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Abstract

This work revolves around organic light-emitting devices (OLEDs) and its applica-
tion in information displays. The bulk of the work is devoted to the investigation
of light emission and external coupling in OLEDs after the appropriate excitons
have been formed. The internally-emitted light can be classified into three modes:
externally-emitted, substrate-waveguided, and ITO/organic-waveguided. A com-
bined classical and quantum mechanical microcavity (CCQMM) model was used to
calculate the lifetime of the excitons and the distribution of light emission into var-
ious modes as a function of the OLED architecture. Bilayer OLEDs with varying
emitting layer thicknesse, indium-tin-oxide anode thickness, and index of refraction
of the substrate were fabricated on both planar and shaped substrates. Shaped
substrates were found to increase the external coupling efficiency by converting
some substrate-waveguided modes into external modes. The largest increase were
in OLEDs on shaped hight index-of-refraction substrates where an increase by a
factor of 2.3 in the integrated external emission was measured. The CCQMM
model accurately predicts the far-field intensity profile, the edge emission and the
increase in external emission due to shaped substrates. Device optimization based
on these results is discussed.

The second part of this thesis presents the work on an amorphous silicon
thin film transistor (TFT) based active-matrix OLED display pixel. The two-TFT

pixels were operated at VGA video rates and pixel luminance adjustment by the
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data voltage was demonstrated.

The work on patterning OLEDs by lithographically patterning and dry etch-
ing the cathodes is present in the last part of this thesis. OLEDs with aluminum
cathodes were shown to be compatible with the lithographic process. OLED degra-
dation due to exposure to chlorine or oxygen plasma was quantified by measuring

the growth of edge dark rings.
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Chapter 1

Introduction

1.1 Motivation

We are living in an information age. As they say, “a picture is worth a thou-
sand words” — the most efficient way for human beings to receive information is
through the visual means. The holy grail of the display industry is a full-color,
high information-content, and low-cost display that is bright, high-contrast, light-
weight, and unbreakable. A new technology based on organic light-emitting devices
(OLEDs) seems the most promising for meeting these requirements.

The current wave of intense research interest in OLEDs started with the
work of Tang et al. at Kodak on small molecule OLEDs, and that of Borroughes
et al. on polymer OLEDs [1, 2]. A simple schematic representation of a typical
OLED is shown in Figure 1.1. It is a two-terminal device that emits light under

an applied voltage. The anode is usually made of indium-tin-oxide (ITO), a metal



oxide that has high transparency (~ 90% for a 100 nm film), low resistivity (p ~
5 x 107 Q-cm) and high work function (¢ ~ 4.8 eV). The cathode is usually
made of a low work function metal, such as a magnesium/silver (Mg:Ag) alloy.
The organic material sandwiched in between can be comprised of one or several
layers of small-molecule compounds or polymers. The total thickness of the device
(anode/organic material/cathode) is around 300-400 nm, and it can be deposited
on most substrates, including flexible plastic or stainless steel substrates [3, 4],

making it an attractive technology for flat panel displays.

Metal

| Organic
ITO -
Glass >

>

Figure 1.1: Schematic representation of a typical OLED with an ITO anode
and a metal cathode. The organic region is comprised of one or several
layers of small-molecule compounds or polymers. Light is emitted from the
bottom under an applied voltage.

Today, the color gamut of OLEDs rivals that of CRT’s; power efficiencies
up to 18 Im/W and half life of 7,500 h at an initial luminance of 1462 cd/m? have
been reported [5]-[8]. With rapidly improving device performance and decreas-
ing cost, new applications, such as general lighting, are being explored. Current
products that feature OLED displays include a car audio system from Pioneer and
the Timeport™ P8767 cellular phones from Motorola. They are both passive-

matrix, multi-color displays (different regions of the display have different colors



by large-feature shadow-masked deposition; no color sub-pixels). Many technolog-
ical problems, in particular, device life time, patterning, and active-matrix pixel
design, have to be solved before a reliable full-color, large area, and high-resolution
OLED display can be brought to market.

This work addresses several OLED-display-related issues. The majority of
the thesis is devoted to the investigation of the external coupling of light from
the OLED through both theoretical modeling and experiments. One of the key
figures of merit of OLEDs is its external quantum efficiency (photons out/electrons
in); however, in a typical device, a large amount of the internally generated light is
trapped due to refractive index mismatching and never escapes to the viewer. A rig-
orous combined classical and quantum mechanical microcavity (CCQMM) model
is used to compute the exact amount of light that escapes to the viewer and that
trapped inside. An experimental approach utilizing back-side substrate patterning
harvests light trapped in the substrate and converts it into useful, externally-
emitted light. The enhancement in the external coupling efficiency is calculated
by the model and correlated with empirical data for various device architectures.
An increase by a factor of 2.3 in the total integrated external emission was observed
in an OLED on shaped high-index-of-refraction substrates.

A secondary portion of this thesis deals with the design and fabrication of
an amorphous silicon (@-Si) thin film transistor (TFT) based active-matrix OLED

(AMOLED) display pixel. A two-transistor pixel driving a single-layer polymer



OLED capable of video brightness was fabricated and driven with a typical video
rate signal for a VGA (480 rows) display. Lastly, the work on patterning OLED

cathodes with conventional photolithography and dry etching is presented.

1.2 Thesis Outline

This thesis is organized as follows: after an introduction in Chapter 1, and a brief
overview of the physics and chemistry of OLEDs in Chapter 2, the development of
bilayer OLEDs, lithium fluoride/aluminum (LiF/Al) cathodes, and rf magnetron
sputtered ITO is presented in Chapter 3. In Chapter 4, the CCQMM model is
derived in detail. In addition, some preliminary numerical results are presented.
Chapter 5 contains the data and discussion on the external and edge emission
of devices on both planar and shaped substrates. Based on the modeling and
experimental results, device optimization schemes are discussed. The work on the
a-Si TFT based AMOLED pixel is discussed in Chapter 6. Chapter 7 deals with
lithographically patterned cathodes for OLEDs and their process tolerances. The
conclusions and suggestions for future work are located in Chapter 8. Sample

Mathematica code of the CCQMM model is in the Appendix.
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Chapter 2

The Physics and Chemistry of
Organic Light-Emitting Devices

2.1 Introduction

Organic light-emitting devices (OLEDs) are based on the electroluminescence (EL)
of organic materials. EL refers to the emission of light from a material under an
electric bias. A closely related phenomenon is photoluminescence (PL) where the
light emission is from photo-excited materials. EL and PL of organic materials
originate from the radiative decay of excited molecules, also called excitons. This
chapter provides a brief review of the formation and decay of excitons in organic

compounds.



2.2 Electronic structure of organic compounds

In organic solids, the intermolecular bonds are due to the weak van der Waals
forces, so the overlap of molecular orbitals is small — the molecular energy levels
are less perturbed than in inorganic solids and many features of single molecules
are preserved in solids. Most organic compounds relevant to OLEDs contain many
conjugated hydrocarbon structures where there is a regular alternation of single
and double chemical bonds [1]. A classic example is the benzene molecule where
alternating single and double bonds connect six carbon atoms in a cyclical fashion
(Figure 2.1a). The bonding is in sp? hybridization where each carbon forms local-
ized o bonds with two neighboring carbon atoms and one hydrogen atom. These
o bonds have 120° bond angles and lie in the molecular plane. The overlap of
the perpendicular, lone 2p, orbital give rise to the extended 7 electron orbitals
above and below the molecular plane [2] (Figure 2.1b). The delocalization of the 7
electrons also serve to stabilize the benzene molecule. In general, the atomic inter-
actions in organic molecules result in bonding (7) and anti-bonding (7*) electronic
orbitals. Among these molecular orbitals, two are the most significant: the highest
occupied molecular orbital (HOMO) which is similar to the valence band of the
inorganic semiconductor, and the lowest unoccupied molecular orbital (LUMO)
which is similar to the conduction band. The difference between the HOMO and
the LUMO is the energy bandgap, E,.

In principle, all the macroscopic properties of a system can be deduced if



_ T+

E — antibonding

________ <— energy level of carbon
2s, 2p atomic orbitals

T
bonding

(@) (b)

Figure 2.1: (a) The benzene molecule, (b) the bonding () and anti-bonding
(%) orbitals of benzene.

the wave function ¥ of the system is known. The wave function can be obtained

by solving the Schrodinger equation,
HVY = EV (2.1)

where H denotes the Hamiltonian operator which consists of not only the elec-
tronic energy operator, but also the operators that represent the nuclear kinetic
and nuclear-electronic interaction energies. Most formulations of molecular elec-
tronic states deal with vibrational and electronic (vibronic) motion. Due to the
disparity between the nuclear and electronic masses, the electrons can be consid-
ered to react instantaneously to changes in nuclear configuration. In fact, electronic
transitions take place in only < 107'° s, as compared with about 10~ s for nuclear
motions [2]. This is the basis for the Born-Oppenheimer approximation where the
electronic wave functions are calculated from the instantaneous nuclear positions.

Each electronic state is associated with a nuclear potential energy surface and form



a vibronic manifold as shown in Figure 2.2. Electronic transitions are completed
before the nuclei can alter their spatial relationship. Such a transition is called a

vertical, or Franck-Condon, transition (Figure 2.2).

\ e
Upper \ /
electronic =1
manifold (u) % /

B

]

<
Energy

\ :
\ / c? m = |
\ ' 40
Lower \_/

energy state (1)

A\

Configuration
e

coordinate Q

Figure 2.2: Two electronic states, u = upper state, | = lower state, and a
few of their associated vibrational states. Transition a denotes a vertical
Franck-Condon transition, whereas transition b represents a zero-phonon
transition. The transition denoted by the wavy line is a radiationless tran-
sition between vibrational states of the upper electronic state. The letter ¢
labels the emission or fluorescence transition and A() represents the config-
urational coordinate displacement of the upper state relative to the ground
electronic state. (From Ref. [2])

2.3 Spectral properties

In the molecular ground state, the HOMO is entirely filled and the LUMO is
entirely empty. In molecules with a single excited electron, the excited states can
be categorized into singlet states where the excited electron and the hole have

antiparallel spin, or triplet states where their spins are parallel. The singlet states



excited states are labelled S', S?, etc., and the triplet excited states T, T2, etc.
The ground state is singlet and usually labelled S°. In general, the triplet states
have lower energies than the corresponding singlet states. Dipole selection rules
allow the transition S — SY + hv (fluorescence) whose characteristic lifetime
is on the order of 107 s. On the other hand, the transition 7" — S° + hv
(phosphorescence) is forbidden. In many organic compounds, phosphorescence is
usually an extremely slow process: phosphorescence lifetime can be on the order
of milliseconds, the exception being those compounds incorporating atoms such
as platinum (Pt) or iridium (Ir), where the strong spin interaction of the “heavy
atom” mixes the singlet and triplet states, thus allowing fast phosphorescence
responses [3]. Phosphorescent dye dopants incorporating Pt or Ir have been used
to fabricate extremely efficient OLEDs [5]-[11].

Since the nuclear motion happen on the order of 107!3 s, much faster than
the fluorescence and phosphorescence lifetimes, excited molecules have sufficient
time to decay to the lowest state in the vibronic manifold before radiative re-
combination. As a result, there is a well-known shift between the absorption and
emission spectra which is named after Frank and Condon (Franck-Condon shift)
(Figure 2.3).

There are other transition pathways in competition with fluorescence and

10
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S,

Extinction Fluorescence
coefficient intensity

/ y

S, — S, absorption S, — S, emission

Figure 2.3: Simplified potential energy curves with vibrational probabil-
ity functions showing how a mirror-image relations can arise between the
electronic absorption and emission bands. (From Ref. [13, p. 108))

phosphorescence (Figure 2.4), namely,

S1 — Sop + heat  Internal Conversion

Sy — T1 + heat  Intersystem Crossing (2.2)

Ty, — Sy + heat  Intersystem Crossing

where “heat” refers to the excitation of the phonon modes. In general, internal

conversion is a non-radiative transition between two states of like spin multiplic-

ity; intersystem crossing describes the non-radiative transition involving states of
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different spin multiplicity [12].
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Figure 2.4: Radiative and non-radiative decay processes in a typical poly-
atomic molecule that obeys Kasha’s rule: the radiative transition in a given
spin manifold always occurs from the lowest excited state. Not all molecules
obey Kasha’s rule. The dispositions of the electron spins are shown in the
boxes alongside the singlet (S) and triplet (T) state designations. The vari-
ables k., k,,and k;; are, respectively, the nonradiateve decay rate to the
ground state, the radiative decay rate to the ground state, and the inter-
system crossing rate to the triplet manifold. (From Ref. [14, p. 2])

2.4 Small-molecule bilayer OLEDs

By far the most studied small molecule OLED system is based on the electron
transport layer (ETL)/hole transport layer (HTL) heterostructure (Figure 2.5).

Tris(8-hydroxyquinoline) aluminum (Alqs) is the most common ETL, which often
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serves as the emitting layer (EML) as well [15, 16]. ITO and Mg:Ag (10:1) are
commonly used as the anode and cathode, respectively. Electrons and holes are
injected from the respective electrode and a portion of them recombine to form
excitons. At high injection levels, carrier transport is dominated by trapped-

charge-limited current [17].

Cathode

—
I

Alg,
HTL
ITO

Glass

Figure 2.5: Schematic diagram of a small molecule bilayer OLED based on
Alqs and an HTL.

The optical properties of low-mobility organic solids are dominated by
small-radius Frenkel excitons, which are essentially excited single molecules as
discussed in the previous section [18]. Figure 2.6 shows schematically the emis-
sion mechanism in bilayer OLEDs based on tris(8-hydroxyquinoline) aluminum
(Algs)/N,N’-diphenyl-N,N’-(3-methylphenyl)-1,1’-biphenyl-4,4’diamine (TPD). Elec-
trons trapped in Alqs near the Alq;/TPD interface combine with a minority hole to
form Frenkel excitons through Coulombic relaxation in the Algs band gap, which
subsequently recombine to generate electroluminescence [17].

The spins of the electron and the hole are uncorrelated, which, according
to simple spin statistics, implies that of the excitons formed, 25% are singlets

and 75% are triplets. In photoluminescence, however, the excited states are all
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HOMO
States

MgAg Alg, TPD

Figure 2.6: Schematic diagram showing the relaxation for trapped (po-
laronic self-trapping) electrons in Alqs with a minority hole, to form a
distribution of Frenkel excitons in the Alq; band gap, which subsequently
recombine to generate electroluminescence. (From Ref. [17])

singlets, viz. S® + hv — S™. Thus it is believed that the upper limit of the
EL quantum efficiency (photo emitted/electron) is 25% that of the PL quantum
efficiency (photon emitted/photon absorbed) [19]. The fraction of singlet excitons
in an Algs-based OLED has been experimentally measured to be 22 + 2% [8].

On the other hand, in polymer OLEDs based on derivatives of poly(phenylene
vinylene) (PPV), it has been suggested recently that the triplet/singlet ratio is less
than 3:1 — singlets are created preferentially despite having higher energy. One
theoretical justification is that the polar nature of the singlet wavefunction more
closely resembles the wavefunction of the unbound electron and hole, thus the
singlet formation cross-section is greater than that of the triplet [20]-[22]. This

intriguing and fundamental question remains an area of ongoing investigation.
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2.4.1 Color tuning and energy transfer mechanisms

In conjugated-polymer-based OLEDs, changing the emission color is accomplished
through structural modification of the polymer [23, 24], but in small molecule
OLED:s, it is achieved through an entirely different mechanism. Tang and cowork-
ers demonstrated color tuning in OLEDs by using a dye-sensitized host material
as the EML [16]. The excitons created on the host molecule are transferred to
the dye guest, where they recombine and emit light. The color of the emission is
determined by the energy levels of the dye molecule rather than those of the host.
Two of the most important energy transfer mechanisms are Forster transfer and
Dexter transfer. An independent process of carrier trapping will be reviewed in
the next section.

Forster energy transfer involves a dipole-dipole coupling of the transition
dipole moments of the excited donor (host exciton) and the dye (acceptor) in its
ground state (Figure 2.7).  The advantage of this sort of energy transfer process is
that the dipole-dipole interaction can be quite strong over large distances, allowing
efficient energy transfer over distances of up to 10 nm in very favorable cases. An

analytical expression of the rate of Forster energy transfer, KL is given by

[25]
" 9k? 00 dv

Foster —20 ~ ~
KE'T = 0.382 x 10 m/{) FD(V)GA(V)E (23)

9k? o0 dv

6 —20 ~ ~
RO = 0.382 x 10 m/{) FD(Z/)ﬁA(V)ﬁ (24)
Dp, = / Fp(#)dp (2.5)
0
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Figure 2.7: Schematic representation of Forster energy transfer and overlap
integral from eq. 2.4 shown as the shaded region of the curves. (From Ref.

[26])
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where 0.382 x 1072 = 1000/N41n 10 is the conversion factor between the molar
extinction coefficient [liter mol/cm| and the absorption cross-section [cm?]; Ny is
the Avagardro’s number. k? is an orientation factor, which has a value of 2/3
for random donor-acceptor orientations as found in doped OLEDs. n is the re-
fractive index of the medium. r is the donor-acceptor separation, and 7p is the
fluorescence lifetime of the donor. Fj(7) is the fluorescent spectrum of the donor,
defined as in eq. 2.5, where ®py, is the fluorescence quantum yield; e4(7) is the
molar extinction coefficient spectrum of the acceptor; and 7 is the energy in wave
numbers (E = hev,v = 1/X). A high rate of energy transfer from the host to
the dye molecule relative to the radiative relaxation rate of the host will lead to
emission predominantly from the dye dopant. A more common approach to evalu-
ating Forster energy transfer is to calculate the Forster radius Ry given in eq. 2.5.
The Forster radius is defined as the distance between the donor and acceptor at
which the probability of intermolecular energy transfer equals that of relaxation
of the donor by fluorescence or unimolecular processes. A large Forster radius
is indicative of a very efficient energy transfer process, which will compete with
unimolecular relaxation very effectively at distances shorter than Ry. Assuming
the dyes are uniformly dispersed in the host, e.g. in Alqs, a dye doping level of 1%
would correspond to a sphere of 100 Algs surrounding each dye molecule, with a
radius of roughly 3 Algs molecules (4773 = 100). The diameter of Alqs is roughly

0.9 nm, leading to an estimate of 2.7 nm for the maximum distance that an Alqs
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Figure 2.8: Dexter electron-exchange energy transfer process. (From Ref.
[26])

exciton can be from a dopant molecule. As a comparison, the Forster radius for
DCM in Alqs has been calculated to be 3.3 nm, implying efficient Forster energy
transfer in this system [2, 26, 27].

An alternative process for energy transfer may also be active in dye-doped
materials, which achieves energy transfer via an electron exchange mechanism.
This process is often referred to as Dexter energy transfer and is shown schemati-
cally in Figure 2.8 [28].

Either simultaneous or consecutive electron transfers lead to the donor in
its ground state and the acceptor in its electronic excited state. This transfer
mechanism can be visualized as occurring by formation of a transient exciplex (a
complex formed by an excited molecule and a ground-state molecule of different
species [26, 27]), which relaxes to a ground state on the donor and an excited state
on the acceptor. The rate of the Dexter energy transfer (K 24**") is proportional to

the degree of overlap between the donor emission spectrum (Ep) and the acceptor
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absorption spectrum (A4) (eq. 2.6). Contrary to the case found in Forster energy
transfer, however, the emission and absorption spectra are normalized (such that
the area under each spectra is 1), removing any dependence of the rate on the
absolute magnitude of the donor PL efficiency or the acceptor extinction coefficient.
The integral of eq. 2.6 is normalized such that complete overlap of the emission
and absorption spectra corresponds to a value of 1. The parameter Z cannot be
obtained directly from optical experiments, but is related to the electronic matrix
element for electron-exchange energy transfer. The magnitude of Z is dependent
on the the donor-acceptor distance, as shown in eq. 2.6, where r is the donor-
acceptor distance and L is the sum of the van der Waals radii of the donor and
acceptor molecules [2, 26, 28].
27

KB = Z22% [ Ep(0)Aa(0)d(2), 2% o e Tt (2.6)

Dexter energy transfer is fastest for very short donor-acceptor separations
and decreases rapidly as the separation increases. The rate of energy transfer by a
Dexter type mechanisms is expected to drop to negligible levels beyond a 1.5-2.0
nm donor-acceptor distance in Alqs. Forster energy transfer requires that both the
donor and the acceptor states to have the same spin multiplicity. Dexter energy
transfer, however, does not have such a requirement, and transfer from donor
singlet states to acceptor triplets states are possible, as demonstrated in OLEDs

based on Alqs:PtOEP. Because of the short donor-acceptor distance requirement,
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high doping levels (5-10%) are used in these systems [5, 6].

2.5 Single-layer doped-polymer OLEDs

Efficient dye-doped single-layer polymer OLEDs based on (poly(N-vinylcarbazole)
(PVK) and 2-(4-biphenyl)-5-(4-tert-butylphenyl)-1,3,4-oxadiazole (PBD)/Coumarin

6 (C6) have been demonstrated (Figure 2.9) [4], [29]-[31].  The hole transport

o) -
Eaar

(@) (b)

Figure 2.9: Chemical structures of (a) PVK, (b) PBD, and (c) C6.

function is provided by PVK, a non-conjugated polymer whose carbazole groups
are electrically active [32]. It has been studied extensively as a photoconductor
since the 1950’s [2, 32]. The electron transport function is provided by the small
molecule PBD. The emission color is tuned by choice of the dye dopant, in this
case, C6. All three components are dissolved in the same solution and cast as a

single film (Figure 2.10).  The band diagram of the single layer PVK/PBD/C6
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Figure 2.10: Schematic diagram of a mixed single layer polymer OLED that
contains PVK, PBD and dye dopants. (From Ref. [4])

OLED is shown in Figure 2.11. The electrons and holes are injected from the
Mg:Ag cathode and the ITO anode, respectively. They move across the device via

hopping motion under the applied electric field [20].

vacuum level

work function

PBD LUMO
& K%T

e v

‘ \_F’jVK HOMO
ITO M etal
Anode Cathode

Figure 2.11: Energy level diagram of the single layer PVK/PBD/C6 device.
(From Ref. [4])

The PBD content is optimized through the I-V characteristics of the OLED
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(Figure 2.12), while the dye concentration is optimized through the EL efficiency of
the OLED (Figure 2.13). The optimal concentration was found to be PVK:PBD:C6
= 100:40:0.3 by weight, from which OLEDs of external quantum efficiency in excess

of 1% have been fabricated [4, 29].

o 10° 3
2 ' 1
é 102; ‘
2 ; ]
2 10°F 1
[ i ]
O 10*| 1
T PVK:PBDBUPPYV
5 100 : X : 0.8
O o8] Thickness 105 nm :
10—7- N 1 N ] N 1 N
0 5 10 15 20
Voltage (V)

Figure 2.12: Forward I-V characteristics of ITO/PVK:PBD:Bu-PPyV (105
nm)/Mg:Ag (120 nm)/Ag (80 nm) devices of different PBD contents, where
the weight ratio of PVK:PBD:Bu-PPyV is 100:X:0.8. (From Ref. [4])
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Figure 2.13: EL and PL intensity of PVK/C6 as a function of C6 content,
measured in milligrams of C6 per 100 mg of PVK. Solid line: EL, dashed
line: PL. (From F. Pschenitzka)
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The discrepancy in dye concentration dependency in EL and PL (Figure
2.13) intensities suggests that the dye exciton creation and/or energy transfer
mechanisms are different in the two instances. In PL, the excitons on C6 are most
likely created by Forster energy from PVK. However, in EL, the proposed exciton
creation mechanism is by carrier trapping on the dye dopant [4, 29]. In carrier
trapping, the dye acts as a trap for either holes or electrons. When a current is
passing through the device, one of the carriers is trapped at the dye and eventually
recombines with the opposite carrier, forming an exciton on the dye molecule. This
carrier trapping process can occur in parallel with energy transfer in a given device.
The only requirement for efficient carrier trapping is that the dye dopant must have
a HOMO energy higher than that of the host material or a LUMO energy lower
than that of the host material [26].

Recently, O’Brien et al. observed a similar discrepancy in dye concentration
dependence in EL and PL from PtOEP in polyfluorene based OLEDs. They arrived
at the same conclusion that the Forster type of energy transfer mechanism is mainly
responsible for the PL, whereas a carrier trapping mechanism is mainly responsible

for the EL [33]
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Chapter 3

OLED Technology Development

3.1 Introduction

The majority of the device development work described in this chapter is moti-
vated both by the need to verify the results of the combined classical and quantum
mechanical microcavity (CCQMM) model (see Chapter 4), and by the need in our
research group for an efficient device for display technology demonstrations. In
the CCQMM model, the exact location of the emitting center is crucial; therefore,
a bilayer device was developed where the exciton profile is controlled by the lo-
cation of the hole transport layer/electron transport layer (HTL/ETL) interface.
Secondly, lithium fluoride/aluminum (LiF/Al) cathodes were developed for their
superior electron injection abilities [21]. Lastly, since the index of refraction of
the substrate is an important parameter in the model, a room-temperature I'TO

deposition process was developed so that OLEDs can be fabricated on plastic or
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specialty glass substrates that are not pre-coated with I'TO.

This chapter is organized as follows: after a discussion of the fabrication
equipment and measurement apparatus in Sec. 3.2, the fabrication of the bilayer
OLEDs based on PVK and Alqs will be discussed in detail in Sec. 3.3. Also included
in Sec. 3.3 is the development of LiF /Al cathodes. Finally, the room-temperature
ITO deposition process, the characteristics of the resulting films and the OLEDs

fabricated on them are discussed in Sec. 3.4.

3.2 Fabrication equipment and measurement ap-

paratus

Most of the device fabrication centers on two pieces of equipment: a dry nitrogen-
filled glovebox (Terra Universal) and a four-source evaporator. The glove box
consists of two sides connected by a load lock (Figure 3.1).

One side of the glove box houses a spinner, where spin-casting of polymer
layers take place. The other side houses a probe station where the OLEDs can
be characterized in a dry nitrogen atmosphere. The water vapor content in the
glovebox is approximately 30 ppm as estimated from dew point measurements
(Terra Universal). OLED luminous output is detected by a large-area, broad-band,
Si photodiode (UDT PIN10-DP). The luminance—current density—voltage (L-J—

V) curves are measured and recorded by an HP 4145B semiconductor parameter
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Figure 3.1: Schematic diagram of the nitrogen-filled glovebox.

analyzer.

Both small molecule organic materials and metals (Alqs, LiF, Mg, Ag, and
Al) are evaporated in a 4-source evaporator manufactured by Angstrom Engineer-
ing (Cambridge, ON, Canada). Each source consists of a resistively-heated boat
(tungsten or tantalum, R. D. Mathis Corp.) and its own power supply. The ro-
tatable sample stage, which holds substrates facing down, is situated at the top
of the chamber. The sample-source distance is approximately 30 cm. Each of the
4 sources and the sample stage has its own shutter and quartz crystal thickness
monitor. The evaporator is equipped with a cryogenic pump and base pressures
better than 107 Torr are routinely achieved. The system is controlled by a per-

sonal computer which is capable of running both pre-programmed and manual
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evaporation sequences.

PL and EL spectra are measured by a Photoresearch PR650 colorimeter.
The optics of the colorimeter allows it to measure the luminance of a spot that
subtends a 1.5° field of view. This translates to a spot size of <1 mm at a focal

length around 6 cm.

3.3 Hybrid bilayer OLEDs based on PVK/Alqg;

The early focus in our group has been single layer, doped polymer (PVK/PBD/C6)
OLED:s [1, 2]. Their chemical structures or PVK, PBD and C6 are shown in Figure
2.9. Reasonable external efficiencies in excess of 1%, and color tuning by appropri-
ate choice of dye dopants such as nile red and C47 have been demonstrated [1, 2].
On the other hand, OLEDs with HTL/ETL heterojunctions allow independent
tuning of the injection and transport of both electrons and holes, which generally
results in higher external quantum efficiencies. Another important advantage of
these bilayer devices is that the location of the emission zone is precisely controlled
by the heterojunction, whereas in single layer devices the emission zone is sensi-
tively dependent upon the balance of injection and transport of both carriers [3].
It will be shown in Chapters 4 and 5 that the location of the emission zone is
crucial to the external coupling of light emission in the OLED.

The seminal work on small molecule OLEDs by Tang et al. was based on

a bilayer heterojunction where an aromatic diamine served as the HTL and Alqs
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either alone or doped with a fluorescent dye served as the ETL and the emitting
layer (EML) (Figure 3.2) [4, 5].

Cathode

/
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Alg,
HTL
ITO

Glass

Figure 3.2: Schematic diagram of a mall molecule bilayer OLED based on
Alqs and an HTL.

Alqs is by far the most widely studied small molecule electro-fluorescent

material for use in OLEDs (Figure 3.3). A number of other HTL/Alq;

T
(L)
v 00
| B p
L

Figure 3.3: Chemical structures of Alqs.

combinations have been investigated extensively, of which N,N’-diphenyl-N ,N’-
(3-methylphenyl)-1,1’-biphenyl-4,4’diamine (TPD) and 4,4’=bis|[N-(1-naphyl)-N-
phenyl-amino|biphenyl (a-NPD) are two of the most popular small molecule HTLs
[6, 7]. Polymer HTLs, such as and poly-(phenylene vinylene) (PPV) [8]-[13], have
also been used in conjunction with Alqgs to make what is called “hybrid” OLEDs —
in the sense that these systems employ both small molecule and polymer materials.

Bilayer OLEDs based on PVK/Alqgs were a natural choice due to our exist-
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ing knowledge base in processing PVK, and the oxygen plasma treatment of ITO
surfaces for optimal hole injection into PVK [10]. It is not a common material sys-
tem: there is one report by Liu et al. who used PVK/Alqs OLEDs to study device
aging and cathode forming processes [14]. Their devices had poor performance due

to the use of untreated ITO and pure aluminum cathodes.

3.3.1 Swubstrates and cleaning procedures

The standard glass substrates used for OLED fabrication are purchased from Ap-
plied Films Corp. (Boulder, CO). They are made of soda lime glass and come in
two thicknesses, 0.7 mm and 1.1 mm. The ITO layer thicknesses range from 120
nm to 180 nm and the nominal sheet resistances range from 15 to 30 Q/sqare.
Cleaning the substrates involves a number of steps. After a vigorous scrubbing
with Tergitol (J. T. Baker) and a cotton swab, the substrate is sent through son-
ication in trichloroethylene, acetone and isopropanol for 10 min each at slightly
elevated temperatures (40 - 50°C). The substrate is blown dry with dry nitrogen
in between these steps. Finally, the substrate is placed in a Plasma Technology
reactive ion etcher with 10 in anodized Al electrodes for an oxygen plasma treat-
ment. The standard plasma parameters are: oxygen flow rate = 25 sccm, pressure
= 150 mTorr, rf power = 25 W, and time = 4 min [1, 10].

In some experiments, OLEDs need to be fabricated on unconventional sub-

strates, such as 175 pm polycarbonate (PC) films purchased from Goodfellows
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Corp. (PA) and Schott SFL57 glass substrates purchased from Sydor Optics. ITO
films are deposited onto these substrates before OLED fabrication (see Section
3.4). Before ITO deposition, PC films are scrubbed with Tergitol and rinsed in
DI water, but not exposed to any of the solvents, for even the slightest reaction
may alter the surface morphology. The bare glass slides are cleaned by scrubbing
with Tergitol and solvent rinse/sonication. After ITO deposition, the substrates

are treated with the oxygen plasma before OLED fabrication.

3.3.2 Spin-coating PVK

PVK layers are spun-cast on oxygen plasma treated ITO-coated glass substrates.
The PVK is purchased from Aldrich (Mw = 69,000, secondary standard). Chloroben-
zene (CB) is used as the solvent. Previously, chloroform was used as the solvent in
single layer PVK/PBD/C6 devices [1, 2]. There are a number of factors that precip-
itated this change. First, it has been reported that spin-casting of poly(phenylene
vinylene) (MEH-PPV) from a chloroform solution led to aggregate formation in
the resultant film and red-shifted EL spectra. It was theorized and shown through
numerical simulation that due to the non-aromatic nature of chloroform, aromatic
polymers such as MEH-PPV bundles up in the solution which led to aggregate
formation. Conversely, MEH-PPV in an aromatic solvent such as dicholoroben-
zene (DCB) was shown to have an extended structure which was preserved in

the spun-cast films [15, 16]. Due to the aromatic nature of the carbazole group
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in PVK] it was expected that an aromatic solvent such as CB will also suppress
aggregate formation in the spun-cast PVK films. Chloroform is acidic, and is
know to react with PVK over a period of time [17]. Anecdotal observation in-
dicates that PVK/chloroform solution starts turning slightly yellow from totally
clear after approximately one week, after which OLEDs made from the said solu-
tion have markedly lower external efficiencies. On the other hand, devices made
from PVK/CB solutions that were up to one month old have the same characteris-
tics as those made from fresh PVK/CB solutions. Additionally, CB is less volatile
than chloroform and generally the films spun-cast from CB are more uniform as
indicated by visual inspection.

The thicknesses of various spun-cast PVK films were measured by a Sloan
Dektak IIT stylus profilometer and plotted against spin rate and solution concen-
tration in Figure 3.4. The PVK layer in most of the bilayer OLEDs in this
thesis were spun-cast from a 7.5 mg/ml solution at 2000 RPM, which gives a film

approximately 40-45 nm thick.

3.3.3 Alq; evaporation

Algs from two vendors was used: Aldrich (99.995% pure) and TCI America. It
is used as received. The Alqs from TCI America has higher purity and made
more efficient OLEDs. Unless otherwise stated, the Alqs used is from this vendor.

Another high-quality vendor, H. W. Sands, has also been identified. Alqs is evap-
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Figure 3.4: Thickness of the PVK film wvs. spin rate and solution concen-
tration. The solvent is chlorobenzene.

orated (sublimed) at a base pressure better than 107° Torr, at a rate of 0.1 - 0.3
nm/s. Faster deposition rates, such as 1 nm/s, leads to less efficient devices. The
structural defects created by rapid deposition are thought to increase non-radiative
recombination of excitons.

The electroluminescence (EL) spectrum of these bilayer OLEDs and the
photoluminescence spectrum of a single layer of Alqs evaporated onto a Si wafer
are compared in Figure 3.5. They coincide very well, which indicates that the EL
comes exclusively from the Alqs.

The external quantum efficiency of OLEDs, 1¢%, can be calculated from the
measured photocurrent [1]. The external quantum efficiency is plotted along with

the J-L-V of OLEDs with Alqs layer thickness ranging from 20 to 80 nm (Figure
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Figure 3.5: Normalized PL (solid line) and EL spectra (dashed line) from
pure Alqs and PVK/Alqs bilayer devices. From the excellent match of the
two spectra it can be concluded that the EL is exclusively from Alqs.

3.6). n%! increases monotonically with Algs thickness. At J = 100 mA/cm?,
Next Tanges from 0.22% for a device with a 20 nm layer Alqs to 0.9% for a device
with an 80 nm layer Alqs. The theoretical explanation for this dependence will be
discussed in detail in Chapters 4 and 5. At the same time, the drive voltage at
the same current density increases from 8.8 V to 14.4 V. This increase is due to
the extra voltage drop across the thicker Alqgs layer. The highest power efficiency

is generally obtained at an Alqs thickness around 50 nm [18].
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Figure 3.6: J-V (solid symbols) and external quantum efficiency (open sym-
bols) of bilayer devices of the structure: soda lime glass/180 nm ITO/40 nm
PVK/Alg; (Aldrich)/Mg:Ag/Ag as a function of Algs thickness. Squares:
20-nm-thick-Alqs, circles: 40 nm, up triangles: 60 nm, and down triangles:
80 nm.
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3.3.4 Lithium fluoride/aluminum cathodes

Electron injection layers (EIL) are thin layers of material inserted between the
cathode and the ETL to improve the injection of electrons. Inorganic insulators
like Al,O3, SiO,, and LiyO, as well as polymers, have been used as EILs [19, 20].
One of the most effective EILs is a layer of thin LiF inserted between an aluminum
cathode and Alqz [21]. Other alkali metal halide compounds have been tried as
EILs, or co-evaporated with aluminum to form composite cathodes [22]-[24]. Pure
lithium and lithium-doped Alqs have also been tried with good results; however,
the difficulty in handling lithium limits the practical use of these systems [25]-
[27]. Recently, good results with LiF/Al cathodes have also been obtained in
polyfluorine-based polymer OLEDs [28]. One proposed mechanism is that the
evaporated Al reacts with LiF to form AlF3 and releases Li, which then react with
Algs to form Algs anions which facilitate electron injection [29]. To that extent,
even an Al layer as thin as 0.1 nm has been show to activate LiF [30]. However,
this still remains an area of active investigation [31].

Powder form LiF is purchased from Alfa Aesar and stored in a dry ambi-
ent (load-lock of the nitrogen glove box), since it readily absorbs water. LiF can
be thermally evaporated easily from a tungsten boat. OLEDs with LiF /Al cath-
odes are fabricated as follows: after spin-coating 40 nm PVK onto cleaned ITO
substrates and a blanket evaporation of 50 nm Alqs, the vacuum is broken and

a shadow mask with 2x2 mm? holes is loaded on top of the samples. Then LiF
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is evaporated at a rate of 0.05 nm/s for a total of 0.5-1.5 nm while the substrate

stage is rotating. Finally, 100 nm of Al is evaporated. The L-J-V curves of these

OLEDs are shown in Figure 3.7.

It is clear from comparing the symbols and
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Figure 3.7: L-J-V curves of bilayer devices of the structure: soda lime
glass/160 nm ITO/40 nm PVK/50 nm Alq; (Aldrich) /LiF/Al for several
LiF thicknesses. The forward current is represented by solid symbols, and
the photo current by the open symbols. Squares: 0.5-nm-thick-LiF, circles:
1.0 nm, and up triangles: 1.5 nm. The forward and photo current of the
control device (pure Al cathode) are represented by the solid and dashed

lines, respectively.

lines in Figure 3.7 that the addition of even 0.5 nm of LiF between the Al cath-
ode and Alqs brings about a tremendous increase in both the forward current and

luminous output of the device. Similar to that observed by Hung et al. [21], the
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devices with a 1.0 nm LiF layer have the highest forward current and luminous
efficiency, although the difference between the devices with 1.0 or 1.5 nm LiF is
small. In the device with 1.0 nm LiF, the turn-on voltage, defined as the onset of
measurable photocurrent, is 2.3 V, and the voltage at J = 10 mA/cm? is 7.3 V, at
which point the luminance is 150 ¢d/m?, corresponding to an external efficiency

of 0.5%.

3.3.5 Comparison with single layer devices

Using a purer supply of Alqs (from TCI America) and minimizing the delay be-
tween spin-casting the PVK film and loading the samples into the evaporator,
device performance can be drastically improved. The evaporation rates for Alqs,
LiF and Al are 0.1 nm - 0.3 nm/s, 0.05 nm/s and 0.5 nm/s, respectively. No other
special handling is required. Figure 3.8 compares the L-J-V curves of bilayer
devices with either Mg:Ag or LiF /Al cathodes with single layer PVK/PBD/C6
devices.  Both bilayer devices have turn-on voltages around 2.3 V, compared
with 4.8 V for the single-layer device. The current density J = 10 mA/cm? is
reached at 4.9 V, 5.4 V and 13.7 V for the bilayer device with LiF /Al cathodes,
Mg:Ag cathodes, and the single layer device, respectively. The luminance values
at this current density are, 300 ¢cd/m?, 220 cd/m? and 160 c¢d/m?, corresponding
to external quantum efficiencies of 1.0%, 0.7% and 0.5% (note the efficiency of

the single layer OLED is lower than the results obtained by C.-C. Wu whose best
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Figure 3.8: L-J-V of a single layer device (squares: soda lime glass/120 nm
ITO/100 nm PVK/PBD/C6/Mg:Ag/Ag) compared with two bilayer devices (cir-
cles: soda lime glass/120 nm ITO/40 nm PVK/50 nm Alqs;/Mg:Ag/Ag, and tri-
angles: soda lime glass/120 nm ITO/40 nm PVK/50 nm Alq;/1 nm LiF/Al). The
forward current is represented by solid symbols, and the photocurrent divided by
the OLED area by the open symbols.

single layer devices are up to 1% in external efficiency [1, 2]), respectively. The
results from these hybrid bilayer OLEDs are comparable with the bilayer OLEDs
based on Alq;/NPD [32].

The external efficiencies of the three devices examined above is plotted
against the forward current density in Figure 3.9. C.-C. Wu found that the lumi-

nance of single layer OLEDs is linear with current for several orders of magnitude
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[1]. A flat region in the efficiency wvs. current density curve for the single layer
device is also observed here. However, for both bilayer devices the efficiency in-
creases linearly with drive current. The currents in these PVK/Alqs devices are
most likely hole-dominated just as in other HTL/Alqs devices [33], and higher
drive levels tend to balance the hole and electron currents, resulting in a more

efficient device.
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Figure 3.9: External quantum efficiency as a function of current density (squares:
soda lime glass/120 nm ITO/100 nm PVK/PBD/C6/Mg:Ag/Ag, circles: soda lime
glass/120 nm ITO/40 nm PVK/50 nm Alqs/Mg:Ag/Ag, and up triangles: soda
lime glass/120 nm ITO/40 nm PVK/50 nm Alqs/1 nm LiF/Al).
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3.4 ITO deposition

3.4.1 ITO deposition methods

ITO can be deposited by a number of techniques including ion beam sputtering,
pulsed laser ablation, and DC magnetron sputtering [34]-[38]. In a research lab
setting, the most commonly used deposition method is rf magnetron sputtering.
The dependence of film quality on deposition parameters such as gas composition,
gas pressure, rf power, target-sample distance, and post annealing has been studied
in detail [39]-[52]. Under optimized conditions, which typically involve using a gas
mixture of argon with a small amount (< 1%) of oxygen, a 150-nm film of ITO
has a transparency of >90% in the visible, and a resistivity of 6.8 x 107° € cm,
corresponding to a sheet resistance of 4.5 Q/sq [40]. Substrate heating during
deposition (250°C) or post annealing (400°C, 1 hr ) were required to achieve these
results [40, 43]. ITO films sputtered in pure Ar plasma have a typical resistivity of
2x1073 Q cm [39, 48]. Nanto et al. obtained excellent room-temperature results by
using an external DC magnetic field coupled to the rf magnetron. They reported
films with resistivities of 2 x 107*  ¢m and transparency of >85% when the ITO
films were sputtered from a 95% Iny03-5% SnO target in a 3.4 mTorr, 0.8% O-Ar
plasma at 50 W rf power and an external DC magnetic field of 150 gauss [43].
The purpose of developing our own ITO deposition capabilities was to

demonstrate the dependence of the distribution of light emission into various modes
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(Chapter 4) on the index of refraction of the substrate. To that end, it was only
necessary to obtain an I'TO film of sufficient transparency and conductivity so that
OLEDs fabricated on them have measurable and stable luminous output. The de-
position procedure, the characteristics of the films, and the OLEDs fabricated on

them is discussed in the following section.

3.4.2 1ITO films by room temperature rf magnetron sput-
tering

An Edwards 306A deposition chamber equipped with an rf magnetron cathode
assembly was used for ITO deposition. ITO was sputtered from a 3-inch 90%
Iny03-10% SnO target (Target Materials America). A pure Ar plasma at 2 mTorr
was used for all depositions. The base pressure was better than 10~% Torr, and
the target was pre-sputtered for 20 min before actual deposition to remove any
impurities on its surface. The substrate was soda lime glass. The deposition
was carried out without intentional heating or cooling. Some of the ITO coated
substrates were post-annealed in a vacuum chamber at 400°C for 1 hour.

The recipes for ITO deposition are outlined in Table 3.1. The parameter
with the most impact on film quality and uniformity is the sample-target distance.
As the ITO atoms are knocked off the target by argon ion bombardment, they are
thermalized, i.e., their kinetic energy is lost through collision with Ar atoms or ions

in the plasma until reaching an equilibrium. When the sample-target distance is
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less than the thermalization distance, the ITO atoms arrive at the substrate with
considerable kinetic energy, which translates into surface mobility and enhanced
crystallinity of the resultant film [44]. The thermalization distance is a function
of both pressure and rf power. At a pressure of 2 mTorr and rf power of 150 W
the thermalization distance is in excess of 10 cm [44], but a strong dependence of
the kinetic energy of ITO atoms impinging on the substrate on the sample-target
distance is still to be expected. Too much kinetic energy carried by the ITO atoms
can knock off oxygen in the film and produce “darkened” films [48]. This is just
one example of the inter-dependence of the transparency and conductivity of the

ITO films.

Table 3.1: Recipes for depositing I'TO films.

Recipe Pressure (mTorr) rf power (W) Sample-target distance (cm) Time (min)

1 2 150 5 2
2 2 125 5 2
3 2 175 5 2
4 2 150 3.5 2
5 2 150 6.5 2
6 2 150 5 3

The electrical characteristics of these ITO films are summarized in Table
3.2. The sheet resistance of the ITO films were measured by the 4-point probe
method, and their Hall mobility by the van der Pauw method [53, 54]. The increase
in the carrier density and decrease in carrier mobility due to annealing was also
observed elsewhere [43]. More systematic studies are required to correlate film

characteristics with deposition parameters.
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Table 3.2: Characteristics of the I'TO films deposited.

Recipe Thickness (hm) Resistivity (10 ohm-cm) Mobility (cm?/Vs) n (10%° cm?)
Before anneal After anneal Before anneal After anneal Before anneal After anneal
1 110 1.4 1.1 210 1 0.22 54
2 100 5.7 0.57 18 1.8 0.7 61
3 150 21 0.58 16 2.3 0.19 48
4 145 4.2 0.48 22 2.3 0.67 58
5 90 1.7 0.98 33 0.24 11 260
6 250 6.4 0.79 20 1.8 0.49 72

The transmission of the films 1 and 5 along with a substrate purchased
from Applied Films Corp. was measured with a Hitachi spectrophotometer and
is shown in Figure 3.10. The transmissivity is that of the ITO-coated soda lime
glass substrates normalized to that of air. The Applied Films substrate is fairly
transparent, averaging 85-90% in the visible. Recipe 1 yielded films only 70-75%
transparent, while recipe 5 yielded films that are ~80% transparent. The difference
in the peaks of transmission are from microcavity effects. The Applied Films ITO
has an index of refraction of 1.8 and a thickness of 180 nm. Both recipes 1 and
5 yielded ITO with an index of refraction of 2.0 as measured from ITO films
deposited on a Si wafer by ellipsometry.

The L-J-V curves of OLEDs (ITO/40 nm PVK/50 nm Alq;/LiF/Al) fab-
ricated on unannealed ITO films from recipes 3 to 6 are plotted in Figure 3.11.
The voltage required to reach J = 10 mA/cm? ranges from 9.6 V in recipe 4 to
12.1 V in recipe 5, compared with 7.3 V for identical OLEDs deposited on ITO
films purchased from Applied Films Corp. The external quantum efficiencies are

similar, all at around 0.5%.
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Figure 3.10: Transmission in the visible of 3 ITO-coated glass substrates:
Applied Films substrate (t;70 = 180 nm) and those from recipies 1 and 5.
The substrate is 1.1 mm soda lime glass, and the reference (100%) is the
transmissivity of air.

Recipe 5 has the highest as-deposited conductivity, it also has good trans-
parency and uniformity. So it was chosen for all experiments involving ITO de-
position despite having the highest driving voltage among the OLEDs shown in

Figure 3.11.
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Chapter 4

External Coupling of Light in
OLEDs: Model Development

4.1 Introduction

The enormous research interest in OLEDs is due primarily to their application in
flat panel displays. Hence, one critical figure of merit for OLEDs is the electrolu-
minescence external efficiency, 7%} (externally emitted photon/injected electron).
A number of models for current-voltage behavior in OLEDs have been developed,
all of which start from analyzing charge injection, then carrier transport, and fi-
nally the creation of excitons [1]-[3]. The present work starts from the point where
the appropriate excitons have already been created, and attempt to answer the
questions, “How do these excitons decay?” and “How much light is emitted ex-
ternally from each exciton?” Our specific advances over previous work are: a)

a combined classical and quantum mechanical microcavity (CCQMM) model [4]
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is used to calculate the distribution of light emission into the external, substrate
and ITO/organic waveguided modes as a function of the OLED structure; b) the
energy transfer to the cathode is investigated with a classical Green’s function
formalism for several different cathode materials; and ¢) the model is applied to
OLEDs on shaped, high-index-of-refraction substrates where the light in substrate
waveguided modes are converted to external modes (experimental data in Chapter
5).

After a brief description of the light-trapping problem, the CCQMM model
of OLEDs is derived in Sec. 4.2. While the CCQMM model was first developed by
Bulovié et al. [4], the analytical treatment of the external modes employed here is
slightly different. Although many works have been published on the classical or
the quantum mechanical treatment of radiating molecules in cavities, the combined
theory has never been published before in this detail. The level of analytical rigor,
relative to classical ray optics, is needed since the layers within a typical OLED
is thinner than the wavelength of the light the OLED emits. The model is used
to explore the dependency of the coupling efficiency on various aspects of device
architecture, such as the distance between the emission zone to the cathode, the
index of refraction of the substrate, and the thickness of the ITO layer. The
expected increase in external emission due to shaped substrates is also calculated.
Selected numerical results are presented in Sec. 4.3, while the experimental data

and application of the model are left for the next chapter.
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4.1.1 The light trapping problem — ray optics theory

ext

A critical figure of merit for OLEDs is the external coupling efficiency, n¢*, which

links the external electroluminescence (EL) quantum efficiency (photon/electron),

n%t to the internal quantum efficiency (internally emitted photon/electron), n',
by the relation

T = ney i (4.1)

The typical OLED consists of a multi-layer sandwich of a planar glass sub-

strate, a layer of ITO, one or more organic layers, and a reflective cathode. The

emitted light suffers from total internal reflection (TIR) at the ITO/glass and

glass/air interfaces. Thus it can be classified into three types of modes: the exter-

nal modes where the light escapes the substrate, the substrate-waveguided modes,

and the ITO/organic-waveguided modes (Figure 4.1) [5, 6].

. |. External modes
Air

/ |
Glass A Il. Substrate modes
) A |
©“

ITO IIl. ITO/org. modes

Organics

Cathode Emitting center

Figure 4.1: Three types of radiative modes in OLEDs: I. External modes,
II. Substrate modes, and III. ITO/organic modes.

In ray optics, the emitting exciton is regarded as an isotropic source, and the

28



flux into each of the modes is obtained simply by integrating over the appropriate

solid angles:

Oc1 . 1
net = /0 sin0,df, =1 — cos b, ~ o (4.2)
not = cosf — cos b (4.3)
ngpo = oS0 (4.4)

where 6, is the angle from normal in the emitting layer; f,; = sin* ng/n, is the
cut-off angle for external modes; 0.5 = sin™" ng/1n, is the cut-off angle for substrate
modes; n,,ngy,and n, are the index of refraction of air, glass and the emitting
layer, respectively. At n, = 1,n, = 1.51,and n, = 1.71, the coupling efficiencies
of the external, substrate and ITO/organic modes are 18.9%, 34.2%, and 46.9%,
respectively [5, 6]. This model neglects roughness in the layers which would scatter
some modes into others. The RMS roughness of the ITO-coated glass substrates
were measured by atomic force microscope (AFM) to be on the order of 2 nm,
which is much less than the wavelength being considered here; however, features of
10’s of nm in height are frequently encountered. Other scattering may be caused
by uneven interdiffusion of materials during thermal evaporation which results in
less well-defined layers.

Furthermore, the external luminous intensity distribution (), where 6

is the viewing angle in the far-field in air, under the same assumptions, is given by

[7],

n2 cosf
I(057) = I(0,) 45—+ (4.5)

2
n2 cos b,

29



which approximately resembles the cosine intensity profile of a Lambertian emitter.
6, and O are related through Snell’s law, n,sinf, = n,sinf;p. 1(6,) is the
intensity distribution in the emitting layer denoted by the subscript “o”, and is
assumed to be isotropic in ray optics. In eq. 4.5, it is assumed that all light incident
an interface at angles less than the critical angle are completely transmitted. One
can also calculate the intensity profile using the Fresnel transmission coefficients
for each angle, but the difference between the two is small [6]. Eq. 4.5 is generally
applicable for finding the intensity distribution in the destination medium (in this
case, air) from a known intensity distribution in the incident medium (in this case,
the emitting organic material). There can exist any number of intervening layers
as long as none of their refractive indices is not less than that of the destination

medium.

4.1.2 Inadequacies of the ray optics model

Ray optics provides a qualitative understanding in the out coupling efficiency of
various modes, but remains inadequate in view of the fact that the layer thicknesses
in a typical OLED are shorter than the wavelength of the light it emits. According
to spin statistics, the singlet:triplet ratio for excitons is 1:3, which has been verified
in Alqz [9], so the upper limit of the internal EL efficiency, n”l is 25%. By eqs. (4.1)
and (4.4), the maximum external EL efficiency, % is around 5% [10]. However,

Kido et al. fabricated highly efficient small molecule fluorescent OLEDs with an
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external quantum efficiency in excess of 7% [11], casting doubt on the validity
of the coupling efficiency as calculated by ray optics. In addition, several groups
have reported dependence of the far-field emission pattern on the thickness of the
organic layer, which is not explained by the ray optics theory [12, 13].

In the following section, the CCQMM theory for OLEDs is used to more
precisely calculate the distribution of emission into the external, substrate and
ITO/organic modes as well as to predict the amount of increase in the external

efficiency due to shaped substrates.

4.2 The CCQMM model

4.2.1 Overview

The schematic diagram of the OLED structure used in both modeling and exper-
iments is shown in Figure 4.2. The microcavity is confined on one side by the
cathode and on the other, the leaky ITO/glass interface.

The behavior of radiating molecules in an optical microcavity is a general
problem that can be approached in two ways: one based on classical electrody-
namics and one based on quantum mechanics. Using a classical approach, many
groups have examined the far-field emission characteristics as a function of the
OLED layer structure using wave optics and a transfer matrix formalism [14]-[19].

Most recently, the electroluminescence pattern of polymer LEDs were found to
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Figure 4.2: Schematic diagram of the OLED structure used in both mod-
eling and experiments.

be accurately described by a half-space dipole model that accounts for optical
interference effects due to the metal cathode [20]. The most complete classical
treatment of the general problem is that presented by Chance, Prock, and Sibley
[21], where the radiating molecule is modeled as a classical oscillating dipole and
the radiation fields in the layered media is described by a dyadic Green’s func-
tion. Some of their earlier work was based on a Hertzian vector approach that has
recently been applied to OLEDs [22]-[24]. They have shown that the Green’s func-
tion method is completely equivalent to the Hertzian vector approach and more
easily applied to general stratified media [21]. A simpler version of this theory has
been used to explain photoluminescence data from an Alqz-Al system [25]. From a

quantum mechanical point of view, Ujihara presented field quantization of a one-
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dimensional optical cavity with output coupling in an early paper [26]. Similar
quantum mechanical treatments were used to describe the change in rate, spec-
trum and directionality of emission from radiative dipoles in III-V semiconductor
microcavities [27]-[29].

The CCQMM model was developed by Bulovi¢ et al. [4]. In the QM treat-
ment, the electromagnetic field in the layered microcavity is represented by the
sum of eigenmodes of the cavity; the radiating molecule is modeled as a dipole;
and the transition probability into each mode is given by Fermi’s golden rule. The
QM approach has the advantage that the transition rates into the external, sub-
strate and ITO/organic modes are computed separately. The shortcoming of the
QM approach is that it does not account for the energy transfer from the dipole
to the metal electrodes. However, it was shown by Chance et al. that this energy
transfer arises exclusively from the near field of the dipole [21], so it does not affect
the shape of the normalized far-field intensity pattern. In the model developed by
Bulovi¢ et al., the QM microcavity treatment is augmented by the Green’s function
analysis, which is more convenient in computing the total rate of energy loss and
hence the dipole lifetime in layered media [4]. In that work, the model was used
to calculate the far-field emission spectrum as a function of the far-field angle, as
well as the emission into the substrate-waveguided modes.

In this work, the CCQMM model is used to calculate the distribution of

light emission into all three (external, substrate and ITO/organic) modes; thus the
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entire decay mechanism of excitons can be calculated. The model is used to ex-
amine the dependence of this distribution on the thickness and material constants
of the constituent layers. Numerical results are compared with measured intensity
profiles and edge emission data. Furthermore, it has been shown that patterning
on the backside of the OLED substrate can convert substrate-waveguided light
into externally emitted light [6, 8, 30]. This model is applied to OLEDs on shaped
substrates to calculate the amount of enhancement in external emission as a func-
tion of the index of the substrate. Finally, based on these calculations as well as

the experimental data, general principles in device optimization are discussed.

4.2.2 Exciton recombination process

Both electroluminescence and photoluminescence (PL) are due to the radiative re-
combination of Frenkel excitons within the organic layers [31]. Since the quantum
mechanical approach is based on the dipole approximation, and the classical anal-
ysis models the recombining excitons as oscillating dipoles, the terms “exciton”
and “dipole” will be used interchangeably. A schematic diagram of the emission
process is shown in Figure 4.3. Our discussion is based on the emitter/electron
transport material, Alqs, but can be easily extended to doped or electrophospho-
rescent devices. For example, the path occurring under “singlets” in Figure 4.3
could easily be applied to “triplets” as well.

For each electron injected into the device, a fraction of 7y 7 results in singlet
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Figure 4.3: A schematic diagram of electrofluorescence in OLEDs: the gray
path indicates the mechanism by which useful EL is emitted.

excitons, where v is the number of exciton forming events per electron flowing
through the OLED, and 7y is the fraction of singlet excitons thereof. The decay

of the singlet excitons is described by the following equation:

WTOT — WR + WET + WNR
(4.6)

WR = Wea:t + Wsub + WIO

where the W’s are defined as hv f, where f denotes the transition rate per Fermi’s
golden rule (eq. 4.13), and have units of Watts. Wyror is the total rate of decay of
the singlet excitons. The rate of radiative decay, W, is the sum of the decay rates
of the external, substrate and ITO /organic radiative modes, Wezs, Wiyp, and Wio.

Wgr denotes the rate of energy transfer to the metallic cathode via non-radiative
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dipole-metal transfer and excitation of surface plasmons. Wy denotes the rate
of non-radiative decay of the exciton which is assumed to be unaffected by the
placement in the microcavity. Thus Wyr = Wy, where W3, is the intrinsic rate
of non-radiative decay due to internal conversion and intersystem crossing which
can be calculated from the photoluminescence quantum efficiency, npy, of a thick
film [4]:

npr = Wo/ (Wo + Wig) (4.7)

where W, is the intrinsic rate of radiative decay. npy of Alqs has been accurately
measured to be 32 + 2%, or Wy, = 2.125W; [32]. The fraction of internally
generated photons that are emitted externally is given by the external coupling
efficiency:

Uﬁ;t - Wext/WR (48)

which is commonly held to be ~ 20% by ray optics — a figure that will be revisited
later. Also of great interest is the number of photons emitted externally for every

singlet exciton created, Megciton
? ?

Nexciton = ext/WTOT (49)

which takes the non-radiative decay into account; consequently, it is a better mea-
sure of the external emission from the exciton in the microcavity than nggt. This

can be seen more clearly if we let 7 denote the total lifetime of the exciton: the

amount of radiation each exciton emits into the external modes is then given by
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WeatT X Wegt/Wror = Nexciton- Various efficiency measures are related to each

other as follows (Figure 4.3):

ext __ ext ,int

Ner = 77cp NEL = 7 Tst Nexciton
NEL = Y TsR (4.10)
Nexciton — TR 772,1; ¢

The fraction of singlet excitons, rg, in OLEDs has been a topic of interest
especially since several recent reports suggested that the fraction may approach
50% in certain polymer OLEDs [20, 33, 34|, rather than the statistical 25% mea-
sured in small molecule OLEDs [9]. A precise knowledge of 7¢zciton as a function of
exciton location and the cavity structure is a must for the accurate determination
of ry.

Backside substrate patterning has been shown to increase the external emis-
sion by converting some of the substrate modes into external modes [6, 8, 30]. This
conversion can be accounted for by replacing Wey;, with (Wey + 5Wyyp) in eqgs. 4.8
and 4.9, where (3 is the conversion efficiency.

In a guest-host system such as Alqs doped with Coumarin 6 (C6), singlet
excitons formed on Alqs are transferred onto the highly efficient (W% ~ 0) C6
dopant via the Forster mechanism [35]. We then have

Wigr = Wr+ W'+ Wiy + Wiy
Wes Al

Wt = Wpmm @t + Wi
exr WgG—*_WECjGw exr

where the subscripts have their usual meaning, and Wy is the rate of Forster

(4.11)

transfer from Alqgs to C6. The reverse transfer from C6 to Alqs along with the
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non-radiative decay in C6 has been neglected. If the rate of Forster transfer is
much greater than the rate of other decay paths of the Alqs singlet exciton, then

the efficiency can be much higher than the undoped device, viz.

Nexciton — WCG (WIgG + quq) (412)

ext

4.2.3 QM calculation for the radiative modes

The recombining exciton is modeled as a two-level system whose transition rate,

f, is given by Fermi’s golden rule:
2m
f= ?Z|(m|u-E(k, 2)|n)|?0(E, — Epr — hv) (4.13)

where 4 is the dipole moment and E(k, z) is the electrical field for mode k at
the location of the dipole; E,, and E, are the energies of the initial and final
exciton states; and hv is the energy of the photon emitted. The total transition
rate is obtained by summing over all k and v. In Refs. [4] and [27], the external
modes are treated as travelling waves which are not normalizable, although a
ratio of the electric fields at far-field and within the OLED cavity can still be
obtained. The current treatment follows Ujihara and Deppe et al. [26, 29], where
an imaginary upper boundary is placed a distance Ly away from the ITO/glass
interface (Figure 4.2). Then all the modes are solved for, and Ly is let to tend
to infinity. Analytically, letting L, tend to infinity reduces the expression of the

allowable k vectors to k, = nw/L,, n an integer. The advantage is that all modes
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become normalizable. To evaluate the transition rate, f, it remains to calculated
the electric fields at the dipole E(k, z).

The expression for the external and substrate modes have the same form
within the OLED microcavity. The only difference lies in the transmission or total
internal refraction at the substrate/air interface which is calculated by classical ray
optics (cf. eq. 4.5) [5, 6, 20]. The classical theory is applicable since the thickness
of the substrate is much larger than the wavelength of the light emitted. The

electrical fields are of the general form:

ELIf = A(k)sin?(k,,l)&
(4.14)
EI™ = B(k)cos?0,sin?(ky,0)j + C(k)sin? 0, cos? (k,,1)2
where A(k), B(k) and C(k) are functions of material constants and k; k,, is the
z component of the wave vector in the emitting layer; [ is the dipole-cathode
distance; and 6, is the angle of the mode in the emitting layer. Near an antinode
in the electric field where the sin?(k,.[) terms are maximized, the TE and first
half of the TM radiation, both of which arise from the in-plane component of
the electric field, are maximized. Near a node in the electric field, the second
half of the TM radiation, which arises from the normal component of the electric
field, is maximized, leading to a large in-plane TM component. Hence, these two
components in the TM radiation are called the antinodal and nodal contribution,

respectively.

The following derivation is based on TE polarized waves — the derivation
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for TM polarized waves presenting no extra difficulties. The cathode is assumed
to be a perfect metal for simplicity. The electromagnetic wave of mode k polarized

in the x direction is assumed to take the form

(

ELEsinky,(z 4+ dy + dp + di)e™¥  —(d, + d, + d;) < 2 < —(d, + d;)
ELF[Asink,,(z + d, + d;)
By, = +Bcos ky,(z + dy + d;)|e*y  —(d, + d;) < 2z < —d;

ELE(Csink;,z + Dcos ki,z)et™y  —d; < 2 <0

ELEFsink,,(z — L,)e*v¥ 0<z<L,
(4.15)

where d,, a = i,p, 0, are the thicknesses of the ITO, PVK and Alqs, respectively.
ks., B = g,1,p,0 are the z components of the k vector in glass, ITO, PVK and
Alqs, respectively. A — D and F, not to be confused with A(k), B(k) and C(k) of
eq. 4.14, are coefficients to be determined. The magnetic field of the same plane

wave can be found simply by

1
HLF = o 0,ELE (4.16)

L BLE cos k(2 + do + dy + di)e Y —(do + dy +d;) < 2 < —(dy + dy)
—;%EEE[A cos ky,(z + d, + d;)

Hyy = —Bsinky,(z + d, + d;)]et*vy —(dy+d;) < 2 < —d;

_;%EEE(C cos ki,z — Dsinki,z)e®y  —d; < 2 <0

| pTE ik
— oo Big Fcos kg (2 — L)e™? 0<z<L,

\

(4.17)
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where 4o = 1 is the magnetic permeability. By the continuity of E\” and H[F
at z = —(d, + d;), —d; and 0, the coefficients A — D and F' can be determined.
For spontaneous emission, which is relevant here, the magnitude of the mode is to
be normalized by requiring the total energy in the mode to be equal to that of a
photon. Due to the structure of the OLED microcavity, which ends in the glass

substrate (Figure 4.2), the normalization condition amounts to

1
hw = 7{ Seo[BI? do (4.18)

In glass

4hw

kiz
LaLyLay[(CT2)? + D?)

gz

TE
E kx

(4.19)

Here L, and L, represents the lateral dimension of the OLED, while Lz is the
distance between the ITO/glass interface and the imaginary boundary (Figure
4.2). Substituting eq. 4.19 into eq. 4.13, and replace the sum by an integral:
Sk = J(mode volume in k space)~'d®k, the L’s cancel themselves out and the

decay rates into external and substrate TE modes are found to be:

ext

0. .
WIEN) = Wpr(\)2 / eFsye L pisinhasing do (4.20)
0
2

€g ky.
Os k.

WIE(\) = WpL()\)e—O/ (C72) + D) sinkpodsing do (4.21)
€g J0c1 gz

where Wpp () is the normalized PL power spectrum measured in a thick film

(J Wpr(A)dA =1). It is often convenient to express various decay rates in relation
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to the intrinsic rate, Wj:

2m w
fo = W;|Ek‘ﬂ|25(z—k)
2 L.L,L, ” .
= Tﬂ / k*d kE? 1P 5(E — k) g (27T/ cos 0 sin 6d 0)
e ¢ m 0 (4.22)
_ 64pPw?
~ 3hc3e,

Wo()\) = thCL)WPL()\)
The intensity of radiation from an exciton at a single point in space and at a single
wavelength within the Alqs layer, Isnge(6,, A, 1), is given simply by

kiz -1 - .
[(C+2)? 4+ D?]"'sin® k,,l sin 0 (4.23)

Isingle(eoa )‘7 l) = WPL()‘) L
gz

€o
€g

The decay rates into the ITO/organic modes are substantially similar to
the derivation above, the one difference being that the sum in k, is now discrete

due to the fact that the relevant layer thicknesses are on the order of the wave-

length of visible light. The integral in k, and k, remains the same, viz. ), =

> . [(mode area in k,, plane)~'dk,dk, (5(\/(;—"0)2 — k2 — k). Again the derivation
given below is for the TE modes. The z-component of the mode vector k satisfies

the transcendental equation:
ko
tan kwdz . kpz
ki Koy 08 koydy o8 ky.d, — Ky, sin ko.d, sin ky.d,

cos ko, dg sin kp,d, + sin k,.d, cos k. d,
(4.24)

which is to be solved numerically. After some manipulations, the rate of decay

into the TE ITO/organic modes is found to be:

A 4R
o S| BEE P sin? kel sin (4.25)

=Y kz

Wi (A) = Wpr())
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where the electrical field in the cavity ELE is normalized in the same way as in eq.

4.19 over the ITO/organic layer,
|
7{ e|EJ? dv = hw (4.26)
In ITO/organic 2

The excitons are assumed to be generated at the Alqs/PVK interface and
then diffuse into the Alqs layer. Tang and co-workers found the exciton diffusion
length to be 20 nm, from examining the EL of an Alqs based device with varying
dye-doped regions [37]. Throughout this work, the exciton recombination profile is
assumed to be the same as the diffusion profile with the same characteristic decay
length (Lp = 20 nm). To calculate the intensity as a function of the mode angle in
Alqs, 1(0,), Lsingte(6o, A, 1) is weighted by the PL spectrum of Alqs and the exciton

recombination profile:

_ ffjsingle(em >\7 l)WPL()\)ei(d()il)/LDd)\ dl

1) [ e=(do=)/Lp (]

(4.27)

where Wpy (M) is the normalized Algs PL spectrum, [ is the dipole-cathode distance,
and do is the thickness of the Alqs layer.

Finally, the normalized decay rates into the external, substrate and I'TO/organic
modes, weighted by the exciton profile and the emission spectrum, are

Weat [ JWEE(X) 4 WIM()\))e (do-D/Lp gy g

ext

W [ e (do=D)/Lpd]

W [ J(Wag (A) + Wi (N)e~ Vo d di (4.28)
Wo [eo—D/Log] :
Wio [ JWEE () + WEM(A))e(de=D/Eo g\ dI

Wy [ e—(do=D/Loq]
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4.2.4 Classical calculation for the dipole-cathode energy
transfer
Introduction

The Fermi’s golden rule used in the QM calculation of exciton recombination is
based on the dipole approximation; therefore, its results are valid only for the far-
field. In the absence of the microcavity, a dipole placed close to a metal surface
undergoes an energy transfer to the metal in the form of Wy oc [72 in the limit of
short dipole-cathode separation [ < A [21]-[23]. Although the effect of the cathode
is expected to remain preeminent for a dipole in the OLED weak microcavity,
the other dielectric interfaces also affect the field distribution in the microcavity;
therefore, a more complete analysis is required for an exact solution. The Green’s
function analysis is a powerful method for solving for the electromagnetic (EM)
fields in layered media. It can be used to calculated the normalized decay rate
due to the total EM fields of the dipole, (Wgr + Wgr)/W;. Combined with the
knowledge of the non-radiative decay learned from PL measurements (e.g., Wy g ~
Wi i = 2.125W, in Algs [32]), the normalized total rate of decay Wror/Wy can
be obtained.

This section contains derivations of the Green’s function method and calcu-
lated (Wgr+Wgr) /W, for several different cathode materials, as well as normalized

exciton lifetime as a function of the exciton location.
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Decay rates calculated by the Green’s function method

The derivations below is adapted to the actual OLEDs fabricated (Figure 4.2) but
still follows closely that of Tai [38] and Chance et al. [21].

The Green’s function for the OLED microcavity is constructed as follows:

— Ono . ,
Go = 47T/ dA 703 e )\h {[C M]n)\( h )+Can")‘(ha)]Mjn/\

H[EaNjna(—ha) + FoNjna(ha) NG,z (ha) } + 60 Go
(4.29)

where h, = \/k%2 — A2. The subscript, a = g¢,7,p, and o, denotes the glass, ITO,
PVK, and Alqs layers respectively. The second term in the equation, GY, represents

the source function in the organic layer:

OZ 47r/ dA

2 — dpo Mjnx(ho)Mjnr(—=ho)" + Njna(ho)Njna(=ho)" | 222
Ao

nO]eo

Mjn)\(_ho)Mjn)\(ho), + Njn)\(_hO)NjnA(hO), 2 <2
(4.30)

The dipole is located at z = 2’ in the Alqs layer. The functions Mj,, and Ny,

are the eigenfunctions in cylindrical coordinates [38]:

ndp (Ar _ 0y iha
Mg,\(h) = [¢ f )ggg ng i a(r )gf’; ng o] e
0Jn (A1) .
Now(h) = - L jin 20 o8 7 (4.31)
ihn A7) sin A2 () €08 ihz
£ 0) g6 b4 X2 () o 2 e

Although the expressions seem daunting, they simplify nicely at the point of the

dipole which we set to be the origin of the cylindrical coordinate system. The
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usual boundary conditions of the electromagnetic fields are elegantly conveyed by
the continuity of 2 x G and 2 x A x G at the interfaces. The system of linear
equations arising from the boundary conditions can be solved for the coefficients,

Co,Cl, F, and F} in eq. 4.29, after which the normalized rate of decay can be

found via
R 3 oo \3F!
Wy = 1+= T2 el ) 4.32
1 + 5 Re 0 ok e (4.32)
“ 3 o0 h? A
- 1 e / 1 Yo 12hol d)\ 4.
W + 1 Re j (Cy, P2 ") Ik e (4.33)

where W, and I/T/H are the normalized rates for dipoles perpendicular and parallel
to the metal surface, respectively. [ is the dipole-cathode distance. For a collection
of dipoles having no preferred average orientation (isotropic dipole), the decay rate

is given by

Wiso

= 1/3W, +2/3W, (4.34)
W

Note that in evaporated Alqs films, the molecular orientation is random, thus the
ensemble average is isotropic, i.e., Wr + Wgr = Wiso. In polymer OLEDs, a
preferred dipole orientation may exist due to spin-coating of the polymer layer

[20, 41, 42].

Calculated energy transfer rates and exciton lifetimes

Figure 4.4 illustrates the calculated decay rate as a function of dipole-cathode
distance for a monochromatic emitter at 524 nm, placed in a microcavity consisting

of cathode/organic layer/ITO/glass, where the cathode material is Ag, Al or Mg.
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At a short distance away, the interaction between the near-field of the dipole and
the metal leads to a high Wgp, i.e. cathode quenching, resulting in a very short
lifetime. The rate of energy transfer is twice as fast for a perpendicular dipole
as for a parallel dipole, the physics of which is similar to the radiation of dipole
antennas immediately above the earth’s surface [39]. The same principle was used
to determine the orientation of single molecules at an interface by their fluorescence
lifetimes [40].

The energy transfer to the metal cathode can be thought of as damping of
the electric field in the cathode. Therefore, aluminum, with the highest reflectivity
among the three materials, gives rise to the least Wgp; conversely, magnesium
gives rise to the largest (Figure 4.4). For all three cathodes, Wy is drastically
reduced for dipole-cathode distance above 60-80 nm. (Wg+ Wgr)/W, approaches
1.3 - 1.5 for a dipole-cathode distance of 80 - 140 nm. The dipole-cathode energy
transfer is not negligible in this region since the dipole-cathode distance is still less
than the wavelength, but it no longer dominates the total decay rate. The sum
of Wgr and Wy and their relative contribution depend sensitively on the exact
microcavity structure.

The normalized lifetime, 7/79 = Wy/Wror, is plotted in Figure 4.5 as
a function of the dipole-cathode distance and the dipole orientation for a typical
Algz-based OLED fabricated in this work. 7, oc 1/(Wy+ W3 ) is the intrinsic Alqgs

lifetime in a thick film. This differs from the previous plot in that Wy is also

7



taken into account (see Sec. 4.2.5). Here Wy decreases rapidly with increasing
dipole-cathode distance and the lifetime levels off to approximately 85% of the

intrinsic lifetime at a dipole-cathode separation of 80 nm (cf. Ref. [4]).
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Figure 4.4: Normalized decay rate due to the total electromagnetic fields
of the dipole (Wg + Wgr) /Wy as a function of the dipole-cathode distance
for three different cathode materials. Squares: perpendicular dipole, cir-
cles: parallel dipole, triangle: isotropic dipole. The OLED cavity has the
structure: cathode/organics (n = 1.7, t = 150 nm)/ITO (n = 1.8, t = 120
nm)/glass (n=1.51). Calculated for a monochromatic emitter at 524 nm.
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4.2.5 Combining the quantum mechanical and classical re-
sults

To calculate the rate of singlet excitons that radiates into the various modes (ex-
ternal, substrate and ITO/organic), we need to know the rate of singlet excitons
that are lost due to non-radiative decay (Wyg) and energy transfer to the cathode
(Wgr). However, the rate of energy transfer to the cathode cannot be evaluated
directly, but only through the sum Wxr+Wpgp. This problem is solved by combining
the QM and classical results.

The calculated decay rates and intensities are all normalized to the intrinsic
rate (eq. 4.22). Since 7 & 1/Wyror, the amount of external emission of a singlet

Alqs exciton is,

Weat Weat (WR + Wgr n WNR) -

— Texciton — 4.35
Wror " = Wy \ W, W (4:35)

where W, /W, is calculated by quantum mechanics as shown in Sec. 4.2.3, (Wg +
W) /Wo by the Green’s function method as shown in Sec. 4.2.4, and Wy /Wy ~

WN r/Wo from the PL measurements.
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4.3 Selected numerical results

4.3.1 Introduction

The intensity profile within the Alqs layer as calculated by classical ray optics
theory, a half-space dipole model that was recently applied to polymer OLEDs
[20], and the CCQMM model are plotted below to illustrate the difference between
these models. Monochromatic emission at A = 524 nm (peak wavelength of Alqs
EL) from an emitter at the PVK/Alqs interface is considered. The mode intensity

is plotted against the mode angle in Alqs in radial plots.

4.3.2 Classical ray optics

Figure 4.6 depicts classical ray optics picture where the radiation is isotropic.
The cathode is assumed to be a perfect reflector so that radiation is into the
forward direction. The wavelength is not a factor in this model. The TE and TM
polarizations are identical, and the modes are delineated by the critical angles for
TIR at the glass/air and ITO/glass interfaces. ~ The total emitted flux is given
by

F=2r / 1(6,) sin 6, do, (4.36)

for an angular intensity pattern, I(6,). The emission at large angles to normal
is heavily weighted because of the large solid angles corresponding to large 6,, so

much so that 47% of the emitted light is in the ITO/organic mode according to the
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Figure 4.6: Radial plots of mode intensity vs. mode angle in Alqs: classical
ray optics.

ray optics theory. In reality, the cut-off wavelength of the thin ITO/organic waveg-
uiding slab may fall within the visible region, and the strength of the I'TO/organic

modes are in general less than what the classical theory leads one to believe.

4.3.3 Half-space dipole model

A recent paper on modeling the light emission in polymer OLEDs utilized a half-
space dipole model, where the exciton in the OLED is approximated by a dipole
located in a semi-infinite region of organic material on top of a semi-infinite metal
cathode [20]. The far-field intensity is calculated from the superposition of the
direct radiation and the reflection from the metal surface. This model does not

take energy transfer to the metal due to the near-field of the dipole into account.
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The far-field intensity is given by

1(0,) o |1 + 7, exp(i26 cos 0,)|* + |1 — 1, exp(i26 cos §,)|? (4.37)

where 0 = 27n,.4l/A is the phase distance from the cathode; 7, and 7, are the
Fresnel reflection coefficients for TE and TM waves, respectively. For simplicity,
the metal is assumed to be a perfect reflector. The intensity in the normal direction,
I(6, = 0), is proportional to the square of the magnitude of the electric field which
has maxima at § = (m +1/2)w or [ = (m/2+41/4)\/neg. m is an integer. Figure
4.7 shows the same radial plot as in Figure 4.6 calculated by the half-space-dipole
model for dipole-cathode distance of 20 and 80 nm [20]. Given the peak Alqs EL at
524 nm, the first maximum of emission intensity is a dipole-cathode spacing of 77
nm (see Figure 4.8 and the next section for details). The perfect metallic cathode
creates a node in the electric field, so that at a shorter dipole-cathode distance of
20 nm, the modal intensity is much reduced (Figure 4.7).

Comparing with the classical ray optics picture, the intensity of the large
angle modes is suppressed by interference due to the metal cathode. Numerically,
the half-space dipole model achieves the same effect as taking into account the
cut-off due to the thin ITO/organic waveguide, but the simplicity of the model
precludes many variations in the OLED structure being reflected in the calculated

intensity profile.
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Figure 4.7: Radial plots of mode intensity vs. mode angle in Alqs: half-

space dipole model. Solid line: dipole-cathode distance = 20 nm, dashed
line: dipole-cathode distance = 80 nm. The wavelength is 524 nm.

4.3.4 The CCQMM model

From eq. 4.13, the radiative decay rates, hence the intensity of each mode, is
proportional to the square of the magnitude of the electric field, E(K), at the
exciton. Here, E(k) is the electric field associated with the emitted light. E(k) has
a strong dependence on the location of of the exciton within the OLED cavity. If
the metal cathode is assumed to be a perfect metal for simplicity, the first antinode
(maximum) of the electric field is located at A/4 away from the cathode, i.e., [ ~ 77
nm for A = 524 nm at the EL peak of Alqs (Figure 4.8). If the exciton is located
near the antinode of the electric field, the total radiative emission is maximized;

conversely, if the exciton is near the cathode where a node in the electric field
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resides, the radiative emission is minimized. Note this decay in the light emission
due to diminished E fields near the cathode is a separate effect from the increased
dipole-cathode energy transfer which occurs in parallel for emitters located near
the cathode. Indicated in the same figure, is the exciton recombination profile in
a bilayer device with an 80-nm-thick Alqs layer, where the excitons are generated

at the PVK/Alqs interface and diffuse into Algs.

12 1 1 1 1 1 1 1 1 1 1
—~ 1.0
S
) - \
E 0.8
T PVK/Alg,
N 0.6 /| interface
© /
£ V'
2 0.4 1 ///
0.2 _.=7 \ Exponentially
] ' decz_iying exciton
0.0 . . . | .prOf,'Ie. |
0 20 40 60 80 100

Distance to cathode (nm)

Figure 4.8: Normalized square of the magnitude of the electric field (pro-
portional to the intensity of the mode) vs. distance to cathode in the organic
layer. The wave vector is in the normal direction. Also indicated is the the
approximate exciton profile in a bilayer device with an 80-nm-thick Alqs
layer assuming a decay length of 20 nm. The OLED cavity has the struc-
ture: cathode (perfect metal)/organics (n = 1.7, t = 150 nm)/ITO (n =

1.8, t = 120 nm)/glass (n = 1.51). Calculated for a monochromatic emitter
at 524 nm.

The CCQMM model is applied to two bilayer OLEDs with 20 or 80-nm-

thick Alqs layers. The intensity profile in the organic layer from a single emitter at
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the PVK/Alqs interface at the peak emission wavelength (A = 524 nm) is plotted
in Figure 4.9. In the device with an 80-nm-thick Alqs layer, the exciton is in
close proximity to the antinode in the electric field at which point the TE and
antinodal TM emissions are maximized (see eq. 4.14 and discussions thereafter).
The radiation pattern retains much of the characteristics of that of an in-plane
dipole again due to the fact that the electric field vector of both the TE and the
antinodal TM waves are in the x-y plane. The external and substrate modes form
a continuum, because mode density is inversely proportional to the thickness of
the region of space where the modes occupy. In the device with a 20-nm-thick
Alqs layer, the total radiation is much less, qualitatively similar to that calculated
from a half-space dipole model (Figure 4.7). However, the TM radiation at large
angles is enhanced as discussed. This is one clear distinction between the CCQMM
model and the half-space dipole model. Measured far-field intensity patterns that
supports the CCQMM model will be presented in the next chapter.

ITO/organic modes do not exist at 524 nm, which is above the cut-off
wavelength of the ITO/organic waveguide. However, at shorter wavelengths, dis-
crete modes do exist in the ITO/organic waveguide. A single TM mode in the
ITO/organic waveguide exists in the device illustrated in Figure 4.10 at a wave-
length of 380 nm. Rigorously, the mode should have been drawn as a d-function in
0,, the area under which corresponds to the energy in the mode. It is shown only

as a single dot at the correct mode angle in the figure. Due to spatial confinement,
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nm ITO/40 nm PVK/Alqs/cathode, solid line: 80 nm Alqs, TE emission;
dashed line: 80 nm Alqz, TM; dotted line: 20 nm Alqz, TE; dash-dotted
line: 20 nm Alqs, TE. The wavelength is 524 nm. The emitter is assumed
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to be at the Alqs/PVK interface.

the energy in the discrete modes may still be significant.

4.3.5

It will be shown in the next chapter that the use of shaped high-index substrates
can recover almost all of the waveguided light for external emission. (The term
“high-index” here refers specifically to indices higher than the that of the emitting
layer (ny,, = 1.71) . Some early work that led to this thesis involved polycarbon-
ate substrates (n = 1.595) [6].

using shaped substrates as a function of the refractive index of the substrate is

Impact of high-index substrates
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Figure 4.10: Radial plot of mode intensity vs. mode angle in Alqs: CCQMM
model for an OLED with the structure: soda lime glass/100 nm ITO/40
nm PVK/80 nm Algz/cathode, solid line: TE emission; dashed line: TM.

The wavelength is 380 nm. The emitter is assumed to be at the Alqs/PVK
interface.

calculated by the CCQMM model in Chapter 5.) The radiation pattern of OLEDs
on high-index substrates is examined here in keeping with the theme of this sec-
tion. In an OLED on standard soda lime glass substrates, the ITO/organic modes
are confined by TIR at the ITO/glass interface due to index mismatch between
the substrate and the emitting layer (ngqss1 < nayy). In OLEDs on high-index
substrates (nggss2 > naiq), the ITO/organic modes are converted into substrate-
waveguided modes which exist predominantly in the substrate. Figure 4.11 shows
the radial plot of intensity vs. mode angle in the device as in Figure 4.9 except on a

high-index substrate. The ITO/organic modes are no longer present, and all modes
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form a continuum. The radiation pattern resembles that of an in-plane dipole up
to large angles from the normal, where interference effects from the ITO/organic

layer on the TM radiation are observed.

External
0,=0 modes
(normal)

Substrate
modes

6, = 90°

Figure 4.11: Radial plots of mode intensity vs. mode angle in Alqs: CC-
QMM model for an OLED with the structure: high-index glass/100 nm
ITO/40 nm PVK/80nm Alq;/cathode, solid line: TE emission, dashed line:
TM emission. The wavelength is 524 nm.

In the present construct of the CCQMM model, the microcavity ends in the
glass substrate (Figure 4.2), although in reality, the external modes exist predomi-
nantly in air. This is prescribed by the relatively short coherent length of the emit-
ted light when compared with the size of the total system. The EL from the OLED
is inhomogeneously broadened — the energy levels depends on the surroundings
of the excited molecule; therefore, it is difficult to deduce the coherent length from

the EL spectrum. However, we can use the exciton lifetime as an estimate of the
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coherence time. A typical fluorescence lifetime is 107% s, the non-radiative decay
and dipole-cathode energy transfer can easily reduce the total lifetime by a factor
of four, resulting in a coherence length less than 1 mm. The distance between the
photo-detector and the OLED is typically 10 cm, which is much longer than the
coherent length; hence, our microcavity does not include the substrate as one of
its intermediate layers, and classical ray optics is used to describe the transmission
of light from the substrate to air. The calculated decay rates are dependent upon
the indices of the substrate material (Sec. 4.2.3). The CCQMM model calculates
only relative intensities. The numerical results for devices on the same substrate
can be compared with each other without reservation, but care must be taken in
comparing the numerical results for devices on substrates of different indices. As
shown in Chapter 5, when comparing the numerical results for OLEDs on both
soda lime and high-index glass substrates, the measured external emission, W,

is used to normalize decay rates into other modes.
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Chapter 5

External Coupling of Light in
OLEDs: Application of Modeling
and Experiments

5.1 Introduction

The experimental work presented in this chapter serves two purposes. First of all,
it provides a confirmation of the CCQMM model. Once the support is established,
the model is used to calculate the amount of light trapped in the substrate and
ITO/organic waveguiding modes vs. that which is emitted. OLED structures with
varying Alqs and ITO thickness, as well as the index of refraction of the substrate
are examined. In certain cases, as much as ~50% of the internally emitted light
goes into the external modes, more than twice the figure predicted by classical
ray optics. Just as important, the work on shaped substrates demonstrates a

practical means to increase external emission by the conversion of substrate modes
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into external modes. Through the use of shaped high-index substrates, the total
integrated external efficiency is increased by a factor of 2.3. This is the highest
enhancement reported to date.

This chapter contains the measured far-field and edge-emission data from
various OLEDs on planar and shaped substrates. It can be seen from eq. 4.14 that
the field in the OLED and therefore, the emission characteristics, are sensitively
dependent on the location of the emission center. As a result, devices discussed in
this chapter are all bilayer OLEDs based on PVK/Alqs, where the exciton location
is defined by the location of the heterojuction. After a review of the experimental
procedure in Sec. 5.2, the experimental data is correlated with model predictions
in Sec. 5.3 and 5.4. The implications of these results to device optimization is

discussed in Sec. 5.5.

5.2 Device fabrication and measurement proce-

dures

5.2.1 Bilayer OLEDs on planar and shaped substrates

Bi-layer OLEDs were fabricated on either 0.7 mm-thick soda lime glass substrates
coated with ITO (t;ro = 180 nm, n;ro = 1.8) purchased from Applied Films Corp.,
or on bare 0.5 mm-thick soda lime or high-index glass (Schott SFL57 glass, ngjqss2 =

1.85) substrates. 100 or 200 nm thick ITO layers (n;r0 = 2.0) were deposited onto
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the bare glass substrates by radio frequency (rf) magnetron sputtering in an Ar
plasma with no intentional heating. The sheet resistance of the 100-nm-thick ITO
was approximately 100 €2/sq, and the transmission was ~80% in the visible. The
room-temperature ITO deposition process was discussed in detail in Chapter 3.
The hole transport layer in all devices was a 40 nm layer of PVK, deposited by
spin-coating from a PVK/Chlorobenzene solution after the ITO surface was treated
by an Os plasma [1]. The electron transport and emitting layer in all devices was
Algs (from TCI America, one of the higher quality vendors), deposited by vacuum
sublimation at base pressures < 107% Torr. The deposition rate was 0.1-0.3 nm/s.
The cathodes were 30-50 nm of Mg:Ag (10:1) followed by an Ag cap evaporated
through a shadow mask with 0.5 mm-diameter holes. The excitons are created in
the Alqs near the PVK interface and assumed to move with a diffusion length of
20 nm, so varying the Alqs thickness changes the cathode-emission zone spacing

as explained in Sec. 3.3.

O With lens

Lens i i /
D
| Ya
Substrw/
!

OLED Without lens

Figure 5.1: Attaching a lens to the backside of OLED converts some light
from substrate modes to external modes.
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All lenses used for effective substrate-shaping have a radius of curvature of
2.0 mm and a height of 1.5 mm, placing the OLED center exactly at the center
of the curvature unless otherwise noted. If the OLED can be approximated as a
point source, all rays would enter air at normal incidence, free of any refraction or
total internal reflection (Figure 5.1). The substrate-waveguided light can be made
to emit externally. The lenses were made from the same material as the substrates,
and were attached to the backside of the substrate with index-matching oil. All
devices were driven at a current density of 10 mA /cm?. Far-field light emission was
detected by a Si photodiode on a stage with azimuthal rotation. A linear polarizer
was placed in front of the detector for measuring the TE and TM polarizations. For
the edge emission experiments, the substrate were diced: the edges were vertical
but not polished, so that they acted as a diffusive scatterer. The edge emission was
measured by another Si photodiode placed immediately adjacent to the substrate
(Figure 5.2). This photodiode was covered with black tape except for a thin slit

to prevent stray surface emission from interfering with the measurement.

5.2.2 ITO thickness variations

ITO-coated soda lime glass substrates (n;ro = 1.8, t;70 =~ 165 nm, Applied Films
Corp.) were etched in HNO3 : HCl: Ho0 =1: 9: 10 solution at room temperature
where the etch rate is less than 10 nm/min. Four substrates were etched for various

length of time. The resultant film thickness is measured by a Sloan Dektak III pro-
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Figure 5.2: Setup for the simultaneous measurement of the external and
edge emission with and without a lens attached to the back side of the
OLED.

filometer to be 165 nm, 135 nm, 95 nm and 80 nm, respectively. The colors of the
specular reflection (~40° from normal) from these substrates under a fluorescent
light source as perceived by the unaided eye are purple, yellow, light yellow, and
very pale purple, respectively. Bi-layer OLEDs with 40 nm PVK, 80 nm Alqs, and
Mg:Ag/Ag cathodes are fabricated as described above. The luminance-current
density-voltage characteristics of these OLEDs were measured by an HP4145B

semiconductor parameter analyzer and an calibrated Si photodiode.

5.2.3 OLEDs on polycarbonate substrates

Some early work involved OLEDs on 175-um-thick polycarbonate (PC) substrates
purchased from Goodfellows Corp. PC is soluble in solvents such as acetone and
isopropanol, so the cleaning procedure was limited to scrubbing in Tergitol with

cotton swabs. PC was chosen mainly for its surface flatness (as far as this particular
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vendor was concerned) and its moderately high index of refraction (npc = 1.595).
Single-layer PVK/PBD/C6 devices were fabricated (Sec. 2.5) on the PC substrates
coated with room-temperature sputtered ITO (Sec. 3.4). The OLEDs generally

exhibited high turn-on voltage and low efficiency due to the lower-quality ITO.

5.3 OLEDs on planar substrates

5.3.1 Introduction

The experimental data in this section are organized as follows: 1) OLEDs where
the location of the emission zone is varied with varying Alqs layer thickness; 2)
OLEDs where the thickness of the ITO layer is varied; and 3) OLEDs on high-index

(Ngiass2 = 1.85) substrates.

5.3.2 Alqs thickness variations

The far-field intensity profiles from devices with Alqs layers varying from 20 - 80
nm are measured. The intensity profile of devices with thicker Alqs (40-80 nm)
are qualitatively similar to the Lambertian profile, as has been observed in OLEDs
elsewhere [2]-[4]. The exception was the device with a thin Alqgs layer, where a
significant peak in the intensity is observed in the TM polarized light (Figure
5.3). In the thin Alqgs layer, all excitons are close to the metal surface where in-

plane TM radiation dominates, as discussed following eq. 4.14. Coupled with the
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transmission at the glass/air interface which falls off at large angles, this produced
the peak in the TM intensity profile. The model results are in excellent agreement

with the data.
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Figure 5.3: Modeling and experimental data of far-field intensity pat-
tern of a planar OLED (soda lime glass/180 nm ITO/40 nm PVK/20 nm
Alqs/Mg:Ag). Solid square and upper triangle: measured TE and TM in-

tensity. Solid and dashed lines: theory. The model results is normalized to
the experimental data in the normal direction.

By integrating or summing I(6,) (cf. eq. 4.36) over the appropriate ranges:
0 to 0.1 (= sin™! ng;,/nay,) for external modes, etc., the proportion of the internally
generated emission that goes into each mode can be computed. First, the emission
as a function of the thickness of the Alqs layer for OLEDs on standard soda lime
glass substrates is examined (Figure 5.4). The overall height of the columns

represent the rate of radiative decay, Wx. The sharp decrease in radiative output
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Figure 5.4: CCQMM model: calculated distribution of energy into ex-
ternal, substrate and ITO/organic modes as a function of Alqs thick-
ness for OLEDs with the structure: soda lime glass/180 nm ITO/40 nm
PVK/Alqs/cathode.

with Alqs layer thickness can be attributed primarily to the cathode quenching
effect as in Figure 4.5. In the device with 80 nm Alqs, most of the excitons are close
to the antinode of the electric field in the microcavity (Figure 4.8) where according
to eq. 4.14, both the TE and antinodal TM contributions are maximized, leading
to a large external and total emission. In contrast, in the device with 20 nm Algs,
the excitons are close to the metal surface where the nodal TM contribution at
large angles dominates. The large-angle radiation suffers from TIR resulting in far
less external emission as a percentage of the total radiation.

It should be pointed out that in the 80-nm-Alqs device roughly one third

of the emission is into the external modes, much greater than the 18.9% figure
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according to classical ray optics. The external emission in the forward half plane
of a series of OLEDs on standard substrates with Alqs layer ranging from 20 nm
to 80 nm was computed by integrating the measured intensity profiles according
to eq. 4.5. The normalized external quantum efficiency (photon/electron) as a
function of the thickness of the Alqs layer is plotted in Figure 5.5 along with the

calculated values by both the CCQMM model and the half-space dipole model [4].
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Figure 5.5: Normalized external emission vs. thickness of the Alqslayer.
Squares: data, circles: QM microcavity theory, up triangles: half-space
dipole model. The devices are of the structure soda lime glass/180 nm
ITO/40 nm PVK/Alq;/Mg:Ag.

The external quantum efficiencies decrease with decreasing Alqs thickness
due to cathode quenching as expected; however, both models under-predict the
efficiencies in devices with thinner Alqs layers, while the CCQMM model is slightly

more accurate. This discrepancy can be attributed to the fact that a thinner Alqs
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layer increases proportionally the amount of electron current relative to that of
holes, thus improving the carrier balance, making the device more efficient [5].
An alternative explanation is that the actual exciton recombination profile shrinks
with decreasing Alqgs thickness due to dissociation of excitons at the cathode, which
pins the exciton density to zero. This narrower exciton recombination profile makes
the average exciton recombination site farther away from the cathode in devices
with thinner Algs than the model assumptions. By the same cathode quenching

argument, the external emission will then be larger than the model predictions.

5.3.3 1ITO thickness variations

The thickness of the ITO layer affects the modal distribution in two ways. It alters
the ITO/organic modes by changing the combined thickness of the ITO/organic
layer, and it alters the external and substrate modes through interference effects.
It is possible to have an ITO layer so thin that no ITO/organic mode exists for
most of the visible spectrum. In the same vein as in Figure 5.4, the distribution of
light emission is calculated for OLEDs with 100 nm and 200 nm-thick ITO layers
(Figure 5.6). The emission into the ITO/organic modes in the OLED with the
thinner ITO layer is drastically suppressed, since the cut-off wavelength is only
slightly above the low end of the visible spectrum. On the other hand, the cut-
off is above the peak emission wavelength of Algs in the OLED with the 200 nm

ITO layer, resulting in much stronger ITO/organic modes. The absolute value of
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the emission into the external and substrate modes is moderately affected by the
interference effects, but not enough to prevent the proportion of external emission
from increasing with decreasing I'TO layer thickness. According to our model, as
much as ~52% of the light is emitted externally in the planar device with 100 nm
ITO and 80 nm Alqs. This is much greater than the ~20% figure arrived at by
ray optics. On the other hand, the half-space dipole model predicts an external
coupling efficiency of ~45% irrespective of the ITO or organic layer thickness.
The overall external quantum efficiency is not as drastically affected, since the
suppression of the ITO/organic modes rather than an increase in the external
modes is responsible for this high external coupling efficiency. Design of optimal
ITO thickness for various radiative vs. non-radiative decay rates is discussed in

Sec. 5.6.

5.3.4 High-index substrates

The use of high-index (Schott SFL57 glass, n4ss2 = 1.85) substrates eliminates
TIR at the ITO/glass interface, which therefore converts the ITO/organic modes
into substrate modes [16]. From classical ray optics, the external emission is ex-
pected to be independent of the index of the substrate. This is confirmed by the
measured external quantum efficiency of identically fabricated OLEDs on both
standard soda lime glass and high-index glass substrates (Table 5.2), as well as the

observed far-field intensity profile (Figure 5.9). The distribution of light emission

106



6 T T T T T T I
| Y ITO/organic modes i
— B2 Substrate modes
= v E
) 7] External modes
G a- 46.9%\ -
<
=)
LL 34 ]
8 45.2%
N
(_U 24 64.4% 34.2% N
£ 46.4% 31.3% 1
o .
=z
52.2% 53 504 35.6% 18.4%
100 nm ITO 200 nm ITO 100 nm ITO classical
standard standard high-index ray optics
substrate substrate substrate

Figure 5.6: Calculated distribution of emission into external, substrate and
ITO/organic modes for various OLED structures (glass substrate/ITO/40
nm PVK/80 nm Alqs/cathode). The fluxes into the external modes of the
sample with 80 nm Alqz on standard substrates and the classical model are

normalized to 1.

for an OLED on high-index substrates is shown in Figure 5.6 with the external
emission normalized to that of an identical device on soda lime glass substrates.
By converting the ITO/organic modes and avoiding their suppression due cut-off,
the device on high-index substrate has more emission into the substrate modes
and a higher total radiative output compared with an identical device on standard
soda lime glass substrates. While the amount of externally emitted light is similar
in OLEDs on planar high-index and standard substrates (e.g. Figure 5.6), if the
substrate modes in the high-index case can be harvested, the external emission

could be increased by nearly 3X. This is demonstrated in the next section.
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5.4 OLEDs on shaped substrates

5.4.1 Early work with OLEDs on shaped soda lime glass
substrates

Since a large fraction of light is trapped by waveguiding modes in the substrate
and ITO/organic layers, substrate patterning has been used to destroy the waveg-
uides and redirect the light externally. The external coupling efficiency has been
improved by a factor of 1.9 4+ 0.2 by etching grooves in the glass around the OLED
to redirect light trapped in the substrate and organic/ITO layers [11]. Neverthe-
less, this method does not lend itself well to the fabrication of device arrays, since
metal lines and/or circuitry for passive or active matrix displays would have to
cross the deep grooves. Backside patterning (viewing side) can destroy the sub-
strate waveguide and redirect the light externally without disturbing the devices
on the front side. Micro-silica spheres sintered to the backside of the glass sub-
strate have been used to increase the external emission up to 70% [12]. Substrate
modification by means of attaching a lens to the backside is the method adopted
in this work (Figure 5.1) [13].

Earlier work based on single layer PVK/PBD/C6 polymer OLEDs used a
number of lens geometries (Table 5.1) [13]. The far-field intensity profiles were
measured (Figure 5.8) and are summarized in Table 5.1. The distance from the

center of the lens to the OLED can be chosen to enhance the normal direction
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intensity by a factor of 9.5 (trial 3) or to increase the integrated external emission

by a factor of 2.0 (trial 2).

Table 5.1: Substrate and lens parameters (as defined in Figure 5.7) for differ-
ent external coupling experiments. Ip,ormai/lo and F/Fy represent the ratio
of normal emission intensity and total surface emitted light respectively to
the results obtained for identical devices fabricated on planar substrates of
the same substrate material.

Substrate Lens Riens Plens tsubseff d | norma/l o F/Fo

a ) oterial Materid  (mm) (mm) (mm) O%sm (mm  +01 0.1
1 (nf'f_fl) N/A NA NA 07  NA  NA 10 10
2 (nf'f_‘?l) ( nf'f%sl) 34 34 07 7% +10 36 20
3 (nf'f_‘fl) (nf'ffl) 34 34 20 60° +23 95 16
4 (nf'f_SSSl) (?l"io:f) 27 24 19 510 +06 21 16

The above experiments can at best hope to capture light wave-guided in
the substrate, but not the light waveguided in the ITO/organic layers. That will

be addressed with in the next section.
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Figure 5.7: The relevant parameters shown are given for each experimental
trial in Table 5.1. Note that the ray used to define the far-field angle, 0/,
is drawn for the d=0 case, while in the diagram d, the offset between the
center of curvature of the lens and the OLED, is drawn as non-zero so that
it can be clearly identified.
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Figure 5.8: Measured far-field emission pattern for devices on soda lime
glass substrates with (trial 2-4) and without lenses (trial 1). The lens
shapes used in trials 2-4 are described in Table 5.1. (OLED structure: 180
nm ITO/100 nm (PVK/PBD/C6)/Mg:Ag/Ag). (From Ref. [13])
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5.4.2 OLEDs on shaped high-index substrates

Figure 5.9 shows the far-field intensity pattern of a bilayer OLED with an 80
nm Algs layer on both standard and high-index substrates, with and without a
lens attached. As expected, in devices fabricated on planar substrates, the far-
field intensity patterns are the same, irrespective of the index of the substrates
(discussed in Sec. 5.3.4). Once a lens of the same index as the substrate is attached,
the devices on the high-index substrates showed an average increase by a factor of
3.2 in the intensity in the normal direction versus an average increase by a factor
of 2.2 for the devices on the standard substrates. These results are very close to
the ideal scenario where the OLED is a point source at the center of curvature of

the lens where the expected increase is given by n i.e., by factors of 3.4 and

lass:
2.3 for high-index and standard glass substrates respectively.

High-index substrates not only convert the ITO/organic modes, but also
have a focusing effect on the distribution of emitted light rays. With a large
substrate index (ngss2 = 1.85), diffraction from the emitting layer (n4, = 1.71)
bends light rays forward in the substrate. In the ideal scenario where the OLED
is a point source at the center of the curvature of the lens, the far-field intensity
pattern in air is identical to the ray distribution in the substrate, so the emission in
air is also more concentrated in the normal direction. Thus if we were to look at the

light emission in the forward 120° cone, where most of the viewing takes place, the

amount of increase in external quantum efficiency is even more remarkable. The
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Figure 5.9: Far-field intensity profile of OLEDs (glass substrate/100 nm
ITO/40 nm PVK/80 nm Alqs/Mg:Ag/Ag) on both high-index and standard
glass substrates. Open and closed squares: planar soda lime and high-index
glass substrates, open triangles: shaped soda lime glass substrate, closed
triangles: shaped high-index substrate.

observed increase was by a factor of 2.9 for the device on high-index substrate, and
only a factor of 1.7 for the corresponding device on standard substrate.

The expected increase in the external luminous flux by attaching a lens
with the same index as the substrate was also calculated assuming the same lens
and OLED dimensions using the CCQMM model for substrate indices ranging
from 1.3 to 2.0 (Figure 5.10). The energy distribution into different modes for
the structure ITO (100 nm)/PVK (40nm)/Algs (80 nm) was already shown in
Figure 5.6. It is already qualitatively clear from this figure that for high substrate

index of refraction more light is available for harvesting by attaching the lens. The
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Table 5.2: Summary of increases in luminous flux for OLEDs on standard
and high-index substrates after attaching a lens to the backside of the sub-
strate (Figure 5.9). The measured external quantum efficiency (external
photon/electron) is the same for both types of devices as measured from a
group of large-area planar OLEDs.

Standard glass High-index glass
Theo. Expt. Theo. Expt.

Q.E. for planar
device N/A 0.35% N/A 0.36%
Flux increase in
forward half-space  1.82X 1.5X 2.62X 2.3X
Flux increase in
forward 120° cone  1.82X 1.7X 3.20X 2.9X

predicted enhancement factor increases monotonically with the index of refraction
of the substrate. As the index of the substrate increases beyond that of the emitting
layer (na;, = 1.71), emission becomes more concentrated in the forward direction
due to refraction. Hence for higher substrate indices, the luminous flux in the
forward 120° cone shows a larger increase compared with that in the entire forward
half space for higher substrate indices. The model predictions of the increase in
the forward half plane and 120° cone for both types of substrates agree well with
the data. The discrepancy between theoretical and experimental values can be
attributed to the finite size of the OLEDs and the imperfections at the edge of the

lenses (Table 5.2).
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Figure 5.10: Predicted increases in luminous flux emitted in the forward
half plane and the forward 120° cone as a function of the index of refraction
of the substrate, assuming complete conversion of substrate modes into
external modes. OLEDs have the structure: substrate/100 nm ITO/40 nm
PVK/80 nm Alqs/cathode.
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5.5 Experimental measurement of external vs. sub-

strate emission

Direct measurement of the substrate and ITO/organic waveguided light is difficult;
therefore, we devised a method that measures indirectly the ratio of light emission
into the external modes over that into the substrate modes, i.e., n&'/ns® . A
portion of substrate waveguided light is made to emit externally by attaching a
lens to the backside of the substrate. Due to the thickness of the substrate, it
was assumed that attaching the lens negligibly affected the behavior of the OLED.
Since the ITO/organic modes were heavily attenuated by the metal cathode and
the absorption in the ITO layer, we assumed that the edge emission was exclusively

from the substrate modes [6]. Assuming the absence of scattering that mixes the

modes, it follows that

Femt+Fsub - Felxt+Fglub :TlFemt+T2Fsub

ex 5.1
ncpt _ Fea:t _ 1- ) ( )

773;7”’ Fsub r— 1

where F_,; and Fj,, are the emissions in the external and substrate modes in a
planar sample, and the primed symbols are the emissions after lens attachment.
ry and ry are defined as F! ,/F..; and F ,/Fsu, respectively.

The measured ratios of for various devices are summarized in Table 5.3.
In the OLED with the structure: soda lime glass/100 nm ITO/ 40 nm PVK/

80 nm Alqs/ Mg:Ag/Ag, our measurements indicated a ratio of 1.30 + 0.20. In
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other words, there is more emission into the external modes than the substrate
modes. This is confirmed by our model, which predicted a ratio of 1.12. This
structure is the same as the one modeled in Figure 5.6; therefore, the ratio of
1.12 is obtained by dividing 52.2% by 46.4%. When the thickness of the ITO is
increased to 200 nm, a nggt/nggb ratio of 0.51 + 0.08 was obtained, indicating that
emission into the substrate modes was almost twice as into the external modes.
In the OLED on high-index substrates, the ITO/organic modes are redirected
into the substrate modes; therefore, we can expect substantially less emission into
the external modes than into the substrate modes. As expected, we obtained
a ratio of only 0.41 £ 0.06. The model predicted nt*/nst® ratios of 0.75 and
0.56 for the device with thicker ITO and on high-index substrate, respectively.
Although discrepancies between the data and the modeling results exist, there was
a recognizable pattern that confirmed the reduction of emission into the external
modes relative to the substrate modes as the ITO thickness was increased, and
when high-index substrates were used. The agreement was reasonable despite the

simplicity of our assumptions, chief among which is probably the lack of mode

mixing due to scattering.
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Table 5.3: Measured values of 75" /13 compared with the calculations

based on the CCQMM model for different device structures. The thick-
nesses of the PVK and Alqs layers are 40 nm and 80 nm respectively.

Sample Measured Model
Soda lime glass/100 nm
ITO/PVK/AlIgs/Mg:Ag/Ag 1.30+0.20 112
Soda lime glass/200 nm
ITO/PVK/AlIgs/Mg:Ag/Ag 0.51+0.08 0.75
High-index glass/100 nm
ITO/PVK/AlIgs/Mg:Ag/Ag 0.41 +0.06 0.56

5.6 Structural optimization of external EL effi-

ciency

5.6.1 Introduction

It is clear from Figure 5.5 that microcavity effects are at least as important as the
transport of carriers in device optimization through layer thickness adjustments.
In this section, we examine various structures and parameters using model and
experiment to see what structure gives the most external light emission. Varying
organic, ITO thicknesses and shaped substrates are considered, as well as organic
materials with different intrinsic PL efficiencies are examined. The discussion is
based on a bilayer OLED, but is applicable to both single-layer OLEDs and more

complicated structures.
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5.6.2 Organic and ITO thickness variations

Radiative emission is maximized for an exciton at an antinode of the electrical
field in the cavity. For a perfect metallic cathode, the first antinode is a quarter
wavelength away, or approximately 77 nm at the peak emission wavelength (A
= 524 nm). Because the excitons diffuse away from the PVK/Alq; interface, the
optimal Alqs thickness should slightly exceed A\/4 (Figure 4.8). On the other hand,
thick Algsincreases the operating voltage, so in practice the best power efficiency
is obtained with Alqgs thicknesses around 50 nm [6]. Further device improvement
is possible if the output coupling can be decoupled from the charge transport.
There is a similar rule of thumb for the distance between the exciton and
the dominant reflective interface (ITO/glass) on the anode side for optimizing
external emission. That distance should be a multiple of half wavelength for max-
imum constructive interference of electrical fields at the point of the exciton [14].
(Reflection at the ITO/glass interface contributes no phase change.) Again us-
ing the case of A = 524 nm as an example the optimal ITO thickness is given
by tpvi npvi + tironiro = A/2 [14]. The optimal ITO thickness according to
this rule is found to be approximately 100 nm, assuming tpyx = 40 nm, npyg
= 1.67, and njp0 = 2.0. Figure 5.11 shows %egciton, 16’ e = Wr/Wror, and
ner = Wer/Wror computed by the CCQMM model as a function of ITO thick-
ness for OLEDs on soda lime glass. The efficiencies are calculated for three material

ext

systems with np;, = 0.32, 0.10 and 0.90. The external coupling efficiency, 7" is
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independent of the non-radiative processes, thus is also independent of 7p;, and a
peak value of 52.6 % is observed at an ITO thickness of 100 nm, as predicted by
the simple rule of thumb noted above. But calculation of the distribution into the
three radiative modes reveals that the suppression of ITO/organic modes due to
the thinness of the ITO layer (Figure 5.6) also plays a role. As the ITO thickness

increases above 100 nm, the ITO/organic waveguide starts to accommodate more

ext

e decreases rapidly.

modes and 7

However, the more relevant parameter to device optimization is the number
of photons emitted externally per singlet exciton, 7ezciton, Which is as product of
nce;ft and nr. The total decay rate, Wpor, does not change appreciably with the
change in the thickness of the ITO layer; however, the relative strength of the
radiative decay and the dipole-cathode energy transfer is seen to depend sensitively

on the ITO thickness (Figure 5.11). With a thicker ITO, the increase in the rate of

radiative decay, Wpg, together with the decrease in dipole-cathode energy transfer,

ext

WEgr, increases ng faster than the decrease in Nep' s

resulting in a notable increase
in Negeiton- 125 nm of ITO gives the most efficient device on planar substrates
where 12.6% of the singlet excitons emit a photon externally, whereas the device
on 50 nm ITO is over 30% less efficient at 7.zciton = 8.7%. It remains a possibility

that in some highly efficient devices (np;, ~ 1, Wgp ~ 0), a high 7egeiton can be

achieved with thin ITO layers that eliminates the ITO/organic modes.
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Figure 5.11: Various efficiencies vs. ITO thickness calculated for OLEDs
with the structure: soda lime glass/ITO/40 nm PVK/80 nm Alqs/Ag.
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Figure 5.12 shows calculated 7ezciton as a function of ITO thickness for
OLEDs on both planar and shaped soda lime glass substrates along with the exper-

imentally measured external quantum efficiencies for devices on planar substrates.

Shaped substrates (f = 1) increase Negeiton by a factor of more than 2 compared

with planar substrates as shown previously. Among the devices on planar sub-
strates, the most efficient devices was one on 125 nm of I'TO, whereas among the
devices on shaped substrates, the most efficient device is on 150 nm of ITO (7egciton
= 26.8%). The different ITO thickness alters the intensity distribution sufficiently

that the optimization is dependent on whether shaped substrate is used.
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Figure 5.12: Calculated 7egzciton and measured external quantum efficien-
cies for OLEDs of the structure soda lime glass/ITO (n;ro = 2.0)/40 nm
PVK/80 nm Alq;/Ag where the intrinsic PL efficiency is 0.32. Squares:
planar substrate, circles: shaped substrate (5 = 1), triangles: measured

external quantum efficiency of the planar OLEDs. The lines are guides to
the eye only.

122



The measured external quantum efficiency, 7%7 increases slightly with in-

creasing ITO thickness as predicted (Figure 5.12). Because the total radiative
emission is higher in the device with 150 nm ITO as indicated by ng in Figure
5.11, it is believed that the scattering of light from the substrate and ITO/organic
modes may have caused the device with 150 nm ITO to have a higher 7%/ than the
one with 125 nm ITO. Comparing 755 with 7egeiton in Figure 5.12, it can be de-
duced that roughly 10% of the injected electrons result in a singlet exciton in these

Alqs/PVK based devices. This is exactly the same figure arrived at by Bulovié¢ et

al. for Alqz/NPD based devices. It is appropriate to revisit eq. 4.10:

ext __ ext int __
Ner, = 77¢p NEr, = 7 T'st Nexciton

where 7y is the number of exciton forming events per electron flowing through the
OLED and r is the fraction of singlet excitons. ry equals 0.2240.03 as shown by
Baldo et al. [10], so it follows that 7 is 0.4. That is, 40% of the electrons injected

form excitons (singlet and triplet).

5.6.3 Shaped substrates

The highest 7ezciton 15 Obtained by using shaped high-index substrates. It converts
ITO/organic modes (irrespective of the thickness of the ITO layer) into substrate
modes which can be harvested by substrate patterning techniques. It also offers
two advantages over the thin ITO/standard glass substrate combination. Firstly,

from an engineering point of view, high-index substrates allow a high conversion
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efficiency, 3, for substrate features of the same size due to the favorable refrac-

tion of light rays that enter the substrate. Secondly, the total radiative emission

is higher in an OLED on a high-index substrate than on a thin ITO/standard

glass substrate (Figure 5.6), which translates into higher external emission in the

presence of competing non-radiative processes. Note however, if the non-radiative

processes are not significant, a standard, planar substrate with a thin ITO layer

that suppresses the ITO/organic modes will actually support an OLED with a

higher external emission than on a planar, high-index substrate (cf. Figure 5.6).

The choice of substrates as a function of the relative radiative and non-radiative

decay rates for planar and shaped substrates is summarized in the table below.

Table 5.4: Choice of substrates depending on the relative radiative and
non-radiative decay rates for devices on planar and shaped substrates.

Planar substrate

p=0

Shaped substrate
=1

Phosphorescent or other high

internal quantum efficiency Standard substrates | High-index substrates
systems: Wk >> WhRr better better

Low internal quantum Standard substrates | High-index substrates
efficiency systems. Wir > Wk dightly better much better

5.7 Conclusions

A combined classical and QM microcavity model is used to describe the recombi-

nation of excitons in an OLED. The calculated emission rates into the external,
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substrate, and ITO/organic modes differ substantially for the classical ray op-
tics result and are strong functions of the indices and thicknesses of the layers.
One of the chief shortcomings of the classical model is the failure to consider
the cut-off effects of the ITO/organic waveguide. External coupling efficiencies in
excess of 50% are predicted by the CCQMM model to be possible in certain pla-
nar structures without substrate patterning. The model accurately predicts the
far-field intensity pattern, and the external/substrate mode ratio as determined
by edge emission experiments. Shaped substrates, especially in conjunction with
high-index substrates increase the integrated external emission significantly. The
measured increase agrees well with the calculated value. Finally, it is discovered
that the external coupling efficiency, nggt, and the efficiency of external emission
for a singlet exciton, 7Nezciton, are not necessarily correlated. Device optimization
should aim to maximize Negzeiton, the accurate determination of which requires the
combined classical and QM model. The layer thickness optimization also depends

on whether a planar or shaped substrate is used, and whether the decay rate of

excitons are dominated by radiative or non-radiative processes.
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Chapter 6

An Active-Matrix OLED Display
Pixel Based on Amorphous

Silicon Thin Film Transistors

6.1 Introduction

OLEDs based on small molecules or polymers [1, 2] have attracted enormous
attention because of their potential flat panel display applications. Large-area,
high-resolution displays require active-matrix addressing. Passive-matrix OLED
displays consist of an organic layer sandwiched in between perpendicular row (cath-
ode) and column (anode) electrodes, where each intersection of row and column
electrodes defines a pixel. On the other hand, active-matrix OLED displays have
thin-film-transistors within each pixel, and have the advantage that the OLEDs
may be operated in DC rather than in low duty cycle, high-intensity, pulsed oper-

ation, so that the peak current and thus the OLED driving voltage may be much
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lower. This effect and the lower I2R loss in the row and column lines significantly
improve the system power efficiency. The lifetime vs. initial luminance reported
by some groups are such that a low intensity, long duty cycle drive scheme should
be favored [3, 4]. In addition, a pixel short can cause an entire line defect in a
passive-matrix display, but only a single pixel defect in an active-matrix display.
Several developmental efforts on AMOLED displays are based on poly-
crystalline silicon (p-Si) thin film transistor (TFT) technology [5, 6]; however,
due to the large installed manufacturing base for amorphous silicon («-Si) TFTs
(for active-matrix liquid crystal displays, AMLCDs) and their cost advantage, an

OLED display based on (a-Si) TFT back planes is of great commercial interest.

6.2 Pixel layout

Since the luminance of an OLED is proportional to its current and is only an
indirect function of voltage, the pixel should supply a controlled current to the
OLED. This is accomplished by using the simplest circuit possible, which has two
TFTs (Figure 6.1).

The data voltage is written to the gate of the driving transistor (Ty) which
in turn determines the current through the OLED. The programming current and
storage requirements are similar to those of AMLCDs [7]. The ON current of the
switching transistor (T;) must be sufficient to write the data voltage within a row

time, and the OFF current must be low enough to keep the voltage decay over a
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Figure 6.1: The two-transistor pixel: T is the storage transistor; T is the
driving transistor; C is the storage capacitor.

frame time under a certain AVpy:

Ion,71 > ki Cpize Von N/ Ty
(6.1)

Iorr,m < ke AVon Cpimel/Tf
where Vpon is the ON voltage of the select signal; /N is the number of rows; 7%
is the frame time; Ty/N is the select time or row time; Chizer = Ciiorage is the
capacitance between the gate of Ty and the Vpp line; the allowed voltage decay,
AVpy, is defined as the swing of Vyy divided by the number of gray scale levels.
The constants k1 and ky are taken to be 5 and 0.2, respectively. For a typical VGA
display with a screen refresh rate of 60 Hz and 256 levels of gray scale, N = 480,
Ty =16 ms, Von/AVon = 256, one arrives at the key condition Ion, r1/Ilorr,m >

3 x 10%, which is routinely met by «-Si TFTs for AMLCD displays. In addition,

in AMOLED displays the driving transistor (Ty) must provide enough current to
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drive the OLED to sufficient luminance:

1 W
I = — —
T2 9 /uncg I (

Vas — Vr)? = LApiza/n (6.2)
where L in cd/ m? is the desired areal luminance of the display, Apizer 1s the area
of the pixel, and 7 in c¢d/A is the luminous efficiency of the OLED.

The single-layer doped polymer OLED used in our experiment has a lumi-
nous efficiency of 3 cd/A in the green [8]; therefore, to achieve the benchmark of
100 cd/m? in areal luminance in a 250 gm X 250 pm pixel, Ity > 2 pA is required.

The layout of the pixel is shown in Figure 6.2. The cell dimension is 250
pm X 250 pm; the switching transistor (T4) which is located at the top left corner
of the cell, has a W/L of 20 pm/20 pum; the driving transistor (Ts) , which is
located at the top left corner of the cell, has a W/L of 80 ym/10 pm; and the area

of Csiorage Which is to the right of T is 1500 pm?. The OLED itself occupies 40%

of the pixel area.

6.3 Experiments

The fabrication process starts with soda lime glass coated with 15 € /sq indium
tin oxide (ITO) purchased from Applied Films Corp. After patterning the ITO, a
100 nm SiN,:H passivation layer is deposited by plasma enhanced chemical vapor
deposition (PECVD). Then «-Si TFTs are made by a back-channel-etch process

(Figure 6.3) [9, 10]. First, the Ti/Pt TEFT gate electrode (40/60 nm) is deposited
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Figure 6.2: Cell layout of the two-transistor pixel.

by e-beam evaporation in a lift-off process, followed by the growth of layers of
SiN,:H (250 nm), intrinsic @-Si:H (150 nm) and n™ o-Si:H (500 nm) in a three-
chamber PECVD system in Prof. Wagner’s lab at temperatures of 350°C, 250°C
and 250°C respectively. The recipes for the growth of these layers is given in Table
6.1.

After defining the active a-Si:H regions and opening contact holes to the
gate of Ty and the ITO (Figure 6.1), the Al source/drain layer is evaporated and
patterned. After a back-channel-etch and annealing, the TFTs are passivated by a
blanket SiN,:H film, and an OLED contact hole is opened to the ITO. The OLED
used to demonstrate the operations of this pixel is a single-layer blend polymer

device [8]. After treating the ITO anode with an O, plasma [11], a solution of
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Table 6.1: Recipe for SiN,:H, intrinsic a-Si:H, and n+ a-Si:H deposition.
The units of time, pressure, rf power, temperature, and gas flow are seconds,
mTorr, W, °C, and sccm, respectively.

Description Time Pressure  Power Templ Temp2 Temp3 SiH4 NH3 H2
SiH4 flush 120 500 350 350 320 13
NH3 flush 120 500 350 350 320 13 130
SiNx Dep. 2250 500 3.5 350 350 320 13 130
NH3 flush 120 500 350 350 320 13 130
Pause 10 5 350 350 320
H2 flush 5 100 350 350 320 20
Hz2 flush 120 500 350 350 320 50
Description Time Pressure  Power Templ Temp2 Temp3 SiH4 H2
SiH4 flush 120 500 250 250 230 50
i-Si dep. 1080 500 250 250 230 50
SiH4 flush 120 500 4.5 250 250 230 50
H2 flush 5 500 250 250 230 10
H2 flush 120 500 250 250 230 50
Description Time Pressure  Power Templ Temp2 Temp3 AR SiH4 PH3
SiH4 flush 60 500 260 270 200 50
n+ flush 60 500 260 270 200 44 6
n+ Si Dep. 400 500 35 260 270 200 44 6
SiH4 flush 120 500 260 270 200 50
Ar flush 120 500 260 270 200 50

poly(N-vinyl carbazole) / 2-(4-biphenyl)-5-(4-tert-butylphenyl)-1,3,4-oxadiazole /

Coumarin 6 (PVK/PBD/C6) is spin-coated over the entire sample. Finally, a

blanket Mg:Ag (10:1)/Ag cathode is thermally evaporated.

A cross-sectional diagram of Ty and the OLED is shown in Figure 6.3.

Beginning the process with ITO pre-coated substrates eliminates the need to

deposit ITO (standard process temperature > 350°C) after TF'T fabrication, which
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Figure 6.3: Pixel cross-section showing Ty and the OLED.

may de-hydrogenate the TFT’s. The use of Ti/Pt as TFT gates provides good
contact between the Al source of of T; and the gate of Ty (Figure 6.1). Initial
experiments with Cr gates resulted in poor contacts to the source/drain metal
because of an insulating surface metal oxide on the exposed Cr gate in the contact
hole, resulting from intermediate process steps. Such a contact is not needed in
AMLCD pixels.

The polymer layer deposition and loading of the sample into the evaporator
were done in a dry nitrogen glove box. A solution of 100 mg PVK/40 mg PBD/0.3
mg C6 in 7.5 ml chloroform normally yields a 100-nm film on ITO-coated glass
after spin-casting at 4000 rpm. However, when this solution was used to spin-cast

a polymer layer over the TFT backplane, shorts between the OLED cathode and
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the ITO were observed, presumably due to the topography of the backplane. To
ensure yield, a solution with the same solute in only 5.5 ml chloroform was spun-
cast at 4000 rpm. This solution normally yields 180 nm thick films on unpatterned
substrates [12]. From the pixel EL (Figure 6.4), the emitting portion is in the
central region of the actual OLED aperture (Figure 6.2). The polymer layer is
expected to be much thicker near the edge due to surface tension . The side walls
are up to 500 nm thick and not tapered. The drive voltage at J = 5 mA/cm? is
27V vs. 9V for an OLED with a 100 nm polymer layer. Assuming linear scaling
of voltage with film thickness, the nominal thickness of the polymer layer in the

emitting region is 300 nm.

Figure 6.4: Optical micrograph of a 4x4 AMOLED array with one lit pixel.

135



6.4 Data and discussion

An optical micrograph of the pixel after passivation and before OLED integration
is show in Figure 6.5. The TFT transfer characteristics is measured at this juncture

(Figure 6.6).

Select
elec
¥

l¢—— 250um

Tl Storage
T2 Capacitor
Data
OLED
Contact
VDD

Figure 6.5: Optical micrograph of the pixel after passivation, before OLED
integration. The cathode of the OLED will serve as the ground.

The average saturation region mobility (u,) is 0.5 cm?/Vs; the threshold
voltage (Vr) is 2.5 - 3 V. The Ion/Iorr ratio is around 5 x 10%, so the aforemen-
tioned on/off current ratio for T is satisfied. To reach a current of 2 uA in Ty, the
over-drive voltage, Vop = Vs — Vi, needs to be 8 V, which is within the operation
range for TF'Ts in AMLCD displays.

After evaporation of the OLED cathode, a ring of high vacuum grease (Var-
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Figure 6.6: TFT transfer characteristics: W/L = 80 pum/10 pm, measured
after passivation, before OLED integration.

ian) was drawn around the devices and a cover slide is place on top inside the dry
nitrogen glove box to provide temporary encapsulation. Electrical measurements
were performed at a probe station in air. The pixel is driven with data (Vy4,) and
select signal wave forms consistent with VGA timing, along with Vpp = 25 V and
Vorep = —10 V. The frame time (7f) is 16 ms, and the row time (7) is 33 pus,
compatible with the video rate for a display with 480 rows. Both data and select
signals vary from 0 to 30 V, which will bring the TFT into saturation for gate
voltages up to Vpp — Vi, or about 27 V.

The resultant pixel luminance vs. data is plotted in Figure 6.7. Some leakage
current at low data voltages indicates that the TF'T in the measured pixel did not

have as good off-state characteristics as shown in Figure 6.6. Video brightness (100
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cd/m? areal luminance) is achieved at a data voltage of 30 V.

20x10°————— 120
" VOLED =-10V /?:1005
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Figure 6.7: Pixel luminance as a function of data voltage, Vpp = 25V,
Vorep = —10 V, Select = 30 V with VGA signal timing.

The data voltage swing of ~ 30 V required to reach ~ 2 pA of pixel current
is substantially greater than the 11 V swing one would expect from Vpp = 8
V (shown in Figure 6.6) plus V; ~ 3 V. This is because the fabrication process
connects the OLED anode (ITO) to the TFT (Figure 6.8a); therefore, Vyg, is the
sum of OLED voltage and the gate-to-source voltage of T,, resulting in the high
swing for Ve, [13]. We would prefer a p-channel device, so that the swing on the
gate of Ty would only be its gate-to-source voltage, since in this case the source
will be the more positive terminal of Ty [6]. However, p-channel devices are not
available in a-Si technology, due to exceedingly low hole mobilities.

A more desirable configuration would be to connect the OLED cathode
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Figure 6.8: (a) The source of the TFT is connected to the anode of the
OLED. Vi, depends on Vorgp. (b) The drain of the TFT is connected to
the cathode of the OLED. V, is independent of the OLED characteristics.

to T, so that the source of Ty is connected to ground (Figure 6.8b). One can
predict how the required gate swing for Ty will vary with TFT geometry and
OLED efficiency in this situation. To keep the TFT in saturation, so that the
current is independent of small variations in OLED characteristics, Vps should be
held greater than the largest Vgs — V. The corresponding Vg, swing is shown
in Figure 6.9, and in a realistic system with a W/L of 20 and an OLED luminous
efficiency of 12 c¢d/A [14], the V4, swing can be less than 3 V. In addition to
being power efficient, a low V4, swing helps to reduce TFT threshold voltage
drift [16]. Such threshold voltage variations can be corrected by more complicated
pixel designs [6]. Realizing such an optimal configuration will require either an

inverted OLED with anode on top [15, 17], or a patterned top contact. Several
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groups have demonstrated such cathode patterning although it has not yet been

integrated with transistors [18, 19].

15'|""|""|""|""|'
A OLED efficiency = 3 cd/A
Lo e 6 cd/A
LT 9 cd/A
- 12 cd/A ,
,>\10 - 3% Areal luminance = 100 cd/m” ]
v% \“\. . TFTin saturation p =0.8 cm®/\Vs
> \ "+ 150 nm gate nitride, V. =25V |
5f ‘ .

Figure 6.9: Vyu, swing (= Vgs — V) as a function of transistor W/L ratio
for four OLED luminous efficiencies. Assumptions are: areal luminance =
100 cd/m?, TFT in saturation, j, = 0.8 cm?/Vs, 150 nm gate nitride.

6.5 Conclusions

In summary, an AMOLED pixel based on a-Si TFTs that achieves 100 ¢cd/m? in
areal luminance was fabricated. To realize lower data voltage swings, it will be
necessary to use more complicated circuits or inverted OLEDs so that cathode
contacts to the TFT can be realized, or a p-channel TFT must be employed to
drive the OLED. A data voltage swing under 3 V, which minimizes the power

dissipation required to keep the driving TFT in saturation, should be feasible.
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This work was done in 1998, and other groups have investigated amorphous
silicon TFT based AMOLEDs since then. A circuit simulation demonstrated the
feasibility of amorphous silicon TF'T based backplane for highly efficient phospho-
rescent OLEDs [20]. Recently, a current-programmable amorphous silicon TFT
based AMOLED pixel was reported [21]. It utilizes four transistors to correct for

the drift of the TF'T threshold voltage.
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Chapter 7

OLEDs with Lithographically
Patterned Aluminum Cathodes,
and OLED Process Tolerances

7.1 Introduction

The organic materials used in OLEDs are extremely susceptible to water, oxygen
and organic solvents [1]-[5]. For this reason, direct patterning of OLEDs has gen-
erally been avoided. Instead, two approaches, each with its own advantages and
disadvantages, are widely employed. For small molecule devices, shadow-masked
deposition, either with a movable, metal shadow mask or an integrated shadow
mask made of photoresist has been adopted [6, 7]. For polymer OLEDs, ink-jet
deposition has been demonstrated as a viable approach [8]. Prototypes 2-3 inches
in diagonal from both technologies have been demonstrated [9, 10]. However, an

integrated shadow mask cannot produce full-color displays, and there are techno-

145



logical hurdles to overcome before a movable shadow mask can be used to produce
large displays. As for the ink-jet approach, the control of droplet size and morphol-
ogy of the deposited film requires surface patterning and plasma treatment which
increases production complexity and cost [10]. For these reasons, it is worthwhile
to explore lithographic patterning of OLEDs.

Direct photolithography has been attempted on thermally-converted PPV
films [11]. (The PPV used in earlier work is insoluble in most solvents, and a pre-
cursor is spun-cast before being thermally converted into PPV [12].) Thermally-
converted PPV is extremely rugged, so the results cannot be applied to the more
commonly used small molecule and polymer compounds. Tian et al. also patterned
OLEDs by angled deposition into patterned wells which were lithographically pat-
terned before the organic deposition [13]. F. Pschenitzka et al. first demonstrated
Al cathodes patterned by conventional photolithography performed directly on the
OLEDs [14], which is improved upon in this work. Furthermore, the tolerance of
OLEDs for traditional semiconductor processing, such as reactive-ion-etching is

also explored.
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7.2 Lithographically patterned and dry etched

cathodes

The OLEDs used to demonstrate cathode patterning are single-layer PVK/PBD/C6
devices with Al cathodes [17, 18]. PVK/PBD/C6 films are spin-cast onto oxygen-
plasma-treated ITO-coated glass substrates [19]. The cathode is evaporated through
shadow masks for control devices, or in a blanket layer to be patterned and etched.
Three types of devices are fabricated: 1) ITO/120 nm PVK/PBD/C6 /80 nm
Mg:Ag/120 nm Ag/210 nm Al, 2) I[TO/120 nm PVK/PBD/C6 /200 nm Al, and
3) ITO/120 nm PVK/PBD/C6/300 nm Al. Only the pure Al cathodes are litho-
graphically patterned and dry etched.

No special treatment is performed on OLEDs with blanket Al cathodes;
however, the selection of a proper photoresist and developer is the key to prevent-
ing Al delamination from the underlying cathode layer (blistering). The process

sequence is as follows:

25 min, 90°C oven pre-bake

Spin on AZ5214IR at 7000 RPM

50 s, 95°C hot plate bake

15 s exposure with mask

65 s, 115°C second bake
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e 60 s flood exposure

e Develop in AZ312MIF:DI (1:1), 20 s

A thin image reversal photoresist, AZ5214IR, was chosen for its low process tem-
perature requirements. The pre-bake is necessary to promote adhesion between
the photoresist and the Al cathode. The developer AZ312MIF is formulated for
metal-oxide-semiconductor transistor processes and attacks Al much more slowly
than potassium or sodium hydroxide based developers. Blistering is caused by the
developer attacking and forming pinholes in Al during the development process,
and it was avoided previously by evaporating Al twice [15].

The Al cathode is etched by a boron trichloride/chlorine (BCl3/Cl,) plasma
in a Plasma Technology reactive-ion etcher [20]-[23]. The plasma conditions used

in these experiments are:

O, plasma: 25 sccm Og, 100 mTorr, 100 W

Cl, plasma: 20 sccm Cly, 100 scem Ar, 150 mTorr, 50 W

Al etch: 10 sccm Cly, 20 scem BClz, 30 mTorr, 175 W, 95 s

PR strip: O, plasma: 25 sccm Oy, 100 mTorr, 140 W, 4 min followed by Ar

plasma 25 sccm Ar, 30 mTorr, 140 W, 1 min

The Oy and Cly plasmas are used only to explore the process tolerances of

OLEDs, not to etch Al cathodes. Cl radicals etch pure Al very rapidly [22],

Al + CI — AICI(1) (7.1)
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However, Cly does not etch the native oxide on Al. The removal of the native
aluminum oxide (AlyO3), which is usually referred to as initiation, is accomplished
by adding BCl3 or CCly to the gas mixture [20].

20 pm lines with 20 ym spacings are used as testing patterns for optimizing
plasma conditions. Because Cl radicals etch Al isotropically and rapidly but only
BCl; derived radicals etch Al,Os, the ratio of BCl3 and Cl, flow rates is critical for
line shape control (Figure 7.1a-d). Jagged edges are clearly visible when BCl;:Cly
= 1:1 (Figure 7.1a, b). The situation is much improved when the ratio is increased
to 2:1 (Figure 7.1c), and seems starting to worsen again when the ratio is increased

to 4:1 (Figure 7.1d). Based on these results the BCl3:Cl, ratio is set to 2:1.
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Figure 7.1: Line shape dependence on BCl;:Cly ratio: (a) BCl;:Cly = 1:1,
(b) same as (a), high magnification, (¢) BCl3:Cly = 2:1, (d) BCl;:Cl, =
4:1. The white, gnarly structure on both the etched and unetched part is a
residue of the etching process.
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The photoresist that defines the line features is stripped with a two-step
process of Oy plasma ashing and Ar plasma sputtering. However, residue is left
in both etched and unetched areas (Figure 7.1). The residues are not known,
but are most likely a redeposited polymer consisting of chlorinated photoresist
[16] . Because of the residues, the cathode cannot be contacted with a thin gold
wire [17], but a more rigid wire (e.g. a stripped 26 gauge wire) had to be used.
Figure 7.2 compares the characteristics of a control device where the Al cathode is
evaporated through a shadow mask with a 1-mm diameter opening with an etched
device where the same shadow mask is used in an image reversal photolithography
process. The structure for both devices is ITO/120 nm PVK/PBD/C6/300 nm
Al. Due to the contact difficulties, the etched device is measured outside of the
glovebox and its luminance values are not available. But the EL is of the same
intensity as from the control device at given drive currents as judged by eye. The
drive voltage (as indicated by the solid line in Figure 7.2) is approximately 1.8 V
higher than that of the control device (as indicated by the solid squares). It is
unclear whether this increase is due to the etching process or from baking during

the photolithography.

7.3 OLED process tolerances

The knowledge of the tolerance of OLEDs to standard semiconductor processes

is of great value not only for dry-etch patterning of OLEDs, but also to OLED
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Figure 7.2: L-J-V of an control device and J-V of an etched OLED. Solid
and open squares: forward and luminescence photo current density of the
control device (patterned by cathode evaporation through a shadow mask);

solid line: forward current density of the etched device, cathode size = 1
mm diameter, OLED structure: ITO/120 nm PVK/PBD/C6/300 nm Al

reliability and degradation in general. As the OLEDs degrade in room air, a non-
emissive region is formed around the edge of the device which we call the “edge
dark zone”, or the middle of the device which is commonly referred to as the
“dark spots” [1]-[5]. Water or oxygen-induced cathode delamination is thought to
be the main culprit, the other being moisture-induced crystallization [3]. Indeed,
exposure to reactive agents, be they water, oxygen or other radicals, is the main
cause of concern for applying traditional semiconductor processing to OLEDs.

Therefore, the growth of these non-emissive zones is a good measure of OLEDs’
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tolerance of various processing techniques. With the dry-etching of OLED cathodes
in mind, the growth of edge dark zones for OLEDs exposed to various plasmas is
investigated. The edge emission zones are preferred over the dark spots due to
ease of measurement.

Type 1-3 OLEDs (see section 7.2) with cathodes evaporated through a
shadow mask and type 3 OLEDs with etched cathodes are fabricated. All cathodes
are circular and 1 mm in diameter. All devices are exposed to room air after the
cathodes are deposited. Those devices which have shadow-mask-defined cathodes
and are not exposed to any plasmas are referred to as control devices. Other
devices with shadow-mask defined cathodes are exposed to O or Cly plasma for
various amounts of time. Periodically, devices are driven at a current density of 10
mA /cm?, and optical micrographs of the EL are taken, from which the width of
the edge dark zone, AL, is measured. In between measurements, the devices are
stored in room air.

A series of optical micrographs illustrating the growth of the edge dark zone
with time from a type 1 control device is shown in Figure 7.3.

Figure 7.4 shows the growth of the edge dark zone in an control and an
etched type 3 device. The relative humidity of the ambient during this measure-
ment is approximately 50%. Within the measurement error, the growth of the
edge dark zone is the same in both samples , indicating that the dry etching does

not appreciably hasten degradation of devices stored in room air. It is unknown
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Figure 7.3: Electroluminescence micrographs of devices with Mg:Ag/Ag/Al
cathodes (type 1) exposed to oxygen plasma for 4 min. The width of the
non-emissive zone was a) 20 pm after 11 min exposure to air, b) 23 pm
after one hour, ¢) 55 um after 12 hours, and d) 60 pm after 15 hours.

whether the same holds true for packaged devices.

Figure 7.5 shows the growth of the dark zone for type 1 and 2 devices that
are exposed to different plasmas for various durations. These plasma treatments
do not etch the cathode. In between measurements, the samples are stored in
room air that has a relative humidity of approximately 25%. From the plot, it
is clear that with devices of the same cathode material, exposure to either O, or
Cl; plasma does not change the growth of the edge dark zone. However, the edge
dark zone grows much slowly in the devices with the Mg:Ag/Al cathodes. The
growth of the edge dark zone is drastically reduced if the devices are stored in dry
nitrogen. Comparing the edge dark zone growth rate for devices with Al cathodes
in Figures 7.4 and 7.5, it can be seen that high ambient humidity induced a faster

rate of dark zone growth, leading one to conclude that water, rather than oxygen,
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Figure 7.4: Growth of the edge dark zone with time in air (~50% relative
humidity) after (a) aluminum cathode (300 nm) patterning with plasma
etching (circles), and (b) patterned cathode formation by aluminum evap-
oration through a shadow mask (squares). AL is the width of the non-

emissive zone (inset). (From Ref. 77)

is responsible for creating the non-emissive regions.

Similar AL wvs. t curves are reported by McElvain et al. who measured the

size of the dark sports vs. time [2]. The AL vs. t curves for the control samples in

Figure 7.5 can be fitted to a square root of ¢ equation of the form AL = ALy++/Dt:

Mg:Ag/Ag/Al cathodes AL(um) =

Al cathodes AL(um) =

12.69 + 12.47, /t(hr)
(7.2)

1.62 4 21.02,/(hr)

The large ALy value of the devices with Mg:Ag/Ag/Al cathodes is presumably

due to the fact that Mg and Ag are co-evaporated, and the difference in the boat-
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Figure 7.5: Growth of the non-emissive zone vs. exposure time to air for
cathodes of different material and processing steps after cathode deposition.
All cathodes were deposited using a shadow mask. (From Ref. 77)

to-target angles resulted in some initial non-uniformity near device edge. The
standard deviations (1.83 ym and 2.26 pm, respectively) are fairly small, so the
growth of the dark zone is well described by the square root of ¢ dependence
characteristic of diffusion limited reactions. A simple test for adhesion among
multiple layers of thin films is the Scotch tape test, where a Scotch tape is applied
to the surface of the top layer and peeled off — the interface with the weakest
adhesion is between the layers that are peeled off by the tape and those that
remain. Such tests have revealed that the cathodes are delaminated from the

organic material in the non-emissive regions (2, 4]. This data supports the theory

157



that water reacts with the cathode metal at the cathode/organic interface and
causes the cathode to delaminate. The reaction is limited by the diffusion of water

along that interface and is unaffected by exposing the OLEDs to O, or Cly plasmas.

7.4 Conclusions

The photolithographic process performed directly on large OLEDs with blanket Al
cathodes is improved by selecting the AZ5214IR photoresist and the AZ312MIF
developer. The BCl;/Cl, ratio for optimal line shape control in Al dry etching is
determined to be 2:1. Working OLEDs with lithographically patterned and dry
etched cathodes are obtained. OLED degradation is shown not to be affected by

exposure to O2 and Cl; plasmas by measuring the growth of the edge dark zones.
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Chapter 8

Conclusions and Future Work

The majority of this thesis is devoted to the light emission in OLEDs after the
appropriate excitons have been formed. A combined classical and quantum me-
chanical microcavity (CCQMM) theory was used to describe the recombination of
said excitons. Light emission into various modes as a function of emission zone
to cathode distance, thickness of the ITO anode, index of the substrate were cal-
culated with the CCQMM model and verified by experiments. The computed
far-field and edge emissions were found to be in good agreement with empirical
data. Cathode effects in the OLED through dipole-cathode energy transfer was ex-
amined through the model. Another major portion of the experimental work deals
with shape-substrates as a means to increase the external coupling efficiency. The
increase in the total external emission by a factor of 2.3 for an OLED on shaped
high-index-of-refraction substrate is the highest increase in external efficiency by

substrate patterning reported to date. The CCQMM model accurately predicted
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the amount of increase from the shaped substrates as well.

Recently, Hung et al. reported an OLED featuring the structure ITO/NPD
(75 nm)/Alqs (35 nm) /LiF (0.3 nm)/Al (0.6 nm)/CuPc (40 nm) /Mg:Ag where
the electron injection is from the optically transparent LiF' /Al layer [1]. The CuPc
layer which has higher electron mobility than the Alqs serves as a conductive
spacer between the Mg:Ag layer and the thin LiF/Al layer. Consequently, the
carrier transport is decoupled from the external coupling and microcavity effects;
therefore, the device enjoys the low drive voltage indicative of an OLED with a thin
Alqs layer and a high external efficiency indicative of an OLED whose emission
zone is located optimally (~77 nm for Alqsz) from the opaque metal cathode. The
use of a more transparent replacement for CuPc and further optimization for carrier
balance in the OLED is sure to lead to a higher efficiency device with low drive
voltage.

An active-matrix OLED display pixel based on amorphous silicon TFTs
was fabricated and driven to video brightness (100 cd/m?) at video rates. Recent
efforts in the display industry revolves around low-temperature polysilicon (LTPS)
TFEFT technology due to the instability in the threshold voltage of amorphous sil-
icon TFTs [2, 3, 4]. However, LTPS TFTs are plagued by initial threshold and
mobility non-uniformities due to variations in the silicon grain structures. High-
efficiency OLEDs require less current which place less stress on the driving TFTs,

thus slowing down the threshold voltage drift in amorphous silicon TFTs. This
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combined with its inherent cost advantage puts amorphous silicon TFT technology
in the running still.

OLEDs with lithographically-patterned and dry-etched aluminum cathodes
were demonstrated. Exposure to both oxygen and chlorine plasmas were found not
to affect the rate of growth of the edge dark ring in OLEDs. Complete removal of
photoresist after aluminum etching remain a processing challenge, which if solved,
may make patterning OLEDs by conventional lithography feasible. The current
method of choice for patterning for full-color OLED displays seem to be shifted-
shadow-mask deposition for small molecule OLEDs and ink jet printing for polymer
OLEDs [4, 5, 6]. However, larger-area patterning by shifting shadow masks, droplet
size and profile control and lifetime for ink-jet-printed devices are still out-standing
questions.

Amorphous silicon vs. polysilicon, small molecule OLEDs vs. polymer OLEDs,
these are all open questions — the only certainty seems to be that OLEDs will be

in the next generation displays!
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Appendix A

Mathematica Scripts for
Numerical Computations

A.1 Overview

The scripts were written for use with Mathematica (Wolfram Research). They are
run with the format: “<<filename” in a Mathematica notebook, where <filename>
is the name of the script. For example <<intensity.txt would execute the com-
mands in the ascii file intensity.txt sequentially.

All length are in nm’s. All rates are normalized to the intrinsic radiative de-
cay rate. The following architecture is assumed: cathode/Alqs;/PVEK/ITO/glass/air.
The microcavity is between the cathode and the glass substrate. Transmission from
glass to air is treated classically.

The variable “x” denotes the modal angel in Alqs, in radians.
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A.2 Procedure

The procedure for calculating the decay rates of a singlet exciton in the OLED

cavity is as follows:

1. Determine the material constants, i.e., the refractive indices, and the thick-

ness of all the layers.

2. Calculate the dipole life time in the cavity using the Green’s function method.
The name of the script to be run is “Comp3.txt” (approximate run time:

several hours):

e Before running, the definition of material constants in the file must be
updated.

e The complex permittivity of Ag is used for the cathode. The results are
already weighted by the Alqs spectrum.

e The output is W, and W): the decay rate for perpendicular and par-
allel dipoles, respectively, in the format of 10 values computed at 10
evenly spaced locations in the Algslayer, i.e., given a structure Ag/80
nm Alqs/40 nm PVK/100 nm ITO/glass, W, and W) are calculated

assuming the dipole is 80, 72, 64, ..., 16, 8 nm away from the cathode.
e Save Wper and Wpar in a file called “dipole??.txt”.

e Calculated the external and substrate modes using “inten33.txt” (ap-

proximate run time: minutes):
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e Update both the material constants, and the “dipole??.txt” file that

contains the output from the previous step.

e The limits of integration in the integral are determined by the critical

angles for TIR.

e The script runs and numbers like extTE, extTM, subTE, subTM are
calculated. They are the external and substrate modes in TE and TM
polarizations. The number returned is WextTE/Wtot, i.e., if extTE =

0.1 then given a singlet exciton in the cavity, 10

e If nglass < nAlq, there are ITO/org modes which are calculated with
“inten34.txt”: Update both the material constants, and the “dipole??.txt”
file that contains the output from step 2. Run the script and, the energy

in TE and TM modes are in apiTE and apiTM, respectively.

A.3 Mathematica scripts

A.3.1 Comp3.txt

(* comp3.txt, Green’s function compute total rates. Dec. 2000,
modified from comp2.txt, compute only 10 points every case *)

nAg={}; kAg={};

For[spec=380, spec<=780, spec+=4,

If [spec<=382, nAg = Append[nAg, 0.23]; kAg = Append[kAg, 1.86],

If [spec<=413, nAg = Append[nAg, 0.23]; kAg
+ 0.41 (spec-382)/31],

Append[kAg, 1.86
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If [spec<=496, nAg = Append[nAg, 0.23 + 0.01 (spec-413)/83];
kAg = Append[kAg, 2.27 + 0.82 (spec-413)/83],

If [spec<=620, nAg = Append[nAg, 0.24 + 0.03 (spec-496)/124];
kAg = Append[kAg, 3.09 + 1.09 (spec-496)/124],

If [spec<=827, nAg = Append[nAg, 0.27]; kAg = Append[kAg,
4.18 + 1.61 (spec-620)/207]

1 1 1 1 1
1;

ncat[lamb_] = nAg[[Round[(lamb-380)/4+1]1]] + I
kAg[[Round[(lamb-380)/4+111];

na 1.85; ng = 2.0; ni = 1.67; no = 1.71;

do

80; di = 40; dg = 150;

zo = do; zi do + di; zg = dg + di + do;

kc[lamb_] = 2 Pi ncat[lamb]/lamb; ko[lamb_] = 2 Pi no/lamb;
kgl[lamb_] = 2 Pi ng/lamb; ki[lamb_] = 2 Pi ni/lamb; ka[lamb_] = 2
Pi na/lamb;

hc[x_,lambda_] Sqrt[(2 Pi ncat[lambda]/lambda)~2 - x~2];
ho[x_,lambda_] = Sqrt[(2 Pi no/lambda)~2 - x~2]; hgl[x_,lambda_] =
Sqrt[(2 Pi ng/lambda)”~2 - x72]; hil[x_,lambda_] = Sqrt[(2 Pi
ni/lambda) "2 - x72]; hal[x_,lambda_] = Sqrt[(2 Pi na/lambda) 2 -
x"2];

<<cop.txt <<alq2.dat alq=alq/Sum[alql[j]1]1,{j,1,101}];
specpoints=101;

Wper = Table[Sum[(1 + 1.5 NIntegrate[Re[x~3/(ho[x,380+4(j-1)]
ko[380+4(j-1)]1"3) Exp[I 2 ho[x,380+4(j-1)] 1/10 do]
fop[x,380+4(j-1),1/10 doll, {x,0,0.999999
ko[380+4(j-1)1},PrecisionGoal->3] + 1.5
NIntegrate[x"3/(Im[ho[x,380+4(j-1)]1] ko[380+4(j-1)]1"3) Exp[- 2
Im[ho[x,380+4(j-1)] 1/10 dol]l Im[fop[x,380+4(j-1),1/10
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do]],{x,1.0001 ko[380+4(j-1)]1,1.01 ko[380+4(j-1)1,4.2/(1+Log[1/10
do])}, PrecisionGoal->3,MaxRecursion->15]) alql[[jl],
{j,specpoints}], {1,1,103}]1;

Wpar = Table[Sum[(1 + 0.75 NIntegrate[Re[x/(ho[x,380+4(j-1)]
ko[380+4(j-1)1) Expl[I 2 hol[x,380+4(j-1)] 1/10 do]
(coplx,380+4(j-1),1/10 dol - holx,380+4(j-1)1"2/ko[380+4(j-1)1"2
fop[x,380+4(j-1),1/10 dol)], {x,0,0.999999
ko[380+4(j-1)1},PrecisionGoal->3] + 0.75
NIntegrate[x/(Im[ho[x,380+4(j-1)]] ko[380+4(j-1)]) Exp[- 2
Im[ho[x,380+4(j-1)] 1/10 dol]l Im[cop[x,380+4(j-1),1/10 do] -
ho[x,380+4(j-1)]1"2/ko[380+4(j-1)]1"2 fop[x,380+4(j-1),1/10 doll,
{x,1.0001 ko[380+4(j-1)1,1.01 ko[380+4(j-1)1,1.75},
PrecisionGoal->3,MaxRecursion->15]) alql[[jl]l, {j,specpoints}],
{1,1,10}1;

diTE={}; diTM={};

For[n=1, n<=10, n++,
diTE=Append[diTE,1/(Wpar[[n]] + 2.125)];
diTM=Append [diTM, 1/ (Wper[[n]l] + 2.125)]

1;

A.3.2 inten33.txt

(* inten33.txt *) (* 4-layer model, perfect cathode, includes
Alqg, exciton decay *) (* include also exciton efficiency as a
function of dist. to cathode, from Bulovic papaer *) (* over a 1
degree cone. Both integrated and narrow angle results.

modified from inten31.txt, fixed the way diTE and diTM calledx)

(* Mike Lu, dec. 2000 *) (* To be read in a Mathematica notebook
with "<< inten31.txt" *)

(* length scale: 1 unit = 1 nm %)

na 1.51; ng = 2; ni = 1.67; no = 1.71; nepo=1.81;

do = 80; di = 40; dg = 100;
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<<dipole39.txt

Wnr = 2.125; delta = 20; norm = NSum[Exp[-(do
i/10/delta)],{i,0,9}]1;

koz[x_,lambda_] = 2 Pi/lambda no Cos[x]; kiz[x_,lambda_] =
Pi/lambda ni Sqrt[l - no”"2/ni"2 Sin[x]"2]; kgz[x_,lambda_]
Pi/lambda ng Sqrt[l - no~2/ng~2 Sin[x]"2];

2
=2

thetmax = 75.7xPi/180;

rl = 1.96; da = 0; beta[x_] = ArcSin[da/rl Sin[x]]; alphalx_] =
ArcSin[na da/rl Sin[x]];

g2alx_] = (1/na)"2 Cos[x]/Sqrt[1-(1/na Sin[x])~2]; (* x is angle
in air x)

(* x is angle in air *) g2aTE[x_] = (2 na Sqrt[1-(1/na Sin[x])"2]
/ (na Sqrt[1-(1/na Sin[x])~2] + Cos[x]))"2 (1/na)
Cos[x]/Sqrt[1-(1/na Sin[x])~2]; g2aTM[x_] = (2 na Sqrt[1-(1/na
Sin[x])"2] / (Sqrt[1-(1/na Sin[x])~2] + na Cos[x]))~2 (1/na)
Cos[x]/Sqrt[1-(1/na Sin[x])~2];

(* x is angle in glass *) g2aTE2[x_] = (2 na Cos[x] / (na Cos[x] +
Sqrt[1-(na Sin[x])"2]1))"2 (1/na) Sqrt[i-(na Sin[x])"2]/Cos[x];
g2aTM2[x_] = (2 na Cos[x] / (Cos[x] + na Sqrt[i1-(na Sin[x])~2]))"2
(1/na) Sqrt[1-(na Sin[x])~2]/Cos[x];

g2alens[x_] = (Cos[alpha[x]] + na da"2/rl1"2 Sin[x]"2 + da/rl
Cos[x] Cos[alpha[x]] - na da/rl Cos[x] Cos[betalx]]) / (1 + da/rl
Cos[x]/Cos[betalx]] - ng da/rl Cos[x]/Cos[alphalx]]);
g2alensTE[x_] = (2 na Cos[x] / (na Cos[x] + nepo Sqrt[1-(na/nepo
Sin[x])~2]))"2 (2 nepo Sqrt[i-(na/nepo Sin[x])~2] / (na Cos[x] +
nepo Sqrt[l-(na/nepo Sin[x])~2]))"2; g2alensTM[x_] = (2 na Cos[x]
/ (nepo Cos[x] + na Sqrt[i-(na/nepo Sin[x])~2]))"2 (2 nepo
Sqrt[1-(na/nepo Sin[x])~2] / (nepo Cos[x] + na Sqrt[1-(na/nepo
Sin[x])"2]1))"2;

CTE[x_,lamb_]= koz[x,lamb]/kgz[x,lamb] Cos[koz[x,lamb] do]
Cos[kiz[x,lamb] di] Cos[kgz[x,lamb] dgl -

kiz[x,lamb] /kgz[x,lamb] Sin[koz[x,lamb] do] Sin[kiz[x,lamb] di]
Cos[kgz[x,lamb] dgl - koz[x,lamb]/kiz[x,lamb] Cos[koz[x,lamb] do]
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Sin[kiz[x,lamb] di] Sin[kgz[x,lamb] dg] - Sin[koz[x,lamb] do]
Cos[kiz[x,lamb] di] Sin[kgz[x,lamb] dgl;

DTE[x_,lamb_]= koz[x,lamb]/kgz[x,lamb] Cos[koz[x,lamb] do]
Cos[kiz[x,lamb] di] Sinl[kgz[x,lamb] dgl -

kiz[x,lamb] /kgz[x,lamb] Sin[koz[x,lamb] do] Sin[kiz[x,lamb] di]
Sin[kgz[x,lamb] dgl + koz[x,lamb]/kiz[x,lamb] Cos[koz[x,lamb] do]
Sin[kiz[x,lamb] di] Cos[kgz[x,lamb] dg] + Sin[koz[x,lamb] do]
Cos[kiz[x,lamb] di]l Cosl[kgz[x,lamb] dgl;

CTM[x_,lamb_]= -ng~2/no"2 koz[x,lamb]/kgz[x,lamb] Sin[koz[x,lamb]
do] Cos[kiz[x,lamb] di] Cos[kgz[x,lamb] dg] - ng~2/ ni~2
kiz[x,lamb]/kgz[x,lamb] Cos[koz[x,lamb] dol Sin[kiz[x,lamb]
di] Coslkgz[x,lamb] dg]l + ni~2/no~2 koz[x,lamb]/kiz[x,lamb]
Sin[koz[x,lamb] do] Sin[kiz[x,lamb] di] Sin[kgz[x,lamb] dg] -
Cos[koz[x,lamb] do] Cos[kiz[x,lamb] di] Sin[kgz[x,lamb] dg];

DTM[x_,lamb_]= -ng~2/no~2 koz[x,lamb]/kgz[x,lamb] Sin[koz[x,lamb]
do] Coslkiz[x,lamb] di]  Sinl[kgz[x,lamb] dg] - ng~2/ ni~2
kiz[x,lamb] /kgz[x,lamb] Cos[koz[x,lamb] do] Sin[kiz[x,lamb]
di] Sin[kgz[x,lamb] dgl - ni“2/no"2 koz[x,lamb]/kiz[x,lamb]
Sin[koz[x,lamb] do] Sin[kiz[x,lamb] di] Coslkgz[x,lamb] dg] +
Cos[koz[x,lamb] dol Cos[kiz[x,lamb] di] Cos[kgz[x,lamb] dg]l;

(* The following are the wavelength dependent emission normalized
to Wtot *)

I4TE[x_,lamb_,1_] = no~2/na"2 Sinl[koz[x,lamb] 11°2 /(1/3

Wper [[Round[1 10/do]]1] + 2/3 Wpar[[Round[1 10/dol]] +
Wnr)/(ng~2/na"2 (1 - no~2/ng"2 Sin[x]"2)/(1 - no~2/na"2 Sin[x]"2)
CTE[x,lamb] "2 + DTE[x,lamb]"2);

I4TM[x_,lamb_,1_] = (Cos[x]"2 Sinlkoz[x,lamb] 1]°2 + Sin[x]"2
Cos[koz[x,lamb] 11°2)/ (1/3 Wper[[Round[1 10/dol]] + 2/3

Wpar [[Round[1 10/do]]] + Wnr) / (na"2/ng"2 (1 - no~2/ng"2
Sin[x]~2)/(1 - no~2/na"2 Sin[x]~2) CTM[x,lamb]"2 + DTM[x,lamb]"2);

<<alqg2.dat alg=alq/Sum[alq[[j]]1,{j,1,101}]; specpoints=101; (*
extTE = Sum[Sum[NIntegrate[I4TE[ArcSin[na/no Sin[x]], 380+4(j-1),
(10-1) do/10] Sin[x] , {x,0,ArcSin[1/nal},PrecisionGoal—->3]
Exp[-(i do/10 /delta)], {i,0,9}]/norm alq[[jl], {j,specpoints}];
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Print["extTE ",extTE]

extTM = Sum[Sum[NIntegrate[I4TM[ArcSin[na/no Sin[x]], 380+4(j-1),
(10-i) do/10] Sin[x] , {x,0,ArcSin[1/nal},PrecisionGoal->3]
Exp[-(i do/10 /delta)], {i,0,9}]/norm alql[jl]l, {j,specpoints}];
Print["extTM ",extTM]*)

subTE = Sum[Sum[NIntegrate[I4TE[ArcSin[na/no Sin[x]], 380+4(j-1),
(10-i) do/10] Sin[x],
{x,ArcSin[1/na],ArcSin[no/nal},PrecisionGoal->3] Exp[-(i do/10
/delta)], {i,0,9}]1/norm alql[jl], {j,specpoints}]; Print["subTE

" subTE]

subTM = Sum[Sum[NIntegrate[I4TM[ArcSin[na/no Sin[x]], 380+4(j-1),
(10-1i) do/10] Sin[x],
{x,ArcSin[1/na],ArcSin[no/nal},PrecisionGoal->3] Exp[-(i do/10
/delta)], {i,0,9}]1/norm alql[jl], {j,specpoints}]; Print["subTM
",subTM] (* lensTE = Sum[Sum[NIntegrate[I4TE[ArcSin[na/no Sin[x]],
380+4(j-1), (10-i) do/10] Sin[x], {x,0,thetmax},PrecisionGoal->3]
Exp[-(i do/10 /delta)], {i,0,9}]/norm alq[[jl], {j,specpoints}];
Print["lensTE ",lensTE]

lensTM = Sum[Sum[NIntegrate[I4TM[ArcSin[na/no Sin[x]], 380+4(j-1),
(10-i) do/10] Sin[x], {x,0,thetmax},PrecisionGoal->3] Exp[-(i
do/10 /delta)], {i,0,9}]1/norm alql[[jl1l, {j,specpointsl}];
Print["lensTM ",lensTM]

1lensTE100 = Sum[Sum[NIntegrate[I4TE[ArcSin[na/no Sin[x]],
380+4(j-1), (10-i) do/10] Sin[x], {x,0,50/180 Pi}] Exp[-(i do/10
/delta)], {i,0,9}]1/norm alql[jl], {j,specpoints}];
Print["1ensTE100 ",lensTE100]

1lensTM100 = Sum[Sum[NIntegrate[I4TM[ArcSin[na/no Sin[x]],
380+4(j-1), (10-i) do/10] Sin[x], {x,0,50/180 Pi}] Exp[-(i do/10
/delta)], {i,0,9}]1/norm alql[jl], {j,specpoints}];
Print["lensTM100 ",lensTM100]

lenssubTE = Sum[Sum[NIntegrate[I4TE[ArcSin[na/no Sin[x]],
380+4(j-1), (10-i) do/10] Sin[x], {x,thetmax,Pi/2}] Exp[-(i do/10
/delta)], {i,0,9}]1/norm alq[[jl]l, {j,specpoints}];
Print["lenssubTE ",lenssubTE]
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lenssubTM = Sum[Sum[NIntegrate[I4TM[ArcSin[na/no Sin[x]],
380+4(j-1), (10-i) do/10] Sin[x], {x,thetmax,Pi/2}] Exp[-(i do/10
/delta)], {i,0,9}]1/norm alql[jl], {j,specpoints}];
Print["lenssubTM ",lenssubTM] %)

(* compute far field intensity pattern at 6 degree intervals. *)
(x £fTE = Table[Sum[Sum[I4TE[ArcSin[1/no Sin[(n-1) 6 Pi/1801]],
380+4(j-1), (10-i) do/10] Exp[-(i do/10 /delta)]l, {i,0,9}]/norm
g2al[6 (n-1) Pi/180] g2aTE[6 (n-1) Pi/180] alql[jl],
{j,specpoints}], {n,16}];

ffTM = Table[Sum[Sum[I4TM[ArcSin[1/no Sin[(n-1) 6 Pi/180]],
380+4(j-1), (10-i) do/10] Exp[-(i do/10 /delta)]l, {i,0,9}]/norm
g2al[6 (n-1) Pi/180] g2aTM[6 (n-1) Pi/180] alql[jl],
{j,specpoints}], {n,16}];

ideallensTE = Table[Sum[Sum[I4TE[ArcSin[na/no Sin[angle[[n]]]],
380+4(j-1), (10-i) do/10] Exp[-(i do/10 /delta)], {i,0,9}]/norm
alq[[jl] g2alens[angle[[n]]], {j,specpoints}], {n,1,16}];

ideallensTM = Table[Sum[Sum[I4TM[ArcSin[na/no Sin[angle[[n]]]],
380+4(j-1), (10-i) do/10] Exp[-(i do/10 /delta)], {i,0,9}]/norm
alql[j]] g2alens[angle[[n]]], {j,specpoints}], {n,1,16}];

fflensTE = Table[Sum[Sum[I4TE[ArcSin[na/no Sin[angle[[n]]]],
380+4(j-1), (10-i) do/10] Exp[-(i do/10 /delta)l, {i,0,9}]/norm
alq[[jl] g2alens[angle[[n]]] g2alensTE[angle[[n]]],
{j,specpoints}], {n,1,16}];

fflensTM = Table[Sum[Sum[I4TM[ArcSin[na/no Sin[angle[[n]]1]],
380+4(j-1), (10-i) do/10] Exp[-(i do/10 /delta)l, {i,0,9}]/norm
alq[[j]] g2alens[angle[[n]]] g2alensTM[angle[[n]]],
{j,specpoints}], {n,1,16}]; *) (x
Sum[ffTE[[i]]Sin[(i-1)Pi/30]1Pi/30,{i,1,11}]
Sum[f£fTM[[i]1]Sin[(i-1)Pi/30]1Pi/30,{i,1,11}]
Sum[ideallensTE[[i]]1Sin[(i-1)Pi/30]Pi/30,{i,1,11}]
Sum[ideallensTM[[i]1Sin[(i-1)Pi/30]Pi/30,{i,1,11}] *)

A.3.3 inten34.txt

(* Michael Lu Dec. 1999, inten34.txt *) (* compute radiation in
ito/pvk/alq layer. First, find allowable k vectores. *) (* unit of
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length scale nm *) (* variable x: angle in the alq layer modified
from inten32 by fixing Wtot*)

ng 1.51; ni = 2.0; np = 1.67; na = 1.71;

da

80; dp = 40; di = 150;

delta = 20; norm = Sum[Exp[-(da i/10/delta)],{i,0,9}]1;

critangl = ArcSin[ng/nal; critang2 = ArcSin[np/nal;
<<dipole36.txt; Wnr = O;

<<alqg2.dat; alg=alq/Sum[alql[jI1],{j,1,101}]; specpoints = 101;

(* Plot[Tan[kiz[x] dil/kiz[x] + (ATE[x] Sin[kpz[x] dp] + BTE[x]
Cos[kpz[x] dpl) / kpz[x]/ (ATE[x] Cosl[kpz[x] dp] - BTE[x]
Sin[kpz[x] dpl), {x, critangl, Pi/2}]

Plot[Cot[kiz[x] di] ni~2/kiz[x] - (ATM[x] Sin[kpz[x] dp] + BTM[x]
Cos[kpz[x] dpl) np~2 / kpz[x] / (ATM[x] Cosl[kpz[x] dp]l - BTM[x]
Sin[kpz[x] dpl), {x,critangl,Pi/2}] *) (* OpenWrite["apiba.txt"];
WriteString["apiba.txt", "wavelength\t",
"TEX\t","F2TE\t","TMX\t","F2TM\n"]; *)

apiTE=0;apiTM=0;

TEX=1.2; TMX=1.3;

For[p=1, p < 102, p++,

lamb = 380 + 4 (p-1);

kaz[x_] = 2 Pi/lamb na Cos[x];

kpz[x_] = 2 Pi/lamb np Sqrt[1 - na"2/np~2 Sin[x]"2];
kiz[x_] = 2 Pi/lamb ni Sqrt[1 - na"2/ni"2 Sin[x]"2];
ATE[x_] = kaz[x]/kpz[x] Cosl[kaz[x] dal;

BTE[x_] = Sinl[kaz[x] dal;

CTE[x_] = - (ATE[x] Sin[kpz[x] dp] + BTE[x] Cos[kpz[x] dpl)
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/Sinl[kiz[x] dil;

ATM[x_] = - np~2/na"2 kaz[x]/kpz[x] Sinl[kaz[x] dal;
BTM[x_] = Coslkaz[x] dal;
CTM[x_]1 = (ATM[x] Sin[kpz[x] dp] + BTM[x] Cos[kpz[x] dpl)

/Cos[kiz[x] dil;

f2TE[x_] = lamb/2 Sin[x] Sum[Sin[kaz[x] (10-i) da/10]"2 /
(1/3 Wper[[10-i]] + 2/3 Wpar[[10-i]] + Wnr) Exp[-(i da/10
/delta)], {i,0,9}]/norm /(na~2 (da - 0.5 Sin[2 kaz[x] dal)
+ np”2 (dp - 0.5 Sin[2 kpz[x] dpl) ATE[x]"2 + np~2 (dp +
0.5 Sin[2 kpz[x] dp]) BTE[x]"2 - 0.5 np~2 ATE[x] BTE[x]
(Cos[2 kpz[x] dp] - 1) + ni~2 CTE[x]"2 (di - 0.5 Sin[2
kiz[x] dil));

f2TM[x_] = lamb/2 /na"2 Sin[x] Sum[(Sin[x]"2 Coslkaz[x] (10-i)
da/10]1"2 + Cos[x]"2 Sin[kaz[x] (10-i) da/10]1°2) /(1/3
Wper [[10-i]] + 2/3 Wpar[[10-i]] + Wnr) Exp[-(i da/10
/delta)], {i,0,9}]/norm /(da + 0.5 Sin[2 kaz[x] da] +
ATM[x]"2 (dp - 0.5 Sin[2 kpz[x] dpl) + BTM[x]"2 (dp + 0.5
Sin[2 kpz[x] dpl) - 0.5 ATM[x] BTM[x] (Cos[2 kpz[x] dp]
-1) + CTM[x]1"2 (di + 0.5 Sin[2 kiz[x] dil));

TEX=x /. FindRoot[Tan[kiz[x] dil/kiz[x]+(ATE[x] Sin[kpz[x] dpl+
BTE[x] Cos[kpz[x] dpl)/kpz[x]/(ATE[x] Cos[kpz[x] dp]-BTE[x]
Sin[kpz[x] dpl)==0, {x,1.3}];

TMX=x /. FindRoot[Cot[kiz[x] dil ni~2/kiz[x]-(ATM[x] Sin[kpz[x]
dp]+BTM[x] Cosl[kpz[x] dpl) np~2/kpz[x]/(ATM[x] Cos[kpz[x]
dp]-BTM[x] Sin[kpz[x] dpl)==0,{x,1.3}];

If[TEX > critangl && TEX < critang2, apiTE +=f2TE[TEX] alql[pll];
If[TMX > critangl && TMX < critang2, apiTM +=f2TM[TMX] alql[pll];

(* WriteString["apiba.txt",ToString[lamb], " ",ToString[TEX],
" ", ToString[fQTE[TEX]], " ”,ToString[TMX], " ",
ToString [£2TM[TMX1], " \n"]; *)

Print[lamb,", ",TEX,", ",f2TE[TEX],", ",TMX,", ",£f2TM[TMX]1];
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(x Close["apiba.txt"]l; *)
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