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Abstract

Microfluidic Lab-on-a-chip (LoC) systems provide a miniaturized platform for sample
processing and biological / medical diagnostics. This system provides great potential in per-
sonalized and localized point-of-care diagnostic applications. However, despite the numerous
developments on LoC technology, many external lab-scale components such as fluorescent
excitation light sources are still required at the current state of the art. In an effort to address
this, in this dissertation, organic light sources have been thoroughly investigated as cost-
efficient excitation light sources for fluorescence sensing on microfluidic LoC systems by
solution-processing manufacturing methods. In particular, inkjet printing techniques are used
exclusively for the first time as a vacuum-free, mask-free, low processing temperature pat-

terning method in the fully solution-processed organic light sources.

When tested on highly flat and smooth substrates, organic light-emitting diodes
(OLED) exhibit high brightnesses, yet demonstrate difficulty for fully solution processing.
With a novel inkjet-printable Al:ZnO:PEI electron injection layer (EIL), the costly ITO anode
and evaporated EIL/cathode can be replaced by inkjet-printable conductive polymer
PEDOT:PSS. A brightness of > 16 000 cd/m? can be achieved under 40 V pulses from a fully
solution-processed yellow OLED, which is comparable with the available state-of-the-art de-
vices. For rougher or curved substrates, it is favorable to use light-emitting electrochemical
cells (OLECs) instead of OLEDs. The in situ electrochemical doping of OLECs brings ad-
vantages of higher surface roughness tolerance and direct solution-processing possibility.
However, doping also induces low brightness and short lifetime. Therefore, in an effort to
improve emission brightness and operational lifetime under the voltage-pulsed mode, dopant
concentration and active layer thickness of OLEC are investigated for the first time. The op-
timized solution-processed blue OLEC can emit a brightness as high as 4000 cd/m? with a
lifetime > 10 000 pulses at 2800 cd/m?. Furthermore, an on-chip demonstrator has been con-
structed by integrating solution-processed blue OLEC with an OPD and two orthogonally
oriented linear polarizers on a glass chip. This is the first on-chip fluorescent sensor using
solution-processed OLEC for fluorescent excitation. The sensor can detect a minimum con-
centration of as low as 1 uM Fluorescein (FAM) in water, which is better than the comparable
reported setup. In conclusion, the manufacturing procedures and device designs introduced
here provide a general guideline for integrating organic light sources as cost-efficient on-chip

fluorescent excitation sources.
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Chapter 1 Introduction and motivation

1 Introduction and motivation

Microfluidic Lab-on-a-chip (LoC) systems provide a miniaturized platform for
sample processing and biological / medical diagnostics. Its proposed advantages include:
reduction of user error and sample usage, fast and inexpensive analysis, portability and
automation potential. It provides great potential in personalized and localized point-of-care
diagnostic applications. However, despite the numerous developments on LoC technology
[1,2], many external lab-scale components and devices are still required at the current state
of the art. Consequently, much of today’s research has focused on the integration of func-
tionalities such as micro-channels, micro-pumps, and micro-heaters directly onto microflu-
idic chips to realize monolithic and disposable point-of-care sensing platforms [3—9]. One
of the most important functionalities on a microfluidic LoC system is the fluorescence sen-
sor. Because of its high sensitivity as well as selectivity, it is the most common diagnostic
method in biological and medical applications [10,11]. However, very few examples of
fully integrated, compact fluorescence sensing systems on microfluidic chips can be found.
Widely-used fluorescent excitation light sources such as LASERs or LEDs have relatively
large dimensions and are quite expensive. The typical manufacturing process of silicon-
based optoelectronics requires high temperature, high vacuum, chemical etching, photo-
lithography. This process is not compatible with microfluidic LoC substrates. Moreover,
they have limited emission-wavelength-tuning abilities and big differences in manufactur-
ing processes for different emission wavelengths. Therefore, they can only be separately

integrated by means of hybrid assembly [12].

In order to reduce the manufacturing cost, functional materials such as conductive
polymers, light-emitting polymers (LEP), and functional metal/metal oxide nanoparticles
have been tailored to dissolve into common solvents. Thus, functional thin films can be
deposited via solution-processed manufacturing processes such as printing and solution-
based coating techniques. Amongst numerous solution-processing techniques, drop-on-
demand inkjet printing is the most promising technique for functionality integrations on
microfluidic LoC systems. Firstly, the intrinsic solution-based process provides thin film
deposition under ambient conditions or inert atmospheres, and therefore avoiding a costly
high vacuum process; secondly, its digital drop-on-demand material deposition property
eliminates the use of high-cost masks and/or lithographic-based patterning processes; third-

ly, low drying and curing temperatures are sufficient for functionalization. Thus, it is com-
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patible with low-cost disposable plastic and paper-based substrates; last but not least, inkjet
printing is a non-contact, direct writing technique that makes it particularly suitable to di-
rectly integrate functionalities onto substrates with various 3D structures such as microflu-

idic chips.

With the aforementioned, this dissertation focuses on developing cost-efficient ex-
citation light sources that can be directly integrated onto microfluidic LoC systems for flu-

orescence sensing. With this aim, the following requirements should be fulfilled:

1) Suitable light excitation wavelengths to excite specific fluorescent dyes for
sensing;

2) good solution-processing ability via inkjet printing for cost-efficient manu-
facturing;

3) good compatibility and integration ability on sensing chips;

4) high emission brightness to achieve good sensitivity;

5) sufficient operational lifetime at relatively high brightness.

Organic light sources, such as the organic light-emitting diode (OLED) and the or-
ganic light-emitting electrochemical cell (OLEC), have been intensively investigated and
demonstrate great emission wavelength coverage, particularly in the visible range. Organic
light-emitting materials with different and specific emission wavelengths can be designed
and chemically synthesized to meet a range of specific application requirements in dimen-
sion and shape [13]; even UV and IR emission wavelengths can be covered [14-16]. The
relatively low long-term stability of organic light sources is not a critical factor in analytes
due to the short lifetime of the target application in this dissertation. Therefore, organic

light sources show great potential in sensing applications and fulfills requirement (1).

In the case of OLEDs, researchers have already been exploring and developing
them as excitation light sources for on-chip fluorescence sensing platforms [17,18]. From
these efforts, OLEDs have demonstrated suitable emission brightness and stability for fluo-
rescence sensing, meeting requirement (4) and (5). Much higher emission brightness can
be achieved especially when OLEDs are operated under pulsed mode [19]. Moreover, the
intrinsic flexibility of OLEDs has attracted researchers and designers to develop OLEDs
for innovative applications that fill specific niches such as transparent window screens
[20], car rear lighting [21] and artistic lighting designs [22]. Although OLEDs have been

developed as a mature display technology that currently dominates smart-phone screens in
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the global market [23], the manufacturing process of OLED:s still relies highly on the vac-
uum-based thermal evaporation process. This process requires a high vacuum, high pro-
cessing temperature as well as shadow mask for patterning. Despite the high potential of
manufacturing OLEDs using solely solution-processing techniques [24-30], very few ex-
amples have been reported [24] and no solution-processed OLEDs have been integrated

and tailored for on-chip fluorescent sensing applications.

(1) The first goal of this work is to develop a manufacturing recipe of OLEDs using

fully solution-processing techniques, specifically inkjet printing.

Apart from tremendous efforts on fully solution-processing OLEDs, few reported
examples could be found. In particular, no all-inkjet-printed OLEDs could be found. Most
claimed fully solution-processed OLEDs are still using pre-patterned transparent anode
ITO and thermally evaporated metal cathodes. The reasons for this are an interlayer mixing
issue due to complex layer structures, difficulties in producing ultrathin work-function ad-
aptation layers, and usage of non-soluble and non-air-stable metal cathodes. Hence, simpli-
fied layer structure and solution-processable electrodes as well as work-function interlayers
are the key points of interest for fully solution-processing OLEDs. Inkjet printable conduc-
tive polymer PEDOT:PSS traditionally served as the hole injection layer (HIL) for OLEDs
device due to its high work function (-5.2 ¢V) and low hole injection barriers to most
LEPs. Recently, researchers and commercial companies have been improving the electrical
conductivity of PEDOT:PSS (up to 3000 S/cm) using various methods [31-34]. Thus,
PEDOT:PSS alone can serve as an inkjet printable electrode. In order to reduce the elec-
tron injection barrier, a novel inkjet-printable single-layer electron injection layer (EIL) is
introduced in this dissertation. In effect, OLEDs with much higher emission brightness can
be solution-processed with a simple 4-layer structure. The novel EIL was inkjet printed
from an Al-doped ZnO nanoparticle dispersion mixed with the work-function adaptation

polymer, PEL

Nevertheless, OLEDs require a substrate surface with high flatness and smoothness
to achieve good efficiency and stability. This can be problematic when OLEDs should be
deposited onto polymeric microfluidic chips with 3D micro-structures and relatively rough
surfaces. Conversely, organic light-emitting electrochemical cells (OLECs)-an emerging
OLEDs alternative-has been intensively investigated for low-cost, low-brightness display

and signaling applications [35,36]. Compared to OLEDs, the additional dopants bring
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OLECs the advantages of simple device architecture, fully solution-processing ability,
simple chip integration as well as relatively high roughness and flatness tolerance. There-
fore, it is a favorable light source in terms of solution-processing and polymeric microflu-
idic LoC system integration, fulfilling requirement (2) and (3). However, the even lower
emission efficiency, long turn-on time, and shorter operational lifetime hinder its develop-
ment in high brightness sensing applications. Furthermore, there is no OLEC reported for

sensing applications.

(2) The second goal of this work is to provide the knowledge and develop the pa-
rameters for sufficient excitation performance in fully solution-processed

OLEC.

A blue emitter was chosen for demonstration, because it provides high injection
barriers and thus has complex layer structures as well as material compositions. If the blue
emitter works well, the recipe can be easily transferred to other visible colors. Voltage-
pulsed driving operation is introduced and investigated in order to overcome the intrinsic
low brightness and short lifetime of OLECs. A working blue OLEC can be easily solution-
processed by spin-coating an OLEC active layer between inkjet printed Ag and
PEDOT:PSS layers. Although there is high deviation of surface flatness of bottom Ag elec-
trode, a brightness of more than 1000 cd/m? can be emitted under pulsed mode. Further-
more, as the device performance highly depends on dynamic electrochemical doping, vari-
ous dopant concentrations and active layer thicknesses have been investigated to improve
emission brightness and device stability. Hence, a material and device design recipe for

tailoring OLEC for fluorescence sensing applications can be developed.

(3) The final goal of this work is to demonstrate a high on-chip sensing perfor-

mance using an integrated solution-processed organic light source.

With this aim, a solution-processed blue OLEC and OPD are integrated onto a glass
chip. Widely used fluorescent dye (FAM) is diluted in water at various concentrations.
Two orthogonally oriented linear polarizers were used to shield detector from the excita-
tion light. The fluorescence sensor with integrated fully solution-processed OLEC and
OPD is first reported. Moreover, to demonstrate the flexibility of OLEC and simple trans-
ferability of emission wavelength, yellow OLECs were fabricated on ultrathin glasses. A
concept of further increasing emission brightness was also achieved via a tandem

OLED/OLEC structure.
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This dissertation is structured as follows: Chapter 2 reviews the basic concepts and
state of the art of organic electronics, organic light-emitting diodes, organic light-emitting
electrochemical cells, solution-processing techniques, and the use of OLEDs for medical /
chemical fluorescence sensing. Chapter 3 provides the theoretical model and principles of
improving the emission brightness and operation lifetime for organic light-emitting devic-
es. Chapter 4 contains the solution-processing manufacturing process (i.e. spin coating plus
inkjet printing) of OLECs and OLEDs; device characterization methods are also included.
In chapter 5, a fully solution-processed yellow OLED with a novel inkjet-printed interlayer
of Al-doped ZnO and a PEI mixture is introduced. The OLED devices are then character-
ized under voltage-pulsed mode. Chapter 6 describes the device characterization of solu-
tion-processed blue OLECs under voltage-pulsed operation. It includes a study of maxi-
mum emission brightness and time constant behavior under voltage-pulsed operation with
respect to the mass ratio of LEP and dopants as well as active layer thickness. Described in
chapter 7 is devices with ITO-free OLECs, tandem OLED and OLEC, and a demonstrator
of integrated OLEC, OPD as well as polarization filters on a glass chip. Chapter 8 con-

cludes this dissertation with a summary and outlook.
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2 Concepts and state-of-the-art of organic light sources

This chapter describes basic concepts and the state-of-the-art of most relevant tech-
niques to this dissertation. Firstly, an overview of printed electronics and solution-
processing techniques are introduced. Next, the basic working concept and state-of-the-art
of organic light-emitting diodes (OLEDs) and organic light-emitting electrochemical cells
(OLECs) are explained. Finally, current status of integrating OLEDs for medical / chemi-

cal fluorescence sensing are reviewed.

2.1 Printed electronics and solution-processing techniques

In 20™ century the electronics, in particular inorganic semiconductors, have re-
markably advanced our daily lives and altered the way the world works. The products such
as computers, robots, Televisions, smart-phones, solar cells and light-emitting diodes
(LED) become increasingly indispensable. However, the great success of inorganic devices
such as silicon semiconductors is based on mass production and miniaturization of function
units like transistors. Furthermore, a typical high-temperature and vacuum-based process is
used in inorganic electronic industrials, which limits the applications in flexible, high
throughout and personalized applications. Within the last three decades, the emerging and
significantly developed organic and printed electronics have become a key technology to
fulfill these niches. The solution-processing manufacturing of organic materials can highly
reduce the number of vacuum processes and hence manufacturing cost, particularly for
large-area flexible electronics [37]. Organic and printed functional materials are typically
processed at low temperatures (< 200 °C), which provides the possibility of using cost-
efficient flexible polymeric and paper substrates [38]. High physical and chemical tunable
properties, as well as combination flexibility in organic chemistry provides organic materi-
als with rich mechanical, electrical and optical properties. For example, conducting poly-
mer poly(3,4-ethylenedioxythiophene) polystyrene sulfonate (PEDOT:PSS, invented by
Bayer AG) [39][40] provides good conductivity (up to 1000 S/cm), high transparency
(90% transmission in visible range) and no dependency of metal element such as copper,
silver, gold and Aluminum. It is also highly flexible and lightweight, which can directly
integrate the electrical functions on textile and plastics. In addition to the pure electrical
conducting properties, conjugated polymers exhibit various electronic and optical func-

tionalities by attaching different side chains and engineering the main chain architecture
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[41-43]. Well-developed examples include organic semiconductors, in particular organic
light-emitting diodes (OLED) [44-46], organic photovoltaics (OPV) [43,47] as well as
organic photodiodes (OPD) [48], and organic field-effect transistors (OFET) [49].

Solution-based deposition method or solution-processing technique provides ad-
vantages of potentially lower capital investment, compatibility with large area substrates,
lower material consumptions, vacuum free and lower processing temperature, and compat-
ibility with flexible substrates. This technique includes but is not limited to spin-coating
[50], spray coating [51], dip coating [52], slot-die coating [53] and printing methods such
as inkjet [54,55], screen [56], and gravure printing [57]. Solution-based coating methods
such as spin coating, spray coating, and dip coating are simple methods to deposit thin lay-
ers by dropping functional solutions onto highly spanned target substrates, spraying over
static target substrates, or dipping the target substrates into functional solutions which are
then withdraw with steady speed. Specifically, spin coating is widely used for preparing
small sized OLED samples [58,59]. It is commonly used to produce photoresist thin films
in microelectronics industries. With rapid spinning of the substrate , a uniform thin film
with controllable layer thickness can be deposited onto planar substrates. Thanks to its rap-
id, highly reproducible thin film deposition properties, spin coating is commonly used in
scientific research for material and device investigations. The thickness of spin coated thin
films can be well controlled via the spinning speed and ink viscosity [60]. However, alt-
hough all these coating methods typically result in uniformly thin films, additional mask or

patterning methods are typically required.

On the other hand, printing methods provide the intrinsic patterning during thin
film deposition and efficient material utilization. Through Gravure printing, the thin films
are deposited via mechanical contact between the substrates and pre-patterned metallic
rolls. Gravure printing has great advantages in high speed and high throughput roll-to-roll
manufacturing as it can achieve maximum print speed of 1000 m/min with resolution down
to 20 um [61]. It is of particular interest for large area OLED-based lighting applications,
where the cost per printed unit is a core issue. Screen printing is another contact printing
method, where the ink is transferred by squeezing through patterned mesh onto target sub-
strates. It is one of the most inexpensive and fast methods for organic layer deposition.
However, the typical minimum thickness of 0.5 um prevents it from depositing OLED thin

layer stacks [62,63]. Moreover, the necessary of mesh mask in screen printing and metallic
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rolls in Gravure printing for each design increase the initial cost and are not suitable for

customized disposable point-of-care applications.

In contrast, inkjet printing is a digital, non-contact solution deposition technique.
There are two types of popular commercially used inkjet printers: continuous inkjet printer
[64—66] and drop-on-demand (DoD) inkjet printer [67,68]. The continuous inkjet printers
are mainly used for commercial marking and coding on products and packages. DoD inkjet
printers, specifically piezoelectric DoD inkjet printers, are selected and intensively investi-
gated for organic electronic fabrications. A continuous inkjet printer consists of a fluid
reservoir, one or more ejecting nozzles and charged plates. The fluid reservoir supplies the
ink into the nozzles that eject continuous droplets. The ejected droplets are then deflected
by charged plates so that they can be deposited on desired positions. Contrastingly, a DoD
inkjet printer is working with low fluid impedance nozzles and controllable actuators
(thermal or piezoelectric). By generating pressure pulses from actuators, the ink is ejected
out of nozzles due to actuator shape deformation. In the meantime, high mechanical preci-

sion arises in both x- and y-directions for directing the printhead to the desired positions.

The piezoelectric DoD inkjet printing technique has the most control over the preci-
sion of printed patterned without using any masks. In addition, the non-contact deposition
ability of inkjet printing results in minimized contamination. In industrial printheads, thin
films with complex patterns can be printed under high speeds onto large area flexible sub-
strates with thousands of nozzles and under high frequencies. All these make inkjet print-
ing as the most cost-efficient solution deposition technique for organic electronics [69—71].
Aside from the great success in printing commercial image and characters in the 20th cen-
tury, the inkjet printing method has been intensively researched to fabricate various organ-
ic and printed electronic applications including Radio-frequency identification (RFID) an-
tennas [72,73], OLEDs [70,74,75], organic photodiodes (OPDs) [76], Organic photovolta-
ics (OPVs) [77,78], and Organic field-effect transistors (OFETs) [49,79]. Nevertheless,
large challenges remain for depositing thin films with high uniformity via inkjet printing
on planar substrates. One major issue is the intrinsic solvent evaporation phenomenon such

as coffee ring effect [80].
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2.2 Organic light-emitting diode (OLED)

Organic electroluminance was first discovered in 1960s from single crystals of an-
thracene [81]. However, there is no applications had been recorded because of the high
working voltages till the discovery of efficient and low-voltage OLEDs from Kodak re-
searchers in 1987 [82]. The OLED was based on multi-layer sandwich p-n heterojunction.
With proper design, electrons and holes can efficiently inject into emitting layer 8-
hydroxyquinoline aluminum (Algs) and emit light. A brightness of > 1000 cd/m? was emit-
ted under less than 10 V. Since then, OLEDs have been tremendously investigated and
produced fruitful achievements. OLEDs provide the advantages of self-emitting property,
high efficiency, full-visible color capability, wide viewing angle, high contract, low power
consumption, lightweight, large area and flexibility. The particular traits of producing on
large and flexible substrates as well as easy color tuning demonstrate high competing abil-
ity compared to conventional display and lighting techniques such as liquid crystal display
(LCD), thin film transistor liquid crystal display (TFT-LCD), and light emitting diode
(LED). All these properties make this device especially advantageous for display area and
offers promising applications in lighting. For example, smartphones with active matrix
OLEDs displays have become a dominant player in the market in recent years, especially
in the field of high-end smartphones [23]. The curved OLED display of Samsung Galaxy
Edge series, which present the unique flexible properties of OLEDs in contrast to its com-
petitors, has drawn large attention and unexpected success in the market [83]. High-end
dominator Apple also integrated OLED display in its products such as iWatch and Mac-
Book Pro. Increasingly, manufacturers are focused on developing big area and curved
OLED TVs. LG electronics has already released several OLED products in the market and
1s even working on rollable OLED TVs in 2017 [84]. In the field of lighting, Audi is deliv-
ering new model of Audi TT with integrating OSRAM OLED taillights in 2016 [85].

Similar to the inorganic LEDs, a basic OLED structure consists of an emissive layer
sandwiched by two electrodes (see Figure 2-1). At least one of the electrodes should be
transparent so that the light can out-couple from the device. A reflective metal such as Al
or Ag is typically used as the other electrode for high electrical conductivity and improving
the emission brightness. For simplicity, this three-layer structure is used to explain the
working mechanism of OLEDs. The electrical conductivity of semi-conductive small mol-
ecules and polymers comes from the delocalization of n electrons from the extended =

bonding over the complete molecule [86]. The highest occupied molecular orbital
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(HOMO) and the lowest unoccupied molecular orbital (LUMO) of organic semiconductors
behave similarly to the conducting band and valence band of inorganic semiconductors.
The radiative decay of excitons inside the emissive layer (EML) from LUMO to HOMO
emits photons and thus emits light. There are two main types of organic electroluminescent
materials: small molecules [82,87] and polymers [88,89]. One major difference between
them is the thin film deposition process. Small molecule based EML is generally deposited
by thermal evaporation under high vacuum, while the polymer-based EML is processed
from solution-based processing techniques as previously mentioned in section 2.1. Gener-
ally, the former is a mature industrial technology with higher efficiencies and longer life-
times due to the high material purities, ideal multilayer stack and high degree of horizontal
molecular orientation, whereas the latter benefits from low production costs and can pro-
cess over large, flexible substrates due to a better mechanical integration into roll-to-roll

manufacturing.

Cathode -

(e.0. Al, Ag) \

Emissive layer — 5,

Bnoda —=—"""
(e.. ITO) ss, PET...)

Figure 2-1 Schematic diagram of a simple sandwiched three-layer OLED structure on a transparent substrate.
It consists of a transparent anode such as ITO, an organic emissive layer (a blue light emission is illustrated

here), and a reflective cathode such as Al or Ag.

The energy diagram of a basic OLED structure is illustrated in Figure 2-2. Under
positive electrical potential bias, electrons inject into the HOMO of the organic emissive
layer from the cathode, and holes inject into the LUMO from the anode. The external elec-
trical field also drives the injected electrons and holes diffuse toward each other within the
EML. It has been reported that the current of OLEDs is determined by the mobility of the
charge carriers, which means the current is space-charge limited [90,91]. When a pair of

injected electrons and holes meets, they form an exciton. The exciton will either radically
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relax via fluorescent or phosphorescent decay, and consequently a photon will be emitted

resulting in light emission.

organic emissive layer

anode /

e,—@

LUMC

Vacuum Energy Level

o,

.

eV /

_—
—

@ HOMO /
®

Figure 2-2 Energy level diagram of a single-layer OLED with an applied positive bias. A yellow light emis-

sion is illustrated here.

As illustrated in Figure 2-3, in order to achieve high efficiency of OLEDs, multi-
layer system is usually used [92,93]. Typically, the layer structure of high efficient OLEDs
consists of a transparent anode, hole injection layer (HIL), hole transporting layer (HTL),
electron blocking layer (EBL), emissive layer (EML), hole blocking layer (HBL), electron
transporting layer (ETL), electron injection layer (EIL), and metal cathode. They have two
main functionalities: 1) Adapt the energy band mismatch in order to improve the carrier
injection and reduce the driving electrical potential; 2) balance and confine the injected
carriers inside EML in order to maximize the recombination efficiency (y). Depending on
the energy level of the emitters, sometimes one material can provide the functionalities of
two adjacent layers. For example, the hole-transporting and conductive polymer
PEDOT:PSS is widely used as both hole-injection and transporting layers. The increasing
conductivity of PEDOT:PSS allows for its development and implementation into a trans-
parent electrode [94,95]. The first functionality is normally achieved via choosing appro-
priate materials to adapt the work function level layer by layer. The second functionality
involves using the large work function mismatch for opposite carriers to prevent the carrier
from escaping to the opposite electrode. For example, as indicated in Figure 2-3, there is a

big work function barrier between LUMO (HOMO) level of EML and EBL (HBL) so that
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the electrons (holes) cannot escape easily from the EML. Thus, the all injected electrons

and holes have large possibilities to combine and emit light.
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Figure 2-3 Energy level diagram and functionality of a p-i-n OLED, copyright (2009) IEEE, reprinted from

literature with permission [93].

Currently, all commercialized OLED products are based on sputtered and pre-
patterned ITO substrates. The rest of the layers such as EML, low work-function EILs (e.g.
Ba, Mg, LiF), and reflective metal cathodes (e.g. Al, Ag) are deposited by the thermal
evaporation method. This manufacturing technique brings outstanding thin film thickness
control as well as surface uniformity, and therefore high device performance. However,
this technique is costly because of high vacuum requirements, expensive fine metal masks,
slow manufacturing speed, and material wasting [50]. Moreover, it has limited production
abilities on large area OLED manufacturing [45]. Consequently, researchers have focused

on replacing vapor evaporation-based method with solution-based deposition methods [46].

Three major issues have to be resolved for fully solution-processed OLEDs. Firstly,
finding soluble materials for work-function adaptation layers such as EIL, ETL, HBL, and
EBL, as depicted in Figure 2-3. At current stages, it is difficult to achieve both the target
work function and high carrier mobility (or high electrical conductivity) via single material.
Therefore, ultrathin layers (typically, 1-10 nm) of reactive materials such as LiF, Ba, and
Mg are typically used to minimize the influence of electrical conductivity issues. Secondly,
intermixing of layers is another outstanding issue for fully solution-processed multi-layer
OLEDs. The solvent from the above layers can dissolve the layer deposited underneath.
Hence, either cross-linkable materials or orthogonal solvent systems for adjacent layers
have to be selected and processed. Finally yet importantly, ultrathin and homogeneous lay-

ers are difficult for mask-free solution-processing methods such as printing methods. In
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conclusion, fully or partly solution-processed OLEDs typically use much simpler layer
structures and thicker layers. To achieve this, finding materials with high carrier mobility,

appropriate work function, air stability, and solution-processing ability is imperative.

For most reported “fully” solution-processed OLEDs, a transparent pre-patterned
ITO anode, thermally evaporated metal cathodes such as Al and Ag, and thermally evapo-
rated EIL such as Ca, Mg, LiF are still used [46]. When it comes to inkjet printing, by far
no all-inkjet-printed OLED has been reported in the literature regardless tremendous ef-
forts on inkjet printing OLEDs. The most recently reported inkjet-printed OLEDs were
only one or two layer inkjet printed such as EML [55,75,96], HTL [97], HTL + EML [98],
and Ag cathode [29]. Today, large efforts are still focusing on fully solution-processing
OLEDs using advantages of different solution-processing methods [99,100]. However,
ITO anode and / or evaporated metal cathode(s) are still indispensable. For example, Her-
merschmidt et al [101] reported a solution-processed OLEDs with an inkjet printed Ag grid,
doctor-bladed PEDOT:PSS HTL, and doctor-bladed EML. However, the EIL (Ca) and
cathode (Al) were still evaporated under high vacuum. A maximum brightness of >
6000 cd/m? and current efficiency of 1.34 cd/A can be achieved. Stolz et al [29] reported a
solution-processed yellow OLED with a ITO anode, spin-coated PEDOT:PSS HTL,
SuperYellow LEP, PFN EIL, and an inkjet printed Ag cathode. A maximum brightness of
~3000 cd/m? could be achieved. However, a very short maximum lifetime (LT70) of 4 h at
500 cd/m? resulted with an evaporated Ag cathode.

Zhou et al [102] introduce the air stable and solution-processable polymer contain-
ing simple aliphatic amine groups, such as polyethylenimine ethoxylated (PEIE) and
branched polyethylenimine (PEI) as an universal, solution-processable EIL. The mecha-
nism is the modification of interface work function via presence of the interfacial dipole
from amine groups. The ultrathin layer (1-10 nm) can reduce the work function of various
widely used OLED materials such as Al, Ag, ZnO, ITO and PEDOT:PSS. Since then, a
great tool has become available to fully solution process high efficient OLEDs [24-30].
Recently, a first fully solution-processed OLEDs with a layer structure of PEDOT:PSS ||
ZnO || PEI || EML || WOs; || PEDOT:PSS + AgNW using solely the spin-coating method
with adhesive tapes for patterning has been reported [24]. High efficiencies of 20.1 and
2.5 cd/A as well as maximum luminance of 4220 and 500 cd/m® has been achieved for
yellow and blue fluorescent OLEDs. Even though, ultra-thin layer of PEI is still required,

and high layer surface homogeneities are also required for high device performance. In an
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effort to address this, Kagar et al [103] reported a novel way to produce bright RGB
OLEDs using a spin-coated ZnO:PEI nano-composite interfacial layer. Maximum bright-
nesses of ~12 000 cd/m? can be achieved for RGB OLEDs. However, all devices were
dead immediately after achieving the maximum brightness. Furthermore, with exception to
the EMLs that were spin-coated, the ITO anode, evaporated ultrathin HIL, and evaporated
Al cathode were still used in this study. It can be concluded that no real fully solution-
processed OLED using the inkjet printing technique as the exclusive electrode patterning
method has been reported. There is no lifetime investigation of solution-processed OLEDs
at high emission brightness (>3000 cd/m?). The performance of solution-processed

OLEDs reduced as more layers were inkjet printed.

2.3 Organic light-emitting electrochemical cell (OLEC)

Thanks to the pioneering work of Pei and co-workers [35], the light-emitting elec-
trochemical cells were first introduced in 1995. They used a conjugated polymer (CP) as a
light-emitting material-a combination of a lithium salt and a solid electrolyte as the mobile
ion source for in situ doping. It is also commonly referred to polymer light-emitting elec-
trochemical cells (PLEC) due to the emissive polymer. A year later Lee et al [104] reported
that a LEC device can be also fabricated from a single component active material (i.e. an
ionic transition metal complex, short for iTMC), which combines the light-emitting organ-
ic material and the mobile ions into one material. This introduced another dominant LEC
component principle: iTMC-LEC. In spite of the claims of iTMC-LEC, an additional elec-

trolyte, usually an ionic liquid, has to be added to reduce the turn-on time.

The principle of the OLEC operation is quite similar to OLEDs. It is also based on
the sandwiched thin layer structure of heterojunctions. The injected electrons from the
cathode and holes from the anode drift inside active layer meet each other, combining and
forming excitons. Excitons partly undergo radiative decay and emit photons. However,
OLEC has a slightly varied operation process due to the presence of mobile ions. The typi-
cally used organic light-emitting materials are undoped at their pristine state. Therefore,
when an external electrical potential is applied between the anode and cathode, the ions
which are pre-mixed inside active layer, drift towards the counter electrodes and form elec-
tric double layers (EDLs) at both electrodes (Figure 2-4a). The EDL has a typical thickness

of less than 1 nm; the local electric field can be therefore as high as 10° V/m. High electric
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field leads to high energy level bending at the electrode / active material interface. Once
the applied external electric potential is higher than the energy gap of the active material,
1.e. V > E,/e, a large bent in the interfacial energy bands results in allowing electrons as
well as holes to inject into active organic material via tunneling (Figure 2-4b). Electrons
inject into LUMO layer and holes inject into HOMO layer of the organic active material.
Consequently, the organic active material will be electrochemically doped because of in-
jected space charges, which drives the surrounding mobile ions to diffuse further and neu-
tralize the injected space charges. A cation compensates an injected electron and forms an
n-type dopant, while an anion compensates an injected hole and forms a p-type dopant.
Similar to inorganic semiconductor doping, the formed space dopants dramatically in-
crease the electrical conductivity of organic active material [105]. The two doped-regions
approach each other over time and eventually meet, which results in an organic p-n junc-
tion. Injected electrons and holes partly combine at the junction interface and form exci-

tons. Some of generated excitons emit photons via radiative decay (Figure 2-4c¢).
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Figure 2-4 Energy-level presentation of the transient response at (a) V < Ej/e and (b) V = Ey/e, as well as (c)
the steady-state operation at V > E,/e; the larger circles represent the ions, the small open circles represent
the holes, and the small solid circles represent the electrons; (d) a schematic structure of an open surface cell
device; (e) a set of time-lapse photographs depicting the turn-on process in a surface-cell device, where the
emergence of dark areas corresponds to the formation of doped regions, copyright (2008) Elsevier B. V,

reprint with permission from literature [36].

Thanks to the in situ doping principle, a relatively thick active layer can be used in
OLECs, and OLEC can work in principle with a simple 3-layer structure of an anode, an

active layer, and a cathode. It has been demonstrated that OLECs can work with > 10 mm
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thick active layer [106], and therefore a planar device structure can be used to study the
dynamic doping behavior of OLECs, as depicted in Figure 2-4d and e. The intrinsic LEP
emit strong fluorescent light under UV irradiation, while this ability is quenched after elec-
trochemical doping (see Figure 2-4e II and III). Thus, the N- and P-doping fronts can be
optically observed under microscopes or high resolution cameras with UV irradiation. The
light-emitting regions are also visible due to the electroluminance of LEPs (see Figure 2-4¢
IV). The planar structure has been a powerful tool to understand the mechanism of OLECs
[107—-109]. The influence of the dopant materials [110], dopant concentrations [111], LEPs
[112], electrolytes [113,114], voltage biases [115], and electrodes [116] were investigated
separately. On the other hand, the in sifu electrochemical doping also results in long turn-
on times, lower the emission efficiency/brightness, and shorten operational lifetime.
OLEC:s have a typical lifetime of ~100 h at the brightness level of ~100 cd/m? [128], a typ-

ical turn-on time of a few minutes to hours, and a typical efficiency of ~10 cd/A [36].

Compared to OLEDs, most reported OLECs were partly solution-processed, and
the most common used methods were spin-coating [35], slot-die coating [117], spray coat-
ing [118], gravure printing [119], and inkjet printing [120,121]. Even OLEC demonstrates
high potential in fully solution-processing, an ITO anode and air-stable metal cathodes (Al,
Ag and Au) were still used in most reported OLECs. Matyba et al [122] reports a metal-
free and ITO-free OLECs by using PEDOT:PSS as an anode and Graphene as a cathode. A
maximum emission brightness of 1200 cd/m? was achieved under 20 V bias. A fully solu-
tion-processed OLEC was reported by Liang et al [123]. The OLEC consisted of an anode
from a rod-coated SWCNT/AgNW bilayer, a spin-coated/doctor-bladed active layer, and a
doctor-bladed Ag cathode. A maximum brightness of 2080 cd/m? was achieved. It has been
noticed that by a maximum brightness of 14 600 cd/m? was achieved by replacing Ag paste
with evaporated Al cathode. Thus, device performance highly decreases with solution-
processed layers. Another fully solution-processed OLEC was fabricated on a pre-coated
paper via spray coating [124]. Due to the rough surfaces, up to 7 um thicknesses of OLEC
active layers and PEDOT/AgNW electrodes were used. Although it emitted a maximum
brightness of 250 cd/m?, it proved OLEC work with rough substrates and a 7.6 pm active
thickness. Moreover, OLECs worked on curved and uneven substrates such as on stainless
steel fibers via dip coating [125] and on textiles via spray coating [126]. However, both

were not fully solution-processed.
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2.4 Integrating OLEDs/OLECs in on-chip fluorescence sensing

Microfluidic Lab-on-a-chip (LoC) systems are widely used in chemistry, biology
and medicine since they provide full sample analysis without the need for bulky and ex-
pensive laboratory equipment [127,128]. They provide short measurement times by requir-
ing very low amounts of analyte. Through the use of cost-efficient replicated polymer
chips and solution processing for the integrated functionalities, LoCs are disposable and
suitable for point-of-care applications [129]. Within the last years, much effort has been
devoted to increasing the degree of integration at reasonable costs and therefore the num-
ber and complexity of possible application cases via integrating multi-functionalities as
well as bio-sensors onto microfluidic chips [3—5]. Some examples include: On-chip inte-
grated micro-pumps integrated by fully inkjet-printed piezoelectric membrane pumps [6,7]
for driving the fluid with analytes through micro-channels; inkjet-printed micro-heaters
[8,9,130] integrated to achieve thermal control for analysis; inkjet-printed SERS pads inte-
grated to increase Raman signals [131]. The analyte mixing and separating can be digitally
controlled by inkjet-printed digital microfluidics [132,133]; even micro-channels can be

directly printed on paper [134,135].

Fluorescence sensing is the most common analytical and diagnostic method in bio-
logical and medical applications because of its high sensitivity and selectivity properties
[10,11]. However, very few examples of fully integrated, compact, and low-cost fluores-
cence sensing systems on microfluidic chips can be found. This is mostly because of wide-
ly used sensing units based on LASERs, LEDs, CCDs, and silicon photodiodes. These de-
vices have relatively large dimensions, are relatively expensive and can only be integrated
by means of assembly [12]. In contrast, organic electronics provide the advantages of di-
rect on-chip integration, low-cost manufacturing via solution processing (e.g. inkjet print-
ing, spin-coating), easy emission and detection wavelength tuning, and compatibility with
flexible substrates [136]. Consequently, several integrated organic light-emitting diodes
(OLEDs) in fluorescence sensing systems have been reported in recent years [17,18,137—
141]. For example, Pais et al [137] reported a fluorescence sensor with a combination of an
all-evaporated green OLED, an evaporated OPD and two linear polarization filters. A lim-
it-of-detection (at S/N = 1) of 100 nM was projected for Rhodamine 6G, and 10 uM for
fluorescein. Lefevre et al [139] reported a Algal fluorescence sensor integrated into a mi-
crofluidic chip for water pollutant detection. Color filters based on acid/base dyes and a

metal complex were used in this study. Concentrations of Diuron as low as 7.5 nM have
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been tested and achieved for water pollution sensing. Similar to the previous case, an all-
evaporated blue OLED was used as the excitation light source. When combined with high
sensitive traditional photodetectors such as CCDs, spectrometers, and Photomultiplier
tubes (PMT), partly solution-processed OLEDs were integrated in microfluidic chips as
excitation light sources. Hofmann et al [142] and Scholer et al [141] both reported using
polymer OLEDs with spin-coated HTL and EML, despite using slightly different emitters.
The yellow OLEDs can emit a maximum brightness of 50 000 cd/m? and detect a concen-

tration of urinary human serum albumin (HSA) as low as 10 mg/L.

There is no OLEC used as an excitation light source for fluorescence sensing appli-
cations. This is mainly due to the long turn-on time and relatively low maximum bright-
ness of OLECs. However, OLECs show high potential in disposable applications due to
the consistency of device architecture and manufacturing process; no modification is re-
quired for different emission wavelengths, i.e. colors, of different fluorescent dyes except

changing of the light-emitting polymers or small molecules.

In conclusion, recently reported OLEDs used in on-chip sensing applications were
manufactured either fully or partly by thermal evaporation in a high vacuum. No fully so-
lution-processed OLEDs have been reported for on-chip fluorescence sensing applications.

Furthermore, OLECs have never been connected with fluorescence sensing area.
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3 Theoretical principle of using organic light sources for
sensing applications

In this Chapter, theoretical concepts and a model of organic light-emitting devices
have been formulated to provide a guideline of using organic light-emitting devices for on-
chip fluorescence sensing applications. For OLEDs research and industries, displays and
lighting are main application fields. Thus, several aspects of organic light-emitting devices
are being intensively explored, including the improvement of light-emitting efficiency and
reduction of driving voltages for energy saving, extending continuous operational lifetime
at relatively low brightness (< 1000 cd/m?) for long term usage, covering RGB color for
display application, and realizing white color emission for daily lighting application. How-
ever, in order to use organic light sources as excitation light sources for disposable micro-

fluidic LoC sensing application, the following requirements are defined:

1) Suitable excitation light wavelengths to excite specific fluorescent dyes for
sensing;

2) high emission brightness to achieve appropriate sensitivity;

3) reasonable operational lifetime at relative high brightness;

4) good compatibility and integration ability on sensing chips;

5) low manufacturing costs;

6) stable and commercially available materials

In this chapter, section 3.1 and 3.2 discusses the material selection to meet require-
ments (1) and (6). For requirement (5), solution-processing techniques are used in this dis-
sertation to manufacture the organic light sources. More specifically, inkjet printing is used
to realize direct integration and electrode patterning, and spin coating is selected to deposit
homogenous active layers. The intrinsic properties of organic light sources combining with
solution-processing techniques fulfill requirement (4). The details are discussed in section
3.1. The rest of this chapter focuses on the development of a necessary theoretical model
for generating high brightness (in section 3.3) and reasonable operation lifetime (in section

3.4) for using organic light sources in on-chip fluorescence sensing applications.
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3.1 Device architecture considerations

Device architecture considerations: two slightly different variants of organic light
emitting devices are chosen here for targeted microfluidic LoC sensing applications. They
are OLECs and OLEDs. Although both devices can be manufactured via cost-efficient
solution process techniques and are compatible on various LoC substrates, they differ in

the layer architecture and thicknesses.

Due to the dynamic doping mechanism of OLECs and thus improved electrical
conductivity of active layers, OLECs have much higher tolerance on surface roughness
then OLEDs. For the same reason, OLECs are insensitive to work function mismatch and
have a “universal” three-layer structure for all visible emission light. With fewer layers and
universal structures, the manufacturing cost is further reduced. Consequently, OLEC are
proposed here to be a general cost-efficient solution for integrating organic light sources on
microfluidic LoC systems. They show particular advantages of integrating on rough and

flexible polymeric chips and blue emitters that have high carrier injection barriers.

On the other hand, OLEDs have much higher efficiency and emission brightness
than OLEC. Therefore, OLEDs have higher potential in applications requires high sensitiv-
ity, especially when the chips have high surface flatness or with additional planarization
layers. A slight modification of layer structures or interlayer material could be necessary to
avoid unbalanced injected carriers. This is particularly important for achieving high emis-
sion efficiency and brightness (see section 3.3). To reduce the complexity of solution-
processing multi-interlayers, a one-step, inkjet printable work function adaptation layer is

introduced, and detail is described in section 4.1.2.

For scientific investigation purposes, a pre-patterned ITO electrode is chosen as the
cathode and active layer is spin-coated instead of printed so that reproducible and highly
controllable samples can be deeply investigated and compared. The ITO-free devices will
be introduced in chapter 5.3, 6.2, and 7.1. PEDOT:PSS is chosen as the anode because of
its high hole-injection ability, good electrical conductivity, air stability, high transparency
as well as good inkjet printability. Most commercial PEDOT:PSS inks are water / alcohol
based inks so that the interlayer-dissolving problem can be avoided, which is a typical is-
sue for solution-processing multi-layer OLEDs. More information about the materials is

present in the section 3.2. Furthermore, there is commercially available ink that embedded
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silver nanowires (AgNW) into PEDOT:PSS solution. Thus, the printed thin film results in

much higher conductivity of ~3000 S/m while remains high optical transparency of > 90%.

In summary, OLECs are proposed in this dissertation as a universal cost efficient
solution to integrate organic light sources on microfluidic LoC systems. OLEDs with a
one-step work function adaptation layer are proposed to be an alternative solution for high-
er detection sensitivity, in particular with low bandgap emitters such as yellow and green
as well as on chips with high surface flatness. The investigated device architecture is: a)
pre-patterned ITO as cathode; b) inkjet printable work function adaptation interlayer for
OLEDs; c¢) spin-coated active layer; d) inkjet-printed transparent PEDOT:PSS layer as
anode. For the final application, the ITO electrode can be replaced by a printed Ag,
PEDOT:PSS or PEDOT:PSS & ZnO bilayer.

3.2 Material selection

In this section, the materials used in this dissertation for device manufacturing and

demonstration have been discussed. Their chemical structures are illustrated in Figure 3-1.
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Figure 3-1 General chemical structure of materials used in light emitting layer and interlayers in this disserta-
tion: (a) blue LEP Merck Blue (SPB-02T); (b) yellow LEP SuperYellow (PDY-132); (c) solid electrolyte
DCH18C6; (d) metal salt LiCF5SOs; (e) work-function adaptation polymer PEI.

Light-emitting materials and dopants: For OLECs, according to section 2.3, alt-
hough iTMC-LEC materials have much higher intrinsic efficiencies, most materials are

still under development, devices shown still possess a low maximum brightness, and long
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turn-on time [143]. Furthermore, due to a great deal of research in solution-processing pol-
ymer OLEDs, wide light-emitting wavelength coverage and commercially available LEPs
are accessible in the market. As additional ionic donors and ionic solid electrolytes are
needed for realizing doping of LECs, polymer-based LECs also provide the engineering
flexibility by tuning the dopant materials and mass ratios (i.e. dopant concentrations). For
the above reasons, polymer-based OLECs are chosen as an excitation light source for dis-
posable on-chip fluorescence sensing applications. As mentioned in section 2.4, blue light
is selected for functional demonstration for the reason that it is widely used in fluorescence
sensing applications and more difficult to produce efficient OLEDs. Furthermore, for light
emission within the visible spectrum, LEPs which has blue light emitting (A = 400 —
500 nm) has the largest energy gap and therefore the largest work-function mismatch.
Therefore, it is expected that the recipe can be transferred to other colors such as yellow,

green and red with minor modifications.

For OLEDs, polymer based LEPs are chosen for the similar reason as OLECs. Alt-
hough small molecule based LEPs have higher intrinsic quantum efficiency, they are still
mainly deposited via vacuum-based thermal evaporation process. The reason is the intrin-
sic low solvent solubility and poor film formation ability via solution-processing tech-
niques. Moreover, most small molecule base LEPs are much more instable under ambient
conditions than polymer based LEPs, which increases the complexity and cost of the man-

ufacturing processes.

The blue light-emitting polymer (product name: SPB-02T, general name: Merck
Blue) is used in this dissertation to fabricate blue OLECs. It was purchased from Merck
KGaA. As it is a commercial product, the detailed information is not available to the pub-
lic. It is, in general, a poly-spirobifluorene copolymer (see Figure 3-1a). It has good ther-
mal stability with glass transition temperature of 210 °C. The number average molecular
weight (M,), the weight average molecular weight (My,) and Polydispersity index (PDI) of
used polymer batch is 83 kg/mol, 308 kg/mol, and 3.7, respectively. This shows good solu-
tion-processing ability such as inkjet printing and spin-coating. The main reasons for
choosing this polymer for research are: 1) electroluminescent wavelength is blue range
(peak wavelength 480 nm), which is widely used in fluorescence sensing applications; 2)
good solution-processing ability; 3) good thermal stability; 4) good air stability; 5) com-

mercially available.
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In additional, a yellow light emitting polymer (product name: PDY-132, general
name: SuperYellow) was used for manufacturing fully solution-processed yellow OLEDs
as well as OLECs. The polymers were received from Merck KGaA and has a molecular
weight of Mw = 1 700 000 g/mol and M, = 350 000 g/mol. The chemical structure is de-
picted in Figure 3-1b. The SuperYellow polymer was widely used in OLEC and OLED
researches [26,144—149]. It has relatively high light-emitting efficiency, is chemically sta-
ble in air and easily solution processable. It has also good thermal stability as it can be an-

nealed up to 200 °C [144].

The dopant mixtures used in this dissertation are salt Lithium trifluoromethanesul-
fonate (LiCF3SO;) as an ionic dopants and crown ether dicyclohexano-18-crown-6
(DCH18C6) as the solid electrolyte, which provides the ionic mobility for the salt. The
chemical structure is illustrated in Figure 3-1c and d. They were both purchased from Sig-
ma-Aldrich Corporation (Merck KGaA). The lithium salt was chosen as the ionic dopant is
mainly due to its wide use in light emitting electrochemical cells research society since the
first introduce by Pei [35,150] and long history of the lithium battery. It showed good elec-
trochemical doping capabilities in the lithium battery. Two reasons to select DCH18C6 as
the solid electrolyte: one is because it has good solubility in non-polar solvents, which is
widely used solvents for solution processing of OLEDs, in particular inkjet printing; the
other is that it shows high ionic conductivity at elevated temperature (> 60 °C) while low
1onic conductivity at room temperature, which provides controls on doping profiles such as
frozen P-N junction at room temperature [151]. Therefore, fast turn-on can be achieved,

which is indispensable for on-chip fluorescence sensing applications.

Conductive materials: Besides the light-emitting organic materials, the conductive
materials are required for depositing the electrodes and wiring. For sandwich structure
light-emitting devices, at least one of the electrodes should be transparent so that the gen-
erated photons can escape from the LEP. Indium Tin Oxide (ITO) is predominantly used in
OLED research and industrial as a transparent anode [152]. ITO has good transparency in
the visible wavelength (> 90%) range and good conductivity (~ 5 000 — 6 200 S/cm [153]).
It is mainly used as an electrode in this dissertation for scientific comparison. Because of
OLEC’s high tolerance toward work-function mismatch, it functions as a cathode instead
of an anode. Patterned ITO on glass substrates with 6 and 8 pixels were purchased from
Ossila Ltd.. Transparent conductive polymer PEDOT:PSS is mainly used for as an anode

in this dissertation. It has been reported that even with much lower conductivity, OLEDs
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using PEDOT:PSS as the anode instead of ITO shows slightly higher efficiency [154].
Inkjet printable PEDOT:PSS inks (Clevios P JET HC V2 and 700N) and silver-nanowire-
embedded PEDOT:PSS (Clevios HY JET) were purchased from Heraeus Clevios GmbH.
They were filtered through 0.2 um-pore-size PP-membrane syringe filter before using.
PEDOT:PSS P JET HC V2 ink shows slightly higher work function than PEDET:PSS P
JET 700N, which is better option for the anode. However, PEDOT:PSS 700N is not acidic
solution like HC V2 ink, so it shows better stability. Printed PEDOT:PSS thin films from
Clevios HY JET ink had conductivity of ~2700 S/cm, which is much higher than normal
PEDOT:PSS inks (both HC V2 and 700N, ~500 S/cm). Unfortunately, this ink is still un-
der development and not stable. In some OLEC and OLED samples, silver nanoparticle
dispersion (Cabot CCI-300, purchased from Cabot Printed Electronic Materials) or Sun-
tronic EMDS5603 inkjet-printable silver nanoparticle dispersion (20 w%, purchased from
Sun Chemical Corporation) was inkjet printed as conductive wiring, reflective cathode,
and / or reflective mirror. The ink was filtered through 0.2 pm-pore-size PP-membrane

syringe filter before using.

Work-function adaptation materials: In some devices, the ZnO interlayer was in-
tegrated between cathode and active layer to improve the electron injection. Two different
methods were used in this dissertation to deposit ZnO interlayer: A ZnO precursor and a

Al-doped ZnO nanoparticle dispersion.

For some blue OLECs, the ZnO layer was deposited from a ZnO precursor
(Zn(acac),) solution. Zn(acac), hydrate powder was purchased from Sigma-Aldrich Corpo-
ration (Merck KGaA). The ZnO precursor solution was prepare from dissolving Zn(acac);
hydrate powder in ethanol with a volume concentration of 20 mg/mL. The dispersion was
constant stirred at 400 RPM and heated at 60 °C on a hot plate. The ZnO layer can be gen-
erated and crystallized by annealing Zn(acac), thin film at elevated temperature (120 °C
was used here) at ambient conditions. The mechanism is thermal decomposition with wa-
ter, as reported from Arii et al [155]. For yellow OLEDs, an Al-doped ZnO nanoparticle
dispersion dissolved in 2-propanol / propylene glycol mixture, which was purchased from
Nanograde Ltd (Nanograde N-21X-Slot), was inkjet printed to deposit the Al:ZnO inter-
layer. The ink has a solid content of 2.5 wt% and ZnO is doped with 3.15 mol% Al. The
mean nanoparticle size is 12 nm. The ink has a viscosity of 3.1 mPa-s, which is in the good
range for inkjet printing from DMC printheads. After printing, the thin film was thermal

annealed at 150 °C for 30 min on a hot plate.
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Thanks to the good work-function reduction of PEI (chemical structure in Figure
3-1e) on various materials, it was also used to further reduce the work function mismatch
and improve the electron injection of solution-processed yellow OLEDs. A novel approach
is introduced here to mix PEI with Al-doped ZnO nanoparticle dispersion so that a 0.5wt%
PEI is dissolved in the dispersion. Thus, single work function adaptation layer with ZnO

and PEI mixture can be direct inkjet printed.

Encapsulation materials: Although the LEPs used here are relatively stable in air
and can be processed at ambient conditions, oxygen and moisture lead to serious degrada-
tion during the electrical operation, in particular when UV light is present [ 156—158]. Thus,
at the last step, the processed OLEDs/OLECs have to be encapsulated in inert atmosphere
or shortly after vacuum process. UV curable encapsulation epoxy from Ossila Ltd with
glass coverslip was used as the device encapsulation. This encapsulation method has been

reported to be sufficient not only for organic electronics [159] but also for OLECs [160].

3.3 Theoretical model of improving emission brightness

Similar to the inorganic light-emitting diodes, the physic mechanism of light-
emitting of OLEDs/OLEC:s is spontaneous recombination of electron-hole pairs and simul-
taneous emission of photons. Following the law of conservation of energy and momentum,
the emitted photon energy is given by the difference between the electron energies of holes

and electrons, which are typically the HOMO (Enomoyand LUMO (ErLumo) energy, 1.e.:

hc
hv = i Erumo — Enomo ~ Eg (3.1)

For the simplified simulation, the peak emission wavelength is approximately equal
to the bandgap energy of light-emitting organic materials (LEPs, in this dissertation). Table
1 lists some examples of commercially available LEPs. With broad light-emission spectra,
the four LEPs almost cover the completely visible light range, i.e. from 400 to 700 nm. The
relationship between emission colors and bandgap energies fits the equation (3.1) well.
PEDOT:PSS is widely used as a hole-transporting layer or anode, and it has a work func-
tion of ~5.2 eV. Thus, PEDOT:PSS has relatively low hole injection barrier into RGB
LEPs, because typical LEPs has HOMO level between 5.0 and 5.8 eV, which means max-
imum hole injection barrier of 0.6 eV. In contrast, the common air-stable cathodes of

OLEDs have work function around 4.3-4.6 eV such as Al and Ag. The electron injection
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barrier can be as high as 1.8-2.1 eV in case of a blue LEP. That is one important reason
why blue OLED has lowest efficiency among the visible colors. As described in sec-
tion 2.2, highly reactive metals such as Ba or ultrathin EILs such as LiF and PEI are typi-
cally used in modern OLEDs to balance the electron-hole recombination. In this disserta-
tion, two different solution-processed approaches will be used to improve the electron in-
jection efficiency: 1) the in situ generated p-n junction via electrochemical doping; 2) a
one-step, inkjet-printed EIL via Al-doped ZnO nanoparticles and PEI mixture. Therefore,

relatively efficient organic light sources can be fully solution processed.

Table 1 Photo-physics parameters of some commercial-available RGB LEPs.

Bandgap
LEPs Emission color LUMO level HOMO level
energy
Merck blue, SPB-02T [103] Blue -25eV -5.2eV 2.7¢eV
SuperYellow, PDY-132 [146] Yellow -3eV -5.4 eV 24¢eV
F8BT [161] Green -3.5eV -5.8eV 23eV
Merck Red, SPR-001 [162] Red -2.8eV -5.0eV 2.2eV

The external quantum efficiency of OLEDs is following the equation [44,163]:

Next = NintNout = yq)f)(nout (3.2)
Nr

=— 3.3

NN (3-3)

Next 18 the external quantum efficiency of the OLED/OLEC, which is determined by
internal quantum efficiency (niy) and out-coupling efficiency (Mout). Nint cONsists of recom-
bination probability of injected holes and electrons (y), fluorescent quantum efficiency (@)
and the fraction of radiative decay (). According to equation (3.3), the balance factor (y) is
determined by the ratio of the current density consumed by recombination of electrons and
holes and the overall current density of electron and hole injections. Ideally, electron and
hole injection and transporting are well balanced, where y equal 1. That means, they com-
bined at the center of emission layer without excessive carriers diffusing to the counter
electrode. In reality, it is quite complicated to reach the ideal case. In OLED researches,
tremendous efforts have been made to confine electrons and holes within emission layer,
which typically via the multi-layer system includes carrier injection layers, carrier trans-

porting layers, and carrier blocking layers. This strategy works well for relatively expen-
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sive thermal evaporation deposition manufacturing method, because multi-ultra-thin layers
with high layer homogeneity are required, which make high difficulty in low-cost solution-
processing alternative. Due to the low mobility of the charge carriers in organic materials,
@r is almost equal 100% in the most light-emitting materials. For the fluorescent light-
emitting emitter, the  is about 25%. Because only singlet state can form radiatively decay,
and emit light while triplet states are forbidden. According to spin statistics, the fraction of
singlets is about 25%, while triplets are about 75% [164]. For state-of-the art OLED mate-
rial, phosphorescent emitters that contain heavy metal atoms can allow singlet to triplet
energy transfer through intersystem crossing. It can lead to highly efficient devices of near-
ly 100% radiative decay. Besides, newly reported thermally activated delayed fluorescence
(TADF) [165] allows both electro-generated singlet and triplet excitons to emit light
through thermal up-conversion of the lowest excited triplets to singlets combined with flu-
orescence from the singlet state, meaning that nearly 100% of the excitons contribute to
light emission. However, most solution-processed blue OLEDs and OLECs are still using
fluorescent emitters due to the difficulties to synthesize stable and long lifetime phospho-
rescent emitters. Therefore, the blue fluorescent light-emitting polymers are used in this
dissertation. Out-coupling efficiency (nou) is the fraction of photons that can escape the
device and is limited by refractive indices of different layers and the substrate. Because of
the big refractive index different of glass substrate (n = 1.5) and air (n = 1), around 17%
light can escaped from the organic emitters to the air [166]. There are numerous methods
to improve the out-couplings of the organic light-emitting devices such as micro-/nano-
structure on substrates, micro-lens array, orientation management [167]. No out-coupling
technique has been demonstrated in this work, because the work here is mainly focused on
on-chip sensing applications. On the contrary, to emit light into air in display and lighting
applications, the light generated from organic light sources is guided into biological /
chemical fluidic solutions. Fluidic solutions are either water based or solvent based, which
typically has much higher refractive index (n > 1.33) than air (n = 1). This makes the out-
coupling a less important issue and an application dependent parameter. To sum up, in or-
der to develop low-cost organic light source in blue light range for disposable on-chip fluo-
rescence sensing applications, the following parameters have been confined: x = 25% due
to material limitation; ey~ 17% with no out-coupling strategy being used; @¢~ 1 thanks to
the high fluorescent quantum efficiency of the light emitting polymer. The maximum EQE
= YD Mout = ¥*100%%25%x17% = 4.25%xy < 4.25%. Hence, the maximum output effi-

ciency is determined by recombination balance factor (y).
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The recombination balance factor (y) can be analyzed and simulated by electrical
model. Up to now, only one research group (group Prof. Martijn Kemerink from Eindho-
ven University of Technology, Netherlands) reported numerical model on the electrical
simulation of polymer LECs [107,149,168,169]. The most experimental parts were per-
formed by Prof. Edman’s group from Umea University, Sweden. Due to the high complex-
ity, only 1D and simplified 2D model of active layer was built and simulated, and the
simulated light-emitting polymer and dopant materials are widely used SuperYellow /
MEH-PPV with PEO as the solid electrolyte and LiCF3SO; as the metal salt. The numeri-
cal model was based on widely recognized drift-diffusion, continuity and Poisson equa-
tions for classic semiconductors. The main modification here is to treat ions and cations
similar to electrons and holes that drift diffusing by applied potential cross the electrodes.
As the anions and cations are separated from the initial isotropic distribution, there is no
recombination of the anions and cations. These denote the main difference in the drift-

diffusion and continuity equations. The basic numerical simulation model is described as

following:
Jn= anUnZ_Z‘I'kTUn% (3.4)
Jo = Dpaiyp Z—Z — KTy, % (3.5)
Ja = Daqiig Z—Z + kT, % (3.6)
Je= chucj—z - kTuc% (3.7)

Where J and p refer to the current density and mobility of the charge carriers; D
represents the carriers’ density, while subscripts of n, p, a and c refer to electron, hole, ani-
on and cation charge carriers, respectively. q is the absolute electron charge, V is the elec-
trostatic potential, k is Boltzmann’s constant and T is the temperature (unit: K). Einstein’s
relation between the diffusion constant and the mobility is assumed to hold. The ion cur-

rent is zero at the electrodes, for the electrodes are ionically blocking.

The recombination process of electrons and holes inside active layer follows a

Langevin process:
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_q(pn + 1)
Eoér

R D,D, 3.8)

where R is the recombination rate; gy and €, are the dielectric and the relative die-

lectric constant, respectively. The continuity equations for electrons, holes, anions and cat-

ions are:
% _ %% _R (3.9)
% _ _%% B (3.10)
d(Za _ 3% (3.11)
dd% _ _%% (3.12)

The potential profile throughout the device is calculated from Poisson’s equation:
V(—£0&,VV) = q(Dp — Dy + D, — D) (3.13)

Initially, the LEC contains neither electrons nor holes, but it is filled with a constant
concentration of ions. In their model, the in sifu electrochemical doping affects two as-
pects: 1) the potential distribution over active layer, according to equation (3.13); 2) the

doping dependent carrier mobility, see equation (3.14)

Mp/n = % + Hp/no (3.14)
l1+e w

Here f is the doping fraction which is equal to the carrier density divided by the
density of states (= 0.3 nm™). This approximation of the doping fraction is justified by the
observation that the net ion density always equals the net electronic charge density in the
doped regions. Regarding the other parameters, [y, is the mobility at maximal doping (f
= 1), tpm,o 1s the mobility in the absence of doping (f = 0), and f, and W are two parameters
that set the transition from po to p; : fy determines at which doping fraction the mobility
increases and W determines the range of doping fractions over which this increase occurs.
The fy and W were empirical parameters and set to fit the experimental results. The injec-
tion model of electrons and holes injected from cathode and anodes was based on a Modi-

fied Boltzmann injection model:
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A-[V(2)-V(1)]
n(l) =Nye O kT @l (3.15)

where n(1) is the electron density at the first grid-point next to the electrode, A the
injection barrier height, V(i) the potential at grid-point i (=1, 2), Ny the electron density of
states, k the Boltzmann constant and T the temperature. Hence, the Boltzmann factor is
effectively evaluated at the nd grid point. The potential at the 1** grid point V(1) is taken as
a boundary condition for the potential and is thus constant, i.e. 0+A or Vpi,s+A. The poten-
tial at the neighboring grid-point however changes due to space charge accumulated in the
EDLs, which facilitates injection of electron or holes. In this model, injection is not affect-
ed by the grid-point spacing and thus thicker devices can be simulated while not having to
alter the number of grid-points because of injection problems. The injection model is com-
pared with classical Fowler-Nordheim [170] and Emtage O’Dwyer [171] injection models.
They all showed similar results [169].

Even though the electrical model is much simplified and analyzes only 1D and
simplified 2D geometric layer architectures, numerous input parameters are still required to
be measured so that the model can as much as possible to reflect the real device physics.
The important input parameters such as electron and hole mobility, ionic mobility of do-
pants, doping dependent carrier mobility, doping fraction (f) as well as range of doping
fraction (W) are either non-known or hard to be measured. Even for well-known and
heavily researched SuperYellow light-emitting polymer and dopant composite of PEO plus
KCF3S03, most of the parameters were either approximate values from literature or purely
empirical value to fit the experimental results. For the active materials (Merck Blue LEP +
DCHI18C6 + LiCF3S0s3) used in this work, few parameters can be found from literature.
Shoji et al [115] reported to use time-of- flight secondary ion mass spectrometry (ToF-
SIMS) to obtain ion depth profiles for both fixed- and dynamic-junction LECs. Although
they used same light-emitting polymer and metal salt, a different ionic solid electrolyte
(trimethylolpropane ethoxylate) and electrode (gold) were used, which had different ionic
mobility and carrier injection. No electron and hole mobility of Merck Blue can be found
in literatures. Therefore, the electron-hole recombination rate and emission zone profile
cannot be numerically simulated in this dissertation. The equations are rather used for qual-

itatively analysis of device performance.

In this work, the out-coupling efficiency is fixed due to the glass substrates and

fixed layer architecture. The fluorescent emission efficiency is also fixed due to the used



Chapter 3 Theoretical principle of using organic light sources for sensing applications 31

blue LEP (i.e. Merck Blue). y is fixed to 25% as Merck Blue as well as SuperYellow is a
fluorescent emitter. Therefore, the external quantum efficiency depends mainly on recom-

bination efficiency (y) in this work.
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Figure 3-2 Measured EQE at 1.51 mA/cm’ of the red bottom OLEDs as a function of the n-layer thickness
and comparison to simulation results. At this current density, the highest EQE of 21% at 330 cd/m?” bright-
ness is reached in the second maximum. The figure also shows the distribution of all loss channels in the

devices. Copyright (2010), AIP Publishing LLC, reprinted from literature [172].

In current OLED and LEC research community, display and lighting applications
are the focus, which means the target brightness is lower than 1000 cd/m?. After achieving
the target brightness, tremendous efforts have been out on improving the efficiency by
lowering the driving voltage and operation current as well as extending operation lifetime.
It is known that OLED exponentially meets efficiency roll-off at high driving current den-
sity, 1.e. high emitted brightness situation [173,174]. The similar efficiency roll-off has also
been reported in OLECs [149]. Several reasons have been identified to describe the roll off
of device efficiency at high operation current density: singlet-singlet annihilation and sin-
glet-heat annihilation [19,175] , triplet-triplet annihilation and triplet-exciton quenching
[176,177], dissociation of excitons induced by the electrical field, exciton concentration
quenching [178], loss of charge carrier balance at high current density [179], or exciplex
emission [180]. For our OLEC material and architecture, only fluorescent emitter is used
and no lighting buffer layer or host material are used. Hence, triplet-triplet annihilation,

triplet-exciton quenching, and exciplex emission are not applicable here. Consequently, the
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generation and decay of exciton species equation [181] can be re-written in our case as

following:

ds(z)
dt

= XR(z) + v)]s(Z) - (krad(z) + knonraa (Z))S(Z) - kannihilationS(Z)2 (3.16)

In equation (3.16), y is the generation efficiency pre-factor (25% in our case), R(z)
the position dependent electron-hole recombination rate, Ji(z) exciton diffusion current
density, k,4(z) the position-dependent radiative decay rate, kyonraq the non-radiative decay
rate and Kupnihilation @ Singlet-singlet annihilation rate. In OLEC, due to the additional ionic
donor from metal salt and ionic transporter from solid electrode, additional quenching has
been observed: Self-absorption effect of doping concentration and layer thickness [182],
electrochemically induced “side-reaction” due to solid electrolyte [183], exciton quenching

due to electrochemical doping [184—186], exciton quenching due to over-doping.

In summary, according to equation (3.2), (3.3) and (3.16), a balanced electron-hole
injection should be target at high current density / voltage, optimized doping concentration
and layer thickness to minimize doping induced quenching, and a relative broad intrinsic
emission zone to avoid concentration, singlet-singlet quenching as well as exciton to dop-
ing quenching. Considering the high complexity of mathematical simulation model and
difficulty in approaching physical device behavior, an experimental approach has been
adopt to analyze light emitting behavior of recombination balance factor (y). The detail is

described in the next chapter.

3.4 Lifetime considerations

Organic semiconductor devices are well known to have poor lifetime compared to
inorganic counterparts. The fundamental reason is the low thermal and mechanical stability
of the organic materials. Thus, researching of synthesizing high thermal stable light-
emitting organic material, in particular high glass transition temperature (T,) and high de-
composition temperature (Ty), is the one main key to extend organic light-emitting device
lifetime. Besides, four main external factors that affects the device lifetime are moisture,

oxygen, dust particles, and inhomogeneous thin film surfaces.

In general, the degradation of OLEDs due to moisture can be contributed to the

dark spot formation at the metal cathode [158]. In order to achieve good electron injection
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into emissive layers, low-work-function metal / metal alloy layers (Ca, Ba, Li, Li:Al,
Mg:Ag, etc.), or ultra-thin (~ 1 nm) metal-halide or metal-oxide layers (LiF, CsF, etc.) are
commonly used as the cathode and electron injection layers. However, most of them are
air-instable and vulnerable to moisture. Without proper encapsulation with a desiccant in-
side a sealing canister, moisture insulating metal-oxide moieties can be generated via the
oxidation of cathode metals at the metal-organic interface, which contribute to dark spots.
Consequently, the modern OLEDs are finished with high vacuum evaporation of metal
layers and immediately encapsulated under inert atmosphere. This process is part of reason
for high manufacturing costs of OLEDs. Figure 3-3 shows the illuminated pixels of in-
house fabricated blue and yellow OLEDs. The PEDOT:PSS HTL and active layer
(10 mg/mL Merck Blue or SuperYellow in toluene) were spin-coated under ambient condi-
tion. After thermal annealing, 2 nm LiF EIL, 150 nm Al cathode, and 300 nm Al,O; pro-
tective layer were deposited via sequence thermal evaporation method under high vacuum.
Al,Os protective layer was intended to avoid degradation of LiF and Al in air before encap-
sulation. Devices were then encapsulated with epoxy, glass coverslips and short UV irradi-
ation. Nevertheless, many dark spots can be clearly observed in both blue and yellow
OLEDs, which indicate that there were still moisture residual inside device and react with

Al and LiF.

Apart from moistures, oxygen and UV light are other well-known detrimental sub-
stances for OLEDs. In principle, the oxygen molecules inside OLED device convert into
reactive singlet oxygen radicals under UV irradiation (photo-initiation process). These rad-
icals can easily react with carbon atoms of conjugated organic molecules [156,187,188].
One good example is the aliphatic double bond in conjugated phenylenevinylene polymers
(PPVs), which is part of SuperYellow LEP. This double bond can be broken with singlet
oxygen radicals and forms an aldehyde end-group, which is an exciton quencher and high-
ly reduces the OLED efficiency. Consequently, OLEDs are mainly fabricated under inert
atmosphere or high vacuum to avoid oxygen induced degradation. In order to reduce the
manufacturing cost, the OLEDs can also be solution-processed under ambient condition as
far as direct UV irradiation is avoided and devices are encapsulated in oxygen-free envi-

ronment [157].
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Figure 3-3 Photographs of illuminated (a) blue and (b) yellow OLED pixels (1.5% 5 mm?) with dark-spots.
Device architectures are: Glass substrate || patterned ITO (100 nm) || PEDOT:PSS (40 nm) || Merck Blue
(blue) or SuperYellow (yellow) (100 nm) || LiF (2 nm) || Al (150 nm) || Al,O; (300 nm).

Electrical stress-induced degradation is another lifetime issue for OLEDs. Especial-
ly, when dust and inhomogeneity presents in EML, extreme high current will flow through
the inhomogeneous spot and generate burnout of organic material or electrical short [189].
High current density tends to generate material degradation due to the thermal effects of
non-radiative emission. Hence, dust-free, homogeneous thin films, high thermal stability
LEP, and good thermal management are crucial for organic light-emitting device operated
at high current density. For this reason, low surface roughness and high EML homogeneity
is crucial for OLEDs working under high current. On the other hand, due to the dynamic
doping mechanism of OLECs, the surface roughness can be partly compensated during in
situ P-N junction generating. Higher EML thickness also reduces the short-cut risk due to

the impurities.

Compared to OLEDs, OLEC tends to have even shorter operation lifetime because
of the intrinsic in situ electrochemical doping induced fluorescent quenching [190], typi-

cally ~ 100 h of OLECs compared to more than 10 000 h.

3.5 Doping propagation investigation
As described in section 2.3, OLEC can work with relatively large layer thicknesses.

Thus, the planar structure can be fabricated to investigate the doping propagation property

of OLECs. Consequently, the electrochemical doping can be imaged and recorded for
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analysis to understand the doping behavior of much thinner devices with the sandwich ar-
chitecture. An assumption is made here that the solution-processed active material compo-
site (LEP, solid electrolyte and metal salt) has isotropic distribution, and thus they have no
distinguish behaviors between sandwich and planar layer architecture. It has been also re-
ported that the type of electrode combinations influences the doping profile of OLECs
[191]. Hence, the corresponding electrodes should be used for doping propagating investi-

gation.

For explaining the different phases of doping propagation, the fully solution-
processed blue OLEC architecture is used here (see section 4.2.1). ITO (4.7 eV) has similar
work-function as Ag (4.6 eV), which should limit the influence of electron injection due to
work-function barriers. Therefore, the device with Ag and ITO as a cathode should behave
similarly. The sandwich device performance is described in detail in section 6.2. Manufac-

turing detail of this planar device is described in section 4.2.3.

The doping process of blue planar OLEC device was recorded by a digital camera
(Canon EOS 60D) with a 5X lens from 0 min till 45 min with 1000 V bias, at 85 °C, and
under UV irradiation. The electrodes have a spacing of 300 um. That means the electrical
field across electrodes was approximately 3.33 MV/m. There were several distinguish dop-

ing propagation phases:

Phase 1: Double layer generation:

Figure 3-4 Photo-imaging of a planar blue OLEC which was driven at 1000 V voltage bias under UV irradia-
tion. The sample was heated at 85 °C on a hot-plate. The images were taken at (a) 14 s, (b) 40 s, and (c)

1 min after voltage bias was applied.
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As shown in Figure 3-4, the thin black lines were generated after less than 1 min at
the interface between active material and electrodes, where anode side (40 s) is faster than
cathode side (1 min), which could due to the less work-function mismatch at anode side
than cathode side. After the double layer was generated by doping the interface material,

the injection of the electrons and holes were enhanced and further doping could continue.

Phase 2: Propagating of p- & n-type doping:

As illustrated in Figure 3-5, the doping areas (active material losing photo-
luminance and turn dark) were propagated towards to each other. Moreover, it can be
clearly seen that the p-type doping was faster than the n-type doping. It also can be ob-
served that the doping fronts reflected the edge shapes of the electrodes.

Figure 3-5 Photo-imaging of a planar blue OLEC which was driven at 1000 V voltage bias under UV irradia-
tion. The sample was heated at 85 °C on a hot-plate. The images were taken at (a) 5 min, (b) 10 min, and (c)

15 min after voltage bias was applied.

Phase 3: p- & n-type doping areas meet each other and generate intrinsic light

emitting area:

The pioneers of doping areas met each other after approximately 19 min. After
about another 9 min, an intrinsic light-emitting thin line can be clearly seen. Therefore, a
P-I-N junction was finally formed and the best performance should be achieved at this
point. It should be pointed out that the light-emitting area / intrinsic part had a compen-
sated shape of P-doping and N-doping fronts. Moreover, this compensation was favor to-
wards the closer electrode (Ag, in this case). This phenomenon contributes the high surface

roughness tolerance of OLECs.
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Figure 3-6 Photo-imaging of a planar blue OLEC which was driven at 1000 V voltage bias under UV irradia-
tion. The sample was heated at 85 °C on a hot-plate. The images were taken at (a) 19 min, (b) 21 min and (c)

28 min after voltage bias was applied.

Phase 4: Over-doping and quenching of light

When the voltage bias was still on, the doping areas continued towards each other
and penetrated each other. Emitted light (generated excitons) within the “intrinsic area”
was quenched by electrochemical doping and then became weaker and weaker. It can be
clearly seen that the doped area become darker and darker, which could also absorb emit-

ted light from intrinsic area and contribute to reduction on emitted light intensity.

Figure 3-7 Photo-imaging of a planar blue OLEC which was driven at 1000 V voltage bias under UV irradia-
tion. The sample was heated at 85 °C on a hot-plate. The images were taken at (a) 35 min and (b) 45 min

after voltage bias was applied.

In summary, by applying voltage across the electrodes, LEP can be electrochemi-
cally doped and generate both P- and N-doping area (proved by losing photo-luminance
ability). The doping area can propagate towards each other when solid electrolyte and ionic

metal salt were well distributed inside active material. With the used materials, the P-
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doping has faster propagation speed than N-doping. From the taken images, it can be cal-
culated that the overall P-doping speed verse N-doping speed is about 5.3:1. This fits the
theory as most LEPs have higher hole mobility than electron mobility, which is particularly
true for Merck Blue and SuperYellow LEPs [192]. Additionally, a planar yellow OLEC
between an ITO cathode and a PEDOT:PSS anode was also fabricated and characterized.

The detail is described in the appendix section.
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4 Experimental methods and procedure

In this chapter, solution-processing techniques of spin coating and inkjet printing
were utilized for depositing functional thin films for organic light source manufacturing.
The solution-processing parameters and surface treatments were examined and optimized
to deposit homogenous thin films at targeted thicknesses for the device performance inves-
tigation in chapters 5 and 6. After the layer-by-layer parameter optimization, a full descrip-
tion of manufacturing procedures for a blue OLEC, yellow OLED and devices with planar
structures were detailed in second section. The device characterization methods were de-

scribed in the last section.

4.1 Solution-processing parameter optimization

4.1.1 Inkjet printing of the bottom electrode

For the device performance investigation, the pre-patterned ITO was used mainly as
the bottom electrode (cathode). However, in order to replace the relatively expensive ITO
electrode that was sputtered and patterned via a lithographic method, two approaches have

been introduced in this work:

1) Inkjet printing silver electrode using a silver nanoparticle dispersion;
2) Inkjet printing transparent conducting polymer PEDOT:PSS as the bottom elec-
trode and solution-processing ZnO layer or ZnO / PEI mixture as a work func-

tion adaptation layer to improve the electron injection.

The first method provides good electrical conductivity, simple layer structure and
an additional light reflection from mirror property of silver. A higher efficiency was
achieved with this method, thanks in part to the micro-cavity effect [193,194]. On the other
hand, the light can only be top-emitted, which limits its application in integrated on-chip
sensing applications. Moreover, a high sintering temperature of > 200 °C is normally re-
quired to realize good conductivity, good light reflectivity and low exciton quenching due
to plasmonic effect [195]. The second method, printing a PEDOT:PSS layer, shows lower
electrical conductivity (typically 500 S/cm). However, it provides fully transparent device

with higher flexibility in chip integration, much lower processing temperature of < 120 °C.
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Inkjet silver bottom electrode

For inkjet printing thin film deposition, good wetting of the surface is very im-
portant to form regular and controllable 2D structures. Figure 4-1 shows the photographs
of inkjet-printed silver structures on non-activated and plasma-activated glass surfaces.
Rectangular stripes (Figure 4-1b) were intended to be inkjet printed, while structures with

irregular edges (Figure 4-1a) were formed because of “bad” surface wetting.

(a)

Figure 4-1 Inkjet-printed silver structures on glass with (a) no surface activation and (b) low-pressure argon

plasma activation.

For inkjet printing, the silver nanoparticle ink was heated up to 35 °C at the print-
head in order to reduce the viscosity and improve the jetting ability. The substrates were
heated up to 60 °C to increase the drying speed of the inkjet-printed ink and prevent it from
spreading. Before geometric profile measurement, the inkjet-printed silver structures were
thermally sintered at 200 °C for 15 min in a convection oven. Thus, all remaining solvent
were evaporated and silver nanoparticles were merged. According to the datasheet of the
ink supplier, a conductivity of 100 000 S/cm, which is 16% of the bulk Ag conductivity,
can be achieved. The conductivity of printed Ag structures under different sintering tem-
perature was investigated. After 30 min sintering in a convection oven, the printed silver
structure had a conductivity of 1.4, 36 386, and 123 856 S/cm, which means ~0.000 23%,
6%, and 20% of bulk Ag conductivity, respectively. It can be seen that the printed elec-
trodes have much lower electrical performance compared to bulk material as well as evap-
orated materials. This is one crucial factor for lower device performance of solution-

processed OLEDs/OLECs compared to all-evaporated devices.
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Figure 4-2 White light interferometer measurement of inkjet-printed and sintered Ag bottom cathode with
1 mm line-width: (a) Top view and (b) 3D view of an inkjet-printed Ag line, (c) cross-section of the inkjet-
printed Ag line; The cross-section measurements were taken at the positions indicated by the line between
two triangles on the 2D top view images. The peak height of the Ag line is indicated inside orange rectangu-

lar frame.

For an ITO-free, fully solution-processed blue OLEC (see section 6.1), 1 mm wide
Ag stripes were inkjet printed as bottom electrodes and electrical wiring. The geometric
profile was measured and the result is presented in Figure 4-2. Although a good 2D shape
can be optimized by controlling the surface wetting and printed dot spacing, the printed Ag
lines did not have ideal cuboid 3D shapes. From center to edge, there is as much as 275 nm
difference in height with a peak height of 400 nm. This is highly related to the drying ef-
fects of printed ink and solvent systems of the ink. The silver nanoparticle dispersion con-
tains a high boiling point solvent ethylene glycol (boiling point: 197.3 °C), which prevent
the printed solution from fast drying. Although the top surface flatness can be further im-
proved by optimizing the printing parameters such as dot spacing, printing temperature,
printing speed, these printed silver lines were still used as a bottom electrode for ITO-free
blue OLEC (see section 6.1). Consequently, it can be demonstrated that OLECs can work
with relative high height deviation and roughness, and still emitted relative bright light.
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Figure 4-3 Electron scanning microscope (SEM) images of inkjet-printed silver layers that were sintered at

(a) 80 °C, (b) 150 °C, (c) 200 °C, and (d) 250 °C for one hour in a convection oven.

One big drawback of depositing a silver electrode from a silver nanoparticle disper-
sion is the relatively high sintering temperature to obtain high conductivity and optical
reflectivity. Figure 4-3 shows the nano-structures of inkjet-printed silver layers sintered at
sintering temperatures of 80, 150, 200 and 250 °C by the SEM measurement. It can be seen
that with increasing temperatures, the inkjet-printed silver nanoparticles merged better and
grew to larger flakes, which not only increase the electrical conductivity but also limited
the possible plasmonic effect on exciton quenching. For most organic light-emitting emit-
ters and plastic flexible substrates, 150 °C is the critical temperature. Therefore, the sinter-
ing temperature should be lower than 150 °C to prevent device degradation and plastic
substrate melting. However, even after one hour sintering at 150 °C, particles with a diam-
eter of less 50 nm are well distributed over the surface of the inkjet-printed silver layer.
Consequently, weak or no light emission is observed when using inkjet-printed and low
temperature sintered silver as the top cathode. This problem can be highly relieved when a
cross-linked interlayer is used [29]. Due to the microstructure or nano-structure of printed
and sintered silver layers, the reflectivity of the silver layers also varies, as shown in Figure
4-4. It is also an indicator that some light were absorbed inside silver layers or scattered

away due to the micro- and nano-structures. Therefore, inkjet-printed silver was used as a
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bottom electrode instead of a top electrode due to high sintering temperatures and possible

plasmonic exciton quenching effects.
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Figure 4-4 Reflection and transmission spectra of inkjet-printed silver mirrors that were sintered at different
conditions: (1) No sintering, only vacuum drying (black); (2) thermally sintered at 200 °C for 30 min in a
convection oven (red); (3) Additional KHz argon plasma sintering (240 W, 30 min) after thermal sintering

(blue).

Inkjet printing PEDOT:PSS bottom electrode

For bottom electrode with PEDOT:PSS plus ZnO combinations, this strategy has an
advantage of bottom emitting because of the high transparency of PEDOT:PSS layer and
thin ZnO layer. For direct on-chip integration, the solution-processed OLECs/OLEDs
should emit light from the bottom side and guided into the microfluidic channels for exci-

tation of fluorescence dyes.

Figure 4-5 illustrates the geometric profile measurement of inkjet-printed
PEDOT:PSS structures. As the PEDOT:PSS ink is water-based, no heating of printheads
and substrates were performed to minimize the nozzle clogging risk. Before geometric
profile measurement, the printed structures were dried at 100 °C for 15 min so that all the
remaining solvents were evaporated. It can be seen that single printed droplets on a glass
substrate, which was cleaned and activated by isopropanol, had a droplet diameter of
~85 um and peak height of 24 nm. The inkjet-printed droplets had very clear coffee-ring
effects. With a dot spacing of 50 um, a well-structured single line with a line-width of

~90 um and height of 32 nm was inkjet printed. By a dot spacing of 50 pum in both X and
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Y direction, a 5 x 5 mm?® pad with an average height of ~41 nm was inkjet printed. When
comparing inkjet-printed PEDOT:PSS with silver stripes, PEDOT:PSS stripes have flatter
top surfaces and better height control via multi-layer printing. Nevertheless, it has to be
pointed out that for different surface activations and structure dimensions a slight modifi-

cation in dot spacing is necessary to obtain uniform surfaces of inkjet-printed thin films.
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Figure 4-5 White light interferometer measurement of inkjet-printed PEDOT:PSS (a) dots, (b) single line,
and (c) Pad. Left and middle images show the 2D top and 3D view of measured structures, while right imag-
es show the cross-section of corresponding structures. The cross-section measurements were taken at the

positions indicated by a line between two triangles on the 2D top view images.

4.1.2 Solution-processing ZnO and PEl interlayer

For the ZnO layer deposition, there are two solution-processing approaches: Via a
Zn(acac); precursor ink or ZnO nanoparticles dispersion. The Zn(acac), precursor ink has
the advantage of low material cost, while ZnO nanoparticles dispersion has the advantage

of easy inkjet printability, high reproducibility, and higher conductivity with Al doping.

For the Zn(acac), precursor ink, the Zn(acac), was dissolved in ethanol to form a
volume concentration of 20 mg/mL. It was heated up to 50 °C and stirred at 400 RPM be-
fore spin-coating. The spin coating was performed at ambient conditions with a spin rate of
1600 RPM for 45 s. Afterwards; the samples were immediately transported onto a hot plate
with a setting temperature of 125 °C for 45 s. Thus, the ZnO layer can be generated by

thermal decomposition at ambient conditions. Figure 4-6 shows the profile measurement of
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spin-coated and thermally sintered ZnO layer from the Zn(acac), precursor ink via white
light interferometer. The layer thickness is relatively thin (~10 nm) and has a surface

roughness of ~1.7 nm
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Figure 4-6 White light interferometer measurement of a spin-coated ZnO layer from 20 mg/mL Zn(acac), ink
with a spin rate of 1600 RPM for 45 s, and sintered at 120 °C for 45 s (a) the 2D top view of measured struc-
tures, (b) shows the cross-section of corresponding structures. The cross-section measurements were taken at

the positions indicated by a line between two triangles on the 2D top view images.

Commercially available Al-doped ZnO nanoparticle ink provides a direct possibil-
ity of inkjet printing a ZnO interlayer. The inkjet-printed thin films can be sintered as low
as 100 °C, which is beneficial for thin film deposition on polymeric substrates with low
thermal stability. As reported in the literature [24], it is normally thermally sintered at
150 °C for 10 min for higher conductivity. A theoretical work-function of -3.9 eV should
be realized on Al:ZnO (short for Al doped ZnO) thin films. This provides much better elec-
tron injection than commonly used cathodes such as Ag (-4.6 eV), Al (-4.3 eV), and ITO (-
4.7 eV). Figure 4-7 (a) and (b) shows the inkjet-printed Al: ZnO layer from the nanoparti-
cle ink on glass substrates with pre-patterned ITO electrodes. Before inkjet printing, the
substrates were activated by short low-pressure argon plasma (100 W, 30 s) to obtain good
wetting. Two different dot spacing of 40 and 60 pm in both x and y directions were used to
realize two layer thicknesses. As it can be seen in Figure 4-7, both dot spacings result in
relatively homogeneous thin films with some irregularities at the edges. Thus, the interlay-
er is normally slightly larger than the actual light-emitting pixel size to avoid the influence
of the irregularities at the thin film edges. A dot spacing of 40 um results in a thin film
with an average layer thickness of 70 nm while 40 nm for dot spacing of 60 um. They have
a root-mean-square roughness of 14.7 and 12.8 nm for dot spacing of 40 and 60 um, re-
spectively. Because the Al:ZnO nanoparticle ink is alcohol-based solution and PEI has
high solubility in alcohol-like solvents [102], another great advantage it has is that it can
form a new inkjet-printable ink when mixed with PEIL. As described in the theoretical part

(section 2.2), the solution-processable PEI ultrathin layer can greatly reduce the work-
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function of different electrodes (Ag, Al, ITO, and ZnO) by interfacial dipoles. However,
the drawback is that it has to be ultrathin (< 10 nm) as it is in principle an electrical barrier
layer. Such ultrathin layers are highly difficult to inkjet print, and typically result in high
porosity and / or in-homogeneous layers. Consequently, a single layer printed from mixture
of Al:ZnO nanoparticle ink and 0.5 wt% PEI aqueous solution simplifies the manufactur-
ing process from two layers to one layer and is applicable for the low-cost and flexible
inkjet printing technique. Figure 4-7 (c) and (d) presents the measured inkjet-printed thin
films from the mixed ink. The process parameter is identical to pure Al-doped ZnO nano-
particle ink. With the same 40 and 60 um dot spacing, slightly higher layer thicknesses of
89 and 25 nm were deposited on ITO.
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Figure 4-7 White light interferometer measurement of inkjet-printed Al-doped ZnO thin film with dot spac-
ing of (a) 40 um and (b) 60 um, and inkjet-printed thin films from Al-doped ZnO mixed 0.5 wt% PEI ink
with dot spacing of (c) 40 um and (d) 60 um. All thin films were inkjet printed on pre-patterned ITO glass
substrates. The substrates were activated by short low-pressure argon plasma (100 W, 30 s) before inkjet
printing. Left and middle images show the 2D top and 3D view of measured structures, while right images
show the cross-section of corresponding structures. The cross-section measurements were taken at the posi-

tions indicated by a line between two triangles on the 2D top view images.

In order to understand the influence of the thermal annealing, the inkjet-printed

Al:ZnO and Al:ZnO:PEI thin films were scanned by SEM measurements. For these meas-
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urements, Al:ZnO nanoparticle ink was inkjet printed on top of silicon wafers, whose sur-
faces were activated by low-pressure argon plasma with 100 W for 30 s. All thin films
were inkjet printed with a dot spacing of 50 pm at 1500 Hz and at bi-direction printing
mode. A PiXDRO LP50 inkjet printer with a DMC cartridge was used for inkjet printing.
Printed Al:ZnO thin film was sintered at 150 °C for 30 min in a convection oven, while
AlL:ZnO:PEI thin films were sintered at 100 °C for 15 min and 150°C for 30 min, respec-
tively. The SEM images are shown in Figure 4-8. By comparing the Figure 4-8a with b,
polymer structures around partly merged Al:ZnO nanoparticles can be clearly observed.
These are believed to be the mixed PEI polymer chains. Most literature reported thermal
annealing temperature for PEI is 100 °C on a hot plate [26,27,30,102,148,196]. However,
inkjet-printed ZnO thin films are typically sintered at higher temperatures, because the
ZnO nanoparticles can be merged better, which results in a higher electrical conductivity.
Thus, another inkjet-printed Al:ZnO:PEI thin film was sintered at 150 °C for 30 min in a
convection oven. The SEM image (see Figure 4-8c) indicates that t there are more instanc-
es of particle merging while still surrounded by polymer structures. This proves that the
Al:ZnO:PEI ink is compatible with Al:ZnO processing parameters. As described in sec-
tion 2.2, the working mechanism of PEI is the work-function reduction induced by interfa-
cial dipoles. Therefore, an ultra-thin layer is typically required because of the intrinsic high
electrical resistance. However, thicker Al:ZnO:PEI layer is possible because the thin PEI is
surrounding the sintered Al:ZnO structures and relatively high electrical conductivity of
sintered Al:ZnO structures. This provides a novel, one-step, inkjet-printed work-function
reduction interlayer. The detailed device performances are investigated and described in

chapter 5.
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Figure 4-8 Scanning Electron Microscope (SEM) images of an inkjet-printed (a) Al:ZnO thin film sintered at
150 °C for 30 min, (b) Al:ZnO:PEI thin film sintered at 100 °C for 15 min, and (c) Al:ZnO:PEI thin film

sintered at 150 °C for 30 min. All thin films were inkjet printed on top of silicon wafers.



Chapter 4 Experimental methods and procedure 48

4.1.3 Spin coating organic emissive layers

As described in chapter 3, a spin-coating method is used for in this dissertation for
depositing active layers for both OLEDs and OLECs. The advantages of the spin coating
technique are that a very thin and homogenous thin film can be quickly deposited, and the
layer thickness can be controlled relative well by varying the spin-rate. It is good for scien-

tific understanding and investigation of material properties.

To produce the blue OLEC ink for spin-coating, Merck Blue LEP was dissolved in-
to toluene so that a LEP solution with a volume concentration of 10 or 12 mg/mL was pro-
duced. Dopant solutions were simultaneously prepared by dissolving DCH18C6 and
LiCF3SOs in toluene with various concentrations but always kept at the same mass ratio of
DCH18C6 and LiCF3;SO; to 5:1 (e.g. 40 mg/mL DCH18C6 and 8 mg/mL LiCF5SOs3). Both
inks were stirred at 400 RPM and heated to 50 °C overnight. Afterwards, proper portions
of both inks were mixed together to obtain a polymer volume concentration of 10 mg/mL
in toluene and different mass ratios of LEP, DCH18C6 and LiCF;SO; to 1:1.35:0.27,
1:0.5:0.10, and 1:0.10:0.02. The mixed inks were again stirred at 400 RPM for more than
4 h and heated at 50 °C on a hot plate. The pure LEP ink was filtered through a PTFE

membrane syringe filter with a pore size of 1 pm before mixed with dopant inks.

For spin coating the OLEC active layer, in order to obtain different layer thickness-
es, spin rates of 500, 1000 and 1500 RPM were adopted to achieve the layer thickness
around 300, 150 and 100 nm. However, it has to be pointed out that always the same con-
centration of LEP (i.e. 10 mg/mL) was used for spin coating to investigate the influence of
the active layer thickness. That means that for different dopant concentrations, there is dif-
ferent total mass of LEP, DCH18C6 plus LiCF3SOs. Slightly different actual active layer
thicknesses were generated for three dopant concentrations. The active layers at the side of
substrates were wiped away by a Q-tip with toluene for later top electrode deposition.

Samples were then thermally annealed at 80 °C overnight in the dark atmosphere.

For fully solution-processed yellow OLEDs, the SuperYellow LEP was dissolved
in toluene with a volume concentration of 4 mg/mL. The ink was stirred at 400 RPM over-
night and filtered through a PTFE-membrane syringe filter with a pore size of 1 um before
spin coating. The prepared solution was spin-coated on top of inkjet-printed EIL layer or
on ITO with a spin-rate of 1000 RPM for 60 s. The active layer at the side of substrates

was wiped away by a Q-tip with toluene for later top electrode deposition. EML was then



Chapter 4 Experimental methods and procedure 49

thermally annealed at 80 °C for more than 1 h. A typical layer thickness of 80 nm was de-
posited. Depending on the EIL layer below, a slight thickness deviation (+5 nm) was ob-
served. Figure 4-9 shows geometric profile of spin-coated SuperYellow EML on glass and
on inkjet-printed ZnO layer. On the cross-section image, the left part is pure EML, while
the right part is the EML on ZnO layer. As it can be seen, the spin coating method results
in a uniform and flat thin film with a RMS of ~1.2 nm for 80 nm thickness.

+568.04 (C) 400.00

Figure 4-9 White light interferometer measurement of spin-coated SuperYellow LEP on inkjet-printed ZnO
on a pre-patterned ITO glass substrate: (a) Top view, (b) 3D view, and (c) cross-section measured the thin
film; The cross-section measurements were taken at the positions indicated by a line between two triangles

on the 2D top view images.

4.1.4 Inkjet printing top electrodes

Figure 4-10 Camera images of inkjet-printed single line and stripe of PEDOT:PSS with a dot spacing of
40 um on (a) non-activated OLEC/OLED layer and (b) argon plasma activated OLEC/OLED layer.

For top electrode deposition, relatively high work-function is preferred to obtain
better hole injection into the LEP. PEDOT:PSS has a work function around -5.1 eV, and
the HOMO level of Merck blue LEP is -5.15eV [197] and of SuperYellow is -
5.4 eV [146]. This makes PEDOT:PSS a very good hole injection layer. Typically, the
conductivity of PEDOT:PSS is really low and not sufficient to be electrode alone. Thanks
to the past tremendous efforts on improving the PEDOT:PSS conductivity [31,33,34,94], it

can reach the conductivities greater than 3000 S/cm [33], which is comparable to the wide-
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ly used transparent anode ITO (sputtered on glass, conductivity of 6250 S/cm [153]).
Commercially available inkjet-printable PEDOT:PSS (Clevios PJet HC V2) can achieve
around 500 S/cm by simply inkjet printing and drying at low temperature such as 80°C. As
seen in Figure 6-1, PEDOT:PSS thin films have high transparency of > 90% over the

whole visible range (see Figure 6-1), which makes it a good transparent electrode.

As PEDOT:PSS ink is water-based, the inkjet-printed solution does not dissolve the
underneath organic active layer, which is typically dissolvable in non-polar solvents. On
the other hand, inkjet-printed organic layers yield “bad” surface wetting for inkjet printing
PEDOT:PSS. As illustrated in Figure 4-10a, a single line and 1 mm wide stripe were inkjet
printed from PEDOT:PSS HC V2 ink on top of spin-coated and dried OLEC/OLED active
layers. However, the printed ink did not spread well to the intended areas, instead they
were merged into small drops due to the low surface energy to the PEDOT:PSS ink. Thus,
surface activation of active layer through short and low power argon plasma (50 W, 10 s)
was necessary. Afterwards, regular lines and stripes of PEDOT:PSS can be inkjet printed
on top of OLEC/OLED active layer, as illustrated in Figure 4-10b.
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Figure 4-11 White light interferometer measurement of inkjet-printed PEDOT:PSS thin films (a) single layer,
(b) two layers, and (c) three layers. Left and middle images show the 2D top and 3D view of measured struc-
tures, while right images show the cross-section of corresponding structures. The cross-section measurements

were taken at the positions indicated by a line between two triangles on the 2D top view images.

Top electrodes were typically inkjet printed at 500 Hz with a dot spacing of 40 um.
The printed layer thickness is typically 40 nm, and it can be slightly deviated according to

the surface wetting of underneath organic layer. In order to reduce the resistance of
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PEDOT:PSS electrode and reduce the driving voltage of organic light sources, multilayer
of PEDOT:PSS can be inkjet printed on top of each other. Figure 4-11 shows the geometric
profile measurement results of multi-layer printed PEDOT:PSS thin films. One, two, and
three layer printed thin films have layer thicknesses of 40, 95, and 124 nm, respectively.
Therefore, approximately one third of resistance can be realized by three-layer printing
compared to single-layer printing. Although multi-layer printing leads to a slightly rougher
surface, it should have limited influence when used only for top electrodes. The same strat-
egy can be used for PEDOT:PSS bottom electrodes, especially when OLEC devices are

manufactured.

4.2 Manufacturing procedures

4.2.1 ITO-free, fully solution-processed blue OLEC manufacturing
process

Glass coverslip

Epoxy

Glass substrate

Figure 4-12 fully solution-processed OLEC layer structure diagram and 3D scheme. It has a layer stack of
inkjet-printed Ag (150 — 400 nm) || spin-coated OLEC layer (410 nm) || inkjet-printed PEDOT:PSS (40 nm).

Four active pixels with dimensions of 1 x 2 mm? and 1 x 5 mm®.

Microscope glass slides were cleaned in a series of ultra-sonication baths with ten-
side agents. Afterwards, the surface was activated by low-pressure oxygen plasma (200 W,
2 min). Ag bottom cathode was inkjet printed with a dot spacing of 35 um, and thermally
sintered in a convection oven at 200 °C for 15 min. Then, 12 mg/mL OLEC ink was spin-
coated with 1000 RPM, 60 s and wiped with Q-tips. The sample was then treated by low-
pressure argon plasma (50 W, 30 s) to achieve good wetting for PEDOT:PSS layer deposi-
tion. A transparent conductive PEDOT:PSS layer was deposited with a dot spacing of
40 pm on top of active layer. As the device was fully fabricated in air, it was first vacu-

umed (5 Pa) for 15 min to get rid of diffused oxygen and water, and then encapsulated with
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a UV curable epoxy, UV irradiation and a glass coverslip to prevent device degradation in
air. Alternatively, the device can be encapsulated in a N, or Ar glovebox so that a short

vacuum process can be avoided. The detailed process parameters and material are listed in

Table 2.

Table 2 Overview of process parameters for manufacturing ITO-free, fully solution-processed blue OLEC

Ink formulations Surface activation and Printing parameters Post-treatment
Silver nanoparticle dispersion in Acetone and isopropanol rinsing, dried by N, flow Sintered in convection
ethanol /ethylene glycol Inkjet-printed with dot spacing of 35 ym @ 1000 Hz oven 15 min @ 200 C
12 mg/mL Blue OLEC in toluene Thermal annealing on hot-
(LEP:DCH18C6:LiCF3SO3= 1:1:0.18) Spin-coated @ 1000 RPM for 60 s plate 10 min @ 80 °C
PEDOT:PSS Surface activation by Ar Plasma 10 s @ 100 W Thermal annealing on hot-
(Clevios PJet HC V2) Inkjet-printed with dot spacing of 40 um @ 500 Hz plate 15 min @ 140 °C

4.2.2 Blue OLEC on ITO manufacturing process

The pre-patterned ITO coated glass substrates were used as cathodes. They were
cleaned through a series of ultrasonic baths with different tensides. Afterwards, they were
further cleaned and surface activated by a low-pressure oxygen plasma (2.45 GHz, V55-
GKM, Plasma finish GmbH) at 200 W for 10 min [198]. The active layers were spin-
coated at various spin rates (i.e. 500, 1000, and 2000 RPM) for 60 s to achieve different
layer thicknesses. They were then annealed at 80 °C on a hot-plate in a nitrogen glovebox
(MBRAUN Labstar, O, < I ppm, H;O < 1 ppm). Active thin films at the sides of glass
were carefully wiped away by Q-tips with toluene so that the top electrode can be later
deposited. Afterwards, the OLEC was transferred outside of the glovebox, and the samples
were shortly activated by low-pressure argon plasma (50 W, 10 s). The top electrodes were
inkjet printed from a PEDOT:PSS ink via Uni-Jet OmniJet-100 printer (UniJet Co. Ltd,
South Korea) with a Dimatix DMC printhead with 10 pL nozzles (Fujifilm Holdings Cor-
poration). The top electrodes were inkjet printed via single nozzle at dot spacing of 45 um.
Light-emitting (over-lapped) pixels with sizes of 1 x 1 mm? or 1.5 x 1.5 mm® were real-
ized. The PEDOT:PSS layer was then dried under vacuum (< 10 Pa) for 15 min. Alterna-
tively, it can also be dried at 80°C on a hot-plate in a nitrogen glovebox. The samples were
encapsulated with 0.7 mm thick glass coverslips, UV-curable epoxy and UV irradiation

(bluepoint 2 easycure, 5000 mW/cm?, 3 s). As the both electrodes are transparent, silver
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mirrors were inkjet printed on the rear side of cover glass to increase the overall output
light intensity. The silver mirrors were inkjet printed from silver nanoparticle with a dot
spacing of 35 um. They were then dried and sintered at a KHz low-pressure argon plasma
at 240 W for 15 min [38]. For some samples, a ZnO interlayer was spin-coated on top of
ITO substrates before active layer deposition. A 20 mg/mL Zn(acac); in ethanol solution
was spin coated at 1600 RPM for 45 s [155,199]. The edge was wiped away by Q-tips with
DI-water to avoid electrical shortcutting. Then, the samples were thermally annealed
at 120 °C for 45 s on a hot plate. These processes were under the ambient conditions unless

stated.

PEDOT:PSS

Active Layer
ZnO
ITO

Figure 4-13 Layer architecture diagram (quarter part of full device) of fully solution-processed blue OLEC
on ITO glass substrate. OLEC has an inverted layer structure of: ITO (100 nm) || ZnO (20 nm) || Active layer
|| PEDOT:PSS (40 nm). Some devices have no ZnO interlayer. The active layer consists of blue LEP Merck
Blue, solid electrolyte DCH18C6, and dopant LiCF;SOs.

4.2.3 Planar OLECs manufacturing process

Planar OLECs with silver and PEDOT:PSS as electrodes: Microscope glass
substrates were cleaned in a series of ultrasonic baths and surface activated using low pres-
sure oxygen plasma at 200 W for 10 min. Newly prepared OLEC inks (with Merck Blue or
SuperYellow LEP) were either spin-coated (1000 RPM, 60 s) or drop-casted on substrates.
Afterwards, the samples were thermal annealed at 80 °C on a hot plate for 10 min. In order
to improve the surface wetting for inkjet printing, the samples were activated by low pres-
sure argon plasma at 50 W for 30 s. Afterwards, PEDOT:PSS anodes were inkjet printed
from a commercial ink (PEDOT PlJet HC V2) with a dot spacing of 40 um. Silver cathodes

were inkjet printed from Suntronic silver nanoparticle dispersion with a dot spacing of
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30 um. The samples were then transferred to nitrogen glovebox and thermally annealed at
80 °C overnight before performing doping propagation experiments. The layer architecture
is illustrated in Figure 4-14(a). Printing silver and PEDOT:PSS electrodes on top of active
layer are to avoid the impact of electrode thickness. It has been also noticed that no doping
propagation took place when printing the silver cathode first. The reason could be the thin

oxidation layer on the silver surface that prevents the electrochemical doping of LEPs.

d (b)
d
PEDOT:PSS

OLEC active layer

(a)

ITO

Glass substrate Glass substrate

Figure 4-14 Layer architecture diagrams for planar OLECs with different electrodes: (a) Inkjet-printed
PEDOT:PSS and silver; (b) inkjet-printed PEDOT:PSS and pre-patterned ITO; the active layers were drop-
casted from OLEC inks based on either Merck Blue or SuperYellow LEPs; d represents the spacing between

two electrodes.

Planar OLECs with ITO and PEDOT:PSS as electrodes: The pre-patterned ITO
substrates were cleaned in a series of ultrasonic baths and surface activated using low pres-
sure oxygen plasma at 200 W for 10 min. Newly prepared OLEC inks (with Merck Blue or
SuperYellow LEP) were either spin-coated (1000 RPM, 60 s) or drop-casted on substrates.
Afterwards, the samples were thermally annealed at 80 °C on a hot plate for 10 min. In
order to improve the surface wetting for inkjet printing, the samples were activated by ar-
gon plasma with 50 W for 30 s. PEDOT:PSS anodes were inkjet printed from a commer-
cial ink (PEDOT PJet HC V2) with a dot spacing of 40 um. The samples were then trans-
ferred to a nitrogen glovebox and thermally annealed at 80 °C overnight before performing

doping propagation experiments. The layer architecture is illustrated in Figure 4-14(b).

For both planar OLECs, d is around 300, 500 or 1000 um. The widths of
PEDOT:PSS and silver electrode strips are 1 or 1.5 mm. Pre-patterned ITO strips have a
width of 1.5 mm.

4.2.4 Fully solution-processed yellow OLED manufacturing process

The pre-patterned ITO-coated glass substrates were used as cathodes, and the clean-
ing and activation is the same as blue OLECs. For some samples, a work-function adaption

layer was inkjet printed from an Al-doped ZnO nanoparticle ink or Al:ZnO:PEI mixture. It
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was printed from a PiXDRO LP50 inkjet printer (Meyer Burger B.V.) with a Dimatix
DMC printhead with 10 pL nozzles. Dot spacings of 40 and 60 pm were used to produce
different layer thicknesses. The Al:ZnO layer was thermally annealed at 150 °C for 30 min
in a convection oven, while the Al:ZnO:PEI layer was at 110 °C. The SuperYellow LEP
was dissolved in toluene with a volume concentration of 4 mg/mL. The ink was stirred at
450 RPM overnight before using. The active layers were deposited via spin-coating at a
spin-rate of 1000 RPM for 60 s. They were thermally annealed at 120 °C for 15 min on a
hot-plate (in the nitrogen glovebox). It resulted in a layer thickness of 80 nm. Active thin
films at the sides of substrates were carefully wiped away by Q-tips with toluene so that
the top electrode can be later deposited. The samples were shortly activated by low-
pressure argon plasma (50 W, 30s), and the top electrodes were inkjet printed from a
PEDOT:PSS ink via the Uni-Jet OmniJet-100 printer with a Dimatix DMC printhead with
10 pL nozzles. The top electrodes were inkjet printed via single nozzle at dot spacing of
45 pm. Light-emitting (overlapped) pixels with sizes of 1 x 1 mm® were realized. The
PEDOT:PSS layer was dried at 120°C on a hot-plate in a nitrogen glovebox. Some samples
were encapsulated with 0.7 mm thick glass coverslips, UV-curable epoxy and UV irradia-
tion (bluepoint 2 easycure, 5000 mW/cm?, 3 s). The whole processes were under the ambi-

ent conditions except stated.

The ITO-free yellow OLEDs were fabricated on microscope glass slides. They
were cleaned in a series of ultrasonic baths and surface activated using low-pressure oxy-
gen plasma at 200 W for 10 min. For increasing conductivity and improving the electrical
contacting, silver wirings were inkjet printed from silver nanoparticle dispersions with a
dot spacing of 35 um. The wirings were thermally sintered at 200 °C for 30 min in a con-
vection oven. For low processing temperature, the thermal sintering can be replaced by the
argon plasma sintering with a KHz generator. Afterwards, bottom electrodes were inkjet
printed from a silver-nanowire-embedded PEDOT:PSS ink (Clevios PEDOT HY) with a
dot spacing of 40 um. A layer thickness of 100 nm was achieved from two-layer printing.
The printed PEDOT:PSS electrodes were thermally annealed at 120 °C for 15 min. The
rest of manufacturing process is the same as solution-processed yellow OLED on ITO sub-

strates.
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4.2.5 Tandem OLED and OLEC manufacturing process

The patterned ITO was first cleaned by a series of tenside ultrasonic baths. It was
then activated by low-pressure oxygen plasma for 2 min at 200 W. The ZnO precursor was
dissolved in ethanol with a concentration of 20 mg/mL, and it was stirred overnight at
60 °C. A 40 nm thick ZnO layer was deposited by spin-coating at 1500 RPM for 60 s, and
followed by a thermal annealing of 130 °C for 30 s on a hot-plate. The 0.4 w% PEI was
dissolved in ethanol and spin-coated at 5000 RPM to form an ultra-thin layer (~10 nm).
Thermal annealing took place on a hot-plate set to 120 °C for 10 min. 4 mg/mL SuperYel-
low LEP was dissolved in toluene, and a 80 nm thick EML was deposited by spin-coating
at 1000 RPM for 60 s. An approximately 40 nm thick PEDOT:PSS top electrode is depos-
ited by inkjet printing with a dot-spacing of 40 um. It was thermally annealed at 120 °C for
15 min on a hot-plate. Afterwards, another ZnO layer and PEI were spin-coated as de-
scribed above. A 300 nm thick active layer is deposited on top of ITO by spin-coating a
10 mg/mL Merck Blue OLEC ink (mass ratio of LEP:DCH18C6:LiCH3SO3 = 1:0.1:0.028)
at 1000 RPM for 60 s. The PEDOT:PSS top electrode was inkjet printed with the same
parameters. Finally, the device is encapsulated with epoxy and glass coverslip after a short

vacuum drying. This entire manufacturing process is operated under ambient conditions.

4.3 Device characterization methods

4.3.1 Electrical characterization method

The current — voltage characterization was measured via a YOKOGAWA GS610
source measure unit. The samples were driven at DC voltage mode and currents were
measured. The voltage was swept from 5 to 10 V with a resolution of 50 mV three times
and average results were used for analyzing. The currents measurement had a 500 ps delay

to avoid initial electrical spikes due to voltage changes.

The OLEC/OLED devices were driven at constant voltage pulse to achieve relative-
ly high brightness. In spite of constant current driving mode, the constant voltage-driving
mode was decided for easy usage for standard mobile power supplies. A HAMEG
HMP2020 power supply was used to source voltage pulse with arbitrary function. It has
time resolution of 10 ms and max voltage output of 32 / 64 V (two channels in series con-

nection) with a one mV resolution. Trek’s Model 2210 power amplifier was used to
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achieve fast high voltage / power output. 100 V/V voltage gain and 150 V/us slew rate can
be achieved. The current was measured by a pico-amperemeter (Keithley 6485 picoamme-

ter) with resolutions of 2 ms and 10 fA.

The pulse driving power supply was characterized by an oscilloscope (Wavelet
354A, Teledyne LeCroy) to observe the initialization speed of the driving electronics and
OLECs. As the HAMEG HMP2020 power supply has intrinsically programmable volt-
age/current waveform function, it was tested first in open-circuit mode. It can be seen from
Figure 4-15 that the power supply has very slow voltage increasing and return rate, even at
open-circuit mode, at 20 V and 60 V voltage pulses. The set 80 ms pulse turned into
220 ms (35 ms at 20 V) and 285 ms (13 ms at 60 V) pulses. To generate a 60 V pulse, the
power supply has only 0.78 V/ms rising ratio and 0.31 V/ms return ratio, which is far away

from the requirement.
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Figure 4-15 The recorded oscilloscope waveform images of 80 ms electrical voltage-pulse generated by

HAMEG HMP2020 power supply at (a) 20 V and (b) 60 V at open-circuit.

Therefore, a combination of power supply and power amplifier was selected to
drive the OLECs. As the power amplifier has a voltage gain of 100 V/V, only 0.6 V pulse
should be set up to realize a 60 V voltage pulse. From Figure 4-16, it can be seen that the
new driving setup has a 20 V/ms rising rate and 14.9 V/ms return rate, which is sufficient
to provide a precise voltage pulse in 10 ms to 200 ms range. When an OLEC sample is
driven by the setup at a 40 V pulse, it shows a rising rate of 2.2 V/ms and return rate of
3.5 V/ms. It is clearly demonstrated that OLEC samples are slower than driving electronics,

which are sufficient to drive the samples for characterization.
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Figure 4-16 The recorded oscilloscope waveform images of electrical voltage pulse generated by HAMEG
HMP2020 power supply and power amplifier. The first row show 50 ms pulses with open-circuit mode and

the second row shows 80 ms pulses loaded with an OLEC sample.

4.3.2 Optical measurement method

The light brightness was measured by a silicon photodiode (Centronic OSD50-E)
with an eye filter (Schott OGS515) to simulate the visible light sensitivity of human eyes.
The photocurrent was recorded by a Keithley 6485 picoammeter with a self-made Lab-
VIEW program. Due to the limitation of the picoammeter, the measurement has a maxi-
mum time resolution of 2 ms and measurement duration of five s (maximum 2500 meas-
urement points). The Si-photodiode with an eye filter was calibrated with a green Laser
diode. The brightnesses calculated followed the principles described in light measurement
handbook [200]. For verifying the measurement results, some samples were measured by a
luminance camera luca (opsira GmbH). Same brightnesses have been measured for both
measurement methods. The electroluminescent spectra were measured by an optical fiber
coupled calibrated spectrometer (SD2000, Ocean Optics Inc., wavelength resolution of
2 nm). For I-V-L curve measurement, [-V curves of the samples were measured as de-
scribed in section 4.3.1 while the light-emitting photocurrents were simultaneously record-
ed via a silicon photodiode with an eye filter. The brightnesses were then calculated and

synchronized with I-V curve measurement.
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5 Fully solution-processed OLED investigation

In this chapter, device characterization of solution-processed yellow OLEDs with
inkjet-printed interlayers of Al-doped ZnO mixed with PEI (Al:ZnO:PEI) was demonstrat-
ed. As described in the theoretical section, the work-function adaptation from both the an-
ode and cathode sides as well as electron and hole confinement within the active layer are
very important to realize high-performance OLEDs. The traditional multi-layer system and
ultrathin-layer manufacturing of OLEDs are not practical for cost-efficient on-chip sensing
applications. Hence, to meet application needs, I introduce a directly inkjet-printed inter-
layer from Al-doped ZnO nanoparticle ink mixed with PEL This one-step EIL deposition
method has never been reported in literature. Therefore, with layer architecture of ITO ||
Al:ZnO:PEI || LEP || PEDOT:PSS (see Figure 5-1), I provide a novel solution for the ap-

plication-oriented requirements:

1. Simplified layer architecture for full solution processing
Mask-free inkjet printing

Vacuum-free manufacturing

Sl

Low temperature (< 120 °C) for thermal sensitive substrates

5.1 Electrical and optical characterization

(a) (b)
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Figure 5-1 (a) Layer architecture and (b) energy level diagram (quarter part of full device) of fully solution-
processed yellow OLED on pre-patterned ITO glass substrate. It has inverted layer structure of ITO (100 nm)
|| EIL (various) || SuperYellow LEP (80 nm) || PEDOT:PSS (40 nm).
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In order to investigate the influence of different EIL layers on device performance,
several OLEDs were fully solution processed with an EIL layer consisting of: a) inkjet-
printed Al-doped ZnO layer; b) inkjet-printed Al-doped ZnO mixed with PEI layer, 21 nm
thick; c) inkjet-printed Al-doped ZnO mixed with PEI layer, 53 nm thick; and d) no EIL
for reference. That same pre-patterned ITO (100 nm) and inkjet-printed PEDOT:PSS
(40 nm) were used for bottom cathode and top anode. SuperYellow LEP was used for the
active layer with the same processing parameters. The detailed manufacturing process is
described in section 4.2.4. Table 3 summarizes the layer architectures of four OLED devic-

es used in this chapter.

Table 3 Layer architecture, driving voltage and current efficiency at 500 cd/m” of OLED devices with differ-
ent inkjet-printed EIL layers, investigated in this chapter.

Driving voltage Current efficiency
Layer architecture N 5
(at 500 cd/m") (at 500 cd/m")
Device A ITO || Al:ZnO (40 nm) || SY LEP (85 nm) || PEDOT:PSS 10v 0.62 cd/A
Device B ITO || A:ZnO:PEI (53 nm) || SY LEP (93 nm) || PEDOT:PSS 6.84 V 2.55cd/A
Device C ITO || Al:ZnO:PEI (21 nm) || SY LEP (84 nm) || PEDOT:PSS 69V 1.53 cd/A
Device D
ITO || SY LEP (84 nm) || PEDOT:PSS
(Reference)

Figure 5-2 illustrates the V-L curve and J-V curve of the fully solution-processed
OLED samples. As no light emission can be detected at driving voltage of 10 V, device D
is not plotted in Figure 5-2a. From the current - voltage characterization, it can be seen that
there is a dramatic increase of current by Al-doped ZnO EIL only. Device B and C with
Al:ZnO:PEI EIL show even higher current density at the same driving voltage as device A,
which means better electron injection (lower work function barriers) from the cathode side
compared to pure Al-doped ZnO EIL. This fits the theory of the work-function adaptation
for electron injection from cathode side very well. More specifically, SuperYellow LEP
has a LUMO level of -3.0 eV [146], while ITO, ZnO and PEI on ZnO have work functions
of -4.7, -4 and -3 eV, respectively (see Figure 5-1b). Hence, work-function barriers for
devices A, B&C and D are 1.0 and 0.0, and 1.7 eV. Thus, much more electrons can be in-
jected into device though a ZnO layer and furthermore through a ZnO and PEI mixed layer.
A higher electron injection rate also means a higher electron and hole combination rate.
According to equation (3.2) in theoretical section 3.1, this ultimately means higher emis-

sion efficiency can be achieved. The plotted results of V-L characterization in Figure 5-2
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meet the prediction from the theory: No light can be emitted from reference device D;
modest light can be emitted from device A with ZnO EIL only; close to 3000 cd/m? bright-
ness at 10 V can be emitted by device B and C.
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Figure 5-2 (a) Voltage-brightness (V-L) curve and (b) voltage - current density (V-j) curve of fully solution-
processed yellow OLEDs (device A, B, C and D) with different inkjet-printed electron injection layers. The
light-emitting brightness was measured from the top electrode PEDOT:PSS only.

In contrast to the traditional requirement of ultrathin PEI interlayer, the inkjet-
printed Al:ZnO:PEI interlayer as thick as 53 nm shows close performance to 21 nm thin
layer. Device B even has better current efficiency than device C with thinner Al:ZnO:PEI
EIL. The reason for this could be the good electrical conductivity of EIL, thanks to the Al
doping and better electron and hole injection balance due to thick EIL, in particular at low

driving voltage.
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Figure 5-3 (a) Electroluminescent emitting spectra (red) and photoluminescent absorption spectra (blue) of
OLEDs with layer architecture of ITO || PEDOT:PSS (20 nm) || SuperYellow LEP (80 nm) || Ba (6 nm) || Ag
(150 nm) [201]; (b) Electroluminescent emitting spectra of fully solution-processed transparent SuperYellow

OLED fabricated in Fraunhofer IOF.
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The electroluminescent spectrum of fully solution-processed OLEDs was also
measured in-house. The spectrum is plotted in Figure 5-3 as well as the spectra from the
datasheet provide from Merck. The spectra provided from Merck were measured from an
OLED with layer architecture of ITO || PEDOT:PSS (20 nm) || SuperYellow LEP (80 nm)
|| Ba (6 nm) || Ag (150 nm). The PEDOT:PSS layer and LEP were spin-coated, while Ba
and Ag layers were thermally evaporated under high vacuum. The spectrum of the fully
solution-processed transparent SuperYellow OLEDs is almost the same as the reference
OLEDs from Merck. This indicates that the light was generated from the light-emitting
polymer and all the other layers have almost no substantial influence on the light-emitting

spectrum.
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Figure 5-4 Voltage — brightness curve of fully solution-processed yellow OLED device B (1 x 1 mm? pixel
size) operated at voltage-pulsed mode. The voltage pulses have a pulse-width of 20 ms and 1% duty cycle.

The light-emitting brightness was measured from the top electrode PEDOT:PSS only.

Due to its relatively high current efficiency, OLED Device B was pulse-operated at
a high voltage to obtain a high brightness (Figure 5-4). An emission brightness driven at up
to 10 V was taken from the continuous V-L curve measurement. From 20 to 55V, the
sample was operated at voltage-pulsed operation mode with pulse-width of 20 ms and a
1% duty cycle. With 1 x 1 mm? pixel size, the fully solution-processed transparent yellow
OLED can emit extremely high light intensity with more than 50 000 cd/m?. This is com-
parable with solution-processed OLED with evaporated Al/Ag electrode [28], and much
better than the literature-reported device with similar layer stack (ITO | ZnO || PEI ||
SuperYellow LEP || MoOs || PEDOT:PSS) [27]. It has to be pointed out that the device is
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also transparent and with PEDOT:PSS top electrode, an HIL made of MoO; was still used
and thermally evaporated. The highest emission brightness that reported in literature [19] is
1.86x10° cd/m?*, however the OLED was fully evaporated and has a tiny round pixel with a
radius of 50 um. Moreover, the pixel was pulsed at a pulse-width of 5 pus and 10% cycle

duty to avoid fast degradation.

5.2 Lifetime characterization
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Figure 5-5 Lifetime characterization of fully solution-processed transparent yellow OLEDs (device B and C).
Both OLEDs were (a) pulse-driven at 20 V with a pulse-width of 20 ms and 5% duty cycle, and (b) DC driv-

en at a current density of 20 mA/cm®.

In order to use the fully solution-processed yellow OLEDs as the excitation light
source for on-chip fluorescence sensing applications, appropriate operational lifetime is
required. As the device with an Al:ZnO:PEI EIL has much better emission efficiency, they
were operated at stressed conditions to test the operational lifetime. In the target applica-
tions, the OLEDs will be operated in pulsed mode in order to get high brightness and high
sensitivity. Thus, the OLEDs device B and C were first operated continuously at voltage-
pulsed driving conditions of 20 V with a 50 ms pulse-width and 5% duty cycle. The results
are illustrated in Figure 5-5a. At a 20 V driving voltage, Device C has an initial brightness
of 13 600 cd/m*, while OLED device B has an initial brightness of 11 800 cd/m”. After
3000 pulses, the device C has more than 85% of its initial brightness, while Device B can
only emit slightly more than 50% of its initial brightness. To confirm the results, the dif-
ferent pixels of both devices were driven in DC current mode with a current density of
20 mA/cm’, and emission brightnesses were measured over time. The results are plotted in

Figure 5-5b. It was found that the device lifetime in DC mode shows the same trends as the
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pulsed mode. Device B with a thinner EIL has better lifetime than device C with a thicker
EIL. More specifically, device B has LT50 of 60 min, while Device C has LT85 of 3 h.
The reason for this could be the leakage current difference for the two devices with differ-
ent EIL thicknesses. Nevertheless, both devices exhibited enough operational lifetimes for
disposable on-chip sensing applications at an emission brightness of more than

10 000 cd/m>.

5.3 ITO-free, fully solution-processed OLED

As discussed in section 4.1.1, it is possible to replace the ITO bottom electrode with
the combination of a PEDOT:PSS electrode and a work-function adaptation layer. In the
previous sections, the Al:ZnO:PEI interlayer has demonstrated significant work-function
reduction and emission brightness improvement. Hence, in this section, I replace the pre-
patterned ITO electrode with a transparent PEDOT:PSS electrode. Consequently, the
OLEDs can be directly printed on microfluidic chips without any costly patterning tech-
niques and vacuum-based manufacturing techniques. The manufacturing process is de-
scribed in section 4.2.4. Compared to the OLED samples in the previous section, the ITO
bottom electrode was replaced with a PEDOT:PSS electrode. In order to reduce the influ-
ence of lower conductivity of PEDOT:PSS, an inkjet-printable silver-nanowire (AgNW)
embedded PEDOT:PSS ink was used to deposit bottom and top electrodes. A conductivity

0of ~3000 S/cm was measured from an inkjet-printed thin film.

Figure 5-6 Photographs of an ITO-free, fully solution-processed yellow OLEDs with four pixels (2 x
1.5 mm?). The pixel is illuminating by driving at 10 V. It has a layer structure of PEDOT:PSS + AgNW ||
Al:ZnO:PEI || SuperYellow LEP || PEDOT:PSS + AgNW.
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Figure 5-6 depicts the photograph of an ITO-free, fully solution-processed yellow
OLEDs on glass substrates. Pixel 2 with an active area of 2 X 1.5 mm? illuminates bright
yellow light under a driving voltage of 10 V. Except the active layer was spin coated, all
the other layers were inkjet printed. It clearly demonstrates that, with inkjet printing tech-
nique, OLED can be directly integrated onto substrates with flexible design and locations.
For characterizing the electrical and optical performance, the j-V curve and V-L curve
were also measured. The results are illustrated in Figure 5-7. Compared to the OLED sam-
ples on ITO (Figure 5-2), the ITO-free sample had much higher current density at the same
driving voltage. It is because of high dark current, which can be seen under the reverse-
biased mode. At the driving voltage of -5 V, the OLED sample had a current density of -
4.66 mA/cm?, while device C had -0.016 mA/cm?. The reason for this high dark current
density is the high roughness of inkjet-printed PEDOT:PSS layer. The ITO-free OLED
sample was also tested at voltage-pulsed mode to achieve high emission brightness. A
brightness of >10 000 cd/m? can be emitted at 30 V voltage pulse, while 16 000 cd/m? at
40 V. It has to be pointed out that a significant current density (e.g. ~800 mA/cm?) was
measured at high voltage pulses (e.g. 30 V). Consequently, a much higher brightness could

be realized when a bottom electrode with higher surface homogeneity can be inkjet printed.
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Figure 5-7 (a) Voltage - current density (V-j) curve and (b) voltage-brightness (V-L) curve of the ITO-free,
fully solution-processed yellow OLEDs. The light-emitting brightness was measured from the top electrode
PEDOT:PSS only.

To summarize this chapter, I have demonstrated that fully solution-processed trans-
parent yellow OLEDs with a simple layer stack can be realized via inkjet-printed EIL,
PEDOT:PSS top electrode and spin-coated EML. Moreover, a simple mixture of PEI into
Al-doped ZnO nanoparticle ink can be directly inkjet printed and used as an efficient EIL.

This method provides several advantages: 1) simplified manufacturing as a single layer is
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required instead of two; 2) mask-free inkjet printing that avoids creating an ultrathin PEI
layer; 3) cost-efficient production due to low processing temperatures (< 120°C) and vacu-
um-free processes. Although the devices were fabricated at ambient conditions and solu-
tion processed, light as bright as > 50 000 cd/m” can be emitted at pulsed driving condi-
tions and lifetime of more than 3000 pulse (LT85) can be realized at a brightness of
>10 000 cd/m’. For the target application of providing an excitation light source for dis-
posable lab-on-a-chip systems, the device brightness and operation lifetime are sufficient.
Finally, an ITO-free, fully solution-processed yellow OLEDs was also fabricated by re-
placing ITO with an AgNW-embedded PEDOT:PSS electrode. A brightness of

>16 000 cd/m? can be realized driving under a 40 V voltage-pulsed mode.
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6 Pulsed blue OLEC device performance investigation

In this chapter, a fully solution-processed blue OLEC with a layer stack of an
inkjet-printed Ag || a spin-coated OLEC layer || an inkjet-printed PEDOT:PSS was first
demonstrated. It proved that a fully solution-processed OLEC could be a good light excita-
tion light source on rough and less homogeneous surfaces. The influences of the material
composition and layer thicknesses on pulse driving mode and light brightness were further
investigated. For comparability and reproducibility, inkjet-printed silver electrode was re-
placed by an ITO electrode. Furthermore, a ZnO layer was also investigated for improving

the light brightnesses and a strategy for replacing ITO.

6.1 Material characterization
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Figure 6-1 Transmission (strange lines) and reflection (dashed lines) spectra of spin-coated PEDOT:PSS
(black), blue LEP (blue) and blue OLEC (red) thin films on fused silica glass. The thicknesses of
PEDOT:PSS, blue LEP and blue OLEC thin films are: 46 nm, 119 nm, and 115 nm, respectively. The meas-

urement was performed at an incident light angle of 6 degree.

First of all, material properties were examined to understand if there is intrinsic dif-
ference in optical performance between OLED and OLEC. Hence, pure blue LEP (Merck
Blue) solution and blue OLEC solution (LEP : DCH18C6 : LiCF3SOs = 1:1:0.2) were spin-
coated on top of glass substrates. PEDOT:PSS ink was also spin-coated for reference. The
spin-coated PEDOT:PSS, blue OLEC and blue LEP had thin film thicknesses of 46 nm,

119 nm, and 115 nm, respectively. The optical transmission and reflection spectra were
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measured by a spectrometer and are plotted in Figure 6-1. The PEDOT:PSS thin film
demonstrates high optical transparency (> 90% light transmission) over visible range.
OLEC and LEP thin films have almost identical spectra, while the small difference could
be due to the thin film thickness difference and mixed dopants. Nevertheless, the additional
dopants have limited influences on the optical spectra. The refractive index (n) and the
extinction coefficient (k) were measured and calculated. As shown in Figure 6-2, OLEC
and LEP thin films have rather close refractive index and extinction coefficient. They both
have refractive index of ~1.75 between 400-500 nm, which is fitting the theory of n = 1.7
for most organic materials. As both LEP (119 nm) and OLEC (115 nm) had similar thin
film thickness, the slightly lower extinction coefficient clearly shows the less LEP material
due to the additional dopant materials. For this reason, the investigation in section 6.4, the
same spin-rates were used to ensure the same LEP contents between different dopant con-
centrations instead of same actual layer thicknesses. Besides, the PEDOT:PSS layer has
close refractive index to glass (typically, 1.5), in particular at the wavelength close to
500 nm. Large refractive index different between PEDOT:PSS and LEP could result in low
light out-coupling efficiency from LEP to PEDOT:PSS. On the other hand, ITO has much
higher refractive index that helps light traverses into ITO from LEP, but it could have an

out-coupling issue between ITO and glass interface.

0.35 | — SPB-02T OLEC

(b) 0.50 . . .
0.45 —— PEDOT 4
] ——1ITO
0401 I ——— SPB-02T ]

0.30
< 025+
0204

01547

.10
1.254 4 010

0.05

1.00 . . . . ; : 0.00

T T T T —T T T g -
300 400 500 600 700 800 300 400 500 600 700
Wavelength (nm) Wavelength (nm)

Figure 6-2 (a) Refractive index n and (b) extinction coefficient k spectra of PEDOT (black), ITO (red), blue
LEP Merck Blue (green) and blue Merck Blue OLEC (blue) thin films. The data of ITO was provided by
substrate supplier Ossila, Ltd..
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6.2 ITO-free, fully solution-processed blue OLEC

As described in section 2.3, OLEC has the advantages of relatively simply three-
layer architecture, possibilities of using air-stable cathodes such as Ag and Al, and fully
solution-processing ability at ambient conditions. Consequently, a blue OLEC can be fab-
ricated with a layer stack of an inkjet-printed Ag cathode || a spin-coated OLEC layer || an
inkjet-printed PEDOT:PSS anode. The processing parameters are listed in Table 2 and
detailed described in section 4.2.1. The details of optimization of manufacture process and

material are detailed in section 4.1.
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Figure 6-3 White light interferometer measurement of (a) an inkjet-printed Ag bottom cathode, (b) a spin-
coated OLEC active layer, and (c) an inkjet-printed PEDOT:PSS top anode.

After each layer deposition and curing, their surface profiles were scanned by a
white light interferometer (see Figure 6-3). It can be seen that the bottom cathode, which
was inkjet printed from a silver nanoparticle ink, has a line-width of about 1 mm and peak
height of 450 nm. Moreover, it has a thickness deviation from 125 to 450 nm from edge to
center. The surface profile was not optimized so that a more flat surface was deposited in
order to demonstrate that OLEC has relatively high tolerance in active layer thickness and
underneath surface flatness. After spin coating the OLEC ink under ambient condition, a

homogeneous layer with ~410 nm thickness was deposition on top of silver cathode. Com-
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pared to typical OLED devices which require EML thinner than 100 nm, OLEC devices
can work with much higher thickness (e.g. 410 nm in this case). Thus, it has higher toler-
ance in dust, defects and surface roughness. The top transparent anode was deposited by

inkjet printing and had a relatively good thin film with about 40 nm height.

In order to make the OLEC work, the P-i-N junction within active layer should be
in situ generated by electrochemical doping. Thanks to the solid electrolyte DCH18C6,
which only has ions mobility at temperature higher than 60 °C, the P-i-N junction can be
generated by heating the sample at 80 °C and biased at 7 V. Afterwards the generated junc-
tion can be frozen via cooling the sample to room temperature while keeping the electrical
bias [202]. After doping, the OLEC showed similar behavior like OLEDs, i.e. fast turn-on.
Figure 6-4 shows the optical imaging of working pixels for both pixel dimensions (i.e. 1 x
2 and 1 x 5 mm?). The whole pixel areas were able to emit blue light and no large bright-
ness difference, although there is a big thickness deviation due to the silver cathode print-
ing. The J-V curve from Figure 6-5 conforms that OLEC shows typical diode behavior
after doping. In addition, the electro-luminescence spectrum of blue OLEC shows it has
peak wavelength of 475 nm, which fits the typical excitation light wavelength for common
chemical-/biological fluorescence sensing application, e.g. PH value detection by probe

Carboxyfluorescein.

2mmx 1 mm

a Aworki;g‘p el
Figure 6-4 Photographs of a fully solution-processed blue OLEC with two illuminating pixels (2 x 1 and 5 x

1 mm?).

The brightness measurement showed that the maximum brightness was 377 cd/m’
(at 15 V) when the device was operating at the continuous mode. It had a current efficiency
of 0.31 cd/A. This is however not bright enough as an excitation light source for basic on-

chip fluorescence sensing applications.
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Figure 6-5 (a) J-V curve and (b) electro-luminescence spectrum of fully solution-processed OLECs.

Instead of driving the device at DC mode, the OLEC device can also be driven at
voltage-pulsed mode. Especially for the target applications, the excitation light source for
disposable lab-on-a-chip system is not necessary to have high emission brightness over a
long period. On the contrary, a short and intense excitation light is required for on-chip
fluorescence sensing. For this reason, voltage-pulsed driving mode is preferred. In addi-
tion, this brings the benefits of longer operation lifetime and higher brightness. Therefore,
the ITO-free, fully solution-processed blue OLEC was pulsed at high voltages (up to 50 V)
with a pulse-width of 100 ms and 1% duty cycle. The results are plotted in Figure 6-6a.
Even with a relative large pixel area of 5 mm?, a brightness of > 1100 cd/m” can be emitted
at 50 V. It has to be emphasized that the device has higher leakage current due to the in-
homogeneous Ag electrode and therefore lower overall emitting brightness at high voltag-
es. Running the device at high voltages causes the current to flow mostly through the thin-

nest sections of the active layer, resulting in greater deviations in brightness (Figure 6-6b).
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Figure 6-6 (a) V-L curve of fully solution-processed blue OLEC operated at the voltage-pulsed mode. The
pulsed pixel has an area of 1 x 5 mm’. The voltage pulse had a pulse-width of 100 ms and 1% duty cycle; (b)

the luminance camera photograph of emitted pixel driven at a 50 V pulse.
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6.3 Solution-processed blue OLEC on ITO for device performance
investigation

As described in the previous section, the fully solution-processed OLEC has limited
geometric profile reproducibility. It is mainly because the surface morphologies of the
inkjet-printed bottom silver electrode deviated from sample to sample. For this reason, pre-
patterned ITO glass substrates were chosen in order to investigate systematically the influ-
ence of active material compositions and active layer thicknesses on emission brightnesses

at the pulsed mode.

Figure 6-7 (a) Photograph of a blue OLEC on a ITO glass substrate with an illuminated pixel; (b) Photograph

of an illuminated pixel (1.5 x 1.5 mm?).

The device architecture of solution-processed blue OLEC is depicted in Figure
4-13. Compared to layer structure depicted in Figure 4-12, only the Ag bottom electrode
was replaced by pre-patterned ITO electrode. Thanks to the high transparency of ITO (see
Figure 6-2), fully transparent blue OLECs were fabricated. In order to increase emission
brightness for on-chip sensing applications, an additional silver mirror can be inkjet printed
on the top of the glass coverslip, as described in section 4.1.1. The similar manufacturing
process parameters were used and detailed described in section 4.2.1.The photograph of
fabricated blue OLEC sample with one illuminated pixel is depicted in Figure 6-7b. It can
be seen that the illuminated pixel has higher emission uniformity than the blue OLEC sam-
ple with Ag electrode. The device did not have higher emission brightness at relatively low
driving voltage (< 15 V). it could be due to the high work-function of oxygen-plasma acti-
vated ITO (up to -5.5 eV [203]), which hinders the electron injection speed. Similar to the
blue OLEC sample with Ag electrode, a much higher brightness was achieved (see Figure
6-8a), when the blue OLEC on ITO sample was driven at pulsed mode with a much higher
voltage (e.g. 45 V). A brightness of > 2000 cd/m” can be realized when the sample was

pulsed at > 40 V. The first reason could be the more homogeneous surface of ITO elec-
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trode and smaller pixel size, which led to more homogeneous active layer and higher cur-
rent density (see Figure 6-7). The second reason could be the lack of metal electrode that
quenches the excitons and then reduce the emission brightness. The electroluminescence
spectra of the blue OLEC were measured at different driven voltage level to check if there
is any energy shift due to high current density at high voltages. As shown in Figure 6-8b,
there is almost no deviation of the spectra between continuous driving at 10 V and pulsed
at 40 V. The slight difference on the long wavelength tail is because of high noise level

when the device was driven at 10 V.
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Figure 6-8 (a) V-L curve of a blue OLEC sample driven at voltage-pulsed mode; (b) electro-luminescence
spectra of solution-processed blue OLECs on ITO. The spectra were taken when the sample was continuous-

ly driven at 10 V (blue line), pulsed at 20 V (black dash line), and pulsed at 40 V (red dot line).

For disposable lab-on-a-chip fluorescence sensing applications, brightness higher
than 2000 cd/m” and a moderate lifetime are required [204]. The basic requirement of
brightness can be fulfilled by driving at high voltage pulses, therefore the lifetime meas-
urement was also tested at the driven condition to have an emission brightness of >
2000 cd/m”. For comparison, another pixel was driven at DC mode with an initial bright-
ness of 100 cd/m. The both results are plotted in Figure 6-9. Even though the device emit-
ted constantly only a brightness of ~100 cd/m?, the sample had relatively fast degradation
at DC driving mode. It had 25, 33, and 90 min lifetime when the brightness reduced to
80%, 75%, and 50% of its initial brightness. This confirms the current short lifetime issue
of OLECs. On the other hand, the sample was relatively stable after 1000 pulses at voltage-

pulsed operation with emission brightness of > 2000 cd/m”.
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Figure 6-9 Plot of lifetime tests of solution-processed blue OLECs on ITO. They were driven at (a) DC mode
to emit an initial brightness of 100 cd/m?, and (b) voltage-pulsed driving mode to emit an initial brightness of

2200 cd/m” (pulse-width 100 ms, 3.3% duty cycle).

6.4 Material composition and layer thickness investigation

Although it has been demonstrated that the solution-processed transparent blue
OLEC on ITO can achieve a brightness > 2000 cd/m” and a lifetime > 1000 pulses in the
previous section, the device was fabricated with dopant concentration and layer thickness
reported from the literatures [151,205]. However, the material and processing parameters
were optimized for display or lighting applications, and they were not intended for voltage-
pulsed driving operation. Consequently, in this section different material compositions
(mass ratio) of LEP and dopants as well as active layer thicknesses were tested and ana-
lyzed for the first time to understand the influence on emission brightness under voltage-

pulsed driving mode.

In the previous section, the widely-used mass ratio of 1:1:0.2 was used for produc-
ing the blue OLEC devices, and it gave relatively good performance. However, it has been
reported that the high concentration of the electrolyte and dopants can reduce the emitted
light intensity by the excitons quenching [183,206]. On the other hand, too low dopant
concentration leads to long in situ doping time, which means slow turn-on and limits its
applications [207]. It has also been intensively reported that higher light intensity can be
realized by balanced the hole and electron injection and transporting [205]. One feasible
and simple method is to modify the active layer thickness [208]. That is mainly due to the
large leakage current in non-balanced devices, joule-heating induced degradation by non-
radiative decay, and excitation quenching to the electrodes. Most research has been done to

date was concentrated on improving performance on DC driving mode at relatively low
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brightness (mostly 100 cd/m?). Currently, no material and layer thickness investigation has

been found on OLECs driven at voltage-pulsed mode.

For this investigation, a series of blue OLEC samples were solution-processed on
pre-patterned ITO substrates following the procedure described in Chapter 0. The selected
mass ratios of LEP, CE, and LiCF5;SO; were 1:1.25:0.27, 1:1:0.50:0.10, 1:0.10:0.02, re-
spectively. The mass ratio of CE and LiCF3;SO; was always kept at 1:0.20 to ensure good
ionic mobility of dopants [205]. The highest dopant concentration of 0.25 was chosen be-
cause it is widely used with rough surfaces and from literature reports [209]. The lowest
dopant concentration of 0.02 was selected due to good performance from literature and
theoretical model [205]. To understand the influence of the active layer thickness, the
thicknesses of around 100, 150, and 300 nm were chosen. It has been confirmed in reser-
ach that 10 to 20 nm thick emission layer is thick enough to make high efficient OLEDs
[210]. However, the results are based on small molecule OLEDs, which has much small
geometric dimensions, and they are mostly deposited by vacuum evaporation or vapor
deposition to obtain thin and homogeneous layers. For polymer OLEDs, the typical active
layer thickness is 80 to 100 nm [43]. Long polymer chains and non-fully-controlled chain
lengths result in inhomogeneous layers at thinner layer thickness. Based on this reason,

100 nm was chosen for the lowest OLEC active layer thickness and 300 nm for the highest.

The V-L characterization of solution-processed blue OLECs with different dopant
mass ratios and active layer thicknesses is depicted in Figure 6-10. Different lines and
symbol colors represent different mass ratios of dopant to LEP: 0.27:1 (black), 0.10:1
(red), and 0.02:1 (blue). Different symbols of B, ®, A represent the active layer thickness
of 100, 150, and 300 nm, respectively. First, we look at the emission brightness of samples
with different dopant mass ratios (curves with different colors in Figure 6-10). It can be
seen that the emission brightness increased with decreasing dopant concentration at same
driving voltage , in particular at high driving voltages. That means OLEC samples with
lowest dopant ratio (0.02, blue color in Figure 6-10) emitted the highest light intensities,
while samples with the highest dopant concentration (0.27, black color in Figure 6-10)
emitted the lowest light intensities. As all devices were pre-doped with constant low driv-
ing voltage of 10 V right before the V-L measurement, the influence of different turn-on
times due to dopant concentrations can be neglected. The exciton quenching effect due to
the additional solid electrolyte and dopants can be one part of the reason for this trend. The

higher the dopant concentrations are, the more excitons will be quenched, which results in
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non-radiative relaxation. Besides exciton quenching, the lower dopant concentrations leads
to PN junctions with slightly lower electron and hole mobility. That brings lower leakage
current and more hole and electron combinations which results in higher emission light
intensity. That is also the reason why low hole and electron mobile blocking layers are
designed in modern OLEDs architecture, so that less holes and electrons are transduced to

the counter electrodes and have time to combine to emit light [211-213].
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Figure 6-10 Voltage — brightness curve of various blue OLEC samples operated at pulsed driving mode. The
different color represents the dopant mass ratio of 0.02 (blue) 0.10 (red), and 0.27 (black), compared to LEP.
Within all the different dopant concentration, the samples with active thickness of 100 nm (M), 150 nm (®)

and 300 nm (4) are also characterized.

Then, we focus on analyzing the influence of active layer thickness on emission
brightness (comparing the curves with different symbols in Figure 6-10). Compared to the
dopant mass ratio, the influence of the thickness is much more complicated. First we ob-
serve the V-L curves with the lowest dopant mass ratio 0.02 (blue color in Figure 6-10), at
high pulsed driving voltage (40 V), the thicker the active layer is, the higher the emission
brightness will be. That could be explained that, during the short pulse duration of 20 ms,
the sample with a thicker active layer probably results in a thicker intrinsic area during pre-
doping. Therefore, it has less over-doping and thus exciton quenching, which results in
higher light-emitting efficiency. For the dopant mass ratio 0.10 (red color curves in Figure
6-10), the curves clearly fit the trends that samples with higher light intensity results in

thicker active layer. However, for much higher dopant concentration (dopant mass ratio
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0.27), the opposite situation can be observed. The samples with higher active layer thick-
ness emit lower light intensity. The reason would be that the fast doping due to high con-
centration leads to great extent of over-doping during short operation pulses regardless of
the layer thickness. Therefore, the higher the dopant mass ratio is, the more exciton

quenching will be.

To further understand the light emitting behaviors of solution-processed blue
OLECs under voltage-pulsed driving operations, the measured brightness values from
brightness detector were recorded over time when OLEC samples were driven at 40 V with
different pulse duration. The variation of pulse duration here is mainly to prevent device
from fast degradation at high operation voltages. The results are plotted in Figure 6-11.
The samples with dopant ratios to LEP of 0.02 (blue color curves), 0.10 (red color curves),
and 0.27 (black color curves) as well as active layer thickness of 100 (curves with W), 150

(curves with @), and 300 nm (curves with A) are compared.

4500
0.02, 300 nm, 40
0.10, 300 nm, 40
4000 0.02, 150 nm, 40
0.10, 150 nm, 40
i 0.02, 100 nm, 40
3500 — 0.10, 100 nm, 40
& 0.27, 100 nm, 40
£ 3000
=
o] p
© 2500
7] i
% L
2 2000
=
21500
m i niatnguntaaasany .
1000 - - !
500 \
0 " I;A Addhdands oY A

1 ! 1 ! I d I ! 1 !
75 100 125 150 175 200
Relative time (ms)

Figure 6-11 Brightness pulse waveform over time from various blue OLEC devices with 40 V pulsed driving
voltage. The different color represents the dopant mass ratio of 0.02 (blue) 0.10 (red), and 0.27 (black), com-
pared to the LEP. The solution-processed devices with active thickness of 100 nm (M), 150 nm (®) and

300 nm (4A) are also characterized.

As illustrated in Figure 6-11, for the OLEC samples with high dopant mass ratio
0.27 (black color curve), the emission brightness reduces over time. It clearly indicates that
the efficiency of OLEC decreases dramatically with high voltage driving, even for short

duration. It has to be emphasized here that the decreasing of efficiency (or brightness) over
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time is not due to the material degradation. Because the same brightness pulse waveform
can be observed with voltage-pulsed driving mode, that is 10 ms pulse-width and 0.5%
duty cycle, as depicted in Figure 6-12. The slightly deviation of the brightness between the
three pulses can be related to the measurement resolution of the pico-amperemeter. It has a
maximum time resolution of 2 ms, and therefore the brightness values could be varied de-
pends on at which specific time the pico-amperemeter taken the measurement. Conse-
quently, the reduced brightness over time can be only explained to the quenching of the
over-doping and leakage current. When the active layer getting thicker, the more active
material turned darker, i.e. losing its fluorescent light ability. This reduces the overall

emission light intensity.
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Figure 6-12 Three brightness pulse waveforms over time from solution-processed blue OLEC device with

40 V pulse driving voltage, 20 ms pulse duration and 3 s pulse interval.

For the OLEC samples with lowest dopant mass ratio 0.02, for all the active layer
thickness, it has a relatively stable waveform, which has a gradually increasing brightness
at the beginning of the pulse and then becomes stable over the rest of the pulse. The inter-
esting part of the samples with lowest dopant mass ratio of 0.02 is that contrary brightness
trends can be observed between low driving voltage (e.g. 20 V) and high driving voltage
(e.g. 40 V). At low driving voltage of 20 V, the OLEC sample with the thinnest active lay-
er emits highest light intensity, while the thickest emits highest at high driving voltage of
40 V. Low dopant concentrations leads to low electron and hole mobility and injection rate

but with wider intrinsic part. Hence, the samples do not have sufficient electron-hole pairs
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at low driving voltages to emit high brightnesses, in particular with thicker active layers.
On the contrary, the injection rate of electrons and holes is highly increased under high
voltage bias. Because of the relatively low carrier mobility at thicker active layer, electron
and holes have more opportunity to combine and emit photons. Thus, the sample with a
low dopant concentration and a thicker active layer has a higher emission brightness at a

high driving voltage.

For the OLEC samples with dopant mass ratio of 0.10, a clear transition behavior
between low and high dopant concentrations can be observed. In principle, it follows the
same trends on the influence of active layer thickness as the OLEC samples with dopant
mass ratio of 0.02: A thicker active layer leads to a higher emission brightness at a high
pulsed voltage. However, the OLEC sample with active layer thickness of 300 nm shows
the similar brightness pulse waveform as the OLEC samples with dopant mass ratio of 0.27.
This indicates that the light emission efficiency reduce when the total dopant reach certain

level. At this level, the over-doping takes part in and quenching the combined excitons.

6.5 ZnO interlayer investigation for blue OLECs

Theoretically, because of the in situ doping, work-function adaptation will not place
a role here. Therefore, simply manufacturing OLEC between two PEDOT:PSS layer
should work, and electrons and holes can direct inject into active layer without barriers (so-
called Ohmic contact). However, in practice, the doping is not high enough to achieve
Ohmic contact, in particular for high work-function mismatch. It has also been found out
that certain work function adaptation is still necessary to realize good performance [214].
That is also the reason why most reported PLECs are between two different electrodes
such as ITO, PEDOT:PSS, carbon black, evaporated Al/Ag [215]. As PEDOT:PSS has
relatively high work function (around 5.2 eV), it serves a good anode but a bad cathode. In
order to realize a relatively low work-function cathode by solution processing, A ZnO in-
terlayer is introduced here between active layer and the ITO electrode in order to investi-
gate the influence of additional ZnO interlayer. ZnO layer has a work function around
4.1 eV, which is much lower than PEDOT:PSS (-5.2 e¢V) and ITO (-4.7 eV). Theoretically,
it leads to a better electron injection rate. As most LEPs are hole-transporting materials,
samples with additional ZnO interlayer should have better balance of hole and electron

combinations.
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Figure 6-13 V-L curve of blue OLEC samples driven at voltage-pulsed mode. Device layer structures are
ITO || ZnO || OLEC layer || PEDOT:PSS or ITO || OLEC layer || PEDOT:PSS. Various active layer thick-

nesses of 100 nm, 150 nm, and 300 nm were tested for both structures.

The Figure 6-13 illustrates the V-L characterization of solution-processed blue
OLECs with and without ZnO interlayer. In this investigation, a mass ratio of 1:1:0.27 be-
tween LEP, CE and LiCF3;SO; was used. Devices with active layer thicknesses of 100, 150,
and 300 nm were also compared. It can be clearly seen that devices with ZnO interlayer
emits higher brightness at the same pulsed driving voltages. This trend keeps the same for
all the tested voltages. It confirms the theory that lower work-function barriers due to ZnO
leads to higher injection of electrons from cathode side as well as faster N-doping. Conse-
quently, a more balanced P-N junction can be in situ generated, which brings higher device
efficiency, i.e. higher emitted light intensity in this case. Furthermore, the ZnO interlayer
has the same improvements on all three active layer thicknesses. It indicates that the results

are not dependent on active layer thickness.

The OLEC sample with ZnO interlayer and 100 nm active layer thickness was used
to test the operation lifetime under pulsed mode. The measurement results are plotted in
Figure 6-14. It was pulsed driven with a pulse-width of 20 ms, 0.67% duty cycle and had
an initial brightness of 2800 cd/m?. The plot shows that the sample had no degradation
after continuous 10 000 pulses and only decreased to 90% of its initial emission brightness
after 25 000 pulses. It is sufficient stable as the excitation light source for lab-on-a-chip

fluorescence sensing systems.
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Figure 6-14 Lifetime characterization of solution-processed blue OLEC on ITO. Device has a layer structure

of ITO || ZnO || OLEC layer (mass ratio of 1:1:0.27, 100 nm) || PEDOT:PSS. OLEC was operated at high

pulsed-voltages to emit an initial brightness of 2800 cd/m” with a pulse-width of 20 ms and 0.67% duty cycle.

In summary, this chapter described a novel approach to use fully solution-processed
blue OLEC as an excitation light source for disposable lab-on-a-chip systems. It was first
demonstrated that an ITO-free, fully solution-processed blue OLEC can be produced via
combination of inkjet printing and spin coating. Moreover, a brightness of > 1000 cd/m”
can be emitted at voltage-pulsed driving mode. By replacing the printed silver electrode
with a pre-patterned ITO electrode, the active material composition along with active layer
thickness of OLECs was investigated to improve the maximum emission brightness. It has
been demonstrated that the OLECs with lowest dopant concentration and relative high ac-
tive layer thickness can emit highest brightness (~4000 cd/m” at 40 V) among the test sam-
ples. Furthermore, it has been shown that the light brightness can also be improved by in-
sert a ZnO interlayer, which reduces the electron injection barrier and then improve the
efficiency. A lifetime test under voltage pulsing operation shows that the blue OLEC sam-
ples can maintain 90% its initial brightness after 25 000 pulses. All these demonstrate that
blue OLECs with pulse driving mode could be sufficient stable and bright as an excitation

light source for disposable lab-on-a-chip fluorescence sensing systems.
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7 Demonstrator and applications

In this chapter, three different demonstrator cases are presents. First, OLEC can be
fabricated on top of the PEDOT:PSS electrode plus ZnO interlayer combination instead of
ITO electrode on an ultrathin glass. Therefore, ITO-free, fully solution-processed OLEC
can direct integrate on microfluidic chips for sensing applications. In this case, the
SuperYellow LEP was used instead of Merck Blue LEP to demonstrate that the OLEC
working principle can be easily transferred to another LEP with a different emitting color.
Next, tandem OLEC and OLEC combination was demonstrated in the second section.
Tandem device structures are another strategy to increase the overall light emitting bright-
ness via adding two or more samples on top of each other and driven at same voltage or
current. Last, a demonstrator with integrated fully solution-processed blue OLEC and OPD
on a glass chip was presented. This combination is first reported in the literature. A model
fluorescent dye FAM was used to show the high optical sensitivity of this integrated organ-

ic sensor.

7.1 ITO-free, fully solution-processed OLECs

In order to achieve fully integration organic light sources directly on microfluidic
chips, ITO electrodes need to be replaced because it is non-solution-processable and high
cost. The most straightforward method is simply to replace ITO layer by a PEDOT:PSS
layer, however it does not work well. It has also been found out that certain work function
adaptation is still necessary to realize good performance [214]. Therefore, a solution-
processable buffer layer is necessary. As demonstrated in previous section 4.1.2, ZnO layer
can be solution-processed via Zn(acac), precursor or nanoparticle dispersions. Moreover,
electron injection can be reduced, which results in working devices. Consequently, in prin-
ciple, ITO electrodes can be replaced by an inkjet-printed PEDOT:PSS layer and a solu-
tion-processed ZnO layer. On the contrary, to chapter 5, ZnO layer was spin-coated from a
Zn(acac); solution on top of inkjet-printed PEDOT:PSS layer in this section, but both
methods work. In order to demonstrate the easy transfer of emitters in OLECs, yellow LEP

SuperYellow was test in this ITO-free layer stack.

Thin glass was chose as the substrates by its good encapsulation capability (low
water and oxygen transmittance rate) and better flexibility compared to normal glass. Es-

pecially, Schott AG has demonstrated that their chemically toughened ultrathin glass
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(70 um) can be bent with a radius of ~5 mm, which enables a huge potential in flexible
electronics [216]. The 70 um thin glasses using in this work were not chemically tough-
ened. Therefore, produced OLEC samples had limited bending capability but demonstrated

the proof-of-concept.

The manufacturing process is similar to the solution-processed blue OLEC on ITO
substrates, which is describe in section 4.2.1. Here, the bottom electrode was replaced by a
PEDOT:PSS plus ZnO bi-layer. The ZnO layer was spin-coated from 20 mg/mL Zn(acac);
in ethanol with a spin-rate of 1600 RPM for 45 s. It was then thermal annealed at 120 °C
for 45 s on a hot-plate. The rest was the same except the LEP was SuperYellow in order to
demonstrate the same OLEC principle can be transferred to another LEP. Another com-

monly used electrolyte PEO was used in this device instead of DCH18C6.

(@)

Thin Glass coverslip

Thin Glass substrate

Figure 7-1 (a) Layer architecture diagram of a ITO-free, fully solution-processed yellow OLEC on thin glass;
(b) photograph of a fully solution process yellow OLEC with a 5 x 5 mm? pixel size on a thin glass substrate.

Figure 7-1a illustrates the layer structure of this ITO-free, fully solution-processed
yellow OLEC device. Figure 7-1b shows the fabricated samples. It can be seen that the
PEDOT:PSS layers are quite transparent and only shows slightly greyish at the area where
two PEDOT:PSS are overlapped. After electrical connecting, the yellow OLEC illuminated
the yellow light when voltage was higher than 7 V. The photo of the illuminated pixel at
15 V can be seen from Figure 7-2a. The maximum brightness was 150 cd/m” at 20 V and
the current efficiency was 1.32 cd/A at 15 V (brightness ~108 cd/m?). The current-voltage
characterization (Figure 7-2b) indicates the diode behavior of the doped OLEC. However,
compared to the typical diode behavior, the OLEC gave much higher current at the reverse
bias. That is because of the intrinsic in situ doping mechanism of the OLEC, which can be
doped at the forward and reverse bias. The OLEC can work at both bias but with much

lower performance at reverse bias. It can be seen that although the driving voltage was
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relatively high, the current density was quite low compared to a normal OLED. The reason
could be the relatively low conductivity of PEDOT:PSS compare to metal such as silver
and aluminum. That could also explain why the sample worked stable at 15 V, which no

degradation in brightness has been observed after 10 min continuous driving.

(b)

Current Density (mA/cm®)

-1.0-4
Voltage (V)

Figure 7-2, (a) photograph of a fully solution process yellow OLEC with an illuminated 5 X 5 mm? pixel on a
thin glass substrate, driven at 15 V; (b) I-V curve characterization of the yellow OLEC.

There is an tendency to produce relative thicker active layer in flexible and fully so-
lution-processed light-emitting devices [215], in the um range instead of less than 100 nm
of typical OLED:s. It is mainly because of the high roughness of the substrates, high rough-
ness of solution-processed bottom electrode as well as the bending of the flexible sub-
strates, which all vulnerable to the short-cut between top and bottom electrodes. Typically,
the thinner the active layer is, the lower the driving voltage is required. That is one reason
for high driving voltage of demonstrated flexible yellow OLEC here. Another reason is
high resistance of PEDOT:PSS electrodes used here. Although PEDOT:PSS shows good
combination of transparency, printability and conductivity, the volume conductivity is still
much lower than widely used transparent electrode ITO (5000 S/cm) and metals such as Al
(350 000 S/cm) and Ag (630 000 S/cm). Producing silver bottom electrode by inkjet print-
ing silver nanoparticle dispersion meets the challenge of high inhomogeneity, while print-
ing on top of active layer has the wetting problem and diffusion of the nanoparticles. Nev-
ertheless, metal induced exciton quenching is another low efficiency issue. Inkjet-printed
silver grid and multi-layer printed PEDOT:PSS combination [101] could be a good solu-
tion of reducing resistance and then driving voltage. On the other hand, for the simply
three layer structure, normally the thick active layer thickness brings higher maximum
brightness (luminance). It is simply because more electrons and holes will combine to exci-

ton and convert to light instead of diffuse to the counter electrode. Combination of higher
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dopant concentration and thicker active layer shows tendency of lower driving voltage and

maintain or increase the brightness.

7.2 Solution-processed tandem OLEDs and OLECs on ITO

(a) Glass coverslip

Epoxy

SuperYellow - active layer
Vz
PEL

ITo

Glass substrate

Figure 7-3 (a) layer structure scheme of a fully solution-processed tandem SuperYellow OLED and blue
OLEC sample; (b) photoluminescent imaging of the fabricated sample. The orange lines indicate the location
of inkjet-printed PEDOT:PSS layers. The top PEDOT:PSS layer is shared by all three light-emitting pixels
while each pixel has their own PEDOT:PSS electrode between SuperYellow and blue active layer; (c) elec-
troluminescent imaging of the SuperYellow OLED in fully solution-processed tandem device driven at 6 V
(V>); (d) electroluminescent imaging of the blue OLEC in fully solution-processed tandem device driven at

12V (V).

As ITO electrodes are rarely solution-processed and normally relatively expensive,
an alternative bottom electrode is required to reduce the manufacturing costs. Although the
OLEC is not sensitive to a work function difference and theoretically both electrodes can
be PEDOT:PSS, a slight work function adaptation is still recommended for better perfor-
mance [214]. Hereby, I demonstrate spin-coated ZnO and ultrathin PEI layer on top of
PEDOT:PSS electrode to achieve a working device. An ultrathin PEI layer on top of elec-
trodes such as Ag, ITO, ZnO and PEDOT:PSS can dramatically reduce the surface work
function and improve the electron injection [214]. A tandem SuperYellow OLED and blue
OLEC was fabricated on the same ITO substrate. All layers are spin-coated except
PEDOT:PSS electrodes are inkjet-printed, and the manufacturing process is described in
the experimental section 4.2.5. Figure 7-3¢ and d illustrate that both solution-processed
SuperYellow OLED and blue OLEC are working. As the blue OLEC is only driven be-
tween PEDOT:PSS electrodes (i.e. V; in Figure 7-3a), it is proven that the PEDOT:PSS
plus ZnO and PEI layers can replace ITO electrodes to achieve ITO-free, fully solution-
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processed blue OLEC samples. Furthermore, the tandem device is demonstrated here not
only to show that the PEDOT:PSS, ZnO and PEI combination can replace the ITO elec-
trode but also that the tandem structure is another method to improve the light brightness
for on-chip fluorescence detection. At the moment, the manufacturing parameters are not
fully optimized. That is the reason why both yellow OLED and blue OLEC do not have
homogeneous light emitting and high brightness.

7.3 Integrate blue OLECs for on-chip sensing

In this section, the first integrated fluorescence sensing system based on a fully so-
lution-processed OLEC with a solution-processed OPD on a glass chip was introduced.
Selecting polarization filters makes the LoC utilizable for a variety of applications. Blue
excitation light and Fluorescein amidite (FAM) fluorescent dye were selected for demon-
stration as they are widely used in fluorescence bio-/chemical sensing. The demonstrated
integrated fluorescence sensor is able to measure a low concentration of fluorescent dye,
i.e. FAM in water in this case, as low as 1 uM. Furthermore, thanks to the fully solution-
processing and vacuum free manufacturing and easy tuning of the excitation light color,
fluorescence sensors based on OLEC, OPD, and linear polarization filters enable a bright

future for low-cost, disposable, multi-usage point-of-care applications.

7.3.1 Chip-integration and characterization

-
. & A 4 4 ) J

Figure 7-4 OLEC excitation and OPD detection system with a glass microfluidic device. For illustration
reasons, the linear polarization filters are not integrated. The blue illuminating square is the illuminating blue
OLEC pixel; the dark reds square is the active layer of OPD; the glass channel is in-between the OLEC and
the OPD.
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(a)

(b)

(c)

(d)
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Figure 7-5 (top) Schematic exploded view and (bottom) 2D edge view of OLEC excitation and OPD detec-
tion system with a glass microfluidic device and polarization filters: (a) fully solution-processed OPD; (b)
first linear polarization filter oriented at 0 degree; (c) glass microfluidic chip; (d) ) second linear polarization

filter oriented at 90 degree; (e) fully solution-processed blue OLEC.

Figure 7-4 shows a photograph and Figure 7-5a scheme of the integrated fluores-
cence detection system. The test chip was made of sodium borosilicate glass, and a 1 mm
wide and 1 mm deep channel was cut by wafer dicing. The channel was sealed by a glass
cover with UV curable optical adhesive (Norland Optical Adhesive 65, Norland Products,
Inc.). The same glue was used to attach the two polarization filters (Thorlabs, Inc.) at or-
thogonal orientations onto the top and bottom side of the channel. Fully solution-processed
blue OLEC was manufactured as described in section 0. The used blue OLEC ink had a
concentration of 10mg/mL in cyclopentanone and a mass ratio of 1:1:0.27
(LEP:DCH18C6:LiCF30s3). The active layer had a layer thickness of ~100 nm and ZnO
interlayer a thickness of ~20 nm. The used OPD here had a layer stack of ITO || ZnO
(20nm) || P3HT:PCBM (200 nm) || PEDOT:PSS (40 nm). Then the fully solution-
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processed blue OLEC and OPD were glued on top of each filter, and the 1 mm?® light-
emitting pixel was aligned with the channel as well as the 1 mm? OPD pixel. Different
concentrations of the fluorescent dye FAM were dissolved into distilled water and injected
into the channel for fluorescence sensing testing. The OLEC driving method and the OPD

measuring method are described in section 4.3.

7.3.2 Characterizations of OLEC and OPD
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Figure 7-6 (a) Emission spectrum of fully solution-processed blue OLEC and the absorption spectrum of
FAM; (b) Absorption spectrum of fully solution-processed blue organic photodiode and the emission spec-

trum of FAM.

One advantage of using OLEDs and OLECs as a fluorescence sensing excitation
light source is that the emission peak wavelength can be tuned relatively easily by selecting
different light emitting polymers or small molecules. However, the layer structure of
OLEDs has to be slightly modified, e.g. a different electron transporting layer, when emit-
ting a different light color via different emitters due to different energy band gaps. OLECs
have the advantage of keeping exactly the same layer structure for different emitted colors
due to the in situ doping mechanism. This provides great benefits in integrating several
fluorescence sensing applications into one microfluidic chip via exactly the same, simple,
and low-cost manufacturing methods. In this paper, a blue emitter emitting in the range of
450 to 485 nm was chosen for demonstration due to its wide applications in chemical or
biological fluorescence sensing. Figure 7-6a illustrates the normalized emitted light spec-
trum of the fully solution-processed blue OLEC and the absorption spectrum of the fluo-
rescent dye FAM. It can be clearly seen that the absorption wavelength range of FAM fluo-
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rescent dye is well overlapped with blue OLEC emission light, and therefore this blue

OLEC is a suitable light source for FAM fluorescent excitation.

Organic photodiodes

An OPD was used to detect fluorescent light intensity. Figure 7-6b shows the ab-
sorption spectrum of the active material used within the OPD. The P3TH:PCBM blend
absorbs in a broad spectral range from 350 to 650 nm, due to the PCBM absorption from
350 to 450 nm and the P3HT absorption from 450 to 650 nm. However, the charge carriers
contributing to the detectable photo current are only generated within the P3HT, limiting
the detectable spectral range. The emission spectra of the selected fluorescent dye FAM is
entirely covered by the absorption spectra of the OPD. At the maximum FAM emission
peak at 518 nm the OPD shows a sensitivity of 0.11 A/W while the dark current density at
0 V was lower than 10 pA/mm?.

The wide spectral detection range of the OPD makes it compatible with many dif-
ferent fluorescent dyes. However, the combination with the wide emission range of the
OLEC causes wide spectral overlap of OLEC and OPD (see Figure 7-6b). In addition, the
fluorescent light intensity is orders of magnitude lower than the emitted light of the OLEC
and not all of the OLEC light is absorbed by the FAM [217]. Therefore, polarization filters
are included into the chip. These filters can transmit polarized light within the full visible
light spectrum. They are included on each side of the channel and with 90° rotation. Thus,

no light of the OLEC should pass through the second filter.

7.3.3 Characterization of the fluorescence sensor

The extinction property of the linear polarization filters was first characterized with
a sky blue inorganic LED and a silicon photodiode. With a single linear polarization filter,
only 41.3 % light intensity can be transmitted. Since the excitation light has to pass the first
filter and the fluorescent light has to pass the second filter and assuming 50 % of the fluo-
rescent light emitted from the fam is emitted toward the detector, only ~8 % of the emitted
fluorescent light will reach the detector. When the two linear polarization filters were
aligned orthogonally to each other, merely 0.012 % of the light can be transmitted. This

corresponds to a nominal extinction ratio of 38.5 db.

The photocurrent response of the fully solution-processed OPD for various FAM

concentrations in water from 1 to 200 pm was measured in the integrated chip with filters
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as well as the fully solution-processed blue OLEC. The blue OLEC was pulsed at 20 and
40 V to emit a light brightness of 500 and 2000 cd/m?, respectively.
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Figure 7-7 FAM fluorescence responses measured with the OPD at different FAM concentrations.

Figure 7-7 shows the fluorescence signals at different FAM concentrations as a
function over pulse duration, which was excited by OLEC with 140 ms 20 V voltage pulse
and detected by the OPD. The current values of the OPD were measured every 20 ms,
which corresponds to six different measurement values for each light pulse. The back-
ground noise, which was measured using pure distilled water instead of FAM solution, was
subtracted from the measurement values. It consists of the dark current of the OPD and the
passing light from the blue OLEC through two orthogonally-oriented polarization filters.
The measured background photocurrents for measurement with 500 c¢d/m? and 2000 cd/m*

excitation light intensity was as low as 57 pA and 348 pA, respectively.

For all curves in Figure 7-7, a gradual decrease in the measured current can be ob-
served over time. This is related to the excitation light intensity of the OLEC used. OLECs
tend to have a higher light intensity when turned on, while decreasing to a saturated value
after few seconds. Therefore, for pulsed operation of the OLEC is preferred rather than
continuous driving for measurements. To evaluate the dependency of the fluorescence re-
sponse on the FAM concentration the 6 data points per light pulse were averaged. The re-

sults can be seen in Figure 7-8a and b, respectively.



Chapter 7 Demonstrator and applications

91

(a) 1200
1000
800
£
=)
% 600 - = 150
- o
T_)' B’ 100
or 400 - E
2
_ [o)
200 2l
0 S 10 15 20
FAM concentration (uM)
: : —

D T T T T T T T T T T T T T
0 20 40 60 80 100 120 140 160 180 20
FAM concentration (uM)

(b)
5 = /E
" /E
<
=%
934 |
_8 | 600
= < 500
< 2 o | 400
o g 300
L2 20
_ T 100
1 & °
0 5 10 15 20
0 FAM concentration (uM)
———— - . .

T T T T T T T T
0 20 40 60 80 100 120 140 160 180 200
FAM concentration (uM)

Figure 7-8 Fluorescent detection measurement by integrated OLEC and OPD with different FAM concentra-
tions in water. The FAM solutions were excited by the blue OLEC with brightnesses of (a) 500 cd/m? and (b)
2000 cd/m?; The Inset graphs are the zoom-in of the low concentration parts (1 to 20 uM).

It can be observed that concentrations as low as 1 uM can be measured even with a
relatively low brightness of 500 cd/m” of the blue OLEC device, which corresponds to an
OLEC electrical driving power as low as 5.8 mW. For low concentrations up to 20 uM, a
strong linear dependency (R=0.9999) is visible. This linear dependency could be extended
to 100 uM. For concentrations of more than 100 uM, both graphs for 500 cd/m® and
2000 cd/m” start to become non-linear with a decrease in the graphs slope. This non-
linearity is an intrinsic behavior of the intensity dependency of the fluorescence response

itself.
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The signal to noise (S/N) ratio was calculated and is presented in Figure 7-9. When
the measured photocurrent is close to the background noise, the measurement setup reach-
es its theoretical absolute limit of detection (LoD), i.e. S/N ratio equals 1. An S/N ratio of
1.1 (illustrated in Figure 7-9, the blue dash line) is a more practical measurement LoD,
which in our case is about 500 nM. Based on this criteria, our results are even slightly bet-
ter than the literature reports with more efficient evaporated OLED and OPD combinations
[18,137]. This demonstrates that solution-processed OLECs and OPDs can be a suitable
combination for the direct integration of a microfluidic fluorescent detection setup. Moreo-

ver, it brings the advantages of low-cost, flexibility and direct on-chip integration.

S/N ratio

FAM concentration (uM)

Figure 7-9 S/N ratio as a function of concentration of FAM dye as OLEC driven at 20 V pulses. Solid red
line predicted trends for the theoretical LOD at S/N = 1.1, which is shown with a dashed blue line.

7.4 Conclusions and workflow guideline

All together three demonstrators have been shown. First demonstrator proves that
the OLEC can easily work with another LEP and ITO can be replaced by a bi-layer of so-
lution-processed PEDOT:PSS and ZnO. Second demonstrator gives a proof-of-the concept
of tandem architecture to either improve maximum emission brightness or cover a broader
excitation spectrum at one spot. The last demonstrator gives a first demonstration of micro-
fluidic fluorescence sensing system including a fully solution-processed OLEC, a fully
solution-processed OPD and two polarization filters. For the first time, the blue OLEC is
introduced and demonstrated as a low-cost excitation light source. At 500 and 2000 cd/m?
OLEC brightness, minimum concentrations of 1 uM FAM in water with an S/N-ratio > 1.1

could be detected. These results show that this fluorescence sensor featuring a combination
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of a fully solution-processed OLEC and OPD, with linear polarization filters provides a

viable solution for portable, disposable or multi-usage point-of-care applications.
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8 Conclusions and outlook

In this dissertation, a general guideline of integrating organic light sources (OLED
and OLEC) as cost-efficient excitation light sources for fluorescence sensors on disposable
microfluidic LoC systems has been developed. Two light emitters (blue and yellow) are
selected to demonstrate the functionalities as well as to cover a wide part of the excitation
light spectrum. First, bright yellow OLEDs were fully solution-processed with a simple 4-
layer structure using a novel electron injection layer (EIL). The novel EIL was inkjet print-
ed from a mixed ink of Al-doped ZnO nanoparticle dispersion and PEI. Al:ZnO provides
work-function reduction as well as good electrical conductivity. The PEI serves as a uni-
versal work-function adaptation layer. With both materials, the inkjet-printed EIL elimi-
nated the need of ultrathin PEI layer for work-function adaptation, and it enabled a one-
step solution for electron injection instead of step-wise work-function adaptation via two
different layers. Consequently, a fully solution-processed yellow OLED could be manufac-
tured by inkjet printing and spin-coating. Because of high requirement on surface smooth-
ness, pre-patterned ITO glass substrates were first used for performance investigation. The
OLED had a layer structure of a pre-patterned ITO cathode, an inkjet-printed Al:ZnO:PEI
EIL, a spin-coated SuperYellow active layer, and an inkjet-printed PEDOT:PSS anode. A
brightness as high as 50 000 cd/m” has been measured under 40 V pulses. Even at a bright-
ness of 10 000 cd/m?*, 85% of initial brightness can be still emitted after 3000 pulses, which
is sufficiently stable for disposable on-chip sensing applications. The first time a lifetime
characterization for solution-processed OLEDs at a high emission brightness of
> 10 000 cd/m? has been achieved. This high brightness brings advantages of lower driving
voltage and high fluorescent sensitivity. In the end, an ITO-free, fully solution-processed
yellow OLED was also demonstrated by replacing the ITO anode with an inkjet-printable
AgNW-embedded PEDOT:PSS electrode. Although the inkjet-printed bottom electrode
had higher surface roughness and dark current, a brightness of > 16 000 cd/m? can be still
achieved under 40 V pulses. This is the first fully solution-processed, bright OLEDs
produced using exclusively inkjet printing as a vacuum-free, mask-free, low pro-
cessing temperature patterning method. In contrast to the recently reported fully spin-
coated OLEDs, the devices presented here showed higher maximum brightnesses. At the
same driving voltages, the devices demonstrated here have lower brightness and efficiency.

However, it is mainly due to the rougher surfaces of inkjet printed layers and simpler de-
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vice structures without ultrathin layers. The device performance can be still improved by

optical and electrical optimizations.

On the other hand, a fully solution-processable OLEC was introduced as a universal
excitation light source on microfluidic LoC systems, in particular on microfluidic chips
with 3D and/or uneven surfaces. Because of the in situ electrochemical doping, OLECs are
relatively insensitive to carrier injection barriers due to the work function mismatch and to
active layer thickness [35]. Consequently, typical blue OLEDs with 5 to 7 layers can be
directly simplified into a sandwiched 3-layer OLEC structure. This dramatically reduces
manufacturing steps and complexity in dealing with multi-layers, therefore it is a suitable
organic light source for cost-efficient manufacturing and integration on polymeric chips
with relatively rough surfaces and 3D structures. This advantage was proven by a fully
solution-processed blue OLEC with an inkjet-printed silver cathode and transparent
PEDOT:PSS anode, which emitted a maximum brightness of > 1000 cd/m? under the volt-
age-pulsed mode. However, OLECs exhibit intrinsic low maximum emission brightness
and shorter lifetime due to the electrochemical doping. Consequently, this work has pro-
vided the first material investigation of OLEC on improving the maximum emission
brightness under high voltage-pulsed driving mode. ITO electrode was chosen for better
device reproducibility so that the device performance could be systematically compared.
Two key material parameters-the dopant concentrations and active layer thicknesses-were
varied and compared. It has been found that higher brightnesses can be achieved using
lower a dopant concentration (mass ratio), and a thicker active layer normally leads to a
higher emission brightness, in particular at high voltages such as 40 V. With a dopant mass
ratio of 0.02 and an active layer thickness of 300 nm, the solution-processed transparent
blue OLEC can emit a brightness of > 4000 cd/m’. For the operational lifetime test, no
degradation was observed after 1000 pulses under a 2000 cd/m? brightness level. Moreo-
ver, with an additional ZnO interlayer, higher brightnesses can be achieved and the device
retains 90% of its initial brightnesses after > 25 000 pulses at 2800 cd/m?. Thus, both the
emission brightness and operational lifetime should meet the requirement for an excitation
light source on disposable microfluidic LoC systems. It can be concluded that low doping
concentrations and thick active layers are beneficial when using OLEC for on-chip fluores-
cence sensing applications. When applicable, an additional ZnO interlayer can improve

further emission brightness and device stability. For the first time, the dopant concentra-
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tion and active layer thickness of OLEC were investigated for its potential in improv-

ing emission brightness and operational lifetime under the voltage-pulsed mode.

Altogether, three demonstrators have been shown. An on-chip demonstrator has
been constructed by integrating solution-processed blue OLEC and OPD as well as two
orthogonally oriented linear polarizers on a glass chip. This is the first reported integrat-
ed on-chip fluorescence sensor using solution-processed OLEC as an excitation light
source and OPD as a detector. Furthermore, at OLEC brightnesses of 500 and
2000 cd/m?, minimum concentrations as low as 1 uM FAM in water with an S/N-ratio
> 1.1 was detected. This is better than the state of the art comparable setup with all-
evaporated OLEDs and OPDs, which has a projected limit of detection of 10 uM [137]. In
addition, a fully solution-processed yellow OLEC has been presented. Transparent inkjet-
printed PEDOT:PSS was used for both the cathode and anode with a spin-coated ZnO in-
terlayer. This demonstrated that the OLEC layer structure could be easily transferred to
another emitter, and PEDOT:PSS with ZnO interlayer can replace sputtered ITO. At last,
in order to further increase the emission brightness, a solution-processed tandem blue
OLEC and yellow OLED has been constructed. Through this strategy, theoretically, the

maximum emission brightness can be doubled.

In conclusion, this dissertation has demonstrated the research and development of
tailing two organic light sources (OLED and OLEC) using a solution-processing technique
for microfluidic LoC fluorescence sensing applications. Furthermore, OLEDs have rela-
tively high emission brightnesses yet difficulties in direct chip-integration via cost-efficient
manufacturing methods. Thus, an inkjet-printed Al:ZnO:PEI EIL was first introduced to
simplify the layer structure of OLED and enable the solution processing of the cathode and
EIL at the same time. A fully solution-processing manufacturing recipe for direct chip-
integration was developed in the following methods: (1) inkjet-printed PEDOT:PSS bot-
tom electrode; (2) inkjet-printed Al:ZnO:PEI EIL; (3) spin-coated SuperYellow LEP; (4)
inkjet-printed PEDOT:PSS top electrodes. Even with a relatively rough bottom electrode,
the ITO-free, fully solution-processed OLED emitted a brightness of 16 000 cd/m?. It is the
first fully solution-processed, bright OLEDs exclusively using inkjet printing as a vacuum-
free, mask-free, low processing temperature patterning method. On the other hand, because
of the intrinsic doping mechanism, OLEC shows relatively high tolerance on surface
roughness, high potential for an all-inkjet-printed manufacturing process, as well as simple

and universal layer structure for different emitters. All these advantages make solution-
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processed OLEC a promising universal excitation light source for disposable microfluidic
LoC devices, specifically for integrating multiple emission colors as well as flexible and
non-flat substrates. Currently however, electrochemical doping causes intrinsic low emis-
sion brightness and shorter operational lifetime of OLECs. In an effort to overcome this,
the influence of dopant concentration and layer thickness on emission brightness was first
investigated in voltage-pulsed driving mode. This work suggests that high emission bright-
nesses can be achieved by reducing dopant concentrations and increasing active layer
thicknesses. Moreover, the glass chip demonstrator with fully solution-processed OLEC
and OPD as well as integrated linear polarizers showed a better limit of detection than a
comparable reported setup [137]. This is the first demonstration showing that OLEC can be

used as a fluorescent excitation light source.

The work reported in this dissertation has paved the way for integrating all-inkjet-
printed organic light sources directly onto disposable microfluidic LoC systems for multi-
purpose fluorescence sensing applications. The previous work has proven that the active
layers of RGB OLEDs can also be inkjet printed [55]. Thus, spin-coated active layers can
be deposited by inkjet printing, and then organic light sources with different emission
wavelength can be locally integrated onto microfluidic chips. In this manner, multiple fluo-
rescent dyes can be simultaneously detected, increasing the sensing abilities of single
chips. This also applies to OLECs, where active layers can also be inkjet printed [121] in-
stead of spin-coated to achieve all-inkjet-printed OLECs. Thanks to the relatively high
tolerance on surface roughness and flatness, possibilities arise for innovative sensing de-
signs such as printing OLEC on micro-lens array for focusing and printing OLEC on
curved optical waveguides. Last but not least, the derived low-cost manufacturing process
1s compatible with other functionalities integration by inkjet printing such as micro-
pumps [7], micro-heaters [8,9], capacitors [37], digital microfluidics [132,133], and micro-
channels [134,135]. Hence, disposable monolithic microfluidic LoC systems can be fully

inkjet printed.
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Appendix: Dynamic doping analysis for ITO anode and
PEDOT:PSS cathode

In order to simulate the similar situation to the sandwich OLECs, planar OLECs with
ITO and PEDOT:PSS electrodes were also fabricated. SuperYellow LEP was used in this
study because the Merck blue LEP was run out. The detail of the manufacturing process is
described in section 4.2.3. Figure 8-1 illustrates the doping propagation profiles at different
time after applying an electrical potential of 500 V between PEDOT:PSS anode and ITO
cathode.

Planar SY OLEC with an inkjet-printed PEDOT:PSS as an anode and a pre-patterned
ITO as a cathode showed similar doping propagation behavior as the planar blue OLEC: P-
doping propagates much faster than N-doping. Thus, the intrinsic / light-emitting area is very
close to cathode. It is well-know that the generated excitons from electron and hole recombi-
nation can be fully quenched when it is within 20 nm to metal layers [218,219]. Especially,
when metal cathode such as silver was inkjet printed from nanoparticle dispersion and is not
fully sintered due to thermal stability limitation of underneath organic layers, excitons can be
also quenched by metal nanoparticles [195,220]. Consequently, in order to avoid the high
efficiency reduction because of metal cathodes and metal nanoparticles, ITO or PEDOT:PSS
and ZnO combination (see chapter 7.1) were adopt as the alternative cathodes for fully solu-

tion-processed OLECs.

As indicated in Figure 8-1, the p-doping propagate much faster than n-doping, which
fits the theory that most LEPs are hole transporting materials. The n-doping and p-doping
fronts met each other after approximately 2 min. P-doping has weaker photoluminance light
quenching than n-doping at very beginning. Thus, it is a bit difficult to observe from the photo
images. Afterwards n-doping and p-doping continued propagating towards each other. I be-
lieve that at this point the intrinsic area was not only determined by the hole and electron mo-
bility of the LEP, but also influenced by the external potential and ionic mobility. The intrin-
sic area (where electrons and holes meet and emit light) was shifted towards the middle of the
junction. Nevertheless, the strong photoluminescent light quenching because of over-doping
led to weak light emitting and out-coupling. After continuing doping for in total 20 min, the
photoluminescent light was strongly quenched, and the intrinsic area was hardly observed

(see Figure 8-2, first image at 0 s). Moreover, signs of strong over-doping can be also seen for
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both n- and d-doping, as extra darken areas can be clearly seen at edges of ITO and

PEDOT:PSS electrodes.

Figure 8-1 Photographs taken at various times (0 s, 30 s, 90 s, 2 min, 3 min,4 min, 5 min and 10 min) during the
charging process of an ITO || (SuperYellow LEP +DCH18C6 + LiCF;SOs;, with a mass ratio of 1:1:0.2) ||
PEDOT:PSS planar OLEC with an inter-electrode distance of 300 pm operating at V=+500 V and at room tem-
perature. The negative electrode is positioned to the left. The photographs were taken in a dark room under the

illumination of a UV LED array (365 nm) to view the doping-induced photoluminance quenching.

It is well-known that the electrochemical doping of OLECs is a dynamic doping. The
doped area will relax over time once there is no electrical potential between electrodes. Figure
8-2 illustrates the relaxation process of a SuperYellow OLEC after doping at 500 V for
20 min. The images were taken at 0s, 5s, 10 s, 30 s, 1 min,2 min, 3 min and 9 min after turn-
ing off the electrical potential. The intrinsic area became more and more visible during the
relaxation process. It is important to observe that there was fast relaxation of n-doping, while
little relaxation for p-doping. At the images, which were taken at 2 min, 3 min and 9 min, a
relaxation of light p-doping area can be observed. This confirmed that the p-doping had slow-
er relaxation rate than n-doping. Another proven can be seen in the first image of Figure 8-4.
After relaxation of 1 h, the p-doping front is still at more or less the same position as observed
at 9 min. The reason is not clear to the author. Several explanations could be: 1) work-

function mismatch. SuperYellow has a HOMO level of -3 eV and LOMO level of -5.4 eV,
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while the ITO and PEDOT:PSS have work-function of -4.7 eV and -5.2 eV, respectively.
There is work-function mismatch of 2.3 eV at the cathode side, while 0.4 eV at the anode
side. Hence, these could lead to slow an n-doping and shorter n-doping relaxation, while fast
p-doping rand longer p-doping relaxation. 2) Dynamic ionic mobility deviations with and
without voltage bias. Theoretically, the ions has much lower ionic mobility at room tempera-
ture than at elevated temperature (> 60 °C), which is the basic principle of room temperature
frozen P-i-N junctions[151]. However, doping can be easily observed at room temperature
when the dopant concentration is very high (e.g. mass ratio of 0.2). The doping propagation
process shown in Figure 8-1 was record at room temperature. The dopant propagation can be
hardly observed at room temperature when the dopant concentration is much lower (e.g. mass
ratio of 0.02). Therefore, there could be an ionic mobility deviation between different dopant
concentration, with or without external electrical potential and electron & hole mobility. 3)
An intrinsic difference between n-doping and p-doping of LEPs. Besides dynamic electro-

chemical doping, there could be side effects of p-doping and modification of materials.
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Figure 8-2 Photographs taken at various times (0's, 5s, 10s, 30 s, 1 min, 2 min, 3 min and 9 min) during the
relaxation process of an ITO | (SuperYellow LEP +DCH18C6 + LiCF;SO;, with a mass ratio of 1:1:0.2) ||
PEDOT:PSS planar OLEC with an inter-electrode distance of 300 um operating at no voltage bias and at room
temperature. The negative electrode is positioned to the left. The photographs were taken in a dark room under

the illumination of a UV LED array (365 nm) to view the doping-induced photoluminance quenching.
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After relaxation for 1 h, the same OLEC sample was in situ doped again at 500 V at
room temperature. The doping propagation process was recorded and images were taken at
0s,5s,10s, 20, 30 s, 2 min, 5 min, and 10 min after applying forward electrical potential,
as depicted in Figure 8-4. For the second doping process, the n- and p-doping fronts met much
faster at 10 s instead of 2 min for the first time. One important reason could be the little relax-
ation of p-doping area. Even though, the n-doping is much faster than the first time by com-
paring the Figure 8-1 and Figure 8-4. This indicates that there was still remaining n-doping
within the active layer. It could mostly due to the low ionic conductivity of DCH18C6 at

room temperature.
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Figure 8-3 Photographs of doping and relaxation process of an ITO | (SuperYellow LEP +DCHI18C6 +
LiCF;S0s;, with a mass ratio of 1:1:0.2) || PEDOT:PSS planar OLEC with an inter-electrode distance of 300 pm.
The photographs were taken at (a) after 10 min doping at 1000 V at room temperature, and (b) 1 s, (c) 10 s, and
(d) 10 min after turn off the electrical potential. Immediately after 10 min relaxation, a reverse bias of 1000 V
was applied; the photographs were taken at (e) 1 s, (f) 30's, (g) 5 min, (h) 10 min, respectively. The negative
electrode is positioned to the left. The photographs were taken in a dark room under the illumination of a UV

LED array (365 nm) to view the doping-induced photoluminance quenching

The position of the intrinsic area of in situ generated P-i-N junction depended on the
external electrical potentials as well. As depicted in Figure 8-3 (a)-(d), the intrinsic part was

pushed towards to cathode side (the ITO electrode) under 1000 V compared to 500 V forward
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biases. This confirmed that not only the electron / hole as well as ionic mobility influence the
doping profile of in situ generated P-i-N junctions, but also the external electrical bias. Figure
8-3 (e)-(h) illustrates the doping propagation process under 1000 V reverse bias (ITO con-
nected positive potential while PEDOT:PSS connected negative potential) after 10 min relax-
ation process of 1000 V forward doping. The photographs were taken at (e) 1s, (f) 30 s, (g)
5 min, (h) 10 min after applied the 1000 V reverse bias, respectively. There is only 1 s differ-
ent between Figure 8-3 (e) and (d), and the forward doping from ITO electrode has already
propagated and met the pre-doped p-doping under the forward bias. This confirmed again the
fast relaxation of n-doping and fast p-doping of the LEPs. It can be seen at Figure 8-3(h) that
the retreat of p-doping area is still rather slow, even under 1000 V reverse bias. After 10 min
reverse doping, there is still around 40% p-doping area remaining. Therefore, p-doping is

quite stable at both no bias and reverse bias.
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Figure 8-4 Photographs taken at various times (0's, 5s, 10s, 20's, 30 s, 2 min, 5 min, and 10 min) during the
second doping process of an ITO || (SuperYellow LEP +DCH18C6 + LiCF;SOs, with a mass ratio of 1:1:0.2) ||
PEDOT:PSS planar OLEC with an inter-electrode distance of 300 um operating at no voltage bias and at room
temperature after relaxation of 1 h. The negative electrode is positioned to the left. The photographs were taken
in a dark room under the illumination of a UV LED array (365 nm) to view the doping induced photoluminance

quenching.
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After observing the dynamic in situ doping propagation of SuperYellow OLEC be-
tween ITO and PEDOT.PSS electrodes, it can be concluded that: 1) p-doping propagates fast-
er than n-doping at forward bias; 2) n-doping area relaxes relatively fast under no and reverse
bias, while p-doping is rather stable and slow retreat under no and reverse bias; 3) The profile
of in situ generated P-i-N junction is influenced by the external potential bias. Based on this
information, a dynamic AC operation method of sandwich OLEC can be derived. In order to
achieve as high as possible efficiency, the intrinsic part of P-i-N junction should be as center
as possible. Therefore, a sandwich OLEC should be pre-doped at relative low voltage such as
7 V until the maximum brightness has been achieved under the elevated temperature (e.g.
> 60 °C). That should be the time the n- and p-doping area meet and before over-doping starts.
After the pre-doping, the sandwich OLEC can be operated at pulsed mode (e.g. up to 100 ms
pulse-width) at high voltages (up to 50 V) to emit high brightnesses. The short pulse-width is
to ensure that there is little p-doping while enough n-doping so that the electrons and holes
can be injected, transported and combined to emit light. A much longer off-duty time should

be implemented so that there is enough time for n-doping relaxation.
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Nomenclature

Symbols

Symbol Full expression

d Thickness

E Electric field

f frequency

1 Electric current

j Electric current density

k Extinction coefficient

L Light-emitting brightness

M, the number average molecular

My the weight average molecular weight

n Refractive index

R resistance

R, surface roughness

t time

Tc Curie temperature

T4 Decomposition temperature

T, glass transition temperature

V voltage

Y recombination probability of injected holes and elec-
trons

€ dielectric permittivity

n efficiency

Next external quantum efficiency

Nint internal quantum efficiency

Nout Light out-coupling efficiency

A Optical light wavelength

resistivity

Unit

Vm’!

mA/cm?

cd/m?
Kg/mol
Kg/mol

nm

Qm



Abbreviations

AFM
AgNW
Al:ZnO
Al:ZnO:PEI
CAD

CP
DCH18C6
DI-water
DoD
EDL
EHL
EIL
EML
ETL
F8BT
FAM
HBL
HIL
HOMO
HTL
iTMC
ITO

IR

I-V
J-V
LCD
LED
LEP
LiCF3S0s3
LiF

LiTf
LoC
LoD

atomic force microscopy
Silver nanowire

Al-doped Zinc oxide

Al-doped Zinc oxide mixture with branched polyethylenimine

computer-aided design
Conjugated polymer
Dicyclohexano-18-crown-6
Distilled water

Drop-on-demand

electric double layer

Electron blocking layer

Electron injection layer

Emissive layer

Electron transport layer
poly(9,9'-dioctylfluorene)-co-benzothiodiazole
Fluorescein amidite

Hole blocking layer

Hole injection layer

The highest occupied molecular orbital
Hole transport layer

Ionic transition metal complex
Indium tin oxide

infrared

Current - Voltage

Current density - Voltage

Liquid crystal display

Light emitting diode

Light emitting polymer

Lithium trifluoromethanesulfonate
Lithium fluoride

Lithium triflate

lab-on-a-chip

Limit of detection



LUMO
MEH-PPV
OLEC
OLED
OPD
opPv
P3TH
PC
PCBM
PDI
PDMS
PE

PEDOT:PSS

PEI
PEO
PET
PLEC
PMMA
PP
PTFE
RF
RFID
RGB
S/N
SEM
SY
TFT
UPS
V-L
wt
Zn(acac);

Zn0O

The lowest unoccupied molecular orbital

Poly[2-methoxy-5-(2-ethylhexyloxy)-1,4-phenylenevinylene]

organic light-emitting electrochemical cell
organic light-emitting diode

organic photodiode

organic photovoltaics
poly(3-hexylthiophen-2,5-diyl)
polycarbonate

phenyl-C61-butyric acid methyl ester
Polydispersity index

poly(dimethyl siloxane)

polyethylene
poly(3,4-ethylenedioxythiophene):polystyrene sulfonate
branched polyethylenimine

Poly(ethylene oxide)

poly(ethylene terephthalate)

polymer light-emitting electrochemical cells
poly(methyl methacrylate)

Polypropylene

Polytetrafluoroethylene

radio frequency

radio-frequency identification

red, green and blue

signal to noise

scanning electron microscope
SuperYellow light-emitting polymer

Thin film transistor

Ultraviolet photoelectron spectroscopy
Voltage — brightness

weight

Zinc acetylacetonate hydrate

Zinc oxide
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Prefixes

Symbol

B = B ©

= o

Prefix
giga
mega

kilo

centi
milli
micro
nano
pico

femto

10"
10°
10°
10°

107
107
10°
107
10—12
10—15
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