
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En conclusion de ces études, les meilleures conditions de préparation de OTFT
performant consistent en 1’utilisation d’une couche active de 90 nm d’épaisseur et en

un recuit postérieur de 200°C.

e FEtude dynamique des OTFTs C60

L’¢tude des OTFTs par des polarisations statiques est intéressante pour determiner
leurs qualités électriques. Cependant, dans beaucoup d’utilisations, les OTFTS sont
soumis a des signaux dynamiques. L’analyse de leur réponse a une excitation
dynamique s’avére importante. Le comportement dynamique de transistors est
beaucoup plus lié a leurs caractéristiques de sortie statiques qu’aux caractéristiques de
transfert. Nous présentons ainsi dans la figure 11, les caractéristiques de sortie de

OTFTs ayant une couche active C60 de 90 nm d’épaisseur apres différents recuits.
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Fig. 11 Caractéristiques de sortie de OTFTs ayant une couche active C60 de 90 nm d’épaisseur

apres différentes température de recuit.
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Les caracteéristiques des OTFTs recuits a 200°C et 250°C présentent les meilleures

allures avec une trés bonne saturation du courant.

Le comportement dynamique de ces OTFTs est étudié a travers une résistance de
charge de 500MQ. Ces OTFTs sont ainsi montés en inverseurs. La réponse statique de
I’inverseur polarisé par Vpp=20V est montrée dans la figure 12. Quand la tension

d’entrée augmente de OV a 20V, la tension de sortie diminue de 20V a 0,2V

(a) O

Input Pulse
20l i o R —— Output Pulse
\ R=500MQ o0k
Vour
15 \ Vo]
15}
3
S S =
S 2 ? bl L] %
5 100 \ = 10}
T oo 8
51 o ssasesas®’ 5t
Q 5 10 15 20
Vin (V) ~m
0 [P WWWWAWAAY "
0 i i

15 20 -0.4 -0.2 0.2 0.4

110 0.0
Vin (V) Time(Sec)

Fig. 12: (a) Caractéristique statique du OTFT chargé par une résistance de
500MQ et (b) sa réponse a une impulsion de 0,5 sec. Le gain de I’inverseur est de 3.

Dans ces conditions de polarisation I’inverseur a un gain (maximum de la dérivée
dVOUT/dVIN) de 3. Cette valeur dépend de la résistance de charge mais elle est dans
I’ordre de grandeur des inverseurs organiques.

La réponse dynamique du transistor a une impulsion de tension d’entrée de 20V et
de durée 0,5 seconde est montrée dans la figure 12. Le temps de basculement entre 1’état
off et I’état on du transistor, représentatif du comportement du transistor, est de 13 ms

entre 90% et 10% de la tension maximum. Les OTFTs répondent ainsi a un signal de

fréguence supérieure a 10Hz.
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5. Photodétecteur Proche Infrarouge composé de nanoparticules
de PbSetde OTFT
Aprés I’optimisation du procédé de fabrication du transistor organique de type N,
on peut maintenant se focaliser sur le principal objectif de ce travail a savoir la
fabrication d’un phototransistor dans le proche infrarouge au plus faible colt possible

en utilisant des procédés en solution et entierement additifs sans étape de lithographie.
e Nanoparticules de PbS (QD PbS)

QD PbS a une structure cubique faces centrées avec une largeur de bande interdite
directe de 0,91 eV. Avec un rayon de Bohr de I’exciton de 18 nm seulement, il a un trés
fort effet de confinement et par ajustement de la taille des nanoparticules, différents
spectres d’absorption de lumiere peuvent étre obtenus. La figure 13 montre les

différents spectres obtenus en variant les tailles des nanoparticules.
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Fig. 13 Spectres d’absorption de nanoparticules de PbS pour différentes tailles de nanoparticules.

Pour couvrir le domaine des applications médicales, nécessitant des longueurs
d’onde supérieures a 1300 nm, nous avons choisi dans ce travail des particules de taille
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5,56 nm. La figure 14 montre la morphologie des QD PbS choisis observée par
microscope a transmission et la taille homogeéne de 64 QD PbS centrée autour de 5,56

nm..

D=5.5640.58 nm

5 6 7
Diameter (nm)

Fig. 14 (a) Image obtenue au microscope a transmission a haute résolution des nanoparticules de PhS.
La barre d’échelle est 5nm. (b) Distribution statistique des tailles de 240 nanoparticules.

Pour déterminer la bonne concentration de nanoparticules a utiliser pour une
bonne détection, des phototransistors ont été fabriqués avec différentes concentrations.
5mg/mL, 7.5mg/mL, 10mg/mL, 12.5mg/mL and 15mg/mL. Le photo-réponse
(responsivity), la photo-sensitivité, la détectivité et ’efficacité EQE de ces transistors

sont donnés dans la figure 15 en fonction de la concentration.
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Fig. 15 (a) Photo-Réponse et photo-sensitivité des phototransistors avec différentes concentrations de
nanoparticules. (b) Leur détectivité et leur efficacité EQE.
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Comme le courant sous obscurité est trés important pour un photodétecteur et que
ce courant augmente avec la concentration de nanoparticules et considérant la tres faible
différence de photo-sensitivité et détectivité entre les concentrations 10mg/mL,
12.5mg/mL et 15mg/mL, la concentration de 10mg/mL est choisie pour la suite de

I’étude.

e Phototransistor utilisant les nanoparticules de PbS comme éléments

photosensibles et le transistor organique de type N comme amplificateur propre.

3 structures de phototransistor variant par le positionnement des nanoparticules
dans le transistor ont été testées. Dans la premiére, les nanoparticules ont été dispersées
dans tout le volume de I’isolant de grille SU8. La pente sous le seuil des transistors a
été beaucoup dégradée probablement par la mauvaise interface introduite par les
nanoparticules. Par ailleurs le courant de fuite, particulierement sous lumiére, a
beaucoup augmenté. Pour remédier a ceci, I’isolant de grille a consisté en une double
couche SU8 seule au contact de la couche active et SU8 meélangée avec les
nanoparticules au contact avec la grille, dans la deuxiéme structure étudiée. Les
caractéristiques du transistor se sont beaucoup améliorées mais le photocourant obtenu

est faible du fait probablement de 1’¢loignement des nanoparticules de la couche active.

La troisieme structure a consisté en un dépdt d’une couche de nanoparticules par
spin coating sur la surface de I’isolant de grille SU8 avant le dép6t de la couche active

C60. Les nanoparticules se trouvent ainsi a I’interface isolant de grille / couche active.

Les 3 types de structures sont représentés dans la figure 16.
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Structure 1
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© o © © 0000 o o

Structure 2

Drain Source
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Structure 3

Fig.16 les 3 types de structures de phototransistors testés, variant par I’emplacement des nanoparticules.

La figure 17 présente les caractéristiques de transfert du phototransistor sous
obscurité et sous lumiére infrarouge de 1050 nm de longueur d’onde et de 250 pW/cm?
de puissance, et le photocourant net (courant sous lumiére — courant sous obscurité).
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Fig.17 (a) Caractéristiques de transfert du phototransistor sous obscurité et sous lumiére infrarouge de
1050 nm de longueur d’onde et de 250 pW/cm? de puissance (Vps=10V) (b) Photocourant net (courant
sous lumiére — courant sous obscurité).

Le photocourant net augmente de 1 x 10"*1Aa 2,7 x 1078A quand la tension

de grille augmente. Il devient stable apres Ves=10V.

La figure 18 donne les caractéristiques de sortie dans les mémes conditions. Le
photocourant net devient de plus en plus important quand la tension de grille augmente

jusqu’a Ves=20V. Le photocourant net maximum est de 8nA.
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Fig.18 (a) Caractéristiques de sortie du phototransistor sous obscurité et sous lumiere infrarouge de
1050 nm de longueur d’onde et de 250 uW/cm? de puissance (Vps=10V) (b) Photocourant net (courant
sous lumiére — courant sous obscurité).

Le phototransistor est monté en inverseur avec une résistance de charge de 500MQ.
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La figure 19 montre la variation de la tension de sortie de I’inverseur et celle du courant

entre I’obscurité et la méme lumicre infrarouge.

(a)of (b)sof
e Voo 9.
14t »
_ R=500M£2 25k
> | Vo -
E 12 Vrd " :é,
= o " £20F 9
> 1.0p i
& =
>‘o‘ 0.8 st
0.6r Lot
04t ] °
5 10 is 03 5 10 15
V(W) Vin(v)

Fig. 19 Variation de la tension de sortie de I’inverseur et celle du courant entre I’obscurité et la lumiére

infrarouge de 1050 nm de longueur d’onde et de 250 pW/cm? de puissance. (Vpp=20V)

La figure 20 montre les mémes variations de la tension de sortie de I’inverseur et
celle du courant entre 1’obscurité et la méme lumiére infrarouge en fonction de la
polarisation Vpp pour une tension d’entrée de 10V. La photo-tension de sortie augmente

de 0.2V a 2.1V quand Vpp augmente de 10V a 30V.
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Fig.20 Variation de la tension de sortie de I’inverseur et celle du courant entre ’obscurité et la
lumiére infrarouge de 1050 nm de longueur d’onde et de 250 uW/cm? de puissance. (Vin=10V) en

fonction de la polarisation Vpp
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Une variation de 1’ordre du volt de la tension de sortie donne un signal de détection
aisément mesurable. Pour augmenter encore plus le signal de sortie, un phototransistor
avec un canal en forme de peigne afin d’augmenter la largeur jusqu’a 52000 pm
(13x4200 pum) et donc le courant a eté fabriqué. La figure 21 montre un dessin et une

photo de ce transistor en forme de peigne

Fig. 21 (a) Structure du phototransistor en forme de peigne. (b)Photo de ce transistor.

La figure 22 présente les caractéristiques de transfert de ce phototransistor sous
obscurité et sous lumiére infrarouge de 1050 nm de longueur d’onde et de 250 uW/cm?
de puissance, et le photocourant net (courant sous lumiére — courant sous obscurité). Le
photocourant net maximum est beaucoup augmenté de presque 2 ordres de grandeur.
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Fig.22 (a) Caractéristiques de transfert du phototransistor en forme de peigne sous obscurité et sous
lumiére infrarouge de 1050 nm de longueur d’onde et de 250 pW/cm? de puissance (Vps=10V) (b)
Photocourant net (courant sous lumiére — courant sous obscurité).
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Ce phototransistor monté en inverseur donne un photocourant nettement augmenté

comme le montre la figure 23 ou une valeur supérieure a 100 nA est observee...
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Fig. 23 Photocourant du phototransistor en forme de peigne monté en inverseur pour

différentes tensions de grille
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Photodetection dans une large gamme de longueur d’onde :
Phototransistor CdSe QDs/RGO sur des Nanofils de ZnO dans la gamme UV-Vis,
PbS QDs avec un transistor organique Ceo de type N imprimé dans la gamme proche IR

Mots clés : Phototransistor, UV-Vis-IR, FET, Organique, Nanoparticules, Nanofils, Printing

Résumé : la détection de lumiére dans une
large gamme de longueur d’onde allant de 'UV
au proche infrarouge est réalisée avec une
sensibilité importante en utilisant [I'effet
d’amplification amené par un transistor a effet
de champ et la capacité de détection dans une
grande gamme de longueur d’onde amenée
par des nanoparticules de CdSe et de PbS de
diametres différents.

Dans une premiére partie, un FET utilisant une
couche active de nanofils de ZnO est fabriqué.
La détection de lumiere UV-Vis est assurée en
enrobant ces nanofils par un mélange de
nanoparticules de CdSe et doxyde de
graphéne. L'oxyde de graphéne assure une
bonne transition des électrons crées par la
lumiére dans le CdSe vers le ZnO. La photo-
réponse obtenue, supérieure a 10* A/W a 350
nm, a été multipliée par un facteur 100 dans la
gamme 200-500nm en utilisant I'oxyde de
graphéne.

Dans une seconde partie, la détection de
lumiére infrarouge a été assurée par des
nanoparticules de PbS incorporées dans un
transistor organique de type N utilisant du Ceo
comme couche active. Les électrodes en argent
de ce transistor et son isolant de grille en
photorésine SU8 sont déposés par impression.
Les nanoparticules sont déposées en solution a
l'interface entre le semiconducteur et 'isolant de
grille. Ce phototransistor incorporé dans un
inverseur a montré I'apparition d’'un signal de
sortie de 2V da a l'application d’'une lumiére de
1050 nm de longueur d’onde et de 250 pw/cm?
de puissance.

Large Wavelength Range Photodetection:
CdSe QDs/RGO on ZnO Nanowires Transistor in UV-Vis range,
PbS QDs with Nearly Fully Printed Ceo based N-type Organic transistor in NIR range

Keywords : Phototransistor, UV-Vis-IR, FET, Organic, Quantum Dots, Nanowires, Printing

Abstract : Detection of light in large wavelength
range, from the UV to NIR, is got with high
sensitivity by using the amplification of a field
effect transistor and the ability of light detection
in large range by CdSe and PbS quantum dots
with different diameters.

In the first part, a FET with ZnO nanowires
active layer is fabricated. The light detection in
UV-Vis range is insured thanks to CdSe
QDs/RGO  (Reduced Graphene  Oxide)
fragments decorating the surface of the ZnO
nanowires RGO insures good transfer of photo-
electrons induced by the light into the CdSe
QDs towards ZnO. The responsivity, higher than
10* A/W at 350 nm, has been improved by 100
in 200-500 nm range by using RGO.

In the second part, IR light detection has been
insured by using PbS QDs embedded in N-type
Organic FET using Ce film as active layer.
Silver electrodes of this transistor and its SU8
photoresist gate insulator have been printed.
QDs have been deposited in solution at the
interface between the semiconducting layer and
the gate insulator. This phototransistor has been
used in an inverter. The output voltage of the
inverter change by 2V under lighting with 1050
nm wavelength and 250 uW/cm? power.



