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Chapter 1 Motivation

Since the first development of commercial display in 1930’s in the form of
television, display technology has evolved rapidly, with the aim of large screens, light
weight, high image resolution, and efficient power consumption. Nowadays the
display has become an indispensable electronic device as an interface for modern life
linking humans with mass media, personal computers processing electronic data, and
status information of such manufacturing machines. The most important devices of
the state-of-the-art displays are light-emitting diodes (LEDs) that emit the primary

colors, and thin-film field-effect transistors (FETs) that control the power of the LEDs.

The general goal of this dissertation is the improvement of the solution-processed
devices for printable displays by applying advanced organic materials on fabrication

steps.

1.1 Perovskite Light-Emitting Diodes (PeLEDs)

The replacement of early bulky, cathode ray tube (CRT) screen displays with
compact, light-weight, energy-efficient alternative technologies such as LCDs,
OLEDs, PDPs was a hardware revolution that began with PC monitors in the late

1990s. The OLED displays, especially, have drawn attention by its superior properties,



such as thin, flexible, printable, and light-weight. The organic emissive materials for
the active layer in OLED, however, have disadvantages of high materials production
cost and complex evaporation process for the fabrication, which increase the unit cost
of production. Solution-processed OLEDs, which generally consist of conjugated
polymers as an active material, have been demonstrated as an alternative to
evaporation-processed OLEDs. Nonetheless, there are still problems such as burn-in

and the high cost of organic materials.

Recently, the solution-processed LEDs employ novel emissive materials such as
quantum dots and metal halide perovskites to get lower material cost and higher
stability. The LEDs based on halide perovskite materials show superior properties
such as ultra-pure color, bandgap tunability, and excellent charge carrier mobility. In
particular, very low trap concentration of perovskite materials brings the performance
of the perovskite solar cells close to the GaAs devices. Despite the outstanding
potential of the PeLEDs, the intrinsic weakness of the halide perovskites such as
surface traps, short life-time, and incompatibility with conventional organic charge
transport layers still remained huddles for the commercialization. In Chapter 4, it is
discussed that a new type of passivator, conjugated oligoelectrolytes, improve the

performance of the PeLEDs.



1.2 Organic Field-Effect Transistors (OFETs)

Today, virtually all TVs, PC monitors and mobile screens that use LCD or OLED
technology employ active matrix technology. In active matrix method of switching
individual elements (e.g. LEDs), each pixel is attached to a transistor maintaining the
pixel state while other pixels are being addressed. OFETs are gaining much attention
due to their potential for low-cost, large-area electronics and flexibility. Compared to
conventional FETs, furthermore, OFETs have their own applications such as
ambipolar OFETs and light-emitting transistors. The ambipolar OFETs, particularly,
is a key component to fabricate organic complementary integrated circuits (ICs) that
is a necessary component of disposable electronics such as near field communication
(NFC) tag and attachable circuits for internet of things (IoT) technology. In Chapter
5, efficient ambipolar OFETs based on the bilayer architecture of p-type polymer and

n-type molecular are discussed.



Chapter 2 Theory

2.1 Perovskite light-emitting diodes

In recent years, metal halide perovskites, which have a general chemical formula
of ABX; (A= CH3;NH;", Cs*; B=Pb*, Sn*"; X = CI', Br, I), have emerged as a new
type of semiconducting materials.[1] Perovskites have lots of advantages, including
low cost, tunable structure, tunable band gap, various processing methods, excellent
optical properties, and exceptional electrical properties.[2] All of these outstanding
properties enabled us to build up highly efficient optoelectronic devices (i.e., solar
cells, light-emitting diodes, photodetectors, and optically pumped lasers) based on

metal halide perovskites.[3-5]

2.1.1  Perovskite crystal structure

Metal halide perovskites are usually possessed of chemical formula of ABXj, in
which A stands for small organic or inorganic cations (i.e. CH3NH3", Cs"), B stands
for divalent metal cations (i.e. Pb?*, Sn?"), and X stands for halide anions (i.e. CI', Br,
I). The crystal structure of the ABX3 type of metal halide perovskites is shown in
Figure 2.1. This type of traditional three-dimensional perovskites can be considered

as a framework of corner-sharing octahedra (i.e., Pbls* ) that extends in all three-



dimensional spaces, with small ions, such as CH;NH;" and Cs*, doped in the void

spaces between corner-sharing octahedrons.[6]

Figure 2.1 Perovskite crystal structure

2.1.2  Optical and electronic properties of perovskite

Perovskites have high absorption coefficient, low exciton binding energy, and high
charge carrier mobility. Furthermore, by the extremely low trap density of the
perovskite crystal nature, the perovskite has a very narrow photoluminescence
spectrum showing high color purity.[7] The bandgap of the perovskite could be
modified easily by changing halide components such as chloride, bromide, and iodide
in the range from blue to near-IR.[8,9] This superior properties, high color purity and
tunable bandgap make the perovskite materials acceptable for the application of light-

emitting diode. Many research groups have improved this fly in the ointment of the



halide perovskite materials by various techniques, then the halide perovskite could be
made up for defects by the three major categories. First, filling the surface trap sites,
which are originated from halide vacancy on the perovskite grains, is essential to
reduce nonradiative recombination and degradation from the surface.[3,10] With this
halide addition, its counter ions have allowed various functionality to the electrical
and chemical properties of the perovskite such as adjusting conducting channels
between the perovskite grains, preventing decomposition by ambient air or water, and
confining the perovskite grains into 2-dimensional. Another technique is, by
introducing a surface modifier below the perovskite, replacing or covering the acidic
HTL through various organic EBL to prevent decomposition by acid ions and
nonradiative recombination at the interface between HTL/perovskite.[11] The other
important enhancement technique for photoluminescence is applying Lewis
adducting polymer into the perovskite precursor solution to improve phase stability
and light outcoupling by adjusting refractive index of the perovskite thin film.[12]
These each technique described above have important role in optoelectronic devices
by increasing radiative recombination, crystallinity, film coverage, and phase and

environmental stability.

2.1.3  Perovskite light-emitting diodes

Since the first report on a perovskite photovoltaic device using organometallic



perovskite as an active layer, their official efficiency has already exceeded 25%
within a decade, owing to improvement of processing techniques, film crystallinity,
grain passivation, and phase stabilization.[13] This rapid evolution of perovskite
photovoltaics is based on superior optoelectronic properties. In same point of view of
the superior properties of the perovskites, it should be able to apply to LED devices.
In 2014, Snaith et al. demonstrated highly bright inferred and visible
electroluminescence by using three-dimensional perovskites at room temperature for
the first time.[14] The inferred light-emitting diodes were based on CH3NH;PbICls.
« perovskite, while the green emitting LEDs were based on CH3;NH3;PbBr3
perovskite.[15,16] This work clearly demonstrated the potential of metal halide

perovskites as emitters for electrically driven LEDs.

(1)  Perovskite light-emitting diode structure

In general, the device structure of PeLEDs could be sorted in two types, p-i-n and
n-i-p stacks belong to its current flow direction. As shown in Figure 2.2, PEDOT:PSS
is frequently employed to HTL owing to its hydrophilic surface properties and high
charge carrier transport. For ETL, 2,2°,2"-(1,3,5-Benzinetriyl)-tris(1-phenyl-1-H-
benzimidazole) (TPBi) layer has shown high performances. A counter electrode is

usually aluminum (Al) with LiF doping at the interface ETL/cathode.[16]






2.1.4  PeLED operating principles

For generalized p-i-n type LEDs, anode work function matches with valance band
of emitting material and cathode work function matches with conduction band of the
emitting material.[17] In equilibrium state, which short-circuit with no bias on both
electrodes, their work functions were aligned to each other. With forwarded bias
between anode and cathode, the work function of anode get deeper and deeper
resulting in the energy distribution becomes flat. After that bias voltage forming flat
band, charge carriers start to flow into EmL. After turning on of the PeLED, both
charge carriers are struck in EmL and starts forming excitons and recombination. The
current increases exponentially along the injection of the charge carriers from the
electrodes. When both charge carriers reach to EmL, electron and hole can induce
radiative recombination inside the perovskite EmL. So generally, luminescence
increases, as current increases. This threshold voltage staring the photons escaping,

named as operating voltage.
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Figure 2.3 Energy diagram scheme for PeLED
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2.1.5 PeLED characterization

In general electric characteristics of LEDs are represented by J-V-L curves. As
general diode operation under the off-state, PeLED shows Ohmic current flow under
the trun-on voltage range. After turning on of the PeLED, current increases
exponentially along the injection of the charge carriers from the electrodes. When
both charge carriers reach to EmL, electron and hole can induce radiative
recombination inside the perovskite EmL. So generally luminescence increases, as
current increases. This threshold voltage staring the photons escaping, named as
operating voltage. Power conversion efficiency of LEDs, named as wall-plug
efficiency, explains how much fraction was converted into optical energy from
electric energy. In this case, optical power can be described by the power of
electromagnetic energy (radiometry) or the luminance flux by human eyes
(photometry). The luminous flux value is preferred for the LEDs with visible colors
in the unit of Im W-!. For flat LEDs, current efficiency (or luminance efficacy) is
frequently describes how much bright the LED operates in same current. The current
efficiency is closely related to other efficiencies, wall-plug efficiency and external
quantum efficiency. For last, external quantum efficiency is related to how many

charge carriers converted into photons.

- 11 -



2.2 Organic Field-effect transistors (OFETSs)

Organic field-effect transistors (OFETs) are essentially identical to inorganic thin-
film transistors based on the metal-insulator semiconductor field-effect transistor
(MISFET) configuration. The OFETs consist of a organic semiconductor layer and
three electrodes called as source, drain, and insulated gate electrode. The drain current
Ip flows through the channel at the interface between semiconductor/dielectric. The
source electrode injects the charge carriers into the channel and the drain electrode
collects the charge carriers. The electric potential of the gate electrode adjust the
channel that determines the maximum quantity of current flow. Thus the charge
carrier concentration induced by the gate-source voltage (¥s) at the channel plays an

important role during the OFET operating.
2.2.1  OFET device structure

The device structure of OFETs is distinguished on the basis of the gate electrode
and the contact electrode positions following the MISFET configuration. A schematic
illustration of these structures is shown in Figure 2.4. Usually, the OFETs are built as
the bottom gate top contact structure due to lower contact resistance at the contact
interfaces and simple active material processing. The bottom gate bottom contact

structure is also often employed because the structure is easy to mass production by

S 12 -



the lithography techniques.

Semiconductor
Source

Gate

Semiconductor
dielectric

Substrate

(d) Gate "
Source [ﬂf‘@g

Semiconductor

=" Drain

Substrate

Figure 2.4 Device structures of (a) bottom gate bottom contact, (b) bottom gate
top contact, (c) top gate bottom contact, and (d) top gate top contact
OFETs
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2.2.2  OFET operating principle

The mobile charge carrier given by Vgs leads to conductivity in the channel. When
a small voltage is applied between the source/drain electrodes, the current start to
flowing. When drain-source voltage (Vbs) is increased to values approaching Vgs, the
carrier density is no longer uniform across the channel. As a result, the channel
resistance increases and the /p becomes sublinear with respect to Vps. When the Vps

is increased further, Vps > Vgs - Vi and the mobile carrier density within the

channel is pinched off by a depletion region formed near the drain contact. Because
only a space charge limited saturation current /p can flow across the depletion zone,

Ip remains constant beyond the pinch-off point.
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223 Drain current characterization
(1) Linear current region

For small drain-source voltages, Vps < Vis — Vi, the voltage drop along the

channel is homogeneous and /p equation follows:

_ HoW
L

Vps
=2 [ G (os = Vo= wos@)dpos 0
0

This equation describes the drain current in the linear region.
(2) Current saturation region

When the drain-source voltage is increased and approaches Vig— Vi, the
accumulated charge density underneath the drain contact is more and more reduced
by the drain potential. For Vyg = Vg — Vi, the charge density under the drain
contact is zero and the conducting channel is pinched-off. A further increase of the
drain-source voltage beyond V¢ — V;;, shifts this pinch-off point towards the source
contact, causing the drain current to saturate. By replacing Vpg with Vgg — Vi, in

equation (1), the drain current in the saturation regime is obtained:

HoW C;
Ip = Z—Ll (Ves — Vth)2 ..... )

Generally, the charge carrier mobility could be extracted from the transfer

characteristics fitted by the equation (2).
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Chapter 3 Experimental methods

3.1 Perovskite Light-Emitting Diodes

3.1.1 Device Fabrications

The light-emitting diodes were fabricated with a glass/indium tin oxide (ITO)/
poly(3,4-ehtylenedioxythiophene):poly ~ (styrene  sulfonate) (PEDOT:PSS)/
perovskite/TPBi/LiF/Al configuration. The glass/ITO substrates were cleaned with
water, ethanol, and acetone in an ultrasonic bath for 15 min each, and subsequently
treated in a UV-Ozone cleaner for 15 min. Then by first PEDOT:PSS is deposited
onto the substrates at 4000 rpm for 40 s and then annealing it at 150 °C for 10 min.
After the PEDOT:PSS coating, all preparation steps, and characterization steps were
processed in N2-filled glovebox. The perovskite precursor solution was spin-coated
on top of PEDOT:PSS layer at 3000 rpm for 40 s. Then, the substrate was annealed
at 70 °C for 5 min. Then, the substrate was transferred into a vacuum chamber. TPBi,
LiF, and Al were deposited by thermal evaporation under high vacuum (c.a. 2 x 10-6
Torr) with the thickness 50 nm, 1 nm, 100 nm, respectively. The surface area of Al

electrode overlapped with ITO on the glass is 0.135 cm2.
3.1.2  Device Characterization

Current density, luminance — bias voltage (JVL) curves were measured with
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Keithley 2450 source-multimeter and SpectraWiz BLUE-wave UVIS-50 (StellarNet)

spectroradiometer.

3.2 Organic Field-Effect Transistors

3.2.1 Device Fabrications

OFETs were fabricated using a highly n-doped silicon (Si) substrate with a 200
nm layer of thermally grown silicon oxide (Si02) as the dielectric. All Si substrates
were cleaned by acetone and isopropanol subsequently in an ultrasonic bath and dried
in 100 °C to remove any residual solvent. Octadecyltrichlorosilane (OTS) self-
assembled monolayer was processed on Si substrate after UV-ozone treatment for 30
min. PBDTTPPD solutions were dissolved in chlorobenzene (CB) with a
concentration of 20 mg/ml and stirred for 2 hours at 60 °C. PCBM solutions were
dissolved in DCM with a concentration of 20 mg/ml and stirred 30 min at 30 °C.
PBDTTPPD layer was deposited on OTS-Si substrate by spin-coating at 800-2000
rpm for 40 sec. And then, PCBM layer was deposited on top of PBDTTPPD layer by
spin-coating at 3000 rpm for 10 sec. All solutions were filtered by a 0.45 pum
hydrophobic syringe filter before using. Source and drain electrodes were deposited
by thermal evaporation using gold with a shadow mask in high vacuum (2.0 x 10-6

Torr). All layer preparation and characterization processes of the OFET were
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performed inside N2-filled globe box.
3.2.2  Device characterizations

Output and transfer characteristics of the OFETs were measured using Keithley
4200 and the mobility was determined using equation (2) with a channel width of
3.00 mm and a channel length of 50.0 um, and dielectric capacitance of 15 nF cm?.

Characterization processes of the OFET were performed inside N2-filled globe box.

3.3 Film Morphology Characterization

Atomic force microscopy (AFM) was performed using a Seiko instrument SPI
3800-SPA 400. Transmission electron microscopy (TEM) was performed using JEOL

JEM-2100F.

3.4 J-V-L Equipment Setup

LED measurement is designed and manufactured directly to control the
measurement conditions flexibly and precisely. The measuring system is built by
combining a luminance measuring system with a current-voltage meter. LabVIEW is
highly recommended for the design of instruments with simple structures because of

their intuitive graphical user interface and ease of debugging through block diagrams.
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In addition, LabVIEW has the advantage of high accessibility because the logical
computation structure and user interface are separated and the design is very simple.
Current-luminance-voltage meters for LED measurement are divided into electrical
and optical quantification systems. Current-voltage measurements typically use a
source meter, which uses a Keithley 2450 source meter unit as a solution to provide
power and measurement of voltage and current. Luminometers include photodiodes,
photomultipliers, and sensors using CCDs. Photodiodes have the advantages of
simplicity in design, and photodiodes and CCDs have the advantages of high
sensitivity and fast response. However, both devices are very difficult to measure by
wavelength, making them unsuitable for PeLEDs with easy bandgap control.
However, CCD can be combined with diffraction grating in the form of array to
construct spectroradiometer to measure the amount of light per wavelength.
Therefore, in this study, the spectroradiometer was used to calculate the spectrum and

light quantity of LED for PeLED measurement.

One set of JVL information is transmitted to the PC through current measurement
with voltage in by the SMU and measurement of the amount of light by wavelength
by the SRM. Since the SMU delivers current and voltage in absolute values, it is
converted to current density-voltage using the area of the device. On the other hand,
the relative value is generally shown from SRM because the spectral signal is largely
influenced by the area, structure, and distance of the light source. Therefore, the SRM

signal needs to be converted to the spectral radiant flux through calibration in
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consideration of the measurement environment according to the measurement
structure. In this experiment, the radiant flux were calibrated using the light

integration time, the distance from the light source, and the area of the light source.

CCD outputs a certain amount of signal even in the dark due to the heat energy at
room temperature. In addition, this signal is mixed with a certain range of noise. It
can be assumed that the output signal S is the following equation for the light
collection time t, the background light amount @0, and the light source light amount

¢ for each wavelength.

§ =50+ (o + @)sst, (1)

where SO is the dark signal and &S is the conversion coefficient. In order to obtain I
by removing SO and ¢0, at least one measurement is required for the same t when the
light source turned off. Therefore, the amount of background light can be removed
from the magnitude of the target signal, and the optical power incident on the SRM

can be obtained by dividing by t and the coefficient S.

_ (s-su=0))
- &gt

(2)

in

For a planar LED, the larger the area A of the device and the area A 'of the detector,
the closer the distance d between the two increases the measured luminous flux.
Therefore, the total luminous flux or luminance of the device, which is a measurement

amount independent of A, A", and d, is used.
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L, =-2&
A=y (3)

In general, however, Q can be measured under a certain amount of spatial angle
QC due to the fixed viewing angle of the SRM. Therefore, the minimum measurable
distance is limited by the size of the device. In addition, the luminous flux (light
emission degree) E per unit area of the planar light source can be obtained assuming

a Lambertian surface.
E = @hemisphereL(G, ¢)dQ =L 4)
Luminance is obtained by integration for LA and the luminosity function L.
Ly = [LyLdA (3)
The external quantum efficiency nEQ of the LED is calculated through E.

Neq = [ 3+ d0da (6)

Note that when the emission spectrum is close to monochromatic light, such as in

PeLED:s, it is possible to approximate as follows.

2
NEqQ = % nc (7)

In perovskite, the current efficiency value is approximately 4 times EQE in green
PeLEDs with an emission peak at 524 nm, 0.5 times at 470nm (Blue), and twice the

value at 614nm (Red).
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Chapter 4 Optical and Physical Properties of
Nano-Polycrystalline CsPbBr3 Thin-

Film with Oligoelectrolyte Passivation

4.1 Introduction

The surpassing optoelectronic properties of halide perovskite have drawn attention
by its exceptional characteristics, such as high optical coefficient, bandgap tunability,
ultra-color purity, and excellent charge carrier mobility.[1] Since the first report on a
perovskite photovoltaic device using organometallic perovskite as an active layer,
their official efficiency has already exceeded 25% within a decade, owing to the
improvement of processing techniques, film crystallinity, grain passivation, and phase
stabilization.[2] The extremely high internal photoluminescence quantum efficiency
of perovskite, which rival to those of GaAs, especially, indicates that halide
perovskites are optimal materials for optoelectronic devices.[3] Regardless of the
rapid advances of perovskite devices, the structural defects, and the chemical, and
thermal instabilities of organometallic perovskites are still debating because of their
incurable decomposition of organic halide salt components.[4,5] Alternatively, Cs-
based inorganic halide perovskite has been applied to recent optoelectronic devices
as an active monovalent cation since the compositing and the processing techniques

for the inorganic perovskite developed.[6] The inorganic halide perovskite, which is
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composed of non-volatile elements, has shown highly increased lifetime and stability
in the optoelectronic devices including photovoltaics and light-emitting diodes.[7]
The intrinsic shortcomings, which should be treated indispensably, nevertheless, such
as grain boundary trap sites by halogen vacancy, decomposition by the moisture in
ambient air, and dewetting on the hydrophobic polymer as an electron blocking layer

(EBL), still have been obstacles for producing optoelectronic devices.

Many research groups have improved these drawbacks of the halide perovskite
materials by various techniques, then the halide perovskite could be made up for
defects by the three major categories. First, filling the surface trap sites, which are
originated from halide vacancy on the perovskite grains, is essential to reduce
nonradiative recombination and degradation starting from the grain surface.[3,8]
With this halide addition, its counter ions have allowed various functionality to the
electrical and chemical properties of the perovskite such as adjusting conducting
channels between the perovskite grains, preventing decomposition by ambient air or
water, and confining the perovskite grains into 2-dimensional. Another technique is,
by introducing a surface modifier below the perovskite, replacing or covering the
acidic HTL through various organic EBL to prevent decomposition by acid ions and
nonradiative recombination at the interface between HTL/perovskite.[9] The other
important effective technique for photoluminescence is Lewis adduct formation by
incorporating polymer into the perovskite precursor solution to improve phase

stability and light outcoupling by adjusting the refractive index of the perovskite thin

- 27 -



film.[10] These techniques described above have an important role in optoelectronic
devices by increasing radiative recombination, crystallinity, film coverage, and phase

and environmental stability.

Despite the progress abovementioned, the restricted functionality of a kind of
molecule limits the complementary improvement of the perovskite optoelectronic
devices. The leakage current and nonradiative recombination still needs to be
suppressed by filling the pinholes and surface trap passivation, respectively.[11,12]
The interface compatibility is also need to be improved with underlying organic
layers.[13] No additive material including this these functionality has existed so far
due to limitation of the simple structures of conventional small molecules and of the
unit molecules of polymers.[14] To achieve widened functionality including halide
fill-up, refractive index matching, and wetting compatibility, the base structure of the
functional material needs to be larger as like oligomers. Since these reasons described
above, we have supposed the novel type material, the oligoelectrolyte, which has a
molecular weight between small and polymer, has to be applied into the halide

perovskite thin film.

Here, we demonstrate the multifunctional conjugated oligoelectrolytes over the
halide perovskite thin films as an additive to achieve the PeLEDs with high brightness
and efficiencies. With a pyridinium functionalized side chains, the conjugated

oligoelectrolyte (COE) could passivate the perovskite grain effectively via dissolving
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with main solvent of the perovskite precursor solution as like organic salts, and
control wetting property within the perovskite solution via on the hydrophobic
surface. To the best of our knowledge, no studies have been reported yet regarding
the multi-functionalized conjugated oligoelectrolyte on the perovskite based
optoelectronic devices; the subject is clearly worthy of investigation. We report
substantial improvement of the inorganic perovskite thin-film in photoluminescence
(PL) by decorating the surfaces and grain boundaries with conjugated
oligoelectrolytes layers. We demonstrate that the wetting and moisture-resistant
property, stabilized phase, and energy level alignment with HTL and ETL also could
be controlled integrative by applying this novel oligoelectrolyte. Our work represents

an important advance in the enhancement of the PeLEDs.
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4.2 Result and Discussion

In order to passivate the perovskite grain and grain boundary of the film, we
introduced the oligoelectrolyte into the perovskite precursor solution by using the
similar polarity of the ion chain of the oligoelectrolyte and the perovskite precursors.
Though the both ions have been the blended state in the solution and in the mediate
state after spin-casting, the oligoelectrolyte forms at the grain boundary of the
perovskite crystals by the phase separation between conjugated arenes and ionic
crystals after drying and crystallization of the perovskite film. Because solution-
processed perovskite crystals are sensitive to composition ratio of the precursor, we
denote the perovskite blended samples as its ionic molar fraction x for the A site
cation to neglect large molecular weight of the oligoelectrolyte.[15,16] Since a
molecule of the oligoelectrolyte has six side chains with bound ions, the amount of
the oligoelectrolyte contained in the precursor solution of x concentration

corresponds to 1/6 of x.

Photo-physical properties of Perovskite thin film with oligoelectrolyte

Since the photoluminescence (PL) properties of the active layer greatly affect on
the performance of light-emitting diode, we investigated integrated steady-state

photoluminescence (PL) and PL spectra with 320 nm ultraviolet (UV) excitation and
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the results are shown in Figure 4.1. The integrated PL intensity over the radiance
spectra of the inorganic perovskite films is shown in Figure 4.1a with increasing
passivator content x. The PL intensity shows a substantial increase 2.7 times higher
when 5% addition of oligoelectrolyte, reaching a very high increasement PL intensity
33 times higher than without sample when 30%. When the oligoelectrolyte passivator
is over than 40%, the perovskite thin film remains transparent after film annealing
and there was no PL from the film. The PL increasement such as the result shown in
Figure 4.1a could be originated two reasons: (i) enhanced PL quantum efficiency by
trap passivation of the ions from the oligoelectrolyte passivator, and/or (ii) the UV
absorption increasement by the thicker film. This exceptional PL increasement is
addressed to the trap passivation due to there is no increasement of the film thickness

described below.

With increasement of the PL intensity, the peak position of PL spectrum is also
slightly blue-shifted as shown in normalized PL spectrum with different amount of
the oligoelectrolyte x=0 (pure), 0.05, 0.10, 0.20, and 0.30 in Figure 4.1b. These results
imply that the CsPbBr; crystals developed in the films containing oligoelectrolyte
passivator were much smaller than the pure CsPbBr; crystals and thus prevent the
excitonic reabsorption of the portion of the short wavelength of the PL spectra. For
only 5% of passivating additive, spectral width was reduced from 23 nm when CPB
to 21 nm when CPB with 5% oligoelectrolyte. At 30% the FWHM became 19 nm,

which show high pure color. Furthermore, only 10% oligoelectrolyte incorporation
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Figure 4.1 Photoluminescence (PL) properties of CsPbBr; perovskite films with
oligoelectrolyte passivation. (a) Integrated PL, and (b) normalized PL

spectra of the films. (¢) PL images of the CsPbBr; without and with
oligoelectrolyte.

- 32 -



0.40

0.30

Optical Density

0.20

PEDOT:PSS/PVK
ITO

0.10F

0.00

400 500 600 700 800

w
-]

(d) (e) —@—urbach energy
-; > 36 9
% E
= L+
= @34 <
= [
= =
e =
g S 32 Q
= £ /
=
= "]
30
2.2 23 2.4 2.5 2.6 0 10 20 30
Photon Energy (eV) Pé6 fraction (%)

Figure 4.2 Optical density and Ubarch Energy of the pc-CsPbBr;@COE thin-
film. (a) Optical Density of the CsPbBr3 films with oligoelectrolyte
passivation. Cross-sectional SEM image of the CsPbBr; films (b) without,
and (c) with 20% oligoelectrolyte. (d) Derivation of the logaritic
absorbance (log a) at near of the bandgap range and (e) extracted Urbach
energy as function of oligoelectrolyte fraction.
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prolongs the stability of the CsPbBr; crystals after 8 days in ambient air aging
whereas PL of pure-CsPbBr3; became yellow film after aging as shown in Figure 4.1c.
The incorporation of PFs~ anions and fluorene conjugated body at the oligoelectrolyte
shows that the CsPbBr; are passivated at the grain boundary and induced nano-sized

crystal successfully.

UV-vis absorbance spectra confirm the formation of nanocrystalline CsPbBr; with
smooth surface and low reabsorption as shown in Figure 4.2. The absorption edges
(Figure 4.2a) for each sample are positioned at each PL peak wavelength. Although
whole CsPbBr; films with oligoelectrolyte showed highly suppressed absorbance
under the bandgap range (A > 550 nm), indicating that the surface of the CsPbBr;
films became low roughness films. The absorbance of continuum states decreases as
increase the ratio of oligoelectrolyte because the perovskite density in the CsPbBr;
film also decreased along with the nano-sized crystallization in the constant film
thickness (Figure 4.2b). And sharp exitonic absorption at 512 nm of the pure
inorganic perovskite related to crystal size, reduced gradually as more
oligoelectrolyte incorporated. In order to observe the reduction of the trap states,
Urbach energy was extracted through the derivation of the optical density at the range
of the bandgap.[17] The Urbach energy decreased to 30.6 meV from 34.5 meV after
incorporation of 10% oligoelectrolyte, showing that CsPbBr; grain surface is
passivated thorough the ionic interaction by the oligoelectrolyte. We found that the 5

and 10% CsPbBr; films show the lowest Urbach energy, and the emission peak
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wavelength suddenly jump toward 510 nm over than 20% whereas changes gradually

under and over than 20%.

Structural Properties of the perovskite films

The PL enhancement by passivating with oligoelectrolyte can be addressed by
structural evolution of the grain morphology of the perovskite thin-film. As shown in
Figure 4.3, the pure inorganic perovskite film shows large and non-uniform grains
with particularly many pinholes on the film surface. At a 10% blend with
oligoelectrolyte addition, the grain size is substantially decreased and fewer small
pinholes were observed on Figure 4.3b. With the polyethylene glycol (PEG) blend,

pinhole-free perovskite thin-film was formed and became more uniform.

The crystal morphology of perovskite films with and without oligoelectrolyte is
analyzed by field-emission scanning electron microscope (FE-SEM), and Figure 4.3
shows the related surface. The surface morphologies of the films with different
composition of additives of oligoelectrolyte 0, 10%, and 10% with PEG with respect
to mole amount of CsPbBr3 precursors, were investigated. Apparently, although
CsPbBr3 grains formed almost in large size crystals without oligoelectrolyte, much
smaller grains of CsPbBr3 formed in the presence of oligoelectrolyte 10% with PEG.
Notably the small grains developed in the presence of oligoelectrolyte in Figure 4.3b

are conserved their crystal phase of 0% CsPbBrs3, as confirmed by PL spectra in which
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the intensity of the absorption band at 2.3 eV. No reduction in the grain size was
observed in films with additional PEG incorporation; a film with oligoelectrolyte and
PEG even prevent crystal growth after film formation in ambient air. The morphology
of a film without oligoelectrolyte deposited on either PEDOT:PSS or PVK layer was
also examined and the FE-SEM image shows very large grains of the pure-CsPbBr;
with large intercrystalline voids (Figure 4.3a inset), suggesting the beneficial role of
the oligoelectrolyte on the formation of dense and pinhole-free forms with
nanocrystalline CsPbBr; films in Figure 4.3b inset. We note that the intercrystalline
voids named as pinhole cause unavoidably the leakage path, which induce
nonradiative recombination of injected charge carriers in the device, by the direct
contact between HTL and ETL. Nanocrystalline CsPbBr; by the oligoelectrolyte
being contrast with pure CsPbBr; connote that the ion at the end of the branches

bound with the grain surface and suppressed the grain growth.

The passivated perovskite film mainly consists of the perovskite crystals,
confirmed by the characteristic X-ray diffraction peaks at 15.2°, 21.6°, 30.6°, and
37.8° corresponding to the (101), (121), (202), and (123) planes, respectively, of the
orthorhombic Pnma phase (PDF#54-0752) (Figure 4.4a). The XRD spectrum for
CsPbBr; shown here is in good agreement with the reference database for the
orthorhombic perovskite structure, the notable difference between pure and
passivated perovskites being the peak ratio of (110) to (123) plane as shown in Figure

4.4c, d. We note that the (123) peak has increased relative intensity compared to
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literature data, suggesting that the processing route used here yield films that are
somewhat oriented in the diagonal direction.[18] Because the grain size of passivated
perovskite is smaller than that of pure perovskite and the mass fraction of the
perovskite is reduced by the portion of passivator, there should be a reflection decline
when the perovskite is passivated. Thus, there should also be a corresponding
decrease in XRD peaks as the passivator fraction increases. The XRD spectra for
x=0.05 and 0.10 are thus consistent with the peaks of the pure perovskite that is
gradually diminished relative to ITO peak. The identical peak position in XRD
spectra from which we can see that those films indicate a same phase and no CsBr
residues were observed. By comparing the XRD patterns especially the intensity
changes of peaks, we conclude that the oligoelectrolyte passivator induces a
directional crystal growth along the (123) facet close to (111) plane, which forms
nearly destructive interference with identical crystals to the pure CsPbBr;3 perovskite

in nano-metre scale grains.
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Current-Voltage-Luminance Characteristics of PeLED

Keeping in mind that the 10% composition of oligoelectrolyte CsPbBrs; film could
be a good candidate for an emitting material, we fabricated another batch of devices
to  verify this  hypothesis. = We  structured the  PeLED  as
ITO/PEDOT:PSS/PVK/CsPbBr3/TPBi/LiF/Al. PEDOT:PSS is used as a hole
injection layer (HIL), PVK as a hole transporting layer (HTL), TPBi as an electron
transport layer (ETL), and CsPbBr; with oligoelectrolyte as an emission layer (EmL)
as shown in Figure 4.5a. The injection current keeps constant from 0% to 30% in
Figure 4.5b. Correspondingly, the brightness continue to increase (Figure 4.5b-c), and
the 10% oligoelectrolyte based PeLED shows the maximum brightness of about 1000
cdm. We suspect that this might be due to the swallowed effective work function of
the CsPbBrs; over than 20% oligoelectrolyte incorporation due to the passivator has
surrounded the CsPbBr; crystals with the work function tuning ionic chains (Figure
4.5a). The decreased effective work function with larger molar ratio of
oligoelectrolyte can lead to mismatched charge balance in the EmL or charge carrier

passing by the EmL, which would have suppressed luminescence of the PeLED.

Although the strong work fucntion rearrangement, we apply bistriflimide (TFSI)
anion, which show induce deeper effective work function contrary to the PF®, on top
of the PVK HTL layer to offset the hinderance of hole injection at the HTL/EmL

interface. As shown in Figure 4.7, the operation voltage decreases and the current
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density and luminance increases intensely after HTL energy level matching. The best
oligoelectrolyte passivated PeLED shows luminance of 12600 cd m™, which is about
10 times of PF® only PeLED. Owing to the increasement of the luminance, the CE

increase to 2.23 ¢d A”!, which is about 8 times of PF® only PeLED.
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Figure 4.5 Device structure and performance of CsPbBr; PeLEDs. (a) Cross-
sectional scanning electron microscopy (SEM) image and the device
structure of the PeLED. (b) J-V-L characteristics and (c) current efficiency

with respect to J of the PeLEDs
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Table 4.1 Parameters of best-performing PeLEDs

EmL Structure Lmax (cd/m?) @J (mA/cm?) Peak (nm)
T2/Pe@P6 12600 720 520
Pe@P6 2030 374 520
Pure Pe 7.25 5.65 524
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4.3 Conclusion

We have shown that crystal passivation of CsPbBr3 with PF6 branch-type
oligoelectrolyte (COE) through the solution-deposition process leads to nanometer-
sized crystals, and low Urbach disorder, typical for the long A-site cation introduction.
The nanocrystals of the perovskite film have tended to orient its crystal planes when
COE introduced into the perovskite film as a GB passivator. Pyridinium functional
branches with its counter anion parts (Br-, PF6-, and TFSI-) on multi-functional
conjugated oligoelectrolyte (COE) molecules effectively passivated the grain
boundary (GB) of the halide perovskite (or both organic hybrid and inorganic halide
perovskite) and enhanced PL intensity (or PL quantum efficiency) from the perovskite
thin films after the passivation of the GB. Since COE has much larger bandgap rather
than the perovskite emitter, the body of COE, the fluorene, which is located at the
GBs through the ion branch interaction, also boosts PL intensity by preventing charge
carrier recombination across the GB, (forming multiple quantum well structure) and
gives the surface energy compatibility to the perovskite precursor solution on the hole
transporting layer (HTL), PVK. Especially, hexafluorophosphate anions, which gives
less-hygroscopicity to the COE, enhance the stability of the perovskite thin-film by
preventing chemical decomposition induced by the moisture in air. These techniques
for the perovskite passivation holds great promise for further high-performance

PeLEDs.
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Chapter S Solution-processable ambipolar
organic field-effect transistors with

bilayer transport channels

5.1 Introduction

Ambipolar field-effect transistors (A-FETs) which show both n-type and p-type
operation functions have drawn considerable attention as a promising element for
simply fabricable integrated circuits (ICs).[1-4] Because the A-FET can act as n-type
and p-type FETs selectively for low power dissipation and noise squelching in ICs, it
leads to significant reduction in the complexity in device fabrication.[5—8] In
particular, the ambipolar organic FET (A-OFET) using an organic semiconductor as
an active material has additional advantages such as easy fabrication,[9] large
processing area,[10] and high flexibility.[11] Moreover, it enables the fabrication of
straightforward complementary ICs without any significant change in the device
structure of the OFET.[12] Therefore, developing an efficient A-OFET is one of the
reasonable approaches to obtain simply processable, highly efficient complementary

ICs.

Compared to conventional OFETs with one carrier transport via one carrier

channel, the A-OFET can transport both electrons and holes via multi-carrier channels
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formed in the active layer of the device.[13] Since the carrier channels formed in the
active layer are strongly affected by the configuration of the active layer, fabricating
an optimized configuration of the active layer in the A-OFET becomes one of the
critical factors in determining the performance of A-OFET devices.[14-16] Two
useful methods for the fabrication of an ambipolar active layer for an effective A-
OFET have been suggested in previous studies.[17,18] One is the use of organic
semiconductors with low bandgap as active materials and two different metals as
contact electrodes. In this case, electrons are injected from the lower work-function
metal contact, while holes are injected from the higher work-function metal and
transported via the active layer. The other is the use of a blend of two organic
semiconductors, which show n-type and p-type properties for electron and hole
transport, respectively. Both the methods can easily provide efficient A-OFETs;
however, both have drawbacks which need to be overcome for commercial
applicability. The former method suffers from the limited availability of organic
semiconductors with low bandgap as active materials and additional deposition steps
are required for the evaporation of a different metal. On the other hand, the use of a
blend material as the active layer causes limited charge carrier mobility due to the

innumerable junction interfaces in the active layer.

Introducing a bilayer structure with two stacked layers of n- and p-type
semiconductors to the device as an active layer is one of the promising approaches to

obtain an efficient A-OFET. Because each electron- and hole-carrier moves via a
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transport channel formed in one of the bilayers, there are no junctions of the two
materials in the lateral direction of charge transport from source to drain electrode.
This reduces the trap sites in the active layer due to the straightforward transport
channels. Recently, there have been several attempts to construct a separated active
layer such as in double-layer OFETs.[19,20] By the deposition of the p-type small
molecule and the n-type C60 separately using thermal evaporation, they successfully
fabricated a bilayer A-OFET. Although the device works effectively and shows
ambipolar properties, the A-OFET is based on small molecules, thus requiring a
vacuum process, which has not been matched to the printing technology for mass
production. In addition, an effective way to obtain balanced n- and p-type transport
characteristics and charge carrier mobility in an A-OFET has not been investigated

so far.

In this study, we successfully demonstrate a solution-processable bilayer A-OFET
using the semiconducting polymer poly[4,8-bis(5-(2-ethylhexyl)thiophen-2-yl)benzo
[1,2-b:4,5-b’]dithiophene-alt-2,5-dioctyl-4,6-di(thiophen-2-yl)pyrrolo[3,4-
c]pyrrole-1,3(2H,5H)-dione) (PBDTTPPD),[21] and soluble [6,6]-phenyl-C61-
butyric acid methyl ester (PCBM). Using the orthogonal solvent dichloromethane
(DCM),[22] we repeatedly obtain clear bilayers of the p-type semiconducting
polymer PBDTTPPD and n-type PCBM. In addition, the charge carrier mobility of
each layer is controlled using additive materials and controlling the PBDTTPPD layer

thickness.[23] The A-OFET shows significantly balanced n- and p-type transport
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characteristics and charge carrier mobility.

5.2 Result and Discussion

For the effective transport of both electrons and holes in one device, the active
layer should consist of n-type and p-type materials. As shown in Figure 1a, typical
PCBM and PBDTTPPD are chosen as the components in the active bilayer for
electron transport and hole transport, respectively. PCBM is widely used as an
electron-transport material in solution-processed thin films, and PBDTTPPD is an
acceptable hole-transport material with reasonable hole mobility and has been
frequently used as a donor material in recent organic solar cells.[21,24,25] The
solution-based bilayer structure of the PBDTTPPD/PCBM is formed by the sequent
coating of the two materials dissolved in an organic solvent. Thus, one of the critical
problems in the fabrication of the bilayer film is the dissolution of the underlying
PBDTTPPD layer by the organic solvent in the PCBM solution.[26,27] Because the
PBDTTPPD film dissolves well in common organic solvents such as chlorobenzene
(CB), dichlorobenzene (DCB), and chloroform (CF), the use of these solvents in the
PCBM solution for the sequent coating leads to the dissolution of the PBDTTPPD
layer when the PCBM solution is dropped on the PBDTTPPD layer.[21] To overcome
this problem, a solvent that does not dissolve PBDTTPPD but dissolves PCBM is

necessary to obtain the complete bilayer structure.

The use of DCM with a strong dipole moment as a solvent for the PCBM solution
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enables the realization of the bilayer structure. In fact, the DCM solvent can dissolve
both PBDTTPPD and PCBM, and it causes the dissolution of the underlying
PBDTTPPD layer when the PCBM solution with DCM is dropped for spin casting.
However, we observe that the PBDTTPPD layer hardly dissolves in a PCBM solution
with saturated concentration as the molecular weight of PBDTTPPD is higher than
that of PCBM. The variation of absorbance versus concentration for the PCBM and
PBDTTPPD solutions is shown in Figure 1b. The wavelength of the incident light for
absorbance measurement is chosen at 532 nm and 575 nm for PCBM and
PBDTTPPD, respectively. As shown in Figure 1b, the absorbances of both the
solutions increase linearly with increasing concentration in the washy region.
However, the absorbances become constant and saturated when the concentration
reaches 0.174 mg/ml for PBDTTPPD and 16.0 mg/ml for PCBM. Therefore, it is
expected that PBDTTPPD does not dissolve in a PCBM solution with a concentration

higher than 16.0 mg/ml and sinks to the bottom.

Figure 1c shows the absorbance spectra for PCBM film (black line),
PCBM/PBDTTPPD bilayer film (red line), PBDTTPPD film (blue line) and the
calculated difference in absorbance between the PCBM and bilayer films (green line).
As expected, the calculated absorbance matches well with the absorbance of the
single PBDTTPPD film; this clearly indicates that the PCBM/PBDTTPPD bilayer is

completely formed without any damages to the underlying PBDTTPPD layer. The
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Figure 5.1. (a) Molecular structure of PBDTTPPD and PCBM in the bilayer. (b)
Absorbance variation of PBDTTPPD (black squares) and PCBM (red
circles) dissolved in DCM with increasing molecular concentration for
monochromatic incident light. (c) Spectral absorbance spectra of PCBM
(black), PBDTTPPD/PCBM bilayer (red), pristine PBDTTPPD (blue),
and the difference in absorbance between PCBM and the
PBDTTPPD/PCBM bilayer (green). (d) Averaged thickness (1 pm width
along scanning direction) surface profile of the PBDTTPPD and PCBM
films measured by the atomic force microscopy (inset).
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surface profiles extracted from the atomic force microscopy (AFM) data before and
after the deposition of the PCBM layer on the PBDTTPPD film also support our
expectation. For the surface profile measurement, we remove the films partially and
scan the film surfaces using the AFM. As shown in Figure 1d, the thickness of the
single PBDTTPPD film (blue line) is 0.2 pm and that of the PBDTTPPD/PCBM
bilayer (red line) is approximately 0.3 pm. Therefore, the thickness of the PCBM film
is easily calculated as it is deposited on the PBDTTPPD film and this proves the

existence of the complete bilayer of PBDTTPPD/PCBM.

With the complete bilayer on the Si substrate, we fabricate the A-OFET after
evaporating Au as the source and drain electrodes on the PBDTTPPD/PCBM bilayer.
The final structure of the A-OFET is presented in Figure 2a with a cross-sectional
transmission electron microscopy (TEM) image of its active layer. The cross-
sectional TEM image shows each layer completely separated and a reasonable
thickness of 0.3 um in the equivalent scale with that measured in the surface profiles
in Figure 1d. The conceptual diagrams for the operation of the A-OFET device under
n-type and p-type modes are shown in Figures 2b and 2c. The energy levels of highly
n-doped Si, PBDTTPPD, and PCBM are drawn relative to each other. In the n-type

operation (Ap = 0 eV in Figure 2b), the chemical potential (¢) is lowered by Ap =

-qV relative to its equilibrium position, tilting the conduction band of the dielectric
and bending the conduction band of PBDTTPPD and PCBM at the interface. Since

two valleys are formed at the dielectric/PBDTTPPD and the PBDTTPPD/PCBM
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Figure 5.2. (a) Structure of the ambipolar organic field-effect transistor and its cross-
sectional transmission electron microscopy (TEM) image. Energy

diagrams of the device under the following operating conditions: (b) n-
type transistor and (c) p-type transistor modes.
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interfaces, the PBDTTPPD/PCBM interface offers the n-type transport channel,
whereas the dielectric/PBDTTPPD interface could not transport electrons. Similarly,
under p-type operation (Ap = 0 eV), the chemical potential of the gate is raised by
-qV from its equilibrium position. In this case, only one valley exists below the
valance band of PBDTTPPD at the dielectric/PBDTTPPD interface. This valley

transports the positive carriers from the source to the drain electrode.

Figures 3a and 3b present the output characteristic curves of drain current versus
drain-source voltage for different gate-source voltages (VGS) in the A-OFET under
p-type and n-type operation modes, respectively. Due to the minor carrier injection,

the A-OFET behaves as a typical diode at low gate-source voltages (-20V < VGS
< 0 V). However, the A-OFET device shows unipolar p-type FET characteristics
with drain current saturation at high gate-source voltages (-60 V. = VGS = -30V).
For n-type channel formation 30V < VGS =< 60 V), the A-OFET device exhibits

n-type output characteristics with saturated current, as shown in Figure 3b. This

clearly indicates bipolar transport in the A-OFET.

The transfer characteristics of drain current versus gate-source voltage (black
curves) of the A-OFET device are shown in Figure 3¢ for p-type operation (drain-
source voltage is -60 V) and in Figure 3d for n-type operation (drain-source voltage
is 60 V). As expected, the A-OFET device exhibits clear bipolar transfer

characteristics under the fixed drain-source bias conditions of -60 V and 60 V. When
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Figure 5.3. Output characteristic curves (a, b) and transfer characteristic curves (c, d)
of the device in each operating mode: p-type (a, ¢) and n-type (b, d). Blue
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the voltage of -60 V is applied, the device exhibits the minimum values of drain
current at the gate-source bias of -20 V. Remarkably, the current gradually increases
with not only increasing but also decreasing gate-source voltage. This tendency is
also observed when the drain-source voltage of 60 V is applied to the device. The
current gradually increases in both directions with the minimum current observed at
the gate-source voltage of 30 V (Figure 3d). This confirms that the device operates as
an ambipolar transistor and it originates from separated transport channels formed in

PBDTTPPD for the holes and in PCBM for the electrons in the bilayer.

The mobilities of the electrons and holes in the A-OFET are extracted from the

square root of the drain current (blue) curves in Figures 3c and 3d and the equation

(1) below.

CaiW

Ip = po (T) (Vos — Vin)? (1)

where L is the field-effect mobility, W and L are the width and the length of the
OFET channel, respectively, Cgi is the capacitance of SiO» dielectric, and Fth is

extracted from the fitted line of the characteristics.

Since the drain current is sensitive to the film thickness and morphology of both
the active layers, an optimized condition for higher mobility is obtained by
controlling the PBDTTPPD film thickness and the morphology of PBDTTPPD and

PCBM.[23] It has been proved that additive solvent treatment is one of the effective
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ways to optimize the morphology of active layers in bulk heterojunction polymer
solar cells.[28] Adding a small amount of an additive solvent with a high boiling point
to the active materials provides a better nanometer-scale morphology of the active
layer. As shown in Figure 4a-d, we added the DIO additive to PBDTTPPD and PCBM
separately and their combination and monitored the carrier mobilities of the device.
In addition, the mobilities are measured for the increasing PBDTTPPD thickness.
Figure 4b shows the variation of electron mobility versus increasing PBDTTPPD
thickness after adding the DIO additive to PBDTTPPD, PCBM, and their
combination. Unexpectedly, the devices treated with DIO show a decrease in the
electron mobility compared to the original mobility of 3.83 x 10 cm? V! s on 100
nm thickness of PBDTTPPD layer. Moreover, the electron mobility decreases with
increasing PBDTTPPD thickness. However, as shown in Figure 4c, we observe an
increase in the hole mobility of the devices treated with the DIO additive. The device
in which the DIO additive is added to the combination of the materials shows the
highest hole mobility of 7.57 x 102 em? V' 5!, which is almost two times higher than
that of the pristine devices at 100 nm thickness. The hole mobility also slightly

decreases with increasing PBDTTPPD thickness.

Compared to the PCBM molecule, the PBDTTPPD has bulk volume and
molecular weight. Therefore, it is expected that the morphology change in
PBDTTPPD is strongly affected by the addition of the DIO additive compared to

PCBM.[29] In addition, since the electric field decreases when the distance between
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Figure 5.4. (a) Device structure of the bilayer FET treated by the DIO additive. (b)
Electron mobility and (c) hole mobility of the device with and without the
DIO treatment (with increasing PBDTTPPD thickness). (d) Balanced
mobility of the electrons and holes with and without the DIO treatment.

- 62 -



the gate electrode and the source electrode increases at a constant gate-source voltage,
the decrease in electron and hole mobility with increasing PBDTTPPD thickness is
easily understood. Moreover, considering that the electron channel lies at the interface
between PBDTTPPD and PCBM, the increasing thickness of PBDTTPPD (which is
located between the PCBM layer and the gate electrode) should reduce the electron
transport channel width due to the decreased electric field. This electron mobility
dependency is probably due to the PBDTTPPD layer playing the role of a dielectric,
which varies the effective dielectric capacitance in n-type operation. Finally, balanced
carrier mobilities for the A-OFET are obtained with only PCBM treated by DIO.
Figure 4d shows the comparison of the carrier mobilities of the device under different
DIO-treated conditions. When DIO is added only to PCBM, the device exhibits

balanced carrier mobility with an average electron mobility of 2.22 X 103 ¢m? V!

s'! and an average hole mobility of 2.29 x 107 e¢m? V! s at 115 nm thickness of the
PBDTTPPD film. Therefore, it is obvious that the device operates as an ambipolar

transistor.
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5.3 Conclusion

In conclusion, we demonstrate a solution-processable A-OFET in this study. By
achieving the saturation condition of the DCM solvent for preparing the PCBM
solution, we successfully deposited PCBM on PBDTTPPD with no damage. The
charge transport channels for the electrons and holes are formed in the PCBM and
PBDTTPBD layers of the bilayer, respectively. The A-OFET operates as an n-type
and p-type transistor by controlling the gate-source voltage or the drain-source
voltage. When a positive bias is applied between the gate electrode and the source
electrode, an n-channel for electron transport is generated close to the interface of
PCBM and PBDTTPPD, and the device serves as an n-type transistor. On the other
hand, a p-channel for hole transport is produced at the interface of PBDTTPPD and
Si02 dielectric with a negative bias, and the device serves as a p-type transistor. The
better-balanced n- and p-type transports are achieved by morphology control using
the DIO additive and the PBDTTPPD layer thickness. The optimized device exhibits
balanced carrier mobility with an average electron mobility of 2.22 x 107 cm? V! 7!
and an average hole mobility of 2.29 x 10 ¢cm? V' s at 115 nm thickness of the
PBDTTPPD film. Because the A-OFET is easily fabricated via the solution process,
it presents a potential method for mass production of ambipolar transistor arrays such

as roll-to-roll processing.
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Chapter 6 Summary and outlook

This dissertation aimed to investigate how improvements could be made to current
optoelectronic and electronic devices for the printable displays through the
employment of specific functional materials. Two major devices, LEDs and OFETs
were studied for improvement in the performance and the functionality. For PeLEDs,
a novel conjugated oligoelectrolytes were introduced as a surface passivator result in
the CE and maximum luminance increased. PL intensity and film stability are also
improved by passivation. For OFETs, a complete bipolar transporting active layer
was obtained by employing PBDTTPPD and PCBM. I believe that this study makes
a significant contribution to the literature because A-OFETs allow a significant
reduction in the complexity of organic integrated circuits. The field of display
electronics is advancing fast with improved processing technology of active materials.
These new processing techniques offer potential solutions to developing cheap and

efficient displays with solution-processing.
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