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Statement of Original Work

The work presented in this thesis represents the au thor’s contribution to the 

ongoing research programme a t the Nottingham Trent University. The research 

programme is to understand the physics of laterally em itting thin film electrolumi­

nescent (LETFEL) devices and to design an application specific display (ASID) 

utilizing a standard LETFEL production process. The RC-models, the optical 

model and the electrical TFEL model with distributed interface charge as pre­

sented in this work are developments by the author. The author is responsible for 

the characterisation of the TFEL devices and the simulation, including writing 

the simulation programs and designing the measurement systems as presented in 

this work. The author also designed the set of photo masks used for optical char­

acterisation of the displays and for demonstrating the ASID principal. All of the 

etching experiments including the photolithographic patterning was carried out 

by the author.
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Abstract

The design of an application specific integrated display (ASID) is demonstrated. 

The presented ASID is based on the lateral emitting thin film electroluminescence 

(LETFEL) technology whereby the shape of the display elements is defined by a 

m etal layer. The design is support by theoretical models.

Different Electrical models have been developed for the transient characteristics 

of TFEL devices and are compared with measured characteristics. The single 

interface state model, which is based on the assumption tha t all interface elec­

trons are located on a defined energy level, leads to two equivalent differential 

equations. The simulated characteristics are in good agreement with measured 

characteristics, especially for non annealed TFEL devices. The model with dis­

tributed interface electrons over the the bandgap leads to a system of differential 

equations. W ith this model, the agreement between measured and simulated char­

acteristic could be improved for annealed devices. Furthermore, the case tha t the 

interface distribution conserves the equilibrium distribution during the emission 

process is discussed. Problems in measuring the interface electron distribution are 

pointed out.

Based on the physical electrical models of TFEL devices, equivalent RC-models 

with single interface states and distributed interface states are deduced in a the­

oretical way. The models consists of nonlinear resistors, modeling the tunneling 

behaviour, and nonlinear capacities, modeling behaviour of the interface electrons. 

Simulation results are in good agreement with measured results and thus, the 

RC-models are suitable for embedded simulation of driver electronics and TFEL 

device.

A novel analytic model of the optical behaviour of LETFEL structures is devel­
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oped and employed for calculating the outcoupled light of a pixel used in light 

em itting dot m atrix displays. The presented solutions are based on a ray optics 

approximation whereby the absorption of the light within the light generating 

medium (phosphor material) and the transmission behaviour of the phosphor-air 

interface is taken into account, as well as the micro-mirror width. The model is 

applied to  the circular, square and hexagonal pixels. Furthermore, the influence of 

MIS-effects on the TFEL characteristic and the electrostatic field distribution in 

TFELs are studied. Additionally, the feasibility of fabrication of LETFEL devices 

using magnet enhanced ion etch has been investigated.
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Preface

When, more than 60 years ago, the electroluminescence effect was discovered by 

Destriau, it promised at first glance to be the ideal way of generating light needed 

for information displays. Electroluminescence - the cold generation of light - 

occurs when an electrical field is applied across an electroluminescent material. 

Common electroluminescent materials are mainly wide-bandgap semiconductors, 

in general poly crystalline, doped with rare earth  metal, like Zinc-sulfide doped with 

Manganese. The dopant has the function of light emitting centers and determine 

the colour of the emitted light. Electroluminescence can be utilized to  build readily 

dot m atrix displays by deposition of an electroluminescent thin film - stacked 

between transparent electrodes - on top of a  cheap glass substrate to provide a 

TFEL-display (thin film electroluminescent display). The colour of the display is 

chosen by the right kind of dopant. All these aspects deem the electroluminescent 

display to be the ideal solution for information displays.

Despite the advantages of TFEL-displays and also fifty years of research into them, 

the cathode ray tube is still the dominant display in use, rendering the TFEL 

display almost insignificant. The question of what the disadvantages of TFEL- 

displays are then arises. It emerged tha t the short life time is the essential problem, 

which prevents the commercial success. As well as this, the brightness of the 

displays is low and the driving voltages are, for most display types, high. Yet the 

underlying disadvantage is tha t the TFEL principal does not allow an engineering 

approach. Unlike III-V semiconductor LEDs, where the energy band gap, the 

crystal lattice constant and carrier concentration of the crystal can be changed 

continuously and independently, the TFEL display has only a few free parameters 

which can be tuned. These are for example the light center concentration, the 

thickness of phosphor and insulator layer. All other parameters, such as carrier
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concentration or characteristics of the light center, are principally fixed by the 

chosen materials.

To minimize these disadvantages, an exact picture of the physical processes in­

volved in the TFEL working principle is essential. This understanding is indis­

pensable for an optimization and for finding out physical limitations of the TFEL 

display. It gives a better understanding of the failure mechanism and is neces­

sary for a correct measurement of parameter. The causes of problems can be 

pointed out by an appropriate theory of TFEL, which is a first step towards an 

improvement of the design.
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List of Symbols

S y m b o l U n i t E x p l a n a t i o n

A _2m TFEL device axea, active axea
c d F TFEL device capacity
Ci =  A - u /(2di) F insulator capacity (both layers)
Cip = CiCp/(Ci + Cr) F capacity of phosphor and insulators layers

II F phosphor layer capacity
C's(V's) F nonlinear capacity modeling interface charges
Ci(£j) =  q0/{4y/2m*EI) s-1-m/V
<*(£/) =  4^2m}E}-5/(3q0h) V/m
Ep Ws Fermi energy
Eg Ws bandgap energy
Ej Ws energy level of the interface state
En Ws energy level of interface state, n =  1 . . .  m
di m insulator layer thickness (one side)
dp m phosphor layer thickness

« m phosphor layer thickness without 
interface charge region

Fip V/m external field at the insulator phosphor interface

f d Hz driving frequency

M E > E F ) =  T z r i E R
1 occupancy function (Fermi-Dirac distribution)

Fs V/m electrical field strength at the silicon surface

FP V/m electrical field in the phosphor layer
FP{x) V/m electrical field distribution across the 

phosphor layer
F0 V/m electrical field at the cathodic interface

9 1 degeneracy factor

9 m_3-s_1 generation rate of carriers
GS m_2-s-1 surface generation rate
G(V) =  QI0T[V/dp} A nonlinear resistor modeling the tunnel behavior
G n ( V ) = Q I0.nTn [V/dp] A nonlinear resistor for n.th interface state
h =  h/(2ir) J s reduced Planck’s constant, h Planck’s constant
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S y m b o l U n it E x p l a n a t i o n

Id A generation and diffusion current from the bulk
Isc A generation current in the space charge region
It =  dQi/dt A transfer current, conduction current in the phosphor 

layer
Id =  dQd/dt A device current of the TFEL device
It.n it) A transfer or injection current from the n.th energy level

Jh A/m2 hole current density
K  =  NdtsiQo F-As/m4
k J/K Boltzmann’s constant
m* kg effective electron mass of the conduction band
N S(E)

H1I16 interface state distribution
N0 m 2*(Ws) 1 average interface state density
ni(t) m~2 momentary interface electron density at the cathodic 

interface
nio m"2 initial density of mobile electrons at the cathodic 

interface
ni(t , E) m_2-(Ws)_1 electron density for the energy interval [2?, E + dE\.
Hi.nil) 2m electron density for n.th level, energy range [En- i ,E n]
Hio.n m"2 initial interface electron density for the n.th energy level
n d m-3 donor concentration
n(x) m-3 electron concentration across the phosphor layer
Hi m-3 intrinsic carrier concentration
Qc C charge of nonlinear capacitor Cs
Qd C device charge; charge on the electrodes (anode)
Qi c interface charge at the cathode, polarization charge
Qo c elementary charge
Qio.n =  AqoTiiQ'n c initial interface charge for the n.th energy level
Q l.n i 0) c interface charge at the beginning for n.th energy level
Qio = Aqonio c initial interface charge

Qi c interface charge at the anode, polarization charge
Q i  max =  Hi ' Vd c maximal transferable interface charge for given device 

voltage
Q t — QliTd/2) —
Qm

c total transfered charge in one halfcycle
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Sym bol U n it E x pl a n a tio n

r 1/s recombination rate
sign(x) sing function, sign(x) =  1 for x >  0, 

sign(x) =  — 1 for x <  0, sign(0) =  0

T K temperature

To[Fp(*)] 1/s O.th order Taylor Expansion of the electrical field
T  [Fp,E] =  c1(E)F„ 1/s tunneling probability as a function of energy

• e x p ( - ^ i )
T  [Fp] =C iivexp(-|?-) 1/s tunneling probability from energy level Ej
T n [Fp] =  T [F ,,,B „ ] 1/s tunneling probability for the n.th energy level

II6? s
t s time
VS V voltage drop over the interface charge layer
ViP V voltage across the phosphor layer(incl. charge layer)
Vsc V voltage across the space charge layer
V0 =  NdeSiqo/Cfp V/m4
Ft  =  fcr/<fo V thermal voltage
V f =  —Vt  In V flatband voltage
vd V device voltage; voltage across the TFEL device
a  =  Ci/(Ci +  Cp) 1 divider factor
&m 1/m carrier multiplication rate

Ci F/m permittivity of insulator material
€p F/m permittivity of phosphor material
^Si F/m permittivity of the silicon

V Ws mean value of the interface state distribution
He m2/(V-s) electron mobility in the phosphor layer

Hp m2/(V-s) hole mobility fip
a Ws standard deviation of the interface state distribution

T9 s generation lifetime

tp s hole life time
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Optical Symbols

Symbol Unit Explanation

A m2 cross section area of the active waveguide
At m2 total area of a pixel (active and passive area)
Ath m2 total area of a hexagonal pixel cell

Ats m2 total axea of a square pixel cell

B(f) m boundaxy line of the pixel
D m pixel diameter of the active area
dS „2m illuminated infinitesimal area element on 

the surface
E lx illuminance
E' =  d$/db lm/m two-dimensional illuminance
g =  d$/dV lm-m-3 light generation density of an infinitesimal 

volume dV
g' =  d$/dA lm-m-2 two-dimensional light generation density
I cd luminous intensity
V =  d$/du lm/rad two-dimensional luminous intensity
i' =  dl'/dA lm-rad-1*m-2 two-dimensional luminous intensity density
Ia cd intensity of an active wave guide
ig =  dl/dV cd-m-3 intensity density ig for an infinitesimal 

volume dV
Imax cd intensity for an infinite long active waveguide

h cd intensity of a passive waveguide
h cd initial intensity
I m length of the waveguide
r =  |ri - r 2| m distance between light source and axea element

Rb W m distance from the origin to the boundaxy line B
S m2 illuminated surface area
T(d) 1 transmission function
w m micro mirror width

y m ordinate

Vg m integration index
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Symbol Unit Explanation

a ^ , - 1m attenuation coefficient
a i a2 rad integration index
$ lm total light flux (luminous power) of a light source

lm light flux of a circular pix el
lm light flux of a hexagonal pixel
lm light flux of the square pixel
lm light flux of a square pixel under consideration of 

the 1st reflection
p  =  D f \ /3 m distance between center point and corner point of 

the hexagon
0 =  ^(ri - r 2,n>i) rad angle between the light ray and the surface normal 

vector ns

0t rad angle of total internal reflection
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Chapter 1

Introduction

1.1 T hin  Film  Electrolum inescence

Electroluminescence is a non-thermal generation of light, which occurs when an 

electrical field is applied to an electroluminescent material. This electrolumines­

cence effect is utilized in thin film electroluminescent (TFEL) devices. Among 

other things, TFEL devices can be divided in two types: DC driven TFEL and 

AC driven TFEL (AC-TFEL) devices. This work will focus on AC-TFEL devices. 

An AC-TFEL device consists basically of a stack of thin film layers - an electro­

luminescent thin film (phosphor layer) which is sandwiched between thin film

light

 glass substrate

transparent contact 
insulator

 phosphor layer

insulator 
back contact

Figure 1.1: Cross section of a TFEL on glass substrate
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insulating layers and electrodes, see Figure 1.1. Common phosphor materials are 

mainly wide-bandgap semiconductors, which are mostly used in a polycrystalline 

state  and doped with a transition metal. Depending on the deposition method, 

these wide band gap semiconductors are low or non conductive. The dopant has 

the function of light emitting centers and determine the colour of the emitted 

light. The contacts are used to apply an AC driving voltage. The insulator layers 

prevent an injection of electrons from the electrodes into the phosphor layer when 

a voltage is applied on the electrodes.

The application of an alternating voltage on the electrodes causes an alternating 

electrical field in the insulator and phosphor layer, which results in emission of 

light from the phosphor film. The transformation of electrical energy into light 

occurs in the following way (Figure 1.2):

1. Electrons are injected from interface states between the insulator and phos­

phor layer into the conduction band of the phosphor layer.

2. These injected electrons are accelerated towards the anode due to the applied 

field and gain kinetic energy.

3. Electrons, which have gained sufficient high energy (hot electrons), directly 

excite luminescent centers through impact excitation. Excitation means a 

transition of inner electrons of the luminescent atom  from a low energy state 

to a higher state. The excited electron subsequently undergoes a sponta­

neous transition back to the lower energy state  under emission of light.

4. Electrons travel through the phosphor layer to  the anode and are trapped 

at the phosphor insulator interface causing a polarization charge.

The same process takes place in the opposite direction when the polarity of the 

driving voltage is reversed. Each subprocess plays a significant role in the light
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Interface
states

Cathode

Dielectric

Interface
states

Phosphor

Anode
Dielectric

Figure 1.2: 1 Tunnel emission of electrons and acceleration due to  applied field, 2 
Impact excitation of luminescent centers, 3 Radiative emission, 4 Re-trapping of 
electrons at anodic interface, after [1]
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generation process and needs to be considered for the design of TFELs.

The most im portant subprocess is the generation of free carriers. Various electron 

sources are possible as a cause for conduction in the phosphor material. A part 

from electron injection from the interface states, other electron generation pro­

cesses may occur, for instance thermal generation of bulk electrons, emission of 

electrons from bulk traps and high field carrier multiplication. The therm al gen­

eration of electrons plays a minor role, as the used phosphor materials possesses 

a relative wide bandgap, for example 3.68 eV for ZnS , so tha t significant car­

rier concentrations are only reached at high temperatures. Yet for polycrystalline 

materials, thermal generation could be more relevant, since the distortion of the 

crystal structure at the grain boundaries creates additional energy states (bulk 

states) within the forbidden bandgap. Indeed, emission of carriers from bulk 

states takes place in some phosphor materials, as in CdS, but not in the used ZnS 

phosphor. High field carrier multiplication may also play a role. Experimental 

estimation of the impact ionization rate gave values between 1 ..  .3 • 104/cm  [2]. 

It is believed tha t carrier multiplication is involved especially in TFEL devices 

with hysteretic characteristic.

However, it has been shown by various works th a t emission of electrons from 

interface states plays a major role in the light generation process in ZnS-phosphor 

TFEL devices [3]. Interface states within the forbidden bandgap are created a t the 

interface between the insulator and phosphor layer because the crystal structure 

of the insulator and phosphor m aterial is distorted, which results in unsaturated 

(dangling) bonds of the atoms. Those unsaturated bondings can easily capture 

and release electrons. They therefore represent allowed energy states in addition 

to the states of the conduction and valence band. The unsaturated bondings or 

free energy states are designated as interface states and the captured electrons are
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interface electrons. The interface states are continously distributed throughout 

the bandgap. Little is known about the the interface state distribution so far. 

However, attem pts has been made to measure the interface electron distribution 

with different methods [4], [5].

When an electrical field is applied, interface electrons are emitted from the inter­

face states into the conduction band of the phosphor layer. This emission results 

from pure field stimulated tunneling of electrons through the forbidden bandgap 

into the conduction band of the phosphor layer. Due to  the field in the phosphor 

layer, these emitted electrons are accelerated towards the positive electrode thus 

gaining energy. During this acceleration process the electrons undergo different 

scattering processes, for example scattering with phonons or collisions with light 

em itting centers. If the energy of the electrons is higher than the energy of the 

bandgap, a collision with a lattice atom can also result in a carrier multiplica­

tion process (generation of an electron hole pair). If hot electrons collide with 

light emitting centers and have sufficient kinetic energy (E > 2.2V for Mn, [1]), 

they can cause an impact excitation of the light em itting center, which eventu­

ally results in the emission of light. The excitation results in a transition of an 

inner shell electron from a low energy state  to a higher energy state. Different 

shell transitions are possible [1],[6]. The cross section for a transition by electron 

impact is estimated as 0Mn2+ =  3.7 • 10- 16cm2 in [7] and in [8].

When an excited electron returns to the ground state, the energy difference is 

emitted as visible light (about A =  600 nm for Mn centers). This process is 

a spontaneous emission of light. The average time until the electron returns is 

called the decay time. The decay time of the luminescent Mn-centers depend 

on the center concentration [3], the luminescence level [9], the field strength [10] 

and on the deposition and annealing process [3]. Electrons, which are involved in
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phosphor ( ZnS)

back contact ( S i)

Figure 1.3: a) Cross section of a LETFEL device, b) Schematic of a LETFEL 
pixel

passivation (SiON) 

light facet contacti insulator ( Y20 3)
micro mirror

any collision, lose kinetic energy and again take part in the acceleration process. 

When the electrons eventually reach the positive electrode, they are trapped by 

a free interface state.

1.2 L atera l E m itting  T hin  Film  E lectro lum ines­

cent D isplays

The Lateral Em itting Thin Film Electroluminescence (LETFEL) device, as used 

in this research program, is an improvement of the conventional thin film electro­

luminescence (TFEL) device [11], [12], [13], [14]. In conventional TFEL devices, 

generated light is coupled out in a direction perpendicular to the film plane by 

passing through the insulator layer and the transparent electrode. As a result, the 

light is attenuated because the transparent electrode possesses a low transparency 

in comparison to glass-like materials (S i02). Moreover, light tha t is emitted side­

wards in the film-plane is not coupled out and is therefore lost. The LETFEL 

device, as illustrated in Figure 1.3a, attem pts to overcome these disadvantages by 

utilizing lateral emission of light (sidewards to the film plane).

The LETFEL basically consists of a conventional TFEL stack (Y20 3-insulator,
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ZnS-phosphor, Y203-insulator) for generating light. In addition, this TFEL stack 

forms a planar waveguide [15][16], so th a t light, generated within the phosphor 

layer (ZnS), is guided along the planar waveguide to the phosphor-passivation 

interface (facet). There, it is coupled out laterally and deflected by micro-mirrors 

in a direction perpendicular to the film plane. By avoiding light emission through 

the top electrode, the brightness of the LETFEL device is approximately four 

times higher than an equivalent TFEL device [17]. The mirrors are arranged to 

provide surface em itting apertures forming display elements, i.e. digits, letters or 

simple pixels. Figure 1.3b shows such a pixel formed with mirrors surrounding 

the active TFEL stack.

A further specific detail of the LETFEL display is the use of a commercial, mono 

crystalline silicon wafer as substrate and back contact. The advantage of using 

a Si-substrate is tha t it potentially enables the integration of driver electronics 

for the display [18]. This is especially interesting for miniaturized displays, for 

example head mounted displays. By integrating the driver electronics in the 

display substrate, the number of expensive connection pins can be reduced.

1.3 Objective

The use of LETFEL devices for many display applications has been presented in 

different works [17]. The most im portant display application is, of course, the full 

accessible dot m atrix display. However, displays with a fixed legend are a common 

and adequate solution for many information display applications. The shape of 

the display elements are, in this case, defined by the custom er’s application.

At the present time, a complete new set of approximately five photo-lithographic 

masks are necessary for the fabrication of the most basic custom defined display.
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For reducing production costs and indeed making a fixed legend device commer­

cially attractive, it is desirable to adapt a standard display device to different 

custom defined displays by changing one photo mask only. This goal can be 

achieved by a standard device with an array of small pixel cells, which can be 

connected to more complex display elements solely by changing the metal layer.

The overall aim of the research presented in this thesis is to design a LETFEL 

device usable as a fixed legend Application Specific Integrated Display (ASID). 

The design has been supported by theoretical investigations and experimental 

device characterizations. Individual objectives presented are as follows:

•  Study of the electrical characteristics involving the design decision, i.e. elec­

trostatic field distribution and MIS-influence

•  Development of electrical equivalent RC-models of a  TFEL usable for em­

bedded simulation of driver electronics and TFEL

•  Theoretical investigation of the optical efficency of different cell structures 

by using a new developed calculation method

•  Design of an ASID

•  Fabrication and testing of an ASID device to  dem onstrate the principle

•  Characterisation of the resultant displays

•  Feasibility study using magnet enhanced ion etcher for producing LETFEL 

Devices
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1.4 Structure of the Thesis

Chapter 2 details the sample preparation and the measurement procedure for elec­

trical and optical characterisation of TFEL and LETFEL devices. A theoretical 

investigation of the electrical characteristics of AC TFEL devices is presented in 

Chapter 3. Problems in measuring the interface electron distribution are also 

discussed in this chapter. Electrical characteristics of LETFEL devices as used 

in this work are examined in chapter 4. Chapter 5 shows equivalent RC-models 

for TFEL devices derived from the physical equation. Chapter 6 presents a new, 

simple optical model for optimizing a pixel structure. Chapter 7 details the design 

and fabrication of a LETFEL ASID. Chapter 8 gives a  conclusion and an outlook 

for future work.
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Chapter 2

Measurement Methods and Sample 

Fabrication

2.1 TFEL Fabrication Process for Electrical Char­

acterisation

This section details the process steps for producing TFEL devices as used for the 

electrical characterisation. The m ajor process steps are illustrated in Figure 2.1. 

All process steps and process param eter for the TFEL sample wafer jr2 are shown 

in Table B .l of the appendix. The detailed processing sequence for TFEL devices 

and investigation are reported in [3], [16] and [17].

The substrate used for the devices is a standard 4 inch Silicon wafer, which is 

n-doped and has a resistivity of 4 . . .  10 fi-cm. The first step is the deposition of a 

TiW  metal base layer on top of the Si-substrate by DC sputtering. Subsequently, 

the TFEL stack, consisting of insulator (Y2O3) and phosphor (ZnS:Mn) layers, is 

deposited by RF sputtering in Argon atmosphere. The deposition of the TFEL
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I Deposition 
Metal Base Layer

Si substrate

II.Sputter Deposition

c) Y 2 03  
b). ZnS:Mn 
a) Y 2 0 3  --------

III. Deposition Metal 
Top Electrode

Figure 2.1: Main process steps for production of TFEL devices

stack is done in a separate sputter system in order to avoid contamination with 

metal. After deposition of the TFEL stack, the device is optional thermally 

annealed to activate the luminescent centres. A quarter of wafer jr2 has not been 

annealed (sample jr2b), another quarter of sample wafer jr2 has been thermally 

annealed (sample jr2a). For details of the deposition and annealing process see 

[3] and [16].

The deposition of the top electrode is subsequently done by thermal evaporation 

through a contact mask with circular openings. The material used for the top 

electrode is Aluminium. Finally, Aluminium is deposited in the same way on the 

back of the Silicon wafer to improve the back contact conductivity.
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2.2 LETFEL Fabrication Process for Optical Char­

acterisation

The process steps for producing a most basic LETFEL device, as used for the 

optical characterisation and demonstration of an ASID with sample wafer j r l ,  are 

illustrated Figure 2.2 of the appendix. All process steps and process param eter are 

shown in Table B.3. A detailed investigation and the complete process sequence 

for LETFEL devices are reported in [3], [16] and [17]. The etching of device facets 

with Ion Milling has been investigated and detailed in [15].

The substrate used for the devices is a standard 4 inch Silicon wafer, which is 

n-doped and has a resistivity of 4 . . .  10 D-cm. The micro mirrors are made of 

Si02 and are produced outside the university by QUDOS Ltd. (Figure 2.2.1). The 

production of the micro mirrors is basically done by deposition of SiC>2 (2.2.1a), 

photolithography (2.2.1b), reactive etch of the SiC>2 (2.2.1c) and strip resist. The 

TFEL stack, consisting of insulator (Y2O3) and phosphor (ZnS:Mn) layers, is 

subsequently deposited by RF sputtering (2.2.Ia-c) in Argon atmosphere. Subse­

quently, the TFEL stack is therm ally annealed to activate the luminescent centres. 

For details of the deposition and annealing process see [3] and [16].

The Aluminum top electrode is deposited on top of the TFEL stack by thermal 

evaporation (2.2.IIIa). A photolithographic process is used to  define a photo resist 

mask in the shape of the electrodes (2.2.IIIb). After th a t, the A1 metal layer is 

then etched with Argon ion etch (2.2.IIIc). The remaining photo resist is removed 

with a plasma asher. For improving the back contact conductivity, Aluminium is 

finally deposited on the back of the Silicon wafer.
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Figure 2.2: Main process steps for production of LETFEL devices
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Figure 2.3: Compensator Circuit

2.3 Electrical Measurement Method

The electrical characterisation is carried out by direct measurement of the transfer 

current (conduction current) in the phosphor layer. The transfered charge is 

subsequently obtained from this data by numerical integration of the transfer 

current over the time. All electrical measurement shown in this work are done 

with the TFEL sample wafer jr2 (see section 2.1 for details of the production 

process). Since the TFEL stack is grown on a metal base layer, the influence of 

the underlaying silicon is eliminated.

The measurement of the transfer current has been done with a compensator circuit 

for compensating the displacement current of the TFEL capacity Cip, as reported 

in many publications, for instance see [10], [48]. The principal schematic of the 

compensator is shown in Figure 2.3. The complete electrical circuit is shown in 

the appendix in Figure C .l. The measurement of the transfer current is done by 

subtracting a current /,p, which is equal to the displacement current of the TFEL 

capacity, from the total device current /<*. The device current is given by equation
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(A.16)

h  ~  Cip dt +  c / *  ' (2,1)

The current I{P is equal to the displacement current if the adjustable capacitor C*p 

is made equal to the TFEL capacity C{P. The capacities are matched by tuning 

the adjustable capacitor C*p while the device voltage is below threshold (It ~  0) 

so th a t the measured current becomes zero. In th a t case, / Ip =  CiP^  because of 

CiP = C*p. If this current is subtracted from the device current, one gets:

I d - l i p  =  ^ I t  (2.2)Op

It = l- ( I d -  /,„) (2.3)

where a  is defined by (3.5). The subtraction is done with an difference amplifier 

and the measured voltage must be subsequently divided by a  in order to obtain 

the actual transfer current.

The measurement of the transfer current has been carried out in a steady state 

regime and with a digital oscilloscope, which takes an average over about 50 cycles.

In addition, the number of measured points has been reduced by averaging of 10

consecutive measured points.

2.4 Optical Measurement Method

The initial measurement of the optical characteristics of LETFEL displays was 

done by measuring the luminance with a  Minolta luminance meter in a perpen­

dicular direction to the substrate. This method leads to problems because the 

intensity of the emitted light is measured only from one direction and therefore,
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focal lens

collector lensSZ substrat

Figure 2.4: Schematic of the optical system used for integral measurement of the 
em itted light flux

in order to compare different displays, the angular distribution of the intensity 

must be identical between the displays. This condition is difficult to realise since 

the low production precision of the micro mirrors cause differences in the angular 

distribution. In order to reduce the influence on the measurement due to the 

variation of the angular distribution, the optical characterisation of the display 

should ideally be made by measuring the total light flux. However, it is more prac­

ticable to make an integrating measurement of the light flux for a certain solid 

angle. This way of measuring has been done with an optical system as shown in 

Figure 2.4. The collector lense collects all em itted light within an angle of about 

45° around the perpendicular line of the display. An integral measurement of the 

em itted light has been done in this way for all optical measurements reported in 

this work. The reported measurements are an average of four equal displays on 

the same wafer. They all have been done with the LETFEL same sample wafer 

j r l  (see section 2.2 for details of the production process).
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Chapter 3

Electrical Characteristics of TFEL 

Devices

Several electrical models for TFEL devices have been developed up to now, for 

instance see [19], [20], [21]. These models describe either non-hysteretic behavior 

or hysteretic behavior of TFELs, for instance [22], [23],[24]. Also analytical models 

have been presented in [25]. These models are developed for the case of a  single 

interface state distribution.

The aim of this chapter is to develop an electrical model in a straightforward 

way for single and distributed interface states. In comparison to other models, 

the analysis leads to two equivalent nonlinear differential equation for the single 

interface state TFEL model and to a system of nonlinear first order differential 

equations for distributed interface states. These differential equations are solved 

with a standard numerical solver. The simulation results are compared with 

measured data  in order to validate the models. The question is examined of 

whether a model with single interface states is adequate to describe TFEL devices.
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3.1 Fundamental TFEL-Characteristic

The TFEL structure represents a layered capacitor where the two insulator layers 

can be considered as one dielectric layer if they are symmetrical. When a voltage 

Vd is applied to the electrodes the electrical field in the phosphor layer causes 

a charge (electrons) transfer through the phosphor layer from the Y20 3-Z nS- 

interface on the one side to  the interface on the opposite side. As a consequence, 

the external charge Qd on the electrodes is a function of the external voltage Vd 

and the transferred interface charge Qt '-

The relaxed state is the state where no transferred charge is present (Q t =  0). 

The relaxed state can be achieved when no voltage is applied on the electrodes 

for a sufficiently long time (up to days), so that all transferred charge flows back

transferred, the total TFEL device capacity Cd below threshold voltage is equal 

to the capacity of a layered capacitor Czp:

Qd = f (V d,Qi) (3.1)

3.1.1 Relaxed State

until a field free equilibrium is reached (also called flat band case). If no charge is

(3.2)

The insulator capacitance C* (total capacity of both insulator layers) and the 

phosphor layer capacitance Cp are given by

Ci = A  • Ci/(2di) and Cp = A ' € p/dp (3.3)
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where dp is the phosphor layer thickness, the insulator layer thickness (one side) 

d{, the active area A, the perm ittivity ep and e* for the phosphor and insulator 

material. The field Fp in the phosphor layer is given for an applied device voltage

V<i by

F’- a r < » >

where a  is

a  =  c £ c P ■ ™

This factor describes the ratio of the voltage drop across the phosphor layer to 

the applied device voltage.

3.1.2 Compensated State

A transfer of charge occurs when a  voltage above threshold voltage is applied to 

the TFEL device. The charge transfer continues as long as the field in the phos­

phor layer is not equal to zero. The transferred charge causes an electrical field 

in the opposite direction to  the external field. This transferred charge therefore 

compensates the external applied field in the phosphor layer and cause the trans­

fer process to decay. If enough interface electrons are available the field in the 

phosphor layer goes to zero after a  sufficiently long time. In reality, the transfer 

process virtually comes to an standstill when the field in the phosphor layer goes 

below threshold field strength.

The following equation characterize the compensated state:

Fp & 0 (3.6)

Qi  =  C{ 'Vd = Qi  m ax  (3.7)
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Figure 3.1: 1-Dimensional Structure of a TFEL Device

where Q i max is the maximal amount of charge which can be transferred in the 

TFEL for a given device voltage Vd. The maximal transferable charge Qj  max thus 

depends on the insulator capacity C* for a given device voltage Vd. In this case, 

the total TFEL device capacity Cd is equal to the insulator capacity.

3.1.3 Charge-Voltage and Current-Volt age Characteristic

In order to find the charge voltage characteristics of the TFEL, the charge dis­

tribution of the TFEL must be known. The field distribution is then found by 

integrating the Poisson’s equation for the given charge distribution of the TFEL. 

By integrating the result a second time, the charge voltage characteristic is ob­

tained. Let Qd be the charge on the anodic electrode, Q t and Q} be the transferred 

charge concentrated in a thin layer at the cathodic and anodic insulator-phosphor 

interface (denoted as interface charge), as illustrated in Figure 3.1. Furthermore, 

we assume th a t the distributed charge in the phosphor is negligible (see 3.1.4). 

Because of th a t and the charge conservation, it is Qi  =  — Q}. By solving Poisson’s 

equation for this charge distribution as shown in appendix A, it follows the device

+ / F P Fi2
contact
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voltage Vd as a function of the device charge

Vi = $ T - f f  (3-8)
^ip  ^ p

The external device voltage is thus the difference of the voltage across the TFEL-

Capacitor CiP caused by the charges on the electrodes and the voltage across

the phosphor layer caused by the transferred interface charge. The field in the 

phosphor layer and the transferred charge as function of the device voltage are 

then

f ,  -  £ ( < * - ! )  <3'»>

-  kfa-crfc) <3' “ >
Qi = Qd/a — Cpvd (3.11)

Above equation are valid at every time t. If the device voltage and the device 

charge are measured, the field in the phosphor layer and the interface charge 

can be calculated using equations (3.9) and (3.11). The transfer current in the 

phosphor layer is It =  dQi/dt  and the total device current is Id — dQd/dt.  When 

equation (3.8) is differentiated with respect to t , it follows

rjy ,h/c,p -  It/Cp =  (3.12)

The first term  on the left hand side is the voltage drop due to the displacement 

current and the second term  represents voltage drop caused by transfer current.
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3.1.4 Space Charge Limited Current

The electrons, which are injected into the phosphor layer and traveling through 

it, create a space charge in the phosphor layer. This distributed charge influences 

the electrical field in the phosphor layer and therefore alter the electron injection 

process [26]. The injected current is so called space charge limited. Therefore, it 

is of importance to estimate the influence of the space charge.

The field distribution Fp(x) and the electron concentration n(x ) across the phos­

phor layer can be calculated for a given current density by solving the Poisson’s

equation under the assumption th a t no carrier multiplication, generation g or

recombination r  occurs:

r = g =  0; a m =  0; Jh = 0 (3.13)

As a result of the assumption, the hole current density Jh equals zero. Starting 

with the Possion’s equation (3.14) and the equation for the current density

dFf * - =  ~Qo,n(x)/ep (3.14)

Je = qofJ,en(x)Fp(x) (3.15)

one can eliminate n(x)  between (3.14) and (3.15), and one gets the differential 

equation

Je =  -Me«pFp( x ) ^ l  . (3.16)

The electrical field at the cathodic interface F0 = Fp(x =  0) must be given as 

a boundary condition. Integration of this equation with the boundary condition 

leads to
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Fp(x) =  \Jfq — f o r  0 <  x  < dp . (3-17)

This function describes the field distribution across the phosphor layer for a given 

injection current and field Fq . In fact, Je is also a function of the field F0 and is 

given by the tunneling of interface electrons, see equation (3.26). The following 

analysis of function (3.17) for a real TFEL device under normal driving condition 

shows th a t the electrical field across the phosphor layer can be considered as 

constant. T hat means in other words th a t the space charge is negligible. The 

function of the electrical field Fp{x) can thus expanded in the O.th order Taylor 

Series at x  =  0 :

Fc{x) =  Tq[Fp(x )} = Fp( 0) =  F0 (3.18)

The maximum deviation from the actual value A F  =  |Fp(:r) — Fc(x) | is estimated 

with the truncation error

A F(x)  <  max{Fp(f) • x  | 0 <  £ <  x ]  (3.19)

For example consider a ZnS phosphor layer with dp =  l f i m ,  e p  = 7.5 • e0, /xe =  

165 cm2/Vs, applied Voltage V4 =  10 . . . 270  V =Fp =  3.6 • 104 . . . 106 V/cm, 

high injected current density of Je =  1 A /cm 2. The error caused by the Taylor 

Expansion is with A F (x )  < 3 • 10-8 negligible . Therefore, the assumption of a 

constant field across the phosphor layer is valid.
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3.1.5 Tunneling from Interface States

The application of an electrical field across the phosphor layer causes an injection 

of electrons from electron occupied interface states into the conduction band of 

the phosphor layer. It has been found tha t the injection process in ZnS TFELs is 

dominated by pure tunneling through the bandgap barrier [3]. For the case of a 

TFEL, the electron emission rate is calculated for a triangular potential barrier. 

T hat can be done by solving the tunneling probability with the Wentzel-Kramers- 

Brillouin approximation (WKB-approximation [27]). The electron emission rate 

is for a field Fp in the phosphor layer [28]:

T [F p] =  c1Fp e x p ( - | . )  (3.21)

with the constants

where m* is the effective electron mass of ZnS in the conduction band (m * «

0.25m0), #o is the elementary charge, h =  /i/(27r) and h is Planck’s constant. The 

energy Ej  denotes the energy level of the interface state counted from the lowest 

band edge of the conduction band. The field Fp is the electrical field strength 

at cathodic insulator-phosphor-interface. Figure 3.2 shows the electron emission 

rate (tunneling probability) over the electrical field for different energy levels of 

the interface state. The sudden increase of electron emission above a threshold 

field strength is the reason for the threshold voltage in the brightness-voltage- 

characteristic of the TFEL device [29].
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Figure 3.2: Calculated tunneling probability (electron emission rate) versus field 
for different energy levels below the conduction band (equation 3.21); right scale: 
emission current density for a interface electron density no =  1012 electrons per 
cm2 (see equation 3.26)

3.2 Dynamic TFEL Characteristics for Single In­

terface State

The dynamic characteristics developed in this section are for TFELs with a single 

interface state distribution. Single interface distribution means tha t all interface 

electrons are located a t the same definite energy level E j  below the conduction 

band (Dirac distribution). This is a rather idealistic model as the interface elec­

trons are distributed over the whole bandgap. In addition, it is assumed th a t no 

carrier multiplication occurs. Despite the assumption, a simulation of this simple 

case can give im portant insight into the working principal of the TFEL, as well 

as being a good approximation of the physical processes.
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3.2.1 Charge at the Interface

If electrons are transferred from the cathode to  the anode, unsaturated bonds 

remain on the cathode, causing a positive interface charge Qi. Respectively, 

trapped electrons on the anode cause a negative charge Q}. Let n /0 be the initial 

density of available interface electrons at the cathodic interface in the relaxed 

state, th a t is, when no electrons are transferred from one to the other side. Under 

this condition, no internal electric field exists since all interface electrons are 

bonded and thus they are electrically compensated. The number of interface 

electrons nj  • A  does not necessarily need to correspondent to the number of 

transferred electrons. In general, the number of transfered electrons is less then 

number of the available interface electrons.

If the interface electron density differs from the initial density n /0, the interface 

charge a t the cathodic interface is then

Qr(t) =  -qoA(nj{ t)  -  nT0) (3.23)

where ni(t)  is momentary interface electron density at the cathodic interface at 

the time t. A surplus of electrons a t the cathode results in a negative interface 

charge Qj. For convenience, an initial interface charge Qio, characterizing the 

amount of mobile electrons for one side in the relaxed state, can be defined as

Qio = Aqonio . (3.24)

Note, tha t Qio does not represent a charge in the conventional sense, since the 

charge Qio is an equivalent expression for the initial interface electron density ri/o 

and does not cause any electrical field. Rewriting equation (3.23) with (3.24), one

43



gets an expression for the interface electron density at the time t

nAt )  =  T -  {Q ,o -  Qr(t)}  (3.25)

3.2.2 Electron Emission from Single Interface State

The number of injected electrons per second is the product of the amount of 

available interface electrons and the tunneling probability. If nj(t)  denotes the 

amount of available interface electrons per area, the transfer current (or injection 

current) is then

I t(t) = q0A n I (t)T[Fp(t)} (3.26)

where Fp(t) is the electrical field in the phosphor layer at time t, ni(t)  is the inter­

face electron density, A  is the device area, T  is the tunneling function (3.21) for 

the given energy level E i  of the interface state [20]. Since electrons are emitted

from the interface state under the applied electrical field, the amount of avail­

able interface electrons decreases with time. The transfer current is obtained by 

differentiating equation (3.23) with respect to t :

m  =  ^  =  -9o (3.27)

A decrease of the interface electron density nj(t)  at the cathode means th a t elec­

trons are em itted and consequently cause a positive transfer current, see Figure 

3.1.

44



3.2.3 Differential Equation Electrical Field

The electrical field in the phosphor layer Fp as function of time can be expressed 

as a differential equation where the applied device voltage Vd(t) is the stimulus 

function and either the interface charge or the initial electrical field in the phosphor 

layer need to be known as the initial value. By equating (3.26) and (3.27), It  is 

eliminated, and subsequently substitution of n j  with equation (3.25) gives

j t Qr(t) = ( Q n - Q i ( t ) ) T [ F p(t)] . (3.28)

Rewriting equation (3.10), the interface charge as a function of the applied device 

voltage Vd and the internal field Fp in the phosphor layer is

Qi(t)  =  {Cf  +  Q )  (aVi(t) — dpFp(t)) . (3.29)

Substitution of Qj  in equation (3.28) with the above equation gives finally the 

differential equation for the field:

S f '< ‘ > +  ( F > 0 > - ? K'< ‘ > +  i ^ ) T • < >•»»

which is similar to the equation obtained in [20]. This equation is a first order 

nonlinear differential equation. For a better understanding, this equation can be 

rewritten with equation (3.29) as

Two extreme cases are of interest: first case, under the condition Qj0 =  Q j( t ), 

tha t is when all available interface charges are transferred to the opposite side (
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exhaustion of interface electrons), this equation leads to

(3.32)

In other words, Fp follows Vd as in an ordinary layered capacitor. Moreover, 

the transfer current becomes zero, as equation (3.28) shows. Second case: the 

electrical field is below the threshold field, so th a t T  [Fp] «  0 follows. This is the

zero (equation 3.28) and again equation (3.32) is obtained for the field in the 

phosphor layer. The TFEL device shows the behavior of an ordinary layered 

capacitor.

3.2.4 Differential Equation for the Interface Charge

Similarly, if Fp in equation (3.28) is substituted with (3.10), one gets the differ­

ential equation for the interface charge :

case in the relaxed state  and the compensated state. The current then becomes

= {Qio ~  Qi(t))  T  U a V / f )  -
CLu U p  L /p  “ i U j

(3.33)

This differential equation is equivalent to the differential equation (3.30) for the

field.

3.2.5 Transfer Current

To obtain the transfer current It(t), either the interface charge Qi(t)  or electrical 

field Fp(t) in the phosphor layer as a function of time need to  be known. If the 

interface charge Qi(t) is known, the transfer current I t (t) is obtained by differenti­

ation of Qi{t) with respect to t. If the field Fp(t) is known, the transfer current is
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obtained by differentiating equation (3.29) with respect to t. The transfer current 

is then

I,(t) = (C,  +  C,) ( a ± V d(t) -  dpj F v{t)\ . (3.34)

The transfer current can also be calculated directly without differentiation when 

Qi  on the right side of equation (3.28) is substituted with equation (3.29):

m  = (Qi0 -  (cp +  Ci){aVd(t) -  dpFp(t)}) T  [Fp(t)] (3.35)

3.2.6 Comparison with Measurement

The transfer current as a function of time (It — ^-characteristic), the transferred 

charge-voltage characteristic and the transferred charge versus driving frequency 

are simulated for the steady state  regime and compared with measured data. 

Since the Fp — t - characteristic of the TFEL is is given by a single first order 

differential equation, a standard numerical solver can be used. For all following 

simulations, the field equation (3.30) has been solved with a solver of the MATLAB 

software package. Subsequently, the transferred charge and the transfer current 

is calculated with equation (3.29) and (3.28). It is essential to choose an suitable 

numerical solver because otherwise inaccurate solutions are obtained, for example 

oscillating solutions. It became apparent tha t a stable solution is found with the 

solver ode23tb (low order method for stiff differential equation, for details see 

MATLAB package [30]).

The initial value is the interface charge <2/(0). This charge is to zero for the first 

half period. For obtaining the steady state regime, the initial charge is set zero 

for the calculation of the first half period, subsequently the transferred charge of 

the previous calculation is taken as the initial charge for all following calculations. 

This process is repeated until a stable value for Qj  is found (typical after 10
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iterations). The parameters used for the simulations are listed in Table B .2 of the 

appendix.

A comparison of the the Ir t characteristic is made between simulation and mea­

surement in Figure 3.3. As can be seen, the simulation of the non annealed device 

is in good agreement with the measured characteristic. The interface electron 

density n0 =  5 * 1012 cm-2 and the interface level E t  =  1.16 eV has been obtained 

by trial.

Furthermore, the transferred charge as function of driving voltage (QrV-characteristic) 

and the transferred charge as a function of the driving frequency (Qt- /d-characteristic) 

are simulated and compared with measured characteristics, see Figure 3.4(ii) and 

3.5. The transfered charge Qt is the difference of the final interface charge after 

one half period and the interface charge at t  =  0, Qt =  QiiT^j — Q/(0).  A good 

fit is obtained for an interface electron density no =  1014 cm-2 and the interface 

level Ej & 1.3 eV, which is in discrepancy with the results obtained from the 

simulation of the I t — t-characteristic.

An explanation for the discrepancy might be th a t many different solutions (pairs 

of param eter E j  and n0) could be possible for a fit of the I t — t —curve. If this is the 

case, many different measurements are then necessary in order to exclude wrong 

solutions and to find a unique solution. As a conclusion, a single measurement of 

the transient characteristic for one driving waveform does not suffice to calculate 

back the interface electron density and the interface level.

The I t — t  characteristic of a thermally annealed device is presented in Figure 

3.3. Compared to the non annealed device, it is clear to  see tha t the rise of the 

current occurs about 10 /is earlier and the decay time is longer compared to  the 

non-annealed device. This is in agreement with the softening of the brightness- 

voltage-characteristic and a shift of the threshold voltage towards lower voltage
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Figure 3.3: Transfer current density as function of time for sine wave stimulus 
with Vd =  270 V and fd =  5 kHz in steady state regime:
I. non annealed device (jr2b): simulation E j  — 1.16 eV, no =  5 • 1012 cm-2
II. thermal annealed device (jr2a): simulation
a) with single interface state  at E i  =  0.9 eV, no =  5 • 1012 cm-2
b) with distributed interface states as shown in Figure 3.10
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due to thermal annealing, experimentally observed in [3]. It is assumed th a t the 

change in the B-V-characteristics is related to a  change in the interface electron 

distribution. However, a satisfying fit of the simulation with the measured data 

seems not to be possible with the single interface model. A model with distributed 

interface states will be examined later in section 3.4.3.

3.3 Electrical Characterisation by Simulation

3.3.1 Transient Characteristics

A simulation of transient characteristics of the field in the phosphor layer, the 

transfered charge, the transfer and device current has been done for the device j r2 

with a device area of A=0.785 mm2. The stimulus is a sine wave with a voltage 

of 270 volt. Figure 3.6 shows a simulation for a device with an initial interface 

charge ujq =  5-1012cm2. The amount of interface charge is lower than the maximal 

transferable charge at 270 V. As the simulation for the interface level Ej  =  0.9 

eV shows, nearly all charges are transferred. The electrical field in phosphor layer 

is ’clamped’ above threshold until all interface charges are transferred. After all 

charges are transferred, the field in the phosphor layer follows again the applied 

external field. Also remarkable, the transfer current for different interface levels 

starts and ends flowing at different times.

The simulation shown in Figure 3.7 is done for a device with an initial interface 

charge n/o =  1014cm2. The amount of interface charge is higher than the maximal 

transferable charge at 270 V. Consequently, charges axe transfered until the field 

in the phosphor layer goes below threshold field strength. The electrical field 

in the phosphor layer is ’clam ped’ above a certain field strength. The transfer 

current for different interface levels starts flowing at different times and ends a t
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the same time indicating tha t not all interface charges are transferred.

3.3.2 Current-Frequency-Characteristic

Figure 3.8 shows transfer current and transfered charge upon driving frequency. 

The transfered charge denotes here the charge transfered in one half period. The 

higher the frequency the less time to transfer charge and as a  consequence, the 

transfered charge decreases with increasing frequency. The transfer current is the 

average current, i.e. the transfered charge per second. The higher frequency the 

more cycles per seconds to transfer charge and thus cause an increasing current.
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The graph indicates a linear dependency below 10 kHz. The current is limited 

above 20 kHz. The limitation of the current can be explained as the number of 

cycles increases , whereas the amount of transfered charge per cycle decreases 

with an increasing frequency.

3.3.3 Transfered Charge versus Initial Charge

The interface charge Q i ( T d /2), which is obtained after one half-wave, depends on 

the interface charge Q}(t =  0), denoted as initial anodic charge, a t the beginning 

of the half-wave. This initial anodic charge has to be taken into account in the 

simulation as an initial condition. The presence of an initial anodic charge causes 

an electrical field, which add to external applied field and thus enhances the 

transfer current. Figure 3.9 shows the interface charge after one half-wave as a 

function of the initial anodic charge. The dashed line Qr(Td/2 )  =  QJ(0) locates 

the steady state regime. For the given device and driving waveform, the steady
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state working point is the cross point of the dashed lined with the function of 

the interface charge. If a TFEL device is switched on, the initial anodic charge 

is zero. The working points travels along the function of the interface charge 

until the steady state point is reached. The steady state point is the fix point of 

Q t (Td/2)-Q } (O)-function.

3.4 Dynamic TFEL Characteristics for Distributed 

Interface States

The simulation model presented in section 3.2 is based on the assumption tha t 

all interface electrons axe located a t one defined energy level. This might lead to 

inaccurate results, since the interface electrons are, in reality, rather continously 

distributed throughout the band gap of the phosphor material. D istributed inter-
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face states cause, for example, a smoothing of the B-V-characteristic [3] or can 

even cause a double peak in the B-V-characteristic [21]. For these reasons, the 

simulation is refined in this section by introducing a distributed interface electron 

density.

3.4.1 Assessment of Interface State Properties

Interface states represent additional energy terms within the forbidden bandgap, 

which act as traps. They can capture and release electrons. As for the Si-Si02 

interface, interface states are found to be widely separated from one another on 

the interfacial plane. Interface states axe found to be closely spaced in energy and 

distributed throughout the entire silicon bandgap [31, Sec. 5.2].

Two simple interface state distributions are most likely, a constant distribution 

over the entire bandgap , N S (E) =  N 0/ E g, and a Gaussian distribution N S{E) =  

exP ~ ^ 5 • The Gaussian distribution assumes, tha t a particular bond­

ing with a specific bonding energy is open, so th a t the interface states are scattered 

with a certain probability around a mean value. If the interface state distribu­

tion N 3(E) is know, the interface electron distribution in thermal equilibrium is 

calculated with the occupancy function / 0 :

m ( E )  =  N s (E)fo(E)  (3.36)

where the occupancy function is

l + g e x p ( ^ )

and E f  is the Fermi Energy, g is the degeneracy factor with g =  1/2 for donor-like 

traps [31]. The Fermi level is determined by the to tal interface electron density
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n r

nT = f E3 N s (E ) f0(E, E F)dE  (3.37)
J 0

If the therm al equilibrium of the interface electron distribution (internal equi­

librium) is perturbed, for instance due to emission of electrons, relaxation pro­

cess towards thermal equilibrium takes place. The relaxation processes are due 

to thermal stimulation (phonon interaction) or spontaneous and induced transi­

tions (black body radiation) [32]. Hence, the time to reach an equilibrium after 

perturbation depends on the temperature among other things which include the 

transition probability, capture cross section etc. For those reasons, it is difficult 

to estimate the relaxation behaviour.

3.4.2 Electron Emission from Distributed Interface States

Since interface electrons are continously emitted and retrapped during the opera­

tion of the TFEL, the interface electron density nj(t ,  E)  changes with time. Note, 

tha t the interface electron distribution n r( t ,E )  denotes the amount of electrons 

per area for the energy interval [E ,E  +  dE]. Under an applied field, electron 

tunneling occurs from all energy levels. Therefore, the contributions of all states 

are integrated in order to obtain the to tal transfer current:

I t (t) = q0A  f E9 m ( t ,  E )T  [Fp(t),E] dE  (3.38)
Jo

The integration is done over the whole bandgap. The initial interface electron 

distribution nio(E) is the interface electron distribution in the relaxed state  (Hat­

band case, therm al equilibrium). Similar to equation (3.23), the to tal interface 

charge is then the difference of the momentary interface electron distribution and 

the initial interface electron distribution, where all differences must be integrated
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over the whole energy range:

Q /M  =  ~<loA [  \ n I ( t ,E )  -  n I0(E))dE  (3.39)
Jo

The transfer current is obtained from this equation when the transfer charge is 

differentiated with respect to  the time t :

It(t) = d̂ j L = - 9oA JgE" j n A t ,  E )d E  (3.40)

Equating this equation with (3.38) and subsequently differentiating all with re­

spect to energy E leads to

~ m ( t ,  E) = E )T  [Fp(i), E] . (3.41)

The above differential equation describes the change (kinetics) of the interface 

electron density for a given energy level solely due to electron emission. The 

equation is not valid if an exchange of electrons between different interface states 

occurs, as is the case when relaxation processes take place (see previous section). 

It is assumed, as known from S i0 2-Si-interface characteristics, tha t relaxation pro­

cesses are much slower than the perturbation (caused by the alternating external 

field). Of course, this assumption need to  be proved experimentally [3].

If the therm al equilibrium is reached faster than the perturbation takes place, 

because of higher tem perature or lower driving frequency, a kinetic differential 

equation for the interface charge can be given by using (3.37) and (3.38)

m  =  ^  =  90A  J *9 N s (E ) f0(E, E p(Q r ))T  [FP(Q,), E] d E  (3.42)

where the Fermi energy is a function of the interface charge (3.37).

58



3.4.3 TFEL with Distributed Interface Charge

The formula in the subsection before is developed for a continuous interface elec­

tron distribution. For a practical numerical simulation, the interface electron 

distribution is approximated as peak-like function (multiple discrete levels). The 

energy range of the band gap is divided in m  discrete energy levels E n with 

n  =  1 . . .  ra. Each energy level has a specific electron interface density. For in­

stance, n T,n(t) denotes the number of electrons per area for n .th  energy level a t 

the time t. Similarly, let n/o.n be the initial interface electron density for the n .th  

energy level in the relaxed state  (flat-band condition), the initial interface charge 

for the n.th  energy level is then

Qio.n =  AqQriiO'n (3.43)

and the interface charge for a single energy level is the difference of momentary

and initial electron concentration:

Qi.n{t) =  -qoA (nLn(t) -  n/o.n) ■ (3.44)

The total interface charge is the sum of the interface charge of all energy levels :

m

Qi{t) = T ,  Qr.n(t) (3-45)
n = l

Similar to equation (3.26), the transfer current due to  electron injection from the 

n .th  energy level is

h.n{t) =  q0A n Ln(t)T n [Fp(t)] (3.46)

=  (Q io .n -Q i .n ( t ) )T n [Fp(t)} (3.47)
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where equation (3.43) and (3.44) have been used and the tunnel function T n [Fp\ = 

T  [Fp,E n\. The total transfer current follows then by adding up the injection 

currents of all energy levels:

m  =  E It.n = j Q l i t )  =  E  j t Q U t )  (3-48)
n = 1 n = l

and finally, with the expression for the current I t.n (3.47), one gets the differential 

equation

m ( d
X  ] d t ^ Ln^  ~~ (Qio-n ~  Qi.n(t)) T n
n = l v T v * - ~d>LP dp Cp +  n

Y lQ l.n =  0 (3.49)

which describes the transient characteristics of the interface charges Q/.„, where 

the driving voltage is the independent stimulus function. The above equation 

leads to  a system of m  differential equation

Q i— Vd -  —
dp d dpCp + Ci

=  0 (3.50)

where n = 1 . . .  m. The system to solve consists of m  first order differential 

equation, which are all connected together with the to tal charge Qt, given by 

equation (3.45). This system is used for simulation of TFELs with a discrete 

interface electron distribution.

3.4.4 Comparison with Measurement

The simulation of the I t — i-characteristic is done with the TFEL model with 

distributed interface electrons, as m athem atical represented by equation (3.50). 

That system of first order differential equations can be solved with a standard
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numerical solver of the MATLAB package. The solver ode23s (low order method 

for stiff differential equation, for details see MATLAB package [30]) produced 

the most stable results. The initial value is a vector with the interface charge 

Qi.n{0) for each energy level a t the time t =  0. For the steady state regime, these 

interface charges are found iteratively, similar to the single interface state model 

(see 3.2.6). The device parameter used for the simulation are listed in table B.2 

of the appendix. The electron interface distribution is found by trial and is shown 

in Figure 3.10.

The simulated and measured Ir t-characteristic for the therm al annealed device 

is compared in Figure 3.3IIb. The simulation with distributed interface electrons 

shows a much better agreement with the measured characteristic than the simu­

lation with the single interface state model. Especially the decaying part (tail) of 

the graph is more accurate, whereas the exact peak current could not be achieved.

discrete IS
approximated distribution
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3.5 Measurement of the Interface Electron Distri­

bution

The measurement of the interface electron distribution has been undertaken by the 

author with the method presented in [5]. However, problems were encountered, 

which are pointed out here. The method is carried out by applying a stimulus 

driving voltage and measuring the transfer current as function of time. Knowing 

Vd{t) and It(t), the transfered charge Qt(t) and the field Fp(t) in the phosphor 

layer as a function of time can be calculated as described in section 3.1.3. As 

derived in [5], the transfered charge can be expressed as

Qt(t) =  qoA 9 | l  -  exp ^  T  RW, E] ^  j nTo{E)dE (3.51)

For a practical measurement, the time is divided in discrete time steps t{, so 

th a t the voltage and the current is measured at these time points. The interface 

electron distribution is also divided in discrete intervals as explained in section

3.4.3. Equation (3.51) becomes

Qt(U) = qoA J 2  1 -  exP ( — f ' T  Ej] d r)
j=l 1 \  J O  /  J

This equation can be rewritten in a m atrix form:

* TllO.j (3.52)

Q = £ . r z =  J2 mo.j • ^  

j = l

where the m atrix J  and the column vectors are

(3.53)

£  =  [ t j \  =  hfej] =  QoA (* -  exP ( -  f Q T r f r ) )  > (3-54)
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the vector of the transfered charge is Q =  [Q(£*)] and the vector of interface 

electron density is n = [n/o.j] . The vector Q is measured and the m atrix ^  

can be calculated since the field in the phosphor layer is known. The vector n, 

containing the interface electron distribution for each energy level, is the unknown 

variable and must be found. The concept presented in [5] is to find n  by solving 

system 3.53. This can be done by calculating the inverse m atrix of provided the 

m atrix ^  is a square matrix, or by using an approximation algorithm. Either way, 

in order to solve the system, it is an absolute necessary condition th a t the m atrix 

is nonsingular, or in other words, the vectors ^  . must be linear independent. If the 

they are not linear independent, the solution is not unique, many different solution 

(interface electron distributions) are possible to match the current response for a 

given stimulus. For example, if the set of vectors ^  is linear dependent, then a 

vector c =  [cj\ with constants Cj exits, so that

T ig

0 =  ^  Cj • fp_. and 3cj ^  0 (3.55)
j'= i 3

If n  is one solution of the system 3.53, so is also n + c a  solution because

T ig

Q  =  Q +  0 =  X )(n /0.j +  ci)  * t j  (3-56)
j=i

which gives the same charge (current) - time response.

These kind of problems were encountered with the measured data. The m atrix 

were tested on singularity with MATLAB. It could be proved th a t the m atrix 

is singular for the given number precision and the used stimulus voltage. Figure 

3.11 demonstrates this aspect. It shows a simulation with a) a single interface

level and b) with two distinct energy levels. Both distributions produce a similar

response of the transfer current. As a conclusion, the estimation of the interface
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2 • 1012 cm-2 and E j>2 =  1.2 eV, no.2 =  6 • 1012 cm -2 ; stimulus sine-wave 270V; 
measurement: device j r 2 non-annealed

electron distribution does not seem to be feasible solely by analysing the measured 

transfer current for one driving stimulus.

There are two possible ways to overcome this problem. One way is tha t many 

different measurements are done with different driving waveforms, for instance dif­

ferent driving voltages or driving frequencies, in order to exclude wrong solutions. 

Another way, a specific driving waveform has to be found. This waveform must 

produce a nonsingular m atrix J ,  or respectively the functions t ) are linear

independent.
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Chapter 4

Electrical Characteristics of 

LETFEL Devices on Silicon

4.1 Influence of the MIS-Capacity

The LETFELs as used in this research programme are grown on a silicon wafer, 

which function as a back electrode. The TFEL stack - Y2O3, ZnS, Y20 3 - can 

be considered as an insulator as long as no significant charge transfer occurs in 

the ZnS layer. These insulator layers along with the m etal contact and the sili­

con substrate form metal-insulator-semiconductor structure (MIS) as known from 

MOS transistors [26], [34], [33]. MIS effects can thus influence the characteristics 

of the TFEL device during the operation. Therefore, it is of interest to estimate 

the change of the TFEL characteristics due to the MIS effects in order to separate 

MIS effects from the pure TFEL phenomena.

The most im portant effect to  consider is the influence of the space charge layer 

since the silicon possesses a low carrier concentration. The used silicon is n- 

conducting and has donor concentration of N o  ~  5 • 1014cm-3 . For a n-conducting
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silicon, a  space charge layer is created when a negative voltage is applied on the 

metal gate (ground on the bulk). Under these conditions, electrons (majority 

carriers) are pulled away from silicon insulator ( Y 2 O 3 )  surface into the bulk - a 

depletion of mobile carries occurs. Positively charged donors, which are immov­

able, remain and form a positive space charge layer, which compensate the field in 

the semiconductor. Due to carrier generation processes in the silicon and on the 

silicon insulator surface , holes (here minority carriers) are generated. These holes 

flow to the surface and form there an inversion layer, which compensate the field 

in semiconductor and reduce the width of the space charge layer. This process 

continues until an equilibrium is reached.

The space charge layer in the semiconductor causes a voltage drop, which reduces 

the voltage across the insulator and consequently influences the characteristic of 

the TFEL. For example, an asymmetric current characteristic and characteris­

tic of the outcoupled light has been observed for a symmetric driving voltage. 

This asymmetric behavior can be explained by the characteristics of the MIS 

structure. A formation of a space charge layer occurs when a negative voltage is 

applied on the m etal gate, whereas a formation of a accumulation layer (layer of 

mobile carriers) occurs, when a voltage is applied in the opposite direction. The 

accumulation layer causes, in contrast to the space charge layer, no significant 

voltage drop. The voltage drop across the space charge layer might result in a  

shift of the B-V-characteristic towards higher voltage causing a asymmetric B-V- 

characteristic. The formation of the space charge layer also causes an additional 

current to the displacement current of the TFEL capacity.

Firstly, the equilibrium state  of the MIS structure is investigated in order to  find 

out how much the TFEL characteristic is altered. The MIS structure is in an 

equilibrium when the to tal generation rate (surface and space charge layer) of
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electrons is equal to the total recombination rate of electrons. The equilibrium 

is also characterized by the formation of an inversion layer. The analysis of the 

voltage across the space charge layer is described for a p-type semiconductor in 

equilibrium in [26] and is here developed for n-type semiconductor. For the typical 

TFEL, the contact potential (metal semiconductor potential) and the interface 

charges ( Y2O3 -silicon) can be neglected for this analysis since the applied device 

voltage is high. The external device voltage Vd as function of the voltage Vsc 

across the space charge layer is for n-type silicon

Vd(Vsc) = V s c - - ^ ^ - (4-1)
isip

where A  is the active TFEL area, esi is the perm ittivity of the silicon and Civ is 

the to tal TFEL capacity. Fs  is the electrical field strength at the silicon surface :

jp f-rr x 14g0T i j V r  (  ,  Vp — Vsc  ,  F f  . Vsc  .  ,  V f \  (a 0 \Fs(Vs c ) =  ^ ( c o s h  —   cosh —  +  —  sinh —  j  (4.2)

where n* is the intrinsic carrier concentration (n* «  10loc77i-3), q0 is the elementary 

charge and the thermal voltage Vr =  kT/qo , Boltzmann’s constant k. Vf  is given 

by donor concentration N d  with V f  =  —V rln

Substitution of Fs  in equation (4.1) with equation (4.2) leads to  an expression for 

the device voltage as a function of the voltage drop across the space charge layer. 

This expression is exact as long as the external device voltage remains below the 

threshold voltage of the TFEL, i.e. no charges in the insulator-phosphor layers are 

transfered. The absolute value of device voltage as a function of the voltage drop 

across the space charge layer is shown in Figure 4.1. It reveals th a t the voltage 

drop across the space charge layer is (in both directions) less than 1.5 V for the 

TFEL device under typical driving conditions and can therefore be neglected if
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Figure 4.1: MIS in Equilibrium: absolute value of the applied device voltage as 
function of the voltage drop across the space charge layer for a TFEL with silicon 
back contact; donor concentration ND =  5 • 1014cm~3

the device has reached the equilibrium state. The equilibrium state can thus not 

explain the asymmetric characteristics of the LETFEL on silicon.

W ith this result, it follows that non-equilibrium states need to be analysed in 

order to explain non-symmetric characteristics. Shortly after applying a voltage 

step the space charge layer is created, which is depleted of free carriers. Under the 

assumption tha t the space charge layer is completely empty of free carriers (deep 

depletion approximation), the voltage drop across the space charge layer can be 

estimated as follows [34]:

where V0 = Ndesiqo/C?p. Figure 4.2 shows the voltage drop Vsc across the space 

charge layer as function of the applied device voltage. As can be seen, the voltage 

drop is high, which means tha t the TFEL characteristics are strongly influenced

(4.3)
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Figure 4.2: MIS in Deep Depletion: voltage drop across space charge layer versus 
applied device voltage for TFEL with silicon back contact; donor concentration
No =  5 • 1014cm~3

right at the beginning of voltage pulse.

To answer the question of how much the MIS-effect influences the characteristics 

and efficiency of the LETFEL, it is necessary to investigate how fast the MIS- 

system returns from the deep depletion, meaning high voltage drop across the 

space charge layer, to the equilibrium with a negligible voltage drop across the 

space charge layer.

The state of deep depletion occurs shortly after a voltage step (rectangular driving 

voltage) is applied to the device. Since the number of carriers is reduced, the 

recombination rate is lower than the generation rate of electron-hole pairs. This 

carrier generation processes during the carrier depletion causes the device to return 

to the equilibrium. Im portant factors, which influence this relaxation process, 

are the generation in the space charge region (Isc), generation and diffusion of 

carriers from the bulk (Id) and generation on surface (G$ )• Generation in the 

space charge layer can be deduced from the hole mobility /ip and hole life time rp,
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which are known material constants for silicon. The surface generation density 

for insulator-silicon interface needs to be obtained experimentally. The relaxation 

process is described with differential equation

^  =(1 +  C ^ - M V s c )  -  ^ (/sc(ysc) +  I d  +  Gs) (4-4) 

where K  =  N^siqo  , the generation current I s c  in the space charge layer is

Isc iV sc)  = Qo~

and the diffusion current from the bulk is I d =  Q o see I34l- The Sen_
y / T p D p  d

eration lifetime rg, the low level injection hole recombination lifetime rv and the 

hole diffusion coefficient Dp are known material constants. The surface generation 

density G s  needs to be measured for the Si-Y203 interface. The differential equa­

tion (4.4) can be solved for a rectangle pulse by integrating it once. The solution 

is subsequently solved numerically in order to  get Vsc  as function of time.

This has been done for a  rectangular driving voltage with Va =  —200 V, see Figure

4.3. It shows the time response of the voltage drop across the space charge layer 

after applying a rectangular voltage step. The simulation reveals tha t the time 

to return in the equilibrium strongly depends on surface generation rate. If the 

surface generation rate is high, the MIS-system returns faster to the equilibrium 

and the influence on the operation of the TFEL is low. Therefore, it is necessary to 

measure the surface generation rate  in order to estimate the influence of the MIS- 

effect. A way to avoid the influence of the MIS-effect and resulting disadvantages 

is to use a metal base layer between the TFEL stack and silicon contact.
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Figure 4.3: MIS Relaxation Process: time response of the voltage across the space 
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back contact; surface generation rate
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4.2 Electrostatic Field Distribution in LETFELs

LETFEL devices operate normally under a high driving voltage with about 300 

V to 500 V peak to  peak voltage. Because the high voltage drops across very thin 

dielectric layers (TFEL-stack), a high electrical field strength appears in the insu­

lator and phosphor layers which can lead to the damaging of the device. Therefore, 

it is essential to study the field distribution in LETFEL devices, especially the 

field strength between the tip of the micro mirror and a possible second m etal 

layer. Of interest for the study of the field distribution is only the compensated 

state  as a worst case estimation since the entire voltage drops across the insula­

tor layer (Y2O3) and therefore, the highest field strength in the insulator layer is 

expected for this state of operation.

4.2.1 Simulation M ethod

Simulations of the electric static field distribution for a typical LETFEL device 

has been performed with the Silvaco Process and Device Simulator [35] [36]. A 

simulation under an alternating driving voltage is not possible because the physical 

behavior of electron tunneling from interface states is not implemented in the 

simulator at the present time. Also the simulator programming interface does not 

allow the programming of electron tunneling from the interface states. For those 

reasons and since a transient field simulation is not necessary for a  worst case 

estimation of the electrical field strength, a simulation of the electro static field 

in a LETFEL has been performed for the compensated state  and a  typical device 

voltage.

For an electro static field simulation, it is necessary to obtain the correct relation 

of transferred charges under an applied voltage. This is achieved by introducing
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a thin n-doped ZnS layer between ZnS-phosphor and Y2 0 3 -insulator layer, which 

emulates the interface charge layer. The amount of free electrons in this n-doped 

ZnS layer correspond to the equal amount of transferred charges for a typical 

LETFEL device. If a voltage is applied, the electrons of the n-doped layers move 

through the ZnS-phosphor layer to the positive side, thereby creating similar 

condition as in a LETFEL device in the compensated state. The simulation 

is done by applying and simulating a stepwise voltage until the final voltage is 

reached. This procedure ensures convergence of the numerical simulation.
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4.2.2 Simulation Results

The simulation has been done for a LETFEL device with a 0.8 /xm ZnS-phosphor 

and a 0.3 /xm Y2O3 -insulator layer. The concentration and the thickness of the 

n-doped layer is chosen to  be equivalent to an interface electron concentration of 

m  =  1014cm-2. Figure 4.4 shows the field distribution in a  LETFEL device for 

an applied device voltage of 200 V. The distance between mirror and facet is 0.2 

jim.. The mirrors are metalised (reflecting coating). This metalisation continues 

to 0.5 fim  underneath the TFEL stack, which models the production precision. 

The facets are etched and the display is covered with a  SiON passivation. The 

simulation reveals, as expected, th a t field concentration occurs on the edges of 

the facets and on the edge of the metalisation for mirror. The field strength is, 

according to simulation results, up to 10 MV/cm in Y2O3 insulator layer and 7.5 

M V/cm in SiON passivation layer. Therefore, sharp edges at and underneath the 

TFEL stack should be avoided as much as possible.

Figure 4.5 shows the field distribution in a LETFEL device for an applied device 

voltage of 200 V. The distance between mirror and facet is 1 fim. The mirror 

metalisation is not etched and runs underneath TFEL stack. Additionally, a 

second metal layer is on top of the passivation layer. The simulation shows tha t 

the field concentration over the tip of the mirror is weak and should not cause any 

problems. As in the previous example, field concentration occurs on the edges of 

facets. The field strength is 9 MV/cm in the Y2O3 insulator layer and 7 M V/cm 

in the SiON passivation layer.
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Chapter 5

RC-Models for TFEL Devices

In this chapter, equivalent nonlinear RC-models are developed for AC thin film 

electroluminescent devices. These RC models enable the simulation of TFELs and 

driver electronics with a  conventional SPICE-circuit simulator. Several equivalent 

electrical models for TFEL devices have been developed, for example see [37], [38], 

[39], [40], [41]. These models are primarily based on observation. The equivalent 

nonlinear RC models are here derived starting from the physical equations.

The analysis is based on tunneling from interface states as the only electron source, 

traps and memory effects axe not considered in order to  keep these models as 

simple as possible. Therefore, the interface charge distribution is the impor­

tan t param eter to be measured for modeling the TFEL for different driving wave 

forms. Furthermore, distributed charges in the phosphor layer are neglected. As 

explained in the previous chapters, those assumptions are quite valid for the Y20 3- 

ZnS LETFEL devices under investigation. The models are developed for the case 

of a AC-TFEL with single and multiple interface states, as well as for the case of 

low and high interface charge. They can be used for simulation of driver electron­

ics with different driving wave forms and frequencies. A validation of the models
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Figure 5.1: Equivalent Circuit for a TFEL, current source represent the transfer 
current due to tunneling from interface states

is done by comparing the simulation results of the RC-circuit with measured data.

5.1 RC-Model for Layered Structure

As a first step, an RC-model is developed for the layered TFEL structure with an 

injection current from the insulator-phosphor interface. Hereby, the kind of the 

injection process (tunneling, phonon assisted tunneling etc.) is not specified yet. 

If any current source is given as I t , the device current for the physical model of 

the TFEL is given as

I d = Cip^ -  + a I t , (5.1)

see equation (A.16) in the appendix. The first term  on the right hand side is 

the the displacement current of an ordinary layered capacitor and the second 

term  represents the transfer current within the phosphor layer. The equivalent 

circuit of the TFEL structure represented by equation (5.1) is shown in Figure 5.1, 

where the transfered current due to tunneling from interface states is modeled as 

a current source. This RC-model is validated by developing the equation for the 

RC-circuit and comparing it with the equation for physical model of the TFEL.
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W ith the current equation Ip =  Cp^ ^ -  for the capacitor Cp and with the equation 

for the device voltage Vd =  Vi +  Vr c , one obtains:

T _ r dVd dV{ 
i P -  dt  o p df

W ith the equation Id = for the capacitor Ci and with the equation for the 

device current I d = Ip + It , this equation becomes

dVd Cv

Solving this equation with respect to Id, one gets

CiCp dVd Ci 
d Ci + Cv dt Ci + C ‘

and finally, by introducing a  and C{p as defined in ( 3.5) previous chapter, the 

equation for the equivalent RC-circuit is

Id =  Cwd- ^  + 0.1  t (5.2)

A comparison of this equation with equation (5.1) proves th a t the RC model is 

equivalent to the physical model.

5.2 RC-Model for TFELs with Single Interface State

5.2.1 Physical Model of the TFEL

The above model describes the characteristics of the layered TFEL structure. The 

next step is to find an equivalent RC circuit tha t describes the current injection
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insulator insulator

phosphor layer 

Figure 5.2: Phosphor layer of a TFEL

process in order to replace the current source. For this purpose, the phosphor 

layer and the interface layers, as shown in Figure 5.2, are analysed independently 

of the insulator layers. As in the previous chapter, the transfer current in the 

phosphor layer is

h{t)= q0An,(t)T(5.3)

where Fp(t) is the electrical field in the phosphor layer at time t, nj(t) is the 

interface electron density, A is the device area, T  is the tunneling function (3.21). 

The electrical field in the phosphor layer (region dp) consists of two components, 

the external field Fip at the interface and the field caused by interface charge 

(Gauss Law) :

Fp(t) = Fip + Q}(t)/(A-ep) , (5.4)

subsequently with Qj = —Q}, for the same reasons as explained in the previous 

chapter, and Cp\

Fp(t) =  Fip -  Qr(t)/(Cpdp) (5.5)
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=  U v ip- Q i ( t ) / C p) (5.6)

where Vip is the voltage across the phosphor layer (including the interface charge 

layer), =  F{pdp, since the interface charge layer is assumed to be thin so tha t 

dp «  d*. Eliminating I t in equation (5.3) with (3.27) and substitution of n j  with 

equation (3.25) gives

and on eliminating Fp with (5.6), one finally obtains the differential equation for 

the transfered charge in the phosphor layer:

(5.8)

which is a first order nonlinear differential equation. Since Vip =  a(Q r/C p +  Vrf), 

this differential equation for the transfered charge is equivalent to equation (3.33) 

but with the difference tha t the stimulus is the voltage drop across the phosphor 

layer. The transfer current I t is obtained by differentiating Q i(t) with respect to 

time and the field Fp in the phosphor layer with equation (3.9).

5.2.2 Equivalent RC-Network

The goal here is to develop an electrical circuit tha t describes the transfer current 

in the phosphor layer (current source in Fig. 5.1) as given by equation (5.8). 

The proposed equivalent RC-circuit is shown in Fig.5.3 and includes a  nonlinear 

resistor G(Vr ), modeling the tunneling behavior, and a nonlinear capacity Cs(Vs), 

modeling the current limiting due to  the finite number of interface charges. The
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Figure 5.3: Equivalent RC-circuit of the phosphor layer modeling current injection 
from interface states into phosphor layer

equation for the equivalent circuit is

1 =  i t Q c { t)  =  g { V r )
(5.9)

where Q c  denotes the charge stored in the nonlinear capacitor Cs-

Two cases will be considered: I) the interface charge Q i is much smaller than 

initial interface charge Q j0 and II) the interface charge is about the same as 

initial interface charge.

Case I: Under the condition Qj  <C Qtq, the initial charge Qio can be considered 

as constant and the differential equation (5.8) for the interface charge reduces to

U y iv -  Q i ( t ) / c p) (5.10)

Assuming for the moment th a t this equation can be expressed as an equivalent 

circuit with a linear capacity Q c  =  C sY c■ By replacing the voltage Vr = V rc — 

V c  =  V r c  ~  Q c /C s , equation (5.9) becomes

=  G ( V r c  — Q c/C s). (5.11)
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If the capacity and the nonlinear resistor is defined as following

Cs  :=  Cp

G (V) :=  Q /0T  [V/df

(5.12)

(5.13)

one gets with (5.11) an equation for the equivalent RC-circuit

—Q c(t) — Q iqT ~ r ( V r c  — Q c / C s )dp
(5.14)

which is equal to physical equation (5.10) and one can identify Qa(t) =  QJjt) and 

Vip = VTC. Therefore, the RC circuit in Figure 5.3 together with (5.12) and (5.13) 

for the components describes the physical behavior of the phosphor layer.

Case II: The transfered charge cannot be neglected if the transfered charge is high 

compared to initial charge (Qj < Qio). W ith (5.5), the transfered charge can be 

expressed as function of Vs :

Q i(t) =  CPV3 ; Vs = dp(FiP — Fp) (5.15)

where Vs is the voltage drop over the interface charge layer, Fp is the field in the 

phosphor layer and Fip is field in the phosphor layer a t the insulator-phosphor 

interface. Using this equation to eliminate Q / in the differential equation (5.8) 

for transfered charge, one gets

c A v ,  = (Qn - C , v,)T

and with G (V ) as defined in (5.13)

(5.16)

dV, Qio -  CPV,
dt QioCp G (Vip - V s) (5.17)
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which are differential equations describing the voltage drop across the interface 

charge layer, ViP represents the driving voltage across the phosphor layer. To 

m atch the equivalent RC-circuit with the above equation, a function for the RC 

components needs to be found. If the capacitor Cs is nonlinear, the stored charge 

as function of voltage is expressed as

(S18>

where Cs is called the differential capacitance with Cs{Vc) =  W ith this 

expression and with Vr = Vrc — Vc, the equation for the equivalent RC-circuit

(5.9) leads to

j t Q c(t) = Cs(Vc ) ^ f  = G(VRC- V c )  (5.19)

and finally

(5-20>

which is a differential equation describing the voltage across the nonlinear capac­

itor depending on the driving voltage Vr c . Comparing this equation with the 

physical equation for the voltage across the interface charge layer (5.17) leads 

directly to an expression for the nonlinear capacitor

Cs(-Vc) :=  Qio -  kCpVc  =  1 -  kCpVC/Qio  (5'21)

and for the nonlinear resistor G as defined in (5.13), so th a t both equations become 

equivalent and one can identify the voltages in the models as Va = Vc and Vrc =  

ViP. The factor A; is a fitting factor, which however has been found to be k  =  — 1 

for a best fit. T hat makes sense, as the capacity decreases while the capacitor is 

charged up with increasing Vc, so tha t the stored charges on capacitor approaches 

a maximum value Qio similarly to properties of the interface charge layer.
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Figure 5.4: RC-model of a TFEL with single interface state: comparison between 
experimental and simulated transfer current as function of time, sine wave stimu­
lus Vd =  270 V and /d =  5 kHz in steady state regime, non annealed device (jr2b), 
E i =  1.16 eV, no =  4 • 1012 cm-2 (estimated)

5.2.3 Comparison RC-Model with Measurement

The transfer current as function of time (I t — ^-characteristics) are simulated in 

steady state regime and compared with measured da ta  in Figure 5.4. The complete 

equivalent RC-circuit of a TFEL with single interface state is shown Figure 5.5,

The components G  and Cs are modified so th a t both voltage direction can be

until a steady state  regime is reached. The circuit simulation is done with the 

SmartSpice simulator of the Silvaco simulation package [42]. The spice program

where

1 +  Cp |VC| /Q io
(5.22)

(5.23)G (V) :=  sign{V)Q r„ T [ |V |/< y  .

simulated with these components. This makes it possible to simulate many cycles
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Figure 5.5: Circuit diagram of TFEL model with single interface state

listing is in appendix F. As shown in the diagram, the transfer current obtained 

with the equivalent RC-circuit is in good agreement with the measured charac­

teristic. The interface electron density no =  4 • 1012 cm-2 and the interface level 

E j = 1.16 eV has been obtained by trial and is in accordance to  the values used in 

the previous chapter. The deviation in the curves might be caused by an error of 

the insulator and phosphor layer capacities. Thus, a better fit of the curves could 

be obtained if the layer capacities are directly measured for the device to model.

5.3 RC-Model for TFELs with Distributed Inter­

face States

5.3.1 TFEL with Distributed Interface States

The assumption of a  discrete interface state a t a specific energy level, which has 

led to a simply equivalent RC-model, might be inaccurate since the interface states 

maybe continously distributed throughout the band gap of the phosphor material. 

Thus, the RC-model shall be refined for distributed interface states, in th a t the
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interface electron distribution is approximated as a step function. Equations of 

section 5.2 needs to be rewritten for the case of discrete energy levels. As explained 

in section 3.4.3 of the previous chapter, the injection current as function of field 

and interface charge distribution is

m
h (t)  =  (5 .2 4 )

n = l
m

=  E ( Q n . n -  Q i . n ( t ) )  T „  [F p W ] (5 .2 5 )
71=1

where symbols are defined as in chapter 3. Under the condition Q j n <C Qro.n>

which means tha t the change of the interface electron density can be neglected,

this equation simplifies to

m
It(t)  =  E <3/o .nT „ \Fv{t)} . (5 .2 6 )

71=1

The transfer current is also given by equation (3.50):

rj d m
m  = - Q , ( t )  =  -  E Q U t )  (5.27)

ILL ILL n _ i

Equating (5.26) and (5.27), one has with (5.15)

Gp -  ^ M t ) )  = E Q i0.J» [Gp(t)} (5.28)

and finally
d 1 m d
j V p  +  ^ r E  <3/o.nTn [Vp/dp] = - V ip, (5.29)

which is a first order nonlinear differential equation for the voltage Vp across the 

phosphor layer (excluding the interface charge layer). This differential equation 

is valid as long as the transfered interface charge Qi,n is small compared to the 

initial interface charge Qio.n for each energy level.
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Figure 5.6: Equivalent RC-circuit for phosphor layer with distributed interface 
electron density

Case II: Under the condition tha t the transfered charge of one or more energy 

levels cannot be neglected, or in other words Q/.n <  Qio.n, a differential equation 

equal to the equation above can be derived on the same way:

5.3.2 RC-Model for TFEL with Distributed Interface States

face states as developed in the previous section can be represented with a RC- 

circuit as shown in Fig 5.6. The capacitor Cs models the lim itation of the transfer 

process due to compensation of the electrical field by transfered charges. The 

tunneling characteristic of the different energy levels are modeled by m  parallel 

nonlinear resistors. The current equations for the equivalent circuit are

(5.30)

Assuming for the beginning, tha t the physical model with multiple discrete inter-

/  =  E / n =  E G « ( ^ ) (5.31)
n n

and
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I  = c s J t Ya • (5-32)

Combining these two equations and replacing the voltage Vc with Vc  =  V r c  — V r , 

one obtains

(5.33)

and rewriting, one finally gets a differential equation for equivalent RC-circuit

f  . (5 « )

If this equations is compared with physical equation (5.29) one can identify the 

capacitor as capacity of the phosphor layer

Cs = Cp (5.35)

and the nonlinear resistors as the product of tunneling function and initial inter­

face charge for each discrete energy level:

Gn(V) = QI0.nT n [V/dp] . (5.36)

The nonlinear resistor is given as function of the interface electron density and 

energy level.

5.3.3 Comparison with Measurement

The complete RC-model of a TFEL with distributed interface states is obtained 

when the current source in the circuit in Figure 5.1 is replaced with circuit in 

Figure 5.6 analogous to  Figure 5.5 . For the demonstration of the RC-model, the
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Figure 5.7: Interface electron distribution used for RC-model with distributed 
interface states

interface distribution is assumed to  be a constant function as shown in Figure 

5.7. If an exact simulation of a real device is to be made, the interface electron 

distribution needs to be measured. The transfer current as a function of time 

(It — ^-characteristics) are simulated for steady state regime and compared with 

measured data  in Figure 5.8. The components Gn are modified so th a t both 

voltage directions can be simulated:

Gn(V) :=  sign(V )Q ro.nT  [\V\ /d p] . (5.37)

The steady state regime is obtained by simulating many driving cycles. As can 

be seen in the diagram, the transfer current obtained with the equivalent RC- 

circuit is in satisfying agreement with the measured characteristic. A better fit of 

the curves could be obtained if the correct interface electron distribution can be 

measured.
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Figure 5.8: RC-model of a TFEL with distributed interface states for thermally 
annealed devices: comparison between measured and simulated transfer current 
as function of time, sine wave stimulus V& =  270 V and /<* =  5 kHz, steady 
state  regime, thermal annealed device (jr2a), interface electron density used for 
RC-model in Figure 5.7
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Figure 5.9: Proposed RC-model of a TFEL with low density interface electron 
distribution

5.4 Conclusion

The presented equivalent RC-models are shown to be a realistic electrical model of 

TFELs. They are in a good agreement with measured characteristics, especially 

for non annealed devices, and therefore sufficient for embedded simulation of driver 

electronics and TFELs together. The exact measurement of the insulator and 

phosphor layer capacities and the estimation of the interface electron distribution 

are essential. Although the models are validated by comparing the simulation 

with the measurement for one driving voltage and frequency, they need to be 

proved for a wider frequency and voltage range. By doing tha t, the estim ated 

interface electron distribution should be kept independent of driving frequency 

and voltage. This validation is recommended for future work.

The RC-model of TFELs with distributed interface states is developed for the 

case tha t the transfered charge is small compared to the initial interface charge 

of each energy level. If this restriction is dropped, an equivalent RC-model with 

distributed interface charge could be deduced from the existing models as shown 

in Figure 5.9. So far, this RC-model could not be proved on a theoretical basis.
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Chapter 6

Optical Characteristics of LETFELs

6.1 Introduction

The aim of this chapter is to investigate the optical characteristics of a LETFEL 

pixel. The LETFEL pixel can be considered as a two-dimensional planar optical 

structure. In fact, the phosphor layer (ZnS) and the insulator layers (Y2O3) along 

with the metalisation layers form a step-index waveguide with distributed light 

sources (active waveguide). Principally, the analysis of the optical characteristics 

of the pixel structure can be done by solving Maxwell’s wave equations or by 

ray tracing (ray optics). Since the light generating layer can be considered as an 

ensemble of homogeneously distributed and isotropic light sources, a simulation 

must be performed for each point and each direction. The analysis of the entire 

pixel structure cannot be done by rigorously solving Maxwell’s wave equation, 

since the pixel structure is too large and such an analysis would require excessive 

computing resources. Likewise, the analysis can not be done completely with ray 

tracing, as the film thickness is in the range of the wave length and thus, it can 

only be analysed by solving the wave equations. Therefore, the investigation,
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either by experiment or by analysis, is to be done separately for each part of 

the optical structure. These parts are the planar waveguide, the two-dimensional 

geometrical shape of the pixel and the outcoupling process (facets). It has been 

attem pted in [16] and [15] to solve the problem of an active waveguide by using 

a cladded waveguide without internal light sources. The outcoupling process of 

the waveguide is investigated in [15]. This chapter focus on the two-dimensional 

pixel structure.

A simplified one-dimensional active optical structure is analysed in section 6.2. 

Subsequently, a novel two-dimensional optical model for different shaped pixel 

structures is developed in section 6.4.
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6.2 Attenuation in a Luminescent Waveguide

It is instructive to s tart with an one-dimensional optical structure. The attenu­

ation coefficient a  of an optical media characterises the relative intensity loss for 

an infinitesimal length dx and is defined as [44]

a  = - l T x  M

where I  is the intensity of the incoming light. In our case, the attenuation coeffi­

cient a  is the attenuation coefficient of the waveguide (passive waveguide), which 

can be measured or estimated by analysing the waveguide. Solving the above 

differential equation (separation of the variable) leads to the intensity Ip a t x  =  0 

for a passive waveguide:

Ip =  Ioe~ax (6.2)

where Io is the initial intensity of the light a t the position x. Measured data  are 

in good agreement with equation (6.2), see Figure 6.2.

If the waveguide contains homogeneously distributed light sources (active guide), 

as it is the case in a LETFEL, the waveguide can be calculated in tha t the waveg­

uide is separated in infinitesimal thin slabs of the thickness dx. Each slab at the 

distance x  and thickness dx  generates light of the intensity

dla =  igAdx (6.3)

where ig is the intensity generation density as defined in equation 6.11, A  is the 

cross section area of the waveguide and the slab thickness is dx. Em itted light of 

such a slab is attenuated with e-QX when it travels to  interface a t x  =  0. The light 

contributions of all slabs from x  =  0 to x  =  I are integrated in order to obtain the
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total light a t x  =  0:

I a{l) = f  A ig e -^ d x  =  4 ^ ( 1  -  e-a!) (6.4)

where I is length and A  is the cross section area of the waveguide. The generated 

light increases linearly for short active waveguides and reaches a ’saturation’ value

for long active waveguides. This lim itation effect can be explained as, with an 

increase of /, the to tal amount of generated light increase linearly, whereas the 

attenuation of the light increases exponentially. As a m atter of fact, the lim itation 

effect has been observed experimentally, see Figure 6.3, as well as in [17] and [16]. 

The maximal attainable intensity for an infinite long active waveguide is

The outcoupled light of a sufficient long active waveguide is proportional to the re­

ciprocal of attenuation coefficient a. For short active waveguides, the attenuation 

has a minor effect and the intensity of the active waveguide can be approximated 

by the first order Taylor expansion a t / =  0:

density ig. Knowing th a t, short active waveguides can be utilized as a reference 

structure for measuring the generated light (~  ig) independently of the actual 

attenuation.

m a x (6.5)

(6.6)

The outcoupled light of a  short active waveguide is proportional to the generation

The characteristic of the active waveguide can also be described by the differential 

equation

— i>gA a l a . (6.7)
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Figure 6.1: Passive waveguide structure for measuring the attenuation

The solution, which satisfy this differential equation, is equation (6.4) for the 

active waveguide . The left term on the right side of equation (6.7) represent the 

generated light for a slab of the thickness dl, which is equal to (6.3). The right 

term indicates the loss of light due to attenuation as in a passive waveguide, equal 

to equation (6.1).

6.3 O ptical C harac terisa tion

6.3.1 A ttenuation  in a Passive W aveguide

A special LETFEL devices are employed for measuring the attenuation of the 

passive waveguide. The passive waveguide structure of this kind of displays is 

formed by a complete TFEL-stack with top electrode whereby the top electrode 

is not connected as shown in Figure 6.1. This configuration of a passive waveguide 

ensures tha t the same conditions as in the active waveguide structure are present 

provided that the material properties are independent of electric and electromag­

netic field. The attenuation in the passive waveguide is estimated by measuring 

the intensity of the outcoupled light for a set of passive waveguides with various 

lengths I. Each passive waveguide is illuminated by a constant light source, which 

is realised with an active TFEL-area of constant length.
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Figure 6.2: Passive Waveguide: intensity Ip versus length I of the waveguide, 
sample j r l  (Tab. B.4)

The measured intensity upon the waveguide length and a curve fit of equation 

(6.2) are shown in Figure 6.2. The attenuation coefficient obtained by the curve 

fit is a  =  3700 m -1.

6.3.2 Attenuation in a Active Waveguide

The attenuation of an active waveguide has been measured with a  set of planar ac­

tive waveguides with different lengths 1. The measured intensity of the outcoupled 

light and the curve fit of function 6.4 are shown in Figure 6.3. The attenuation 

coefficient obtained by the curve fit is a  =  9200 m -1 .
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6.4 Simple optical model of electroluminescent pixel 

structures

6.4.1 Introduction

A simple analytical model of the optical behavior is developed for 2 dimensional 

laterally em itting pixel structures. The model is applied to  circular, square and 

hexagonal LETFEL pixels (Figure 1.3), which represent 2-dimensional laterally 

em itting pixel structures and which axe the most common geometrical shapes used 

in dot m atrix displays. The outcoupled light of a such pixel can be obtained with 

the model, and consequently, one can identify the best geometrical shape of a pixel 

and the optimal pixel dimension. For obtaining the latter, it must be considered 

th a t the larger the pixel dimension the more light is produced and the more 

attenuation in the phosphor film occurs. Consequently, no significant increase of 

outcoupled light appears beyond a certain pixel size; a limiting effect occurs and 

hence the ratio of the em itted light flux to the to tal pixel area decreases. The 

limiting effect has been experimentally observed for a length of the waveguide 

greater than 300 fim  [17]. On the other hand, if the pixel diameter is chosen 

too small, more chip area is used for the micro-mirrors. Thus, the ratio of active 

(phosphor) to passive (mirrors) area lessens and the ratio of the em itted light flux 

to total pixel area decreases. As a consequence, an optimum pixel size exists for 

a given mirror width and attenuation coefficient.

A further problem, which can be investigated with the model, is caused by total 

internal reflection at the interface between the phosphor layer and the surrounding 

passivation layer (SiON). Light, th a t is generated within the phosphor and reaches 

the phosphor-passivation-interface with an angle greater than the angle of total 

internal reflection, is reflected back into the pixel and attenuated again. The angle
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of total reflection is about 43 degrees (referred to the interface normal) for the 

ZnS-SiON interface. Different pixel geometries such as a circle, a square and a 

hexagon could thus influence the angular distribution of the incident light and 

consequently affect the optical efficiency of the pixel.

The developed model is based on a ray optics approximation where the absorption 

of the light within the light generating medium (phosphor material), the transmis­

sion behaviour of the phosphor-air interface and the micro-mirror width is taken 

into account. Light th a t is reflected back into the pixel due to total internal re­

flection is neglected. This simplification of the problem is a good approximation 

for materials with a high attenuation coefficient, because the back reflected light 

is attenuated. The effect of this neglect is investigated for square pixels by taking 

into account the first reflection. Different transmission coefficients depending on 

polarization and incident angle are not taken into account for the examples under 

investigation although they can be readily introduced.

A general optical model for a three-dimensional light em itting structure is de­

veloped in subsection 6.4.2. The equivalent two-dimensional model for laterally 

emitting thin film structures is developed in subsection 6.4.3. This model is sub­

sequently applied to  circular, square and hexagonal structures in subsection 6.4.4. 

The results are discussed in subsection 6.4.5.

6.4.2 Model for Three-Dimensional Structures

To begin with, the fundamental relation of a normal light source are recalled here. 

The total light flux (luminous power) $  of a light source is calculated as:

$ = f  Idn (6.8)

100



Figure 6.4: Definition of the geometry of a three-dimensional light emitting struc­
ture

where I  is the luminous intensity, Q. is the solid angle and d£l =  -d S  (see [45]), 

d S  is the illuminated infinitesimal area element on the surface of a  sphere around 

the light source, r is the distance between the light source and the area elements 

dS, see Figure 6.4. The angle between the light ray and the surface normal vector 

n s  is d. The light flux of an isotropically luminescent light source ( /(^ )  =  const. 

) is $  =  47tI  . The illuminance on an area element dS  at a distance r  from the 

light source is defined as [45]:

t6-9)

For a homogeneously distributed isotropic light source, like a phosphor layer, it is 

necessary to define a light generation density g and an intensity density ig for an 

infinitesimal volume d V :

g :=  lim ^  ^  (6.10)
" AV-+o A V  dV *

i. A I  d Iig :=  lim —— =  —  (6.11)
9 a v -» o  A V  dV

& and I  denote the light flux and the luminous intensity respectively generated in

the volume element dV. The units of g and ig are ^  and ^  respectively.

The intensity density for isotropically luminescent infinitesimal light sources is
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then ig =  g . To obtain the illuminance E  on an area element dS  with position 

vector ri on the surface of the light generating medium, the intensity density i  of 

all points in the light em itting volume V  (pixel volume) must be integrated taking 

into account the attenuation in the medium, see Figure 6.4:

E  = Jv  d V  (6‘12)

where r  is the distance between the light source and the area element on the 

surface r  = |ri — r2|, is incident angle $ =  Z(ri — r2,n^), dV  =  d x d y d z , 

r 2 := (x , y, z) €  V . The attenuation function is a(r) = e~aT where a  is the a tten­

uation coefficient of the intensity. The total outcoupled light flux $  is obtained 

by integrating the illuminance over the surface S  of the light emitting structure 

where the transmission function T($) of the surface is taken into account:

#  =  £  f v  T ('9 )a {r)-^ -i cos'd d V d A  (6.13)

where r\ is the vector along the surface r L =  (x (u , w), y(u, w), z (u , w)) =  r ^ u ,  w) € 

As, dA  =  |r iu x r iw| du d w , r lu =  and ri^, =  The parameters u and w 

are the curvilinear coordinates. Light, th a t is reflected back into the pixel due to  

total internal reflection, is neglected.

6.4.3 M odel for Two-Dimensional Structures

Similar formulae to section 2 can be developed for a two-dimensional, thin layered 

laterally em itting structure (see Fig. 6.5). The real pixel is, of course, a  three- 

dimensional structure but it can be approximated as a two-dimensional structure 

if the layer thickness is small compared to  the pixel dimension. This is true for 

LETFEL devices where thin-films are less than 1 fim  thick and the pixel size ex-
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dA

Figure 6.5: Definition of the geometry of a two-dimensional light em itting struc­
ture

ceeds 10^m  square. The layers form a planar waveguide. Em itted light propagates 

therefore only in two dimensions along the planar waveguide. The attenuation co­

efficient a  is, in this case, the attenuation coefficient of the waveguide, which can 

be experimentally obtained.

For a calculation of a two-dimensional structure, the following definitions need to 

be introduced (where the prime indicates a two-dimensional parameter):

/ '  := 

E '

d&_
du  
d*
db

cos d

(6.14)

(6.15)

where u  is the angle with du  =  ^^-db , b is the border line length, r  denotes the 

distance between the light emitting area element dA  and the boundary element db. 

The incident angle d is defined as the angle between the light ray and the boundary 

normal vector. The two-dimensional luminous intensity / '  defines the portion 

of radiated light flux d<& per infinitesimal unit of angle. The two-dimensional 

illuminance E ' defines the portion of light flux d$  per length db falling on an 

infinitesimal part db of the pixel boundary.

Furthermore, the two-dimensional luminous intensity density i' and the two-
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dimensional light generation density axe defined as:

4  ■= (6-16)

■' —  d I '  -  1 f f i  171
' dA  2tt dA   ̂ ^

where A  is the active (light emitting) pixel area. The units of the two-dimensional 

luminous intensity density i' and the two-dimensional light generation density g' 

are ^  i and respectively. The two-dimensional light generation density cf 

represents the generated light flux $  per infinitesimal area element dA. The two- 

dimensional luminous intensity density defines the luminous intensity for an area 

element dA.

A single area element emits light, which is traveling towards the pixel boundary 

and results in an illumination of the pixel boundary. The illuminance (of a point 

on the boundary) per area element dA, e', is calculated from equations (6.15) and 

(6.17) as follows:
. d E r , . ..cosde’ = —  = a(ry —  (6.18)

under consideration of the attenuation a(r). The illuminance E '  of a point a t the 

pixel boundary is then given by the area integral over the entire pixel area A:

E r =  J a(r) ir dA = j  a(r) ^—  cos d d A  (6.19)

To obtain the to tal em itted light flux of the pixel, the total illuminance E '  along 

the boundary line B  must be integrated, by taking also into account the trans­

mission function T(i9) for the phosphor-passivation interface:

$ =  <f [  T t d ) a ( r ) c o s # d A d b  (6.20)
J b  j  a  27tr
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y

Figure 6.6: Circular Pixel Structure (top view) as used in the calculation

where d  is the incident angle, B (t) is the boundary line of the pixel and db = 

\-^B(t)\dt; t is the transformation parameter. Equation (6.20) can be solved more 

easily when the area integral is written in polar coordinates with the origin on 

the boundary ( n  =  0 ):

& = <£ [ f  air 2 ) cos'd dr2  d'd db (6.21)
Jb J-dt Jo 27T

where r2 =  (r2cos$, r 2sin$), R b =  R b W  is the distance from the origin to  the 

boundary B  and is the angle for to tal internal reflection. The transmission 

function is simplified so tha t T  = 1 for d < and T  =  0 for d > dt ( total 

internal reflection occurs). This means the integration of is carried out with 

T  — 1 in the interval to  .

6.4.4 Model for Circle, Square and Hexagon Structures

The general solution for a two-dimensional structure is now applied to circular, 

square and hexagonal pixels as these are the im portant structures for dot m atrix 

displays. The light flux $ c of a circular pixel is solved using equation (6.21). The 

boundary radius R b , which is the distance from the origin to  the pixel boundary, 

is given by R b  =  D co sd  (upper integration lim it), where D  is the pixel diameter 

of the active area (Figures 1.3 and 6.6). The active area of a circular structure is
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A  = ttD2/4:. The closed line integral for the pixel boundary is Dn,  because the 

illuminance is identical for each point a t the boundary line owing to the symmetry 

of the circle. The integration with respect to the angle d  is carried out between 0 

and the angle of to tal reflection dt . Thus, the integral must be multiplied by two 

for the full range —x% <  d  <  The attenuation function is a (r) =  exp(—ar)  

with the attenuation coefficient a  in 1/m.  Hence,

$ c =  2?tD  JqDcos» £  exp ( - a r )  cos d drdd ^

— 9 r̂ D  /(?*{! “  exp(—G 'D cos$)}cos$

where the pixel diameter D  denotes the diam eter of the circle. The integral of 

equation (6.22) can only be solved numerically.

The light flux of the square pixel is obtained by solving equation (6.21) for one 

side only because of the symmetry. The integration area is to be partitioned into 

two separate integration areas. The inner area integral can be solved analytically, 

whereas the integral w.r.t. the angle can only be solved numerically. The integra­

tion w.r.t. d  is carried out between 0 and the angle of total internal reflection d t . 

The result Eq. (6.23) is valid for 0 <  $* <  7r/4 (note dt «  43° for our LETFEL 

pixels):

$>9 =  — g'{D  sin
7ra 2a (6.23)

fo ‘( D sin■ d - D cos■d +  s !§ 2 4 )e x p ( -a ^ j)  d-d} 

where the pixel diam eter D  denotes the length along a side of the square. The 

active area of the square is A  =  D 2.

The light flux of a hexagonal structure is calculated by solving equation (6.21) 

for one side of the hexagon only. The integration area is partitioned into four 

different integration areas. Only the inner integral of the radius can be solved 

analytically. The integrals along the border line and over the a n g le 'd must be
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solved numerically. Equation (6.24) is valid for £7r <  <  |7r

-  So J o "  exP ( - ° w ) cos ^  %

~  Sy3 f a !  e x P i - a ^ Z / e )  # ) c o s  ^  dlJ  ( 6 ‘2 4 )

-  J? tC exP(-a3in(K/6) #) cos ̂  ̂
+  /«* exP ( - “ ^ (fl^ 7 6 T # ) cosi? rfi?] dy} 

where y is the ordinate (Fig. 6.5) and the integration limits are as follows:

yg = |p ( \ / 3 ta n $ t — 1)

o.\ =  arctan ^  (6.25)

q 2 =  a rc ta n ( |\ /3 ^  -H

where p  denotes the distance between the center point and a corner point of the 

hexagon. This p  is the radius of the outer circle of the hexagon. The equivalent 

pixel diameter D is the distance from side to  side ( inner circle of the hexagon ) 

with D  =  py/3. The active area of a hexagonal pixel is A  =  3p2y/3/2. It is again 

noted tha t for simplicity the above formulae for the outcoupled light ignore any 

internally reflected rays and are therefore valid for pixels with phosphor materials 

tha t posses a sufficiently high attenuation.

6.4.5 Results and Discussion

The outcoupled light of hexagonal, square and circular pixels is calculated by the 

numerical solution described in Section 6.4.4 using the program MATHCAD. In 

all the calculations below, the mirror width w  is 2 /jm, the angle of to tal internal

reflection tit is 43 degrees and the attenuation coefficient a  is 12000/m. The light

flux generation density g' is set to 1 /m /m 2.
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Figure 6.7: Comparison Optical Model with Measurement, square pixel, facets 
un-etched, simulation with attenuation coefficient a  =  6000 m-1 and angle of 
total reflection dt =  90°, w =  5.5 (j,m

A comparison between measurement of a LETFEL display with square pixels 

and the model (equation 6.27) is shown in Figure 6.7. Since the facets are not 

etched for the LETFEL display under investigation, the angle of total reflection 

is assumed to be dt =  90°, i.e. no to ta l reflection occurs. As can be seen, the 

simulation is in a good agreement with the measurement.

Figure 6.8 illustrates how the ratio of light flux to the to tal pixel area $ / A t varies 

with the pixel diameter D  for the hexagonal structure ( §h/Ath  ), the square 

structure ( $ S/ A ts ), the circular structure (active region) placed in a hexagon 

( $ tc/ A th ) and the circular structure placed in a square ( $ cMta )• The total 

pixel area A t is the sum of active area and passive area (mirrors). For the square 

structure, the total pixel area is given by A ts =  (D  +  2w)2 with D  denoting the 

length along a side of the active square. The total pixel area for the hexagonal 

structure is given by A th =  § \ / 3 ( ^  +  w)2, where the diameter D is the distance 

from one side to the opposite side of the hexagon (diameter of the inner circle of
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Figure 6.8: Calculated light flux to pixel area ratio as a function of pixel diam eter 
D; (a) square pixel under consideration of the first reflection, under neglect of the 
first reflection: (b) hexagon pixel, (c) square pixel, (d) circular pixel placed in a 
hexagon cell, (e) circular pixel placed in a square cell;

Hexagon 54 % circle in hexagon cell 48 %
square 50 % circle in square cell 41 %

Table 6.1: Attainable light flux per unit area

the hexagon). For all structures the maximum of light/area ratio occurs a t the 

diameter D «  35 nm . This corresponds to a display resolution of 725 pixel per 

inch. The maximum light flux attainable per area is listed in Table 6.1.

The results in Figure 6.8(b-e) were obtained by neglecting the back reflected light. 

To estimate the error caused by the simplification, a simulation of a square pixel 

is performed by considering the first reflection (see Fig.6.8a). The equation (6.23) 

for the square pixel is extended as follows:

$ , ! = $ , +  ^ff7^{/^n(D,Dtan0)?’W (l-e x p ^ )e x p (-Q !r )r f j /

+  jm m (£>,D tan«) _  gxp /} cos Odd

where r =  m in(D /cost?, [D — y ) / sin$), the transmission function T =  1 for 

d < and T =  0 for d > By comparing curves a and c in Fig.6.8 it can be
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placed in hexagon with mirror width w = 2fjtm and pixel diameter D  =  30\im

deduced tha t the optimal pixel diameter is unchanged and the error due to  the 

neglect of the back-reflected light is approximately 20 percent a t the optimal pixel 

diameter.

In Figure 6.9, the ratio of light flux to pixel area as a function of the attenuation 

coefficient is shown for three different pixels with a diameter D  =  30jzm . The 

light flux decreases significantly for an attenuation coefficient greater than  104/m . 

Hence, the luminance of the display can be improved if the attenuation of the 

waveguide is reduced.

Figure 6.10 shows a plot of the light flux to pixel area ratio as a function of 

the angle of to tal internal reflection for a square pixel with different attenuation 

coefficients. The light flux depends strongly on the angle of total internal reflection 

for <  77.5°. The intensity of the outcoupled light can thus be improved further 

with an increasing $*. This can be achieved, for example, by employing other 

materials as passivation layers. Note, tha t for the square pixel, equation (6.23) is

110



0)
CL
XD

CD

0.75

0.5

0.25

0
Angle of Total Reflection

Figure 6.10: Calculated light flux to pixel area ratio  as a  function of the angle 
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not valid for d t >  7r/4. Thus, the following equation is used instead:

=  ^ 9 ' So 'K 1 ~  -m in (D ,£ > tan i?))

+  m in(D, D  tan 0) -  *14(1 -  exp ~ttmln^ 0tanJ))} cos Odd

6.5 Conclusion

(6.27)

A ray optics model for two dimensional pixel structures has been developed. It 

is useful for the fast estimation of the outcoupled light and for optimisation of 

the pixel geometry for a given attenuation coefficient. The model is applied to 

circular, square and hexagonal pixel structures because of their importance in dot 

m atrix  displays. For the investigated display type, the optimum pixel diameter 

is estimated to  be about 35/zm. The simulation are in good agreement with 

measured results. However, the validation of the model with experimental results 

need to be extended and will be objective of future investigations.
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Chapter 7

Design and Fabrication of an ASID

7.1 Design of an ASID

In this chapter, a design for an ASID with a fixed legend is proposed where the 

legend is defined by a single photo mask. The design utilizes a basic device con­

sisting of an array of pixels. Each pixel of the array is insulated with respect to 

each other, as shown in Figure 7.1 (see also 1.3b for a single pixel). The pixels are 

connected with a metal layer to form more complex display elements as required. 

Therefore, the basic device can be produced with a standardised fabrication pro-

Figure 7.1: Principle of an ASID, top view of an array of TFEL pixels connected 
with a metalisation layer

1 1 2
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Figure 7.2: Basic LETFEL ASID, without passivation layer; M2 - metal, I - 
insulator, P - phosphor layer, B - base layer, Si - silicon substrate, Mi - micro 
mirrors

cess and the adaption to a particular custom defined display requires the redesign 

of the photo mask (M2) for the etch of the metal layer (M2).

There are different ways to realise an ASID practically. The simplest design of 

an ASID is shown in Figure 7.2. It consists of a metal base layer, the micro 

mirrors, the TFEL stack and the first metalisation layer. The metal base layer 

improves the reflection of the micro mirrors and reduces the influence of the Si- 

substrate (MIS-effect). The metal base layer can also be omitted. The facets are 

not etched. The generated light is deflected by the micro mirrors and emitted 

through the insulator layer with metal layer. The pixels are connected together 

to display elements and to the bond pads with small metalisation stripes (power 

rails), which are leading over the micro mirrors and unused pixels. Power rails 

th a t go over unused pixels also cause light emission along the power rail. Since the 

width of the power rail is small, the generated light is insignificant. The whole 

structure is to be sealed up with a transparent passivation layer for protection 

(not shown in Figure 7.2). This type of LETFEL ASID without base layer and 

passivation layer has been used for the demonstration of an ASID reported in 

section 7.4.

A simple design with etched facets is shown in Figure 7.3. The power rails lead
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Figure 7.3: Basic LETFEL ASID with etched facets, without passivation layer; 
M2 - metal, I - insulator, P - phosphor layer, B - base layer, Si - silicon substrate, 
Mi - micro mirrors

over the mirrors. They are insulated through the TFEL-stack. The etch of the 

metal layer and TFEL-stack is done simultaneously with the same photo mask 

(metalisation mask). Alternatively, the etching of the metal layer and the TFEL 

stack can be done separately. In this case, an additional photo mask for the etch 

of the TFEL stack is required. The whole structure is to cover with a transparent 

passivation layer (not showm in Figure 7.3) in order to protect the phosphor layer 

from erosion.

A more complex ASID can be realised by employing a second metalisation layer. 

Figure 7.4 shows the Athena [36] process simulation of such an ASID. The ba­

sic device of this ASID consist of the metal base layer, the micro mirrors, the 

TFEL stack, the first metalization layer and the passivation layer with openings. 

The first metal layer is used for the top electrode. The second metal layer is 

used to connect the LETFEL pixel to display elements and to connect the dis­

play elements with the underplaying electronics and bond pads. The advantage 

this configuration is th a t the power rails do not cause any light emission. In ad­

dition, the improved design allows connections to underlaying integrated driver 

electronics and bond pads on Si0 2 -
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Figure 7.4: Complete ASID (process simulation), Si - silicon substrate, Mi - micro 
mirrors, Titanium - base layer, I - insulator, ZnS - phosphor layer, Ml - 1st metal, 
P - passivation, M2 - 2nd metal layer

7.2 M ask Set Design

The photo mask set design consists of 5 photo masks. Table 7.1 gives an overview 

of the photo masks and its use. Figure 7.5, showing a section of a device with 

square pixels, demonstrates how the masks are laid one upon another. All mask 

are designed for the use of positive photo resist.

The photo mask set has been designed in such a way that the most basic ASID 

without facet etch (masks Mi and M2); the basic ASID with etched facets (masks 

Mi and M2, optional with mask IPI) and the complete ASID can be realised with 

the same set of photo masks. The etch of the facets can be done either with the 

mask for the second metal etch M2 or with a special mask IPI, which is designed 

to create a distance of 2 /rm between the facets of the TFEL stack and metal of 

the top electrode. So far, two masks of the set - mask Mi for mirror etch and
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Mask
No.

Mask
Narm

Process Step Processec
Material

Process
Step
No.

1 Mi Etch oxide for micro mirrors S i02 Lb
2 IPI Etch TFEL stack (facets) Y20 3,

ZnS
3 Ml Etch first metalisation layer 

(top contact)
A1

4 P Etch openings in passivation layer SiON
5 M2 Etch second metalisation layer 

(connections)
A1 IILb

Table 7.1: Overview Photo Masks, column ’Mask Name’ refers to Figure 7.2, 7.3 
and 7.4; column ’Process Step No.’ refers to Figure 2.2

Figure 7.5: Section of Photo Masks, device with square pixels (sl_s02), Mi - micro 
mirrors, IPI - etch TFEL stack (facet etch), Ml - 1st metal layer, P - opening 
passivation, M2 - 2nd metal layer, see also Table 7.1
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the mask M2 for second metal etch - have been produced and used for optical 

characterisation and demonstration of an ASID.

The design contains devices of two sizes - small devices with an active area of 

1.4 mm by 1.4 mm and large device with an active area of 5 mm by 5 mm. 

Device set one contains small displays with pixels with different shapes (circular, 

square, hexagon) and eleven different pixel diameters from 10 /zm to  220 /zm. The 

appendix D shows the masks for the micro mirror etch and the second metal etch 

for displays with circular, square and hexagonal pixels. Device set two contains 

small devices with active and passive film waveguides (see Figure 6.1) of different 

length for measuring the attenuation. Devices of set three and four require the etch 

of the facets. They contain devices with light stripes (waveguides) and displays 

with pixels where the facets are periodical shaped.

Device set five is used for demonstration of the ASID concept. It contains basic 

devices with circular, square and hexagonal pixels with a diam eter of 30 /zm. The 

pixels are connected to provide light emitting stripes at an angle of 0°, 30°, 45°, 

60 °and 90° referred to the direction of the bond pad. Figure D.7 in the appendix 

shows the photo mask for the metal etch as used for dem onstrating the ASID 

concept. Additionally, devices for electrical characterisation and devices with an 

array of tips are also included in the mask design.

7.3 Characteristics of Different Pixel Structures

The light flux of displays with different shaped pixels and pixel diameters has 

been measured. Figure 7.6 shows the flight flux per to tal pixel area over the pixel 

diam eter for circular, square and hexagonal pixels. The facets of the pixels are 

not etched. The process parameter are shown in Table B.4 (sample j r l )  of the
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Figure 7.6: Light Flux per Pixel Area as a Function of the Pixel Diameter, for 
hexagonal, square and circle pixel structures, each dot represent the average of 4 
measurementssample jrOl (Tab. B.4),

appendix.

The graph shows a distinct maxima at a diameter of about 40 /xm for circular and 

of about 60 /xm for hexagonal pixels. The maxima of a  square pixel is less distinct 

a t diameter of 100 /xm to 150 /xm. As predicted, the hexagonal pixel possesses 

the highest light area ratio and the circular pixel the lowest ratio. The light area 

ratio of a hexagonal pixel is about 30% higher than the light area ratio of a square 

pixel.

7.4 Demonstration of an ASID

Figure 7.7 shows a picture of a LETFEL ASID in operation. The display elements 

are a circle and stripes in different angles (0°, 30°, 45°,60°, 90°). Three ASIDs with 

the same legend are produced by employing basic display devices with circular, 

square and hexagonal pixels. The pixel diameter is 30 /xm for all three pixel
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Figure 7.7: Demonstration of an ASID, left display switched off, right display 
switched on

shapes. The three different displays with the same legend have been compared 

to see whether any differences in the resolution could be observed with the naked 

eye. All three displays showed comparable results. Therefore, the shape of the 

pixels plays a minor role in terms of visibility, so tha t a basic display with square 

pixels is recommended, since legends are easier to design with square pixels.
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Chapter 8

Conclusion and Future Work

A LETFEL display as an application specific display has been successfully demon­

strated in this research programme. During the course of designing a practicable 

ASID, different theoretical models have been developed in order to estimate the 

characteristics of the future LETFEL device and thus to  realize and avoid prob­

lems. Indeed, obtained simulation results did influence the decisions towards a 

practicable design. The other way round, data  obtained by electrical and optical 

characterisation of the finally produced LETFEL devices have been used to prove 

the theoretical models.

Concluding, three different designs for an ASID are proposed. Each design is based 

on a basic display, where the final light em itting legend (contours) is defined by 

a metalisation layer. In tha t way, the redesign of photo lithographic masks could 

be reduced down to one mask for each custom specific display. The three designs 

are different in terms of fabrication complexity and resulting advantages. The 

easiest design has been used for demonstrating the ASID working principal and 

for characterisation purposes. The fabrication route is outlined in this thesis.

Different aspects of the static and transient electrical behavior of TFELs have
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been investigated. The static charge-voltage characteristic is studied. It is the 

basis for transient electrical model and necessary for a correct measurement of 

the transfered charge and internal electrical field. Electrical models have been 

developed for the transient characteristics of TFEL devices. One model is based 

on the assumption tha t all interface electrons are located on a defined energy level 

(single interface state  model), which led to two equivalent differential equations, 

similar to  results obtained in [20]. The other model assumes distributed interface 

electron with respect to the energy, which led to a system of differential equations. 

Furthermore, a third model is discussed for the case th a t the interface distribution 

conserves the equilibrium distribution during the emission process. Supposed ex­

change of interface electrons between different energy levels occurs, a combination 

of the second and third model might be a more realistic approach.

The first two models are validated with experimental results. The simulated 

results are in a satisfying agreement with the measured results depending on the 

preparation method of the samples. However, a  more comprehensive validation 

by using different driving waveforms are necessary and could be part of a future 

work. Despite its importance, a conclusive picture of the interface properties 

could not be revealed by matching the model with the observation. Also, the 

measurement of the interface distribution has been attem pted in different ways 

during the course of research, yet no clear result could be obtained. Principally 

problems of measuring the interface electron distribution are pointed out.

A method to simulate the electrostatic field distribution has been developed and 

employed to find out weak points in the design. It could be shown th a t the field 

strength between the tip  of the micro mirror and the m etal layer is not as high as 

initially expected. Moreover, the influence of the MIS capacity are analysed. MIS 

effects exist in the presently used LETFEL devices and must thus be taken into
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consideration when electrical measurements are carried out. In order to  quantify 

the influence of the MIS on the device operation, the surface generation rate of 

the Silicon-Yttrium oxide interface needs to  be measured, which can be part of a 

future investigation. A way to avoid the influence of the MIS-effect and resulting 

disadvantages from the start, is to use a metal base layer between TFEL stack 

and silicon contact.

Equivalent RC-models are deduced on a theoretical base from the physical model 

of a TFEL device. The RC-models are developed for TFELs with single interface 

states and distributed interface states. They could be proved as a realistic electri­

cal model of TFELs. The simulated characteristics are in a good agreement with 

measured characteristics, especially for non-annealed devices. They are therefore 

sufficient for embedded simulation of driver electronics and TFELs. Nevertheless, 

a more extensive validation of the models with experimental results is still to be 

done as a future work.

The design of the ASID is primarily based on an array of light em itting pix­

els. T hat raises the problem, which shape and diameter of the pixel is the most 

efficient. For estimating the outcoupled light, a general ray optics model for two- 

dimensional pixel structures has been developed. The model was subsequently 

applied to circular, square and hexagonal LETFEL pixel structures and the out­

coupled light was estimated for these three pixel structures. Since only displays 

with unetched facets were available with the present technology, the model could 

only be compared with measurements under the assumption th a t the pixels have 

an angle of total reflection of 90°. The simulations are in good agreement with 

measured results for tha t particular case. However, the validation of the model 

with experimental results need to be extended especially for displays with etched 

facets. This will be objective of future investigations.
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For producing LETFEL displays and demonstrating an ASID, a set of photo masks 

has been designed and partly produced. The ASID principle is demonstrated 

with the simplest possible design. A more complex and sophisticated ASID can 

be built with the complete set of photo masks. Last but not least, the mask set 

contains many more new displays, which still need to  be investigated. Despite the 

achievements and progress in TFELs and LETFELs research, the TFEL principle 

provides enough room for further research and new concepts.
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Appendix A 

Exact Q-V Characteristic

The charge-voltage characteristic is calculated by solving the Poisson’s equation. 

Since the charges in this model are concentrated in thin layers (see Figure 3.1) 

and possible space charge in the phosphor layer is neglected, the problem can 

be solved easier with Gauss’s Law applied separately for each layer. Firstly, the 

electrical displacement density D  is calculated, with tha t follows the electrical 

field F  and subsequently the voltage drop V  across tha t layer. For Qi =  — Q}, 

Fp(x) =constant and with equal insulator layers on both sides (symmetrical de­

vice), one gets for

Insulator Layer 1 :

Da = Q i/A (A.1)

Fa =
(A.2)

Va =  da ■ Fa = \ Q i IC, (A.3)
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Phosphor Layer

Dp = (Qi +  Q't )/A

Vp =  dp -Fp = ( Q d + Q'I) /C p

(A.4)

(A.5)

(A.6)

Insulator Layer 2 :

A  2 =  (Qd +  Q*i +  Qi)/A =  Qrf/A

Fi2 =  A 2/  e* =  Fji 

1̂ 2 — dz * -Pf2 =  Lzl

(A.7)

(A.8)

(A.9)

where A is the active device area, e, =  £ ^ 0, £* is the relative permeability of 

the insulator material, ep =  ep£o, ep is the relative permeability of the phosphor 

material, dp and d{ are the thickness of the phosphor and insulator layer respec­

tively, Qi is the interface charge and Qd is the external charge on the electrode. 

In the formula above the subscripts i l ,  p  and i2 refer to the insulator layerl , the 

phosphor layer and the insulator layer 2 respectively. The device Voltage Vj is 

then the sum of the voltage drops over all three layers:

where the TFEL capacity CiP is the TFEL capacity (3.2), the phosphor layer 

capacity Cp and the insulator layer capacity Cj are defined in (3.3). Rewriting

Vd =  Vi l + V p + Vi2 = 2Vi l + V p (A.10)

(A -ll)

— Q i  _  Q i
Cip cp

(A.12)
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equation (A. 12), one gets

Qi — Qdf ol — CpVd . (A. 13)

Furthermore, by using (A. 13), equation (A.5) becomes an equation for the field 

in the phosphor layer

F’  -  ? ( v ' - | )  ( A U )

F-  -  (A 1 5 )

The transfer current in the phosphor layer is I t =  dQ i/d t  and the total device

current is Id =  dQd/dt.  When equation (A.13) is differentiated with respect to t ,

it follows the transfer current as

Id/Cip -  I t/C p =  ^  (A. 16)
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Appendix B

Process and Device Parameter
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Step Process Details

I. base layer deposition DC sputter deposition, TiW,
(at Rutherford Apelton Laboratory)

ILa

ILb

II.c

deposition insulator 
layer

deposition phosphor 
layer

deposition insulator 
layer

Ar- RF- sputter deposition, Y2O3, d =  
0.3 nm,
T=190° C, t ~  3h
Ar - RF- sputter deposition, ZnS, d =  
0.8 nm,
T=190° C, t ~  2h
Ar - RF- sputter deposition, Y20 3, d =  
0.3 /im,
T=190° C, t ~  3h

ILd thermal annealing 
(optional)

t= lh , T=400° C, in vacuum 
p = 10-7mbar

III. metal layer deposition 
(top contact)

thermal evaporation, A1 
through contact mask

IV. metal layer deposition 
(back contact)

thermal evaporation, A1

Table B .l: Process steps and process parameter for TFEL devices, sample wafer 
j r 2, j r 2a thermally annealed, j r2b non-annealed

Material Value Comments

Insulator Y 2 O 3 di =  0.3 /im Interferometry
Layer
Phosphor ZnS dp = 0.8 fim Interferometry
Layer

Mn 0.43 wt%
Top Contact A1 2 /im thick
Back Contact Si 3 /im thick
Permittivity ZnS ep =  7.5^0 Q-V measurement

Y 2 O 3 ei = 12e0 Q-V measurement

Table B.2: Process and Device Parameter for Sample jr2a (thermally annealed) 
and j r 2b (non-annealed)
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S t e p P r o c e s s D e t a i l s

I.a Deposition Si0 2 Steps I.a-I.d processed by QUDOS Ltd.
Lb Photolithography Positive resist, mask Mi
I.c Reactive etch
I.d Strip resist
La Deposition insulator 

layer
Ar- RF- sputter deposition, Y20 3, d = 
0.3 pm,
T=190° C, t~  3h

ILb Deposition phosphor 
layer

Ar - RF- sputter deposition, ZnS, d = 
0.8 /im,
T-1900 C, t~  2h

II.c Deposition insulator 
layer

Ar- RF- sputter deposition, Y2O3, d = 
0.3 /im,
T=190° C, t~ 3h

ILd Thermal annealing t= lh , T=400° C, in vacuum 
p = 10~7mbar

IILa Metal layer deposition 
(top contact)

thermal evaporation, A1

IILb Photolithography positive resist, mask M2
III.c Etch top electrode Ar sputter etch
IILd Strip resist Asher
IV. Metal layer deposition 

(back contact)
thermal evaporation, A1

Table B.3: Process steps and process parameter for LETFEL devices, sample 
wafer jrl

M a t e r i a l V a l u e C o m m e n t s

Insulator Y2O3 di = 0.3 /im Interferometry
Layer
Phosphor ZnS dp = 0.8 /im Interferometry j

Layer
Mn 0.43 wt%

i

Top Contact A1 2 /im thick
Back Contact A1 3 /im thick 1

Annealing time
temperature

1 hour
400° C

Table B.4: Device Parameter for Sample jrOl (thermally annealed)



Appendix C 

Compensator Circuit
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Figure C .l: Compensator circuit for measuring the transfer current
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Appendix D

Photolithographic Masks
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Figure D.l: Photo mask for micro mirror etch (Mi), device sl_c22, circular pixel,
pixel diameter D=220 /im
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Figure D.2: Photo mask for metal etch (M2), device sl_c22, circular pixels, pixel
diameter D=220 fim
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Figure D.3: Photo mask for micro mirror etch (Mi), device sl_s22 , square pixel, 
pixel diameter D=220 /im



Figure D.4: Photo mask for metal etch (M2), device si_s22,square pixels, pixel
diameter D=220 fim
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Figure D.5: Photo mask for micro mirror etch (Mi), device sl_h22, hexagonal
pixel, pixel diameter D=220 //m
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Figure D.6: Photo mask for metal etch (M2), device sl_h22, hexagonal pixels,
pixel diameter D=220 /zm
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Figure D.7: Photo mask for metal etch (M2), device s8_s03, device for ASID 
(connected), square pixels, pixel diameter D=30 /im
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Appendix E

Magnet Enhanced Ion Etch

The aim of this study is to investigate the feasibility of using the Scanwell Ion 

Etcher for etching the facets of the LETFEL devices. The working principle of 

the Scanwell Ion Etcher is described in [46]. The etcher is a conventional ion 

etcher [47], which uses permanent magnets for enforcing the etch process. During 

the etch process, the magnets are continously moved (magnet sweep) to  obtain a 

uniform etch rate over the wafer surface. All experiments reported here are done 

with a magnet sweep and under an argon gas atmosphere.

The Etcher works in a pressure range from 3 mTorr to  23 mTorr. Under 3 mTorr, 

no plasma can be ignited. A pressure of 23 mTorr is the maximal adjustable 

pressure. The applied RF-Power can be adjusted between 50 W  and 900 W. 

Under 50 W, the plasma can not be ignited, whereas it gets unstable over 900 W. 

The surface area of the bottom  electrodes is A=1385 cm2.

Etch experiments have been performed for the materials Si, Y2O3, ZnS, SiON, 

A1 and TiW. To examine the etch rate, a  Si-wafer is coated with a thin layer of 

the material to  be investigated. After coating, the wafer is masked with photo 

resist. The etching follows then under defined process conditions. The resist is
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Figure E .l: Etch Rate versus RF Power for Si, SiON, Y2O3 and Photo Resist; 
Pressure p=3 mTorr

removed with an asher after the etching process. Finally the measurement of the 

etch profile is performed with a DEKTAK profile measurement system.

Table E .2 and Figures E .l, E.2, E.3 show the etch rates in A /m in and the standard 

deviation for the investigated materials depending on the applied RF power. The 

etch rates and standard deviations for Si, SiON resist depending on the pressure 

are shown in Table E .l and Figure E.4. The standard deviations of the etch rates 

are about 10 % and thus the uniformity is sufficient.

The surface quality and facet roughness of the etched Y20 3 samples have been 

investigated with a scanning electron microscope. Figure E.5 shows the surface 

of an etched Y2O3 sample. The facets are straight. The etched surface exhibits a 

vast amount of etching pits, likewise the unetched area exhibits humps. Thus the 

use of magnet enhanced ion etch seems not to  be feasible for producing LETFEL 

displays because of the damaging of the insulator layers.
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3 mTorr Etch Rate 

Deviation
582
8 %

745 
8 %

631
9 %

6 mTorr Etch Rate 
Deviation

390
9 %

640
1 0 %

490
1 1 %

10
mTorr

Etch Rate 

Deviation

360 

2 %

423

6 %

370 

11 %
15
mTorr

Etch Rate 

Deviation

310

19%

249

15%

295 

11 %
20
mTorr

Etch Rate 

Deviation

196

1 2 %

43

15%

309

23%

Table E.l: Etch rate in A /m in and standard deviation for an applied RF Power 
P=500 W and a pressure of 3 mTorr to 20 mTorr
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Appendix F

Listing RC-model

* RC-Spice model dor TFEL
.param qO=T.6e-19’ $ elementar charge
* DRIVING PARAMETER:
.param V _d=270 $ driving voltage peak-0 [V]
.param f_d= 5k  $ driving frequency [Hz]
* TFEL-PARAMETER:
.param C _ ia = 0 .000177 $ insolator capacity per area in [F/nT2]
.param C _p a= 0.000083 $ phosphor layer capacity per area in [F/m~2]
.param A = ’0.785e-6’ $ active area in [m"2]
.param E F = ’1.16*q0’ $ Fermi Level of the interface state in eV

$ counted from valenz band edge 
$ density of interface states per area [electrons/m"2]
.param n _ s = ’464*1612’
.param d _ p = ’0.8e-6’ $ thickness phosphor layer
.param m _ e_ eff= ’0.25*9.11e-31’ $ effective electron mass
* DERIVED PARAMETER
.param t_ s im = ’l / f _ d /2 ’ $ simulation time
.param Q s0=’n_s*q0*A’ $ total interface charge
.param c l = ’qO/sqrt(2*m_e_eff*EF)/4’
.param c2 = ’4/(3*q0*1.05e-34)*sqrt( 2*m _e_eff*EF''3)’
.param jlim it=’0.5e6’ $ limitation of current density for Art
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* Define Nonlinear Components
.func Tu( F ) ’cl*F*exp(-c2 /  F)’ $ tunneling function
.func Rt( V ) ’QsO*Tu( V /  d _ p )’ $ nonlin. resistor modeling tunneling
$ nonlin. capacitor for interface states
.func Cs( Vc ) ’C_pa*A /(1  + C_pa*A*ABS(Vc)/QsO )’
Vd 1 0 SIN(0 V_d f_d ) AC V_d
Ri 12 10
Ci 2 3 C=’C_ia*A’ IC=0V
Cp 3 0 C=’C_pa*A’ IC=0V
ARtl 3 4 I=IF ABS(V(3)-V(0))<0.1 $ resistor modeling tunneling

THEN 0 $ voltage around 0V
ELSE IF (V(3)-V(0))>0

THEN IF Rt(V(3)-V(0)) > jlimit* A 
THEN jlimit*A
ELSE Rt(V(3)-V(0)) !

ELSE IF Rt(-(V(3)-V(0)))>jlimit*A 
THEN -jlimit*A 
ELSE -Rt(-(V(3)-V(0)))

ACsl 4 0 1= Cs(V(4)) * DER.V(4)

Rl 3 0 lel8
R2 4 0 lel8
.PLOT TRAN V(l) V(3) I(Vd) I(ARtl)
.print TRAN V(l) I(Vd) I(ARtl)
.OP
.trans 0.0001ms 0.4ms

limitation 
positive current

$ limitation 

$ negative current
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Fast modelling of the optical characteristics of 
electroluminescent pixel structures

J.Rudiger, C.Mias, R.Stevens and W.M.Cranton

Abstract: An analytic model of the optical behaviour of laterally light emitting thin film structures 
is developed. It is employed to calculate the outcoupled light of a pixel used in light emitting dot 
matrix displays such as laterally emitting thin film electroluminescent displays (LETFEL) with 
micromirrors. Consequently, one can identify the optimum pixel geometry. Here, the optical 
behaviour of the circular, square and hexagonal pixel geometry is modelled. The presented closed 
form solutions are based on a ray optics approximation whereby the absorption of the light within 
the light generating medium (phosphor material) and the transmission behaviour of the phosphor- 
air interface is taken into account, as well as the micromirror width. These solutions, however, 
neglect back reflected light. The effect of this neglect is investigated for square pixels by taking 
into account the first reflection. The model is applied to a typical LETFEL display with ZnS 
material doped with Mn. An optimal pixel diameter of 35 nm is estimated for that particular type 
of display.

1 Introduction

An analytical model of the optical behaviour of a pixel of a 
laterally emitting thin film electroluminescent display 
(LETFEL) with micromirror technology in presented. 
The pixel structure is illustrated in Fig. la. The LETFEL 
device is an improvement over the conventional thin-film 
electroluminescence (TFEL) device. A conventional TFEL 
is a stack of layers (TFEL-stack), which consists of an 
active thin-film phosphor sandwiched between thin-film 
insulating layers (Y20 3) and electrodes. The phosphor 
material is zinc sulphide (ZnS) doped with Mn whereby 
the Mn atoms function as light emitting centres. The 
application of an alternating electric field across the 
device results in luminous emission from the phosphor 
film. For a conventional TFEL device, this light is emitted 
in a direction perpendicular to the film plane so that the 
light passes through an insulating layer and a transparent 
electrode, which results in low resolution and weak emit­
ting light sources [1-3]. In comparison, the LETFEL 
device utilises lateral emission with a micromirror for 
reflection resulting in approximately four times higher 
emission for small pixels [4].

The thin-film stack (Y203-ZnS-Y20 3) of a LETFEL 
forms a planar waveguide. Light generated within the 
phosphor layer is guided along the planar waveguide to 
the phosphor-passivation layer interface (Fig. la). There, it 
is coupled out laterally and deflected by the micromirror
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perpendicular to the planar pixel structure. The mirrors are 
arranged as surface emitting apertures forming pixels. Fig. 
lb shows such a pixel. The geometry of the pixel affects 
the brightness and resolution of the display. Thus, it is our 
aim to optimise the pixel geometry to compensate for the 
high attenuation coefficient of the planar waveguide (about 
12 000 neper/m [5]).

A further problem is caused by total internal reflection at 
the interface between the phosphor layer and the surround­
ing passivation layer (SiON). Light which is generated 
within the phosphor and reaches the phosphor-passivation 
interface with an angle greater than the angle of total 
internal reflection is reflected back into the pixel and 
attenuated again. The angle of total reflection is about 
43° (referred to the interface normal) for the ZnS-SiON 
interface. Different pixel geometries such as a circle, a 
square and a hexagon could thus influence the angular 
distribution of the incident light and consequently affect 
the optical efficiency of the pixel.

This paper focuses on developing a fast analytic techni­
que. This technique can be used, if we increase the number 
of ray reflections taken into consideration, to indentify a 
suitable pixel geometry and an optimum pixel diameter. To 
obtain the latter, it should be remembered that the larger 
the pixel diameter the more light is produced and the more 
attenuation occurs. Consequently, no significant increase of 
outcoupled light appears beyond a certain pixel diameter; a 
limiting effect occurs and hence the ratio of the emitted 
light flux to the total pixel area decreases. The limiting 
effect has been experimentally observed for a length of 
waveguide greater than 175 fim [5]. On the other hand, if 
the pixel diameter is too small, more chip area is used for 
the micromirrors. Thus, the ratio of active (phosphor) to 
passive (mirrors) area lessens and the ratio of the emitted 
light flux to total pixel area decreases. As a consequence, 
an optimum pixel diameter exists for a given mirror width 
and attenuation coefficient.

The outcoupled light of a pixel can be calculated with 
standard simulators based on ray tracing methods or by
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insulator(Y2C>3)
micromirror

phosphor (ZnS)

back contact

passivation (SiON) (£> =  4nl. The illuminance on an area element dS at a 
distance r from the light source is defined as [6]

d<£> cos #
E = ~TF = 1 2dS rl

(2 )

Fig. 1 LETFEL device  

a cro ss-sec tio n
b sch em atic  o f  a LET FEL pixel

For a homogeneously distributed isotropic light source, 
like a phosphor layer, it is necessary to define a light 
generation density g and an intensity density i for an 
infinitesimal volume dV

solving the vector wave equation. Since the light generat­
ing layer can be considered as an ensemble o f homoge­
neously distributed and isotropic light sources, a 
simulation must be performed for each point and each 
direction. Hence standard simulators require excessive 
computing resources even for two-dimensional models. 
The proposed method in this paper avoids this disadvan­
tage.

2 Model for three-dimensional structures

The proposed optical model is based on ray optics so that 
optical attenuation is taken into account. Light that is 
reflected back into the pixel due to total internal reflection 
is neglected. This simplification o f the problem is a good 
approximation for materials with a high attenuation coeffi­
cient, because the back reflected light is attenuated. Differ­
ent transmission coefficients depending on polarisation and 
incident angle are not taken into account for the examples 
under investigation although they can be readily intro­
duced.

The total light flux (luminous power) 0  o f a light source 
is calculated as

0> = idn ( i )

where I is the luminous intensity, Q is the solid angle and 
dQ. =  (cos d /^ d S  [6], dS is the illuminated infinitesimal 
area element on the surface o f a sphere around the light 
source, r is the distance between the light source and the 
area elements dS (see Fig. 2). The angle between the light 
ray and the surface normal vector n5 is #. The light flux o f  
an isotropically luminating light source (/(ft) =  const.) is

AO dO
ak^oA F dV

. _  A / _ ^ 7  

ak^oA F dV

(3)

(4)

O and /  denote the light flux and the luminous intensity, 
respectively, generated in the volume element dV  The units 
o f g  and i are lm/m3 and cd/m3 =lm /sr-m 3, respectively. 
The intensity density for isotropically luminating infinite­
simal light sources is then i =  \/4ng. To obtain the illumi­
nance E on an area element dS with position vector r, on 
the surface o f the light generating medium, the intensity 
density i o f all points in the light emitting volume F (pixel 
volume) must be summed up taking into account the 
attenuation in the medium (see Fig. 2)

E =
cos#

a(r)i 
v r

dV (5)

where r is the distance between the light source and the 
area element on the surface r=|r, — r2|, # is incident 
angle # =  Z(rj — r2, n^), dV  =  dx dy dz, r2: =  (x, y, z) e  F 
The attenuation function is a(r) =  e -ar where a is the 
attenuation coefficient o f the intensity. The total 
outcoupled light flux O is obtained by integrating the 
illuminance over the surface S o f  the light emitting struc­
ture whereby the transmission function T(S) o f the surface 
is taken into account

0 = o T(d)a(r) cos SdVdA (6)
v  4nrl

where r, is the vector along the surface i*| =  (x(u, w),y(u, w), 
z(u, w)) =  r,(u, w) e A s , dA =  |r,„ x r Xw\du dw, r ,u =  3r,/3w 
and r hv =  3ri/9w. The parameters u and w are the curvi­
linear coordinates. Light which is reflected back into the 
pixel due to total internal reflection is neglected.

3 Model for two-dimensional structures

Similar formulae to those given in Section 2 can be 
developed for a two-dimensional, thin layered laterally 
emitting structure (see Fig. 3). The real pixel is a three- 
dimensional structure but it can be approximated as a two- 
dimensional structure if the layer thickness is small 
compared to the pixel dimension. This is true for 
LETFEL devices where thin films are less than 1 /tm 
thick and the pixel size exceeds 10 /tm2. The layers form 
a planar waveguide. Emitted light propagates therefore 
only in two dimensions along the planar waveguide. The 
attenuation coefficient a is, in this case, the attenuation 
coefficient o f the waveguide, which can be experimentally 
obtained. For a calculation o f  a two-dimensional structure,Fig. 2 Geometry o f  a  three-dim ensional light emitting structure
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Fig. 3 Geometry o f  a two-dimensional light emitting structure

the following definitions need to be introduced (where the 
prime indicates a two-dimensional parameter):

' do
dQ> , cos 9

£  = ^T = / -----db r

(7)

(8)

where o  is the angle with do = (cos B/r)db, b is the border 
line length, r denotes the distance between the light 
emitting area element dA and the boundary element db. 
The incident angle 9 is defined as the angle between the 
light ray and the boundary normal vector. The two-dimen­
sional luminous intensity I' defines the portion of radiated 
light flux d<b per infinitesimal unit of angle. The two- 
dimensional illuminace E  defines the portion of light flux 
d<b per length db falling on an infinitesimal part db of the 
pixel boundary. Furthermore, the two-dimensional lumi­
nous intensity density i' and the two-dimensional light 
generation density are defined as

g dA

dA
l_dfi

In dA

(9)

( 10)

where A is the active (light emitting) pixel area. The units 
of the two-dimensional luminous intensity density i' and 
the two-dimensional light generation density g' are lm/ 
(rad-m2) and lm/m2, respectively. The two-dimensional 
light generation density g' represents the generated light 
flux 0  per infinitesimal area element dA. The two-dimen­
sional luminous intensity density defines the luminous 
intensity for an area element dA.

A single area element emits light, which is travelling 
towards the pixel boundary and results in an illumination 
of the pixel boundary. The illuminance (of a point on the 
boundary) per area element dA, d , is calculated from eqns 
8 and 10

dE! , cos B ■»
d = ^ -  = a(r){------- (lm/m3) (11)

dA r
under consideration of the attenuation a(r). The illumi­
nance E  of a point at the pixel boundary is then given by 
the area integral over the entire pixel area A

=  I/Ŵ cos BdA (12)

To obtain the total emitted light flux of the pixel, the total 
illuminance E  along the boundary line B must be inte­
grated, by also taking into account the transmission func­
tion T(B) for the phosphor-passivation interface

0 = o
B

T (B)a(r) -— cos BdAdb 
2nr ( 13)

where 9 is the incident angle, B(f) is the boundary line of 
the pixel and db = \BlB(t)\dt; t is the transformation para­
meter. eqn. 13 can be solved more easily when the area 
integral is written in polar coordinates with the origin on 
the boundary (rt = 0)

0  = |  f [ a(r2) cos Bdr2dBdb (14)
J B  J - 9 ,  J o  271

where r2 = (r2 cos B, r2 sin 9), Rb=Rb(B) is the distance 
from the origin to the boundary B and 91 is the angle for 
total internal reflection. The transmission function is 
simplified so that T= 1 for 9<9, and T=0 for B>B, 
(total internal reflection occurs). This means the integration 
of 9 is carried out with T= 1 in the interval —9, to 9,.

4 Model for circle, square and hexagon 
structures

The general solution for a two-dimensional structure is 
now applied to circular, square and hexagonal pixels as 
these are the important structures for dot matrix displays. 
The light flux <X>C of a circular pixel is solved using eqn. 14. 
The boundary radius RB, which is the distance from the 
origin to the pixel boundary, is given by RB =Z)cos 9 
(upper integration limit), where D is the pixel diameter 
of the active area (Figs. 1 and 4). The active area of a 
circular structure is A = kEP/A. The closed line integral for 
the pixel boundary is Dn, because the illuminance is the 
same for each point at the boundary line owing to the 
symmetry of the circle. The integration w.r.t. the angle 9 is 
carried out between 0 and the angle for total reflection Bt. 
Thus, the integral must be multiplied by two for the full 
range -9 ,< 9 < 9 ,. The attenuation function is a(r) = 
exp(-ar) with the attenuation coefficient a in neper/m. 
Hence,

)9, rD cos 9 _/

— exp(—ar) cos BdrdB
o Joto Jo 

A ( 15)
l r= g - D  I {1 -  exp(-ai)cos 9)) cos BdB 
a Jo

where the pixel diameter D denotes the diameter of the 
circle. The integral of eqn. 15 can only be solved numeri­
cally.

d A

Fig. 4  Geometrical region o f  the circular structure used in the 
calculations
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The light flux of the square pixel is obtained by 
solving eqn. 14 for one side only because of the symmetry. 
The integration area is to be partitioned into two separate 
integration areas. The inner area integral can be solved 
analytically, while the integral w.r.t. the angle can only be 
solved numerically. The integration w.r.t. & is carried out 
b etween 0 and the angle of total internal reflection 9,. The 
result, eqn. 16, is valid for 0 < 9, < n/4 (note ^43° for 
our LETFEL pixels)

net
D sin St —

sin2 9, 
2a

r»'/ . n ^ n sin2$\
Jo (  m s ~ 2a- )

xexp(“ai h H  (16)
where the pixel diameter D denotes the length along a side 
of the square. The active area of the square is A =  D1.

The light flux of a hexagonal structure is calculated 
by solving eqn. 14 for one side of the hexagon only. The 
integration area is partioned into four different integration 
areas. Only the inner integral of the radius can be solved 
analytically. The integrals along the border line and over 
the angle 9 must be solved numerically, eqn. 17 is valid for 
1//67T < 9, < 1/37r:

$/, = — g'fpsin#, — f P expf— cos MSdy 
net [ Jo Jo \  cose//

- ( C exp(-aii^ 76 ):?) 

“C[Cexp(“c<iii^76):?)

+ CeXP(-asin(9-,/6)T)

cos M M y

cos MS

cos&d$ \dy (17)

where y  is the ordinate (Fig. 3) >and the integration limits 
are

yg = ^p (v /3 ta n ^ -  i)

etl =  arctan
V3p

et2 =  arctan( H * t ) (18)

where p denotes the distance between the centre point and 
a comer point of the hexagon. This p is the radius of the 
outer circle of the hexagon. The equivalent pixel diameter 
D is the distance from side to side (inner circle of the 
hexagon) with D =  pV3. The active area of a hexagonal 
pixel is A = 3p2*fS/2. It is again noted that for simplicity 
the above formulae for the outcoupled light ignore any 
internally reflected rays and are therefore valid for pixels 
with phosphor materials which posseses a sufficiently high 
attenuation.

0.7

0.6

■£= 0.5

® 0.4

- £ 0.2

0.1

0x001
pixel diameter D, m 

Fig. 5 Light flux to p ixe l area ratio as a  function o f  p ixel diam eter D

mirror width, w =  2 pm
attenuation coefficient a  =  12000 neper/m
(i) square pixel (first reflection considered)
(ii) hexagonal pixel (no reflection considered)
(iii) square pixel (no reflection considered)
(iv) circular pixel placed in a hexagonal cell (no reflection considered)
(v) circular pixel placed in a square cell (no reflection considered)

calculations reported below, the mirror width w is 2 pm, 
the angle of total internal reflection is 43° and the 
attenuation coefficient a is 12 000 neper/m. The light flux 
generation density g' is set to 1 lm/m .

Fig. 5 illustrates how the ratio of light flux to the total 
pixel area 0/A, varies with the pixel diameter D for the 
hexagonal structure (<bhIAth), the square structure (4>s/Ats), 
the circular structure placed in a hexagon (Q>tc/Alh) and 
the circular structure (active region) placed in a square 
(Oc/A,s). The total pixel area A, is the sum of active area 
and passive area (mirrors). For the square structure, the 
total pixel area is given by Ats =  (D +  2w)2 with D denoting 
the length along a side of the active square. The total pixel 
area for the hexagonal structure is given by

where the diameter D is the distance from one side to the 
opposite side of the hexagon (diameter of the inner circle 
of the hexagon). For all structures the maximum of light/ 
area ratio occurs at the diameter D & 35 pm. This corre­
sponds to a display resolution of 725 pixel per inch. The 
maximum light flux attainable per area is listed in Table 1.

The results in Fig. 5 (curves (ii)-(v)) were obtained by 
neglecting the back reflected light. To estimate the error 
caused by the simplification, a simulation of a square pixel 
is performed by condsidering the first reflection (see Fig. 5 
curve (i)). Eqn. 16 for the square pixel is extended as

I f  wO ~exp S )rca  Jg , I Jmin(D,Z)tan3) V S U ltf /

Jmin(A£>tan9)

0 T \ 2 ~  /

x (1 — exp ——H  exp(—ctr)dy 1 cos Sd9 (19)
\  cos J

5 Results and discussion

The outcoupled light of hexagonal, square and circular 
pixels is calculated by the numerical solution described in 
Section 4 using the program MATHCAD. In all the
4

Table 1: Attainable light flux per unit area

Hexagon 54 % circle in hexagon cell 48%
Square 50 % circle in square cell 42%
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Fig. 6 Light flux to pixel area ratio as a function o f  the attenuation 
coefficient a

\ m irror w idth  w =  2 f i m  

pixel d iam eter D = 3 0  f i m

(i) hexagonal pixel
(ii) square  pixel
(iii) c ircu la r pixel placed  in a  h exagonal cell

where r =  min(D/cos 3, (D — y)/sin 5), the trasmission 1 
function T = 1 for & < 9, and T= 0 for 9 > 9,. By compar­
ing curves (i) and (ii) in Fig. 5 it can be deduced that the 
optimal pixel diameter is unchanged and the error due to 
the neglect of the back reflected light is approximately 20% 
at the optimal pixel diameter.

Fig. 6 shows, the ratio of light flux to pixel area as a 
iunction of the attenuation coefficient for three different 
pixels with a diameter D = 30 fim. The light flux decreases 
significantly for an attenuation coefficient greater than 
104neper/m. Hence, the luminance of the display can be 
improved if the attenuation of the waveguide is reduced.

Fig. 7 shows a plot of the light flux to pixel area ratio as 
a function of the angle of total internal reflection for a 
square pixel with different attenuation coefficients. The 
light flux depends strongly on the angle of total internal 
reflection for S, < 11.5°. The intensity of the outcoupled 
light can thus be improved further with an increasing 9,.
This can be achieved, for example, by employing other
materials as passivation layers. Note, that for the square 
pixel, eqn. 16 is not valid for 9,>7t/4. Thus, the following 
equation is used instead:

4 rv' f /  -aD\
Or = —g' i l l  — exp— -J(JD-min(£>,£tan9))

ncc Jo [ \  cos 5 /

+ min(.D,Dtan9)
sin 3 /  —a min(Z>, D tan 9)\ 1

 1 -  exp — -------- } cos 9<f9
a V sin£ / ]

(2°)

1.00

E 0.75

0.50

.9> 0.25

900
angle of total reflection, deg.

Fig. 7 Light flux to pixel area ratio as a function o f  the angle o f  total 
internal reflection ( 0 < & <  n/2) fo r  a square pixel

mirror width is w = 2  fim 
pixel diameter is D = 30 ftm
(i) a =4000 neper/m
(ii) a =  12000 neper/m
(iii) a =  20000 neper/m

6 Conclusions

A ray optics model for two-dimensional pixel structures 
has been developed. It is useful for the fast estimation of 
the outcoupled light and for the optimisation of the pixel 
geometry for a given attenuation coefficient. The model is 
applied to circular, square and hexagonal pixel structures 
because of their importance in dot matrix displays. For the 
display type investigated, the optimum pixel diameter is 
estimated to be about 35 fim. Future work will compare 
experimental results with the numerical predictions of the 
present model. The presented simulation method will be 
used in conjunction with an optical electromagnetic field 
simulator to investigate the influence of periodical shaped 
facets on the outcoupled light.
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