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Abstract

THIN FILM TRANSISTORS USING

METAL OXIDES AND 2D NANOMATERIALS:
PERFORMANCE OPTIMIZATION AND
APPLICATION TO QUANTUM DOT LIGHT-
EMITTING DIODES

GEUN WOO BAEK

DEPARTMENT OF ELECTRICAL AND
COMPUTER ENGINEERING
COLLEGE OF ENGINEERING

SEOUL NATIONAL UNIVERSITY

The development of electronic displays integrated with Thin Film Transistors
(TFTs) has been great interests due to their superb merits. For the past decades, several
studies have been reported for the flat-panel displays (FPDs) such as active-matrix
liquid crystal display (LCD) and organic light-emitting diode (OLED). Despite of

these excellent achievements, progress of p-type oxide/nano semiconductors and



operation of quantum dot light-emitting diode (QLED) driven by backplane TFTs are
limited. This is because the electrical characteristics of p-type semiconductor have
low mobility, high off current, and device instability. In this sense, we investigated p-
type oxide/nano material-based TFTs and colloidal quantum dot light-emitting diodes
(QLED:Ss) for the afore-mentioned application.

First, we implemented p-type tin oxide (SnO) TFTs with spray-coated single-
wall carbon nanotube (SWNTs) as source and drain electrodes for their electrical
characteristics as alternative electrodes formed of nanowire structures, which are
potentially attractive for flexible electronics. The device architecture of SnO TFTs
with a polymer etch stop layer (SU-8) enables the selective etching of SWNTSs in a
desired region without the detrimental effects of SnO channel layers. In addition, SnO
TFTs with SWNT electrodes as substitutes successfully demonstrate decent width
normalized electrical contact properties (~1 kQ cm), field effect mobility (~0.69
cm?/Vs), sub-threshold slope (~0.4 \VV/dec), and current on-off ratio (lon/loff ~ 3.5%103).
Furthermore, temperature-dependent electrical contact and channel properties
elucidate SnO channel transports with an activation energy of 3x1072 eV, interpreted
as a negligible level of valence-band tail states, together with decent contact resistance
comparable to that of Ni electrodes.

Second, we firstly demonstrated the QLEDs operation modulated by p (or n-type)
MoTe, TFTs with the realization of complementary type transistor. In this study,
molecular doping by Poly-L-lysine (PLL) as an electron dopant is adopted for a type
conversion of MoTe, TFTs, and surface ligand modification is utilized for the
improvement of QLED performance. In this regard, the PLL treatment achieves the
outstanding type conversion of MoTe, TFTs without any degradation of electrical
properties, leading to securing reliable p (or n-type) devices, thus, availability of

complementary circuits. Furthermore, ligand modified QDs capped Wit_h octylamine
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result in balanced electron/hole injection in QLEDSs, yielding improved current
efficiency (na =13.9 cd/A) and longer lifetimes (Tso = 66 h at LO = 3000 cd/m?). As a
result, MoTe, TFTs demonstrate their capabilities to drive the QLEDs for the
envisioned application including display backplane transistor with decent switching
properties, immunity for generation of photocurrent, and operation stability.

In this thesis, we discuss the oxide/nano material based TFTs and ligand
modified bottom emitting red QLEDs for many promising applications. Our research
achievements using p-type SnO and MoTe; as backplane TFTs, and CdSe QLED as
novel display device can be used in potentially envision fields for the convergence

research.

Keywords: Quantum Dot Based Light-Emitting Diodes, SnO TFTs, MoTe, TFTs,
Ligand modification, type controllability, Single-walled carbon nanotubes.

Student Number: 2017-37091
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Chapter 1

Introduction

1.1 An Overview of Thin Film Transistors

After first fabrication in 1962 [1], thin film transistors (TFTs), which are type of
field-effect transistor (FETSs), are fundamentally regarded as one of electronic
components from mobile phone to flat panel Displays (FPDs). Compared to a metal
oxide semiconductor field effect transistor (MOSFET) exploiting only a silicon wafer
as semiconductor and substrate, a TFT, which is available at different substrate using
glass, has superb advantages such as a low-cost, an easy and reliable processibility on
large area devices. Currently, semiconducting material as active layer of TFTs is being
used for organic light-emitting didoes (OLEDSs) and liquid crystal displays (LCDSs).

To realize the high performance of display devices, fast response time, panel

flexibility, high resolution, and reliability are dispensable for FPDs. For example, the
1 i



required carrier mobility (x) of backplane TFTs to achieve high resolution and high
speed of OLED displays should exceed 10 [cm?/vs]. In this regard, Fig 1.1 shows the
representative candidates of active materials to fulfill this requirement. Also, as the
progress of advanced display devices has been accelerated, flexible semiconducting

material attracts a lot of attentions due to their mechanical flexibility.

Oxide semiconductor | [ 1D, 2D semiconductor
1GZ0 = SWNT '
Cu0 W Graphene
SnoO MosS, MoTe,
—  Conductor —  Organic semiconductor |
00 Q-

7
pentacene ./
XY
CHa(CHo)sCH3 | Ceo

Gate
dielectric

Gate

Substrate

Figure 1.1 Device structure of thin film transistors and their representative materials

as active layer and conductor.



As shown in Fig 1.2, mobility versus mechanical flexibility was investigated
using amorphous/polycrystalline silicon, organic semiconductor, single-walled
carbon nanotubes (SWNTSs), amorphous metal oxide semiconductor, and transition
metal dichalcogenides (TMDCs) for FPDs. In this thesis, we focus on the metal oxide
semiconductor and TMDCs as active layer and SWNTs as conductor for the next

generation displays.
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Figure 1.2 Charge carrier mobility vs flexibility of various semiconductor materials

for thin film transistors (Holst center) [2].



1.1.1 Oxide Semiconductor

After demonstration of the indium gallium zinc oxide (IGZO) TFTs by Nomura
et al. in 2004, an intensive progress in amorphous oxide semiconductor (AQOS) TFTs
has been studied for the next FPDs applications in Fig. 1.3 [3]. Compared to a-Si for
LCD display, AOS TFTs have much higher electrical properties with high field effect
mobility (> 10 cm?/vs). Also, AOS TFTs have been regarded as the promising
candidate instead of low temperature poly si (LTPS) which has non-uniformity in
large area devices due to grain boundary of poly-Si [4]. In addition to benefits with
excellent electrical properties, AOS TFTs are compatible with conventional process
scheme using sputtering deposition at room temperature (RT) [5]. However, most of
studies in oxide semiconductor have been researched in n-type AOS TFTs, especially

in a-1GZ0O and ZnO.

(a) (b)

Covalent semiconductors, for example, silicon Post tal oxide

Crystalline Crystalline

Figure 1.3 Schematic orbital structure for the conduction band minimum (CBM) in

(a) covalent semiconductor and (b) amorphous oxide semiconductor [3].



In this regard, p-type oxide semiconductor has attractive attention for achieving
the complementary logic circuit with oxide semiconductor TFTs. Especially, there are
a very limited number of p-type oxide semiconductor such as Cu,O, NiO, and SnO.
Among these candidates, SnO shows excellent p-type conductivity due to the
formation of a substantial amount of native acceptor in Fig. 1.4. In chapter 3, we
focused on p-type SnO TFTs with spray-coated SWNTSs for the potential application

such as wearable devices.

Figure 1.4 A pyramid structure of SnO [6].
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1.1.2 Transition Dichalcogenides (TMDCs)

Recently, TMDCs , which are composed of transition metal (e.g., Mo, W, Ta, Ti,
Hf, Zr, Cr, V, and Nb) and chalcogen (e.g., S, Se, and Te), have gained tremendous
interests in  electronic/optoelectronic  applications owing to prominent
optical/elelctrical properties, a controllable bandgap, superior electrostatic gate
coupling, and immunity to a short channel effect [7-11] in Fig. 1.5. In particular,
TMDCs have been researched as the important electronic devices such as logic gate
circuits, complementary metal-oxide-semiconductor (CMOS) inverters, and active
matrix backplanes due to its decent carrier mobility and the absence of surface
dangling bonds [7]. For the application of optoelectronic devices, TMDs have one of
the excellent candidates to realize the switching device for organic (or quantum dot)
light-emitting diode (OLED/QLED) displays in lieu of conventioanl Si technology.
Basis of this exceptional properties, there are few atemps to adpot TMDC material as
the switching layer. For example, Choi et al. reported the ultrathin flexible OLED
display driven by MoS;, based TFTs [12]. Based on the MoS, TFTs arrays, flexible
active matrixed-OLED display was well operated even in a highly deformed state.
However, most of studies are limited to the single type of transistor such as exploiting

MoS; (n-type) and WSe; (p-type) materials owing to the Fermi-level pinning.

@ Transition metal @ Chalcogen

Figure 1.5 Crystal structure of transition metal dichalcogenide (TMDC).
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In this regard, there are several ways to convert the type of TMD such as partial
modification of Mo (or W) using Nb atom, mild plasma treatment (He or Hz) on WSe>
and chemical doping by molecular reductants and oxidants on MoS; (or WSe,) [13].
Despite these preiviously reported works, practical methodologies have been limited
due to low gate controllability, instability of chemcial doping, and difficulty of
process scheme [14]. So, we adopted a molybdenum ditelluride (MoTey) exhibiting a
negligible Fermi-level pinning phenomenon and the availability of type conversion.
Indeed, p-type characteristics of MoTe; are attributed to the adsorption of oxygen
molecules on the channel layer. Therefore, the polarity of p-type MoTe, with 0.9 eV
(indirect bandgap) and 1.1 eV (direct bandgap) can be controlled by a various doping
process. As we know, previous studies in literature have been focused on such as (i)
the insertion of high-k oxide dopant layer to reduce the Schottky barrier height (ii)
inducing rapid thermal annealing (RTA) for benzyl viologen (BV) doping, and (iii)
deep-ultraviolet (DUV) irradiation in N, and O2 gas ambient [15-17]. In this sense,
we demonstrated not only the type converted MoTe, TFTs via PLL treatment but also

the operation of QLED display with light-insensitive MoTe; TFTs in Chapter 4.



1.2 An Overview of Quantum Dot Light-Emitting Diodes

Recently, colloidal quantum dots (QDs) have received a lot of attentions due to
their superb properties such as size-tunable bandgap engineering, high
photoluminescence quantum yield (PLQY), and narrow full-width at half-maximum
(FWHM). These excellent properties make QDs practically adoptable in LEDs, solar
cells, photo detector, biomedicine, and wearable devices [18-26]. Since the first
demonstration of QD based electroluminescence devices by the Colvin et al.,
intensive efforts have been conducted to achieve high performance EL device with
high external quantum efficiency (EQE) and high brightness [27, 28]

As with already commercialized OLEDs, QDs as a promising material exhibit
excellent features. As shown in Fig. 1.6(a), a photographical image denotes the size-
dependent bandgap tunability of QDs and confinement of electron and hole wave
functions. Superior to OLEDs, FWHM of QLEDs has narrow bandwidth less than 30
nm. Figure 1.6(b) shows the difference of FWHM between Cd-based QLEDs and
typical OLEDs, which are wider bandwidth due to the vibronic states in organic dyes.
Furthermore, the narrow bandwidth and high color purity of QDs can make them wide
color gamut in CIE 1931 color space in Fig. 1.6(c). Based on these excellent properties,
remarkable progress of QDs is being conducted like QD-OLED display in Fig. 1.7.

Since the first fabrication of QLEDs in 1994 by Colin et al., device performance
of Cd-based QLEDs has been gradually increased. In the early 1990s, the device
structure of QLEDs is very similar with polymer light-emitting diodes (PLEDs). Also,
QDs without formation of shell for the elimination of defect sites were low efficiency
and short longevity. To enhance the device performance and durability, P. Alivisatos’s
group reported core/shell structured QDs, which led to photostability and electronic
accessibility for the use in optoelectronic devices [29].
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Figure 1.6 (a) A size controllable color change of CdSe/ZnS core shell QDs and their
schematic structure and radial probability functions for which electron (red curve) and
hole (blue curve) are displayed. (b) comparison of R, G, B QLEDs (solid lines) and
those of OLEDs (dashed lines). (c) International commission on illumination (CIE)

chromaticity diagram for qualifying the quality of display, TVs, and other devices.
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Figure 1.7 A schematic illustration of QD display. [SID 2021]

Although the device performance was remarkably enhanced compared to PLEDs,
the instability of organic transport layer and inefficient carrier injection was critical
issues. To solve this problem, there were many attempts including phase-segregation
method, cross-linkable polymer hole transport layer (HTL), and inorganic HTL.
However, these approaches brought unintended demerits such as high cost and
complicated fabrication scheme unlike the advantage of conventional QLEDSs. In this
regard, Kwak et al. reported inverted device structure to achieve the bright and
efficient QLEDs in 2012 [32]. Based on the inverted structure, device performance of
red, green, and blue emitting CdSe QLEDs was remarkably increased owing to
adoption of inorganic metal oxide semiconductor using ZnO nanoparticles and a

robust fabrication step for continuous QD deposition.
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From this point, tremendous improvement of device performance in QLEDs has
been actively reported in Fig. 1.8. In 2014, X. Dai et al. reported a highly efficient
Cd-based red QLED with a low turn-on at 1.7 V and high EQE up to 20.5% [33]. The
highly efficient QLEDs was achieved by inserting an insulating layer between
emissive layer and oxide electron transport layer. This methodology makes this device
comparable to state-of-the-art vacuum deposited QLEDs at that time. Besides, H.
Moon et al. efficiently controlled the negative dipole moment using ligand
modification and thus achieved a high maximum EQE (24.8%) [36]. Interestingly, J.
Song et al. reported hybrid type QLEDs, exhibiting extremely high peak EQE (> 30%)
and very low efficiency roll-off at high current density (150 mA cm?) [37]. These
extraordinary properties are coming from not only use of a gradient core/shell
composition with thicker ZnSe interlayer shell and ultrathin ZnS outer shell but also
2-ethylhexane-1-thiol (EHT) surface ligand modification. Thanks to these efforts,
QLEDs are expected to be used in future applications such as mobile phone, TVs, and

wearable devices.
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1.3 Outline of Thesis

This thesis consists of five chapters, including the Introduction and Conclusion.
In the introduction of Chapter 1, an overview of thin film transistor and quantum dot
light-emitting diodes and their previous research papers are briefly explained.
Chapter 2 includes material preparation: the methods used to prepare ZnO
nanoparticles and type | red CdSe/Cd;xZnxS QDs used in this thesis. In addition, the
characterization methods for TFTs and QLEDs devices are summarized in this chapter,
and the electrical and morphological characterization methods for thin films used in
this thesis are depicted. Characterization methods for electrical and morphological
characteristics of thin films are also described in this Chapter. In Chapter 3, we
fabricated p-type SnO TFTs with spray-coated SWNTS as alternative electrodes of a
source and a drain. Moreover, by analyzing current-voltage characteristics of the SnO
TFTs depending on substrate temperature, we systematically measured the intrinsic
field effect mobility as well as electrical contact properties for SnO TFTs to
understand (or validate) feasible electrical properties of spray-coated SWNTs with
SnO films, compared to previously reported metal electrodes. In Chapter 4, we firstly
demonstrated the operation of ligand exchanged QLEDs display driven by MoTe,
TFTs with achievement of the systematic and reliable type conversion. To provide
sufficient currents to QLEDs without electrical degradation even under illumination
from UV to near-IR range, light-insensitive MoTe, TFTs were adopted. Furthermore,
type controllability of MoTe, TFTs via PLL treatment as an electron dopant can be
one of options to minimize the pixel variation due to mismatched display
configuration using n-type TFTs and normal structure of LEDs. In addition to
backplane TFTs, octylamine ligands were utilized to control the VBM of QDs,
minimize the insulating properties of oleic acid capped-QDs, and thus efficiently
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optimize electron-hole charge balance. As with ligand modification methodology, the
improved current efficiency (na =13.9 cd/A) and longer lifetimes (Tso =66 h at Lo =
3000 cd/m?) were observed.

Finally, in Chapter 5, we summarize our work and make concluding remarks.
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Chapter 2

Experimental Methods

2.1 Materials

2.1.1 Synthesis of ZnO Nanoparticles

ZnO nanoparticles. First, 2 g of zinc acetate dehydrate (Zn(CH3;COO),-2H,0)
and 80 mL of methanol were mixed in a three neck flask. When the temperature grew
up to 60 °C in N, atmosphere, potassium hydroxide (KOH) dissolved in methanol

(23.25 mg mL %) was added into the flask at the rate of 238.5 mL h™*. After 150 min

of reaction, the ZnO NPs were sunk down for 12 h. After that, the solution was
centrifuged at 4000 rpm for 3 min to extract pure ZnO NPs from the mixture solution.

The ZnO NPs were redispersed in 1-butanol.

2.1.2 Synthesis of Red-Light-Emitting CdSe/Cd1xZnxS Quantum Dots
Materials for QD synthesis: Zinc acetate (Zn(ac)2, 99.99%), sulfur (S, 99.998%),
selenium (Se, 99.99%), oleic acid (OA, 99%), and 1-octadecene (ODE, 99%) were
purchased from UniAm (Korea). n-Trioctylphosphine (TOP, technical grade, 90%)
and octylamine (OcA, 99%) were purchased from Sigma Aldrich. Cadmium oxide
(CdO, 99.95%), myristic acid (MA, >99%) and 1-dodecanethiol (DDT, >98%) were
15 z—



purchased from Alfa Aesar. All chemicals are used as received without further
purification.

Precursors for QD synthesis: a 0.5 M cadmium oleate (Cd(OA)>) stock solution,
a 0.5 M zinc oleate (Zn(OA)>) stock solution, a 2 M TOPSe solution, anda 2 M TOPS
solution were prepared as cation and anion precursors, respectively. To prepare the
Cd(OA); stock solution, CdO (30 mmol), OA (30 mL), and ODE (30 mL) were loaded
in a reaction flask and degassed at 110 °C for 1 h. The flask was backfilled with Ar,
heated to 300 °C to obtain a clear Cd(OA)- solution, cooled to 110 °C, and degassed
for 1 h. To prepare the Zn(OA): stock solution, Zn(ac), (100 mmol) and OA (100 mL)
were placed in a flask and degassed for 1 h. After degassing, the reaction temperature
was raised to 160 °C and maintained until the formation of the Zn(OA). solution was
complete. The flask was filled with Ar, and the solution was diluted with degassed
ODE to a concentration of 0.5 M. To prepare 2 M TOPS and 2 M TOPSe stock
solutions, S or Se (50 mmol), respectively, was dissolved in TOP (25 mL) at an
elevated temperature.

Synthesis of red-light-emitting CdSe/Cdi«ZnS QDs: All reactions were
conducted in an inert atmosphere using Schlenk techniques. In a typical synthesis of
CdSe/Cd1xZnyS QDs, a mixture of CdO (1 mmol), MA (3 mmol), and ODE (15 mL)
was degassed in a flask at 110 °C under vacuum. After degassing, the flask was
backfilled with Ar, and the temperature was raised to 270 °C. Then, TOPSe (0.5
mmol) was rapidly injected into the flask to promote the nucleation of CdSe cores.
After 3 min, the flask was charged with the Zn(OA). solution (4 mL), and DDT (1.5
mmol) was dropwise added to grow the CdixZnS shell. After 30 min, Cd(OA),
Zn(OA)2, and TOPS were repeatedly injected for the additional growth of the Cdi.
xZN«S shell to achieve a total shell thickness of 4.5 nm. The synthesized CdSe/Cd;-

xZNxS QDs were repeatedly purified by a typical precipitation/ redispersion method.
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Surface ligand modification of the QDs: The as-synthesized CdSe/Cdi.xZnxS
QDs were precipitated by adding ethyl alcohol (5 ml). Then, the precipitated QDs
were redispersed in chlorobenzene (2 ml). Thereafter, octylamine (1 ml) was added in
QD solution to replace the oleic acid ligands with octylamine ligands. After 8 h of
mixing, the QDs were precipitated again by adding ethyl alcohol to remove impurities
during ligand modification. The modified QDs with octylamine ligands were

dissolved in chlorobenzene.

2.2 Device Characterization of Thin Film Transistor

2.2.1 Characterization for Thin Film Transistor

Figure 2.1 shows the typical structure of TFTs with three terminals (Gate, Source,
Drain). All the electrical characterizations were measured with a semiconductor
parameter Analyzer (Agilent 4156C) in ambient air. Transfer characteristics were
obtained in a linear regime at drain-to-source voltage (Vps). Vin was determined at the
value of the x-axis intercept of linear extrapolation of the Ips—Ves curve. Field-effect
mobility was calculated from s ={L/(WVC,, )}x (0l 5 / Vg ). The thickness and
surface roughness of active layer were measured by the atomic force microscopy
(AFM, Bruker, MULTIMODE-8-AM). Raman spectrometer (WITEC alpha300) was
used to analyze the Raman spectra of SWNTSs electrodes and MoTe; flakes with a 532
nm laser excitation and 1 um of beam size. XPS was investigated by PHI 5000 Versa

Probe Il (ULVAC-PHI) at 10 7 Pa.
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Figure 2.1 An example of typical device structure in thin film transistor.

2.2.2 Characterization of light response
Light for photo response was illuminated by the Multi-Wavelength Fiber-
Coupled LED source (Mightex, Inc.) with various wavelength from NIR to UV (365

nm, 455 nm, 530 nm, 656 nm, 740 nm, 850 nm, 940 nm) and 3 mW cm 2 of power

density.

2.3 Device Characterization of Quantum Dot Light-Emitting
Diode

2.3.1 Current-voltage-luminance Measurement of QLEDs

The current-voltage (I-V) characteristics were measured with a Keithley 236
source measurement unit, while the electroluminescence was measured with a
calibrated Si photodiode (Hamamatsu, S5227-1010BQ) with a size of 10 mm x 10

mm placed at an angle normal to the device surface, assuming that the device was a
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Lambertian source. To detect a turn-on voltage of light-emitting diodes, we use an
ARC PD438 photomultiplier tube (PMT) with the Keithley 236 source measurement
unit. The electroluminescence (EL) spectra and the Commission Internationale de
L’Eclairage (CIE) color coordinates were measured with a Konica-Minolta CS-1000A
spectroradiometer. The luminance and efficiency were calculated from the
photocurrent signal of photodiode with a Keithley 2000 multimeter and corrected
precisely with the luminance from spectroradiometer (CS-2000).

The chromatic characteristics were calculated from EL spectra measured by the
CS-1000A spectrometer using the CIE 1931 color expression system. The tristimulus

values XYZ can be calculated by following equations,

X =Ky [, #(D)P(D)dA (2.1)
Y =Ky [ ¥(DP(A)dA (2.2)
Z =Ky [, Z()P(D)dA (2.3)

where, P(L) is a given spectral power distribution of emissive source, X, ¥ and z are
the CIE standard color matching functions (see Figure 2.2) and K, is the weighing
constant (683 Im W-1). From the tristimulus values, the CIE color coordinates were

calculated by following equations,

X

X = (2.4)
X+Y+Z

= Y 2.5

Y = Xtr+z (2:5)

z

7 = (2.6)

X+Y+Z

Any color can be plotted on the CIE chromaticity diagram.
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Figure 2.1 The CIE standard observer color matching functions
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2.3.2 Efficiency Calculation Methods

To evaluate the emission properties of light-emitting diodes, the commonly
employed efficiencies are the EQE, the current efficiency (C.E.) and the power
efficiency (P.E.).

The external quantum efficiency can be defined by the following equation.

number of emitted photons

EQE = (%)

number of injected electrons

Typically, QLEDs or OLEDs emit light into the half plane due to the metal
contact. Without any modification for increasing out-coupling efficiency, over 80%
of the emission can be lost to internal absorption and wave-guiding in a simple planar
light-emitting device.

Since human eye has different spectral sensitivity in visible area, the response of
the eye is standardized by the CIE in 1924 (see y in Figure 2.2). The luminous
efficiency weighs all emitted photons according to the photopic response of human
eye. The difference is that EQE. weighs all emitted photons equally. C.E. can be

expressed by the following equation.

luminance
C.E.= —(cd A7)
current density

The luminance value (cd m?2) can be easily measured by the commercial
luminance meter (CS-1000A in this thesis).

The power efficiency is the ratio of the lumen output to the input electrical power
as follows,

luminous flux 1
P.E.= , (Imw=4)
electrical power

The EQEs can be useful to understand the fundamental physics for light emission
mechanism, while the PEs can be useful to interpret the power dissipated in a light-

emitting device when used in a display application. y
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2.3.3 Other Characterization Methods

UV-Visible Spectroscopy: The transmission and absorption spectra were
measured with U-2900 (Hitachi) UV-Visible Scanning Spectrophotometer. In case of
solution, materials were dissolved in toluene or chlorobenzene. For the film
measurement, materials were spin-coated or evaporated thermally in the thickness of
~50 nm on quartz substrate. The reflectance spectra were also measured by U-2900
spectrophotometer. The average transmittance (Tavg) Was calculated by the following
equation.

R2T)dA
Tavg = 1}\2 N 2.7
Where T(}) is the transmittance as a function of the wavelength, TaygWas usually

calculated by integrating T(L) from 400 nm (41) to 800 nm (42).

Ultraviolet Photoelectron Spectroscopy (UPS): The UPS spectra were
performed using Kratos AXIS-NOVA, employing He | light source and a
hemispherical analyzer. The valence band maximum (VBM) of the nanocrystals was
calculated using the following equation.

VBM = 21.2eV — |Equroff - Eonset| (2.8)

The conduction band minimum (CBM) value was obtained by using the VBM

and the excitonic band gaps of QDs, estimated from the PL spectra of QDs.
Film Thickness Measurement: Ellipsometers (L2W15S830 with 632.8-nm He-

Ne laser light, Gaertner Scientific Corp. and M2000D, Woollam) and an AFM (XE-

100, Park Systems) were used for measuring the thickness of films
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Transmission electron microscopy (TEM): The TEM images of the QDs were
obtained using a JEM-2100F at 200 KeV to analyze their average size and size
distribution. The energy dispersive x-ray (EDX) spectra of QDs were acquired
through Si-Li attached on main body of TEM. Low-coverage samples were prepared
by placing a drop of a dilute toluene dispersion of QDs on a copper grid (300 mesh)
coated with an amorphous carbon film. The composition of QDs was measured with

inductively coupled plasma optical emission spectroscopy (Agilent ICP-OES 720).
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Chapter 3

The Study of P-type Oxide Thin Film

Transistors

Recently, n-channel oxide semiconductors such as indium-gallium-zinc oxides
[3, 4] have been developed to such an extent that they can be applied to
commercialized backplanes in flat panel displays such as active-matrix LCD and
OLED. However, sluggish progress in the development of p-type oxide
semiconductors has impeded the launch of newly envisioned applications [48-51] in
which complementary devices and circuits are mandatory for achieving low power
consumption, good noise immunity, and simplified-circuit-design-enabled high-
density integration.

In this sense, among various p-type oxide semiconductors such as SnO [52],

Cu20 [53], and NiO [54], a recent significant progress in SnO TFTs has enhanced the
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possibility of complementary circuits that are fully implemented only by oxide
semiconductors, which are attractive for applications of flexible [48, 49], transparent
[3, 4, 52], and transient [50, 55] (i.e., physically dissoluble or disintegrated)
electronics. However, most of SnO TFTs were predominantly implemented by using
conventional high-work function-metals (e.g., Ni, Au, and Pt) [54] as source and drain
electrodes. The metal electrodes are not favorable for the afore-mentioned
applications which are required to have either type of properties such as easy
bendability, stretchability, and physical disintegration. Thus, for the future electronics
based on SnO TFTs, intensive and systematic studies on alternative electrodes based
on nanowire structures other than metal electrodes have been highly anticipated [46,
57]. Interestingly, SnO TFTs with alternative electrodes such as AgNW, graphene,
poly(3,4-ethylenedioxythiophene): poly(styrenesulfonate) (PEDOT:PSS), and carbon
nanotubes have not been reported yet, compared with several reports [48, 51, 56] on
n-type oxide TFTs with flexible electrodes. Among alternative electrodes for SnO
TFTs, single walled carbon nanotubes (SWNTSs) are one of promising candidates
because of excellent adaptability for the stretchable and transparent electronics due to
low bending strains, durable transparency, excellent reliability associated with
excellent electrical and thermal conductivity, etc.

In this study, for the emerging novel electronic applications, we proposed to use
the spray-coated SWNTs for SnO TFTs as alternative electrodes of a source and a
drain. Furthermore, by analyzing current—voltage characteristics of the implemented
SnO TFTs depending on substrate temperature, we systematically investigated the
intrinsic field effect mobility as well as electrical contact properties for SnO TFTs in
order to understand (or validate) feasible electrical properties of spray-coated SWNTs

with SnO films, compared to the conventional metal electrodes.
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3.1 Device Fabrication of SnO TFTs with Spray-Coated Single

walled Carbon Nanotubes as S/D Electrodes

Figure 3.1(a) shows a schematic view of the proposed SnO TFTs, adopted with
an etch-stopped layer of SU-8 dielectric and single-walled carbon nanotubes as source
and drain electrodes. These were prepared by spray-coating the SWNTSs (Turball Ink;
OCSIAl Asia Pacific) [57]. An n-type silicon wafer (p ~ 0.005 ohm c¢m) with thermal
oxide (~18 nm) was used as a starting substrate, playing the role of gate electrode.
This was followed by the deposition of SnO (10 nm) by RF magnetron sputtering in
a mixed gas (~Ar/O;) without heating of the substrate [58]. The immediate lift-off
process in the acetone forms the defined area of SnO as an active layer. Next, the SU-
8 was photo-lithographically patterned as an etch stop layer and channel passivation
layer. Thereafter, single-walled carbon nanotubes were spray-coated entirely over the
sample on a hot plate at 1109C, and the SWNTs were removed from the periphery
with reactive ion etching through photolithographic patterning, thus forming S/D
electrodes.

Figure 3.1(b) shows surface images of the SWNTSs as analyzed by a scanning
electron microscope (SEM). The analysis indicates that all SWNTs were densely
entangled, forming 100-nm-thick SWNT films as source and drain electrodes. For a
reliable characterization of SnO TFTs with SWNT electrodes, PMMA (9 wt%
solution in toluene) was spun on SnO TFTs and baked at 110 aC for 12 h for an

isolation of moisture and oxygen in air by encapsulation [59].
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(a)

Sprayed CNT

Figure 3.1 Schematic with optical image for (a) SnO field-effect transistors with
spray-coated carbon nanotube electrodes as source and drain, encapsulated with

PMMA (b) SEM images of spray-coated SWNTSs, forming source and drain electrodes.
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Figure 3.2 (a) High intense XRD lattice planes and (b) SEM images for SnO film
prepared by sputtering. (¢) Raman spectra of spray-coated SWNTSs in the region of
source and drain electrodes as shown in Fig. 3.2(d). (d) Top views of schematics and
optical microscope images for the implemented SnO TFTs with spray coated SnO

TFTs.

After implementation of SnO TFTs, crystallographic information of SnO was
confirmed by x-ray diffraction (XRD; Rigaku, high-resolution XRD) analysis in Fig.
3.2(a), (b). Also, SWNTSs peak after spray-coating were analyzed by Raman analysis
(excitation wavelength ~ 532 nm, Witech alpha 300) in Fig. 3.2(c), (d). In addition,
direct probing on SWNTSs as electrodes was used for electrical characterization. To
investigate the contact and channel properties of SnO TFTs with spray-coated SWNT

electrodes, all electrical properties (Keithely 4200 A) of the SnO TFTs were evaluated

28 TR s T



in air and a vacuum with a change in substrate temperature ranging from 150 to 333
K. In this work, the low temperature was achieved in the cryo-probe station (model:

M6V C, MStech. co) by using liquid nitrogen-based cooling down.
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3.2 Electrical Performance of SnO TFTs
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Figure 3.3 (a) Representative transfer characteristics of SnO TFTs in linear (Vps = -
0.1 V) and saturation regimes (Vps =-5.1 V). (b) Output characteristics of SnO TFTs
as gate-to source voltage decreases in steps of -1 V. Channel length (L) and width (W)

for TFTs were 40 um and 30 um, respectively.

Figure 3.3(a) shows the transfer characteristics of SnO TFTs as a drain to source
bias (Vbs) decreases, ranging from —0.1 and —5.1 V. In this study, field effect
mobility (perr) Was extracted from conventional current-voltage (1-V) equation for
both a linear and a saturation regime. The threshold voltage was extracted by
transconductance (gm) method in the linear regime. In the linear regime, electrical
parameters for SnO TFTs were extracted as a threshold voltage (Vw) of 3.0 V, a
subthreshold swing (SS) of 0.4 V dec™, a field effect mobility (pesr) of 0.69 cm? V1

s, and a current on/off ratio (lon/lof) Of 4.2 x 103, On the other hand, in the saturation
regime, Vi, decreased from 3 to 1.3 V, whereas the SS (~0.6 V dec™?), pett (~0.70 cm?
V1 s, and lon/lort (~3.5 x 10% were determined to be similar values within

experimental error ranges. In addition, as shown in Fig. 3.3(a), the off-leakage current
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was slightly increased as Vps decreases gradually from —0.1 to —5.1 V. In

consideration of physical dimension of channel length and temperature dependency
of leakage current, the origin of mechanism for leakage current might be ascribed to
the back-channel conduction or/and gate induced drain leakage in this study in lieu of
drain induced barrier lowering (DIBL). Typically, DIBL can be observed for the short
channel devices with channel length less than several micrometers. However, for this
device as shown in Fig. 3.3(a), the channel length is 35 um. Therefore, in this
dimension, it is not feasible to speculate that the leakage increase is coming from the
physics of DIBL. In addition, Fig. 3.4(b) shows that as Vps decreases from —0.1 to
—5.1 V, the increase of a leakage current was observed even for the long channel
device with a channel length of 95 um. Therefore, the drain leakage in this study might
be came from other transport mechanisms. In addition, as another evidence, as shown

in Fig. 3.5, the leakage current level also increases as the temperature increases.

[ —— V=01V

[ —— V=01V : g ;
= g 10 !‘—o—VDs=_1_1V

10°f —— Vps=-11V
1070 f = Vos=21V

— V= -3.1V
[ —— Vpe= 41V
I = Vos= 5V

10" f— Vos=-21V

10" b v Vps=-3.1V

= Vps= 41V

10" [—-—v::= 51V

10" PRSP S TP A PP {71 S TP S S PR E S S R |

5 43210123 4°¢5 5 4321012 3 405
Ves (V) Ves (V)

llos (A}l

Figure 3.4 Channel length dependency on leakage current for SnO TFTs with (a) L=
35 um, and (b) L= 95 pm at room temperature as the drain bias decreases from -0.1

Vio-51V.
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Figure 3.5 Transfer characteristics for SnO TFTs with channel length of 35 pum
depending on the drain bias ranging from -0.1V to -5.1 V as substrate temperature

decreases from T=333 K to 100 K.

In this sense, the trend of leakage current increase, observed as the drain bias
increases, is not possibly due to the barrier height of lowering associated with drain
bias, typically speculated as the origin of physics of DIBL phenomena. It was reported
that DIBL is not related with temperature dependency, thereby this behavior is not
mainly coming from DIBL.

Figure 3.3(b) shows that typical modulation and good saturation behaviors for a
drain-to-source current (Ips) were observed as the gate-to source voltage (Ves) varied

from5to —5V with a voltage step of —1 V and a change in the Vps of less than —5

V.
32 2]



3.3 Contact Resistance of Spray-coated SWNTs as S/D

Electrodes

For an analytical investigation of the electrical contact properties of SnO TFTs

with spray-coated SWNTSs as electrodes, a gated transfer length method (TLM) was
employed for the SnO TFTs. The transfer characteristics of ShO TFTs variations in
their channel lengths ranging from 35 um to 95 pm were characterized at a drain-to-
source bias of -0.1 V in the linear regime in air at room temperature. For further
analysis of the contact resistance during changes in temperature, the same
measurement was performed in a vacuum chamber with a base pressure of 10 Torr
as the substrate temperature changed from 150 K to 333 K.
At room temperature, the transfer characteristics in air were similar to those in a
vacuum. This indicated that the electrical properties were negligibly changed in a
vacuum owing to PMMA encapsulation. Fig. 3.6 (a) shows the representative transfer
characteristics measured at room temperature with a change in channel length from
35 um to 95 pm. Figure 3.6(b) shows the width normalized overall resistance of
(W-Ron) at T = 293 K with a change in the gate-to-source bias ranging from -2 V to -5
V. It can be expressed as the sum of the channel resistance (rcnL) and contact resistance
(2Rsp) according to

on =r,L+2Ry,, =—F————+2R
Ol ps Vs 0 ' ¥P WiteeiCo (Vos —Vii) *P

1
where re is the channel resistance per channel length (L) unit, and 2Rsp is the
combined contact resistance (Rsip) associated with the source and drain electrodes.
Here, urei and Vi are the intrinsic field effect mobility and threshold voltage,
respectively. The contact resistance [60] (2Rsp) and the unit channel resistance (rc)
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Figure 3.6 (a) Transfer characteristics of SnO TFTs with spray-coated carbon
nanotube electrodes at different channel lengths ranging from 35 to 95 um. (b) Width
normalized device resistance as a function of channel length at gate voltages ranging

from —2Vto —5V, extracted from measured I-V characteristics in figure 3(a). (c)

Width normalized contact resistance extracted as temperature varies from T= 150 K
to 333 K. Inset denotes electric-field-induced charge profile in the channel, coming
from electric field in region at top of etch stop later of SU-8. (d) Schematic diagrams
that denote formation of Schottky barrier at interface between metal electrode and

SnO semiconductor for either zero bias or negative bias.
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can be extracted from the intercept and slope, respectively, of linear fits to plots of

RonW as a function of L for different gate voltages, as shown in Fig. 3.6(b).

Fig. 3.6(b) shows that the normalized resistance curves merge at a channel length
value of Lo, which is the independent gate voltage. L, can be understood as an
additional channel length that is introduced by the presence of the contact. In this
study, L, was extracted as +5 pum, which indicates that the effective channel length

(Lerr), governed by the relationship of Le(Ves) = Laaw - AL(Ves), decreases. As

shown in the inset of Fig. 3.6(c), this hints that the hole accumulation layer directly
below an etch stop layer results in a reduction of the effective channel length. This is
similar to the behavior in MOSFETS with lightly doped drain (LDD) structures [61].
However, effective channel width increment and associated 3D effects are expected
to be minor due to negligible gate overlap and active patterning process during SnO
deposition.

The external contact resistance was extracted using the same method [61]
reported for LDD structures. All contact resistance values depending on Vgs and
temperature are plotted in Fig. 3.6(c). All devices indicate that the extracted gate
voltage with changes in gate bias consistently decreased as the gate bias was changed

from —2Vto —5V.
At room temperature, the contact resistance (~1.49 kQ-cm) for SnO TFTs,

adopted with SWNT electrodes in this work, is comparable to or better than that of
conventional Ni electrodes (~14 kQcm) [68]. In addition, global electrical properties
for SWNTs are expected to have high conductivity like metal films due to the very

small percolation threshold which results from the entangled shape of SWNTs

composed of heterogeneous (i.e., the typical ratio of a metallic to a semiconducting
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SWNTs is 1 to 2) and multilayered SWNTs [69]. Thus, this behavior, in the present
works, might be less affected by diameter and chirality distribution of SWNTSs.
Furthermore, the extracted contact resistance increased as the temperature was
reduced, indicating that the carrier injection barrier (ps) between SnO and the spray-

coated SWNTSs (dpswnt~5.05 eV, work function [62]) increased owing to thermionic

emission theory, which can be represented [63] as

r. :éexp(q%},

T KT
)
where A is a temperature-independent pre-factor parameter, ¢g is the height of the
SWNT-SnO barrier, and k is the Boltzmann constant.
By using Schottky—Mott theory [64], Schottky barrier (eps) was estimated to be
0.75 eV by the ideal Schottky barrier relation; eps= VBM(SnO) — dswnt, Where

valence band maximum (VBM) [65] for SnO is ~5.8 eV. In addition, the bulk

transport in the vertical direction contributes the increase in series resistance as the
temperature decreases owing to the exponential decay of the field effect mobility
versus temperature. Furthermore, the width normalized contact resistance value at
T=150 K increased twice as much as that of the SnO TFTs at T=333 K. All properties
reasonably matched the data in the literature [58] reported previously. In addition, for
a better understanding of contact resistance behaviors, the band diagrams, as described
in Fig. 3.6(d), predicted that the Schottky barrier between SnO and spray-coated
SWNTs would decrease. Thus, the parasitic contact resistance was reduced when a

negative gate bias was applied, compared with that of SnO TFTs with zero gate bias.
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Figure 3.7 (a) Transfer characteristics of SnO TFTs with spray-coated carbon
nanotube electrodes as substrate temperature changes from 150 K to 333 K. (b)
Arrhenius plots of channel field effect mobility obtained from SnO TFTs with spray-

coated SWNTSs.

In addition to the electrical contract properties, the channel transport of SnO
TFTs with spray-coated SWNTs was systematically analyzed by using field effect
mobility as the temperature changed from 150 K to 333 K. Figure 3.7(a) shows the
transfer characteristics of SnO TFTs with spray-coated SWNTs (W/L = 30/95 pum) as
the temperature changed from 150 K to 333 K. At each temperature, the field effect

mobility was extracted at a maximum value of transconductance gm, given by

al w
On = — = 7Cox/ueffVDS
aVGS Vps =constant L (3)

where W is the channel width, L is the length, Co is the oxide capacitance, pefs
is the field effect mobility, and Vps is the drain-to-source bias. The field effect

mobility for a long channel device was extracted as the temperature was increased



from 150 K to 333 K. The investigation of activation energy for field effect mobility
(Lefr) is based on the consequence of assuming a multiple trapping and release (MTR)
model with an exponential distribution of trap states, which is known as the Meyer—
Neldel Rule (MNR) [66]. Therefore, the field effect mobility (pes) iS given by a

relation with

E,-E, E,
o= expl ——A— =y expl - —=
:uFEl :uo p( kT ) :uo p( kT J

(4)
where Ea - Ev = Ea is the width of the valence band tails. Thus, we plotted the extracted
field effect mobilities vs. an inverse of the temperature, as shown in Fig. 3.7(b). The
activation energy (E.) is approximately extracted as 3.01x 107 eV. This indicates that
the width of the valence band tails is less than 0.1 eV, which is interpreted as good
channel material in a fully accumulated hole channel regime. In this sense, the
extraction of activation energy, in the strong accumulation mode at the temperature
larger than 100 K, can be valid, thereby yielding a meaningful analysis on the
behaviors of conduction of holes in SnO film. Furthermore, as shown in figure 3.8(b),
the extracted activation energy (3 meV), in the strong accumulation regime at the
temperature ranging from 150 to 333 K, is comparable to the value of 14 meV in the
previous report [70] within experimental error range (i.e., several meV range).
Extracted activation energy was in the range from 1.2 to 74 meV as gate bias increases
from —5 to 3V (Figure 3.8). All of extracted activation energies substantiate that all
the traps are fully filled, thereby yielding excellent SnO channel properties. Based on
above results, our approach exhibits that the SnO did not deteriorate electrically
during subsequent processes such as spray-coating, SU-8 etch stop layer formation

[67] or etching of SWNT electrodes located in a periphery region.
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Figure 3.8 Extracted

condition.
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Table 3.1 Specific and width normalized contact resistance

activation energy graph depending on applied gate bias

Electrode materials | Extraction method Specific contact resistance( R.) (Q:cm?) | Reference
or width normalized contact resistance
(Q:cm)
Ni Transfer length method (TLM) | 4.9 x10-3 [65]
Mo Transfer length method (TLM) | 5.1 x10-3 [65]
Ti Transfer length method (TLM) | 4.9 x102 [65]
Ni Gated-Four-Probe 4.0 x102 [68]
Measurements
Ni Gated-Four-Probe ~ 14 kQ-cm [68]
Measurements Vee=-14V
SWNT electrodes Gated TLM 1.65 kQ-cm (Vgg=-2V) This work
Wic_lth normalized contact 1.55 kQ-om (Vgg=-4V)
resistance (R."W) 1.49 kQ-cm (Vas=-5V)
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3.4 Summary

In the present study, as far as we know, SnO TFTs with electrodes as spray-
coated SWNTs were implemented for the first time by using 10 nm thick SnO layers,
SU-8 etch stop layers, and PMMA passivation. Decent electrical contact properties
for the SnO TFTs, comparable to Ni electrodes, were observed (see table 3.1). All
electrical properties demonstrated that the oxygen doping and scavenging (i.e., H20)
effects of PMMA encapsulation partially improved the device contact and reliabilities
in terms of electrical contact effects. Furthermore, SU-8 etching stop layer structures
are regarded as good etch stopping layers for the perseverance of the SnO layer during
the SWNT etching process. Effective channel length reduction behaviors were
observed and analyzed by using gated TLM methods. The channel field effect
mobility and its activation energy indicate that all electrical properties are nicely
preserved during these processes. Beyond electrical performance, SnO TFTs with
SWNT electrodes have distinctive merits such as flexibility, transparency, and
comparable contact resistance of conventional metals. This means that the device

structure is very useful for flexible (or stretchable) device configuration.
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Chapter 4

Surface Ligand Modified Quantum Dot
Light-Emitting Diodes Controlled by
Channel-type Adjustable MoTe; Thin

Film Transistor

Colloidal quantum dots (QDs) based light-emitting diodes (LEDs) have received
great attentions due to its high color purity, cost-effective solution processibility, and
wide color gamut [32-34, 71, 72]. As compared with organic light-emitting diodes
(OLEDSs), QDs have been conceived as one of promising light-emitting devices for

the next-generation flat panel displays including solid-state lighting [37, 72, 73]. After
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first demonstration of quantum dots LEDs (QLEDs), a variety of studies have been
actively reported to improve the device performance and operation stability via
modulation of variable chemical composition in QDs, optimization of the balance for
electron-holes, and adjustment of the device architecture, and others [32, 42, 74, 75].

Furthermore, there have been tremendous research activities to fulfill various
aspects which are required for driving of QLEDs in the next generation display panels
in terms of material synthesis, [74] brightness, [32] efficiency, [37, 73] long-term
stability [76], and others. Nevertheless, a driving transistor which enables to control
operation of QLEDs in active-matrixed mode should be considered as one of
mandatory elements for the system level demonstration. Among various candidates,
low temperature poly silicon (LTPS) or/and oxide semiconductors could be utilized
as one of main TFT backplanes for QLEDs [3, 5, 77]. However, a variety of
capabilities such as high current drivability, ultra-low power consumption associated
with low leakage currents, stability under light illumination environment, and nm
scaled-thinness based novel form factors should be secured for the envisioned
applications based on QLEDs. As one of possible applications, they are potentially
useful for invisible flexible or stretchable displays, and bio-imaging (or sensing) in
the implanted bio-medical devices, and light-to-frequency conversion circuits for
guaranteeing high-end security issues, and others [12, 78, 79]. In this sense, transition
metal dichalcogenides thin film transistors (TMDC-TFTSs) could be one of appealing
next-generation TFTs to meet the afore-mentioned applications because they have
novel material properties including possibility of stacking different layers into
functional heterostructures, high on-off ratio, decent field effect mobility, and tunable
bandgap depending on number of layers, and absence of dangling bonds [80-83].
Therefore, the platform of TMDC-TFT controlled QLEDs would be attractively

applied to display products, which require for rollable, stretchable, multi-functional,
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and invisible aspects, and furthermore, TMDCs with ultra-thinness can be potentially
extended towards novel applications such as loT sensors with high security and
transient devices which require for zero-waste (or eco-friendliness) and bio-
implantable properties [12, 84-87]. However, the in-depth research on validation of a
driving capability, which enables to operate QLEDs via TMDC TFTs, has been
elusive even though uniqueness of application and its importance for future
electronics are significantly high in this field. Until now, there have been very limited
reports to address this validation, wherein its feasibility confirmation on the control
of QLED-operation via molybdenum disulfide (MoS) TFTs was demonstrated, and
thereby, type control (e.g., n (or p)-type TFTs) of TFTs and its demonstration on low-
power consumption issues were not systematically reported in the work [88]. For the
enhancement over the extendibility of span of application and its practical impacts,
scheme of ultra-low power consumption in circuits and the in-depth understanding on
photo-leakage for TFTs under light-illumination are highly recommended.

In the present work, we aimed not only to fabricate the high performance
QLEDs but also to firstly demonstrate the driving capability of multilayered
molybdenum ditelluride (MoTe;) TFTs for QLED-operation with an achievement of
complementary type transistor based on MoTe,. In order to convert the initial p-type
characteristics of MoTe; to n-type characteristics, amine-based electron donation is
utilized by using a Poly-L-lysine (PLL) treatment on the surface of MoTe; layers. As
a result, a successful and clear type conversion of MoTe, TFTs without degradation
of electrical properties was obtained, and both n-type and p-type MoTe, TFTs
demonstrated a stable QLED-operation. In addition, PLL treatment was applied to n-
type MoS; TFTs in order to induce an improvement of driving currents, which
suggests a luminance control of the driven QLEDs. Moreover, fabricated MoTe, TFTs

exhibited excellent suppression of photocurrents under ultraviolet (UV) ~ near-
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infrared (NIR) region, showing a unigue advantage for the applications such as display
backplane transistors as well as light-to-frequency conversion circuits, as compared
to other TMDCs and conventional Si materials. This is because a photo-leakage
currents should be negligible in display backplane, otherwise it leads to variations of
pixel luminance by external illumination during operation or it needs an inevitable
addition of blocking layer for penetration of light [89].

In parallel, we investigated the performance improvement of QLEDs itself.
Typically, colloidal QDs are capped with bulky acids and long hydrocarbon chain,
which enhance a dispersion of QDs in organic solvents to prevent aggregation.
Despite these great dispersive properties, organic surface ligands hinder the charge
transport between QDs due to low conductivity of capping ligand [39, 40, 90]. To
increase the charge transport into QDs, we adopted ligand modification of QDs by
replacing long ligands with shorter ligands. From this technique, we could shorten the
chain length and lower the injection barrier height between QDs and adjacent layer.
As a result, a more balanced charge injection of electron/hole was secured, yielding a
greatly increased current efficiency and lifetime of QLEDs. Combined with
performance improvement of QLEDs, we highly anticipate these results will
contribute to development of emerging QLED applications, which are combined with
light-insensitive MoTe, TFTs. In particular, active-matrixed light-emitting devices,
composed of ultra-thin MoTe, TFTs and highly efficient QLEDs, are highly expected
to be utilized for the envisioned applications of bio-medical implanted devices with

multi-functional versatility and next generation display technologies.
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4.1 Description of QLED display driven by MoTe; TFTs

Figure 4.1(a) illustrates schematic cartoons for a circuit diagram and visualized
device configuration for the light-emitting operation of the QLEDs driven by light-
insensitive MoTe, TFTs. CdSe-based QLEDSs, which correspond to a wavelength
(~620 nm) of light emission, are connected with multilayered MoTe; TFTs as driving
transistors in series to control the current which is injected toward the light-emitting
diodes. With the adoption of well-known scheme as driving TFTs controlled light-
emitting diodes, this effectively minimizes the degradation-mediated change in the
operating voltage of QLEDs and hence prevents image sticking in display pixels. On-
off switching of the light emission in the QLEDs is immediately controlled by the
modulation of QLED current (loLep) Which is passed through the channel of the
transistor as the gate-to-source voltage for the transistors is switched into the on (or
off) operation condition for the driving transistor. With the afore-mentioned scheme,
the luminance of QLEDs for red light can be directly controlled by active-matrixed
mode which is well-established in FPDs. Furthermore, MoTe; driving transistors were
implemented on the heavily doped Si/SiO, (~20 nm) substrate as common-bottom
gate configuration after transferring the exfoliated multilayered MoTe; flakes on the
substrate, followed by S/D electrode formation. Detailed conditions for the fabrication
of MoTe, TFTs were described in Fig. 4.2(a). Figure 4.1(b) shows the optical image
of fabricated MoTe, TFTs with a physical dimension (W/L=30/10 um) of channel
width (W) over length (L). In the channel region of MoTe, layers, a height profile of
MoTe; flake was measured by atomic force microscopy (AFM), which displays 8 nm-
thick-MoTe; flake, corresponding to 12 layers [91]. Thereafter, Figure 4.1(c) shows
core/shell structure (CdSe/CdixZnyS) of QDs based on oleic acid (OA) and

octylamine (OcA) ligands.
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Figure 4.1 (a) Circuit diagram (left) and schematic cartoon (right) for QLED
operation driven by MoTe, TFTs. (b) An optical image of MoTe, TFT and height
profile of multilayered MoTe; flake measured by AFM. (c) Core/shell structure of
QDs based on oleic acid and octylamine ligands, and corresponded SEM images. (d)
Transfer characteristics of a fabricated p-type MoTe; TFT at Vps = — 0.1 V.
Luminance of QLEDs depends on the maximum and minimum currents of driving

MoTe; TFTs.

Also, SEM images indicate that the uniform film morphology was achieved in both
OA- and OcA-capped QDs. In this study, for the improvement of performance of
QLEDs, ligand modification was utilized not only to reduce the insulating property,
but also to enhance the chemical bonding strength. Figure 4.1(d) presents the transfer
characteristics of p-type MoTe; driving TFTs. The implemented MoTe; TFTs have
on-off ratio ~ 105, subthreshold swing (SS) ~ 0.4 V/dec, and field effect mobility ~
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12.7 cm?/Vs, which indicate the decent electrical performance and capability to
operate the QLEDs properly. Moreover, a range of gate voltage for MoTe, TFTs
matched with operating voltage of QLEDs by using 20 nm SiO; gate insulator. After
MoTe, TFTs are connected with QLEDs, QLEDs turn on with visible brightness in
the on-current region of MoTe, TFTs larger than "u" A level currents and turn off in
off-current region of MoTe, TFTs smaller than "u" A level currents. After the
confirmation on device fabrication and electrical characteristics of MoTe, TFTs,
detailed results for ligand modification of QLEDs, type conversion of MoTe, TFTs,

and driving capabilities were demonstrated in following sections.
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Figure 4.2 (a) Device fabrication process of MoTe, TFTs with bottom gate structure.
Thermal annealing in Ar/H; atmosphere was performed firstly after mechanical
exfoliation of MoTe, flakes. Second, conventional lithography and develop were
conducted to define S/D. After that, Au electrode was thermally deposited. (b) Device
fabrication process of red CdSe inverted QLEDs. ZnO NPs/QDs as ETL/EML were
firstly spin coated on the ITO-patterned glass substrate. After that, CBP/MoOs as
HTL/HIL were thermally evaporated. Lastly, Al as an anode was deposited with a

shadow mask.
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4.2 Surface Ligand Modification on Inverted Bottom Emissive

Quantum Dot Light-Emitting Diodes
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Figure 4.3 (a) Schematic device structure of inverted bottom emitting CdSe QLEDs

and (b) Energy level diagram of the device. (c) J-V-L characteristics, (d) Current

efficiency curves, (e) Operational lifetime characteristics (corresponding to an initial

luminance of 3000 cd/m?), and (f) Normalized EL spectra of QLEDs with OA and

OcA ligands.
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The operation of the QLEDs display with MoTe, TFTs begin with the fabrication
of an inverted bottom emissive red CdSe QLEDs as the optoelectronic device in

Figure 4.3(a). Fabricated QLED devices consist of a ITO/ZnO NPs/QDs/4,4"-bis(9-

carbazolyl)-biphenyl) (CBP)/molybdenum oxide (MoOy)/Al structure as shown in Fig.
4.2(b). In this structure, the light emission of QLED occurs when electrons and holes
from ITO/AI electrodes recombine in QDs. Therefore, the electron/hole injection
should be balanced to achieve an efficient luminescence. However, as shown in Figure
4.3(b), charge balance of inverted bottom emissive QLEDs is hindered not only by
the excessive carrier injection of electron more than that of hole but also by high
energy barrier between QD valence band (VB) and highest occupied molecular orbital
(HOMO) of hole transport layer (HTL). To resolve the poor electron-hole balance,
several attempts have been reported such as inserting an electron blocking layer (EBL)
and adopting a Y-doped ZnO NPs as an electron transport layer (ETL) to decrease the
electron injection into QDs [92, 93]. However, these strategies cause the device
instability in QLEDs. Hence in this study, we utilized a robust ligand exchange
strategy to optimize the imbalance of electron/ hole injection and lower the energy
barrier between QD and the adjacent layer. In this regard, OA with long ligands, which
has been conventionally used for the colloidal stability in organic solvents, was
replaced by alternative OcA with shorter ligands in order to minimize the spacing
distance between QDs while improving the electronic transport property [43, 94]. The
presence of ligand modification with OcA was observed in fourier transport infrared

spectroscopy (FTIR), exhibiting the N-H stretching peak at 3200-3500 cm ! in Fig.

44.
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Figure 4.4 FTIR spectra of as-synthesized QDs with oleic acid ligands (lower side)

and QDs after ligand modification with octylamine ligands (upper side).
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Figure 4.5 J-V characteristics of (a) HODs (ITO/PEDOT:PSS/QDs/CBP/MoOx/Al)
and (b) EODs (ITO/ZnO NPs/QDs/Al) based on QDs with oleic acid and octylamine

ligands.
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Moreover, to compare the charge carrier transport behaviors associated with
either electron or hole, both EODs and HODs were fabricated in Fig. 4.5. In the HODs,
the maximum current of OcA-capped device at the bias condition of 7 V was 15 times
higher than that of OA-capped, as compared to the similar electron current level in
EODs. This phenomenon is attributed to the energy level upshift of QDs, which was
measured by UPS and UV-Visible absorption in Fig. 4.6. Figure 4.3(c) shows the
current density—luminance—voltage (J-V-L) characteristics of inverted bottom-
emitting CdSe QLEDs with OA and OcA ligands. Due to the improved hole injection
property, enhanced current density and luminance for ligand modified QLEDs were
observed without change of turn-on voltage. Thereafter, performance index of both
QLEDs was evaluated and compared in Fig. 4.3(d), (e). The maximum current
efficiency (na) and lifetime of OcA-capped QLEDs were 1.2- and 3.7-fold higher than
those of OA-capped QLEDs. Herein, the improved current efficiency at low current-
density and half-lifetimes (Tso) are worthy of attention in terms of the operational
stability based on MoTe; backplane TFTs. In addition, Figure 4.3(f) substantiate the
successful ligand modification of QLEDs without any deterioration of quality of light
emission and its color. The noticeable performance improvement in QLEDs is fully
consistent with all these experimental results, and thereby, manifested by
enhancement in terms of current efficiency, lifetime, and energy level shift in the
devices. Therefore, the improvement of QLED performance is significantly correlated
with efficiently controlled charge balance via ligand modification strategy, which is
expected to be indispensable to the future QLED based optoelectronic system. The
whole performance of inverted bottom emitting CdSe QLEDs is summarized in Table

4.1.
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Figure 4.6 UPS spectra at the (a) oneset and (b) cut-off edge dependent on QDs with

OA and OcA ligands. (c) Tauc plot of QDs for the band gap.

Table 4.1 Summary of the electrical properties of QLEDs with OA and OcA ligands.

CIE
. max Luminance, Current efficiencyy,,, EQE,;ax .
Ligands (nm) Vo (V) (cd/m?) (cd/A) (%) (‘00(1x dl‘]’];lte
0A 623 25 144,000 11.8 8.5 (0.68, 0.31)
OcA 623 25 175,000 13.9 9.4 (0.68, 0.31)
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4.3 Type Conversion of MoTe, TFTs via Electron-Donated

Charge Enhancer
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Figure 4.7 (a) A device structure of MoTe, TFT with PLL treatment. (b) Transfer
characteristics of MoTe, TFTs, which show gradual n-doping effects with multiple
PLL treatment. (c) Output characteristics of MoTe, TFTs before and after 6 hours of
PLL treatment. (d) Carrier concentrations of MoTe, TFTs depending on multiple PLL

treatment.

As the most fundamental and important features in electronics, securing both n-
type and p-type transistors is an inevitable issue in the most of electrical system to
implement complementary circuits due to power consumption and leakage current. In

this regard, we realized channel-type conversion of MoTe, TFTs by using electron-
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donated charge enhancer via poly-L-Lysine (PLL) molecular doping. Figure 4.7(a)
displays the device structure of MoTe, TFTs with the PLL treatment, wherein NH,-
based charge transfer can play a role in donating electrons to MoTe: layers, leading
to donor-like doping effects [95, 96]. Figure 4.7(b) shows transfer characteristics of
MoTe, TFTs, corresponding to multiple treatment of PLL with treated time variation
up to 6 h, in order to accomplish systematic doping control. Through the split
condition for dipping time of PLL solution, well-controlled n-type doping, and
systematic threshold voltage (V) shift were obtained in Fig. 4.7(b). Furthermore, the
electrical properties of MoTe, TFTs seem negligibly changed, and thereby, well
sustainable electrical performances except threshold voltage (V) are observed during
multiple treatment of PLL, which indicates clear and stable n-doping process without
a degradation of film quality of MoTe,. To confirm the preservation of electrical
properties of MoTe, TFTs, the SS, Vw, field effect mobility, hysteresis gap, and
current on-off ratio were extracted in Table 4.2, showing improved performances.
Thereafter, output characteristics of both p-type and n-type MoTe, TFTs were
measured as shown in Fig. 4.7(c). Initial p-type MoTe, TFTs exhibit increase of drain
currents as Vgs nhegatively increases. On the contrary, MoTe; TFTs after PLL
treatment for 6 h show increase of drain currents as Vgs positively increases with
slightly enhanced maximum currents. In addition, for quantitative analysis of doping
effects, the carrier concentration (n2p) was estimated according to equation (1).
o = IosL
QW 1Vp

1)

, Where Ips is drain-to-source current, L and W are the channel length and width (10/30

um), ge is the electron charge, and u is the mobility. As the treatment time of PLL for
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MoTe, TFTs is augmented, carrier concentration of electron gradually increases from
4.3x10% cm? to 2.4x10' cm and carrier concentration of hole is reduced from
2.8x10% cm2 to 3.6x10'° cm2in 4.7(d). This result clearly elucidates the conversion

of carrier type in MoTe, TFTs.

Table 5.2 Electrical properties of MoTe, TFTs before and after type conversion.

ss Mobility . .

(Videc) Vin (V) (cm2IVs) Hysteresis (V) Onloff ratio
P-type 0.38 0.2 12.7 0.7 7.94x104
N-type 0.34 -0.3 225 0.4 8.19x104
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Figure 4.8 Evolution of (a) XPS spectra and (b) Raman spectra for MoTe2 flake

before and after 6 hours of PLL treatment.

After confirmation of stable n-doping for the MoTe, TFTs by PLL treatment, the
stability issue after treatment was investigated. As frequently reported in the literature,
oxygen and water molecules in air could be adsorbed on the MoTe, layers, causing
the instability of the electrical properties [97-99]. Moreover, the sustainability of
doping effect has been reported to be unstable in air [100]. These doping effects
gradually disappear and return to its initially undoped states of the MoTe, TFTs during
long-term operation in air. Thus, to preserve the electrical properties without variation
and degradation after doping is highly necessary. In this respect, a hydrophobic
polymer, cyclic transparent optical polymer (CYTOP), was passivated on the PLL
treated MoTe, TFTs because CYTOP has been known to be an effective passivation
layer to improve the stability of TMDC TFTs [97, 98, 101, 102]. As a result, the
CYTOP prohibits MoTe; layers with charge enhancer from reacting with ambient

external gas in air, leading to freezing of Vi and improvement of the device stability

in Fig. 4.9.
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Figure 4.9 Longevity test of type-converted MoTe; TFTs after CYTOP passivation.

For the better understanding on the observed doping effects by PLL treatment,
analysis of chemical/physical properties for MoTe, TFTs was examined. X-ray
photoelectron spectroscopy (XPS) measurement was performed to investigate
changes in the electronic structure of MoTe; induced by PLL treatment, together with
their charge transfer phenomena. Figure 4.8(a) exhibits the binding energy variations
for MoTe;,, before and after treatment with PLL, from which Mo 3d and Te 3d peaks
are observed for the bare and PLL treated MoTe,. After chemical doping by PLL
treatment, binding energies of the Mo 3d and Te 3d peaks for MoTe; were upshifted
by ~ 0.5 eV, indicating that the Fermi energy moved upwards to the conduction band
edge (CBE). These results are consistent with the previously reported literature for
molecular doping of TMDCs [103-108]. Then, Raman spectroscopy was employed to
confirm doping effects on MoTe, TFTs, as reported elsewhere as powerful tool [102-
109]. Figure 4.8(b) plots the Raman spectra of MoTe, before and after the PLL
treatment. Two characteristic vibrational modes (E'zg and Aly) are observed near 233
and 173 cm ! in the MoTe; flakes, where the El,q mode is attributed to the in-plane



vibration between Mo and Te atoms, whereas the Alg mode is due to the out-of-plane
vibration between Mo and Te atoms. After the PLL treatment, the Ay and E';q peaks

were redshifted by 1.2 cm ™ * and 0.3 cm™ for MoTe; TFTs. The observed redshift of

the two characteristic modes in the MoTe, TFTs describes that the n-doping effects of
the PLL treatment stem from an increase in electron—phonon scattering due to the

enhanced electron concentration.
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Figure 4.10 AFM topology images of MoTe. flakes (a) before and (b) after PLL

treatment.
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Figure 4.11 (a) Voltage transfer characteristics and (b) gain of complementary

inverter composed of p-type and n-type MoTe; TFTs at various Vpp.

Then, AFM measurement was used to see the physical difference of MoTe, TFTs
before and after PLL treatment, which revealed bumpy surface of MoTe, TFTs after
PLL treatment in Fig. 4.10. This is one of evidence showing that PLL was physically
covered on the MoTe; flake, leading to the change in the surface morphology [110].
The XPS, Raman, and AFM results evidently support the n-doping effects on MoTe;
TFTs by PLL treatment. In addition, with the secured p-type and n-type MoTe; TFTs,
complementary inverter was implemented to substantiate electrical performances of
both n and p-type TFTs in the circuits. Figure 4.11 displays voltage transfer
characteristics composed of p-type and n-type MoTe, TFTs, which clearly show full-
swing characteristics of inverter even under low operating voltage and decent gain

values.
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4.4

Light-Insensitive Behaviors on Photocurrent Generation

in MoTe, TFTs
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Figure 4.12 (a) A device structure of MoTe, TFT under illumination with various

wavelength from 940 nm to 365 nm. (b) Transfer characteristics and (c) output

characteristics of p-type MoTe, TFTs under illumination.

In the commercial display system, one of inevitable issues is photo-leakage

currents generated from backplane transistors, which may render driving currents
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unstable, leading to pixel variation of QLEDs. Hence, it requires a black matrix layer
to block the penetration of light into the transistor and an optical feedback system to
adjust the current value. In this sense, to investigate the generation of photo-leakage
currents in MoTe, TFTs, photoresponse was measured under illumination with
wavelength from 940 nm (NIR) to 365 nm (UV), as shown in Fig. 4.12(a). Figure
4.12(b), (c¢) show transfer and output characteristics of MoTe, TFTs under
illumination. Interestingly, negligible generation of photocurrents under illumination
of broad spectrum (NIR ~ UV) was observed at all Vgs and Vps regions as shown in

Fig. 4.12(h), (c).
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Figure 4.13 (a) Transfer characteristics and (b) output characteristics of MoS; TFTs

under illumination.

To compare the generation of photocurrent with one of representative TMDC
materials as MoS; for display backplane TFTs, photoresponse of MoS, TFTs was also
measured by the same light source. As shown in Figure 4.13(a), (b), photocurrent of
MoS; TFTs gradually increases under light exposure of shorter wavelength [107].
Moreover, Figure 4.13(e) exhibits that output current under illumination (with ~ 365
nm) is 4 times larger than that under dark condition. Detailed current levels of the
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TFTs in the operation regime of on (or off) state were directly compared in Fig. 4.14,
where current levels were extracted from transfer characteristics to clearly see the
current variation in the off regime. MoS, TFTs exhibit increased currents under
illumination, showing 4 times and 4 orders higher in on- and off-regimes, respectively.
On the contrary, as apparently observed in Figure 4.13(b), (c), currents of MoTe>
TFTs did not change under broad spectrum of light. To confirm the reproducibility of
photo-immune properties of MoTe, TFTs, different MoTe, TFTs with (i) type
conversion, (ii) CYTOP passivation, and (iii) another S/D metal (e.g., Al) were

utilized (Figure 4.15).
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Figure 4.14 Evolution of maximum on-current and minimum off-current for MoTe;

(blue circle) and MoS, TFTs (red circle) under illumination with various wavelength.

In this configuration, the behavior of photoresponse is similarly observed, which
implies that photo-immunity is not related with the external issues such as ambient
gases, contact electrodes, and type of channel, and others, but associated with intrinsic
channel material property itself. In addition, there are other reports to similarly show

the negligible photocurrents of multilayered MoTe, TFTs [111]. Overall, the exact
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mechanism for the photo-immunity of MoTe; TFTs is not clear yet, but the light-
insensitive photo-leakage current is possibly due to defects states where those are
located in MoTe; layers or/and their interfaces between MoTe; layers, leading to
limited generation of free-carriers even after light excitation [111]. Thus, the
systematic investigation is highly required in an independent work, however, the
obtained results suggest that MoTe, TFTs can have strong advantages as display
backplane TFTs compared to other TMDCs and conventional materials. The photo-
insensitive properties for MoTe, TFTs could be one of indispensable properties to
realize the future electronic application which is highly necessary for the high security

and valley electronics [112, 113].
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Figure 4.15 Photoresponses

passivated MoTe, TFTs, and (c) MoTe, TFTs with S/D of aluminum in transfer
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4.5 Operation of QLEDs Driven by Channel-type Controlled
MoTez TFTs
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Figure 4.16 (a) An illustration of device structure for QLED operation driven by
MoTe, TFT and photographs showing actual QLED operation. (b) Photographs
showing brightness of QLED driven by MoTe, TFTs during Vs sweeps. ()
Overlapped output curves for load-line analysis of QELD operation driven by n- and

p-type MoTe, TFTs.

For validation on practical impacts for actively controlled QLEDs via channel-
type controlled MoTe, TFTs, the driving capability of MoTe, TFTs for the QLEDs

operation was demonstrated in Figure 4.16. Figure 4.16(a) illustrates a schematic of
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device structures composed of MoTe; TFTs and QLEDs. Inset photographs denote
the real operation at both on- and off-states, wherein the electrode of MoTe; TFTs is
electrically connected with the anode of QLEDs by external wiring. Since the current
path in the circuit is one-way, QLEDs can emit the light only when MoTe, TFTs are
switched on, implying that QLEDs can be controllably driven by MoTe, TFTs.
Furthermore, to efficiently operate the QLEDs, driving transistors should have a good
off-current performance and provide a sufficient on-current level to the QLEDSs.
Based on decent electrical performance of fabricated MoTe; TFTs, the successful on-
off switching of QLEDs is demonstrated as shown in Figure 4.16(a) (top). Figure
4.16(b) displays gradual changes of QLED luminance by modulating the driving
current of n-type MoTe, TFTs with Vs sweeping and fixed Vpp. As the gate voltage
of MoTe, TFTs increases, drain currents of MoTe, TFTs are gradually enhanced,
leading to increased brightness of QLEDs with luminance from 0 to 70 cd/m?2
Additionally, we also confirmed operation of QLEDs driven by p-type MoTe; and n-
type MoTe, TFTs with the same channel material (e.g., multilayered MoTez). With
the respect to pixel configuration connected with driving transistors, top (or bottom)
emission mode can be preferably determined by selection of either n-type channel or
p-type channel. For example, when p-type driving transistors are adopted for active-
matrixed pixel configuration, bottom emission on QLEDs can provide more reliable
light-emitting device configuration type due to easy adoption of thicker top-electrodes,
leading to reliable passivation on the layers of QLED pixel. However, for monolithic
integration with complimentary driving circuits in active-matrix pixel configuration,
both of n and p-type transistors should be required. For this case, n-type driving
transistors would be appealing due to favorable stacking configuration associated with
limited doping techniques. In addition, when it comes to type converted device after

n-type doping, most of n-type devices are unstable, as compared with p-type device
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configuration. Thus, the process sequence requires n-type device implementation first,
followed by p-type configuration. In this sense, Figure 4.16(c) demonstrates the
capability on control of driving currents and symmetry on operation points in the load-
line analysis when n (or p)-type driving transistor controlled the currents in the QLED
pixel. Figure 4.16(c) plots overlapped output characteristics of QLEDs and MoTe>
TFTs, wherein intersection points were marked as circles to indicate operating points
driven by each TFT. This is because the supply voltage (Vop) is divided into QLEDs
and MoTe; TFTs considering relative resistances so that current values of QLEDs and
MoTe, TFTs are supposed to be same in the circuit. Overall, the behaviors of QLEDs
by p-type MoTe, TFTs are similar with those by n-type MoTe; TFTs. This is a good
sign of easiness to select of driving transistors which are connected with the pixels

due to symmetry on current drivability for n (or p)-type driving transistors.
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Figure 4.17 (a) Evolution of driving currents of n- and p-type MoTe; TFTs at various
Vs, Which indicates the control of currents and luminance via PLL treatment. (b)
Stability test of QLED operation driven by n-type MoTe, TFTs during measurement
of 1000 cycles. Inset figure plots switching properties of driving currents under pulsed

VGS.
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In addition, apparent display on QLED current can be nicely controlled by n (or
p)-type driving transistors in Fig. 4.17(a). Even after the type conversion of p-type
MoTe, TFTs by PLL treatment, the luminance according to operation currents which
are determined by load-line analysis was well matched regardless of n (or p)-type of
channel for MoTe, TFTs. This demonstration validates the entire the device stability
before and after type conversion of driving transistors. Moreover, the operation
stability issues are investigated. Figure 4.17(b) shows a multicycle measurement of
QLED operation driven by MoTe; TFTs at a fixed bias condition of Vpp (=6 V) and
pulsed Vgs (3 V, ts = 1 5). As a result, it elucidated the negligible variation of driving
currents at on- and off-current regimes and stable operation by 10 cycles.
Furthermore, the inset figure reveals a behavior of dynamic operation at pulsed Vgs,
from which clear switching properties and response from input signal without
noticeable delay time were obtained. The demonstration finally validates that
operating points for pixel currents in QLEDs and driving transistors are highly
sustainable, displaying that driving MoTe; TFTs are highly reliable even after
multiple cycles under illumination of QLEDs during on-state regime. This is
attributed to the light-insensitive behaviors on driving transistors of MoTe, TFTs
during light illumination. Consequently, all the results were successfully
demonstrated, showing the driving capability of MoTe, TFTs as next-generation

display backplane transistors of QLEDs.
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4.6 Summary

In conclusion, we firstly demonstrated the operation of surface ligand modified
QLEDs display driven by MoTe, TFTs with achievement of the systematic and
reliable type conversion. For the high performance and stable operation of the whole
display system, we adopted the molecular doping strategy using PLL treatment to
convert initial p-type characteristics to n-type characteristics of MoTe, backplane
TFTs. The evidence of n-type doping effect was elucidated by XPS, Raman
spectroscopy, AFM, and electrical characteristics. Furthermore, decent electrical
properties of MoTe, TFTs were obtained such as the SS, Vi, field effect mobility,
hysteresis gap, and on-off ratio before/after n-type doping. Also, inverted bottom
emissive QLEDs exhibited high current efficiency and long-term operational lifetimes
via ligand modification. The presence of ligand modification was investigated by
FTIR, UPS, and UV-Visible absorption. As a result, the driving capability of light-
insensitive MoTe;, TFTs for the operation of QLEDs display provides the successful
and advanced applications as next-generation display backplane transistors of QLEDs.
With the preferable control of channel type of MoTe; TFTs and its light-insensitive
photocurrent behaviors for n (or p)-type MoTe; TFTs, active-matrixed QLEDs are
potentially applicable to the envision applications; (i) highly stacked monolithic,
invisible QLED displays with high robustness over bending and stretchable
environments, (ii) bio-implantable devices with bio-imaging capability which enables
to induce light-excitation and its detection in the implanted device environment, and
(iii) light-to-frequency conversion circuits which require high standard of noise

immunity and its data security, and others.
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Chapter 5

Conclusion

In this thesis, we discussed oxide/nano material based thin film transistor as a
backplane and quantum dot light-emitting diode as a display for future applications.

Firstly, we demonstrated p-type SnO TFTs with spray-coated SWNTs as an
alternative source and drain electrodes comparable to conventional metal. For the
wearable device configuration, we analyzed electrical contact properties and their
reliabilities were systematically extracted by using gated TLM method. Also,
adoption of PMMA as an encapsulation layer effectively improved device contact. In
addition, field effect mobility and activation energy indicate that all the properties are
preserved during these processes. As a result, SWNTSs as an alternative electrode are
practical options among various candidates for the wearable devices.

Secondly, QLEDs display driven by MoTe; TFTs was firstly demonstrated. For

high brightness and reliable operation, we adopted the molecular doping system in
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TMDCs TFFs and ligand modification method in QLEDs, respectively. First, our
molecular doping methodology via PLL treatment could convert initial p-type
characteristics to n-type characteristics of MoTe,. Also, doping characteristics were
systematically analyzed by XPS, Raman spectroscopy, AFM, and their electrical
properties. Second, for the high current efficiency and long-term operation of QLEDs,
we modified ligands of QDs to enhance the conductivity of QDs and control the VBM
without changing bandgap. Based on these methods, we showed the driving
capabilities of QLEDs based on both n and p type MoTe; TFTs.

In this thesis, we not only provide systematical analysis of p-type oxide/nano
materials-based semiconductor to confirm its availability as backplane TFTs but also
demonstrate the operation of QLEDs with type controllable TMDC TFTs. For low
power consumption and highly bright display, type controllable and light-insensitive
TFTs are indispensable to minimize the pixel variation. As a result, adoption of p-type
oxide/nano materials and type-controllable methodology of TMDC TFTs could be
one of viable options to meet optimized device configuration, which is well-matched

with the process of QLEDs such as normal/inverted architecture.
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