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Abstract

Since their invention over three decades ago, organic light-emitting devices (OLEDs) have attracted
tremendous interest for display and solid-state lighting applications and have already been
commercialized in smartphones, tablets and television screens. However, the most coveted potential of
OLED technology is to enable ultra-low cost, roll-to-roll manufacturing of large-area panels on flexible
substrates. To date, commercial OLED products rely on high-cost vacuum deposition techniques and
thus fail to realize this potential. In particular, the lifetime, of solution-based (and thus printable)

devices remains well below commercially acceptable standards.

The significant lifetime limitations of solution-based devices demand a more thorough understanding
of the impact of the unique factors involved in the fabrication of these devices. Solution-processable
hole injection layers (HILs), solvents, and heat or drying treatments are three such factors that play a
crucial role in solution-processed devices. The principle aim of this work is to understand the influence
of these factors on OLED lifetime in vacuum-deposited devices, independent of the multitude and
variability of other parameters (e.g.: drying conditions, solubility, solution concertation) involved in
most solution-processing methods; and to demonstrate proof-of-concept strategies to mitigate

potentially adverse effects for application in solution-processed OLEDs.

Results show that solution-processed poly(3,4-ethylenedioxythiophene) polystyrene sulfonate
(PEDOT:PSS) HILs are susceptible to electron-induced degradation, a mechanism that can lead to
relatively short OLED electroluminescent (EL) lifetimes. This degradation can be minimized by
selecting hole transporting materials and device structures that minimize electron leakage to the HIL,

resulting in a lifetime improvement of up to 20x.

The effects of solvent and heat treatments on device efficiency and EL lifetime across a variety of hole
injection and hole transport materials were found to vary considerably depending on the specific
material combination. The extent of the morphological changes induced by the two treatments is highly
material-dependent and does not necessarily correlate with device efficiency and EL lifetime. This
suggests that additional, material-specific factors should be likely be considered in future correlations
of device characteristics to the morphology of corresponding organic films for solution-processed

devices.
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Finally, solvent treatment of carbazole hole transport layers was found to induce substantial aggregation
and lead to shorter EL lifetimes and lower device efficiency. The origin of this effect was found to be
a decrease in photoluminescence quantum yield resulting from this aggregation. Material intermixing
was shown to suppress this aggregation and resulted in improved device efficiency and a 2.5x increase

in EL lifetime.
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Chapter 1: Introduction

Organic light-emitting devices (OLEDs) are thin-film electroluminescent devices based on organic
semiconductors. Light emission from organic semiconductors was first discovered in the 1960s, when
electroluminescence was observed in large (3 mm thick) anthracene single crystals with liquid
electrodes, however these devices had driving voltages in excess of 100 V [1], [2]. Electroluminescence
from anthracene films (500-3000 nm thick) deposited by vacuum deposition and solid-state electrodes
later followed with a more reasonable driving voltage of 30 V [3]. The most significant breakthrough
however, occurred with the advent of the bilayer OLED in 1987 by Tang and Van Slyke, which
exhibited a high brightness of 1000 cd/m? at driving voltages < 10 V [4]. Since this breakthrough,
OLED technology has attracted significant research interest and has emerged as a multi-billion dollar
industry. OLEDs have been commercialized in smartphones, tablets and television screens [5]-[7] and

also hold tremendous promise for solid-state lighting applications [8].

OLEDs offer several advantages over their inorganic counterparts, including the potential for printable,
large-area panels utilizing ultra-low cost roll-to-roll manufacturing on flexible substrates [5]-[9].
However, most commercially available OLED products rely on high-cost vacuum deposition and thus
fail to deliver the full potential of the technology. Indeed, the performance and in particular, the lifetime
of solution-based, potentially printable devices remains well below commercially acceptable standards
[10]-[15]. The significant lifetime limitations of solution-based devices demand a more thorough
understanding of the impact of the unique factors involved in the fabrication of these devices. Three of
these factors are the use of solution-processable hole injection layers, solvents, and heating or drying
treatments. It is the principle aim of this work is to investigate the influence of these factors on OLED
lifetime. However, first an understanding of the fundamentals of OLED technology is required and is
provided in this chapter as follows: Section 1.1 outlines the OLED operation mechanism, Section 1.2
provides background on OLED device architectures, Section 1.3 addresses OLED performance and
lifetime characterization and evaluation, Section 1.4 addresses OLED fabrication technologies and

Section 1.5 provides an overview of the progress and limitations of solution-based OLEDs.



1.1 Operation Mechanism of Organic Light Emitting Devices

Figure 1.1 illustrates the operation mechanisms of OLEDs with four distinct steps: (1) Charge injection,
(2) charge transport, (3) exciton formation and (4) radiative recombination and light emission. When
an external bias voltage is applied between the cathode and anode contacts, electrons and holes are
injected from the metal or conducting cathode and anode contacts into the organic stack, herein
consisting of a hole transport layer (HTL) and electron transport layer (ETL). Electrons are injected (1)
into the lowest unoccupied molecular orbital (LUMO) of the ETL from the Fermi level of the cathode
metal contact, while holes are injected into the highest occupied molecular orbital (HOMO) of the hole
transport material from the Fermi level of the anode contact. For charge injection to happen, electrons
and holes must overcome the metal/organic interface energy barriers at the cathode and anode contacts
respectively. The external applied bias voltage results in band tilting of the organic energy levels, which
helps facilitate charge injection. The charges proceed to “hop” along the HOMO and LUMO levels of
the molecules in their respective layers (2) (i.e.: HTL/holes, ETL/electrons) and form a bound electron-
hole pair known as an exciton at the HTL/ETL interface (3). Finally, the electron and hole in the exciton
recombine and emit a photon with energy roughly equal to the energy band gap of the material on which
recombination is taking place, in this case the ETL (4). To maximize device performance and lifetime,
device structures with a greater degree of complexity than that shown in Figure 1.1 are used to optimize
each step. More detail on these device structures and those relevant to this work is given in Section

1.2.

@Cathode

Figure 1.1: OLED operation mechanism: (1) Charge injection, (2) charge transport, (3) exciton
formation, (4) radiative recombination and light emission.



1.2 Device Architectures & Materials Selection

The two device architectures utilized in this work consist of a well-studied fluorescent device and a
phosphorescent device with a structure known as the simplified phosphorescent OLED (PhOLED).
These structures are illustrated in Figure 1.2 and Figure 1.3 respectively. In contrast to the bilayer
OLED in Figure 1.1, both device structures here feature a light emission layer (EML) as well as hole
injection (HIL) and electron injection (EIL) layers to facilitate charge injection to the HTL and ETL
respectively. The anode and cathode of each device consist of indium-tin-oxide (ITO) and Al
respectively. One electrode is typically transparent (almost always ITO, as it is the most reliable
transparent and conducting material available) and the other reflective (usually Al, Au or Ag) to
maximize the light obtained from the OLED. LiF is used as the EIL and facilitates electron injection
by lowering the injection barrier height from the cathode to the ETL [16], [17]. MoOs [18], [19] and
poly(3,4-ethylenedioxythiophene) polystyrene sulfonate (PEDOT:PSS) [20]-[22] are used as HILs
because of their ability to lower the hole injection barrier from ITO into the HTL, leading to improved
device efficiency and stability. While the same contacts and charge injection layers (HILs/EILs) are
used in both device structures, the other materials are significantly different, as outlined in the sections

below.
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Figure 1.2: Fluorescent device structures and energy band diagrams.
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Figure 1.3: Phosphorescent device structure and energy band diagram.

1.2.1 Fluorescent Device

Fluorescent OLEDs function on light emission from singlet excitons, that is, excitons whose hole and
electron’s total spin angular momentum quantum number, S ,1s equal to zero, i.e.: S = (v_li) (N> -7
1>) [23]{25]. According to quantum mechanical theory, the probability of singlet exciton formation
is 25%; with triplet excitons (T? = 1, possible spins: | TT>,| {{>, (%)(l T> +] T1>)) accounting

for the other 75% [26]. Therefore, in fluorescent devices, only 25% of excitons contribute to light
emission, severely limiting the efficiency of these devices. When the electron in the first singlet excited
state decays to the ground state radiatively, light with energy corresponding to the Si-So transition is
emitted, as illustrated in the Jablonski diagram in Figure 1.4. Note that it is also possible for excitons
to decay via non-radiative processes, such as internal conversion and vibrational relaxation, as shown
in Figure 1.4. Since triplet excitons are lower in energy than singlets, intersystem crossing (ISC) is also
energetically favourable, whereby singlets are converted to lower-energy triplets. These alternative
pathways can further take away from the ideal 25% of excitons that may contribute to light emission in
these devices. Nevertheless, fluorescent devices formed the first generation of OLED technology and

are still widely studied today.



The organic layers of the fluorescent device consist of an organic fluorescent HTL and ETL, which also
serves as the emissive layer (EML). The most well-studied fluorescent device in the literature employs
N,N'-Di(1-naphthyl)-N,N'-diphenyl-(1,1'-biphenyl)-4,4’-diamine (NPB) and §-Hydroxyquinoline
aluminum salt (Alqs) as the HTL and ETL/EML respectively [27]-[31]. The chemical structures of
these materials and others utilized in this work are given in Table 1.1. With the advent of HILs, the
stability of fluorescent devices improved significantly [19], [28], [31]; it is for this reason, the

fluorescent devices in this work make use of these materials.
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Figure 1.4: Jablonski diagram depicting relevant exciton decay pathways in OLEDs.



1.2.2  Phosphorescent Device & The Simplified PhOLED

Unlike fluorescent devices, phosphorescent OLEDs or PhOLEDs, are able to take advantage of the
75% share of triplet excitons, leading to substantially improved device efficiencies [32]-[34]. These
devices utilize platinum and iridium-based metal complexes because they facilitate the otherwise
forbidden T; - Sy transition to form triplets via spin-orbit coupling [23], [32], [34]-[36]. In these
materials, singlets are converted to triplets through intersystem crossing, forming nearly 100% triplets,
which subsequently emit light via phosphorescence as shown in Figure 1.4. Early red phosphorescent
devices used platinum octaethylporphyrin (PtOEP) as a dopant or “guest” in an Alqgs “host” to form a
dedicated EML and reported 4% peak external quantum efficiency (EQE) [33] (i.e.: the ratio of photons
emitted from the device externally to electrons fed into the device). At the time this was considered
quite high and is substantially better than fluorescent device efficiencies. For green devices, iridium-
based dopants/guests with very high quantum yields, namely bis(2-phenylpyridine)iridium
acetylacetonate [Ir(ppy)(acac)] (quantum yield ~ 94%) and tris(2-phenylpyridine)iridium [Ir(ppy)s]
(quantum yield ~ 90%) were developed [35]. Shortly thereafter, devices using these dopants/guests
soon followed with a variety of host materials, leading to very impressive EQEs [34], [36], [37]. Unlike
the first-generation fluorescent devices, these devices typically relied on four or more organic layers to
achieve these high EQEs, spurring an abrupt increase in device structure complexity and ultimately

higher manufacturing cost.

To solve this problem, Lu and coworkers developed a highly efficient “simplified PhOLED,” consisting
of only three organic layers, as shown in Figure 1.3 [38]. This device utilized a 4,4'-Bis(9-carbazolyl)-
1,1'-biphenyl 4,4-N,N'-Dicarbazole-1,1'-biphenyl (CBP) HTL, a 2,2',2"-(1,3,5-Benzinetriyl)-tris(1-
phenyl-1-H-benzimidazole) (TPBi) and an Ir(ppy).(acac) green phosphorescent dopant and exhibited
an exceptionally high EQE of 21.9% at a very high brightness of 10,000 cd/m?[38]. The wide bandgap
of TPBi helps confine excitons on the CBP:Ir(ppy)2(acac) EML, facilitating the high efficiency of the
device. Due to its remarkable simplicity and high efficiency, the simplified PhAOLED device structure
is used to for the phosphorescent devices in this work. It should also be pointed out that Ir(ppy)s is
selected as the guest dopant in place of Ir(ppy)2(acac). Although its quantum yield (and hence device
EQEs) are lower than that of Ir(ppy)2(acac), device lifetimes with Ir(ppy)s dopants much longer [39],

making it more suitable for the lifetime focus of this work.



Table 1.1: Chemical structures and classification of organic materials used in this work.
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1.3 Performance Characterization

The optoelectronic performance of an OLED is characterized by its current-voltage-luminance
characteristics, electroluminescent (EL) lifetime, EL spectrum and external quantum efficiency (EQE).
The following section provides an overview of these performance characteristics and highlights the key
differences between the performance of fluorescent and phosphorescent devices. Finally, a brief outline

of the factors affecting device EQE is given.

1.3.1 Current-Voltage-Luminance (JVL) & EL Lifetime

The current-voltage-luminance characteristics of an OLED are fundamentally important and ultimately
influence device efficiency and lifetime. OLEDs are forward-biased devices in which current flows in
only one direction, as shown in the sample JVL characteristics given in Figure 1.5. The voltage at
which there is a sudden increase in current is called the “turn-on” voltage. Beyond this point, there
steadily becomes enough current through the device to generate light. As the voltage (and current)
increase, the luminance also increases, as shown in Figure 1.5. Typically, a “driving voltage” is

measured for a specific current density (for devices in this work, this is 20 mA/cm?).

The driving voltage is important for EL lifetime measurements which are run at this constant current
value—during an EL lifetime measurement, the luminance decreases from its initial value (at the initial
driving voltage measured at 20 mA/cm?) and the driving voltage increases over time, as shown in
Figure 1.6. For the EL lifetime measurements in this work, luminance is normalized to the initial, time-
zero value at 20 mA/cm?; the change in driving voltage is also measured relative to the initial, time-
zero value at 20 mA/cm?. The luminescence half-lifetime (LT50), shown in red in Figure 1.6, and is
defined as the time taken for the luminance to reach half of its initial value. It may be used to compare

the EL lifetimes of OLEDs provided they have similar initial luminance values.
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Figure 1.5: Sample JVL characteristics of a typical OLED in this work
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Figure 1.6: Sample EL lifetime characteristics of a typical OLED in this work.
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1.3.2  Current Efficiency and EQE

Current efficiency is the ratio of luminance to current density, i.e.: L/J, and is thus directly proportional
to the EQE, i.e.: the ratio of photons emitted from the device to electrons injected into it. Current
efficiency is easily derived from the slope of the luminance versus current density (LJ) characteristics,
which typically follow a linear trend, as shown in Figure 1.7. A plot of EQE (or CE) versus J is thus
usually constant, also shown in Figure 1.7. However, phosphorescent devices do not follow this rule
because they are subject to a phenomenon called “efficiency roll-off,” where the EQE (and current
efficiency) decrease substantially at high current density and high luminance [40], as illustrated in
Figure 1.8. Among the phosphorescent dopants in the literature, Ir(ppy)s is one of the least prone to
efficiency roll-off due to its very short exciton lifetime (t = 0.5 ps) [40], [41] and is thus considered

state-of-the art in the field, another reason for its use in this work.
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Figure 1.7: Sample LJ and EQE versus J characteristics of a typical fluorescent OLED.
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1.3.3  Factors Governing EQE

The EQE (ngqg) of an OLED is governed by four factors as shown in Equation (1) where 7 is the

fraction of photons that escape from the device, 1., i1s the fraction of excitons that recombine
radiatively, 17p;, is the photoluminescence quantum yield (PLQY) and 7, is the charge balance factor
[32]. The latter three factors make up the internal quantum efficiency (IQE) as shown in Equation (2),
which describes the efficiency of internal device-related processes. Each of these factors has been
carefully optimized to reach values close to unity. In fluorescent devices, ey < 25% since only
singlets contribute light emission. In phosphorescent devices 7.,.; = 100% since most triplets
contribute to light emission, and singlets are converted to triplets via intersystem crossing. n1p; or PLQY
is determined by the competition between radiative and non-radiative transitions (e.g..: internal
conversion, vibrational relaxation): The more radiative transitions, the closer to unity this value
becomes. While the PLQY of phosphorescent dopants has been shown to be >90%, optimizing the

host:guest ratio in the EML of phosphorescent devices has been critical to maximizing PLQY.

As guest dopant concentrations increase, exciton transfer from one dopant molecule to another becomes
more probable, thus facilitating migration of excitons away from where they were created (i.e.: the
recombination zone) and increasing their probability of being quenched [42]. Indeed, optimal guest
concentrations in phosphorescent devices utilizing guests based on Ir(1ll) are typically well below 20%
[43]. With the optimal host:guest ratio (dependent on the materials involved), np; values very close to
unity have been achieved [43]. The charge balance factor, 1., describes the ratio of electrons to holes
in the device; ideally the two carriers are present in relatively equal concentrations. Charge balance is
primarily controlled by optimizing the thickness [44] of the electron and hole transport layers and by
introducing electron and hole blocking layers to confine charges and excitons on the EML [45]. It is
worth noting that simplified PhOLEDs tend to suffer from limited charge balance as they are inherently
hole-rich and are subject to electron leakage—however, these limitations can be overcome by careful
selection of HTLs with effective electron-blocking characteristics, which has been shown to increase
EQE by up to 25% [46]. Collectively, all three device-related efficiency parameters have been
optimized to achieve IQEs approaching 100% ins phosphorescent OLEDs [34], [47], hence the choice

to base this study primarily on these devices.

NeQe = NocNexcilprlen (1)
N1ge = NexciflpLNen (2)
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EQE, on the other hand remains limited due to the poor light-outcoupling efficiency 1o of planar
OLEDs, with only 20%-30% of light able to escape the device [48], [49]. The light outcoupling
limitation arises from total internal reflection (TIR) at the ITO/substrate and ITO/organic interfaces,
resulting in two trapped waveguided modes that do not contribute to light emission. Several approaches
for to improve 1, have been undertaken in the literature. These approaches can be classified into two
groups, those targeting the ITO/substrate modes and those targeting the [ITO/organic modes. Strategies
for light extraction from the ITO/substrate modes typically texture the substrate to improve light
extraction; the most effective strategies include microlens arrays [50], [51], silica microsphere layers
[52], [53] and volumetric light scattering films [54], [55]. Approaches for improving light extraction
from the ITO/organic modes include high refractive-index substrates [56], [57], internal nanoparticle-
based scattering layers [58], grid electrodes [59]-[61], and introducing Bragg gratings into the organic
stack [62]-[64]. These strategies have enabled 7, and EQE enhancements of up to 3x, though cost

and manufacturing practicalities remain significant issues.

1.4 OLED Fabrication: Vacuum Thermal Deposition versus Solution Coating

OLEDs may be fabricated by vacuum deposition or by solution-based methods. Indeed, the prospect of
ultra low cost, roll-to-roll manufacturing and compatibility with flexible substrates are widely
considered among the most attractive advantages of OLED technology; made possible because organic
materials can be integrated into liquid, solution-based inks and can be processed at relatively low
temperatures compared to their inorganic counterparts. However, most commercial OLED products to
date are fabricated by vacuum deposition techniques due to limitations in performance and device
stability associated with solution-based devices. This section will give an overview of vacuum thermal
deposition, solution coating and printing techniques, and review the progress and limitations of

solution-based OLEDs in the field to date.
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1.4.1 Vacuum Thermal Deposition

During vacuum deposition, organic materials are sublimed into the vapour phase via resistive heating
in a high-vacuum environment (pressure < 10~ Torr). The organic material is placed in a small container
known as a Knudson cell, which is connected to the resistive heating source [65], [66]. The vapour
passes through a metal “shadow mask” and then condenses on to form the organic film in the desired
locations/pattern on the substrate as determined by the mask [67], [68]. This process is illustrated in
Figure 1.9. It is worth noting that vacuum thermal deposition is only suitable for organic small
molecules and not polymers due to their high molecular weight [9]. This is however not considered a
significant issue because to date, small molecule-based OLEDs have generally outperformed their
polymer counterparts [15]. High vacuum is required to minimize the mean free path (i.e.: the distance
traveled by a particle in a medium before colliding with another particle) of the sublimed organic
molecules to ensure that they do not collide with impurity species as they make their way to the
substrate. The higher the vacuum, the greater the mean free path, hence the stringent requirement for
high vacuum in this process. Additionally, organic materials are extremely sensitive to contamination
from impurities; minor impurities can result in extremely poor performance [9], [66]. Industrial vacuum
chambers are designed to ensure isotropic emission from the source material (i.e.: modeled as a point
source), facilitating deposition on many substrates at a time [69]. Since organic materials are also highly
contamination-sensitive, separate vacuum deposition chambers are required for each organic material
to be deposited during fabrication [65]. This results in very high manufacturing costs and constitutes

the main drawback of vacuum thermal deposition [69].

For OLED displays, patterning of the red green and blue (RGB) pixels is another important and
challenging consideration for the OLED industry. Presently, this is achieved using fine metal mask
(FMM) technology [68], [69]. There are however critical limitations to FMM, such as limited
resolution, mask alignment and mask definition [70], [71], further contributing to the relatively high
manufacturing costs for OLED displays.
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Figure 1.9: Schematic diagram of a vacuum thermal deposition chamber with shadow mask.

1.4.2  Solution Coating and Printing Techniques

Solution-based fabrication technologies can be broken down into two categories, coating techniques
and printing techniques. The main distinction between these two types of techniques is that printing
typically implicates some form of patterning capability, whereas coating may not [72]. Some examples
of solution-coating techniques include spin-coating, blade-coating and dip-coating [17], among which

spin-coating is the most well studied, with blade coating rapidly gaining importance in the field.



1.4.2.1 Spin-Coating

As shown in Figure 1.10, spin-coating involves placing the substrate on a rotating chuck typically with
a vacuum to ensure the substrate does not move. The liquid solution is then dispensed onto the substrate
and the angular velocity (i.e.: spin-speed) of the chuck is accelerated; causing a radial flow from which
most of the dispensed solution is quickly ejected away [73]. This process, along with evaporation of
some of the solution, leaves behind a thin, dry film on the substrate following spin coating. The
thickness of the deposited films is controlled by the spin speed and the solution concentration; faster
speeds and low concentrations lead to thinner films, while slower speeds and higher concentrations lead
to thicker films [72], [73]. While spin-coating is recognized as a useful experimental technique, it is
difficult to scale up since it not compatible with roll-to-roll processing; only one substrate can be
processed at time. Another limitation that affects spin-coating is the poor solubility of many small-
molecule organic materials; often very low concentrations are required, thus limiting the thickness of
the film [74]. Finally, spin-coating is also challenging for multi-layer devices since deposition of a
subsequent layer may re-dissolve the previous layer underneath if both materials are deposited from

chemically similar solvents; that is, spin-coating often demands the use of orthogonal solvents [75].

- Dry Film

Substrate

Substrate

Spin

Figure 1.10: Schematic of the spin-coating process.
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1.4.2.2 Blade Coating

On the other hand, blade coating is easily integrable into a roll-to-roll process [72], [76]-[78] and
provides greater flexibility with respect to film thickness, since high solubility is not stringently
required [77]. Solvent orthogonality is also not regarded as critical for blade-coating because the
substrate is heated from the bottom during deposition and hot air is applied from above to dry the films
[79], as shown in Figure 1.11. To deposit the film, a small amount of solution, typically a few pl, is
dispensed between the blade and the substrate. As the blade moves, the droplet spreads along the blade
by capillary force and leaves a wet film behind. The entire process takes place on a hotplate; the
simultaneous top (hot air) and bottom (hotplate) heating ensures that dissolution of underlying dry films
is prevented [79]. Despite its roll-to-roll compatibility, a disadvantage with blade-coating is that
patterning is still very difficult [72]. For this reason, the printing techniques discussed in the following
section are gaining importance in the manufacturing of solution-processed OLEDs and organic

electronics in general.

Hot air to
dry

Hot Plate

Figure 1.11: Schematic of the blade coating process.
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1.4.2.3 Printing Methods

Among the myriad of printing technologies explored for organic electronics, screen-printing, gravure
printing and inkjet printing are some of the most well-studied. Screen-printing is the simplest among
these techniques and is very low-cost and roll-to-roll compatible. In this process, ink is transferred using
a screen through a mask or stencil to the substrate. A squeegee is used to press the ink through the mask
and onto the substrate [80], as shown in Figure 1.12. While this technique is very low-cost, it is limited
with respect to film thickness and resolution and is thus often not suitable for deposition of the active
layers of many organic optoelectronic devices [81]. However, it can still be used to deposit metallic
layers for electrodes and conducting polymers such as PEDOT:PSS [81]-[83]. Gravure printing and a
closely related technique, flexographic printing, use respectively metal or rubber cylindrical patterned
rollers to deliver the solution to the substrate [72], [83], as shown in Figure 1.13 a). The main
advantages of gravure printing are that it facilitates high resolution and very high throughput (up to 10
m?/s) [84], [85]. However, new master cylinders must be produced for each new pattern, making this
technique very expensive [72], particularly if many patterns are required. For this reason, flexographic
printing, which utilizes a rubber cylinder, is considered more promising for minimizing cost [83].
Unlike the previous two methods, which require a physical master pattern (i.e.: engraved cylinder or
stencil/screen), inkjet printing uses electronic data in a digital form to create the desired pattern on the
substrate [86]. The ink or solution is ejected in a fixed quantity from a printhead nozzle controlled by
a piezoelectric actuator [87], as shown in Figure 1.13 b). There have been multiple demonstrations of
OLEDs [88], [89] and other organic optoelectronic devices such as organic photovoltaics [90] and
organic thin film transistors [91] with reasonable performance, but poor wetting of ink on the substrate,
nozzle clogging and the “coffee-ring” effect continue to be significant issues that need to be overcome

[92], [93].
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Figure 1.12: Schematic of the screen-printing process. Adapted from ref. [72].
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Figure 1.13: Schematics of a) gravure printing and b) inkjet printing processes.
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1.5 Progress and Limitations of Solution-Based OLEDs

Solution coating has gradually evolved through the various layers (i.e.: HIL, HTL, EML, etc.) in
OLEDs since its rise in the field. For example, PEDOT:PSS has been used as a ubiquitous solution-
processable HIL material since the first developments of OLEDs with charge injection layers [94], [95]
and its properties have been extensively investigated. This is because PEDOT:PSS is readily soluble in
water and simple alcohols, and is also highly transparent and very conductive [17], [94]-[97]. Excess
water is removed by simply heating the substrate around 120-130°C for at least 20-30 min, facilitating
subsequent deposition of the typically hydrophobic organic layers. Traditionally, solution-coating has
been considered more conducive to polymer-based OLEDs, since polymers readily dissolve in many
organic solvents, such as toluene, tetrahydrofuran, dichloromethane and chlorobenzene [9]. However,
small molecules generally lead to significantly better device performance [98], [99], thus making them

the preferred choice.

Small molecule solution-based OLEDs have witnessed remarkable progress over the past decade, with
device EQEs approaching their vacuum-deposited counterparts across the colour spectrum [100]-[106].
This progress has been realized despite the fact that many of these small molecular materials, especially
heavy atom-based phosphorescent dopants such as Ir(IIl) complexes, are nearly insoluble in most
common organic solvents [15]. To overcome this issue, Ir(Ill) complexes with specific ligands designed
to increase their steric hinderance and hence their overall solubility have been developed and been

shown to lead to impressive EQEs [101], [107], [108].

Parallel advances in small molecular host and hole transport materials have also played a critical role
in the progress of solution-based OLEDs [15], [98], [99], [109]. Carbazole-based materials such as CBP
have attracted significant interest because of their high triplet energy, wide bandgap, and reasonable
solvent solubility, making them suitable and versatile hosts for a variety of guest dopants for red [110],
green [98], blue [111], and white [109] solution-based OLEDs. Other carbazole derivatives have also
shown tremendous promise as host/hole transport materials for solution-based OLEDs, including
Tris(4-(9H-carbazol-9-yl)phenyl)amine (TCTA) [99], 1-Methylcyclopropene (mCP) [106], and 2-6-
bis[3-(9H-Carbazol-9-yl)phenyl]pyridine (26DczPPy), a pyridine-modified carbazole [77].
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Several solution-processable electron transporting materials have also been developed, though many of
them are not yet commercially available and are synthesized by research groups in-house [112], [113].
Exceptions to this however are 2,2',2"-(1,3,5-Benzinetriyl)-tris(1-phenyl-1-H-benzimidazole) (TPBi)
and 4,7-diphenyl-1,10- phenanthroline (BPhen) known for their solubility in alcohols, and have
demonstrated impressive device EQEs in all-solution-processed OLEDs [114]-[116].

It is however important to note that in most studies of solution-processed OLEDs, solution coating is
limited to the HIL, HTL and EML at most, with the ETLs deposited by vacuum thermal deposition to
avoid dissolution of the underlying layers [15]. While the use of orthogonal solvents (i.e. alternating
hydrophobic solvents such as benzene with hydrophilic solvents such as alcohols) has been regarded
as a promising approach, it is limited by the fact that many organic small molecular materials are
inherently hydrophobic. This presents a unique challenge for deposition of ETL layers following
solution-coated HTLs/EMLs from hydrophobic solvents.

Although studies of all solution-processed (i.e.: HIL/HTL/EML/ETL), small molecule OLEDs have
been conducted [76], [112], [114], [117], [118], there are much fewer compared to those with only the
HIL, HTL or EML being solution coated. In these studies, TPBi and BPhen were typically employed
as the ETL layers and were solubilized in methanol or other short-chain alcohols [114]-[116]. Blade-
coating has also been shown to be a promising method for getting around the poor solubility of small

molecular organic materials and the need for orthogonal solvents [76], [77], [114], [117].

Despite these demonstrations, all-solution, all-small-molecule OLEDs remain in the early stages of
development. Furthermore, solution devices, regardless of the number of layers coated from solution,
tend to have significantly shorter electroluminescent lifetimes than their vacuum-deposited counterparts
despite their EQE’s being relatively similar [100]—[106]. This lifetime limitation remains a significant
barrier to the commercial development of products based on solution-coated OLEDs [10]-[15]. The
root causes of the degradation mechanisms behind the lifetime gap between solution and vacuum-
deposited OLEDs remain unclear [14], [15]. For these reasons, investigating the factors behind the
limited EL lifetime of these OLEDs is the principal focus of this work.
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Chapter 2: Background and Literature Review

In this chapter, a literature review of the known degradation mechanisms of solution-coated OLEDs is
given. First, the known impact of solution-coated PEDOT:PSS HILs on device lifetime will be
discussed. Second, the differences between solution-coated and vacuum deposited organic films and

their potential impact on device lifetime will be outlined.

2.1 PEDOT:PSS HILs and their Impact on OLED Stability

PEDOT:PSS has been at the forefront of hole injection materials for OLEDs and other organic
optoelectronic devices such as organic solar cells (OSCs) and organic thin film transistors (OTFTs) for
more than two decades [94], [119]-[122]. This is because PEDOT:PSS is both optically transparent
and highly conductive, with metal-like properties [121]. It is easily synthesized via oxidative
polymerization of the 3,4-ethylene-dioxythiophene (EDT) monomer in the presence of polystyrene
sulfonic acid (PSS) in water; with the final product forming a remarkably stable micro-dispersion [121],
[122]. PEDOT:PSS dispersions are readily commercially available and may be deposited by spin-
coating, blade-coating and all printing methods covered in Section 1.4 and are thus easily integrable
into any solution process. Additionally, PEDOT:PSS films are thermally stable up to 200°C [121], are
mechanically flexible [123], [124], and can be formed with sufficiently smooth surface morphology
(i.e.: root mean square roughness < 2 nm) for OLED applications [125]. PEDOT:PSS however, is not
immune to degradation. Exposure to air [126], humidity [127] and ultraviolet light [128], [129] have
been shown to decrease the conductivity of PEDOT:PSS over time. Encapsulation is thus an essential
requirement to prevent ambient-induced degradation, particularly since PEDOT:PSS is hygroscopic
(i.e.: absorbs water) [121], [127]. Electron bombardment has also been shown to lead to a decrease in
the conjugation of PEDOT:PSS, thereby decreasing its conductivity [127], [129]-[131], suggesting that
electrons in OLEDs and other organic optoelectronic devices with PEDOT:PSS could potentially lead
to accelerated device degradation. Nevertheless, the favourable optical, electronic, mechanical and
chemical properties of PEDOT:PSS have made it among the most well-studied hole injection materials

for applications in solution-processed OLEDs.
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In the early stages of its use in OLEDs, PEDOT:PSS was considered among the limiting factors for
because of its slight acidity and thus tendency to erode the underlying ITO transparent electrode,
resulting in the diffusion of indium atoms into the organic stack [132]. The most widely cited strategies
to overcome this issue include the use of a self-assembled monolayer sandwiched between ITO and
PEDOT:PSS [133] and additives to chemically stabilize PEDOT:PSS [134]. However, neither of these
became common practise in most research groups because OLED materials and devices structures
evolved tremendously and greatly improved device stability was realized over the years, making it
progressively more challenging to identify the contribution of this issue to device lifetime. Most
significantly, transition metal oxides such as MoO; began to rival PEDOT:PSS as the go-to HIL in
OLEDs and other organic optoelectronic devices [18], [19]. MoOs in particular led to significantly
improved EL lifetimes in simplified PhOLEDs [135]. The issue however with transition metal oxides
is that their solubility is extremely limited and are thus typically deposited by vacuum thermal
evaporation [17]. Though work has begun to overcome solubility limitations, [136]-[138], most

solution-processed OLEDs still rely on PEDOT:PSS HILs.

2.1.1 Owutstanding Questions: Role of PEDOT:PSS in Limiting EL Lifetime

For the above reason, understanding the contribution of PEDOT:PSS to device degradation in the
context of more advanced, modern device structures has become an issue of significant importance.
Lee and coworkers have repeatedly demonstrated that combining tetrafluoroethylene-perfluoro-3,6-
dioxa-4-methyl-7- octene-sulfonic acid copolymer (PFI) with PEDOT:PSS greatly enhances the
efficiency and lifetime of polymer [139] and small-molecule [140], [141] OLEDs. This lifetime
improvement is attributed to reduction of the hole injection barrier at the PEDOT:PSS/organic interface,
thereby streamlining hole injection into the organic layers and preventing hole accumulation at this
interface that otherwise leads to accelerated device degradation [139]-[141]. While hole accumulation
at the PEDOT:PSS/organic interface may be a contributing factor, it is difficult to generalize this
mechanism to HTL materials with a wide range of HOMO levels and thus different injection barriers.
For example, devices with NPB HTLs (HOMO ~5.2 eV [142]) have a very small injection barrier at
the PEDOT:PSS/NPB interface, since the work function of ITO/PEDOT:PSS is ~5.1 eV [143].
Therefore, hole accumulation at this interface would be negligible compared to PEDOT:PSS/carbazole
interfaces typically found in phosphorescent devices, which may have injection barriers up to 1 eV
[40], [144]. Indeed, the hole accumulation mechanism seems to be highly dependant on the choice of

HTL and not specifically the use of PEDOT:PSS.

24



Double-stacked PEDOT:PSS/MoO;s hole injection layers led to improved lifetime in ultraviolet OLEDs
[145]. This was once again related to hole injection barrier reduction without further analysis of
alternative possible degradation mechanisms. This is likely due to the extremely poor stability of
ultraviolet OLED materials; thus making them unsuitable for understanding the role of PEDOT:PSS in
the degradation of OLEDs in a broader context. Moreover, the proposed hole accumulation mechanism
cannot explain the relatively long lifetimes realized with poly[(9,9-dioctylfluorenyl-2,7-diyl)-co-(4,4'-
(N-(4-sec-butylphenyl)diphenylamine)] (TFB) interlayers coated on PEDOT:PSS, which have a larger
hole injection barrier than NPB [146]. Finally, in all these cases, the ITO/PEDOT:PSS interface remains
unmodified, making it difficult to discern its possible role in PEDOT:PSS-related device degradation
in more recent OLED device structures. It is therefore evident that the existing understanding the role
of PEDOT:PSS in device degradation has many gaps and thus demands a more detailed and systematic
approach directed specifically to PEDOT:PSS. This constitutes the first objective of this research work,

as outlined in Chapter 3.

2.2 Solution versus Vacuum Processing of non-HIL OLED Layers

To examine the influence of solution-based processing on EL lifetime, the key differences between
vacuum and solution processed organic films must first be understood. These differences are reviewed
in the first sub-section. Soluble small molecule HTL and EML materials are now making it possible to
identify these differences since the same materials may be used to compare vacuum deposition and
solution processing. With such an understanding, correlations to device efficiency and lifetime and

degradation mechanisms (as outlined in the second sub-section) can become possible.

2.2.1 Film Properties of Solution versus Vacuum-Processed Small Molecule Organic Films

Film density, molecular orientation and thermal stability (glass transition temperature) are widely
considered the three essential parameters in evaluating the suitability of organic films for devices. In
general, vacuum deposited, small-molecule organic films exhibit high densities, a high degree of
horizontal molecular orientation and high thermal stability [147]. These properties are those that
initially made vacuum deposition the preferred technique for OLED fabrication [148]. It is therefore
critical to examine these parameters in solution-processed films. Studies of the film density of solution-
based films suggest that their density is consistently lower than that of their vacuum deposited
counterparts, as demonstrated by Shibata and coworkers for Algs, CBP and a several other organic
small molecular materials [147]. The decrease in film density for solution coated films has been
attributed to increased aggregation and thus free-space voids within the films; which have been shown

to lead to poor device lifetimes in OLEDs with solution-based EMLs [14].
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With respect to molecular orientation (Figure 2.1), vacuum-deposited films were shown by Yokoyama
and coworkers to have a high degree of horizontal molecular orientation [149], which has been
correlated to improved charge transport and optical outcoupling in OLEDs [150]. Horizontal molecular
orientation, also known as face-on orientation, facilities m-mt stacking, thereby improving charge
transport across the organic layer, leading to higher efficiencies and longer device lifetimes [151].
Solution-coated films on the other hand tend to have a more random molecular orientation [147], [151].
It is worth noting however that the extent to which this limits the efficiency and lifetime of solution-
processed devices remains a question of considerable debate, with film density [152] and thermal

stability [153] often considered the more important parameters.

Improved charge transport Randomness makes charge
across layer due to n-n stacking transport more difficult
ﬁ é * é * /‘ (Y- \7-
(]
Horizontal Molecular Orientation Random Molecular Orientation

Figure 2.1: Concept of horizontal/face-on molecular orientation.

Finally, high thermal stability is an essential requirement for achieving long EL lifetimes [153]. This is
characterized by the glass transition temperature (Tg), i.e.: the temperature at which molecules in
amorphous materials gain sufficient energy to move out of their frozen, “glassy” state and re-arrange
themselves into a more crystalline state [154]. Tokito and coworkers first demonstrated the correlation
of Tg to thermal stability in triphenylamine (TPA)/Algs OLEDs by examining various oligomeric (i.e.:
dimer, trimer, tetramer, pentamer) forms of TPA as the hole transport layer and subjecting them to
heating during device operation [155]. The “critical temperature” at which device EL output decreased
dramatically was remarkably close to the Tg for each material. Later studies on various hole
transporting small molecular materials confirmed this result [156], [157]. Though the Tg is an intrinsic
material property, i.e.: does not change if the material is in the solid state versus dissolved in solution,
studies of cyclic heating and cooling of vacuum processed versus solution-coated films show that the

vacuum ones are more thermally stable when the same materials are used [147].
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This observation has been attributed to the surface self-diffusion of vacuum-processed films: During
vacuum deposition, molecules on the surface of the film have on the order of seconds to arrange
themselves in a stable, ordered confirmation before the next layer of molecules arrives, resulting in
films with high densities [147], [158]. Solution-processed films on the other hand, cannot benefit from
this mechanism. The molecules in these films are rapidly solidified in place following deposition and
annealing (to accelerate the removal of solvent), with equally “frozen” surrounding molecules limiting

their ability to form a stable, ordered confirmation and leaving voids in the films.

While these two contrasting film formation mechanisms highlight the of higher thermal stability and
film density of vacuum-deposited films, some materials will form better solution-processed films than
others. This is once again dependant on the Tg: Solution-processable small molecules should have high
Tg to avoid crystallization during the annealing step [15]. This can be achieved by utilizing molecules
that are less planar or have more steric hinderance (“bulky” groups) that limit n-n stacking. For
example, referring to Table 1.1, CBP is less bulky than TCTA, and also has a lower Tg (62°C [159])
compared to 151°C for TCTA [76]. Indeed solution-processed TCTA has been shown to form stable
enough solution-processed films to obtain reasonable device efficiency, though lifetime data is still
lacking [151], [160]. While limiting ©-n stacking may appear counterintuitive from the established
understanding of the best-performing vacuum-deposited small molecules, a highly crystallized organic

layer leads to the formation of aggregates [14] which may be sufficiently large to short the device.

From the work outlined above, solution-coated films tend to have lower film density and thermal
stability and lack horizontal molecular orientation compared to their vacuum counterparts. While an
understanding of the origins of these differences has emerged, their consequences for device efficiency
and EL lifetime of solution-processed OLEDs remain unclear. Very few correlations between film
properties and device characteristics have been made thus far, particularly with respect to EL lifetime.
This makes it very difficult to assess the impact of these key differences on device characteristics. As
outlined later in Section 2.2.3, it is also not clear what aspects (i.e.: solvents, annealing treatments,
atmosphere, etc.) of the solution-coating process are responsible for these poor film characteristics and
potentially also EL lifetimes. It is therefore evident that further work is required to facilitate film/device

correlations and ideally use them to improve the EL lifetime of solution-coated devices.
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2.2.2 Known Degradation Mechanisms in Solution-Processed OLEDs

As mentioned previously, most studies on solution-processed OLEDs have tended to focus on device
efficiency, with little attention paid to EL lifetime. However, two degradation mechanisms previously
observed in vacuum processed devices have been found to limit the EL stability of solution processed
devices more than their vacuum deposited counterparts, namely exciton-polaron interactions [10] and

exciton-induced aggregation [11].

Exciton-polaron interactions (EPIA) have been found to induce aggregation in a variety of wide-
bandgap host materials [161] and phosphorescent and fluorescent guest emitters [162]. Summarizing
from ref. [161], the mechanism proceeds as follows: During electrical driving, both charges (i.e.:
polarons) and excitons will exist in the OLED. In hole transport materials for example, positive polarons
(i.e.: holes) may interact with excited host molecules (i.e.: excitons on host molecules or monomers)
and form a host molecule that has both an exciton and polaron. This molecule is now at an unstable
high-energy state since it has an electron in its LUMO and an unoccupied HOMO. This excess energy
may then be transferred to a neighboring molecule to reach a more stable energy state, forming a dimer.
Repeating this process many times results in aggregate formation in the host/hole-transport material.
These aggregates/dimers have narrower bandgaps than that of the monomer and thus produce red-
shifted EL emission relative to the monomer band and have also been shown to increase charge trapping
and act as quenchers, thereby reducing the efficiency and increasing the driving voltage of the device

over time [161].

Recently, EPIA was found to be more significant in solution-processed devices compared to vacuum
deposited ones [10]. In this study, the EL degradation behaviour of vacuum and solution processed
phosphorescent OLEDs utilizing three host materials, CBP, TCTA and 4,4'-Cyclohexylidenebis[ NV,N-
bis(4-methylphenyl)benzenamine] (TAPC) with and without an Ir(ppy)s guest were compared. As per
previous findings [161], host aggregation was found to lead red-shifted aggregate EL bands of
increasing intensity over time in both doped and undoped cases; proceeding to a greater extent for the
solution devices. The presence of EPIA in these devices was confirmed by studies of “hole-only”
devices with the structure ITO/MoO3/host/TPBi/MoQOs/Al, where the host was CBP or TAPC. Under
forward bias (defined as the ITO being held at a more positive potential relative to the Al), the MoO3
adjacent to the Al cathode blocks electron injection, making holes the predominant charge carriers in

these devices.
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These hole-only devices were subjected to three different stress scenarios, namely current driving only
(I only), UV irradiation only (L only) or both combined (I + L). For the I-only scenario, only positive
polarons are present in the stack. For the L-only scenario, singlet excitons are formed in the host
material since the wavelength of UV irradiation is selected such that it is sufficiently high enough in
energy (i.e.: greater than the bandgap) to induce the m-rt* transition in the given host molecules. Finally,
in the I + L scenario, both polarons and excitons are present at the same time, thereby facilitating EPIA.
Since hole-only devices do not emit light, their degradation is characterized by changes in driving
voltage at a constant current over time, as shown in Figure 2.2. The I + L scenario was found to lead
to a much faster increase in driving voltage than either of the I only or L only scenarios for all host
materials and vacuum/solution devices. Taking the algebraic sum of the I only and L only curves, i.e.:
Y (I + L), resulted in a substantially lesser increase in driving voltage compared to the I + L case,
confirming that both excitons and polarons are needed to accelerate device degradation. Most
interestingly, plots of (I + L) - 2 (I + L) for both host materials (Figure 2.2 (¢) and (d)) demonstrated
a much more dramatic increase in driving voltage for solution devices compared to their vacuum
counterparts. These results demonstrated one of the root causes of the poor EL lifetime of solution-

processed devices for the first time.
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Figure 2.2: (a), (b) Changes in driving voltage under 5 mA/cm? constant current driving for (a) CBP
and (b) TAPC for all test conditions; (¢), (d) the corresponding values for the quantity {AV for <I + L>
— Y (AV for <I> +AV for <L>)} for the same traces. Reproduced from ref. [10] with permission.

Shortly thereafter, the same authors examined the effect of excitons on solution and vacuum-deposited
carbazole films typically found in phosphorescent OLEDs by subjecting these materials to prolonged
UV irradiation [11]. As mentioned previously, UV irradiation leads to the formation of singlet excitons
and thus facilitates the examination of the effects of excitons without the confounding effects of current
flow. Results from this study showed that UV-irradiated solution and vacuum-deposited films both had
red-shifted PL spectra relative to un-irradiated controls, demonstrating that excitons alone lead to the
formation of aggregate species. This red-shift however was significantly more pronounced in the
solution-processed film. While these aggregates led to a decrease in PLQY and exciton lifetime (as
demonstrated by transient PL data) of both films, the solution-processed film experienced these to a
significantly greater extent. Similar effects were observed for CBP films doped with Ir(ppy)s as found

in typical simplified PhOLEDs.
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Interestingly, the extent of the exciton-induced aggregation (i.e.: changes in PL spectra) in the solution-
coated films varied depending on the solvent used, as shown in Figure 2.3. This suggests that the
solvent itself may influence initial film morphology, thereby making the solution-coated devices more
susceptible to exciton-induced degradation. While one might initially speculate that residual solvent
left over in the films may be behind these morphological changes, the decrease in exciton lifetime
observed in each case did not correspond to the boiling points of the solvents used—as shown in Figure
2.4, the chloroform-based film exhibited the greatest decrease in exciton lifetime but did not have the
highest boiling point. The authors also point out that care was taken during the experimental procedure
to remove residual solvent by including an annealing step following deposition of the solution-coated
films. To investigate the possibility that solvents induced morphological changes in solution-processed
films, vacuum films were prepared and subjected to solvent vapours to see if similar morphological
changes to those observed in the solution-processed films would occur. The exciton lifetime of these
solvent-exposed films was remarkably similar to that of the solution-processed film, suggesting that
aggregation had indeed occurred with solvent-exposure. These results convincingly demonstrate that
solution-coated and vacuum-deposited films have different morphologies, and that film morphology

influences susceptibility to exciton-induced aggregation.
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Figure 2.3: Normalized PL spectra collected from solution-coated CBP films with (a) dichloromethane
(MC), (b) chloroform, and (¢) toluene and (d) vacuum-deposited test samples before and after the UV
irradiation. Insets: The net change in the spectra, obtained by subtracting the “before UV irradiation”

spectrum from the “after UV irradiation” spectrum in each case. Reproduced from ref [11] with
permission.
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Figure 2.4: Exciton lifetime of vacuum-deposited and solution-coated CBP films using
dichloromethane (MC), chloroform, or toluene solvents. Reproduced from ref [11] with permission.

2.2.3 Outstanding Questions: Influence of Solvents and Solution-Coating Parameters on EL
Lifetime

In contrast to vacuum deposited films, where high density, favourable horizontal molecular orientation
and high thermal stability have been definitively shown to correlate to high device efficiencies and long
EL lifetimes, there appears to be a trade-off between charge transport properties (n-m stacking) and
thermal stability and film density in solution-coated films. Moreover, the importance of molecular
orientation in solution-coated films is unclear because solution-coated films overwhelmingly favour a
random orientation; making this parameter extremely difficult to control. For these reasons, it has been
very difficult to correlate film properties to device efficiency and EL lifetime in solution-processed
OLED:s. Studies of solution-coated films and devices tend to focus on one or the other, with emphasis
on device efficiency and not EL lifetime: Except for the work in the preceding section, very little is
known about why solution-coated OLEDs have poor EL lifetimes compared to their vacuum
counterparts. This work has also tended to focus on films and not full OLED devices, making it difficult
to asses the potential impact of these degradation mechanisms on the device level. These works also do
not consider the possible influence of the HIL on film morphology (and hence possible susceptibility

to degradation mechanisms) since evaporated MoOs is used exclusively as the HIL
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Further, evaporated MoOs is not a feasible HIL for solution-coated devices for two reasons: It may be
eroded or chemically changed on exposure to solvents and atmospheric conditions, and more
importantly, it is not compatible with a fully-integrated roll-to-roll process. Finally, the existing body
of work on solution-processed OLEDs does not consider what specific aspects (e.g.: solvents, annealing
treatments, atmosphere, drying conditions etc.) of the solution process may contribute to the
morphology observed in solution-coated films and lead to poor efficiency and lifetime. Solvents are of
special interest because they are one of the most fundamental factors behind solution-based processes
(e.g.: spin-coating, blade-coating, printing), making it critical to understand their possible contribution
to device degradation and EL lifetime. Since other parameters (e.g.: annealing) may vary among
different solution processing methods, it is essential to isolate the effect of solvents from these other
parameters. Investigating these issues is critical for understanding degradation mechanisms in these
solution-processed devices and how they can potentially be mitigated, and thus constitutes the second

objective of this work, as outlined in Chapter 3.
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Chapter 3: Research Objectives

The overarching goal of this research is to understand the impact of solution-processable hole injection
layers and solvent use with heating treatments on the EL lifetime of vacuum-deposited, small-molecule
organic light-emitting devices. All OLEDs in this study are fabricated by vacuum deposition to
investigate the effects of the specific process parameter independent of the multitude and variability of
other parameters (e.g.: drying conditions, solubility, solution concertation) involved in most solution-

processing methods.
The specific objectives of this work may be summarized as follows:
1) In consideration of solution-processed PEDOT:PSS hole injections layers:
a) Elucidate the root causes of the lower stability of OLEDs with PEDOT:PSS HILs;

b) Investigate possible strategies to mitigate them;

2) In consideration of the specific role of solvents and baking/high-temperature annealing treatments
frequently utilized for solution-processing:

a) Their effect on the morphology of vacuum-deposited small molecules in the context of
device efficiency and EL lifetime for phosphorescent and fluorescent OLEDs with different
HTLs;

b) Examine the influence of the HIL on the treatment-induced morphological effects from a);

¢) For HIL/HTL combinations sensitive to treatment-induced effects as per a) and b),
illustrate possible strategies to mitigate treatment-induced morphological effects.
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Chapter 4 - The Root Cause of the Lower EL Lifetime with PEDOT:PSS
HILs: Electron-Induced Degradation

The material in this chapter was published in Org. Electron., vol 69, pp. 313-319, 2019. Reproduced

with permission from the publisher.

Chapter Summary

This chapter addresses the first objective of this work, elucidating the root causes of the lower stability
of OLEDs with PEDOT:PSS HILs and investigating possible strategies to prevent or mitigate them.
Towards this end, the causes of degradation resulting from device operation (i.e.: under electrical bias)
in OLEDs with common hole transporting materials and PEDOT:PSS hole injection layers (HILs) are
systematically investigated. Results demonstrate that the acidity of PEDOT:PSS is not singularly
responsible for device degradation and that species present during device operation have a very
significant impact on the EL lifetime of these devices. We first demonstrate that a PEDOT:PSS/MoO3
hole injection layer in place of PEDOT:PSS alone results in a ~20x improvement in the EL lifetime of
phosphorescent OLEDs with a CBP hole transporting layer (HTL). In contrast, a less significant effect
was observed in fluorescent OLEDs with NPB HTLs. Electrical aging of hole-only devices shows that
hole accumulation at the HIL/HTL interface does not play a major role in device degradation. Results
from UV irradiation tests show that excitons are also not primarily responsible for this degradation.
However, when electrons are introduced into the hole-only stack, significant degradation parallel to
that occurring in full (i.e. bipolar) devices is observed; and is subsequently prevented using electron-
blocking layers. These results demonstrate that the degradation of PEDOT:PSS HILs by electrons plays
an important role in limiting the EL lifetime of OLEDs, particularly those utilizing HTLs with weak
electron-blocking characteristics, such as CBP; and further emphasizes the importance of such
characteristics in the development of novel hole transporting and electron blocking materials. The
findings provide new and critical insights into degradation mechanisms in OLEDs utilizing

PEDOT:PSS HILs and considerations for future device design.
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4.1 Introduction

PEDOT:PSS (poly(3.4-ethylenedioxythiophene)-poly(styrenesulfonate) has long been a mainstay in
hole injection and extraction layers of organic optoelectronic devices such as organic light emitting
devices (OLEDs) and organic solar cells (OSCs) because of its solution processability [17], [96], [134],
[141], [165]. Despite its promise, PEDOT:PSS is known to be a significant source of instability in these
devices [141], [166]-[168] as its acidic nature leads to reactions with underlying ITO electrode [132].
Replacing PEDOT:PSS hole injection layers (HILs) by transition metal oxides such as MoOs3 [19],
[135],[169], [170] has been widely used as an alternative to get around the ITO etching issue. However,
given the rise of solution-processed OLEDs, PEDOT:PSS HILs still have a crucial role to play.

While reactions at the PEDOT:PSS/ITO interface may account for the relatively lower stability of
devices utilizing PEDOT:PSS HILs, this phenomenon does not readily explain the shorter
electroluminescence (EL) lifetime (i.e. under electrical bias) of these devices. It is therefore worth

exploring alternative sources of instability that may be present during device operation.

To that end, it has been demonstrated that gradient hole injection layers (so-called GraHILs), made
using a Nafion-based polymer blend with PEDOT:PSS, greatly enhance the efficiency and lifetime of
polymer [139] and small-molecule [140], [171] OLEDs. By reducing the hole injection barrier and
streamlining hole injection into the organic layers, hole accumulation at the PEDOT:PSS/organic
interface was eliminated, thereby leading to longer device lifetimes [139], [140], [171]. Another
approach using a “double HIL” of PEDOT:PSS/Mo0Os was recently shown to improve the efficiency
and durability of ultraviolet OLEDs [145]. Beyond this, there has been relatively little work on the
degradation of PEDOT:PSS in the context of device operation. The effects of electron bombardment
on PEDOT and PSS with high-energy electrons have been studied via x-ray photoelectron spectroscopy
[127], [130]. Studies of ultraviolet-induced degradation of PEDOT and its derivatives have also been
carried out [172]. Though these studies investigate the effect of species similar to those present during
device operation, the role of PEDOT:PSS in limiting the EL lifetime of OLEDs remains poorly

understood.

In this work, we systematically investigate the causes of degradation resulting from device operation
in OLEDs with common hole transporting materials and PEDOT:PSS HILs. The results demonstrate
that electron-induced degradation of PEDOT:PSS HILs plays an important role in limiting the EL
lifetime of OLEDs. Findings also show that this degradation can be overcome via electron-blocking

layers or by employing hole transport materials with low electron mobility as HTLs.
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4.2 Experimental Methods

In this work, two device structures are examined, a phosphorescent device with the structure
ITO/HIL/CBP (30 nm)/CBP:Ir(ppy)s (5%, 15 nm)/TPBi (40 nm)/LiF (1 nm)/Al (80 nm) and a
fluorescent device with the structure ITO/HIL/NPB (60 nm)/Alqs (40 nm)/LiF (1 nm)/Al (80 nm). TPBi
(2,2,2~(1,3,5-benzinetriyl)-tris(1-phenyl-1-H-benzimidazole) and Alqgs (Tris-(8-
hydroxyquinoline)aluminum) are used as the electron transport layers in the phosphorescent and
fluorescent devices respectively. Tris(2-phenylpyridine)iridium(IIl) (Ir(ppy)s) is used as the guest
emitter in the phosphorescent device; Alqs functions as the emitting material in the fluorescent device.
PEDOT:PSS and MoQs are used as hole injection materials and LiF is used as an electron injection
layer for both types of devices. Indium tin oxide (ITO) and Al are used as the anode and cathode
contacts respectively. CBP, NPB, Alqs; and TPBi were obtained from Shanghai Hang Feng Chemical
Co., Ir(ppy)s was obtained from Luminescence Technology Corp. 2-tert-Butyl-9,10-di(naphth-2-
yl)anthracene (TBADN, Shanghai Hang Feng Chemical Co.), Tris(1-phenylisoquinoline)iridium(III)
(Ir(piq)3, Luminescence Technology Corp) and Tris(4-carbazoyl-9-ylphenyl)amine (TCTA, Shanghai
Hang Feng Chemical Co.) were also used. All materials were used as obtained. PEDOT:PSS (Sigma
Aldrich, 2.8 wt. % dispersion in H>O, low conductivity grade) was prepared by diluting with 2-propanol
ina 1:5 volume ratio and filtering with a 0.22 um PTFE filter. Devices were fabricated on ITO patterned
glass substrates (15 Q/sq, Kintec); these were sonicated in deionized water/Micro-90 solution for 10
min and treated with O; plasma for 5 min prior to use. PEDOT:PSS was spin coated at 5000 rpm for
60s and annealed at 130°C for 30 min under ambient conditions. All other materials were deposited via
thermal evaporation at a base pressure < 5x10° Torr using an Angstrom Engineering EvoVac system

at a deposition rate of 0.1-2 A/s.

Current-voltage-luminance measurements were carried out using an Agilent 4155C Semiconductor
Parameter Analyzer connected to a silicon photodiode. An Ocean Optics QE65000 spectrometer was
used to measure the electroluminescence spectra of the OLEDs. All EL lifetime tests were carried out
at a current density of 20 mA/cm? using a custom lifetime test setup. The devices were kept in N

atmosphere at all times.
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4.3 Effect of PEDOT:PSS HIL on Lifetime of CBP Phosphorescent OLEDs

We first investigate and compare the EL lifetime and device characteristics of phosphorescent OLEDs
with PEDOT:PSS (30 nm thick) and MoOs; (5 nm thick) HILs, the latter a common alternative HIL to
PEDOT:PSS. We also include a device with a PEDOT:PSS/MoO3; HIL which was recently shown to
improve the efficiency and EL lifetime of ultraviolet OLEDs [145]. With the exception of the HIL, the
rest of the organic stack remained the same, forming OLEDs with the device structure ITO/HIL/CBP
(30 nm)/ CBP:Ir(ppy)s/TPBi (40 nm)/LiF (1 nm)/Al (80 nm). For EL lifetime measurements, all devices
were driven at a constant current density of 20 mA/cm?. Figure 4.1 gives the current density versus
voltage (a), external quantum efficiency (EQE) versus current density (b), and EL lifetime
characteristics representing relative changes in luminance and driving voltage over time under constant
current driving (c) of the devices. For the stability traces, normalized luminance is plotted on the
primary y-axis and the change in driving voltage (AV) with respect to the initial (time zero) driving
voltage is plotted on the secondary y-axis. From Figure 4.1 (c), the PEDOT:PSS device clearly has
much lower stability compared to the MoOs device, despite the two devices being otherwise identical
in terms of materials and device fabrication process. The PEDOT:PSS device has a luminescence half-
life (LT50, defined as the time elapsed until the luminance decreases to half its initial value under
constant current driving), of 53 min, compared to ~40 hours for the MoO3 device. This observation
suggests that PEDOT:PSS may be responsible for a substantial component of device degradation.
However, the device with the PEDOT:PSS/MoO; HIL has a remarkably longer EL lifetime; with an
LT50 of 17.5 hrs, ~20x longer than the PEDOT:PSS device (LT50 = 53 min).

Initially, one might speculate that the faster degradation is simply due to the acidity of PEDOT:PSS,
which is known to lead to poor device stability due to erosion of the underlying ITO electrode.
However, observations from the PEDOT:PSS/MoO; EL lifetime characteristics suggest that this is not
the case. Since the ITO/PEDOT:PSS interface is present in both cases, any adverse effects resulting
from PEDOT:PSS on the ITO electrode would be the same. The significant difference in EL lifetime
of the two devices therefore precludes the possibility that erosion of the underlying ITO electrode by
PEDOT:PSS is behind the lower stability of the PEDOT:PSS HIL device and indicates that additional

degradation mechanisms must be at play, consistent with recent reports [139], [140], [171].
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A close examination of the current density versus voltage (Figure 4.1 (a)), EQE versus current density
(Figure 4.1 (b) ) and change in driving voltage versus time traces Figure 4.1 (c)) reveals some
additional interesting trends. Figure 4.1 (a) shows that the PEDOT:PSS/Mo0Os device has significantly
lower leakage current than with the PEDOT:PSS HIL. Further, the AV-t trace for the PEDOT:PSS
device is significantly steeper than that of the PEDOT:PSS/MoOs. A steep AV-t trend indicates that
progressively higher bias voltages are required to drive the device at the given current (i.e: 20 mA/cm?).
This signifies deterioration of charge injection and transport in the device, an effect that may be
associated with the shorter LT50 of the PEDOT:PSS device. When MoOs is placed in between
PEDOT:PSS and CBP, the AV-t rise becomes much slower, resembling that of the MoO3 only case,
and a substantially longer LT50 is realized. This slower AV-t rise means that charge injection and
transport do not significantly degrade in these devices over time. Together, these findings suggest that
the PEDOT:PSS/HTL interface, which exists only in the case of the PEDOT:PSS device, may play a

crucial role in the limited EL lifetime of these devices.
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Figure 4.1: (a) Current versus voltage, (b) EQE vs. current, (¢) EL lifetime characteristics (relative
changes in luminance and change in driving voltage versus time traces under 20 mA/cm? constant
current driving) of OLEDs with PEDOT:PSS (black), MoOs (red) and PEDOT:PSS/MoOj (yellow) hole

injection layers.
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4.4 Effect of PEDOT:PSS HIL on Lifetime of NPB Fluorescent OLEDs

To investigate if the PEDOT:PSS/HTL interface has a similar effect on the EL lifetime in fluorescent
OLEDs with non-CBP HTLs, the EL lifetime and device characteristics of OLEDs with a PEDOT:PSS,
MoOs;, or a PEDOT:PSS/MoOs HIL were compared in a fluorescent device with the structure:
ITO/HIL/NPB (40 nm)/Alqs (60 nm)/LiF (1 nm)/Al (80 nm). The current density versus voltage (a),
EQE versus current density (b), and EL lifetime characteristics (¢) of the devices are given in Figure
4.2. At voltages below the turn-on voltage (V < 3 V), the current density versus voltage curves of the
PEDOT:PSS and PEDOT:PSS/MoO; devices are very similar. Unlike the previous case, there is
negligible difference in leakage current between the two devices. The EQE versus current density plots
in Figure 4.2 are also remarkably similar for the PEDOT:PSS and PEDOT:PSS/MoOs3 devices. Their
EQE remains relatively constant over all current densities, consistent with the similar leakage current
for both devices. What is strikingly different from the previous case however is that the EL lifetime
characteristics of the three devices (Figure 4.2 (c)) are very similar, and all exhibit more stable AV-t
trends relative to the previous set of devices. The contrast in EL lifetime characteristics of the two sets
of devices suggests that the HTL material influences the role of the PEDOT:PSS/HTL interface with
respect to device degradation; indicating that certain degradation factors are present under electrical
bias for devices with the PEDOT:PSS/CBP interface but are less prevalent in those with the
PEDOT:PSS/NPB interface.

To understand the differences between the two interfaces, we first consider the energy level mismatch
between the HOMO (highest occupied molecular orbital) of the HTLs and the work function of the
various HILs. It is widely known that depositing MoOj3 on ITO results in a substantial increase in work
function [19], [135], [169], [170]. Since CBP has a relatively deep HOMO (~6 eV [144], [173]), the
increase in work function leads to a reduced hole injection barrier at the MoO3/CBP interface that
facilitates hole injection into the device, an effect that would lead to improved stability according to
previous reports [169]. A separate investigation of ITO/PEDOT:PSS/MoQs contacts demonstrated a
work function of 6.1 eV [174], which also aligns closely with the CBP HOMO. In contrast, the work
function of the ITO/PEDOT:PSS contact is ~5.1-5.2 eV [143], leading to a hole injection barrier
between PEDOT:PSS and CBP as large as 1 eV. This large injection barrier can lead to hole
accumulation at the PEDOT:PSS/CBP interface, possibly leading to degradation of PEDOT:PSS by the
accumulated holes [139], [140], [171]. On the other hand, the HOMO of NPB (~5.2 eV [142]) is close
to the ITO/PEDOT:PSS work function, making the hole injection barrier at the PEDOT:PSS/NPB

interface very small; which would streamline hole injection and prevent accumulation at this interface.
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Therefore, considering all of the findings thus far and the energy level/work function alignment of the

relevant materials, it is possible that the absence of hole accumulation in the NPB devices and in the
CBP devices with PEDOT:PSS/MoO; HILs may be the source of the improved EL lifetime
characteristics in these devices compared to those with PEDOT:PSS HILs.
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Figure 4.2: a) Current versus voltage, b) EQE vs. current, ¢) EL lifetime characteristics (relative
changes in luminance and change in driving voltage versus time traces) of OLEDs with PEDOT:PSS
(black), MoO;s (red) and PEDOT:PSS/MoOQ; (yellow) hole injection layers.
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4.5 Investigating the Role of Holes

To investigate the role of hole accumulation as a possible degradation mechanism, the change in voltage
over time and device characteristics of hole-only devices with CBP or NPB hole HTLs and PEDOT:PSS
or PEDOT:PSS/MoOs HILs are compared. The structure of the hole-only devices was ITO/HIL/HTL
(40 nm)/MoOs; (5 nm)/Al (80 nm). The MoOs layer adjacent to the Al contact acts as an electron
blocking layer. Therefore, under forward bias, defined as holding the ITO contact at a more positive
potential relative to Al contact, holes are injected from the ITO contact, transported across the stack
then collected at the Al contact. On the other hand, the injection of electrons from the top contact is
blocked by MoQ3, making holes the predominant charge carrier in these devices. In this way, we may
interpret the following results as being primarily connected with hole injection and transport. Figure
4.3 (a) gives the current density versus voltage characteristics of these devices; the change in voltage
over time (AV-t) at a constant drive current density of 20 mA/cm? is given in Figure 4.3 (b) and an

energy band diagram of the relevant materials is given in Figure 4.3 (c).

From Figure 4.3 (a), the current density at a given voltage is much lower for the CBP-PEDOT:PSS
case as compared to the other three cases. This is likely attributable to the significantly larger injection
barrier present for this case as previously discussed and as illustrated in the energy band diagram in
Figure 4.3 (¢). However, examining the AV-t curves in Figure 4.3 (b), there is very little (< 25 mV)
change in voltage over time for all cases, indicating that changes in the charge injection and transport
characteristics of the devices are negligible; especially when compared with those of the CBP OLEDs
in Figure 4.3 (¢). Since holes are the predominant charge carriers in these devices and do not appear to
cause deterioration of charge injection and transport, they are most likely not responsible for the
degradation observed in the CBP OLEDs with the PEDOT:PSS HIL. Consequently, the hole
accumulation mechanism at the PEDOT:PSS/CBP interface cannot be the principal cause of

degradation in that device.
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Figure 4.3: a) Current density versus voltage characteristics, and b) Change in voltage versus time
under constant current driving of 20 mA/cm? of the hole-only devices discussed in the text; ¢) Energy
band diagram of NPB and CBP with the two HIL contacts.

4.6 Investigating the Role of Excitons

Having established that holes are not the primary source of degradation in the CBP OLEDs with the
PEDOT:PSS HIL, it becomes important to investigate the possible role of other species that are present
during device operation. It is known that excitons and electrons can lead to degradation in some hole
injection materials, and therefore their presence in significant concentrations in the vicinity of HILs can
be detrimental to device stability [175], [176]. Figure 4.4 gives the EL spectra of the CBP OLEDs with
PEDOT:PSS and PEDOT:PSS/Mo0O; HILs. Clearly, the device with the PEDOT:PSS HIL has
detectable EL emission in the 390-430 nm range, which corresponds to CBP emission [177]. In
contrast, the device with the PEDOT:PSS/MoO; HIL has relatively less EL in the same wavelength
range, which can be attributed to exciton quenching by MoQOs [178]. These observations suggest that
excitons are indeed present near the HIL in case of devices with a CBP HTL, in agreement with previous

reports [175].
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To further verify this notion, we fabricate and test a device with a fluorescent marking layer placed
adjacent to the HIL. TBADN (2-tert-Butyl-9,10-di(naphth-2-yl)anthracene), a blue fluorescent
material, is used as the marking layer. The device structure is: ITO/PEDOT:PSS (30 nm)/CBP: TBADN
(5%, 15 nm)/CBP (30 nm)/CBP:Ir(piq); (5%, 15 nm)/TPBi (40 nm)/LiF (1 nm)/Al (80 nm). In this
device, tris(1-phenylisoquinoline)iridium(III) (Ir(piq)s ) is used as the guest emitter in place of Ir(ppy);
due its longer wavelength emission (Apeak = 620 nm) which makes it easier to distinguish the TBADN
emission (Apeak =470 nm). The EL spectrum of this device is included in Figure 4.4. TBADN emission
(430-500 nm) is clearly observed in this case, corroborating the earlier conclusion. Given that excitons
are clearly present near the HIL interface, it is quite possible that they play a role in the faster

degradation of the CBP OLEDs with the PEDOT:PSS HILs.
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Figure 4.4: EL spectra of CBP OLEDs with PEDOT:PSS and PEDOT:PSS/MoO; HILs. EL spectrum
of the OLED with the TBADN marking layer (with Irpiqs as the guest emitter) is also included. Inset:
Enlarged view of the EL spectra in the 350-550 nm range.

48



In general, the presence of excitons in the vicinity of the HIL could result from either i) the diffusion
of excitons from the electron-hole recombination zone of the device towards the HIL, or ii) the drift of
un-recombined electrons towards the HIL and their recombination with holes in the HTL resulting in
the formation of excitons near the HIL. In this context, the faster degradation of devices with the
PEDOT:PSS/CBP interface could be a result of degradation of the interface by either excitons or
electrons. Therefore, to first investigate the possible role of excitons, the previously described hole-
only devices with PEDOT:PSS and PEDOT:PSS/MoOs; HILs and CBP or NPB HTLs were exposed to
UV irradiation (A = 365 nm at 2.3 mW/cm?) for a 24-hour period. 365 nm (~3.4 eV) was selected
because it can induce the 7> 7* transition in both CBP and NPB, and thus produce excitons with energy
typical of those produced by electrical driving. The current density-voltage characteristics of these
devices were measured before and after the UV irradiation and no significant changes were observed.
This indicates that exciton damage has a negligible effect on the charge injection and transport
characteristics of the device and likely does not play a major role in the lower EL lifetime observed in

PEDOT:PSS/CBP OLEDs.

4.7 Investigating the Role of Electrons

Having ruled out holes and excitons as the main degradation agents in OLEDs with the PEDOT:PSS
HIL and CBP HTLs, it follows that the effect of electrons should be examined. For this purpose, we
compare between the AV-t trends under constant driving current conditions at 20 mA/cm? of the hole-
only devices described above and another set of devices that are in all respects similar to the hole-only
devices except that the MoOs electron blocking layer is replaced with LiF. Replacing the MoOs by LiF
allows for electron injection from the Al contact to occur under forward bias. Thus, any differences
between the two devices may be directly related to the presence or absence of electrons. The structure
of these devices is therefore ITO/HIL/CBP (100 nm)/LiF (I nm)/Al (80 nm) with the HIL as
PEDOT:PSS or PEDOT:PSS/MoO:.
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The AV-t traces for these devices and the previously discussed CBP hole-only devices are compared in
Figure 4.5. As shown previously, the voltage rise of the PEDOT:PSS hole-only device (MoO3/Al top
contact) is negligible (change in voltage < 12 mV) over the test period. On the other hand, its
counterpart with an electron-injecting top contact demonstrates a much faster rise in voltage (> 1V, i.e.
two orders of magnitude higher). Since the only difference between the two devices is the nature of the
top contact, i.e.: electron-injecting LiF versus electron-blocking MoOs, the observed voltage rise can
be directly attributed to the presence of electrons. The faster voltage rise means that more bias is
required to drive these devices at the same current over time, implying deterioration in charge injection
and/or charge transport properties. Conversely, the AV-t behaviour of the LiF/Al and MoOs/Al top
contacts for devices with the PEDOT:PSS/MoOs HIL is nearly identical. This demonstrates that
electron injection does not cause significant degradation in this case and proves that the voltage rise in
the earlier case is indeed due to the effect of electrons on the PEDOT:PSS and not due to degradation
phenomena at the CBP/LiF/Al contact. CBP is known to have bipolar charge transport properties with
an electron and hole mobilities of 3x10™* cm?/Vs and 2x10~ cm?/ Vs respectively [41]. It is therefore
quite possible for unrecombined electrons to diffuse towards the PEDOT:PSS/CBP interface and cause
degradation. Previous studies have shown that electrons can lead to a decrease in the conjugation of the
PEDOT and thus a deterioration in charge transport properties [127], [129]-{131]. Further, bond-
breaking effects induced by electrons to PEDOT:PSS results in the release of reactive, mobile oxygen
atoms [130] as well as oxygen and sulphur-containing [129]-[131] moieties that can diffuse within the
organic stack, chemically modifying the organic materials and influencing charge transport. This
degradation is prevented when the MoQOjs layer is introduced in between the PEDOT:PSS and CBP (i.e.,
the case of devices with PEDOT:PSS/MoO3 HIL) due to the electron-blocking nature of MoOs; which
prevents electrons from reaching the PEDOT:PSS, hence the increased AV-t stability.

This conclusion is further corroborated by the lower leakage current observed for the
PEDOT:PSS/MoOs device compared to that with the PEDOT:PSS HIL in Figure 4.1 (a). It is worth
noting that this leakage current results in lower EQE at current densities less than 10 mA/cm? in the
device with the PEDOT:PSS HIL compared to that with PEDOT:PSS/MoQO3 HIL as shown in Figure
4.1 (b). At low injection currents, the effect of leakage is more pronounced, resulting in lower EQE for
the PEDOT:PSS HIL. As the ratio of injection current to leakage current increases, the EQEs of devices

with the three HILs become similar.
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Figure 4.5: Change in driving voltage over time under 20 mA/cm? constant driving current for the
hole-only devices described in the text and the corresponding devices with the electron-injecting top
contact.

4.8 Effect of Using Electron-Blocking HTLs

To further verify that electron-induced degradation of PEDOT:PSS is the main cause of the lower EL
stability of the devices with PEDOT:PSS HILs and CBP HTLs and that the increase in EL lifetime
upon introducing MoOj3 in between PEDOT:PSS and HTL s due to the electron-blocking nature of
MoO;, we investigate the effect of replacing MoO; with NPB. Due to its limited electron mobility ()
and highly unipolar charge transport characteristics (NPB hole mobility, p, ~ 10 ¢cm?/Vs [15]), NPB
can be expected to efficiently block electrons. However, the bandgap of NPB is smaller than that of
CBP (E; =2.9 eV [142] and 3.1 eV [179] for NPB and CBP, respectively), thus it should not block
excitons. Therefore, if preventing electrons from reaching the PEDOT:PSS HIL is the main mechanism
behind the observed EL lifetime improvement, we would expect to see similar results upon replacing
MoOs with NPB in the phosphorescent device stack. We therefore fabricate and test the EL lifetime
characteristics of devices with the structure ITO/PEDOT:PSS (30 nm)/NPB (x nm)/ CBP (30 nm)/
CBP:Ir(ppy)s/TPBi (40 nm)/LiF (1 nm)/Al (80 nm) where x = 0, 10, 20 or 30 nm.
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Figure 4.6 shows results from these tests, demonstrating that the device EL lifetime indeed increases
significantly upon introducing the NPB layer. A 17x improvement in LT50 is immediately realized
upon introducing a 10 nm NPB layer. For 30 nm NPB, LT50 improves by a factor of 25. These
improvements are on the same order of those observed with the PEDOT:PSS/MoO3 HIL as compared
to PEDOT:PSS alone (~20x). The AV-t traces were much less steep for all devices with NPB. Due to
the 0.8 eV hole injection barrier between NPB and CBP (Figure 4.3 (¢)), voltage changes (AV) in these
devices are greater than those observed in the device with the PEDOT:PSS/MoOs HIL since higher
voltages are needed to reach a drive current of 20 mA/cm?. It should be noted that this injection barrier
also creates a hole-blocking interface adjacent to the NPB layer, making the NPB/CBP interface
conducive to hole accumulation. Despite this, significant LT50 improvement and much reduced voltage
rise is observed, proving that hole accumulation does not significantly contribute to device degradation.
Together, the 11-fold decrease in voltage rise and improved LT50s observed with NPB demonstrate
that blocking electrons from reaching PEDOT:PSS prevents degradation. These results explain the
stark difference between the EL lifetime characteristics of devices with CBP vs NPB HTLs (i.e., the
data in Figure 4.1 (c) and Figure 4.2 (c) respectively), and indicate that when PEDOT:PSS is used as
HIL, approaches for minimizing electron leakage through the HTL must be taken. Finally, it is worth
noting that this progressive improvement in LT50 with increasing NPB thickness also shows that the
degradation observed in CBP OLEDs with PEDOT:PSS HILs is not due to morphological factors at
the interface, such poor wetting of PEDOT:PSS by the CBP. If this were the case, the LT50s of these

devices would be similar regardless of the NPB thickness.

We also conducted surface roughness measurements of the PEDOT:PSS, PEDOT:PSS/MoO3 and
MoO:; films by atomic force microscopy. The images are shown in Figure 4.7. The results show RMS

roughness’s of 1.98, 2.22, 2.92 nm respectively, thus verifying very similar surface morphologies for

all three HILs.
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Figure 4.6: EL lifetime characteristics of OLEDs with NPB electron blocking layer of various
thicknesses.
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ITO.
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To further verify that reducing electron leakage to PEDOT:PSS is the mechanism behind the
improvement in EL lifetime observed in Figure 4.6, the lifetimes of PEDOT:PSS OLED devices with
TCTA in place of CBP were investigated and compared in Figure 4.8 (i.e.: ITO/PEDOT:PSS (30
nm)/CBP or TCTA (30 nm)/ CBP:Ir(ppy)s/TPBi (40 nm)/LiF (1 nm)/Al (80 nm).

TCTA was selected because of its shallower LUMO (2.3 eV [47]) than CBP (~3 eV [179]) that reduces
electron leakage from the emissive layer to the HTL. As shown in Figure 4.8, a nearly two-fold increase
in LT50 is observed for OLEDs with the TCTA HTL along with a shallower voltage rise compared to
the CBP case. These results conclusively show that, in addition to electron-blocking layers, the use of
HTLs with good electron blocking characteristics (i.e.: shallower LUMOs and/or pe << p) is beneficial
for EL lifetime in devices with PEDOT:PSS HILs. Although these results were obtained from OLED
stacks with CBP and NPB, given the detrimental effect of electrons on PEDOT:PSS, one can expect
this phenomenon to affect OLEDs utilizing any HTL material that does not sufficiently block electron
leakage to the HIL.
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Figure 4.8: EL lifetime characteristics of OLEDs with PEDOT:PSS HILs and TCTA versus CBP
HTLs.
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4.9 Conclusion

In conclusion, these results show that PEDOT:PSS HILs are susceptible to degradation by electrons; a
mechanism that can lead to relatively short EL lifetimes. The use of hole transporting materials and
device structures that minimize electron leakage to the HIL leads to significant improvements in device
EL lifetime. Furthermore, PEDOT:PSS HILs appear to be less susceptible to degradation by excitons
and by hole accumulation at the PEDOT:PSS/HTL interface. These findings provide key insights for
improved device design of OLEDs utilizing PEDOT:PSS HILs.
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Chapter S - Impact of Solvents, Baking Treatments and Hole Injection
Layers on the Electroluminescent Lifetime of Organic Light-Emitting

Devices with Various Hole Transport Layers

Chapter Summary

This chapter addresses the second objective of this work: First, to explore the effects of solvent and
baking treatments frequently utilized in solution processing on the morphology of vacuum-deposited,
small molecule hole transport materials in the context of device operation (sub-objective 2a); and
second, to investigate the possible influence of the HIL on the morphological changes induced by these
treatments on the HTLs given that the HIL plays a key role in device efficiency and lifetime, as shown
in the previous chapter (sub-objective 2b). For this purpose, a comprehensive investigation of the
effects of solvent and baking treatments on common hole transport (HTL) and host materials in
phosphorescent and fluorescent OLEDs utilizing ubiquitous PEDOT:PSS and MoO; HILs is conducted
in this chapter. Results show that the effects of solvent and baking treatments on device efficiency and
EL lifetime vary considerably by HTL/HIL combination. The findings demonstrate that solvent and
baking treatments utilized in solution processing can significantly alter device efficiency and EL
lifetime because they directly influence film morphology. However, the extent of the morphological
changes observed varied by treatment and by the HTL/HIL combination. The most significant changes
in device efficiency and EL lifetime were observed for CBP and TCTA with MoO3 HILs, suggesting
that carbazole-based materials are more sensitive to solvent and baking treatments when an MoOs HIL
is used instead of PEDOT:PSS. Hole-only device analysis corroborates this conclusion, with CBP and
TCTA showing a more significant increase hole current density with solvent treatment for both CBP
and TCTA on MoO; compared to PEDOT:PSS. For the PEDOT:PSS HIL, TCTA appears to be the
most resistant to solvent-induced morphological changes, as also reflected in the relatively smaller
changes in device EQE and EL lifetime with the treatments. Fluorescent NPB/Alq; device EQE and EL
lifetime appeared to be most sensitive to baking alone and less sensitive to solvent treatment for both
HILs compared to the carbazole materials used for the phosphorescent OLEDs, despite the baking
temperature being quite a bit lower than its glass transition temperature. Hole-only analysis
demonstrated that hole injection and transport was relatively unaffected by the treatments in these
devices. The findings emphasize the importance of the HIL and HTL materials and demonstrate that
care must be taken to identify material combinations that are less prone to solvent and baking-induced

morphological effects for solution-processed OLEDs.
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5.1 Introduction

Organic Light-Emitting Devices (OLEDs) have long promised the possibility of low-cost, solution-
based roll-to-roll manufacturing to realize flexible, large-area products for displays and solid-state
lighting [9], [86], [180]. However, most commercially available OLED-based products are still
fabricated by expensive vacuum-deposition techniques. Though impressive device efficiencies have
been achieved for solution-based OLEDs [100], [101], [103]-[106], [181], their significantly lower EL
lifetime compared to their vacuum-deposited counterparts remains a considerable obstacle to their
commercialization [35], [48]-[52]. Comparisons of organic films fabricated by solution processing
versus vacuum deposition have shown that solution films tend to have lower film density, are less
thermally stable and are generally more amorphous (i.e.: have less ordered molecular structure) than
vacuum-deposited films [15], [147], [182]. These characteristics have been found to significantly
influence the morphology of the deposited organic films, which in turn has consequences for device
efficiency and EL lifetime [10]-[12], [15], [183]. Despite their amorphous nature, solution-coated films
have been shown to have isolated aggregate domains with strong intermolecular interactions, leading
to faster deterioration in device EL output over time compared to vacuum deposited devices [12]. More
recently, exciton-polaron interactions [10] and exciton-induced [11] degradation were found to play a
fundamental role in the limited EL lifetime of solution devices. Beyond this, the body of work on
understanding the degradation mechanisms that limit the EL lifetime of solution processed devices

remains limited.

Among the key differences between solution and vacuum processing is the use of solvents and high
temperature annealing or baking treatments. Given the much reduced EL lifetimes of solution devices,
it becomes important to understand the contribution of these parameters to degradation in these devices
independent of the specific solution-coating method (e.g.: spin-coating, blade-coating, dip-coating,
etc.). To this end, we conduct a comprehensive investigation of the effects solvent on common hole
transport (HTL) and host materials in phosphorescent and fluorescent OLEDs utilizing ubiquitous
PEDOT:PSS and MoOs HILs. The extent of solvent-induced effects may differ for different organic
materials, hence the need to survey multiple HTL materials. The findings demonstrate that the effects
of the various treatments are highly dependent on the HTL/HIL material combination and have

implications for the development of novel hole transporting materials.
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5.2 Experimental Methods

Phosphorescent OLEDs with the structure ITO/HIL/HTL (30 nm)/CBP:Ir(ppy)s (5%, 15 nm)/TPBi (40
nm)/LiF (1 nm)/Al (80 nm) were fabricated, where MoO3; or PEDOT:PSS, TPBAI, Ir(ppy)s and LiF are
used as the hole injection, electron transport, guest emitter and electron injection layers respectively.
4,4'-Bis(9-carbazolyl)-1,1'-biphenyl 4,4-N,N’'-Dicarbazole-1,1'-biphenyl (CBP) and Tris(4-carbazoyl-
9-ylphenyl)amine (TCTA) are used as hole transport materials in the HTLs. Fluorescent OLEDs
utilized N,N’-Di(1-naphthyl)-N,N’-diphenyl-(1,1'-biphenyl)-4,4'-diamine (NPB) as the HTL material,
while Tris(8-hydroxyquinoline)aluminum (Alqs) served as both the emissive and electron transport
layer, forming devices with the structure ITO/ MoOs (5 nm)/NPB (40 nm)/ Algs (60 nm)/LiF (1 nm)/Al
(80 nm). LiF and MoO; are once again used as the electron and hole injection layers respectively.
Indium tin oxide (ITO) and Al are used as the anode and cathode contacts respectively. CBP, TCTA,
NPB, Algs, and TPBi were obtained from Shanghai Hang Feng Chemical Co., Ir(ppy)s was obtained
from Luminescence Technology Corp. MoOs was obtained from American Elements. PEDOT:PSS
(Sigma Aldrich, 2.8 wt. % dispersion in H,O, low conductivity grade) was prepared by diluting with 2-
propanol in a 1:5 volume ratio and filtering with a 0.22 um PTFE filter. Devices were fabricated on
ITO patterned glass substrates (15 €)/sq, Kintec); these were sonicated in deionized water/Micro-90
solution for 10 min and treated with O, plasma for 5 min prior to use. PEDOT:PSS was spin coated at
5000 rpm for 60s and annealed at 130°C for 30 min under ambient conditions. All other materials were
deposited via thermal evaporation (base pressure < 5x10° Torr), using an Angstrom Engineering

EvoVac system at a deposition rate of 0.1-2 A/s.

To test the effect of solvent treatment, the vacuum was broken following deposition of the bottom two
thirds of the HTL material. Samples were then exposed to toluene (Sigma-Aldrich) vapours in a sealed
container, with the sample taped to the lid for 3 min. Samples were then baked at 60°C for 5 min and
re-loaded in the vacuum chamber to complete deposition of the remaining HTL thickness and

subsequent layers.

Current-voltage-luminance measurements were carried out using an Agilent 4155C Semiconductor
Parameter Analyzer connected to a silicon photodiode. An Ocean Optics QE65000 spectrometer was
used to measure the electroluminescence and photoluminescence spectra of the OLEDs, with
photoluminescence induced by illumination with a 200 W Hg—Xe lamp controlled with an Oriel-77200

monochromator.
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All EL lifetime tests were carried out at a current density of 20 mA/cm? using a custom lifetime test
setup. Transient photoluminescence response (also known as exciton lifetime) was measured with an
Edinburgh Instruments FL.920 spectrometer equipped with a 375 nm peak emission EPL375 picosecond

pulsed laser diode. Devices were kept in N> atmosphere throughout fabrication and characterization.

5.3 Effect of Treatments on Performance Characteristics

We begin by investigating and comparing the effects of solvent exposure (3 minutes of exposure to
toluene vapour and 5 minutes of baking at 60°C, denoted “Solvent + Bake”) and high-temperature
annealing only (5 minutes of baking at 60°C, denoted “Bake Only”) on the bottom two thirds of the
HTL on OLED performance characteristics and EL lifetime to untreated, “Vacuum” controls, labeled
“VAC.” The sample preparation procedure is illustrated in Figure 5.1. PEDOT:PSS and MoO; HILs
are compared for all HTLs and treatments. Performing the treatment two thirds of the way through the
HTL facilitates evaluation of the effects of the treatment on the HTL material independent of interface-
induced effects at the HTL/EML interface. 60°C is chosen as the baking temperature because it is close
to the glass transition temperature (Tg) of CBP, 62°C [177] In solution-processing, the annealing
temperature is often close to or greater than the Tg of the organic material. The purpose of the annealing
step is to remove residual solvent molecules left behind in the film. For this study, toluene is chosen as
the solvent because of it easily dissolves a variety of organic small molecules and is commonly used in
solution processing [14], [15], [81]. For consistency, the annealing (baking) temperature is kept the
same for all three HTLs (CBP, TCTA and NPB), though they have different Tg’s (62°C [177], 151°C
[76] and 96°C [15] respectively).

HTL {20 nm) Control: No treatments, “VAC” Phosphorescent Fluorescent
(I Al (80 nm) Al (80 nm)
ITO-coated glass -
LiF (1 nm) LiF (1 nm)

HTL (20 nm)
HIL

ITO-coated glass

I

Solvent Exposure

HIL Hotplate, 5 min at 60°C

Baking

ITO-coated glass

HTL = NPB (40 nm)

HTL (20 nm) 0
ITO-coated glass

- HIL -
HTL {20 nm) l HTL (20 nm) ITO-coated glass HIL HIL
HIL
AAAAAArAL Hotplate, 5 min at 60°C ITO-coated glass ITO-coated glass
ITO-coated glass

Baking

Figure 5.1: Sample preparation procedure used in this work.
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Figure 5.2 gives the current-density versus voltage (J-V) characteristics for all treatment/HIL/HTL
combinations, with the NPB case denoted NPB/Alqs. For the MoOs HIL, there are minimal changes to
the J-V characteristics resulting from the treatments for all three HTLs. This means that charge injection
and transport properties of these OLEDs remain relatively unaffected for the MoOs HIL. For the CBP
and NPB OLEDs with the PEDOT:PSS HIL, the treatments lead to a decrease in current through device
across all voltages. This is especially prominent for the leakage current (current over the 0-3 V range).
In contrast, TCTA has relatively little negligible change in its J-V characteristics with treatments when
using a PEDOT:PSS HIL, including no changes to leakage current. Interestingly, the decrease in
current observed for the CBP/PEDOT:PSS and NPB/PEDOT:PSS cases do not negatively impact
device efficiency, as shown in the external quantum efficiency (EQE) data in Figure 5.3, where device
EQE improves with treatments for CBP and remains roughly similar for NPB. For TCTA, baking only
remains similar to the vacuum case, while solvent treatment leads to a slight decrease in EQE for both
HILs. Unlike CBP/PEDOT:PSS, CBP/Mo00Os has a substantial decrease in EQE with solvent treatment
(albeit not with baking alone), despite having remarkably similar J-V characteristics. Finally,
NPB/MoQs devices show a slight decrease in EQE with treatments, where baking alone appears to have

a more significant effect than solvent treatment.

Figure 5.4 gives the EL emission spectra for all treatment/HIL/HTL combinations, with the insets
giving an enlarged view of the expected emission from the hole transport materials over the 350-500
nm range. From this data, the EL spectra remain unaffected with either treatment. This means that the
same colour light is emitted from the device regardless of treatment. There is a small exception to this
for the CBP/PEDOT:PSS case, where the treatments lead to a wider shoulder at ~550 nm and
correspondingly, less emission from 400-450 nm. However, this difference is very small and thus likely
due to minor thickness differences between the treated and untreated samples. Given that solution
processing has been shown to produce different film morphologies than vacuum deposition leading to
differences in device performance, these results may suggest that solvent and baking treatments alone
(i.e.: independent of the specific solution process) may influence film morphology. However, these
morphological changes do not affect the EL emission spectra of the devices, and more importantly, the

extent of these effects appears to vary considerably depending on the HTL material and HIL.
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Figure 5.2: Current density versus voltage characteristics of OLEDs with various treated and untreated
HTLs on PEDOT:PSS and MoO; HILs.
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Figure 5.4: EL spectra of various treated and untreated HTLs on PEDOT:PSS and MoO3 HILs. Insets:
Enlarged view of emission from hole transport materials (350-500 nm).

5.4 Effect of Treatments on EL Lifetime

The EL lifetime characteristics for all cases are given in Figure 5.5. For these measurements, devices
are driven at a constant current density of 20 mA/cm?; normalized luminance is plotted as a function of
time on the primary y-axis, while the change in voltage with respect to the time-zero initial driving
voltage (AV) is plotted on the secondary y-axis. For all cases, the AV versus time trends closely mirror
the decrease in luminance over time, demonstrating that the decline in EL output over time is directly
related to deterioration in charge injection and transport properties for all material systems studied here.
For CBP, the EL lifetime decreases dramatically with solvent treatment but remains unaffected with
baking only on MoOs. This is in contrast to PEDOT:PSS, where baking alone appears to have a much
more substantial effect. On the other hand, baking only has a very significant effect for TCTA on both
HILs, with solvent treatment leading to lower EL lifetimes only for the MoO; HIL. These results suggest
that carbazole-based materials may be more sensitive to solvent and baking treatments when an MoO3
HIL is used. For NPB, baking only results in the lowest EL lifetimes, particularly with the MoO3 HIL;
solvent-treated devices also show a decrease in EL lifetime, albeit not to the same extent as baking

alone.
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These results corroborate the earlier observation that solvent and baking treatments likely influence
film morphology despite the baking temperature being lower than Tg for several of the materials. This
in turn affects EL lifetime, however, the extent of these effects varies considerably depending on the

HTL material and HIL.
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Figure 5.5: EL lifetime characteristics (initial luminance - solid, change in voltage - dashed) of OLEDs
with various treated and untreated HTLs on PEDOT:PSS and MoOs HILs.

5.5 Effect of Treatments on Hole Injection and Transport Properties

Given the variability in EL lifetime changes observed with solvent and baking treatments across the
HTL/HIL combinations and the fact that these treatments are performed within the HTL, it is worth
investigating the possible relationship between the treatments and hole transport properties. For this
purpose, treated and untreated “hole-only” devices with the three HTLs on both HILs are compared.
The device structure of these devices is as follows: [ITO/HIL/HTL (100 nm)/MoO3 (5 nm)/Al (80 nm),
where the HIL is MoOs; or PEDOT:PSS and the HTL is CBP, TCTA or NPB, as for the OLEDs. The
MoO; layer adjacent to the Al contact acts as an electron blocking layer. Therefore, under forward bias,
defined as holding the ITO contact at a more positive potential relative to Al contact, holes are injected
from the ITO contact, transported across the stack then collected at the Al contact. On the other hand,
the injection of electrons from the top contact is blocked by MoO3, making holes the predominant
charge carrier in these devices. In this way, we may interpret the following results as being primarily

connected with hole injection and transport.
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To test the effect of the treatments, baking or solvent treatment is done following deposition of the first
66 nm of the HTL to mirror the treatment location in the OLEDs (i.e.: 2/3 of the way to the EML).
Figure 5.6 gives the hole current density versus voltage characteristics for the hole-only devices with
all HTL/HIL combinations. For CBP on MoOQs, both treatments lead to a substantial increase in hole
current, while on PEDOT:PSS, baking alone leads to smaller increase than solvent treatment. For TCTA
on MoOs3, only solvent treatment leads to an increase in hole current, while both solvent and baking
treatments lead increased hole current on PEDOT:PSS. For NPB however, there are negligible
differences in hole current density, and hence hole injection and transport properties, with the
treatments. An increase in hole current density suggests that more holes (positive polarons) are being
injected into the device and transported across the stack, possibly creating an unbalanced positive space
charge and degrading the HTL material as a result. While this alone cannot explain all of the EL lifetime
results (i.e.: why baking only leads to a similar lifetime on CBP to the vacuum case for MoO3; but not
on PEDOT:PSS), it does support the previous observation that the carbazole materials are more

susceptible to poor performance from the treatments compared to NPB, particularly when MoOs is used

as an HIL.
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Figure 5.6: Hole current density versus voltage characteristics of hole-only devices with various treated
and untreated HTLs on PEDOT:PSS and MoO; HILs.
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5.6 Effect on Film Morphology

To investigate the possible effects of solvent and baking treatments on film morphology, the
photoluminescence (PL) spectra, UV-visible absorbance spectra and transient PL response (TRPL)
(also known as exciton lifetime) of 30 nm treated (solvent + bake and bake only) and untreated

(vacuum) HTL films deposited on both PEDOT:PSS and MoO3 HILs are examined.

5.6.1 PL Characteristics

Figure 5.7 gives the PL spectra of all HTL/HIL/treatment combinations. For CBP, significantly less
PL is observed with both treatments on MoOj3 compared to PEDOT:PSS. On MoOs, there is an 83%
decrease in PL emission for the solvent treated case (relative to the vacuum control) and ~42% decrease
with baking alone. On PEDOT:PSS, baking alone appears to increase PL emission by about ~30%,
while solvent treatment results in only a small decrease. For TCTA on the other hand, the PL decrease
is similar for the two treatments on a given HIL, ~94% on MoO3 and ~89% on PEDOT:PSS. In contrast,
NPB shows negligible decrease in PL emission on MoO; and a ~30% decrease with baking alone on
PEDOT:PSS, while solvent treatment leads only to a decrease of ~20%. These results suggest that there
are changes in film morphology (i.e.: formation of aggregates) with the treatments resulting in fewer
excitons being able to recombine radiatively and produce PL emission. The consequences of this result
with respect to device EQE and EL lifetime, however, vary considerably for each HTL/HIL
combination; suggesting that reductions in PL emission alone cannot explain the observed differences

in device behaviour.
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Figure 5.7: PL spectra of various treated and untreated films on MoO3 and PEDOT:PSS HILs.
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5.6.2 UV-Visible Absorption

The UV-visible absorption spectra of all HTL/HIL/treatment combinations are given in Figure 5.8.

There are negligible differences in the absorbance with the treatments in all cases except for the

CBP/MoOs case, which has a substantial increase in absorbance at longer wavelengths with solvent

treatment compared to the vacuum and bake-only cases. An increase in absorbance at longer

wavelengths is typically associated with increased aggregation in the film [12] and thus supports the

earlier observation that CBP is more prone to aggregation with solvent treatment on MoQO3 compared

to PEDOT:PSS. Since there are no changes to the absorbance of any of the other films, further

investigation of film morphology is required (Section 5.6.3).
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Figure 5.8: UV-vis absorbance of various treated and untreated films on MoO; and PEDOT:PSS HILs.
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5.6.3 Transient PL Response/Exciton Lifetime (TRPL)

The TRPL response for all HTL/HIL film combination is given in Figure 5.9. For CBP, there is a
substantial decrease in exciton lifetime for both treated films on MoOs3; compared to the vacuum
controls, suggesting that the morphology of the treated and untreated films are substantially different.
This combined with the greater decrease in PL emission as well as device EQE and EL lifetime
observed with solvent treatment demonstrates that these solvent-induced morphological effects can lead
to a deterioration in performance for OLEDs with CBP HTLs and MoOs; HILs. However, with
PEDOT:PSS, differences between exciton lifetimes for the three cases (solvent + bake, bake only,
vacuum) are negligible, while baking alone appears to show an increase in PL emission. Overall, the
changes are not as significant as with MoQOs. Despite these results, baking alone still results in a decrease
in EL lifetime, though not as severe as that observed for solvent treatment. For TCTA, there is a slight
decrease in exciton lifetime on MoQOs, but negligible changes are observed for PEDOT:PSS. Device
EQE did not change very significantly for any treatments on either HIL, but EL lifetime was
significantly worse with baking only and solvent treatment on MoOs3. This appears to be consistent with
the observed decrease in PL emission and exciton lifetime of the TCTA films on MoOs. On the other
hand, for PEDOT:PSS, the 89% decrease in PL emission does not lead to lower EL lifetimes with

solvent treatment, though it does for baking alone.

These results suggest that for TCTA on PEDOT:PSS, the morphological changes caused by solvent
treatment (but not baking treatments) are less detrimental than for CBP; and corroborate the earlier
observation that carbazole-based materials may be more sensitive to solvent and baking treatments
when MoOs; HILs are employed. Finally, NPB shows no differences in exciton lifetime with the
treatments for both MoO; and PEDOT:PSS HILs. However, for PEDOT:PSS, decreases in PL emission
are observed for both treatments, with bake only having the most considerable effect. This is consistent
with the baking treatment having a more significant effect on the EL lifetime of NPB devices than
solvent treatments (regardless of the HIL), like the TCTA/PEDOT:PSS case, despite the baking
temperature being far below the Tg of NPB. It is possible that increased entropy resulting from solvent
treatment slows down aggregation in the film resulting from the baking treatment, thereby preserving
device EL lifetime. Altogether, these results demonstrate that solvent and baking treatments can have
a considerable impact on film morphology. However, the extent of loss in PL emission and changes in
exciton lifetime and absorbance with the treatments for each film do not always directly correlate with

the extent of loss in device EQE and EL lifetime, suggesting that additional factors may be play a role.
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Figure 5.9: TRPL/exciton lifetime of various treated and untreated films on MoO3; and PEDOT:PSS
HILs.

5.7 Conclusion

In conclusion, results show that the effects of solvent and baking treatments on device efficiency and
EL lifetime vary considerably by HTL/HIL combination. The carbazole-based phosphorescent HTL
materials (CBP and TCTA) appeared to be most sensitive to solvent and baking treatments when an
MoO; HIL was used. Device EQE and EL lifetime of fluorescent NBP/Alqs devices were more
negatively impacted by baking alone compared to solvent treatment for both HILs. An examination of
the morphological characteristics of treated and untreated HTLs for both HILs revealed that the extent
of the morphological changes induced by the treatments is also highly material and HIL dependent.
Further, morphological changes do not necessarily correlate with device EQE and EL lifetime,
suggesting that additional factors likely play a role. Nevertheless, the choice of the HTL and HIL
material both play a critical role in device EQE and EL lifetime. These findings demonstrate the
importance of selecting materials that are less prone to solvent and baking-induced morphological
effects and have implications for the development of novel hole transport materials for solution-

processed OLEDs.
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Chapter 6 - Mixing as an Approach to Mitigate Solvent-Induced
Aggregation in CBP-Based Hole Transport Layers for Organic Light-

Emitting Devices

The material in this chapter was submitted to the IEEE Journal of the Electron Devices Society in
March 2019.

Chapter Summary

This chapter addresses the third sub-objective of the solvent and baking treatments component of this
work (sub-objective 2c) — investigating a possible means to mitigate solvent and baking-induced
morphological effects for HTL/HIL combinations sensitive to these treatments, as identified in the
previous chapter (sub-objective 2a and 2b). To this end, we systematically investigate and compare the
effects of solvent and high-temperature annealing treatments on vacuum-deposited, phosphorescent
OLEDs with CBP-based HTLs and an MoOs HIL, which were shown to be most sensitive to solvent
effects in the previous chapter. The bottom 20 nm of the CBP HTL is exposed to solvent vapours and
high-temperature annealing near the CBP glass transition temperature. The remaining organic layers
are subsequently deposited; all layers are deposited by thermal evaporation. For neat CBP films, solvent
treatment leads to a reduction in device EQE and a severe decrease in EL lifetime relative to untreated
vacuum controls. PL and TRPL data indicate that there is a significant decrease in CBP
photoluminescence quantum yield (PLQY) and exciton lifetime with solvent treatment due to
significant aggregate formation in these films. While baking at the CBP glass transition temperature
alone (i.e.: in the absence of solvent) did appear to induce morphological changes in the CBP films,
device EQE and EL stability remained unaffected, as shown previously. To mitigate the solvent-
induced aggregation observed in the solvent-treated CBP films, 2,2',7,7'-Tetrakis(carbazol-9-yl)-9,9'-
spiro-bifluorene (Spiro-CBP) was intermixed into the bottom 20 nm of the HTL deposited prior to
treatment. A 1:1 ratio of Spiro-CBP to CBP was found to provide the optimal driving voltage. The EQE
of the solvent treated and high-temperature annealed intermixed devices was remarkably similar to the
vacuum control and the decrease in EL lifetime was much less significant compared to the neat CBP
case. The observed solvent-induced aggregation in pure CBP films appears to be suppressed for the
intermixed films, as demonstrated by the less significant decrease in PLQY and negligible change in
exciton lifetime for the treated films compared to the vacuum controls. The results illustrate a simple

means to mitigate solvent-induced effects for solution-processed devices with CBP HTLs.
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6.1 Introduction

In the previous chapter, it was shown that solvent and high-temperature annealing or baking treatments
induce morphological changes that contribute significantly to device degradation and short EL lifetimes
in CBP-based phosphorescent OLEDs with MoO; HILs. Given that CBP is among the most ubiquitous
and well-studied HTL materials in both vacuum and solution-processed devices [14], [15], [47], [98],
[177], [184] and that MoOs is a very widely used HIL material since it has been shown to lead to
improved device efficiency and EL lifetime [19], [135], [169], it is important to examine possible
strategies for mitigating treatment-induced morphological effects. In this chapter, intermixing Spiro-
CBP with CBP in the bottom 20 nm of the HTL deposited prior to the treatment is found to suppress
solvent-induced morphological effects and improve the EQE and EL lifetime of solvent-treated devices
relative to their neat CBP counterparts. The findings illustrate the critical role of solvents in the
morphology of organic films and present a simple solution to suppressing solvent-induced aggregation,

an important mechanism of degradation for OLEDs fabricated by solution-processing methods.

6.2 Experimental Methods

In this work, OLEDs with the structure ITO/MoQO3 (5 nm)/CBP (30 nm)/CBP:Ir(ppy); (5%, 15
nm)/TPBi (40 nm)/LiF (1 nm)/Al (80 nm) were fabricated, where MoO3, CBP, TPBi (2,2,2”-(1,3,5-
benzinetriyl)-tris(1-phenyl-1-H-benzimidazole), Ir(ppy)s (tris(2-phenylpyridine)iridium(IIll)) and LiF
are used as the hole injection, hole transport, electron transport, guest emitter and electron injection
layers respectively. Indium tin oxide (ITO) and Al are used as the anode and cathode contacts
respectively. Spiro-CBP was co-deposited with CBP for devices with intermixed HTLs. CBP, TPBi
and Spiro-CBP were obtained from Shanghai Hang Feng Chemical Co., Ir(ppy)s was obtained from
Luminescence Technology Corp.

Devices were fabricated on ITO patterned glass substrates (15 €/sq, Kintec); these were sonicated in
deionized water/Micro-90 solution for 10 min and were subsequently annealed at 110°C for 10 min
prior to use. All materials were deposited via thermal evaporation (base pressure < 5x10° Torr), using

an Angstrom Engineering EvoVac system at a deposition rate of 0.1-2 A/s.

To test the effect of solvent treatment and high-temperature annealing, substrates previously divided
into two halves were used. For these experiments, the vacuum was broken following deposition of the
bottom 20 nm of CBP. One half was then exposed to toluene (Sigma-Aldrich) vapours in a sealed
container, with the substrate taped to the lid for 3 min. Both halves were then baked at 60°C for 5 min
and subsequently re-loaded in the vacuum chamber to complete deposition of the remaining 10 nm of

CBP and the other layers.
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Current-voltage-luminance measurements were carried out using an Agilent 4155C Semiconductor
Parameter Analyzer connected to a silicon photodiode. An Ocean Optics QE65000 spectrometer was
used to measure the electroluminescence and photoluminescence spectra of the OLEDs, with
photoluminescence induced by illumination with a 200 W Hg—Xe lamp controlled with an Oriel-77200
monochromator. All EL lifetime tests were carried out at a current density of 20 mA/cm? using a custom
lifetime test setup. Transient photoluminescence response was measured with an Edinburgh
Instruments FL920 spectrometer equipped with a 375 nm peak emission EPL375 picosecond pulsed

laser diode.
Devices were kept in N> atmosphere throughout fabrication and characterization.

6.3 Effect of Treatments on Efficiency and Lifetime

We begin by investigating and comparing the effects of solvent exposure (3 minutes of exposure to
toluene vapour and 5 minutes of baking at 60°C, denoted “Solvent + Bake”) and baking only (5 minutes
of baking at 60°C, denoted “Bake Only”) on the bottom 20 nm of the HTL to untreated controls with
pristine 30 nm CBP HTLs on OLED performance characteristics and EL lifetime. Limiting the
treatment to the bottom 20 nm and keeping the top 10 nm untreated facilitates evaluation of the effects
of the treatment on the HTL material independent of interface-induced effects at the HTL/EML
interface. Toluene is chosen as the solvent in this study because of its ability to easily dissolve many
common organic small molecules and its widespread use in the field [14], [15], [81]. 60°C was chosen
as the baking temperature (CBP Tg = 62°C [177]). Drying temperatures used in solution processing of
organic small molecules with low Tg such as CBP are typically selected to be just below the Tg of the
material to effectively dry the films and eliminate residual solvents while not inducing crystallization
from thermal stresses [15]. Therefore, for the solvent + bake case here, we expect the amount of any
residual solvents in the film to be negligible, especially considering their very small thickness (20 nm)
and the fact that the films are left under vacuum for 30 minutes before resuming the deposition of the
subsequent layers. Following deposition of the bottom 20 nm of the CBP HTL, “bake only” and
“solvent treated” samples are transferred to an N, glovebox, where the solvent and baking treatments
take place. Control, i.e.: untreated devices, were also fabricated for comparison, as per the procedure
outlined in Chapter 5. Figure 6.1 gives the current density versus voltage (a), EQE versus current
density (b), EL spectra (c) and EL lifetime characteristics (d) for OLEDs with solvent + bake, bake
only and control HTLs. For the EL lifetime characteristics, devices are driven at a constant current
density of 20 mA/cm?; normalized luminance is plotted as a function of time on the primary y-axis,
while the change in voltage with respect to the time-zero initial driving voltage (AV) is plotted on the

secondary y-axis.
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From Figure 6.1 (a), the current density versus voltage characteristics for all three cases are remarkably
similar, indicating that neither treatment causes substantial changes to carrier injection or transport.
However, there is a significant drop in EQE for the solvent-exposed device compared to the bake-only
and control cases, which have roughly similar EQE, as shown in Figure 6.1 (b). The EL emission
spectrum remains relatively unchanged with treatments (Figure 6.1 (¢)). EL lifetime however is more
substantially affected by solvent treatment than device EQE, as shown in Figure 6.1 (d). The LT50
(time taken to reach half of the initial luminance of the device under constant current driving) for the
solvent treated case is ~7x shorter than that of the bake-only and control cases This data suggests that
the solvent treatment may cause some morphological changes and molecular re-organization in the
CBP film, possibly causing the observed reduction in EL lifetime, whereas baking alone (despite being

at a temperature near Tg) has a comparatively negligible effect.
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Figure 6.1: Current density versus voltage (a), EL spectrum (b), EQE versus current density (c), and
EL lifetime characteristics (d) of vacuum, baked, and solvent-treated OLEDs.
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6.4 Effect on Film Morphology

To investigate the possible effects of solvent treatment on film morphology, the photoluminescence
(PL) spectra and transient PL response (TRPL) of 30 nm treated (solvent + bake and bake only) and
untreated (control) CBP films deposited on ITO coated with 5 nm MoOs are examined. Figure 6.2 gives
the PL spectra (a) and TRPL response (b) of the three CBP films. PL and TRPL measurements were
taken under 365 nm excitation, where CBP has significant absorption. For TRPL measurements, 400
nm emission, corresponding to the CBP emission peak, was collected. From Figure 6.2 (a), there is
~50% immediate decrease in CBP PL intensity (390-430 nm [177]) for the bake only case. For the
solvent-treated case, PL intensity decreases by ~84%. These substantial decreases in PL intensity under
the same excitation power indicate a decrease in the PLQY of the material in case of the treated films,
a notion that may be correlated with the formation of aggregates in the films [11]. This is further
corroborated by the PL images taken under UV excitation presented in the inset of Figure 6.2 (b),
where crystalline formations (aggregates) sufficiently large to be seen by the unassisted eye can be
detected in case of the “Solvent + Bake” films. The TRPL response traces (Figure 6.2 (b)) of the three
films provide further evidence of aggregation, with both treatments resulting in a substantial decrease
in exciton lifetime, pointing to increased quenching in the films, consistent with the decrease in their
PLQY. The faster exciton quenching may be attributed to increased molecular aggregation as a result
of the treatments, in line with the observed crystallization. For the bake-only case, TRPL data also
suggest that film aggregation is present. The absence of detectable crystallinity in the PL images in this
case however suggests that the aggregation is not to the same extent as for the solvent-treated film
indicating that the morphological changes and molecular reorganization were less in this case. This
may explain the relatively smaller impact of the bake-only scenario on device EQE and EL lifetime
observed in Figure 6.1 (¢) and (d). Together, these results suggest that solvent treatment and baking

near Tg can lead to substantial aggregation in the film, consistent with previous reports [98].
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Figure 6.2: PL spectra (a) and TRPL response (b) of vacuum, baked and solvent treated-treated CBP
films. (b) Inset: Photos of baked and solvent-treated CBP films under 365 nm UV light.

6.4 Material Intermixing as an Approach to Suppress Aggregation and Improve EL
Lifetime

Given that exposure to solvent clearly induces molecular reorganization and aggregation in CBP films,
a phenomenon that is likely playing a role in the lower EQE and EL lifetimes observed in these devices,
suppressing or at least limiting this aggregation may help overcome this obstacle in solution-processed
OLEDs. To this end, intermixing with a second material may effectively reduce this aggregation. In
solution-processed devices, intermixing two host materials and a guest dopant in the emissive layer
(EML) is a well-explored approach to suppress aggregation and achieve high-efficiency single-layer
devices (i.e.: no HTL) for OLEDs with emission across the colour spectrum. Bipolar [99], [185]-[187]
or mixed hosts [117], [188]-[191] utilizing a hole transporting material and an electron transporting
material as co-hosts accompanying various emissive dopant materials have been shown to reduce turn-
on voltages and greatly enhance device EQE for solution processed devices. Lemmer and coworkers
[192] interestingly intermixed the EML host material with electrically isolating polystyrene to achieve
favourable film-forming properties and similar efficiencies to vacuum-processed devices based on the
CBP:Ir(ppy)s host/guest system. It is therefore worth investigating whether material intermixing can

lead to improved EL lifetimes upon exposure to solvents.
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For this purpose, we investigate and compare the effects of the previously described solvent and baking
treatments on OLEDs with neat CBP HTLs and those in which the CBP is intermixed with another
material. Spiro-CBP is selected as the intermixing material because of its similar molecular structure
to CBP; thus, reducing the possibility of new chemical interactions. Additionally, Spiro-CBP has a
HOMO close to that of CBP (HOMO = 5.8 ¢V [193] vs. 6.0 ¢V for CBP [144]); thus it should not

significantly alter hole injection and transport properties or cause significant hole trapping in the HTL.

We begin by examining the luminance and driving voltage characteristics at 20 mA/cm? constant
current driving (Figure 6.3 (a)) of OLEDs with the bottom 20 nm of their HTLs containing a
CBP:Spiro-CBP mixture with 12.5%, 25%, 50%, 75% and 100% CBP, by volume. The device structure
is: ITO/MoOs (5 nm) /CBP:Spiro-CBP (20 nm)/CBP (10 nm)/CBP:Ir(ppy)s (5%, 15 nm)/TPBi (40
nm)/LiF (1 nm)/Al (80 nm) with treatments done following the 20 nm CBP:SpiroCBP layer as done
previously. It should be noted that devices with 100% Spiro-CBP HTLs tended to have very low
efficiency and stability. Although the reasons for this are still unclear; one may conclude that any
observed improvement resulting from intermixing Spiro-CBP with CBP cannot be attributed to simply

replacing CBP with a better performing material.

From Figure 6.3 (a), luminance is quite similar for all % CBP/treatment combinations. Similarly, all
driving voltages were within 0.2 V of each other, consistent with the small difference in HOMO levels
as expected. Interestingly, a close examination of Figure 6.3 (a) reveals that the device with 50% CBP
content shows the lowest driving voltage for both treatments; increasing or decreasing CBP content
increases the driving voltage. The small reduction in driving voltage for the 50% case suggests that
hole injection and/or transport become more efficient with a 50% CBP:Spiro-CBP blend, a reasonable
result given the slightly shallower HOMO of Spiro-CBP. In devices with higher Spiro-CBP content (<
50% CBP), the probability of holes resting on Spiro-CBP molecules increases. These holes become
trapped on Spiro-CBP and must now overcome a 0.2 eV energy barrier to hop onto CBP molecules,
making it more difficult to reach the EML; hence a higher driving voltage is required to release holes
from these traps. For devices with CBP content > 50%, holes predominantly reside on CBP molecules.
Since CBP has a deeper HOMO than Spiro-CBP, higher voltages are required for hole injection to CBP
compared to Spiro-CBP, hence why the 100% CBP scenario has the highest driving voltage regardless
of treatment. For the 50% CBP scenario, there are roughly an equal number of CBP and Spiro-CBP
pathways through the HTL, thus hole trapping by Spiro-CBP is less likely and 50% of hole injection
goes through Spiro-CBP instead of CBP. Together, these two mechanisms result in the lowest driving

voltage, thus 50% CBP was deemed the optimal concentration.
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As shown in Figure 6.3 (b), the current density versus voltage traces of treated and untreated devices
with 50% CBP are remarkably similar; demonstrating that the treatments have a negligible effect on
charge injection and transport. The EQE versus current density traces in Figure 6.3 (c¢) show a similar
trend with no difference in EQE regardless of treatment, in contrast to the EQE trends for 100% CBP
HTLs shown in Figure 6.1 (c), where solvent treatment resulted in a somewhat lower EQE compared
to the bake-only and control cases, likely attributable to aggregate formation induced by the solvent
exposure. Most notably however, although the EL lifetime characteristics in Figure 6.3 (d) show that
though both treatments lead to a decrease in LT50, the LT50 of the solvent treated case is only ~4x
shorter than the control, compared with a 7-fold decrease for 100% CBP HTLs in Figure 6.1 (d). This
can be seen from the luminescence versus time traces for the devices with the solvent treated CBP and
CBP:Spiro-CBP HTLs in the inset of Figure 6.3 (d), with the intermixed device demonstrating a 1.6x
improvement in LT50. However, baking only leads to a ~2.5x decrease in LT50 for the 50% CBP HTL,
whereas for the 100% CBP HTL, no decrease in LT50 was observed Figure 6.1 (d).

Although the origins of this behaviour are unclear, the observations suggest that baking alone may be
responsible for most of the degradation in LT50 for the 50% CBP HTL, with the solvent exposure
contributing relatively less. Nevertheless, the EL lifetime of the solvent treated intermixed case relative
to the control is significantly improved compared to the CBP-only devices, likely due to improved

morphological stability induced by the material intermixing.
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Figure 6.3: Driving voltage and initial luminance at 20 mA/cm? for various % CBP (a); current density
versus voltage (b), EQE versus current density (c¢), and EL lifetime characteristics (d) of OLEDs with
50% and 100% CBP in the bottom 20 nm of the HTL and the three conditions; inset: comparison of
solvent-treated 100% CBP vs. 50% CBP luminance versus time trends.
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6.5 Origin of Improvement with Intermixing Spiro-CBP: Morphological Stability

To verify that the origin of the EL lifetime improvement observed in the solvent treated devices with
intermixed HTLs is indeed due to improved morphological stability, the PL spectra (Figure 6.4 (a))
and TRPL response (Figure 6.4 (b)) of 30 nm treated (solvent + bake and bake only) and untreated
(control) Spiro-CBP:CBP (50/50) films deposited on ITO coated with 5 nm MoOs are examined. As
observed for CBP, there is a substantial decrease in PL emission intensity (~67%) with both treatments
relative to the control. Consistent with the EL lifetime data, it appears that baking alone is responsible
for most of the ensuing degradation, with solvent treatment having negligible effect on PL. This
decrease in PL emission intensity with solvent treatment is not as significant as that observed for neat
CBP (~74% relative to control, see Figure 6.2 (a)). Additionally, as evident from the PL images in
the inset of Figure 6.4 (b), no detectable crystallization is observed in this case. This suggests that the
solvent treatment-induced aggregation is indeed reduced via intermixing. Further, the control, baked
and solvent-treated intermixed films have remarkably similar TRPL response (Figure 6.4 (b)),
indicating that the treatments do not alter exciton lifetime in this case, suggesting that, in contrast to the
case of the neat CBP films, molecular reorganization and aggregation must be less in case of the
mixtures. Together, these results corroborate the observed EQE and EL lifetime trends for CBP only
(Figure 6.1 (d)) and the intermixed films in Figure 6.3 (d) suggesting that the smaller deterioration in
EQE and EL lifetime as a result of the solvent exposure may indeed be due to suppressing solvent-
induced aggregation in the intermixed films. The fact that the solvent exposure has a smaller impact on
the intermixed HTLs suggests that the solvent effects arise primarily from morphological changes and
aggregation during the solvent treatment and not due to the presence of residual solvent in the films
following the exposure step. Had significant amounts of residual solvents been present, they would
affect other device layers that get deposited after the exposure step, thus one would expect to see no
significant difference between the OLEDs with the intermixed HTLs and their counterparts with the
neat HTLs.
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Figure 6.4: PL spectra (a) and TPRL response (b) of solvent treated, baked and vacuum intermixed
films. Inset: Photos of baked and solvent-treated SpiroCBP:CBP films under 365 nm UV light.

6.6 Conclusion

In conclusion, results demonstrate that exposure to solvents induces aggregation in neat CBP films,
which leads to short EL lifetimes and lower device EQE in OLEDs. PL. and TRPL measurements give
direct evidence of the effect of solvent exposure on film morphology and its corresponding reduction
in the PLQY of solvent-treated films. Intermixing with Spiro-CBP in a 50/50 ratio suppresses solvent-
induced aggregation, with the solvent-treated case having remarkably similar EQE and a substantially
reduced decrease in EL lifetime relative to the untreated control. The results emphasize the key role of
solvents and high-temperature annealing treatments frequently used in many solution processing
techniques in the degradation of carbazole-based OLEDs and provide useful insight into how these

adverse effects can be suppressed.
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Chapter 7 — Conclusions and Future Work

7.1 Conclusions

The main objective of this research work was to understand the impact of solution-processable hole
injection layers and solvent use with high-temperature annealing on the EL lifetime of vacuum-
deposited, small-molecule OLEDs. The main findings of this research work can be summarized in terms

of the specific research objectives as follows:

7.1.1 The Root Cause of the Lower EL Lifetime with PEDOT:PSS HILs

PEDOT:PSS HILs are susceptible to electron-induced degradation, a mechanism that can lead to
relatively short EL lifetimes; and appear to be less susceptible to degradation by excitons and by holes.
The use of hole transporting materials and device structures that minimize electron leakage to the HIL

leads to significant improvements in device EL lifetime.
These conclusions are supported by the following findings:

1. The acidity of PEDOT:PSS is not singularly responsible for device degradation since all
devices studied have an ITO/PEDOT:PSS interface and yet have very significant differences
in their EL lifetimes. For example, when a PEDOT:PSS/MoOs hole injection layer is used in
place of PEDOT:PSS alone, a ~20x improvement in the EL lifetime of OLEDs with CBP HTLs

is observed.

2. As per hole-only device analysis, hole accumulation at the HIL/HTL interface does not play a

major role in device degradation, thus holes are not responsible for the observed degradation;

3. Despite their presence near PEDOT:PSS, excitons are also not primarily responsible for this

degradation, as per UV irradiation tests;

4. When electrons are introduced into the hole-only stack via electron-injecting LiF/Al contacts,

significant degradation parallel to that occurring in full OLEDs is observed,;

5. This degradation is found to be mitigated by:
i)  Introducing an electron-blocking layer between PEDOT:PSS and the HTL;
ii))  Employing HTL materials with poor electron mobility, i.e.: effective electron blocking

characteristics.
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7.1.2 The Impact of Solvents and Baking Treatments on the Electroluminescent Lifetime of Organic

Light-Emitting Devices with Various Hole Transport/Hole Injection Layer Combinations

The effects of solvent and baking treatments on device efficiency and EL lifetime vary considerably by

HTL/HIL combination, with CBP/MoO; being most prone to solvent-induced morphological effects.

However, the extent of the morphological changes induced by the treatments is highly HTL and HIL

dependent and morphological changes alone do not always correlate with device EQE and EL lifetime

and suggests that material-specific factors should be likely be considered in future correlations of device

characteristics to the morphology of corresponding organic films for solution-processed devices.

These conclusions are supported by the following findings:

1.

3.

The most significant changes in device efficiency and EL lifetime were observed for CBP and

TCTA with MoOs HILs, suggesting that carbazole-based materials are more sensitive to solvent

and baking treatments when an MoO; HIL is used instead of PEDOT:PSS;

)

ii)

As per hole-only device analysis, CBP and TCTA have a more significant increase
hole current density with solvent treatment on MoO3 compared to PEDOT:PSS.

CBP has a significant decrease in both exciton lifetime and PL emission on MoOQs3, as
well as substantially more light absorption at longer wavelengths—characteristics
often correlated with increased aggregation or crystallinity—whereas only the decrease

in PL emission is observed on PEDOT:PSS.

For the PEDOT:PSS HIL, TCTA appears to be the most resistant to solvent-induced

morphological changes, as reflected in the relatively smaller changes in device EQE and EL

lifetime with the treatments;

)

Baking alone appears to have a more significant effect on EL lifetime for the
PEDOT:PSS/TCTA HIL/HL combination—solvent-treated TCTA on PEDOT:PSS
has an equal EL lifetime to the vacuum control.

Yet both treatments appear to lead to similar decreases in PL emission for both HILs
and minimal changes in exciton lifetime and UV-absorption are observed, suggesting

morphological changes alone may not account for changes in device behaviour.

Fluorescent NPB/Alqs device EQE and EL lifetime appeared to be most sensitive to baking

alone for both HILs and less sensitive to solvents compared to the carbazole HTLs;

i)

Changes in film morphology appear more significant for baking alone compared to

solvents for both HILs, as observed via PL and TRPL analysis.
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7.1.3 Intermixing to Mitigate Solvent-Induced Aggregation for the CBP/MoQOs Combination

Solvent exposure of vacuum-deposited CBP HTLs can induce aggregation leading to short EL lifetimes
and lower device EQE. PL and TRPL measurements give direct evidence of the effect of solvent
treatment on film morphology and its corresponding reduction in the PLQY of solvent-treated CBP
films. Intermixing with Spiro-CBP is shown to suppress solvent-induced aggregation and improve

device EQE and EL lifetime.
These conclusions are supported by the following findings:

1. Inneat CBP films, solvent treatment leads to a reduction in device EQE and a severe decrease
in EL lifetime relative to untreated vacuum controls.

i)  PL and TRPL data indicate that there is a significant decrease in CBP PLQY and
exciton lifetime with solvent treatment due to significant aggregate formation in these
films.

2. Intermixing CBP and Spiro-CBP in a 1:1 ratio was found to improve device EQE and EL
lifetime while minimizing solvent-induced aggregation.

1)  Among the mixing ratios tested, 1:1 was found to provide the optimal driving voltage;

i) A much less significant decrease in PLQY and negligible change in exciton lifetime

with solvent treatment was observed for the intermixed films.
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7.2 Future Work

This section outlines recommendations for future studies based on the conclusions and major findings

derived from this work.

First, the EL lifetime and of OLEDs with solution-processed hole transport and possibly also emissive
layers with PEDOT:PSS HILs should be compared to the vacuum-deposited devices in this work. It is
recommended that TCTA be selected as the hole transport material and host for these devices because
it has a high LUMO and very low electron mobility; thereby limiting the effects of electron-induced
degradation. Furthermore, TCTA also has a high Tg of 151°C [76], making it less susceptible to
crystallization during the annealing step compared to CBP [15], and thus is likely more suitable for

solution processed devices.

Second, it is worth investigating alternative solution-processable HILs (e.g.: solution-processable
Mo0O:3) and their possible impact on the device characteristics and EL lifetime of OLEDs with solution-
processed versus vacuum deposited hole transport layers. This is because MoO3s HILs have repeatedly
been shown to improve EL lifetimes in phosphorescent vacuum-deposited devices. For the vacuum-
deposited OLEDs, the solution-processable MoOs should also be compared with vacuum-deposited
Mo0O:s. Such a study would facilitate an understanding of how closely the solution-processed MoQOs can

replicate the desirable effects achieved with vacuum-deposited MoOs HILs,

Third, the device characteristics and EL lifetime of solution-processed OLEDs with intermixed hole
transport layers should be compared with those in this work. Spiro-CBP has a higher Tg (240°C [194])
than CBP and is equally soluble in many organic solvents. It would be interesting to see if intermixing
with Spiro-CBP in OLEDs with solution-processed CBP hole transport layers and MoOj; hole injection
layers can help suppress solvent-induced aggregation as it does in this work for vacuum-deposited

devices and MoO; hole injection layers and improve EL lifetime.

Finally, fully solution-processed devices (i.e.: all layers are solution-processed) should be investigated
and fabricated by the blade-coating technique, since it does not demand the use of orthogonal solvents.
This will ultimately provide a meaningful and practical comparison between vacuum deposited and
solution-processed OLED:s. It is anticipated that implementing these recommendations will facilitate a
more complete understanding of the limitations affecting the device performance and

electroluminescent lifetime of solution-processed OLEDs.
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